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Effects of instantons on the excited baryons and two-nucleon systems
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The effects of the spin-orbit and the tensor parts of the instanton-induced interaction on the excited positiv
and negative-parity nonstrange baryons and on the two-nucleon systems are investigated. The spin-orbit f
from the instanton-induced interaction cancels most of that from the one-gluon exchange in the excited bary
while the spin-orbit force in the nucleon systems remains strong after the inclusion of the instanton-induc
interaction. The model including the spin-orbit and the tensor terms of the instanton-induced interaction as w
as the one-gluon exchange is found to reproduce successfully the excited baryon mass spectrum and
scattering phase shifts of two nucleons in the spin-triplet relativeP-wave state.@S0556-2821~96!04811-4#

PACS number~s!: 14.20.Gk, 12.38.Lg, 12.39.Jh, 13.75.Cs
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I. INTRODUCTION

Valence quark models have been applied to low-ener
light-quark systems and found to be successful in reprod
ing major properties of the hadrons and hadronic system
The reason why such models can be so successful is not
understood. The empirical approach, however, suggest
few reasons. One of them is that the model space has
appropriate symmetry. Another reason is that a light qua
has rather heavy effective mass. In such a low energy reg
the effects of complicated configurations such asqq̄ excita-
tion and dynamical gluon effects are considered to be tak
into account by employing constituent valence quarks a
effective interactions among quarks with the required sy
metry.

The empirical models mentioned above usually conta
three terms: the kinetic term, the confinement term, and
effective one-gluon exchange~OGE! term. It is considered
that OGE stands for the perturbative gluon effects and t
the confinement force represents the long-range nonpertu
tive gluon effects.

It is well known that the color magnetic interaction~CMI!
in OGE is responsible for producing many of the hadro
properties. By adjusting the strength of OGE, CMI can r
produce the hyperfine splittings@~HFS!, e.g., ground state
N-D mass difference# @1–4# as well as the short range repul
sion of the two-nucleon systems in the relativeS wave
@5–8#. It, however, is also known that the strength of OG
determined in this empirical way is much greater than
which makes it hard to treat it as the perturbative effect.

Moreover, the valence quark model including only OG
as an origin of HFS has a spin-orbit problem. The spin-or
part of OGE is strong; it is just strong enough to explain th
observed large spin-orbit force between two nucleons@5–7#.
On the other hand, the experimental mass spectrum of
excited baryons,N* andD* resonances, indicates that such
strong spin-orbit force should not exist between quarks.
valence quark model in which the spin-orbit parts of th
quark-quark interaction are removed by hands can w
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simulate the observed mass spectrum@1–4#. It was pointed
out that the confinement force also produces the spin-or
force, which may cancel the one from OGE in the excite
baryons@2#. Suppose one takes the spin-orbit part of a two
body confinement force into account; however, it also ca
cels the spin-orbit part of OGE in the nuclear force@5,6#. To
explain both of the features at the same time is highly no
trivial.

The QCD instantons were originally introduced in rela
tion to the UA~1! problem. How these topological gluonic
configurations behave in the actual QCD vacuum has n
been derived directly from QCD. Under a few assumption
such that the short-range repulsion among instantons a
anti-instantons exists, and that the gluon condensate com
from the instantons, etc., however, the QCD vacuum can
regarded as liquid of small instantons and anti-instantons@9#.
In this picture, the size of instantons is considered to b
small enough compared to the low-energy hadronic sca
which enables us to treat them as a pointlike structure. On
the instanton configuration is fixed, the effects will be simila
to the one by the dilute gas approximation, which was inve
tigated in detail@10,11#. The existence of instantons in the
vacuum changes the quark and gluon propagators@11# and
produces couplings of instantons to the surrounding ligh
quark zero modes@10#. The latter leads a flavor-singlet in-
teraction among quarks, which is believed to be an origin
the observed large mass difference ofh82h mesons. It is
also reported that the instantons essentially govern the b
havior of the pions and the chiral symmetry of QCD@9,12#.
This topological configuration is now known to relate man
interesting features of QCD. Since it is hard to determine th
quantitative feature of the instantons directly from QCD, em
pirical works on instanton-induced interaction will contribute
also in understanding the structure of the QCD vacuum.
few phenomenological models with such interactions we
proposed and found to reproduce theh8 andh meson masses
and their properties@13,14#.

We focus our attention on the effect of the flavor
antisymmetric quark interaction induced from the instanton
light-quark couplings. How this instanton-induced interac
tion ~III !, which contributes by a few hundred MeV in the
meson sector, affects other hadron systems is an interest
6619 © 1996 The American Physical Society
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6620 53SACHIKO TAKEUCHI
problem. Actually, several recent works indicate that the e
fect is also large in the baryon sector@14–20#. We argue that
a valence quark model should include III as a short-ran
nonperturbative gluon effect in addition to the other afor
mentioned gluon effects.

In Ref. @16#, we demonstrated that introducing III ma
solve the above difficulty in theP-wave systems due to the
cancellation between OGE and III. In this paper, we discu
effects of the noncentral parts, especially the spin-orbit p
of III on the excited nonstrange baryons and on the tw
nucleon systems at the same time. We consider the exc
baryons with the principal number50 ~the ground-state bary-
ons!, 1 ~the negative-parity baryons!, and 2 ~the positive-
parity excited baryons!. We employ a quark potential mode
for that purpose because it can deal both with the sin
baryons and with the two-nucleon systems, and because
discussion based on the symmetry can be performed m
clearly for the present subject. In Sec. II, we will show th
model Hamiltonian. The discussion based on the symme
is presented in Sec. III. The numerical results are shown
Sec. IV. The discussion and the summary are in Sec.
Complicated calculation of the wave functions and the m
trix elements are summarized in the Appendix.

II. QUARK MODEL WITH INSTANTON-INDUCED
INTERACTION

We assume that both OGE and III are included in th
quark model Hamiltonian:

Hquark5K1~12pIII !VOGE1pIIIVIII1Vconf, ~1!

where pIII is a parameter which represents the rate of t
S-wave N-D mass difference explained by III. When on
introduces the interaction strong enough to give the obser
h-h8 mass difference,pIII becomes 0.3–0.4@14–16#. VOGE
andVIII are the Galilei invariant terms of the III and OGE
potentials.

According to the instanton liquid model, the size of in
stantons is about 0.3 fm, which is a new scale of the lo
energy QCD phenomena@9#. The instantons and the anti
instantons couple to flavor-singlet light quarks. Assumin
the instanton is small enough compared to the system
consider, one obtains the effective interaction betwe
flavor-antisymmetric quarks arising from that coupling a
@10,14–17#

H III5V0
~2!(

i, j
c̄R~ i !c̄R~ j !

15

8
Ai j

flavor

3S 12
1

5
si•sj DcL~ j !cL~ i !1~H.c.!, ~2!

whereV0
~2! is the strength of the two-body part of III, andsi

is the Pauli spin matrix for thei th quark. We obtain the
following potential performing the nonrelativistic reductio
to the lowest nonvanishing order in (p/m) for each operator
of different spin structure@16#:
f-
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VIII5V0
~2!(

i, j
Ai j

flavorF1516 S 12
1

5
si•sj D

2
1

m2 H 34 LS1
q2

12 S 12
3

16
l i•l j DS12J G ~3!

5
1

2
V0

~2!(
i, j

F S 11
3

32
l i•l j1

9

32
l i•l jsi•sj D

2Ai j
flavor 1

m2 H 34 LS1
q2

12 S 12
3

16
l i•l j DS12J G , ~4!

whereli is the Gell-Mann matrix of the color SU~3! with
l i•l j5( a51

8 l i
al j

a. The same procedure for OGE leads
@5,21# to

VOGE54pas(
i, j

~l i•l j !

4 F 1q22 si•sj

6m2 1
3

2m2q2
LS

1
1

12m2 S12G ~5!

with

LS5~si1sj !• i @q3~pi2pj !#/4, ~6!

Si j53~si•q!~sj•q!/q22~si•sj !. ~7!

HereAi j
flavor5(12Pi j

flavor)/2 is the antisymmetrizer in the fla-
vor space,mu5md[m is a constituent quark mass, andq is
the three momentum transfer. The values ofm, the strength
of each interaction,as andV0

~2!, with the size parameterb of
the quark core of the baryon, are listed in Table I. Since w
use a constituent quark model, the coupling of the interac
tions should also be determined empirically. The values ar
chosen as follows@5,7,14–16#: the quark mass is 1/3 of the
nucleon mass; the size parameterb is taken to be a little
smaller than the real nucleon size reflecting that the observe
baryon size has contribution from the meson cloud;as and
V0

~2! are determined to give the ground stateN-D mass dif-
ferencem:

4

3A2p

as

m2b3
52

9

4A2p3

V0
~2!

b3
5293 MeV[m; ~8!

aconf, the strength of the confinement potential, can be dete
mined by dmN/db50; and pIII is taken to give theh8-h
mass difference.

TABLE I. Parameters for the quark model and for the effective
meson exchange potential~see text!.

mu @MeV# as V0
~2! b @fm#

313 1.657 2483.8 0.62

pIII aconf @MeV/fm# Vs @MeV# r s @fm# r a @fm#

0 43.84 2702.9 0.617 0.25
0.4 31.40 2528.7 0.579 0.25
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III. SYMMETRY

One of the reasons that the nonrelativistic quark mod
can successfully predict the properties of the low energy s
tem is that the model has an appropriate symmetry. We d
cuss here whether the observed properties in the spin-o
force, small in the single baryons and large in the tw
nucleon systems, can be explained by discussion based
the symmetry.

The interactions~4! and ~5! consist of operators which
conserve the flavor symmetry. Thus the spin-orbit or the te
sor part of the two-body interactions for a quark pair, whic
requires the quark pair to be symmetric in the spin space,
be decomposed as

O5ŌA1OS1ŌS1OA, ~9!

where

ŌA[OAorbS spinAcolorAflavor, ~10!

OS[OAorbS spinS colorS flavor, ~11!

ŌS[OS orbS spinAcolorS flavor, ~12!

OA[OS orbS spinS colorAflavor, ~13!

with antisymmetrizersA’s and symmetrizersS ’s. For a
quark pair with the relative-odd partial wave, the first tw
terms in the right-hand side of Eq.~9! are relevant, while the
last two terms are for relative-even partial-wave pairs. T
operator with a bar is for color anti-symmetric pairs, which
relevant to the single baryons. Those for the flavo
antisymmetric~-symmetric! quark pairs are marked byA(S).

The noncentral term of III contains only flavor
antisymmetric components,ŌA andOA; OGE has all of the
components in Eq.~9!. Since OGE is vector-particle ex-
change and III is alike to scalar-particle exchange, their no
central term has an opposite sign. Thus there is a spin-o
cancellation where both OGE and III survive. Actually,
occurs only for the flavor-antisymmetric color-antisymmetr
relative-p-wave quark pairs. Since the range of III is as
sumed to bed function like, the noncentral part of III for the
relative-l -partial wave pairs vanishes whenl>2.

To see the properties of the single baryons and of t
short range part of the two-nucleon systems, we evaluate
energy of systems by the Gaussian wave functions where
center-of-mass motion is eliminated: (0p)(0s)2 for the
negative-parity single baryons, (1s)(0s)2, (0p)2(0s), and
(0d)(0s)2 for the positive-parity single baryons, and an
(0p)(0s)5 for the six-quark systems. In Table II, the contr
bution of matrix element of each operator in Eq.~9! is listed
for the negative-parity baryonN* ~5/22!, for the positive-
parity excited baryonN* ~7/21!, and for the six-quark state
with the relativeP-wave two-nucleon quantum number. Th
first low corresponds to the contribution of the spin-orb
force from the flavor-antisymmetric color-antisymmetri
relative-0p quark pairs. The OGE and III contributions to
N* ~5/22! are evaluated by 1/2mCN51~12pIII ! and
21/(3m2b2)mCN51pIII , respectively, with the paramete
pIII with Eq. ~1!. Those toN* ~7/21! are obtained by substi-
tuting CN51 by CN52, while CNN3P should be used for the
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two-nucleon system. The entries in other rows should read
a similar way. Once the parameters are taken to satisfy E
~8!, the contribution from OGE can be expressed only bym,
the ground stateN-D mass difference; the contribution from
III contains also the dimensionless parametermb together
with m ~see Appendix!.

As seen thatCNN3P for ^O LS
S &0p is by one order larger

thanCNN3P for ^Ō LS
A &0p, the contribution of the color sym-

metric spin-orbit operator is found to be dominant in th
six-quark state. Since there is no OGE-III cancellation fo
that operator, the spin-orbit reduction of the relativeP-wave
two-nucleon systems is small. Within the single baryon, o
course, only the operators with a bar are relevant. The OG
III cancellation occurs in the spin-orbit part operating on th
odd-wave quark pairs in the single baryons. It is the spin
orbit force between the odd-wave quark pairs that shou
disappear in the single baryon as we will show in the ne
section. Thus we expect that this cancellation will lead th
observed properties in the spin-orbit force.

IV. RESULTS

A. Single baryons

We investigate the mass spectrum of the excited no
strange baryons by a nonrelativistic quark model with th

TABLE II. Matrix elements of the OGE and III spin-orbit and
the tensor terms in units of their contribution to the ground sta
D-N mass difference. Their contribution toN~5/22!, N~7/21! and
the six quark state for the spin-triplet relative-P-wave two-nucleon
system are listed asCN51, CN52, andCNN3P. The columns under
OGE and III correspond to the radial contribution of each quar
pair, xnl/3 andunl/3 @Eqs. ~A78!–~A80!#, from OGE and III, re-
spectively. The states forbidden by the color or the flavor symmet
are left blank.

OGE III CN51 CN52 CNN3P

^Ō LS
A &0p

1
2

2
1
3

1
m2b2

3
2

3
2

0.12

^O LS
S &0p 2

1
4

1.52

^Ō LS
S &0d

1
5

0 3
2

0

^O LS
A &0d 2

1
10

0 0

^Ō tens
A &0p

1
12

2
5
18

1
m2b2

2
3
5

2
3
5

20.16

^O tens
S &0p 2

1
24

0.84

^Ō tens
S &0d

1
30

0 2
3
7

0

^Ō tens
S &1s20d

1

12A10
0 0 0

^O tens
A &0d 2

1
60

0 0

^O tens
A &1s20d 2

1

24A10
2

5

6A10
1

m2b2
0



ec-

a-

s

he
-

e

s
-
,
e

t,
e.
e
o-

f
-

rs

ve
.

ts.
n
e

x-

on

l-

ay

he
gh

d
I
is
-
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spin-spin, the spin-orbit, and the tensor parts of OGE and
The central spin-independent part has been modified. T
central part of the original model Hamiltonian Eq.~14! does
not produce the correct zeroth-order splitting seen in the
cited positive parity baryons. It is mainly because the sp
independent contact interaction from the one-gluon excha
is strong and has a wrong sign. As Refs.@1–3# pointed out,
the deviation of the spin-independent force from harmon
will be very important and expressed by the following pa
rameterization. We use the same method in Ref.@3# with the
same values except for a little modifiedE0:

Hquark5Hc1~12pIII !VOGẼ1pIIIVIIĨ , ~14!

Hc5E01NV1dU, ~15!

E051090 MeV1pIIIm/2, ~16!

V5440 MeV, ~17!

d5400 MeV, ~18!

U55
21

2 1
2

2 2
5

2 1
5

0

for ~DSF,LP!55
~568,01!

~70,01!

~56,21!

~70,21!

otherwise

, ~19!

where VOGẼ(VIIĨ ) is the spin-spin, the spin-orbit, and th
tensor part ofVOGE~VIII !, andN is the principal quantum
number of the harmonic oscillator wave function.

Our results in this subsection are affected by only a fe
parameters:E0 to give the ground state energy,V to give the
difference among the ground states, theN51 negative-parity
baryons and theN52 positive-parity baryons,d to split the
N52 baryons,m in Eq. ~8! for the hyperfine splittings,
(mb)2, andpIII to give the relative strength of III. This esti-
mate by the harmonic oscillator wave function is affecte
only by the above combinations of the parameters listed
Table I. The values of the parameters here are reasonableE0
is close to 3mu , and the strength of OGE,as~12pIII !, be-
comes smaller whenpIII50.4.

In Figs. 1~a! and 1~b!, the mass spectra of the negative
parity and the positive-parity baryons are shown. The grou
state mass is kept 940 MeV for the nucleon and 1240 M
for D in each parameter set. The observed mass spectru
shown by stars~the weighted average of the observed value!
and boxes~possible error! @22#. The number of the stars cor
responds to reliability of existence of the states: the four-s
state means that its existence is certain while the one-
state means that evidence of its existence is poor.

The next right to the experiment is the mass spectru
given by Hc ~denoted byB!. This three-parameter mode
gives an excellent prediction for the excited baryons. T
third spectrum (C) is derived from the Hamiltonian which
containsHc and the tensor term of OGE~pIII50!: it corre-
sponds to the one in Refs.@2, 3#, where the spin-orbit term is
omitted by hand. The introduction of the tensor term giv
little change in the spectrum. Actually, one cannot conclu
III.
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that the tensor term is necessary only from the mass sp
trum; it was included so as to give correct decay modes@23#.

The fourth column (D) contains the central, the spin-spin,
and the spin-orbit term withpIII50. The spectrum, especially
for the nucleons, is destroyed completely; which is the re
son why the spin-orbit term had to be removed in Refs.@2,
3#. The question is, however, whether all the spin-orbit term
should be removed or not. The excitedD* mass spectrum is
better than the nucleons’. There, all the quark pairs are in t
flavor symmetric; the spin-orbit term exists only for the rela
tive 0d-wave pairs.

The Hamiltonian of the fifth spectrum (E) is the same as
the fourth one except that we remove all the spin-orbit forc
between the relative 0p-wave quark pairs, namely, flavor-
antisymmetric pairs. The remaining spin-orbit term affect
only the relative 0d-quark pairs. The excited nucleon spec
trum changes drastically; most of the spin-orbit effects
which destroy the spectrum, are found to come from th
relative 0p-wave quark pairs. The remaining effects of the
spin-orbit force are still somewhat stronger than the best fi
but the spectrum becomes much closer to the realistic on

As we showed in the previous section, the spin-orbit forc
between the relative odd partial wave pairs reduces by intr
ducing III. The sixth column (F) corresponds to the Hamil-
tonian~14! with pIII50.4; it includes the central~parameter-
ized!, the spin-spin, the spin-orbit, and the tensor terms o
both OGE and III. In this choice, the strength of the spin
orbit force between 0p pairs reduces by 0.32 from thepIII50
case while that between 0d pairs reduces by~12pIII !50.6.
Note that this simple model does only have six paramete
@E0, D0, d, m, (mb)2, and pIII # for the whole nonstrange
baryons up to theN52 including both of the positive parity
and the negative parity states. We do not adjust the relati
strength of the spin-spin, the spin-orbit, and the tensor term
The result is reasonably consistent with the experimen
Thus we can conclude that the flavor-singlet interactio
plays an essential role in reducing the strong spin-orbit forc
in the excited baryons to the observed strength.

In Refs.@2, 3, 23#, the tensor part of OGE was introduced
so as to give an appropriate decay rates. One of their e
amples is the relative strength of thepN decay from two
D~5/21!: D~1905! andD~2000!. We estimate the ratio of the
decay matrix elements for those states using the transiti
operator defined in@23#, where they assumed the pointlike
pion is emitted from single quark. The calculated matrix e
ement for the higherD~5/21! is found by about 30% smaller
than that of the lower state. The experimental partial dec
width of the lower energy state to thepN channel is 32 to 39
MeV; two experiments are reported for the decay width from
the higher energy state: 5 and 28 MeV@22#. It seems that the
higher state decays more weakly topN than the lower state.
This decay-rate ratio for these states is consistent with t
experiments, though it should be considered as a very rou
estimate.

A possible flaw of our model as well as that in Refs.@2, 3,
23# is D~3/21!. Two D~3/21! are seen experimentally:
D~1600! andD~1920!; both of them decay to thepN channel
rather strongly. The lowest energy level of the predicte
states is 1734 MeV. Inclusion of the spin-orbit term and II
has made the state lower by about 150 MeV, but the level
still higher than it should be by about 100 MeV. The esti
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FIG. 1. Mass spectra for~a! the negative-parity nonstrange bary
ons and~b! the positive-parity~N52! nonstrange baryons. A: the
observed mass spectrum is shown by stars. The columns corres
~from left to right! to B: Hc ; C: Hc1tensor term of OGE; D:
Hc1LS and the tensor term of OGE; E:Hc1LS of OGE for 0d-
quark pairs only; F:Hc1LS and the tensor terms of OGE and II
with pIII50.4. Each number corresponds to the spin, 2J, of the
level.
mated decay matrix elements from both of the two low
states to thepN channel are large, but that from the highes
level is small. The couplings to the baryon-meson chann
such aspN, may be important@24#. The experiments have a
large error also for these states. Further investigation both
the experiments and in the theories is necessary to clarify t
problem.

B. Two nucleons

The main purpose of this paper is to show that the incl
sion of the instanton-induced interaction gives the chann
specific cancellation of the spin-orbit force between quark
In the symmetry consideration we show that the spin-orb
force in the two-nucleon scattering does not reduce much
introducing III. In this section we show that a realistic quar
cluster model including III can actually reproduce the two
nucleon scattering phase shift for the tripletP-wave states.

The wave function is the same as those in Refs.@5–7, 15#:

C̄5Aq$fN
2x~R!%. ~20!

The notation is the same as Eq.~A102! in the Appendix,
except forx(R), the relative wave function, which is now to
be solved.

The Hamiltonian for the valence quarks is Eq.~1!, except
that we omit the tensor terms of OGE and III because t
tensor force between the quarks is not dominant in the tw
nucleon system@7#. We use the linear confinement potentia
for Vconf in Eq. ~1!:

Vconf5(
i, j

aconfr i j . ~21!

After integrating out the internal coordinates of the nucleon
we have the resonating group method equation

$Hq1N1/2VEMEPN
1/22EN%x50, ~22!

whereHq is the Hamiltonian kernel forHquark andN is the
normalization kernel. The effective meson exchange pote
tial VEMEP is multiplied byN1/2 because the potentialVEMEP
should be added to the equation in the Schro¨dinger form.
Here we takeVEMEP to have the central and the tensor par
of the one-pion exchange with the form factor correspondi
to the size parameterb, and the Gaussian-type central attrac
tion @7#:

VEMEP~R!5~t•t!~s•s!Vp
C~R!1~t•t!Vp

T~R!S121Vg~R!,
~23!

Vp
C~R!5

gp
2

4p

1

3 S mp

2mN
D 2 exp@2mpR#

R

1

2
$erfc~a2!

2exp@2mpR#erfc~a1!%, ~24!

-

pond

I
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Vp
T~R!5

gp
2

4p

1

3 S mp

2mN
D 2 exp@2mpR#

R

3
1

2 F H 11
3

mpR
1

3

~mpR!2 J erfc~a2!

2H 12
3

mpR
1

3

~mpR!2 J exp@2mpR#erfc~a1!

2H 11
6b

~mpR!2 J mpR

Apb3
exp@2a2

2 #G , ~25!

a65
mpb

)
6
)R

2b
, ~26!

b5~mpb!3/3, ~27!

Vg~R!5VsexpF2S R

r s1r a
D 2G

2$Vs1Vp
C~0!%expF2S R

r s2r a
D 2G . ~28!

The parametersVs andr s in VEMEP are determined by fitting
the experimental phase shifts of the triplet partial-odd wav
states with fixed r a ~Table I!. The coupling constant
g p
2 /~4p!513.7 is taken from Ref.@25#. The other parameters

in Hquark are the same as in the previous section, which a
also listed in Table I.

To see the contribution from the spin-orbit term mor
clearly, we recompile the phase shift as@5–7#

d~3PC!5
1

9
d~3P0!1

1

3
d~3P1!1

5

9
d~3P2!, ~29!

d~3PT!52
5

36
d~3P0!1

5

24
d~3P1!2

5

72
d~3P2!, ~30!

d~3PLS!52
1

6
d~3P0!2

1

4
d~3P1!1

5

12
d~3P2!. ~31!

The calculated phase shifts are shown in Fig. 2 togeth
with those of the energy-dependent phase shift analysis
the low-energy region, VZ40, taken fromSAID database@25#.
The central part seems to require more sophisticated effe
tive meson exchange than the two-ranged Gaussian poten
The one-pion exchange can give enough strength to the t
sor part of the two-nucleon system. The spin-orbit force
reproduced by the quark model well, even when III is in
cluded by pIII50.4. As seen in Table II, the cancellation
occurs only for the color-antisymmetric quark pairs, whic
play minor roles in theP-wave two-nucleon systems. The III
spin-orbit part for the color-antisymmetric pairs has the sam
sign as that of OGE. Thus the reduction of the spin-orb
effect by including III is less than~12pIII !.
e

re

e

er
for

c-
tial.
en-
is
-

h

e
it

V. DISCUSSION AND SUMMARY

We investigate the effects of the noncentral part of th
interaction induced from the instanton-light-quark couplin
on the excited nonstrange baryons and two-nucleon system
It is found that the III spin-orbit force cancels the OGE spin
orbit force in the excited baryons while the spin-orbit force
in the two-nucleon systems remains strong after the inclusi
of III, which is favored by the experiments.

The spin-orbit and the tensor part of III survives only fo
the color-antisymmetric quark pairs in a relative-odd partia
wave state. There, the cancellation of the spin-orbit and te
sor parts occurs between OGE and III, which leads to th
particular cancellation required. The relative strength of ea
term may change if we take other effects into account. Th
channel-specific cancellation is, however, explained bas
on the symmetry; the overall nature will still be valid with
the change of the model parameters.

The other possible source of the noncentral part is th
confinement force. To produce such channel dependence
the confinement force, however, one has to introduce a thre
body confinement, such as a flip-flop model@6#. There, the
confinement force in the hidden color configuration and i
the baryonic configuration can be different from each othe
It allows us to have an extra free parameter, which cannot
measured by the experiments. The two-body confineme
force, which has the factor~l•l!, shows similar channel de-
pendence to OGE and cannot produce the cancellation
quired here. We neglect the spin-orbit part of the confine
ment here, because its mechanism is not known and the sp
orbit force cannot be determined. But the effect itself ma
not be small and will have to be considered in future.

The meson exchange also produces the noncentral pa
Usually, thes, r, andv mesons are considered as the mai
source of the spin-orbit force between the nucleons. Th
picture, however, cannot be applied to the quark systems in
straightforward way. These mesons are not pointlike; on
cannot safely assume that they interact directly to quark

FIG. 2. Two-nucleon scattering phase shifts for the spin-triple
relative-P-wave states. The phase shifts are recompiled to prese
the strength of the central (3PC), the spin-orbit (3PLS), and the
tensor part (3PT) ~see text!. The circles correspond to the experi-
ments VZ40@25#, the solid lines are forpIII50, and the dashed lines
are forpIII50.4.
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Moreover, their couplings to the nucleons are determin
mainly from the two-nucleon scattering data empirically. In
model which includes only meson and baryon degrees
freedom, thevN coupling is usually taken to be strong so a
to produce the short-range repulsion between two nucleo
In a quark model the repulsion is explained by the qua
Pauli-blocking effect, by OGE, and by III. Thes-meson ex-
change, which produces the intermediate attraction, a
stands for complicated modes such as two-pion exchan
coupling to thepD channel, and even the attraction from III
It is hard to determine the genuine coupling to the meso
Here we take a quark-meson hybrid picture; the short-rang
properties are explained by the nature of a quark model a
the long-ranged properties are explained by the mes
exchange model. The modes which can be presented by
mesons will be taken into account as the meson clouds. T
r-meson cloud has similar dependence to OGE because
isospin factor~t•t! shows similar channel dependence
~l•l!; it will not produce the channel-specific cancellation t
OGE. The spin-orbit force of thev or s cloud may produce
such a cancellation. Their strength, however, becom
smaller in such a picture. The contribution from meso
clouds is unlikely to produce a major part of the large effec
required here.

On the contrary, there is clear evidence for the existen
of the interaction between the flavor-singlet quarks in t
meson mass spectrum, i.e.,h8-h mass difference; this effect
is considered to come not from the meson exchange but
least, mainly from the instanton-light-quark coupling, whos
role we investigate here. It is natural to think that there a
large effects from III also on the properties of the baryons
baryon systems; one of which, we argue, is the cancellat
in the spin-orbit and the tensor force.

The other effects from the instantons, e.g., the deform
tion of the quark and gluon propagators should be cons
ered. Also, since the instanton has a small but finite size,
correction to the interaction from the pointlike instanton
employed here has to be examined. Moreover, because t
effective masses themselves are considered to come from
instanton-light-quark coupling in the instanton-liquid pictur
@9#, the massless zero-mode quarks around instantons
assumed to couple to the constituent quarks. Though we
sume the coupling of the constituent quarks and instanton
simple, it may actually have some momentum dependen
Let us, however, again mention that our discussion is ba
on the symmetry, which will survive reasonable change
the model parameters.

The symmetry consideration has to be reexamined wh
one considers the relativistic systems or the systems incl
ing strangeness. The estimate by the MIT bag model in
cates that the major effect of the cancellation still exists
the negative-parity baryons@16#. It is interesting to investi-
gate the role of the instanton-induced interaction in the e
cited baryons with the strangeness, especially in the flav
singlet states, which will be presented elsewhere.
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APPENDIX: MATRIX ELEMENTS BY THE HARMONIC
OSCILLATOR WAVE FUNCTIONS

Here we evaluate each operator defined by Eq.~9!.

1. Single baryons

A. Wave functions

a. S-wave baryons.There are flavor-decaplet states with
JP53/21 and flavor-octet states with 1/21. By writing the
orbital angular momentumL and intrinsic spinS explicitly
with the dimension in the flavor spaceDF and the dimension
in the spin-flavor spaceDSF as uDF;DSF(LS)JP&, they are
represented as

u1&[U10;56S 0 32D 31

2 L 5u@13#C&u@3#O&u@3#F&u@3#S&,

~A1!

u2&[U8;56S 0 12D 11

2 L 5u@13#C&u@3#O&$u@21#F&u@21#S&%@3# .

~A2!

b. P-wave baryons.There are flavor-decaplet states with
JP51/22, 3/22 and flavor-octet states withJP5~1/22!2,
~3/22!2, 5/22. For future use, we listed flavor-singlet state
with 1/22, 3/22 for the strangeness21 systems. In the same
representation above, they are

u3&[U10;70S 1 12D J2L 5u@13#C&$u@21#O&u@3#F&u@21#S&%@3# ,

~A3!

u4&[U8;70S 1 32D J2L 5u@13#C&$u@21#O&u@21#F&%@3#u@3#S&,

~A4!

u5&[U8;70S 1 12D J2L 5u@13#C&$u@21#O&u@21#F&u@21#S&%@3# ,

~A5!

u6&[U1;70S 1 12D J2L 5u@13#C&$u@21#O&u@13#F&u@21#S&%@13# ,

~A6!

c. N52 positive parity baryons.There are flavor decaplet
states withJP5~1/21!2, ~3/21!3, ~5/21!2, and 7/21, flavor
octet states with~1/21!4, ~3/21!5, ~5/21!3, and 7/21, and fla-
vor singlet states with~1/21!2, ~3/21!2, and~5/21!2:

u7L&[U10;56S L 3

2D J1L 5u@13#C&u@3#O&u@3#F&u@3#S&,

~A7!

u8L&[U10;70S L 1

2D J1L
5u@13#C&$u@21#O&u@3#F&u@21#S&%@3# , ~A8!
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u9L&[U8;70S L 3

2D J1L 5u@13#C&$u@21#O&u@21#F&%@3#u@3#S&,

~A9!

u10L&[U8;56S L 1

2D J1L
5u@13#C&u@3#O&$u@21#F&u@21#S&%@3# , ~A10!

u11L&[U8;70S L 1

2D J1L
5u@13#C&$u@21#O&u@21#F&u@21#S&%@3# , ~A11!

u13L&[U1;70S L 1

2D J1L
5u@13#C&$u@21#O&u@13#F&u@21#S&%@13# , ~A12!

with L50 and 2, and

u12&[U8;20S 1 12D J1L
5u@13#C&u@13#O&$u@21#F&u@21#S&%@13# , ~A13!

u14&[U1;20S 1 32D J1L 5u@13#C&u@13#O&u@13#F&u@3#S&,

~A14!

for L51.
Here

$u@21#a&u@21#b&%@3#5
1

&
$u@21#aMS&u@21#bMS&

1u@21#aMA&u@21#bMA&%,

~A15!

$u@21#a&u@21#b&%@13#5
1

&
$u@21#aMS&u@21#bMA&

2u@21#aMA&u@21#bMS&%,

~A16!

$u@21#a&u@21#b&u@21#g&%@3#

5
1

2
$2u@21#aMS&u@21#bMS&u@21#gMS&

1u@21#aMS&u@21#bMA&u@21#gMA&

1u@21#aMA&u@21#bMS&u@21#gMA&

1u@21#aMA&u@21#bMA&u@21#gMS&%.

~A17!

The orbital wave function in the coordinate space can b
written by Jacobi’s coordinates, j5~r12r2!/&,
h5~r11r222r3!/A6, and RG5~r11r21r3!/). When we
write uNL[ f ] &, they are
e

u00@3#&5c0s~j!c0s~h!, ~A18!

u01@21#MS&5c0s~j!c0p~h!, ~A19!

u01@21#MA&5c0p~j!c0s~h!, ~A20!

u01@13#&5@c0p~j!3c0p~h!#1, ~A21!

u02@3#&5
1

&
$c0d~j!c0s~h!1c0s~j!c0d~h!%,

~A22!

u02@21#MS&5
1

&
$c0d~j!c0s~h!2c0s~j!c0d~h!%,

~A23!

u02@21#MA&5@c0p~j!3c0p~h!#2, ~A24!

u10@3#&5
1

&
$c1s~j!c0s~h!1c0s~j!c1s~h!%,

~A25!

u10@21#MS&5
1

&
$c1s~j!c0s~h!2c0s~j!c1s~h!%,

~A26!

u10@21#MA&5@c0p~j!3c0p~h!#0, ~A27!

where [al3bl 8] M
L 5(( lml8m8uLM )almbl 8m8.

The flavor part is the same as in Ref.@3#. For the proton,
it is

u@3#&5~duu1udu1uud!, ~A28!

u@21#MS&5
1

A6
~2udu2duu12uud!, ~A29!

u@21#MA&5
1

&
~udu2duu!. ~A30!

B. Matrix elements

The operators we consider can be written as

O5 (
~ i, j !

$O c
C~S FO c

O1AFŌ c
O!1

1O ss
C ~S FO ss

O1AFŌ ss
O !s•s

1O ls
C~S FO ls

O1AFŌ ls
O!L•S

1O t
C~S FO t

O1AFŌ t
O!S12%. ~A31!

Then, the matrix element

O ~nL8 ,nL![
1

A2J11
^n8~LS8!JiO in~LS!J& ~A32!
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is reduced to the sum of the two-body matrix elements. He
n is the number expressing the states defined by Eqs.~A1–
A14!.

a. Flavor-decaplet positive parity baryons.

O ~1,1!5A0s1D0s , ~A33!

O ~70,70!5
1

2
$A0s1A1s1D0s1D1s%, ~A34!

O ~70,72!5
1

2
CtS 0 32 232 JDA5u1s20d , ~A35!

O ~70,82!5
1

2&
CtS 0 32 212 JDA10u1s20d , ~A36!

O ~80,80!5
1

4
$A0s1A1s12A0p1D0s1D1s26D0p%,

~A37!

O ~80,72!5
1

2&
CtS 0 12 2 32 JD ~2A10!u1s20d ,

~A38!

O ~72,72!5
1

2 HA0s1A0d1D0s1D0d

1ClsS 2 32 2 32 JD S 2A3

2D x0d

1CtS 2 32 2 32 JD S 2A10

7 D u0dJ , ~A39!

O ~72,82!5
1

2&
HClsS 2 32 212 JD S 2A3

5D x0d

1CtS 2 32 2 12 JD S 2A20

7 D u0dJ , ~A40!

O ~82,82!5
1

4 HA0s1A0d12A0p1D0s1D0d26D0p

1ClsS 2 12 2 12 JD S 2A12

5 D x0dJ . ~A41!

b. Flavor-octet positive parity baryons.

O ~2,2!5
1

2
$A0s1D0s1Ā0s23D̄0s%, ~A42!

O ~90,90!5
1

4
$A0s1A1s12Ā0p1D0s1D1s12D̄0p%,

~A43!

O ~90,12!52
1

2
ClsS 0 32 1 12 JDA1

3
x̄0p , ~A44!
re
O ~90,92!5

1

4
CtS 0 32 2 32 JD $~2& !2ū0p1A5u1s20d%,

~A45!

O ~90,102!5
1

4
CtS 0 32 2 12 JDA10u1s20d , ~A46!

O ~90,112!5
1

4&
CtS 0 32 2 12 JD $~2A4!2ū0p

2A10u1s20d%, ~A47!

O ~100,100!5
1

4
$A0s1A1s1Ā0s1Ā1s1D0s

1D1s23D̄0s23D̄1s%, ~A48!

O ~100,110!5
1

4&
$A0s2A1s2Ā0s1Ā1s1D0s

2D1s13D̄0s23D̄1s%, ~A49!

O ~100,92!5
1

4
CtS 0 12 2 32 JD ~2A10!u1s20d , ~A50!

O ~110,110!5
1

8
$A0s1A1s12A0p1Ā0s1Ā1s12Ā0p1D0s

1D1s26D0p23D̄0s23D̄1s12D̄0p%, ~A51!

O ~110,12!52
1

2&
ClsS 0 12 1 12 JDA4

3
x̄0p , ~A52!

O ~110,92!5
1

4&
CtS 0 12 2 32 JD $A4 2ū0p

2~2A10!ū1s20d%, ~A53!

O ~92,92!5
1

4 HA0s1A0d12Ā0p1D0s1D0d12D̄0p

1ClsS 2 32 2 32 JD F S 2A3

8D 2x̄0p

1S 2A3

2D x0dG1CtS 2 32 2 32 JD
3F S 2A 7

10D 2ū0p1S 2A10

7 D u0dG J ,
~A54!

O ~92,102!5
1

4 HClsS 2 32 2 12 JD S 2A3

5D x0d

1CtS 2 32 2 12 JD S 2A20

7 D u0dJ ,
~A55!
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O ~92,112!5
1

4&
HClsS 2 32 2 12 JD F S 2A 3

20D 2x̄0p

2S 2A3

5D x0dG1CtS 2 32 2 12 JD
3F S 2A7

5D 2ū0p2S 2A20

7 D u0dG J , ~A56!

O ~92,12!52
1

2
HClsS 2 32 1 12 JD S 2A 1

12D x̄0p

1CtS 2 32 1 12 JD ~2) !ū0pJ , ~A57!

O ~102,102!5
1

4 HA0s1A0d1Ā0s1Ā0d1D0s1D0d23D̄0s

23D̄0d1ClsS 2 12 2 12 JD S 2A12

5 D x0dJ ,
~A58!

O ~102,112!5
1

4&
HA0s2A0d2Ā0s1Ā0d1D0s2D0d

13D̄0s23D̄0d2ClsS 2 12 2 12 JD
3S 2A12

5 D x0dJ , ~A59!

O ~112,112!5
1

8 HA0s1A0d12A0p1Ā0s1Ā0d12Ā0p1D0s

1D0d26D0p23D̄0s23D̄0d12D̄0p

1ClsS 2 12 2 12 JD F S 2A3

5D 2x̄0pG
1S 2A12

5 D x0dJ , ~A60!

O ~112,12!52
1

2&
ClsS 2 12 1 12 JD S 2A1

3D x̄0p ,

~A61!

O ~12,12!5
1

2 HA0p1Ā0p23D0p1D̄0p1ClsS 1 12 1 12 JD
S 2A1

3D x̄0pJ . ~A62!

c. Flavor-singlet positive parity baryons.

O ~130,130!5
1

4
$2Ā0p1Ā0s1Ā1s12D̄0p23D̄0s23D̄1s%,

~A63!
O ~130,14!52
1

&
ClsS 0 12 1 32 JD S 2A1

3D x̄0p ,

~A64!

O ~132,132!5
1

4 H 2Ā0p1Ā0s1Ā0d12D̄0p23D̄0s23D̄0d

1ClsS 2 12 2 12 JD S 2A3

5D 2x̄0pJ , ~A65!

O ~132,14!52
1

&
HClsS 2 12 1 32 JDA 1

12
x̄0p

1CtS 2 12 1 32 JD) ū0pJ , ~A66!

O ~14,14!5Ā0p1D̄0p1ClsS 1 32 1 32 JD S 2A 5

24D x̄0p

1CtS 1 32 1 32 JDA5

6
ū0p . ~A67!

d. Negative parity baryons.

O ~3,3!5
1

2
$A0s1A0p1D0s23D0p%, ~A68!

O ~4,4!5
1

2 HA0s1D0s1Ā0p1D̄0p1ClsS 1 32 1 32 JD
3S 2A5

6D x̄0p1CtS 1 32 1 32 JD S 2A10

3 D ū0pJ ,
~A69!

O ~4,5!5
1

2&
HClsS 1 32 1 12 JD S 2A1

3D x̄0p

1CtS 1 32 1 12 JD S 2A20

3 D ū0pJ , ~A70!

O ~5,5!5
1

4 HA0s1A0p1D0s23D0p1Ā0s1Ā0p23D̄0s

1D̄0p1ClsS 1 12 1 12 JD S 2A4

3D x̄0pJ , ~A71!

O ~6,6!5
1

2 H Ā0s1Ā0p23D̄0s1D̄0p

1ClsS 1 12 1 12 JD S 2A4

3D x̄0pJ . ~A72!

Cls(L8S8LSJ) andCt(L8S8LSJ) are defined as
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Ca~L8S8LSJ!5A~2J11!~2L811!~2L11!~2S811!~2S11!H L8 S8 J

l l 0

L S J
J , ~A73!
-

with l51 and 2 fora5ls and t, respectively. The radial
integrations are

Anl53^nluO c
O

~ i j !5~12!unl&^O c
C

~ i j !5~12!&, ~A74!

Dnl53^nluO ss12
O unl&^O ss

C &, ~A75!

xnl53^nluO ls12
O unl&^O ls

C&, ~A76!

unl53^nluO t12
O unl&^O t

C&, ~A77!

un8 l 82nl53^n8l 8uO t12
O unl&^O t

C&. ~A78!

Those with bars are similarly defined. From Eqs.~A33!–
~A72!, one can actually see that only the flavo
antisymmetric 0p pairs and the flavor-symmetric 0d pairs
are relevant for the noncentral part in the single baryons.

For OGE, the terms in Eq.~A31! are

O ss
O5Ōss

O524pas

1

6m2 d~r !, ~A79!

O ls
O5Ō ls

O524pas

3

2m2

1

4pr 3
, ~A80!

O t
O5Ōt

O524pas

1

4m2

1

4pr 3
, ~A81!

with

O a
C5

l•l

4
.

Therefore, the two-body matrix elements become

D0s5D̄0s5
1

2
mOGE, ~A82!

D1s5D̄1s5
3

4
mOGE, ~A83!

Dnl5D̄nl50 ~ l.0!, ~A84!

x̄0p5
3

2
mOGE, ~A85!

x0d5
3

5
mOGE, ~A86!

ū0p5
1

4
mOGE, ~A87!
r-

u0d5
1

10
mOGE, ~A88!

u0d21s5A 1

160
mOGE, ~A89!

with

mOGE5
1

2
~A0s1D0s2Ā0s13D̄0s!5as

4

3

1

A2p

1

m2b3
,

which corresponds to the contribution of OGE to theS-wave
N-D mass difference~5293 MeV!.

As for III all operators without a bar vanish. The flavor
antisymmetric operators are

Ō ss
O52V0

~2!
3

16
d~r !, ~A90!

Ō ls
O5V0

~2!
9

4m2

d~r !

4pr 4
, ~A91!

Ō t
O5V0

~2!
5

4m2

d~r !

4pr 4
, ~A92!

with

O ss
C5O ls

C51, ~A93!

O t
C512

3

4

l•l

4
. ~A94!

Thus we obtain the two-body matrix elements for III as

D̄0s5
1

4
m III , ~A95!

D̄1s5
3

8
m III , ~A96!

D̄nl50 ~ l.0!, ~A97!

x̄0p52
1

m2b2
m III , ~A98!

x̄nl50 ~ l.1!, ~A99!

ū0p52
5

6

1

m2b2
m III , ~A100!

ūnl50 ~ l.2!, ~A101!

with
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m III52
9

4
V0

~2! ~2pb2!23/2 .

The mass of baryons are obtained from Eqs.~A33!–~A72!,
by diagonalizing them if necessary, and adding the cen
part.

2. Two nucleons

Here we consider a six-quark system (0s)5(0p), with
quantum number of two nucleons with relative partialP
wave. The wave function is
tral

C5AqF[Aq$fN
2c0p~R!%, ~A102!

whereAq is an antisymmetrizer with respect to all six
quarks,fN is the nucleon wave function defined by the pre-
vious section, and thec0p(R) is aP-wave harmonic oscilla-
tor with size parameter b and R5(r 11r 21r 3
2r 42r 52r 6)/A6.

Noncentral operators relevant to this state are orbitall
antisymmetric two terms in Eq.~9!. The expectation value by
the above state can written as
^CuO uC&5K FU(
i, j

~Ō i j
A1O i j

S !AqUFLY^FuAquF& ~A103!

5K FU(
i, j

~Ō i j
A1O i j

S !~129P36!UFLY^Fu~129P36!uF&, ~A104!

whereP36[P 36
c P 36

f P 36
s P 36

O is the exchange operator for quarki , and j in the color, flavor, spin and orbital space. The
numerator is

9^Fu~Ō 36
A 1O 36

S !uF&29$4^Fu~Ō 14
A 1O 14

S !P36uF&1^Fu~Ō 36
A 1O 36

S !P36uF&%

59$2^Fu~Ō 36
A 1O 36

S !uF&24^Fu~Ō 14
A 1O 14

S !P36uF&%

518$^FuŌ 36
A uF&1^FuO 36

S uF&22^FuO 14
S P36uF&%. ~A105!
Here we use

O 16P365P36O 13, ~A106!

^FuO 13uF&5^FuO 13P36uF&50, ~A107!

^FuO 36P36uF&52^FuO 36uF&. ~A108!

For the spin-orbit part,O i j5 f (r i j )Li j •Si j , each term in Eq.
~A105! can be evaluated as

^FuO 36uF&5
1

16
^ f ~r 36!L36•S36~17P36

c !~17P36
f !~11P36

s !

3~12P36
o !& ~A109!

5
1

2
~17^P36

c &!
1

2
„^ f ~r 36!L36~12P36

o !&…

3
1

4
^S36~11P36

s 7P36
f 7P36

s f!&, ~A110!
^FuO 14P36uF&5
1

16
^ f ~r 14!L14•S14~17P14

c !~17P14
f !

3~11P14
s !~12P14

o !P36& ~A111!

5
1

2
~^P36

c &7^P14
c P36

c &!

3
1

2
„^ f ~r 14!L14~12P14

o !P36
o &…

3
1

4
^S14~11P14

s 7P14
f 7P14

s f!P36
s f&.

~A112!

The 7 reads2 for ŌA and 1 for OS. The color part is
^P 36

c &5^P 14
c P 36

c &51/3. The spin-flavor part can be calcu-
lated directly:

^p↑p↑uS36~11P36
s 7P36

f 7P36
s f!up↑p↑&

5
1

4 H 131
1

3
7
7

27
7
7

27J
5H 1

27
8

27

, ~A113!
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^p↑p↑uS14~11P14
s 7P14

f 7P14
s f!P36

s fup↑p↑&

5
1

4 H 5

81
1

5

81
7
5

81
7
5

81J
5H 0

5

81
. ~A114!

Also,

^ f ~r 36!L36~12P36
o !&5 2

9 x̄0p
A ~or 2

9x0p
S ! for ŌA ~or OS)

and^ f ~r 14!L14~12P14
o !P36

o &

5 2
9x0p

S .

The denominator of Eq.~A106! is 50/81@5,7#. Thus the
matrix element Eq.~A105! is

^CuO uC&5
3

75
x̄0p
A 1

38

75
x0p
S . ~A115!

The coefficients are listed asCNN3P in Table II. The tensor
part can similarly be obtained:

^CuO uC&52
4

75
ū0p
A 1

21

75
u0p
S ~A116!
by using

^p↑p↑us3
1s6

1~11P36
s 7P36

f 7P36
s f!up↓p↓&

5
1

4 H 9

81
1

9

81
17

17

81
7
17

81J
5H 2

4

81
13

81

, ~A117!

^p↑p↑us1
1s4

1~11P14
s 7P14

f 7P14
s f!P36

s fup↓p↓&

5
1

4 H 5

162
1

5

162
7

5

162
7

5

162J
5H 0

5

162
. ~A118!

One can clearly see that the flavor symmetric part of th
operator is dominant in this state both for the spin-orbit term
and the-tensor term.

The actual value is obtained by substitutingx 0p
A by x̄0p in

Eqs.~A85! and~A98! andx̄ 0p
S by 23/4mOGE, and by substi-

tuting ū 0p
A by ū0p in Eqs. ~A87! and ~A100! and u 0p

S by
21/8mOGE.
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@21# A. De Rújula, H. Georgi, and S. L. Glashow, Phys. Rev. D12,

147 ~1975!.
@22# Particle Data Group, K. Hikasaet al., Phys. Rev. D45, S1

~1992!.
@23# R. Koniuk and N. Isgur, Phys. Rev. D21, 1868~1980!.
@24# Y. Fujiwara, Prog. Theor. Phys.88, 933 ~1992!; 89, 455

~1993!; 90, 105 ~1993!.
@25# R. A. Arndt, I. I. Strakovsky, and R. L. Workman, Phys. Rev.

C 50, 2731~1994!.


