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Predictive ability of QCD sum rules for decuplet baryons
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QCD sum rules for decuplet baryon two-point functions are investigated using a comprehensive Monte
Carlo based procedure. In this procedure, all uncertainties in the QCD input parameters are incorporated
simultaneously, resulting in realistic estimates of the uncertainties in the extracted phenomenological param-
eters. Correlations between the QCD input parameters and the phenomenological parameters are studied by
way of scatter plots. The predicted couplings are useful in evaluating matrix elements of decuplet baryons in
the QCD sum rule approach. They are also used to check a cubic scaling law between baryon couplings and
masses, as recently found by Dey and co-workers. The results show a significant reduction in the scaling
constant and some possible deviations from the cubic [86556-281®8)02201-§

PACS numbgs): 14.20.Gk, 02.70.Lq, 11.55.Hx, 12.38.Lg

[. INTRODUCTION moments, transition moments, axial charges, tensor charges,
etc., because they utilize the coupling as normalization.
The QCD sum rule methofl] is a powerful tool in re-

vealing the deep connection between hadron phenomenology Il. METHOD

and QCD vacuum structure via a few condensate . o . . L

parameters—vacuum expectation values of QCD local op- The starting point is the two-point correlation function in

erators. This nonperturbative method has been successfuﬁpe QCD vacuum

applied to a variety of problems to gain a field-theoretical

understanding into the structure of hfadroif(s' a review of Huv(p):if d"'xe'P'X(O |T{ 7,(X) 7,(0)} 0), (1)

the early work, see Ref2]), and continues to be an active

field [3]. wherey, is the interpolating fieldor currenj with the quan-
theT(g%gesCLTﬁ]l?LIzarggtﬂzc;]al\:]eRbe{ian AS t\yvgf?irls'?t gtlte, d?:jt Il,:smt_gm nurlﬁbers of the baryon in question. The i_nterpolating
was later extended & * in.Ref [5] ’In Ref. [6], sum rulés field excites the ground state as well as the excited states of
for the d let famil ; .h : ,I red the baryon from the QCD vacuum. The ability of the inter-
for the decuplet Tamily were givefthey were also reporte polating field to annihilate thground statebaryon into the
in Ref. [2]). Ratio method was used there to extract theQCD vacuum is described by a phenomenological parameter
masses. No attempt was made to extract the current coy= (called current coupling or pole residue
plings. No anomalous dimension corrections were consid- 2
ered. In Ref[7], A was studied including leading-ordet, (0]7,/Bp=Agu,(p,s), ()
corrections. In Ref[8], A was studied. A perusal of these K’ ®
works reveals discrepancies among the QCD sum rules devhereu,, is the Rarita-Schwinger spin-vector. This param-
rived where comparisons are possible. The analysis metho@ger plays an important role in evaluating matrix elements of
employed were relatively crude. Often a 10% or better accuthe baryons.
racy was claimed in all the extracted quantities without the The lowest dimensional interpolating fields for the de-
support of rigorous error analysis. cuplet are uniquely defined. Assuming @Usymmetry in

In this work, we decide to rederive the sum rules for allthe u andd quarks, they can be written as
members of the decuplet family, consistently including op-

erators up to dimension 8, first O(der strange quark mass nﬁ(x)zeabc[uaT(x)CyMub(x)]uc(x), 3)
corrections, flavor symmetry breaking of the strange quark

pon_densates_, anomalous dimension corrections, and factor- Wi*(x): /_l/geabC{z[uaT(X)C,yMSb(X)]UC(X)
ization violation of the four-quark condensate. Furthermore,

we try to assess quantitatively the errors in the phenomeno- +[uaT(x)Cy#ub(x)]s°(x)}, 4
logical parameters, using a Monte Carlo based procg@jre

This procedure incorporates all uncertainties in the QCD in- 775*()(): /1_/36abC{2[saT(X)C,y#ub(x)]SC(X)

put parameters simultaneously, and translates them into un-

certainties in the phenomenological parameters, with careful +[s2T(X)Cy,s2(x) Jus(x)}, 6)
regard to operator-product expansig®PE convergence

and ground state dominance. The goal is to get a realistic 7, (X) = €227 s7T(x)Cy,,s°(x)]s%(X). (6)

understanding of the predictive ability of the standard imple-

mentation of the QCD sum rule approach for the decupleHereC is the charge conjugation operator and the superscript
baryon two-point functions. Of particular interest is the T means transpose.

baryon coupling to its current. This quantity is crucial to The QCD sum rules are derived by calculating the cor-

studying matrix elements of these baryons, such as magnetielator in Eq.(1) using operator-product expansion, on the
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one hand, and matching it to a phenomenological represen- 1 wonrs D womas b o 28127
tation, on the other. The obtained tensor structure has the gEzL M®— 7—2on|- M<+ 308 L
form
) ) R _ Q2| 1427~ 1 )\2 —MA/MZ (12)
H;,w(p):Hl(p )gp,v—’_HZ(p )g,u,vp+“'1 (7) 9 M ’
for 2 *,

where the hat notation denoté&p Yo- TWO QCD sum
rules can be derived from the two invariant functidhgp?) 1 5
andTIl,(p?) for each member using standard procedure. The =E,L42'M°%— —5bEo LY2M2+ — (2f +1)k,a2L2827
sum rule fromIlI,; is called chiral-odd since it involves

dimension-odd condensates only. Similarly, the sum rule 7 11

from II, is called chiral-even since it involves dimension- — —=(2f+ 1)m§a2L14’27—+ —my(4—fy)
even condensates only. These two structures are considered 27 M2 3

because they receive contributions from spin-3/2 states only.

The chiral-odd sum rules at the structarg, are given forA, X aEoL42M2— 1_18m3( 14-5f ) mgaL710/27
—~ 2
gaE1L16/27M4_ gmgaEOL2/27M2_ 1£8ab|_16/27 :)\é*e*ME*/MZ, (13)
- for E*,
=N2M, e MIM?, (8)
1 4
for E* ’ §E2L4/27M 6_ bE0L4/27M + S(f + 2)K a2L28/27
7 1 2
4 2 — —f(fs+2)m3a?L¥7— + —my(f +2
5 (Fs+2)aB,L197M = = (fo+ 2)miaEoL 22M? 57 1s(fs+2)mg vz T gmsfst2)
1 1 g2 L 2.1 —10/27
— (st 2)ab L1627+ EmSEZL—f”27|\/|6— 5aMsbEo XaBoL "M = gmy(2fs+7)mal
—~ 2 2
2 - 2 =N2, e Mz+/M" 14
XL_8/27M2+ §mSKUa2L16/27:)\é*ME*e_ME*/MZ, (9) =) ( )
and for(},
for 2*,

%E2L4/27M 6_ %b EOL4/27M 2+ 3 fg 2L28/27

U

4 2
—(2fs+1)aE; L1927 M*— ~(2f s+ 1)m2aE,L2?M?
° 9 ! 22,2 14727 1 4127\ 1 2

_§fsm0a L —M2+3msfsan|_ M

- 51—4(2fs+ 1)abL®2"+mE,L 827\ ° i
- EmsfsmgaL*mm: NZe Ma/M?, (15)
112m bE,L " 82M2+ :m for,a2L 1677 . .
In_the above equationsa=—(2m)*(uuy), b=(g2G?),
:XZ:*ME*efMZE*/MZ, (10) (ugca Gu)——m0<uu> Ng=(27)%\g. The ratio

h fo=(ss)/(uuy=(sg.o-Gs)/(ug.o-Gu) accounts for the
flavor symmetry breaking of the strange quark. The four-

and for(, quark condensate is not well-known and we use the factor-
4 2 1 ization approximatiof uu uu)= k,(uu)? and investigate its
§fSaE1L16’27M 4_ §f3m§anL2’27M 2_ 1_8fsab|_16/27 possible violation via the parametey . The anomalous di-
mension corrections of the various operators are taken into
3 1 account via the factorL=[ag(u?)/ag(M?)]=[In(M?
+ Ems|52|_—8/27|\/| 6_ §msb EoL 8272 A/ IN(uAA%cp) ], where u=500 MeV is the renormal-
ization scale andAqcp is the QCD scale parameter. As
2 mef2,a?L 1= K2 M ge- M2 /M2 (11) usual, the excited state contributions are modeled using
R .

terms on the OPE side survivild?— o under the assump-
tion of duality, and are represented by the factors
The chiral-even sum rules at the structg;gf) are given for  Ep(x)=1—e *Z x"/n! with x=w3/M3 andwg an effec-

A, tive continuum threshold. Note thaty is in principle differ-
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ent for different member of the decuplet and we will treat it 2.0 T . . . . .
as a free parameter in the analysis. 15 L i
These sum rules constitute a complete, up-to-date set of '
QCD sum rules for the decuplet baryon two-point functions 1o F 1
under standard implementation of the approach. The reader < 05 .
: . ; . - N
can find differences in a number of Wilson coefficients and % o0 L i
in the anomalous dimension corrections, when comparing Z
with the existing calculations. ~ 05 r T
_10 ~ -
IIl. ANALYSIS ST 1
—2.0 | | | | | |
The basic steps of the Monte Carlo based analysis are as 02 04 06 08 10 12 14 16

follows [9]. Given the uncertainties in the QCD input param- M (GevT®)

eters, randomly selected, Gaussianly distributed sets are gen- F!G- 1. Monte Carlo fits of the chiral-odd sum rules at the struc-
erated, from which an uncertainty distribution in the OPEWUreg,, - Each sum rule is searched independently. The solid line

can be constructed Therp(gl minimization is applied to the corresponds to the ground state contribution, the dotted line the rest

sum rule by adjusting the phenomenological fit parameters‘?f the contributionS(OPE minus cqntinuubn The error bars are
This is done for each QCD parameter set, resulting in distri—onIy shown at the two ends for clarity.

butions for phenomenological fit parameters, from which erigned conservatively and in accord with the state-of-the-art
rors are derived. The Borel window over which the two sides, the Jiterature. While some may argue that some values are

of a S!Jm_“_“e are matched is determined by the followingyetter known, others may find that the errors are underesti-
two criteria: (8) OPE convergeneethe highest-dimension-  maieq. In any event, one will learn how the uncertainties in

operators contribute no more than 10% to the QCD dide; the QCD parameters are mapped into uncertainties in the
ground-state dominaneeexcited state contributions should phenomenological fit parameters.

not exceed more than 50% of the phenomenological side. | jjystrating how well a sum rule works, we choose to
The former effectively establishes a lower limit, the latter any ot the logarithm of the two sides of the sum rule against the
upper limit. Those sum rules which do not have a valid Boreli,yerse ofM2. In this way, the right-hand side will appear as

window under these criteria are considered unreliable ang straight line whose slope isMé and whose intercept with

therefore d|sgarded. . . . the y axis gives a measure of the coupling strength. The
The QCD_mput parameters and their uncertainty f”‘ss'gnﬁnearity (or deviation from i} of the left-hand side gives an
ments areé given as follows. The quark condensate in Stahgication of OPE convergence and the quality of the con-
dard notation is taken as=0.52+0.05 GeV#, correspond- i im model. The two curves should match in the defined
ing to a central value ofuu)=—(236)° MeV?. For the  Borel region for a good sum rule. Figure 1 shows such a plot
gluon condensate, early estimates from charmonid  for the chiral-odd sum rules at the structgrg, . The result-
place it atb=0.47+0.2 GeV*, a value commonly used in ing fit parameters are given in Table I. The experimental
QCD sum rule analysis. But more recent investigations supmasses are taken from Particle Data Gréug]. Figure 2
port much larger valugs0-13. Here we adopb=1.2+0.6  shows a similar plot for the chiral-even sum rules. The re-
GeV* with 50% uncertainty. The mixed condensate paramsulting fit parameters are given in Table II.
eter is placed am§=0.72+0.08 Ge\?. For the four-quark First, let us note that the chiral-odsd sum rule(8) is the
condensate, there are claims of significant violation of theonly one that allows a three-parameter search. In the other
factorization hypothesisl0-12. Here we use,=2*1 and  sum rules, there is not enough information in the OPE for a
lsk,<4. The QCD scale parameter is restricted tothree-parameter search. What happens numerically is that the
Agcp=0.15£0.04 GeV. We find variations oA ocp have  search algorithm return a continuum threshold that is either
little effects on the results. The strange quark mass is takepero or smaller than the mass, which is clearly unphysical. In
as mg=0.15+-0.02 GeV. The value of¢ has been deter- order to proceed, we decide to fix the continuum thresholds
mined in[2,5] and is given byf=0.83+0.05 after convert- at certain values and perform a two-parameter search on the
ing to our notation byy=fs;—1. These uncertainties are as- masses and couplings. By adjusting the continuum thresh-

TABLE I. Monte Carlo analysis of the chiral-odd sum rules for the decuplet. The third column is the
percentage contribution of the excited states to the phenomenological side at the lower end of the Borel
region (it increases to 50% at the upper ¢ndhe results are obtained from consideration of 1000 QCD
parameter sets.

Region Cont. w X2 Mass Exp.
Sum rule (GeV) (%) (GeV) (GeV®) (GeV) (GeV)
A 0.95to0 1.17 31 1.65 0.22 2.26-0.89 1.43+0.12 1.232
3* 0.82 to 1.29 8 1.80 2.880.32 1.394+0.052 1.384
B* 0.991t0 1.42 13 2.00 4.320.47 1.505-0.037 1.533

Q 1.05t0 1.59 8 2.30 7.190.75 1.676:0.031 1.672
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2.0 . . . . l . GeV®. The reason for the overestimation of themass in

QCD sum rule method remains an open question. It is likely

15 7 that the power corrections are large in this sum rule and the

OPE is not sufficiently convergent. On the phenomenologi-

=) 1o - 1 cal side, one notes that the continuum contribution in this

o5 L i sum rule is the largest among the decuplet family, greater

E than 30% in the entire Borel region used. This also indicates
~ 00 1 A that the continuum model may not be adequate.

Further examination of Figs. 1 and 2 reveals that the er-

05 7 rors in the chiral-odd sum rules are generally smaller than

those in the chiral-even sum rules. More importantly, the

_1‘002 03 04 05 06 07 08 09 convergence of the OPE in the chiral-odd sum rules are bet-

M (Gev7H) ter than that in the chiral-even sum rules evidenced by the

FIG. 2. Similar to Fig. 1, but for the chiral-even sum rules déviation of the dotted line from Iinearh‘.yConsequently,
(without «¢ correction$ at the structur@w,f). For better viewing, the results from the Ch'r.aI'Odd sum rules are more re“able
the curves for each baryon have been shifted downward by 0.2 unilrg]an those from the chwal-even sum ryles. This fact is a
relative to the previous one. gene_ral fegture of baryon two-point functions as recently em-
phasized in Ref[17]. It can be traced to the fact that even
i and odd parity excited states contribute with different signs.
olds to values that reproduce the experimentally knownrne contributions of positive- and negative-parity excited
masses, the current coupling§ are left as predictions from  states partially cancel each other in the chiral-odd sum rules,
the self-consistency requirement of the corresponding sutwhereas they add up in the chiral-even sum rules. Further
rules. We have tried a different approach: fixing the massesvidence for the unreliability of chiral-even sum rules will be
at known values and search for the continuum thresholds angiscussed below.
couplings. This was not successful due to the same reasons The effects of perturbative corrections to first orderdin
as above. It is satisfying to observe that the obtained conwere also studied in this work. These corrections have been
tinuum thresholds in Table | roughly coincide with the first calculated i 7] and are given by
excited state in each channel from Particle Data Giidui:
A(1600),3*(1840),E* (1950),Q(2250).

The predictedA mass lies above the experimental value
by less than two standard deviations. This small overestima-
tion of M, is a typical result in the QCD sum rule approach.

For example, in Ref[4] it was found M,=1.37 Gev, and
XEZZ.S GeVP, andw=2.2 GeV; and in Ref[8] it was

found M,~1.36 GeV,\3=1.53 Ge\?, andw=1.58 GeV. (1_7_ §y )“_S (16)
In these works, the traditional value bf=0.47 GeV* was 27 6°F 7’

used. Using this value in the present study yidltls=1.385

GeV, N2~2.00 Ge\?, and w=1.61 GeV. The couplings to the dimension-threea) and dimension-fiverga) terms,
from these studies are consistent with each other. It is worthespectively, in the chiral-odd sum rulé®) to (11); and
mentioning that bothVl, and X3 as determined from the

QCD sum rule method agree with those from other calcula- 539 1 \ag
tions. For example, a lattice QCD calculatiph5] gives 90 37E
M,=1.43 GeV,\3=2.13 Ge\’; and an instanton liquid

model calculation[16] gives M,=1.43 GeV, \3=1.70  and

3 3’)/E

11 4 )as

_1
aw

_J
w

TABLE Il. Similar to Table I, ut for the chiral-even sum rules. The second row in each sum rule shows
the results with the leading-ordes; corrections included.

Region Cont. w 2 Mass Exp.

Sum rule (GeV) (%) (GeV) (GeV®) (GeV) (GeV)

A 1.15to 1.56 10 2.20 4.130.65 1.19-0.13 1.232
1.15t0 1.39 23 2.00 3.790.51 1.23:0.11

* 1.13to 1.63 6 2.40 5.680.48 1.36-0.13 1.384
1.13to 1.47 15 2.20 5.490.41 1.38:0.11

g* 1.10to 1.71 3 2.60 7.7#0.37 1.52:0.13 1.533
1.10 to 1.56 8 2.40 7.920.43 1.53:0.10

Q 1.08 to 1.76 2 2.70 9.160.43 1.610.12 1.672
1.08 to 1.61 5 2.50 9.540.53 1.610.10
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FIG. 3. Scatter plots showing correlations betwé@_pand the QCD input parameters for the chiral-odd sum (8Je The results are

drawn from 1000 QCD parameter sets. The distributiondMgrandw, have qualitatively the same shapes asTf@r, and are not shown
here.

When considering the uncomfortably large corrections
in the chiral-even sum rules, the possibility of a significant
dimension-two power correction from a summation of the
perturbative seriegl 8,19, coupled with the large uncertain-
to the dimension-zer@he identity operatgrand dimension- ties associated with the four-quark condensate, one has to
six (a?) terms, respectively, in the chiral-even sum ru#®  conclude that the QCD side of these sum rules are really
to (15). Here yg=0.58 is the Euler constant. At the scale of poorly known. The spectral properties extracted from them
about 1 GeV, a/m=0.12. So the leading-orders correc-  are most likely unreliable. Therefore, we caution against the
tions amount to about 5% in the chiral-odd sum rules andise of these chiral-even sum rules in favor of the chiral-odd
about 70% in the chiral-even sum rules. Their effects on thaum rules.
spectral parameters are given in Table Il as a second entry Since all the parameters in the Monte Carlo analysis are
for each of the chiral-even sum rules. We find the effects otorrelated, one can study the correlations between any two
ag corrections in the chiral-odd sum rules are small and camparameters by looking at their scatter plots. Such plots are
be safely neglected. They were not listed in Table I. On thauseful in revealing how a particular sum rule resolves the
other hand, inclusion ofxg corrections in the chiral-even spectral properties. Figure 3 shows the correlations of
sum rules leads to a shrinkage of the valid Borel regions andacuum condensates with tide coupling for the chiral-odd
an increase of the continuum contributions, signs of deteriosum rule(8). Similar plots hold for the mass and the con-
ration of the sum rules. Since the identity operator term iginuum threshold and are not shown. The uncertainties in the
closely tied to the continuum model, it turns out that thequark condensate reveal anticorrelations with the spectral pa-
effects of theag corrections can be compensated by simplyrameters, while those in the gluon condensate and the mixed
shifting down the continuum threshold by about 200 MeV. condensate display positive correlations. The fact that all of

P (17)

113 22 \ag
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FIG. 4. Similar to Fig. 3, but for the chiral-odd sum rule(11).
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)
o

In Fig. 5, following Ref.[20], we plot the couplings

N3=2(2m)*\3 as a function of the masses, using points
extracted by Ref[20] and our points. The nucleon point is
taken from Ref[9] which is the most recent analysis of the
nucleon mass sum rule. It lies slightly below the point used
in Ref.[20]. For the octetA, 3, andZ, there exist no new
analyses to our knowledge, so the same points are used. The
important difference is that our values from Table | for the
decuplet¥*, E*, andQ are significantly smaller than the
B ] ones extracted by Ref20]. The A points roughly agree.
0 BRSO T e This is true even for the values extracted from the less reli-
09 10 1.1B 12 1&3 1.61 v 15 16 17 able chiral-even sum rules in Table II, which are slightly
aryon Mass (GeV) larger than those from the chiral-odd sum rules. Note that we
FIG. 5. Baryon current couplingh(3) versus the baryon mass have taken into account a factor of 2 difference in the defi-

(Mg). The empty squares are the points extracted by [26f, and  nition of X3 in the comparisons. We attempted to fit the new

Ihet;med circles érfg;om( ;h;)vzv&ré‘ - The ;?".d “36." reRpr[eZsOe]n;shthe f'tpoints with a cubic law and obtain&ﬁ: O.7]N|g compared
0O the square pointxg=(1. , aS obtained In ke . e . o~ .
duare pointsts to their result ofA3=1.38M5. Notice, however, that there

P : P2 6

dashed line is the fit to our pointss=(0.84fM5. are considerable deviations from the points in the new fit,
especially the octet strange baryon points. This calls for a

the condensates have significant correlations with the phgeexamination of the QCD sum rules for the octetS,, and

nomenological parameters suggests that all three terms in tf®, Given the great importance of a scaling law between

OPE side of this sum rule play an important role in deter-pbaryon current couplings and their masses and its phenom-

mining the outcome. This may be an indication that the OPEenological consequences, more investigations are clearly

in this sum rule is not yet sufficiently convergent. The factneeded to resolve the deviations, perhaps coupled with other
that all three phenomenological parameters are correlategiethods such as lattice QCD.
with the vacuum condensates in the same manner suggests

N
(o))
T

D
o
T

Coupling (GeV®)
> o
T T

(o]
T

that attempts to fine tune the condensates will increase or IV. CONCLUSION
decrease the phenomenological parameters simultaneously in ) . )
this sum rule. We have rederived and reanalyzed in detail the QCD sum

Figure 4 shows similar scatter plots f6r at the chiral-  "Ules for decuplet baryon two-point functions using a com-
odd sum rule(11). Here three more parameters come intoPrehensive Monte Carlo based procedure. Predictions were
play: x,, ms, andf.. It is interesting to observe that the obtained for the c*urEEt couplings with an accuracy on the
mass and the coupling have different correlation patternrder of 10% forx*, =%, and(}, and 40% forA (see Table
They are opposite for the quark condensate. Similar is tru&) USing realistic error estimates for the QCD input param-
for the strange quark mass, although less pronounced. TiRiers. The results are useful in evaluating matrix elements of

mass is negatively correlated with,, while the coupling :je_cuplet bafryonzinhthe QCD |5L:cm rule aﬁproaﬁh. lOlérdcalcu-
has little correlation with it. The correlations with m, and ~ 'ations confirmed the general feature that chiral-odd sum

f, appear fairly weak. [)ules are more relfiablg than chiral-even zum rulels as fa[3 as

We have examined scatter plots for all of the sum ruIest aryon rt]wo-pomt' unctions are concerned. Correlations e
We find that qualitatively, the strange baryan*(, £*, and ween the QCD Input parameters and the phenoment_)loglcal
Q) sum rules have very similar patterns within the Sameparameters are studied by way of scatter plots. Some insights

chirality, despite some subtle differences. The patterns in the"® gained on how a particular sum rule resolves the spectral

ciraleien sum res are vry ciferent fom those n el oPeres. il 1 couplngs obianed n e presert
chiral-odd sum rules. We will not elaborate further about y : P 9 : ;
them. baryon couplings and their masses, as recently claimed in

In a recent worl{20], the authors observed that baryon Ref. [20]. We find significant reduction in the scaling con-

current couplings and their masses obey a simple cubic scajiant and possible deviations from the cubic law. More stud-
. ) 2 les are needed to clarify this important issue.
ing law: A\g~Mpg, across the octet as well as the decuplet.
This result is based on the couplings extracted from existing
QCDSR calculations. Some theoretical justification was
given based on general scaling arguments for QCD and a It is a pleasure to thank D.B. Leinweber for sharing his
simple light-cone constituent quark model. Using our resultdionte Carlo analysis program and for helpful discussions.
for the decuplet, we are able to check more carefully thisThis work was supported in part by U.S. DOE under Grant
claim. No. DE-FG03-93DR-40774.
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