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Predictive ability of QCD sum rules for excited baryons

Frank X. Lee
Center for Nuclear Studies, Department of Physics, The George Washington University, Washington, D.C. 20052

and Jefferson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606

Xinyu Liu
Center for Nuclear Studies, Department of Physics, The George Washington University, Washington, D.C. 20052

~Received 22 March 2002; published 30 July 2002!

The masses of octet baryons are calculated by the method of QCD sum rules. Using generalized interpolat-
ing fields, three independent sets of QCD sum rules are derived which allow the extraction of low-lyingN*
states with spin-parity 1/21, 1/2- and 3/2- in both the non-strange and strange channels. The predictive ability
of the sum rules is examined by a Monte Carlo based analysis procedure in which the three phenomenological
parameters~mass, coupling, threshold! are treated as free parameters simultaneously. Realistic uncertainties in
these parameters are obtained by simultaneously exploring all uncertainties in the QCD input parameters.
Those sum rules with good predictive power are identified and their predictions are compared with experiment
where available.
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I. INTRODUCTION

The QCD sum rules method@1# is a time-honored ap
proach in revealing a direct connection between hadron p
nomenology and QCD vacuum structure via a few univer
parameters called vacuum condensates~vacuum expectation
values of QCD local operators!. The most important are th
quark condensate, the mixed condensate and the gluon
densate. The method has been successfully applied to a
riety of problems to gain a non-perturbative understand
into the structure of hadrons~for a review of the early work,
see Ref.@2#!, and continues to be an active field@3#.

The use of QCD sum rules to study baryon masses sta
not long after the method was introduced. Early works
clude Refs.@4–8,2,9,10# in which a variety of baryons were
studied in the approach. The success of this somewhat
conventional method in predicting hadron properties has
torically given us a unique perspective on hadron structu
compared to other conventional views, like the phenome
logically successful constituent quark model.

In recent years there has been an increasing desire to
derstand the structure of baryons directly from QCD,
fundamental theory of the strong interaction. In particular,
increased focus has been put onN* physics, the study of
excited state baryons. After all, most of the observed bar
spectrum under about 2 GeV can be considered as s
excitation of the ground-state nucleon. On the experime
side, the field has been fueled by the high-quality data co
ing from the Jefferson Laboratory and other accelerat
QCD is very difficult to solve in the low-energy regime
While lattice QCD, which solves QCD with controlled sy
tematic errors on a discrete space-time lattice by numer
simulations, holds the key to ultimately unraveling the ha
ron structure, its results are still hard to obtain. On the ot
hand, the QCD sum rule method can serve as a complem
to lattice QCD based on the qualifications that it has cl
contact with the basic premise of QCD, and has minim
model dependence with well-understood limitations inher
0556-2821/2002/66~1!/014014~21!/$20.00 66 0140
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in the operator product expansion~OPE!. One advantage o
the method is that it provides a physically transparent vi
of how hadrons arise from QCD via the vacuum conde
sates. One can trace back, term by term, what operators
how these operators conspire to give rise to the mass
baryon, and mass splittings among baryons. An exampl
the so-called Ioffe formula @4#, MN.(28p2^q̄q&)1/3

50.97 GeV, which is an over-simplified result by keepin
only the leading order contributions in the nucleon QCD s
rules. It nonetheless gives a nucleon mass not too far f
the observed value and a direct link to the quark condens
the order parameter of spontaneous chiral symmetry bre
ing of QCD. In general, the reliability of such prediction
should be checked by including all terms and by care
analysis. But the insight is valuable in understanding had
structure.

To make the QCD sum rules method a useful tool in pro
ing theN* structure, a key question is how much predictiv
power the method has. Within the limitations of the metho
the question is sum-rule dependent because all QCD
rules are not equal, as the examples will show in this work
depends on the type of correlation functions and the ten
structure from which a sum rule is constructed because
OPE usually has different convergence properties at e
structure. The main goal of this work is to examine the p
dictive ability of the QCD sum rule approach in its standa
implementation, using the octet baryons as examples. A s
lar study has been done for the decuplet baryons@11#. In our
view, such a study is useful in a number of ways.

First, we find the existing works on these baryons a
incomplete and sometimes inconsistent in a number of ar
such as the interpolating fields, number of terms included
the OPE, the anomalous dimension corrections, the c
tinuum model, and the treatment of strange baryons. A
rusal of these works sometimes reveals discrepancies am
the QCD sum rules where comparisons are possible. Th
fore, before we move to the issue of predictive power,
need a set of sum rules as complete as possible. To this
©2002 The American Physical Society14-1
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we first derive a complete set of QCD sum rules in order
independently verify and expand upon existing results.
use generalized interpolating fields and three types of co
lation functions among them. We study not only the nucle
but also the strange members of the octet family. Some of
sum rules in this work are new. The result is a comple
updated set of QCD sum rules under one roof for octet ba
ons in the standard implementation of the approach~11 sum
rules for each of theN,S,J andL channels! which encom-
pass the existing sum rules as special cases. We consist
include operators up to dimension 8, first order strange qu
mass corrections, flavor symmetry breaking of the stra
quark condensates, anomalous dimension corrections,
sible factorization violation of the four-quark condensa
and a pole plus continuum model.

Second, it concerns how to extract a physical quan
from sum rules and how reliable it is. Usually there is co
siderable freedom in how the analysis is done regarding
Borel mass window, the modeling of the continuum, and
treatment of the fit parameters, each of which has some
pact on the outcome. In the past, often an error is assigne
a quantity without the support of rigorous error analysis
quantitative tool is needed to treat these degrees of free
as complete as possible. This was first addressed by Lein
ber @10# who introduced a Monte Carlo based procedure t
incorporates all uncertainties in the QCD input parame
simultaneously, and maps them into uncertainties in the p
nomenological parameters, with careful regard to OPE c
vergence and ground state dominance. We will apply
procedure in the current work.

Third, the study will aid in the application of the metho
to matrix elements ofN* ~three-point functions!, such as
magnetic moments, transition moments, axial charges, te
charges, etc., because they utilize the two-point function
normalization.

The paper is organized as follows. In Sec. II the interp
lating fields are introduced, followed by a complete listing
all the derived sum rules divided into three groups. Sect
III discusses the analysis procedure and all the results.
tion IV gives the concluding remarks.

II. METHOD

The basic idea behind the QCD sum rules approach is
ansatz of duality. That is, it is possible to simultaneou
describe a hadron as quarks propagating in the Q
vacuum, and as a phenomenological field with the appro
ate quantum numbers. In this way, a connection can be
tablished between a description in terms of hadronic deg
of freedom and one based on the underlying quark and g
degrees of freedom governed by QCD.

Hadron masses can be extracted from the time-orde
two-point correlation function in the QCD vacuum

P~p!5 i E d4xeip•x^0uT$h~x!h̄~0!%u0&, ~1!

whereh is the interpolating field~or hadron current! with the
quantum numbers of the baryon under consideration.
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Assuming an SU~2! isospin symmetry in theu and d
quarks, we consider the most general current of spin 1/2
isospin 1/2 for the nucleon:

h1/2
N ~x!522@h1

N~x!1bh2
N~x!#, ~2!

where

h1
N~x!5eabc@uaT~x!Cg5db~x!#uc~x!, ~3!

and

h2
N~x!5eabc@uaT~x!Cdb~x!#g5uc~x!. ~4!

HereC is the charge conjugation operator, the superscripT
means transpose, andeabc makes it color singlet. The rea
parameterb allows for the mixture of the two independen
currents. The choice advocated by Ioffe@4# and often used in
QCD sum rules studies corresponds tob521. In this work
the freedom to varyb is exploited to achieve maximal over
lap with the state in question for a particular sum rule.
proves an effective tool to saturate a sum rule either
positive- or by negative-parity states.

In the following we write down the interpolating fields fo
the other members of the octet, omitting the explicitx depen-
dence. ForS we consider

hS522 eabc@~uaTCg5sb!uc1b~uaTCsb!g5uc#, ~5!

and forJ

hJ522eabc@~saTCg5ub!sc1b~saTCub!g5sc#. ~6!

For theL, there is the possibility of octet or flavor-single
quantum numbers. We consider three types of interpola
fields for theL: the octetL,

hLo52A1

6
eabc$@2~uaTCg5db!sc1~uaTCg5sb!dc

2~daTCg5sb!uc#1b@2~uaTCdb!g5sc

1~uaTCsb!g5dc2~daTCsb!g5uc#%, ~7!

the flavor singletL,

hLs52A1

3
eabc$@~uaTCg5db!sc2~uaTCg5sb!dc

1~daTCg5sb!uc#1b@~uaTCdb!g5sc

2~uaTCsb!g5dc1~daTCsb!g5uc#%, ~8!

and what we refer to as the commonL,

hLc52A1

2
eabc$@~uaTCg5sb!dc2~daTCg5sb!uc#

1b@~uaTCsb!g5dc2~daTCsb!g5uc#%, ~9!

which consists of terms common tohLo and hLs. Since
SU~3! flavor is broken by the strange quark, it may be inte
4-2
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PREDICTIVE ABILITY OF QCD SUM RULES FOR . . . PHYSICAL REVIEW D 66, 014014 ~2002!
esting to investigate such an interpolating field which do
not impose a flavor symmetry of the quarks composingL.

The normalization in the above octet currents~excluding
hLs and hLc) is chosen so that the correlation functions
the quark level coincide with each other under SU~3! flavor
symmetry. This provides a simple check of the calculatio

For spin-3/2 non-strangeN* with isospin 1/2, we con-
sider

h3/2,m
N 5eabc@~uaTCsrldb!srlgmuc

2~uaTCsrlub!srlgmdc#. ~10!

It has been known that the ground-state nucleon couple
this interpolating field via its spin-1/2 component. As for t
strange members, we consider, for theS,

h3/2,m
S 5eabc@~uaTCsrlsb!srlgmuc

2~uaTCsrlub!srlgmsc#, ~11!

for the J,

h3/2,m
J 5eabc@~saTCsrlub!srlgmsc

2~saTCsrlsb!srlgmuc#, ~12!

and again for the three types ofL,

h3/2,m
Lo 5A1

6
eabc@2~uaTCsrldb!srlgmsc

1~uaTCsrlsb!srlgmdc

2~daTCsrlsb!srlgmuc#, ~13!

h3/2,m
Ls 5A1

3
eabc@~uaTCsrldb!srlgmsc

2~uaTCsrlsb!srlgmdc

1~daTCsrlsb!srlgmuc#, ~14!

and

h3/2,m
Lc 5A1

2
eabc@~uaTCsrlsb!srlgmdc

2~daTCsrlsb!srlgmuc#. ~15!

This completes the list of all the interpolating fields cons
ered in this work.

A baryon interpolating field excites both the ground st
and the excited states with both parities. The ability of
interpolating field to annihilate a baryon into the QC
vacuum is described by a phenomenological parameter~of-
ten referred to as current coupling or pole residue!. It is
defined for the spin-1/2 interpolating field by

^0uh1/2u1/21ps&5l1/21u~p,s!, ~16!

for a positive-parity state with momentump and spins, and
01401
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^0uh1/2u1/22ps&5l1/22g5u~p,s!, ~17!

for a negative-parity state. Hereu is the Dirac spinor with the
normalization ū(p,s)u(p,s)52MB , where MB is the
baryon mass.

For the spin-3/2 interpolating field, it is defined by

^0uh3/2,mu3/21ps&5l3/21um~p,s! ~18!

for a positive-parity state, and

^0uh3/2,mu3/22ps&5l3/22g5um~p,s! ~19!

for a negative-parity state. Hereum is a spin vector in the
Rarita-Schwinger representation with the normalizat
ūm(p,s)um(p,s)522MB . In addition, the coupling of a
spin-3/2 current with a spin-1/2 state is defined by

^0uh3/2,mu1/21ps&5a1/21S 4pm

MB
1gmDg5u~p,s! ~20!

for a positive-parity state, and

^0uh3/2,mu1/22ps&5a1/22S 4pm

MB
1gmDu~p,s! ~21!

for a negative-parity state. Note thatl,a are two different
parameters coupling to spin-1/2 states. Knowledge of th
parameters is helpful for three-point calculations in the QC
sum rule approach, since it enters as normalization.

The QCD sum rules are derived using standard implem
tation of the approach. On the QCD side@conventionally
referred to as the left-hand side~LHS!#, the correlator in Eq.
~1! is evaluated using the operator-product expansion~OPE!.
On the phenomenological side@or the right hand side
~RHS!#, the correlator is populated by intermediate stat
The Borel transform is applied to the momentum-space c
relator to simultaneously provide exponential suppression
excited states and factorial suppression of higher-dimen
operators. Furthermore, a pole plus continuum model is u
ally adopted to reduce the number of phenomenological
rameters to three: the ground-state pole mass (MB), the cur-
rent coupling (l2) and the continuum threshold (w). By
numerically matching both sides of the sum rule over a r
sonable window in the Borel mass parameter, these par
eters are extracted as predictions of the method. Wheth
sum rule is saturated by a positive-parity state or a negat
parity state can be determined by examining the leadi
order terms in the LHS and the sign of the RHS.

The standard treatment of the QCD side proceeds by
serting the explicit forms of the interpolating fields into th
two-point function of Eq.~1! and contracting out pairs o
time-ordered quark-field operators which are the fully int
acting quark propagators of QCD. The result is a so-ca
master formula expressed in terms of the quark propaga
For completeness, all of the master formulas used in
work are given in the Appendix.

The fully interacting quark propagator can be deriv
from the Wick’s theorem for the time-ordered product of tw
fermion fields under the usual assumption of vacuum sat
4-3
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tion of the intermediate states of composite operators. The result, which includes operators up to dimension 8 and ter
in the quark mass, is explicitly given by

Sq
ab~x,0![^VuT$qa~x!q̄b~0!%uV&

5
i

2p2x4 g•xdab2
mq

22p2x2 dab2
1

223
^q̄q&dab1

i

243
mq^q̄q&g•xdab1

x2

263
^q̄gcs•Gq&dab

2
ix2

2732 mq^q̄gcs•Gq&g•xdab2
x4

21033
^q̄q&^gc

2G2&dab1
i

25p2x2~gcGab
n !~g•xsab1sabg•x!

lab
n

2

1
1

25p2 mqF lnS 2x2L2

4 D12gEMG~gcGab
n !sab

lab
n

2
2

1

263
^q̄gcs•Gq&sab

lab
n

2

1
i

283
mq^q̄gcs•Gq&~g•xsab1sabg•x!

lab
n

2
1

x2

21032
^gc

2G2&^q̄q&sab

lab
n

2
. ~22!

FIG. 1. Skeleton diagrams considered in t
calculation of the QCD side for a baryon.
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Since we deal with two independent interpolating fields
spin 1/2 and spin 3/2, we consider three possible type
correlations: the correlator of generalized spin-1/2 curre

h1/2 and h̄1/2, the mixed correlator of generalized spin-1

currenth1/2,m5gmg5h1/2 and spin-3/2 currenth̄3/2,n , and the

correlator of spin-3/2 currentsh3/2,m and h̄3/2,n . From the 3
types of correlators, 11 independent sum rules can be
structed which contain information on the lowing-lyin
states in the six channels (N,S,J,Lo ,Ls ,Lc) and in the
spin-1/26 and spin-3/26 sectors. The resulting sum rule
are given in the following sections in sufficient detail so th
they can be checked by other researchers.

The quark propagator is then substituted into the ma
formula to give the LHS of the sum rule. This tedious wo
can be organized by the 22 diagrams in Fig. 1 and Fig. 2
is aided by the computer-algebra packageREDUCE.
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A. QCD sum rules: Spin-1Õ2 correlator

In this section we give the QCD sum rules as deriv
from the correlator of general spin-1/2 interpolating fiel
h1/2 and h̄1/2. The phenomenological side of the correlatio
function can be written as

P~p!5
l1/2

2

p22MB
2 ~ p̂6MB!1•••, ~23!

where the dots denote excited state contributions. The c
notation denotesp̂5paga . The plus/minus sign correspond
to positive/negative parity.

The correlation function has two tensor structures,p̂ and
1, from which two independent QCD sum rules can be c
structed for each member of the octet family. It turns out t
4-4
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FIG. 2. Skeleton diagrams linear in the qua
mass, denoted by the cross symbol.
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the QCD sum rules from the structurep̂ contain dimension-
even condensates only, so we will refer to such QCD s
rules as chiral even. Similarly, we refer to those from t
structure 1 as chiral odd, because they involve dimens
odd condensates only. This classification scheme will
used throughout this work.

The chiral-even sum rules coupling to spin-1/2 states
~the tensor structure is indicated on the left! for p̂:

c1L24/9E2M61c2bL24/9E0M2

1c3msaL24/9E0M21c4msm0
2aL226/27

1c5kva2L4/91c6m0
2a2L22/27

1

M2

5l̃1/21
2 e2M

1/21
2

/M2
1l̃1/22

2 e2M
1/22
2

/M2
, ~24!

where the coefficients are given byN:

c15
1

16
~512b15b2!,

c25
1

64
~512b15b2!,

c350,
~25!

c450,

c55
1

6
@722b25b2#,

c652
1

24
@1322b211b2#,

by S:
01401
m
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c15
1

16
~512b15b2!,

c25
1

64
~512b15b2!,

c35
1

8
@~1225 f s!22 f sb2~1215 f s!b

2#,

c452
1

24
$@4 f s121118t~M2!#14 f sb

1@4 f s221218t~M2!#b2%, ~26!

c55
1

6
@~6 f s11!22b2~6 f s21!b2#,

c652
1

24
@~12f s11!22b2~12f s21!b2#,

by J:

c15
1

16
~512b15b2!,

c25
1

64
~512b15b2!,

c35
3

4
@~22 f s!22 f sb2~21 f s!b

2#,

~27!

c452
1

24
$@152 f s118t~M2!#210f sb

2@151 f s118t~M2!#b2%,

c55
f s

6
@~ f s16!22 f sb1~ f s26!b2#,
4-5
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c652
f s

24
@~ f s112!22 f sb1~ f s212!b2#,

by Lo :

c15
1

16
~512b15b2!,

c25
1

64
~512b15b2!,

c35
1

24
@~20215f s!2~1616 f s!b2~4115f s!b

2#,

~28!

c45
1

24
$@4 f s2526t~M2!#1~414 f s!b

1@4 f s1116t~M2!#b2%,

c55
1

18
@~10f s111!1~228 f s!b2~2 f s113!b2#,

c65
1

72
@~216f s223!1~8 f s22!b1~8 f s125!b2#,

by Ls :

c15
1

8
~122b1b2!,

c25
1

32
~122b1b2!,

c35
1

12
@~2423 f s!1~816 f s!b2~413 f s!b

2#,

~29!

c45
1

12
~122b1b2!,

c55
1

9
@~2122 f s!1~214 f s!b2~112 f s!b

2#,

c65
1

36
@~112 f s!2~4 f s12!b1~112 f s!b

2#,

by Lc :

c15
1

16
~322b13b2!,

c25
1

64
~322b13b2!,

c35
1

8
@~423 f s!12 f sb2~413 f s!b

2#, ~30!
01401
c45
1

24
$@2326t~M2!#14 f sb1@316t~M2!#b2%,

c55
1

6
@~2 f s21!12b2~2 f s11!b2#,

c65
1

24
@~24 f s11!22b1~4 f s11!b2#.

Herein after, the condensates and couplings are resc
as a52(2p)2^ūu&, b5^gc

2G2&, ^ūgcs•Gu&52m0
2^ūu&,

l̃5(2p)2l, ã5(2p)2a. The ratio f s5^s̄s&/^ūu&5^s̄gcs

•Gs&/^ūgcs•Gu& accounts for the flavor symmetry brea
ing of the strange quark. We retain only terms linear in t
strange quark mass and setmu5md50. The four-quark con-
densate is not well known and we use the factorization
proximation ^ūuūu&5kv^ūu&2 and investigate its possibl
violation via the parameterkv . The anomalous dimensio
corrections of the various operators are taken into acco
via the factors Lg5@as(m

2)/as(M2)#g

5@ ln(M2/LQCD
2 )/ln(m2/LQCD

2 )#g, where g is the appropriate
anomalous dimension,m5500 MeV is the renormalization
scale, andLQCD is the QCD scale parameter whose val
will be given below. The functiont(M2)[ ln(M2/m2)2gEM
with gEM'0.577 the Euler-Mascheroni constant. As usu
the excited state contributions are modeled using terms
the OPE side survivingM2→` under the assumption of du
ality, and are represented by the factorsEn(x)51
2e2x(nxn/n! on the LHS withx5wB

2/MB
2 andwB an effec-

tive continuum threshold. Note thatwB is in general different
from sum rule to sum rule and we will treat it as a fre
parameter in the Monte Carlo analysis.

A trivial check of the calculation is provided by the fa
that the QCD sum rules forS should reduce to those for th
nucleon by replacing thes quark with thed quark, which is
equivalent to settingms50 and f s51. This check is per-
formed throughout the work.

The chiral-odd sum rules coupling to spin-1/2 states at
structure 1 are

c1msL
28/9E2M61c2aE1M41c3m0

2aL214/27E0M2

1c4msbL28/9E0M21c5ab1c6mskva2

5l̃1/21
2 M1/21e2M

1/21
2

/M2
2l̃1/22

2 M1/22e2M
1/22
2

/M2
,

~31!

where the coefficients are given byN:

c150, c25
1

4
@722b25b2!], c352

3

4
~12b2!,

c450, c55
1

288
@19110b229b2#, c650, ~32!

by S:
4-6
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c15
1

4
~12b!2, c25

1

4
@~61 f s!22 f sb2~62 f s!b

2#,

c352
3

4
~12b2!, c452

1

32
~12b!2,

c55
1

288
@~2425 f s!110f sb2~2415 f s!b

2#,

c65
1

6
@~523 f s!12b1~513 f s!b

2#, ~33!

by J:

c15
3

2
~12b2!, c25

1

4
@~6 f s11!22b2~6 f s21!b2#,

c352
3 f s

4
~12b2!, c45

3

16
~12b2!,

c55
1

288
@~24f s25!110b2~24f s15!b2#,

c65
f s

2
@~32 f s!12b1~31 f s!b

2#, ~34!

by Lo :

c15
1

12
~1112b213b2!,

c25
1

12
@~10111f s!1~2812 f s!b2~2113f s!b

2#,

c35
1

4
@~2122 f s!1~112 f s!b

2#,

c45
1

96
~1322b211b2!,

c55
1

864
@~4153f s!1~40210f s!b2~44143f s!b

2#,

c65
1

18
@~1525 f s!1~614 f s!b1~151 f s!b

2#,

~35!

by Ls :

c15
1

6
~2112b2b2!,

c25
1

6
@~222 f s!1~412 f s!b2~21 f s!b

2!],

c350, c45
1

48
~122b1b2!,
01401
c55
1

432
@~1015 f s!2~20110f s!b1~1015 f s!b

2#,

c65
1

9
@~31 f s!2~612 f s!b1~31 f s!b

2#, ~36!

and byLc :

c15
1

4
~2112b2b2!,

c25
1

4
@~22 f s!12 f sb2~21 f s!b

2!],

c35
1

4
~211b2!, c45

1

32
~122b1b2!,

c55
1

288
@~815 f s!210f sb1~2815 f s!b

2#,

c65
1

6
@~32 f s!22b1~31 f s!b

2#. ~37!

Note that on the phenomenological side of the sum rules h
and below, we explicitly retain the two lowest states, o
having positive parity and one having negative parity, b
cause it is not knowna priori whether a sum rule is saturate
by a positive or negative state. Only one term is used in
analysis once it is determined that it is the dominant one

B. QCD sum rules: Mixed correlator

In this section we give the QCD sum rules as deriv
from the mixed correlator of the generalized spin-1/2 curr
h1/2,m5gmg5h1/2 and spin-3/2 currenth̄3/2,n . The phenom-
enological side of the correlation function can be written

Pmn~p!5
2l1/2a1/2

p22MB
2 H gmgnp̂6MBgmgn

7
4

MB
gmpnp̂12gmpnJ 1•••, ~38!

where the dots denote excited state contributions. The up
lower sign corresponds to positive/negative parity. There
four tensor structures from which four QCD sum rules can
constructed for each member. It turns out that the sum ru
from the structuresgmpnp̂ andgmpn are identical, leading to
three independent sum rule sets.

The chiral-even sum rules coupling to spin-1/2 states
for gmgnp̂:

c1msaL24/27E0M21c2kva2L20/27

1c3msm0
2aL218/271c4m0

2a2L2/9
1

M2

52l̃1/21ã1/21e2M
1/21
2

/M2
4-7



at

ile
the

r
een
lid

are

FRANK X. LEE AND XINYU LIU PHYSICAL REVIEW D 66, 014014 ~2002!
2l̃1/22ã1/22e2M
1/22
2

/M2
, ~39!

where the coefficients are given byN:

c150, c2522, c350, c45
1

36
@2723b#, ~40!

by S:

c152
32b

2
, c252

1

3
@3~11 f s!1~12 f s!b#,

c35
1

24
@~2112 f s!22~11b!t~M2!2~712 f s!b#,

c45
1

36
@~13114f s!23~2 f s21!b#, ~41!

by J:

c152
1

2
@3~2 f s11!1~2 f s21!b#,

c252
f s

3
@3~11 f s!1~ f s21!b#,

c35
1

24
@~7124f s!22~11b!~114 f s!t~M2!2~528 f s!b#,

c45
f s

36
@~14113f s!23~22 f s!b#, ~42!

by Lo :

c152
51b

6
, c252

1

9
@~115 f s!2~12 f s!b#,

c35
1

72
$@~1726t~M2!#1@526t~M2!#b%,

c45
1

108
@~5122f s!1~2512 f s!b#, ~43!

by Ls :

c152
211b

3
, c252

1

9
@2~12 f s!12~ f s21!b#,

c35
1

36
~2115b!, c45

1

54
@5~12 f s!15~211 f s!b#,

~44!

and byLc :

c152
11b

2
, c252

1

3
@~11 f s!1~211 f s!b#,
01401
c35
1

24
$@~522t~M2!#1@522t~M2!#b%,

c452
1

36
@~514 f s!1~2514 f s!b#. ~45!

An interesting feature of this chiral-even sum rule is th
there is only a relatively small term of the ordermsM

2 on the
OPE to model the continuum for the strange baryons, wh
no such term for the nucleon. One consequence is that
continuum contribution iszero for the nucleon and small fo
the strange baryons, suggesting a weak coupling betw
excited states and OPE. It makes it difficult to select a va
Borel region independently to fit the sum rule.

The chiral-odd sum rules coupling to spin-1/2 states
for gmgn :

c1msL
216/27E2M61c2aL8/27E1M4

1c3abL8/271c4mskva2L8/27

52l̃1/21ã1/21M1/21e2M
1/21
2

/M2

1l̃1/22ã1/22M1/22e2M
1/22
2

/M2
, ~46!

where the coefficients are given byN:

c150, c2521, c352
1

144
@319b#, c450,

~47!

by S:

c152
31b

4
, c252

1

6
@3~11 f s!2~12 f s!b#,

c352
1

144
@3 f s1~415 f s!b#, c452

f s

6
~32b!, ~48!

by J:

c152
32b

4
, c252

1

6
@3~11 f s!1~12 f s!b#,

c352
1

144
@31~514 f s!b#,

c452
f s

6
@3~21 f s!1~22 f s!b#, ~49!

by Lo :

c152
12b

12
, c252

1

18
@~51 f s!1~12 f s!b#,

c352
1

432
@~42 f s!1~81 f s!b#, c452

f s

18
~51b!,

~50!
4-8
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by Ls :

c152
12b

6
, c252

1

9
@~211 f s!1~12 f s!b#,

c352
1

216
@~12 f s!1~211 f s!b#, c452

f s

9
~211b!,

~51!

and byLc :

c152
12b

4
, c252

1

6
@~11 f s!1~12 f s!b#,

c352
1

144
@~22 f s!1~21 f s!b#, c452

f s

6
~11b!.

~52!

The chiral-odd sum rules coupling to spin-1/2 states
for gmpnp̂:

c1msL
216/27E1M41c2aL8/27E0M2

1c3m0
2aL22/91c4msbL216/27

1c5abL8/27
1

M2 1c6mskva2L8/27
1

M2

5
l̃1/21ã1/21

M1/21

e2M
1/21
2

/M2
2

l̃1/22ã1/22

M1/22

e2M
1/22
2

/M2
,

~53!

where the coefficients are given byN:

c150, c251, c352
1

8
~32b!, c450,

c552
1

48
@113b#, c650, ~54!

by S:

c15
31b

8
, c25

1

6
@3~11 f s!2~12 f s!b#,

c352
1

24
~514 f s23b!, c452

1

96
~113b!,

c552
1

144
@3 f s1~415 f s!b#, c652

f s

6
~32b!,

~55!

by J:

c15
32b

8
, c25

1

6
@3~11 f s!1~12 f s!b#,

c352
1

24
~415 f s23 f sb!, c45

1

96
~123b!,
01401
e

c552
1

144
@31~514 f s!b#,

c652
f s

6
@3~21 f s!1~22 f s!b#, ~56!

by Lo :

c15
12b

24
, c25

1

18
@~51 f s!1~12 f s!b#,

c352
1

72
@~712 f s!2~112 f s!b#, c45

1

288
~12b!,

c552
1

432
@~42 f s!1~81 f s!b#,

c652
f s

18
~51b!, ~57!

by Ls :

c15
12b

12
, c25

1

9
@~211 f s!1~12 f s!b#,

c352
1

18
@~211 f s!1~12 f s!b#, c45

1

144
~12b!,

c552
1

216
@~12 f s!1~211 f s!b#, c652

f s

9
~211b!,

~58!

and byLc :

c15
12b

8
, c25

1

6
@~11 f s!1~12 f s!b#,

c352
1

24
@~112 f s!1~122 f s!b#, c45

1

96
~12b!,

c552
1

144
@~22 f s!1~21 f s!b#, c652

f s

6
~11b!.

~59!

Comparing with existing calculations for the mixed co
relator, the coefficients in the nucleon channel in the ab
three sum rules agree with those in Ref.@10#. The coeffi-
cients in the strange baryon channels are new. This turns
to be a very favorable sum rule among the 11 sum rules
predicting the masses of spin-1/2 and positive-parity ba
ons.

C. QCD sum rules: Spin-3Õ2 correlator

In this section we give the QCD sum rules as deriv
from the correlator of spin-3/2 currentsh3/2,m andh̄3/2,n . The
phenomenological side of the correlation function can
written as
4-9
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Pmn~p!5l3/2
2 F2gmnp̂1

1

3
~gmpn1gnpm!1

2

3

pmpnp̂

M3/2
2

7M3/2gmn6
1

3
M3/2gmgn6

2

3

pmpn

M3/2
G

1a1/2
2 F24~gmpn1gnpm!1

16

M1/2
2

pmpnp̂

7M1/2gmgn7
8

M1/2
pmpnG1•••, ~60!

where the dots denote excited state contributions. The up
lower sign corresponds to positive/negative parity. The t
sor structures are chosen because they are orthogonal to
other. Six independent sum rules can be constructed from
correlator for each member: two for spin-3/2 states only, t
for spin-1/2 states only, and two for both.

The chiral-even sum rules coupling to spin-3/2 states
for gmnp̂:

c1L4/27E2M61c2bL4/27E0M2

1c3msaL4/27E0M21c4msm0
2aL210/27

1c5kva2L28/271c6m0
2a2L14/27

1

M2

52l̃3/22
2 e2M

3/22
2

/M2
2l̃3/21

2 e2M
3/21
2

/M2
, ~61!

where the coefficients are given byN:

c152
24

5
, c25

5

3
, c350, c450, c5516,

c652
28

3
, ~62!

by S:

c152
24

5
, c25

5

3
, c358~ f s14!,

c452
2

3
~11f s128!, c55

16

3
~4 f s21!,

c652
28

9
~4 f s21!, ~63!

by J:

c152
24

5
, c25

5

3
, c3532, c452

2

3
~5 f s128!,

c55
16

3
f s~42 f s!, c652

28

9
f s~42 f s!, ~64!

by Lo :
01401
er/
-
ach
he
o

re

c152
8

5
, c25

5

9
, c35

8

3
f s , c452

22

9
f s ,

c55
16

9
, c652

28

27
, ~65!

by Ls :

c152
8

5
, c25

5

9
, c35

8

3
f s , c452

20

9
f s ,

c55
32

9
, c652

56

27
, ~66!

and byLc :

c152
8

5
, c25

5

9
, c35

8

3
f s , c4522 f s ,

c55
16

3
, c652

28

9
. ~67!

In this sum rule, states with both positive- and negativ
parity contribute with the same sign, which means that
excited states contamination is large. Therefore it make
difficult to resolve which is the dominant contribution und
the single pole-plus-continuum model. One could retain b
terms~a two-pole plus continuum model!, but it increases the
total number of phenomenological parameters to five, wh
is too many for a sum rule to resolve. As a result, no pred
tions can be made from this sum rule.

The chiral-odd sum rules coupling to spin-3/2 states
for gmn :

c1msL
28/27E2M61c2aE1L16/27M41c3m0

2aL2/27E0M2

1c4msbL28/27E0M21c5abL16/271c6mskva2L16/27

5l̃3/22
2 M3/22e2M

3/22
2

/M2
2l̃3/21

2 M3/21e2M
3/21
2

/M2
, ~68!

where the coefficients are given byN:

c150, c2516, c3528, c450, c55
22

3
, c650,

~69!

by S:

c1526, c25
16

3
~42 f s!, c35

28

3
~42 f s!, c45

1

2
,

c55
22

9
~42 f s!, c65216, ~70!
4-10
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by J:

c1524, c25
16

3
~4 f s21!, c35

28

3
~4 f s21!,

c4522, c55
22

9
~4 f s21!, c65232f s ,

~71!

by Lo :

c152, c25
16

9
f s , c352

8

9
f s , c452

1

6
,

c552
2

27
f s , c652

16

3
, ~72!

by Ls :

c154, c25
32

9
f s , c352

16

9
f s , c452

1

3
,

c552
4

27
f s , c652

16

3
, ~73!

and byLc :

c156, c25
16

3
f s , c352

8

3
f s , c452

1

2
,

c552
2

9
f s , c652

16

3
. ~74!

In this sum rule, the leading terms (c1 , c2! on the LHS are
positive, which leads us to conclude that the sum rule
dominated by negative-parity states because they com
with a positive sign on the RHS while the positive-par
states have the opposite sign. The parity cancellation in
excited spectrum may lead to a clean extraction ofJP5 3

2
2

states from this sum rule.
The chiral-even sum rules coupling to spin-1/2 states

for gmpn1gnpm :

c1L4/27E2M61c2bL4/27E0M2

1c3msaL4/27E0M21c4msm0
2aL210/27

1c5kva2L28/271c6m0
2a2L14/27

1

M2

52ã1/21
2 e2M

1/21
2

/M2
2ã1/22

2 e2M
1/22
2

/M2
, ~75!

where the coefficients are given byN:

c15
3

10
, c252

5

24
, c350, c450, c5522,

c65
7

6
, ~76!
01401
is
in

e

re

by S:

c15
3

10
, c252

5

24
, c352~ f s14!, c45

~3 f s17!

3
,

c552
2~4 f s21!

3
, c65

7~4 f s21!

18
, ~77!

by J:

c15
3

10
, c252

5

24
, c3524, c45

~5 f s114!

6
,

c55
2 f s~ f s24!

3
, c652

7 f s~ f s24!

18
, ~78!

by Lo :

c15
1

10
, c252

5

72
, c352

1

3
f s , c45

1

3
f s ,

c552
2

9
, c65

7

54
, ~79!

by Ls :

c15
1

10
, c252

5

72
, c352

1

3
f s , c45

1

3
f s ,

c552
4

9
, c65

7

27
, ~80!

and byLc :

c15
1

10
, c252

5

72
, c352

1

3
f s , c45

1

3
f s ,

c552
2

3
, c65

7

18
. ~81!

Note that the RHS is always negative, but the leading te
(M6) on the LHS side is positive. This is an indication of
poor sum rule. In fact, no physical results have been
tracted from this sum rule.

The chiral-odd sum rules coupling to spin-1/2 states

for gmgn1 1
3 gmn :

c1aL16/27E1M41c2m0
2aL2/27E0M2

1c3msbL28/27E0M21c4abL16/271c5mskva2L16/27

52ã1/21
2 M1/21e2M

1/21
2

/M2
1ã1/22

2 M1/22e2M
1/22
2

/M2
,

~82!

where the coefficients are given byN:
4-11
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c15
1

3
, c252

2

3
, c350, c45

5

72
, c550, ~83!

by S:

c152
1

9
~ f s24!, c25

2

9
~ f s24!, c35

1

24
,

c452
5

216
~ f s24!, c552

4

3
~11 f s!, ~84!

by J:

c15
1

9
~4 f s21!, c252

2

9
~4 f s21!, c352

1

6
,

c45
5

216
~4 f s21!, c552

2

3
f s~312 f s!, ~85!

by Lo :

c15
1

27
f s , c252

2

27
f s , c352

1

72
, c45

5

648
f s ,

c552
4

9
, ~86!

by Ls :

c15
2

27
f s , c252

4

27
f s , c352

1

36
, c45

5

324
f s ,

c552
4

9
, ~87!

and byLc :

c15
1

9
f s , c252

2

9
f s , c352

1

24
, c45

5

216
f s ,

c552
4

9
. ~88!

The positive coefficient of the leading term suggests that
sum rule should be saturated by a negative-parity state. H
ever, in the observed spectrum the1

2
1 state is lower than the

1
2

2 state. Since here one does not have the freedom of v
ing the interpolating field to minimize the influence of th
positive-parity term, the positive-parity term must be r
tained in a sensible fit. This worsens its predictive abil
Without knowing the order of the two states, it is the natu
position to take to keep both terms.

The chiral-even sum rules coupling to both spin-3/2 a
spin-1/2 states are forpmpnp̂:
01401
is
w-

ry-

-
.
l

d

c1L4/27E1M41c2bL4/27

1c3msaL4/271c4msm0
2aL210/27

1

M2

5
2

3

l̃3/22
2

M3/22
2 e2M

3/22
2

/M2

1
2

3

l̃3/21
2

M3/21
2 e2M

3/21
2

/M2
116

ã1/21
2

M1/21
2 e2M

1/21
2

/M2

116
ã1/22

2

M1/22
2 e2M

1/22
2

/M2
, ~89!

where the coefficients are given byN:

c15
12

5
, c25

1

3
, c350, c450, ~90!

by S:

c15
12

5
, c25

1

3
, c3528 f s , c45

4

3
f s , ~91!

by J:

c15
12

5
, c25

1

3
, c35216f s , c45

20

3
f s , ~92!

by Lo :

c15
4

5
, c25

1

9
, c352

8

3
f s , c45

4

9
f s , ~93!

by Ls :

c15
4

5
, c25

1

9
, c352

8

3
f s , c45

8

9
f s , ~94!

and byLc :

c15
4

5
, c25

1

9
, c352

8

3
f s , c45

4

3
f s . ~95!

The chiral-odd sum rules coupling to both spin-3/2 and sp
1/2 states are forpmpn :

c1msL
28/27E1M41c2aL16/27E0M2

1c3m0
2aL2/271c4msbL28/27

1c5abL16/27
1

M21c6mskva2L16/27
1

M2

52
2

3

l̃3/22
2

M3/22
2 e2M

3/22
2

/M2
4-12
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1
2

3

l̃3/21
2

M3/21
2 e2M

3/21
2

/M2
28

ã1/21
2

M1/21
2 e2M

1/21
2

/M2

18
ã1/22

2

M1/22
2 e2M

1/22
2

/M2
, ~96!

where the coefficients are given byN:

c150, c2528, c358, c450, c5521, c650,
~97!

by S:

c152, c25
8

3
~ f s24!, c352

8

3
~ f s24!, c45

1

6
,

c55
1

3
~ f s24!, c65

32

3
f s , ~98!

by J:

c1528, c252
8

3
~4 f s21!, c35

8

3
~4 f s21!,

c452
2

3
, c552

1

3
~4 f s21!, c65

16

3
f s~2 f s21!,

~99!

by Lo :

c152
2

3
, c252

8

9
f s , c35

8

9
f s , c452

1

18
,

c552
1

9
f s , c650, ~100!

by Ls :

c152
4

3
, c252

16

9
f s , c35

16

9
f s , c452

1

9
,

c552
2

9
f s , c650, ~101!

and byLc :

c1522, c252
8

3
f s , c35

8

3
f s , c452

1

6
,

c552
1

3
f s , c650. ~102!

Note that we explicitly keep the four lowest state
3/21,3/22,1/21,1/22. That too many unknown param
eters are present in the two sum rules makes it impossib
isolate the different states in a straightforward Monte Ca
01401
:

to
o

analysis. Their usefulness only lies in serving as a con
tency check using the parameters extracted from the o
sum rules.

III. ANALYSIS

To extract physics information from the sum rules, w
employ a Monte Carlo–based analysis procedure first in
duced in@10#. The basic steps of the procedure are as f
lows. Given the uncertainties in the QCD input paramete
randomly selected, Gaussianly distributed sets are gener
from which an uncertainty distribution in the OPE can
constructed. Then ax2 minimization is applied to the sum
rule by adjusting the phenomenological fit parameters. T
is done for each QCD parameter set, resulting in distri
tions for phenomenological fit parameters, from which err
are derived. Usually, 100 such configurations are suffici
for getting stable results. We generally select 500 or m
sets which help resolve more subtle correlations among
QCD parameters and the phenomenological fit parame
One distinctive advantage of the method is that the en
phase space of the input QCD parameters is explored sim
taneously, leading to more realistic uncertainty estimates
the phenomenological parameters.

In addition, the Borel window over which the two sides
a sum rule are matched is determined by the following t
criteria: ~a! OPE convergence—the highest-dimension
operators contribute no more than 10% to the QCD side;~b!
ground-state dominance—excited state contributions shoul
not exceed more than 50% of the phenomenological s
The former effectively establishes a lower limit, the latter
upper limit. Those sum rules which do not have a valid Bo
window under these criteria are considered unreliable. T
emphasis here is on exploring the QCD parameter space
Monte Carlo calculations. The 10%–50% criteria are a r
sonable choice that provide a basis for quantitative analy
Reasonable alternatives to the criteria are automatically
plored in the Monte Carlo analysis, as the condensate va
and the continuum threshold would change in each sam

The QCD input parameters and their uncertainty assi
ments are given as follows. The quark condensate in stan
notation is taken asa50.5260.05 GeV3, corresponding to
a central value of̂ ūu&52(236)3 MeV3. For the gluon
condensate, early estimates from charmonium@1# place it at
b50.4760.2 GeV4, a value commonly used in QCD sum
rule analysis. But more recent investigations support m
larger values@12–15#. Here we adoptb51.260.6 GeV4

with 50% uncertainty. The mixed condensate paramete
placed atm0

250.7260.08 GeV2. For the four-quark conden
sate, there are claims of significant violation of the factoriz
tion hypothesis@12–14#. Here we usekv5261 and 1<kv
<4. The QCD scale parameter is restricted toLQCD50.15
60.04 GeV. We find variations ofLQCD have little effects
on the results. The strange quark mass is taken asms50.15
60.02 GeV. The value off s has been determined in@2,6#
and is given byf s50.8360.05 after converting to our nota
tion by g5 f s21. These uncertainties are assigned conse
tively and in accordance with the state-of-the-art in the
erature. While some may argue that some values are b
4-13
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TABLE I. Predictions from the three-parameter search of the chiral-odd sum rules Eq.~31!, at the structure 1 from the spin-1/2 correlato
The Borel regions determined by OPE convergence and pole dominance are also given. Experimental masses are taken from@17#.

Region w l̃1/2
2 Mass Expt.

Sum rule ~GeV! ~GeV! (GeV6) ~GeV! ~GeV!

N1/21 (b520.8) 0.75 to 0.91 1.246.16 0.706.26 1.026.11 0.938
S1/22 (b526) 1.00 to 1.37 1.966.57 87.2653.2 1.546.34 1.620
J1/22 (b526) 1.08 to 1.22 2.036.68 109.6684.3 1.556.38 1.69~?!

Lo(1/2)2 (b526) 1.08 to 1.12 1.726.46 60.3644.4 1.386.32 1.670
Ls(1/2)2 (b526) 1.18 to 1.24 1.786.20 41.2616.3 1.436.13 1.405
Lc(1/2)2 (b526) 1.10 to 1.25 1.806.23 49.2622.5 1.466.14 1.405
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known, others may find that the errors are underestimated
any event, one will learn how the uncertainties in the QC
parameters are mapped into uncertainties in the phenom
logical fit parameters.

Before going into the numerical analysis of the sum rul
a general discussion of the reliability of QCD sum rules is
order. It has been argued that chirality plays an import
role in determining the reliability of baryon QCD sum rule
@16#. One reason is that the contributions of positive- a
negative-parity excited states partially cancel each othe
the chiral-odd sum rules and add up in the chiral-even s
rules. An inspection of the 11 sum rules in this work inde
exhibits this feature. In the six chiral-odd sum rules, Eq.~31!
from the spin-1/2 correlator, Eq.~46! and Eq.~53! from the
mixed correlator, and Eq.~68!, Eq. ~82!, and Eq.~96! from
the spin-3/2 correlator, the positive- and negative-pa
states have the opposite sign, whereas in the chiral-even
rules, they have the same sign. As a result, the continu
contamination is much smaller in the chiral-odd sum ru
than in the chiral-even ones. In addition, the chiral-even s
rules suffer from other relatively large uncertainties, aris
from large perturbative corrections in the OPE, the factori
tion assumption of chiral-even condensates, and the ons
nonfactorizable condensates in relatively low dimensions@9#.
So it is expected that the chiral-odd sum rules are gener
more reliable than the chiral-even sum rules before a num
cal analysis.

A. Predictive power: Three parameter search

A three-parameter search means treating all three p
nomenological parameters~continuum thresholdw, coupling
l2 and baryon massMB) as free parameters simultaneous
Since the QCD input parameter space is also explored sim
taneously by the Monte Carlo approach, a successful th
parameter search provides the best demonstration th
QCD sum rule has predictive power.

We performed a sweeping analysis of all the 11 sum ru
for each baryon member. As expected, we found that
chiral-odd sum rules perform better than the chiral-even s
rules. Only three sum rules, all chiral-odd, allow a thre
parameter search. The results are discussed below.

The first is Eq.~31! from the spin-1/2 correlator. Tradi
tionally, it is a controversial sum rule regarding its perfo
mance. For a long time, its partner, the chiral-even Eq.~24!,
was identified as the better sum rule with the value ofb
01401
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taken as21. It was proven otherwise in the Monte Car
analysis of@10#. Moreover, for the chiral-odd sum rule, th
optimal mixing for the nucleon was determined to beb5
20.8 rather than21. This result for the nucleon is repro
duced in this work. On the other hand, in our analysis of
S, J, andL states, we could not find a solution when w
assume the sum rule is saturated by a positive-parity s
while tuning b in a wide range. Instead we found that th
3-parameter search is successful when we assume the
rule is dominated by a negative-parity state forb.22. The
results for b526 are given in Table I. The masses an
thresholds are quite robust, insensitive to variations inb in
the range of22 to 220. The only thing that changes withb
is the couplingl2 as it should beb dependent. So we con
clude that this sum rule predicts a positive-parity state in
non-strange channel withb520.8, but the same sum rul
predicts negative-parity states in the strange channels w
large negative value ofb which means a large negative com
ponent ofx2 in the interpolating field in Eq.~2!. The uncer-
tainties were derived from 500 sets of QCD parameters b
Monte Carlo calculation. The predictions compare favora
with experiments. In the case ofJ1/22 , the QCD sum rule
predicts a mass of about 1.60 GeV. The Particle Data Gr
@17# lists two 3-starJ states with unknown spin-parity, 169
MeV and 1950 MeV. Our prediction favors the lower on
The three Lambda types give roughly the same mas
within uncertainties.

The above is an example of how a sum resolves the pa
of a state. Recall that a baryon interpolating field couples
both positive- and negative-parity states. That is why t
terms on the phenomenological side are explicitly kept, o
of each parity. But keeping two terms increases the num
of phenomenological parameters from 3 to 5, which is t
many in practice. Rarely a QCD sum rule has enough in
mation to yield a successful 5-parameter search. So the s
dard practice is to use a single pole plus continuum mo
with 3 parameters to maintain a reasonable level of pre
tive power. But which of the two terms dominates a QC
sum rule depends on the interpolating field. Tuningb
changes the makeup of the interpolating field, and there
alters the coupling strength to the states. The advantag
having an adjustable interpolating field is that one could v
it to have maximal coupling to a state of definite parity. As
consistency check, we kept both terms and search the
plings l̃1/21

2 , l̃1/22
2 , and thresholdw simultaneously by set-
4-14
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TABLE II. Predictions from the 3-parameter search of the chiral-odd sum rules, Eq.~53!, at the tensor structuregmpnp̂ from the mixed
correlator.

Region w l̃1/2ã1/2
Mass Expt.

Sum rule ~GeV! ~GeV! (GeV6) ~GeV! ~GeV!

N(1/2)1(b511.0) 1.06 to 1.46 1.316.22 1.136.53 1.066.11 0.938
S1/21(b511.0) 1.12 to 1.53 1.486.23 1.6260.68 1.166.12 1.193
J1/21(b511.0) 1.35 to 1.80 1.696.27 2.6161.20 1.326.14 1.318
Lo(1/2)1(b511.0) 1.27 to 1.74 1.536.24 0.6660.28 1.236.12 1.116
Lc(1/2)1(b511.0) 1.28 to 1.72 1.536.24 0.6660.28 1.236.12 1.116
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ting the masses forN1/21 andN1/22 at the experimental val
ues. The result is that the couplingl̃1/21

2 comes out severa

orders of magnitude greater thanl̃1/22
2 , showing that the sum

rule is indeed dominated by theN1/21 state. The same chec
shows that for the strange baryons, the negative-parity st
dominate.

The next chiral-odd sum rule that permits a 3-parame
search is Eq.~53! at the tensor structuregmpnp̂ from the
mixed correlator. The results are shown in Table II. This
probably the best sum rule in predicting theJP5(1/2)1

states. The Borel windows are relatively wide. The predic
masses are reasonably close to the experimental values
the results are stable, and insensitive to the value ofb as
long asb.0. The sum rules forLo(1/2)1 and Lc(1/2)1 give
nearly identical results and the masses slightly overestim
the experimental numbers. We could not find a solution
the singletLs(1/2)1 . The uncertainty on the masses from t
Monte Carlo analysis is on the order of 100 MeV.

The other chiral-odd sum rule from the mixed correlat
Eq. ~46!, at the gmgn structure did not allow a three
parameter search under the established fitting policy.
analysis showed that the continuum contributions in th
sum rules are relatively large~over 50% contribution!, thus
no valid Borel windows exist. However, if we relax the pol
dominance criterion and allow continuum contributions
exceed 50%, we could obtain reasonable and stable th
parameter search results forJP51/21. The results will not
be shown because of this compromise.

Next we examine the chiral-odd sum rule of Eq.~68! at
the structuregmn from the spin-3/2 correlator, which couple
01401
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only to spin-3/2 baryon states. It allows a three-parame
search and is saturated byJP5 3

2
2 states. One feature here

that there is no tunable parameter in the spin-3/2 correla
which leaves the Monte Carlo analysis quite straightforwa
The results are given in Table III. If we explore the cont
bution from each term of the OPE, we can easily see
comparingS andJ that the prominent difference is on th
leading term, which originates from flavor-symmetry brea
ing via the strange quark massms . For S, this term acts to
decrease the mass ofS3/22 , while for J3/22 it acts to in-
crease its mass.

B. Predictive power: Multiple sum rule search

Besides the three-parameter search for a single sum
we made further efforts to explore the predictive ability
the QCD sum rules. One possibility that is afforded by t
Monte Carlo method is to perform a simultaneous search
multiple sum rules, each having an independent Borel w
dow and continuum threshold. The benefit is that more inf
mation is introduced on the OPE side and at the same t
the number of parameters that are shared across the mu
sum rules is reduced. This may lead to increased stability
smaller errors in the output. In principle, it should be do
with those sum rules that come from the same correlator.
only successful multiple sum rule search is from the s
rules of Eq.~46! and Eq.~53! from the mixed correlator, as
shown in Table IV. It is essentially a 5-parameter, 2-sum-r
search for theJP5 1

2
1 states. The results improve upon tho

in Table II. In the case of flavor singletL, it predicts a mass
of around 2.6 GeV. So QCD sum rules predict the corr
ordering of flavor-singlet lambda with a12

2 state of 1.405
GeV and a1

2
1 state of much higher mass. This relative
TABLE III. Predictions from the 3-parameter search of the chiral-odd sum rules, Eq.~68!, at the structuregmn from the spin-3/2
correlator.

Region w l̃3/2
2 Mass Expt.

Sum rule ~GeV! ~GeV! (GeV6) ~GeV! ~GeV!

N3/22 0.95 to 1.17 1.656.24 27.6611.8 1.446.13 1.520
S (3/2)2 1.29 to 1.36 1.916.25 46.6620.1 1.696.14 1.580
J (3/2)2 1.30 to 1.39 2.196.27 84.8642.9 1.846.16 1.820
Lo(3/2)2 1.48 to 1.55 2.366.35 12.767.4 2.006.21 1.690
Ls(3/2)2 1.30 to 1.39 2.126.28 16.868.7 1.806.16 1.690
Lc(3/2)2 1.22 to 1.32 2.016.25 19.869.3 1.716.15 1.520
4-15



FRANK X. LEE AND XINYU LIU PHYSICAL REVIEW D 66, 014014 ~2002!
TABLE IV. Results from a five-parameter, simultaneous search of the two chiral-odd sum rules of Eq.~46! at the structuregmgn ~labeled

as 1! and of Eq.~53! at the structuregmpnp̂ ~labeled as 2! from the mixed correlator.

Region 1 w 1 Region 2 w 2 l̃1/21ã1/21
Mass Expt.

Sum rule ~GeV! ~GeV! ~GeV! ~GeV! (GeV6) ~GeV! ~GeV!

N1/21 (b50) 0.69 to 1.12 1.446.15 0.80 to 1.52 1.356.16 1.076.25 1.026.07 0.938
S1/21 (b521) 0.75 to 1.24 1.676.25 0.88 to 1.68 1.586.25 1.726.66 1.176.11 1.193
J1/21 (b521) 0.97 to 1.34 1.896.32 1.10 to 1.81 1.806.30 2.7061.23 1.326.14 1.318
Lo(1/2)1 (b521) 0.74 to 1.24 1.676.25 0.88 to 1.66 1.586.25 0.576.22 1.176.11 1.116
Ls(1/2)1 (b521) 1.41 to 1.98 3.466.28 1.64 to 2.45 3.556.39 1.716.72 2.656.21 ?
Lc(1/2)1 (b521) 0.80 to 1.06 1.536.45 0.86 to 1.21 1.276.08 0.386.05 1.096.03 1.116
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high value for theJP5 1
2

1 flavor-singlet lambda is yet to b
identified by experiment. The octetL and the commonL
interpolating fields produce comparable results.

C. Two-parameter search results

In the absence of a three-parameter search, the altern
is to perform a two-parameter search by fixing one of
parameters to a certain value. In our analysis we use
following procedure. We start by fixing the baryon mass
the experimental value and search for the continuum thre
old and coupling simultaneously. Then we fix the continuu
threshold to the returned value and search for the mass
the coupling. To make sure of the consistency of the ab
two searches, a third search for the threshold and the ma
conducted by fixing the coupling to the returned value. F
ting results of the three parameters are accepted if the a
three searches yield consistent results. In the absence of
consistency, we reduce to giving results from just fixing t
continuum threshold and searching for the mass and the
pling, which is conventionally done.

Results from such two-parameter searches should
treated with caution because they are not truly predicted
the sense established earlier. It is no secret that for most
rules it is possible to produce the desired mass by fixing
continuum threshold to a favorable value and adjusting
Borel window accordingly. In such cases, it is possible t
the continuum contribution is too large, and the sum rule
analyzed deep in the perturbative regime, away from
crossover region between perturbative and non-perturba
where the QCD sum rule is based.

As an example, we turn our attention to the chiral-ev
sum rule of Eq.~24! at the p̂ structure from the spin-1/2
correlator. This sum rule has been traditionally identified
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the more reliable of the two sum rules from the spin-1
correlator. However, it was shown by Leinweber@10# that a
native three-parameter search with the conventional valu
b521 gives a prediction of the nucleon mass around 4
MeV, which is very different from the observed value. Clos
examination revealed that the sum rule suffers from la
uncertainties in the OPE and a lack of a valid Borel windo
so a three-parameter search is unstable. However, we fo
that a two-parameter search could produce sensible re
for this sum rule, as shown in Table V. We set the beta va
to the traditional value ofb521. The results compare fa
vorably with experiments. Again it favors a high value
around 2.6 GeV for theJP51/21, flavor singletL. No so-
lution could be found for the commonL.

Another sum rule that can produce sensible tw
parameter search results is the chiral-odd sum rule of
~46! at the structuregmgn , as shown in Table VI. The result
have broad agreement with those in Table V. The fits
very stable and have smaller than usual uncertainties in
parameters.

The chiral-even sum rule of Eq.~75! at the structure
gmpn1gnpm and the chiral-odd sum rule of Eq.~82! at the
structuregmgn1 1

3 gmn in the spin-3/2 correlator couple onl
to J561/2 baryon states. Numerical analysis confirms t
the chiral-even one is a poor sum rule with nothing p
duced. The chiral-odd one is dominated by both positi
parity and negative-parity states. The Monte Carlo fit is u
able to be performed without the positive-parity term. W
tested this by fitting the couplingsã1/21

2 , ã1/22
2 , and threshold

w simultaneously and fixing the masses ofB1/21 andB1/22 at
experimental values. The two coupling constants came
very close to each other, which means the positive- a
negative-parity states are equally important in this sum ru
TABLE V. Two-parameter search results from the chiral-even sum rules of Eq.~24! at the structurep̂ from the spin-1/2 correlator.

Region w l̃1/2
2 Mass Expt.

Sum rule ~GeV! ~GeV! (GeV6) ~GeV! ~GeV!

N1/21 (b521) 0.77 to 1.28 1.886.17 1.976.18 0.906.10 0.938
S1/21 (b521) 0.79 to 1.40 2.146.10 3.456.25 1.156.17 1.193
J (1/2)1 (b521) 0.74 to 1.43 2.276.15 4.506.94 1.216.11 1.318
Lo(1/2)1 (b521) 0.73 to 1.35 2.076.16 2.766.16 1.086.09 1.116
Ls(1/2)1 (b521) 1.19 to 1.98 3.166.33 51.5619.0 2.646.16
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TABLE VI. Two-parameter search results from the chiral-odd sum rules of Eq.~46! at the structuregmgn from the mixed correlator.

Region w l̃1/2ã1/2
Mass Expt.

Sum rule ~GeV! ~GeV! (GeV6) ~GeV! ~GeV!

N1/21 (b50) 0.68 to 1.03 1.316.03 0.816.90 0.946.02 0.938
S1/21 (b521) 0.756 to 1.28 1.726.07 1.816.30 1.186.04 1.193
J1/21 (b521) 0.976 to 1.36 1.886.06 2.556.42 1.316.03 1.318
Lo(1/2)1 (b521) 0.75 to 1.19 1.606.08 0.496.09 1.116.04 1.116
Ls(1/2)1 (b521) 1.42 to 1.96 3.306.39 1.386.67 2.676.19
Lc(1/2)1 (b521) 0.80 to 1.03 1.456.05 0.346.05 1.126.02 1.116
at
e
g
lt

le
u
s
h

er
t

w

C
n

s
ee
r

he

n
n-
ha
n

giv
ne

ve

to
o

to
.
ro
h

the
ed
the
ure,
cer-
ith

al-
u-
la-
ion.

the
ith
,
in
that
the
but
rule

ith
on.
cer-
n

r

red
er-

he
he

er
in-
lo

in
of
We could obtain reasonable results for negative-parity st
by fixing the positive-parity masses at their observed valu
But the continuum contributions were found to be too lar
in the fits. Therefore we decided not to include the resu
here.

The last two sum rules of Eq.~89! and Eq.~96! involve a
mixture of 3

2
2 and 1

2
6 states, which makes them not suitab

for a Monte Carlo search in their own right due to the n
merous unknown parameters. Their utility lies in serving a
consistency check of the other sum rules. For example, w
we fixed the parameters of the12

6 states in the chiral-odd
sum rule of Eq.~96! to the values determined from the oth
sum rules, and searched for the continuum threshold and
3
2

2 parameters, we obtained results that are consistent
those in Table III.

IV. SUMMARY AND CONCLUSION

We have performed a comprehensive study of all 11 Q
sum rules using general interpolating fields for spin-1/2 a
spin-3/2 baryon states. They are derived from three type
correlation functions: two from the spin-1/2 correlator, thr
from the mixed correlator, and six from the spin-3/2 co
relator. In terms of the chirality of the QCD operators in t
sum rules, the breakdown is that 1121356 are chiral odd
~which contain dimension-odd QCD condensates only!, and
1111355 are chiral even~which contain dimension-eve
QCD condensates only!. Our results lend support to the ge
eral statement that chiral-odd sum rules are better t
chiral-even sum rules as far as baryon two-point functio
are concerned@16#.

The sum rules contain information on the masses ofN, S,
J and L states with spin-parityJP5 1

2
6 and JP5 3

2
6. A

Monte Carlo–based method is used to assess whether a
QCD sum rule has good predictive ability which we defi
as allowing a three-parameter search in ax2 minimization.
We found that 3 sum rules, all chiral odd, Eq.~31! from the
spin-1/2 correlator, Eq.~53! from the mixed correlator, and
Eq. ~68! from the spin-3/2 correlator, have good predicti
ability. They give predictions for the12

2 states in Table I, for
the 1

2
1 states in Table II, and for the32

2 states in Table III.
Furthermore, the Monte Carlo method affords the ability
fit multiple sum rules at the same time. A multiple search
the two chiral-odd sum rules from the mixed correla
yields even better results for1

2
1 states as given in Table IV

The chiral-odd sum rules from the mixed operator p
duce sum rules that have better OPE convergence whic
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turn lead to robust predictions. The results bode well for
use of mixed correlators in future studies. We also perform
conventional, two-parameter searches by fixing one of
parameters. We can reproduce the results in the literat
and obtain sensible new results. But such results have a
tain bias built-in from the start and should be taken w
caution.

The predictions compare favorably with the observed v
ues, with an uncertainty on the order of 100 MeV. The co
plings come as by-products which are useful in the calcu
tion of matrix elements because they enter as normalizat
In the case of flavor singletL with 1

2
1, the QCD sum rule

approach predicts a high value of around 2.6 GeV. In
case ofJ, the QCD sum rule approach favors the state w
1690 MeV as having12

1, over the heavier state of 1950 MeV
both of which have an unknown spin-parity assignment
the particle data table. Taken together, the results show
the QCD sum rule approach has predictive power for
masses of the excited baryons considered in this work,
that such predictive power must be examined on a sum
by sum rule basis with rigorous analysis.

One drawback in the current approach is that states w
both parities contribute in the same sum rule for a bary
Although sometimes one can saturate a sum rule with a
tain parity, by using a general interpolating field with a
adjustable parameter~like b), it is not always feasible. Fo
example, no information could be extracted for the1

2
1 states

because no sum rules from the interpolating fields conside
in this work are dominated by them. It is desirable to p
form a parity separation, as proposed in Ref.@18#, which can
be achieved by replacing the time-ordering operatorT in the
correlation function in Eq.~1! with x0.0, and constructing
sum rules in the complexp0 space in the rest frame (pW
50). Work that applies the parity projection method to t
sum rules in this work and that analyzes them with t
Monte Carlo procedure will be reported elsewhere@19#.
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APPENDIX: MASTER FORMULAS USED
IN THE DERIVATIONS

In this appendix we collect the master formulas used
the derivation of the QCD sum rules. They are functions
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the quark propagators, obtained by contracting out pairs of time-ordered quark-field operators in the two-point co
function in Eq.~1!. The same master formulas are used in lattice QCD calculations where the fully interacting quark
gators are generated numerically by Monte Carlo calculation, instead of the analytical ones used here as in Eq.~22!.

1. Spin-1Õ2 correlators

Using the spin-1/2 interpolating field of Eq.~2! for the nucleon~with uud quark content!, we find

^VuT$h1/2
N ~x!h̄1/2

N ~0!uV&524eabcea8b8c8$1Su
aa8g5CSd

cc8TCg5Su
bb81Su

aa8Tr~CSd
cc8TCg5Su

bb8g5!

1bg5Su
aa8g5CSd

cc8TCSu
bb81bg5Su

aa8Tr~CSu
cc8TCSd

bb8g5!1bSu
aa8CSd

cc8TCg5Su
bb8g5

1bSu
aa8g5Tr~CSu

cc8TCg5Sd
bb8!1b2g5Su

aa8CSd
cc8TCSu

bb8g51b2g5Su
aa8g5Tr~CSd

cc8TCSu
bb8!%.

~A1!

The master formula forS ~with uusquark content! can be readily obtained by replacing thed quark with ans quark. Similarly,
the master formula forJ ~with ssuquark content! can be obtained by a two-step replacement in Eq.~A1!: u replaced withs,
followed by d with u. The master formulas from the threeL ~with uds quark content! interpolating fields have more
complicated expressions; for the octetL:

^VuT$h1/2
Lo~x!h̄1/2

Lo~0!%uV&52
2

3
eabcea8b8c8$12Ss

aa8g5CSu
cc8TCg5Sd

bb812Ss
aa8g5CSd

cc8TCg5Su
bb8

14Ss
aa8Tr~CSu

cc8TCg5Sd
bb8g5!12Sd

aa8g5CSu
cc8TCg5Ss

bb82Sd
aa8g5CSs

cc8TCg5Su
bb8

1Sd
aa8Tr~CSs

cc8TCg5Su
bb8g5!12Su

aa8g5CSd
cc8TCg5Ss

bb82Su
aa8g5CSs

cc8TCg5Sd
bb8

1Su
aa8Tr~CSs

cc8TCg5Sd
bb8g5!12bSs

aa8CSu
cc8TCg5Sd

bb8g512bSs
aa8CSd

cc8TCg5Su
bb8g5

14bSs
aa8g5Tr~CSd

cc8TCg5Su
bb8!12bSd

aa8CSu
cc8TCg5Ss

bb8g52bSd
aa8CSs

cc8TCg5Su
bb8g5

1bSd
aa8g5Tr~CSs

cc8TCg5Su
bb8!12bSu

aa8CSd
cc8TCg5Ss

bb8g52bSu
aa8CSs

cc8TCg5Sd
bb8g5

1bSu
aa8g5Tr~CSs

cc8TCg5Sd
bb8!12bg5Ss

aa8g5CSu
cc8TCSd

bb812bg5Ss
aa8g5CSd

cc8TCSu
bb8

14bg5Ss
aa8Tr~CSd

cc8TCSu
bb8g5!12bg5Sd

aa8g5CSu
cc8TCSs

bb82bg5Sd
aa8g5CSs

cc8TCSu
bb8

1bg5Sd
aa8Tr~CSs

cc8TCSu
bb8g5!12bg5Su

aa8g5CSd
cc8TCSs

bb82bg5Su
aa8g5CSs

cc8TCSd
bb8

1bg5Su
aa8Tr~CSs

cc8TCSd
bb8g5!12b2g5Ss

aa8CSu
cc8TCSd

bb8g512b2g5Ss
aa8CSd

cc8TCSu
bb8g5

14b2g5Ss
aa8g5Tr~CSu

cc8TCSd
bb8!12b2g5Sd

aa8CSu
cc8TCSs

bb8g52b2g5Sd
aa8CSs

cc8TCSu
bb8g5

1b2g5Sd
aa8g5Tr~CSs

cc8TCSu
bb8!12b2g5Su

aa8CSd
cc8TCSs

bb8g52b2g5Su
aa8CSs

cc8TCSd
bb8g5

1b2g5Su
aa8g5Tr~CSs

cc8TCSd
bb8!%, ~A2!

for the singletL:
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^VuT$h1/2
Ls~x!h̄1/2

Ls~0!%uV&52
4

3
eabcea8b8c8$2Ss

aa8g5CSu
cc8TCg5Sd

bb82Ss
aa8g5CSd

cc8TCg5Su
bb8

1Ss
aa8Tr~CSd

cc8TCg5Su
bb8g5!2Sd

aa8g5CSu
cc8TCg5Ss

bb82Sd
aa8g5CSs

cc8TCg5Su
bb8

1Sd
aa8Tr~CSs

cc8TCg5Su
bb8g5!2Su

aa8g5CSd
cc8TCg5Ss

bb82Su
aa8g5CSs

cc8TCg5Sd
bb8

1Su
aa8Tr~CSs

cc8TCg5Sd
bb8g5!2bSs

aa8CSu
cc8TCg5Sd

bb8g52bSs
aa8CSd

cc8TCg5Su
bb8g5

1bSs
aa8g5Tr~CSd

cc8TCg5Su
bb8!2bSd

aa8CSu
cc8TCg5Ss

bb8g52bSd
aa8CSs

cc8TCg5Su
bb8g5

1bSd
aa8g5Tr~CSs

cc8TCg5Su
bb8!2bSu

aa8CSd
cc8TCg5Ss

bb8g52bSu
aa8CSs

cc8TCg5Sd
bb8g5

1bSu
aa8g5Tr~CSs

cc8TCg5Sd
bb8!2bg5Ss

aa8g5CSu
cc8TCSd

bb82bg5Ss
aa8g5CSd

cc8TCSu
bb8

1bg5Ss
aa8Tr~CSd

cc8TCSu
bb8g5!2bg5Sd

aa8g5CSu
cc8TCSs

bb82bg5Sd
aa8g5CSs

cc8TCSu
bb8

1bg5Sd
aa8Tr~CSs

cc8TCSu
bb8g5!2bg5Su

aa8g5CSd
cc8TCSs

bb82bg5Su
aa8g5CSs

cc8TCSd
bb8

1bg5Su
aa8Tr~CSs

cc8TCSd
bb8g5!2b2g5Ss

aa8CSu
cc8TCSd

bb8g52b2g5Ss
aa8CSd

cc8TCSu
bb8g5

1b2g5Ss
aa8g5Tr~CSd

cc8TCSu
bb8!2b2g5Sd

aa8CSu
cc8TCSs

bb8g52b2g5Sd
aa8CSs

cc8TCSu
bb8g5

1b2g5Sd
aa8g5Tr~CSs

cc8TCSu
bb8!2b2g5Su

aa8CSd
cc8TCSs

bb8g52b2g5Su
aa8CSs

cc8TCSd
bb8g5

1b2g5Su
aa8g5Tr~CSs

cc8TCSd
bb8!%, ~A3!

and for the commonL:

^VuT$h1/2
Lc~x!h̄1/2

Lc~0!%uV&522eabcea8b8c8$2Sd
aa8g5CSs

cc8TCg5Su
bb81Sd

aa8Tr~CSs
cc8TCg5Su

bb8g5!2Su
aa8g5CSs

cc8TCg5Sd
bb8

1Su
aa8Tr~CSs

cc8TCg5Sd
bb8g5!2bSd

aa8CSs
cc8TCg5Su

bb8g51bSd
aa8g5Tr~CSs

cc8TCg5Su
bb8!

2bSu
aa8CSs

cc8TCg5Sd
bb8g51bSu

aa8g5Tr~CSs
cc8TCg5Sd

bb8!2bg5Sd
aa8g5CSs

cc8TCSu
bb8

1bg5Sd
aa8Tr~CSs

cc8TCSu
bb8g5!2bg5Su

aa8g5CSs
cc8TCSd

bb81bg5Su
aa8Tr~CSs

cc8TCSd
bb8g5!

2b2g5Sd
aa8CSs

cc8TCSu
bb8g51b2g5Sd

aa8g5Tr~CSs
cc8TCSu

bb8!2b2g5Su
aa8CSs

cc8TCSd
bb8g5

1b2g5Su
aa8g5Tr~CSs

cc8TCSd
bb8!%. ~A4!

2. Mixed correlators

The mixed correlators come from the generalized spin-1/2 currenth1/2,m5gmg5h1/2 with h1/2 as given in Eq.~2!, and the
spin-3/2 currenth̄3/2,n as given in Eq.~10!. For the nucleon, the master formula is given by

^VuT$hm,1/2
N ~x!h̄n,3/2

N ~0!%uV&522eabcea8b8c8$22gmg5Su
aa8srlCSu

cc8TCg5Sd
bb8gnsrl2gmg5Su

aa8srlCSd
cc8TCg5Su

bb8gnsrl

1gmg5Su
aa8gnsrlTr~g5Sd

bb8srlCSu
cc8TC!22bgmSu

aa8srlCSu
cc8TCSd

bb8gnsrl

2bgmSu
aa8srlCSd

cc8TCSu
bb8gnsrl1bgmSu

aa8gnsrlTr~Sd
bb8srlCSu

cc8TC!%. ~A5!

The master formulas forS andJ are obtained in the same way as the spin-1/2 case described in the previous section.
octetL, we have

^VuT$hm,1/2
Lo ~x!h̄n,3/2

Lo ~0!%uV&5 1
3 eabcea8b8c8$12gmg5Ss

aa8srlCSu
cc8TCg5Sd

bb8gnsrl12gmg5Ss
aa8srlCSd

cc8TCg5Su
bb8gnsrl

14gmg5Ss
aa8gnsrlTr~g5Sd

bb8srlCSu
cc8TC!12gmg5Sd

aa8srlCSu
cc8TCg5Ss

bb8gnsrl

1gmg5Sd
aa8srlCSs

cc8TCg5Su
bb8gnsrl1gmg5Sd

aa8gnsrlTr~g5Ss
bb8srlCSu

cc8TC!
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22gmg5Su
aa8srlCSd

cc8TCg5Ss
bb8gnsrl1gmg5Su

aa8srlCSs
cc8TCg5Sd

bb8gnsrl

1gmg5Su
aa8gnsrlTr~g5Ss

bb8srlCSd
cc8TC!12bgmSs

aa8srlCSu
cc8TCSd

bb8gnsrl

12bgmSs
aa8srlCSd

cc8TCSu
bb8gnsrl14bgmSs

aa8gnsrlTr~Sd
bb8srlCSu

cc8TC!

12bgmSd
aa8srlCSu

cc8TCSs
bb8gnsrl1bgmSd

aa8srlCSs
cc8TCSu

bb8gnsrl

1bgmSd
aa8gnsrlTr~Ss

bb8srlCSu
cc8TC!22bgmSu

aa8srlCSd
cc8TCSs

bb8gnsrl

1bgmSu
aa8srlCSs

cc8TCSd
bb8gnsrl1bgmSu

aa8gnsrlTr~Ss
bb8srlCSd

cc8TC!%. ~A6!

For the singletL, we have

^VuT$hm,1/2
Ls ~x!h̄n,3/2

Ls ~0!%uV&5 2
3 eabcea8b8c8$2gmg5Ss

aa8srlCSu
cc8TCg5Sd

bb8gnsrl2gmg5Ss
aa8srlCSd

cc8TCg5Su
bb8gnsrl

1gmg5Ss
aa8gnsrlTr~g5Sd

bb8srlCSu
cc8TC!2gmg5Sd

aa8srlCSu
cc8TCg5Ss

bb8gnsrl

1gmg5Sd
aa8srlCSs

cc8TCg5Su
bb8gnsrl1gmg5Sd

aa8gnsrlTr~g5Ss
bb8srlCSu

cc8TC!

1gmg5Su
aa8srlCSd

cc8TCg5Ss
bb8gnsrl1gmg5Su

aa8srlCSs
cc8TCg5Sd

bb8gnsrl

1gmg5Su
aa8gnsrlTr~g5Ss

bb8srlCSd
cc8TC!2bgmSs

aa8srlCSu
cc8TCSd

bb8gnsrl

2bgmSs
aa8srlCSd

cc8TCSu
bb8gnsrl1bgmSs

aa8gnsrlTr~Sd
bb8srlCSu

cc8TC!

2bgmSd
aa8srlCSu

cc8TCSs
bb8gnsrl1bgmSd

aa8srlCSs
cc8TCSu

bb8gnsrl

1bgmSd
aa8gnsrlTr~Ss

bb8srlCSu
cc8TC!1bgmSu

aa8srlCSd
cc8TCSs

bb8gnsrl

1bgmSu
aa8srlCSs

cc8TCSd
bb8gnsrl1bgmSu

aa8gnsrlTr~Ss
bb8srlCSd

cc8TC!%. ~A7!

For the commonL, we have

^VuT$hm,1/2
Lc ~x!h̄n,3/2

Lc ~0!%uV&5eabcea8b8c8$1gmg5Sd
aa8srlCSs

cc8TCg5Su
bb8gnsrl1gmg5Sd

aa8gnsrlTr~g5Ss
bb8srlCSu

cc8TC!

1gmg5Su
aa8srlCSs

cc8TCg5Sd
bb8gnsrl1gmg5Su

aa8gnsrlTr~g5Ss
bb8srlCSd

cc8TC!

1bgmSd
aa8srlCSs

cc8TCSu
bb8gnsrl1bgmSd

aa8gnsrlTr~Ss
bb8srlCSu

cc8TC!

1bgmSu
aa8srlCSs

cc8TCSd
bb8gnsrl1bgmSu

aa8gnsrlTr~Ss
bb8srlCSd

cc8TC!%. ~A8!

3. Spin-3Õ2 correlators

Using the spin-3/2 interpolating field as given in Eq.~10!, the master formula is given for the nucleon:

^VuT$hm,3/2
N ~x!h̄n,3/2

N ~0!%uV&5eabcea8b8c8srlgm$22Su
aa8sstCSu

cc8TCsrlSd
bb8gnsst1Su

aa8sstCSd
cc8TCsrlSu

bb8gnsst

1Su
aa8gnsstTr~Su

bb8sstCSd
cc8TCsrl!22Sd

aa8sstCSu
cc8TCsrlSu

bb8gnsst

12Sd
aa8gnsstTr~Su

bb8sstCSu
cc8TCsrl!%. ~A9!

The master formulas forS andJ are obtained in the same way as described above.
For the octetL, we have

^VuT$hm,3/2
Lo ~x!h̄n,3/2

Lo ~0!%uV&5 1
6 eabcea8b8c8srlgm$22Ss

aa8sstCSd
cc8TCsrlSu

bb8gnsst12Ss
aa8sstCSu

cc8TCsrlSd
bb8gnsst

14Ss
aa8gnsstTr~Sd

bb8sstCSu
cc8TCsrl!2Sd

aa8sstCSs
cc8TCsrlSu

bb8gnsst

12Sd
aa8sstCSu

cc8TCsrlSs
bb8gnsst1Sd

aa8gnsstTr~Ss
bb8sstCSu

cc8TCsrl!
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2Su
aa8sstCSs

cc8TCsrlSd
bb8gnsst22Su

aa8sstCSd
cc8TCsrlSs

bb8gnsst

1Su
aa8gnsstTr~Ss

bb8sstCSd
cc8TCsrl!%. ~A10!

For the singletL, we have

^VuT$hm,3/2
Ls ~x!h̄n,3/2

Ls ~0!%uV&5
1

3
eabcea8b8c8srlgm$1Ss

aa8sstCSd
cc8TCsrlSu

bb8gnsst2Ss
aa8sstCSu

cc8TCsrlSd
bb8gnsst

1Ss
aa8gnsstTr~Sd

bb8sstCSu
cc8TCsrl!2Sd

aa8sstCSs
cc8TCsrlSu

bb8gnsst

2Sd
aa8sstCSu

cc8TCsrlSs
bb8gnsst1Sd

aa8gnsstTr~Ss
bb8sstCSu

cc8TCsrl!

2Su
aa8sstCSs

cc8TCsrlSd
bb8gnsst1Su

aa8sstCSd
cc8TCsrlSs

bb8gnsst

1Su
aa8gnsstTr~Ss

bb8sstCSd
cc8TCsrl!%. ~A11!

For the commonL,

^VuT$hm,3/2
Lc ~x!h̄n,3/2

Lc ~0!%uV&5
1

2
eabcea8b8c8srlgm$2Sd

aa8sstCSs
cc8TCsrlSu

bb8gnsst1Sd
aa8gnsstTr~Ss

bb8sstCSu
cc8TCsrl!

2Su
aa8sstCSs

cc8TCsrlSd
bb8gnsst1Su

aa8gnsstTr~Ss
bb8sstCSd

cc8TCsrl!%. ~A12!
s.
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