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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 positive-
and negative-parity nonstrange baryons and on the two-nucleon systems are investigated. The spin-orbit force
from the instanton-induced interaction cancels most of that from the one-gluon exchange in the excited baryons
while the spin-orbit force in the nucleon systems remains strong after the inclusion of the instanton-induced
interaction. The model including the spin-orbit and the tensor terms of the instanton-induced interaction as well
as the one-gluon exchange is found to reproduce successfully the excited baryon mass spectrum and the
scattering phase shifts of two nucleons in the spin-triplet reld®iwgave state[ S0556-282(96)04811-4

PACS numbses): 14.20.Gk, 12.38.Lg, 12.39.Jh, 13.75.Cs

[. INTRODUCTION simulate the observed mass spectiim4]. It was pointed
out that the confinement force also produces the spin-orbit
Valence quark models have been applied to low-energyorce, which may cancel the one from OGE in the excited
light-quark systems and found to be successful in reprodudsaryons[2]. Suppose one takes the spin-orbit part of a two-
ing major properties of the hadrons and hadronic systemdody confinement force into account; however, it also can-
The reason why such models can be so successful is not welkls the spin-orbit part of OGE in the nuclear fofée6]. To
understood. The empirical approach, however, suggests explain both of the features at the same time is highly non-
few reasons. One of them is that the model space has arivial.
appropriate symmetry. Another reason is that a light quark The QCD instantons were originally introduced in rela-
has rather heavy effective mass. In such a low energy regionion to the U(1) problem. How these topological gluonic
the effects of complicated configurations suchgasexcita-  configurations behave in the actual QCD vacuum has not
tion and dynamical gluon effects are considered to be takebeen derived directly from QCD. Under a few assumptions,
into account by employing constituent valence quarks anduch that the short-range repulsion among instantons and
effective interactions among quarks with the required symanti-instantons exists, and that the gluon condensate comes
metry. from the instantons, etc., however, the QCD vacuum can be
The empirical models mentioned above usually contairregarded as liquid of small instantons and anti-instan®hs
three terms: the kinetic term, the confinement term, and thén this picture, the size of instantons is considered to be
effective one-gluon exchang®GE) term. It is considered small enough compared to the low-energy hadronic scale,
that OGE stands for the perturbative gluon effects and thaivhich enables us to treat them as a pointlike structure. Once
the confinement force represents the long-range nonperturbeke instanton configuration is fixed, the effects will be similar
tive gluon effects. to the one by the dilute gas approximation, which was inves-
It is well known that the color magnetic interactiG@MI) tigated in detail[10,11]. The existence of instantons in the
in OGE is responsible for producing many of the hadronvacuum changes the quark and gluon propagdtht$ and
properties. By adjusting the strength of OGE, CMI can re-produces couplings of instantons to the surrounding light-
produce the hyperfine splittinggHFS), e.g., ground state quark zero mode§10]. The latter leads a flavor-singlet in-
N-A mass differenc{1-4] as well as the short range repul- teraction among quarks, which is believed to be an origin of
sion of the two-nucleon systems in the relati®ewave the observed large mass difference sf- » mesons. It is
[5-8]. It, however, is also known that the strength of OGEalso reported that the instantons essentially govern the be-
determined in this empirical way is much greater than 1havior of the pions and the chiral symmetry of QC®12].
which makes it hard to treat it as the perturbative effect.  This topological configuration is now known to relate many
Moreover, the valence quark model including only OGEinteresting features of QCD. Since it is hard to determine the
as an origin of HFS has a spin-orbit problem. The spin-orbitguantitative feature of the instantons directly from QCD, em-
part of OGE is strong; it is just strong enough to explain thepirical works on instanton-induced interaction will contribute
observed large spin-orbit force between two nucld@nsy]. also in understanding the structure of the QCD vacuum. A
On the other hand, the experimental mass spectrum of thiew phenomenological models with such interactions were
excited baryons\N* andA* resonances, indicates that such aproposed and found to reproduce thleand » meson masses
strong spin-orbit force should not exist between quarks. Aand their propertiefl3,14).
valence quark model in which the spin-orbit parts of the We focus our attention on the effect of the flavor-
quark-quark interaction are removed by hands can welantisymmetric quark interaction induced from the instanton-
light-quark couplings. How this instanton-induced interac-
tion (111), which contributes by a few hundred MeV in the
*Electronic address: sachiko.hith@med.tmd.ac.jp meson sector, affects other hadron systems is an interesting
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problem. Actually, several recent works indicate that the ef- TABLE |. Parameters for the quark model and for the effective
fect is also large in the baryon secfdd—20. We argue that meson exchange potentigee text
a valence quark model should include Il as a short-rangé
nonperturbative gluon effect in addition to the other afore- My [MeV] as vy b [fm]
mentioned gluon effects. _

In Ref. [16], we demonstrated that introducing Il may 313 1.657 483.8 062
solve the above difficulty in th&-wave systems due to the P aconf [IMeVm]  V,[MeV] r,[fm] r,[fm]
cancellation between OGE and Ill. In this paper, we discuss
effects of the noncentral parts, especially the spin-orbit part
of Ill on the excited nonstrange baryons and on the two-
nucleon systems at the same time. We consider the excited
baryons with the principal numbe0 (the ground-state bary- 15 1
ons, 1 (the negative-parity baryohsand 2 (the positive- Vm:VBZ)E %leavo’[ 16(1_5 O'i'o'j)
parity excited baryons We employ a quark potential model =
for that purpose because it can deal both with the single 1 q?
baryons and with the two-nucleon systems, and because the — =) {Z LS+ 17
discussion based on the symmetry can be performed more
clearly for the present subject. In Sec. Il, we will show the
model Hamiltonian. The discussion based on the symmetry _ (2)2
is presented in Sec. Ill. The numerical results are shown in 2 i<
Sec. IV. The discussion and the summary are in Sec. V.
Complicated calculation of the wave functions and the ma- 4flavor 1 ( LS+ a
trix elements are summarized in the Appendix.

43.84 —702.9 0.617 0.25
0.4 31.40 —528.7 0.579 0.25

3
1_1_6)\i')\j)512H €)

9
32)\ ‘N0 O

2

12

3
EM-A,—)SQH, 4

where\; is the Gell-Mann matrix of the color SB) with

Il. QUARK MODEL WITH INSTANTON-INDUCED Ni-Nj=25_\fA% The same procedure for OGE leads
INTERACTION [5,21] to

We assume that both OGE and Ill are included in the (Ai-\) oo 3

guark model Hamiltonian; = P
VOGE 47TC¥ ; 4 az 6m2 2m2q2 LS
H quan= K+ (1= pu)Voeet Pt Vin + Veont, 1) 1
quari con 4 12rn2 S]_Z (5)

where p,, is a parameter which represents the rate of th%vith
S-wave N-A mass difference explained by Ill. When one
introduces the interaction strong enough to give the observed _ : _
77 mass differencep,, becomes 0.3-0.f14-16. Voge LS=(oi+0y)-ilax(p=p;)]/4, )
andV, are the Galilei invariant terms of the Il and OGE )
potentials. Sj=3(0i-q)(oj-9)/q°— (0o 0y). (7)

According to the instanton liquid model, the size of in- Havor Havor
stantons is about 0.3 fm, which is a new scale of the lowHere. 7~ = (1—Pj"")/2 is the antisymmetrizer in the fla-

energy QCD phenomer[zQ] The instantons and the anti- VOr spacem,= md—m is a constituent quark mass, agds
instantons couple to flavor-singlet light quarks. Assumingthe three momentum transfer The valuesmyfthe strength
the instanton is small enough compared to the system wef each interactiongs andV{?, with the size parametér of
consider, one obtains the effective interaction betweerthe quark core of the baryon are listed in Table I. Since we

flavor-antisymmetric quarks arising from that coupling asuse a constituent quark model, the coupling of the interac-
[10,14-17 tions should also be determined empirically. The values are

chosen as follow$5,7,14—18: the quark mass is 1/3 of the
nucleon mass; the size paramekeis taken to be a little
smaller than the real nucleon size reflecting that the observed
baryon size has contribution from the meson cloagand

— — 15
Hi ZVE)Z)% r(D) Pr(]) ) »«"’zif}avor
V' are determined to give the ground state\ mass dif-

1 . . ference
X 1‘5Ui'Uj)¢L(J)¢L(|)+(H-C-), 2 H
1% 9 Vo' a5 Meve @®)
e My
whereV? is the strength of the two-body part of IIl, ar 3V2m m?b3 4278 b

is the Pauli spin matrix for théth quark. We obtain the

following potential performing the nonrelativistic reduction a.s, the strength of the confinement potential, can be deter-
to the lowest nonvanishing order ip/m) for each operator mined by smy/sb=0; andp,, is taken to give they'-7

of different spin structurg¢16]: mass difference.
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lll. SYMMETRY TABLE Il. Matrix elements of the OGE and 1l spin-orbit and

L the tensor terms in units of their contribution to the ground state
One of the reasons that the nonrelativistic quark model N mass difference. Their contribution 8(5/27), N(7/2%) and

can successfully predict the properties of the low energy sysne six quark state for the spin-triplet relatifewave two-nucleon
tem is that the model has an appropriate symmetry. We dl%ystem are listed a8y, Cy_2, andCyysp. The columns under
cuss here whether the observed properties in the spin-orb§Ge and 111 correspond to the radial contribution of each quark
force, small in the single baryons and large in the two-pair, y, /3 and 6,/3 [Eqs. (A78)—(A80)], from OGE and IIl, re-
nucleon systems, can be explained by discussion based @pectively. The states forbidden by the color or the flavor symmetry
the symmetry. are left blank.

The interactionsg4) and (5) consist of operators which
conserve the flavor symmetry. Thus the spin-orbit or the ten-

sor part of the two-body interactions for a quark pair, which OGE I Cn=1 Cn=2 Cnner
requires the quark pair to be symmetric in the spin space, cajza 1 11 3 3 0.12
be decomposed as s 7 T 3mn? 3 3 '
_ — S 1
O= P+ 5+ 5+ O, 9 (oo -7 1.52
where (O304 1 0 3 o0
5 2
ZAE 0 70 gspin.//;color(/éﬂavor' (10) <ﬂﬁs>0d 1 0 0
10
@SE Vol /Zorbayspirlyx:olorf Iavor’ (11) FA‘ 1 5 1 3 3 _0.16
_ Cierdor 2 “1Bmm 5 5
~S—_ - corbspin _scolor Alavor :
(75= (7P gspin_ycolor o Alavor 12 (8 30 - % 0.84
5A = /5 z0rb ¢zspincolor /;/flavor —
with antisymmetrizers Z’'s and symmetrizers”’s. For a — 1
quark pair with the relative-odd partial wave, the first two (“tens1s-0d — 0 0 0
terms in the right-hand side of E(P) are relevant, while the 1210
last two terms are for relative-even partial-wave pairs. The P4 od _1 0 0
operator with a bar is for color anti-symmetric pairs, which is 60
relevant to the single baryons. Those for the ﬂavor-</;¢en reod 1 5 1 0
antisymmetriq-symmetri¢ quark pairs are marked bA(S). 2410 610 M°b*

The noncentral term _of Il contains only flavor-
; ; A A o )
antisymmetric components,” and”; OGE has all of the two-nucleon system. The entries in other rows should read in

components in Eq(9). Since OGE s vector-particle_ex- a similar way. Once the parameters are taken to satisfy E
change and Il is alike to scalar-particle exchange, their non- Y. P a.

central term has an opposite sign. Thus there is a spin—orbg ). the contribution from OGE can be express_ed (_)nlypby
cancellation where both OGE and Ill survive. Actually, it the ground stat&l-A mass difference; the contribution from

occurs only for the flavor-antisymmetric color-antisymmetric!!l contains also the dimensionless parameteb together
relativep-wave quark pairs. Since the range of Il is as-With u (see Appendix oy
sumed to bes function like, the noncentral part of Il for the ~ As seen thaCyysp for (“T's)g, is by one order larger
relatived-partial wave pairs vanishes whég 2. than Cynsp for (¢'{s)op, the contribution of the color sym-
To see the properties of the single baryons and of thénetric spin-orbit operator is found to be dominant in the
short range part of the two-nucleon systems, we evaluate theix-quark state. Since there is no OGE-Ill cancellation for
energy of systems by the Gaussian wave functions where tHgat operator, the spin-orbit reduction of the relatRevave
center-of-mass motion is eliminated: g0s)? for the  two-nucleon systems is small. Within the single baryon, of
negative-parity single baryons, §1(0s)2 (0p)?(0s), and course, only the operators with a bar are relevant. The OGE-
(0d)(0s)? for the positive-parity single baryons, and and Ill cancellation occurs in the spin-orbit part operating on the
(0p)(0s)°® for the six-quark systems. In Table II, the contri- 0dd-wave quark pairs in the single baryons. It is the spin-
bution of matrix element of each operator in Eg) is listed ~ orbit force between the odd-wave quark pairs that should
for the negative-parity baryolN*(5/27), for the positive- disappear in the single baryon as we will show in the next
parity excited baryorN*(7/2"), and for the six-quark state Section. Thus we expect that this cancellation will lead the
with the relativeP-wave two-nucleon quantum number. The observed properties in the spin-orbit force.
first low corresponds to the contribution of the spin-orbit
force from the flavor-antisymmetric color-antisymmetric
relative-Qp quark pairs. The OGE and Il contributions to IV. RESULTS
N*(5/2") are evaluated by 1/&Zy\_,(1—p,) and
—1/(3m?b?) uCy_1pyy» respectively, with the parameter
p,; with Eq. (1). Those toN*(7/2") are obtained by substi- We investigate the mass spectrum of the excited non-
tuting Cy—; by Cy-», while Cypnsp should be used for the strange baryons by a nonrelativistic quark model with the

A. Single baryons
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spin-spin, the spin-orbit, and the tensor parts of OGE and llithat the tensor term is necessary only from the mass spec-
The central spin-independent part has been modified. Theum:; it was included so as to give correct decay md@&%

central part of the original model Hamiltonian E44) does

The fourth column D) contains the central, the spin-spin,

not produce the correct zeroth-order splitting seen in the exand the spin-orbit term witp,, =0. The spectrum, especially
cited positive parity baryons. It is mainly because the spinfor the nucleons, is destroyed completely; which is the rea-
independent contact interaction from the one-gluon exchangggn why the spin-orbit term had to be removed in REZs.

is strong and has a wrong sign. As Rdfbk-3] pointed out,

3]. The question is, however, whether all the spin-orbit terms

the deviation of the spin-independent force from harmonicshayid be removed or not. The excitAd mass spectrum is

will be very important and expressed by the following pa-

rameterization. We use the same method in Rfwith the
same values except for a little modifi€g:

Hquark:Hc'*'(l_plll)%-I/E'*' IOmVT, (14
H.=Ey+NQ+ U, (15
EO: 1090 MeV+ Pu ,LL/2, (16)
Q=440 MeV, (17)
5=400 MeV, (18

-1 (56',0%)

-3 (70,0
U={ — 2 for (DSFLP)={ (56,2"), (19

-4 (70.2")

0 otherwise

where VogdVy) is the spin-spin, the spin-orbit, and the
tensor part ofVoge(Vy,), and N is the principal quantum
number of the harmonic oscillator wave function.

better than the nucleons’. There, all the quark pairs are in the
flavor symmetric; the spin-orbit term exists only for the rela-
tive 0d-wave pairs.

The Hamiltonian of the fifth spectrunk( is the same as
the fourth one except that we remove all the spin-orbit force
between the relative @pwave quark pairs, namely, flavor-
antisymmetric pairs. The remaining spin-orbit term affects
only the relative @-quark pairs. The excited nucleon spec-
trum changes drastically; most of the spin-orbit effects,
which destroy the spectrum, are found to come from the
relative Qp-wave quark pairs. The remaining effects of the
spin-orbit force are still somewhat stronger than the best fit,
but the spectrum becomes much closer to the realistic one.

As we showed in the previous section, the spin-orbit force
between the relative odd partial wave pairs reduces by intro-
ducing lll. The sixth column ) corresponds to the Hamil-
tonian (14) with p,,=0.4; it includes the centrgparameter-
ized), the spin-spin, the spin-orbit, and the tensor terms of
both OGE and lll. In this choice, the strength of the spin-
orbit force between P pairs reduces by 0.32 from tipg, =0
case while that betweendOpairs reduces byl—p,,)=0.6.
Note that this simple model does only have six parameters
[Eq. Do, 6, u, (mb)? and p,,] for the whole nonstrange
baryons up to thé&l=2 including both of the positive parity
and the negative parity states. We do not adjust the relative

Our results in this subsection are affected by only a fewstrength of the spin-spin, the spin-orbit, and the tensor term.

parametersk, to give the ground state enerdy,to give the
difference among the ground states, Mwe 1 negative-parity
baryons and thé&=2 positive-parity baryons$ to split the
N=2 baryons,u in Eq. (8) for the hyperfine splittings,
(mb)?, andp,, to give the relative strength of Ill. This esti-

The result is reasonably consistent with the experiments.
Thus we can conclude that the flavor-singlet interaction
plays an essential role in reducing the strong spin-orbit force
in the excited baryons to the observed strength.

In Refs.[2, 3, 23, the tensor part of OGE was introduced

mate by the harmonic oscillator wave function is affectedso as to give an appropriate decay rates. One of their ex-
only by the above combinations of the parameters listed immples is the relative strength of theN decay from two

Table I. The values of the parameters here are reasoriaple.
is close to 3n,, and the strength of OGRy(1—p,,), be-
comes smaller whep,,, =0.4.

In Figs. Xa and Xb), the mass spectra of the negative-

A(5/2%): A(1905 and A(2000. We estimate the ratio of the
decay matrix elements for those states using the transition
operator defined 23], where they assumed the pointlike
pion is emitted from single quark. The calculated matrix el-

parity and the positive-parity baryons are shown. The groungment for the higheA(5/2") is found by about 30% smaller
state mass is kept 940 MeV for the nucleon and 1240 MeMthan that of the lower state. The experimental partial decay
for A in each parameter set. The observed mass spectrumvgdth of the lower energy state to theN channel is 32 to 39
shown by star¢the weighted average of the observed values MeV; two experiments are reported for the decay width from
and boxegpossible error[22]. The number of the stars cor- the higher energy state: 5 and 28 ME22). It seems that the
responds to reliability of existence of the states: the four-stahigher state decays more weakly#® than the lower state.
state means that its existence is certain while the one-staris decay-rate ratio for these states is consistent with the

state means that evidence of its existence is poor.

experiments, though it should be considered as a very rough

The next right to the experiment is the mass spectrunestimate.

given by H. (denoted byB). This three-parameter model

A possible flaw of our model as well as that in Ré8,. 3,

gives an excellent prediction for the excited baryons. The23] is A(3/2%). Two A(3/2") are seen experimentally:
third spectrum C) is derived from the Hamiltonian which A(1600 andA(1920; both of them decay to theN channel

containsH. and the tensor term of OG#p,,=0): it corre-

rather strongly. The lowest energy level of the predicted

sponds to the one in RefiR, 3], where the spin-orbit term is states is 1734 MeV. Inclusion of the spin-orbit term and IlI
omitted by hand. The introduction of the tensor term giveshas made the state lower by about 150 MeV, but the level is
little change in the spectrum. Actually, one cannot concludsstill higher than it should be by about 100 MeV. The esti-
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mated decay matrix elements from both of the two lower
2.0 states to therN channel are large, but that from the highest
- Negative-Parity Baryon Mass - level is small. The couplings to the baryon-meson channel,
- - [GeV] _| such as7N, may be importanf24]. The experiments have a
large error also for these states. Further investigation both in
i S i the experiments and in the theories is necessary to clarify this
— - problem.

B. Two nucleons

5
B * 3 N The main purpose of this paper is to show that the inclu-
ridels s 3 L3 sion of the instanton-induced interaction gives the channel
u L35 138 k13131313 specific cancellation of the spin-orbit force between quarks.
| T 1 A BCDETF | In the symmetry consideration we show that the spin-orbit
g!, force in the two-nucleon scattering does not reduce much by
15— 13 - introducing Ill. In this section we show that a realistic quark
= =3 = 4 cluster model including Ill can actually reproduce the two-
1 T nucleon scattering phase shift for the tripewave states.
The wave function is the same as those in Rgfs.7, 15:

- - V=7 $AX(R)}. (20

B L 7] The notation is the same as E@A102) in the Appendix,
except fory(R), the relative wave function, which is now to
@ be solved.

The Hamiltonian for the valence quarks is Efj), except
N . that we omit the tensor terms of OGE and Ill because the
- L Positive-Parity Baryon Mass - tensor force between the quarks is not dominant in the two-
- [Gev] nucleon systemi7]. We use the linear confinement potential
i 3 i for Veonin EQ. (2):

%
Jeo]~

IU"

o |~

o~
er

20 Veonf= 2 Aconf j - (21
. *x s 1<j

| =l
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After integrating out the internal coordinates of the nucleons,
we have the resonating group method equation

|u1 wl»—n
|u1 wls—a
1

|ones] |~
|oo
lw
'Lh)
Jeo

{Hq+ NYAgyepNY2—EN} x=0, (22)

- whereH, is the Hamiltonian kernel foH g, andN is the
DETF normalization kernel. The effective meson exchange poten-
2 3 tial Vgyep is multiplied by N2 because the potenti®zyep
15— 3 A . should be added to the equation in the Sdimger form.

- *Q* . Here we také/gyep to have the central and the tensor parts
of the one-pion exchange with the form factor corresponding
to the size parametdr, and the Gaussian-type central attrac-
tion [7]:

T I T
-
o ¥
*
|
o
-
Al
= I
|~
-
——
o
a
lw
Joo
|

o - |-

L
E F

®)

VemesR) = (7 7)(0 0)VL(R) + (7 1)V (R)S1o+ Vy(R),

FIG. 1. Mass spectra fdg) the negative-parity nonstrange bary- 23)

ons and(b) the positive-parity(N=2) nonstrange baryons. A: the
observed mass spectrum is shown by stars. The columns correspond
(from left to righy to B: H.; C: H.+tensor term of OGE; D:
H.+LS and the tensor term of OGE; E .+ LS of OGE for 0d-

quark pairs only; FH.+LS and the tensor terms of OGE and Il
with p,,;=0.4. Each number corresponds to the spid, af the

level. —exfd 2m,Rlerfd a )}, (29

VE(R)= g% 1 ( m,, )2 exg —m,R] 1

273 | 2my R 2 erda-)
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2 exd —m,R]
R

g2 1
473

|
|

m’TT
2my

VI(R)=

X

m_R  (m,R)?

2
1+ + erfda_)

3
m + 5 exd 2m Rlerfd a, )

5 [deg]

w
Nt
—_—

(m,R

1—
1+

R
6 R
o i)z] m Sexp:—az]l, 25

5

M M L M 2 2 . " 1 2 " 2 i
0 50 100 150
— (26) Ec.m.[MeV]

FIG. 2. Two-nucleon scattering phase shifts for the spin-triplet
B=(m,b)%3, (27)  relativeP-wave states. The phase shifts are recompiled to present
the strength of the centraPRc), the spin-orbit P, g), and the
tensor part {P1) (see text The circles correspond to the experi-
ments VZ4(25], the solid lines are fop,,, =0, and the dashed lines
are forp,,;=0.4.

2

Vg(R)zvgexr{ - ——

—{VU+Vg(O)}ex;{—( R ﬂ 28 V. DISCUSSION AND SUMMARY
fo~la We investigate the effects of the noncentral part of the
_ ) o interaction induced from the instanton-light-quark coupling
The parameter¥,, andr, in Veyep are determined by fitting o, the excited nonstrange baryons and two-nucleon systems.
the experimental phase shifts of the triplet partial-odd wavey js found that the 11l spin-orbit force cancels the OGE spin-
states with fixedr, (Table ). The coupling constant gt force in the excited baryons while the spin-orbit force
g7/(4m)=13.7 is taken from Ref25]. The other parameters jn, the two-nucleon systems remains strong after the inclusion
in qu_,ark are the same as in the previous section, which argy 111, which is favored by the experiments.
also listed in Table I. _ _ The spin-orbit and the tensor part of lll survives only for
To see the contribution from the spin-orbit term more e color-antisymmetric quark pairs in a relative-odd partial
clearly, we recompile the phase shift [&s-7] wave state. There, the cancellation of the spin-orbit and ten-
sor parts occurs between OGE and Ill, which leads to the
1 . 1 . 5 . particular cancellation required. The relative strength of each
9 6(*Po) + 3 o(°Py)+ 9 8CP2), (29 term may change if we take other effects into account. The
channel-specific cancellation is, however, explained based
. 5 . on the symmetry; the overall nature will still be valid with
3p v > 3 2 san . 2 o3 the change of the model parameters.
OCPr)= 36 O("Po) * 24 o(P1) 72 3CP2), (30 The other possible source of the noncentral part is the
confinement force. To produce such channel dependence in
1 1 5 the confinement force, however, one has to introduce a three-
SCPLs)=— = 6(3Py)— = 6(3Py) + — 6(3P,). (31) body confinement, such as a flip-flop modié]. There, the
6 4 12 confinement force in the hidden color configuration and in
the baryonic configuration can be different from each other.
The calculated phase shifts are shown in Fig. 2 togetheit allows us to have an extra free parameter, which cannot be
with those of the energy-dependent phase shift analysis faneasured by the experiments. The two-body confinement
the low-energy region, VZ40, taken frosaiD databas¢25]. force, which has the factdi-\), shows similar channel de-
The central part seems to require more sophisticated effependence to OGE and cannot produce the cancellation re-
tive meson exchange than the two-ranged Gaussian potentigjuired here. We neglect the spin-orbit part of the confine-
The one-pion exchange can give enough strength to the temaent here, because its mechanism is not known and the spin-
sor part of the two-nucleon system. The spin-orbit force isorbit force cannot be determined. But the effect itself may
reproduced by the quark model well, even when Il is in-not be small and will have to be considered in future.
cluded byp,,;=0.4. As seen in Table Il, the cancellation = The meson exchange also produces the noncentral parts.
occurs only for the color-antisymmetric quark pairs, whichUsually, theo, p, and w mesons are considered as the main
play minor roles in thd>-wave two-nucleon systems. The Ill source of the spin-orbit force between the nucleons. This
spin-orbit part for the color-antisymmetric pairs has the samgicture, however, cannot be applied to the quark systems in a
sign as that of OGE. Thus the reduction of the spin-orbitstraightforward way. These mesons are not pointlike; one
effect by including 1ll is less thafl—py,). cannot safely assume that they interact directly to quarks.

8(°Pc)
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Moreover, their couplings to the nucleons are determinedific Research on Priority AreaéNo. 05243102 from the
mainly from the two-nucleon scattering data empirically. In aMinistry of Education, Science, Sports and Culture.

model which includes only meson and baryon degrees of
freedom, thewN coupling is usually taken to be strong so as AppPENDIX: MATRIX ELEMENTS BY THE HARMONIC

to produce the short-range repulsion between two nucleons. OSCILLATOR WAVE FUNCTIONS

In a quark model the repulsion is explained by the quark

Pauli-blocking effect, by OGE, and by Ill. Themeson ex- Here we evaluate each operator defined by ().
change, which produces the intermediate attraction, also

stands for complicated modes such as two-pion exchange, 1. Single baryons

coupling to thewrA channel, and even the attraction from lIl.

It is hard to determine the genuine coupling to the mesons.
Here we take a quark-meson hybrid picture; the short-ranged a. S-wave baryonsThere are flavor-decaplet states with
properties are explained by the nature of a quark model and”=3/2" and flavor-octet states with 172 By writing the
the long-ranged properties are explained by the mesororbital angular momenturh and intrinsic spinS explicitly
exchange model. The modes which can be presented by theth the dimension in the flavor spa8€ and the dimension
mesons will be taken into account as the meson clouds. Thia the spin-flavor spac®>F as |DF;DSH(LS)JP), they are
p-meson cloud has similar dependence to OGE because thiepresented as
isospin factor(7-7) shows similar channel dependence to 3\ 3+
(N-N); it will not produce the channel-specific cancellation to _lan Fa31C o E S
OGE. The spin-orbit force of the or o cloud may produce |1>=‘1O’56(O§) 7> = (MBI,
such a cancellation. Their strength, however, becomes (A1)
smaller in such a picture. The contribution from meson

A. Wave functions

clouds is unlikely to produce a major part of the large effects 1\ 17
required here. 2)=8,56( 05| - =|[1319I[31°N{|[2217)|[21]%)} 131
On the contrary, there is clear evidence for the existence (A2)

of the interaction between the flavor-singlet quarks in the

meson mass spectrum, i.e),-» mass difference; this effect b. P-wave baryonsThere are flavor-decaplet states with
is considered to come not from the meson exchange but, af=1/2", 3/27 and flavor-octet states witdP=(1/2")?,
least, mainly from the instanton-light-quark coupling, whose(3/27)2, 5/2". For future use, we listed flavor-singlet states
role we investigate here. It is natural to think that there arewith 1/27, 3/2" for the strangeness1 systems. In the same
large effects from IlI also on the properties of the baryons orepresentation above, they are

baryon systems; one of which, we argue, is the cancellation

in the spin-orbit and the tensor force. lan 1)\ ac O IraF s
The other effects from the instantons, e.g., the deformaJ3>=10’7O(1§ J >_|[1 1R8I 12117 i3
tion of the quark and gluon propagators should be consid- (A3)

ered. Also, since the instanton has a small but finite size, the
correction to the interaction from the pointlike instantons s B . o . s
employed here has to be examined. Moreover, because theit4) =870 15|37 ) =[[17]°{[[21]°)[[21]")}(3)|[3]%),
effective masses themselves are considered to come from the (A4)
instanton-light-quark coupling in the instanton-liquid picture
[9], the massless zero-mode quarks around instantons are 1
assumed to couple to the constituent quarks. Though we ad5)= 8;70( 1§)J> =[[1319MI[221°)[[2117)[[211%)} 3.
sume the coupling of the constituent quarks and instantons is (A5)
simple, it may actually have some momentum dependence.
Let us, however, again mention that our discussion is based
on the symmetry, which will survive reasonable change of|6)=
the model parameters.

The symmetry consideration has to be reexamined when

one considers the relativistic systems or the systems includc- N=2 positive parity baryonsThere are flavor decaplet

ing strangeness. The estimate by the MIT bag model indi-States withaP=(1/2")2, (3/2%)3, (5/2%)2, and 7/2, flavor
cates that the major effect of the cancellation still exists inOCtet states withi1/2+)4’ (3/2+)5’ (5/27)3 ,and 717 ;";md fla-
the negative-parity baryorfd6]. It is interesting to investi- - NPT BRI S 2,
gate the role of the instanton-induced interaction in the S singlet states wit1/27)", (3/2°)", and (5/2°)"

1
1;70(15)J> L0220 [ 221R) 2y,
(AB)

cited baryons with the strangeness, especially in the flavor- 3
singlet states, which will be presented elsewhere. |7L>510;56( L §)J+> =[[231%)|[31°)|[317)|[3]%),
(A7)
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3
|9L>E8:70( L §)J+> =[2°1°0I[211°)[[22]7)}15)/[31%).

(R9)
1
|10L>z‘8;56(|_§>ﬁ>
=[[IBIPHIL20D) 2105, (AL0)
1
|11L>E‘8;70<L E)J+>
=[[231[200°)|[2117)|[2115)} 157, (AL1)

|13_>E‘1;70(L %)J+>
=|[131°MI[210°)[[1*17)|[21]%)} 13y, (A12)

with L=0 and 2, and

|12>E‘8;20(1%)J+>

=[[INLPIOHI227) (2215} a3y, (AL3)

3
19=|120 130" e,
(A14)
for L=1.
Here

1
{|[21]a>|[21]ﬁ>}[3]:5 {I[21]*MS)|[21]”MS)
+|[21]QMA>|[21]'BMA>},
(A15)
(209 (210 25,= — {|[22"MS)|[22°MA)
[1°] Vi

—|[21]*“MA)[[21]*MS)},
(A16)

{I[21)[21%)1[21]")} 5
2 (- [2UMS[21PMS)[27MS)
+|[21]*M S)|[21]PM A)|[21] "M A)
+|[21]*MA)Y|[21]PM S)|[21] "M A)

+|[21]*“MA)|[21]AM A)|[21] "M S)}.
(A17)
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0013]) = thos( &) thos( W), (A18)
|0 21]M S) = os( &) thop( M), (A19)
|0 21]MA) = Yrop(£) tos( 1), (A20)

|0 2°1) =[ ¢hop(&) X thop(M]*, (A21)
023])= % {Y04(©) o 1)+ oo &) Yrou( M)},
(A22)

1
|0721]MS)= v {t0a(&) os( 1) — Yos(£) thoa( )},

(A23)
|0 21]MA) = thop(£) X thop(m) 1%, (A24)
1
|1073])= v {¥15(&) os( 1) + Yos(§) Y1s( )},
(A25)

1
[1021]MS) = v {115(&) hos(m) — thos(§) h1s(m)},
(A26)

|20[22]MA) = thop( &) X trop( M 1°, (A27)

where fa;x b1 ==(ml'm’'|LM)a,b;' .
The flavor part is the same as in RE3). For the proton,
it is

|[3])=(duu+udu+uud), (A28)

1
|[21]MS)= — (—udu—duu+2uud),

/6

(A29)

1
|[21]MA>—‘E(udu—duu). (A30)

B. Matrix elements

The operators we consider can be written as

o= > {ONSF R+ )
(i<j)

+ OIS OCH oo
+ oY+ AL S
+ O ST+ A P)S. (A31)

Then, the matrix element

The orbital wave function in the coordinate space can be

written by  Jacobi's  coordinates, &=(r;—r,)V2,

n=(r1+r,—2ry)/J6, and Rg=(r{+r,+ry)V3. When we

write [INL[f]), they are

Al n) | InLS)d) (A32)

1
= \/ﬁ <n’(LS'
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is reduced to the sum of the two-body matrix elements. Here 1 3 3

n is the number expressing the states defined by &fs- (90,9,)=7 Ci| 0525 IJ{(~ ‘f)200p+ 56015—od}

Al4). o (A45)
a. Flavor-decaplet positive parity baryons.

1
A(1,)=Ags+ Ags, (A33) (90.10)=7C (o 2= J)J_oels od,  (A46)

(79,7p) AgstArstAgstA A34 1 3 1 —
(70,70) 2{ ostArsT Ags T Ay}, (A34) A(99,11,) = ‘/_C’[<0§2§‘]>{(_\/Z)260p

(70172)_ ! Ct( 05 2_ ) \/_015 od (A35) - \/ﬁ)alsfod}! (A47)

((100 1Q))_ {AOS+AIS+AOS+A13+AOS

1
C(To8)=5 = C| 05 03 2 3| V1061s o4,  (A36) T
+A13_3AOS_3A15}' (A48)

1
% = — — 1 [ —
“(808o) =7 {Aost Aust 2Aop+ fost Aas™ 6o, (105, 110) = . {Aos—Ass— Ags+ Ass Ao

(A37)
. — Aot 3805344}, (A49)
(8o To) =2~ ct(o 25 J)( V10) 615 0u, 1 3
(A38) (10,9)=7C (0222 J)(—@)ms_w, (A50)
1 ) 1 -
((72172) AOs+AOd+AOs+A0d 0(1101110):g{AOS+A15+2A0p+AOS+Als+2AOp+AOS
3 3 3 + A1 6A0,—3Ags—3A1+2A0,},  (A51)
+C|s 22923 . \/7 Xod 1s Op 0s 1s Op}
2 2 2
7(115,12) ! C (01113)\/1_ (A52)
3 3 10 A1y, 19)=——7¢, 2 Xop»
+Ci| 25257 —\ﬁ)%d . (A39) 2vz C\727 27 N3
2 2 7
1 31 3 (115,9,) = ! C(0123J{\/4—1 26,
N = — — 2 1v2°2 op
S MEET IV sl
—(=10)015_od}, (A53)
3 , 1 \/ﬁ) 1s Od}
+C; 25 EJ N7 Ooqi, (A40) 1
/(92,92)— AgstAgg+ 2Aop+ Agst+ A0d+2A0p
. 1
ﬁ(82,82) = Z [AOS+ A0d+ 2A0p+ AOS+ AOd_ 6A0p 3 3 \/§ _
+Cls ZEZEJ - g 2X0p
1 1 12
+Cis 25253 ~\ 5| Xod|- (A41) 3 3 3
+| - 3| Xod +Ct2222J
b. Flavor-octet positive parity baryons. 7\ 10
X — \/;—0)200,)4‘ - \/;) GOd}}v
(2,2)= 2{A05+AOS+AOS BAOS} (A42) (AS4)
1 _ _ 1 3.1 3
(90,90 = 7 {Aost Ass+ 20+ Agst Ags+ 240}, (9210)=71Cis| 2525 J 5| Xod
(A43)

C2321J) \/%0
3 +t 292 7 odf»

' 1 1 \ﬁ_
(90,12)=~3 C|s(0§1§\]) 3 Xops  (A44) (AS5)



6628

1 3 1 3\
9(9,5,11,) = ‘/‘[C'S(ZZZZJ)H \/%)2)(0,3

3
_(_\[E)X"d 22
7\ — 20

— \[g>2aop—( — \/;) 000,” (A56)
1 3 1 1\
5(0'5(25153)(‘\/1:2)“9

3 1
2515 J)( f)eop},

3 1
ZZJ)

X

(9,,12)= -

+C,

(10, 102)— AOS+AOd+AOS+AOd+ ApstAgg— 3A05

3e3 B

292
(A58)

—3Mgg+Cig

1
(10,,1)= — [AOS Aod— A05+A0d+A05 Aog
42
— — 1 1
+380s— 3804~ Cis| 2525 J
12
"NV Xod|

AOS+ A0d+ 2A0p+ AOS+ AOd + 2A0p+ AOS

X (A59)

1
AL 1L)=g

+Agg— 64 gp— 3A0s— 3Agg+24g,

25233 [Vl

+Cis

12
+| — 5 | Xod| (A60)
) 1 \F _
6(112112): - E C|S 22 1 2 ‘] § XOpa
(A61)
1 1 1
(12,12 = A0p+A0p 3A0p+ Agp+ Cis 15153
1\
-V3 Xop| - (A62)

c. Flavor-singlet positive parity baryons.

(13,13 = P {2A0p+ AosTAgst 2A0p_ 3Aps—3A44},

(A63)
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1 3 \/I_

(AB4)

(13,14 =

(13,,13,)= { 2A0p+ A05+ AOd + 2A0p BAOS 3A0d
2 ! 2 ! J \/§ 2xo AB5
525 ~ V5| 2Xop | (AB5)

1C2113J
7 G222

1.3\ —
2515 3|V360),

1313 \/3_
213 24) Xop
3 3 \F_
15153 \g bop-

d. Negative parity baryons.

+Cs

1_

C(13,14= - 13 Xop

+c, (A66)

(14,14 =Agy+Agp+ Cis

+Cy (AB7)

1

1313J
272

AOS+ AOS+ A0p+ A0p+ C|S
13 .3 3 S \/F) —
272 3| fop|»

J

1 3 1 \F _
(45)_ ClS 1212‘:J §X0p
13 113 \/?O B0, A70

2 2 ? 00p ’ ( )
((55) rAOS+A0p+AOS 3A0p+AOS+A0p 3AO$
1 1 J \/Z

272 3

AOS+ AOp 3AOS+ AOp

]

Ci(L'S'LS) andC,(L'S'LSJ) are defined as

1
(4,4 = 5

X XopT Ct

+C,

+Agp+Cis

X_Op’ ., (ATD)

(6,6)=

12123

+Cis
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L’ s J
C,(L'S'LSY)=(23+1)(2L'+1)(2L+1)(2S'+1)(2S+1){ A N O}, (A73)
L s J
|
with A\=1 and 2 fora=Is andt, respectively. The radial 1
integrations are f0d= 7 MocE: (A88)
An=3(nl| 8= aalN{“Cip=a2),  (AT4) 1
, bod—1s= \/ 7an HOGE: (AB9)
A=3(n1[ 01X 75Y, (A75) 160
o c with
Xni=3(nl 0I512|n|><@ls , (AT76)
1 — — 4 1 1
0 =3(nl| 20N} F), (AT7) troGe=7 (AostAos~Agst 3hos) = as 5 E m2b3’
O =3(N"1"| QNN E). (A78)  which corresponds to the contribution of OGE to Svave
) o ] N-A mass differencé=293 MeV).
Those with bars are similarly defined. From E¢833)- As for IIl all operators without a bar vanish. The flavor-
(A72), one can actually see that only the flavor- gntisymmetric operators are
antisymmetric @ pairs and the flavor-symmetricdOpairs
are relevant for the noncentral part in the single baryons. —- 2 3
For OGE, the terms in EqA31) are “ss= Vo 75 90, (A90)
— 1
0, O0_ _ il — 9 4(r)
Ogs=Css Amas 6m2 a(r), (A79) @g=Vg)2) AmE Zr (A91)
3 1 — 5 4(r)
JO— O~ —= — _— o~ —
CR=CR=—4mas 5 7—3, (A80) R=NP 10 7, (A92)
LO_7D 1 1 (ABD) with
P=P=—4nas—5— A81
—t t S 2 3
Am* At S=cf=1, (A93)
. peog 3NN A94
o A i (A9
Ong=—.
Thus we obtain the two-body matrix elements for Ill as
Therefore, the two-body matrix elements become 1
AOS:Z M (A95)
— 1
AOs:AOSZE MOGE: (AB2) 3
A1s=§ M (A96)
— 3
Ajg=Ag=— , A83 —
1s 1572 MOGE ( ) Ay=0 (1>0), (A97)
Ay=Ay=0 (1>0), A84 — 1
ni— =nl (1>0) (A84) Xop= = 22 M (A98)
_ 3
Xop=75 HoGE (A8B5) Xm=0 (I>1), (A99)
3 Bor=— > (A100)
XOdzg JLOGE> (A86) Oop— 6 m2b2 M s
0,=0 (1>2), (A101)

1
fop=7 Hoce: B8 it
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e 2 42
Mm == Z V2 (27b?) %2, V=_72,®0=_7 pNthop(R)}, (A102

The mass of baryons are obtained from E@s33)—(A72), here 7
Wy

by di lizi h i d addi h Zq 1S an antisymmetrizer with respect to all six
y diagonalizing them if necessary, and adding the centr arks, ¢y is the nucleon wave function defined by the pre-

part. vious section, and thé,(R) is aP-wave harmonic oscilla-
tor with size parameter b and R=(r;+r,+rg
2. Two nucleons —r4—r5—r6)/\/§.
Here we consider a six-quark systemsf®O0p), with Noncentral operators relevant to this state are orbitally
guantum number of two nucleons with relative partfadl antisymmetric two terms in E¢9). The expectation value by
wave. The wave function is the above state can written as

(A103)

(\P|ﬁ1\I’>=<<D‘Z (h+ 5. A,
i<j

{43

where Pg=P 5P LPSsP S5 is the exchange operator for quarkand j in the color, flavor, spin and orbital space. The
numerator is

’

+/S)(1 9P

>/<q)|(1 9Pze)| D), (A104)

(D[Pt 50| D) — A A(D|( Pyt C)Pad P +(D|(Fas+ 5 Pad )}
=9{2(D|( st “5) | D) — 4P| (gt 75 Pad D)}
= 18[(®| 5 ) +(D| 75 @) — 2(D|75,P3d )} (A105)

Here we use 1 .
=16 (f(rialia Si15PIY(15Pyy)
X(1+P5)(1—P3)P Alll
716P 36= P3g/713, (A106) ( 1 19 P39 ( )
1 C\— C C
) ((P3e) *(P14P36))
(@] (A107)
1
XE (f(ridL141-P7)P3)
D|O36P3g P)= —(D| D3¢ D). A108 1
< | 36 36| > < | 36| > ( ) XZ <314(1+ P?AI P§_41 P?_zfl) P§(f5>
For the spin-orbit part;?;; =f(r;;)L;;- S, each term in Eq. (A112

(A105) can be evaluated as .
The  reads— for * and + for <. The color part is

(P56)=(P$4P%6) =1/3. The spin-flavor part can be calcu-
lated directly:

(CI>|6’36|<D>=%(f(r36)L36~836(11P§6)(11 PLe)(1+P3)

(p'p|Sse(1+ P3s+ P+ P30)|p'p")
1(1 1.7 7
:z[§+§+2—7+2—7}

X(1—P2)) (A109)

=
=

=3 (15(P3e) 5 (<f(r36 Las(1—P%e))) 1
= (A113)
X7 <S36(1+PS6+ PLs¥ P30). (A110) 57
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(p'p'[S14(1+ PisF F’14+ Pif F’%éI prT>

_1[5,5_5_5
T 4|81 81781781

(A114)

Also,

(f(r6)Lag(1— P3e)) =2 xhy, (OF 3x5,) for 72 (or )

and(f(ry4)L14(1—P7,)P3e)
= %X(S)p'
The denominator of EQLA106) is 50/81[5,7]. Thus the
matrix element Eq(A105) is

3 3
(W|O1W) = == X0p+ 7 Xop - (A115)

The coefficients are listed d&Sy\zp in Table II. The tensor
part can similarly be obtained:

6631

by using

P30 Ip'p!)
17 17
81781

(p'p'|os od (1+P3eT Ple™

_1 9 9
=— 8—1+8—1+
4
81
= 13 (A117)

81
(p'p'lof of (1+ P57 PLFPIHPSp'ph)
15 5 5 5
21162 16271627 162
0
—{ 5
162

(A118)

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

The actual value is obtained by subsUtutm@3 by xo Xop in
Egs. (A85) and(A98) andy 5 X op bY —3/4uoce, and by substl-
tuting Hop by 6o, in Egs. (A87) and (A100) and Bop by
—1/8uoce-

4
(¥|e|w)= - = Oopt = 050 (A116)
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