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A model to study the influence both of six-quark configurations and of channel cou-
pling in baryon-baryon scattering is presented. In this paper the nonstrange s-wave six-
quark (g°) configurations and channels coupling to them are investigated. The
(I,JP)=(0,1%) and (1,0%) ¢° states have a small recoupling to the NN S waves causing
repulsion in these waves. The 1,0%) ¢ state couples to 7d through quark-antiquark
creation and shows up as a resonance in the 3p, wave. In the 'D, NN wave a resonant
behavior is caused by the NN-NA coupling. The (1,2%) ¢° state enhances the resonant
behavior around the NA threshold. The same enhancements are observed in the 3P, 7d
wave. The (0,3%) ¢° state causes a narrow resonance (I'~1 MeV) in the coupled *D;-3G;

NN waves.

I. INTRODUCTION

There exists strong experimental evidence for
resonancelike behavior in the 'D, and ’F; NN
waves' ~ and in some of the 7d waves.* The cou-
pling of the NN and NA channel can explain a
resonancelike behavior.> Phenomenological models
taking into account coupling of channels show
there may be poles in the S matrix.®” The rapid
oscillations in the differential cross section for 7d
(Ref. 4) cannot be explained through coupling to
inelastic channels and may be evidence for six-
quark states.® In this paper we want to incor-
porate both channel coupling and six-quark states
in a model in order to study the influence of both
of them in hadron-hadron scattering.

If two baryons are well separated the interac-
tions are described well by potential models® which
for large and intermediate distances can be theore-
tically understood.!®!! At short distances phe-
nomenological contributions such as a hard or soft
core need to be introduced. It is not at all surpris-
ing that theoretical NN potentials fail to describe
the short-range interaction since it is known that
hadrons are extended objects with radii of about 1
fm containing a number of quarks. Consequently
at short ranges the quark structure of the baryons
must be taken into account.

We assume that within a certain radius b the
two-baryon system is a six-quark system. If con-
finement is imposed on this multiquark system, us-
ing the MIT bag model, the energies of all possible
six-quark states can be calculated and the one-
gluon-exchange interaction can easily be taken into
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account.!?~!* The fact that in a six-quark state
the quarks need not be confined to one bag, one at-
tempts to account for by considering multiquark
states as poles in a P matrix.!> The P matrix
determines the boundary condition on the scatter-
ing wave function at the sphere with radius b.

This boundary condition and the long-range in-
teraction determines the wave function at infinity
and hence the scattering matrix. For the long-
range interaction we use the phenomenological
nucleon-nucleon potential. The long-range part
(beyond ~1 fm) is essentially local and most po-
tentials’~!! agree with each other quite well. We
propose to obtain potentials for the baryon-baryon
channels other than NN from a comparison of the
quark structure of the NN channel and other
baryon-baryon channels. We also obtain the transi-
tion potentials between different baryon-baryon
channels in this way.

The channels which we investigate in this paper
are those NN, NA, and AA channels which couple
to the simplest six-quark configurations, namely,
those where all quarks are in s waves. The six-
quark states are denoted D (I,J¥;M); I is the iso-
spin, J” the spin and parity, and M the mass in
GeV. Four such six-quark states coupling to NN
channels are possible, D (0,1%;2.16), D(1,0%;2.24),
D(1,2%;2.36), and D(0,3%;2.36). The masses
given here are those calculated using the MIT bag
model.'?~!* We consider only two-body channels
and do not take the width of the A baryon into ac-
count. We also take the 7d channel into account
and assume it to be coupled to the NA channel.
We calculate the S matrix and discuss its depen-
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dence on channel coupling and dibaryon poles in
the P matrix. The results are compared with the
existing phase-shift analyses for NN scattering.

The paper is organized as follows. A short re-
view of the s-wave six-quark states is given in Sec.
II. The connection between six-quark states and
the baryon-baryon scattering wave function using
the P matrix is explained in Sec. III. The long-
range interaction used in the baryon-baryon chan-
nels is explained in Sec. IV. The results are dis-
cussed in Sec. V. Finally the conclusions are given
in Sec. VI.

II. SIX-QUARK STATES

In order to classify the six-quark states (¢°) and
to determine their coupling to baryon-baryon
(g°xq?) channels, Young diagrams (YD’s) are used
to label the irreducible representations (irreps) of
the symmetry group to which the ¢® wave function
or its spatial, color, spin, or isospin part belong.
The YD’s are denoted by the number of boxes in
each row, [r7,...]. The corresponding irreps of
the SU(n) groups are denoted by their dimension

N, { N} for SU(6), N for SU(3), and N for SU(2).
i

1|20 20 [16] [1%] [1°]
Lif L4 L4 |~ ({[2°L[3%] [1°L,[3] [1°1,[3]

and

1120 20 [16] [1%] [1%]

The recoupling to baryon-baryon channels is also
given in Table I. If more than one quark flavor is
considered there is more than one color-singlet and
color-octet channel.!® Taking together all flavor
and spin possibilities for color-singlet and color-
octet channels respectively the isocalar coefficients
are identical to the ones given above, with spin ir-
reps replaced by flavor X spin irreps; the sum over
the squares of the recoupling coefficxents thus
remains 5 for the color-singlet and < * for the
color-octet channels. The color-octet channels are
not specified in Table I; only the isoscalar coeffi-
cients to all color-octet channels (BgBjg) is given.
Note that in g3X g (color X spin X flavor
[13]x[13]) more configurations are possible than
just the one with YD [1°]. If all quarks are in s

L1182 82| ([2%1,[3%]] [21],[21] [21],[21]

The total ¢® wave function is antisymmetric
(YD [19]). Its spatial part is symmetric when all
quarks are in s waves (YD [6]); this uniquely deter-
mines the color X spin X isospin part to be
represented by the associated YD of the spatial
part, namely [1°]. The various spin and isospin
configuration for color singlets—we only consider
nonstrange quarks (u,d)—are given in Table I.

If only one quark flavor is considered (e.g., u
quarks, thus I =3) the ¢° state belongs to the
(one-dimensional) antisymmetric color X spin SU(6)
irrep, cs={ 1} (YD [1°)); its decomposition into
SU(3) X SU(2) irreps only contains a color singlet
with spin zero,

{1}D(1,1).

The ¢° system belongs in the case of only u quarks
(I =7) to the antisymmetric color X spin SU(6) ir-
rep, cs={ 20} (YD [1°])) which contains the color
SU(3) and spin SU(2) irreps

{20}D(1,4)+(8,2) .

The coupling of the I =3 ¢° state to color-singlet
and color-octet g°> X g3 state is determined by the
isoscalar Clebsch-Gordon coefficients,

( )1/2

TABLE 1. Dibaryons (s-wave ¢° states) and their
recoupling to baryon-baryon channels; I=isospin;
JP=spin-parity; M=mass in GeV calculated using the
MIT bag model.

D(I,J%M) Recoupling

D(0,1%;2.16) (+ )‘/2NN+(
D(1,0+;2.24)  (3)’NN+()?AA+(3)2B;By
D(1,2%;2.36) (= )”2NA+( )‘/2AA+(—)V23838
D(0,3+;2.36) (5 )1’2AA+( )1/213813
D(2,1%;2.51) —(= )“2NA (35 )"ZAA—}-( ~)2ByBs
D(3,0%;2.83) (= )‘/2AA+( )VZBB

)l/ZAA+( )I/ZBSB
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waves, however, this configuration is. the only one
allowed by the Pauli principle. For excited quark
states also other configurations occur.!”

III. CONTRIBUTION OF
SIX-QUARK STATES

The connection between g states and the
scattering of two baryons (g3X¢?) is established
through the P matrix.'?

The P matrix is determined by the logarithmic
derivative of the scattering wave function at some
radius b. For the radial wave function in a single
s-wave channel when there is no interaction for
r>bitis

b(du /dr),
u(b)
The P matrix has poles at those energies for which
the wave function vanishes at b. This is illustrated
in the P matrix in the absence of interaction using

the expansion for x cotx. In an S-wave channel
(labeled a) the free P matrix is

b(du,/dr),
uy(b)

=P=kb cot(kb+9) . (1)

=P =k b cotk b

S 2k,?
+ n§1 ko 2—n*m/b)?* @
It is assumed that a spherical (s-wave) ¢° bag state
with bag radius Ry,g corresponds to a pole of P in
the corresponding S-wave g°>Xg> channels. In
Ref. 15 it is argued that b is related to the bag
radius which works reasonably well in low-energy
meson-meson and baryon-meson scattering. In
baryon-baryon scattering we would have b
=1.14Ry,,; an important part of the interaction,
however, is the long-range interaction between two
bags; since there is still little known about the-
mechanism of two bags merging into one bag,'® we
consider the transition radius b in baryon-baryon
scattering as a free parameter. The P matrix for
S-wave baryon-baryon channels we take to be the
free matrix P¥’ (Eq. 2) in which only the position
and residues of the lowest poles are modified'’;
these poles correspond to solutions which have
their first node at » =b. The position is put at the
energy of the bag-model g% state. A more difficult
point is what to do with the residues. An estimate
using the bag model first of all would require the
contruction of proper momentum eigenstates. We
make the following assumptions for the residue:

we single out the factors for the recoupling of ¢°
to ¢> X ¢° states, as given in Table I. The residue
is found by multiplying these factors with 2k;%;
here k; is an effective momentum which for s-wave
states equals (7/b) at the position of the pole.?’
With this choice for the residue the free P matrix
is recovered when the recoupling factor equals one
and the bag state has the same energy as the lowest
pole in the free P matrix; one can see this as turn-
ing off all interactions in which case it does not
matter whether we consider the system as g3Xx¢°
or ¢%. In formula, the P matrix for the S-wave
baryon-baryon channels including ¢° states (labeled
i, energy V/s;) is

P kb cotk b 2kq”
= |kgbco —_
ok T kg2 —(w/b) | P
2k hg Mg
Bl M 3)
20 by

where
k=1 (s —s;)+(7/b) .

The As are the recouplings for the ith six-quark
state to the baryon-baryon channel a. The P ma-
trix in Eq. (3) has the correct analytic properties
and asymptotic behavior. It is real for real ener-
gies and has simple poles at the real axis. It has
no two-body threshold singularities.”! An impor-
tant advantage of using the P matrix is that no
angular-momentum-barrier factors are needed in
the residues of the poles. The correct threshold
behavior is automatically obtained.

The P matrix gives the connection between the
q° states and g3 —g° scattering. It determines the
boundary condition for the scattering wave func-
tion at b. The scattering wave function u is
parametrized by the S matrix.

172

u= (Ir+08), 4)

k

where I and O are the scattering wave functions—

in the multichannel case diagonal matrices—which,

when no long-range interactions (e.g., Coulomb) are

present, satisfy the boundary conditions (L wave)
I(k,r) — krhi?(kr) ,

r—-o

O (k,r) — krh{V(kr) . (5

The relation between the P and the S matrices is
given by
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P=x"I'(x)+0'(x)S]
X[ (x)+0x)S]™ %2 | 4 _is »

which is the generalization of Eq. (1) to arbitrary
waves and more channels and which is valid at any
radius b.

IV. THE LONG-RANGE INTERACTION

We have assumed that the baryon-baryon system
could be described as a six-quark system for
baryon-baryon separation less than b. The bag-
model calculations for six-quark states can be used
to guide us in the choice of poles, their energies,
and their residues in the P matrix. Through the P
matrix we can get a boundary condition for the
scattering wave function at the radius r =b. When
there is no (long-range) interaction the free scatter-
ing wave functions can be used in Eq. (6) to estab-
lish the connection between the S and P matrices.
Examples are meson-meson scattering!® and
baryon-meson scattering.?? In the case of baryon-
baryon scattering, however, the long-range one-
boson-exchange interaction, especially one-pion ex-
change, is important.?

For baryon-baryon separation larger than b we
use the following potential between baryons 1 and
2 (at distance T),

Vlz(r): 2 V,-_,-(r) s (7)
iel
j€2
where the sum rules over quarks in baryons 1 and
2. Vj; is an effective quark-quark potential de-
pending on the isospin and spin of quarks i and j.
These potentials are determined from the
phenomenological NN potentials, applying Eq. (7)
and considering all spin and isospin combinations
of the NN system (see Appendix). As an example
the OPE potential between two nucleons is ob-
tained from a similar potential between two
quarks,

Vi=1(3;-0))(7;-7;)Vo(r)

+8(Ti- 7))V, ()], 8)
where
Sy =[3(d;-F)d;F)—0;-0,], (8a)
f2 My e™*
Volr) = (8b)

4r 3 p x=m_r ’

3.3

V,y(r)= Vy(r) 1+;+7 (8c)

x=m_r

(m, is the pion mass). The coupling constant
f?/4 is related to the NN coupling constant by

YA = fana /AT . )

We assume that the baryon-baryon potentials ob-
tained from Eq. (7) can be used in the following re-
lativistic Schrodinger equation for the radial wave
function u in the region r > b,

2
+1
:ﬂ l(l,.z )+%\/§V—k2(s) u(r)=0,

(10)

where V's is the c.m. energy, k*(s) is the relativis-
tic relation between energy and momentum
squared, and (Vs /2)V is the equal-mass result of
V2uVV2u where p=k /v,y (v,q is the relative
velocity in the c.m. system). The parametrization
of the scattering wave function with the .S matrix
then is like that in Eq. (4), although this is not the
nonrelativistic wave function. Since the potentials
are constructed in such a way that in the NN case
for low energies the correct phenomenological po-
tentials are found, the results using Eq. (10) will
only be different at higher energies (V's >2.1 GeV)
where the energy dependence in Eq. (10) becomes
more important. In the construction of the poten-
tials the mass breaking effects between NN, NA,
and AA channels have been neglected. For the
moment, however, we are mainly interested in the
qualitative features in baryon-baryon scattering and
we think this approach will give reasonable result.

V. RESULTS

We calculate the scattering matrix for the chan-
nels coupling to each one of the dibaryons in Table
I if they at least couple to an NN channel. These
are the first four entries in Table I; the last two
states have no connection to NN or 7d channels.
In order to compare the influence of channel cou-
pling and dibaryons we compare some of the fol-
lowing cases: ,

Case 1. Only the NN channels are considered
with long-range interaction for r > b. The P ma-
trix for the free case [Eq. (2)] is used, which means
that there is no interaction for r < b.

Case II. All possible baryon-baryon (BB) chan-
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nels NN, NA, and AA are considered with interac-
tion for > b and no interaction for r <b.

Case I1I. BB channels with long-range interac-
tion and 7d channel are considered. The 7d chan-
nel is coupled to NA using a potential which is
roughly proportional to the deuteron wave function
squared for r >b >ay,

Vaana(r)=Volr—ay)e T/ , (11
with V=20 MeV, a;=3 GeV~!, a,=6 GeV~".
There is no interaction for r <b.

Case IV. All channels (case III) are considered.
In this case the logarithmic derivative in the BB
channels is given by the P matrix in Eq. (3); di-
baryon poles coupling to the BB channels (only
App=0) are taken into account. There is no in-
teraction in the 7d channel for r <b.

Case V. In addition to case IV we also add in-
teraction in the 7d channel through the P matrix.
Dibaryon states can couple to the 7d channel
through their ¢’ component, just like the p cou-
ples to 77 through the ¢%g> component. Dibaryon
poles coupling to the BB and md channels (also
Ara-0) are taken into account.

A number of parameters have been used. Most
of the qualitative features do not depend on the
precise values of the parameters. The parameters
and the used values are as follows.

(1) The radius b separating the six-quark and the
baryon-baryon domains. A value b =5 GeV~! is
used. Due to the angular momentum barrier the
results for L 40 waves are not very sensitive for
the precise value of b. Only for the S waves the
phase shifts at low energies (Vs <2.0 GeV for
NN) are sensitive to the value of b. The value of
b, which we use, is required to get sufficient at-
traction in the NN S waves.

(2) For the energies of the dibaryon poles we use
the bag-model values in Table I as a guideline.
Whenever the specific choice of the position is im-
portant, e.g., with respect to thresholds, we discuss
such.

(3) For the residue of the dibaryon poles the
values in Table I are used for the BB channels.
For the 7d channel a residue A3 =0.15 is used in
case V. Such a value is needed to explain the ob-
served inelasticity in the 1S, NN wave.

(4) The phenomenological NN potential has been
used to determine the effective quark-quark poten-
tials. With Eq. (7) then all BB potentials are cal-
culated. The md-NA interaction has been discussed
above (case III); a different-shaped potential does
not affect the qualitative features.

The results for NN waves are given using the
following parametrization of the S marix. For un-
coupled waves (L =J)

S =ne?’ (12)

where 77— 1 if no inelastic channels contribute; for
coupled waves (L =J+1)
2i8 . o, W6, +8_)
A_%cos2e'e” - iA A_sin2e'e’ +Y

§= i(8,+5_)

. . is
iA A_sin2€'e *

7L+‘cos2€’e2
(13)

which essentially are the nuclear bar phase shifts
with complex angles 8, —8, —iInA,, e—€ +i¢.**
When there are no inelastic channels contributing
all angles become real, i.e., A, —1, ¢—0. For oth-
er channels such as NN —d or md —md, Argand
plots are given.

A. The D(0,17%) dibaryon

The (1,J?)=(0,1%) channels which have been
taken into account, the mass M, of the D(0,17)
pole, and its coupling to the channels (see Table I)
have been given in Table II. For cases I and IV
the NN nuclear bar phase shifts have been given in
Fig. 1. The coupling of NN and AA channels has
barely any influence in the energy region below 2.5
GeV, at least in the NN channels. The dotted line
shows the result when the free P matrix [Eq. (2)] is
used. The lowest pole then lies at 2.26 GeV (kyy
=1/b) and has a residue Ayy =1. Including the
D(0,1%) dibaryon (pole position chosen at 2.24
GeV) causes the repulsion below 2.20 GeV fol-
lowed by a steep rise in the S phase shift around
the pole position. The repulsion is due to the
small residue for the D(0,1%), Ayy?=7. Increas-
ing the residue with a factor 2 (Fig. 1) yields less
repulsion and a slightly less steep rise, but it does
not give an improvement especially not for the *D;,

TABLE II. Parameters for (I,J?)=(0,1%) channels.

Partial
a Channel wave Aq (Table I)
1 NN 38, 0.333
2 NN 3D, 0
3 AA 38, 0.298

M,=2.24 GeV
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PHASE (DEGREES) (a)
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22 ?.‘4
W (GeV)

FIG. 1. The (complex) nuclear bar phase shifts for the coupled 3S;-D; NN waves [Eq. (13)]. Below the AA thresh-
old A(3S;)=A(3D;)=1, ¢;=0. Given are (a) 8(>S;), (b) 8(*D,), and (c) €, for case I (dashed line) and IV (solid line).
The chain-dashed line is the result when the residue is multiplied by a factor 2. The experimental points are from Refs.

1 (circles) and 3 (crosses).

wave. The widths of the effects in 8(3S,), 8(°D,),
and €, are of the order of 30 MeV. No consider-
able rise of the phase shift has yet been observed in
the 38, NN wave up to V's =2.22 GeV.! In the
3D1 wave, however, the calculated phase shift qual-
itatively agrees with the experimental phase shift,

TABLE III. Parameters for (I,J?)=(1,0%) channels.

Partial
a Channel wave Aq (Table 1)
1 NN 1So 0.333
2 NA Do 0
3 AA 1S, 0.298
4 wd 3P, 0.15%
M,=2.28 GeV

?In case V coupling to the 7d channel is assumed.

with the chosen value for the mass of pole. The
agreement would have been far worse when the bag
model value for the mass would have been used.

We have remarked before that the NN S waves
require the value b =5 GeV~!. If one would try
to fit the scattering lengths in 3S; and 'S, waves
more accurately, slightly different values for b are
needed, e.g., b =4.95 GeV~! for the 3§, wave.
This reflects the strong dependence on b for very
low energies.

B. The D(1,0%) dibaryon

The parameters for the (1,J7)=(1,0*) channels
have been given in Table III. The results for cases
IV and V in the NN 'S, wave have been given in
Fig. 2; the results for the *P, md wave in Fig. 3.
As for the case of the (0,1%) channel the dibaryon
pole causes the repulsion which is due to the small
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FIG. 2. The phase shift (a) and elasticity (b) for the
NN 'S, wave [Eq. (12)] for cases IV (dashed line), and V
(solid line). The experimental points are from Refs. 1
(circles) and 3 (crosses).

residue, Ayy’= % Around the pole position

(chosen at 2.28 GeV) there is a steep rise in 8('Sy).
It is noticeable that we can only get sufficient
inelasticity by assuming that the dibaryon state has
a coupling to the 7d channel (compare cases IV
and V); the actual agreement with the experimental
phase-shift analyses, however, is only qualitative.
In the case a coupling to the 7d channel is as-
sumed an inelastic resonance shows up in the *P,
d wave between 2.25 and 2.30 GeV (Fig. 3); the
width depends on the coupling of the dibaryon to
the 7d channel, T ~ A4

C. The D(1,2%) dibaryon

The parameters for the (I,J¥)=(1,2%) channels
have been given in Table IV. The results for the
cases I, ITI, IV, and V have been given in Figs. 4
and 5. The strong coupling of the NN and NA
channels through the long-range interaction is suf-

ImT 104

7d(*Po)

051

2.2 GeV

00

ImT o5 f
0.0

-05-

/R

(b)

1.
o
o

FIG. 3. Argand plots for (a) #d —md and (b) NN
—>7rd T-matrix elements for (I,J¥)=(1,0%) for case V;
the marks are given at every 50 MeV starting from
Vs =2.15 GeV.

ficient to explain a resonant behavior at the open-

ing of the NA channel (case III). Including a di-
baryon pole in the P matrix causes an enhancement

TABLE IV. Parameters for (,J?)=(1,2%) channels.

Partial
a Channel wave Ay (Table I)
1 NN D, 0
2 NA 5S, 0.408
3 AA ’S, —0.183
4 wd P, 0.15%
M,=2.30 GeV

“In case V coupling to the 7d channel is assumed.
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PHASE (DEGREES) (a)
20
10-]
0
-10 T T T
18 20 22 24
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ELASTICITY (b)
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09+
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07 L
t ¢
06
05 T T T
18 20 22 24
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FIG. 4. The phase shift (a) and elasticity (b) for the
NN 'D, wave [Eq. (12)] for cases I (dashed line), III
(chain-dotted line), IV (chain-dashed line), and V (solid
line). The experimental points are from Refs. 1 (circles)
and 3 (crosses).

of the resonant behavior, at least when its energy is
not too far from the NA threshold. We have
chosen 2.30 GeV. The pole has less influence on
the NN channel when its energy is higher. When
it is considerably lower ( < 2.2 GeV) the behavior
becomes narrower and starts to resemble the case
of (1,J7)=(0,3%) which will be considered in Sec.
VD. Also the 7d 3P, wave shows a resonancelike
behavior in cases III -1V, which is reasonably in
agreement with the 7d phase-shift analysis of Ref.
25. Above 2.2 GeV a second loop in the Argand
plot appears in the case V when the dibaryon pole
has a nonzero residue to 7d, A,3=0.15. This is
shown in Fig. 5. The widths of the resonant be-
havior in 'D, NN and 3P, md waves is about 50
MeV. We should note that we have not taken into
account the width of the A.

(a)

ImT 104
md(°Pe)
2.2 GeV.
ovs— ,)/
b
00 J r )
-05 00 05

ReT

(b)
ImT o5+

2.2 GeV,

5
/

004 \y

md(°Pz) —— NN('Dz)

-05-

4}
N

ReT

FIG. 5. Argand plots for (a) md —md and (b)
NN —md T-matrix elements for (I,J7)=(1,2%) for cases
V; the marks are given at every 50 MeV starting from
Vs =2.5 GeV.

D. The D(0,3*) dibaryon

The parameters for the (I,J7)=(0,3*) channels
have been given in Table V. The results for cases
I, II, and IV have been given in Fig. 6. The esti-
mate of the mass of the D(0,3%) from the bag
model indicates that this dibaryon is a AA bound
state. Through the coupling of AA and NN chan-
nels there exists the possibility of it decaying into
the NN 3D;-3G5 waves. It shows up as a elastic
resonance with a small width. If the dibaryon pole
position is chosen at 2.30 GeV, the resonance
parameters are

M =2.271 GeV, I'=1.0 MeV .
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TABLE V. Parameters for (I,J7)=(0,3*) channels.

Partial
a Channel wave Ae (Table I)
1 NN 3D, 0
2 NN 3G, 0
3 AA S, 0.447
M,=2.30 GeV

VI. DISCUSSION

In order to describe the interaction between two
baryons we have chosen a region of space outside
which the system is described as a baryon-baryon
system and inside which the system is a six-quark
system. These choices of basis states, g3Xxg° or ¢°,

PHASE (DEGREES) (a)

ImT 10

104 05+

00

T
226 227 228

W (GeV)

are appropriate in view of the interactions, namely,
between the baryons at large baryon-baryon dis-
tances, and between the quarks at short distances.
A phenomenon such as the medium-energy nega-
tive phase shift in the NN S waves is a direct
consequence of the Pauli exclusion principle in a
six-quark system. This is clearly exhibited when
six-quark configurations with the same quantum
numbers as the NN S waves are taken into account
[Figs. 1(a) and 2(a)]. The small coupling to color-
singlet baryon-baryon waves (%) has the effect of a
core. The sharp rise around the pole positions is
also an effect caused by the small residue (Fig. 1).
The S waves are rather sensitive to the choice of
the transition radius b. For the L0 waves the
results do not depend strongly on the transition re-
gion; this region is made less important by the an-
gular momentum barrier.

The results in the 'D, NN wave shows that the
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FIG. 6. The (complex) nuclear bar phase shifts for the coupled *D3-3G; NN waves [Eq. (13)]. Below the AA thresh-
old A(*D3)=A(’G3)=1, ¢3=0. Given are (a) 8(°D3), (b) 8(*G3), and (c) €3 for cases I (dashed line), II (chain-dashed
line), and IV (solid line). The experimental points are from Ref. 1 (circles) and 3 (crosses). The inset shows ImT for

the NN *D; wave near the resonance in case IV.
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coupling of channels has a large influence and ob-
scures nearby six-quark dibaryons. The channel
coupling by itself already causes a resonant be-
havior. In the D, NN wave—and also the F,
NN wave?®—the NN-NA coupling causes the
behavior around or just above the NA threshold,
not only in the NN wave but also in the corre-
sponding 7d wave. The width of this kind of reso-
nances is, as one can expect, of the order 50— 100
MeV. The widths of resonances due to six-quark
states, however, might cause rather narrow effect
as we have found in *D, NN, P, 7d, and *D; NN
waves.

The general agreement with the data is best for
low energies. This is an obvious result since we
use the phenomenological NN potential for the
long-range interaction. The agreement with the
data but also the certainty in the data becomes less
for higher energies, Vs >2.1 GeV. This does not
imply that the P-matrix approach has no validity.
The agreement with the data can be improved if
we allow ourselves more freedom in the residues
and the poles in the P matrix. This will certainly
become possible when there are more data at
higher energies. Through the P matrix we then
may learn the correct extrapolation of quark-quark
interactions from few-quark to many-quark sys-
tems.

Improvements of the model and extension to
negative-parity waves may come from the inclusion
of the effects of orbitally and radially excited di-
baryons. The d-wave and radially excited di-
baryons probably will have influence also on
baryon-baryon S waves, e.g., the 3S, and 'S, NN
waves, for which the short-range interactions are
very important. A glance at multiquark spectra'
shows that it is almost unthinkable that one can
account for all levels separately, except maybe for
some which are very low lying. One therefore has
to look for another approach which takes the col-
lection of all levels into account. A possible way
to continue is the combination of all quarks with a
certain space symmetry. The occurrence of such
configurations in specific nonstrange baryon-
baryon waves has been calculated in Ref. 17.

We hope that an approach of the short-range in-
teraction with the P matrix as described here does
lead to a better understanding of the quark degrees
of freedom in the short-range domain of hadronic
interactions.
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APPENDIX

The main contributions in the phenomenological
nucleon-nucleon potentials beyond 1 fm are the lo-
cal central, tensor, and spin-orbit potentials. We
assume that the effective quark-quark potential has
the form

qu(r)—ZU ()PP, +2v r)Sgq Pi

-

+2 v 5(r)L-$P; ,

where P; and Py are isospin and spin projection
operators for the two-quark system, S, is the ten-
sor operator form [Eq. 8(a)], S is the spin of the
two quarks, and L is the angular momentum be-
tween the two baryons. The potential for the NN
system found from Eq. (7) yields

V(D)= 3 VISP Ps+ 3 ViD(r)Syn Py
IS I

+3 VSOrL-SP, ,

where P;, Py, Syy, and S are now two-nucleon
operators. The relations between the NN and gqq
potentials are

[0 (©
Voo 45 9 9 99 ||V
Ve | |3 5133 75| |01

yi& | T3 33 51 75 | (v

V(C) 11 25 25 101 v(l?)

for the central potentials,

vl 21 —12] [wi”
| V(l nN|=%9 |_ 4 13 U(l T)
for the tensor potentials, and
V‘(:)SO) 6 3 (so>
V(ISO) 18 (SO

for the spin-orbit potentials. Inverting these rela-
tions we find the quark-quark potentials vy, from
the NN potentials, for which we have used the
phenomenological potentials from Ref. 11.
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