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We present the first results for masses of &}JiN-andA baryons in lattice QCD using fat-link irrelevant
clover fermions. Spirg- interpolating fields, providing overlap with both sp}nand spin% states, are consid-
ered. In the isospir%— sector we observe, after appropriate spin and parity projection, a strong signal for the
JP=3" state together with a weak but discernible signal for $He state with a mass splitting near that
observed experimentally. We also find good agreement betweeé%hmasses and earlier nucleon mass
simulations with the standard spﬁwinterpolating field. For the isospi%-A states, clear mass splittings are
observed between the varioé§ and%i channels, with the calculated level orderings in good agreement with

those observed empirically.
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[. INTRODUCTION evidence for the sensitivity to hyperfine splittings of odd-
parity states for different interpolating fields used. On the
The level orderings in the baryon spectrum and mas®ther hand, no evidence is seen for overlap of three-quark
splittings between excited baryon multiplets provide impor-interpolating fields with the Roper-like resonances or the
tant clues to the underlying dynamics governing interquarkowest-lying odd-parity S(B) singlet state, the\ (1405). In
forces and the relevant effective degrees of freedom at lowhis paper we extend the analysis of RgH] to the spin3
energy[1]. Considerable insight into these and other prob-sector, and present first results using the FLIC action, in both
lems of spectroscopy has been gained from QCD-inspirethe isospins and < channels.
phenomenological models; however, many fundamental Mass splittings between states within @Uquark-model
questions about the origins of the empirical spectrum remaimultiplets provide another important motivation for studying
controversial 2]. higher spin baryons. Understanding the mass splitting be-

The resolution of some of these issues may only be posyeen theN:~(1535) andN2~(1520), for instance, or be-

sible with the help of calculations of the spectrum in lattice 1 3_ . .
QCD—currently the only first-principles method able to de-tveen theaz ~(1620) andd; *(1700), can help identify the

termine hadron properties directly from the fundamental'mportant mechanisms associated with the hyperfine interac-

quark and gluon theory. Recent advances in computationdPS: Or shed light on the spin-orbit force, which has been a
capabilities and more efficient algorithms have enabled th&&Ntral mystery in spectroscopy4]. In valence quark mod-
first dedicated lattice QCD simulations of the excited state€ls, the degeneracy between tie ™ andN3 ~ can be bro-
of the nucleon to be undertakg¢B—10]. Lattice studies of ken by a tensor force associated with mixing betweer\the
excited hadrons are possible because at the current unphysind N* representations of SB) [2], although this generally

cally large quark masses and finite volumes used in the simyg 4es theN2~ at a higher energy than thé:~. On the
lations, most excited states are stable. Contact with experi-

ment can be made via extrapolations incorporating th@ther hand, a spin-orbit force is necessary to splitAfe
nonanalytic behavior of chiral effective field theof§1]. and A3~ states. In the Goldstone boson exchange model
These studies are timely as they complement the first resul{d5], both of these pairs of states are degenerate. Model-
from the high precision measurements of Nie spectrum at  independent analyses in the larlje limit have found that
Jefferson Lad12]. these mass splittings receive important contributions from
In a recent pap€9] we presented the first results for the operators that do not have a simple quark model interpreta-
excited nucleon and spifihyperon spectra using the fat-link tion [16], such as those simultaneously coupling spin, isospin
irrelevant clover (FLIC) quark action [13] with an  and orbital angular momentum. Of course, the coefficients of
O(a?)-improved gluon action. The FLIC action minimizes the various operators in such an analysis must be determined
the effect of renormalization of action improvement termsphenomenologically and guidance from lattice QCD is
and displays excellent scaling propertids3]. Clear mass essential.
splittings are observed fa’=3* and}~ states, as well as Our lattice simulations are performed on the Orion com-
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puter cluster dedicated to lattice QCD at the Center for theAll discussions of interpolating fields are carried out using
Subatomic Structure of MattdCSSM, University of Ade- the Dirac representation of the matricies. This exact
laide. In the isospirg sector, after applying suitable parity isospin4 interpolating field has overlap with both spinand
and spin projections, we present the first results forthé  SPin+ states and with states of both parities. The resulting
correlation function will thus require both spin and parity

1= 3- 3+
andAI2 §tates,das well as trtmz_tr'] Ourl_resu_lts ]]ort'g]]:%zA projection. The quark field operatansandd act at Euclidean
are aiso In good agreement with earlier simuiatl : space-time poink, C is the charge conjugation matrig, b

significant advance of this work is the observation of a d's'and ¢ are color labels, and the superscriptdenotes the

cernible signal for the ;= state, which yielded a weak sig- transpose. The charge neutral interpolating field is obtained
nal in earlier simulationg6]. The lowest excitation of the by interchangingi< d. This interpolating field transforms as
ground state, namely thA1~, is found to have a mass a Rarita-Schwinger operator under parity transformations.
~350-400 MeV above the\2*, with the A2~ slightly That is, if the quark field operators transform as

heavier. TheA3* state is found to lie~100-200 MeV Pu(x)PT=+you(x),
above these, although the signal becomes weak at smaller
quark masses. This level ordering is consistent with that obwherex= (x,,—x), and similarly ford(x), then
served in the empirical mass spectrum. N N N~
In the spin3 nucleon sector, there is good agreement for Pxu(X)P "=+ yox,(X),
the spin-projecteds * and 3~ states with earlier nucleon o ) .
mass calculationf9] using the standard spih-nucleon in-  @nd similarly for the Rarita-Schwinger operator
terpolating field. Furthermore, we find a good signal for the PuM(X)PT= + you,,(X), (4)

N2~ states, with a mass difference 6f300 MeV between

the spin3 parity partners. Th&~ andN2~ states are ap- Which will be discussed later. _

proximately degenerate as observed experimentally. The computational cost of evaluating each of the Lorentz
In Sec. Il we outline the basic elements of formulating Combinations in Eq(3) is relatively high—about 100 times

spin$ baryons on the lattice, including the choice of inter- that for the ground state nuclegdl. Consequently, in order

polating fields and projection operators. A brief preliminary {0 maximize statistics in our analysis we consider only the

report of states using the formalism developed and presenté@2ding term proportional tg,,, in the interpolating field,

here appeared in Rgf18]. These results also supersede pre- N _aber Ta b .

liminary results reported in Ref§19,20. In Sec. Ill, our Xu— €U A(X)Crysy,d° (X)) ysus(X). (5

results using the FLIC action on a large lattice volume ata_ . _ o

fine lattice spacing represent the first quantitative analysis of Nis Is sufficient since we will in either case need to perform

these states. The conclusion and remarks about future wo#k SPIN3 projection.

are contained in Sec. IV. In order to show that the interpolating field defined in Eq.
(5) has isosping, we first consider the standard proton inter-
IIl. SPIN-3/2 BARYONS ON THE LATTICE polating field,
XP= (U Cysd®)uc, ©®

A. Spin-32 interpolating fields and two-point functions

In this section the essential elements for a lattice calculawhich we know to have isospik- Applying the isospin rais-
tion of spin3 baryon properties are presented. The mass of g operatort ™ on xP, one finds
spin3 baryon on the lattice is obtained from the two-point

correlation functionG,,, [17], I " xP=€e*(uT2CysuP)u®
G, (1,7 =trdTG,.,(t,p)}, 1) = e2P(uTCysuP) Tue
where - _ Eabc(uTaC'y5ub)UC

a ~ —ip-X ar i =0.
Guatp)=2 e PXOIT(E0X(0D[0), (2
* Similarly, for the interpolating field defined in E¢5), one
where x;, is a spin3 interpolating field,I" is a matrix in  has
Dirac space withw, 8 Dirac indices, andgu,v Lorentz indi-
ces. I X =e2*(uTCysy,uP) ysuc
In this analysis we consider the following interpolating
field operator for the isospif; spin<, positive parity zeabC(uTacwaub)TysuC
(charge+ 1) state[21]:
1 :_6ab(:(uTaC,y ¥ Ub)’y uc
x,T=eabC(uTa<x>Cy5deb<x>)(gw—Zmy) YsU(X). OTHT TS

3 =0,
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where we have used the representation independent identities 4
Cy,C '=—y,, CyC '=9{ and the identities which S= 2 G, 0"PSs, (13)
hold in the Dirac representatioB’=C'=C = —C with pr=1
_ T_
C=iyzy, and 7’2': Vs _ - _ to extract the desired spin statss; 3 or . Following spin
We note thaty,, corresponding to, in Eq. (5) is projection, the resulting correlation functioBg,, still con-
— L L tains positive and negative parity states.
Xy = €U ys(dy, ysCuT), (7)
B. Baryon level
so that . . . ! .
The interpolating field operators defined in E¢3). and
e — 5) have overlap with both spié-and spins states with
NUN_ _ab b T b [ ( 3
XXy = €€ 2 (UL Cysy,]apdp) YsUSUS, vs positive and negative parity. The fielg, transforms as a
— —ra pseudovector under parity, as does the Rarita-Schwinger
X(dg Ly, 7sClprartiyr ) spinor, u,. Thus the overlap ofy, with baryons can be
expressed as
— 68,5 T 768, 75(C7,547,0)7] P
+75S475(C7,847,C) T ¥5Su7s, ®) o+

Zu,(ps), (143
3/2+

(O xuIN*%(p,8)) =N+
where the last two lines are the result achieved after doing

the Grassman integration over the quark fields with the quark M
fields being replaced by all possible pairwise contractions. (0ly IN¥2(p )= A [ Vi3i2” ysU,(p,S)
/,L 1 l" 1 ’

In deriving the A interpolating fields, it is simplest to Ezpp-
begin with the state containing only valenece quarks, (14b)
namely theA**. The interpolating field for thé** reso- "
nance is given by21], (Ol x . INY"(p,8))=(a12+ P+ Brio+ V)
AT\ _abeg Ta C b c 9 Mg+
X (X)=€"(u"%(x) YU (x))uc(x), 9 X vsUu(p,s), (140
1/2+
which also transforms as a pseudovector under parity. The
interpolating field for &A* state can be similarly constructed <0|XM| Nl’zf(p,s)): (@y2-Put BV,
[17],
M 1o
L X\ ups), (149
+ -
Xa (0= ﬁeabC[Z(uTa<x)cmd*’(x))u‘?(x) vz
where the factora\g,ag,Bg denote the coupling strengths
+(uTa(x)Cyﬂub(x))dC(x)], (100  of the interpolating fieldy, to the baryonB and Eg

=/p?+ M3 is the energy. For the expressions in Edstc
Interpolating fields for other decuplet baryons are obtaineénd(14d), we note that the spatial components of momentum
by appropriate substitutions of d—u, d or s fields. p; transform as a vector under parity and commute wigh
To project a pure spif- state from the correlation func- whereas they; do not change sign under parity but anticom-
tion G,,,, one needs to use an appropriate shiprojection  mute with y,. Hence the right-hand side of E6L40 also
operator{22], transforms as a pseudovector under parity in accord with
X# .

1 Similar expressions can also be written EJ,

1
Pfff(p)=gw— 3 VY™ @2(% PYuPyTPLY,Y P)-

(11) _ M gjp+—
(N*2(p,8) X, 0) = N30 \/ o “u,(ps), (159

The corresponding spik-state can be projected by applying 32+
the projection operator
_ — M3jo—
P9, Pris- (12 (N*(0.9)x,10) = ~A5p- \ g _—UulP8) s,

) ) (15b)
To use this operator and retain all Lorentz components, one
must calculate the full 44 matrix in Dirac and Lorentz Y
space. However, to extract a mass, only one pair of Lorentz <N1/2+(p,s)|;#|0): N B T2 u(p,s)
indices is needed, reducing the amount of calculations re- 172+
quired by a factor of four. We calculate the third row of the N "
Lorentz matrix and use the projection Xys(aipePut Biprvu), (150
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Mo
%2 u(p.s)

(NY27(p,5)|x,|0) =
1/2—

X(@p-Put Bl Yu)- (15d
Note that we are assuming identical sinks and sources in
these equations. In our calculations we use a smeared source
and a point sink in which case*, o«* andg* are no longer
complex conjugates of, « and 8 and are instead replaced
by \, a andg.

We are now in a position to find the form of E@) after
we insert a complete set of intermediate std{&(p,s))}.
The contribution to Eqg(2) from each intermediate state con-
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(0] x3|N¥2* (p,$))(N*?" (p,s)| x3|0)

- 2
=Nzt At 3

YoM zjp+ +Mgjp+

: (163
2M 3/2t+

(0] x3IN*%"(p,s){N*?(p,s)| x3|0)
2

— YoMz~ — Mo~
=Na2-Aap- 3\ T o

, (16b)
2M g/~

(0] x3|N¥2*(p,s))(NY2* (p,s)[ x3|0)

YoM 1+ + M+

sidered is given by

(0] x.IN*%* (p,s)}{N*%*(p,s)| x,|0)

— Mgy —
=+ NgpprNgr ——U,L(P,S)U,(p,S)
Easpr

— Mg+ (y-p+Mgpr)
== Napp+Nap+

3t 2Mgp

1 pr,pv p,u,’)/V_ pvy;/,
X g,uv_ 57;1.71)_ 2 )
3M%,. 3May

(0] x,.IN*%(p,s)){N*?"(p,s)| x,|0)

— Mg~ —
=—Najp- Nz —— ¥5Uu(P,S)U,(P,S) 75
3/2~

— Mg (y-p—Mgp-)

== B+ B12+ ¥3Ys Y573

2 M 1/2+

— YoMy + My

=+ ByptPrpr—

(160
2M 1/2+

(0| x3INYZ (p,s)){NY?"(p,s)| x3|0)

YoM 10—+ M-

= Bur-Briz Y33
2M o~

YoM 1/0- =My

(169
2M -

=+ BB

Therefore, in an analogous procedure to that used in[BEf.
where a fixed boundary condition is used in the time direc-
tion, positive and negative parity states are obtained by tak-
ing the trace of the spin-projected correlation functiGig,

in Eq. (13) with the operatod’ =T .,

=— )\3/2—}\3/2_ Eg/z* 2M 3/2- G% = trsp{F iGgg}, (17)
where
% 9 E'y - Zp#pv _ p,u,’YV_ pvyﬂ
v v 2 !
y2 3~ 3M3/27 3M3/2, Fi:%(li 74) (18)

(OLx,,INY2* (p,9))(N¥** (p,3)[x,|0)

M+
=- (@orPut Bt ¥u) Vs
Eq/p+

Y- P+ Mypr
2M1/2+

X ys( @12+ Pyt Brot Vo),

(0l x,.IN*2"(p,5))(N"2"(p,s)[x,/0)
_ My Y P+Myp-

2M -

(@12-Put B~ v,
_/2+

X(a12-Pyt Br-7s)-

The positive parity states propagate in ttiel) and (2,2
elements of the Dirac matrix, while negative parity states
propagate in th¢3,3) and(4,4) elements for both spig-and
spin- projected states. A similar treatment has been carried
out for theA interpolating fields but is not reproduced here
for brevity.

We use an improved unbiased estimator obtained by sum-
ming bothU andU* configurations which occur with equal
weight. From the discussion given in Sec. V A of Rgd],

G/SfV is purely real ifu andv are both spatial indicies or both
temporal indicies, otherwis@;i is purely imaginary.

14

Ill. RESULTS

To reduce computational expense, we consider the specific The analysis is based on a sample of 392 configurations.
case {Vher}u: v=3 and in order to extract masses we re-for the gauge fields, a mean-field improved plaquette plus
quire p=(0,0,0). In this case we have the simple expres+ectangle action is used. The simulations are performed on a

sions

16°x 32 lattice at3=4.60, which corresponds to a lattice
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spacing ofa=0.122(2) fm set by a string tension analysis  TABLE I. Masses of ther, N3* andN2* for several values of
incorporating the lattice Coulomb potentif23] with o  « obtained from the spi- interpolating field, for the FLIC action
=440 MeV. For the quark fields, a fat-link irrelevant clover with 4 sweeps of smearing at=0.7. Here the value ok is «
(FLIC) [13] action is implemented. The use of fat link4] =0.1300. A string tension analysis providas-0.122(2) fm for
in the irrelevant operators of the fermion action removes the/o =440 MeV.

need to fine tune the clover coefficient to remaVga) arti-
facts. The use of fat links also allows us to employ a highly « M2 Mna2)+@ Myaiz)-a Migiz)+@ Migrz)-2

improved definition oﬂ:MV2[13,253 leaving errors ofO(afi) 0.1260 0.576@1) 1.1028) 1.41213) 1.62834) 1.41016)
and where errors ofd(g®) are suppressed via fat links. 01266 0.530612) 1.0439) 1.36914) 1.57738) 1.36§19)
Mean-field improvement of the tree-level clover coefficient ; ;544 0.471015) 0.97013) 1.31717) 1.51044) 1.31224)

with fat links represents a small correction and proves to beo'1279 0.416@5 0.90518) 1.27121) 1.44G53) 1.26432)

adequatg13].
The fattening, or smearing of the lattice links with their 0.1286 0.342018) 0.82932 122031 1.32474) 1.20849)

nearest neighbors, reduces the problem of exceptional con-

figurations, and minimizes the effect of renormalization ONfor each color, Dirac sourae ¥, respectively, of Eq(19) via
the action improvement terms. By smearing only the irrel- bistabilise’d conjugate gra{dient algoritlﬁér?].

evant, higher dimensional terms in the action, and leaving |11 analysis we use five values of as indicated in
the relevant dimension-four operators untouched, we retai?’able I. Extrapolation tan2=0 givesk,=0.1300. Figure 1
short distance quark and gluon interactions at the scale of the ' ) & o ' )
cutoff. Simulations are performed witm=4 smearing shows the effective mass plot for th@ staFe forthe.flve<
sweeps and a smearing fractier=0.7 [13]. values used as a function of Euclidean time obtained after

A fixed boundary condition in the time direction is used Performing spin and parity projections on the correlation
for the fermions by setting),(x,N,)=0 V X in the hopping {/lJan]E!OgS calcu(ljatgd uIc,ng ttrr:? m:e:polatmg;;e:d n Ifﬁ) 13
terms of the fermion action, with periodic boundary condi- fte 'nh.ahgtﬂo .S|gn|a. Ior ¢ 1S state #_E unf; |tme siice ¢
tions imposed in the spatial directions. Gauge-invarian er which the signal IS 1ost In noise. The efiective mass for

Gaussian smearin@6] in the spatial dimensions is applied his state exhibits good plateau behavior and a good value of

at the source to increase the overlap of the interpolating opt-he covariance-matrix basegf/Npe is obtained when one

erators with the ground states. The source-smearing tecl_tni—tS in the time fitting window ot =10-13(recall, the source

nique[26] starts with a point source, is at t=3). Typically, one findsy?/Npe~1 and x?/Npg
<1.5 throughout. After performing spin and parity projec-
%Z’SQ()Z,U: 5665@5);’;0@’% (19 tions to extract theN3 * state from the interpolating field in
Eq. (5), one finds the effective mass plot to be a little noisier,
for source colorc, Dirac y, position )20:(1'1’1) and time  @s shown in Fig. 2. There is, however, sufficient information

t,=3 and proceeds via the iterative scheme, here to extract a mass, and a good valuey®Npg is ob-
tained when one fits in the small time fitting window of
. - -, - =9-11.
Pi(x,1)= 2 FOGXD) -1 (X 1), The interpolating field defined in E¢5) also has overlap
X with spin+ states of both parities. After performing a sgin-
where projection on the correlation functions, we isolate tg*
3
= o N T T T T T T
F(X,Xx )_ m 5x,x'+ E MZl [U}L(X7t)6X’,X+/.L 1.8 _
L 16 -
+UT(x= ) 8% a1
o 14
Repeating the proceduitimes gives the resulting fermion =
source 3 12 -
> N2 2 -, 1.0
InOGD =2 FNOGX ) do(X ). (20
§ 0.8 -
The parameter® and « govern the size and shape of the
smearing function. We simulate witN=20 and a=6. 4 5 6 7 8 ; 9 10 11 12 13 14
The propagators, is obtained from the smeared source by
solving FIG. 1. Effective mass plot for thal3 ~ state using the FLIC
ab wbc a action from 392 configurations. The five sets of points correspond
M aﬁsﬁy: Vo (21) to the k values listed in Table I, withx increasing from top down.
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1.8 |-
1.6
o 14
5
38 12
1.0
0.8
34567?910111218 3‘.4‘156'78t91011121314
FIG. 2. As in Fig. 1, but for theN3* state. FIG. 4. As in Fig. 1, but for theN3 ~ state.

and N3~ states via parity projection and plot the effective mass as the spin-projectédi ~ state which is consistent

masses in Figs. 3 and 4, respectively. The" state suffers  with the experimentally observed masses. To study this mass
contamination from excited states as seen by the long Eucliddifference more accurately, we again calculate the correlated
ean time evolution required to reach plateau in Fig. 3. A goodatio of effective masses obtained after appropriate spin and
value of y2/Npg is obtained as long as we fit after time slice parity projections. This ratio is found to be one within one
12. For this reason, we use time slices 13—16 to obtain 8tandard deviation. The results for thg ~ state in Fig. 5
mass for theNz * state. However, for thél; ™ state, a pla-  indicate a clear mass spliting between &* and N2~
teau is seen at early Euclidean times and a good value Gftates obtained from the spininterpolating field, with a
x“INpr is obtained on time slices 8—11. mass difference around 300 MeV. This is slightly larger than
The extracted masses of ti¢3= and N3~ states are the experimentally observed mass difference of 200 MeV.
given in Table | and are displayed in Fig. 5 as a function of Turning now to the isospi- sector, the effective mass
m?2.. Earlier results for theN3* states using the standard plot for the A%™ state using the interpolating field given in
spin+ interpolating field[9,13] from Eq.(6) are also shown Eqg. (9) is shown in Fig. 6 for the five« values used. An
with open symbols in Fig. 5 for reference. It is encouragingexcellent signal is clearly visible, and a good value of the

to note the agreement between the spin-projegtedstates

obtained from the spig-interpolating field in Eq(5) and the 28 : |
earlier 3~ results from the same gauge field configurations. og L i
To study this agreement more accurately, we consider the ‘ ¥ ¥
ratio of effective masses obtained for each jackknife subens 24 - { 1 T
semble. This provides us with a correlated ratio and we findS 2.2 F " b .
the ratio to be one as at the one standard deviation level. Wi o 4 | % P a2 .
also observe that the3~ state has approximately the same é 18 L 4
L ) %
L * i
§ 16 m -
16 - \:m — % 14 ' * v Na;z+ projg
g A 3/2-
;L‘x\\ T 12 o Nve- g;glv)
14 F e . 10 L T N el |
I NRNE ' Jo eme e N2 (proj)
e ‘::o\ 08 l l | |
S 12 r LRGN0 SV 7] 0.0 0.2 0.4 0.6 0.8 1.0
NEC Tel el LREE p 2 2
= R I S e T i S i 21 m_? (GeV?)
LSO ~ee- g -3 Y 4 n
8 10 RO S 1 S SN
\“\:--:--{:\}' ﬁ’ 4 T4 FIG. 5. Masses of the spin projectdd ~ (filled triangles,
0.8 - Yt N N2+ (filled inverted triangles N3+ (filled circles, and Ni~
1 (filled squarep states. For comparison, previous results from the
0.6 . direct calculation of theN3* (open circles and N3~ (open
' ' ' ' ' ' ' squaresfrom Ref.[9] are also shown. The empirical values of the
3 5 7 9 1t1 13 1 17 19 masses of the N3*(939), Ni7(1535), N27(1520) and
N%*(1720) are shown on the left-hand side at the physical pion
FIG. 3. As in Fig. 1, but for thé\3* state. mass.
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T T T T T T T T T T T T " T \
18 { - 18 |-
A BT ," \
1.6 +\ - 16 F N, ; #—“f“
W i TN s .
W " (RN Dt - TR SOy« | IR
ORCH N 1 s i *“f‘ff =4
= S = i SR
LS TR Sl (NP n ~~
3 12 \t\\‘\:*-_‘___:_-:4—-_.__+__‘___,___!__: 8 12 W
AN ““}--.._ -'-N""“O-—"-—-}__I_-- 1
P AR S ot S e i
1.0 *“f"-;-»;;{ii_ -‘-‘i‘:%;‘} 1.0 -
0.8 - - 08 [
T TR RN NN N NN NN N RN N S N 1l ! ! ! ! ! ! ! ! !
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 3 4 5 6 7 8 9 10 11 12 13 14
t t
FIG. 6. Effective mass plot for thA%+ state using the FLIC FIG. 7. As in Fig. 6, but for thag’ state.

action with 4 sweeps of smearing at=0.7 from 392 configura-
tions. The five sets of points correspond to thevalues listed in  Thijs |evel ordering is consistent with that observed in the
Table I, with « increasing from top down. empirical mass spectrum, which is also shown in the figure.

The N3~ and A3~ states will decay tdN+ in S wave
cqvariance—matrix base)glleDF is obtained by fitting time  ayen in the quenched approximati§80]. For all quark
slicest=11-14 following the source at=3. For the effec-  masses considered here, with the possible exception of the
tive mass of the negative parity3 ~, shown in Fig. 7, the lightest quark, this decay channel is closed for the nucleon.
signal is quite good up to time slice 11-12, but is lost inWhile there may be some spectral strength in the decay
noise after time slice 12. Time slicés-9—12 provide a fit- mode, we are unable to separate it from the resonant spectral
ting window with an acceptable value §f/Npr. strength.

The results for theA2* and A2~ masses are shown in ~ The N$™ andA3* states will decay tdN# in P wave,

Fig. 8 as a function ofm? . The trend of the\ 3 * data points  while N3~ and A3~ states will decay tdN= in D wave.
with decreasingny is clearly towards thé (1232), although ~Since the decay prodL_lcts of each of these states must then
some nonlinearity witm? is expected near the chiral limit have equal and opposite momentum and energy given by

[28,29. The mass of tha 2~ lies some 500 MeV above that
of its parity partner, although with somewhat larger errors, as
expected from the effective mass plots in Figs. 6 and 7.
After performing a spin projection to extract the}~
states, a discernible, but noisy, signal is detected. This i”dithese states are stable in our calculations.
cates that the interpolating field in E() has only a small
overlap with spins states. However, with 392 configurations
we are able to extract a mass for the spistates at early =8 ' ' ' '
times, shown in Fig. 8. Here we see the larger error bars 2.6 } } } { ]

2
E2=M2+ 2_7T
aL

associated with tha ;= states. The lowest excitation of the = 2.4 F
[ ]

ground state, namely th®3 ~, has a mass-350-400 MeV  © 23 L

above theA3 ™, with the A2~ possibly appearing heavier. % 20

The A3 ™ state is found to lie-100-200 MeV above these, = 1.8 il a ‘ i
although the signal becomes weak at smaller quark masse:§ s+ 1700 z *
< 1.6 [° 1820 b i
o
TABLE II. As in Table I, but for the corresponding®?*,A%2~, S 1.4 4 Az;:f .
AY2" and AY%* masses. 12 |a 1282 . e i
1 1 | ° Al{z-
K M ps2+@ Mps2-a Mp1z+a Mp2-a 1.0
0.0 0.2 04 . 0é6 0.8 1.0
01260 1.198) 146915 1.643109 1.47634) m? (GeV®)

0.1266  1.158) 1429170 1.604107 1.43241 L
0.1273 110012 1.38521) 1.561106) 1.38754) FIG. 8. Masses of the spin-projectAtfi andA 3™ resonances.

0.1279 1.057L5) 1.35327) 1.530109 1.35%76) The empirical values of the masses of t|1b3/2+(1232),

0.1286  1.00622) 1.33143) 1.502119  1.301126) A27(1700), A3~(1620) andA3*(1910) are shown on the left-
hand side at the physical pion mass.
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IV. CONCLUSION signal for theA 3 states and the level ordering is consistent

We have presented the first results for the spectrum ofith that observed in the empirical mass spectrum.
spin$ baryons in the isospig- and ¢ channels, using a It will also be important in future work to consider the
novel fat link irrelevant clover quark action and &(a?)  €xcited states in each” channel, in particular the lowest
improved gauge action. Clear signals are obtained for bothRoper-like” excitation of the A(1232) ground state. Al-
the spin-projecteti* andN1* states from a spig-inter-  10Ugh this will be more challengiri1], it may reveal fur-
N . 4 . ther insights about the origin of the inter-quark forces and the
polating field. In particular, thé = states are in good agree-

ment with earlier simulations of the nucleon mass and itsnature of the confining potential.
parity partner using the standard sgininterpolating field.
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