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Meson-Exchange Hamiltonian for NN Scattering up to 1 GeV and 4-Nucleus Dynamics
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A Hamiltonian for ~, N, and 6 is constructed from meson-exchange mechanisms. The
NN interaction in the model is directly derived from the Paris potential. Qood fits topp
scattering data up to 1 GeV, including the "resonant" D2 and I"'3 partial waves, have
been obtained when a wN —A interaction is introduced in a dynamical three-body approach.
The model can be used for a many-body study of 6-nucleus dynamics.

PACS numbers: 21.30.+y, 13.75.Cs, 13.75.Qx

In recent years, one of the major developments
in nuclear physics has been to extend' the con-
ventional nuclear many-body theory to include
nonnucleonic degrees of freedom, notably the m

and the 6 isobar. Such an extension is not only
obviously needed to describe nuclear reactions
induced by intermediate energy pions, nucleons,
and electrons, but is probably also needed to re-
solve various problems encountered' in the study
of low-energy nuclear phenomena. In addition,
many theoretical studies, ' motivated by polariza-
tion measurements' of NN scattering, have shown
that the dibaryon resonances, if they exist, can
be extracted from the MV data only when the dy-
namics involving N, m, and 6 is treated properly-
Clearly, all of these problems, both at low and
intermediate energies, are related to the same
dynamics, and must be investigated within a uni-
fied theoretical framework. This can be achieved
in a straightforward manner, by constructing a
many-body Hamiltonian4 for v, N, and 6 within
the framework of particle quantum mechanics. '

The model Hamiltonian must contain the follow-
ing interaction mechanisms: (a) The b, isobar is
related to mN scattering through resonance forma-
tion; (b) m production from NN collisions is dom-
inated by 6 excitation NN —AD -DNA. Naturally,
an acceptable model should begin with satisfactory
descriptions of nN scattering up to -300 MeV and
NN scattering up to -1 GeV. A phenomenological
separable model of this type was previously con-
structed' and has been used' to obtain a qualita-
tive understanding of the 6-nucleus interactions
as revealed by pion experiments. In this paper,
I show that the approach of Ref. 4 can be extended
to obtain a model Hamiltonian which not only ful-
fills the requirements stated above, but is also
directly related to the most successful meson
theory of the NN force: the Paris potential. '

To illustrate the theory, it is sufficient to con-
sider only mA' and NN scattering. Following the
formulation of Ref. 4, the model Hamiltonian

for these two processes can be written as

H= Ho+ v+8,

where H, is the sum of relativistic free-energy
operators E~(p), E~(p), and E„(p) for N,
and m, respectively, v is the sum of all direct
two-body interactions between NN, NA, and LA
states, and h is a nlV —4 vertex interaction in
the P» channel. (Other weak zN interaction are
omitted for simplicity. ) It is easy to write down'

in this model the P» scattering amplitude in the
mN c.m. frame:

f (q, q„ce) =h(q)h(q, )/[co —m~- Z~(w)j,

where q and ao are the mN relative momentum and
collision energy, and

q'dqlh(q) I'

~ —E,(q) —E~(q)+ i e

is the 6 self-energy calculated from pN-6 coup-
ling h(q) =g~(q/p) [A~'/(A~'+ q')P. m and p. are
respectively the masses of N and m. By fitting
P» phase shifts up to -300 MeV, we find that
2(m+ p)g~'=(0. 98)', A~=358 MeV/c, and the
bare mass of the ~ is m~=1280 MeV.

The baryon-baryon interaction v is assumed to
be determined by meson-exchange mechanisms
at r &1 fm. The short-range part of v is treated
phenomenologically, as usual. To describe the
NN force theoretically, we choose the Paris po-
tential as a means to build into our theory as
much as possible the present knowledge of meson-
exchange mechanisms. Our major task is there-
fore to devise a consistent procedure so that the
NN- NN part of v can be derived from the Paris
potential, when the 6 and m are explicitly present
in the model Eq. (1).

The NN-N~ and NA —~L parts of v are cal-
culated from one-pion and one-rho exchange.
The NA —A'4, EE—AL, and N~ —AA parts of v

are put equal to zero to minimize the complica-

Oc 1983 The American Physical Society



VOLUME 50, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MAv 1983

tions of the model. However, note that the vertex
interaction h for mN —6 of Eq. (1) automatically
generates a one-pion-exchange A4 —h, N transi-
tion. Thus this simplified model does contain
the most important ingredient for a successful
description of pion scattering from nucleons.

It is straightforward to derive' from Eq. (1) the
NN scattering equation in the channel space NN
6 NAG 666 nNNG gAE. With above simplifica-
tions of the baryon-baryon interaction v, the NA-NN scattering equation for each partial-wave
eigenchannel o. = JST can be cast in the c.m.
frame into

„( , ) V (
, p E) ~ P"'dP" V) . i (P' P",E)Ti". i

"(P" P E)
l E —2E (p") + z ~N

where the effective energy-dependent NN interaction V.. . contains effects due to the coupling to NA,

~L, and pNN states. The most difficult part of the whole approach is to calculate the A'N interaction
in nNN states. In the separable model, ' such effects have been investigated and found to have -20%
effect on D, phase shifts at energies above 500 MeV. However, they are completely negligible in all
other NN partial waves. For our present purpose, we ignore this three-body effect. In this approxima-
tion, we can derive rigorously V"(E) from Sec. IV.A of Ref. 4:

, (p', p, E)=v, ,' (p', p)+ Z
1 SI JP

fl2d II 1 l s (P ~P )vl s l (P ~P)
E-E,(p")-E,(p")-Z~t.w;(E, p")] ' (5)

where i = 2, 3 denote respectively the NL and b,a
intermediate states with E,= E„and E,=Ez„and
v. . . ~

' with i = 1, 2, 3 is respectively NN

-NN, NN-ND, and NN 6h interactions. An

important feature of Eq. (5) is the appearance of
the b, self-energy Z~ which depends on both the
collision energy E and the intermediate relative

w, (E,P")-E—m& —(p"'/2m&) —p"'/2[m+ E,(q)]

with m, = m, m~ for i=2, 3. For a given p", w
= w; (E,P") is substituted into Eq. (3) to evaluate

Z~ in Eq. (5).
In Fig. 1, Z~(w(E, p")) for the N~ state is

plotted as a function of E and p". First we note
that at energies below pion production threshold
E' & 280 MeV in the laboratory frame, the imagi-
nary part of Z~ vanishes. In this case, V.. . of
Eq. (5) is real and leads to pure elastic scatter-
ing from solving Eq. (4). Second, the momentum
dependence of Z~ is significant. Even in the low-
energy region ( 300 MeV, it cannot be represent-
ed by a constant corresponding to the usual coup-
led-channels model' with a stable A. The Z~ for
AL has a similar feature except that its imaginary
part becomes significant only when E =1 GeV is
reached. Clearly, the success of our model de-
pends partly on whether this energy and momen-
tum dependence originating from mN —A has cor-
rect dynamical consequences in NN scattering.

We now derive v' from the Paris potential. Ob-
viously, a portion of the 2n--exchange part of the
Paris potential corresponds to the intermediate
NE and AA excitations mediated by uncox~elated
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FIG. l. The 4 self-energy Z &(E,p) in the Nh, in-
termediate state in Eq. (5).

momentum p". Such an energy and momentum
dependence is an essential dynamical effect re-
sulting from any three-body formulation of the
~NN system, "and is precisely defined in our
approach from the mN —b, vertex function in Eq.
(3). If baryons in mNN and INK states are treated
nonrelativistically, one finds' that
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direct 2m exchange. Our procedure is to assume that this part of the Paris potential is equal to the
second term in Eq. (5) evaluated at a fixed energy 8, below the pion production threshold .The matrix
element of v' in our model is then defined as

' ~(p' p)—= [y.. . (p', p)]p„;, —[second term of Eq. (5)]z-~ (6)

It is clear from our discussion of Fig. 1 that the
second term of Eq. (6) is real and hence the re-
sulting v.. .' (P', p) is the matrix element of a
nonlocal but Herrnitian operator. Thus, our con-
struction of v' is rigorous within particle quantum

mechanics. In fact, the definition of Eq. (6) is
sufficient for the application of the model in sub-
sequent many-body calculations.

It is clear that our model based on Eqs. (5) and

(6) reproduces the Paris phase shifts at E=E,.
As seen in Fig. 1, the energy and momentum de-
pendence of Z~ are very similar at low energy.
Thus, our model and the Paris potential should

give very similar NÃ scattering at low energy.
When the energy increases, Z~ becomes complex
and our model will show its power to predict NN

inelasticity which cannot be described by the
Paris and other low-energy NN potentials.

Transition potentials v' and v' are calculated
from m and p exchange. A form factor (A' —p, ')/
(q'+ A') is introduced in each meson-N~ vertex.
The resulting transition potentials are given in
Eqs. (22)-(25) of Niephaus et al. ' The coupling
constants are taken from row (a) of their Table
IV. The scattering equation (4) is solved in mo-
mentum space with a standard matrix method to
treat relativistic kinematics.

With the above constructions, the model only
has two free parameters: F., and A. For A

(1000 MeV/c the calculated low-energy NN

phase shifts are found to be insensitive to E, if
E, is chosen to be ( 100 MeV. However, we

found that the calculated inelasticity is very sensi-
tive to the cutoff parameter A. The best results
for PP scattering in all partial waves are obtained
with E, =10 MeV and A=650 MeV/c. It is seen
from Fig. 2 that the model gives excellent de-
scriptions of Amdt's phase shifts" up to 1 GeV
in most partial waves (see Ref. 10 for new phase
parametrization). In particular, the "resonant"
'D, and 'I", are well described by the model. The
main discrepancy is in the inelastic parameter p
of 'B4 which was set to zero in the analysis of
Ref. 10. Calculations by Green and Sainio" and

others also predict nonzero p in this and other
peripheral waves. Their values, however, only
qualitatively agree with the present work.

I conclude that the present model defined by
Eqs. (1)-(6) contains correct meson-exchange

I ~ ~ I
I ~ ~ ~ I

~ ~
~ ~ ~ ~ ~ a

20- 3F
3

0 ——-

~
l s ~ ~ ~

~ ~ ~ ~ ~ ~

340- Po „P

0
P

~ ~ ~ ~

~-8P-
ED

~ 40- Pj
3

0

10-

0

-4-
H5

~ ~- 10-

~ ~ ~

I

20-

0

20-

00
'

500

0
He

0
8-

~ ~ '~ ~ ~

P

1000 0 500
E(Mev}

0 ~

P

IOOO

20

0
P

20—

10— Fp
QP

0~
-10—

P

0
2- H

0
~ i jl

~O ~

O~
4

4 ~ a
gk

500 10000 1000 0
E (Mev)

FIG. 2. The calculated pp scattering phase shifts
compared with Amdt's phase shifts {Ref. 10}.
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dynamical three-body treatment of wN- 6 coup-
ling and the use of the Paris potential are essen-
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tial for the success of the model. The model is
a sound starting point for further refinements,
such as including effects of NN interaction in mNN

states, and including the M(1470) resonance so
as also to describe, realistically, T=0 NN scat-
tering. Finally, it is necessary to emphasize
that the model can be used, as demonstrated in
Refs. 6 and 12, to carry out many-body calcula-
tions. Therefore, we have a realistic unified
approach to study 6-nucleus dynamics both at
low and intermediate energies.
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