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Negative-parity baryon spectrum in quenched anisotropic lattice QCD
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We investigate the negative-parity baryon spectra in quenched lattice QCD. We employ the anisotropic
lattice with a standard Wilson gauge andO(a) improved Wilson quark actions at three values of lattice
spacings with a renormalized anisotropyj5as /at54, whereas and at are spatial and temporal lattice
spacings, respectively. The negative-parity baryons are measured with the parity projection. In particular, we
pay much attention to the lowest SU~3! flavor-singlet negative-parity baryon, which is assigned as theL(1405)
in the quark model. For the flavor octet and decuplet negative-parity baryons, the calculated masses are close
to the experimental values of corresponding lowest-lying negative-parity baryons. In contrast, the flavor-singlet
baryon is found to be about 1.7 GeV, which is much heavier than theL(1405). Therefore it is difficult to
identify theL(1405) to be the flavor-singlet three-quark state, which seems to support an interesting picture of

the pentaquark (udsqq̄) state or theNK̄ molecule for theL(1405).

DOI: 10.1103/PhysRevD.68.094505 PACS number~s!: 12.38.Gc, 14.20.Gk, 14.20.Jn
fu
o

he
o
th

an
o

e
op
ity
or
in
ua

h
i
t

k
Q

W
a

fa
v-
in

ave
the

ved

e-
let
at

ex-
rm
of
-

uch

e
ten-

-
the

ex-

ra,
the

ic

f
on
I. INTRODUCTION

The lattice QCD simulation has become a power
method to investigate hadron properties directly based
QCD. The spectroscopy of lowest-lying hadrons in t
quenched approximation, i.e., without dynamical quark-lo
effects, has been almost established, and reproduces
experimental values within 10% deviations@1#. Extensive
simulations including dynamical quarks are in progress
would give us a detailed understanding of the spectra
these ground-state hadrons@2#. In contrast, several lattice
studies on the excited-state hadrons have been started@3–9#
very recently, and their calculations are far from establish
even at the quenched level. In this paper, using anisotr
lattice QCD, we investigate the low-lying negative-par
baryon spectra, particularly paying attention to the flav
singlet baryon. Another purpose of this paper is to exam
the correspondence between the flavor-singlet three-q
~3Q! state and theL(1405).

In the context of the flavor-singlet baryon, theL(1405) is
known to be one of the most mysterious hadrons. T
L(1405) is the lightest negative-parity baryon, although
contains strangeness. Moreover, there are two physical in
pretations on theL(1405). From the viewpoint of the quar
model, theL(1405) is described as the flavor-singlet 3
system. As another interpretation, theL(1405) is an interest-
ing candidate of the hadronic molecule such as theNK̄
bound state with a large binding energy of about 30 MeV.
aim to clarify whether theL(1405) can be explained as
flavor-singlet baryon in quenched lattice QCD.

Historically, excited-state baryons have been so
mainly investigated within the framework of the nonrelati
istic quark model, in which baryons can be classified

*Present address: RIKEN BNL Research Center, BNL, Upt
NY 11973, USA.
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terms of the spin-flavor SU~6! symmetry. While the ground-
state baryons have completely symmetric spin-flavor w
functions and form the 56-dimensional representation,
low-lying negative-parity baryons are part of theL51 orbit-
ally excited states and belong to the SU~6! 70-dimensional
representation. We summarize the classification of the SU~6!
symmetry and its assignment to experimentally obser
baryons in Table I. Both the nonrelativistic@10# and the
semirelativistic@11# quark models reproduce the negativ
parity baryon spectra fairly well in the octet and the decup
sectors@12#. Such success of the quark model implies th
the constituent quark picture holds well and the gluonic
citation modes play a less important role. The potential fo
is being clarified with the recent lattice QCD calculations
the static 3Q potential@13,14#. Furthermore, the large glu
onic excitation energy@15# obtained with lattice QCD ex-
plains the reason why the quark potential model without s
gluonic excitations well describes the hadron spectra.

Among the low-lying negative-parity baryons, th
L(1405) is an exception of such success of the quark po
tial model. In fact, theL(1405) is much lighter than the
lowest-lying nonstrange negative-parity baryons,N(1520)
with JP53/22 and N(1535) with JP51/22. There are two
physical interpretations proposed for theL(1405): an SU~3!

flavor-singlet 3Q state, and anNK̄ bound state, i.e., a pen
taquark~5Q! system. The simple quark model is based on
former picture, and it predicts that theL(1405) and the
L(1520) with JP53/22 are nearly degenerate@10,11#. In
this picture, the large mass difference between them is
plained to originate from a largeLS force @16#, but such a
strongLS splitting is not observed in other baryon spect
and therefore it seems difficult to reproduce the mass of
L(1405) within the simple quark model.

Another interesting interpretation for theL(1405) is the
pentaquark~5Q! system or theNK̄ bound state as a hadron
molecule@16,17#. Note here that theL(1405) lies about 30
MeV below theNK̄ threshold, and this binding energy o
,
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TABLE I. Quark model assignments for experimentally observed baryons in terms of the spin-flavor SU~6! basis@16#.

SU~6! representation SU(3)f representation JP S50 S521,I 50 S521,I 51 S522 S523

56 (L50) 28 1
2

1 N(939) L(1116) S(1193) J(1318)
410 3

2
1 D(1232) S(1385) J(1530) V(1672)

70 (L51) 28 1
2

2 N(1535) L(1670) S(1620) J(?)
3
2

2 N(1520) L(1690) S(1670) J(1820)
48 1

2
2 N(1650) L(1800) S(1750) J(?)

3
2

2 N(1700) L(?) S(?) J(?)
5
2

2 N(1675) L(1830) S(1775) J(?)
210 1

2
2 D(1620) S(?) J(?) V(?)

3
2

2 D(1700) S(?) J(?) V(?)
21 1

2
2 L(1405)

3
2

2 L(1520)
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about 30 MeV is rather large in comparison with about 2
MeV, that of the deuteron. If this picture holds true, the lar
binding energy betweenN andK̄ results in a significant role
of the attractive effect for theK̄ put inside nuclei or nuclea
matter. In this way, the study of such an exotic and stra
baryon, theL(1405), is important also for understanding
the manifestation of strangeness in the hypernuclei and
neutron stars.

The 3Q and the 5Q states, however, would mix in the r
world. Therefore a more realistic question would be as f
lows. Which is the dominant component of theL(1405), the
3Q state or the 5Q state? We try to answer this ques
using lattice QCD simulations. In lattice QCD simulation
even if one chooses the operator as the 3Q or the 5Q sta
generally overlaps with both the states through the quark
antiquark pair creation. In the quenched simulation, howe
owing to the absence of dynamical quark-loop effects, suc
mixing between 3Q and 5Q states are rather suppres
which would enable us to investigate the properties of ge
ine 3Q and 5Q states in a separate manner.

In this paper, we focus on the 3Q state and investig
whether this picture can explain the mass of theL(1405).
Apparent discrepancy with the experimentally observ
mass implies that the pentaquark state gives significant
tribution to the physicalL(1405) state. In practice, lattic
QCD results suffer from various systematic errors. It is the
fore essential to compare the mass of the flavor-singlet
state with other negative-parity baryon masses as wel
with lowest-lying baryon masses.

It is also important to understand the gross structure
low-lying negative-parity baryon spectrum in relation
spontaneous chiral-symmetry breaking in QCD. If the ch
symmetry is restored, such as at high temperature an
density, the masses of a baryon and its parity partner sh
be degenerate. Spontaneous chiral-symmetry brea
causes mass splitting between positive- and negative-p
baryons. It is important to study nonperturbatively negati
parity baryons in terms of the parity partners of the positi
parity ones.

Since the negative-parity baryons have relatively la
masses, their correlators rapidly decrease in the Euclid
09450
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temporal direction. As a technical improvement, we adopt
anisotropic lattice where the temporal lattice spacingat is
finer than the spatial one,as @18#. With the high resolution in
the temporal direction, we can follow the change of the c
relator in detail and specify the relevant region for extract
of the mass. Thus efficient measurements would be poss
This approach is efficient also for other correlators of hea
particles, such as the glueballs@19#. ~The anisotropic lattice
is extremely powerful for the study of the finite temperatu
QCD @19–21#, where the temporal distance is severely lim
ited in the imaginary-time formalism.!

In this study, we adopt the standard Wilson plaque
gauge action andO(a) improved Wilson quark action, for
which the sizes of errors are rather well evaluated@22,23#.
The simulations are performed on the quenched anisotr
lattices with renormalized anisotropyj5as /at54 at three
lattice spacings in the range ofas

21.1 to 2 GeV. For these
lattices, the quark parameters were tuned and the light h
ron spectrum was calculated in order to estimate the eff
of uncertainties due to anisotropy on the spectrum@23#.

This paper is organized as follows. In Sec. II we summ
rize the anisotropic lattice actions used in this study.
show the numerical results on the negative-parity baryon
Sec. III, and discuss their physical consequences in Sec
The last section is dedicated to the conclusion and pers
tive for further studies.

II. ANISOTROPIC LATTICE

We employ the standard Wilson plaquette gauge ac
and theO(a) improved Wilson quark action on anisotrop
lattices. We briefly summarize the anisotropic lattice acti
The gauge field action takes the form

SG5b(
x

H (
i . j 51

3
1

gG
F12

1

3
Re TrUi j ~x!G

1(
i 51

3

gGF12
1

3
Re TrUi4~x!G J ~1!
5-2



rt

m
re

rk
d
n

he
s

he
th

ec
ar

is
a
s

ly

d

or

e

th

ri-
-

nes

ri-

ts.
ce,
ther

ab
py
qual
t to
s
la-
sult

ac-
isot-

as
of

n

udy,
dopt
r

s
pro-

est

e
tice
e

lat-
-

NEGATIVE-PARITY BARYON SPECTRUM IN QUENCHED . . . PHYSICAL REVIEW D68, 094505 ~2003!
with b[2Nc /g2. Here, Umn denotes the parallel transpo
around a plaquette in them-n plane,

Umn~x!5Um~x!Un~x1m̂ !Um
† ~x1 n̂ !Un

†~x!. ~2!

The gluon field is represented with the link-variable asUm
.exp(2igamAm). The bare anisotropygG coincides with the
renormalized anisotropyj5as /at at the tree level.

Note here that the bare anisotropy is no longer the sa
asj due to the quantum effect, and one needs to measuj
through some physical observables for each input value
gG . Althoughj is in general a function of gauge and qua
parameters, (b,gG) and (k,gF), respectively, on a quenche
lattice, the calibrations of the gauge and quark actions ca
performed separately. For the gauge action of the form~1!,
Klassen nonperturbatively obtained an expression ofgG in
terms ofb andj with the accuracy better than 1% using t
Wilson loops@22#. We adopt the same lattice actions as tho
in Ref. @23# which made use of the Klassen’s result for t
gauge action and also performed sufficient analysis for
quark actions as mentioned below.

For the Wilson type quark action,O(a) improvement is
significant in quantitative computation of the hadron sp
trum. Among several types of the anisotropic lattice qu
action, we use the form proposed in Refs.@20,23,24#. As a
merit of this form, the calibration with a good precision
rather easy in the light quark mass region, since the qu
mass dependence is expected to be small there, as wa
merically shown in Ref.@23#.

The quark action is written as

SF5(
x,y

c̄~x!K~x,y!c~y!, ~3!

K~x,y!5dx,y2kt$~12g4!U4~x!dx14̂,y1~11g4!

3U4
†~x24̂!dx24̂,y%2ks(

i
$~r 2g i !Ui~x!

3dx1 î ,y1~r 1g i !Ui
†~x2 î !dx2 î ,y%2kscE

3(
i

s i4Fi4dx,y2rkscB(
i . j

s i j Fi j dx,y , ~4!

wherec denotes the anticommuting quark field,ks andkt
the spatial and temporal hopping parameters, respectiver
the spatial Wilson parameter, andcE , cB the clover coeffi-
cients. The field strengthFmn is defined with the standar
clover-leaf-type construction. In principle, for a givenks ,
the four parametersks /kt , r, cE , andcB should be tuned so
that Lorentz symmetry is satisfied up to discretization err
of O(a2). Following Refs.@20,23,24#, we set the spatial Wil-
son parameter asr 51/j and the clover coefficients as th
tadpole-improved tree-level values, namely,

r 51/j, cE51/usut
2 , cB51/us

3 . ~5!

To reduce large contribution from the tadpole diagram,
tadpole improvement@25# is applied by rescaling the link
variables asUi(x)→Ui(x)/us andU4(x)→U4(x)/ut , with
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the mean-field values of the spatial and temporal link va
ables,us andut , respectively. This is equivalent to redefin
ing the hopping parameters with the tadpole-improved o

~with tilde! throughks5k̃s /us andkt5k̃t /ut . We define

the anisotropy parametergF asgF[k̃t /k̃s . This parameter
in the action is to be tuned nonperturbatively in the nume
cal simulation. It is convenient to definek as

1

k
[

1

k̃s

22~gF13r 24!52~m0gF14!, ~6!

wherem0 is the bare quark mass in temporal lattice uni
This k plays the same role as in the case of isotropic latti
and is convenient to parametrize the quark mass toge
with the bare anisotropygF .

The above action is constructed following the Fermil
approach@26#, which proposes to tune the bare anisotro
parameter so that the rest mass and the kinetic mass e
each other. In practice, hadronic states are convenien
carry out this program. In Ref.@23#, the bare anisotropy wa
tuned nonperturbatively using the relativistic dispersion re
tion of the pseudoscalar and vector mesons. The main re
of Ref. @23# is as follows: They tunedgF in the quark mass
range from the strange to charm quark masses with the
curacy better than 1% and found that the tuned bare an
ropy, gF* , is well fitted to the linear form inmq

2 , wheremq

5(k212kc
21)/2j is naively defined quark mass. ThengF* in

the massless limit was obtained within 2% error, i.e., 1%
a statistical error and 1% as a systematic error in the form
fit in terms of mq . Then, they computed the light hadro
spectrum using the value ofgF* at the chiral limit, and ob-
served the effect of uncertainty ingF* on the spectrum for
physical quark masses of the 1% level. In the present st
we also treat the same quark mass region and therefore a
the value ofgF* in the chiral limit. The precision of 2% erro
in gF* is sufficient for the present purpose.

As was pointed out in Refs.@20,23#, with the choicer
51/j, the action~4! leads to a smaller spatial Wilson term
for a larger anisotropyj. Since the negative-parity baryon
measured in this paper are the lowest state of the parity
jected baryon correlators, the statements in Ref.@23# for light
hadrons also hold in our calculation. Even for the coars
lattice in our calculation, the cutoffat

21.4.0 GeV seems
sufficiently large to avoid the artificial excitation due to th
doublers in the ground-state signals. At least, the finest lat
with at

21.8 GeV would be sufficiently large to avoid th
doubler effect.

III. NUMERICAL SIMULATION

A. Lattice setup

The numerical simulation is performed on the same
tices as in Ref.@23#. Here, we briefly summarize the funda
5-3
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TABLE II. Lattice parameters in the gluon sector. The scaleas
21(mK* ) is determined from theK* meson

mass. The mean-field values are defined in the Landau gauge. The statistical uncertainty ofut is less than the
last digit. The details for these parameters are described in@23#.

b gG Size us ut as
21(mK* ) @GeV#

5.75 3.072 123396 0.7620~2! 0.9871 1.034~6!

5.95 3.1586 1633128 0.7917~1! 0.9891 1.499~9!

6.10 3.2108 2033160 0.8059~1! 0.9901 1.871~14!
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mental parameters and physical quantities. We use the t
anisotropic lattices with the renormalized anisotropyj54, at
the quenched level. The statistical uncertainties are, un
otherwise noted, estimated by the Jackknife method with
propriate binning.

The lattice sizes and parameters in generating the ga
field configurations are listed in Table II. The spatial latti
scalesas

21 roughly cover 1 to 2 GeV. The values of ba
gluonic anisotropygG are chosen according to the result
Klassen @22#. The uncertainty of his expression is of th
order of 1%, and in the following analysis we do not inclu
this uncertainty in the quoted statistical errors. The ga
configurations are separated by 2000~1000! pseudo-heat-
bath sweeps, after 20000~10000! thermalization sweeps a
b55.95 and 6.10~5.75!. The configurations are fixed to th
Coulomb gauge, which is convenient in applying the sme
ing of hadron operators.

The mean-field values of link variables are determined
the smaller lattices with half size in temporal extent and o
erwise with the same parameters forb55.75 and 5.95, while
at b56.10 the lattice size is 163364. The mean-field values
us andut , are obtained as the averages of the link variab
in the Landau gauge, where the mean-field values are
consistently used in the fixing condition@20#. In a study of
hadron spectrum, it is convenient to define the lattice sc
through a hadronic quantity. We determineas

21 through the
K* meson mass,mK* 5893.9 MeV ~isospin averaged!. The
procedure is the same as in Ref.@23#, while with larger sta-
tistics. The result is quoted in Table II asas

21(mK* ).
The quark parameters are listed in Table III. These h

ping parameters roughly cover the quark massesmq
.ms–2ms . The numbers of configurations are larger th
those of the hadronic spectroscopy in Ref.@23#. As already
noted in the previous section, the values ofgF and kc are
taken from the result of Ref.@23#. Although the uncertainty
of a 2% level is associated with the values ofgF , the quoted
errors of hadron masses in the following analysis do
include this uncertainty. According to Ref.@23#, this uncer-
tainty in the physical masses of vector mesons and posit
parity baryons are at most of order of 1%. For the negati
09450
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parity baryon masses, the effect is expected to be sim
amount and not significant compared with the present le
of statistical error. Therefore this effect can be negligible
our calculation.

As described later, we first extrapolate the vector me
mass linearly in the pseudoscalar meson mass squared t
point at which the ratio of these meson masses are equ
the physical value,mK* /mK . At this point, aforementioned
lattice scale is determined. The physical (u, d) ands quark
masses are determined through thep andK meson masses
mp

65139.6 MeV andmK5495.7 MeV ~isospin averaged!,
respectively.

B. Baryon correlators

We measure the correlators in pseudoscalar and ve
meson channels and octet (S and L types!, decuplet, and
singlet channels of SU~3! flavor representation of baryons
As listed in Table IV, we use the standard meson and bar
operators which have the same quantum numbers as the
responding baryons and survive in the nonrelativistic limit
is known that there are mainly two ways to choose
baryon operator. One is the operator taken here, (qTCg5q)q,
and the other is of the form (qTCq)g5q. There are two rea-
sons why we take the former. It is well-known that th
former operators strongly couple to the ground-state bary
and reproduce experimental values well. Therefore it is s
able for investigation of the parity partner of the ground st
baryons. Furthermore, the recent lattice calculation sho
that these two operators give similar results for the negat
parity baryon spectrum while the latter is more noisy@5#.

For baryons, two of three quark masses are taken to be
same value as specified by the hopping parameterk1, and
the other quark mass is specified byk2. This corresponds to
taking the same value foru,d current quark masses asmu
5md[mn . Then, the baryon masses are expressed as
function of two massesm1 andm2, or equivalently ofk1 and
k2, like mB(k1 ,k2). In the source operator, each quark fie
is smeared with the Gaussian function of width.0.4 fm.
TABLE III. Lattice parameters in the quark sector. The values ofgF andkc are taken from Ref.@23#.

b gF kc Nconf Values ofk

5.75 3.909 0.12640~5! 400 0.1240, 0.1230, 0.1220, 0.1210
5.95 4.016 0.12592~6! 400 0.1245, 0.1240, 0.1235, 0.1230
6.10 4.034 0.12558~4! 400 0.1245, 0.1240, 0.1235, 0.1230
5-4
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TABLE IV. Typical interpolating operators for various hadrons. For baryons, the contraction with
color index is omitted.C denotes the charge conjugate matrix.

Meson Pseudoscalar M (K)5 s̄g5u
Vector Mk(K* )5 s̄gku

Baryon Octet Ba(S0)5(Cg5)bg@ua(dbsg2sbdg)
2da(sbug2ubsg)#

Octet (L) Ba(L)5(Cg5)bg@ua(dbsg2sbdg)1da(sbug

2ubsg)22sa(ubdg2dbug)#

Singlet Ba(L1)5(Cg5)bg@ua(dbsg2sbdg)1da(sbug

2ubsg)1sa(ubdg2dbug)#

Decuplet Bak(S* 0)5(Cgk)bg@ua(dbsg1sbdg)1da(sbug

1ubsg)1sa(ubdg1dbug)#
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At large t ~and largeNt2t), the baryon correlators ar
represented as

GB~ t ![(
xW

^B~xW ,t !B̄~xW ,0!&

5~11g4!@cB1•e2tmB11bcB2•e2(Nt2t)mB2#

1~12g4!@bcB1•e2(Nt2t)mB11cB2•e2tmB2#,

~7!

whereb511 and21 for the periodic and antiperiodic tem
poral boundary conditions for the quark fields. Since
adopt the standard Dirac representation forg matrices, the
upper and lower two components correspond to the first
second contributions of Eq.~7!.

Combining the parity-projected correlators under tw
boundary conditions, one can single out the positive- a
negative-parity baryon states with corresponding mas
mB1 and mB2, respectively, without contributions from th
backward propagating parity partners. In practical simu
tion, however, we take a sufficient temporal extent so that
can observe enough of a range of plateau in effective m
plot for extraction of mass in each parity channel, and he
there is no advantage in computing correlators under
boundary conditions except for the reduction of statisti
fluctuation. We obtain the baryon correlators atb55.75 un-
der two boundary conditions, and compare the statist
fluctuations in the parity-projected correlator and in the
projected one. We conclude that it is not worth doubling
computational cost and hence adopt only the periodic bou
ary condition hereafter. Instead, at eachb we obtain the cor-
relators with the source att5Nt/2 in addition to ones with
the source att50, and average them. This is efficient
reduce the statistical errors for a limited number of config
rations.

C. Lattice QCD results for hadron masses

Figure 1 shows the effective mass plots for the bary
correlators atb56.10. The effective mass is defined witho
considering the contribution of the associated parity part
propagating backward from the source att5Nt ,
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meff5 lnS GB~ t !

GB~ t11! D . ~8!

We observe that in the region where the effective mass
hibits a plateau, the contribution of the parity partner is s
ficiently small. In particular for the negative-parity baryo
channels, fine temporal lattice spacing seems to be helpfu
specifying the region in which the ground state dominate

The meson correlator is fitted to the single hyperbo
cosine form and analyzed independently of Ref.@23#. The
results are shown in Fig. 2 and are consistent with Ref.@23#.
For the baryons, we fit the data to a single exponential fo
The results are listed in Tables V–VII.

Following Ref.@23#, we extrapolate the hadron masses
the chiral limit in terms of the pseudoscalar meson m
squared, instead of 1/k. The assumed relation between P
meson mass and quark mass is

mPS
2 ~m1 ,m2!5B•~m11m2!, ~9!

then for the degenerate quark masses,m15m2 , mPS
2

52Bm1 holds. Instead ofmi ( i 51,2), one can extrapolat
other hadron masses in term ofmPS(mi ,mi)

2 to the chiral
limit.

In our calculation for baryons, two of the quark mass
are taken to be the same value,m1, and the other quark mas
m2 is taken to be an independent value. Then, the bar
masses are expressed as the function ofm1 and m2 like
mB(m1 ,m2), and therefore they are to be depicted on t
(m1 ,m2) plane. However, the result for the baryon mass
seems to be well described with the linear relation

mB~m1 ,m2 ,m3!5mB~0,0,0!1BB•~2m11m2!. ~10!

Therefore we fit the baryon mass data to the linear form
the sum of corresponding PS meson masses squared.
vector meson is also fitted to a linear function inm11m2.

Note here that, in quenched QCD, a nonanalyticity a
5-5
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FIG. 1. Effective mass plots for octet, decuplet, and singlet baryon correlators with degenerate quark masses atb56.10. The symbols
correspond tok50.1230, 0.1235, 0.1240, and 0.1245 from top to bottom in each figure. The left figures are for the positive-parity b
and the right for the negative-parity ones.
p

o
o

ion

ch
me-
pears in the chiral extrapolation near the chiral limit@27#. For
nucleons, it is reported that the departure from the sim
chiral extrapolation is observed formp,400 MeV @28#. Al-
though we have to keep this effect in our mind, we do n
argue it here because there is no distinct behavior for b
09450
le

t
th

the positive- and negative-parity baryons in our calculat
with mp.600 MeV.

The results of fits for baryons are shown in Fig. 3 for ea
lattice. The horizontal axis is the averaged pseudoscalar
son mass squared,
5-6
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FIG. 2. The spectrum of the vector meson plotted against
pseudoscalar meson mass squaredmPS

2 in the physical unit. The
open symbols denote the direct lattice data, and the closed sym
denote the results for the physical quark masses obtained from
lattice data with the linear chiral extrapolation.
09450
^mPS
2 ~mi !&5

1

Nq
(
i 51

Nq

mPS
2 ~mi ,mi !5

1

Nq
(
i 51

Nq

2Bmi ~11!

with Nq53 for baryons. The results of fits are displayed
the solid lines in these figures. The linear relation seem
hold well.

As stated in Sec. III, we determine the scaleat
21 through

theK* meson mass. The physical (u, d) ands quark masses
are determined with thep andK meson masses. The scal
of the vertical and horizontal axes in Fig. 3 are set in t
way. The corresponding hadron masses for the phys
quark masses are listed in Table VIII. These results for
meson masses and positive-parity baryon masses are co
tent with those obtained in Ref.@23#.

D. Systematic errors

Finally before discussing physical implications of our n
merical results, we briefly comment on the systematic unc
tainties.

1. Anisotropy (calibration)

According to the detailed inspection given in Ref.@23#,
the 2% uncertainty ingF causes uncertainties in hadro
masses at the 1% level. Although the effect of uncertai
coming from anisotropy on the negative parity bary
masses is unknown, its size is expected to be the same
as for the positive-parity baryons and smaller than their s
tistical errors. Therefore we do not perform a detailed ana
sis of the calibration uncertainty here. The uncertainty ingG ,

e

ols
he
the gluonic anisotropy parameter, is also kept within the 1%
TABLE V. Baryon spectrum atb55.75 in the temporal lattice unit. When quark masses are degenerate ask15k2, theS-type and the
L-type octet baryon correlators become identical.

Positive-parity baryons Negative-parity baryons

k1 k2 moct(S ) moct(L ) msing mdec moct(S ) moct(L ) msing mdec

0.1210 0.1210 0.4281~9! 0.4281~9! 0.6426~56! 0.4606~16! 0.5443~52! 0.5443~52! 0.5355~30! 0.5630~54!

0.1210 0.1220 0.4171~10! 0.4186~10! 0.6349~59! 0.4518~17! 0.5355~56! 0.5356~57! 0.5265~32! 0.5548~59!

0.1210 0.1230 0.4059~10! 0.4091~10! 0.6267~64! 0.4433~19! 0.5271~61! 0.5270~64! 0.5175~34! 0.5467~66!

0.1210 0.1240 0.3946~11! 0.3998~11! 0.6184~69! 0.4352~21! 0.5189~68! 0.5178~78! 0.5089~37! 0.5386~78!

0.1220 0.1210 0.4083~10! 0.4066~10! 0.6275~63! 0.4430~19! 0.5269~61! 0.5269~60! 0.5173~33! 0.5465~65!

0.1220 0.1220 0.3970~11! 0.3970~11! 0.6206~68! 0.4341~20! 0.5181~66! 0.5181~66! 0.5080~35! 0.5382~71!

0.1220 0.1230 0.3855~11! 0.3874~11! 0.6132~74! 0.4256~22! 0.5095~73! 0.5091~75! 0.4989~38! 0.5300~79!

0.1220 0.1240 0.3737~12! 0.3780~12! 0.6055~81! 0.4176~25! 0.5012~82! 0.4994~90! 0.4899~41! 0.5217~93!

0.1230 0.1210 0.3885~11! 0.3845~11! 0.6116~74! 0.4259~22! 0.5091~77! 0.5099~74! 0.4990~38! 0.5302~81!

0.1230 0.1220 0.3769~12! 0.3747~12! 0.6063~81! 0.4171~24! 0.5001~83! 0.5008~81! 0.4895~41! 0.5218~89!

0.1230 0.1230 0.3650~12! 0.3650~12! 0.6004~89! 0.4085~27! 0.4913~92! 0.4913~92! 0.4801~44! 0.513~10!

0.1230 0.1240 0.3527~13! 0.3554~13! 0.5939~99! 0.4004~32! 0.483~11! 0.481~11! 0.4707~48! 0.505~12!

0.1240 0.1210 0.3689~13! 0.3612~13! 0.5936~89! 0.4099~30! 0.489~11! 0.4928~98! 0.4805~46! 0.514~11!

0.1240 0.1220 0.3569~14! 0.3512~14! 0.591~10! 0.4010~33! 0.480~12! 0.483~11! 0.4708~49! 0.505~12!

0.1240 0.1230 0.3445~15! 0.3414~15! 0.588~11! 0.3922~37! 0.470~13! 0.473~12! 0.4610~53! 0.496~14!

0.1240 0.1240 0.3317~16! 0.3317~16! 0.585~13! 0.3838~45! 0.460~15! 0.460~15! 0.4509~58! 0.486~16!

fit range 24–40 24–40 12–20 28–40 20–32 20–32 16–24 20–32
5-7
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TABLE VI. The same results as Table V forb55.95.

Positive-parity baryons Negative-parity baryons

k1 k2 moct(S ) moct(L ) msing mdec moct(S ) moct(L ) msing mdec

0.1230 0.1230 0.2785~7! 0.2785~7! 0.4279~27! 0.3041~10! 0.3537~28! 0.3537~28! 0.3460~32! 0.3771~36!

0.1230 0.1235 0.2722~7! 0.2732~7! 0.4240~28! 0.2993~10! 0.3482~30! 0.3487~30! 0.3407~33! 0.3728~39!

0.1230 0.1240 0.2658~7! 0.2680~8! 0.4202~30! 0.2945~11! 0.3428~32! 0.3441~34! 0.3355~36! 0.3690~43!

0.1230 0.1245 0.2592~8! 0.2628~8! 0.4165~34! 0.2899~12! 0.3374~35! 0.3406~40! 0.3306~40! 0.3661~48!

0.1235 0.1230 0.2675~7! 0.2664~7! 0.4203~30! 0.2944~11! 0.3434~33! 0.3430~32! 0.3354~35! 0.3686~42!

0.1235 0.1235 0.2610~8! 0.2610~8! 0.4168~33! 0.2896~12! 0.3378~35! 0.3378~35! 0.3299~38! 0.3643~45!

0.1235 0.1240 0.2545~8! 0.2557~8! 0.4133~36! 0.2848~12! 0.3322~38! 0.3330~39! 0.3246~41! 0.3604~49!

0.1235 0.1245 0.2477~8! 0.2504~9! 0.4099~40! 0.2801~14! 0.3268~42! 0.3291~46! 0.3195~45! 0.3575~56!

0.1240 0.1230 0.2564~8! 0.2538~8! 0.4129~36! 0.2849~13! 0.3332~40! 0.3324~38! 0.3247~41! 0.3608~50!

0.1240 0.1235 0.2498~8! 0.2484~8! 0.4099~40! 0.2800~13! 0.3275~42! 0.3270~41! 0.3192~44! 0.3565~54!

0.1240 0.1240 0.2430~9! 0.2430~9! 0.4070~44! 0.2751~14! 0.3218~46! 0.3218~46! 0.3136~48! 0.3527~60!

0.1240 0.1245 0.2359~9! 0.2375~10! 0.4041~50! 0.2704~16! 0.3162~52! 0.3175~55! 0.3083~54! 0.3498~68!

0.1245 0.1230 0.2451~9! 0.2404~9! 0.4054~46! 0.2754~15! 0.3239~53! 0.3225~49! 0.3143~52! 0.3548~64!

0.1245 0.1235 0.2383~10! 0.2349~9! 0.4035~51! 0.2705~16! 0.3180~57! 0.3168~53! 0.3085~56! 0.3507~69!

0.1245 0.1240 0.2312~10! 0.2294~10! 0.4016~58! 0.2656~18! 0.3122~63! 0.3112~60! 0.3028~61! 0.3470~77!

0.1245 0.1245 0.2237~11! 0.2237~11! 0.4000~68! 0.2609~19! 0.3065~71! 0.3065~71! 0.2972~70! 0.3444~89!

fit range 28–56 28–56 16–24 28–58 26–44 26–44 26–44 26–4

TABLE VII. The same results as Table V forb56.10.

Positive-parity baryons Negative-parity baryons

k1 k2 moct(S ) moct(L ) msing mdec moct(S ) moct(L ) msing mdec

0.1230 0.1230 0.2382~4! 0.2382~4! 0.3466~30! 0.2560~7! 0.2967~23! 0.2967~23! 0.2925~20! 0.3103~26!

0.1230 0.1235 0.2320~5! 0.2329~5! 0.3417~32! 0.2511~8! 0.2911~25! 0.2919~25! 0.2875~21! 0.3059~28!

0.1230 0.1240 0.2257~5! 0.2276~5! 0.3365~35! 0.2463~8! 0.2854~27! 0.2874~27! 0.2827~22! 0.3017~32!

0.1230 0.1245 0.2193~5! 0.2223~5! 0.3311~39! 0.2417~9! 0.2796~29! 0.2835~33! 0.2783~25! 0.2981~38!

0.1235 0.1230 0.2271~5! 0.2262~5! 0.3370~35! 0.2462~8! 0.2867~26! 0.2858~26! 0.2826~22! 0.3014~31!

0.1235 0.1235 0.2208~5! 0.2208~5! 0.3325~38! 0.2413~9! 0.2809~28! 0.2809~28! 0.2776~24! 0.2969~34!

0.1235 0.1240 0.2143~5! 0.2154~5! 0.3277~42! 0.2365~10! 0.2750~31! 0.2762~31! 0.2728~26! 0.2926~38!

0.1235 0.1245 0.2076~6! 0.2101~6! 0.3226~48! 0.2319~11! 0.2689~34! 0.2722~38! 0.2683~29! 0.2889~46!

0.1240 0.1230 0.2160~5! 0.2137~5! 0.3268~42! 0.2366~10! 0.2768~32! 0.2746~31! 0.2729~26! 0.2929~39!

0.1240 0.1235 0.2095~6! 0.2082~5! 0.3232~47! 0.2317~11! 0.2709~34! 0.2695~34! 0.2680~28! 0.2883~43!

0.1240 0.1240 0.2028~6! 0.2028~6! 0.3193~53! 0.2270~12! 0.2646~37! 0.2646~37! 0.2631~31! 0.2840~49!

0.1240 0.1245 0.1958~6! 0.1974~6! 0.3150~62! 0.2225~13! 0.2581~42! 0.2604~45! 0.2586~35! 0.2803~59!

0.1245 0.1230 0.2049~6! 0.2006~6! 0.3151~55! 0.2276~12! 0.2680~44! 0.2628~42! 0.2638~33! 0.2855~56!

0.1245 0.1235 0.1982~7! 0.1950~6! 0.3133~63! 0.2228~14! 0.2617~48! 0.2575~45! 0.2588~36! 0.2809~63!

0.1245 0.1240 0.1912~7! 0.1894~7! 0.3114~74! 0.2182~15! 0.2551~53! 0.2523~50! 0.2540~40! 0.2765~72!

0.1245 0.1245 0.1839~8! 0.1839~8! 0.3094~91! 0.2139~18! 0.2479~61! 0.2479~61! 0.2493~46! 0.2727~88!

fit range 40–64 40–64 24–36 44–64 36–52 36–52 32–52 36–5
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FIG. 3. The spectra of positive- and negative-parity baryons plotted against the pseudoscalar meson mass squaredmPS
2 . For eachb, the

octet and the decuplet baryons are shown in the left panel and octet(L) and singlet baryons in the right panel. The horizontal axis deno
the averaged pseudoscalar mass square. The open symbols denote the direct lattice data, and the closed symbols denote the r
physical quark masses obtained from the lattice data with the linear chiral extrapolation.
te
ro

ver,
e

ses
tices
level, and hence for the same reason as forgF , we do not
argue its effect on the negative-parity baryon masses.

2. Finite volume effects

Since the excited baryons may have larger spatial ex
than the ground state baryons, they may seriously suffer f
09450
nt
m

the finite size effects. Our present three lattices, howe
have almost the same size (;2 fm), and we cannot examin
the finite volume effects on these lattices. In Ref.@6#, the
finite volume effect on the negative-parity baryon mas
was evaluated as 5% by comparing the masses on lat
with volume sizes 1.5 and 2.2 fm~1.6 and 2.1 fm! at
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NEMOTO et al. PHYSICAL REVIEW D 68, 094505 ~2003!
b56.0 ~6.2! on quenched isotropic lattices. This amount
finite size effect may also exist in our results, while o
lattice volumes are close to the larger ones in Ref.@6#.

3. Lattice discretization error

Table VIII shows the baryon masses on each lattice.
find it hard to take the continuum limit even for the groun
state baryons and mesons, since only the threeb ’s are taken
here and their behavior is not so smooth that one can app
simple extrapolation. In addition, such fluctuating behav
of data may be large due to the lack of statistics, genu
discretization errors would not be negligible. In the range
lattice cutoff 1 to 2 GeV, the fluctuation of masses is at m
about 5%, except for the case ofLsing

1 for which 7% devia-
tion is found. This gives us a hint of the potential size of t
discretization errors. We also note that Ref.@23# examined
how theO(aa) andO(a2) discretization effects decrease
b increases in the meson sectors, and found that those in
calibration of gF are sufficiently reduced already atb
56.10. For these reasons we discuss physical conseque
of our result mainly based on the data ofb56.10 lattice in
Sec. IV.

4. Chiral extrapolation

From the study of the chiral perturbation theory, the
appears a nonanalyticity in the chiral extrapolation at

TABLE VIII. The hadron spectrum expressed in the unit of Ge
at the physical quark masses. TheK* meson mass is used for th
determination of the scale unitat .

b55.75 b55.95 b56.10

r 0.7973~52! 0.7965~53! 0.8005~65!

K* 0.8939 0.8939 0.8939
f 0.9905~55! 0.9913~53! 0.9873~66!

N 1.1118~84! 1.0781~81! 1.1055~72!

L 1.2095~75! 1.1825~75! 1.2002~67!

S 1.2256~76! 1.1982~76! 1.2173~67!

J 1.3393~71! 1.3183~75! 1.3291~67!

D 1.366~23! 1.342~16! 1.3685~17!

S* 1.459~20! 1.440~14! 1.4586~15!

J* 1.552~17! 1.538~12! 1.5486~13!

V 1.645~15! 1.635~11! 1.6387~12!

N(2) 1.686~79! 1.599~59! 1.618~57!

S (2) 1.784~67! 1.705~49! 1.717~49!

J (2) 1.882~56! 1.810~40! 1.816~42!

Loct
(2) 1.788~66! 1.703~48! 1.700~49!

Lsing
(2) 1.732~28! 1.646~49! 1.725~39!

D (2) 1.806~84! 1.877~73! 1.833~80!

S* (2) 1.896~72! 1.955~61! 1.913~69!

J* (2) 1.986~60! 2.032~50! 1.994~57!

V (2) 2.077~49! 2.109~39! 2.074~46!

Lsing
(1) 2.288~58! 2.292~46! 2.150~70!
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quenched level near the chiral limit asmp,400 MeV @27#.
We have, however, taken the naive linear extrapolation
both the positive- and negative-parity baryons because
results for the baryon masses seem to be well described
the linear relation in the quark-mass region corresponding
mp.600 MeV in the present calculation. In addition, th
behavior of the negative-parity baryon masses near the c
limit is less known. Therefore it is difficult to estimate th
nonanalyticity in the chiral extrapolation from the prese
results. The quantitative estimate of its effect on t
negative-parity baryon masses is a future problem with h
precision data with small quark masses.

5. Quenching effects

There is about 10% uncertainty for the ground-state h
ron spectra coming from the quenching effect. Also for t
negative-parity baryons, there should appear such a que
ing effect. In addition, there may appear a nontrivial exci
tion effect of theh8 meson in quenched QCD, whereh8
degenerates with the other Nambu-Goldstone bosons in
chiral limit due to the ignorance of the fermionic determ
nant. Such an effect fromh8 is reported to appear near th
chiral limit asmp,300 MeV @28#.

IV. DISCUSSION

Our numerical results for the hadron spectra are sum
rized in Fig. 3 and Table VIII. The masses of the negativ
parity baryons are found to be heavier than those of the
responding positive-parity sectors, as expected. The fla
singlet baryon is, however, an exception: the positive-pa
baryon is much heavier than the negative-parity one. T
tendency seems consistent with the 3Q state in the qu
model, in which the flavor-singlet positive-parity baryon b
longs to the 70-dimensional representation of the SU~6! sym-
metry with the principal quantum numberN52. This mul-
tiplet is in general heavier than that belonging to t
negative-parity baryons. QCD sum rule analysis@29# and the
other recent lattice calculation@7# also predict the mass o
the flavor-singlet negative-parity baryon lighter than that
the positive one.

In order to compare our lattice results with experimen
values, various baryon masses atb56.10 together with the
experimental values are shown in Fig. 4. For the positi
parity baryons, the nucleon and the delta masses are so
what higher than the experimental ones. Note again
quenched QCD exhibits the nonanalytic behavior in the c
ral extrapolation on the nucleon near the chiral limit ofmp

,400 MeV @27#. In comparison with the naive linear ex
trapolation, this effect lowers the nucleon mass in the ch
limit, although we have not taken into account the nona
lytic behavior because of the absence of its signal in
relatively heavy quark-mass region ofmp.600 MeV. The
other positive-parity baryons with strangeness reproduce
experimentally observed masses within 10% deviations.
better reproduction of strange baryon masses may be na
because of the following reason. For the strange baryon,
ambiguity from the chiral extrapolation would be less th
that of the nucleon and the delta because the strange qua
5-10
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FIG. 4. Various baryon masses obtaine
from theb56.10 lattice. For the negative-parit
baryons, the experimental values ofN~1535!,
L~1670!, S~1620!,J~1690!, D~1700!, and
L(1405) are added.
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relatively massive and the nonanalytic behavior arises o
from the up and down quark mass region.

As for the negative-parity baryons, most of the pres
lattice results comparatively well reproduce the experime
spectra as shown in Fig. 4, in spite of a relatively large s
tistical error. However, the flavor-singlet negative-par
baryon is exceptional, and its calculated mass of about
GeV is much heavier than the experimentally observ
L(1405) with a difference of more than 300 MeV. The d
ference between the lattice result of 1.7 GeV and the exp
mental value of theL(1405) is, however, the largest in a
the hadrons in consideration. Even taking the quenching
fect into account, this discrepancy seems too large.~Note
again that the flavor-singlet baryon has one strange qu
and the ambiguity from the chiral extrapolation is expec
to be less than that of the nucleon and the delta.!

If the L(1405) could be well described as a three valen
quark system, its mass would be reproduced with the sim
three-quark operator in quenched QCD. However, the li
mass of theL(1405) is not reproduced in the present sim
lation. Therefore the present lattice QCD result physica
indicates that the experimentally observedL(1405) cannot
be described with a simple three valence quark picture,
is, the overlap of theL(1405) with the 3Q component i
rather small. This seems to support other possible pictu
for the L(1405) such as the pentaquark state or theNK̄
molecule. In this sense, lattice QCD simulations with t
pentaquark operator would be meaningful to elucidate
nature of theL(1405).

Here, we add several comments and cautions in quenc
QCD. First, there is possible mixing between 3Q and
states through the ‘‘Z-graph’’ even in the quenched appro
mation @30#. Therefore, to be strict, the separability into 3
and 5Q states does not hold even in the quenched app
mation, although the mixing between the two states is ra
suppressed. Nevertheless, the conclusion of the non-3Q
ture for the L(1405) is still plausible, because, if th
L(1405) is described as the 3Q state, its mass is to be
produced with the 3Q operator in quenched QCD. Seco
for the definite conclusion, we have to pay attention to
nonanalytic behavior in the flavor-singlet negative-par
baryon near the chiral limit@8#, in spite of the naive expec
tation of its smaller effect for strange baryons. Third, acco
ing to the neglect of the fermionic determinant,h8 becomes
unphysically ‘‘light’’ as the Nambu-Goldstone particle i
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quenched QCD, and the nonunitary behavior appears in
baryon correlator due to the ‘‘light’’h8 excitation near the
chiral limit below mp;250 MeV @28#, where there appear
an unphysical ‘‘decay’’ process of the negative-parity bary
into anh8-N state. Although these nonanalytic and nonu
tary behaviors are not observed in the present simula
with relatively heavy quark masses asmp.600 MeV, these
effects should be taken into account for the simulation n
the chiral limit.

We now focus on other negative-parity baryons. The m
ratio between the positive- and the negative-parity baryon
shown in Table IX. For both the octet and the decuplet ba
ons, the relative mass difference between the parity part
becomes smaller, as the averaged quark mass increas
the inclusion of the strange quark. This tendency is exp
mentally observed for the octet baryons.~The empirical iden-
tification of negative-parity decuplet baryons is not esta
lished.! This behavior is also reported in another lattice QC
analysis by the domain wall fermion@5#. From Fig. 4 and
Table IX, we find that the lattice results of the flavor oct
and decuplet baryons are all close to the observed low
lying negative-parity baryons, theN(1535), L(1670),
S(1620), andD(1700), in spite of the relatively large sta
tistical error. TheS(1620), which is experimentally con
firmed as the negative-parity strange baryon withJP51/22

@16#, is consistent with the parity partner of theS baryon.
The parity partner of theJ baryon is expected to be th
J(1690) from our calculation, although the spin-parity
theJ(1690) is not yet confirmed experimentally. Recently
has been proposed based on the chiral unitary approach@31#
that theJ(1620) has the negative-parity, although its expe
mental status is still one-star~evidence of existence is poor!.
It is, however, difficult to distinguish between theJ(1620)
and theJ(1690) from our result due to the statistical erro
For the decuplet baryons, we can regard the parity partne
theD(1232) as theD(1700), although the experimental da
is poor. The positive-parity flavor-singlet baryon is found
be much heavier than the negative-parity decuplet, and he
its investigation seems much more difficult both theoretica
and experimentally.

Finally, we comment on recent lattice studies on t
negative-parity baryons. Sasakiet al. investigated the
negative-parity nonstrange baryonN(2), the parity partner of
the nucleonN(1), with the domain wall fermion@5#. Their
lattice is 163332 atb56.0 (a2151.9 GeV) and the resul
5-11
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TABLE IX. The ratio of negative- and positive-parity baryon masses. In the last line, the rat
flavor-singlet negative-parity and octet positive-parity baryon masses is also listed. Physical values
negative-parity baryons are taken to beN(1535), S(1620), J(1690), Loct(1670), Lsing(1405), and
D(1700).

b55.75 b55.95 b56.10 Physical value

N(2)/N(1) 1.516~70! 1.484~54! 1.463~51! 1.635
S (2)/S (1) 1.456~54! 1.423~40! 1.410~40! 1.358
J (2)/J1 1.405~41! 1.373~30! 1.366~31! 1.282a

Loct
(2)/Loct

(1) 1.479~54! 1.440~40! 1.417~40! 1.496
Lsing

(2)/Lsing
(1) 0.757~22! 0.718~26! 0.802~32!

D (2)/D (1) 1.322~64! 1.399~55! 1.339~61! 1.380
S* (2)/S* (1) 1.299~52! 1.358~43! 1.312~49!

J* (2)/J* (1) 1.280~41! 1.321~33! 1.288~38!

V(2)/V(1) 1.263~31! 1.290~24! 1.266~29!

mL
sing
(2) /mL

oct
(1) 1.432~23! 1.392~42! 1.437~34! 1.259

aNote that the spin-parity of theJ(1690) is not yet confirmed.
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is N(2)/N(1);1.45, which is consistent with ours. Go¨ckler
et al. studied the negative-parity nonstrange baryonN(1) us-
ing theO(a) improved Wilson quark on the isotropic lattice
with the size of 163332 and 323364 @6#. They obtained the
similar result,N(2)/N(1)51.50(3). Melnitchouk el al. also
studied the negative-parity baryons using theO(a) improved
Wilson quark on the isotropic lattice, 163332 (a
50.125 fm) @7#. Since they did not carry out the chiral ex
trapolation, we do not compare the results quantitatively,
the qualitative behavior is similar to ours. They also inves
gated the flavor-singlet baryons. Instead of the flavor-sin
interpolating field, they used the ‘‘common’’ interpolatin
field which is the common part of the interpolating fields f
the octetL hyperon and the singlet baryon. The result
much heavier than the experimental value of theL(1405)
even for such a field. Leeet al. investigated the excited stat
baryons with the overlap fermion with the lattice 163328
@8#. They employed the constrained curve fitting method
the mass fitting and obtained the baryon masses lower
those from the conventional fitting method. Thus their resu
seem to be lower than ours and the others’, while they
not carry out the chiral extrapolation. Dynamical quark sim
lation of excited-state baryons is also in progress@9#. As for
the negative-parity nucleon, their present result is consis
with the quenched result within statistical errors.

V. SUMMARY AND CONCLUDING REMARKS

We have studied the mass spectra of the negative-p
baryons and the flavor-singlet baryons in quenched an
tropic lattice QCD. We have used three lattices of almost
same physical spatial volume of about (2 fm)3 with the spa-
tial cutoffs as

2151 to 2 GeV and the renormalized aniso
ropy j5as /at54. We have adopted the standard Wils
plaquette gauge action and theO(a) improved Wilson quark
action at the tadpole-improved tree level@23#. The positive-
and negative-parity baryon masses are extracted with the
09450
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ity projection from the same baryon correlators based on
three valence quark picture.

For the flavor octet and decuplet negative-parity baryo
the calculated masses are close to the experimental valu
corresponding lowest-lying negative-parity baryons. For s
eral negative-parity baryons, our lattice data have sugge
some predictions. For instance,D(1700) can be regarded a
the parity partner ofD(1232), and theJ(1690) would be
the parity partner of theJ baryon, although the spin-parit
of the J(1690) is not yet confirmed experimentally.

As for the flavor-singlet negative-parity baryon, such
three-quark state has been found to lie around 1.7 GeV,
has been much heavier than theL(1405). Even considering
the systematic errors, this difference of about 300 M
seems too large. If theL(1405) is described as a thre
valence-quark state, its mass would be reproduced in
present simulation. In fact, the present lattice result wh
cannot reproduce theL(1405) physically implies that the
L(1405) is not described as the simple three quark pictu
i.e., the overlap of theL(1405) with the three-quark state
rather small. This seems to support an interesting picture

the pentaquark state or theNK̄ molecule for theL(1405).
For more definite understanding of theL(1405), it would be
desired to perform lattice QCD simulations in terms of t

NK̄ molecule or the pentaquark state. Such a study is in
esting even at the quenched level, where dynamical qu
loop effect is absent and then the quark-level constitution
hadrons is clearer. As for the positive-parity flavor-sing
baryon, its calculated result is found to be much heavier t
the negative-parity one, as is consistent with the quark m
els @10,11# and the QCD sum rule analysis@29#.

Very recently, LEPS Collaboration has experimentally o
served theQ1 ~or Z1) baryon withS511 @32#, which re-
quires at least ‘‘five valence quarks’’ as uudds¯and is physi-
cally identified as a ‘‘pentaquark system.’’ The comparis
between theQ1 baryon and theL(1405) may be useful to
5-12
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investigate the features of the pentaquark system. It is
interesting to investigate this type of a pentaquark sys
using lattice QCD simulation.

From the aspect of the chiral symmetry, the parity part
should be degenerate if the symmetry is restored at fi
temperature and/or density. It is interesting to see how
mass difference between the parity partners changes at
temperature on the lattice. Several works on it are alre
reported for the screening mass of the nucleon@33# and they
favor the parity degeneracy at the chiral phase transit
Recently based on the chiral effective theory such as
linear sigma model@34# and the chiral perturbation theor
@35#, two different assignments for the negative-parity ba
ons have been proposed: under the chiral transformation
negative-parity baryon transforms in the same way as
positive-parity one in one scheme and in the opposite wa
the other. These two assignments behave differently tow
the chiral restoration. Therefore it is interesting to study th
S.
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from the quark degrees of freedom such as in lattice QCD
finite temperature.
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