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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 ami(a) improved Wilson quark actions at three values of lattice
spacings with a renormalized anisotrogy-a,/a,=4, wherea, and a, 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 8) flavor-singlet negative-parity baryon, which is assigned as\ifiet05)
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 thanAtfie05). Therefore it is difficult to
identify the A (1405) to be the flavor-singlet three-quark state, which seems to support an interesting picture of
the pentaquarkydscqq state or theNK molecule for theA (1405).
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[. INTRODUCTION terms of the spin-flavor S@8) symmetry. While the ground-
state baryons have completely symmetric spin-flavor wave
The lattice QCD simulation has become a powerfulfunctions and form the 56-dimensional representation, the
method to investigate hadron properties directly based ofow-lying negative-parity baryons are part of the-1 orbit-
QCD. The spectroscopy of lowest-lying hadrons in theally excited states and belong to the 8U70-dimensional
guenched approximation, i.e., without dynamical quark-looprepresentation. We summarize the classification of the6gU
effects, has been almost established, and reproduces theymmetry and its assignment to experimentally observed
experimental values within 10% deviatiofis]. Extensive  baryons in Table |. Both the nonrelativistjd0] and the
simulations including dynamical quarks are in progress angemirelativistic[11] quark models reproduce the negative-
would give us a detailed understanding of the spectra oparity baryon spectra fairly well in the octet and the decuplet
these ground-state hadrofig]. In contrast, several lattice Sectors[12]. Such success of the quark model implies that
studies on the excited-state hadrons have been sf@t&] the constituent quark picture holds well and the gluonic ex-
very recently, and their calculations are far from establishe@itation modes play a less important role. The potential form
even at the quenched level. In this paper, using anisotropi Peing clarified with the recent lattice QCD calculations of
lattice QCD, we investigate the low-lying negative-parity the static 3Q potentidl13,14. Furthermore, the large glu-
baryon spectra, particularly paying attention to the flavor-OniC excitation energy15] obtained with lattice QCD ex-
singlet baryon. Another purpose of this paper is to examiné"a'ns the reason why the quark potential model without such

the correspondence between the flavor-singlet three—qualgluuOnic excitations We". describes'the ha'dron spectra.
(3Q) state and the\ (1405) Among the low-lying negative-parity baryons, the

: ; A(1405) is an exception of such success of the quark poten-
In the context of the flavor-singlet baryon, th€1405) is . . .
known to be one of the mostg myste)r/ious rfadron)s. Théd mode_:l. In fact, theA(l405). IS muph lighter than the
A(1405) is the lightest negative-parity baryon, although it owest-lying nonstrange negative-parity baryoi1520)

. P_ — . P_ g—
contains strangeness. Moreover, there are two physical inte\“f'th J"=3/2" andN(1535) withJ"=1/2". There are two

pretations on the\ (1405). From the viewpoint of the quark physicall interpretations proposcij for thcé1405):.an S®)
model, the A (1405) is described as the flavor-singlet 3Q flavor-singlet 3Q state, and &K bound state, i.e., a pen-
system. As another interpretation, th¢1405) is an interest-  taquark(5Q) system. The simple quark model is based on the

ing candidate of the hadronic molecule such as K  [Ormer picture, and it predicts that theé(1405) and the

bound state with a large binding energy of about 30 MeV. WeA_(1520) with J"=3/2" are ne_zarly degenerafd0,11]. In_
this picture, the large mass difference between them is ex-

aim to clarify whether the (1405) can be explained as a plained to originate from a largeS force [16], but such a

fl -singlet b i hed latti CD. I .
avor-singlet baryon in quenched lattice Q strong LS splitting is not observed in other baryon spectra,

Historically, excited-state baryons have been so fa d therefore it difficult t d th fih
mainly investigated within the framework of the nonrelativ- and theretore 1t seems aifhcult 1o reproduce the mass ot the
A (1405) within the simple quark model.

istic quark model, in which baryons can be classified in . 2 . .
q y Another interesting interpretation for thie(1405) is the
pentaquark5Q) system or theNK bound state as a hadronic

*Present address: RIKEN BNL Research Center, BNL, Upton/Molecule[16,17. Note here that the\ (1405) lies about 30
NY 11973, USA. MeV below theNK threshold, and this binding energy of
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TABLE I. Quark model assignments for experimentally observed baryons in terms of the spin-flai@rb@sis[16].

SU(6) representation SU(3representation  J° S=0 =—-11=0 S=-1l=1 S=-2 S=-3
56 (L=0) 28 i+ N(939) A(1116) 3(1193) E(1318)
410 3+ A(1232) 3,(1385) E(1530)  Q(1672)
70 (L=1) 2g - N(1535) A(1670) ,(1620) 2(?)
3- N(1520) A(1690) 3(1670) £(1820)
48 - N(1650) A(1800) 3,(1750) 2(?)
3- N(1700) A(?) 3(?) 2(?)
3- N(1675) A(1830) 3(1775) 2(?)
210 - A(1620) 3(?) 2(?) Q(?)
3- A(1700) 3(?) 2(?) Q(?)
21 - A (1405)
3- A(1520)

about 30 MeV is rather large in comparison with about 2.2temporal direction. As a technical improvement, we adopt an
MeV, that of the deuteron. If this picture holds true, the largeanisotropic lattice where the temporal lattice spacingis

binding energy betweeN andK results in a significant role ~ finer than the spatial one,, [18]. With the high resolution in

of the attractive effect for th& put inside nuclei or nuclear the te”‘.'p"fa' (_jlrect|on, we can follow the change of the cor-
matter. In this way, the study of such an exotic and strangéeIaltor in detail and spgufy the relevant region for extractlp n
baryon, theA (1405), is important also for understanding of of the mass. Thus efficient measurements would be possible.

the manifestation of strangeness in the hypernuclei and th-ghis, approach is efficient also for other cqrrelatqrs of heavy
neutron stars. particles, such as the gluebaJs9]. (The anisotropic lattice

The 3Q and the 5Q states, however, would mix in the reais extremely powerful for the study of the finite temperature

world. Therefore a more realistic question would be as foI-.QCD. [19_2.]]' vv_here the tempo“’?" distance Is severely lim-
ited in the imaginary-time formalism.

lows. Which is the dominant component of th¢1405), the : )

3Q state or the 5Q state? We tpry to anstr this)question In this _study, we a_dopt the sta_mdard Wilson _plaquette
using lattice QCD simulations. In lattice QCD simulations, gauge act|0_n an@(a) improved Wilson quark action, for
even if one chooses the operator as the 3Q or the 5Q state,il‘ﬁ'mh.the SIZES of errors are rather well evalua{t@ﬁ,??}. .
generally overlaps with both the states through the quark an € S|mul_at|ons are p_erformgd on the quenched anisotropic
antiquark pair creation. In the quenched simulation, however@atticés with renormalized anlso'grorgfz a,/a,=4 at three
owing to the absence of dynamical quark-loop effects, such {@ttic® spacings in the range af,“=1 to 2 GeV. For these
mixing between 3Q and 5Q states are rather suppresse'@,tt'cesy the quark parameters were tuned a_nd the light had-
which would enable us to investigate the properties of genulON Spectrum was calculated in order to estimate the effects
ine 3Q and 5Q states in a separate manner. of ungertalntleg due tq anisotropy on the spectf@si.

In this paper, we focus on the 3Q state and investigate NS paper is organized as follows. In Sec. Il we summa-
whether this picture can explain the mass of thl405). rize the anlsotrqplc lattice actions used_ in thl_s study. We
Apparent discrepancy with the experimentally observeghow the num_erlcal resu_lts on fche negative-parity .baryon in
mass implies that the pentaquark state gives significant con2€C- I, and discuss their physical consequences in Sec. IV.
tribution to the physicalA (1405) state. In practice, lattice The last section is dedlcated to the conclusion and perspec-
QCD results suffer from various systematic errors. It is therelive for further studies.
fore essential to compare the mass of the flavor-singlet 3Q
state with other negative-parity baryon masses as well as
with lowest-lying baryon masses.

It is also important to understand the gross structure of e employ the standard Wilson plaquette gauge action

low-lying negative-parity baryon spectrum in relation 10 5q theO(a) improved Wilson quark action on anisotropic
spontaneous chiral-symmetry breaking in QCD. If the chiralices we briefly summarize the anisotropic lattice action.
symmetry is restored, such as at high temperature and/gf,qo gauge field action takes the form

density, the masses of a baryon and its parity partner should
be degenerate. Spontaneous chiral-symmetry breaking
causes mass splitting between positive- and negative-parity
baryons. It is important to study nonperturbatively negative-

II. ANISOTROPIC LATTICE

1
1- §Re Tru;;(x)

i>j=1 YG

parity baryons in terms of the parity partners of the positive-
parity ones.

Since the negative-parity baryons have relatively large
masses, their correlators rapidly decrease in the Euclidean
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with B=2N./g?. Here, U,, denotes the parallel transport the mean-field values of the spatial and temporal link vari-
around a plaquette in the-v plane, ables,u, andu,, respectively. This is equivalent to redefin-
ing the hopping parameters with the tadpole-improved ones

(with tilde) throughx,=%,/u, andx,=,/u,. We define

The gluon field is represented with the link-variablelas ~ the anisotropy parametes: as yg=«,/«,. This parameter
~exp(—iga,A,). The bare anisotropy coincides with the in the action is to be tuned nonperturbatively in the numeri-
renormalized anisotrop§=a, /a. at the tree level. cal simulation. It is convenient to defineas
Note here that the bare anisotropy is no longer the same
as ¢ due to the quantum effect, and one needs to measure
through some physical observables for each input value of 1
ve - Although £ is in general a function of gauge and quark P
parameters,f, yc) and (k, yg), respectively, on a quenched
lattice, the calibrations of the gauge and quark actions can be
performed separately. For the gauge action of the faim i ) i )
Klassen nonperturbatively obtained an expression@fin wh_ere mg is the bare quark mass in tempor_al Iattlge un!ts.
terms of 8 and ¢ with the accuracy better than 1% using the This « plays the same role as in the case of isotropic lattice,
Wilson loops[22]. We adopt the same lattice actions as thoseand is convenient to parametrize the quark mass together
in Ref.[23] which made use of the Klassen’s result for thewith the bare anisotropys .
gauge action and also performed sufficient analysis for the The above action is constructed following the Fermilab
quark actions as mentioned below. approach[26], which proposes to tune the bare anisotropy
For the Wilson type quark actiof®(a) improvement is parameter so that the rest mass and the kinetic mass equal
significant in quantitative computation of the hadron speceach other. In practice, hadronic states are convenient to
trum. Among several types of the anisotropic lattice quarkcarry out this program. In Ref23], the bare anisotropy was
action, we use the form proposed in Rgf20,23,24. As a  tuned nonperturbatively using the relativistic dispersion rela-
merit of this form, the calibration with a good precision is tion of the pseudoscalar and vector mesons. The main result
rather easy in the light quark mass region, since the quarkf Ref. [23] is as follows: They tuned in the quark mass
mass dependence is expected to be small there, as was fnge from the strange to charm quark masses with the ac-
merically shown in Ref[23]. curacy better than 1% and found that the tuned bare anisot-
The quark action is written as ropy, v£ , is well fitted to the linear form irm?2, wherem,

=(k"1- Kgl)/2§ is naively defined quark mass. Thefi in

U (0=U, (U, (x+ ;UL (x+nUlx). (2

1
==——2(ye+3r—4)=2(myy+4), (6)
K(T

Se=2> Y(OK(X,Y)¥(y), (3)  the massless limit was obtained within 2% error, i.e., 1% as
X,y L ; .
a statistical error and 1% as a systematic error in the form of
K(X,Y) = 8y = kAL ya)Us(X) Sty + (1+ v4) fit in terms of my. Then, they computed the light hadron

spectrum using the value off at the chiral limit, and ob-
served the effect of uncertainty ipf on the spectrum for
physical quark masses of the 1% level. In the present study,
we also treat the same quark mass region and therefore adopt

XUZ<x—21>6x7a,y}—KUZ {(r=y)U;(x)

X Syt yt (T y) Ul (x=1) 8,7y} — Kk,Ce the value ofy in the chiral limit. The precision of 2% error
in vy is sufficient for the present purpose.
X D gi4|:i45xy—rKUch iiFij Oy (4) As was pointed out in Refg§20,23, with the choicer
i ' i>j '

=1/¢, the action(4) leads to a smaller spatial Wilson term
for a larger anisotropy. Since the negative-parity baryons
measured in this paper are the lowest state of the parity pro-
jected baryon correlators, the statements in RS for light
hadrons also hold in our calculation. Even for the coarsest
lattice in our calculation, the cutoff, '=4.0 GeV seems

where s denotes the anticommuting quark fiekl, and «
the spatial and temporal hopping parameters, respectively,
the spatial Wilson parameter, awd, cg the clover coeffi-
cients. The field strengtk,, is defined with the standard

clover-leaf-type construction. In principle, for a givan, sufficiently large to avoid the artificial excitation due to the

the four parameters,,/K.T, I Ce, andcg ShQUId b.e tu_ned SO goublers in the ground-state signals. At least, the finest lattice
that Lorentz symmetry is satisfied up to discretization errors

of O(a?). Following Refs[20,23,24, we set the spatial Wil- with a_ '=8 GeV would be sufficiently large to avoid the
son parameter as=1/¢ and the clover coefficients as the doubler effect.
tadpole-improved tree-level values, namely,

r=1/¢, cg=1u,u?, cg=1/u3. (5) IIl. NUMERICAL SIMULATION

To reduce large contribution from the tadpole diagram, the A. Lattice setup
tadpole improvemeng25] is applied by rescaling the link The numerical simulation is performed on the same lat-

variables asJ;(x) —U;(x)/u, andU ,(x)—U4(x)/u,, with  tices as in Ref[23]. Here, we briefly summarize the funda-
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TABLE IlI. Lattice parameters in the gluon sector. The sea;[é(mK*) is determined from th&* meson
mass. The mean-field values are defined in the Landau gauge. The statistical uncertaingylegs than the
last digit. The details for these parameters are describ&2i3in

B Yo Size u, u, a, (mg+) [GeV]
5.75 3.072 1% 96 0.76202) 0.9871 1.03%)
5.95 3.1586 15x 128 0.79171) 0.9891 1.4909)
6.10 3.2108 28x 160 0.80591) 0.9901 1.870114)

mental parameters and physical quantities. We use the thrgmrity baryon masses, the effect is expected to be similar
anisotropic lattices with the renormalized anisotr@gy4, at  amount and not significant compared with the present level
the quenched level. The statistical uncertainties are, unlessf statistical error. Therefore this effect can be negligible in
otherwise noted, estimated by the Jackknife method with apeur calculation.
propriate binning. As described later, we first extrapolate the vector meson
The lattice sizes and parameters in generating the gaugfiass linearly in the pseudoscalar meson mass squared to the
field configurations are listed in Table Il. The spatial lattice point at which the ratio of these meson masses are equal to
scalesa, " roughly cover 1 to 2 GeV. The values of bare the physical valuems /my . At this point, aforementioned
gluonic anisotropyyg are chosen according to the result by |attice scale is determined. The physical @) ands quark

Klgssen[zz]. Tr:je ur;]cefrtelllinty of hisl expresscijon is ofltr:je masses are determined through theind K meson masses,
order of 1%, and in the following analysis we do not include .+ _ : ;

. A . o m_=139.6 MeV andmy=495.7 MeV (isospin avera

this uncertainty in the quoted statistical errors. The gauge ™ K (isospin averaged

configurations are separated by 200®M00 pseudo-heat- respectively.

bath sweeps, after 2000Q000Q thermalization sweeps at

B=5.95 and 6.105.795. The configurations are fixed to the B. Baryon correlators

Coulomb gauge, which is convenient in applying the smear-

ing of hadron operators. We measure the correlators in pseudoscalar and vector

The mean-field values of link variables are determined ofimeson channels and octet (and A types, decuplet, and
the smaller lattices with half size in temporal extent and Oth-sing|et channels of %) flavor representation of baryons_
erwise with the same parameters fo+5.75 and 5.95, while  As listed in Table IV, we use the standard meson and baryon
at 3=6.10 the lattice size is £6& 64. The mean-field values, operators which have the same quantum numbers as the cor-
u, andu., are obtained as the averages of the link variablesesponding baryons and survive in the nonrelativistic limit. It
in the Landau gauge, where the mean-field values are selfs known that there are mainly two ways to choose the
consistently used in the fixing conditig20]. In a study of baryon operator. One is the operator taken heTEC()’E,Q)q,
hadron spectrum, it is convenient to define the lattice scalegnd the other is of the formg{Cq) ysq. There are two rea-
through a hadronic quantity. We determiag® through the  sons why we take the former. It is well-known that the
K* meson massng«=893.9 MeV (isospin averagedThe  former operators strongly couple to the ground-state baryons
procedure is the same as in REZ3], while with larger sta- and reproduce experimental values well. Therefore it is suit-
tistics. The result is quoted in Table I agl(mK*). able for investigation of the parity partner of the ground state

The quark parameters are listed in Table Ill. These hopbaryons. Furthermore, the recent lattice calculation shows
ping parameters roughly cover the quark masseg that these two operators give similar results for the negative-
=m,—2m,. The numbers of configurations are larger thanparity baryon spectrum while the latter is more ndisy.
those of the hadronic spectroscopy in R&3]. As already For baryons, two of three quark masses are taken to be the
noted in the previous section, the valuesygf and k. are ~ same value as specified by the hopping parameterand
taken from the result of Ref23]. Although the uncertainty the other quark mass is specified kby. This corresponds to
of a 2% level is associated with the valuesygf, the quoted taking the same value far,d current quark masses as,
errors of hadron masses in the following analysis do not=mg=m,. Then, the baryon masses are expressed as the
include this uncertainty. According to R3], this uncer-  function of two masses); andm,, or equivalently ofk; and
tainty in the physical masses of vector mesons and positivex,, like mg(«x1,k5). In the source operator, each quark field
parity baryons are at most of order of 1%. For the negativeis smeared with the Gaussian function of wid#0.4 fm.

TABLE Ill. Lattice parameters in the quark sector. The valueypfand . are taken from Refl.23].

B Ve Ke N conf Values ofk
5.75 3.909 0.12646) 400 0.1240, 0.1230, 0.1220, 0.1210
5.95 4.016 0.1259B) 400 0.1245, 0.1240, 0.1235, 0.1230
6.10 4.034 0.12558) 400 0.1245, 0.1240, 0.1235, 0.1230
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TABLE IV. Typical interpolating operators for various hadrons. For baryons, the contraction with the
color index is omittedC denotes the charge conjugate matrix.

Meson Pseudoscalar M (K) zgysu
Vector M(K*)=sy,u
Baryon Octet B.(2%)=(Cys) g,  Us(dgs,—szd,)
—d,(sgu,—Ugs,)]
Octet (A) Bo(A)=(Cys) g, Un(dgs,—sed,) +d,(Spu,
- UBSV) - ZSa(quY* dBuy)]
Singlet Bo(A1)=(Crys) g, Un(dgs,—spd,) +d,(sSgu,
—UgS,) +S,(ugd,—dgu,)]
Decuplet Bak(2*%)=(C) gy[ Ua(dgs,+55d,) +d,(Spu,

+UgS,) +S,(ugd,+dgu,) ]

®

At large t (and largeN;—t), the baryon correlators are Gg(1)
represented as Meg=IN m .

GB(t)Ezi (B(x,1)B(x.0)) We observe that in the region where the effective mass ex-

hibits a plateau, the contribution of the parity partner is suf-

=(1+yg)[cg+-€ "™ +bcg--e” (NUMs] ficiently small. In particular for the negative-parity baryon

channels, fine temporal lattice spacing seems to be helpful in

specifying the region in which the ground state dominates.
(7) The meson correlator is fitted to the single hyperbolic

cosine form and analyzed independently of H&f3]. The
whereb=+1 and— 1 for the periodic and antiperiodic tem- results are shown in Fig. 2 and are consistent with F2d].
poral boundary conditions for the quark fields. Since weFor the baryons, we fit the data to a single exponential form.
adopt the standard Dirac representation fomatrices, the ~ The results are listed in Tables V-VII.

upper and lower two components correspond to the first and Following Ref.[23], we extrapolate the hadron masses to
second contributions of Eq7). the chiral limit in terms of the pseudoscalar meson mass

boundary conditions, one can single out the positive- andn@son mass and quark mass is

negative-parity baryon states with corresponding masses

mg+ and mg-, respectively, without contributions from the )

backward propagating parity partners. In practical simula- Mpd My, Mz) =B-(m;+my), 9
tion, however, we take a sufficient temporal extent so that we

can observe enough of a range of plateau in effective mass

plot for extraction of mass in each parity channel, and hencéhen for the degenerate quark masses,=m,, mpg
there is no advantage in computing correlators under twa=2Bmy holds. Instead ofn; (i=1,2), one can extrapolate
boundary conditions except for the reduction of statisticalther hadron masses in term whgm;,m;)? to the chiral
fluctuation. We obtain the baryon correlators@at 5.75 un-  limit.

der two boundary conditions, and compare the statistical In our calculation for baryons, two of the quark masses
fluctuations in the parity-projected correlator and in the notare taken to be the same value,, and the other quark mass
projected one. We conclude that it is not worth doubling them, is taken to be an independent value. Then, the baryon
computational cost and hence adopt only the periodic boundnasses are expressed as the functiormgfand m, like

ary condition hereafter. Instead, at eg&hve obtain the cor- mg(my,m,), and therefore they are to be depicted on the
relators with the source d@t=N,/2 in addition to ones with (m;,m,) plane. However, the result for the baryon masses
the source at=0, and average them. This is efficient to seems to be well described with the linear relation

reduce the statistical errors for a limited number of configu-

rations.

+(1—y4)[beg+-e”M7OMe’ ¢y @M ],

mg(my,m,,m3) =mg(0,0,0)+Bg-(2m;+my). (10
C. Lattice QCD results for hadron masses

Figure 1 shows the effective mass plots for the baryoriTherefore we fit the baryon mass data to the linear form in
correlators ap3=6.10. The effective mass is defined without the sum of corresponding PS meson masses squared. The
considering the contribution of the associated parity partnevector meson is also fitted to a linear functionnm+ m.,.
propagating backward from the sourcetatN;, Note here that, in quenched QCD, a nonanalyticity ap-
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FIG. 1. Effective mass plots for octet, decuplet, and singlet baryon correlators with degenerate quark m@sse4@t The symbols
correspond toc=0.1230, 0.1235, 0.1240, and 0.1245 from top to bottom in each figure. The left figures are for the positive-parity baryons
and the right for the negative-parity ones.

pears in the chiral extrapolation near the chiral lif@if]. For ~ the positive- and negative-parity baryons in our calculation
nucleons, it is reported that the departure from the simplevith m_>600 MeV.

chiral extrapolation is observed fan,<400 MeV[28]. Al- The results of fits for baryons are shown in Fig. 3 for each
though we have to keep this effect in our mind, we do notlattice. The horizontal axis is the averaged pseudoscalar me-
argue it here because there is no distinct behavior for botson mass squared,
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=z

1.4 : : Ng

1
& vector B=5.75 (m%s(mi»:N—z m'?"S(m"m‘):N_- 2Bm; (11)
qi=1 qi

q
1.2 =1

1 with N,=3 for baryons. The results of fits are displayed as
the solid lines in these figures. The linear relation seems to
hold well.
06 ‘ ‘ ‘ ‘ As stated in Sec. Ill, we determine the scalg' through

0

» 02 04 0.6 08 1 theK* meson mass. The physical,(d) ands quark masses

<& vector B=5.95

mass [GeV]

0.8 K* (set)

are determined with ther andK meson masses. The scales

of the vertical and horizontal axes in Fig. 3 are set in this
way. The corresponding hadron masses for the physical
quark masses are listed in Table VIII. These results for the
meson masses and positive-parity baryon masses are consis-
tent with those obtained in Ref23].

12

1

mass [GeV]

0.8 K*(set)

0.6 I I I I

1.4 : ‘ ‘ : D. Systematic errors

< vector B=6.10 Finally before discussing physical implications of our nu-
merical results, we briefly comment on the systematic uncer-
tainties.

12

1

mass [GeV]

1. Anisotropy (calibration)

0.8 K*(set)

According to the detailed inspection given in RE23],
0.6 L L L . . - .
0 0.2 0.4 06 0.8 1 the 2% uncertainty inyg causes uncertainties in hadron
<m,2(m)>[GeV] masses at the 1% level. Although the effect of uncertainty
coming from anisotropy on the negative parity baryon
q | %4 in the physical unit. Th fnasses is unknown, its size is expected to be the same level
pseudoscalar meson mass squargss In e pnysical unit. The as for the positive-parity baryons and smaller than their sta-
open symbols denote the direct lattice data, and the closed symba]s ,. .
. . tistical errors. Therefore we do not perform a detailed analy-
denote the results for the physical quark masses obtained from the fth librati tainty h Th I
lattice data with the linear chiral extrapolation. SIS of the .Cal ';a lon uncertainty e_re. € uncer .alr.] ydn
the gluonic anisotropy parameter, is also kept within the 1%

FIG. 2. The spectrum of the vector meson plotted against th

TABLE V. Baryon spectrum aB=5.75 in the temporal lattice unit. When quark masses are degeneraie=as, the 3 -type and the
A-type octet baryon correlators become identical.

Positive-parity baryons Negative-parity baryons

K1 Ky Mocis ) Moct(a ) Mging Myec Mocis ) Moct(a ) Msing Myec

0.1210 0.1210  0.4289) 0.42819) 0.642656) 0.460616) 0.544352) 0.544352) 0.535%30) 0.563054)
0.1210 0.1220 0.41710) 0.418610) 0.634959) 0.451817) 0.535%56) 0.535657) 0.526532) 0.554859)
0.1210 0.1230  0.40%200 0.409110) 0.626764) 0.443319) 0.527161) 0.527064) 0.517%34) 0.546766)
0.1210 0.1240  0.39461) 0.399811) 0.618469  0.435221) 0.518968) 0.517878 0.508937) 0.538679

0.1220 0.1210 0.408B0) 0.406610) 0.627863) 0.443@19 0.526961) 0.526960) 0.517333) 0.546565)
0.1220 0.1220  0.39701) 0.397G11) 0.620668) 0.4341200 0.518166) 0.518166) 0.508G35  0.538271)
0.1220 0.1230  0.38%B1) 0.387411) 0.613274) 0.425622) 0.509%73) 0.509175  0.498938) 0.530Q79)
0.1220 0.1240 0.37312) 0.378@12) 0.605%81) 0.417625  0.501282) 0.499490) 0.489941) 0.521793

0.1230 0.1210 0.388%1) 0.384511) 0.611674) 0.425922) 0.509177) 0.509974) 0.499@38) 0.530281)
0.1230 0.1220 0.37692 0.374712) 0.606381) 0.417124) 0.500183) 0.500881) 0.489%41) 0.521889)
0.1230 0.1230 0.36%02) 0.365@12) 0.600489  0.408%27) 0.491392) 0.491392) 0.480144) 0.51310)
0.1230 0.1240 0.352F¥3) 0.355413) 0.593999  0.400432) 0.48311) 0.481(11) 0.470748) 0.50512)

0.1240 0.1210 0.368%3) 0.361213) 0.59389  0.409930) 0.48911) 0.492898)  0.480546) 0.51411)
0.1240 0.1220  0.35694) 0.351214) 0.591(10) 0.401G33) 0.48012) 0.48311) 0.470849) 0.50512)
0.1240 0.1230  0.344%5  0.341415) 0.58811) 0.392237) 0.47013) 0.47312) 0.461@53) 0.49614)
0.1240 0.1240  0.331I6) 0.331716) 0.58513) 0.383845) 0.46Q15) 0.46Q15) 0.450958) 0.48616)

fit range 24-40 24-40 12-20 28-40 20-32 20-32 16-24 20-32
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TABLE VI. The same results as Table V fgr=5.95.
Positive-parity baryons Negative-parity baryons
K1 K2 Mocys ) Moct(n ) Msing Myec Mocts ) Mocy(a ) Msing Myec
0.1230 0.1230 0.278%) 0.278%7) 0.427927) 0.304110) 0.3537%28) 0.3537%28) 0.346(32) 0.377136)
0.1230 0.1235 0.2722) 0.27327) 0.424@28) 0.299310) 0.348230) 0.3487%30) 0.340733) 0.372839)
0.1230 0.1240 0.26%8) 0.268@8) 0.420230) 0.2947%11) 0.342832) 0.344134) 0.335536) 0.369@43)
0.1230 0.1245 0.2598) 0.26288) 0.416%34) 0.289912) 0.337435) 0.340640) 0.330640) 0.366148)
0.1235 0.1230 0.267%) 0.26647) 0.420330) 0.294411) 0.343433) 0.343@32) 0.335435) 0.368642)
0.1235 0.1235 0.2618) 0.261@8) 0.416833) 0.289612) 0.337835) 0.337835) 0.329938) 0.364345)
0.1235 0.1240 0.2548) 0.25578) 0.413336) 0.284812) 0.332238) 0.333@39) 0.324641) 0.360449)
0.1235 0.1245 0.2478) 0.25049) 0.409940) 0.280114) 0.326842) 0.329146) 0.319545) 0.357%56)
0.1240 0.1230 0.2568) 0.25388) 0.412936) 0.284913) 0.333240) 0.332438) 0.324741) 0.360850)
0.1240 0.1235 0.2498) 0.24848) 0.409940) 0.280Q13) 0.327542) 0.327@41) 0.319244) 0.356554)
0.1240 0.1240 0.2439) 0.243Q9) 0.407@44) 0.275114) 0.321846) 0.321846) 0.313648) 0.352760)
0.1240 0.1245 0.23%9) 0.237510) 0.404150) 0.270416) 0.316252) 0.317%55) 0.308354) 0.349868)
0.1245 0.1230 0.24%9) 0.24049) 0.405446) 0.275415) 0.323953) 0.322549) 0.314352 0.354864)
0.1245 0.1235 0.23830) 0.23499) 0.403%51) 0.270516) 0.318Q57) 0.316853) 0.308556) 0.350769)
0.1245 0.1240 0.23120) 0.229410) 0.401658) 0.265618) 0.312263) 0.311260) 0.302861) 0.347Q77)
0.1245 0.1245 0.22311) 0.2237111) 0.400@68) 0.260919) 0.306571) 0.306571) 0.297270) 0.344489)
fit range 28-56 28-56 16-24 28-58 26-44 26-44 26-44 26-44
TABLE VII. The same results as Table V fg=6.10.
Positive-parity baryons Negative-parity baryons
K1 K2 Mocis ) Moct(a ) Mgjng Myec Mocis ) Moct(a ) Msjng Myec
0.1230 0.1230 0.23%2) 0.23824) 0.346630) 0.256Q7) 0.296723) 0.296723) 0.292520) 0.310326)
0.1230 0.1235 0.2328) 0.23295) 0.341732 0.25118) 0.291125) 0.291925) 0.287521) 0.305928)
0.1230 0.1240 0.22%%) 0.22765) 0.336%35) 0.24638) 0.285427) 0.287427) 0.2827122) 0.301732
0.1230 0.1245 0.2193) 0.22235) 0.331139) 0.24179) 0.279629) 0.283%33) 0.278325) 0.298138)
0.1235 0.1230 0.227%) 0.22625) 0.337@35) 0.24628) 0.286726) 0.285826) 0.282622) 0.301431)
0.1235 0.1235 0.22@8) 0.22085) 0.332538) 0.24139) 0.2809298) 0.280928) 0.277624) 0.296934)
0.1235 0.1240 0.2145) 0.21545) 0.327742) 0.236510) 0.275@31) 0.276231) 0.272826) 0.292638)
0.1235 0.1245 0.2076) 0.21016) 0.322648) 0.231911) 0.268934) 0.272238) 0.268329) 0.288946)
0.1240 0.1230 0.216B) 0.21375) 0.326842) 0.236610) 0.276832) 0.274431) 0.272926) 0.292939)
0.1240 0.1235 0.2096) 0.20825) 0.323247) 0.231711) 0.270934) 0.269534) 0.268(28) 0.288343)
0.1240 0.1240 0.20286) 0.20286) 0.319353) 0.227Qq12) 0.264837) 0.264437) 0.263131) 0.284@49)
0.1240 0.1245 0.19%86) 0.19746) 0.315@62) 0.222513) 0.258142) 0.260445) 0.258635) 0.280359)
0.1245 0.1230 0.2046) 0.20066) 0.315155) 0.227612) 0.268@44) 0.262842) 0.263833) 0.285556)
0.1245 0.1235 0.1982) 0.195@6) 0.313363) 0.222814) 0.261748) 0.257%45) 0.258836) 0.280963)
0.1245 0.1240 0.1912) 0.18947) 0.311474) 0.218215) 0.255153) 0.252350) 0.254@40) 0.276572)
0.1245 0.1245 0.1839) 0.18398) 0.309491) 0.213918) 0.247961) 0.247961) 0.249346) 0.272788)
fit range 40-64 40-64 24-36 44-64 36-52 36-52 32-52 36-52
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FIG. 3. The spectra of positive- and negative-parity baryons plotted against the pseudoscalar meson mass%gqtﬁ;tredacm, the

octet and the decuplet baryons are shown in the left panel and Agtat(d singlet baryons in the right panel. The horizontal axis denotes
the averaged pseudoscalar mass square. The open symbols denote the direct lattice data, and the closed symbols denote the results for tt

physical quark masses obtained from the lattice data with the linear chiral extrapolation.

level, and hence for the same reason as»fer we do not

argue its effect on the negative-parity baryon masses.

2. Finite volume effects

the finite size effects. Our present three lattices, however,
have almost the same size 2 fm), and we cannot examine

the finite volume effects on these lattices. In R, the

finite volume effect on the negative-parity baryon masses
Since the excited baryons may have larger spatial exterwas evaluated as 5% by comparing the masses on lattices

than the ground state baryons, they may seriously suffer frowith volume sizes 1.5 and 2.2 fnil.6 and 2.1 fm at
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TABLE VIII. The hadron spectrum expressed in the unit of GeV quenched level near the chiral limit as, <400 MeV [27].
at the physical quark masses. TK&¢ meson mass is used for the \ne have, however, taken the naive linear extrapolation for
determination of the scale urat,. both the positive- and negative-parity baryons because the
results for the baryon masses seem to be well described with

B=5.75 p=5.95 p=6.10 the linear relation in the quark-mass region corresponding to
P 0.797352) 0.796553) 0.800565) mw>690 MeV in the. present calculation. In addition, th(_e
K* 0.8939 0.8939 0.8939 behavior of the negative-parity baryon masses near the chiral
é 0.990555) 0.991353) 0.987366) limit is less known. Therefore it is difficult to estimate the
nonanalyticity in the chiral extrapolation from the present
N 1.111884) 1.078181) 1.105572) results. The gquantitative estimate of its effect on the
A 1.2095875) 1.182575) 1.200267) negative-parity baryon masses is a future problem with high
3 1.225@76) 1.198276) 1.217367) precision data with small quark masses.
=] 1.339371) 1.318375) 1.329167)
5. Quenching effects
A 1.36623) 1.34216) 1.368517) . 0 .
s 1.45920) 1.44014) 1.458615) There is abou_t 10f/o unchertalnty f?]r the #roundl-sta;e hﬁd—
T 1.55317) 1.53812) 1.548613) ron spectra coming from the quenching effect. Also for the
negative-parity baryons, there should appear such a quench-
Q 1.64515) 1.63511) 1.638712) . o o -
ing effect. In addition, there may appear a nontrivial excita-
NG 1.68679) 1.59959) 1.61857) tion effect of then’ meson in quenched QCD, wherg
3 ) 1.78467) 1.70549) 1.71749) degenerates with the other Nambu-Goldstone bosons in the
=) 1.88256) 1.81040) 1.81642) chiral limit due to the ignorance of the fermionic determi-
= nant. Such an effect frony’ is reported to appear near the
At 1.78866) 1.70348) 1.70049) chiral limit asm_<300 MeV[28].
AG) 1.73228) 1.64649) 1.72539)
AC) 1.80684) 1.87179 1.83380) IV. DISCUSSION
x <(:)) 1.89672) 1.95561) 1.91369) Our numerical results for the hadron spectra are summa-
= 1.98660) 2.03250) 1.99457) rized in Fig. 3 and Table VIIIl. The masses of the negative-
o) 2.07749) 2.10939) 2.07446) parity baryons are found to be heavier than those of the cor-
AL 2.28858) 2.29746) 2.15070) responding positive-parity sectors, as expected. The flavor-

sing

singlet baryon is, however, an exception: the positive-parity
baryon is much heavier than the negative-parity one. This
ftendency seems consistent with the 3Q state in the quark
model, in which the flavor-singlet positive-parity baryon be-

B=6.0(6.2) on quenched isotropic lattices. This amount o
finite size effect may also exist in our results, while our

lattice volumes are close to the larger ones in R&}. longs to the 70-dimensional representation of the¢&gym-
metry with the principal quantum numb&r=2. This mul-
3. Lattice discretization error tiplet is in general heavier than that belonging to the

Table VIII shows the baryon masses on each lattice. we egative-parity baryons. QCD sum rule analya8] and the

find it hard to take the continuum limit even for the ground- Other recent lattice calculatior?] also predict the mass of

state baryons and mesons, since only the tiffsare taken the flavor-singlet negative-parity baryon lighter than that of

- oo the positive one.
here and their behavior is not so smooth that one can apply a Inporder to compare our lattice results with experimental

simple extrapolation. In addition, such fluctuating behavior : ;
of data may be large due to the lack of statistics, genuiné’alues’ various baryon masses/at 6.10 together with the

discretization errors would not be negligible. In the range Ofexperlmental values are shown in Fig. 4. For the positive-

lattice cutoff 1 to 2 GeV, the fluctuation of masses is at mo:sfDarlty baryons, the nucleon and the delta masses are some-

. . what higher than the experimental ones. Note again that
a_\boqt 5%, except fqr the Case.m:i“g for which .7% plewa- guenched QCD exhibits the nonanalytic behavior in the chi-
tion is found. This gives us a hint of the potential size of the

) L ; ral extrapolation on the nucleon near the chiral limitno
discretization errors. We also note that Rgf3] examined P 4

v 4 o <400 MeV [27]. In comparison with the naive linear ex-
how theO(aa) andO(a") discretization effects decrease as trapolation, this effect lowers the nucleon mass in the chiral

B i.”cre‘?‘ses in the meson s_e_ctors, and found that those in ﬂﬁ?nit, although we have not taken into account the nonana-
calibration of ye are sufﬂment!y reduced _already @ lytic behavior because of the absence of its signal in our
=6.10. For thes_e reasons we discuss physical consequen ?atively heavy quark-mass region of,>600 MeV. The

of our result mainly based on the data /g 6.10 lattice in other positive-parity baryons with strangeness reproduce the
Sec. IV. experimentally observed masses within 10% deviations. The
better reproduction of strange baryon masses may be natural
because of the following reason. For the strange baryon, the

From the study of the chiral perturbation theory, thereambiguity from the chiral extrapolation would be less than

appears a nonanalyticity in the chiral extrapolation at thethat of the nucleon and the delta because the strange quark is

4. Chiral extrapolation
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relatively massive and the nonanalytic behavior arises onlguenched QCD, and the nonunitary behavior appears in the
from the up and down quark mass region. baryon correlator due to the “light’;’ excitation near the

As for the negative-parity baryons, most of the presenthiral limit below m_~250 MeV [28], where there appears
lattice results comparatively well reproduce the experimentaan unphysical “decay” process of the negative-parity baryon
spectra as shown in Fig. 4, in spite of a relatively large stainto an »’-N state. Although these nonanalytic and nonuni-
tistical error. However, the flavor-singlet negative-parity tary behaviors are not observed in the present simulation
baryon is exceptional, and its calculated mass of about 1.With relatively heavy quark masses ims > 600 MeV, these
GeV is much heavier than the experimentally observedffects should be taken into account for the simulation near
A(1405) with a difference of more than 300 MeV. The dif- the chiral limit.
ference between the lattice result of 1.7 GeV and the experi- We now focus on other negative-parity baryons. The mass
mental value of the\ (1405) is, however, the largest in all ratio between the positive- and the negative-parity baryons is
the hadrons in consideration. Even taking the quenching eshown in Table IX. For both the octet and the decuplet bary-
fect into account, this discrepancy seems too lafdfate  ons, the relative mass difference between the parity partners
again that the flavor-singlet baryon has one strange quarkecomes smaller, as the averaged quark mass increases by
and the ambiguity from the chiral extrapolation is expectedhe inclusion of the strange quark. This tendency is experi-
to be less than that of the nucleon and the delta. mentally observed for the octet baryofiEhe empirical iden-

If the A (1405) could be well described as a three valencsification of negative-parity decuplet baryons is not estab-
quark system, its mass would be reproduced with the simpléished) This behavior is also reported in another lattice QCD
three-quark operator in quenched QCD. However, the lightinalysis by the domain wall fermioib]. From Fig. 4 and
mass of theA (1405) is not reproduced in the present simu-Table IX, we find that the lattice results of the flavor octet
lation. Therefore the present lattice QCD result physicallyand decuplet baryons are all close to the observed lowest-
indicates that the experimentally observ&d1405) cannot lying negative-parity baryons, theN(1535), A(1670),
be described with a simple three valence quark picture, thaf (1620), andA(1700), in spite of the relatively large sta-
is, the overlap of theA (1405) with the 3Q component is tistical error. TheX(1620), which is experimentally con-
rather small. This seems to support other possible picturefirmed as the negative-parity strange baryon with=1/2"
for the A(1405) such as the pentaquark state or Mi¢  [16], is consistent with the parity partner of tfe baryon.
molecule. In this sense, lattice QCD simulations with theThe parity partner of théZ baryon is expected to be the
pentaquark operator would be meaningful to elucidate thé (1690) from our calculation, although the spin-parity of
nature of theA (1405). the 2(1690) is not yet confirmed experimentally. Recently it

Here, we add several comments and cautions in quenchdts been proposed based on the chiral unitary appi@igh
QCD. First, there is possible mixing between 3Q and 5Qthat the=(1620) has the negative-parity, although its experi-
states through the “Z-graph” even in the quenched approxidnental status is still one-stéevidence of existence is pgor
mation[30]. Therefore, to be strict, the separability into 3Q It is, however, difficult to distinguish between tfz#(1620)
and 5Q states does not hold even in the quenched approxand the=E (1690) from our result due to the statistical errors.
mation, although the mixing between the two states is rathefFor the decuplet baryons, we can regard the parity partner of
suppressed. Nevertheless, the conclusion of the non-3Q pithe A(1232) as thé\(1700), although the experimental data
ture for the A(1405) is still plausible, because, if the is poor. The positive-parity flavor-singlet baryon is found to
A(1405) is described as the 3Q state, its mass is to be rée much heavier than the negative-parity decuplet, and hence
produced with the 3Q operator in quenched QCD. Secondis investigation seems much more difficult both theoretically
for the definite conclusion, we have to pay attention to theand experimentally.
nonanalytic behavior in the flavor-singlet negative-parity Finally, we comment on recent lattice studies on the
baryon near the chiral limii8], in spite of the naive expec- negative-parity baryons. Sasalét al. investigated the
tation of its smaller effect for strange baryons. Third, accord-negative-parity nonstrange barybit™’, the parity partner of
ing to the neglect of the fermionic determinant, becomes the nucleonN(*), with the domain wall fermiorf5]. Their
unphysically “light” as the Nambu-Goldstone particle in lattice is 16x32 at3=6.0 (@ 1=1.9 GeV) and the result
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TABLE IX. The ratio of negative- and positive-parity baryon masses. In the last line, the ratio of
flavor-singlet negative-parity and octet positive-parity baryon masses is also listed. Physical values of the
negative-parity baryons are taken to b§1535), X(1620), Z(1690), A(1670), Ag(1405), and

A(1700).
B=5.75 B=5.95 B=6.10 Physical value

NCI/NGD 1.51670) 1.48454) 1.46351) 1.635
3z 1.45854) 1.42340) 1.41040) 1.358
ECUE”® 1.40541) 1.37330) 1.36631) 1.28%
ASIAS) 1.47954) 1.44040) 1.41740) 1.496
AGYAS) 0.757122) 0.71826) 0.80232)

ACAM 1.32264) 1.39955) 1.33961) 1.380
SE(=)S*(+) 1.29952) 1.35843) 1.31249)

E*(—)IE*(+) 1.28041) 1.32133) 1.28438)

Q(=)IQ(+) 1.26331) 1.29024) 1.26629)

UNGYLNG 1.43223) 1.39242) 1.43734) 1.259

aNote that the spin-parity of th& (1690) is not yet confirmed.

is N(7)/N(H) ~1.45, which is consistent with ours. @der ity projection from the same baryon correlators based on the
et al. studied the negative-parity nonstrange barydf) us-  three valence quark picture.

ing theO(a) improved Wilson quark on the isotropic lattices  For the flavor octet and decuplet negative-parity baryons,
with the size of 18x 32 and 38X 64 [6]. They obtained the the calculated masses are close to the experimental values of
similar result,N(")/N(*)=1.50(3). Melnitchoukel al. also  corresponding lowest-lying negative-parity baryons. For sev-
studied the negative-parity baryons using @@) improved  eral negative-parity baryons, our lattice data have suggested
Wilson quark on the isotropic lattice, 1832 (a  some predictions. For instanck(1700) can be regarded as
=0.125 fm) [7]. Since they did not carry out the chiral ex- the parity partner ofA(1232), and the=(1690) would be

trapolation, we do not compare the results quantitatively, bufne parity partner of th& baryon, although the spin-parity
the qualitative behavior is similar to ours. They also investi-¢ the Z(1690) is not yet confirmed experimentally.

gated the flavor-singlet baryons. Instead of the flavor-singlet As for the flavor-singlet negative-parity baryon, such a

interpolating field, they used the “common” interpolating three-quark state has been found to lie around 1.7 GeV, and

Ilhe;dc\)lzlz?é(t:x 'ithir%%mgzntﬁgrts?; tlrc]a Et: IS;?rg?]IaEII_r;]% flr?algjltf?; has been much heavier than th¢1405). Even considering
yp 9 yon. the systematic errors, this difference of about 300 MeV

much heavier than the experimental value of thél405) . .
even for such a field. Leet al. investigated the excited state seems too large. If t_heA(1405) Is described as a three
valence-quark state, its mass would be reproduced in the

baryons with the overlap fermion with the lattice3:628 . . : .
[8]. They employed the constrained curve fitting method fofPresent simulation. In fact, the present lattice result which

the mass fitting and obtained the baryon masses lower thafnot reproduce thé (1405) physically implies that the
those from the conventional fitting method. Thus their resultg) (1405) is not described as the simple three quark picture,
seem to be lower than ours and the others’, while they did-€., the overlap of the\ (1405) with the three-quark state is
not carry out the chiral extrapolation. Dynamical quark simu-rather small. This seems to support an interesting picture of
lation of excited-state baryons is also in progrg®s As for  the pentaquark state or tié¢K molecule for theA (1405).

the negative-parity nucleon, their present result is consisterftor more definite understanding of thé1405), it would be
with the quenched result within statistical errors. desired to perform lattice QCD simulations in terms of the

NK molecule or the pentaquark state. Such a study is inter-
esting even at the quenched level, where dynamical quark
loop effect is absent and then the quark-level constitution of
We have studied the mass spectra of the negative-parityadrons is clearer. As for the positive-parity flavor-singlet
baryons and the flavor-singlet baryons in quenched anisdsaryon, its calculated result is found to be much heavier than
tropic lattice QCD. We have used three lattices of almost théhe negative-parity one, as is consistent with the quark mod-
same physical spatial volume of about (2 fmyith the spa-  els[10,11] and the QCD sum rule analysig9].
tial cutoffsa; =1 to 2 GeV and the renormalized anisot-  Very recently, LEPS Collaboration has experimentally ob-
ropy £€=a,/a,=4. We have adopted the standard Wilsonserved the® ™ (or Z*) baryon withS=+1 [32], which re-
plaquette gauge action and tB€a) improved Wilson quark quires at least “five valence quarks” as uudaisd is physi-
action at the tadpole-improved tree ley2B]. The positive- cally identified as a “pentaquark system.” The comparison
and negative-parity baryon masses are extracted with the pasetween theé® * baryon and the\ (1405) may be useful to

V. SUMMARY AND CONCLUDING REMARKS
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investigate the features of the pentaquark system. It is alsiom the quark degrees of freedom such as in lattice QCD at
interesting to investigate this type of a pentaquark systerfinite temperature.
using lattice QCD simulation.

From the aspect of the chiral symmetry, the parity partner
should be degenerate if the symmetry is restored at finite Y.N. thanks S. Sasaki, T. Blum, and S. Ohta for useful
temperature and/or density. It is interesting to see how theliscussions and comments. H.M. thanks T. Onogi and T.
mass difference between the parity partners changes at finité¢meda for useful discussions. The simulation was done on
temperature on the lattice. Several works on it are alreadlEC SX-5 at Research Center for Nuclear Physics, Osaka
reported for the screening mass of the nuclggsj and they ~ University and Hitachi SR8000 at KEkHigh Energy Accel-
favor the parity degeneracy at the chiral phase transitior€rator Research OrganizatjorH.S. is supported in part by
Recently based on the chiral effective theory such as th&rant for Scientific ReseardiNo. 12640274 from Ministry

. ; . . of Education, Culture, Science and Technology, Japan. H.M.
linear sigma mode[34] and the chiral pertur_batlon _theory is supported by Japan Society for the Promotion of Science
[35], two different assignments for the negative-parity bary-¢o, voung Scientists. Y.N. was supported by the center-of-

ons have been proposed: under the chiral transformation, ”@(cellence(COE) program at YITP, Kyoto University in
negative-parity baryon transforms in the same way as thenost stages of this work and thanks RIKEN, Brookhaven
positive-parity one in one scheme and in the opposite way ilNational Laboratory, and the U.S. Department of Energy for
the other. These two assignments behave differently towargroviding the facilities essential for the completion of this
the chiral restoration. Therefore it is interesting to study thenwork.
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