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Meson-exchange llami1tonian for NN scattering and isobar-nucleus dynamics

T.-S. II. Lee
Argonne National Laboratory, Argonne, Illinois 60439

I. INTRODUCTION

One of the recent developments In nuclear physics is to Investigate

the effects of non-nucleonic degrees of freedom. One approach is to follow

the conventional meson theory to consider mesonic effects. The other is to

consider more fundamental degrees of freedom: quark-gluon QCD dynamics.

Qualitatively speaking, the first approach is appropriate for describing the

physics mainly determined by nuclear forces at intermediate and long ranges,

and the second is needed to describe the physics at very short distances. In

this talk, I will report recent progress made in the somewhat traditional

approach concerning the mesonic effects exhibited In terms of T, A and N

excitations.

I will focus my discussions on a class of theoretical models for

describing Interactions between it, N and two Isobars: the A and the Roper

N (1470). The basic assumptions of the theory can be stated as follows:

(a) Nuclear phenomena can be described by a finite number of degrees of

freedom. The necessary degrees of freedom in different energy regions are

suggested by the elementary NN scattering processes. At low energy, we only

consider N to account for the pure elastic NN scattering. As the energy

increases, we need to also consider n, A and N to describe pion production

from NN collisions.

(b) The interactions at intermediate and long ranges can be described by meson

theory. The short range parts are phenomenologica1ly parameterized as meson-

baryon-baryon form factors which in principle are related to the complicated

quark-gluon dynamics.

(c) The phenomenologlcal parameters of form factors can be determined by

fitting the data of elementary NN and irN data.

A class of models based on these three assumptions is shown in table 1. I

also indicate the data which must be fitted by the models, and the

corresponding numerical problems we must face. The complexities of the models

Increase rapidly when pion production is considered. These models can be

considered as direct extensions of our conventional nuclear many-body theory

to higher energies where on-mass-shell plons can be produced during nuclear

MKTO



reactions. These extended models are probably also needed to resolve several

fundamental problems encountered In the study of low energy nuclear

phenomena .

The baryon-baryon Interactions are usually taken to be the low order

Feyntnan diagrams evaluated at appropriate static limits. The TTN interactions

are frequently taken to be the simple isobar models for A and N excitations,

and separable two body potentials in less important nN channels. A more

ambitious approach is to describe al l pionic processes by a N + UN

vertex. In my opinion, this approach is very difficult to manage in practice

and, at the end, needs to introduce additional phenomenologica1 form factors

to bypass the difficult renorma1ization problem. Once the phenomenologlca 1

procedures are introduced, i t Is not worthwhile to take such a complicated

approach at the present stage of development.

Today's talk is about our recent work involving H, A, it and N . To

see the progress we have made, i t is necessary to f i rs t briefly summarize the

current nNN models as shown in the third row of table I. To describe plon

production, al l models are constructed so that 2- and 3-body unitarity are

satisfied formally. The predictions of the model can only be obtained by

carrying out lengthy 3-body calculations. To overcome numerical d i f f icul t ies ,

a l l existing approaches parameterize baryon-baryon and irN interactions as low

rank separable potentials in addition to appropriate itN~A or nN~N' vertex

interactions. Attempts to use meson-exchange baryon-baryon interactions are

not very successful so far. Qualitatively, the main difference between these

UNN models Is in the treatment of plon absorption. In the models with a nN~N'

vertex, the absorption Is achieved by one-pion-exchange which is th-j extension

of the old Koltun-Reitan model.* In the model with only a nN~A vertex, the

absorption is accomplished by a NN~NA transition potential which is

phenomenologically determined from the nN and NN scattering data. The results

of the former ones are: (a) spin averaged cross sections of nd+wd and ird+pp

are successfully described. (b) NN scattering is not satisfactorily

described. One can say that the common problem of these models Is the lack of

a correct treatment of Interactions in low partial waves; i . e . poor

descriptions of the nuclear force at intermediate and short ranges.

The model with only a nN~A vertex was quantitatively constructed by

Betz and me about 2 years ago. The Interactions between NN and N& in each

partial wave are suitably constructed so that the model can describe the NN



s c a t t e r i n g phase-sh i f t s up to about 1 GeV. Our goal was not to give a

microscopic model of NN s c a t t e r i n g , but to use NN data as Input to const ruct a

many-body llami1tonlan for the study of A-nucleus I n t e r a c t i o n s . We achieved a

complete three-body ca lcu la t ion by using separable i n t e r a c t i o n s as usua l .

Compared with other approaches, i t is fa i r to say that our approach is less

microscopic, but has stronger predic t ive power in many-body c a l c u l a t i o n s . The

model has been used to obtain a microscopic understanding of the empirical

A-nucleus spreading po ten t i a l and the strong lsospin dependence of plo:i

absorpt ion by Me. The d e t a i l s of each of these r e s u l t s require long

d i scuss ion . I would simply emphasize here that our approach is an i n t e r n a l l y

cons i s t en t oae, and is capable of giving us a unified desc r ip t ion of A-nucleus

dynamics.

To make the theory as sophis t ica ted as our conventional nuclear

theory, we need to solve two problems: (a) the separable baryon-baryon

i n t e r a c t i o n s have to be replaced by the meson-exchange model, (b) the

absorpt ion through nonresonant TtN waves, in p a r t i c u l a r the nucleon pole In

Pj^ , has to be included. In the r e s t of the t a lk , I wi l l repor t the recent

progress we have made in item ( a ) . Furthermore, we a l so Include the Roper

N (1470) resonance. This extension Is necessary for two reasons . F i r s t ,

sinca the threshold energies for exc i t ing AA and NN are about the same, N

and A must be t rea ted on the same footing in order to r e a l i s t i c a l l y descr ibe

the i n e l a s t i c i t i e s in the NN T=0 channels (note that the NA s t a t e does not

con t r ibu te to T=0 channels ) . Second, to examine the problem of dibaryon

resonances as suggested by pp po la r i za t ion measurements, i t i s necessary to

have a careful descr ip t ion of channel coupling e f f e c t s , for which the N could

be as Important as the A in the considered energy region. In a d d i t i o n , the

extended model wi l l allow us to describe NN sca t t e r i ng a t higher energies <, 2

GeV where 2n production through N can a lso be i nves t i ga t ed .

I I . ISOBAR MODEL FOR A AND N*

To proceed, we need to cons t ruc t an isobar model for the A and N

e x c i t a t i o n s . I t is assumed that the TIN sca t t e r i ng In P. . and ?•>-, channels can

be described by a model Hamiltonian (In the c. m. frame)

h - hQ + h1 (1)

where hg is the sum of r e l a t i v i s t i c free energy operators E ( k ) , E ( p ) , E,(p) ,



and E *(p) for n , N, A and N respectively. The Interaction h' Is the sum of

vertex in terac t ions .

h ' " h01 + h02 + h31 + h32 + No + h20 + h13 + h23 U )

where the lower Indices 0, 1, 2, 3 denote the TTN, A, N and nA states

respectively. Note that h •= h in eq. (2) and hence h1 i6 a hermltian

operator. The main feature of this model Is to have plon production In "N

scat ter ing; e .g . TTN+N -S-TTA+TIUN. Our approach is to determine the vertex

interact ion h1 by f i t t ing the P̂  j and P33 nN phase-shifts up to ~ 1 GeV

laboratory energy. The major complication involved in solving the TTN

scat ter ing equation in this model is due to the coupling to the three-body

channel. The pion can dress A and N . In the intermediate nA s t a t e , the

interaction nN+̂ A can Induce 2TI contr ibutions. If we neglect the pion

crossing mechanism between any two intermediate itA s t a t e s , the wN scat ter ing

amplitudes take simple algebraic forms in the TTN c. m. frame

^ ' V * " w-ma-ga(w) , a - 1, 2 ( 3 )

where q - Iqj is the TIN relat ive momentum, w is the col l is ion energy, m̂  • m̂

and n^ « mN* are respectively the bare masses of A and N ; i . e . u » 1, 2

represents respectively the uN P33 and P ^ channels. The isobar self-energy

£ has two components

which can be e x p l i c i t l y calculated from the vertex in te rac t ions

z r , r ' o « q | q q
 ( o

Z (w) «• J (5 )
a,71 ° w-E i i(q')-EN(q1)+ie

(w) « J (6)

r | h o l ( q ) | q d q

nA(w,q') - / iii —j - r r (7)
° E ( 1 ) [ ( E ( i ; ^ / 2



The Isobar se1f-energios £ and E „ contain the contributions from one-

pion and two-plon Intermediate s t a t e s . When the nN phase shif ts are f i t ted

properly, the effects of the plon crossing mechanism and other neglected

mechanisms are then phenomenologica1ly included in h ' . The above simplified

solution of E will allow us to avoid unmanageable complications when the same

solution of the model Is needed in the calculat ions of NN scat ter ing .

All vertex functions are parameterized as

op

where m and u are respectively the masses of nucleon and pion. We adjust

parameters g „ , A „ and bare masses m^ and m^ to fit the P-J-J and P ^ nN

phase-shifts up to 1 GeV kinetic energy. The results are shown in Fig. 1 and

Table 2. The present model should be sufficient to describe the main physics

of plon production from NN collisions.

III. NN SCATTERING EQUATION

The model Hamiltonian for NN scattering is assumed to be

5
H = HQ + h" + I v (9)

where HQ is jus t the hn of eq. (1 ) , the sum of free k inet ic energy operators

for 7i, N, A and N , and v for 1 = 1, 2, 3, 4, 5 are respectively the

t rans i t ion interact ions from NN to NN, NA, A&, NN*, N*N* (Fig. 2a). We

consider NN scat ter ing in the subspace C = BB « BNTT « NNTTIT, where B is N, A

or N . The main feature of the model Hamiltonian eq. (9) is to have pion

production from NN col l i s ions (Fig. 2b). The interact ions between isobar

channels (i «• 2, 3, 4, 5) with.'.n this model are automatically generated by the

vertex interact ion h1 . The low order mechanisms are the pion contributions to

the isobar self-energies in the presence of a spectator baryon and the pion-

exchange between Isobar channels. Furthermore, two baryons can in terac t in

the « + two-baryon channels. A complete calculation including a l l of these

mechanisms between isobar channels is simply beyond our present numerical

capab i l i t i e s in dealing with large complex matrix equations. Instead, we keep

only pion contributions to the isobar se l f -energies . Then the NN+NN

scat ter ing equation In each partial-wave eigenchannel a>-JST can be cast In the

c. >n. frame into



T
X ^ ( P >P.E> - V^, 0 ( p' , p ,E )

P" 2dp" ^ . ^ . ( p 1 , p " ,E ) T ° , , t ( p " , p , E )

where x i s the r e l a t i v e o r b i t a l a n g u l a r momentum. The energy-dependen t e f f e c -

t ive NN i n t e r a c t i o n V , , . c o n t a i n s a l l c o n t r i b u t i o n s from the coupl ing of NN to

i n e l a s t i c channe l s i nvo lv ing p i o n s . In d e r i v i n g V p , . , we l i m i t the number of

pions in any i n t e r m e d i a t e s t a t e to be l e s s than 2 and keep only s e l f - e n e r g y

c o n t r i b u t i o n s from the pion to one of the ba ryons . Then, i t i s s t r a i g h t -

forward to extend the p rocedures given in s e c t i o n IV of Ref. (1) to o b t a i n

01 \ 1 i<*

V x ' x P ' P ' E ' " v x ' x p > P > E '

5 , v . , ' „ „ , , ( p ' , p " ) v , , , ,, j ( p " , p )

+ * tl „
 /p dp" M H V ) ) , - zilAltTT ( I I )

l " " 2 x s 0 i 1 1

w h e r e s " i s t h e t o t i l s p i n o f c h a n n e l s c o n t a i n i n g A o r N , ( M Q ( P ' ) ) . i s t h e

f r e e e n e r g y of t h e 1 - th t w o - b a r y o n s t a t e ; e . g . ( H 0 ( p " ) ) 2 "= E N ( P " ) + E . ( p " )

e t c . v , ' . , , „ I s t h e p a r t i a l - w a v e m a t r i x e l e m e n t of v of e q . ( !.O) i n momentum
X , X S

space. AH the pion contr ibut ions are contained In the isobar self energy

E^(w^(E,p")) which depends on the co l l i s ion energy E and the intermediate

re l a t ive momentum p". In p rac t i ce , the baryons are treated

n o n r e l a t i v i s t i c a l l y in ca lcu la t ing £j(w^(E,p)) . Then, for each E and p", the

isobar self energies of each intermediate s ta te 1 in eq. (11) can be

calculated from eqs. (A)-(7) by subs t i tu t ing
..2 ,,2

w + w (E,p") - E-m - -E- —-E , 1 - 2 , 3 , 4 , 5 ( 1 2 )
Zm. zvm,+b \q ))

where m =m -m, m,=m., m =m , m = m and m. respectively for calculating

£ and £ , and E (q') is the pion energy evaluated in the itN or irA c. m.

frame in which the Integrands of eqs. (5)-(7) are defined. In doing this

calculation, the nucleon is also treated nonrelativistically In eqs. (5)-

(7). Clearly, our procedure for calculating E^ is very different from Refs.

As emphasized in Ref. (2), the energy and momentum dependences of

£ (w (E,p")) are the consequences of treating pion-production inelastic

cuts. They have Important dynamical effects on NN scattering. At energies



below the pion production threshold E < 280 MeV In the labora tory frame, t i s

rea l and leads to pure e l a s t i c s c a t t e r i n g from solving eq. ( 11 ) . The model

w i l l produce NN i n e l a s t i c i t y when L becomes complex a t higher e n e r g i e s . This

" o f f - s h e l l width" e f fec t of the Isobar has been found In Ref. (2) to give a

s a t i s f a c t o r y de sc r ip t i on of T»l NN s c a t t e r i n g phase s h i f t s up to 1 CeV.

Including N here , we now can examine a l so the i n e l a s t i c i t i e s In T=0 channels

and NN s c a t t e r i n g a t higher energy up to ~ 2 GeV.

Our remaining tasks are to define the matrix elements of NN+NN

i n t e r a c t i o n v . 1
> . ( p l , p ) and t r a n s i t i o n i n t e r a c t i o n s v,,' „„ , , ( p ' , p ) for

1 • 2, 3 , 4, 5. All t r a n s i t i o n I n t e r a c t i o n s Include one-pion-exhange

evaluated by taking appropr i a t e s t a t i c l i m i t s of Feynman ampl i tudes . A form
2 2 2 2

fac to r (A -u ) / (q +A ) i s Introduced in each meson-baryon-baryon ver tex to

r e g u l a r i z e the i n t e r a c t i o n a t short d i s t a n c e . Following Ref. ( 1 8 ) , we a l so

include the one-rho exchange in the t r a n s i t i o n s to NA and AA s t a t e s . The

r e s u l t i n g p o t e n t i a l s in r -space have been e x p l i c i t l y given by Niephaus, e t
l f t * ") 1t ft 1t

a l . for t rans i t ions to NA and AA, and by Lotnon" for NN and N N . To limit

the number of parameters, we also take their coupling constants determined

from the decay widths of A and N . In this way, the cut-off parameter A of

the form factors is the only parameter of the t ransi t ion In te rac t ions .

The las t step of our calculat ion is to define the NN+NN interact ion

v . Following the procedure introduced in Ref. (2 ) , v is defined by

subtracting an energy-independent contribution of the intermediate NA, AA, NN

and N N from the Paris potent ia l . In our model, we assume that v is

defined by the following matrix elements

V ' £ ( p \ p ) = f V r * < P ' ' P > ] p a r l s " [second term of eq. U 2 ) ] E _ E (13)
s

where Eg is chosen to be w l l below the plon production threshold so that the

second term of eq. (14) is real as required by the hermitlcity of v1. This

construction is consistent with the Paris potential which calculates the 2ir-

cxchange mechanism in a nonperturbative approach based on dispersion

relations.

IV. RESULTS AND DISCUSSION

The model Hemiltonlan defined above only has two free parameters: Eg

for the subtraction In eq. (13) and the cutoff A of t ransi t ion potent ia ls

v . For s implic i ty , the same A Is used for a l l meson-haryon-baryon



v e r t i c e s . By choosing E -10 MeV and A»65U MeV/c, we find that the Arndt20

s

phase-shifts up to 1 GeV can be sat isfactor i ly described (Figs. 3 5). In

par t icular , we have predicted the Isoscalar T«0 NN ine las t i c i t i e s which are

not well determined due to the lack of sufficient np scattering data at higher

energies. It Is important to note that both the model and data show very

small inelpscl t ies p in a l l T=0 part ial waves. But the model predicts non-

zero p in l>2 par t ial waves, while some of them are set to zero in the

analysis of Arndt et a l . Our predictions can only be verified from more

precise np scattering measurements which are currently being carried out in

several meson f a c i l i t i e s .

In view of the great interest in dibaryon resonances, we compare in
9 1 R

Figs. 6 and 7 the d a t a i l with the calculated reaction cross section a , and

total cross sections o , Aa. and AcH corresponding to various spin

orientations in the incident beam and target nucleons (as defined in Ref.

17). F i rs t , we see that the model gives good descriptions of the pp reaction

cross section o . The thiee-body model of Kloet and Silbar is also very

successful in describing this data which contain the information of pion-

production. In fact, any model with vertex interactions properly fi t ted to

the TIN scattering could achieve the same success, if the two- and three-body

unl ta r l t l e s are retained. Compared with Ref. (4) the main achievement of the

present theory is to give an overall correct description of both the

magnitudes and signs of the conridered total cross sections in the entire

energy region from 0-2 GeV.

The model, however, does not give sufficient energy dependences of

a l l pp total cross sections in the region from 0.6 to 1 GeV. The calculated

total cross section o t o t in this region is only about 80% of the data. It is

clear that if the amplitudes In one or two par t ia l waves had stronger energy

dependences, the shapes of Aa£ and Ao^° could be well described. Within

our model, we have investigated this possibi l i ty by examining f:he sensi t iv i ty

of the calculation to the only free parameter of the model, the cutoff A of

the from factor of transit ion interact ions. The value of another parameter

F.s=10 MeV is pretty much fixed by getting good f i t s to the phase-shifts at low

energy. We found that by changing A from 650 MeV/c to 1000 MeV/c, we can get

the correct energy dependence of o up to 1 GeV. But the resulting Aofot

has wrong signs at ~ 0.7 GeV. The calculated phase-shifts are also in severe

disagreement with the Arncit phase-shifts; indicating poor descriptions of a l l

NN scattering observables. Furthermore, the calculations with A-1000 MeV/c do



not come close to yielding the pronounced minima In 6a£ and 6o.p° near 800

MeV.

One possible way to resolve the problem Is to Introduce dlbaryon

resonances in some of the pa r t i a l waves. However, I think that I t is

premature to proceed immediately in this d i r ec t ion . The f i r s t important step

is to carefully inves t igate the energy-dependence of other meson-exchange

mechanisms which are omitted in this ca lcu la t ion . The most important one is

the effect due to NN Interac t ions in the TTNN three-body intermediate s t a t e .

The Input ! ' •• isobar model should also be improved to a lso describe the

negative nN phase-shif ts a t low energies . F ina l ly , we should explore a be t t e r

descr ip t ion of the meson-baryon-baryon vertex In t e rac t ion . Chiral (cloudy)

quark-bag model ca lcula t ions of the form factors for N, A and N could be

useful in this regard.

V. CONCLUSION

In conclusion, we have constructed a meson-exchange flamiltonlan for

it, N, & and N for NN sca t te r ing up to 2 GeV. The model gives good

descr ip t ions of the Arndt phase-shif ts up to 1 GeV in both the T-0 and T-l

channels. The calculated to ta l cross sect ions o" t o t , Ao£ot and Ao\j;ot agree to

a large extent with the data in both the magnitudes and the s igns . The

present calculat ion gives a sound s t a r t i n g point for future refinements.

Among them, a large-scale three-body ca lcula t ion could be needed to

inves t iga te the energy dependence of the effect due to NN in te rac t ions in the

TTNN channel. Until this effect is careful ly s tudied, i t is premature to

ex t rac t Information on dlbaryon resonances, if they e x i s t , from the data. Our

model also gives def in i te predict ions of np s c a t t e r i n g . Precise np

polar iza t ion measurements a t higher energy £ 0.6 GeV are needed to have a

complete tes t of our model. Final ly , the present model Hamiltonian can be

used to carry out many-body ca lcu la t ions as i l l u s t r a t e d in the works Dy Ohta

and me.

This work was supported by the U. S. Department of Energy under

Contract Number W-31-109-ENG-38.
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Table 1. Meson-exchange models for NN scattering and isobar-nucleus dynamics.

Solve: (H » HQ + H1 ) .(+)

Eoerjy Degree*
Freedoa

Interact ion! <H')
ftaryoa-baryon flo

( f l t » ) Hunerlcal Problem

£400 MeV

^400 HeV C.C. (coupled-cb*an«l)
2-body s c a t t e r i n s

S1000 MeV N A I NH*NN KH**KA

iH-'-'TN

*N*»N 3-body scattering
(i300 Mev) or

C.C. 2-body icattccing

i2000 Her N A » »•

NA«-»AN

(ilOOO

3-body, 4-body i ca t ter lng
or

C.C. 2-bodj' jcmttcrln^
+ A, N«»*iN, l»N



Table 2. The parameters of the ltobar model for A(P,-) and N (P..)

excitations. The parameters are defined In eq. (9) and Fig. 1.

irfH+A

nA<-+N

rrA*-+A

g

0

0

2

0

.98

. 4 6 3

. 0 1 3

. 6 8 9

A a 6 (MeV/

358

599

251

3 5 6 . 4

c )

M4 - 1300

MN* - 1575

MeV

MeV



Figure Captions

Fig. 1 The calculated nN sca t te r ing phase-shif ts are compared with the

data of Ref. 22. (Ec is the total nN energy in c m . frame)

Fig. 2 (a) The baryon-baryon in terac t ions v* of the model Hamiltonian

eq. (9 ) .

(b) The mechanisms of one-pion and two-pion productions generated by

the model Hamiltonian eq. (9 ) .

Figs. 3-5 The calculated NN sca t te r ing phase-shif ts are compared with

the energy independent analysis of Arndt et a l .

Fig. 6 The calculated pp reaction cross section a , to ta l cross sections

o t o t , AoJot - ( o t o t ( t t ) - a t o t ( t + ) ) , Ao^ot - ( o t o t ( * ) - o t o t ( * ) )

are compared with the data .

Fig. 7 Same As Fig. 6, except for the np s c a t t e r i n g .
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