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Light hadron spectrum and quark masses from quenched lattice QCD
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We present the details of simulations for the light hadron spectrum in quenched QCD carried out on the
CP-PACS parallel computer. Simulations are made with the Wilson quark action and the plaquette gauge action
on lattices of size 32<56—64x 112 at four values of lattice spacings in the raage0.1—0.05 fm and spatial
extent Lsa~3 fm. Hadronic observables are calculated at five quark masses correspondingsto,
~0.75-0.4, assuming theandd quarks are degenerate, but treating stspiark separately. We find that the
presence of quenched chiral singularities is supported from an analysis of the pseudoscalar meson data. The
physical values of hadron masses are determined usjngm,, andmg (or m,) as input to fix the physical
scale of lattice spacing and the d, and s quark masses. After chiral and continuum extrapolations, the
agreement of the calculated mass spectrum with experiment is at a 10% level. In comparison with the statistical
accuracy of 1%—3% and systematic errors of at most 1.7% we have achieved, this demonstrates a failure of the
guenched approximation for the hadron spectrum: the hyperfine splitting in the meson sector is too small, and
in the baryon sector the octet masses and mass splitting of the decuplet are both smaller than experiment. Light
guark masses are calculated using two definitions: the conventional one and the one based on the axial-vector
Ward identity. The two results converge toward the continuum limit, yieldigg=4.29(14) 553 MeV where
the first error is statistical and the second one is systematic due to chiral extrapolatios.qliaek mass
depends on the strange hadron mass chosen for input=113.8(2.3)55MeV from my and m,
:142.3(5.8)f§2'° MeV from m,, indicating again a failure of the quenched approximation. We obtain the
scale of QCD,A%z 219.5(5.4) MeV withm, used as input. ArO(10%) deviation from experiment is
observed in the pseudoscalar meson decay constants.
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[. INTRODUCTION quark masses, and hence it in turn enables us to determine
the light quark masses, which are the fundamental param-

The theoretical derivation of the light hadron spectrumeters of QCD. The dynamical scaleof QCD is determined

from the first principles of quantum chromodynam{€CD) by measurements of lattice spaciagas a function of the

is a fundamental issue in our understanding of the stronare coupling constant. Lattice QCD also provides us with a
interactions. The binding of quarks due to gluons cannot bénethod to explore the chiral structure, which is approxi-
treated perturbatively, and numerical simulations based omately realized in the real world. A further subsidiary veri-

the lattice formulation of QCD, therefore, provide a uniquefication of QCD may include the examination of the decay
means to approach this problem. matrix elements against experiment.

The calculation of the hadron spectrum is made for given Lattice QCD simulations, however, are computationally
demanding, particularly when the effects of dynamical
quarks are to be included. Therefore, since the pioneering
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SPresent address: High Energy Accelerator Research Organizatiowould break down. In order to study this point, a calculation
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TABLE I. Simulation parameters. The lattice spacag determined fronm,,. The last column *accep-
tance” is the mean acceptance rate in the pseudo-heat-bath update sweeps.

B L§>< L, a ! [GeV] a[fm] Lsa [fm] No. conf. Iter/conf.  Acceptance
5.90 32% 56 1.93416) 0.102@8) 3.263) 800 200 0.85
6.10 46x 70 2.54022) 0.07777) 3.103) 600 400 0.84
6.25 48x 84 3.07134) 0.06427) 3.083) 420 1000 0.83
6.47 64x112 3.96179) 0.049810) 3.186) 150 2000 0.82

The work of the GF11 Collaboration carried out in 1991—The simulations were executed from the summer of 1996 to
1993[3] has advanced the control of systematic errors fronthe fall of 1997.
a finite lattice spacing and a finite lattice size. Taking advan- A brief description of our results has been published in
tage of a large computing power, the GF11 CollaboratiorRef.[9], and preliminary reports have appeared in R&0).
calculated the light hadron spectrum with three sets of couln this article we present full details of analyses and results.
pling constants and three different lattice sizes at one cou- The organization of the paper is as follows. In Sec. Il
pling constant, which is used to take the continuum limit andthe lattice action and simulation parameters are prlained. In
estimate finite lattice effects. They claimed that the resulting>€¢- !l we present a summary of results for the light hadron
spectrum is in agreement with experiment within 6%, theSPectrum, guark masses, and_meson decay constants. Subse-
difference for each hadron being within their errors. guent sections describe details of our analyses. In Sec. v

We feel that their results need a further verification by anneasurements of hadron masses and quark masses at simu-

independent analysis, since we consider that their concILJ@m(()jr.1 Fomtsf arg?}scﬂssridh V(;/e then examme_mtSec.ththe
sions depend crucially on the error estimate at simulatio rediction of Q/PT for light hadron masses against our data.

points and on a rather long chiral extrapolation from the'" Sec. \{l Vtvﬁ dehs_cnlbe tge extt_rapoIaT!or)tpr%cedure_of hadrg:fr:
region of the pseudoscalar to vector meson mass ratig][ﬁsfef gi e(r: Ir?var?inctcr)]ri] muutrin r:rT}L]SS or(\/pl)lavr\;so;is Wi
Mpg/my,=0.9—0.5. Another issue is that GF11 simulations2t€" SIUTIES are give S section. ec. € discuss

were made only for degenerate quarks. Masses of stran terminations of the light quark masses and, in Sec. VIIl,

mesons and decuplet baryons were estimated using mass fcéis?;?sj\afeararrgse;ﬁ{één Fsiﬁgll IXSr:(fuI)'zs fgsgwnetsog n d;g;ﬁ a
mulas, while strange octet baryons were not calculated. P : Y P

We have embarked on a program to push the CalculatioHVe analygis in. which the order of the c_hiral and pontinuum
of the quenched light hadron spectrum beyond that of th xtrapola’qons is rgversed. Our conclusions are given in Sec.
GF11 Collaboration to answer the posed problems. We ha el' Technical details are relegated to Appendixes A-G.
aimed at achieving a precision of a few percent for statistical
errors and reducing systematic errors to be comparable to ofl- LATTICE ACTION AND SIMULATION PARAMETERS
smaller than statistical errors. Taking the Wilson quark action A. Lattice action
and the plaquette gluon action, simulations are made with
lattices of physical spatial size;a~3 fm for the range of
a~0.1-0.05 fm. The smallest value ofp5/my is lowered
to =~0.4. We take advantage of the recent development of B
guenched chiral perturbation theot®@xPT) [4,5], which Sg:—E Re T(Up), (1)
suggests to us the form of chiral extrapolations. We assume 3%
that the lightu andd quarks are degenerate, but the heasier
quark is treated separately, giving a different quark mass.

During this time, the MILC Collaboration carried out
studies in a similar spirit6] using the Kogut-Susskind quark
action. Because of complications with the spin-flavor content o
of this action, they reported only the nucleon mass, taking Sq=—2 Y(nN)D(x;n,m)y(m), (2)
m, andm, as input, leaving aside all other hadrons. nm

Our calculation was made by the CP-PACS computer, a
massively parallel computer developed at the University of D(xk;N,M) =38, m— K2y {(1=¥)Un 18t
Tsukuba completed in September 199%. With 2048 pro- ’ u ’ ’
cessing nodes, the peak speed of the CP-PACS is 614 +
GFLOPS (614 10° double-precision floating-point opera- + (147U O ik &)
tions per second Our optimized program achieves a sus-\ here the hopping parametercontrols the quark mass.
tained speed of 237.5 GFLOPS for the heat-bath update of
gluon variables, 264.6 GFLOPS for the overrelaxation up-
date, and 325.3 GFLOPS for the quark propagator solver for
which the core part is written in the assembly languEje Simulation parameters are summarized in Tables | and II.

We generate gauge configurations using the one-plaquette
gluon action,

where 8= 6/g® with g the bare gauge coupling constant. On
gauge configurations, we evaluate quark propagators using
the Wilson fermion action,

B. Simulation parameters
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TABLE Il. Hopping parameters and correspondimgs/m,y, ratios.

8=5.90
K 0.15660 0.15740 0.15830 0.15890 0.15920
Mps/My 0.7521) 0.6921) 0.5931) 0.4912) 0.4152)
£=6.10
K 0.15280 0.15340 0.15400 0.15440 0.15460
Mps/My 0.7511) 0.6841) 0.5812) 0.4742) 0.3943)
B=6.25
K 0.15075 0.15115 0.15165 0.15200 0.15220
Mps/My 0.7601) 0.7072) 0.6092) 0.5022) 0.4113)
B=6.47
K 0.14855 0.14885 0.14925 0.14945 0.14960
Mps/My 0.7602) 0.7093) 0.5843) 0.4934) 0.391(4)

Four values ofg are chosen so as to cover the rangeaof Of one pseudo-heat-bath update sweep followed by four
~0.1-0.05fm & *~2-4 GeV). overrelaxation sweeps “iteration.” The periodic boundary

We employ lattices with the physical extent af.a  conditions are imposed in all four directions. The acceptance
~3fm in the spatial directions. In a previous study, no sig-rate in the pseudo-heat-bath step is 82%-85% as listed in
nificant finite-lattice-size effect was observed fdr,a  Table I. For vectorization and parallelization of the computer
=2 fm beyond a statistical error of about 2Pbl]. For a  program, we adopt an even-odd algorithm.
large lattice, the dominant size effect comes from spatial After 2000—20 000 thermalization iterations, we calculate
wrappings of pions whose magnitude decreasesm@g quark propagators and measure hadronic observable on con-
—m..<exp(—cm,Ly [12]. For smaller lattices squeezing of figurations separated by 200-2000 iterations depending on
hadron wave functions enhances the finite-size effect, lead3, while we measure the gluonic observable, such as the
ing to a power law behaVioan_ mxocc/Lg[131l4]_Assum- plaguette expectation value, at every iteration. The total

ing the latter behavior, we expect the finite-size effects of?umber of configurations and their separation are summa-

lattices with Lsa~3 fm to be about 0.6%, which is suffi- fized in Table I. , ,
ciently small compared with our statistical errors. This re- e estimate errors by the jackknife method except other-
quires us to use a B4attice for simulations aa~0.05 fm. ~ Wis€ stated. Tests on the bin size dependence do not show the

For the temporal extent of the lattices, we adapt presence of correlations between successive configurations,

—(7/4)L,. This gives the maximal physical time separationa”d hence we use the unit bin size for error analyses.
of L,a/2~2.5 fm. With our smearing method described be- Table Il shows the number of employed processors of the

low, we find that this temporal extent is sufficient to extractCP'PACS and the execution time required for generating and

ground-state signals in hadron propagators, suppressing (:0?1':‘aIyZing one configuration. Simulations/&¢ 5.9, 6.1, and

taminations from excited states. 6.25 are carried out on subpartitions of the CP-PACS com-
For the quark mass, we select five valuesa$o that they puter, while a{3=6.47 the whole system with 2048 process-

give mpg/my~0.75, 0.7, 0.6, 0.5, and 0.4. The two heaviest'Nd Units is used.

values, which we denote & ands,, are chosen to inter-

polate hadron mass data to the physical point ofsthjaark. TABLE IIl. Measured execution time of each step in units of
The three lighter quarks denotedwas u, andu; are used to  hours.

extrapolate to the physical point of the lightandd quarks,

Mpg/my=m,/m,=0.176. B 5.90 6.10 6.25 6.47
The quark mass at the smallest valuemafs/my~0.4 is  Size 33x56 4AFX70 48x84 64x112
closer to the chiral limit than that in any previous studieszpy 256 512 1024 2048

with the Wilson quark action, in which calculations were _ _
limited to mps/my=0.5. Reducing the quark mass further is Configuration 0.2810%) 0.6514% 1.6224%) 4.529%)

not easy. Test runs we carried out fog/m,~0.3 at B generation

=5.9 show that fluctuations become too large and the comGauge fixing 0.16%) 0.225%) 0.335%) 1.8(12%

puter time for this point alone exceeds the sum of those foQuark propagator 1.532% 2.7257% 3.1346%) 6.6(42%)

the five x down tomps/my~0.4. Hadron propagator 1.033%) 1.1824%) 1.6724%) 2.6(17%)
Gauge configurations are generated by the five-hit

pseudo-heat-bath algorithfa5] and an overrelaxation algo- Total 2.99 4.76 6.78 15.6

rithm [16], mixed in the ratio of 1:4. We call the combination
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FIG. 1. Chiral extrapolations fofa) pseudoscalar mesofh) vector meson(c) octet baryon, andd) decuplet baryon a8=5.9. The
QxPT and polynomial chiral fits are shown by solid and dashed lines. The insets are expanded displays for degenerate cases and contain the
extrapolated values at the physical quark mass for paite/sic), and (d). In panel(a), AWI quark massma™'(®, and linear chiral

extrapolation are givefdiscussed in Sec. VIl In panels(c) and (d), we give data only for combinations o, u; ,u;) and U;,u;,u;).

ll. SUMMARY OF RESULTS by solid lines in Fig. 5, hadron masses determined at gach
are well described by a linear function af
] ] . The quenched hadron spectrum in the continuum limit is
Quenched chiral perturbation theofy,5] predicts that  compared in Fig. 6 with experiment shown by horizontal
hadron mass as a function of quark maggsexhibits a char-  parg, with the numerical values given in Table IV. Solid sym-
acteristic singularity in the chiral limit. Data fons g strongly s usemy as input, and open ones employ,. The two
support the existence of an expected singular t8mgInm,  error bars show both statistical error and the sum of statisti-
with §~0.1. For vector mesons and baryons, the accuracy ofy| and systematic errofsee Sec. Vil Statistical errors are
mass data and the covered rangemfare not sufficient ©0 194504 for mesons and 2%—3% for baryons. Estimated sys-
estabh_sh the presence of _qL_Jenched smgula_rm_es. tematic errors are at worst Ir®f statistical ones, which add
In Figs. 1-4, the QPT fit is shown by solid lines fofa) only extra 1.7% to statistical ones

pseudoscalar mesofh) vector meson(c) octet baryon, and .
(d) decuplet baryon. The data are consistent with the theoret- Figure 6 ShO.WS that quenched QCD reproduces the global
ical expectations from QPT, not only for pseudoscalar me- pattern of the light hadron spectrum reasonably well, but at

sons, but also for vector mesof7] and baryong18]. We the same time systematic d_eviations e_zxist between_ the
therefore adopt functional forms based owRJ for chiral qu_enched spectrum and experiment. An important ma_nnfes-
extrapolations for all cases tation of this discrepancy is that the quenched prediction

depends largely on the choice of partigkeor ¢) to fix m.
While an overall agreement in the baryon sector is better if
m,, is employed as inputyy disagrees by 11%60), which

We take experimental values on,=0.1350 GeV and is the largest difference between our result and experiment.
m,=0.7684 GeV as input for the meand quark massn, 4 In the meson sector, the discrepancy is seen in the hyper-
and the lattice spacing. We use eithemy=0.4977 GeV or fine splitting, which is too small compared to experiment. If
m,=1.0194 GeV for the strange quark mass. As shown one uses then, as input, the vector meson massas- and

A. Quenched chiral singularity

B. Quenched light hadron spectrum
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FIG. 2. Same as Fig. 1 #=6.10.

m, are smaller by 4%40) and 6%(50). If m, is employed ment by 7%(2.50). The strange octet baryons are lighter by
instead,my» agrees with experiment within 0.8%20), but ~ 6%-9% withmy as input and by 2%-5% even with, as
m is larger by 11%(60). input. The>-A hyperfine splitting is larger by 30%50%)
The smallness of the hyperfine splitting is observed in awvith mg (m,) input, though the deviation of 08(2.30) is
different way in Fig. 7, which plotsnZ—m2¢ as a function  statistically marginal. The Gell-Mann-OkulkG&MO) rela-
of m,%s. The figure shows an approximate scaling over thetion
four values of. The convergence of data toward the experi-
mental point corresponding tan(; ,m,) is due to our choice =
of these particles as input. Toward heavier quark masses, the 2

mass square difference decreases faster than experiment and . o o
is about 10% smaller at the point corresponding toPased on first-order flavor §8) breaking is well satisfied, at

=

1
(mN+mE):Z(3mz\+ My) (6)

(Mg ,My«) mesons. 1% in bothmy and m, inputs, though the two sides take
A faster decrease ah2-m2g can be quantified through Vvalues[1.042) GeV for them input and 1.081) GeV for
the J parametef19] defined by the m, input] smaller than experimer{i..13 GeV.
For decuplet baryons, the mass®dturns out to be con-
dmy, sistent with experiment within statistical error of 2.0%
J= mvm- (4) (0.70). An equal-spacing rule is well satisfied, the three spac-

ings mutually agreeing within statistical errors. However, the
A large negative value of the slope seen in Fig. 7 translate§1ass splitting is smaller by 30% on average compared to

into a smallJ as shown in Fig. 8; we obtain experiment fomy input and by 10% fom,, input.
The results discussed above are based gRTXhiral fits.
J=0.34623) (5) In order to see the effects of choosing different chiral fit

functions, we repeat the procedure using low-order polyno-
in the continuum limit, to be compared with the experimentalmials inm,, as was done in traditional analyses. Chiral fits
value ~0.48 atm,, /mps=1.8. and continuum extrapolations for this case are illustrated in
In the octet baryon sector, the masses are all smaller configs. 1—4 by dashed lines and in Fig. 5 by open symbols and
pared to experiment. The nucleon mass is lower than exper@ashed lines, respectivelyx®T and polynomial fits lead to
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FIG. 3. Same as Fig. 1 ##=6.25.
masses which agree within 1.5% or & & he pattern of the A%: 219.55.4) MeV, 7

guenched spectrum remains the same even if one adopts the

I ial chiral fits. o
polynorial chiral fts when the scale is fixed by, .

The definition of quark mass for the Wilson quark action
is not unique, because chiral symmetry is broken by terms of
O(a). We analyze quark masses from two definitions, the

. In order to obtain the physical ha_dron_ MAss, one CONVeNsqnyantional one through the hopping parameter, which we
tionally carries out chiral extrapolation first and then takes

. . . call the Ward identity for vector curref/WI) quark mass
the continuum extrapolatiofwe refer to this as method)A (see Sec. IV and another defined in terms of the Ward
These two limiting operations can in principle be reversed

. identity for axial-vector current6AWI).
and the resulting spectrum should be unchanged. An advan- Figures 11 and 12 show, andm renormalized in the

tage with the reversed limiting procedumethod B is that —= - )
one need not worry about possib@(a) terms that are MS scheme aj=2 GeV as functions of. The VW and

present in @QPT formulas at finite lattice spacings. AWI quark masses, differing at finit®, extrapolate to a uni-

The light hadron spectra from the two methods are Cc)myersal value in the continuum limit, in accordance with a

pared in Fig. 9 for the case of they input. The prediction theorencall expe.ctauon. . . .
L A combined linear extrapolation assuming a unique value
from method B denoted by open symbols is in good agreer o continuum limit vields
ment with that of method A plotted with solid symbols y
within 1.50.

C. Reversibility of order of the chiral and continuum
extrapolations

— +0.51
An additional advantage of method B is that the hadron My=4.2914) Z979 MeV, ®
mass formula can be obtained as a function of an arbitrary
quark mass, as shown in the Edinburgh plot in Fig. 10. m=113.82.3738 MeV (my input) (9)

D. Fundamental parameters of QCD =142.35.8)f§2'0 MeV (m, input).

(10
The scale parametek is the fundamental parameter of
QCD. We evaluate it in the modified minimal subtraction We indicate the systematic error arising mainly from chiral

(MS) scheme to be extrapolations. The value ahg differs by about 20% de-
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FIG. 4. Same as Fig. 1 ##=6.47.

pending onmyg or m, used as input. The difference arises in the continuum notation, whew,, is the axial-vector cur-
from the small value of meson hyperfine splitting in therent. The experimental value faris f =132 MeV. Data for
simulation. fpg are shown in Fig. 13 as a function af We obtain, for
physical values,
E. Meson decay constants

The pseudoscalar meson decay constagtis defined by fz=120.05.7) MeV, (12)
(O|A,|PS=ip,fps, (12) f,=138.84.49 MeV (mg inpup). (13
18 |
- : 16 | ;_5 ]
13 | g G Eﬁ Q
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09t ] 8 12 | ¢ "“§‘ ; 3*
0.8 A = K N —§
s : = g
1.0 | - A
16 | Q.  J—
15 | =] i §3 .
N 08} ¢ Kinput
14 1 A o ¢ input
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FIG. 5. Continuum extrapolation of light hadron masses from
my input. Solid symbols and solid lines are the results from the FIG. 6. Quenched light hadron spectrum compared with experi-
QxPT chiral fits, while open symbols and dashed lines are from thenent. The statistical error and sum of the statistical and systematic
polynomial fits. Experimental values are shown by the stars. errors are indicated.
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monds represent the experimental points corresponding to
(Mps,my)=(m,,m,) and (ny ,my), where the former is the in-
put.

FIG. 9. Comparison of the spectra from metho¢salid circles
and method Bopen circles my is taken as input.

These values are smaller than experiment by @% and IV. MEASUREMENTS OF HADRON MASSES AND QUARK

13% (50), respectively. QPT predicts that the ratidy /T, MASSES
—1 in quenched QCD is smaller than experiment by about A. Quark propagators
30%. This quantity is shown in Fig. 14. We obtafip/f .

—1=0.156(29), which is smaller than experiment by 26% Ve calculate the quark propagat(m) at a value ofx

(1.90) as Q(PT predicts. by solving
The vector meson decay constdny in the continuum
theory is defined by > D(k,n,mG(m)=S(n), (17)
m
(O|Vi|V) = €Fymy, (14

whereD(«,n,m) is the quark matrix defined in E¢3) and

S(n) is the quark source. In order to enhance the ground-

vector mesorV. This is related to another conventional defi- state signal in the ha.dronlc measurements, we use smgared
quark sources. For this purpose, we fix gauge configurations

o 71_ . .
2;'02 tl)\>|/ i}/ _hFV/quV' -Lhe eﬁpeilmgntal valuz ?:F.P IS 15t the Coulomb gauge as described in Appendix A.
a5) '€V, where Ine charge factor IS removed. Figure . For the smeared source, we employ an exponential form
summarizes the vector meson decay constants. We obtain

wheree; andm,y, are the polarization vector and mass of the

given by
F,=205.16.6) MeV, 15
P 6.9 139 : Aexp(—B|n|) for n#0, 8
n)= 18
F4=229.45.7 MeV (my input). 1.0 for n=0,
(16)
1.8
These values are slightly smaller than experiment: by 6.7%
(2.20) for F, and by 3.8%(1.60) for F,. 16|
We summarize meson decay constants in Table V. .
g
X
0.50 — . . g14}
* >
0.45 | 1 58
I Octet
E12 2Dec?1plet
= 040 r b - - - Ono formulae
. o
035 1 ]L + +— * 00 01 02 03 04 05 06 07 08
0.30 . . . Mpg/m,,
00 O'Za (GeV™) o4 06 FIG. 10. Edinburgh plot in the continuum limit. The stars rep-

resent experimental values. Dashed curves illustrate the phenom-
FIG. 8. J parameter. The star represents the experimental valuenological mass formulas by Ofha0].
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TABLE IV. Quenched light hadron mass spectrum. The first error is statistical, and the second is system-
atic. Deviation from experiment and its statistical significance are also given.

. my input m,, input
Experiment

Hadron [GeV] Mass[GeV] Deviation MasqGeV] Deviation

K 0.4977 0.558L0)(08) 11.2%, 5.&r
K* 0.8961 0.858)9)(08) —-4.2%, 4.3r 0.88903)(06) -0.8%, 2.3r
1) 1.0194 0.95713)(14) —6.1%, 4.8r

N 0.9396 0.8785)(14) —6.6%, 2.5 0.87825)(14) —6.6%, 2.9
A 1.1157 1.01@0)(09) —8.6%, 4. 1.06Q13)(10) —5.0%, 4.1
3 1.1926 1.11719(11) —-6.4%, 4. 1.17611)(20 —1.4%, 1.%
=) 1.3149 1.20117)(13 —8.7%, 6.8 1.28808)(09) —2.0%, 3.9
A 1.2320 1.25{35)(10) 2.0%, 0. 1.25735)(10 2.0%, 0.
3* 1.3837 1.3529)(11) —-1.8%, 0.9 1.38824)(11) 0.3%, 0.2r
B* 1.5318 1.456)(10) —4.7%, 2.8 1.51716)(09) -1.0%, 0.9
Q 1.6725 1.56(24)(09) —6.7%, 4.  1.64710)(15 —-1.5%, 2.6r

as motivated by the pion wave function measured by thesmallest for this case. In light of this advantage, we extract
JLQCD Collaboratiorf21]. The smearing radius is approxi- masses from hadron propagators with all quark sources

mately constanta/B~0.33 fm, over the range of8 we

smeared.

simulate. The quark propagator solver and smearing function In order to illustrate the quality of data, typical effective
masses are shown in Figs. 17—20 for degenerate octet bary-
ons at the fouB values. We extract the ground-state masses
using a single-hyperbolic-cosine fit for mesons and a single-

are discussed in Appendix B.

B. Hadron masses

From quark propagators, we construct hadron propagatore
corresponding to degenerate combinatidiisand fff (f
=S1,S,,Uq,U,,U3), as well as nondegenerate combinations
of the types;u; for mesons and;s;u; ands;u;u; for baryons;
two quarks in baryons are taken to be degenerate. We stu%
pseudoscalar and vector mesons and spin-1/2 octet and sp
3/2 decuplet baryons. The hadron operators are summariz%}le denote ag. .

in Appendix C.

nations of point and smeared sources. At the sink we USB,om t
only point operators. Effective masses.(t) for various
combination of quark sources are compared in Fig. 16. With
our choice of smearing functiom.x(t) in almost all cases
reaches a plateau from above, suggesting that the smeari
radius is smaller than the actual spread of hadron wave func-
tions. The onset of a plateau is the earliest when the smeared

Here t
. ‘masses(2) The effective mass shows a plateautfert, . (3)
Hadron propagators are calculated for all possible Comb'Whentmaxti+3, 2Ny is insensitive to the choice f,,
hese findings, we may usg for t.;,. However, in

order to avoid subjectivity in the identification af and

xponential fit for baryons, taking account of correlations
émong different time slices. In Figs. 17-20, the horizontal
lines are the fit and error, with the range of the lines repre-
senting the fit range.
The fit rang€ tmin tmax] 1S chosen based on the following
servationg1) The value ofy?/Ny decreases aky, in-
Kleases and becomes almost constant at a time slice which

in general depends on quark

plateau, we adopt,,;,,, which satisfies the following condi-
.Hons.(l) tmin is larger thart, ; (2) for each kind of particle at
e%ch,B, tmin IS common to all quark masse€3) for each

source is used for all quarks, and the statistical error is the 190 P
5.0 — 170 % ’%’/{{‘\;WI
150 | T
45 = Jecill ! AWI
S 40 < 130 B
2 €
= 3. 1
E > ° o Kinput
|
3.0 90 + o ¢ input AWI
25 L— . 70 L— . .
0.0 0.2 0.6 0.0 0.2 0.4 0.6
a(Gev™) a(GeV™)

FIG. 11. Averaged mass of the up and down quarks and its FIG. 12. Strange quark masses and their continuum extrapola-
continuum extrapolation. The leftmost point is the value extrapo-ion. The leftmost points are the values extrapolated to the con-

lated to the continuum limit.

tinuum limit.
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i ' ' 031 | ' ' '

16 D
0.16 o f 029 I F (GeV)
0.15 . 0.27 |

NS - e B 0.25 |
0.14 | % ________ SR TR 0.23 1

0.21
013+ ® 0.19 |
0.17
P —
012 % {' * 0.29
011 | of 0.27
; J 0.25 |
oo b 08
00 041 02 03 04 05 06 .
GeV“) 0.19
al 0.17 L : !
0.0 0.2 0.4 0.6
FIG. 13. Continuum extrapolations of pseudoscalar meson de- a(GeV?)
cay constant$ . and fy (mg input). Large squares a&=0 repre-
sent experimental values. FIG. 15.F, (top panel andF, (bottom panelas a function of

a. Fits for the continuum extrapolation are also shown. Solid sym-
particle, values oft,;, in physical units is approximately bols are for nonperturbatively renormalized decay constants, and
constant for allg. We find that these conditions are satisfied®Pen symbols are for decay constants renormalized by tadpole-
by t,n~1.0, 0.7, and 0.5 fm for pseudoscalar mesons, vecto'rmproved one-loop perturbation theory. Stars represent experimen-
mesons, and baryons, respectively. tal values.

The largest time slicefs,,, for vector mesons and baryons
at 3=5.9, 6.1, and 6.25 are chosen by the requirement that
the error of propagator dt,,, does not exceed 3%. We em-
ploy the same criterion for vector mesons @t 6.47. For
baryons ai3=6.47, the fitting interval becomes too narrow _ _ -
for light quark masses if we employ the cut at 3%. We there- 5, p=5.90 IK_O'158|3 m,/m,~0.6
fore adopt the cuts at 3.2% for octet baryons and 4% for
decuplet baryons, respectively. 0.32 |

Values oft . are determined with a different strategy for g9 |
pseudoscalar mesons, for which we make chiral extrapola
tions, taking account of correlations among different quarko'28
masses(The correlation among different quark masses is0.26 | .
ignored for other hadrons. A large value oft,,, results in 0.24 , , , , ,
full covariance matrices with too large dimensions. Such ma-~
trices frequently have quite small eigenvalues due to statis0.52 |
tical fluctuations and lead to a failure of the convergence 0f0.50 |
the fit. In order to avoid instability of chiral extrapolations, 048 |
we determing , by trial and error. We adoft,,=28, 35, 046 [
25, and 35 for3=5.9, 6.1, 6.25, and 6.47. 0.44 1

All hadron masses are stable under a variation of the fit?4? [
range. As an example, the fits with the rafdgi,+2tmaxl 0.40
give results consistent withingl Uncorrelated fits yield
masses consistent with those from correlated fits within 1

o——o PP e
— PS
—+eSS

0.75 |

for most cases, although the differences are abeufd? 070 | i
some cases.
0.65 | 1
0.25
0.60
L 0.95 .
0.20 1 0.90
I, ’ 4
= 0.85 .
0.15 | 1 0.80 b |
0.75 ]
0.10 . . : : : ; 0.70 . ; ;
00 041 02 03 04 05 06 0 5 10 15 20 25
a(GeV™) t
FIG. 14. Continuum extrapolation df¢/f—1 from the mg FIG. 16. Typical effective masses obtained with various combi-
input. The square a=0 represents the experimental value. nations of quark sources.

034503-10



LIGHT HADRON SPECTRUM AND QUARK MASSES FROM. ..

0.81

0.80

0.79 r

0.78

0.77

0.67

0.66

0.65

0.64

0.58

0.57 ¢

0.56

0.55

* =a-y--- 4 LJ4 L#J L# 1
bt PR ’ ]
}
L
SRS RES
f ‘ '
N
b
S
0 5 10 15 20

25

FIG. 17. Effective mass plots of degenerate octet baryons at
Mpg/my~0.75 (top), Mps/my~0.6 (middle), and mps/my,~0.4
(bottom) at 8=5.90.

Errors are determined by a unit increaseydf Jackknife
errors are similar in magnitude, the difference being at mo
about 25%. The values af?/Ng turn out to be consistent or
smaller than unity within the errors estimated by the jack-
knife method, meaning that our one-mass fits reproduce thﬁ,
hadron propagator data well. This suggests that the contamiy i
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FIG. 18. Same as Fig. 17 #=6.10.

30

wherek, is the critical hopping parameter at which the pion

a

nation of excited states is well suppressed in our fits. Our
results for the hadron masses are reproduced in Tables VI for
mesons and Tables VII and VIl for octet and decuplet bary-

ons.

C. Qua

rk masses

The bare quark mass is conventionally defined by

mq

VWI(0) _ —

1/1 1

K KC)'

2

(19

TABLE V. Decay constants for light pseudoscalar and vector

mesons.
Experiment Quenched QCD
f, [MeV] 130.70.4) 120.05.7)
fx [MeV] (mg input) 159.81.5 138.84.4)
(my inpud) 141.53.9
frlfc—1 (mg input) 0.2232) 0.15629)
F, [MeV] 220(5) 205.76.6)
F, [MeV] (my inpud) 23903) 229.45.7)
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mass vanishes. This quark mass is called the VWI quark
mass, since the divergence of the vector current is propor-
Stional to the mass difference of quark flavors in the current,
which looks similar to Eq(19).
The definition of the AWI quark mass is based on the
identity for axial-vector currenf2]. For the flavor

nation(f, g), it takes the form

* * rf1'l----1% li=

H“Tﬁ?

!1”’

5 10 15

t

20 25

30

FIG. 19. Same as Fig. 17 @=6.25.
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FIG. 20. Same as Fig. 17 @=6.47.

1 —
2 (VAL O)=(m+mg)(P(n)O) +(50) +O(a),
(20

where

1 _
AM(n):E{fn%—,&UE,M' Vuysgn—i_fnun,,u,l 7M759n+,&}
(21

is the axial-vector current and

P(n)=f,ys9, (22
is the pseudoscalar density. In E@QO), V,F(n)=F(n)
—F(n—a) is the backward lattice derivative adiD is the
response of the operatd under the chiral transformation.
The O(a) term is due to explicit violation of chiral symme-
try with the Wilson quark action.

In order to extracty”¥ | we use the relatiof23]

_ (ViAL(HP(0))
AWI(0) AWI(O):
R U OO B
where
Ay(1)=2 Au(n=(A,1)), (24)
P(t)=2>, P(n=(f,1)) (25)

PHYSICAL REVIEW D 67, 034503 (2003

are projected to zero spatial momentum. The right-hand side
of Eq. (23) is evaluated by a constant fit to the ratio

(VALDP(0))eym
(P(HP(0))

where the suffix “sym” implies a symmetrization of the de-
rivative defined by

(26)

(VaAs(D)P(0))gyn=[G(t) ~ G(t— 1)+ G(L—t)

—G(L{—t—1)]/4, (27

with G(t)=(A4(t)P(0)). For the pseudoscalar operator at
the origin, we use the smeared source for two quarks. Figures
21 and 22 illustrate our data for E6) at 3=5.9 and 6.47.
The constant fit is carried out without taking account of cor-
relations between different time slices or between the two
correlators. Fit ranges are determined from the plateau of the
effective mass. The results forf "' +mZ*"(®) are summa-
rized in Table IX.

V. QUENCHED CHIRAL SINGULARITIES

The chiral extrapolation is conventionally carried out as-
suming a low-order polynomial in quark masses. Chiral per-
turbation theory[24], however, predicts a singular quark
mass dependence in the chiral limit due to the presence of
massless pions. The singularity is expected to be enhanced in
guenched QCD)4,5] since then’ meson is also massless in
this approximation. In order to choose the functional form
for the chiral extrapolation, we examine whether hadron
mass data are consistent with the predictions gPQ

A. Mass ratio test for pseudoscalar meson

For pseudoscalar mesons made of quarks with masges
andm,, QxPT predicts the mass formul4,5] given by

) 2m;A m,
Mg 1= A(My+my){ 1-46| In FCR—
X

my
In—
my

" aq)A | 2m1A+ | 2m2A
127272 | Mz T T

mim; —m;
+———In—

2 3 2
o=, "' m, }+B(ml+m2) +0(m*,6%),

(28)

where terms proportional tax(;— m,)? are absenf25]. The
logarithmic term proportional taS represents the leading
quenched singularity. To the leading order in thd 1éxpan-
sion in terms of the number of colom,, §is related to the
pseudoscalar meson mass and the pion decay coridigint

2 2 2
B M7, +m;,—2my

Ry A @9
Taking the experimental values band pseudoscalar meson
masses, one find§~0.2 as a phenomenological estimate.
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TABLE VI. Meson mass data in lattice units at the simulation points. The fit rihge tmax] andx?/ Ny are also listed. Errors gf?/ Ny
are estimated by the jackknife method.

B=5.90
Pseudoscalars Vectors
Range X2/ Nyt Mass Range X2/ Nyt Mass
$1S; 10-28 0.5836) 0.38255%25) 7-28 1.0846) 0.5090@60)
S,S, 10-28 0.4934) 0.3311426) 7-26 1.1151) 0.4786271)
uqUy 10-28 0.4934) 0.2641128) 7-22 0.3432 0.4451496)
UyUy 10-28 0.5836) 0.2082733) 7-18 0.3%38) 0.42391132
UsUs 10-28 0.7139) 0.1714%54) 7-16 0.3439) 0.41311175
IS 10-28 0.5084) 0.3283326) 7-26 1.1151) 0.4774974)
S1Uy 10-28 0.5135) 0.3076928) 7-24 1.0953) 0.4672484)
SiUg 10-28 0.5135) 0.2966631) 7-22 0.3432) 0.4623@93)
SoUq 10-28 0.4934) 0.2994%27) 7-24 1.0854) 0.4619882)
S,Us 10-28 0.4934) 0.2767428) 7-22 0.3030) 0.4516293)
SoU3 10-28 0.4734) 0.2644Q@31) 7-21 0.3534) 0.44666103
£=6.10
S1S1 14-35 1.4%57) 0.2914322) 9-35 0.7636) 0.3878853)
S,S, 14-35 1.5158) 0.2470623) 9-32 0.5733) 0.3614464)
uquq 14-35 1.5067) 0.1951424) 9-26 0.3932) 0.3358982)
Uouy 14-35 1.3%64) 0.1517@28) 9-22 0.4138) 0.32024110
UsUg 14-35 1.2%2) 0.1232647) 9-19 0.6756) 0.3129%146)
S 14-35 1.5%68) 0.2474423) 9-31 0.6136) 0.3620%65)
S 14-35 1.5458) 0.2316@25) 9-28 0.5135) 0.3540274)
SiUg 14-35 1.48&7) 0.2232629) 9-27 0.5336) 0.3502281)
SoUy 14-35 1.588) 0.2225124) 9-29 0.5636) 0.3487372)
SoU, 14-35 1.5067) 0.2049125) 9-27 0.4132) 0.3407481)
SO 14-35 1.4856) 0.1954628) 9-25 0.5438) 0.3369989)
B=6.25
S1S1 16-25 1.6291) 0.2472235) 11-42 1.2443) 0.3252648)
S,S, 16-25 1.6692) 0.2163836) 11-39 1.4048) 0.3062@57)
uqUy 16-25 1.7495) 0.1722837) 11-33 1.5456) 0.2829974)
UsU, 16-25 1.8497) 0.1344138) 11-26 1.9276) 0.26798102)
UsUs 16-25 1.8797) 0.1068442) 11-21 2.0899) 0.26024143)
ISR 16-25 1.6893 0.2125336) 11-38 1.3847) 0.3043@59)
S;U, 16-25 1.7193 0.1980638) 11-35 1.3 0.2968367)
SiUg 16-25 1.72993) 0.1894340) 11-32 1.3153 0.2928174)
S,U; 16-25 1.7093) 0.1954236) 11-36 1.4852) 0.2946765)
SoU, 16-25 1.7494) 0.1797638) 11-33 1.4%64) 0.2871173)
SyUg 16-25 1.7695) 0.1703240) 11-30 1.581) 0.2832381)
B=6.47
$1S; 20-35 0.3738) 0.1882433) 14-43 1.37598) 0.2478655)
$5S, 20-35 0.585) 0.1631435) 14-37 1.0665) 0.2302995)
UgU, 20-35 0.8857) 0.1241@38) 14-30 1.0758) 0.2123391)
Uou, 20-35 1.1967) 0.0998841) 14-26 1.3877) 0.2026%119
UsUg 20-35 1.6881) 0.0767845) 14-21 1.86117) 0.19656186)
SqUq 20-35 0.5847) 0.1589237) 14-35 1.17%7) 0.2301270)
SqUs 20-35 0.6950) 0.1499739) 14-33 1.0254) 0.22575%78)
SqU3 20-35 0.8154) 0.1430743) 14-30 0.7850) 0.2233692)
SoUq 20-35 0.681) 0.1447937) 14-33 1.2(68) 0.2221376)
S,oUs 20-35 0.8064) 0.1350239) 14-31 0.9152 0.2179485)
SoUg 20-35 0.987) 0.1273643) 14-28 0.9159) 0.21527100
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TABLE VII. Same as Table VI for octet baryons.
B=5.90
3-like A-like
Range X2/ Nyt Mass Range X2/ Nyt Mass
$15151 5-22 0.4735) 0.784312)
$55,S 5-21 0.4835) 0.726713)
UqUqUq 5-18 0.4136) 0.657215)
U,U,U, 5-15 0.4444) 0.604818)
UgUsUs 5-12 0.2846) 0.571927)
u,uqS; 5-19 0.3533) 0.708214) 5-20 0.5139) 0.695214)
UoU5Sy 5-17 0.3435) 0.680815) 5-18 0.5%42) 0.658815)
U3U3S; 5-16 0.2631) 0.666417) 5-15 0.70498) 0.636119)
S1S1U; 5-21 0.4936) 0.739113) 5-20 0.4034) 0.748813)
S1S1U, 5-20 0.6341) 0.722313) 5-19 0.3734) 0.736614)
S1S1U3 5-19 0.7647) 0.713414) 5-19 0.45%37) 0.730314)
UiUsS, 5-19 0.4035) 0.684914) 5-19 0.5139 0.677414)
UsU,S, 5-17 0.3%36) 0.656416) 5-17 0.5042) 0.640216)
U3UsS, 5-15 0.2835) 0.641119) 5-14 0.4844) 0.617519)
S»SoU4q 5-20 0.4%36) 0.701114) 5-19 0.3734) 0.707514)
S,S,Us 5-19 0.5841) 0.683114) 5-19 0.3834) 0.694814)
S,SoUs 5-18 0.5843) 0.673415) 5-18 0.4036) 0.688215)
£=6.10
$15151 7-28 1.0647) 0.589210)
$,5,S, 7-26 0.8644) 0.538311)
uqU U, 7-23 0.6944) 0.483112)
UsUsUsy 7-19 0.7756) 0.442115)
UzUzU3 7-16 0.6661) 0.417919)
UjU;S; 7-24 0.6240) 0.525511) 7-25 0.9848) 0.515@11)
UsUySy 7-21 0.6948) 0.504313) 7-23 0.7%46) 0.485513)
U3U3S; 7-19 0.8258) 0.493314) 7-20 0.7654) 0.468515)
S1S1U4 7-26 0.9145) 0.551510) 7-26 0.8¥43 0.559411)
S1S1U, 7-25 1.0449) 0.538411) 7-25 0.7241) 0.549711)
S1S1U3 7-25 1.1251) 0.531511) 7-24 0.5638) 0.544812)
u,usS; 7-24 0.6240) 0.505Q12) 7-24 0.6942) 0.498912)
U,UsS, 7-21 0.69498) 0.482813) 7-22 0.7648) 0.469413)
U3U3S; 7-19 0.7857) 0.471215) 7-19 0.7155) 0.452315)
S,S,U; 7-25 0.9%47) 0.518111) 7-25 0.8243) 0.523111)
S,SoU, 7-24 0.7844) 0.503412) 7-24 0.5839) 0.512812)
S»SoUs 7-23 0.7846) 0.495712) 7-23 0.5439) 0.507912)
B=6.25
$15,S; 8-34 1.5452) 0.492G8)
555,55 8-32 1.4%55) 0.45539)
UgUqUq 8-28 1.7163) 0.406911)
UsUyUy 8-24 1.5767) 0.369413)
U3U3Us 8-20 1.1467) 0.345116)
UiUqSy 8-29 1.6%61) 0.440710) 8-30 1.6461) 0.431910)
UoU,S; 8-26 1.5062) 0.420812) 8-28 1.5962) 0.405@11)
U3U3S; 8-24 1.5067) 0.409313) 8-25 1.4163) 0.387512)
S1S1U4 8-32 1.5057) 0.46119) 8-32 1.4153) 0.46789)
S1S1U5 8-31 1.5659) 0.4485%10) 8-30 1.5757) 0.458810)
S1S1U3 8-30 1.5159) 0.440810) 8-28 1.7162) 0.453810)
UiUsS, 8-29 1.6761) 0.426210) 8-29 1.6963) 0.420710)
U,U,S, 8-26 1.5062) 0.405612) 8-27 1.6364) 0.393711))
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TABLE VII. (Continued.

B=6.25
3-like A-like
Range X2/ Ny Mass Range X2/ Ny Mass
UsUsS, 8-23 1.5771) 0.393613) 8-24 1.4466) 0.375913)
$,5,U; 8-31 1.5%58) 0.437410) 8-30 1.5859) 0.441910)
S,SoU, 8-29 1.6663) 0.423910) 8-28 1.7%63) 0.432811)
S,SoUs 8-28 1.5662) 0.415711) 8-27 1.7265) 0.427%11)
B=6.47
$15,S, 10-32 0.9260) 0.372410)
$,5,5, 10-30 0.9852) 0.343111)
uqU U, 10-25 1.1982) 0.301114)
UsUsUy 10-21 1.1836) 0.2787117)
UsUsUs 10-17 1.3810)) 0.259723)
u,uqS; 10-28 0.9766) 0.330012) 10-28 1.0771) 0.322312
UpUySy 10-25 1.067) 0.318414) 10-25 1.2684) 0.305914)
U3Us3S; 10-22 1.0472) 0.310817) 10-21 1.4994) 0.292917)
S1S1U4 10-30 0.9162 0.347111) 10-30 0.889) 0.352511)
S1S1U, 10-29 0.9664) 0.339711) 10-29 0.90698 0.347312
S1S1U3 10-28 0.9%65) 0.334042) 10-27 0.9%9 0.344Q13)
ULUsS, 10-27 1.0671) 0.318113) 10-27 1.1276) 0.313113)
UoUsS, 10-24 1.1476) 0.306d15) 10-24 1.3187) 0.296515)
U3U3S; 10-21 1.0077) 0.2978198) 10-20 1.4%97) 0.283718)
S,SoHUq 10-29 1.0067) 0.327712) 10-29 0.9664) 0.331612
$,5,Us 10-27 1.1075) 0.319513) 10-27 1.0266) 0.326213)
S,S,U3 10-26 1.1179 0.313114) 10-25 1.0467) 0.322714)

The constantyg, in Eq. (28) represents the coefficient of the Assuming thats and aq as well as quark masses are small,
kinetic term of the flavor-singlet meson field, which is sub-we expect
leading in terms of M.. The mass formula also contains a

scaleA , of O(1) GeV. The parameters such dseg, and y=1+ox+ayz+0(m? 5%, (3D
A, may differ in quenched QCD from those in the full
theory. where
In order to see whether pseudoscalar mass data exhibit the
presence of the logarithmic terms, we investigate the ratio B agpA?
m%sylzl(mlJr m,) as a function ofn;+m,. We use the AWI XX 12252 (32

guark mass rather than the VWI mass to avoid uncertainties
due to the necessity of choosirg, which in turn depends and the parameters
on details of the chiral extrapolations. Another important

point with the use of the AWI quark mass is that it is free m;+m, [m,
from chiral singularities which cancel between the numerator x=2+ m, +m, (m_l) ’ (33
and the denominator in E¢23) [25,26].
In Fig. 23, we plotmﬁ,Slzl(mpL m,) as a function of gnd
m;+m,. The AWI quark mass is converted to renormalized
values in theMS scheme at the scale 2 Gé&skee Sec. VI, _1(2mm, My
and the ratio is translated to physical units. This enables us to =A ( m,—m, In m My mZ) (34)

compare the results at different values @fwith the same
scale of the figure. We find a clear increase of the ratio torepresent terms dd(m, In m,) andO(mfII Inmy) in Eq. (28).

wards the chiral limit at all values @8 as expected from Eq. We ploty as a function ofx in Fig. 24, with numerical
(28). values listed in Table X. The points fall within a narrow
In order to make a more quantitative analysis, we considefidge limited by two linesy~1+ (0.08—0.12%x. A one-
the ratio defined by parameter fit ignoringryz and higher-order terms yields
P Tp— om,  m2 =0.10-0.12 dependi_ng o8 as listed in Table XI. .
y= 1 ;’312 2 ;’312_ (30) A two-parameter fit keeping theyz term requires the
My+ My Mpg gy M+ My Mpg)y value of A. We estimateA~ 3 GeV for all 8 values from data
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TABLE VIII. Same as Table VI for decuplet baryons.

B=5.90 B=6.10
Range X3 Ny Mass Range X% N Mass

$15,5; 5-18 0.4137) 0.861317) 7-23 0.8849) 0.648313)
S,S,S 5-16 0.3839) 0.817318) 7-21 0.7149 0.609614)
UyUpUy 5-14 0.5955) 0.771522) 7-18 1.1269) 0.574617)
U, U 5-12 0.9681) 0.742325) 7-15 1.1280) 0.552320)
UsU3Us 5-11 0.9992) 0.728128) 7-14 1.1186) 0.540823)
UyUsS; 5-15 0.4043 0.800320) 7-19 0.8056) 0.598316)
UoUsSy 5-14 0.4850) 0.780522) 7-18 1.1870) 0.583@17)
U3UsS; 5-13 0.4853) 0.770923 7-17 1.2%77) 0.575619)
$1S,U; 5-17 0.3%36) 0.830818) 7-21 0.7849) 0.622914)
S1S1U, 5-16 0.3%37) 0.820819) 7-20 0.7451) 0.615315)
S1S1U3 5-15 0.3439) 0.815720) 7-19 0.7855) 0.611616)
u,usS, 5-15 0.49498) 0.785621) 7-19 0.87598) 0.585316)
U,U,S, 5-14 0.6257) 0.765823) 7-17 1.2876) 0.570118)
U3UsS, 5-13 0.6160) 0.756124) 7-16 0.8364) 0.5627119)
S,SoU4 5-16 0.4342) 0.801419) 7-20 0.7%52) 0.597415)
S,SoU, 5-15 0.4445) 0.791220) 7-19 0.8%57) 0.589716)
S,S,Us3 5-14 0.4649) 0.786221) 7-18 0.9764) 0.5854917)

B=6.25 B=6.47
S1S1S1 8-27 1.0850) 0.540811) 10-29 0.8754) 0.413315)
55,5, 8-25 1.2058) 0.512412) 10-27 0.8856) 0.391317)
Uy U Uy 8-21 1.5176) 0.479515) 10-22 0.6657) 0.363921)
UoUsUs, 8-19 1.4481) 0.457318) 10-20 0.7267) 0.351424)
U3U3Us3 8-17 0.8669) 0.445520) 10-17 1.16101) 0.343529)
u,uqsS; 8-23 1.3%66) 0.499113) 10-26 0.8456) 0.380418)
UoU,S; 8-21 1.4776) 0.484215) 10-24 0.7062) 0.371520)
U3U3S; 8-20 1.2975) 0.476016) 10-22 0.7157) 0.366122)
S1S1U4 8-25 1.1958) 0.519812) 10-28 0.97%57) 0.397@17)
15U 8-24 1.2962) 0.512313) 10-27 0.9755) 0.393217)
S,S;Us3 8-23 1.2965) 0.50813) 10-26 0.9257) 0.390618)
u,usS; 8-22 1.4%71) 0.489714) 10-25 0.9%59) 0.373@19)
UoU,S) 8-21 1.4676) 0.474715) 10-23 0.7757) 0.364G21)
U3U3S; 8-19 1.3680) 0.466617) 10-21 0.7461) 0.359G23)
S,SoU4 8-24 1.3863) 0.501Q13) 10-26 0.8156) 0.381818)
S,5,Us 8-23 1.3%67) 0.493314) 10-25 0.9459) 0.378018)
S,SoU3 8-22 1.3771) 0.489214) 10-24 0.6%52) 0.374620)
at mps/my=0.75 and 0.7, assumingids=2Am,. Setting Miar, 2y
f=132 MeV, we obtains and aq, given in the right column Yo©rZ T, (35)
of Table XI. For the two finer lattices 88=6.25 and 6.47, Ps11 T T2
ag IS consistent with zero ané~0.1. At the coarser lattices . )
the values ofwg, and 6 are not stable. as a function ok, defined by

Further data are needed to pin down precise value$ of

and aq . We consider that results at finer lattices, closer to Xo=1+ Lm(%) (36)
the continuum limit, are more reliable and take 0.10(2) mp—mp My

and aq,=0 as our best estimates.

The ratio test for the existence of quenched logarithmThe relationy,= 1+ 6X, follows if we ignoreO(mg) termin
terms was originally proposed in R¢&], in which one plots  Eq. (28). As shown in Fig. 25, howeveg, systematically
Yo defined by varies with quark masses, suggesting a contribution from the
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0.092 - , . - , cay constant for the flavor combinatidf) g). In Ref. [27],
the ratio
0.091 |
f2
0.090 | {H ] Y= (37)
f1if2
0.089 r
0.088 | : : : : : was shown to satisfy the relation
0.043 |
é
0.042 | yi=1— 7% (38
0.041 | |
0.040 : , : : , with x defined by Eq(33), whereay, is set to zero. Values of
y; are listed in Table X, and the ratio test with E§7) is
0.017 r * * } H:H:H:F",‘““:H:H:H * *— summarized in Fig. 26. We find~0.08—-0.16, in agreement
0.016 i T | ] with the value from the mass ratio analysis.
0.015 ¢ { il C. Pseudoscalar meson mass fit
0.014 ' ' . , ' The parameted is estimated also by fitting pseudoscalar
0 5 10 15 20 25

meson mass data to E@®8) assuminga4=_0 for all 8. The
AWI quark mass introduces errors into the fit variable.
FIG. 21. Effective mass plots for twice the AWI quark mass, Therefore the VWI quark masmVW'(o)—(llk 1/k)l2 is

t

2m{"'(©) | at =5.90 for the degenerate cases, corresponding t@mployed, takingc. as a parameter We carry out fully cor-

Mps/my~0.75 (top), 0.6 (middle), and 0.4(bottom). related fits described in Appendix D, independently for de-
generate and nondegenerate cases.

O(mj) term. The double ratio defined by E¢BO) is de- A noticeable property of the @T formula, Eq.(28), is

signed to cancel th@(mj) terms and, hence, is more effec- that A s, and A, cannot be determined simultaneously be-

tive to observe the quenched singularity. cause the three conditions to minimig&are not mathemati-
cally independent. A possible method is to fik,

B. Ratio test of pseudoscalar meson decay constant —2A2/A2 Values ofA and 5depend on the choice df, ,

Quenched chiral singularities are also expected in mesowhile « andB as well asy? and the fit curve, are indepen-
decay constant7]. Let f¢, be the pseudoscalar meson de-dent. We considef, =4, 8, 16, and 32, which correspond to
A,~1.32, 1.00, 0.76, and 0.57 GeV, respectivedge Table

0.0470 X11).! This range ofA, contains a natural scale for chiral
perturbation theory\,=m, or 1 GeV.
0.0465 | HH *H{Iﬂ JH The results are summarized in Table XlIl. The valuesof
ode- bt be s Lt A . i o . '
£ 'T“{IEIHJ”T SFotE ”‘ﬁ%!"“ is stable against a variation d¢f, and 8 and is consistent
0.0460 | 1| i within 2o with our estimate 0.1@) from the mass ratio test.
0.0455 . |l bttt D. Comparison with other results for &

_ . | H H The value of § has recently been estimated by other
0.0200 | | ﬂ T T groups. The FNAL group reported= 0.065(13)[28] using

the clover quark action, and the QCDSF Collaboration ob-
0.0195 | || ] tained 6~0.14(2) [29] with a nonperturbatively improved
| clover action. These estimates are consistent with ours.
0.0190 — It has been pointed out in R4BO0] that thex-y correlation

seen in Fig. 24 may be reproduced with a small
~0.03-0.07, ifag,~0.5. Our data for larggs, however, do
0.0075 ¢ {u“] I_L*_ J, l“. i, hll“ not seem to be compatible with such a largg.

0.0070 | H” e { ﬂ] i j‘{f' )
These values of\, in physical units are computed usi#gde-
0.00650 5 10 15 20 25 30 35 40 45 50 55 termined by a degenerate fit @=5.90. We confirm that thes
t dependence oA is very weak if translated into physical units and
that degenerate and nondegenerate fits lead tmnsistent with
FIG. 22. Same as Fig. 21 @&=6.47. each other.
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TABLE IX. Bare AWI quark massesi;"'(” obtained at the simulation points. Herengis a short-cut
notation form, + Mg, The fit rang€d tin tmax IS also given.

8=5.90 =6.10 B=6.25 B=6.47

k1, Range  2miV(© Range 2m{"©®  Range 2m{"©®  Range 2m{"(©

S1S1 8-25 0.09066B2) 10-32 0.06970b6) 10-39 0.06067@8 10-53 0.04624E6)
S5S) 8-25 0.06755¢’7) 10-32 0.05012%3) 10-39 0.04667@7) 10-53 0.03494@4)
uu; 8-25 0.04237@F2 10-32 0.03097(600 10-39 0.02945@4) 10-53 0.02008A41)
u,u, 8-25 0.02584(r4) 10-32 0.01836%0 10-39 0.01759@2) 10-53 0.01275389)
usuz3 8-25 0.01695@01) 10-32 0.01182@8) 10-39 0.01077A4) 10-53 0.0072530)
sju;  8-25 0.06630&48 10-32 0.05020%4) 10-39 0.0449827) 10-53 0.033105)
Siu, 8-25 0.05795I’8) 10-32 0.04382%4) 10-39 0.0389786) 10-53 0.0293924)
sju3  8-25 0.0537282) 10-32 0.0406166) 10-39 0.0355547) 10-53 0.02661@15)
Sp,u; 8-25  0.05491r5 10-32 0.04051%2) 10-39 0.03804@6) 10-53 0.02749813)
Sou,  8-25 0.04661@75 10-32 0.03418%2) 10-39 0.03206@5 10-53 0.0238023)
S,u; 8-25  0.0423949) 10-32 0.03097&4) 10-39 0.0286545 10-53 0.02103@3)

E. Vector meson and baryon masses VI. HADRON MASS SPECTRUM

QxPT predicts singularities of the formO(mpg) A. Chiral fits
~0(\/mg) for vector mesons and baryori47,18. Ratio

tests similar to those for the pseudoscalar mesons indicaBaeen described in Sec. V C and are shown in Figs, 2(a)

that the coefficient of th©(mpg) term is nonvanishing for : . .
both vector mesons and baryons. It is difficult, however, toga)’ and 43 with parameters summarized in Table XiI

Chiral fits of the pseudoscalar meson mass have already

. . - . omparisons of various fit functions for pseudoscalar meson
reliably estimate the coefficients from the ratios because o b P

. . asses are given in Appendix E.
large errors. Direct fits of mass data to thgRJ formula are 9 PP

e . For vector mesons and baryons, we choose the pseudo-
also difficult as they are not very stable. While our data ar&.ajar meson mass as the variable to represent the quark

conss}ent with QPT, statistics and the'range of the quarkmaSS dependence. For vector mesons we dddpt
mass in our study do not allow conclusive results. Our tests

of the QyPT mass formulas for these cases are described in C.,[3 m3.—m3
Appendix F. My 1= Mo+ L e (mqg+my,) +2 32—21

25" ' | | ' [5=5.§0 1 C1 - 2
S a3t 1 _ ,
> wheremyg is the pseudoscalar meson mass with the quark

21 = = = f = flavor combinatior(f, g). The coefficieniC,,, is proportional
<257 p=6.10 1 to &, while theC, term is present in ordinaryPT. For octet
8 2 | l\‘\.wq__, ] baryons, we employ18]
> 1.00 . . :

21 t } f ' }

25 = 1
< 5 B=6.25
8 l\'\a._‘
237 * 7 098 | .

2.1 : : : ' . 8=0.08 3
—~ 25} =6.47 1
2 B > 006 | ® B=5.90
g 23 I ‘\l\il—ﬁ—-lh—m—w—'————' ’ ' <>B=610
> AB=6.25

21 - . : . s 8=0.12 v B=6.47

0.00 0.05 0.10 0.15 0.20 0.25
X (GeV) 0.94
AWI

.. . 2 . . L n L
F/lv(a. 23. Deviations f_rom the Fh!ral riﬁt'oﬁjm%u/(_ml 06 05 -04 03 -0z —o1
+m; ") =const. The horizontal axis s=m7" +m;" . Solid and X
open symbols represent degenerate and nondegenerate quark mass
cases, respectively. The error from the lattice spacing is not in- FIG. 24. Test of quenched chiral logarithms for pseudoscalar

cluded. meson masses.
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TABLE X. Values ofx, y, andy; used in the ratio tests fcmés andfps.

PHYSICAL REVIEW B7, 034503 (2003

B=5.90
K1K2 X y Yi
SqUq —0.0955124) 0.98835%38) 1.0040859)
iU, —0.2559487) 0.974912) 1.012217)
SqU3 —0.448@59) 0.955862) 1.031380)
SoUq —0.0361310) 0.9960217) 1.0016624)
S,Us, —0.1516160) 0.9871084) 1.007612)
S,Us —0.308950) 0.972557) 1.024975)
B=6.10
K1K2 X y Vi
SqUq —0.1084325) 0.98764598) 1.0036982)
S1Us —0.2880990) 0.9718198) 1.012825)
S1U3 —0.498829) 0.955362) 1.034675)
SoUq —0.03845%10) 0.9958924) 1.0015831)
U, —0.1652861) 0.985213) 1.008617)
SoUs —0.336a23) 0.972558) 1.028466)
B=6.25
K1K2 X y Yi
SqUq —0.0862819) 0.9898653) 1.0023270)
SqU, —0.24925%69) 0.971216) 1.009421)
S —0.474619) 0.945634) 1.024347)
SV —0.0351810) 0.9958324) 1.0011630)
S,Us —0.1562749) 0.981712) 1.006814)
S,oUg —0.345915) 0.959929) 1.0201398)
B=6.47
K1K2 X y Yi
SqUq —0.1145832) 0.987@15) 1.005417)
S1Uy —0.2692495) 0.969937) 1.0145%43)
S1U3 —0.541727) 0.940281) 1.033699)
SoUq —0.0508616) 0.9941475) 1.0027283)
S,oUp —0.1666067) 0.980826) 1.009630)
SoU3 —0.396123) 0.954869) 1.026282)
_ o, 1 2 2 2 2
ms =mgq+ §{4F Wyy—4(D—F)Fw,q+ (D —F)*wsg —4bem? ,+2(bp — bg) mZ
+(2D?/3—2F?)v,,+ (2D%/3— 4DF + 2F?)v 4, (40)

1
my=mg+ E{(4D/3— 2F)2Wy+ (D/3+ F)?wge— 2(4D/3— 2F ) (D/3+ F)Wyq} + 4(2bp/3— be)m?,,

—2(bp/3+bg)m2+ (2D?/9— 8DF/3+ 2F?)v ,y+ (10D%/9— 4DF/3— 2F?)v g, (41)

for X-type and A-type cases. For decuplets, the formulaHere,

reads
3 3
m:—m
, 5H? Wio=—2m6—p——32, (43)
Mp=mp+ 162(4Wuu+4wud+wss) mff_mgg
3
c? Mg,

+ g (Wuu— 2Wya+ Wsg +C(2mi,+mSy), (42 (44)
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TABLE XI. Values of § and aq, from the fit (31).

One-parameter fit Two-parameter fit
y=1+ 6x y=1+ox+ axz
B o X*INgt o ay ag X*INgt
5.90 0.1065) 7.0 0.01612) 2.6929 0.596) 0.61
6.10 0.10%6) 2.2 0.04221) 1.8855) 0.4012) 0.12
6.25 0.1177) 0.1 0.11215) 0.14(36) 0.038) 0.03
6.47 0.11813) 0.0 0.11333) 0.01(88) 0.0019) 0.02

TheO(m3) terms are not included in E¢39) for vector  contradicts the data that show a negative curvatcoavex
mesons and in Eq(42) for decuplet baryons. The octet- function in Figs. 1c), 2(c), 3(c), and 4c). Therefore we
decuplet coupling terms are also ignored in E@¥) and include O(mi‘,s) terms for octet baryons. The coefficient of
(41) for octet baryons. These choices are made because fio(m3¢) terms is affected by the choice @fand aq. We
ting parameters are not well determined if these terms argtudy the effect of the uncertainty éfand g, on the result-
introduced(see Appendix F and the dropped terms have ing octet masses by varyingfrom 0.08 to 0.12 and, from
small effects for the spectrum. Fittings with and without —0.7 to+0.7. The change ofin this range results in a 0.4%
them are compared in Fig. 27 for degenerate mass¢b at (1.30) difference at finite lattice spacings and 0.39630) in
=5.90. The two types of fittings reproduce the data equallithe continuum limit. The change af,, leads to differences
well. The difference remains small at the physical point, aiof 2.9% (4.70) and 2.2%(1.40), respectively. We also fik
most 5%(5 o) at finite lattice spacings and at most 1.2% =f_=132 MeV. Changind to f =226 MeV affects octet
(1.30) after the continuum extrapolation. baryon masses by at most &.5t finite lattice spacings and

We set6=0.1 andaq =0 as suggested from the pseudo- by 0.5 in the continuum limit. Artifacts of fixing these pa-
scalar case. These choices do not affect the fits for vectaameters are sufficiently small at least in the continuum limit.
mesons and decuplet baryons: a nonvanishiggleads to Fits are made to degenerate and nondegenerate data to-
the O(mg,) effect, which is not included in the fit function, gether. Because the size of the covariance matrix becomes
and a change of is absorbed by a redefinition of the param- too large and the matrix elements cannot be determined reli-

eters. ably, we do not include correlations among different quark
For the nucleon mass, droppiﬁ;{m%s) terms in Eq.(40) masses.
would lead to a positive curvatufeoncave functiopy which Fits for vector mesons and baryons are shown in Figs.

TABLE XII. Parameters from QPT chiral fit (28) with a4 =0 for pseudoscalar meson masses.

Degenerate fit

B=5.90 B=6.10 B=6.25 B=6.47
K¢ 0.159831868) 0.154990855) 0.152535%69) 0.149804979)
A [lattice] 1.112739) 0.878442) 0.739667) 0.586285)
A[GeV] 2.15219 2.23122) 2.27131) 2.32259)
) 0.106145) 0.081568) 0.059896) 0.07920)
B 1.01229) 1.09647) 1.08855) 1.4215)
AX [GeV] 0.7617) 0.7898) 0.80311) 0.82121)
Nondegenerate fit withx;=s;
5=5.90 5=6.10 B=6.25 B=6.47
A [lattice] 1.116149) 0.874@49) 0.733962) 0.577190)
A[GeV] 2.15820) 2.22Q023 2.25430) 2.286598)
1) 0.094357) 0.081362 0.077489) 0.09024)
B 0.89351) 1.121(55) 1.28566) 1.6221)
Nondegenerate fit withx;=s,
B=5.90 5=6.10 B=6.25 B=6.47
A [lattice] 1.117754) 0.873155) 0.731265) 0.573196)
A[GeV] 2.16120 2.21823 2.24630) 2.27059)
) 0.098@63) 0.082764) 0.081599) 0.10125)
B 0.90666) 1.14365) 1.36Q079) 1.7824)
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TABLE XIIl. Values of § obtained from ratio tests fampg and fp5 and Q¢PT chiral fits. DG denotes
degenerate fit and NB, nondegenerate fits with one &fbeing fixed tos; .

B=5.90 B=6.10 B=6.25 B=6.47
Ratio
Mps 0.1085) 0.1036) 0.1177) 0.11313)
fps 0.09513) 0.091(17) 0.07917) 0.11432)
Fit 2A%IA2
DG 4 0.1224) 0.0915) 0.06511) 0.0889)
DG 8 0.1145) 0.0868) 0.06210) 0.08323)
DG 16 0.1065) 0.0827) 0.06010) 0.07920)
DG 32 0.1004) 0.0776) 0.0589) 0.07519)
ND,s, 16 0.0946) 0.081(6) 0.0779) 0.09024)
ND,s, 16 0.0986) 0.0836) 0.08210) 0.10125)

1-4. Parameters are summarized in Table XIV for vecto(A-like baryon consisting of two quarks witing and a light
mesons, in Table XV for octet baryons, and in Table XVI for quark withm,q), andNs (octet baryon consisting of three
decuplet baryons. As we see in the figures and tablg®TQ quarks withm). Hadron masses translated to physical units

fits reproduce the data at g8l

B. Hadron masses at the physical point

The extrapolation and interpolation to the physical point
are made as follows. For the case of thg input, we deter-
mine Mpg(k,q,S1) and mpg(x,q,S,) from nondegenerate
fits to pseudoscalar mesons and interpolate them linearly i
terms of thes quark mass so thahpg«,q4,ks) takes the
experimental value ofn, . For them, input, we first deter-
mine the massng, of the degenerate pseudoscalar meson
consisting of two strange quarks from the vector meson mas,
fit and evaluatex;. We then make a linear interpolation of
Mps(kud,S1) and Mpg(kyq,Sz) to find my=mpg(kyqg,ks)
=m,s. Values ofmy,, mgs, andm,s then lead to the pre-

dictions for other hadron masses.

Hadron masses in lattice units are listed in Table XVII.
We include results for fictitious hadrons such ags*ss”
(pseudoscalar meson consisting of two strange quafks

1.02

1.00 ¢

098

Yo

096 -

0.94 |

0.92

FIG. 25. Ratio test proposed in Réb]. Data at3=5.90 are

-15 -1.0

0.0

0.5 1.0

connected to the poin©.0, 1.0 to guide the eyes.

are compiled in Table XVIII.
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C. Continuum extrapolation

For our lattice actions scaling violation is given by
m(a)=m(0)[1+Sa+(S'a)’+0(a%)]. (45)

p|adron mass data in Fig. 5 are fitted well without ®&a?)
and higher-order termsy€/Ng<1.6). Hadron masses in the
continuum limit are given in Table IV. Statistical errors are
bout 1%—3%. Table XIX list§ of the terms linear ia. The
for baryons are larger than those for mesons. Lighter bary-
ons have larger values &for both octet and decuplet. The
nucleon has the largeStof about 280 MeV, with which the
scaling violationSais about 10% in the middle of our range
of lattice spacinga=0.075 fm.

A fit retaining a quadratic term leads ®and S’ ill de-
termined with the magnitude of errors comparable to the
central values. The masses in the continuum limit have large

8=0.16

LN

® =5.90
< B=6.10
AB=6.25
v Bp=6.47

N

N
ey

-0.50 -0.40 -030 -0.20 -0.10 0.00

X

FIG. 26. Ratio test of quenched chiral logarithms for pseudo-
scalar meson decay constants.
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TABLE XIV. Parameters from the &PT fit (39) for vector me- TABLE XV. Parameters from the &PT fit, Egs.(40) and(41),
son masses. for octet baryon masse€.;,,= — (376/2)(D—3F)? is the coefffi-
cient of thempglinear term in the degenerate mass formula.

B=590 p=6.10 B=625 p=6.47

=5.90 =6.10 =6.25 =6.47
¥ Ny 0.40 0.07 0.08 0.72 p h P P

md (lattice)  0.396949) 0.303G38) 0.250240) 0.196659)  x*/Ng 0.42 0.60 0.73 0.10
md (GeV)  0.767%32 0.769533) 0.768442 0.778985  mQ (lattice 0.514129) 0.377425) 0.307520) 0.235333
C, (lattice  0.91938) 1.25954) 1.49679) 2.2722) My (GeV)  0.994184) 0.958581) 0.94510) 0.93219
C, (GeV'l) 0.47523 049525 0.48730) 0.57466) b (lattice —0.53427) —0.69636) —0.82337) —0.9712)
Cup —-0.05827) —0.07928) —0.06535) —0.15572) bg (GeV'}) —0.27614) —0.27414) —0.26813) —0.24530)
bp (lattice ~ 0.03413) 0.05217) 0.07420) 0.15960)
bp (Gev'})  0.0187)  0.02q7)  0.0236) 0.04Q15)

errors of 13%, which are 5 times those from the linear exf 0.33414)  0.32614 031513  0.2993)
trapolation. Within these errors, the continuum results fronP 0.48413  0.47315 045013  0.46728
the quadratic fit are consistent with those of the linear oneCu2 —0.12615 -0.12015 -0.11613) -0.08430)
With only four points of lattice spacings, we are not able to

test effects of higher-order terms further. E. Systematic error and final results

We therefore estimate the systematic errors from the
2 i -
gi(titi)ntegT%%ﬂg?gﬁ:;ﬁ?\gﬁi :fril:;nigt;r:a?gg isnuttr)ﬂs mated by adding in quadrature the error from continuum
ga=>u. ) _extrapolation[“ O(a?) error” in Table XX], that from chiral

way normalized by the central \Z/alues a:re summarlz_ed Iréxtrapolations(“chiral fit error” in the table), and a 0.6%
Table XX under the column O(a) error.” We find their ..o for finite-size effects.

magnitude to be quite small. Even for the nucleon with the o, final results for the quenched light hadron spectrum

largest scaling violation, th®(a®) error is about 1%. Thus, including the systematic error are summarized in Fig. 6 and
unlessS’ is unduly largeO(a?) systematic errors would not Taple IV.

exceed a percent level. This is much smaller than the devia-
tion between the calculated quenched spectrum and experi- F. Comparison with previous results
ment.

The total systematic error for the mass spectrum is esti-

1. Meson hyperfine splitting

The GF11 Collaboratio3] calculated hadron masses
D. Results from polynomial chiral fits with the my input using lattices with.;a~2.3 fm. The chi-

Polynomial chiral fits are carried out to degenerate and@l and continuum extrapolations are made with a linear
nondegenerate data separately, fully incorporating the corrdorm. Based on a finite-size study #=5.7 with L.a
lation among different quark masses. We employ quadratié®2-3 fm (Ls=16) and~3.4 fm (L= 24), they corrected the
polynomials in terms of the VWI quark mass, except a Cubiccontmuum' result; _for finite-size effecits.. They.cla|mec.i that
polynomial for degenerate octet baryons. The fitting proce:[he h)_/perflne splitting betweei andK® is consistent with
dure is described in Appendix D. The fits are plotted in Figs.eXpe”ment'
1-4 by dashed lines. Hadron masses at the physical points 1 gg

are listed in Table XXI. 0.72
Extrapolating the results to the continuum limit, hadron 070 | £-------- A
masses from polynomial chiral fits are also fitted well by 0.80 | 0.68 /~//:
linear functions ina with xy2/Ng=<1.7. The continuum ex- " //
trapolation is shown in Fig. 5 by dashed lines. Masses in the
continuum limit are given in Table XXII. 0.60 | Vﬂ» ¥
At the four B values, the difference in hadron masses at N 0'49 i ]
the physical point between thex®T fit and the polynomial /
fit is at most 3%. In the continuum limit the differences are 0.40 0.42
within 1.5% (1.60), as listed in the column “chiral fit error” T B
in Table XX. This difference is sufficiently small so that it 0.38
does not alter the pattern of deviation between the quenched 0.20 0.00 0.05 0.10 015
spectrum calculated with @PT chiral extrapolation and the ) ) - ) )

experimental spectrum as shown in Fig. 28.
FIG. 27. Degenerate hadron masse:m%g at 3=5.9. The left-
most points are values extrapolated to the chiral limit, and the sec-
2For an estimate o', we fit deviations ofn(a) from the linear  ond ones from the left are those at the physical point. Fits from two
fit using a pure quadratic function @ This method givess’ of types of chiral extrapolations based oryRY are shown. See text
O(50 MeV) with an error ofO(100 MeV). for details.
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TABLE XVI. Parameters from the §PT fit (42) for decuplet
baryon masses.Cy,=—(57/6)H? is the coefficient of the

mpglinear term in the degenerate mass formula. K input
B=5.90 B=6.10 B=6.25 B=6.47
B=5.90 B=6.10 B=6.25  [=6.47
ke 0.159831%68) 0.154990855) 0.152535869) 0.149804979)
X*INgs 0.03 0.03 0.03 0.04 4 0.159744963) 0.154927447) 0.152483457) 0.149768765)
mp (lattice  0.714464) 0.530152) 0.430948) 0.339087) ks 0.15710449) 0.15310833) 0.15105633) 0.14873049)
mp (GeV) 138115  1.34614)  1.32317) 1.34336) m 0.0698258) 0.0531%45) 0.0439648)  0.0340869)
c (lattice) 0.48316) 0.63027) 0.73531) 1.028110 p 0.397433  0.302526)  0.250227)  0.194Q38)
c(GevY 0.2509)  0.24811) 0.23911) 0.25929) K  0.257422) 0.195917)  0.162118  0.125625)
H? 0.6513) 0.5515) 0.3915)  0.7040) K* 0.442723  0.337618  0.279719  0.215G27)
c? —0.4926) —0.42300 -—0.7528  0.8979 ns 0.351G32  0.270124)  0.224G26)  0.174G41)
Cup —0.16933) —0.14539) —0.10%40 —0.1810 ¢ 0.489921) 0.374517)  0.310618)  0.238427)
N  0.520232)  0.382427) 0.311721) 0.239135)
A 0.709646)  0.527737) 0.430835) 0.3363598)
A 0.584@30) 0.434G24) 0.354321) 0.271333)
S 0.629431)  0.469127)  0.384125  0.294838)
This differs from our small hyperfine splitting. We com- s+  (.746936)  0.558830) 0.457627) 0.357841)
pare our datasolid symbols and the GF11 dateopen sym- 0698635  0.524130)  0.430830)  0.329545)
b0|S), both with Mg input, in Flg 29. For the GF11 data, the = 0.667135) 0.5001298) 0.409127) 0.314G44)
results from the larger lattice witha~3.4fm are also =+ (788134 05924290 0.487426)  0.379140)
shown(open squargsat a~0.7 GeV !, and the continuum Ne. 0.748640) 0.564132) 0.464434) 0.355452)
estimates before and after the finite-size correction are showry, 0.833336)  0.628729) 0.518929) 0.400345)
ata=0.
We observe that all data fo* and ¢ at finite a are ¢ input
nearly consistent with each other. The difference in the con- B=5.90 B=6.10 B=6.25 B=6.47

tinuum limit is due to a steeper slope of the GF11 data for the

continuum extrapolation, arising from small valuesnaf«

PHYSICAL REVIEW B7, 034503 (2003

TABLE XVII. Hadron masses in lattice units fromy®T fits.

ks 0.156156105 0.15251969) 0.15062170) 0.14839886)

andm, at 3=5.7 on the lattice oL ;a~2.3 fm (the right- K* 0.296341)  0.2231231) 0.183634) 0.143343)
most triangles If we adopted the data from théga K 0.461134) 0.350826) 0.290228) 0.224138)
~3.4 fm lattice (open squargs we would obtain a con- s 0.409261)  0.311Q46) 0.256750) 0.201166)
tinuum value in agreement with our result. 0.527244) ~ 0.401334)  0.331936)  0.257351)
In Ref.[3], the discrepancy betweéna~3.4 and 2.3fm A 0609440  0.452831)  0.3684930)  0.283343)

is considered as finite-size effects. However, since the data a&  0.6620445  0.493G38)  0.403839)  0.310953)
smallera are consistent betwedna~3.0 fm (our dataand ~ ** 0.763942)  0.571135  0.467432  0.366648)
2.3 fm (Ref.[3]), it is not clear whether we can attribute the Ass 0.749060)  0.561247)  0.461853)  0.354267)
difference simply to finite-size effects. The conclusion of the =  0.717861)  0.537248)  0.438751)  0.339171)
GF11 critically depends on their data @t=5.7, for which E* 0.823252  0.617741)  0.507342)  0.396858)
we suspect an underestimation of errors. Ness 0.813472) 0.611856) 0.503463) 0.387883)
Q 0.887667) 0.667751) 0.550255) 0.426775)

2. Nucleon mass

In previous calculations ap~5.7-6.2 with mpg/m,,
=0.5, nucleon masses are significantly higher than experi-

ment at finitea [3,31]. The GF11 claimed agreement with
e_xperiment _after the continuum extrapolation and thg finite- 3. Masses oE* and Q
size correction. In the present study, however, we find the
nucleon mass to bemallerthan the previous estimates even ~ The GF11 reported the masses=f and(} from themy
at finite a. Extrapolating to the continuum limit, we find the input higher than experiment by 3%-5%. In contrast, Fig. 6
nucleon mass to be smaller than experiment by(2% o).  Shows that our masses are smaller than experiment by a simi-
See Fig. 29 where our data and those of the GF11 are contar magnitude.
pared. The origin of these differences can be seen in the top
The origin of our small nucleon mass at a finitdés the  panel in Fig. 29. While the results from the two groups are
negative curvature in &/toward small quark masses, as ob- consistent aa~0.5 GeV'!, the GF11 values at the smallest
served in Figs. 1—4. This trend becomes manifest only when lie far above our continuum extrapolations. As in the case
the quark mass is reduced g 5/my~ 0.4 while sustaining of the meson hyperfine splitting, the continuum extrapola-
statistical precisions. In fact, a linear fit of our data attions of the GF11 data would become closer to ours if the
mps/my=0.5 gives a larger nucleon mass consistent withdata at3=5.7 and at_sa~2.3 fm were replaced with those
the previous results. atL.a~3.4 fm.
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TABLE XVIII. Hadron masses in units of GeV from xPT fits.

K input

Expt. B=5.90 B=6.10 B=6.25 B=6.47

a?! 1.93416) 2.54022) 3.07134) 3.96179)
K* 0.8961 0.856@29) 0.857%30) 0.859140) 0.851671)
Ns 0.678613) 0.686@14) 0.687919) 0.689359)

¢ 1.0194 0.947@43) 0.951244) 0.953858) 0.9445102

N 0.9396 1.006@®7) 0.971283) 0.9574106) 0.9472194

A 1.2320 1.372Q28 1.3404116) 1.3229142 1.3321278

A 1.1157 1.129473) 1.102369) 1.0881898) 1.0746150

p3 1.1926 1.217(65) 1.191566) 1.179782) 1.1676138

>* 1.3837 1.444Q104) 1.419397) 1.4055120 14173215
Ags 1.350960) 1.331264) 1.323275) 1.3052132
=1 1.3149 1.28980) 1.270259) 1.256375) 1.244@q122

B* 1.5318 1.524(®0) 1.504889) 1.495711) 1.5019194)
Nsss 1.447556) 1.432758) 1.425Q70) 1.4077120
0 1.6725 1.611382) 1.597@84) 1.5935106) 1.5858185

¢ input

Expt. B=5.90 B=6.10 B=6.25 B=6.47

K 0.4977 0.573®4) 0.566934) 0.564Q46) 0.567572)

K* 0.8961 0.89171) 0.891@11) 0.891414) 0.887829)
Ns 0.791354) 0.789852) 0.788371) 0.7967109

N 0.9396 1.006@B7) 0.971283) 0.9574106) 0.9472194)

A 1.2320 1.372Q28 1.3404116) 1.3229142 1.3321279

A 1.1157 1.1784498) 1.149246) 1.133155) 11221102

b 1.1926 1.280@®9) 1.252144) 1.240247) 1.231785)

S 1.3837 1.477@7) 1.450681) 1.435799) 1.4523183
Ags 1.448429) 1.425434) 1.418333) 1.403265)
=1 1.3149 1.387@6) 1.364428) 1.347331) 1.343255)

g* 1.5318 1.591656) 1.569057) 1.558@65) 1.57171298
Nsss 1.572927) 1.554@26) 1.5461398) 1.536261)
0 1.6725 1.716R83) 1.695933) 1.689739) 1.690393)

4. Comparison with staggered quark results exists not only at the physical point, but even at heavier

The negative curvature of the nucleon mass has also bediyiark masses for which the discrepancy is statistically more
reported in Ref[6], in which the nucleon mass for the stag- Significant. In Ref[32], the nucleon tg mass ratio off the
gered quark action is calculated down tmpg/m,  Physical quark mass is calculated in the continuum limit,
~0.3—-0.4. However, our resuthy=878(25) MeV in the Using the same method as that explained in Sec. X below.
continuum limit obtained from the Wilson quark action is The ratios for the staggered action are larger than ours by
smaller thanmy=964(35) MeV [6] from the staggered about 8% for the whole range of the quark mésmse Fig. 4
quark action by about 2¢6 in Ref.[32]).

It has been pointed out in R€32] that the difference in The origin of the difference is not explained by finite-size
the Wilson and Kogut-Susskind results for the nucleon massffects since both calculations employ sufficiently large lat-

TABLE XIX. Coefficients Sin units of GeV ofO(a) terms in linear continuum extrapolations of hadron masg&® of the fits are
also shown.

Input K K* ¢ N A 3 E A * B* Q
My S -0.004 —0.018 0278 0208 0.173 0.144 0173 0118 0.083  0.062
X% N 0.47 0.45 0.15 0.01 0.03 0.03 0.36 0.52 0.28 0.03
My S 0.067 0.007 0.278 0.214 0169 0.149 0173 0.120 0.092  0.079
X% Ng 0.35 0.49 0.15 0.13 0.38 1.29 0.36 1.08 1.63 1.02
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TABLE XX. Comparison of statistical erroréStat), estimated Zp={1+[0.448- (4m/12)]ap(1/a)}/uy, (49
0O(a?) effects of continuum extrapolations, and estimated system-
atic errors of chiral extrapolatiorignass difference from €PT and Zp=1—1.0335p(1/a) (50)

polynomial chiral fit3. Deviations of the experimental value from

our final mass prediction are also given. Errors or deviations quotegith Uo=(Up)¥ where(Up) is the plaguette average. For
in perc_ent are relative to the _central valu_es_, of the predicted mas%'yp(lla), we first computexp(q*) according to
those in terms ofr are normalized by statistical errors.

i 4
K input ~In((Up)) = —-ap(q*)[ 1 1.1896%p(q*)], (5)
Stat. O(a?) error Chiral fit error Deviation
K* 1.04% 0.00%, 0.06  0.67%, 0.6% 4.42%, 426 Where g* =3.40184, and use the renormalization group
¢ 1.35% 0.00%, 0.00 1.35%, 1.00 6.54%, 4.8%  equation to two-loop order. The running of the quark mass
N 2.84% 1.12%,0.39 1.05%, 0.3¢  7.01%, 2.4% from u=1/a to 2 GeV is made employing the three-loop
A 2.00% 0.63%, 0.3t 0.24%, 0.1 9.46%, 4.74 renormalization group equatidi37]. We have checked that
S 1.67% 0.43%, 0.26 —0.63%, 0.3 6.80%, 4.0 employing the four-loop equatio[|138] instead of the three-
= 1.40% 0.30%, 0.24 0.88%, 0.63 9.49%, 6.7% Iqqp one has a negligible effect of at most 0.15% andr@tl
A 2.80% 0.43%, 015 -0.38%,0.14 —2.00%, 07z lnitea
>* 2.10% 0.20%, 0.16 —0.54%, 0.26- 1.84%, 0.88
5* 1.76% 0.10%, 0.06  0.29%. 0.16- 4.97%, 2.83 B. Chiral and continuum extrapolations
Q  1.54% 0.06%, 0.0¢ —0.07%, 0.04 7.17%, 4.6% For AWI quark masses, we need to carry out chiral ex-
. trapolation and/or interpolation to the physical point. Poly-
¢ input - - S . .
nomials in 1k are used for this since quenched chiral singu-
K 1.78% 0.06%, 0.04 —1.34%, 0.7 —10.06%, 5.64 larities are abser[25,26. In fact, as shown in Fig. 30, the
K* 0.37% 0.00%, 0.06  0.23%, 0.63 0.84%, 2.2¢  ratio of renormalized quark masses,
A 127% 0.66%, 052 —0.21%,0.1%  5.21%, 4.1% W W
m;""'+m
S 0.96% 0.41%, 0.48 —1.54%, 1.6% 1.41%, 1.4% y= 1 2 (52)
E 058% 0.32%,055 —0.23%,0.4¢  2.06%, 3.5 mM - moW
>* 1.72% 0.21%, 0.12 -0.53%, 0.3 —0.28%, 0.1¢
E* 1.05% 0.12%, 0.2 0.09%, 008  0.99%, 0.94 is flat as a function ok=m"'+m;"', suggesting linear
QO 060% 0.09%, 015 -0.64%, 1.06  1.53%, 2.56  behavior of the AWI quark mass ind/

A comparison ofk, and «;"' wheremj"' vanishes sug-

gests the presence of BT singularity for the pseudoscalar
tices or by the chiral extrapolation since the difference existsneson masmpgand its absence f(mgw' ; see inset plots of
even for heavy quarks. The continuum extrapolation is als®igs. ¥a), 2(a), 3(a), and 4a). The AWI quark massn;,""
improbable as the cause, because masses palcu]ateq at f"Hta‘ined by Eq.(23) should vanish at, since V, on the
B are well reproduced by lowest-order scaling violation of AWI
O(a) for our Wilson results andD(a?) for the staggered

right-hand side gives a factor-le”™= and, hencex,
quarks. For the moment the origin of the difference is an_“c by definition. The values ok from the Q(PT fit to
open issue.

mesandx2"" from a linear fit tom}" agree well, whereas a

quadratic fit ofmpg clearly fails to do so. Values fok2"!

and . from various fits are compiled in Table XXIIl. Nu-

VII. LIGHT QUARK MASSES merically, k. from the Q(PT fit of m3¢ agrees withx2"'
A. Renormalization factors obtained from a linear or quadratic fit with at most@.&®n

the other hand, if we adopt fits with the quadratinbic)
extrapolation ofm3g, the difference betweewr, and x2"'
increases to as much asd ?120).

We calculate renormalized quark masses in s
scheme at the scajg=2 GeV. They are given by

VWI_ 5 VWI(0) o~ 1 For actual chiral extrapolation of,"' , we employ a qua-
mg" =Zymya (46) o AWI 2 -
dratic fit and enforce;" to agree withk. obtained from the
7 QxPT fit of mpg, having confirmed their agreement as de-
AWI_ ZA L AWI(0) -1 scribed above. This constraint is imposed because even a
My Mg a (47) : AWI -
Zp small difference betweer,  and «. affects estimates of

m;"" at the physical point. We employ
for VWI and AWI masses. The renormalization factats

[33], Za [34], and Zp [35] are estimated with tadpole- ZmQW'(°)= Bcl’g(llx—llxc)Jngg(l/K— 1/kc)%.  (53)
improved one-loop perturbation thedi§6], by matching the
lattice scheme to th#1S scheme ap=1/a. They read Fitting parameters8{9 and B3¢ are given in Table XXIV.
Fits with various functional forms are hardly distinguishable,
Z,=8k[1+0.01ap(1/a)], (48) as shown in Fig. 31.
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TABLE XXI. Hadron masses in units of GeV from polynomial fits.

K input
Expt. B=5.90 £=6.10 B=6.25 B=6.47
a! 1.97098) 2.58413) 3.10920) 4.10260)
K* 0.8961 0.872620) 0.872220) 0.867833) 0.867273)
Ns 0.690€12) 0.693@12) 0.691%17) 0.690859)
¢ 1.0194 0.965@.9) 0.967222) 0.967625) 0.965765)
N 0.9396 1.013&4) 0.983373) 0.964@97) 0.9576196)
A 1.2320 1.396&6) 1.362183) 1.336592) 1.3516241)
A 1.1157 1.160017) 1.1265855) 1.104571) 1.1002139
p3 1.1926 1.227Q14) 1.198250) 1.180461) 1.1787135H
>* 1.3837 1.46264) 1.434268) 1.416Q77) 1.431%201)
Ass 1.362941) 1.338445) 1.324552) 1.3249127)
=1 1.3149 1.3201312) 1.297145) 1.275953) 1.2752136)
B* 1.5318 1.55456) 1.529062) 1.516973) 1.531@190
Nsss 1.479G37) 1.460843) 1.446249) 1.4348133
Q 1.6725 1.645(5) 1.626258) 1.609867) 1.6118166)

¢ input
K 0.4977 0.557@20) 0.554122) 0.552726) 0.553465)
K* 0.8961 0.899a.3) 0.898914) 0.894327) 0.895359)
s 0.778728) 0.777%32) 0.775@35) 0.776286)
N 0.9396 1.013@&4) 0.983373) 0.964@97) 0.9576196)
A 1.2320 1.396676) 1.362183) 1.336592) 1.3516241)
A 1.1157 1.196@10) 1.1638498) 1.141362) 1.1383132
3 1.1926 1.27385) 1.245540) 1.227554) 1.2245%110
3* 1.3837 1.488(5) 1.461559) 1.442668) 1.4566175
Ags 1.436729) 1.413133) 1.398244) 1.4011104)
= 1.3149 1.392@1) 1.370732 1.347845) 1.3483124)
B* 1.5318 1.603813) 1.581447) 1.567755) 1.5848156)
Nsss 1.580526) 1.559128) 1.545339) 1.535595)
Q 1.6725 1.725@16) 1.705735) 1.688245) 1.6902107)

For calculating thes quark mass, we first make a linear fit keeping Ks, fixed. We then setk=«,q and calculate

to a nondegenerate combination of quark masses,

mfa" @ +m{"© by a linear interpolation in terms of &/ .

(549  We do not employ a quadratic extrapolation since the effect
of the quadratic term is negligibly small Bxquark mass, but
TABLE XXII. Hadron spectrum from linear continuum extrapo- increases errors of fitting parameters significantly.
lations of masses determined by polynomial chiral fits.

AWI(0) | AWI(0) _ ASi | ASi
my +mg =Ag+A]k,

. : 18|
my input m, input

Mass(GeV) X2/ Nyt Mass(GeV) X2/ Ny 16| __Dnn ]
K 0.54606) 0.07 14} =t
K* 0.86407) 0.42 0.89105) 0.70 - I — .u! g
b 0.97G06) 0.08 § 12} ) — -
N 0.88722) 0.18 0.88722) 0.18 T Kk N-—=
A 1.02216) 0.60 1.05814) 0.80 10} =t A
s 1.11q14) 0.62 1.15812) 0.74 3> &2 o Kinout
= 1.21713) 0.89 1.28611) 1.73 08 o¢in§ut
A 1.25224) 1.07 1.25224) 1.07 ool K e axperiment
3+ 1.35120) 1.14 1.38017) 1.34 R
= 1.46318) 1.05 1.51814) 171 04
Q 1.56017) 0.43 1.63710) 114

FIG. 28. Light hadron spectrum from polynomial chiral fits.
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1.8

1.6 |

1.4

m (GeV)

1.2 |

1.0

0.8

m (GeV)

0.8

FIG. 29. Comparison of our hadron mass¢sdlid symbol$ with
those of Ref[3] (open symbols Open trianglegsquaresare data
obtained on lattices witlh.a~2.3 fm (Lsa~3.4 fm). Open sym-
bols ata~0 represent data on finite latti¢eght) and those after
finite-size correctiongleft). Experimental values are shown by
stars.

Values formy"® andmy"'® at the physical quark mass

point are presented in Table XXV. Quark masses translatepe

to theMS scheme att=2 GeV are given in Table XXVI and

are plotted in Figs. 11 and 12. They are well reproduced b¥reatment of the chiral limit. At finite, bothm?"!

linear functions ina. The AWI and VWI quark masses,
which are different at finitea, extrapolate to a universal

14 | 'y B=5.90

13 r 1
12 + 1
1.1 f } f } }
14 p=6.10 -
1.3 e A W W 4
12 1
11 f } f } }
14 p=6.25 |
13 r 1
12 1
11 f } f
14 L pB=6.47 |
13 1
12 -— PN

141
0.00

T
e

0.156 0.20 0.25

x {GeV)

005 0.10

FIG. 30. The ratioy= (my""'+my""y/(m"'+ mi™"') as a func-
tion of x=my"' + moW!
and nondegenerate cases, respectivef)’' is used to calculate

mg’iw' . Errors from the lattice spacing are not included.
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0.10
E’_ 0.05
EU'
—— linear
----- quad. 1<;¢'“”'=1c‘=
——— quad. free
0.00 - -
6.25 6.30 6.35 6.40

1/x

FIG. 31. Chiral extrapolations of the quark mass based on the
axial-vector Ward identity aB8=5.90.

value in the continuum limit, as they should. We determine
the quark masses in the continuum limit by a combined lin-
ear extrapolation ofny"' andm"' (Table XXVII).

C. Systematic errors and final results

To estimate systematic errors from chiral extrapolations,
we consider a quadratic fit to"', taking x5 as a fit
parameter. We then carry out gBT fit to mpg with « set
to k2" and evaluate VWI and AWI quark masses. Chiral fits
up to here employ as an independent variable. To evaluate
errors in quark masses from fits in terms«ofive consider an
independent @PT fit to m3¢ as a function oiny' without
ferring tox.

Figure 32 shows thatn,q is sensitively affected by the
andmj"!

from the alternative fit above shown by triangles differ from
the original onegcircles far beyond statistical errors. Lin-
early extrapolated to the continuum, the alternative methods
lead tom,4~4.1-4.8 MeV, depending on the choice of fits.
The fit tomps as a function oy (shown by diamonds
gives the lowest value 6£3.5 MeV. Taking the maximum of

the differences between five results and the value obtained in

6.0

55 |
50 |
2 45|
£
340 [
£
35
30

25

0.0

FIG. 32. Comparison of the light quark masses determined from
various chiral fits. The VWI(AWI) quark masses are shown by
solid (open symbols. Circles are results obtained from our main

. Solid and open symbols are for degenerateanalysis, while triangles are from the alternative chiral fits discussed

in the text. Open diamonds are obtained from fitsm@g as a

function of mj*"'.
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TABLE XXIII. Values of "' from the quark mass based on the axial-vector Ward identity<arfcom

various chiral extrapolations of pseudoscalar meson masses. The second column shows fit number in Table

XLVI.
8=5.90 B=6.10 B=6.25 B=6.47
«W (linean 0.159825438)  0.154976&21)  0.152517213)  0.149796811)

«2V' (quadrati¢

0.1598490(93)

0.154982123)

0.152522615)

0.149800112)

K (QYPT) Fit5  0.15983188  0.15499085  0.152535869)  0.149804979)
x. (quadrati¢ Fit2  0.159953(73)  0.155043(50)  0.152565(53)  0.149824478)
K¢ (cubid Fit3 015989983  0.155025145  0.152557967)  0.1498210(76)

the preceding subsection, we estimate the systematic error tases ofm,q, mg (M input), andmg (m,, input). The two

be +0.51 and—0.79 MeV. values agree in the continuum limit within r%®f the sta-
Systematic errors from chiral fits are not large fiay. As  tistical error. The results withvp and ays are compared

Figs. 33 and 34 show, results from various chiral fits at finiteusing solid and open symbols. The small differencmif("'

a agree with each other within at mostr.3We estimate the reflects a small value of the one-loop coefficients. On the

systematic error in the continuum limit by the same methodbther hand, the difference imj"" is about 5% on the coars-

as form,y. We obtain+5.8 and—2.9 MeV for themy input  est lattice and about 3% on the finest lattice, which leads to a

and +22.0 and—0 MeV for them, input. difference of 2% in the continuum limit, to be compared with
We also investigate uncertainties from various definitionghe statistical error of 2%—4%. _

of the axial-vector current and higher-order effects in the AS shownin Figs. 35, 36, and 37, the central values in the

renormalization factors. For the former, we test for the locacontinuum limit are contained within the error band given by
axial current defined by the sum of statistical error and systematic one from chiral

extrapolations. Therefore we do not add the errors from the
definition of current and higher-order effects in the renormal-
ization factors to the estimate of the systematic error above.

Final results are given in Eq$8), (9), and(10). We note
that these numbers are different from those given in our ear-
lier publication[9], in which we employed a linear chiral
extrapolation ofm;"' and corrected for a small difference
The procedure to calculate the AWl quark m betweenx, and «2"'. Values here obtained by constrained
is described in Appendix G. For the latter, we repeat a”alyse&uadratic chiral fits are our final results.

using theMS coupling

1 _ Uy 0.134868
=20 , (57)
Ous(lla) 9

AR =0l ¥57,0n, (55
with the tadpole-improved renormalization factor

ZW=1 - 0.3162p(1/a). (56)

I,local(0)

VIIl. QCD SCALE PARAMETER

A. Methods and results

We calculate the QCD scale paramefegs in the MS
instead ofap(l/a). scheme. In this scheme, the renormalization group coeffi-
Figures 35, 36, and 37 show the data and continuum exeients are known to four-loop order. Since the relation be-
trapolations. The values afj"' (triangles and m{""'°*®  tween the lattice coupling anklS coupling is known only
(squaresare in good agreement. The difference is about 5%up to two loopg39], we employ the expression to three-loop
on the coarsest lattice and is smaller on finer lattices for albrder given by

TABLE XXIV. Parameters of chiral fits to quark masses based on the axial-vector Ward identity.

B=5.90 B=6.10 B=6.25 B=6.47
Agd —4.388539) —4.887139) —5.172435) —5.506947)
AJ9 0.7014262) 0.7573959) 0.7888853) 0.8249271)
A 0.159829931) 0.154976818) 0.152516013) 0.149795011)
B¢ 0.698649) 0.738670) 0.75312) 0.79921)
By9 0.02228) 0.16358) 0.37112) 0.3930)
A —2.170516) —2.428317) —2.577115) —2.751G21)
Ay 0.3541026) 0.3817026) 0.3976523) 0.4155331)
A% —2.155422) —2.414622) —2.565419) —2.739927)
AR 0.3498935) 0.3780934) 0.3948128) 0.4130440)
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TABLE XXV. Light quark masses in lattice units.

B=5.90 B=6.10 B=6.25 B=6.47

myy! 0.00169637) 0.00131135) 0.00112042) 0.00080864)
mi 0.00118%23) 0.00096921) 0.00084%25) 0.00064642)
myW(K) 0.054310) 0.03987) 0.03218) 0.024112)
mi (K) 0.03797) 0.02965) 0.02466) 0.019%9)
myY'(¢) 0.073621) 0.052315) 0.041715) 0.031820)
mi™ (@) 0.051215) 0.038911) 0.032112) 0.025816)

Bi— BoB2
283

)

(58)

1
Aiis! = (Boy) ~P265 exp( - )(1+
ws/m=(BoY) 2 Boy

wherey = ays(u)/4m and B>=2857/2 for theMS scheme
of quenched QCD40].

We estimate theMS coupling in three ways, using the
mean-field couplingaye [41], the plaquette couplingyp
[36], and the potential coupling,, .

The mean-fieldor tadpole-improvedcoupling ae is de-
fined by aye=aq/(Up), whereay is the bare lattice cou-
pling. Using the relation between tiS coupling and bare
coupling up to two loog39] and the perturbative expansion
of the plaquette, one obtains

1
ays(mla)

apmE

+0.30928-1.95683 . (59)

Substituting ays(7/a) into Eq. (58) with u=/a yields

We evolveay(q*) from u=qg* to u=m/a using the three-
loop renormalization group wittBy=6178.36[43,44 and
calculate

as(mla) = ay(la)—0.82230w(7/a)?

—2.66504r(/a)3, (62)

We also evaluategs directly from theap coupling using
the Brodsky-Lepage-MacKanziéBLM-) [45] improved re-
lation

2
ays(m/a)=ap(p)+ ;ap(u)er 0.9546p(1)°,
(63)
where u=e>¢q*.

The values ofA 5 are given in Table XXIX and Fig. 38.
They are fitted well with a function linear ia with small
X2INg=0.3-0.5. The difference among continuum values of
Awys is smaller than statistical errors. Sindggs from ay

Aws. Our measurements of the plaquette are listed in Tablgoupling exhibits the smallest scaling violation, we quote Eq.

XXVIII. The very small statistical error of the plaquette is
ignored in our analyses.

The potential couplingy,, is defined through the statipg
potential[36]. Using the plaquette couplingp defined by

4
—In(Up)= - ap(q)[1-1.1896%p(q*)],  (60)

with the optimal value ofy* =3.40184 [36,47, the poten-
tial coupling is evaluated bj43,44

av(g*) = ap(q*)[1+2.8140p(q*)?]. (61)

TABLE XXVI. Light quark masses in units of GeV in thelS
scheme aju=2 GeV.

B=590 B=6.10 pB=6.25 B=6.47
m/y! 0.004186) 0.004319) 0.0045Q15) 0.0042428)
m'  0.003024) 0.003275) 0.003488) 0.0034718)
myV(K) 0.133813) 0.130613 0.128917) 0.126737)
miV(K)  0.096%9) 0.100G8) 0.101411)  0.104926)
myV'(¢) 0.181435 0.171632 0.167341) 0.166967)
miM(¢) 0.130425 0.131525) 0.132234) 0.138554)

(7) as our best estimate dfys in quenched QCD. We note
that the scale is determined from, .

The analysis above is based on perturbation theory to
two-loop order. To estimate effects of higher-order terms in
couplings, we add or subtraetp(q*)[2.81404xp(q*)?]%?
on the right-hand side of Eq61). This leads to values of
Aws differing from the original ones by about 10 MeV. The
effects of the four-loop term in the definition dfys [EqQ.
(58)], evaluated similarly, is less than 0.1 MeV. We conclude
that higher-order effects are of order 10 MeV, which is twice
the statistical error in Eq7).

B. Comparison with other results

There are a number of ways to determine the QCD scale
parameter. The SCRI[46] group obtained Ays

TABLE XXVII. Parameters of continuum extrapolations of
quark masses. Parameters are definednffy' =my+A""'a and

mpV'=mg+ AW,

my (MeV) AW AW X% N
Myq 42914  —0.1231) —2.4930) 1.13
mg(K) 113.82.3 41255  —34.65.3 0.81
my( ) 142.35.9 76(15) —25(14) 0.31
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TABLE XXVIII. Plaquette values. 150

$=5.90 =6.10 B=6.25 B=6.47

0.58184394109 0.6041308671) 0.6181050755) 0.6360893847)

m, (MeV)

=247(16) MeV from the measurement ¢&/A using the
string tensionyo=465 MeV estimated from the charmo-
nium level splitting. With a recursive finite-size technique
using the Schidinger functional the ALPHA Collaboration 80 ‘ -
[47] obtainedAs=238(19) MeV, where the physical scale 0.0 0.2 .04 0.6
is fixed by the Sommer scald8] r,=0.5fm. In what fol-
lows we consider\ values that would come out if we deter-  FiG. 33. Same as Fig. 32 for the strange quark mass mjth
mine the string tension or the Sommer scale with ghee-  input.
son mass obtained in our simulation.

We borrow a parametrizatidd6] (proposed in Refl49])  conversion are taken into account. Three values\obb-
of o and 1t obtained with high-statistics data and evalu- tained with the same scalen(, in this casg are supposed to
ate them at3=5.9, 6.1, 6.25, and 6.47, the points of our be those in the continuum limit, and hence the discrepancy, if
simulation. Using oum,, we evaluate\/E/mp and 1fgm, as it exists, should be resolved within quenched QCD.
depicted in Fig. 39, where the errors arising frafe and
1/ry are ignored. These values show a linear dependence in
a, leading to

IX. MESON DECAY CONSTANTS

A. Pseudoscalar meson decay constants

\/;/mp—0.494 16), (64) We extract pseudoscallarlmeson decay consfartfrom
_ the correlation functiodA;“*(t)P(0)). The value off p5 is
1Arom,)=0.40913). 69 related tom,""'°*?(®) defined in Eq(G2):
With m,=768.4 MeV, we obtain in the continuum limit 5 <0
Jo=380(12) MeV andr,=0.628(20) fm, which exhibit fpsa=Zafps, (66)
10%—-20% deviations from the usually accepted values. Val-
ues of Jo andry in the continuum limit have an extra sys- o V2mpsaCpg
tematic error of about 5%il.5¢) from continuum extrapola- f§35)= W
tions. o is increased by 16 MeV if/a/m,, is extrapolated P

as a function ofayo, andry is decreased by 0.030 fm if ¢, the flavor combinatiortf, g), whereCP is the amplitude

1/(rom,) is extrapolated in terms @l/r,. We call this error ¢ o onagator with the point quark source defined by
the systematic error in the scale conversion.

With these scales the SCRI resllfzs=247(16) MeV is
converted toA\ ys=202(13(7) MeV, while the ALPHA re-

sult Ays=238(19) MeV to Ays=189(15(6) MeV. Here : . . .
the first errors come from those quoted in the original litera- To avoid the direct use of point source propagators, which

ture and the second are from the error of pumass mea- are noisier than the corr_esponding smeared source propaga-
surement. Figure 38 compares our estimate afith those tors, we apply the following procedu_re: the amphu_(dés
obtained by SCRI and ALPHA and with those we have re.for the smeared source propagator is already obtained from
evaluated consistently using themass(labeled as “trans- (h& Meson mass fit

lated”). Our result and the translated values of SCRI and b S s

ALPHA are consistent if the systematic errorsArss from (PT(1)P>(0))~Cpgexp—mpgat). (69)
higher-order terms of about 10 MeV and a possible increase

of about 10 MeV of the translated results from the scaleThe ratiop=CBH¢/C3can be obtained from an additional fit

(m,fAWI,IocaI(O)+mgWI,Iocal(O)), (67)

(PP(t)PP(0))~CEgexp(—mpgd). (68)

TABLE XXIX. Awg in units of MeV.

Method B=5.90 8=6.10 B=6.25 B=6.47 B=»
ave 233.11.9) 231.42.0) 229.42.5) 223.24.4) 220.45.7)
ay 219.11.8) 220.41.9) 220.22.4) 216.14.3) 219.55.4)
ap Without BLM 258.32.2) 249.82.1) 244.92.7) 235.54.7) 219.36.2)
a, with BLM 254.6(2.1) 246.72.1) 242.12.6) 233.14.6) 218.06.1)
ap—Ap 258.22.2) 249.82.1) 244.92.7) 235.54.7) 219.26.2)
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190

0.0 0.2 0.4 0.6
a (GeV")
FIG. 34.

input.

Same as Fig. 32 for the strange quark mass mijsh

(PP(1)PP(0))
PRS0y (70

Note that Eq.(70) is the only new fit which is necessary to
calculatefpg. We illustrate a typical fit in Fig. 40.

For the renormalization constariA, we employ the
tadpole-improved 36,50 one-loop formula[35], which is
factorized into two parts,

Zy=2372,, (71)
where
Z—\/l 3Kf\/1 3rq 72

Table XXX summarizes the results far.f(% at the simula-
tion points.

For f=2,f0),
by a linear function of 1, , where, is the hopping pa-

nondegenerate data are well reproduced

. PHYSICAL REVIEW B7, 034503 (2003

90 | WAWIloc.q, AAWIexto, B~
ODAWIIOC. o, & AWI ext. 0ye Tl
80 L L L -
0.0 0.2 0.4 0.6
a(GeVv™)

FIG. 36. Same as Fig. 35 fang with my input.

slight negative curvaturé-ig. 41). Therefore, we employ a
quadratic polynomial function of &/

f=A39+ A%+ AJY k2, (73)
for the degenerate case, and a linear function f,ill
f=AJ+A k., (74)

for the nondegenerate casg; (s;). Table XXXI presents
Z,.f9% at the physical point.
Multiplying Z'%°® and a~*, we obtainfpg in physical
units (Table XXXII). The data are well reproduced by a lin-
ear function ina, as shown in Fig. 13. Accordingly, we ob-
tain small y?/Ng=0.45, 0.86, and 1.38 fof,,, fx (mg in-
put) andfy (m, input), respectively. Our final results féps
are summarized in Eq$12) and (13) and Table V. For the
ratio fx /f,.—1, we obtain 0.15@9) in the continuum limit
from a linear fit of Fig. 14.

1

B. Vector meson decay constants

Vector meson decay constaritg are extracted from the

rameter for theu,d quarks, while the degenerate data show acorrelation function(V;(n)V;(0)) of the local vector current

6.0 T
55 9
50
45
40 |
35 |
30
25
20

m,, (MeV)

8 AWI loc. o,
0 AWI loc. oy,

A AWl ext. o, N
A AWl oxt. o, T

0.2 04

a(Gev

0.0 0.6
FIG. 35. Comparison of tha, d quark masses. Circles are the
VWI quark masses. Trianglgsquares are the AWI quark masses

derived from the extende(ocal) axial-vector current. Soliopen
symbols indicate that masses are calculated uaipdays). The

leftmost data show the result from a combined fit with the statistical

error and the sum of statistical and systematic errors. See Sec. VII

for details.

Vi(n)=f,79n- (75)
SinceV; is the vector meson operator, we obtain
Fyva=Zy\2ki2k4FY, (76)
190
180
170 t
s 160
= 150
£ 140
130 |
120 mAWlloc. o, AAWIext.op T 8- =
1o OAWIloc. ayg & AW ext. aye TR
0.0 0.2 0.4 0.6
a(GeV)
FIG. 37. Same as Fig. 35 fans with m,, input.
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280 T T T 0.49 T T T T . .
il ] 0.48 | { :
250 | || original 0.47 ¢ * * 1
240 | 0.46 S NERANNNNRNNRAAND
230 | 0.45 | RAAAAAARAAARARARARENEE
< 220 # + - | i
220 1 14 $ _ 0.44
200 L q 0.43
190 | <t translated sscu  OMF 0.43 | 1
180 [ <UALPHA .: ] 042 | | |
1| ] ar | T TR
160 OIO 0I2 0I4 0.6 N 1L ]
. ® K ! 0.40 L -
a(GeV™) 0.39 | ]
FIG. 38. Ays vs a. Errors at finitea are statistical only. The 0.38
systematic error from higher-order terms is indicatedAgfs from 0.41 | I i
ay coupling in the continuum limit. The systematic error from the
scale conversion is not included in the translated values. 0.40 | \H |‘ ‘|'|‘|' ‘l ]
) . 0.39 | ]. .I.U_ _I
FO=2C/mya, (77) 0.38 | ]
037 1
whereC\F; is the amplitude of vector meson propagator with 0.36 s . . . . .
the point source. Employing a method similar to that used in 0 5 10 15 20 25 30 35
the previous subsection, we first obtain the amplitude of t
smeared propagat@y, and then fit the ratlcz of the point FIG. 40. Examples of fits for Eq(70) at =6.10 in units of
and smeared propagators to Ca|CU.|@-¢E 77Cv.- 10°. The three panels show the data fopg/my,~0.75 (top), 0.6
We adopt a nonperturbative definitipdl] given by (middle), and 0.4(bottom).
C
Zy= "mw, (79 Chiral extrapolations are carried out in a similar manner
e (V(DV(0)) to fpg. Data are fit by a linear function of 2/see Fig. 4%
Table XXXV presents-, andF 4 (m, input) in units of GeV.
where We extrapolate them to the continuum limit linearlyanas
shown in Fig. 15. Final results fdf, using the nonpertur-
c 1 N — bative renormalization constant are summarized in ELS.
Vi'(n)= E{fnJr,&Un,M( Yit1)gnt fnUn,,u( '}’i_l)gn+ﬁ} and(16) and Table V.

(79 For comparison, we study the renormalization factor esti-
mated by tadpole-improved one-loop perturbation theory:
is the conserved vector current. Examples of the fit for Eq.
(78) are shown in Fig. 42. Values @, depend little on the
guark mass, as shown in Table XXXIII. We provi@iga at

FyPa=V1-3k/dk\1—3kglbx,

the simulation points in Table XXXIV. X[1—0.82xp(1/a)]FY. (80)
0.7
0.1
06 | 0.10
0.09
L
0.5 g 0.08
007 | ==~
04 1 0.06 : :
6.256 6.30 6.35 6.40
1/x
03 oio 012 0:4 0.6 FIG. 41. Pseudoscalar meson decay constants xsafl/g
a(Gev') =5.90. Solid curves show chiral fits with quadratic polynon(lial-
eay for the degeneratthondegenerajecase. The dashed line is for
FIG. 39. \/E/mp and 1fom, vs a. a linear fit to the degenerate case.
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TABLE XXX. Pseudoscalar meson decay constahif(‘},

whereZ, is the k-dependent part of the renormalization constant

defined in Eq(72). Ranges for fits in Eq(70) are also given.

B=5.90 B=6.10

Range Value Range Value
$;S; 12-28 0.1012&1) 12-35  0.0741@4)
S5 12-28 0.0937&%3) 12-35 0.068347)
uquq 12-28 0.0849&%5) 12-35 0.0623%3)
UoUs, 12-28 0.0787&9) 12-35 0.0581®1)
UzUs3 12-28 0.0746@B7) 12-35 0.0555@F6)
SqUq 12-28 0.0929(B3) 12-35 0.0680018)
S 12-28 0.0898&%5) 12-35 0.066061)
SiUs3 12-28 0.0883%6) 12-35 0.0652(5)
SoUy 12-28 0.0893&%4) 12-35 0.0653%0)
SoU, 12-28 0.0862(65) 12-35 0.0633%3)
S,U3 12-28 0.0847%57) 12-35 0.0624(57)

B=6.25 B=6.47

$1S1 17-42 0.0598@5) 20-56 0.046087)
S,Ss 17-42 0.0560@17) 20-56 0.0432472)
ujuq 17-42 0.0510€19) 20-56 0.039140)
UoUs 17-42 0.0473%3) 20-56 0.0369(84)
UsU3 17-42 0.0449%7) 20-56 0.035089)
SiUq 17-42 0.0553¢17) 20-56 0.042573)
SiU, 17-42 0.0535@19) 20-56 0.0415¢6)
SiUs3 17-42 0.0525(60) 20-56 0.0408@0)
S,Uq 17-42 0.0535@18) 20-56 0.0411976)
SoUs 17-42 0.0517(%0) 20-56 0.040148)
SoUz 17-42 0.0507(%1) 20-56 0.039481)

Continuum extrapolations, plotted in Fig. 15, show tAgt
exhibits a scaling violation much larger th&y . Although
the difference ofF|" and F, at finite a becomes smaller
towards the continuum limitF\" extrapolates to a value
slightly smaller tharf,. The coefficient ofxp in Eq. (80) is
rather large, when compared to that #{°® in Eq. (56) used
for fpg. Higher-order terms may be important to extrB&t

in the continuum limit from the region of our lattice spacing.
Therefore we takd-\, determined with the nonperturbative
renormalization factor as our best estimate.

X. LIGHT HADRON SPECTRUM AS FUNCTIONS
OF QUARK MASSES

We carry out an additional analysis in which the con-
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FIG. 42. Ratios(V°V")/(V-Vhy and fits to obtainzy at 8
=6.25. Parameters aranpg/my~0.75 (top), Mpg/my~0.6
(middle), andmpg/my~0.4 (bottom at 8=5.90.

tain the hadron spectrum in the continuum limit as functions
of quark masses. A motivation of this analysis concerns the
question of whether PT mass formulas at finita may
suffer from lattice artifacts. Because theyRI parameters
obtained in Sec. VI are smooth & we expect thaD(a)
terms vanish smoothly toward the continuum limit. The al-
ternative procedure provides us with a more direct test of the
QxPT formulas in the continuum limit. Furthermore, the
quark mass ompg/my, dependence of hadron masses in the
continuum limit can be used to estimate the size of the scal-
ing violation in future calculations with improved actions at
fixed a, without difficult chiral extrapolations.

A. Continuum extrapolation

We take the continuum extrapolation of hadron mass data
at finite quark mass. To do this, we first interpolate or slightly
extrapolate the data tmp,g/m,,=0.75, 0.7, 0.6, 0.5, and 0.4
at eachB. These values ahpg/my are close to our raw data
points such that the errors and uncertainties from fits are
small. In practice, we use they®@T formulas adopted in Sec.

tinuum extrapolations are made before the chiral fits and obVI. We also repeat the whole procedure using polynomial

TABLE XXXI. Pseudoscalar meson decay constzpt{%.

8=5.90 8=6.10 B=6.25 B=6.47

f. 0.0688292) 0.0520190) 0.0417267) 0.03304101)
fu (my input) 0.0834361) 0.0621659) 0.0497@55) 0.0391385)
(Mg input) 0.0878174) 0.0648662) 0.0517@60) 0.0407490)
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TABLE XXXII. Pseudoscalar meson decay constants in units of GeV.

8=5.90 8=6.10 B=6.25 B=6.47

f 0.122420) 0.122724) 0.119823) 0.123344)
fi (my input) 0.147914) 0.146616) 0.142719) 0.146139)
(m,, input 0.155711) 0.153014) 0.148517) 0.152134)

chiral fits to estimate the systematics of choosing different fithe continuum limit with a reasonably smaf/N4<0.5.
functions. Errors for interpolated and extrapolated values argor completeness, we provide in Table XLI lattice spacings

a factor 1-3 larger than those for the raw data. _ at eachB and quark masses for eastps/my, normalized by
We then extrapolate the hadron masses to the continuup0.75)

limit at eachmpg/my,. In order to calculate a relative value

\Y
i The QPT fits in the continuum limit look quite similar to
of a as a function of3, we use the vector meson mass at

those at finitea as shown in Fig. 44. The values of the pa-

_ ; (0.75). ; . . .
Mps/my=0.75, which W_e denot?oa;t;lv » 1€ masses. at rameters are consistent with those obtained from an extrapo-
eachmpsl(ror%)are normalized byny " and extrapolgtszg lin-jation of the parameters at fini{g, as given in Table XLII.
early inmy""~a to the continuum limit. A value ofny""™in  gee also, for example, Fig. 45 in which we plot the octet

physical units is not necessary at this step. We provide ifaryon mass in the chiral limit. A comparison of the coeffi-

Tables XXXVI-XL normalized hadron masses at e#bb-  jens of the singular terms of they®T formulas is made in
tained by the QPT formulas and those in the continuum Appendix F.

limit. Values of y?/Ng for the continuum extrapolations are
x*INg~0.5 for mesons=~1.0 for octet baryons, ane-3.0
for decuplet baryons. We think that the large valuegofor
decuplet baryons are still acceptable because the number of
degrees of freedom is only 2.

C. Universality of the light hadron spectrum

Table XLIIIl summarizes the light hadron masses thus ob-
tained together with deviations from those from the original
procedure. The two spectra are consistent with each other
with differences smaller thanolof the statistical error. See

We fit the continuum hadron spectrum, normalized by lso Fia. 9 in which ¢ h h
m{®™, using the QPT formulas and following the proce- &S0 FIg- 9 In which we compare masses from the two meth-
ds for the case of theng input. For interpolation and ex-

dure given in Sec. VI and obtain the hadron spectrum as welff

as the value ofn{,°'75)=0.981(18) GeV. The quark mass in jtrapolatlon of hadron masses, we test polynomial chiral fits

the continuum limit at eachps/my, is necessary for a chiral instead of the QPT formulas. The deviations remain within

fit of pseudoscalar meson masses. We first interpolate th]e‘r for pseudoscalar mesons and baryons and fobvector

AWI(0) 1 . mesons.
AWI quark massmj linearly in Aw&ot)o each value 9f We therefore conclude that the two spectra determined by
mps/my at eachB. We then converiny to the values in

) . the two methods are consistent with each other with differ-
thg 7I\é|)S scheme atu=2GeV, usinga determined from ences smaller than 105 This confirms that both chiral and
my~ ™. The AWI quark masses are linearly extrapolated tocontinuum extrapolations are under control. We take the dif-

ferences as systematic errors due to the chiral and continuum
TABLE XXXIII. Renormalization constanZy determined by a  extrapolations.
nonperturbative method. Ranges of the fit shown at the bottom are
common to all combinations of quark masses.

B. QxPT fits in the continuum limit

TABLE XXXIV. Renormalized vector meson decay constant

=590  B=6.10 B=6.25 B=6.47 Fya.

s;s;  0.5358920) 0.5990920) 0.6334123) 0.6737923) B="5.90 B=6.10 B=6.25 B=6.47

s,s, 0.5351424) 0.5986727) 0.6332631) 0.6740330)

u;u; 0.5338634) 0.5976142) 0.6323654) 0.6740649) S151 g'ﬁggﬁgg g'gggf‘ég 8'8;23223 8'822‘21222

uu, 0.5324052 0.5959270) 0.6300%103 0.6736773) S252 01198 276 0.0903 169 00733 g6 0.0560 &7

Usus 0.5309877) 0.5941%111) 0.62637194 0.67272126 141 01186 79 0.0896 a9 00791 179 0.0557 120

s,u; 0.5348025) 0.5983828) 0.6330333) 0.6738433) tallz %, : : :

s, 05340020 05077134 06324443 0.6735339 usus; 0.1179%99) 0.0891288) 0.0718390) 0.05556118)

sluz 0'53340133) 0'5972(1341) 0'6317354) 0'6729448) s;u;  0.1214762) 0.0923355) 0.0744161) 0.0569%793)

Slu3 0'5344128) 0.5981633) 0'6328840) 0.6740(338) s;u, 0.1205469) 0.0913662) 0.0739756) 0.0566481)

Szul 0.5336833) 0'5974441> 0.6321852) 0'6737145) s,Uu; 0.12025%75 0.0910669) 0.0736263) 0.05675%96)

2 2 . . . .

s,U; 0.5330938) 0.5968849) 0.6313466) 0.6731255) Spup  0.1208167) 0.0915160) 0.0738Q66)  0.0566278)
S,U, 0.1200%75 0.0906169) 0.0734%61) 0.0564289)

Range  9-17 14-22 20-35 20-40  s,u; 0.1197883) 0.0902977) 0.0731768) 0.05651105)
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Xl. CONCLUSIONS TABLE XXXV. Vector meson decay constari,, at physical
points in units of GeV.

In this article we presented details of our calculation of
the light hadron spectrum and quark masses in quenched B=5.90 B=6.10 B=6.25 B=6.47
QCD. The computational power provided by the CP-PACS
computer enabled an exploration of hadron masses at lightef~, ~ 0.225620) ~ 0.222721)  0.216629)  0.216360)
quark masses than hitherto attempted. Fy, 02416819 0.243@19) 0.236024)  0.232147)

The high-precision data for pseudoscalar meson masses
revealed evidence supporting the presence of chiral singu-
larities as predicted by quenched chiral perturbation theoryd.P.S. is supported by the JSPS Research for Future Program
In the vector meson and baryon sectors the precision of odn 1998.
data is not sufficient to draw conclusive statements on
guenched chiral singularities. Hovye_ver, simulations covgred APPENDIX A: GAUGE FIXING
the range of quark masses sufficiently small to obtain a
stable result of the spectrum also for vector mesons and bary- For the measurement of the hadronic observable, we fix-
ons. Predictions do not depend on the choice of conventiongauge configurations to the Coulomb gauge by maximizing
polynomial chiral fits or fits based on quenched chiral perthe quantity
turbation theory. Since the scaling violation also turned out
to be mild for the plaquette gluon and Wilson quark actions, 3
the hadron masses keep the statistical precision of 1%—2% H=E 2 RgTru, ,I. (A1)
for mesons and 2%-3% for baryons after the continuum ex- nowu=t
trapolation. The systematic error is estimated to be at most
1.7%. To achieve this, we combine two method<a) an SU2)

The chief finding is the pattern and magnitude of theSubgroup method, which is similar to the pseudo-heat-bath
breakdown of the quenched approximation for the light had&lgorithm for SU3) gauge theorie§15], and(b) an overre-
ron spectrum. In the meson sector the quenching error mantéxed steepest descent methi@8]. Both methods can be
fests itself in a small hyperfine splitting when compared withvectorized and _parallehzed by splitting the lattice sites into
experiment. A small mass splitting is also seen in the de€ven and odd sites.
cuplet baryons, and masses themselves are small for octet
baryons. The magnitude of deviation, typically 5%—10%, is 1. SU?2) subgroup method
much larger than the statistical and systematic errors.

The quenched approximation poses a limitation of our
ability to predict fundamental parameters of QCD. The ro_ T
strange quark mass depends on the hadron mass input, Unu=Un,u=CnlUnuGn. s (A2)
with a difference as large as 25%. The QCD scale parameter. .
has an uncertainty of the order of 15% depending on inputdVith SU(3) matricesG,,, H transforms as
i.e., m, or phenomenological values qf orrg.

It appears to us that it is not worthwhile to pursue preci-
sion further, and the effort should rather be directed toward
QCD simulations incorporating the effects of dynamical sea
quarks. We in fact started an attenjp?] in this direction +terms independent oG, . (A3)
using improved gluon and quark actions. In the course of this
work we recalculated the quenched hadron spectrum using the gauge group is S@), it is easy to find the solutio6,,
the improved actions. The light hadron spectrum obtained iRvhich maximizesH’ for a given siten. The global maximum
the continuum limit is in good agreement with the resultscan be achieved iteratively by repeating the maximization at
reported in this article, providing further confirmation of the a|| sites. For the S(B) case, we can gradually increddeby
success and limitation of quenched QCD.

Under a gauge transformation

3
H—H'=2> T[GU,,+U, ;.G

n=1

0.124 |
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applying the maximization for different SP) subgroups of
SU(3). In our simulations, we maximize three &) sub-
groups per iteration.

2. Overrelaxed steepest descent method

Alternatively, H can be maximized by iterative gauge

transformations with

G =expapA,), (A4)
3
An=2 An (A5)
n=1
An,=[Un-; .~ VU, ,—h.c—tracd, (AB)

with a suitable real numbet,,, because the gradient &f
with respect tod] defined byG,,=exp(\26) is given by

SH a
50a—ReTI[—I7\ ALl

(AT)
Note that SH/S565 vanishes at the supremum bf and is

. arn . . -
proportional toEMaMAM(x) in the continuum limit.

A candidate of«,, is obtained by solving the supremum

condition ofH,

3

Re >, Trle“*nA U, ,—U, ; A.e ®4n]=0,
u=1
(A8)
to the leading order o&,, which gives
ReX , TA{Un_; ,—Upn .} (A9)

“""ReX, THAXU, ;,+U, 31

An overrelaxation is introduced through a parametetdl
<2 in the gauge transformation:
G=explwa,A,). (A10)

TABLE XXXVI.

PHYSICAL REVIEW D 67, 034503 (2003

3. Implementation on the CP-PACS

We find that the steepest descent algorithm with the over-
relaxing parametern~1.98-1.99 converges much faster
than the SW2) subgroup method, when the configuration is
already close to the maximum. When the configuration is far
from the maximum, however, this method sometimes fails to
converge. Therefore, we first apply the @W subgroup
method for several hundred iterations to drive the configura-
tion close to the maximum. In our simulations, we adopt the
SU(2) subgroup method for the first 200, 500, 1000, and
6000 iterations apB=>5.9, 6.1, 6.25, and 6.47, respectively,
before applying the steepest descent method.

For a convergence check, we monitor

h=H/(9L3L,) (A11)
and
131
A= LgL 2 32 3TMAndn (A12)
Note that
3 8
dx> X (9,A%)? (A13)
u=1a=1

in the continuum limit. We truncate iterations at file itera-

tion when the conditions
|hi—h;_4]<107 10, (A14)

Aj<10 (A15)

are both satisfied. We have checked that stronger conver-
gence criterion does not lead to a significant difference in
hadron propagators.

APPENDIX B: QUARK PROPAGATORS

In order to solve Eq.(17), we use a red-black-
preconditioned minimal residudMR) algorithm. We accel-

Pseudoscalar meson masses interpolated or slightly extrapolatedngg/m,

=0.75(,), 0.7(s,), 0.6(uy), 0.5(u,), and 0.403) and normalized byn{®"Ya. Parameters ang?/N of
their linear continuum extrapolationsnbsa)/(m{®"9a) = cy+cm®a are also given.

K1Ko B=5.90 £=6.10 8=6.25 B=6.47 Co c YNyt
s;s;  0.750G60)  0.750G0)  0.750G0)  0.750@0)  0.75040)  0.00Q0) 0.00
s,s, 0066335  0.66235)  0.66246) 0.660616) 0.659515  0.0084) 0.38
uu;  0.52828)  0.52669)  0.526512) 0.525325) 0.522927)  0.0106) 0.09
uu, 0419211 0.417912) 0.417616) 0.417931) 0.415336)  0.0079) 0.07
usu;  0.324313)  0.323514) 0.323118)  0.324735  0.322341) 0.00410)  0.14
s,u;  0.64826)  0.646(6)  0.64628)  0.643929) 0.641520)  0.0135) 0.66
s,u,  0.60747)  0.60477)  0.60469)  0.602931) 0.598922  0.0185) 0.51
s,u;  0579@7)  0.57577)  0.57529)  0.574G33) 0.567724)  0.0226) 0.43
s,u;  0.59988)  0.59718)  0.597410) 0.594134) 0.591526)  0.0166) 0.65
s,u, 0.55588)  0.55258)  0.552711) 0.550G35) 0.546G28)  0.01§7) 0.58
s,us  0.52449)  0.52078) 0.520611) 0.518%36) 0.512428)  0.0237) 0.59
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TABLE XXXVII. Same as Table XXXVI for vector mesons. Values wf’"Ya at each3 are also shown.

K1Ko B=590  B=610 p=625  B=6.47 Co c YNyt

1S, 1.000G0)  1.000@0)  1.000G0)  1.000G0)  1.000G0)  0.00q0)  0.00
S,S, 0.94786)  0.94627)  0.94639) 0.943722) 0.942222  0.0115  0.38
uu;  0.880314) 0.877715) 0.877620) 0.87542) 0.871646) 0.01711)  0.09
uu,  0.838323 0.835824) 0.835331) 0.835862) 0.830672) 0.01517)  0.07
usu;  0.810833 0.808734) 0.807845 0.811887) 0.8056103 0.00925)  0.14
SyU; 0.94047)  0.9387)  0.93869) 0.937221) 0.935422)  0.0095)  0.13
s,u,  0.918710) 0.917310) 0.917114) 0.916728) 0.9142Z32)  0.0097)  0.05
s,u;  0.904614) 0.903314) 0.903@19 0.903736) 0.900842) 0.00710)  0.08
s,u;  0.914@10) 0.911811) 0.911814) 0.909431) 0.906732  0.0148)  0.17
s,U,  0.892813) 0.890614) 0.890318) 0.889138) 0.88542  0.01410) 0.07
s,u;  0.878816) 0.876717) 0.876423) 0.876345 0.872352 0.01212)  0.06

m{®Pa 0508612 0.387411) 0.321210) 0.244714)

erate the convergence by applying successive overrelayroximately proportional to the inverse of the quark mass

ations. For the overrelaxation factor, we adbptl.1 froma  defined by (1&—1/k.)/2, wherex, is the critical hopping

test study made &t=0.9, 1.0, 1.1, and 1.2. The number of parameter.

iterations for f=1.1 is smaller than those fof=0.9 (f Our exponentially smeared source, Ef8), is motivated

=1.2) by 20%(5%). from a result of the JLQCD Collaboration for the pion wave
At each MR step, we monitor the residual sum of squaregunction,

R?, whereR=S—D(«)G, and truncate iterations when the

conditionR?>< 10 ? (R?< 10 * at 8=6.47) is satisfied for

the point source anR?< 10’ for the smeared source. Had- (O] nh(N) ysih(n+r1)| )
ron propagators obtained with this stopping condition are W(r)= AL , (B1
compared with those with a much stronger one on several (O|Z,ip(n) ysip(n) | 7r)

configurations. From this test we estimate that the truncation

error in hadron propagators on each configuration is smaller

than 5% of our final statistical error for any particle at anywhich was well reproduced by a single-exponential function

time slice. W (r)=A exp(—Br) except at the origit¥ (0)~1.0[21]. The
The numbers of iterations needed to calculate quarlcoefficientA and slopeB of the JLQCD Collaboration can be

propagators are listed in Table XLIV. The number is ap-parametrized as

TABLE XXXVIIl. The same as Table XXXVI for>-like octet baryons.

K1Ko B=590 =610  pB=6.25 B=6.47 Co c YNyt

s;5;5;  1.538%23) 1517323 1.507626) 1.498345  1.456862) 0.15915  0.31
S,S,S,  1.442424)  1.416G26) 1.403730) 1.393855)  1.339870)  0.20417)  0.66
upupu;  1.298830)  1.267233  1.251739)  1.247178)  1.178892)  0.23422)  1.44
Uuou, 1.195839) 1.161843) 1.145248) 1.1458102 1.0701117) 0.24328  1.73
Ususuz  1.119549) 1.084853) 1.067956) 1.0722123  0.992§141) 0.24534)  1.71
uu;s;  1.397G26) 1.370429) 1.358333)  1.352162)  1.297377)  0.19418  1.08
Upu,s,  1.343028) 1.315133) 1.302337)  1.299171)  1.240G86) 0.20021)  1.53
Ususs,  1.306731)  1.278237) 1.264840) 1.263§77)  1.202394)  0.20222)  1.75
sS;U;  1.456224) 1.432426) 1.416829)  1.411252)  1.357468)  0.19316)  1.21
sSU,  1.422124) 1.397127) 1.380630) 1.376655  1.31971)  0.20q17)  1.70
s;S;U;  1.396925  1.371727) 1.354531)  1.351557)  1.293173) 0.20318)  1.97
upus,  1.356427) 1.327631) 1.313735  1.308@68)  1.247183)  0.21320)  1.22
Upl,s, 1.299931) 1.269735) 1.255239)  1.252478)  1.187493) 021922  1.60
UsUss,  1.261834) 1.230839) 1.216G43)  1.215385  1.1477102 0.22124)  1.78
S,;SpUu;  1.390025)  1.362228)  1.346933)  1.340462  1.280476)  0.21418)  1.13
s,S,U,  1.353327)  1.324729) 1.308134)  1.303365  1.239980)  0.22419)  1.46
s,SU;  1.326328)  1.297530) 1.280335)  1.276468  1.211583)  0.22420)  1.62
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TABLE XXXIX. Same as Table XXXVI forA-like octet baryons.

K1Ko 3=5.90 $=6.10 3=6.25 B=6.47 Co c 2Ny

uius;  1.373226)  1.345128) 1.328633)  1.322962) 1.260977)  0.21918) 131
Usu,s;  1.301429) 1.271831)  1.254136) 1.250972) 1.183687)  0.23021) 1.68
UsUss,  1.247633)  1.217434)  1.199339)  1.197880) 1.128196)  0.23323 1.75
s;Siuy 1.473724)  1.450425  1.440829) 1.431353) 1.385968) 0.17117) 0.53
s;siu,  1.451@25  1.427Q@27) 1.417%30)  1.408%56) 1.361871) 0.17417) 0.64
S;Sius  1.436125  1.412329) 1.402831)  1.394159) 1.346773) 0.17519) 0.66
uuss,  1.341@327) 1.311330) 1.295335  1.289769) 1.225083)  0.22620) 1.30
Usu,s,  1.267431)  1.236%34) 1.219239)  1.216480) 1.146394)  0.23623 1.63
ususs,  1.212936) 1.181138) 1.163443) 1.162490) 1.0898105  0.23925 1.66
s,Spu; 1.403225 1.375928) 1.363232)  1.355Q61) 1.299@75  0.203198) 0.86
SySoU,  1.379@26)  1.350930)  1.338434)  1.330964) 1.273579)  0.20519 1.01
S»SoUs  1.363627) 1.335231)  1.322735  1.315666) 1.257481) 0.207119) 1.07

A(m,a,mqa)=ag+a;m,a+[a,+ a3(mpa)2] mga, Applying the results of test runs fon, and x., we adoptA
(B2) andB listed in Table XLIV. The smearing radius is approxi-
mately constanta/B~0.33 fm at our fourg values.

B(m,a,mga) =bo+bim, a+[b,+bs(m,a)?Imga,
(M2,Mg2) = o +bam,a-+ 1 bs(m,2)"Img (B3) APPENDIX C:  HADRON PROPAGATORS

For masons we employ the operators defined by
wherem,a is the dimensionlesp meson mass in the chiral

limit, mya=(1/k—1/k:)/2 is the bare quark mass, and MLQ(n):f_nFAgn, (C1
a,=0.915, a,=0.576, wheref andg are .quark f_ields with flavorbandg, andI, is
one of the 16 spin matrices
a,=0.2127, az=—0.644, I's=1l, Tp=1vs5, I'p=iyyys, I'v=7%, I'y=iyy,
bo=—0.0537, b;=0.978, FCa=iysyi, Ir=ily v?’j]/z (i,j=1,2,3. (C2

With these operators, we calculate 16 meson propagators
b,=0.2146, by=-0.5123. (MA(N)M A(0)).

TABLE XL. Same as Table XXXVI for decuplet baryons.

K1Ko B=590 =610  pB=6.25 B=6.47 Co c YNyt

s;5;5;  1.691829) 1.671229 1.663935)  1.671877)  1.624487) 0.12921)  3.02
s,S,S, 1.616433) 1.593334) 1.585141)  1.593183)  1.541598) 0.14323  2.94
upuu;  1.520840)  1.494843)  1.484550) 1.4969100 1.43741200 0.15829  3.05
UpUoU,  1.462948) 1.435450) 1.422759) 1.4402122 1.3725143 0.17234)  3.04
UsUsls 1427158 1.397960) 1.382769) 1.4051151) 1.3286172 0.18841)  2.75
uups,  1.576836)  1.552937) 1.543544)  1.555389) 1.4999106) 0.14625)  3.45
Uu,s,  1.537240) 1.512342) 1.501248)  1.517699) 1.4569118 0.15328)  3.88
UsUuss,  1.511845) 1.485348) 1.473G53) 1.4943111 1.4278131) 0.15932)  4.22
s;s;u;  1.633932)  1.611733) 1.603339)  1.613681)  1.562294) 0.13623)  3.53
s;S;U,  1.613533 1.590935) 1.581640)  1.594883)  1.540898) 0.13824)  4.08
s;s;u;  1.600@35  1.577G37) 1.566742)  1.583287) 1.5265103 0.13925  4.69
upups,  1.552237)  1.527440) 15177470  1.529q93  1.4727111) 0.15227)  3.14
UU,s, 1.512942) 1.487G44) 1.475751) 1.4913104 1.4291124 0.15930)  3.46
UsUsS,  1.487747) 1.460950) 1.447856) 1.4684117) 1.4001139 0.16733)  3.71
s,SU;  1.584135  1.560237) 1.551344)  1.561188) 1.5069104) 0.14725)  3.11
s,S,U,  1.564137) 1.539639) 1.529945)  1.542291) 1.4855109 0.15026)  3.46
s,S,Uu;  1.550839) 1.526@41) 1.515347)  1.530895 1.4711114 0.15327)  3.88
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TABLE XLI. Quark massesn,a in the MS scheme a=2 GeV interpolated or slightly extrapolated to
mpg/my=0.75(s;), 0.7(s,), 0.6(u,), 0.5(u,), and 0.4(13) and normalized byn§,°'75)a together with param-
eters andy?/Ng of their linear continuum extrapolationsnga)/(m{"9a) = c,+cm{"a. Lattice spacings
at eachB determined from the physical value of)’® are also given.

K1Kp =590 p=6.10 p=6.25 B=6.47 Co c Y2 Ny
S 0.11643) 0.11854) 0.12035 0.121610) 0.126511) -0.0243) 0.28
S, 0.091G3) 0.09274) 0.09435) 0.09499)  0.099210) —0.0162)  0.51
u 0.05683) 0.05813) 0.05934)  0.05988) 0.06309) -0.0122)  0.40
U, 0.03473) 0.03573) 0.03654)  0.037G8) 0.03939) —0.0092)  0.15
Us 0.01992) 0.02052) 0.02094)  0.021%7) 0.02268) —0.0082)  0.05

a ! (Gev 1.92936) 2.53247) 3.05457) 4.00979)

For the spin-1/2 octet baryons we take the operators de- D= €2 (fT2CTog®)h¢
fined by
—(fTaCr+g”)hs)/3, (C8
0["(n) = € f 2 Cysgmh?,, (c3)
D _ 1= €**T(fT8CT og")h3
wherea, b, care color indicesC=vy,7y, is the charge con-

jugation matrix, ande=1, 2 represents the spin state, up or —(fT*Cr _g")hi1/3, (C9
down, of the octet baryon. To distinguidh and A-like octet abe < Ta -
baryons, we antisymmetrize flavor indices, written symboli- D _3p=€(f °CI'_g°)h3, (C10
cally as
Y where ' . =(y,Fivy,)/2, 'y=1v3, and the subscript oD
[fhlg+[gh]f denotes the component of the spin.
S=—— - (C4) With these operators, we calculate eight baryon propaga-
V2 tors given by
\_ LThlg—[ghlf—2[fg]n s (3.(M2,0), a=12 (c11)
V6 ' (To(NAL0)), a=1.2, (C12
with [fg]=fg—gf. (Dg(n)Dg(0)), S=3/2,1/2-1/2,-3/2, (C13

The spin-3/2 decuplet baryon operators are given by
can together with eight antibaryon propagators defined by the
D 2a(n)= eabc(fIaCyﬂgﬁ)hﬁa. (C6  same expressions with the baryon operators replaced by an-
tibaryon operators. To enhance the signal, we average zero-
Writing out the spin structuréu, «) explicitly, we obtain momentum propagators on a configuration over all states
with the same quantum numbers: three polarization states
D= €?*(fT2CT, g°)hg, (C7  for the vector meson and twi@our) spin states for the octet
(decuplet baryon. We also average the propagators for the
1.7 — . . . . . particle and the antiparticle—i.e., meson propagatotsaat
L,—t are averaged—and baryon propagators for particte at
and those for antiparticle &t —t are averaged. Errors of the
propagators are estimated treating the data thus obtained as
being statistically independent.

13 ¢

APPENDIX D: CORRELATED FITS FOR CHIRAL

1.1 EXTRAPOLATION

A difficulty in a correlated chiral extrapolation is that the
size of the full covariance matrix(error matrix
C(t,k1x2:t' , k1k5) is very large and the matrix becomes

09

00 01 02 03 04 05 close to a singular matrix so th@& ! necessary foy? fits
MoV cannot be estimated reliably. When we make a fit for both
degenerate and nondegenerate data simultaneously, the size
FIG. 44. Degenerate masses and chiral fits in the continuunof C becomes of order 200, e.g., (280+ 1) X 11=209 for
limit. V=m{®>"9 . See text for details. fitting range [10,28 used for 11 combinations of quark

0.7 : :
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TABLE XLII. Parameters of QPT fits made in the continuum limit. Results are given in unitm(;ﬂ‘73
of the continuum theory and in physical uni@eV, GeV1). We also give parameters obtained from an
extrapolation of the parameters at finfie

x?INg  Parameter in m{>™ units

in physical units Extrap(in physical unit$

PS

\Vector

Octet

Decuplet

0.2 A 1.7223)
B 2.1791)

5 0.1610)

0.0 mJ 0.79129)
C, 0.54879)

Cipp —-0.13398)

0.0 mg 0.877112)
be —0.24866)

bo 0.04044)

F 0.29071)

) 0.43469)

0.0 md 1.26572)
c 0.22Q77)

H?2 0.0699)

c? 0.33.0

1.6923) 2.434)
1.699)

0.77611) 0.77710)
0.55993) 0.56Q72)
—0.13682

0.86120) 0.86324)
—0.25367) —0.24436)
0.041(45) 0.04018)
0.28036)

0.41635)

1.24174) 1.25143)
0.22478) 0.23428)
0.1640)

—0.3977)

masses. We find that the condition numbe€as far beyond whereG(t, x,) are data of hadron propagators aBglt, «»)
10% so that one cannot handle the matrix within our numeri-is a fitting function, e.g.G(t, k) = A( k,)exHd —m(k)t] for
cal accuracy. Instead of the simultaneous fits, we make inddsaryons. The masses(«,) thus determined are in general
pendent fits for degenerate and nondegenerate casadifferent from those obtained by individugf fits for each
Namely, we make three fits for masond:l) degenerate fit
with five data atk;k,=51S;, SpSyp, UjUy, UsUs, UgUuz, (2)
nondegenerate fit with one of the hopping parameter
=s, using four data ak;x,=5;S;, S1Uq1, S1U,, S1U3z, and

3 the same

with  k;=s, using  kik»

=5,5,,5,U1,S,U5,S,U5. Fits for baryons are carried out
similarly, because two quarks in baryons are taken to be 3=(D'Cc D)7, (D2

degenerate.

k,. The difference is small for most cases, though it occa-
sionally amounts to 12 We use masses from the full cor-
related fits for later analyses. Results remain essentially the
same if masses from individual fits are used. We then calcu-
late an error matrix, for the fit parameters by

For each correlated fit, we employ the procedure adoptedhereD is the Jacobian defined by
in Ref.[54]. We first minimizeyz,, defined by

Xen= 2 {G(t.k2)—Go(t,k2)}C ™t kait' &5)

!
t,t',KZ,Kz

X{G(t",K3) = Go(t",k3)}, (D1)

1.0

M, (GeV)

08 .

0.0

0.1

0.2 03 04 05 06
a(GeV)

FIG. 45. Octet baryon mass in the chiral limit vs the lattice 2=
spacing. The leftmost point represents the value in the continuum () 1551200 —0.6%, 0.4 1.64714) 0.0%, 0.&r
limit, but determined from the chiral fit in the continuum limit.

TABLE XLIII. Hadron spectrum from QPT chiral fits in the
continuum limit. The scalen]" of the continuum theory is also
given. See text for details. Deviation and its statistical significance

are relative to our final resu(tata in Table IV.

my input m, input

Mass(GeV) Deviation MasqGeV) Deviation

m{®7  0.98118) 0.98118)
K 0.5596) 1.0%, 0.6r

K* 0.8569) —0.3%, 0.3r 0.8894) 0.0%, 0.&r
¢ 0.95112) —0.6%, 0.4

N 0.87623) —-0.2%, 0. 0.87623) -0.2%, 0.
A 1.01117) —-0.8%, 0.4 1.05712 —0.3%, 0.3r
3 1.10916) —0.7%, 0.4 1.17310 —0.2%, 0.%r
E 1.18913) —1.0%, 0.4  1.2858) —0.3%, 0.9
A 1.25148) —0.5%, 0.2r 1.25148) —0.5%, 0.2r
py 1.35332) -0.4%,0.2r 1.38531) -0.2%, 0.
B* 1.45327) —0.4%, 0.2 1.51725 0.0%, 0.&r

*
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TABLE XLIV. Smearing parameters for quark matrix inversion. Paramegerand B appear in the

smearing functiorB(n)=A exp(—BJn|). The numbers of iterations necessary for pgPi and smearedS

sources are also given.

B=5.90 (3=10"'2 ri=10"7)

K 0.15660 0.15740 0.15830 0.15890 0.15920
A 1.1427 1.1408 1.1387 1.1373 1.1366
B 0.3290 0.3268 0.3242 0.3226 0.3217
No. iter(P) 220+8 307+13 495+ 26 780+ 170 1130320
No. iter(S) 201+6 279+ 10 463+23 750+ 170 1080290
B=6.10 (2=10 2 r3=10"7)
K 0.15280 0.15340 0.15400 0.15440 0.15460
A 1.0884 1.0863 1.0843 1.0830 1.0823
B 0.2361 0.2339 0.2317 0.2303 0.2296
No. iter(P) 259+ 6 373+9 644+ 21 1170+ 60 1740+ 230
No. iter(S) 261+ 4 378+7 661+ 18 1220+ 60 1840+ 250
B=6.25 (2=10 2 r3=10"7)
K 0.15075 0.15115 0.15165 0.15200 0.15220
A 1.06304 1.06151 1.05961 1.05829 1.05754
B 0.19336 0.19175 0.18974 0.18835 0.18755
No. iter(P) 275+6 359+8 586+ 15 1080+ 40 1900+ 120
No. iter(S 298+3 387+5 633+ 11 1170+ 40 2130130
B=6.47 (3=10"" ri=10"7)
K 0.14855 0.14885 0.14925 0.14945 0.14960
A 1.02817 1.02688 1.02517 1.02431 1.02368
B 0.13484 0.13351 0.13174 0.13085 0.13019
No. iter(P) 427+8 561+ 11 987+ 63 1600+ 50 3060+ 160
No. iter(S) 405+3 532+6 940+ 60 1520+ 40 2930+ 140

Dt piacy)micy = [9G0o(t k) A(13),0Go(t, 1) IM(k3) ]. In fully correlated chiral fitsy2, should be close toly.

(D3) For pseudoscalar mesons, we choose the fitting range care-
fully to satisfy this condition(see Table XLV. We use the
common ranges for both YPT fits in Sec. VIA and qua-
dratic polynomial fits in Sec. VID.

For vector mesons and baryons, we employ uncorrelated
ngtzz (M) = F (1) VS L ka, ki) IM( ) — F(K)}, QxPT chir.al extrapolations made simultaneously to hadron
K2 masses with degenerate and nondegenerate quark masses. In
(D4) addition, we perform fully correlated polynomial chiral fits.
With our choice of fitting ranges for the former, we observe

3 (k,,k5) is the submatrix among the masses of the funthat Xiur/Nas for t2he latter are much larger than unity, al-
error matrix3, in Eq. (D2). though errors ofy,/Ngs are also large. After trial and error,
This procedure works well only when the full covariance discarding data arounti~t, in degenerate propagators at
matrix C is reliably determined. Although the condition num- =$; ands, and/oru; leads toxf,/Ng~1. We therefore
ber of C is as large as #6-10" for degenerate fits and use different ranges for polynomial chiral fits from those for
10*?— 10" for nondegenerate fits, small eigenvalues and th&xPT fits, noting that masses for these cases do not change
corresponding eigenvectors responsible fgy, are deter-  significantly.
mined well. The jackknife error for these quantities is of the For the mass-mass covariance matkix the condition
order of 10%(20% at8=6.47). The error sometimes in- number isO(10% and all errors for eigenvalues and eigen-
creases to 50% for large eigenvalues. We think that it causegectors are contained within 25% of central values. Hence
no problem because the correspondmg eigenmodes have @ are able to perform numerically reliable full correlated
significant contribution to¢2,. chiral extrapolations.

Note thatD is diagonal with respect ta&,. For the chiral
extrapolation, we minimize(gXt given by

where f(«,) is the fitting function we try and the matrix
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TABLE XLV. Values of xZ,, for degeneratéDG) and nondegeneratdlD) pseudoscalar meson mass fits.

DG ND (K]_:Sl) ND (Kl:SZ)
B Nt X N Xtui N X
5.90 85 7921) 68 6117 68 6118
6.10 100 1106) 80 9222 80 9923
6.25 40 4715) 32 2912) 32 3313)
6.47 70 17766) 56 8536) 56 8G35)
APPENDIX E: CHIRAL FITS FOR PSEUDOSCALAR remove theD(mj) term, x5,/ Ny becomes much larger. This

MESONS observation is consistent with the presence of @(emé)

We compare eight chiral fit functions for pseudoscalarterm expected from the mass ratio test given in Sec. V. For
meson masses listed in Table XLVI, using the fully corre-nondegenerate fits, similar values )@ix/Ndf are obtained
lated fits described in Appendix D. The first five are for thefrom both quadrati¢fit 2n) and Q¢PT (fit 5n) fits.
degenerate cases;s; and u;u;. Fits 1-3 are polynomials, To keep consistency with the presence ofRJ singular-
while fits 4 and 5 are based ony®T using Eq.(28) with ity shown by the ratio tests in Sec. V A, we decide to employ
ae=0, with or without the quadratic ter8(m;+m,)?. The  QxPT fits(fits 5 and H) for the main course of our analyses
remaining three functions are for the nondegenerate casesd use quadratic fitdits 2 and 21) for estimations of sys-
siuj. Two of them are polynomials, and the last one is thetematic errors from the chiral extrapolation.

QxPT formula(28) with a4 =0. For nondegenerate fits, we

fix k. to a value dzetermined fr(_)m a degenerfite fit. APPENDIX F: TEST OF Q xPT MASS FORMULA FOR
The values ofyg,/Ngs for chiral extrapolations are very VECTOR MESONS AND BARYONS
large irrespective of the choice of fitting functions, as shown
in Table XLVI. A similar phenomenon was observed also in  Lowest-order QPT mass formulas for vector mesons
previous studies. See, e.g., RE§]. This may be due to the [17] and baryon$18] can be written as
fact that higher-order terms are required to reproduce our

data. Because the number of our data points is limited, in- mMy(Mpg) =M°+ CyoMpgt CiM3gt Caomis,  (F1)
clusion of such terms is not possible, and hence we choose a
functional form from overall consistency. whereC; are polynomials of the couplings in the quenched

Concerning the relative magnitude @f, /Ny, we find,  chiral Lagrangian. We find that it is difficult to constrain all
for the degenerate fits, thaf,/Ng is the smallest with the coupling parameteré for vector mesons and 11 for baryons
QxPT formulas keeping thé)(mf]) term (fit 5). When we in addition tos andag) under the limitation of the accuracy

TABLE XLVI. Chiral fit functions and)(fmlNdf for pseudoscalar meson masses. Fits 1-5 are for degen-
erate cases, while fitsnt-5n are for nondegenerate cases with=(1/s;— 1/«.)/2 for upper rows anang
=(1/s,—1/k.)/2 for lower rows.

ngt/ N
Fit function ParametersNg B=5.90 B=6.10 B=6.25 B=6.47
Fit 1 m2s=2Am Koy A 3 1290100 111792) 94282 630170
Fit 2 mas=2Am+4Bn? ke, AB 2 41743 17228 6728 5930
Fit 3 m2s=2Am+4Bm?+8Cm° ke, AB,C 1 18243) 12554) 10055  83(48)
Fit4 mig=2Am1-48(n(f,mA)+1)] ., A 6 2 101885 60661 37655 28592
Fit5  mig=2Am1-48(n(f,mA)+1)] «., A 6B 1 11631) 7135 57(31)  26(26)
+4Bm?
Fit 1n mas=Am+Am A, A 2 630110 45555 430500 246(67)
381(84) 31445 33941 23364
Fit2n  mig=A(mg+m)-+B(me+m)? ABC 1 91(26)  20(12) 2(3) 0(1)
+C(mg—m)? 12835  36(17)  4(4) 1(4)
Fit 50 mig=A(mg+m)[1—8(n(f\m/A) A, 6 B 1 147400  46(19 1209 4(9)
+m/(m—mg)In(m/my))]
+B(mg+m)? 80500 62(24) 1410 8(13)
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of our mass data and the number of data points. We therefor&6) or Cp andCy in Eq. (F2) are small. We find that,, is
set5=0.1 andag =0, and drop the couplings of the flavor- negative, but much smaller in magnitude than the phenom-
singlet pseudoscalar meson to vector mesons and baryorenological estimate=—0.71.

We also seff =132 MeV unless otherwise stated.

1. Vector mesons

The lowest-order QPT formula for vector meson4d7] is
given by

33
uu
6 (muu+mss)+2_2_2_

my=
SS mUU

mv+

Cy
+ = (M +meg+Cp(mj,+meg+Cymi,  (F2)

b. Chiral fit

We make a fit, Eq(F2), directly to the vector meson mass
data, treating the degenerate and nondegenerate cases simul-
taneously. We ignore correlations among masses for different
quark masses, or else the size of the full covariance matrix
becomes too large to obtain reliable matrix elements.

We find that the QPT fit keeping all five fitting param-
eters is unstable; the covariance matrix for the fit parameters
becomes close to singular with the condition number of
0(10°-10).

Dropping theO(mPS) terms, the fit becomes more stable

wherem is the pseudoscalar meson mass. The coefficientwith the condition numbers oD (10*-1). The fit repro-

are written in terms of the couplingg; of the quenched
chiral Lagrangian:

Cupp= —4mg55, (F3)
CD: _29294/(127Tf2), (F4)
Cn=(—40:0,+4g3Ay)/(127f?). (F5)

The coefficieniC,, of the term linear irmpg is proportional
to 8 and represents the quenched singularityP® predicts a

negative value forC,,. A phenomenological estimate is

Cq~—0.71 usings=0.1 andg,=0.75[17].

a. Ratio test

We perform ratio tests for vector meson masses indepen-g
dently for degenerate and nondegenerate cases. For the

generate case, the mass formula, EeR), reduces to Eq.
(F1) with

C3,=Cp+Cy. (F6)
Hence we obtain a relation
y=Cupt Cax+0(Mpg) (F7)
for
S
X=MpgoFt Mpgy;. (F9

We calculatey andx for all ten combinations ok, and «».

Equation(F7) is obtained also for nondegenerate cases, wit
y and x replaced by more complicated expressions. We ob-

tain 15 data points foy and x from all combinations satis-
fying (u;s)) # (u/'s]).

In Figs. 46 and 47 we show plots piversusx for degen-
erate and nondegenerate cases, respectively. Data do

h

duces the data equally well as that including (D(amps)
terms as illustrated in Fig. 27 for the degenerate datg at
=5.90 (the baryon fits in this figure are discussed below
Equivalently, y?/Ng4 of at most 0.8 obtained without the
O(m3) terms are comparable to 0.9 including B¢m3 )
terms. Taking the stability of fits as a guide, we adopt the fit
without the O(m3¢) terms for vector mesons. This choice
also agrees with a small value Gf, observed in the ratio
test.

For the coefficient of the leading chiral singularity, we
obtain C,,,=—0.058(27), —0.07528), —0.06535), and
—0.15572) at 8=5.90, 6.10, 6.25, and 6.47, respectively,
which are stable under variation @. Taking a weighted
average, we findC,,=—0.0718), which is much smaller
than a phenomenological estima’r};,2=—47-rg§5=—0.71

g&‘ 0.1). The valueC,;,=—0.13(10) obtained from chiral
S i

n the continuum limit(Sec. X also supports this con-
clusion. A much larger value o~ —0.6 to —0.7 is re-
ported in Ref[29]. One possible origin of the difference is
the finite-size effects in Ref29].

2. Decuplet baryons

Keeping terms up t@(mﬁs), the QPT formula for de-
cuplet baryon masses is given 8]

2

Mp=mp+ 7

—= (4w, + 4w st W)
CZ
18(WUU 2WUS+WSS)+C(2mUU+mSS)

+(—10H2/81+ C?/9) (v yy+ 20 9), (F10

wherew;; andv;; are defined in Eqs(43) and (44). The
terms proportional to; areO(mPs)

a. Ratio test

For the degenerate case, the form{#a0) reduces to the

fitted well by a linear function ok, and intercepts are nega- cubic polynomial as in EqF1), where

tive taking a value in the range0.3-0.0. These results sug-

gest that th@d(m3) term in Eq.(F7) and henceCy), in Eq.

Cyp=— (57 8I6)H2. (F12)
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FIG. 46. Ratio test for QPT formulas for degenerate vector FIG. 48. Same as Fig. 46, but for degenerate decuplet baryons.

mesons.
—0.169(33), —0.14539), —0.10%40), and —0.1810) for
B=5.90, 6.10, 6.25, and 6.47, respectively. Results at differ-

Therefore, we can perform a ratio test by construcgiagd ent B are consistent with each other, and the weighted aver-

X, which are similar to those for vector mesons. . . : .
’ . . =—0.14(1 h th ate—0.1
As Fig. 48 shows, we obsen,,,~ —0.1 from the inter- ?r?)?nctﬁze rati?) tegt.) Is consistent with the estim 0
cept and a small value @, from the linearity of the data. Including theO(m:’,;S) terms reduces th€,,, coefficient
The negative value fo€,), is consistent with the negative to Cyp=—0.020(29), —0.01932), -0.03128), and
sign in Eq.(F11). —0.20473) for B=5.90, 6.10, 6.25, and 6.47, which are
o much smaller than the values from the ratio test.
b. Chiral fit Considering the consistency with the ratio test, we em-

We study direct fits of the decuplet baryon mass data t®!0y the mass formula without tH@(mzg) terms in the main
the mass formul&F10) using degenerate and nondegeneraténalyses and use the fits with tmgg terms for error
masses simultaneously. Sin€g,, is small in the ratio test, estimations.
we consider fits with and without th@(m3 9 terms in Eq. For the adopted fitC® is consistent with zero within
(F10). We note that the number of parameters is the s@ne ~20. SettingC*=0 does not change the decuplet baryon

The two types of fits are indistinguishable. Both yield masses at the physical point by more thanoOfér all 3
¥2Ng~0.5 with the condition number of the covariance values. We keep, however, the term proportionaCfosince
matrix of O(10F—107), and the fitting curves are nearly it is the same order as the term proportionaHt
identical in the range of our data points. See Fig. 27 for the

results at3=5.90. 3. Octet baryon

The fits without theO(m‘E,S) terms giveH?=0.65(13), The QPT mass formulas we consider for octet baryons
0.5515), 0.3915), and 0.7040) and C,= — (57w 6/6)H?=  are written as
1.4
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FIG. 47. Same as Fig. 46, but for nondegenerate vector mesons. FIG. 49. Same as Fig. 46, but for degenerate octet baryons.
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TABLE XLVII. Bare AWI quark masses @;,""'°*(%) obtained at the simulation points. Hermg stands
for Mg, + Mg, . The fit rangd tmin tmax IS also given.

B=5.90 =6.10 B=6.25 B=6.47

K1k, Range Value Range Value Range Value Range Value
s;S;  5-25 0.091308B0) 8-32 0.072036%9) 7-39 0.0633774) 10-53 0.04877@0)
s,S, 5-25 0.06798&4) 8-32 0.05180(53) 7-39 0.04876@%7) 10-53 0.0368872)
uu,  5-25 0.04257®8) 8-32 0.03198(50) 7-39 0.03077(67) 10-53 0.02123&0)
u,u, 5-25 0.02594@9) 8-32 0.01892(6) 7-39 0.01835%2) 10-53 0.01350598)
usuz; 5-25 0.0171441420 8-32 0.01211400 7-39 0.01122600 10-53 0.0077062)
s;u;  5-25 0.06671F5) 8-32 0.05187%4) 7-39 0.04698@®6) 10-53 0.03494T3
s;u, 5-25 0.05827(5) 8-32 0.04527¢4) 7-39 0.0407064) 10-53 0.0310359
s;uz3  5-25 0.05400678) 8-32 0.04195%7) 7-39 0.03711®5 10-53 0.028114'8)
s,u; 5-25  0.05521771) 8-32 0.04186(1) 7-39 0.03974@®2) 10-53 0.02903®7)
s,Uu,  5-25  0.04684¢71) 8-32 0.03529%2) 7-39 0.0334869 10-53 0.02514(B6)
SoUz 5-25  0.04259475) 8-32 0.03198(5) 7-39 0.02991660) 10-53 0.0222350)

b. Chiral fit

For octet baryons, it is natural to &it andA-like baryons
simultaneously, because many coefficients of individual
terms are related with each other. In these fits we need to
include theO(m‘;‘,S) terms to reproduce the negative curva-
) 5 ) ture while maintaining consistency withx®T.
+(2D°/3—2F*=C*/9)v,+(2D*/3—4DF We find that the six-parameter fit as indicated by Egs.
+2F2-5C2/9)u,., (F12) (F12 and (F13 s_h(.)w.s sgveral local minima in parameter

space, and the minimization procedure converges to different
minima depending on the jackknife ensemble. Some param-

1
my=mQ+ > {4F2Wy,— 4(D — F)Fwyst (D —F)?wsd

2
+ 5 (Wuu— 2Wys+ Wego) — 4bemZ,+2(bp— bg)m,

my = mg+ %{(4D/3— 2F)2Wy,+ (D/3+ F) 2w, eters exhibit irregular dependence on the lattice spacing, e.g.,
F=0.150(20), 0.13@5), 0.10343), and 0.24749) for B
—2(4D/3— 2F)(D/3+ F)w,g +4(2bp/3—bg)m?2, =5.90, 6.10, 6.25, and 6.47. . o
Recalling that the octet-decuplet coupli@ds zero within
—2(bp/3+ bF)m§S+(2D2/9—8D F/3+2F2 20 in the decuplet baryon fit, we s€&=0 for octet baryons
) 5 5 and obtain stable fits, e.g.F=0.334(14), 0.32@4),
—Co/3)vyy+ (10D7/9—4DF /3= 2F = C3)v s. 0.31513), and 0.29€81) for 8=5.90, 6.10, 6.25, and 6.47.
(F13 In view of the stability of parameters, we employ the
simplified fit (C=0). The fits are almost indistinguishable
The notation is the same as that for decuplet baryons. from those keepindC#0 in the range of measured points.
_ See Fig. 27.
a. Ratio test For the coefficient of the leading chiral singularity, we
The QyPT mass formul@F12) reduces to the cubic poly- obtain C,,=—0.118(4) as the weighted average over the
nomial in Eq.(F1) with four values ofB. This is smaller than a phenomenological
estimate C,,= — (376/2)(D—3F)2~—0.27 assumingsd
Cip=—(376/2)(D—3F)2. (F14 =0.1,F=0.5, andD=0.75. The smallness &, is not due

to lattice cutoff effects, because;,= —0.09(8) is obtained
The negative sign o€,/, suggests that the degenerate octetin the continuum limit(Sec. X.

mass is a concave function mﬁ%s for sufficiently light
quarks. On the other hand, our data exhibit a confiex, APPENDIX G:  QUARK MASS FROM LOCAL
negative curvature as shown in Fig. 27. A negative curvature AXIAL-VECTOR CURRENT

is also observed in Ref6] for the Kogut-Susskind action.

We consider that the negative curvature is duedian3)

terms and that they have a large effect for the range of quarEy

An alternative definition of the AWI quark mass is given

masses covered by our data. local

In Fig. 49 we show the ratio test as in E&.7) for degen- 2mAWilocaly — “A 5 AWl local(0) (GY)
erate quark masses. @i(m3) terms in Eq.(F7) or, equiva- a Zp
lently, theO(m3¢) terms in the mass formula are negligible, (A93(1)P(0))
one would obtairnC,,~0.6, which is opposite in sign com- ZmAW',local«(O):mpsa”m"'—' (G2
pared to Eq(F14). d e (P(DP(0))
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where the time derivative in the numerator is substituted by

mpsa and

ALY =T i 57,90 (G3)

is the local axial-vector current.

For miWhocal®) e first antisymmetrize the correlator mial under the constraint,

q
(AR(t)P(0)) and then make a fit

PHYSICAL REVIEW D 67, 034503 (2003

(AR(t)P(0))
Mo pripioyy ~2Ma o an mpsa(Ly2—1)]
(G4

where mpga is already determined by the pseudoscalar

propagator fit. The results forn@;""°3(©) are summarized

in Table XLVII. Chiral fits are made by a quadratic polyno-

AWllocal— . ' For the renormaliza-
AWI,IocaI(O)’ we use Eq(56).
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