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The recently developed 7NN theory based on quark dynamics is

reviewed.

The intermediate energy nuclear reactions, induced by pions,
nucleons, electrons or heavy-ions, are characterized by the production or

absorption of on-mass-shell pions. Therefore, a theoretical approach to the

problem should start from a theory (called the #NN theory in the literature)
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he following processes

which can describe simultaneously all of

N > N (300 MeV < E;) (1)

NN > NN (1000 MeV < E;) (2}
+ 7NN

md + nd (300 MeV < E;) (3)
+ 7NN
+ NN

In addition, we must face the fact that at this higher energy, two colliding
bary.as are more likely to overlap and the effect of their internmal quark
structure may be important. 1In this talk I discuss a general 7NN theory1
which has been constructed according to our present understanding of the quark
dynamics.

Let us first discuss qualitatively the mechanisms which should be
considered in defiuing the 7NN interactions. The NN interaction at long
distances is due to one-pion-exchange, which is evident from examining the

high partial-wave NN phase shifts. This pionic force is also responsible for
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exciting the nucleon to the A isobar state, which then decays into the 7N
state asymptotically 1f the collision energy 1s above the plon production
threshold. The pionic excitation can be coneniently described by the Chiral
(Cloudy) bag model which has been used in practice to define a 7B'~B vertex (B
and B' could be N or A) to fit the 7N scatterir; phase shifts. In Fig. 1, I
show a recent m™N work along this line by Johnstone and myself.2

In considering NN, NA and AA interactions at shorter distances, we
face an interesting and still unclear situation. It is undeniable that the
observed heavy mesons, such as w and p, must play some role in determining the
baryon-baryon force. However, the exchange of heavy mesons is unrealistic 1f
the size of a baryon 1s comparable to or larger than their Compton wavelength.
Therefore, the most probable mesonic process other than the one-pion-exchange
is sequential exchange of two pions. The most detailled analysis of the two-
pion-exchange mechanism is the nonperturbative approach of the Paris group.
We therefore take the Paris potential as the starting point to define the NN

3 to remove from the Paris

interaction. Here, we need to introduce a procedure
potential the two-pion-exchange with intermediate A excitation, because in a
7NN model the A excitation has to be treated explicitly in order to describe
pion production. No similar model has been developed to define the two-pion-
exchange interactions between channels involving at least one A. So far the
exchange of a p has been used to describe this part of the physics.

The least understood part of the baryon-baryon interaction is at the
very distance £ 0.5 fm, which is usually treated phenomenologically.
Extensive experimental data on the NN and nd spin observables have pointed to
the need for a more microscopic approach in defining interactions at very

short distances. Especially, the questior about the existence of dibaryon

resonances can be better resolved if we relate the short-range BB force to the



"confined" 6-quark dynamics. We discuss this connection to multi-quark
dynamics in the framework of the bag model? and the resonating group me thod?
calculation for the quark-exchange mechanism between baryons.

An interesting prediction by the bag model calculation is the energy
spectrum of the confined q6 states in each B=2 color singlet eigenchannmel.
There are two possible interpretations of this theoretical result. The first
one is the P-matrix approach, as introduced by Jaffe and Low’ and explored by
Mulders7 in the study of NN scattering. This approach tries to use six quark
dynamics to define the BB wave function at the point where two baryons start
to overlap. The second interpretation is that the confined ¢® states are the
dibaryon (one-body) states which could be excited at a very short distance
during the NN or nd scattering. Through their coupling to NN, NA or 7NN
channels, they may be responsible for the strong encrgy dependence seen in NN
and nd spin observables.

We adopt the second interpretation and assume that the baryon-baryon
interaction has two entirely different mechanisms, just like the situation in
the study of low energy nuclear reactions. The first one is the fast direct
process which can be described by an effective two-baryon potential, despite
the involvement of the internal structure of two interacting objects during
the collision. The second process is the compound state formation in which
each baryon has lost its own identity to excite a completely different q6
configuration.

Our approach to the problem is further supported by resomating group
method calculations of the NN interactiun within the nonrelativistic quark
model, such as the calculation presented at this conference by Professor

Schmid. These calculations indicate that the quark exchange mechanism between

two nucleons can be effectively represented by a repulsive two-body force as



we hLave determined from S-wave NN phase shifts., We therefore argue that the
conventional phenomenology for treating the short-range BB interaction can
effectively include this fast process of quark dynamics. On the other hand,
the compound state formation of quark dynamics is beyond the description of
the resonating group method and must be added into the theory separately, It
is our assumption that this unknown compound state formation mechanism, could
be mainly due to the confining force, can convert the incoming two baryons
into a dibaryon state D with the mass predicted by the q6 Bag model
calculation. In the same way we use a 7TN«A vertex to describe the A resonance,
we also introduce a B;B,~D vertex to describe the excitation of the dibaryon
state D.

With the above arguments, we can write down the most gemeral model

Hamil tonian for the coupled NN + 7NN system

H = Hy + H' (a)

H' = h v vge +H (5)

«B-8' T VB B .B
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where Hj, is the sum of kinetic energy operators, D denotes the dibaryon state,
B can bLe either N or A, Because ¢f the vertex interaction h p g+, one can see
that none of the one "bare'" baryon states are stable asymptotically, and the
model can generate multi-pion states., This nature of the model causes
difficult theoretical problems in deriving a mathematically rigorous but also
manageable 7NN scattering theory. At the present time, this problem is
overcome in practice by defining a scattering theory in a model space :#/H’
and rewrite H' as an effective Hamiltonian in &4H' This of course can be

done in many differemt ways. In the following, I will describe a very
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specific model, which has been developed by Maisuyama and myself.1

The first simplification is tc keep only the nN~A vertex in H'.
This approximation drastically simplifies the 7NN scattering theory, because
no mass renormalization problem of the nucleon will ever occur (the
complications due to the mass renormalization is well knowr in many classical
field theoretical models, even in considering the simplest 7NN vertex).
However, some important physics 1is omitted by this simplification. First, =N
scattering cannot occur except the process 7N~A«qN in the P33 channel.
Second, pion absorption or production by two nucleons can take place only
through the formation of the A resonance, i.e., NNn~NA~NN, To correct this
error, we add a two-body potential v to describe 7N scattering in channels
other than Fy4, and introduce a transition operator F yn.§N to desciibe

nonresonant pion absorption. Then the interaction H' takes the form

[] 1 =
B > Hy= by ¥ VBIBZ,BiBé vt P H3132~n . (6)

A model of the form of Eq. (6) has been constructed in practice as
follows. It is convenient to define a simple separable v y to fit the N
scattering in nonresonant channels. Special care must be taken to describe
the Py, channel. With the development of Ref. 2, we are able to use quark
dynamics to separate the nucleon pole term from the full Py, amplitude. The
transition operator F o NN-NN is determined by examining varicus NN«pNN
processes near the threshold where the A cortribution is suppressed. For
example, the classical rescattering model of Koltun and Retain® has been used
in our study.9 All BB iateractions involving at least cne isobar are defined
by one-pion and one-tho exchange in the static limit. Because the vertex

interaction h;y_ . can generate the one-pion exchange interaction between two



NA states, this part of the NA+AN interaction has to be omitted in defining

the BB interaction V The NN-NN potential is derived from the Paris

[ ] [ IR
B, B,,B) B,

potentiai by the procedure of Ref. 3. The "bare" mass of the dibaryon state
is taken from the q6 Bag model calculaticn by Mulders et al.4

Within the NN and 7NN unitarity conditions, the »NN scattering
theory is constructed from the interact:ion defined in Eq. (6) within the model
space 7NN+BB. The derivationl is straightforward, although tedious. The

resulting NN scattering equation can be cast into the form

TNN,NN(E) = <| j7(E)|NN> , (7)

where ] (E) is a scattering operator defined in the BR subspace NNONA®AA by

y* (+)

J(E) = Qi' To(E) o, + T _(E) + T (E) . (8)

The BB interaction V(V = V vos) is mainly contained in T,(E)
B ByB B2 0

1
T(E) =V +V T (E)
0 E-fy-2,(E) 0
1 1
+v B-Hy- 1, (E) T (E) B-fly-2 ,(E) To(E) » (9)

where I, is the A self-energy due to nN-A (Fig. 2a). The other pionic effects

are contained in

1
Tc(E) = Vc(E) + vc(E)'Efﬁ;:EZTET Tc(E) (10)
) oy g2 "
KN 1+ E-HO-EA(E)-VC(E) (EA(E) + Vc(E)) (11)



with

Vc(E) = Vc(E) + V3(E) + Va(E) (12)

Each mescnic interaction in Eq. (12) is graphically shown in Fig. 2. Note

that V,(E) is due to the pioen production operator Foyn.nyy. V3(E) and V,(E)
are determined by a 7NN scattering amplitude 3 which is determined only by

the two-body nN and NN interactions vy and Vyy

(v _+V. ) (13)

J3(E) = (v V) + (v v aN NN

1
N NN) E-k_"--k.Nl-kNZ-v_"N-VNN
Eq. (13) can be solved by the usual Faddeev method.
The dibaryonic excitation mechanism is isolated in the last term of
Eq. (8). It is determimed not only by the BB«D coupling but also by mesonic
excitation

Lo 1 + (+)
TD(E) Qc HBB+D E-MD-wD(E)-st(E) HBB+D Qc * (14)

Eq. (14) is graphically represented in Fig. 3 for the J™=2%, T=1 case where
the coupling is mainly through the NA state according to Ref. 4. It is
important to mnote that the width of D is now modified through ;7 by all of the
mesonic BB interactions. We therefore have developed a unitary description of
"resonance' phenomena due to the coupling to NA~7NN inelastic channel and to
the genuine q6 compound state excitation. Similar equations have also been
derivedl for all the 7NN processes listed in Eqs. (1)=-(3).

We have first extended the works of Refs, 3 and 10 to study NN and
nd scattering, neglecting the coupling to the dibaryon state. The calculated

NN phase shifts are in good agreement with Arndt's analysis. Figure 4 shows



the results of a recent calculation!l of the exclusive pp+pnn+ reaction., The
agreement with the data is also satisfactory. However, the deficiency of the
model is clearly seen in various spin-dependent total cross sections °tot(E)’
AcT(E), and AaL(E) (Fig. 5). The formulation illustrated in Eq. (8), suggests
that the neglect of the coupling to the dibaryon state could be responsible
for the incorrect energy dependences. Now I turn to discussing our study of
the dibaryonic excitation described by Ty.

So far, we have considered the D state of J™=2%  and T=1. 1Its mass?

is 2360 MeV. The ByBy;-D transition is parameterized as

H y: L (“)z“(Ai) . (15)
3152~Da o /il+m2 ml-l-mz Ai+q2

The range Aa must be ~ 1 fm~"l. The only unknown quantity is the coupling
constant f .

We have carried out the following calculation. The transition
matrices in the NNONA space are generated from the solution of Egqs. (7)-(13)
in order to calzulate Qgi) and SWb(E). A similar procedure is also used to
calculate the effect of the dibaryon state in nd elastic scattering (we have
also formulatedl the =d problem in a form similar to Eq. (8)). The question
we have attempted to answer is the following: Can the lowest 2+,T-1 dibaryon
state, predicted by the MIT bag model, play a role in improving the energy
dependences of NN total cross sections and 7d data? This q6 state mainly
couples to NN and nd channels through the s-wave NA state. The only
undetermined parameter in our calculation is the coupling constant f  of Eq.
(15). Our task is therefore to see the change in NN and nd scattering if £,

is varied.



We have found that a very small range of fa is allowed 1if we require
that all NN and nd data must be described reasonably well. In Fig. 6, the lDz
NN phase shifts calculated with (dashed) and without (solid) the Hap.p
coupling are compared. Both curves (with f = /3, A, = 200 MeV/c) are in
reasonable agreement with the data (comparison with the data can be found in
Ref. (3)). The corresponding effects on NN total cross sections are less than
5%, and cannot improve their energy dependence shown in Fig, 5. The
corresponding effect on nd scattering is shown in Fig, 7. Clearly, no
striking change can be produced by the coupling to this lowest 2+ T=1 q6
state, Similar effects are alsc obtained in other energy regions. Of course,
our result does not rule out the possibility of dibaryonic excitation in other
eigenchannels, or some other unconventional mechanisms as suggested by recent
developments of soliton models of hadroms.

Finally, I would like to point out that vefy extensive NN, nd are
now available. It is the time for us to construct a 7NN theory so that
intermediate energy nuclear reactions can be studied microscopically.

This work supported by the U. S. Department of Energy, Nuclear

Physics Division, under contract W-31-109-ENG-38.
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PIONIC INTERACTIONS

-
- ~.

) AN 7
—.'k)— — e
EA (E) VE(E) | V3(E)
(a)
Vy(E) = E + 114
+ E +

(b)

Fig. 2



DIBARYONIC EXCITATION THROUGH NA STATE

Fig. 3
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DISCLAIMER

e

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any zgency thereof.



