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We present the first results for the masses of positive and negative parity excited baryons calculated in lattice
QCD using anO(a?)-improved gluon action and a fat-link irrelevant clou&LIC) fermion action in which
only the irrelevant operators are constructed with APE-smeared links. The results are in agreement with earlier
calculations ofN* resonances using improved actions and exhibit a clear mass splitting between the nucleon
and its chiral partner. A correlation matrix analysis reveals two low-lyiRg 5~ states with a small mass
splitting. The study of differenA interpolating fields suggests a similar splitting between the Iowest/\té/()
octet states. However, the empirical mass suppression of tt&405) is not evident in these quenched QCD
simulations, suggesting a potentially important role for the meson cloud oA tH{&405) and/or a need for
more exotic interpolating fields.
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[. INTRODUCTION siderable attention recent]y,8].
It has been argue®] that a spin-flavor interaction asso-

Understanding the dynamics responsible for baryon excieiated with the exchange of a pseudoscalar nonet of Gold-
tations provides valuable insight into the forces which con-stone bosons between quarks can better explain the level
fine quarks inside baryons and into the nature of QCD in therderings and hyperfine mass splittings than the traditional
nonperturbative regime. This is a driving force behind the(color-magnetit one gluon exchange mechanism. On the
experimental effort of the CLAS Collaboration at Jeffersonother hand, some elements of this approach, such as the gen-
Lab, which is currently accumulating data of unprecedentecralization to the meson sector or consistency with the chiral
quality and quantity on varioud— N* transitions. With the properties of QCD, remain controversidl,10,11. Further-
increased precision of the data comes a growing need tmore, neither spin-flavor nor color-magnetic interactions are
understand the observétf spectrum within QCD. Although able to account for the mass splitting between the

phenomenological low-energy models of QCD have beem 2 (1405) and the\*? (1520) (a splitting between these
successful in describing many features of Nfe spectrum-  can arise in constituent quark models with a spin-orbit inter-
(for a recent review see Réfl]), they leave many questions action, however, this is known to lead to spurious mass split-
unanswered, and calculations bff properties from first tings elsewhergl,12)). Recent wor 13] on negative parity
principles are indispensable. baryon spectroscopy in the lardg-limit has identified im-
One of the long-standing puzzles in spectroscopy hagortant operators associated with spin-spin, spin-flavor and
been the low mass of the first positive parity excitation of thegther interactions which go beyond the simple constituent
nucleon(the J°= " N*(1440) Roper resonanteompared quark model, as anticipated by early QCD sum-rule analyses
with the lowest lying odd parity excitation. In a valence [14].
quark model, in a harmonic oscillator basis, the state The large number of states predicted by the constituent
naturally occurs below thi=2, ;* state[2]. Without fine-  quark model and its generalizations which have not been
tuning of parameters, valence quark models tend to leave ﬂ"@)served(the so-called “missing" resonancbgresents an-
mass of the ROpeI’ resonance too h|gh Similar difficulties |rbther prob'em for Spectroscopy_ If these states do not exist,
the level orderings appear for the" A*(1600) andz*  this may suggest that perhaps a quark—diquark piciuit
%*(1690), which has led to speculations that the Ropefewer degrees of freedoncould afford a more efficient de-
resonances may be more appropriately viewed as “breathingcription, although lattice simulation results provide no evi-
modes” of the state$3], or described in terms of meson- dence for diquark clusterinfl5]. On the other hand, the
baryon dynamics along4], or as hybrid baryon states with mjssing states could simply have weak couplings to-tihe
explicitly excited glue field configuratior[$]. system[1]. Such a situation would present lattice QCD with
Another challenge for spectroscopy is presented by the unique opportunity to complement experimental searches
A'27(1405), whose anomalously small mass has been intefor N*s, by identifying excited states not easily accessible to
preted as an indication of strong coupled channel effects inexperiment(as in the case of glueballs or hybrids
volving 2 7, KN, ... [6], and a weak overlap with a three-  In attempting to answer these questions, one fact that will
valence constituent-quark state. In fact, the role played bye clear is that it is not sufficient to look only at the standard
Goldstone bosons in baryon spectroscopy has received colow mass hadrons#, p, N andA) on the lattice—one must
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consider the entir&l* (and in fact the entire excited baryon tions and interpolating fields presented in this paper is car-
spectrum. In this paper we present the first results of octetied out using the Dirac representation of thenatrices. The
baryon mass simulations using &a?) improved gluon choice of interpolating fielgvg is discussed in Sec. Il below.
action and an improved fat link irrelevant clou&LIC) [16]  The overlap of the interpolating fielgg with positive or
quark action in which only the irrelevant operators are connegative parity statefB*) is parametrized by a coupling
structed using fat link§17]. Configurations are generated on strength\g- which is complex in general and which is de-
the Orion supercomputer at the University of Adelaide. Afterfined by

reviewing in Sec. Il the main elements of lattice calculations

of excited hadron masses and a brief overview of earlier Mg+

calculations, we describe in Sec. Il various features of inter- (Q|xe(0)[B",p,s)=Ng+ ug+(p,s), (23
polating fields used in this analysis. Section IV reviews the Ep+

details of the lattice simulations, and Sec. V gives an over- v

view of the methodology for isolating baryon resonance _ . B~

properties. In Sec. VI we present the results from our simu- (QUxs(0)[B™,p,8)=Xg- V o YsUs-(P.S),
lations and in Sec. VIl we make concluding remarks and (2b)

discuss possible future extensions of this work.
whereMg- is the mass of the stai™, Eg-= \/Mégr |52 is
Il. EXCITED BARYONS ON THE LATTICE its energy, andiz=(p,s) is a Dirac spinor with normalization

The history of excited baryons on the lattice is quite brief,uBi(_p'S)ugi(_p's): g For large Euclidean time, the cor-
although recently there has been growing interest in finding€lation function can be written as a sum of the lowest en-
new techniques to isolate excited baryons, motivated partlf'dy Positive and negative parity contributions
by the experimentaN* program at Jefferson Lab. The first

detailed analysis of the positive parity excitation of the GB(tyﬁ)%)\;we—Esﬂ

nucleon was performed by Leinweldi8] using Wilson fer- 2Eg+

mions and an operator product expansion spectral ansatz.

DeGrand and Hechf19] used a wave function ansatz to +)\27(’y.p_MBf)e—EB—t @)
access-wave baryons, with Wilson fermions and relatively B 2Eg- ’

heavy quarks. Subsequently, Lee and LeinwdBé} intro-
duced a parity projection technique to study the negativavhen a fixed boundary condition in the time direction is used
parity 1~ states using af’(a?) tree-level tadpole-improved to remove backward propagating states. The positive and
D, 34 quark action, and a@(a?) tree-level tadpole-improved negative parity states are isolated by taking the tracégf
gauge action. Following this, Ld@1] reported results using Wwith the operatod’, andI'_ respectively, where

a Dy3, quark action with an improved gauge action on an

anisotropic lattice to study the* and3~ excitations of the 1
nucleon. The RIKEN-BNL group22] has also performed an *72

analysis of theN* (3 ) andN’(3 ") excited states using do-

main wall fermions. More recently, a nonperturbatively im- Forp=0, F2:=Ft so thatl".. are then parity projectors. For
proved clover quark action has been used by Richat@s. -0, the energyEg:=M;g: and using the operatdi. we
[23] to study theN*(3~) andA*(3~) states, while Naka- can isolate the mass of the baryBfi. In this case, positive

jima et al. have studied théu* () and A*(3~) states us- Parity states propagate in the, 1) and(2, 2) elements of the
ing an anisotropic lattice with ad(a) improved quark ac- Dirac matrix of Eq.(3), while negative parity states propa-
tion [24]. Constrained-fitting methods based on Bayesiarf@t€ in the(3, 3 and(4, 4) elements.
priors have also recently been used by letel. [25] to . In terms of the cprrela'tlon functioBg, the baryon effec-
study the two lowest octet and decuplet positive and negativilVeé mass function is defined by
parity baryons using overlap fermions with pion masses - .
down to~180 MeV. While these authors claim to have ob- Mg(t) =log[ Gg(t,0)] ~log  Gp(t+1,0)]. ®)
served the Roper in quenched QCD, it remains to be demo
strated that this conclusion is independent of the Bayesia
prior assumed in their analysi$8,26].

Following standard notation, we define a two-point corre-
lation function for a spin; baryonB as

Mg=
1+—2 74)- (4

%ﬂeson masses are determined via analogous standard proce-
ures.

IIl. INTERPOLATING FIELDS

In this analysis we consider two types of interpolating
> —ip-x - fields which have been used in the literature. The notation
Gg(t,p)= PX(Q) 0)|Q 1 T "
s(t,p) % PO xe(X)xa(0)12) @ adopted is similar to that of Reff27]. To access the positive
parity proton we use as interpolating fields
where g is a baryon interpolating field and where we have n+ T
suppressed Dirac indices. All formalism for correlation func- X1 (X)= €apc(Ua(X) Cysdp(X))Uc(X), (6)
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and The neutron interpolating field is obtained via the ex-
- T changeu«~d, and the strangeness—Z, interpolating field
X2 (X)= €apc(Ua(X)Cdp(X)) ysUc(X), (7) by replacing the doubly representedor d quark fields in
where the fielda, d are evaluated at Euclidean space—timeE.qS'(G) anql(?) by_s quark fields.3, and 7 interpolators are
discussed in detail below.

point x, C is the charge conjugation matriga,b andc are : . .
color labels, and the superscript denotes the transpose. As p“0|_nted OUt in Refl18], becausg of the l_)lrac strgcture
|of the “diquark” in the parentheses in E¢6), in the Dirac

These interpolating fields transform as a spinor under a par- ) o pt
ity transformation. That is, if the quark fieldg,(x)(q 'ePresentation the fieldy} " involves both products of

=u,d, ...) transform as upperxupperxupperandlowerxXlowerxuppercom-
ponents of spinors for positive parity baryons, so that in the
Pqa(X)P 1=+ y004(X), nonrelativistic limity}"=O(1). Here upper and lower refer
to the large and small spinor components in the standard
Where}'(:(xo,—)?), then Dirac representation of the matrices. Furthermore, since
_ the “diquark” couples to total spin 0, one expects an attrac-
PxP* (X)PT=+ yoxP* (x). tive force between the two quarks, and hence better overlap

with a lower energy state than with a state in which two

For convenience, we introduce the shorthand notation quarks do not couple to spin O.

G(Si,St.,S0) The x5 interpolating field, on the other hand, is known
o2 s to have little overlap with the nucleon ground stf18,2§.
Eeabcea’b’c/{S?a’(X,O)tr[s?b’T(X'O)S?C’(X,O)] Inspection of _th_e structure of the Dirac matrices in EQ.

! 3 reveals that it involves only products afpperxlower
+S?f’(X,O)S?b’T(X’O)S&f:;:’(X,O)}’ (8) Xlower components for positive parity baryons, so that

x5 =0(p?/E?) vanishes in the nonrelativistic limit. As a
result of the mixing of upper and lower components, the

“diquark” term contains a factors-p, meaning that the

aquarks no longer couple to spin 0, but are in a relative
=1 state. One expects therefore that two-point correlation

functions constructed from the interpolating field " are

dominated by larger mass states than those arising fpm

GPH (1 BT = 2 —ipx _r B -1 at earl_y Euclidean times. _ _ _
1 (L) ~ € t[-T'G(S,,CSy Sul), While the masses of negative parity baryons are obtained

* 9) directly from the(positive parity interpolating fields in Egs.

(6) and(7) by using the parity projectons.. , it is instructive
where(- - -} is the ensemble average over the link fieldss ~ nevertheless to examine the general properties of the nega-
the I'. projection operator from Eq4), andC=Cys. For  tive parity interpolating fields. Interpolating fields with
ease of notation, we will drop the angled brackéts,-),  strong overlap with the negative parity proton can be con-
and all the following correlation functions will be understood structed by multiplying the previous positive parity interpo-
to be ensemble averages. For fig interpolating field, one lating fields byys, x},=1vsx!5 . In contrast to the positive

where S?f‘i3(x,0) are the quark propagators in the back-
ground link-field configuratiorlJ corresponding to flavors
f,_3. This allows us to express the correlation functions in
compact form. The associated correlation function ¥8i
can be written as

can similarly write parity case, both the interpolating fielgd™ and x5~ mix
. upper and lower components, and consequently kdth
Gb; (t,p;T) and x2~ are O(p/E).
o Physically, two nearby®=1" states are observed in the
=Z e P —TG(y5S,75,CS4C L vsSuvs) 1, excited nucleon spectrum. In simple quark models, the split-
x ting of these two orthogonal states is largely attributed to the

(10) extent to which scalar diquark configurations compose the
wave function. It is reasonable to expgdt to have better
while the interference terms from these two interpolatingoverlap with scalar diquark dominated states, and thus pro-
fields are given by, e.g., vide a lower effective mass in the moderately large Euclid-
ean time regime explored in lattice simulations. If the effec-
GEQ(I,E);F):Z e*iﬁ';tr[—F{Q(Suyg,,ﬁsdﬁ’l,suyg,)}]. tiv_e mass assoc_iated with th@‘ correlator is Iarggr, then
X this would be evidence of significant overlap)df~ with the
(13) higher lyingNY?~ states. In this event, a correlation matrix
analysis(see Sec. Ywill be used to isolate these two states.
Pt s FeT — —ip-Xep[ _ Ao -1 Interpolating fields for the other members of the flavor
G (LPiT) % € =TG5S, CSC 0 vsSu- SU(3) octet are constructed along similar lines. For the posi-
(12) tive parity 2° hyperon one us€®7]
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X1 ()= \/—fabc{[ua(x)C)’sSb(X)]dc(X)+[d a(X) Cy58p(X) JUc ()}, (13
1
X2 ()= \/5Eabc{[ua(x)csb(x)]75dc(x)+[d a(X)Csp(X) JysUc(X)}- (14

Interpolating fields used for accessing other charge statEsamé obtained byl— u or u—d, producing correlation functions
analogous to those in Eq§9) through(11). Note thatxf transforms as a triplet under &) isospin. An SUW2) singlet
interpolating field can be constructed by replacing™ — “ —"in Egs. (13) and (14). For the SU3) octet A interpolating
field (denoted by A®”), one has

1
X )= %eabc{Z[ul(x)Cysdb<x)]sc(x> +ul(x) CysSp(x)1dc(x) — [d2(X) Cyssp(x) Juc(x)}, (15)
8 1
X5 (X)= %eabc{z[u£<x>c:db(x>]nsc(x)ﬂul(xmsb(x)]yf,dc(x)—[d£<x>0sb<x>]y5uc<x>}, (16)

which leads to the correlation function
G (t,piT)= 2 e Pt —I{2G(S,,CS,C 1, Se) +2G(S, CS,C 1Sy +26(S4,ES.C 1S +26(S, ,.CS,C 1Sy

—G(S4,CSC1,8) - 6(S,,CSC L, S)}] (17)

and similarly for the correlation functior@2, , G2 and G2, .
The interpolating field for the S@3) flavor singlet(denoted by ‘A'") is given by[27]

X ()= = 2€and —[UL(X) Cysdp(X)156(X) +[UL(X) C y5Sp(X) 1de(X) — [AL(X) Cy5Sp(X) JUc(X)}, (18)

X5 (%)= = 2€and ~ [UZ(X) Cly(x)]7556(X) + [UT(X) C5(x)]¥58c(x) ~ [AT(X) (%) 75Uc(X)}, (19

8 1 . . . . g . .
where the last two terms are common to bgﬁh andxf . The correlation function resulting from this field involves quite a
few terms,

G (t,p;T) = €2 b'C’E e P X —T{ ys SR8 TS TC 1S o+ 75538 TS T LY g + 5522 TS TE 1500

+75537 CS{TTC ISyt s  CSITTC IS s+ s SET TSI TC 1S s
_ Saa’ t Sbb"c‘: cc’T’C”:—l _ a’ t Sbb’"CSCC’T"C—l _ Saa’ t bb"(‘:scc’T‘C‘:—l 20
¥sSs~ ystr[Sy” CS 1= vsS0® st S d 1= vsS4” ystrl Sy s 1} (20
In order to test the extent to which &) flavor symmetry is valid in the baryon spectrum, one can construct andther

interpolating field composed of the terms commonAtb and A8, which does not make any assumptions about thé3sU
flavor symmetry properties ok. We define

0= \/—Gabc{[u () Cy585(X) 1de(x) ~ [da(X) CysSp(X) Jue(X)}, (21)

(0= \/—6abc{[Ua(X)CSb(X)]75dc(X) [d3()Csp(X)]¥5Uc(X)}, (22

to be our “common” interpolating fields which are the isosinglet analog%)findxg in Egs.(13) and(14). Such interpolating
fields may be useful in determining the nature of ##(1405) resonance, as they allow for mixing between singlet and octet
states induced by SB) flavor symmetry breaking. To appreciate the structure of the “common” correlation function, one can
introduce the function
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G(Sr,,Sr,,Sry) = €SI (X, O ST}, 0 S (x,0]- S (x0T (x0T (x,0}, (23

which is recognized a§ in Eq. (8) with the relative sign of the two terms changed. With this notation, the correlation function

corresponding to thQ/fC interpolating field is

GAC(t 9'1“:}2 —ipXel _ TS o -1 e RFRe -1
n(tp:I) 5 2 € tr —I'{G(Sy4,CSC™ 7,8, +G(S,,CSC™ 7, Sy}, (24)

and similarly for the correlation functions involving thé‘c interpolating field.

IV. LATTICE SIMULATIONS

Having outlined the method of calculating excited baryon
masses and the choice of interpolating fields, we next d
scribe the gauge and fermion actions used in the pres
analysis. Additional details of the simulations can be found

in Ref.[16].

A. Gauge action

The calculations of octet excited-baryon masses are per-
formed on a 18x 32 lattice atB=4.60. The scale is set via
the string tension obtained from the static quark potential

4

whereV,, o, e andl are fit parameters, arfdl/r] denotes

VKR

+1

1
V(r)y=Vy+or—e T

For the gauge fields, the Luscher-Weisz mean-field imthe tree-level lattice Coulomb term

proved plaquette plus rectangle acti@®] is used. We de-

fine
58 « 1
SG=?§q FRet{1-Ugx)]
B 1
aErY: 2 FRet1-Ue)], (29

where the operatordg((x) andU .(x) are defined as

UsdX)=U, (XU, (x+m)UL(x+»)Ul(x), (268

Uree(X)=U ,()U,,(x+ U, (x+ v+ m)U ],
X (x+2v) Ul (x+ ) UT(x)+U,(x)U,
X (X+m)U (x+2p) UL (x+ pn+ U],

X (x+)UT(x). (26b)

The link productU ..(x) denotes the rectangular<2 and

1] d3k
a ““TJ (2 R TIDad0k),

with D44(k) the time-time component of the gluon propaga-
tor. Note thatD44(k,,K) is gauge-independent in the Breit
frame,k,=0, sincek3/k?=0. In the continuum limit,

Taking the physical value of the string tension to fe
=440 MeV we find a lattice spacing af=0.122(2) fm.

B. Fat-link irrelevant fermion action

For the quark fields, we implement the Fat-Link Irrelevant
Clover (FLIC) action introduced in Refl16]. Fat links are
created by averaging or smearing links on the lattice with
their nearest transverse neighbors in a gauge covariant man-
ner (APE smearing In the FLIC action, this reduces the
problem of exceptional configurations encountered with

2%X1 p|aquettesy and for the tadpo|e improvement factor Wé/\/”SOﬂ-Sty'E actions, and minimizes the effect of renormal-

employ the plaquette measure

1 1/4
uo=<§Retr<Uso>> ) 27

ization on the action improvement terms. By smearing only
the irrelevant, higher dimensional terms in the action, and
leaving the relevant dimension-four operators untouched, we
retain short distance quark and gluon interactions. Further-
more, the use of fat link§17] in the irrelevant operators

removes the need to fine-tune the clover coefficient in re-

Gauge configurations are generated using the Cabibbanoving allO(a) artifacts. It is now clear that FLIC fermions
Marinari pseudo-heatbath algorithm with three diagonalprovide a new form of nonperturbativ@(a) improvement
SU(2) subgroups looped over twice. Simulations are per{32].

formed using a parallel algorithm with appropriate link par-

titioning [30].

The smearing proceduf83] replaces a linklJ ,(x), with
a sum of the link andr times its staples
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4
U= UL00=(1- @)U, (0 + & 3, [U,(0U,(x

vFE U
+va)Ul(x+ua)+Ul(x—rva)

XU, (x—va)U,(x—vat+ua)], (28

followed by projection back to S@3). We select the unitary

matrix UEL which maximizes

Retr(UfU,

by iterating over the three diagonal &) subgroups of

PHYSICAL REVIEW D 67, 114506 (2003

§W1><1_ 3 4W2><2

2 20uf

T

—i
MV:?[

1
+ —W3X3) —H.c. (31)

90ud

traceless

whereW"" is the clover-sum of founx n loops and~ ,, is
made traceless by subtracting 1/3 of the trace from each di-
agonal element of the>83 color matrix. This definition re-
produces the continuum limit witt(a®) errors.

A fixed boundary condition in the time direction is used
for the fermions by settind),(x,N,) =0Vx in the hopping
terms of the fermion action, with periodic boundary condi-
tions imposed in the spatial directions. Gauge-invariant

SU(3). This procedure of smearing followed immediately by Gaussian smearing7] in the spatial dimensions is applied
projection is repeated times. The fat links used in this at the source to increase the overlap of the interpolating op-
investigation are created with=0.7 andn=4 as discussed erators with the ground states. The source-smearing tech-
in Ref.[16]. The mean-field improved FLIC action is given nique [37] starts with a point source;fo(io,to), at space-

by [16]

iC r—
SEL = St S o F (),

2
2(ufhH4 29

whereF,, is constructed using fat links, and" is calcu-
lated via EQ.(27) using the fat links. The facto€gyy is the
(Sheikholeslami-Wohlertclover coefficien{34], defined to

time location &q,to)=(1,1,1,3)[38] and proceeds via the
iterative scheme,

G =2 FX)gioa(X' 1), (32
where
Yy — 1 a 23: . T
F(x,x")= i+a 5x,x’+€#=1 [UM(X)ﬁerHPﬂ-U#

be 1 at tree-level. The quark hopping parameterkis
=1/(2m+8r). We use the conventional choice of the Wil-
son parameter,=1. The mean-field improved Fat-Link Ir-

relevant Wilson action is

U, (X
m( ﬁi)w(wm

Siv=2 w)P(X)+ K>, P(x)
X X,

Ut (x—pu) . UFt(x) .
) —r( e i)
UFLT(X_ )
e - ) (30
Ug

x<x—ﬁ>5xf,x,;]) : (33
Repeating the proceduitimes gives the resulting fermion
field

NG =25 FNOGK) (X ). (34

The parameter®l and o« govern the size and shape of the
smearing function and in our simulations we e 20 and
a=06.

Five masses are used in the calculatioh] and the

strange quark mass is taken to be the second heaviest quark
. , , ) mass «=0.1266) in each case. The analysis is based on a
Our notation for the fermion action uses the Pauli represengampie of 400 configurations, and the error analysis is per-
tation of the Diracy-matrices defined in Appendix B of 4med by a third-order, single-elimination jackknife, with

Sakurai 35]. In pa_rticular, they-matrices are Hermitian with 4,4 Y2 per degree of freedomNG;) obtained via covariance
UMV:[yM d 7v]/(2|) . . matrix fits.

As shown in Ref[16], the mean-field improvement pa-
rameter for the fat links is very close to 1, so that the mean-

field improved coefficient foCg,y is adequat¢l16]. Another

advantage is that one can now use highly improved defini-

tions of F,, (involving terms up tcuéz), which give impres-
sive near-integer results for the topological chdrggl.

In particular, we employ ad(a*) improved definition of
F .. in which the standard clover-sum of fourxIl loops
lying in the u, v plane is combined with 2 and 3x 3 loop
clovers. Bilson-Thompsoat al. [36] find

V. CORRELATION MATRIX ANALYSIS

In this section we outline the correlation matrix formalism

for calculations of masses, coupling strengths and optimal
interpolating fields. After demonstrating that the correlation

functions are real, we proceed to show how a matrix of such
correlation functions may be used to isolate states corre-
sponding to different masses, and also to give information
about the coupling of the operators to each of these states.
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A. The U+U* method

A lattice QCD correlation function for the operat)ar;j ,

wherey; is theith interpolating field for a particular baryon

(e.g.x5" in Sec. ll), can be written as

Gi=(Q|T(xix))|Q) (35)

f DUDyDype U0y,

f DUDyDyre U441

PHYSICAL REVIEW D67, 114506 (2003

GiTEtrsp{thij}-
where tg, denotes the spinor trace and. is the parity-
projection operator defined in Ed4). If trg{I'H;;[U* ]}
=trgd THE (U]}, thenGﬁ is real. This can be shown by first
noting that H;; will be products of y-matrices, fermion
propagators, and link-field operators. In a gamma matrix rep-
resentation which is Hermitian, such as the Sakurai represen-
tation, Cy,C~'= % . Fermion propagators have the form
M~ and recalling that sincEM[U*]C~t=M*[U], then
we have CM ~Y[U*]C '=(M~[U])*. For products of
link-field operatorsO[U] contained inH;;, the condition

(42

where spinor indices and spatial coordinates are suppress@U*]=0*[U] is equivalent to the requirement that the
for ease of notation. The fermion and gauge actions can beoefficients of all link-products be real. As long as this re-

separated such th&f U, , /] = Ss[U]+yM[U]y. Integra-
tion over the Grassmann variablgsand ¢ then gives

fDUe’SG[U]de(M[U])H”[U]
gij:

, (36)
fDUe’SG[U]de(M[U])

where the ternH;; stands for the sum of all full contractions

of Xi;j . The pure gauge actid®; and the fermion matris
satisfy

Se[U]=Se[U*], 37
and

CM[U*]C 1=M*[U], (39

respectively, wher€ is Cys.

Using the result of Eq(38), one has

de{M[U*])=def{M*[U]), (39

and since det(I[U]) is real,
de{M[U*])=de(M[U]). (40

Thus,U and U* are configurations of equal weight in the

measuref DU det(M[U])exp(— Sg[U]), in which caseg;;
can be written as

| puerseldermtuD{H, U1+ H LU

gij:

N| -

f DUe SelVlde(M[U])
(41)

Let us define

’

p

We can make use of translational invariance to write

> X X [Bp s)(Bp =l

quirement is enforced, we can then simply proceed by insert-

ing CC~ ! inside the trace to show that thispinor-trace
correlation functionﬁﬁ are real. If one chooses the Dirac
representation, therCyC *=—17; and Cy,C *=7¢.
Therefore, in the Dirac representation of thematrices, if

Hij contains an even number of spatial gamma matrices with
real goefﬁmentsGﬁ is purely real, otherwis&;; is purely
imaginary.

In summary, the interpolating fields considered here are
constructed using only real coefficients and have no spatial
y-matrices. Therefore, the correlation functic@§ are real.
This symmetry is explicitly implemented by including both
U andU* in the ensemble averaging used to construct the
lattice correlation functions, providing an improved unbiased
estimator which is strictly real. This is easily implemented at
the correlation function level by observing

M {ULD=[CysM *({U,}(Cys) 'T*

for quark propagators.

B. Recovering masses, couplings and optimal interpolators

Let us again consider the momentum-space two-point
function fort>0,

gij<t,5>=§e-if’X‘<nlxi<t,x*>?j(o,6>|ﬂ>. (43)
At the hadronic level,
Gi(t.p)=3 e*iﬁ'?s; (Q[xi(t.%)[B,p’.8)
X(B,p’.s]xj(0.0)|),

where thgB,p’,s) are a complete set of states with momen-
tum p’ and spins

(44)
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Gi(tp)=3 e P33 3 (alefle P Ay (0)e” e (B,p" S)(B.p' 5lx;(0)]2)
X p’

S

=2 X e ®0|xi(0)B,p,5)(B,p.s|x;(0)|2). (45)
|
It is convenient in the following discussion to label the (B4 $%Q)=5,,2°U(a,p,s) (489
states which have the interpolating field quantum numbers p “p B
and which survive the parity projection d8,) for « (Q]¢°|Bg)=8,52°U(,p,5) (48b)

=1,2,... N. In general the number of stateN, in this

tower of excitgd statgs_may be infinite, but we will only eVer  herez® andz® are the coupling strengths g andg“ to
need to consider a finite set of the lowest such states her{aﬁe statdB,,). The coefficientsi® ando* ® in Egs.(47) may
al* i i .

After selecting zero momentunp=0, the parity-projected gigter when the source and sink have different smearing pre-
trace of this object is then scriptions, again indicated by the differentiation betweén

N andz®. For notational convenience for the remainder of this
Gﬁ(t)=trsp{l"igij(t,0)}= Z e—mat)\ia)\J{Y’ (46) fjlscussmn repeated lndlcef;,k are to be understood as be-
a=1 ing summed over. Ap=0, it follows that

where\;" andff‘ are coefficients denoting the couplings of

the interpolating fieldsy; and x;, respectively, to the state
|B,)- If we use identical source and sink interpolating fields
then it follows from the definition of the coupling strength
that A{'=(\{)* and from Eq.(46) we see thatGj(t)
=[Gji(1)]*, i.e.,G™ is a Hermitian matrix. If, in addition, The only t-dependence in this expression comes from the
we use only real coefficients in the link products, tf&his  exponential term, which leads to the recurrence relationship
a real symmetric matrix. For the correlation matrices that we
construct we have real link coefficients but we use smeared Gﬁ(t)u;’=emaGﬁ<(t+1)u§“, (50
sources and point sinks and so in our calculatiGris a real
but nonsymmetric matrix. Sino8* is a real matrix for the which can be rewritten as
infinite number of possible choices of interpolating fields . L
with real coefficients, then we can tak¢ and\ " to be real [G™(t+ D] Gjj (Duj=eMeuy. (51)
coefficients here without loss of generality. o _ _ _ .
Suppose now that we hawd creation and annihilation Th|§ is recczgln|z+ed as an §|genvalue equat|0n_ for the matrix
operators, wherdl <N. We can then form aMxM ap- LG~ (t+1)]7"G~(t) with eigenvaluee™= and eigenvectors
proximation to the fullNX N matrix G. At this point there Y- Henceitlhe+ natural logarithms of the eigenvalues of
are two options for extracting masses. The first is the star-C~ (t+1)]7"G™(t) are the masses of thi¢baryons in the
dard method for calculation of effective masses at large tower of excited states correspon_dlng to the _selected parity
described in Sec. Il. The second option is to extract thédnd the quantum numbers of thefields. The eigenvectors
masses through a correlation-matrix proced@@. are th'e cpefflments of thg fields prowdmg the ideal linear
Let us begin by considering the ideal case where we havgombmatlo_n _for thafc state. the that since here we use only
N interpolating fields with the same quantum numbers, buf€@! coefficients in our link products, thedG~(t
which give rise toN linearly independent states when acting ~ 1)1~ "G (t) is a real matrix and sa* andv“ will be real
on the vacuum. In this case we can constiNdtleal inter-  eigenvectors. It also then follows thzt andz® will be real.
polating source and sink fields which perfectly isolate khe These coefficients are examined in detail in the following
individual baryon statefB,), i.e., section.
One can also construct the equivalent left-eigenvalue

Gi(uf={ X trdT (D xix;| )} |uf
X

=\fz% M, (49

_ N equation to recover the vectors, providing the optimal lin-
¢“=El ui'Xi (479  ear combination of annihilation interpolators,
“
N vﬁ“G,fj(t)Iemﬂvi*“Giij(t—l— 1). (52
d’a:;l v Xi (479 Recalling Eq.(49), one finds:
such that G (huf=z"\e ™, (53
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VFAGE(t) = 7\ Y@~ Mat, (54) and hopefull_y _providing a clear s.ignal for the analysis. In th.is
oy J approach minimal new information has been added, provid-
ing the best opportunity that thex2 correlation matrix is
indeed dominated by 2 states. The left and right eigenvectors
are determined and used to project correlation functions con-
taining a single state from the correlation matrix as indicated
in Eg. (56). These correlation functions are then subjected to
the same covariance-matrix basgtfNp analysis to iden-
;1fy new acceptable fit windows for determining the masses
of the resonances.

vE“G(DG (DUf=ZZ"\ [\ e 2Mal, (55)
The definitions of Eqs(48) imply
v} G (Huf=22% M, (56)

indicating the eigenvectors may be used to construct a co
relation function in which a single state masg is isolated
and which can be analyzed using the methods of Sec. Il. We

refer to this as the projected correlation function in the fol- VI. RESULTS

lowing. Combining Eqs(55) and (56) leads us to the result
A. Effective masses and the correlation matrix

vi “Cii(H Gy (Huf* — )\ Y Mot (57) The correlation matrix analysis has a significant impact on
vEG(tuf R ' the resolution of states obtained with the& interpolating
fields of Egs.(21) and(22). Hence we begin our discussion
By extracting allN? such ratios, we can exactly recover all with a focus on these correlation functions.
of the real couplings.® andfj" of x; and;j respectively to The effective mass plots for the positive and negative par-

the statelB,). Note that throughout this section no assump-y A states obtained using the® interpolating field in the
tions have been made about the symmetry properti€af ~ X1X1 andxx; correlation functions are shown in Fig. 1 for
This is essential due to our use of smeared sources and poiti¢ FLIC action. Good values of the covariance matrix based
sinks. X°/Npe are obtained for the ground statd§) for many

In practice we will only have a relatively small number, different time-fitting intervals as long as one fits after time
M <N, of interpolating fields in any given analysis. Thége slice 9. Similarly, the lowesi®= 3" excitation for they, x;

interpolators ;hould be qhosen to have good overlap with theorrelator (\$*) requires fits following time slice 8. The
lowestM excited states in the tower and we should altemplyround state 4S) mass obtained frony, x; alone uses time

to study the ratios in Eq57) at early to intermediate Euclid- slices 10—14 while the first odd-parity excited stafeS
ean times, where the contribution of th&l-¢ M) higher ! ek I panty excl ate; ()

mass states will be suppressed but where there is still suff X X >
cient signal to allow the lowesl states to be seen. This correlation function plateau at earlier times and are also sub-

procedure will lead to an estimate for the masses of each dfCt {0 noise earlier in time than the states obtained with the
the lowestM states in the tower of excited states. Of thbse x1x1 correlator. For these reasons, good valuegUNpe
predicted masses, the highest will in general have the largegfe obtained on the time interval 6—8 for the positive parity
systematic error while the lower masses will be most reliablystates (\5), and time interval 8—11 for the negative parity
determined. Repeating the analysis with varyMaand dif-  states ($*). Hence, the time slice at which the eigenvalue
ferent combinations of interpolating fields will give an ob- analysis of the correlation matrix is performed isTat 9 for
jective measure of the reliability of the extraction of thesethe even-parity pair of states and®&t 8 for the odd-parity
masses. pair of states. Selecting only one time slice earlier than that

In our case of a modest>22 correlation matrix 1=2)  allowed by xy? considerations provides the best chance that
we take a cautious approach to the selection of the eigerenly two states are present in the correlation matrix at that
value analysis time. As already explained, we perform theime.
eigenvalue analysis at an early to moderate Euclidean time To guarantee the robustness of the eigenvector analysis
where statistical noise is suppressed and yet contributionsnd the subsequent projection procedure, various consistency
from at least the lowest two mass states are still present. Orghecks are made at each stage of the process. For instance, a
must exercise caution in performing the analysis at too earlgheck is made to determine that the eigenvalue in(&@).is
a time, as more than the desirdtl=2 states may be con- positive, and that the mass determined from the projected
tributing to the 2<2 matrix of correlation functions. correlation function defined in E@56) is within the statisti-

We begin by projecting a particular parity, and then inves-cal fluctuations of the mass extracted without this analysis.
tigate the effective mass plots of the elements of the correFor the octet interpolating fields, off-diagonal elements are
lation matrix. Using the covariance-matrix basg®/Npg, often suppressed by an order of magnitude relative to the
we identify the time slice at which all correlation functions diagonal elements and statistical noise can prevent the eigen-
of the correlation matrix are dominated by a single state. Irnvalue analysis from being successful. However, the strong
practice, this time slice is determined by the correlator prosuppression of off-diagonal elements is a clear signature that
viding the lowest-lying effective mass plot. The eigenvaluethe mixing of the interpolating fields in these states is negli-
analysis is performed at one time slice earlier, thus ensuringible.
the presence of multiple states in the elements of the corre- When the consistency checks are not satisfied, we have
lation function matrix, minimizing statistical uncertainties, explored the possibility of stepping back to the previous time

pses time slices 9-12. The states obtained fromxtf%2
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FIG. 1. Effective masses of the lowest lying positive and nega-
tive parity A states obtained using the® interpolating field from

PHYSICAL REVIEW D 67, 114506 (2003

RO rT— 11 T 1
18 - £ = 0.1286 1
1.6 _E'”‘D‘\\ﬁ"’%___%§<{ L / 1
- -7 /// I
= S G g {
S 1.2 Fo. e ’
S e
1.0 : }
-e-N \o\\o\
2 B LT SR,
0.8 F -+-N,' R
06 N 1
—o- N
04 1 | | | | 1

I T R R
4 5 6 7 8 9 10 11 12 13 14
t

FIG. 3. As in Fig. 1, but for the nucleon states obtained using
the correlation functions defined in Eq9) and (10).

400 configurations using the FLIC action defined with 4 sweeps of

smearing atv=0.7. TheJP=3" (3 ") states labeled ¢ (A$*) and
A5 (AS*) are obtained using the,x: and x,x, interpolating

fields, respectively. The smeared sou

slice and performing the correlation matrix analysis there. |
some cases, the mass of the lower-lying state reliably ob-

eigenvalue analysis, indicating a failure of the correlation
matrix analysis. The increase in the eigenvalue indicates that
there are significant contributions from three or more stateg
in the 2xX 2 correlation matrix, thus spoiling the possibility

of successful state isolation. In this case, the correlation ma-
trix analysis is unable to provide additional information andnuc

masses are reported from thgy, or Xzfz correlators as

appropriate.

Figure 2 illustrates the effective mass plots of the corre-
lation functions projected from the correlation matrix as in
Eq. (56). The improved plateau behavior is readily visible.

rce is=a8.

splitting between the two states is already appareti=#&t in
Fig. 2. The covariance based/Npg indicates that accept-
able plateaus in the effective mass plots start even earlier in
some cases. The increase in mass splitting between the two
r‘hegative parity states is more dramatic fof than for the
octet baryon interpolating fields. There the off-diagonal ele-
fhents of the correlation matrix are suppressed for the nega-
tive parity octet baryons, but not so far} . As a result, the
rojection of states has only a small effect for the octet
aryon interpolators and this is detailed in Sec. VIC.
Figures 3 and 4 show the effective mass plots of the

leon correlation functiong,x; and x,x, and following
projection of the correlation matrix, respectively. Plots for
the lightest quark mass considered are presented. The cova-
riance matrix analysis of all quark masses indicates the fol-
lowing analysis windows in Euclidean time:

N1,10—-14; N7 ,9-12;

Whereas in Fig. 1 the odd-parity effective masses are cross-
ing att=6 and have minimal mass splitting, significant mass
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functions projected from the correlation matrix as in Ezf).
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FIG. 4. As in Fig. 2, but for the nucleon states obtained using
FIG. 2. As in Fig. 1, but for states obtained using the correlationthe correlation functions projected from the correlation matrix as in

Eq. (56).
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FIG. 5. Masses of the nuclegl) and the lowesfP= %’ exci- FIG. 6. Masses of the nucleon, and the lowd#st %* excita-

tation (“ N*"). The FLIC and Wilson results are from the presenttion (“N’"). The FLIC results are compared with the earlier DWF
analysis, with the DWH22] and NP improved clovel23] results  [22] and Wilson-OPE[18] analyses, as well as with the Wilson
shown for comparison. The empirical nucleon and low lying results from this analysis. The empirical nucleon and low lying

N*(3~) masses are indicated by the asterisks along the ordinate.N* (3*) masses are indicated by asterisks.

N* 8— 11 N..6—8 Still, one should exercise caution in that the source of the
_ 257 =5 28 pion cloud is of finite extent and may in fact be large for
A comparison of Figs. 3 and 4 indicates that the correlapdd-parity excitations. It will be interesting to examine the

tion matrix analysis has a significantly smaller effect for thesensitivity of these states to the finite volume of the lattice in
nucleon interpolators than thie; interpolators. This suggests future simulations.

that the states created by the interpolating figldsand . For comparison, we also show results from earlier simu-
have good overlap with the two lowest-lying physical |ations with domain wall fermionsDWF) [22] (open tri-
nucleon states. angles, and a nonperturbatively\NP) improved clover ac-
tion at 3=6.2[23]. The scatter of the different NP improved
B. Resonance masses and lattice action dependence results is due to different source smearing and volume ef-

fects: the open squares are obtained by using fuzzed sources
In Fig. 5 we show the nucleon ard* (3 ) masses as a and local sinks, the open circles use Jacobi smearing at both
function of the pseudoscalar meson mass squaméd,The the source and sink, while the open diamonds, which extend
results of the new simulations are indicated by the filledto smaller quark masses, are obtained from a larger lattice
squares for the FLIC action, and by the stars for the Wilsor(32°x 64) using Jacobi smearing. The empirical masses of
action (the Wilson points are obtained from a sample of 50the nucleon and the three lowest excitations are indicated
configurations The values ofmf, correspond tox values by the asterisks along the ordinate. In an unquenched calcu-

given in Table I. lation, the simulation results may shift by the order of 10%
We note here that the spatial size of our latticeLis [8]-
=1.95 fm and that the values of,, given in Table | indicate There is excellent agreement between the different im-

m,L=5.52, suggesting finite volume errors will be small. proved actions for the nucleon mass, in particular between
the FLIC, DWF[22] and NP improved clovef23] results.

TABLE I. Values of x used in this analysis and the correspond- On the other hand, the Wilson results lie systematically low
ing pion and nucleon resonance masses for the FLIC action with i1 comparison to these due to the larg¢a) errors in this
sweeps of smearing at=0.7. Herex,=0.1300, and a string ten- action [16]. A similar pattern is repeated for th¥* (3 )

sion analysis givea=0.122(2) fm for\/o=440 MeV. masses. Namely, the FLIC, DWF and NP improved clover
masses are in good agreement with each other, while the
K m-a My,a Myyad  Myya My, Wilson results again lie systematically lower. A mass split-

0.1260 0.58078) 1.097249) 1.38814) 1.44212) 1.67612) tirlg of around 400 MeV is clearly visible between tReand
01266 0.534@9 1.040053) 1.34416) 1.40415) 1.64213 N for all actions, including the Wilson action, despite its
0.1273 0.475@1) 0.970159) 1.28619) 1.36320) 1.60515  Poor chiral properties. Furthermore, the trend of (3 )
0.1279 0.420@3) 0.906767) 1.24425 1.34529) 1.58(18) data with decreasing,. is consistent with the mass of the

0.1286 0.345@8) 0.827386) 1.18633) 1.37457) 1.57126)  lowest lying physical negative parify* states.
Figure 6 shows the mass of tiB=1" stategthe excited
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1.8 T T T T TABLE II. Interpolating field coefficients for the two positive
« FLIC parity NY2" states. The time slic€ at which the correlation matrix
R + Wilson analysis is performed is indicated in the last column.
16 | s DWF - - N .
Z o Dy K ug uj u; uy T
S~
Q Jr -ﬁ 0.1260 0.99@1) 0.00X1) 0.15428 0.84628 7
SER | 1 -\? 1 01266  0.99%) 00032 0.11259 0.88859) 8
;’ ié s}@% 0.1273 0.99€2) 0.0042) 0.08374) 0.917174) 8
< 12 ot o 0.1279 0.998) 0.0043) 0.04999  0.95199) 8
“| oo ] 0.1286  0.9863 0.01¥3) 0.06681) 0.93481) 7
é‘ o
1 1 1 i 1 . . .
0 0.2 0.4 0.6 0.8 1 The most striking feature of the data is the relatively large

excitation energy of theN’(3"), some 1 GeV above the
nucleon. There is little evidence, therefore, that this state is
FIG. 7. Ratio of the lowesN*(1~) and nucleon masses. The the N* (1440) Roper resonance. While it i.s possible that the
FLIC and Wilson results are from the present analysis, with resultdROPEr resonance may have a strong nonlinear dependence on
from the Dy, [21] and DWF[22] actions shown for comparison. the quark mass im,ZTSO-Z GeV, arising from, for example,
The empiricalN* (1535)N mass ratio is denoted by the asterisk. pion loop corrections, it is unlikely that this behavior would
be so dramatically different from that of tiN (1535) so as
state is denoted byN’(1/2")" ]. As is long known, the posi- to reverse the level ordering obtained from the lattice. A
tive parity x, interpolating field does not have good overlap more likely explanation is that the, interpolating field does
with the nuclleon g.round Sta[GLS] and the correlation matrix not have good Over|ap W|th either the nuc|eon or the
results confirm this result, as dlscusseq below. It ha§r been*(1440)’ but rathefa combination ofexcited: * state(s).
speculated thay, may have overlap with the '0"Ve$. Recall that in a constituent quark model in a harmonic
excited state, th&l”" (1440) Roper resonand@2]. In addi-  gijjator basis, the mass of the lowest mass state with the
tlpn to the FLIC and Wllson results from the present analy—Roper quantum numbers is higher than the lovRestave
fSrI;nWaenaeleaorliser;O:;];irll E:gﬁltr?/vﬁzxi ;gfr;ﬂi;nn]é ?Qdertﬁzl;"fzith excitation. It seems that neither the lattice désa large
the operator produc)t/ expansipb8]. The physical ?/alues of qgark masses and with our interpolating f_ieldsr the con-
: stituent quark model have good overlap with the Roper reso-

the lowest threg ™ excitations of the nucleon are indicated . . !
by the asterisks nance. Better overlap with the Roper is likely to require more
' exotic interpolating fields.

(my [ mg)

0.8

2.8 ' ’ , ' In Fig. 7 we show the ratio of the masses of the low-lying
iy 0w % W M N*(37) and the nucleon. Once again, there is good agree-
o4t ’ ] ment between the FLIC and DWF actions. However, the re-
N ;% I ;u b sults for the Wilson action lie above the others, as do those
% o _*%t B : * ) | for the anisotropic By, action[21]. The Dy, action has been
&) 4l ’ mean-field improved, and uses an anisotropic lattice which is
; iT0* “ " relatively coarse in the spatial directioa<0.24 fm). This
1.6 [ . ’ 1 is perhaps an indication of the need for nonperturbative or
as0* - FLIC improvement.
12| o och Al N2 |
o soNF =Ny C. Resolving the resonances
The mass splitting between the two lighteNt (3~

0 02 0.4 06 08 ! stated N* (1535) andN* (1650)] can be studied by consid-

m2 (GeV2) ering the odd parity content of the, and y, interpolating
T fields in Eqgs.(6) and (7). Recall that the “diquarks” iny,
FIG. 8. Masses of thd”=3" and 3~ nucleon states, for the and x, couple differently to spin, so that even though the
FLIC action. The positive(negativeé parity states are labeled correlation functions built up from thg, and y, fields will
N; (N7) andN, (N3). The results from the projection of the cor- be made up of a mixture of many excited states, they will
relation matrix as discussed in Sec. VI A are shown blthe filedhave dominant overlap with different stafd$,20. By using
symbols, whereas the results from the standard fits tyilyg and  the correlation-matrix techniques introduced in the previous
X2x2 correlation functions are shown by the open symbotsetto ~ Section, we extract two separate mass states frony trend
the right for clarity. Empirical masses of the low lying™ states  x» interpolating fields. The results from the correlation ma-
are indicated by the asterisks. trix analysis are shown by the filled symbols in Fig. 8 and are

114506-12



EXCITED BARYONS IN LATTICE QCD

TABLE lll. Interpolating field coefficients for the two negative
parity N¥2" states. The eigenvalues of the correlation matrix analy-
sis indicate that excited states spoil the eigenstate isolatior for
values 0.1273 and 0.1279.

K ug* ug* ub* us* T
0.1260 0.4%7) 0.557) 0.1615) —0.84(15) 8
0.1266 0.507) 0.507) 0.0814) —0.9214) 8
0.1273 0.416) 0.586) 0.2615) —0.74(15) 7
0.1279 0.5810) 0.4710) 0.0915) —0.91(15) 7
0.1286 0.7715) 0.2315) 0.205) 0.805) 8
TABLE IV. S baryon resonance masses.
K ms a Mssa mysa My ,a
0.1260 1.07660) 1.371(15) 1.43213) 1.66512)
0.1266  1.040(63  1.34016)  1.40415  1.64213)
01273 099667  1.30717) 1.37417)  1.61714)
0.1279 0.9586%2) 1.281(20) 1.34921) 1.59716)
01286 091442  1.26829)  1.33228)  1.58019)

TABLE V. Interpolating field coefficients for the twd 2"
states.

b

K T ud up u; T
0.1260 0.9971) 0.0031) 0.127453) 0.87353) 8
0.1266 0.99®2) 0.0032) 0.11259) 0.88859 8
0.1273 0.99®) 0.0022) 0.13335 0.86435 7
0.1279 0.99%2) 0.0032) 0.12%41) 0.87941) 7
0.1286 0.9963) 0.0043) 0.10052) 0.90052 7

TABLE VI. Interpolating field coefficients for the twd Y2
states. The eigenvalues of the correlation matrix analysis indicat
that excited states spoil the eigenstate isolatiorfealues 0.1273
through 0.1286.

K ug* ug* u; us T
0.1260 0.477) 0.537) 0.1A(13) —-0.8913 8
0.1266 0.507) 0.507) 0.0814 -09214 8
0.1273 0.3%) 0.625) 0.3514 -—-0.6514 7
0.1279 0.4%7) 0.587) 0.3q17) -—-0.7017) 7
0.1286 0.5213) 04813 0.1722 -—-0.8322 7
TABLE VII. E baryon resonance masses.
K mz a Mg* 4 Mz*a mz. a
=1 =1 = =2
0.1260 1.061%52) 1.35815) 1.41413) 1.65312)
0.1266 1.040(%3) 1.340116) 1.40415) 1.64213
0.1273 1.014&4) 1.320116) 1.39217) 1.63014)
0.1279 0.991%6) 1.30218) 1.38920) 1.62215)
0.1286 0.964%0) 1.28120) 1.39927) 1.61824)
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FIG. 9. As in Fig. 8 but for the& baryons.

compared to the standard “naive” fits performed directly on
the diagonal correlation functiong, y; andy,x», indicated

by the open symbols.
The results indicate that indeed th& (5 ) largely cor-

responding to they, field (labeled “N3”) lies above the

N*(3~) which can also be isolated via Euclidean time evo-
lution with the y, field (“N7”) alone. The masses of the
corresponding positive parity states, associated withythe
and y, fields (labeled “N;” and “N,,” respectively are
shown for comparison. For reference, we also list the experi-
mentally measured values of the low-lyidg states. It is
interesting to note that the mass splitting between the posi-

tive parity N; and negative paritiN7 , states(roughly 400—

500 MeV) is similar to that between thie} , and the positive
parity N, state, reminiscent of a constituent quark—harmonic
oscillator picture.

The interpolating coefficients for the two positive and
pegative parity statdsee Eq(47)], extracted via the proce-
dure outlined in Sec. V B, are given in Tables Il and 11l for

2.8
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FIG. 10. As in Fig. 8 but for the&€ baryons. Thel” values of
the excited states marked with “?” are undetermined.
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TABLE VIII. Interpolating field coefficients for the twdE 2" 28

states. U

K ud ud ud ud T R 24 S e . o

0.1260  0.99¢1) 0.00%1) 0.14630) 0.85430) 7 % 2 P ) |

0.1266  0.99®@) 0.0032) 0.11259) 0.88859 8 < 10" -

0.1273  0.99€) 0.0042) 0.10564) 0.89564) 8 = sl “« %

0.1279  0.99®) 0.0052) 0.097170) 0.90370) 8 1.6 pisoo w ¥ 1

0.1286  0.99®) 0.0072) 0.07683) 0.92483) 8 H 1405 8 8
12l oc Al Al A2 |

¥ 1116* .o As* .o Ag*
various k values. The coefficients corresponding to each ! :

Uy 1 “ ” H 08 1 L 1 L
mass staté_labeled a’or“hb _) are normalized so that the 0 0.2 04 06 0.8 1
sum of their absolute values is 1,

Al m2 (Gev?)
[uf|+|uj|=1, (589 n
b bl FIG. 11. As in Fig. 8 but for the\ states obtained using the®
|uz|+|uzl =1, (58D interpolating field.
a,bx

and similarly for the coefficients; > for the negative parity st significant contribution at the preferred time slice,
mass sta}tes. This no'rmallzatlo'n alllows one to readily identifyy hich also has the smallest errors, is for the lightest quark
the fraction of each interpolating field needed to construct gnass. |t is for these reasons that we choose the lightest quark

linear combination having maximum overlap with a particu- yass in Fig. 3 to illustrate the effective masses of the pro-
lar baryon state. The last column in Tables Il and IlI ShOWSjected nucleon states.

the time sliceT where the correlation matrix eigenvalue Turning to the strange sector, in Fig. 9 we show the

analysis is performed. _ . _masses of the positive and negative paBityparyons calcu-

aFrom Table Il one immediately sees that the coefficieniyeq from the FLIC action compared with the physical
uy, reflecting the fraction ofy, required to isolate the masses of the known positive and negative parity states. The
ground state nucleon, is extremely small. This further supyata for the masses of these states are listed in Table IV, and
ports the earlier observation that te interpolating field  the interpolator coefficients for the two positive and negative
does not have good overlap with the nucleon ground stateyarity states are given in Tables V and VI, respectively. The
Table Il ShOWS the Coefﬁcients f0r isolating the two IOWeSt' pattern Of mass Sp“t“ngs iS Sim"ar to that found in F|g 8 for
energy negative-paritil* states using the; andyx; inter-  the nucleon. Namely, thé* state associated with the,
polating fields. A significant amount of mixing is observed fjg|d appears consistent with the empiri@(1193) ground
between the two interpolating fields for the lower energysiate, while thel™ state associated with the, field
state, particularly at heavy quark masses. This result is arnjeg significantly above the observed fir§Roper-like
ticipated by the long Euclidean time evolution required to%+ excitation, 3*(1660). There is also evidence for a
achieve an acceptabjg’/Npr for the N7 effective mass il-  mass splitting between the two negative parity states, similar
lustrated in Fig. 3. The highéd'?> state, however, is domi- to that in the nonstrange sector. The behavior of the
nated by they, field, thus explaining the good effective mass

plateau observed in Fig. 3 without the correlation matrix ap- 2.8
. . ge . . f ¥a
proach. Note that the most significant contribution to ke B8 ia
state fromy; is for the third quark mass when the correlation o4 | ]
matrix analysis is performed at an early time slice and is ; . . .
spoiled by contamination from higher excited states. The & 5 ‘2 3 e ¥
[ 2] g 3 L
. Q " 3
TABLE IX. Interpolating field coefficients for the twd*? = 1300 ©
states. The eigenvalues of the correlation matrix analysis indicate = 1.6 Frieor w 7 |
that excited states spoil the eigenstate isolatiornforlues 0.1273 L+ 1405~ o0 "
through 0.1286. i o A, s A
P ui* uezl* Ug* Ug* . *1ue* *0 Ac;* L] ACZ*
_ 0.8 : L L 4
0.1260 0.48) 0.528) 0.1316) 0.8716) 0 0.2 04 0.6 0.8 1

0.1266  0.507) 0.507) 0.0814) —0.9214)
0.1273  0.3%) 0.625 03213 —0.6813
0.1279  0.4%) 0586) 02213 —0.7813
0.1286  0.4%7) 0517) 0.0911) —0.91(11)

mi (GeV3)

NN~ | H

FIG. 12. As in Fig. 8 but for the\ states obtained using the’
interpolating field.
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TABLE X. A baryon resonance masses from the octet, 2.8
interpolating field. : o & a4
&
K my.a myxa myx*a my.a 241 o |
E 1 2 2 —_ ;% 3 M- lg :g
0.1260 1.080@60) 1.37415) 1.42713) 1.66512) % 2 'I 3 o ¢ |
0.1266 1.040(%3) 1.34016) 1.40415) 1.64213) g ot + ¢
0.1273 0.991(56) 1.30217) 1.38019) 1.61815) = *:zgg: . .
0.1279 0.94661)  1.26921) 1.37326)  1.60317) 1.6 [ris00t -~ 1
0.1286 0.890472)  1.23328)  1.41047)  1.59921) L+ 1405
is VAR oA, At A,
. ;1“6+ AC A8 .0 A* (=) A* ]
. - - . 1 2
interpolator coefficients for thE 2" and3¥? states is also 08 . . . _
S|mllar to tha; _for the_nucleon in Tabl_es Il a_nd [ll. Namely, ) 0.2 0.4 0.6 0.8 1
while the positive parity ground state is dominated by the ) )
interpolating field, there is considerable mixing between the mo (GeV?)

x1 andy, fields for the lowest negative parity state, with the FIG. 13. Masses of the posmve and negative pafitstates, for

higher 32" state receiving a dominant contribution from e octetA® (open symbolsand “common” A° (filled symbolg
X2- interpolating fields with the FLIC action. The positiyeegative
The > spectrum of the strangenes& positive and negative parity states labeled; (A*) andA, (A%) are the two states ob-
parity = hyperons is displayed in Fig. 10, with data given in tained from the correlation matrix analysis of th¢ and x5 inter-
Table VII, and the interpolator coefficients for t/2” and  polating fields. Empirical masses of the low lying" states are

=12 states in Tables VIl and IX, respectively. Once again,ndicated by the asterisks.
the pattern of calculated masses repeats that found fax the
and N masses in Figs. 8 and 9, and for the respective cou-
pling coefficients. The empirical masses of the physigal
baryons are denoted by asterisks. However, for all but th
ground state= (1318), theJ® values are not known.
Finally, we consider the\ hyperons. In Figs. 11 and 1

may be an indication that the physics responsible for the
mass splitting between the negative parity (1670) and
A*(1800) states is suppressed in thé interpolating field.
This is also evidenced by comparing the interpolator coeffi-
o cients for the positive and negative parity and A° states,

we compare results obtained from th& and A interpolat- in Tables XII and XIII, and XIV and XV, respectively. While

ing fields, respectively, using the two different techniques forNe couplings for the® for both the positive parity states are
extracting masses. The data are given in Tables X and X|S|mllar to those for the nucleon and other hyperons, there is
respectively. A direct comparison between the positive andl0re Prominent mixing for the case of tie’. In particular,
negative parity masses for the® (open symbolsand A° there is notaply stronger mlxmg for the hlgher mass negative
(filled symbol3 states extracted from the correlation matrix P21ty state in the case Of the® compared with the corre-
analysis, is shown in Fig. 13. A similar pattern of mass split-spondingA® state. The)(z contrlbutes~80 90% of the
tings to that for theN* spectrum of Fig. 8 is observed. In strength compared te 50—60 % for the,\/ . The interpola-
particular, the negative paritA] state (diamond$ lies  tor coefficients are precisely determined in thé correla-
~400 MeV above the positive parity\; ground state tionmatrix analysis. As for the other baryons, there is little
(circles, for both the A® and A° fields. There is also evidence that the\, (triangles has any significant overlap
clearevidence of a mass splitting betweenAtfe(diamond$  with the first positive parity excited statd,* (1600) [cf. the
andAj (squarek Roper resonancé\* (1440), in Fig. §.

Using the naive fitting schem@pen symbols in Figs. 11 While it seems plausible that nonanalyticities in a chiral
and 12, misses the mass splitting betweaij and A3 for  extrapolatior[7] of N; andN7 results could eventually lead
the “common” interpolating field. Only after performing the to agreement with experiment, the situation for the
correlation matrix analysis is it possible to resolve two sepaA* (1405) is not as compelling. Whereas a 150 MeV pion-
rate mass states, as seen by the filled symbols in Fig. 12. Thisduced self-energy is required for thg, N} andA,, 400

TABLE XI. A baryon resonance masses from the “common,”  TABLE XII. Interpolating field coefficients for the two positive

A°®, interpolating field. parity A8 states.

K m,,a my+a mysa my ,a K ud ul ud ub T
0.1260 1.081&0) 1.33413) 1.40812) 1.66211) 0.1260 0.99a1) 0.0011) 0.14929) 0.85129) 7
0.1266 1.041%2) 1.301(14) 1.38413) 1.63812) 0.1266 0.992) 0.0032) 0.11259) 0.88859) 8
0.1273 0.992(%6) 1.26216) 1.35616) 1.61112) 0.1273 0.9982) 0.0052) 0.09569 0.90569) 8
0.1279 094761 1.22618 1.34221)  1.59013) 0.1279  0.99®) 0.0072) 0.07085 0.93085 8
0.1286 0.891¢73) 1.18121) 1.35733) 1.57Q015) 0.1286 0.99() 0.01Q2) 0.08163) 0.91963) 7
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TABLE XIII. Interpolating field coefficients for the two nega- TABLE XV. Interpolating field coefficients for the two negative
tive parity A® states. The eigenvalues of the correlation matrix parity A° states. The correlation matrix analysis is successful for all
analysis indicate that excited states spoil the eigenstate isolation far values.

« values 0.1273 through 0.1286.

- = K us* ug* ud ug* T
" U1 Y2 U Y2 T 0.1260 0542) —0.462 0233 07743 8
0.1260 0.463) 0.548) 0.1616) —0.8416) 8 0.1266 05®) —0472 0273 0733 8
0.1266 0507 0.507) 0.0914 —-09214 8 0.1273 0521) —0.481) 0333 0673 8
0.1273 0.406) 0.606) 0.2714 —-0.7313 7 0.1279 0.511) —0.491) 0393 0613 8
0.1279 048 0518 01213 -0.8813 7 0.1286 0.491) —05%1) 0474 0534 8
0.1286 047 0538 01913 -0.8113 6

a set of 400 configurations generated on the Orion supercom-
MeV is required to approach the empirical mass of theputer at the University of Adelaide.
A*(1405). This may not be surprising for the octet fields, as Good agreement is obtained between the FLIC and other
the A* (1405), being an S(3) flavor singlet, may not couple improved actions, including the nonperturbatively improved
strongly to an S(B) octet interpolating field. Indeed, there is clover[23] and domain wall fermioiDWF) [22] actions, for
some evidence of this in Fig. 13. This large discrepancy othe nucleon and its chiral partner, with a mass splitting of
400 MeV suggests that relevant physics giving rise to a light~-400 MeV. Our results for th&* (3 ) improve on those
A*(1405) may be absent from simulations in the quenchedising the D4, [21] and Wilson actions. Despite strong chiral
approximation. The behavior of the} , states may be modi- symmetry breaking, the results with the Wilson action are
fied at small values of the quark mass through nonlineastill able to resolve the splitting between the chiral partners
effects associated with Goldstone boson loops including thef the nucleon. Using the two standard nucleon interpolating
strong coupling of the\* (1405) to3 7 and KN channels. fields, we also confirm earlier observatiof20] of a mass
While some of this coupling will survive in the quenched splitting between the two nearbly™ states. We find no evi-
approximation, generally the couplings are modified anddence of overlap with the * Roper resonance.
suppresse(i8,40]. It is also interesting to note that thie} In the strange sector, we have investigated the overlap of

andA% masses display a similar behavior to that seen for th&¥arious A interpolating fields with the low-lying * states.

=% and 2} states, which are dominated by the heavierONce again a clear mass splitting-e#00 MeV between the
strange quark. Alternatively, the study of more exotic inter-CCte€tA and its parity partner is seen, with evidence of a mass
polating fields may indicate tha* (1405) does not couple SPIitting between the two low-lying oc_id-paricy“states." We
strongly to x; or x,. Investigations at lighter quark masses find no eV|d*ence of strong overlap with the" “Roper
involving quenched chiral perturbation theory will assist in €Xcitation,A*(1600). The empirical mass suppression of the
resolving these issues. A*(1405) is not evident in these quenched QCD simula-

tions, possibly suggesting an important role for the meson

cloud of theA*(1405) and/or a need for more exotic inter-
VII. CONCLUSION polating fields.
We have not attempted to extrapolate the lattice results to
e physical region of light quarks, since the nonanalytic
behavior ofN*'s near the chiral limit is not as well studied
as that of the nucleofi7,8,41]. It is vital that future lattice
&I* simulations push closer toward the chiral limit. On a
promising note, our simulations with the 4 sweep FLIC ac-
tion are able to reach relatively low quark masses, (
~60-70 MeV) already. Our discussion of quenching effects
is limited to a qualitative level until the formulation of
quenched chiral perturbation theory fgr baryon reso-
nances is establishgd?2] or dynamical fermion simulation-
sare completed. Experience suggests that dynamical fermion
results will be shifted down in mass relative to quenched
results, with increased downward curvature near the chiral
limit [8]. It will be fascinating to confront this physics with
both numerical simulation and chiral nonanalytic
approaches.

In order to further explore the origin of the Roper
resonances or th&* (1405), more exotic interpolating fields
involving higher Fock states, or nonlocal operators should
be investigated. Finally, the preseNt mass analysis will
be extended in future to includ®l—N* transition form

We have presented the first results for the excited baryoH1
spectrum from lattice QCD using ad(a?) improved
Luscher-Weise gauge actip29] and an®(a)-improved Fat-
Link Irrelevant ClovernFLIC) quark action in which only the
links of the irrelevant dimension five operators are smeare
[16]. The FLIC action provides a new form of nonperturba-
tive O(a) improvement in whichO(a) errors are eliminated
and O(a?) errors are very small32]. The simulations have
been performed on a 18 32 lattice at3=4.60, providing a
lattice spacing oB=0.122(2) fm. The analysis is based on

TABLE XIV. Interpolating field coefficients for the two positive
parity A° states.

K ud ul ub ud

0.1260  1.00®) 0.00G2) 0.28251) —0.71851)
0.1266  0.99®) 0.0032) 0.29455) —0.70955)
0.1273  0.99@) 0.0062) 0.27826) —0.72226)
0.1279  0.99®) 0.0102) 0.27918 —0.72118)
0.1286  0.98®) 0.0173) 0.27813 —0.72213)

o N oo o | -

114506-16



EXCITED BARYONS IN LATTICE QCD

PHYSICAL REVIEW D67, 114506 (2003

factors through the calculation of three-point correlationearly stages of the correlation matrix investigations. This

functions.
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