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Light hadron spectroscopy with two flavors of O(a)-improved dynamical quarks
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We present a high statistics study of the light hadron spectrum and quark masses in QCD with two flavors
of dynamical quarks. Numerical simulations are carried out using the plaquette gauge action and the
O(a)-improved Wilson quark action g8=5.2, where the lattice spacing is found to &&0.0887(11) fm
from the p meson mass, on a 2848 lattice. At each of five sea quark masses correspondingptgm,
=0.8-0.6, we generate 12 000 trajectories using a symmetrically preconditioned Hybrid Monte Carlo algo-
rithm. Finite spatial volume effects are investigated employint<iB, 16X 48 lattices. We also perform a
set of simulations in quenched QCD with the same lattice actions at a similar lattice spacing to those for the
full QCD runs. In the meson sector we find clear evidence of sea quark effects. gdrameter increases for
lighter sea quark masses, and the full QCD meson masses are systematically closer to experiment than in
quenched QCD. Careful finite-size studies are made to ascertain that these are not due to finite-size effects.
Evidence of sea quark effects is less clear in the baryon sector due to larger finite-size effects. We also calculate
light quark masses and findl/;(2 GeV)=3.223(*554) MeV andm¥>(2 GeV)=84.5(*1%3% MeV which are
about 20% smaller than in quenched QCD.
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[. INTRODUCTION [15] in their quenched spectrum study. The chief finding of
this work was that th&* -K hyperfine splitting agrees much
Lattice QCD calculations of the light hadron mass specbetter with experiment in two-flavor full QCD than in
trum have witnessed significant progress in recent yearquenched QCD and that light quark masses decrease by
[1-3]. In the quenched approximation in which quark about 25% by the inclusion of dynamicalandd quarks.
vacuum polarization effects are ignored, the CP-PACS Col- A subtle point with the CP-PACS results is that the dy-
laboration performed a precise calculation of hadron massesamical sea quark effects become manifest only after the
in which the estimated accuracy reached the level of a feweontinuum extrapolation. Further studies are required to con-
percent in the continuum limif4]. They found that the solidate the effects of dynamical sea quarks. The CP-PACS
guenched spectrum shows a significant and systematic deviaimulation used a renormalization-groufRG-) improved
tion from experiment; th&* -K hyperfine splitting is smaller gauge actiof16], but theO(a)-improved Wilson quark ac-
by about 10% than experiment. The decuplet baryon masson [17] with only a tadpole-improved18] clover coeffi-
splittings are also small, and the octet baryon masses argent. This leaves a scaling violation 6f(g%a). The use of
themselves smaller than experiment. the non-perturbatively determined clover coefficient remov-
Since this work, the focus of efforts has shifted towarding all O(a) errors should be much better to control the
full QCD simulations including the vacuum polarization ef- continuum extrapolatiori19]. Studies along this direction
fects of dynamical quarks. A number of simulations nowwere previously carried out by the UKQCD and QCDSF
exist, pursued by the SESAMyL [5-7], UKQCD [8,9], Collaborations using the plaquette gauge action. However,
CP-PACY10,1]], and QCDSF-UKQCD12] Collaborations sea quark effects are not clear in their results of hadron
for two flavors using the Wilson-type quark action and by themasses, albeit encouraging evidence is seen in the static
MILC Collaboration[13,14] for two and three flavors using quark potentia[9,12].
the Kogut-SusskindKS) quark action. In particular the CP- In the present work, we explore sea quark effects in had-
PACS calculatiorf10,11] made a first attempt toward execu- ron and quark masses in two-flavor QCD using the plaquette
tion of chiral and continuum extrapolations within the single gauge action and the non-perturbativélya)-improved Wil-
set of simulations, as pioneered by the GF11 Collaboratioson quark action. Our simulations are performed at a single
lattice spacinga™1=2 GeV atB=5.2 using a 28x 48 lat-
tice. We also carry out calculations in quenched QCD with
*Present address: KPMG Consulting AG, Badenerstrasse 172he same action and similar simulation parameters to those in
8804 Zurich, Switzerland. full QCD in order to make a direct comparison between full
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and quenched QCD. Preliminary results of these calculations

have been reported in Ref20—-23. SqZE a(nyqu (3
We pay particular attention to two points which are im- *

portant for an unambiguous identification of sea quark ef-

fects. One is the finite-spatial-volume effect whose magni- e B .

tude is believed to be more pronounced in full QCD Dixy= Oxy KE;‘ 1= 7 Uyt (1 7,)

simulations than in quenched QGR4]. An increase of had-

ron masses due to this effect could mimic sea quark effects. + L 1

There are only a few studies of finite-size effects in full QCD XU Oy it EKCSW‘TWFXW‘sXV’ )

for the Wilson-type quark actiof6,8]. This leads us to per-
form a systematic investigation of finite-size effects employ-js ysed for the quark part. The field strength tensor on the
ing 12x 48, 16x 48, and 28x 48 lattices. lattice is defined by

Another point is the chiral extrapolation. With currently
available computer power and simulation algorithms, the sea
guark mass which can be explored with the WiIson-type,:X
quark action is limited to values corresponding to
Mps sedMyses=0.6. The long extrapolation to the physical
and d quark masses may involve sizable systematic errors,
potentially blurring, or artificially enhancing, sea quark ef- where(H.c.) denotes the Hermitian conjugate of the preced-
fects. This can be avoided if one examines sea quark effectsg pair of brackets, and,,,=(i/2)[ v, ,v,]. The clover co-
at the quark masses actually simulated. In this study, theresfficientcsyy, is set to the non-perturbative value determined
fore, sea quark effects are examined in detail not only at th&y the ALPHA Collaboratiori27].
physical quark mass but also at our simulation points. Our simulations are performed at a single value ff

We have also made efforts to accumulate the high statis=5.2. The lattice spacing fixed from, at the physical sea
tics of 12 000 trajectories each at five values of the sea quargguark mass is found to be 0.0887) fm. Our value ofg is
masses. Our implementation of the symmetric preconditionslightly off the range=12.0-5.4 where the ALPHA Col-
ing of the lattice clover-Dirac operat§®5,26] speeded up laboration carried out a non-perturbative determination of
configuration generation by a factor of 2 by allowing a dou-cgy. We setcgy=2.02 by extrapolating their parametriza-
bly larger step size over the even-odd preconditioning. tion formula of the non-perturbatives,y as a function of the

This paper is organized as follows. We describe the detailsare coupling. We performed an independent non-
of the configuration generation in full and quenched QCD inperturbative determination afs, at 8=5.2 and confirmed
Sec. Il. The method of measurement of the hadron massehat our preliminary resulesy=1.98(7) is consistent with
and the static quark potential is explained in Sec. lll. Finite-2.02 within the errof28].
size effects on hadron masses are discussed in Sec. IV. Sec-We employ three lattice sizes that differ in spatial vol-
tion V is devoted to a detailed description of the chiral ex-umesN3x N,=12°x 48, 16x 48, and 28x 48. The hadron
trapolation of our hadron mass data. We examine sea quadpectrum and quark masses at the physical point are calcu-
effects in light hadron masses in Sec. VI. The results of theated using the data on the largest lattice. The data on the two
decay constants and quark masses are presented in Secs. ¥Haller lattices are used to investigate finite-size effects on
and VIII. Our conclusion is given in Sec. IX. hadron masses.

On each lattice size, we adopt five values of the sea quark
mass corresponding to the hopping paramet€g.,
=0.1340, 0.1343, 0.1346, 0.1350, and 0.1355. This choice
COVErsSMpg sedMyses=0.6—0.8 and enables us to extrapolate
our data to the physical sea quark mass. These simulation

,,LLV:g{(UX,}LVJ’_UX,*/.Lle_UX,*,U.*V_{—UX,/.L*V)_(H'C')}!
(5

II. SIMULATION METHOD

A. Simulation parameters and algorithm

We carry out numerical simulations of lattice QCD with

: ; - -parameters are summarized in Table I.
':;/f\;gdf Iav\\/lﬁ[]s agdzgnzn%rg\fvend)ézzrplgalVc\|/le1arllj<:ewm<;h :‘t;engj:rg We note that the UKQCD Collaboration also performed a

; - . set of simulations using the same lattice actionaat*
plaquette action for gauge fields defined by =2 GeV [9]. There are, however, some differences in the
choice of 8 andKg,;; The UKQCD simulations shifg with
the sea quark mass, keeping the Sommer scgla [29]
fixed, while our simulations are performed at fixgd An-
other difference is the range of the sea quark mass covered in
the two simulations. We explore light sea quark masses down
t0 Mps sedMyses=0.6, while UKQCD's lightest point is
aroundmpg sed Myses=0.7. Although the UKQCD Collabo-
ration made another simulation at a smaller sea quark mass
Mps sedMyses~0.6 at a spatial extent oNs=16 (Nsa
=1.6 fm), finite-size effects seem to be significant theee
discussion in Sec. IV

B
Si=g XE# TrUy s (1)
where U, ,, is the product of gauge link variablds, ,
around the plaquette given by
- -yt i
UX,,uV_ UX,,uUX+,u,VUX+;”uUX,V . (2)

The O(a)-improved Wilson actiorj17], defined by
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TABLE I. Run parameters in simulations of two-flavor QCD. The step 4izds given by the inverse of
the number of the molecular dynamics stépg,p). We denote the tolerance parameter in the stopping
condition for the quark matrix inversion in calculations of the force and Hamiltoniam\pyand A,
respectively. The CPU time required per trajectory on the full machine is written in units of minutes. The
number of measurements is denoted My.,sand the number of exceptional configurations is written in

brackets.

122x 48, A-HMC

Ksea 0.1340 0.1343 0.1346 0.1350 0.1355
Nuo 68 72 80 110 175
accept. 0.66(8) 0.66710) 0.66810) 0.7726) 0.7999)
A¢ 1078 1078 1078 1078 1078
Ay 101 1044 10° 1 10" 10"
Niny 64.1(2) 74.52) 88.63) 117.65) 203.01.0)
time/traj 0.291 0.351 0.465 0.829 2.20
Niraj 3000 3000 3000 3000 3000
Nmeas 30012) 3000) 300(1) 3002) 30Q(7)
Mps/My 0.79215) 0.75318) 0.74914) 0.70524) 0.60863)
16°x 48, HMC

Ksea 0.1340 0.1343 0.1346 0.1350 0.1355
Nuvo 160 160 200 200 320
accept. 0.79®) 0.74410) 0.80410) 0.7029) 0.68810)
A¢ 10718 10718 10718 10718 10718
Ay 1020 1020 1020 1020 1020
Niny 105.92) 124.022) 148.45) 203.07) 362.21.9
time/traj 1.92 2.21 3.86 5.25 14.7
Niraj 3000 3000 3000 3000 3000
Nmeas 300(1) 3000) 3000) 3003) 3000)
Mps/My 0.8025) 0.77912 0.7528) 0.70713 0.58421)
20°x 48, A-HMC

Ksea 0.1340 0.1343 0.1346 0.1350 0.1355
Nub 100 100 115 135 250
accept. 0.67@) 0.6278) 0.6708) 0.6639) 0.7558)
A 108 108 108 108 1078
Ay 104 104 104 10 104
Ninv 64.31) 74.41) 88.22) 118.22) 214.99)
time/traj 1.57 1.79 2.44 3.75 12.5
Niraj 3000 3000 3000 3000 3000
N meas 3002) 3000) 300(1) 3000) 30000)
Mpg/My 0.8025) 0.7735) 0.74518) 0.7055) 0.58698)
20°% 48, S-HMC

K sea 0.1340 0.1343 0.1346 0.1350 0.1355
Nwo 80 100 100 100 160
accept. 0.676) 0.7715) 0.7494) 0.6666) 0.6787)
A 1078 108 1078 1078 1078
Ay 1014 1014 10 10 10
Niny 69.31) 81.011) 96.91) 131.52) 243.65)
timef/traj 1.08 1.53 1.78 2.35 6.64
Niraj 9000 9000 9000 9000 9000
Nmeas 900(4) 900(2) 900(6) 900(10) 900(7)
Mps/My 0.7991) 0.7791) 0.7532) 0.7092) 0.6004)
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FIG. 1. Effective mass of the PS mesorkat.= K= 0.1340(left figure) and 0.1355right figure) on 26 x 48 in full QCD. We use the
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local sink operator for all data.
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FIG. 2. Effective mass of the vector mesorkat.= K,,=0.1340(left figure) and 0.1355right figure on 2x 48 in full QCD. We use
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the local sink operator for all data.
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FIG. 4. Effective mass of the decuplet baryorkat= K= 0.1340(left figure) and 0.1355right figure) on 2 48 in full QCD. We

use the local sink operator for all data.

Gauge configurations are generated using the Hybrid,,G,=B,. We take the stopping condition of the form
Monte Carlo(HMC) algorithm [30,31]. We use simulation ||[DG—BJ||<A in the HMC program. A modified form
programs with three variants of HMC for ti@(a)-improved  ||DG—B||/||B||<A is used in the A-HMC and S-HMC pro-
Wilson action: grams. The value ofA in the evaluation of the fermionic

(i) HMC with the even-odd preconditionif®2] only for  force is determined so that the reversibility over unit length
the inversion of the quark matri,, . This algorithm is used s satisfied to a relative level better than 8for the Hamil-
in the simulations on the $6& 48 lattice. tonian. We use a stricter stopping condition in the calculation

(i) HMC with the asymmetric preconditioning for the lat- of the Hamiltonian in the Metropolis accept-reject test. Table
tice action(A-HMC) [25,26,33. Whole simulations on the | shows our choice oA together with the average number of
122 48 lattice are performed with this algorithm. the BICGSTAB iteration in the quark matrix inversion for the

(ili) HMC with the symmetric preconditioning for the ac- force calculationN,, .
tion (S-HMC) [25,26], which shows the best performance  We accumulate 12 000 HMC trajectories at each sea quark
among the three algorithms. mass on the Z0< 48 lattice. The statistics on smaller lattices

Our main simulation on the 348 lattices is initially  are 3000 trajectories. Measurements of light hadron masses
started with the A-HMC algorithm, but is later switched to and the static quark potential are carried out at every 10
the S-HMC to speed up the calculations. The trajectoryHMC trajectories. Details of the measurement method will
length in each HMC step is fixed to the unit length. We usebe described in the next section.
the conventional leapfrog integration scheme for the molecu- All simulations are performed on the parallel computer
lar dynamics equation. The step sixe is chosen to achieve HITACHI SR8000 model F1 installed at KEK. This machine
an acceptance of 60—80 %. consists of 100 nodes and has a peak speed of 1.2 TFLOPS

The even-odd preconditionelCGSTAB algorithm([34] is  and 448 GB of main memory in total. The CPU time needed
used for the quark matrix inversion to solve the equatiorper unit HMC trajectory on the full machine is listed in Table
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® m, from single exp. fit ® m_, from single exp. fit 1]
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FIG. 5. Double-exponential fits to the PS megt&it figure) and octet baryorfright figure masses a.;=0.1355. The right panel in
each figure shows the fitted masses determined from double-exporiep&al symbagland single-exponentidfilled symbo) fits. The local
sink operator is used for all data.
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FIG. 6. Effective potential energiéé.«(r,t) as a function of temporal separatibat K ...=0.1350 on 28x 48.

I. The total time for configuration generation on each latticeeach lattice size. Hadron masses and the static potential are
size is 8.6 days on £X 48, 58 days on 1648, and 130 calculated at every 200 iterations.

days on 20x 48 lattices. An additional 100 days are spent

for the measurement of the hadron masses and the static 1. MEASUREMENT

potential.
A. Hadron masses

In measurements in full QCD, we use six values of the
valence quark mass corresponding to the hopping parameter
While many calculations of the hadron spectrum havex . (i=1,...,6)=0.1340, 0.1343, 0.1346, 0.1350,

been performed in quenched QCD, comparisons between ogr1355 and 0.1358, which cover the rangen®ds ya/ Myval
full QCD results and quenched results from other simula-—0 5-0.8. At each sea quark mass, therefore, there is one
tions may be subject to systematic uncertainties due to thajye ofK,, ; which equal ,and is identified as the light
difference in the simulation details. We therefore carry out gyyark mass. Other five values &, ; correspond to the
set of quenched calculations of the hadron spectrum usingass of strange quarks treated in the quenched approxima-
the same lattice actions and simulation parameters as thoggn, |n the following, we use the abbreviation “diagonal
for full QCD runs. data” to represent hadron correlators or masses with a quark
Our simulations are performed &t=6.0, where the lat- mass combination in which all valence quark masses are
tice spacing fixed fronm, equals 0.10744) fm. We take  equal to the sea quark mass.
Csw=1.769 which is the value determined non- e employ meson operators defined by
perturbatively by the ALPHA Collaboratiof85]. Three lat-
tice sizes 12x48, 16x48, and 28x 48 are employed in MX)=q"Tq@, T=1,v5,7..¥5Yu (6)
order to investigate finite-size effects. g g
Gauge configurations are generated with a combination of
the heat-bath and over-relaxation algorithms. We call fouwheref andg are flavor indices and is the coordinates on
heat-bath sweeps with a succeeding over-relaxation step dhe lattice. Meson correlator(sl\/l(x)M(O)U are calculated
iteration. We accumulate statistics of 60000 iterations orfor the following 11 combinations of valence quark masses:

B. Simulation in quenched QCD

20°x48, K,,,=0.1340 E E 20°x48, K, =0.1355
2 2t 1
» 3
-
,.-"’ P
15 ” 15 + o®
s ra s .~
> » > .,‘0
T 4 1 g
> 4 Pl 5 1t P
L d s
» P
rd ”
05| o . 05 Gf
o U . . . o i . . .
0 5 10 15 20 0 5 10 15 20

f r

FIG. 7. Static quark potential on 28 48. Left and right figures show data lét.=0.1340 and 0.1355, respectively.
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FIG. 8. Sommer scale on 2848 as a function of .,;,. Left and right figures show data Kt.=0.1340 and 0.1355.

where a,b,c are color indices ane€C=vy,y, is the charge

(Kyaii Kvali)  (i=1,....8, re a, _ |
conjugation matrix. We measure baryon correlators with two

(KeaKvai)  (i=1, ... ,6Kee Kyaj)- (7)  types of flavor structureX- and A-like baryons,

The former is identified with a degenerate light or strange 1
meson and the latter with a non-degenerate light-strange me- - E(O[fh]g+o[ghlf)’ ©
son. This choice of valence quark masses enables us to cal-
culate the full spectrum of strange and non-strange mesons.

For baryons, we use the same operators as those em- A_i(o[fh]g_o[gh]f_zo[fg]h) (10
ployed in Ref.[11]. Namely, the octet baryon operator is /6 '
defined as

nat _ whereOlf9Ih=0f9h— Q9" Decuplet baryon correlators are
0'9M(x) = €2*%(q{"*"Cy5q@")q{"°, (8 calculated using an operator defined by

TABLE II. Parameters in Eq19) andr in full QCD. The first error is statistical. The second and third ones are the systematic error due
to the choice ot,;, andr .

122x 48
Ksea Vo a Jc o o
0.1340 0.54019)(71)(37) 0.301(13)(19)(21) 0.765)(24)(12) 0.092219)(30)(16) 3.82624)(35)(27)
0.1343 0.55014)(43)(47) 0.2889)(32)(44) 0.745)(8)(11) 0.083810)(49)(36) 4.031(15)(76)(33)
0.1346 0.56814)(23)(34) 0.28810)(16)(64) 0.674)(5)(8) 0.077215)(18)(32) 4.20029)(23)(42)
0.1350 0.608L0)(17)(13) 0.2968)(7)(19) 0.573)(7)(4) 0.067%11)(14)(14) 4.48127)(59)(17)
0.1355 0.658L0)(14)(29) 0.3337)(24)(21) 0.473)(1)(7) 0.051411)(25)(25) 5.05945)(80)(77)
16°x 48
Ksea Vo a Jc o fo
0.1340 0.561)(18)(60) 0.2688)(3)(45) 0.823)(9)(19) 0.091910)(7)(44) 3.88014)(11)(31)
0.1343 0.59P)(5)(47) 0.2888)(13)(398) 0.753)(2)(14) 0.081110)(18)(36) 4.09816)(25)(34)
0.1346 0.6127)(23)(35) 0.2966)(21)(25) 0.71(3)(5)(12) 0.07378)(28)(22) 4.28719)(49)(24)
0.1350 0.644)(8)(20) 0.31717)(5)(17) 0.623)(7)(10) 0.06248)(9)(15) 4.62121)(25)(26)
0.1355 0.6677)(10)(22) 0.3315)(17)(18) 0.573)(1)(13) 0.05156)(18)(10) 5.05923)(59)(32)
20°x 48
Ksea Vo a Oc (o o
0.1340 0.6263)(12)(38) 0.3023)(10)(27) 0.791)(3)(16) 0.08664)(17)(25) 3.9465)(24)(17)
0.1343 0.63(13)(3)(39) 0.3033)(1)(28) 0.771)(1)(17) 0.0785%3)(6)(25) 4.1436)(16)(23
0.1346 0.648)(21)(33) 0.3042)(15)(26) 0.72A1)(7)(13) 0.07163)(22)(21) 4.3366)(43)(24)
0.1350 0.6622)(4)(20) 0.3122)(6)(16) 0.641)(1)(9) 0.06232)(16)(13) 4.6357)(49)(20)
0.1355 0.6872)(6)(16) 0.3302)(8)(17) 0.561)(1)(12) 0.05092)(18)(13) 5.0928)(76)(33)
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TABLE Ill. Parameters in Eq(19) andr, in quenched QCD.

Lattice Vo a Je o o
122x 48 0.5687)(17)(10) 0.2765)(8)(13) 0.31821)(36)(42) 0.05196)(17)(10) 5.14924)(72)(22)
16°x 48 0.5924)(12)(4) 0.2783)(9)(11) 0.32415)(29)(27) 0.04974)(11)(2) 5.25515)(42)(15)
20°x 48 0.61@4)(5)(149) 0.2873)(7)(18) 0.31915)(9)(49) 0.04844)(2)(15) 5.30916)(1)(47)
D9N(x) = €*%(q{"*'Cy,a{P")q{"°, (1) doubly smeared operator M(x)=X,  $(r)d(r')q(x
+r,t)I"'q(x+r’,t). Additionally, we use the “triply smeared
with symmetrized flavor structure operator”
1 _
offf, ﬁ(fog_’_ngf_,_Dgff), Ofgh(x)—u%‘ra d(r) (ra) d(rs3)

X e q@T(x+r,,1)CIqP(x+r,,t)]q%(X+r3,t)
i(nghJr Do+ DIty pfhay pafhyphafy - (12) 19
V6 for baryons. Hadron correlators are measured ajhpoint
source and sink operatoi$) smeared source and point sink,
o X and (c) smeared source and sink operators. We fix configu-
=1,...,6), (KseaKvai:Kai), and KseaKseaKvaii) (i rations to the Coulomb gauge, sin@® and(c) are not gauge
=1,...,6Keq#Kya,) for the baryon correlators. invariant.
In order to construct the smeared hadron operators, wWe \yg ghserve that, when valence quarks are lighter than sea
measure the wave function of the pseudosce® meson 4 arks, the hadron correlator takes an exceptionally large
value on a small number of configurations. This might be

We take quark mass combinations &€,f;,Kyai Kya i) (i

— n + caused by a fluctuat_ion of the onvest eig_envalue of the Dirac
2 (A D ysa(x+1,H)P0.07) operator of theD(a)-improved Wilson action. If the PS me-
o(r)= : (13)  son correlator on théth gauge configuration takes a value
> (P(x,t)P(0,00" larger than 20 times the statistical average, which is evalu-
x ated without that configuration, at a certain time slice
whereP is the PS meson operator, E§), with I' = y5 andt 20 Noonf

fixed to 12. The measurement is performed at each sea quark  (P(x)P(0)T);> (P(X)P(O)"y,, (15
mass and lattice size using a subset of gauge configurations
(30 configurations every 100 trajectonie§Ve parametrize

¢(r) using a polynomial approximation ¢(r)=1

Nconf_ 1 k=1k#i

where N s IS the total number of configurations, we con-
s Ir|" and use it as the smearing function. We em_sider it as an exceptional configuration and remove it from
n=16Cn -aring C the following analysis. The number of the removed configu-
ploy three types of meson operatdi) local operator(ii) . S :
— rations is given in Table I.
smeared operatdvl (x) =2, (r)q(x,t)T'q(x+r,t), and(iii) In order to reduce the statistical fluctuation of hadron cor-

o . relators on the 2D<48 lattice, we repeat the measurement

meson propagatorrfg’), and Wilson loop ¢y") for AHMC and  —1 gngN,/2+1 (=25), and take the average over the two
S-HMC simulations. All numbers are written in units of the HMC sources:
trajectory. '
1
Kea  0.1340  0.1343 01346  0.1350  0.1355 §[<M(tsrc+t)M(tsrc‘)T>tsrC=l+<M(tsrc+t)M(tsr()T>t5m=25]-
A-HMC (16)

Tg};rg 11415 3549.8 21.94.7 10.32.4 13.62.2

AUM o 1372.6 13530 17.643 7709 8.53.1) We find that this procedure reduces the statistical error of
Zeum 5004 5908 5911 4607 6.20.9 had_ron cqrrglators by typlca_lly 20%, which suggests that the
S-HMC statistics is increased effectively by a factor of 1.5. For fur-
Koo 01340 01343  0.1346 01350 01355 ther reduction of the_ stqtlstlcal fluctuation, we take the aver-
age over three polarization states for vector mesons, two spin
Toaq  32.66.1) 30.14.8 20.03.1) 18927 12.01.3 states for octet baryons, and four spin states for decuplet
Toa" 16.42.00 16.12.2) 13.82.0 14.66.2 10.41.3 baryons.
eum 6.32.5 4.90.5 510.3 5205 5.20.3 Figures 1-4 show examples of effective mass plots. We
find that the best plateau of the effective mass is obtained
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FIG. 9. Bin size dependence of the jackknife error of hadron masses®ot480in full QCD.

from hadron correlators with the point sink and the doublyhyperbolic-cosine form is assumed for mesons and a single-
smeared source for mesons and the triply smeared one fexponential form for baryons. The lower cut of the fit range
baryons. Therefore, hadron masses are extracted from thegg, is determined by inspecting stability of the fitted mass.

types of correlators

The upper cut t(,,,) dependence of the fit results is small

We carry outy? fits to hadron correlators by taking ac- and, therefore, we fikyay to Ni/2 for all hadrons. Our choice
count of correlations among different time slices. A single-of fit ranges and resulting hadron masses are summarized in

OK,,=0.1340
0.0010 | 1
2 88203 95 5 b
2 0.0006 : : ;
z AK,=0.1350
5 0.0008 % % 1
5 - S S S S X
.‘é
¥ 00004 : : :
- 01K, =0.1355
0.0006 |
e 0 1 5 5 g 2 & F
0.0002 . s . .
0 50 100 150 200
bin size [traj.)

Tables XXIX-XXXIV in the Appendix. Statistical errors of
hadron masses are estimated with the jack-knife procedure.
We adopt the bin size of 100 trajectories by inspecting the
bin size dependence of the jackknife error as discussed in
Sec. Il C.

In Fig. 5, we test double-exponential fits to extract hadron
masses aK .= K,;=0.1355. While these fits are unstable
and lead to a large error for the mass of the first excited state,
the result for the ground state mass is consistent with that
from the single exponential fit. The situation is similar at
other sea and valence quark masses. This suggests that the
hadron masses in Tables XXIX—XXXIV and the light hadron
spectrum calculated from these results have small contami-
nation from excited states.

Hadron correlators in quenched QCD are calculated in an

FIG. 10. Bin size dependence of the jackknife error of the staticanalogous manner. We use six values Kf,, 0.13260,
potential atr =5 on 23X 48 in full QCD.

0.13290, 0.13331, 0.13384, 0.13432, and 0.13465, corre-

054502-9
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FIG. 11. Bin size dependence of the jackknife error of megefin figure9 and baryon(right figures masses with, ;= 0.13432, which
corresponds tnpg yf/ Myya=0.6, on 26x 48 in quenched QCD.

sponding tompg yaf My,ya=0.50—0.80 and the hadron opera- Vei(r,t)=In[W(r,t)/W(r,t+1)]. (19
tors and smearing procedure same as those in the full QCD o

study. A difference is that we can take more combinations ofFxamples ol are plotted in Fig. 6. For easfithe number
valence quark masses than in full QCD, since any value off smearing steps is fixed to its optimum value at which the
the six valence quark masses can be identified with eithepverlap to the ground state(r) takes the largest value.

light or strange quark mass. We take all combinations As shown in Fig. 7, we do not observe any clear indica-
(Kval,i rKvaI,j) (|,J =1,... ,6) formesons and somewhat re- tion of the Strlng breaklng. TherefOM(r) is fitted to the
stricted choicesKya; ,Kyarj ,Kya)(i,i=1, .. .,6) forbary- ~ form

ons. Statistical errors are estimated with the jackknife proce-

dure with bin size of 200 iterations. The exceptional V(r)zvo—z+ar+6V(r), (19)
configurations are discarded with the same criterion as de- r

fined in Eq.(15). Results of hadron masses are collected in ) ) )
Tables XXXV—XL in the Appendix. where §V(r) is the lattice correction to the Coulomb term

calculated perturbatively from the one-lattice-gluon-

B. Static quark potential exchange diagraif87]

We calculate the static quark potential in order to deter-
mine the Sommer sca[@9] which we use in our analysis of oV(r)= _90( G(r)— F)* (20)
hadron masses. For this purpose, the temporal Wilson loops
W(r,t) up tot=16 andr=(/3Ng2) are measured both in cogkr]
full and quenched QCD simulations. We apply the smearing G(r)=4m>, 3
procedure of Ref{36] up to 12 steps and the measurements k .
are carried out every 4 steps. 42 sir’[ ki/2]

The static quark potentiaV(r) is determined from the =t 21)
correlated fit of the form

W(r 1) = C(r)exd — V(). 17 The Sommer scalg,, defined through29]

We take the fit rangét in,tmad =[3,7] in all simulations in rng(r) =1.65, (22)
full and quenched QCD by inspecting thelependence of dr | _

the effective potential
is then determined from the parametrization of the corrected

potential V(r) — 8V(r):

0.0008

% - 1.65-«

% % ro= p— (23

‘ ‘ The lower cut of the fit range in EQL9), I in, is determined
0 0 2000 by inspecting the ,,, dependence af,. We observe that,
oin size [eraton) is relatively stable for ;,e[v2,2y2] as shown in Fig. 8.

FIG. 12. Bin size dependence of the jackknife error of the staticWith 1, <2, x*Npg takes an unacceptably large value
potential atr =5 on 23X 48 in quenched QCD. due to the violation of rotational symmetry, whilebecomes

5 2 3

error of V{r=5)

0.0004 +
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FIG. 13. Diagonal data of P@eft figure) and vector mesofright figure masses as a function of 3%. Meson masses in the infinite

volume limit atK,,=0.1340 and 0.1350 are determined by the constant fit to data on two larger volumes, while we assume the linear
dependence, Eq27), atKs.=0.1355. We also plot the prediction from the analytic form@8] for the PS meson mass at the lightest sea

quark mass by the long dashed line.
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FIG. 15. Volume size dependence of meslaft figure) and baryon(right figure masses aK,,=0.13432 in quenched simulations.
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FIG. 17. Vector mesofleft figure) and decuplet baryofright figure masses aK.=0.1355 on three spatial volumes as a function of

PS meson mass squared. The linear fit curve to each data set is shown as a guide for the eyes.
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FIG. 19. Magnitude of the FSEs on octet baryon mask g}

=0.1355 as a function of spatial linear extent in lattice units.
Circles are results for diagonal data, while squares represent those

at K,=0.1350.

ill determined with r;,>2\2. We therefore taker
= /5. While ther ., dependence of, is rather mild, the
covariance matrix becomes ill determined with,, greater
than 92 on 20x 48, 7\/2 on 16x48, and 6/2 on 12
X 48. We therefore fix . t0 these values.

We repeat the fits, Eq$17) and(19), with other choices
of the ranget, ;=4 orr,e[\2,2V2]. The largest devia-
tions in the fit parameters ang are included in their sys-

tematic errors. Other systematic errors due to the choice of

tmax, the optimum number of the smearing step, agpgl are
small and ignored. Fit parameters in E4Q9) andr, are
summarized in Table Il for full QCD and in Table Il for
guenched QCD.

C. Autocorrelation

The autocorrelation in our full QCD data is studied by
calculating the cumulative autocorrelation time

12 T T T T

0.4 0.5

FIG. 20. Test of the logarithmic singularity in the quark mass

dependence of the PS meson mass. We use the quark mass defined

through the axial vector Ward identity in this plot. Solid and dashed
lines are fit curves of Eq29) assumind to be a free parameter or
fixed to the experimental value.
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TABLE V. Parameters of diagonal fits to PS meson masses in
method A. We put “—" in some columns in this and the following
tables when the corresponding term is not included in the fit.

x?INpe Ke Bch)iig CcF;iig Dsigg
0.01 0.13602611) 25.9763) 4.52.4) -
001 013602813 26040 431 272

TABLE VI. Parameters of diagonal fits to vector meson masses
in method A.

XZ/NDF A}j/iag B?iliag Czi/iag Dzi/iag
0.06 1.86736) 0.24817) —0.008319) —
0.04 1.90100 0.22481) —0.00221) —0.000%17)
4 Ku.‘Knl
— qua_dratic
sol cubic ]
0.0 1 10 2‘.0 3‘.0 4I.0 5t0 6:0 7.0
(FoMos ped”

FIG. 21. Comparison of quadratic and cubic diagonal fits in

method A.

Ad Kn-"K«al

0 K70.1340
6.0 F AK 40,1343 y
<KCI-0.1346
v K_o=0.1350

> K_.=0.1355
40} .

2

(o)

20 ¢ B

0.20 0.30

(A

qal

FIG. 22. Combined chiral extrapolation of PS meson masses in

terms of the VWI quark mass.
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TABLE VII. Parameters of combined chiral fits to PS meson masses in terms of VWI quark mass.

X*INoe Ke BS® B ce® cr® c& Cw

0.33 0.136018®B5  9.6451)  16.69493) 7.51.8 2.3913) —6.6941) -
0.33 0.136018®5  9.6251) 16.75195 7.61.8 1.61(21) —6.7841) 0.6311

Atmax situation is similar on smaller volumes %648 and 13

7o (Atmad = >t > po(At), (24)  x48. We therefore take the bin size of 100 trajectories in the
at=1 error analysis in full QCD.
We also investigate the bin size dependence of the jack-
wherep(t) is the autocorrelation function, knife error in quenched QCD. As shown in Figs. 11 and 12,
the bin size of 200 iterations is reasonable.

I o(At) Another point of intere;t is the sea quark mass eren—
po(At)= T(0) (25)  dence of the autocorrelation. A natural expectation is that

smaller sea quark mass leads to a larger correlation length
and hence a longer autocorrelation. This expectation is sup-
T o(A)=((O(t)—(ON)(O(t+At)—(O))), (26)  ported by the CP-PACS observation in Rfl|, where they
used the RG-improved gauge and clover quark actions. How-
ever, our result ofrjj,q in the S-HMC simulations, which is
determined more precisely than that for the A-HMC due to
the higher statistics, shows the contrary sea quark mass de-

and we takeAt,,,,= 200.
In Table IV, we summarizers™ in the A-HMC and
S-HMC simulations on the 2x 48 lattices for three quanti- cum

ties: (i) the plaquette which is measured at every trajectorypendence:Tp'aq decreases as the sea quark mass decreases.
(i) the PS meson propagatortat 12, and(iii) the temporal This is consistent with the UKQCD's observation in Ré].

cum ; R P P
Wison oop i (1) (54). The resus o notshow any 4% 850 101 Wtilin ursiatons s much g
systematic differences ins™ between the A-HMC and MAssesos .o/m ~0§(K 20{340) q
S-HMC runs. The plaquette shows the largest autocorrelation ™, ~ ourpggteerrr;/i;egaoﬁ of Ifl‘gin pérturbéti\@ at B=5.2

. cum__ _ . . . . . = W - .
with TP'aq_.lo 39’ which s similar to thosg founq in the [28], we find that the expectation value of the plaquette var-
QKQCD_S|mngt|on[9] using the samellat'uce action and ies rapidly aroundK.~0.132, where the plaguette shows
SLTJ,'? simulation paramete_r_s. we c_)bFam smaller vaIue; the strongest autocorrelation in the investigated redfon
7o TOr the other two quantltles'. This is contrary to a naive €[0.100,0.13%. Since such a behavior, somewhat similar to
expectation that th_ese long-distance observgbles have af“phase transition, is not observed at higBemwe consider
Iolnger ttaut_cr)ﬁ_orrelatlon ¢ thtin ¢ me I_ocal fq“?”“ty _I|I_<e ;Ehethe unexpected behavior of the plaquette to be an artifact due
plaquetie. This suggests that the size of noise ansing Irony, finjte |attice spacing. This artifact is probably absent or

short porrelation modes is larger than_ t_hat of the Iongg ell suppressed with the CP-PACS’s choice of the improved
mode in thffn? observables and our statistics are not SlJffICIeQI:tions. At sufficiently small lattice spacings, we then expect
of the longest but weak mode.

to extractry" _ \ ___that 75" shows the natural sea quark mass dependence:
The statistical error including the effect of autocorrelation Pad cum

5 gven by (2757 tmes the nae e Thereor, i rome L 5% (o I916T 0 etk asses We alo
above observation tells us th"’}t the bin size i the JaCk.kn'f%uark mass becomes sufficiently small compared to that cor-
procedure of 60 HMC trajectories or larger is a safe choice t?esponding tK..=0.132
take account of the autocorrelation in our data. sea T
The bin size dependence of the jackknife error of hadron
masses and the static potential is plotted in Figs. 9 and 10.
We use errors obtained from uncorrelated fits because, with
large bin sizes, the number of bins would not be sufficiently  Finite-size effect§FSES are one of the major sources of
large to determine the covariance matrix reliably. For bothsystematic errors in lattice calculations. Since our largest
hadron masses and the static potential, the jackknife errarolume size=(1.8 fm)? is still not so large, it is important to
reaches its plateau at bin size of 50—-100 trajectories, whicbheck FSEs in our data. We discuss how much FSEs are
is roughly consistent with the above estimate freffi". The  present in our data on the largest lattice using data on three

IV. FINITE-SIZE EFFECTS

TABLE VIII. Parameters of combined chiral fits to vector meson masses.

x*INpe AY B\s/ By C\s/ C:// C;/v
0.55 1.91424) 0.034951) 0.189545) - - —0.0055496)

0.23 1.87733) 0.05114) 0.195355) —0.002816) —0.0015941) —0.0038%65)
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FIG. 23. Combined chiral extrapolation of vector meson masses.
spatial volumes 12x 48, 16x 48, and 28x 48. ~exd —mpgL=%)L] with L=Nga is too small compared

In Figs. 13-15, we plot the diagonal data of hadronto observed effects.
masses as a function of the spatial volume inverse. For A qualitative understanding of the observed FSE is as
Mps sed Mysea= 0.7, including the quenched case, the hadrorfollows. The wrapping of valence quarks is suppressed by
masses obtained on the ®648 and 28x 48 lattices are the centerz(3) symmetry in quenched QC[24]. In full
consistent with each other within two standard deviationsQCD, Z(3) symmetry is broken by the wrapping of sea
On the other hand, hadron masses decrease monotonously giarks in the spatial directions, whose magnitude increases
to V=20° at the lightest sea quark mass corresponding taoward lighter sea quarks. A possible reason why the FSE is
Mps sed Myses=0.6. significant only at our lightest sea quark mass would be that
The magnitude of the FSE also depends on the valenogie z(3) breaking turns on rather quickly around the lightest
quark mass. Figure 16 shows the valence quark mass depesea quarks.
dence of the relative mass shift between the two larger lat- The enhancement of the FSE toward the lighter valence
tices for PS mesons and octet baryons. We observe that, ejuarks leads to a decrease of the sldpg,,q/dm3g in Fig.
cept at the lightest sea quark mass, the mass shift is at mog and, hence, an underestimation of the hadron mass split-
at a few percent level in the whole range of the simulatec{ing& such as th&*-K hyperfine splitting. The mass split-
valence quark mass. The situation is similar for vector Metings are expected to be increased by sea quark effects, since
sons and decuplet baryons. Therefore, we conclude that these are underestimated in quenched QCD as well estab-

size of the FSE on our largest lattice is small over our rang¢ished in Ref.[4]. Therefore, the FSE makes sea quark ef-
of valence quark masses down to the second lightest sea

qguark mass. . I :
The mass shift is non-negligible at the lightest sea quark TABLE IX. Parameters of partially quenched chiral fits to vec
. . " Oor meson masses.
mass. While the magnitude is of the order of a few percen’t
for the heaviest valence quarks, it clearly increases as the K
valence quark mass decreases.

sea le Npr A\F/’Q B\F{Q

We consider that the observed FSE is caused by valence 0.1340 0.1(5) 0.530623) 0.636153)
quarks wrapping around the lattice in spatial directions 0.1343 0.08%) 0.506723) 0.664858)
(namely, squeezing of hadrons into the small)o@ather than 0.1346 0.043) 0.483527) 0.694G84)
wrapping of virtual pions. As shown in Fig. 13, the magni-  0.1350 0.1410) 0.439429) 0.78610)
tude of FSEs caused by the effects of virtual piglmsg 0.1355 0.2720) 0.388534) 0.90614)

dashed ling [38] given by mpgL)—mpgL=00)
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O K =K.
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B> E-like, K=K, =0.1355

2.0 ' L L 2.0 L L n
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2 2
(foMes var) (FoMps ya2)

FIG. 24. Combined chiral extrapolation of octet baryon masses. The top figure shows the extrapolation of diagonal data. The middle and
bottom figures are data &= K,q;=0.1340 and 0.1355 faE-like (left panel$ and A-like (right panel$ baryons.

fects less clear. It is crucial to check how large the FSE is irtfrum of the order of 5—10 %. Sea quark effects in the light
our hadron mass data at the lightest sea quark mass on tharyon masses, such e andm, , may become unclear by

largest lattice. the contamination of the FSE. We note, however, that
Figures 13 and 14 show that the volume dependence afecreases for heavier valence quark masses. Examination of
our data is well described by a power law sea quark effects becomes more feasible for strange baryon
masses likenz andmg, .
Mpad L) =Myad L=00) +¢/L3 (27) Figure 19 showsAm for the diagonal data of the octet

baryon mass as a function df;. We find that the size of
Ns~ 30, which corresponds to~2.7 fm, is required to sup-
pressAm to a few percent level. The required size becomes
slightly smaller, L~2.4 fm, for the valence quark mass
, (29 aroundmg. These sizes are larger than our largest spatial
m(L=20a) lattice size ofL=1.8 fm. Further simulations on such large

. . . . N lattices will be needed to obtain a definite conclusion on sea
is estimated from this ansatz and is plotted in Fig. 18. We

. . guark effects in the baryon spectrum.
f'T’d that, for PS anq vector mesonsm is about 5% for Tables Il and Il show that FSEs in, are much smaller
diagonal data and is reduced to a few percentKa

—01350. which hi ds to the st than in hadron masses. While the central value of i20
e » Which rougnly: corresponds fo the strange quarl§ystematically higher than that on 1én both full and
massmg. It is expected, however, that the volume depen

dence(27) turns into a milder form exp-mud ] for suffi quenched QCD, the difference is about 1% and not signifi

) . cant with the accuracy of our data. The size of FSEs is
ciently large volumes. The actual size of the FSE should b%mall—namely a few percent level—even orf.1Zherefore

S”.‘a'.'ef than the above estimation—say, a few percent. S'nctﬂe FSE inry on the largest lattice can be safely neglected in
this is smaller than the typical size of quenching errorsy h full and quenched QCD

which is 5—-10 %, we consider that the examination of sea
quark effects is feasible in the meson sector, particularly in

as found in Ref[39] using the KS fermion. The relative size
of the FSE on the largest lattice,

g ML= 208) My L=20)

strange meson masses. V. CHIRAL EXTRAPOLATION
Finite-size effects are more pronounced for baryon masses
as observed in Fig. 18. For diagonal datan is roughly The hadron spectrum in full QCD is calculated using had-

comparable with typical quenching errors in the baryon specron masses measured on the 2@8 lattice. This requires a
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FIG. 25. Combined chiral extrapolation of decuplet baryon masses.

parametrization of the mass data as a function of sea and A detailed description of the two methods will be given in
valence quark masses in order to extrapolagg-dowr) or  Secs. V A and V B. They should yield a consistent hadron
interpolate(strange quark masses to their physical values. spectrum, since fit forms in method B can be reproduced
We make this parametrization by combined fits to masses dfom those in method A by expandimg as a function of sea

a given hadron at all sea quark masses. We test the followinguark mass. This consistency is examined in Sec. V B.

two methods for the combined fit:

. . . . A. Chiral ext lati i thod A
(A) The effective lattice spacing—determined fram for iral extrapolation using ro (method A)

instance—may vary as a function of the sea quark mass. Chiral perturbation theoryChPT) [40] provides a guide

In order to separate this effect from the physicalto obtain a controlled chiral limit of hadron mass data. For
guark mass dependence, we carry out a chirathe quark mass dependence of the diagonal data of the PS
extrapolation using dimensionless quantitiesmeson mass, ChPT predicts the presence of logarithmic sin-
such  as ro(KsedMhad Ksea Kvai1,Kva),  Where gularities. At the one-loop level, the ChPT prediction reads

Mhad Kseas Kval,1,Kvar o) represents the measured hadron
mass composed of valence quark masses corresponding
to K41 @andK,4 > 0N the gauge configurations generated 2Bomg
at Kgea We refer to this way as “method A.”

(B) Itis also possible to fit hadron masses in lattice units, as:vherey:ZBqu/(47-rf)2 andA is a linear combination of
was done by the SESANK]| and CP-PACH11] Col- the low energy constanta; of the ChPT LagrangianA
laborations. We call this “method B.” =(2ag— as5) + N¢(2ag—a4). The mass ratio on the left

m3as 1
=1+ N—yln[y]+Ay, (29
f

TABLE X. Parameters of combined chiral fits to octet baryon masses.

WiNoe A0 B9 FS D c? c? cs, cs,
cY* cot co” cat

0.82 2.51250) 0.01823) 0.128632) —0.034434)  0.000%28) —0.0062139) —0.0014&54) -
0.0004723) 0.0037426) 0.0005735)  0.0001439)

0.66 2.48%51) 0.02023) 0.131534) —0.034234) —0.000828 —0.0052@32) —0.0008854) —0.0035634)
0.0007425) 0.0039%27) 0.0004435)  0.0000639)
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TABLE Xl. Parameters of combined chiral fits to decuplet baryon masses.

X3/ Npe AP BP BP c? cP cp,
0.92 3.31765 0.03815) 0.26813) - - —0.005529)
0.92 3.32785) 0.04936) 0.25316) —0.001243 0.002313) —0.005919
hand side(LHS), m34m,, is plotted as a function ofn, Fo( Ksed My (K sea K sea K sed
oy in Fig. 20. As we already reportéd1,23), our data show
no hint of the curvature predicted by the chiral logarithm. = Alfiag™ Blliagtps sea Clliaghtbs sed” D tiaghtbs sea
The fit of Eq.(29), assuming to be a free parameter, gives (31)

f~6 GeV, which is much larger than its experimental value ,
of 93 MeV. On the other hand, the fit gives an unacceptably/N€r€&q diag@Nd tps sesare the quark mass defined through
large y?/Npe=O(100), if we fixf to the experimental value. the _vector Ward identityVWI) and the PS meson mass nor-

A similar test using formulas from partially quenched Malized byro:
ChPT (PQChPT [41] also shows that the coefficient of the

chiral logarithm term obtained from our data is much smaller Pased="o(Ksed Mg sea (32
than the prediction from PQChH21,23,43. A possible rea- 1/ 1 1

son for the absence of the chiral logarithm is that the sea Mg sed —(—— —) (33
quark mass in our simulations is still too large and higher ' 2\ Ksea Ke

order corrections of ChPT should be included to describe the 5

data. /-LPS,sea:[rO(KseQmPS,se; ) (34

In this study, therefore, we use simple polynomial fitting )
forms in terms of the quark mass for the chiral extrapolation. Mps sea™ Mpd Ksea Ksea K sed - (35)

Th? séyiter;nat;p error du? éqﬂthe (t:h'rail extrgploflatlon '|S_| eSt'The fit parameters an)zlzl Npr are collected in Tables V and
mated by tesling several dilferent polynomial Torms. HOW-y,) ‘e coefficient of the cubic term is small and consistent

ever, the inconsist_ency between our data and C.hPT suggesfin zero for both Eqgs(30) and (31). Consequently, the
tha_t the_ extrap_olatn_)n may have Iar_ger uncertainty than th'%1uadratic and cubic fits show a good consistency with each
estimation. This point will be examined in detail in a SePa- iher in the whole range of the quark mass and toward the
rat(;_papetfh42]. K . imulati . i chiral limit, as seen in Fig. 21. These observations suggest
Ince the Sea quark mass In our simulations IS Not S@,5; e polynomial expansion up to the quadratic order is

small as discussed above, it is Important to c_:heck the O fficient to describe the quark mass dependence of our data
vergence property of the polynomial expansion of hadro f meson masses in method A

masses in our range of the sea quark mass. We carry out bo We carry out a combined fit to PS meson masses as a

quadratic and cubic chiral fits to diagonal data of PS ar]qunction of sea and valence quark masses using the quadratic
vector meson masses,

form
[1o(Ksed Mpe Ksea Ksea Ksed 12 [ro(KsedMpd Ksear Kva 1, Kval 212
= BES g et Coogit? sest Dt cea (30) =B uqseat BY Hquart C K sedt CF Mgva
+C&bta sedtval (36)
where g se,iS defined in Eq(32) and
Mgva= T o(Ksed Mg vals (37)
1
Mg var= 5 (Mgyal, i+ Mgval 2 (38)

1/ 1 1
mq,va|,i:§(K———> (i=1,2. (39

val,i Kc
0.23 |
7.3 7.45 TABLE XII. Parameters of chiral extrapolation of *.
0.15 ' :
7.35 7.40 7.45
1K, XZINDF Afo Bro
FIG. 26. Chiral extrapolation of,. The vertical line shows 15 —4.86735) 0.686148)

whereK =K.
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TABLE XIll. Parameters of diagonal fits to PS meson masses in TABLE XIV. Parameters of diagonal fits to vector meson

method B. masses in method B.
XZ/NDF (':,diag Bc/iiF;lg Cégé DQE\S XZ/NDF Ac/ii\ég Béi\ég Cc/ii\;g Dc/ii\ellg
2.5 0.13602(Q10) 4.6711) 39.1(1.3 - 1.4 0.352845  1.48138  —1.00Q73) -
1.9 0.1359783) 5.4742) 15(13) 252142 0.1 0.337989)  1.7313 -2.1959  1.7180
The presence of the monomial termrim, ;.;means that the F o( Ksed My (K sea Kvar 1, Kval,2)
PS meson mass does not vanish in the chiral limt, ) i v 2 v 2
=0 for nonzero values afiy ¢, This is because the value of ="RHS of Eq. (41)" +Cg ups sed Cv Mps,val
Kya Where the PS meson mass vanishes depends on the sea (45)
guark mass due to explicit violation of chiral symmetry with
the Wilson-type quark action. the additional paramete andCy’ are not well determined

We employ uncorrelated fits in the combined chiral ex-,5 geen in Table ViIl. We use the former fit, which is shown
trapolations although the data with the same sea quark mags rig 23, to calculate the hadron spectrum and the latter to

are expected to be correlated. Therefore, the obtainedsiimate systematic error of the chiral extrapolation.
x“Npg can be considered only as a guide to judge the qual- e also carry out a partially quenched fit to vector meson
ity of the fit. Figure 22 shows that this fit form describes our ,5sses at each sea quark mass. We use a linear form, which

data well. The parameters of the fit are summarized in Tablg; 5piained from Eq(41) by dropping all terms describing
VII. We note thatK. determined from the diagonal fit EQ. the sea quark mass dependence:

(30) and the combined fit Eq.36) are consistent with each
other, as they should be.

The most general quadratic fit ansatz for the PS meson
masses should include an additional cross term

mv( Ksea; Kval,l ’ KvaI,Z) = A\F/’Q+ B\F/’ngs,val (46)

The parameters given in Table 1X are used to calculatelthe
) 2 parameter at each sea quark mass.
[Fo(KsedMpd Ksea Kvat,1,Kvai 2] The chiral extrapolation of octet baryon masses is carried
=“RHS of Eq. (36)" +C"S , out using a quadratic form based on the leading order pre-
a wiaqval#tqyal.2 diction of ChPT[43], which was also used in Refl1]. We
(40) carry out the simultaneous fit to the- and A-like octet

~ baryon masses using the functions
where g vaij =T o(Ksed Mg vaij - However, the coefficient is

small as shown in fit parameters in Table VII and, hence'rO(Ksea)moct,E(Ksea;Kval,vivaI,Zvaal,Z)
does not change the hadron spectrum. We use this fit to es-

timate the systematic error due to the choice of the fitting =A%+ Bgﬂpsyseéf‘(lz\?—D\?)/,Lpsyvahl“' ZF\?,U«Ps,vaLz
function. o » 0. ~O3\ 2 o
For the vector meson, we find that the following form +Cstpssed (Cy+Cy" ) mps val, it (Cy

describes our data well: 03\ 2 o) 03 o
-Cy )/-LPS,vaI,Z +(CstCqy )MPS,seALPS,vaI,1+ (Csv

vy v — C37™) 1ps sehtps val, (47)
ro(Kged mV(Ksea;Kval,laKvaI,Z)zA + Bs MPS,seéi' BvMPS,vaI
+ C\s/vﬂPS,seé‘vPS,valv (41) O Kue=Koy 223
— quadratic z
0.8 - -- cubic
where ups se.iS defined in Eq(34) and
mpsyar [Mo(Ksed mPS,vailzr (42) g06|
, 1 5 2
Mpsvar~ 5 (Mps val,t™ Mps,val 2 (43 04} 4
03 L
. 005 0.1
0.0 02 0.4
Mes,sea
Mps valj = Mpg Ksear Kval,i vaaI,i)- (44)
FIG. 27. Comparison of quadratic and cubic diagonal fits in
For a more general fit of the form method B.
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6.0 ; . " . TABLE XV. Parameters of chiral extrapolation of in terms of
- -~ cubic fit PS meson mass squared.
5Y
A
A X2IN Al B! c! D!
N DF o o o o
50

0.01 5.62934) —8.4156) 16.32.7 —15.23.9

4.0 | e _ Hpsyvar [Fo(Ksed mPS,vaﬂzi (50)
. 1 5 2
Mpg var™ §(mPS,vaI,1+ 2mPS,vaI,%- (51)
3.0 L L 1 L
0 0.1 02 ) 0.3 0.4
M5 see Figures 24 and 25 show the fit for octet and decuplet baryon

masses. The parameters are summarized in Tables X and XI.
We also test the following forms to estimate the systematic
error of the baryon spectrum due to the choice of the fitting

FIG. 31. Chiral extrapolation afy in terms ofm,%sysea

rO(Ksea) moct,A(Ksea; Kval,la KvaI,ZvaaI,Z) form:
(@]
NGO O o, v
A+ Boupssea | Pyt 3 MPsval,1 I o(Ksed Moct Ksea Kvai, 1, Kval 2, Kval,2)
2 ="RHS of Egs. (47) and(48)" + C{ ips val, 14pS val,2
+2| FO—-D9| pg yar o+ COu3
v 37V S,val,2 s I*PS,sea (52)
+(Cy0+ CYM s yva i+ (CY = CV™) s vai 2
rO(Ksea) mdec(Ksea; Kval,liKvaI,ZyKval,Z)
+(CH VM) 1ps sebtps val,1 D 2 D 2
’ o ="RHS of Eq. (49" + Cs MPS,seéi_ Cy MPs vat (53

+(CS—CoM ps sebtps val.2 (49
_ We carry out the chiral extrapolation of(K. in order
WhereMPS,vali =(ro(Ksed mPS,vaIi) 2, : : s¢ : :
The decuplet baryon masses are well described by th? dv_atermlnero at the physical sea quark mass, which is
form required to calculate the hadron spectrum in method A. We

use a linear form
rO( Ksea) mdec( Ksea; Kval,lr KvaI,Za Kval,z)

_AD, RpD D D 1 B,
=A"+Bg tps sed By ps var Couitps sedtps vab —=A, + K_O' (54)
r 0
(49) 0 sea
where ups 4 Stands for the average of three valence quarlAs seen in Fig. 26 and Table XII, this fit describes our data
masses: well and gives a reasonable value g/ Npe~1.5.
4.0 T T
O JLQCD (B=5.2)
O CP-PACS (B=2.2)
6.0
@
30t . o® < . 8 e
8
R ® 5.0 .
£ -
- ® =] 0]
20+ m €
] 40 | mm
1.0 -L L L 1 3.0 I ! L
o 0.2 0.4 0.6 08 0 0.2 0.4 0.6 0.8
{Mgg/m,)* (Meg/my)’

FIG. 32. Comparison of the sea quark mass dependenggmyf (left figure) andr (right figure in lattice units with those in CP-PACS
data. We estimateym,, in the chiral limit in the CP-PACS data from a linear fit in terms ofriipg?.
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TABLE XVI. Hopping parameters corresponding to the light ignored in method B. We directly confirm this point in Fig.
(Kyg) and the strange quark mass Wit Ks(K)] and ¢ [Ks(#)] 30, where the fit results for vector mesons from method A are
input in full QCD. The lattice cutoff determined frommeson mass converted to lattice units using E6p4) and compared with

is also written. Error is statistical only. the fits of method B. The cubic fit in method B shows a good
) consistency with the quadratic fit in method A, while the

Kud Ks(K) Ks(4) a " [GeV] quadratic fit in method B does not.
0.135989600) 0.13485729) 0.13471144)  2.22128) The combined chiral fit including cubic terms is not very

stable because it contains a number of free parameters. In
this study, therefore, we do not use method B to extract the

B. Chiral extrapolation in lattice units (method B) physical hadron spectrum.

. Before we turn to the details of the determination of the
In order to study the convergence properties of polyno-

mial fit forms in method B, we carry out quadratic and cubichadron spectrum, let us make additional comments on the
. . ' y d i failure of method B with our data. Figure 31 shows the chiral
diagonal fits to PS and vector meson masses:

. . 2 .
fit of ry as a function oimpg ea
. 2_ P PS..2 PS..3
mPéKsea’KseaaKsee) _Béiagmq,sea"' Czljiaé'nq,sea_"Dt,jiaanq,sea

—_ A’ ’ 2 ’ 4 i 6
rO(Kseg_Aro"_ BrOmPS,seé’_ CrOmPS,seék DrOmPS,sea

(59
\ V 12 VvV .4 (57)
My(Ksea Ksear Ksed = Agiag T Bai +Ca
V(Ksea KsearKsed =Adiag™ BaadTps sed CaiadTs sea The fit parameters in Table XV show that a large contribu-
+Déi\;9mgsjsea (56)  tion of higher order terms is present also in this fit. By sub-

stituting this parametrization of, to Egs.(30) and(31) (di-
The fit parameters are summarized in Tables Xlll and XIV. agonal fits in method A large higher order corrections
Fit curves of the quadratic and cubic fits to vector mesorappear in Eqs(55) and (56) (diagonal fits in method B
masses are shown in Fig. 27. While quadratic and cubic fit€onversely, why method A works well is that large contribu-
describe our data reasonably well at the quark masses usedtinns of higher order terms in hadron masses gndancel
the simulation, they develop a deviation toward the chiralwith each other at least partially.
limit and for heavy quarks. We note that method B works well in the CP-PACS’s
Figure 28 compares the relative magnitude of the lineastudy [11], where they took similar simulation parameters
and quadratic terms in the quadratic diagonal fit to PS mesohut with different lattice actions: Namely, the RG-improved
mass in methods A and B. As the quark mass increases, tlgauge action and the tadpole-improved clover quark action.
magnitude of the quadratic contribution in method B in-We compare the CP-PACS datargin, at 8=2.2 and ours
creases more rapidly than in method A; it is no longer ain Fig. 32. The good consistency in the whole range of the
small correction at the simulated quark masses,f,q quark mass suggests that two groups’ data are in the scaling
=0.015-0.055). A similar situation is observed in the chiralregion. However, we find that the CP-PACS datar gfin
fit to vector meson masses as shown in Fig. 29. lattice units show much milder dependence on the sea quark
We come to conclude that the chiral expansions of mesomass than ours. This is the reason why method B works well
masses in lattice units, Eq&5) and(56), have poor conver- in the CP-PACS study, but does not with our data. It is, of
gence properties compared to those in unit @fEgs.(30)  course, not surprising that different lattice actions lead to
and (31) in method A, and the cubic term should not be different sea quark mass dependences of the hadron masses
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FIG. 33. Chiral extrapolation of mesdtop figure$ and baryorn(bottom figureg masses in quenched QCD. For octet baryon masses, we
plot only data aiK,, ,=0.13260 and 0.13432 for simplicity.
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TABLE XVII. Fit parameters of chiral extrapolations in quenched QCD.

X*/Npe Keg B;® cq®
m%s 0.18 0.135318l2) 2.85935) 3.0931
XZ/NDF A:‘]/ B:J/
my 0.04 0.414654) 0.79722)
2 (¢] (¢] (¢] (¢] (0B} O,A
X?INpe AS FS DS oF c¢ C§
My 0.66 0.53814)  0.52147) —0.158(44) —0.36(17) —0.059(92) 0.255)
XZ/NDF AqD BqD
Mgee  0.03 071214  1.12359)

and rqy in lattice units. However, as discussed above, theused to calculate strange vector meson and strange baryon
much stronger dependence with our choice of lattice action ismasses. We refer to this meson mass input asput.

practically problematic if one carries out the chiral extrapo- (ii) In the second method, we use tfemeson mass as
lation in lattice units. input assuming that it is a purgs vector meson. They

meson mass is fixed from

C. Calculation of the hadron spectrum
RHS of EQ. (41) My expi

Fom, My, expt

The hadron spectrum at the physical quark mass is deter-
mined as follows. The pion and meson masses normalized
by ro are determined by tuning their ratiogfn,)/(rom,) to
its experimental value—i.e., by solving the equation

: (61)

where we seMps sez= M, and Mps yal = Mps val, 7= M, . We
determineKg from m, and Eq.(36). This input is calledp
input.

The full spectrum of non-strange and strange hadrons is
determined by substituting,q, m,, Ks, m,, andrg into
where we denote the experimental value of hadron mass bigs.(36), (41), (47), (48), and(49). We use the lattice spac-
Mhad,expt@Ndr o represents the Sommer scale at the physicaing a determined fronm, to convert the hadron masses in
sea quark mass. The hopping parameter corresponding to thettice units to those in physical units. We note that this es-
physical light quark mas¥,q, is fixed by solving timate of the scala is subject to a systematic uncertainty
due to the use of the polynomial fitting forms for the chiral
extrapolation. However, if we usg, as the input to set the
scale, we obtain a consistent result &owithin errors. The
results ofK,4, K¢, anda™ ! are collected in Table XVI.

Then we determine,, which is required to convertym.. . We repeat the above analysis using each of the a_lte_rnative
androm, to m, andm, , from Kq and Eq.(54). fit forms Eqgs.(40), (45), (52), and(53). The largest deviation

We test two meson mass inputs to fix the strange quark

(romﬂ')
AV+(BY+BY)(rom,)%+CY(rom,)*

Mz expt
=——-, (59
M, expt

{RHS of Eq. (36) with Kseq= Kya 1= Kval 2= Kud}

=(rom,)?. (59

mass: » mps.,,,/mv‘,,,-é.ao ®
(i)'ln the first method, we use the kaon mass as input. The m::jjx:ﬁ:::g;g @‘ﬁ' ®
hopping parameter corresponding to the strange quark mass, 30 I ym,,,./m,,.=0.71 ©
Ks, is determined by solving sl 0,90 W
<& experiment ® A
VRHS Of Eq. (36) My et R N~
o (60) a5l “"2,928 5 |
oM, My ex o2y b Pt
%
where we seKgo=Kq 1= Kyg and K4 ,=Ks on the RHS b M., | . °, :'v >
of Eq. (36). Then the mass of thes,” meson—that is, an (KK ¢ ‘v'p
unphysicalss PS meson—is determined from E@6) and 20 L va v
(mp) “2 3 4
TABLE XVIII. Hopping parameters corresponding to the light 0.0 20 0 60

(K,g) and the strange quark mass wikkH K(K)] and ¢ [K¢(¢) ]
input in quenched QCD.

2
(FoMpg o)

FIG. 34. Vector meson mass as a function of PS meson mass

Kyug K(K) Ko($) a ! [GeV] squared aF each sea quark mass in full QCD and in quenched_ QCD.
The experimental values of meson masses are also plotted using our
0.13524%11) 0.13357143)  0.13321476) 1.83424) resultry=0.497 fm, which is determined from E¢54) and K4

anda in Table XVI.
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TABLE XIX. J parameter calculated by E@8). We obtainJ=0.4242(61) aK.=K,q with the alternative definitiori69).

Ksea 0.1340 0.1343 0.1346 0.1350 0.1355 Kud Quenched

J 0.3827122) 0.381821) 0.380134) 0.393232) 0.401837) 0.415362) 0.373566)

in the hadron spectrum among these analyses is taken as the
systematic error due to the choice of the chiral fit forms.

For the chiral extrapolation ofy, we find that an alterna-
tive form

moct,E( Kval,la Kval,2 ) Kval,z)
_ A0 (=O_ O\ 2 0.2
=Aq*+(Fq—Dg)Mps ya i+ 2F gMps vai 2

O 03 4 (0] (oB3) 4
+ (Cq + Cq )mpsyva|’1+ (Cq - Cq )mPS,vaI,Z’

ro(Ksed :Ar,0+ Br,olu*I%S,sea (62 (65)
also describes our data well. However, the hadron spectrum Moct A (Kval 1, Kvar2:Kval 2)
calculated using this fit is completely consistent with those
using Eq.(54). We therefore ignore the systematic error due DO 2
to the choice of the fit form, Eq54). :Aq0+ qu+ 9 M2 o £+ 2 qu— _qu)
The systematic error of the measured valuer gifK <) 3 s 3
leads to an additional uncertainty in the result of the hadron 2 0 ~OA\ 4
. . xXm +(Co+Cq)m
spectrum. We perform the calculation of the spectrum with pswalz (CqtCq ™) Mes vals
ro(Keea shifted by its systematic error at one valuekaf.,. + (qu— qu’A)més val 2 (66)
This calculation is repeated for &l;.,and the largest devia- s
tion in the spectrum is included into the systematic error.
P y mdec(KvaI,vival,ZKval,z)
D. Chiral extrapolation in quenched QCD
=AL+BEMEs o (67)

The chiral extrapolations in quenched QCD are performed
using fit forms which are obtained from those used in the full
QCD analysis by dropping all terms describing the sea quar
mass dependence. Namely, fitting forms for meson mass

These forms fit to our data very well as shown in Fig. 33. Fit
arameters are summarized in Table XVII. The hadron spec-
Fum is calculated in an analogous way to that for full QCD.

are The resulting values df 4, K5, anda™ ! are summarized in
mP§ Kval,ly Kval,2)2: Bg%q,val+ Cg é,val* (63) Table XVIll.
My (Kyal, 1, Kya ) = Ay + By Mg o (64) VI. SEA QUARK EFFECTS ON THE HADRON

SPECTRUM

The following fitting forms are used for the baryon masses: A. Sea quark effects at the simulated quark mass

Figure 34 compares the valence quark mass dependence

Nf=2 full QCD quenched :
. —— of the vector meson mass at each sea quark mass in full QCD
05t ::f::f:;f,’o K-input and in quenched QCD. We observe that quenched data have
<& phenomenological
u Meg /My 4, =0.80 ®
0.45 A mgg . J/m, =078 ®
5.0 | 4mggJm, . =0.75 o®
¥ Mg sud/ My 00=0.71 i
J % > mPS‘un/ mv.m“o‘eo M
S~ © quenched © b
~1ITEs 4.5 | < experiment o® J’
04| ~& T 1 w@ﬂ’ o
sy 8 44;? ’6""
f\‘\\\' =4 + :%) A’
= § S 40t . b T
»
0.35 L ; L n,<)
00 20 4.0 6.0 8.0 351
(romps.u.)z
e (m,A)
FIG. 35. J parameter defined by E¢68) in full (left pane) and 30,5 35 m o

guenched(right pane] QCD. Dashed lines are reproduced from
combined chiral fit, Eq(41). We also plot values calculated from an

2
(fMog u)

phenomenological definition, E€69), using the experimental spec-
trum (open diamongand our results in Table XXfilled squaré.

FIG. 36. Decuplet baryon masses as a function of PS meson
mass squared at each sea quark mass in full and quenched QCD.
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TABLE XX. Strange vector meson masses in GeV units in full and quenched QCD. The meson mass
input to fix the strange quark mass is written in the brackets in the first column. The first error is statistical.
The second and third ones are systematic error due to the choice of chiral fit forms and systematic uncertainty
of ry. The deviation from the experimental spectrum is denoted tyy

K* (K) 0.8791(14)(3)(*15 -1.9% 0.870616) —2.9%
d(K) 0.9899(28) (39 (73 —2.9% 0.972732) —4.7%
K(¢) 0.5272(31) (149 (*3 +5.8% 0.546639) +9.4%
K* () 0.8939@0)(+173)(0) —0.2% 0.8939() —0.2%

a significantly smaller slope than experimental points. Thisobserve thafl extrapolated to the physical sea quark mass is
leads to an underestimation of the" -K hyperfine splitting closer to the phenomenological valj#d]
in quenched QCD.

The slopes in full QCD data are clearly larger than in Mg —m,
guenched QCD and increase for decreasing sea quark mass. J=mgx ———=0.482) (69
This is reflected in a negative value @@/v for Eq. (41) in My = Mz

Table VIII. This sea quark effect leads to a better agreementh )
of the meson spectrum in full QCD with experiment than inhan in quenched QCD.

quenched QCD. Figure 35 also show3d calculatgd from our results of t_he
The J parametef44], defined by meson spectrunisee Table XX using the above alternative
definition Eq. (69) (filled squarg. The result is in good
dmy agreement with other determinations, showing the magnitude
J=my— , (68) of the sea quark effect idito be stable against the definition
deS Mpg/ My, =My /Mycx of J.

In Sec. IV, we pointed out that the FSE decreases the

is useful to quantify the sea quark effect. Numerical result$/OP€ dr;n\,/dmés._ This is confirmed numerically in

of J calculated from the partially quenched chiral fit E46) ~ dmy/dmsgdetermined from the partially quenched chiral fit,
are given in Table XIX. In Fig. 35, we plal in full QCD  Eq. (46), at the lightest sea quark mass$m, /dmag is
(filled circles as a function of the sea quark mass togethe.90614) on 2G, 0.81488) on 16, and 0.6830) on 12.

with the quenched resulbpen circle in the right panelwWe  The slope would be larger if we increase the spatial size
observe thad in full QCD is close to the quenched value at beyond 28. Therefore, the observed sea quark mass depen-
heavy sea quark masses correspondingge/m,=0.75and dence of the slope and is a genuine effect of dynamical
increases as the sea quark masses decreases. quarks and not an artifact of FSEs.

In the same figure, we also pldtreproduced from the A similar effect of sea quarks can be found in the decuplet
combined chiral fit, Eq(41) (dashed lines The result is baryon masses as shown in Fig. 36. However, a significant
consistent withJ from the partially quenched fit, as it should deviation still exists in the slope between full QCD data and
be, and shows a similar sea quark mass dependence. Wee experimental spectrum. We consider that a larger slope in

full QCD is still partly masked by FSEs on the20olume;
¢ (K-input) K*(K-input) K (¢-input) volume as large as 3@vould be needed to reduce FSEs to a

few percent level as discussed in Sec. IV.
0.90 - T v T
0.55 b @ JLQCD, N=2
§ QJLQACD, N=0
0.90 + = CP-PACS, N=2
O CP-PACS, N=0
%‘ } ¥ experiment
G 1.00
E s
0.88
E E & o088 pe )
£ 3
§ 0 0.50 | . % §§ 5 L §
0.86 }
0.96 (') 2 0.86 0 2 0 2
N N, N 00 01 02
a[fm]

FIG. 37. Comparison of the strange meson masses between full
and quenched QCD. Experimental values are shown by horizontal FIG. 38. Mass of th&K* meson withK input as a function of
lines. lattice spacing.
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TABLE XXI. Baryon spectrum in GeV units in full and quenched QCD.

m(N;=2) Am(N¢=2) m(N¢=0) Am(N¢=0)

N 1.015(19) (") (3 +7.7% 1.00426) +6.7%
3(K) 1.185(17)((19 (8 —0.7% 1.16220) —2.6%
A(K) 1.143(18)("$H (2 +2.4% 1.12020) +0.4%
Z(K) 1.291(16) ¢ 14)(*] -1.8% 1.26014) —4.3%
S(¢) 1.204(17)¢18)(*§ +1.0% 1.19419 +0.1%
A() 1.159(17)¢18) (74 +3.8% 1.14619) +2.7%
E(¢) 1.325(16) @ 18)(*3 +0.7% 1.31511) +0.02%

A 1.328(25) (+24) (*3* +7.5% 1.31826) +6.7%
S*(K) 1.433(21)("3) (3 +3.5% 1.41422) +2.2%
2*(K) 1.537(17) ("9 (*3 +0.4% 1.51018) —1.4%
Q(K) 1.642(14) ("B (*8 —1.8% 1.60614) —4.1%
S* () 1.447(20) (2% (8 +4.4% 1.43620) +3.7%
E* (o) 1.566(15)("2%(*3 +2.2% 1.55414) +1.4%
Q) 1.684(11) ("2 (3 +0.7% 1.67110) —0.1%

We emphasize that the evidence of sea quark effects olthe quenched meson spectrum shows a significant deviation

served in this subsection does not suffer from possibly largérom experiment, sea quark effects reduce the deviation by
systematic errors due to the chiral extrapolation and tha@bout 40%. This closer agreement of the meson spectrum
choice of inputs to fix the scale and quark masses: the inwith experiment is a consequence of the sea quark effects

crease of the slopedm, /dmaganddmy../m3s, is observed
without any chiral extrapolation and inputs. The sea quark

observed in the previous subsection.
In Fig. 38, my» with theK input in full QCD is compared

mass dependence dfis obtained by a short extrapolation or with the CP-PACS results obtained with the RG-improved
an interpolation to a relatively heavy valence quark masgauge and clover quark actiofi$l]. We observe that our
Mg+ IS consistent with the CP-PACS result at a similar lattice

corresponding tanpg/my,=my /M.

B. Hadron spectrum

marized in Table XX. Since our fitting functions to vector
meson masses, Eqell) and(64), are linear in terms of the
valence quark massng+ Wwith ¢ input equals 0, ey

spacing and is at the lower edge of their estimate in the
continuum limit. In the same figure, we also make a com-
) , parison in quenched QCD with the CP-PACS results ob-
The meson spectrum in full and quenched QCD is SUMgaineq with the plaquette gauge and the Wilson quark actions

+ My expd/2 in both full and quenched QCD. The deviation

of this value from the experimental mag% ey IS Only

in Ref. [4]. The two groups’ results show good agreement
with each other. These observations suggest that the scaling
violation is small in our data both in full and quenched QCD

1.4 T T

0.2%. 8JLQCD, N2
. . JLQCD, N=0
A clear difference between full and quenched QCD is fﬁ | mcP-PACS, N2
observed in other meson masses as shown in Fig. 37. WhiI(§ 13f ? S ﬂ/nﬁugai"’"" B hAG N0,
s . _---"Dogn Sk experiment
E12f B 1
K-input
oN=2 Q 4 , , .
ON=0 P ' ' '
o
15 5 z o

3 E 8 o 200

0] L

= — ¢ - 0.9

L N 08 00 0.1 02
i—é ° A a[fm]
§ 2
1.0 | S A FIG. 40. Nucleon masgottom panélandE baryon masstop
- pane) with K input as a function of lattice spacing. Open triangles
N represent the CP-PACS results in quenched QCD using the standard

FIG. 39. Baryon spectrum witl input. Experimental values are

shown by horizontal lines.

plaquette gauge and Wilson quark actions, while open squares are

tadpole-improved clover actions.
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0K_=0.1340 |

. 2.0 4.0 6.0
2
(romps,m)2 (FMpg o)

2K,,=0.1343 K ~0.1346

0.0 2.0 4.0 6.0 0.0 2.0 40 6.0
(Mg, (M5,

VK_=0.1350 | >K,=0.1355

05 05
£ g
" 04 04|
03 ' * . 03 ' s s
0.0 2.0 40 6.0 0.0 2.0 4.0 6.0

(foMps )” (oMps,)”
FIG. 41. Combined chiral extrapolation of the PS meson decay constants.

and, hence, the closer agreement of the meson spectrum \iyhich our full QCD data predictm, =0.694§3)(+8/
full QCD with experiment is a genuine effect of sea quarks._1 +2) GeV with the K input andSO 7381(464 57
The baryon masses in full and quenched QCD are listed iK+A)'(()/_ 4)6) GeV with thee ingut where 'the fiEst grror) is

Table XXI. These masses are compared with experiment Istatistical and the second and third ones are due to the choice

Fig. 39. For heavier baryons, such &s =, and Q, full " . .
QCD results show a closer agreement with experiment thaﬂ'c the fitting form and a systematic uncertaintyrgf These
sults are to be compared with those in quenched QCD:

in quenched QCD. The sea quark effect is, however, lest® X X
clear for lighter baryons. This is partly due to FSEs in full 0-69889) GeV (K inpup and 0.771€8) GeV (¢ inpuf.

QCD data which are more pronounced for lighter valence/Vhile the values themselves do not differ by going from
quarks. quenched to full QCD, the difference between the two inputs

In Fig. 40, my and mz with the K input are compared is reduced by about 40% in full QCD. This reflects the closer

with the CP-PACS resul, 11]. While the full QCD results ~29reement of the meson spectrum in full QCD.
of the two groups show reasonable agreement with each Another interesting prediction is the physical valuer gf
other, the CP-PACS results in the continuum limit in Our full QCD simulation givesro=0.4976)(—9)(+11/
quenched QCD are systematically smaller than ours. This 12) fm, where the meaning of the three errors is the same
suggests that our quenched data have a non-negligible sc&s that ofm,, . We note that this is close to the phenomeno-
ing violation, which is another source making sea quark eflogical estimate in the original papg29], r,=0.49 fm. The
fects less clear. Therefore, further investigations of FSEs iuenched simulation gives 0.57@8)(50) fm, where the first
full QCD and scaling violation in quenched QCD are re-error is statistical and the second comes from the systematic
quired to obtain a clear conclusion on sea quark effects in thencertainty of the measurement. About a 14% difference be-
baryon spectrum. tween full and quenched QCD arises from the following two
We now turn to theoretical predictions which can be de-sea quark effects. One is the difference of the physical value
rived from our data. The first is the mass of themeson, for ~ of r itself due to the change of the shape of the static quark

TABLE XXII. Parameters of combined chiral fits to the PS meson decay constant in full QCD.

x*INpe Al st B\f/ Cfs CI/ Cfsv

0.001 0.3416/1) 0.007%18)  0.034918) - - —0.0012842)
0.001 0.34411) 0.001955)  0.039818)  0.0004670) —0.0010%19) —0.0006923)
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TABLE XXIIl. Parameters of chiral extrapolation to the PS me- 7 T
son decay constant in quenched QCD.
x*INpe A By 014 | 1 016k L4 42t 1
0.06 0.0722(094) 0.124642)
potential. The other source is the reduction of the quenching - -~
error inm,, in full QCD, which is used to fix the lattice scale.

013 [ 1 o015t 4 §
VIl. DECAY CONSTANTS
11+ 1

The PS meson decay constants are calculated using the
fourth component of the improved axial vector current, 0 2 0 2 0 2
which is defined by N, N, N,

) FIG. 42. Comparison of . (left pane), fx (center pang] and
ALP=A4+CAALP, (700 f/f, (right pane] between full and quenched QCD. We use
input for fx and fi/f .. Experimental values are shown by hori-
with the symmetric lattice derivativa,. We extract the am-  zontal lines.
plitude of the(AI™(t)P(0)") correlator,CL®, by the corre-

lated fit of the form A
—In[(Up)]= ?ap(3.40b){1— (1.1905-0.2266N¢) ap}-

(ATP(OP(0)) = Ch{ex] —megt] — exi] ~mpd N— DT} (79

(72) Then, ap(3.408) is evolved to the optimum scalquA

with mpg fixed to the results given in the Appendix. We use =1.803A for Z,, q§A=2.289b for b, and qé‘A:2.653b
the local operator foA;™, while the double smearing is for ¢, [53]) using the universal two-loop beta function and is
applied toP. The amplitude of thgP(t)P(0)") operator ysed as the expansion parameter of tadpole-improved pertur-
with the doubly smeared source and the sink opera&ﬁé, bation theory.
is extracted assuming a single hyperbolic cosine form. The consistent chiral extrapolation of the decay constant
The renormalized decay constant is calculated by should include the chiral logarithmic term as predicted by
ChPT[40]. However, our data do not show the characteristic
5 curvature of the chiral logarithm as discussed in Sec. V A
_ LS (and also in Refs[21,23). We therefore use the following
Tps=2KZA(14baMMg a) Ca V ss (72 polynomial form for the chiral extrapolation, leaving the
problem of the chiral logarithm and associated uncertainty

Since non-perturbatively determined valuesZqr, b, and  for a future publicatiorf42];
ca are not available for two-flavor QCD, we adopt the one-

Mpsp

loop perturbative values in Refg45-5( with the tadpole ol Ksed Fod Ksea Kvat 1, Kya 2)
improvement. We calculaterp(3.40R) from the plaguette oo ' f ’ .
averagg(Up) according tq51,57] =A'+Bgups sed Bytps vart Csuibps sektps,var

. 74
TABLE XXIV. Pseudoscalar decay constants in full and (74)

quenched QCD calculated with one-loop and non-perturb@i® 1, gy i plotted in Fig. 41 with the parameters summarized
matchings. Decay constants are written in GeV units. The first errolrn Table XXII. The pion and kaon decay consta ndf
. ffsa K

is statistical. The second and third ones for full QCD results are the lculated by tuni ¢ 2 and substituti
systematic error due to the choice of chiral fit forms and uncertaint)f'ire calculated by tuningps seat0 (foM-)" and substituting

of the measured value (DB- (rOmﬂ')z or (rOmrjs)z for MPS vali (I :1!2) in MPS val The
systematic errors due to the choice of the fitting function and
One-loopc,, Za, andby NPcs, Zs, andby the uncertainty of ; are estimated in a way similar to those
N;=2 N;=0 N;=0 described in Sec. V C. In the estimation of the former error,
we use
f. 0.1372(31)¢25)(*3Y)  0.133724) 0.128723
f(K) 0.1576(23)¢28)(78)  0.149720) 0.143819)
fu(¢)  0.1603(21)¢-29)(*3)  0.153317) 0.147317) ro(Ksed fpd Ksea Kva 1, Kvar,2)
f(K)/f,  1.148(11)( ('3 1.119563) 1.117463 —“RHS of Eq. (74),,+Cfs/-L§’S,seé’_CI/MI%S,vaI

fu(p)/f,  1.168(13)( 3 ('a 1.146890) 1.144389)

(79
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FIG. 43. Combined chiral extrapolation of PS meson masses in terms of the AWI quark mass.

TABLE XXV. Parameters of combined chiral fits to PS meso

masses in terms of the AWI quark mass in full QCD.

XZINDF BSS,AWI C\F[’S,AWI CEVS,AWI
0.21 18.0812) 0.3319 —3.01(38)
0.22 18.1811) - —2.8939)

TABLE XXVI. Quark masses in two-flavor QCD in thms
scheme ap =2 GeV. Values oin,y andmg are in MeV units. The

meson mass input to fimg is written in brackets. The quoted errors
are statistical only.

and Eqgs(40) and(45) as the alternative fitting functions for
the chiral extrapolation.

" n guenched QCD, we use the chiral extrapolation form

fP§ Kval,vivaI,Z) :A;+ B;m%s,vm (76)
and obtain parameters summarized in Table XXIII. Eqr,

b,, andc,, we test the one-loop perturbative value and the
non-perturbative one in Ref54].

Our results of the decay constants are summarized in
Table XXIV. A comparison between full and quenched QCD
results obtained by the one-loop matching is made in Fig. 42.
We observe that . is consistent with the experimental value
within two standard deviations in both full and quenched

TABLE XXVIII. Quark masses in quenched QCD in thes

Myq my(K) mo($)  my(K)/myg M)/ Myq scheme au=2 GeV calculated in quenched QCD. Valuesnafy
andmg are in MeV units. The choice of input to fixg is written in
AWI 3.22343) 84.51.1) 96.42.2 26.13324) 29.7839) brackets.
VWI 2.48857) 98.21.1) 110.42.3) 39.3673) 44.2193
Myqg ms(K) ms(¢) ms(K)/mud ms(¢)/mud
One-loop matching
AWI 4.020(77) 104.11.6) 128.23.3) 25.9013) 31.8856)
TABLE XXVII. Parameters of chiral extrapolation to PS meson YW! 4.62877) 114.21.6) 136.93.2) 24.67388) 29.5742)
masses in terms of the AWI quark mass in quenched QCD.
Non-perturbative matching
XZ/NDF BSS,AWI CES’AWI
AWI 3.522(66) 91.91.4 113.12.9 26.0813) 32.1156)
0.22 2.974449) 1.3161) VWI 4.31572) 106.51.5 127.13.00 24.68187) 29.5842)
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FIG. 44. Comparison of lighfleft figure) and strangéright figure quark mass withK input in two-flavor QCD. Triangles represent the
CP-PACS results of the VWI quark mass usikg determined by partially quenched chiral extrapolations. The CP-PACS result in the
continuum limit was obtained by a combined linear extrapolation of three data. We note that the SE@AMSsIts in Ref.[7] are
consistent with these results within the large error arising from their continuum extrapolation.

QCD. While fx in quenched QCD is significantly smaller  We then carry out the chiral fit of the PS meson mass as a
than the experimental value, the deviation is reduced by sefanction of the AWI bare quark mass. The fitting function is
quark effects and the full QCD result becomes consistenobtained from Eq.36) with the replacement of the VWI

with experiment. masses with the AWI ones. We also drop all monomial terms
The results obtained with one-loop renormalization fac-in the sea quark mass, since the PS meson mass vanishes in
AWI

tors are subject to higher order corrections. However, aghe chiral limitmgy,=0 even for nonzero sea quark masses
shown in Table XXIV for the quenched results, the differ- [41]. The adopted form is

ence between the perturbative and non-perturbative match-

ings is not large. This is because tB¢a) correction to the

improved current in Eq(70) is not large, and the non- [ro(KsedMp Ksea Kyal,1:Kyai 212

perturbative values foZ, and b, are close to those in Bps ANVl AWI CPS'AW' AW. 2, CPSAWI AW AWI
tadpole-improved perturbation theory. We may therefore ex- Mavart va) "+ Co g sedtaval:
pect that the uncertainty due to the perturbative matching is (79

small also in the full QCD results.
It is expected that various systematic uncertainties, inynere
cluding the scaling violation, would partially cancel in the
ratio f/f,. This expectation is supported by the good
agreement of the quenched results between the perturbative e T o Ksed My (Kgea Ksea Ksea (79
and non-perturbative matchings, which suggests that higher
order corrections to the renormalization factors almost cancel

in the ratio. Therefore the ratio is useful to discuss sea quark MQ\(‘/’;F ro(Ksed mg"\\,’a"l, (80)
effects. Comparison of this quantity shows that the full QCD ' ’
values are significantly closer to the experimental value 5
=1.22 by about two standard deviations than in quenched
QCD. 140 -
VIIl. QUARK MASSES 40 + %

120 +

We calculate the up-down and strange quark masses
through the axial vector Ward identi¢AW!). The bare quark
mass at simulation points is obtained by

m, (2Gev)
m,*(2GeV)

| |

MpCr> L
my'=— e (77) : ”

3.0

NI Ni

where C5S and CL° are the amplitudes ofAi™(t)P(0)")
and (P(t)P(0)") with the doubly smeared source and the FIG. 45. Comparison of lightleft pane) and strange(right
local sink operators. pane) quark mass in full and quenched QCD.
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TABLE XXIX. Meson masses on £X 48 in N¢=2 full QCD.

Ksea Kval1 Kval,2 [tmin s tmax XZ/NDF Mps [tmin s tmax XZ/NDF my
0.1340 0.1340 0.1340 [9,24 2.7 0.61910) [9,24] 2.1 0.78212)
0.1340 0.1343 0.1343 [9,24 2.9 0.59211) [9,24] 2.3 0.76213)
0.1340 0.1346 0.1346 [9,24 2.9 0.56412) [9,24] 2.5 0.74213)
0.1340 0.1350 0.1350 [9,24 2.6 0.52%12) [9,24] 2.7 0.71414)
0.1340 0.1355 0.1355 [9,24] 2.1 0.470995) [9,24] 2.6 0.67914)
0.1340 0.1358 0.1358 [9,24 1.9 0.434479) [9,24] 2.4 0.66013)
0.1340 0.1340 0.1343 [9,24 2.8 0.60611) [9,24] 2.2 0.77213)
0.1340 0.1340 0.1346 [9,24 3.0 0.59211) [9,24] 2.3 0.76213)
0.1340 0.1340 0.1350 [9,24 3.0 0.57412) [9,24] 2.4 0.74913)
0.1340 0.1340 0.1355 [9,24 2.7 0.55012) [9,24] 2.5 0.73113)
0.1340 0.1340 0.1358 [9,24 2.4 0.535%11) [9,24] 2.5 0.72014)
0.1343 0.1340 0.1340 [9,24 2.2 0.576655) [9,24] 2.6 0.74813)
0.1343 0.1343 0.1343 [9,24 2.2 0.547451) [9,24] 2.7 0.72814)
0.1343 0.1346 0.1346 [9,24 2.1 0.5174498) [9,24] 2.6 0.70416)
0.1343 0.1350 0.1350 [9,24 2.2 0.475%50) [9,24] 1.8 0.66%19)
0.1343 0.1355 0.1355 [9,24] 2.4 0.417861) [9,24] 0.9 0.62616)
0.1343 0.1358 0.1358 [9,24] 2.9 0.379869) [9,24] 1.3 0.61319)
0.1343 0.1343 0.1340 [9,24 2.2 0.562153 [9,24] 2.7 0.73813)
0.1343 0.1343 0.1346 [9,24 2.1 0.532%49) [9,24] 2.7 0.71614)
0.1343 0.1343 0.1350 [9,24] 2.2 0.512447) [9,24] 2.5 0.69916)
0.1343 0.1343 0.1355 [9,24 2.2 0.486749) [9,24] 1.9 0.675%18)
0.1343 0.1343 0.1358 [9,24 2.2 0.470456) [9,24] 1.3 0.66118)
0.1346 0.1340 0.1340 [9,24 4.0 0.559539) [9,24] 2.5 0.712293)
0.1346 0.1343 0.1343 [9,24 4.7 0.530449) [9,24] 2.6 0.691797)
0.1346 0.1346 0.1346 [9,24 4.5 0.501170) [9,24] 2.6 0.66911)
0.1346 0.1350 0.1350 [9,24 3.0 0.459630) [9,24] 2.8 0.63615)
0.1346 0.1355 0.1355 [9,24 2.0 0.400056) [9,24] 4.6 0.60119)
0.1346 0.1358 0.1358 [9,24] 1.6 0.356167) [9,24] 3.7 0.57624)
0.1346 0.1346 0.1340 [9,24 4.7 0.530%49) [9,24] 2.5 0.691695)
0.1346 0.1346 0.1343 [9,24 4.7 0.515859) [9,24] 2.6 0.68110)
0.1346 0.1346 0.1350 [9,24] 3.7 0.480980) [9,24] 2.6 0.65312)
0.1346 0.1346 0.1355 [9,24] 2.6 0.454474) [9,24] 2.9 0.63116)
0.1346 0.1346 0.1358 [9,24] 2.0 0.437160) [9,24] 3.7 0.62019)
0.1350 0.1340 0.1340 [10,24 2.9 0.530461) [10,24 0.9 0.67113)
0.1350 0.1343 0.1343 [10,24 2.8 0.499865) [10,24 0.8 0.65014)
0.1350 0.1346 0.1346 [10,24 2.6 0.468169) [10,24 0.8 0.62916)
0.1350 0.1350 0.1350 [10,24 2.4 0.423971) [10,24 0.7 0.60218)
0.1350 0.1355 0.1355 [10,24 1.8 0.363463) [10,24 0.7 0.57417)
0.1350 0.1358 0.1358 [10,24 1.4 0.323856) [10,24 0.9 0.56419)
0.1350 0.1350 0.1340 [10,24 2.6 0.4791698) [10,24 0.7 0.63715)
0.1350 0.1350 0.1343 [10,24 2.6 0.462970) [10,24 0.7 0.62616)
0.1350 0.1350 0.1346 [10,24 2.5 0.446471) [10,24 0.7 0.61%17)
0.1350 0.1350 0.1355 [10,24 2.1 0.39487) [10,24 0.6 0.58719)
0.1350 0.1350 0.1358 [10,24 1.7 0.376%61) [10,24 0.7 0.58017)
0.1355 0.1340 0.1340 [10,24 2.0 0.482%57) [11,24 1.5 0.62113)
0.1355 0.1343 0.1343 [10,24 1.9 0.453060) [11,24 1.4 0.60114)
0.1355 0.1346 0.1346 [10,24 1.8 0.423066) [11,24 1.3 0.58115)
0.1355 0.1350 0.1350 [10,24 1.7 0.382184) [11,24 1.4 0.55621)
0.1355 0.1355 0.1355 [10,24 1.4 0.32814) [11,24 1.2 0.54148)
0.1355 0.1358 0.1358 [10,24 1.5 0.28726) [11,24 0.9 0.56082)
0.1355 0.1355 0.1340 [10,24 1.6 0.411192 [11,24 1.2 0.57720)
0.1355 0.1355 0.1343 [10,24 1.6 0.394897) [11,24 1.3 0.56622)
0.1355 0.1355 0.1346 [10,24 1.6 0.37810) [11,24 1.3 0.55625)
0.1355 0.1355 0.1350 [10,24 1.6 0.35611) [11,24 1.4 0.54631)
0.1355 0.1355 0.1358 [10,24 1.4 0.30920) [11,24 1.0 0.54664)
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TABLE XXX. Baryon masses on £X 48 in N¢=2 full QCD.

Ksea Kval,1 Kval,2 Kvaz  [tminstmad XZINDF My, [trmin s tmax] XZ/NDF my [tminstmad XZ/NDF Mgec
0.1340 0.1340 0.1340 0.1340 [10,24 1.7 1.15312) — - - (10,24 1.6 1.22Q37)
0.1340 0.1343 0.1343 0.1343 [10,24 1.7 1.12216) — — — [10,24 1.5 1.19139
0.1340 0.1346 0.1346 0.1346 [10,24 1.7 1.08924) — - - [10,24 1.4 1.16439)
0.1340 0.1350 0.1350 0.1350 [10,24 1.6 1.04033) — - - [10,24 1.3 1.13136)
0.1340 0.1355 0.1355 0.1355 [10,24 1.8 0.97141) — - - [10,24 1.4 1.09632)
0.1340 0.1358 0.1358 0.1358 [10,24 1.8 0.92243) - - - [10,24 1.5 1.07138)
0.1340 0.1340 0.1340 0.1343 [10,24 1.8 1.14213) [10,24 1.6 1.14313) [10,24 1.6 1.20937)
0.1340 0.1340 0.1340 0.1346 [10,24 1.8 1.13215) [10,24 1.5 1.13414) (10,24 1.6 1.19938)
0.1340 0.1340 0.1340 0.1350 [10,24 1.9 1.11818) [10,24 1.4 1.12118) [10,24 1.5 1.18638)
0.1340 0.1340 0.1340 0.1355 [10,24 1.9 1.10021) [10,24 1.2 1.10422) [10,24 1.5 1.17337)
0.1340 0.1340 0.1340 0.1358 [10,24 1.9 1.08923) [10,24 1.0 1.09423) [10,24 1.7 1.17038)
0.1340 0.1343 0.1343 0.1340 [10,24 1.6 1.13314) [10,24 1.7 1.13214) [10,24 1.6 1.19938)
0.1340 0.1346 0.1346 0.1340 [10,24 1.6 1.11219 [10,24 1.8 1.11019 [10,24 1.5 1.18039)
0.1340 0.1350 0.1350 0.1340 [10,24 1.5 1.08326) [10,24 1.8 1.08(@25) [10,24 1.3 1.15637)
0.1340 0.1355 0.1355 0.1340 [10,24 1.4 1.04335) [10,24 1.7 1.03928) [10,24 1.5 1.13634)
0.1340 0.1358 0.1358 0.1340 [10,24 1.6 1.02040) [10,24 1.8 1.01728) [10,24 1.6 1.12933)
0.1343 0.1340 0.1340 0.1340 [10,24 1.7 1.13223) - - - [10,24 1.7 1.21627)
0.1343 0.1343 0.1343 0.1343 [10,24 1.8 1.09423) — - - [10,24 1.5 1.18727)
0.1343 0.1346 0.1346 0.1346 [10,24 2.0 1.05525) - - - [10,24 1.3 1.15928)
0.1343 0.1350 0.1350 0.1350 [10,24 2.3 0.99825) — — — [10,24 1.1 1.12%33)
0.1343 0.1355 0.1355 0.1355 [10,24 2.4 0.92132) — - - [10,24 1.3 1.09951)
0.1343 0.1358 0.1358 0.1358 [10,24 1.3 0.87643) - - - [10,24 2.0 1.11783)
0.1343 0.1343 0.1343 0.1340 [10,24 1.7 1.10723) [10,24 1.9 1.10723) [10,24 1.6 1.19326)
0.1343 0.1343 0.1343 0.1346 [10,24 1.9 1.08124) [10,24 1.7 1.08223) [10,24 1.5 1.17426)
0.1343 0.1343 0.1343 0.1350 [10,24 2.2 1.06325) [10,24 1.7 1.06%24) [10,24 1.3 1.16227)
0.1343 0.1343 0.1343 0.1355 [10,24 2.7 1.03726) [10,24] 1.6 1.04626) [10,24 1.2 1.14930)
0.1343 0.1343 0.1343 0.1358 [10,24 3.1 1.01729) [10,24 1.5 1.03427) [10,24 1.1 1.14%34)
0.1343 0.1340 0.1340 0.1343 [10,24 1.8 1.12023) [10,24 1.7 1.12022) [10,24 1.7 1.20326)
0.1343 0.1346 0.1346 0.1343 [10,24 1.8 1.06824) [10,24 2.0 1.06824) [10,24 1.4 1.16%27)
0.1343 0.1350 0.1350 0.1343 [10,24 1.8 1.03325) [10,24 2.4 1.03026) [10,24 1.2 1.14229)
0.1343 0.1355 0.1355 0.1343 [10,24 1.8 0.99027) [10,24 3.0 0.97430) [10,24 1.1 1.11937)
0.1343 0.1358 0.1358 0.1343 [10,24 1.6 0.96425) [10,24 2.7 0.93939) [10,24 1.3 1.11645)
0.1346 0.1340 0.1340 0.1340 [11,24 0.9 1.08213) - - - [11,24 4.9 1.22038)
0.1346 0.1343 0.1343 0.1343 [11,24 1.0 1.04%16) - - - [11,24 3.8 1.18434)
0.1346 0.1346 0.1346 0.1346 [11,24 1.1 1.00624) - - - [11,24 2.4 1.14735)
0.1346 0.1350 0.1350 0.1350 [11,24 1.7 0.96456) - - - [11,24 1.4 1.10849)
0.1346 0.1355 0.1355 0.1355 [11,24 2.3 0.92461) - - - [11,24 1.1 1.08965)
0.1346 0.1358 0.1358 0.1358 [11,24 1.3 0.94658) — - — [11,24) 1.0 1.1411)
0.1346 0.1346 0.1346 0.1340 [11,24 1.1 1.03719) [11,24 0.9 1.02818) [11,24) 3.2 1.17434)
0.1346 0.1346 0.1346 0.1343 [11,24 1.1 1.02221) [11,24 1.0 1.01721) [11,24 2.8 1.16133)
0.1346 0.1346 0.1346 0.1350 [11,24 1.2 0.98%32) [11,24 1.4 0.99430) [11,24 1.9 1.13338)
0.1346 0.1346 0.1346 0.1355 [11,24 1.1 0.95939) [11,24 1.6 0.98240) [11,24 1.6 1.12045)
0.1346 0.1346 0.1346 0.1358 [11,24 0.9 0.94030) [11,24 1.7 0.97650) [11,24 1.6 1.11850)
0.1346 0.1340 0.1340 0.1346 [11,24 0.8 1.05414) [11,24 1.0 1.06216) [11,24 4.4 1.19835)
0.1346 0.1343 0.1343 0.1346 [11,24 0.9 1.03018) [11,24 1.1 1.035%18) [11,24 3.3 1.17334)
0.1346 0.1350 0.1350 0.1346 [11,24 1.6 0.97939 [11,24 1.4 0.97044) [11,24 1.5 1.12042)
0.1346 0.1355 0.1355 0.1346 [11,24 1.8 0.95664) (11,24 1.6 0.93353) [11,24) 1.2 1.10156)
0.1346 0.1358 0.1358 0.1346 [11,24 1.8 0.93366) [11,24 1.2 0.91245) [11,24) 1.2 1.11959)
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TABLE XXX. (Continued.

Ksea Kval,l Kval,2 Kval,3 [tmin s tmaxd XZINDF my, [tmin s tmax XZ/NDF my [tmin s tmax X2/NDF Myec

0.1350 0.1340 0.1340 0.1340 [11,24 1.7 1.02621) - - - [11,24 0.9  1.09419
0.1350 0.1343 0.1343 0.1343 [11,24 2.1 0.99324) - - - [11,24 1.0 1.0520)
0.1350 0.1346 0.1346 0.1346 [11,24 2.8 0.96026) - - - [11,24 1.2 1.02124)
0.1350 0.1350 0.1350 0.1350 [11,24) 3.8  0.91%34) - - - [11,24 1.6 0.99232)
0.1350 0.1355 0.1355 0.1355 [11,24) 3.6  0.84635 - - - [11,24 0.9  0.95430)
0.1350 0.1358 0.1358 0.1358 [11,24) 2.8 0.79857) - - - [11,24 0.4  0.918347)

0.1350 0.1350 0.1350 0.1340 [11,24 3.0 096130 [11,24 3.2 093624 [11,24 1.4 1.01626)
0.1350 0.1350 0.1350 0.1343 [11,24 32 0.94931) [11,24 3.4 0.92926) [11,24 1.5  1.00627)
0.1350 0.1350 0.1350 0.1346 [11,24 35 093632 [11,24 3.6 092229 [11,24 1.5  0.99729
0.1350 0.1350 0.1350 0.1355 [11,24 3.9 088132 [11,24 40 0.90%41) [11,24 1.4 0.9743))
0.1350 0.1350 0.1350 0.1358 [11,24 3.7  0.86%26 [11,24 41  0.89453) [11,24 1.1 0.9733))
0.1350 0.1340 0.1340 0.1350 [11,24 22 098022 [11,24 2.3 0.99428 [11,24 1.1 1.05020)
0.1350 0.1343 0.1343 0.1350 [11,24 2.7 0.95924) [11,24 2.7 097229 [11,24 1.2 1.02922
0.1350 0.1346 0.1346 0.1350 [11,24 3.3 093927 [11,24 3.1 094929 [11,24 1.3 1.00925)
0.1350 0.1355 0.1355 0.1350 [11,24 41 0.88642) [11,24 3.3 085831 [11,24 1.1 0.96232
0.1350 0.1358 0.1358 0.1350 [11,24 44 086954 [11,24 1.9 0.83§32 [11,24 0.6  0.94737)

0.1355 0.1340 0.1340 0.1340 [11,24) 2.7 0.98319 - - - [11,24 1.8 1.05529
0.1355 0.1343 0.1343 0.1343 [11,24) 2.5 0.95927) - - - [11,24 1.5  1.02433
0.1355 0.1346 0.1346 0.1346 [11,24) 22 0.93029 - - - [11,24 1.3 0.98935
0.1355 0.1350 0.1350 0.1350 [11,24) 2.0 0.88227) - - - [11,24 1.2 0.95%42)
0.1355 0.1355 0.1355 0.1355 [11,24) 2.0  0.82036) - - - [11,24 1.6 0.9510)

0.1355 0.1358 0.1358 0.1358 [11,24 1.4 0.85499 - - - (11,24 1.2 0.9420)
0.1355 0.1355 0.1355 0.1340 [11,24 23 0.89727) [11,24 3.4 087437 [11,24 2.3 0.99141)
0.1355 0.1355 0.1355 0.1343 [11,24 2.1  0.88225 [11,24 3.2 087241 [11,24 2.0  0.97647)
0.1355 0.1355 0.1355 0.1346 [11,24 1.9 086725 [11,24 2.8 0.86%46) [11,24 1.8 0.96157)
0.1355 0.1355 0.1355 0.1350 [11,24 1.8 084729 [11,24 2.3 085847 [11,24 1.6 0.94966)
0.1355 0.1355 0.1355 0.1358 [11,24 2.4 078469 [11,24 1.6 0.82448) [11,24 1.8 0.91389
0.1355 0.1340 0.1340 0.1355 [11,24 22 0.94%29 [11,24 35 093024 [11,24 2.1 101332
0.1355 0.1343 0.1343 0.1355 [11,24 22 0.92434) [11,24 2.8 091121 [11,24 1.6 0.98629
0.1355 0.1346 0.1346 0.1355 [11,24 2.2 0.90034) [11,24 2.2 0.89321) [11,24 1.3 0.96334)
0.1355 0.1350 0.1350 0.1355 [11,24 23 0.87%44) [11,24 1.7  0.86325 [11,24 1.3 0.94352)
0.1355 0.1358 0.1358 0.1355 [11,24 1.3 08510 [11,24 1.8 077067 [11,24 1.6 0.9713

a L Al using Eq.(78) instead of Eq(36). The matching to the modi-
quva— 5 (Mgval, i+ Maa 2 (81)  fied minimal subtractionNIS) scheme is made at the scale
u=2la using the one-loop renormalization constf#6—
50] with the tadpole improvement. We usap(q§A),

ap(qf;A) as the expansion parameter in the one-loop expres-
Our data and fit are shown in Fig. 43. sion of Z, andb,, while we setq* =2/a for other coeffi-
We adopt the fi{78) because it is consistent with that in cients for whichg* is not known. TheMS quark mass is

terms of the VWI quark maskEq. (36)]. However, a func- €volved to u=2 GeV using the four-loop beta function

tion with fewer terms, 55,56. _
The VWI quark mass may differ from the AWI one be-

cause of explicit violation of chiral symmetry at finite lattice

m

méY\\llailI,i = mévw(Ksea; Kval,i iKvaI,i)- (82)

. 2 ; .
[T o(Ksed Mps Ksea Kval,1:Kval,2) ] spacings. The difference between the AWI and VWI masses,
—gPsAWI qu\\I/E!“Jr CE’VS,AWIMQ}/S\/eI#QX\I/;I, 83) therefore, gives insight into the size of the scaling violation

in our results. This leads us to repeat the calculation of quark
masses using the VWI definition. The bare quark mass is
calculated fromK,, K 4, andKg in Tables VII and XVI.
The MS mass is obtained by the one-loop matchinguat

also gives an acceptabj¢/Npe. We use this as an alterna-
tive fit in our estimation of the systematic error due to the

choice of the fitting functior{see below. The parameters of —2/a and the four-loop running te.=2 GeV. The resulting

A o o v strange quasW1 2N VI masces are summarized n Table X101
P geq For a calculation of quark masses in quenched QCD, the

are fixed in a way analogous to that described in Sec. V C b}éhiral extrapolation is carried out using a quadratic fit form
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TABLE XXXI. Meson masses on £6 48 in N¢=2 full QCD.

Ksea Kval1 Kval,2 [tmin s tmax XZ/NDF Mps [tmin s tmax XZ/NDF my
0.1340 0.1340 0.1340 [9,24 3.3 0.620021) [9,24] 2.0 0.772741)
0.1340 0.1343 0.1343 [9,24 2.9 0.591720) [9,24] 1.6 0.752749)
0.1340 0.1346 0.1346 [9,24 2.4 0.562819 [9,24] 1.4 0.732460)
0.1340 0.1350 0.1350 [9,24 1.9 0.521222) [9,24] 1.6 0.705078)
0.1340 0.1355 0.1355 [9,24] 1.8 0.465627) [9,24] 2.5 0.67212)
0.1340 0.1358 0.1358 [9,24 2.1 0.428829) [9,24] 2.5 0.65313)
0.1340 0.1340 0.1343 [9,24 3.1 0.606020) [9,24] 1.8 0.762745)
0.1340 0.1340 0.1346 [9,24 2.9 0.591720) [9,24] 1.6 0.752750)
0.1340 0.1340 0.1350 [9,24 2.6 0.572419) [9,24] 1.4 0.739259)
0.1340 0.1340 0.1355 [9,24 2.3 0.547620) [9,24] 1.3 0.722073)
0.1340 0.1340 0.1358 [9,24 2.1 0.532422) [9,24] 1.4 0.711680)
0.1343 0.1340 0.1340 [9,24 2.2 0.581940) [9,24] 3.5 0.729173)
0.1343 0.1343 0.1343 [9,24 2.3 0.552840) [9,24] 4.2 0.709088)
0.1343 0.1346 0.1346 [9,24] 2.3 0.522%39) [9,24] 4.9 0.68910)
0.1343 0.1350 0.1350 [9,24 2.5 0.480237) [9,24] 5.9 0.66%13)
0.1343 0.1355 0.1355 [9,24] 2.9 0.422631) [9,24] 5.6 0.62618)
0.1343 0.1358 0.1358 [9,24] 3.1 0.383633) [9,24] 4.4 0.595%19)
0.1343 0.1343 0.1340 [9,24 2.2 0.567440) [9,24] 3.8 0.719180)
0.1343 0.1343 0.1346 [9,24 2.3 0.537840) [9,24] 4.5 0.699296)
0.1343 0.1343 0.1350 [9,24] 2.4 0.517%39) [9,24] 5.0 0.68711)
0.1343 0.1343 0.1355 [9,24 2.5 0.491839) [9,24] 5.6 0.67112)
0.1343 0.1343 0.1358 [9,24 2.8 0.4751398) [9,24] 5.6 0.66114)
0.1346 0.1340 0.1340 [9,24 1.6 0.555620) [9,24] 15 0.701134)
0.1346 0.1343 0.1343 [9,24 1.3 0.525420) [9,24] 1.7 0.678946)
0.1346 0.1346 0.1346 [9,24 0.9 0.493920) [9,24] 1.8 0.657858)
0.1346 0.1350 0.1350 [9,24 0.6 0.449620) [9,24] 2.2 0.629770)
0.1346 0.1355 0.1355 [9,24 0.8 0.389124) [9,24] 2.8 0.594784)
0.1346 0.1358 0.1358 [9,24] 1.2 0.348236) [9,24] 2.9 0.57212)
0.1346 0.1346 0.1340 [9,24 1.2 0.525420) [9,24] 1.7 0.679047)
0.1346 0.1346 0.1343 [9,24 1.1 0.509919) [9,24] 1.7 0.668052)
0.1346 0.1346 0.1350 [9,24] 0.7 0.472120) [9,24] 2.0 0.643466)
0.1346 0.1346 0.1355 [9,24] 0.6 0.443821) [9,24] 2.4 0.626277)
0.1346 0.1346 0.1358 [9,24] 0.6 0.426222) [9,24] 3.0 0.615285)
0.1350 0.1340 0.1340 [10,24 2.2 0.510722) [10,24 1.1 0.646956)
0.1350 0.1343 0.1343 [10,24 2.2 0.479824) [10,24 1.1 0.6238%2)
0.1350 0.1346 0.1346 [10,24 2.2 0.446627) [10,24 1.0 0.599071)
0.1350 0.1350 0.1350 [10,24 2.3 0.400833 [10,24 0.9 0.566091)
0.1350 0.1355 0.1355 [10,24 2.9 0.335846) [10,24 1.0 0.52913)
0.1350 0.1358 0.1358 [10,24 3.7 0.290467) [10,24 1.3 0.51019)
0.1350 0.1350 0.1340 [10,24 2.2 0.457826) [10,24 1.1 0.607%69)
0.1350 0.1350 0.1343 [10,24 2.2 0.441028 [10,24 1.0 0.595074)
0.1350 0.1350 0.1346 [10,24 2.3 0.423930) [10,24 0.9 0.5828%30)
0.1350 0.1350 0.1355 [10,24 2.5 0.369139) [10,24 0.9 0.54711)
0.1350 0.1350 0.1358 [10,24 2.7 0.349044) [10,24 1.1 0.53513)
0.1355 0.1340 0.1340 [10,24 3.2 0.468036) [11,24 0.9 0.592257)
0.1355 0.1343 0.1343 [10,24 3.2 0.435736) [11,24 0.8 0.568%63)
0.1355 0.1346 0.1346 [10,24 3.1 0.401237) [11,24 0.7 0.545772)
0.1355 0.1350 0.1350 [10,24 2.9 0.351143) [11,24 0.8 0.516681)
0.1355 0.1355 0.1355 [10,24 2.6 0.280664) [11,24 0.8 0.47911)
0.1355 0.1358 0.1358 [10,24 3.3 0.232181) [11,24 1.1 0.44821)
0.1355 0.1355 0.1340 [10,24 2.9 0.384843) [11,24 0.7 0.535677)
0.1355 0.1355 0.1343 [10,24 2.7 0.365144) [11,24 0.7 0.5245%78)
0.1355 0.1355 0.1346 [10,24 2.7 0.345247) [11,24 0.7 0.513279)
0.1355 0.1355 0.1350 [10,24 2.6 0.317453) [11,24 0.8 0.498185)
0.1355 0.1355 0.1358 [10,24 2.8 0.257973) [11,24 0.7 0.46%14)
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TABLE XXXII. Baryon masses on 16<48 in Ny=2 full QCD.

Ksea Kval,1 Kval,2 Kval,3 [tminstmad XZINDF My, [trmin s tmax] XZ/NDF my [tminstmad XZ/NDF Mgec
0.1340 0.1340 0.1340 0.1340 [10,24 2.2 1.16620) - - - [10,24 51 1.25620)
0.1340 0.1343 0.1343 0.1343 [10,24 2.3 1.12821) — — — [10,24 3.8 1.22417)
0.1340 0.1346 0.1346 0.1346 [10,24 2.2 1.08920) — - - [10,24 2.8 1.19215)
0.1340 0.1350 0.1350 0.1350 [10,24 1.7 1.03718) — - - [10,24 2.0 1.14913)
0.1340 0.1355 0.1355 0.1355 [10,24 1.3 0.97918) — - - [10,24 1.4 1.09613)
0.1340 0.1358 0.1358 0.1358 [10,24 1.7 0.95518) - - - [10,24 1.2 1.06716)
0.1340 0.1340 0.1340 0.1343 [10,24 2.1 1.15220) [10,24 2.4 1.15%22) [10,24 4.9 1.24220)
0.1340 0.1340 0.1340 0.1346 [10,24 2.0 1.13820) [10,24 2.7 1.14423) [10,24 4.3 1.23119)
0.1340 0.1340 0.1340 0.1350 [10,24 1.9 1.12018) [10,24 3.0 1.12924) [10,24 3.6 1.21817)
0.1340 0.1340 0.1340 0.1355 [10,24 1.7 1.09716) [10,24 2.9 1.10922) [10,24 2.5 1.20216)
0.1340 0.1340 0.1340 0.1358 [10,24 1.5 1.08315) [10,24 2.3 1.09718) [10,24 1.9 1.19315)
0.1340 0.1343 0.1343 0.1340 [10,24 2.5 1.14222) [10,24 2.1 1.13920) [10,24 4.4 1.23119)
0.1340 0.1346 0.1346 0.1340 [10,24 2.8 1.11824) [10,24 2.0 1.11319 [10,24 35 1.21117)
0.1340 0.1350 0.1350 0.1340 [10,24 2.9 1.08324) [10,24 1.6 1.07717) [10,24 25 1.18314)
0.1340 0.1355 0.1355 0.1340 [10,24 2.2 1.04021) [10,24 1.1 1.03%16) [10,24 1.5 1.14912)
0.1340 0.1358 0.1358 0.1340 [10,24 1.6 1.01918) [10,24 1.2 1.01116) [10,24 1.2 1.13011)
0.1343 0.1340 0.1340 0.1340 [10,24 1.0 1.10014) - - - [10,24 2.0 1.20315)
0.1343 0.1343 0.1343 0.1343 [10,24 0.7 1.06313) - - - [10,24 2.4 1.17616)
0.1343 0.1346 0.1346 0.1346 [10,24 0.7 1.02%13) - - - [10,24 2.9 1.15018)
0.1343 0.1350 0.1350 0.1350 [10,24 0.8 0.97215) — — — [10,24 3.1 1.11027)
0.1343 0.1355 0.1355 0.1355 [10,24 1.5 0.90223) — - - [10,24 2.5 1.04436)
0.1343 0.1358 0.1358 0.1358 [10,24 2.0 0.86330) - - - [10,24 2.1 1.00440)
0.1343 0.1343 0.1343 0.1340 [10,24 0.8 1.07613) [10,24 0.8 1.07%13) [10,24 2.3 1.18315)
0.1343 0.1343 0.1343 0.1346 [10,24 0.7 1.05013) [10,24 0.7 1.05113) [10,24 2.6 1.16616)
0.1343 0.1343 0.1343 0.1350 [10,24 0.6 1.03213) [10,24 0.8 1.03512) [10,24 2.9 1.15%16)
0.1343 0.1343 0.1343 0.1355 [10,24 0.8 1.00814) [10,24 1.0 1.01%13) [10,24 3.4 1.13919)
0.1343 0.1343 0.1343 0.1358 [10,24 1.0 0.99315) [10,24 1.4 1.00315) [10,24 35 1.12%23)
0.1343 0.1340 0.1340 0.1343 [10,24 0.8 1.08714) [10,24 0.9 1.08813) [10,24 2.1 1.19215)
0.1343 0.1346 0.1346 0.1343 [10,24 0.7 1.03913) [10,24 0.7 1.03713) [10,24 2.8 1.15816)
0.1343 0.1350 0.1350 0.1343 [10,24 0.9 1.00%13) [10,24 0.7 1.00114) [10,24 34 1.135%20)
0.1343 0.1355 0.1355 0.1343 [10,24 1.4 0.96117) [10,24 1.0 0.95318) [10,24 3.1 1.09332)
0.1343 0.1358 0.1358 0.1343 [10,24 2.2 0.93219) [10,24 1.4 0.92525) [10,24 2.6 1.06%38)
0.1346 0.1340 0.1340 0.1340 [11,24 2.4 1.06410) - - - [11,24 1.8 1.15316)
0.1346 0.1343 0.1343 0.1343 [11,24 2.3 1.02812) - - - [11,24 1.8 1.12216)
0.1346 0.1346 0.1346 0.1346 [11,24 2.2 0.99114) - - - [11,24) 1.8 1.09117)
0.1346 0.1350 0.1350 0.1350 [11,24 1.8 0.93816) - - - [11,24) 1.7 1.05319)
0.1346 0.1355 0.1355 0.1355 [11,24 1.1 0.86220) - - - [11,24) 1.2 1.00830)
0.1346 0.1358 0.1358 0.1358 [11,24 1.7 0.82130) — - — [11,24) 0.9 0.98140)
0.1346 0.1346 0.1346 0.1340 [11,24 2.3 1.01711) [11,24 2.3 1.01413) [11,24) 1.8 1.11018)
0.1346 0.1346 0.1346 0.1343 [11,24 2.2 1.00412) [11,24 2.2 1.00213) [11,24 1.8 1.09918)
0.1346 0.1346 0.1346 0.1350 [11,24 2.0 0.97215) [11,24 2.1 0.97513) [11,24 1.9 1.07%18)
0.1346 0.1346 0.1346 0.1355 [11,24 1.8 0.945%15) [11,24 1.9 0.95314) [11,24 2.0 1.06120)
0.1346 0.1346 0.1346 0.1358 [11,24 1.7 0.92615) [11,24 1.6 0.93916) [11,24) 2.1 1.05%22)
0.1346 0.1340 0.1340 0.1346 [11,24 2.4 1.03912) [11,24 2.4 1.04110 [11,24) 1.8 1.13017)
0.1346 0.1343 0.1343 0.1346 [11,24 2.3 1.01%13) [11,24 2.3 1.01612) [11,24) 1.8 1.10917)
0.1346 0.1350 0.1350 0.1346 [11,24 2.0 0.95714) [11,24 1.9 0.95416) [11,24) 1.9 1.06219)
0.1346 0.1355 0.1355 0.1346 [11,24 1.7 0.90818) [11,24 1.4 0.90116) [11,24) 1.7 1.03423)
0.1346 0.1358 0.1358 0.1346 [11,24 1.1 0.87321) (11,24 1.4 0.86920) [11,24) 1.5 1.01930)
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TABLE XXXII. (Continued.

Ksea Kval,l Kval,z Kval,3 [tmin s tmax XZ/NDF my [tmin s tmaxd XZINDF my [tmin s tmax XZ/NDF Myec

0.1350 0.1340 0.1340 0.1340 [11,24] 2.1 0.96%11) - - - [11,24 1.4  1.03114)
0.1350 0.1343 0.1343 0.1343 [11,24] 1.7 0.92%10) - - - [11,24 1.3 0.99515)
0.1350 0.1346 0.1346 0.1346 [11,24] 1.6 0.88411) - - - [11,24 1.2 0.95816)
0.1350 0.1350 0.1350 0.1350 [11,24] 1.7 0.82812) - - - (11,24 1.3 0.90318)
0.1350 0.1355 0.1355 0.1355 [11,24] 1.1 0.75916) - - - (11,24 1.1 0.82633
0.1350 0.1358 0.1358 0.1358 [11,24) 1.0  0.71%25) - - - (11,24 0.9  0.75849

0.1350 0.1350 0.1350 0.1340 [11,24 1.5 087913 [11,24 1.4  0.870892) [11,24 1.2 0.94716)
0.1350 0.1350 0.1350 0.1343 [11,24 1.6  0.86413) [11,24 1.5 0.857798) [11,24 1.2 0.93416)
0.1350 0.1350 0.1350 0.1346 [11,24 1.7 0.84913) [11,24 1.5  0.84%11) [11,24 1.3 0.92017)
0.1350 0.1350 0.1350 0.1355 [11,24 1.3 0.80212) [11,24 1.7 0.80716)  [11,24 1.2 0.87620)
0.1350 0.1350 0.1350 0.1358 [11,24 1.1 078713 [11,24 1.7 079715  [11,24 1.0  0.857123)
0.1350 0.1340 0.1340 0.1350 [11,24 1.5  0.91610) [11,24 1.5  0.924797) [11,24 1.2 0.98814)
0.1350 0.1343 0.1343 0.1350 [11,24 1.4 0.89010) [11,24 1.5 089711  [11,24 1.2 0.96415)
0.1350 0.1346 0.1346 0.1350 [11,24 1.5  0.86411) [11,24 1.6 0.86812  [11,24 1.2 0.93816)
0.1350 0.1355 0.1355 0.1350 [11,24 1.5 0.78417) [11,24 1.2 077814  [11,24 1.1 0.85125)
0.1350 0.1358 0.1358 0.1350 [11,24 1.3 0.75817) [11,24 1.2 0.74716)  [11,24 0.8  0.81136)

0.1355 0.1340 0.1340 0.1340 [11,24] 2.7 0.89116) - - - [11,24 1.1 0.98117)
0.1355 0.1343 0.1343 0.1343 [11,24 3.1 0.85119 - - - [11,24 1.2 0.94822)
0.1355 0.1346 0.1346 0.1346 [11,24] 3.6  0.81420 - - - [11,24 1.3 0.91930)
0.1355 0.1350 0.1350 0.1350 [11,24] 35 0.77124) - - - [11,24 1.4 0.89239)
0.1355 0.1355 0.1355 0.1355 [11,24] 2.0 0.70729 - - - [11,24 1.9  0.86453)
0.1355 0.1358 0.1358 0.1358 [11,24] 1.4 0.66647) - - - [11,24) 2.2 0.80665)

0.1355 0.1355 0.1355 0.1340 [11,24 3.0 079127 [11,24 2.8 076122  [11,24 1.4  0.88939)
0.1355 0.1355 0.1355 0.1343 [11,24 2.8 0.77626) [11,24 2.7 074923  [11,24 1.5  0.88342)
0.1355 0.1355 0.1355 0.1346 [11,24] 2.6 076026 [11,24 2.6 073824  [11,24 1.5  0.87744)
0.1355 0.1355 0.1355 0.1350 [11,24] 23 073128 [11,24 2.4 0.72427)  [11,24 1.6 0.87047)
0.1355 0.1355 0.1355 0.1358 [11,24 1.8 0.68630) [11,24 1.8 070329  [11,24 2.0  0.84%57)
0.1355 0.1340 0.1340 0.1355 [11,24 57 081827 [11,24 2.2 083923 [11,24 1.4 0.92334)
0.1355 0.1343 0.1343 0.1355 [11,24 53  0.79427) [11,24 2.6  0.81%25  [11,24 1.3 0.90137)
0.1355 0.1346 0.1346 0.1355 [11,24 44 077326 [11,24 2.8 0.79327)  [11,24 1.3 0.89340)
0.1355 0.1350 0.1350 0.1355 [11,24) 3.1 0.74627) [11,24 2.7 0.75926)  [11,24 1.4  0.87843)
0.1355 0.1358 0.1358 0.1355 [11,24) 1.7 069232 [11,24 1.6 0.66934) [11,24 2.3 0.82%55)

obtained from Eq.(78) by dropping the third term which On the other hand, such a cancellation is not expected in
represents the sea quark mass dependence: the VWI mass. Indeed there is a sizable difference between
our AWI and VWI results. We also observe that our and the
CP-PACS results of VWIm4 show a large discrepancy of
about 18%six standard deviationsThese observations sug-
gest that the scaling violation in our results of the VWI

The obtained parameters are listed in Table XXVII. We usdN@sses is not small.
either the one-loop or non-perturbative value in Refs. In both full and quenched QCD, therefore, we quote the

[35,57-59 for the renormalization factors. Numerical results AWl masses as the central. value. We _ad&phput for m.
are summarized in Table XXVIII. The difference betweemg with K and ¢ inputs is treated as
In Fig. 44, our full QCD results are compared with esti- the systematic error due to the choice of the meson mass

mates by the CP-PACELO,1T] and QCDSF-UKQCD Col- INPut O fixms.
Iaboratio%s[(so], We ob%arveﬂgood ggreemem (fDOr the AWI Additional systematic errors due to the choice of the chi-

masses among the three groups even at the finite lattice spef@-l ﬁt form ar_1d the gncertainty .Of the measured value of
ing of a~1~2 GeV. These results are consistent also withdre included in our final results in full QCD. These errors are

the CP-PACS result extrapolated to the continuum limit, This€Stimated in a similar way to that described in Sec. V C by

suggests that various uncertainties, such as scaling violatidﬁs'”g quS'(‘ho)’ (49), _and(83) as alternatlt\)/e fit forms.
and higher order corrections to renormalization factors, are #dding all errors in quadrature, we obtain

likely to be canceled in the ratio defining the AWI m4E&s). _
77]. miP(2 GeV) =3.223 £3389), (85

_ pPS,AWI  AWI PS,AWI,  AWI
Mpg Kval,vivaI,Z)z_ Bq Mqvart Cq (Mq,val)z'
(

84)
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TABLE XXXIIl. Meson masses on 20<48 in Ny=2 full QCD.

Ksea Kval 1 Kval2 [tmin s tmax XZINDF Mps [tmin s tmax XZ/NDF my
0.1340 0.1340 0.1340 [9,24 0.8 0.6163(65) [9,24] 1.1 0.7715%12)
0.1340 0.1343 0.1343 [9,24 0.7 0.5879%66) [9,24] 1.1 0.750712)
0.1340 0.1346 0.1346 [9,24 0.7 0.5586%6) [9,24] 1.1 0.729713)
0.1340 0.1350 0.1350 [9,24 0.7 0.51777%9) [9,24] 1.1 0.701613)
0.1340 0.1355 0.1355 [9,24 0.7 0.4626062) [9,24] 1.0 0.666515)
0.1340 0.1358 0.1358 [9,24 0.8 0.426285) [9,24] 1.1 0.645417)
0.1340 0.1340 0.1343 [9,24 0.7 0.6022665) [9,24] 1.1 0.761112)
0.1340 0.1340 0.1346 [9,24 0.7 0.5880(66) [9,24] 1.1 0.750712)
0.1340 0.1340 0.1350 [9,24 0.7 0.5686156) [9,24] 1.1 0.736813)
0.1340 0.1340 0.1355 [9,24 0.7 0.54378%7) [9,24] 1.1 0.719613)
0.1340 0.1340 0.1358 [9,24 0.7 0.5283%98) [9,24] 1.1 0.709414)
0.1343 0.1340 0.1340 [9,24 0.5 0.5818061) [9,24] 0.7 0.731211)
0.1343 0.1343 0.1343 [9,24 0.5 0.5527(62) [9,24] 0.7 0.709811)
0.1343 0.1346 0.1346 [9,24 0.6 0.522484) [9,24] 0.7 0.688412)
0.1343 0.1350 0.1350 [9,24 0.7 0.4800856) [9,24] 0.8 0.660013)
0.1343 0.1355 0.1355 [9,24] 0.8 0.4222870) [9,24] 1.0 0.624715)
0.1343 0.1358 0.1358 [9,24] 1.0 0.3836878) [9,24] 1.3 0.603718)
0.1343 0.1343 0.1340 [9,24 0.5 0.56738%2) [9,24] 0.7 0.720%11)
0.1343 0.1343 0.1346 [9,24 0.6 0.5377%63) [9,24] 0.7 0.699112)
0.1343 0.1343 0.1350 [9,24 0.6 0.5173%64) [9,24] 0.7 0.685012)
0.1343 0.1343 0.1355 [9,24 0.6 0.49109%67) [9,24] 0.8 0.667613)
0.1343 0.1343 0.1358 [9,24 0.7 0.47478%98) [9,24] 0.9 0.657514)
0.1346 0.1340 0.1340 [9,24 0.7 0.55141068) [9,24] 2.4 0.694014)
0.1346 0.1343 0.1343 [9,24 0.7 0.521489) [9,24] 2.2 0.672814)
0.1346 0.1346 0.1346 [9,24 0.7 0.4902071) [9,24] 2.0 0.650514)
0.1346 0.1350 0.1350 [9,24 0.7 0.4461174) [9,24] 1.7 0.621615)
0.1346 0.1355 0.1355 [9,24] 0.7 0.3853480) [9,24] 1.6 0.585918)
0.1346 0.1358 0.1358 [9,24 0.6 0.3439186) [9,24] 1.8 0.565421)
0.1346 0.1346 0.1340 [9,24 0.7 0.5214%9) [9,24] 2.2 0.672814)
0.1346 0.1346 0.1343 [9,24 0.7 0.5059970) [9,24] 2.1 0.661414)
0.1346 0.1346 0.1350 [9,24] 0.7 0.4685772) [9,24] 1.8 0.636115)
0.1346 0.1346 0.1355 [9,24] 0.7 0.4404874) [9,24] 1.8 0.618416)
0.1346 0.1346 0.1358 [9,24] 0.7 0.4227876) [9,24] 1.9 0.608816)
0.1350 0.1340 0.1340 [10,24 0.7 0.5102448) [10,24 0.6 0.643212)
0.1350 0.1343 0.1343 [10,24 0.7 0.4791860) [10,24 0.6 0.620113)
0.1350 0.1346 0.1346 [10,24 0.7 0.4466252) [10,24 0.5 0.596814)
0.1350 0.1350 0.1350 [10,24 0.9 0.4003%5) [10,24 0.4 0.565615)
0.1350 0.1355 0.1355 [10,24 1.2 0.3356(69) [10,24 0.6 0.527021)
0.1350 0.1358 0.1358 [10,24 1.6 0.2899659) [10,24 0.9 0.504628)
0.1350 0.1350 0.1340 [10,24 0.7 0.45778%2) [10,24 0.5 0.604813)
0.1350 0.1350 0.1343 [10,24 0.7 0.4410%3) [10,24 0.5 0.593114)
0.1350 0.1350 0.1346 [10,24 0.8 0.4239%4) [10,24 0.5 0.581814)
0.1350 0.1350 0.1355 [10,24 1.0 0.3692667) [10,24 0.5 0.546418)
0.1350 0.1350 0.1358 [10,24 1.3 0.34947%9) [10,24 0.6 0.535820)
0.1355 0.1340 0.1340 [10,24 1.1 0.4608454) [11,24) 1.2 0.579813)
0.1355 0.1343 0.1343 [10,24 1.1 0.4280%66) [11,24 1.3 0.555114)
0.1355 0.1346 0.1346 [10,24 1.0 0.3935457) [11,24) 1.3 0.530116)
0.1355 0.1350 0.1350 [10,24 1.0 0.3436761) [11,24 1.2 0.496419)
0.1355 0.1355 0.1355 [10,24 1.1 0.2713872) [11,24) 0.9 0.454127)
0.1355 0.1358 0.1358 [10,24 1.2 0.216010) [11,24 0.8 0.428%41)
0.1355 0.1355 0.1340 [10,24 1.1 0.3759161) [11,24) 1.3 0.517818)
0.1355 0.1355 0.1343 [10,24 1.1 0.3570162) [11,24) 1.3 0.505219)
0.1355 0.1355 0.1346 [10,24 1.0 0.337303) [11,24) 1.2 0.492420)
0.1355 0.1355 0.1350 [10,24 1.0 0.3094766) [11,24 1.1 0.475422)
0.1355 0.1355 0.1358 [10,24 1.2 0.2455481) [11,24] 0.8 0.441833)

054502-37



AOKI et al. PHYSICAL REVIEW D 68, 054502 (2003
TABLE XXXIV. Baryon masses on 20<48 in Ny=2 full QCD.

Ksea Kuar Kuaz  Kuaz  [tminstmad XZ/NDF my, [trmin s tmax] XZ/NDF my [trmin s tmax] XZ/NDF Mgec
0.1340 0.1340 0.1340 0.1340[10,24 1.1 1.156626) — - - [10,24 1.4 1.249236)
0.1340 0.1343 0.1343 0.1343[10,24 1.1 1.120226) — — — [10,24 1.5 1.217%37)
0.1340 0.1346 0.1346 0.1346[10,24 1.1 1.083126) — - - [10,24 1.6 1.185640)
0.1340 0.1350 0.1350 0.1350[10,24 1.1 1.0328527) — — - [10,24 1.7 1.142845)
0.1340 0.1355 0.1355 0.1355[10,24 1.1 0.9666298) — - - [10,24 1.7 1.089054)
0.1340 0.1358 0.1358 0.1358[10,24 0.9 0.925%31) - - - [10,24 1.6 1.056163)
0.1340 0.1340 0.1340 0.1343[10,24 1.1 1.143626) [10,24 1.1 1.145826) [10,24 1.3 1.236036)
0.1340 0.1340 0.1340 0.1346 [10,24] 1.1 1.130%26) [10,24 1.1 1.134026) [10,24 1.4 1.225837)
0.1340 0.1340 0.1340 0.1350 [10,24] 1.1 1.112726) (10,24 1.1 1.11927) 10,24 1.5 1.211038)
0.1340 0.1340 0.1340 0.1355[10,24 1.0 1.089827) [10,24 1.2 1.100127) [10,24 1.6 1.193140)
0.1340 0.1340 0.1340 0.1358[10,24 1.0 1.075727) [10,24 1.3 1.088927) [10,24 1.8 1.182442)
0.1340 0.1343 0.1343 0.1340[10,24 1.1 1.133226) [10,24 1.1 1.131426) [10,24 1.4 1.225437)
0.1340 0.1346 0.1346 0.1340[10,24 1.1 1.109726) [10,24 1.1 1.105826) [10,24 1.5 1.204138)
0.1340 0.1350 0.1350 0.1340[10,24 1.1 1.078127) [10,24 1.1 1.070826) [10,24 1.6 1.175641)
0.1340 0.1355 0.1355 0.1340[10,24 1.2 1.038827) [10,24 1.0 1.025827) [10,24 1.8 1.139¢46)
0.1340 0.1358 0.1358 0.1340 [10,24] 1.2 1.014128) (10,24 1.0 0.996728) [10,24 1.8 1.118451)
0.1343 0.1340 0.1340 0.1340[10,24] 0.8 1.099622) - - - [10,24 0.4 1.189728)
0.1343 0.1343 0.1343 0.1343[10,24 0.8 1.062623) - — - [10,24 0.5 1.158829)
0.1343 0.1346 0.1346 0.1346 [10,24] 0.9 1.024824) — - - [10,24 0.6 1.127031)
0.1343 0.1350 0.1350 0.1350[10,24 1.1 0.972826) — — — [10,24 0.8 1.085035)
0.1343 0.1355 0.1355 0.1355[10,24 1.4 0.903830) — - — [10,24 0.9 1.032¥43)
0.1343 0.1358 0.1358 0.1358[10,24 1.5 0.858840) — - - [10,24 1.1 1.003853)
0.1343 0.1343 0.1343 0.1340[10,24 0.8 1.076023) [10,24 0.8 1.074023) [10,24 0.5 1.166428)
0.1343 0.1343 0.1343 0.1346 [10,24 0.8 1.049023) [10,24 0.8 1.051223) [10,24 0.6 1.145229)
0.1343 0.1343 0.1343 0.1350[10,24 0.9 1.030%24) [10,24 0.8 1.035824) (10,24 0.6 1.131130)
0.1343 0.1343 0.1343 0.1355[10,24 1.0 1.006724) [10,24 0.8 1.016%25 [10,24 0.7 1.1135%32)
0.1343 0.1343 0.1343 0.1358[10,24 1.1 0.991726) [10,24 0.9 1.004726) [10,24 0.7 1.103234)
0.1343 0.1340 0.1340 0.1343[10,24 0.8 1.086422) [10,24 0.8 1.088222) (10,24 0.5 1.176828)
0.1343 0.1346 0.1346 0.1343[10,24 0.8 1.038624) [10,24 0.9 1.036424) [10,24 0.6 1.134830)
0.1343 0.1350 0.1350 0.1343[10,24 0.9 1.006825) [10,24 1.0 1.000225) [10,24 0.7 1.106732)
0.1343 0.1355 0.1355 0.1343[10,24 0.9 0.965227) [10,24 1.5 0.952(27) [10,24 0.8 1.071837)
0.1343 0.1358 0.1358 0.1343[10,24 1.0 0.939831) [10,24 2.0 0.921828 [10,24 0.9 1.051841)
0.1346 0.1340 0.1340 0.1340[11,24 0.9 1.041427) - - - [11,24 0.9 1.125640)
0.1346 0.1343 0.1343 0.1343[11,24 1.0 1.003829) - - - [11,24 1.0 1.092642)
0.1346 0.1346 0.1346 0.1346 [11,24 1.2 0.964431) - - - [11,24 1.0 1.059444)
0.1346 0.1350 0.1350 0.1350 [11,24 15 0.910735) - - - [11,24 1.2 1.015149
0.1346 0.1355 0.1355 0.1355[11,24 1.6 0.839842) - - - [11,24 1.4 0.961760)
0.1346 0.1358 0.1358 0.1358 [11,24] 1.2 0.793446) — — — [11,24) 1.3 0.933%71)
0.1346 0.1346 0.1346 0.1340[11,24 1.1 0.992%30) (11,24 1.1 0.988229) [11,24) 1.0 1.079442)
0.1346 0.1346 0.1346 0.1343[11,24 1.1 0.978630) [11,24 1.1 0.976830) [11,24 1.0 1.068243)
0.1346 0.1346 0.1346 0.1350 [11,24 1.3 0.945032) [11,24 1.2 0.948432) [11,24 1.1 1.041¢45)
0.1346 0.1346 0.1346 0.1355[11,24 1.4 0.919935) [11,24 1.3 0.928834) [11,24 1.2 1.023848)
0.1346 0.1346 0.1346 0.1358[11,24 1.5 0.904237) [11,24 1.2 0.916835) [11,24 1.3 1.012650)
0.1346 0.1340 0.1340 0.1346 [11,24 1.0 1.014128) [11,24 1.0 1.017929) [11,24 1.0 1.101%41)
0.1346 0.1343 0.1343 0.1346 [11,24 1.1 0.989429) [11,24 1.1 0.991529 [11,24 1.0 1.079242)
0.1346 0.1350 0.1350 0.1346 [11,24 1.4 0.930633) [11,24 1.4 0.926934) [11,24 1.1 1.027147)
0.1346 0.1355 0.1355 0.1346 [11,24 1.5 0.887836) (11,24 1.5 0.877140 [11,24) 1.3 0.990653)
0.1346 0.1358 0.1358 0.1346 [11,24 1.5 0.861839) [11,24) 1.4 0.845141) [11,24) 1.3 0.970258)

054502-38



LIGHT HADRON SPECTROSCOPY WITH TWO FLAVOR. .. PHYSICAL REVIEW D 68, 054502 (2003

TABLE XXXIV. (Continued.

Ksea Kuar Kuaz  Kuagz [tmin s tmax] XZ/NDF Mms, [tmin s tmax XZ/NDF my [tmin s tmax XZ/NDF Myec

0.1350 0.1340 0.1340 0.1340 [11,24] 1.2 0.964%1) - - - [11,24 0.6  1.040829
0.1350 0.1343 0.1343 0.1343 [11,24 1.1 0.924222) - - - [11,24 0.7  1.006%31)
0.1350 0.1346 0.1346 0.1346[11,24 0.9  0.882823) - - - [11,24 0.8 0.972133
0.1350 0.1350 0.1350 0.1350[11,24 0.7  0.825226) - - - [11,24 0.9  0.92637)
0.1350 0.1355 0.1355 0.1355[11,24 0.7  0.748434) - - - [11,24) 1.1 0.87384)

0.1350 0.1358 0.1358 0.1358 [11,24] 0.9 0.698893 - - [11,24) 1.3 0.845882)
0.1350 0.1350 0.1350 0.1340 [11,24 0.9 087785 [11,24 0.7 0.868422 [11,24 0.9  0.962434)
0.1350 0.1350 0.1350 0.1343 [11,24] 0.8 0.862125 [11,24 0.7 0.855623 [11,24 1.0  0.950735)
0.1350 0.1350 0.1350 0.1346 [11,24 0.8 0.846625 [11,24 0.7 0.842724) [11,24 1.0  0.939036)
0.1350 0.1350 0.1350 0.1355 [11,24] 0.7 0.797%7) [11,24 0.6 0.803(28 [11,24 1.2 0.904841)
0.1350 0.1350 0.1350 0.1358 [11,24] 0.8 0.779%29 [11,24 0.7 0.789431) [11,24 1.3 0.894446)
0.1350 0.1340 0.1340 0.1350 [11,24 0.9 0.915%1) [11,24 1.1 0.922923) [11,24 0.8  1.000432)
0.1350 0.1343 0.1343 0.1350 [11,24 0.8 0.889(22 [11,24 1.0  0.894724) [11,24 0.9 0977233
0.1350 0.1346 0.1346 0.1350 [11,24] 0.8 0.862023 [11,24 0.8 0.865624) [11,24 0.9  0.954134)
0.1350 0.1355 0.1355 0.1350 [11,24] 0.6 0777830 [11,24 0.7 077180 [11,24 1.2 0.887147)
0.1350 0.1358 0.1358 0.1350 [11,24] 0.7 0.74887) [11,24 1.1 0.737139) [11,24 1.4 0.867660)

0.1355 0.1340 0.1340 0.1340 [11,24 1.8 0.873022 - - - [11,24 1.2 0.9452298)
0.1355 0.1343 0.1343 0.1343 [11,24 1.6 0.8312249) — - - [11,24 1.1 0.909030
0.1355 0.1346 0.1346 0.1346 [11,24 14  0.788226) - - - [11,24 1.1  0.872%32)
0.1355 0.1350 0.1350 0.1350 [11,24 1.3  0.728629 - - - [11,24 1.1  0.823739
0.1355 0.1355 0.1355 0.1355 [11,24 14 0.646836) — - - [11,24 1.3  0.766465)

0.1355 0.1358 0.1358 0.1358 [11,24] 1.1 0.591059 - - (11,24 1.3 0.73611)
0.1355 0.1355 0.1355 0.1340 [11,24 1.1 0.737129) [11,24 1.2 071728 [11,24 1.3 0.823742
0.1355 0.1355 0.1355 0.1343 [11,24 1.1 0.720429) [11,24 1.2 0.703629 [11,24 1.3 0.811244)
0.1355 0.1355 0.1355 0.1346 [11,24] 1.1 0.703230) [11,24 1.3 0.689830) [11,24 1.3 0.798747)
0.1355 0.1355 0.1355 0.1350 [11,24] 1.2 0.679131) [11,24 1.3 0.671132 [11,24 1.3 0.782152
0.1355 0.1355 0.1355 0.1358 [11,24 1.4 0.626240) [11,24 1.2 0.631141) [11,24 1.5  0.751075)
0.1355 0.1340 0.1340 0.1355 [11,24] 1.6 0.795925 [11,24 1.2 0.808%26) [11,24 1.1 0.883632
0.1355 0.1343 0.1343 0.1355 [11,24 1.6 0.767626) [11,24 1.2 0.778%27) [11,24 1.1 0.858934)
0.1355 0.1346 0.1346 0.1355 [11,24 1.5 0.738727) [11,24 1.2 0.748%27) [11,24 1.1 0.834137)
0.1355 0.1350 0.1350 0.1355 [11,24] 1.4 0.699029 [11,24 1.2 0.705729 [11,24 1.2 0.801244)
0.1355 0.1358 0.1358 0.1355 [11,24 1.2 0.612%48) [11,24 1.2 0.60789 [11,24 1.4 0.740489

TABLE XXXV. Meson masses on £X 48 in quenched QCD.

Kval,l Kva\I,2 [tminstmad XZ/NDF Mps [tmin s tmaxd XZ/NDF my
0.13260 0.13260 [10,24 0.6 0.490617) [10,24 1.2 0.607943)
0.13290 0.13290 [10,24 0.6 0.461618) [10,24 1.3 0.587%48)
0.13331 0.13331 [10,24 0.7 0.420120) [10,24 1.3 0.560658)
0.13384 0.13384 [10,24 0.9 0.362024) [10,24 1.2 0.5285%79)
0.13432 0.13432 [10,24 1.0 0.301830) [10,24 0.9 0.50212)
0.13465 0.13465 [10,24 0.9 0.251939) [10,24 0.4 0.48420)
0.13260 0.13290 [10,24 0.6 0.476818) [10,24 1.3 0.597745)
0.13260 0.13331 [10,24 0.7 0.456219) [10,24 1.3 0.584049)
0.13260 0.13384 [10,24 0.8 0.429620) [10,24 1.2 0.566956)
0.13260 0.13432 [10,24 0.9 0.404823) [10,24 1.0 0.551865)
0.13260 0.13465 [10,24 1.1 0.387026) [10,24 0.8 0.539679)
0.13290 0.13331 [10,24 0.7 0.441219) [10,24 1.3 0.574052)
0.13290 0.13384 [10,24 0.8 0.413921) [10,24 1.2 0.557160)
0.13290 0.13432 [10,24 0.9 0.388424) [10,24 1.1 0.542270)
0.13290 0.13465 [10,24 1.0 0.370027) [10,24 0.8 0.530285)
0.13331 0.13384 [10,24 0.8 0.391922) [10,24 1.3 0.544267)
0.13331 0.13432 [10,24 1.0 0.365125) [10,24 1.1 0.529780)
0.13331 0.13465 [10,24 1.0 0.345828) [10,24 0.8 0.518096)
0.13384 0.13432 [10,24 1.0 0.333227) [10,24 1.0 0.514797)
0.13384 0.13465 [10,24 1.0 0.312130) [10,24 0.7 0.50412)
0.13432 0.13465 [10,24 0.9 0.278233) [10,24 0.6 0.49215)
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TABLE XXXVI. Baryon masses on 12X 48 in quenched QCD.

Kval,l KvaI,Z Kval,?, [tminstmax XZINDF my, [tmin s tmax] XZ/NDF my [tmin s tmax XZ/NDF Myec
0.13260 0.13260 0.13260 [11,24 0.7 0.939476) - — - [11,24 0.7 1.01411)
0.13260 0.13260 0.13290 [11,24] 0.7  0.926479 [11,24 0.7  0.929478) [11,24 0.7  1.00311)
0.13260 0.13260 0.13331 [11,24 0.8 0.908836) [11,24) 0.8 0.915983) [11,24) 0.7 0.98912)
0.13260 0.13260 0.13384 [11,24 0.9 0.884199) [11,24 0.9 0.898894) [11,24 0.7 0.97013)
0.13260 0.13260 0.13432 [11,24 1.1 0.86112)  [11,24 0.9  0.88211)  [11,24 0.8  0.95214)
0.13260 0.13260 0.13465 [11,24 1.4 0.84114) [11,24 0.8 0.86913) [11,24 1.0 0.93716)
0.13290 0.13290 0.13260 [11,24 0.8 0.918081) [11,24 0.7 0.914882) [11,24 0.7 0.99312)
0.13290 0.13290 0.13290 [11,24 0.8 0.904835) - - - [11,24 0.7 0.98412)
0.13290 0.13290 0.13331 [11,24 0.9 0.886%92) [11,24 0.9 0.891190) [11,24 0.7 0.96913)
0.13290 0.13290 0.13384 [11,24 1.0 0.86210)  [11,24 0.9 0.873100  [11,24 0.7  0.95014)
0.13290 0.13290 0.13432 [11,24 1.2 0.83812) [11,24) 0.9 0.85712) [11,24) 0.7 0.93115)
0.13290 0.13290 0.13465 [11,24 1.5 0.81815) [11,24) 0.8 0.84314) [11,24) 0.9 0.91618)
0.13331 0.13331 0.13260 [11,24 0.9 0.888492) [11,24 0.9 0.880495) [11,24 0.7 0.96513)
0.13331 0.13331 0.13290 [11,24 0.9 0.875096) [11,24 0.9 0.870898) [11,24 0.6  0.95%13)
0.13331 0.13331 0.13331 [11,24 1.0 0.85610) - - - [11,24 0.6 0.94214)
0.13331 0.13331 0.13384 [11,24 1.1 0.83112) [11,24 1.0 0.83812) [11,24 0.6 0.92215)
0.13331 0.13331 0.13432 [11,24 1.2 0.80614) [11,24 1.0 0.82114) [11,24 0.7 0.90317)
0.13331 0.13331 0.13465 [11,24 1.6 0.78417) [11,24 0.8 0.80616) [11,24 0.8 0.88720)
0.13384 0.13384 0.13260 [11,24 1.0 0.84912)  [11,24 1.1 0.83413)  [11,24 0.6  0.92715
0.13384 0.13384 0.13290 [11,24 1.0 0.835%12) [11,24) 1.1 0.82413) [11,24) 0.6 0.91716)
0.13384 0.13384 0.13331 [11,24 1.0 0.81613) [11,24) 1.1 0.80913) [11,24) 0.6 0.90316)
0.13384 0.13384 0.13384 [11,24 1.0 0.78914) - - - [11,24 0.7 0.88718)
0.13384 0.13384 0.13432 [11,24 1.1 0.76217)  [11,24 0.9 077117 [11,24 0.7  0.86621)
0.13384 0.13384 0.13465 [11,24 1.4 0.73621) [11,24 0.8 0.75%21) [11,24 0.8 0.84925)
0.13432 0.13432 0.13260 [11,24 0.9 0.81016)  [11,24 1.4 0.78819  [11,24 0.6  0.89020)
0.13432 0.13432 0.13290 [11,24 0.9 0.79%16) [11,24 1.3 0.77719 [11,24 0.6 0.88021)
0.13432 0.13432 0.13331 [11,24 0.9 0.77%198) [11,24 1.2 0.76119 [11,24 0.6 0.86622)
0.13432 0.13432 0.13384 [11,24 0.9 0.74720)0  [11,24 1.0 0.73821)  [11,24 0.7  0.84823
0.13432 0.13432 0.13432 [11,24 0.8 0.71625) - - - [11,24) 0.8 0.83227)
0.13432 0.13432 0.13465 [11,24 0.9 0.68233) [11,24) 0.7 0.69%32) [11,24) 0.8 0.81Q31
0.13465 0.13465 0.13260 [11,24 1.1 0.77422) [11,24 1.0 0.74636) [11,24 0.5 0.85828)
0.13465 0.13465 0.13290 [11,24 1.1 0.75823  [11,24 1.1  0.73335)  [11,24 0.6  0.84829)
0.13465 0.13465 0.13331 [11,24 1.0 0.735%25) [11,24 1.1 0.71334) [11,24 0.6 0.83329)
0.13465 0.13465 0.13384 [11,24 0.9 0.70330) [11,24 1.0 0.68337) [11,24 0.7 0.81331)
0.13465 0.13465 0.13432 [11,24 0.7 0.66%40) [11,24 0.8 0.65344) [11,24 0.8 0.79434)
0.13465 0.13465 0.13465 [11,24 0.6 0.63355) - - - [11,24 1.0 0.78438)

mg/l_s(z GeV)=84.5 fi%‘ ' (86) in gue_nched QCD using one-loop matchi_ng_. The scaling vio_—
lation is expected to be small and hence is ignored here. This
point, however, should be checked in future studies.
_ +3.6 There is an additional uncertainty arising from the use of
Ms/Mya=26.13 “5.69), @7 the perturbative value foc,, Za p, and bA,S. Comparing
the quenched result of Eq®8)—(90) with those obtained by
in two-flavor QCD, and the non-perturbative matching given by
Mg (2 GeV)=4.0200.077), (88) mS(2 GeV)=3.5220.66 MeV, (91)
mS(2 GeV)=104.1 *24Y), (89) mlS(2 GeV)=91.9 *2%3 Mev, (92)
ms/myq=25.90 7599, (90) mg/myq=26.08 “5%9), (93
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TABLE XXXVII. Meson masses on 1%<48 in quenched QCD.

Kval,1 Kval,2 [tmin » tmax] XZINDF Mps [tmin» tmax] XZINDF my
0.13260 0.13260 [10,24 0.6 0.4845494) [10,24 1.3 0.602420)
0.13290 0.13290 [10,24 0.6 0.454807) [10,24 1.3 0.580%23)
0.13331 0.13331 [10,24 0.6 0.411910) [10,24 1.2 0.550627)
0.13384 0.13384 [10,24 0.6 0.351112 [10,24 1.1 0.512136)
0.13432 0.13432 [10,24 0.9 0.287115) [10,24 0.9 0.477855)
0.13465 0.13465 [10,24 1.3 0.233223) [10,24 0.6 0.453188)
0.13260 0.13290 [10,24 0.6 0.469895) [10,24 1.3 0.591%21)
0.13260 0.13331 [10,24 0.5 0.4491999) [10,24 1.3 0.576623)
0.13260 0.13384 [10,24 0.5 0.421610 [10,24 1.2 0.557427)
0.13260 0.13432 [10,24 0.6 0.395612) [10,24 1.2 0.540832)
0.13260 0.13465 [10,24 0.6 0.377%14) [10,24 1.0 0.529138)
0.13290 0.13331 [10,24 0.5 0.433710) [10,24] 1.3 0.565625)
0.13290 0.13384 [10,24 0.5 0.405411) [10,24 1.2 0.546428)
0.13290 0.13432 [10,24 0.6 0.378612 [10,24 1.1 0.529434)
0.13290 0.13465 [10,24 0.7 0.359714) [10,24 1.0 0.518040)
0.13331 0.13384 [10,24 0.6 0.3825%11) [10,24 1.1 0.531431)
0.13331 0.13432 [10,24 0.7 0.354812) [10,24 1.1 0.514837)
0.13331 0.13465 [10,24 0.7 0.334814) [10,24 1.0 0.502945)
0.13384 0.13432 [10,24 0.7 0.320613 [10,24 1.0 0.495044)
0.13384 0.13465 [10,24 0.8 0.298616) [10,24] 0.9 0.483%53)
0.13432 0.13465 [10,24 0.9 0.262%19) [10,24 0.8 0.4663868)

we observe a systematic error of about 13%. In quenchethent. The remaining deviation may be attributed to quench-
QCD the non-perturbative estimate 6f/Z,=1.19 is very ing of strange quarks and scaling violation.
close to that in one-loop perturbation theory, 1.22, since
higher order corrections i@, andZp partially cancel each
other. The non-perturbative value,—bp=0.171 deviates
significantly from that at one loop;-0.011. TheO(amy) In this paper we have presented a high statistics study of
term, however, is a small correction in our data. Most of thethe hadron spectrum and quark masses in two-flavor QCD
13% difference originates from the large deviation betweerusing the plaquette gauge action and the fully
the non-perturbative value,= —0.083 in Ref.[35] and its  O(a)-improved Wilson quark action. We find firm evidence
one-loop value-0.013. Therefore, a non-perturbative deter-of sea quark effects at the simulated quark masses: The
mination ofc, in full QCD is an important task toward a slopes drn\,/dm,%S and dmdec/dm%S are larger than in
more precise calculation of the quark masses in future stucguenched QCD and theparameter increases for lighter sea
ies. guarks. These findings do not suffer from systematic errors
In Fig. 45, we compare the quark masses in full andarising from the chiral extrapolation with respect to the sea
qguenched QCD. The chief observation is that sea quark efjuark mass, which is a major uncertainty particularly in re-
fects reduce the light and strange quark masses by abouént studies with the Wilson-type quark action. Note that the
20%. The magnitude of the sea quark effect is roughly conuse of a volumeLa=1.8 fm at smaller sea quark masses
sistent with the CP-PACS observation in RdfR0,11]. Mps sedMyses=0.6—0.7 is an important factor to control
The quark mass ratimg/myq in full QCD is consistent finite-size errors and in reaching our observations.
with the quenched value, because the sea quark effects in The sea quark effect observed at the simulated quark
myq and mg almost cancel with each other in the ratio. We masses means that the strange meson and baryon masses in
note thatms/m,4=26 is in good agreement with the estimate full QCD show better agreement with experiment than in
of one-loop chiral perturbation theory, 24145) [61]. guenched QCD. A similar reduction of quenching errors is
Another important observation is that the deviatiormpn  also observed in the ratib /f .. We also find that the sea
betweenK and ¢ inputs is reduced by the effects of sea quark effects lead to about a 20% reduction of quark masses.
quarks: the deviation is 21%=(24 MeV) in quenched QCD For baryons finite-size effects are large for the volume we
and 13% &12 MeV) in full QCD. This reflects the closer used, which render sea quark effects unclear for lighter bary-
agreement of the meson spectrum in full QCD with experi-ons. Further investigations of larger spatial volumes, of the

IX. CONCLUSIONS
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TABLE XXXVIII. Baryon masses on 15< 48 in quenched QCD.

Kval,l Kval,2 Kval,3 [ tmin»tmax] XZINDF my [ tmin s tmax] XZ/NDF my [ trmin »tmaxl XZ/NDF Myec
0.13260 0.13260 0.13260 [11,24 0.9 0.908144) - - - [11,24 1.7 0.986%55)
0.13260 0.13260 0.13290 [11,24 0.9 0.894845) [11,24) 0.9 0.896945) [11,24 1.7 0.974656)
0.13260 0.13260 0.13331 [11,24 0.9 0.876246) [11,24 0.9 0.881747) [11,24 1.7 0.960259)
0.13260 0.13260 0.13384 [11,24 0.8 0.851249) [11,24) 0.9 0.862251) [11,24 1.7 0.941%64)
0.13260 0.13260 0.13432 [11,24 0.7 0.827856) [11,24 0.9 0.845456) [11,24 1.8 0.924772)
0.13260 0.13260 0.13465 [11,24 0.6 0.810767) [11,24 0.8 0.835165) [11,24 1.6 0.914686)
0.13290 0.13290 0.13260 [11,24 0.9 0.884746) [11,24) 0.9 0.882446) [11,24 1.7 0.964258)
0.13290 0.13290 0.13290 [11,24 0.9 0.871247) - - - [11,24 1.7 0.954960)
0.13290 0.13290 0.13331 [11,24 0.9 0.8528498) [11,24) 0.9 0.855949) [11,24 1.7 0.938863)
0.13290 0.13290 0.13384 [11,24 0.8 0.826652) [11,24 0.9 0.836853) [11,24 1.7 0.919769)
0.13290 0.13290 0.13432 [11,24 0.7 0.8019%61) [11,24) 0.9 0.819259) [11,24 1.6 0.9025%78)
0.13290 0.13290 0.13465 [11,24 0.6 0.784973) [11,24 0.8 0.808669) [11,24 1.5 0.892294)
0.13331 0.13331 0.13260 [11,24 0.9 0.852650) [11,24 0.9 0.846149) [11,24 1.7 0.935164)
0.13331 0.13331 0.13290 [11,24 0.9 0.838851) [11,24) 0.9 0.834851) [11,24 1.7 0.924267)
0.13331 0.13331 0.13331 [11,24 0.9 0.819853) - - - [11,24 1.6 0.910872)
0.13331 0.13331 0.13384 [11,24 0.8 0.792%59) [11,24) 0.9 0.799458) [11,24 1.6 0.889879)
0.13331 0.13331 0.13432 [11,24 0.7 0.7665%70) [11,24 0.9 0.7819%66) [11,24 1.4 0.871%91)
0.13331 0.13331 0.13465 [11,24 0.7 0.749084) [11,24) 0.8 0.770678) [11,24 1.3 0.86111)
0.13384 0.13384 0.13260 [11,24 0.9 0.811158) [11,24) 0.7 0.795460) [11,24 1.6 0.896978)
0.13384 0.13384 0.13290 [11,24 0.9 0.796760) [11,24 0.8 0.783862) [11,24 1.5 0.885882)
0.13384 0.13384 0.13331 [11,24 0.9 0.776164) [11,24) 0.8 0.768066) [11,24 1.4 0.869788)
0.13384 0.13384 0.13384 [11,24 0.9 0.747%74) - - - [11,24 1.3 0.85210)
0.13384 0.13384 0.13432 [11,24 0.8 0.719%90) [11,24) 0.9 0.729485) [11,24 1.2 0.83112)
0.13384 0.13384 0.13465 [11,24 0.8 0.70111) [11,24 0.9 0.71710) [11,24 1.1 0.82115)
0.13432 0.13432 0.13260 [11,24 1.0 0.774975) [11,24 0.7 0.744284) [11,24 1.3 0.86211)
0.13432 0.13432 0.13290 [11,24 1.0 0.759679) [11,24) 0.7 0.732488) [11,24 1.2 0.85111)
0.13432 0.13432 0.13331 [11,24 1.0 0.737686) [11,24 0.7 0.716195) [11,24 1.1 0.83413)
0.13432 0.13432 0.13384 [11,24 0.9 0.70710) [11,24) 0.8 0.695%11) [11,24 1.0 0.81415)
0.13432 0.13432 0.13432 [11,24 0.9 0.67713) - - - [11,24 1.0 0.80018)
0.13432 0.13432 0.13465 [11,24 0.9 0.65616) [11,24) 1.0 0.66%16) [11,24 1.0 0.78622)
0.13465 0.13465 0.13260 [11,24 0.9 0.75411) [11,24 0.8 0.70712) [11,24 1.1 0.84417)
0.13465 0.13465 0.13290 [11,24 0.9 0.73811) [11,24 0.8 0.69%12) [11,24 1.0 0.83217)
0.13465 0.13465 0.13331 [11,24 1.0 0.71%13) [11,24) 0.8 0.67913) [11,24 1.0 0.81%19)
0.13465 0.13465 0.13384 [11,24 1.1 0.68215) [11,24 0.9 0.65815) [11,24 0.9 0.795%23)
0.13465 0.13465 0.13432 [11,24 1.1 0.65019) [11,24) 1.0 0.63818) (11,24 0.9 0.77829)
0.13465 0.13465 0.13465 [11,24 1.1 0.62323) - - - [11,24 0.9 0.77640)

TABLE XXXIX. Meson masses on 20< 48 in quenched QCD.

Kval,l Kval,2 [ tmin »tmax XZ/NDF Mps [ trmin »tmax XZ/NDF my
0.13260 0.13260 [10,24 0.7 0.4837666) [10,24 1.0 0.600816)
0.13290 0.13290 [10,24 0.6 0.4538869) [10,24 1.0 0.579018)
0.13331 0.13331 [10,24 0.4 0.4106674) [10,24 1.0 0.549221)
0.13384 0.13384 [10,24 0.5 0.3489796) [10,24 1.1 0.511729)
0.13432 0.13432 [10,24 0.6 0.284511) [10,24 0.9 0.477843)
0.13465 0.13465 [10,24 0.9 0.229615) [10,24 1.0 0.456674)
0.13260 0.13290 [10,24 0.6 0.4689%67) [10,24 1.0 0.589917)
0.13260 0.13331 [10,24 0.5 0.4481970) [10,24 1.0 0.575118)
0.13260 0.13384 [10,24 0.4 0.4200630) [10,24 1.0 0.556421)
0.13260 0.13432 [10,24 0.4 0.3938835) [10,24 1.0 0.539925)
0.13260 0.13465 [10,24 0.4 0.374867) [10,24 1.3 0.529929)
0.13290 0.13331 [10,24 0.5 0.4326271) [10,24 1.0 0.564119)
0.13290 0.13384 [10,24 0.3 0.4037(84) [10,24 1.0 0.545422)
0.13290 0.13432 [10,24 0.4 0.3766887) [10,24 1.1 0.528826)
0.13290 0.13465 [10,24 0.4 0.356979) [10,24 1.2 0.518831)
0.13331 0.13384 [10,24 0.4 0.380480) [10,24 1.1 0.530424)
0.13331 0.13432 [10,24 0.3 0.352181) [10,24 1.0 0.513629)
0.13331 0.13465 [10,24 0.5 0.331210 [10,24 1.2 0.503635)
0.13384 0.13432 [10,24 0.4 0.3183997) [10,24 1.0 0.494435)
0.13384 0.13465 [10,24 0.6 0.295211) [10,24 1.1 0.484%42)
0.13432 0.13465 [10,24 0.8 0.258212) [10,24 0.9 0.466955)
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TABLE XL. Baryon masses on 248 in quenched QCD.

Kval,l Kval,2 Kva\I,S [tmin s tmax XZ/NDF my, [tmin s tmax XZINDF my [tmin s tmaxd XZ/NDF Myec

0.13260 0.13260 0.13260 [11,24] 1.1 0.900127) - - - [11,24 0.7  0.976844)
0.13260 0.13260 0.13290 [11,24 1.1 0.886627) [11,24 1.1 0.888%27) [11,24 0.7  0.964845)
0.13260 0.13260 0.13331 [11,24 1.1 0.867828 [11,24 1.1 0.872128) [11,24 0.7  0.950147)
0.13260 0.13260 0.13384 [11,24 0.9 0.842931) [11,24 1.1 0.852831) [11,24) 0.8  0.93281)
0.13260 0.13260 0.13432 [11,24 0.8 0.819234) [11,24 0.9 0.834235 [11,24 1.0  0.917855)
0.13260 0.13260 0.13465 [11,24 0.6  0.804739) [11,24 0.8 0.824042) [11,24 1.3 0.908763)
0.13290 0.13290 0.13260 [11,24 1.1 0875828 [11,24 1.1 0.873%28 [11,24 0.7  0.953%46)
0.13290 0.13290 0.13290 [11,24 1.1 0.862229) - - - [11,24 0.7  0.945%8)
0.13290 0.13290 0.13331 [11,24 1.0  0.843130) [11,24 1.1 0.846230) [11,24 0.7  0.929250)
0.13290 0.13290 0.13384 [11,24 09 0817733 [11,24 1.1 0.825833) [11,24 0.7  0.911454)
0.13290 0.13290 0.13432 [11,24 0.7 0.793%6) [11,24 0.9 0.807238 [11,24 0.9  0.896858)
0.13290 0.13290 0.13465 [11,24 0.6 0778841 [11,24 0.8  0.796%46) [11,24 1.1 0.887267)
0.13331 0.13331 0.13260 [11,24 1.1 0.842631) [11,24 1.0  0.837081) [11,24 0.7  0.925751)
0.13331 0.13331 0.13290 [11,24 1.1 0.828632) [11,24 1.0 0.825132) [11,24 0.7  0.915252)
0.13331 0.13331 0.13331 [11,24 1.0  0.808834) - - - (11,24 0.7  0.903%55)
0.13331 0.13331 0.13384 [11,24 0.9 0.782736) [11,24 1.0  0.788087) [11,24 0.7  0.883859)
0.13331 0.13331 0.13432 [11,24 0.7 0.757241) [11,24 0.8 0.768844) [11,24 0.8  0.868165)
0.13331 0.13331 0.13465 [11,24 0.6  0.742747) [11,24 0.7 0.758851) [11,24 0.9  0.858475)
0.13384 0.13384 0.13260 [11,24 1.1 0.799%38)  [11,24 0.9 0.786136) [11,24 0.7  0.890759)
0.13384 0.13384 0.13290 [11,24 1.0  0.784939) [11,24 0.9 0773838 [11,24 0.7  0.880261)
0.13384 0.13384 0.13331 [11,24 1.0 076482 [11,24 0.9 0.757040) [11,24 0.7  0.866065)
0.13384 0.13384 0.13384 [11,24 1.0  0.734846) - - - (11,24 0.6  0.851973)
0.13384 0.13384 0.13432 [11,24 0.7 0.709957) [11,24 0.9 0.71585 [11,24 0.7  0.833181)
0.13384 0.13384 0.13465 [11,24 0.7 0.695%63 [11,24 0.8  0.704263) [11,24 0.7  0.822697)
0.13432 0.13432 0.13260 [11,24 0.8  0.759%53) [11,24 0.6  0.735458) [11,24 0.8  0.861074)
0.13432 0.13432 0.13290 [11,24 0.7  0.744255) [11,24 0.6  0.722761) [11,24 0.8  0.850877)
0.13432 0.13432 0.13331 [11,24 0.7 0.722%58) [11,24 0.7 0.705265) [11,24 0.7  0.835983)
0.13432 0.13432 0.13384 [11,24 0.7 0.693765 [11,24 0.7 0.683071) [11,24 0.7  0.818096)
0.13432 0.13432 0.13432 [11,24 0.8  0.663175 - - - [11,24 0.7  0.80712)
0.13432 0.13432 0.13465 [11,24 0.8 0.650182 [11,24 0.7 0.652184) [11,24 0.8  0.79014)
0.13465 0.13465 0.13260 [11,24 05 0736871 [11,24 0.5 0.710578) [11,24 0.8  0.84110)
0.13465 0.13465 0.13290 [11,24 05 0721473 [11,24 0.5 0.698782 [11,24 0.7  0.83011)
0.13465 0.13465 0.13331 [11,24 05 0.699777) [11,24 0.5 0.682288) [11,24 0.7  0.81%12)
0.13465 0.13465 0.13384 [11,24 0.4  0.671087) [11,24 05  0.660899) [11,24 0.8  0.79714
0.13465 0.13465 0.13432 [11,24 0.6  0.64210) [11,24 0.6  0.63811) [11,24 09  0.78018
0.13465 0.13465 0.13465 [11,24 05  0.62714) - - - [11,24 1.1 0.77%23

order of 3 fm at the lightest sea quark mass, are needed to ACKNOWLEDGMENTS
observe sea quark effects in the light baryons.

The present work is carried out at a single lattice spacing This work is supported by the Supercomputer Project No.
of a~1=2.221(28) GeV. Th®(a)-improved Wilson quark 79 (FY2002 of High Energy Accelerator Research Organi-
action we employed is designed to have reduced scaling viczation (KEK) and also in part by the Grant-in-Aid of the
lation, and experiences in quenched Q@A2] support this ~Ministry of Education (Nos. 11640294, 12640253,
expectation. Nonetheless, a scaling study of both the hadroh2740133, 13135204, 13640259, 13640260, 14046202,
spectrum and quark masses with this action is needed t44740173. N.Y. is supported by the JSPS.
establish the sea quark effects in the spectral quantities on a
guantitative basis.

Another important subject in future is simulations at much APPENDIX: HADRON MASSES
lighter sea quark mass, in particular below thes
threshold. Such simulations will lead to better control of the Measured hadron masses are summarized in Tables
chiral extrapolation. This would also give insight into the XXIX-XXXIV for full QCD and in Tables XXXV-XL for
chiral logarithmic singularity in the PS meson mass and deguenched QCD. Our choice of the fitting range and resulting
cay constant, which we have not observed in our data. value of y?/Npg are also shown in these tables.
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