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ABSTRACT

The work of Brown and Durso (Phys. Lett. 35B, 120 (1971)) on the

soft-pion determination of the intermediate range nucleon-nucleon interaction

is extended by using the most general form of the ANir interaction which

involves an arbitrary parameter Z. It is shown that both the annihilation

channel helicity amplitude f^0)(t) as well us peripheral proton-proton

scattering phase shifts seem to favour Z = 1/2.
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I. INTRODUCTION

During the past few years, the important role of the two-pion exchange

process in the nuclear force problem has been extensively investigated and it

is now generally believed that the bulk of the medium range interaction is

correctly given by the two-pion exchange mechanism . The very successful

Paris potential incorporates the two-pion exchange process through the

elaborate machinery of dispersion relations given by Amati, Leader and Vitale

as well as by Bowoock, Cottingham and Lurie

With a different approach regarded as complementary to that of the

Paris potential, Brown and Durso have shown that the nucleon-nucleon inter-

2)

action in the intermediate range (r SJ is essentially determined by the

behaviour of the analytically continued pion-nucleon scattering amplitude for

small pion four-momentum. Using current algebra and soft-pion theorems or

equivalently chiral effective Lagrangians , they are thus able to evaluate

the longest range part of the two-pion interaction from chiral symmetry which

is shown to reproduce nucleon-nucleon peripheral partial waves rather well.

In dispersion theory, the two-pion exchange potential

dt (t)

is built up from the exchange of particles of mass //"t1 weighted by the

factor p(t) which is related by unitarity to the helicity amplitudes f (t)

of the process II + B -<- IT + IT of definite angular momentum J. Here the

superscript denotes iso-spin even and odd decomposition and the subscript

denotes the helicity non-flip and flip amplitudes . The two-pion exchange

contribution to the nucleon-nucleon force in the intermediate range Is believed

to be dominated by S and P-wave parts of the annihilation channel scattering

amplitude, I.e. by the helicity amplitudes f (t) and f (t).

e>°tt> and ,;+

The

f ~ (Important observation made by Brown et a l . is that f (t) and f ~ (t)

can be determined from experiment by analytic continuation of pion-nucleon

scattering data (where t < 0) to the pseudophysical H + 5 -* if + TT process

for which t > Urn . If one assumes this analytic continuation to be valid,

one can regard these analytically continued amplitudes to be empirical data

which any dynamical model must correctly reproduce.

Brown et a l . have investigated a re lat ivis t ic dynamical model for

the helicity amplitudes in the framework of chiral effective Lagrangian with

pseudo-vector coupling of the nucleon to the pion. They have also considered
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thr effcc+. of the A(l£30)-resonance which la treated as the Rarita-Sehwinger

spin&r. They have shown that such a simple model gives qualitative agreement

with "the empirical results of-llielsen and C<-..'•- ••"•• thf hclicity amplitudes,

although there is considerable deviation for low values of t .

In this note, we should like to point out that the theoretical prediction

on the helicity amplitudes can be considerably Improved by taking advantage

of the well-known arbitrariness in the definition of the interaction Lagrangian

of the spin-3/2 particle with the nucleon and the pion. Indeed, the general
9)form of the flBn interaction Lagrangian is given by

At!* (2)

where a = - — (l + 2Z) and Z is an unknown parameter. This parameter stems

from the non-uniqueness of the spin-3/2 particle coupling and essentially

takes into account'the off-shell nature of the intermediate A isobar. In

the next section, we show that this modified interaction Lagrangian significantly

improves the prediction of the f (t) amplitude, particularly for low

values of t.

For a comparison with experimental peripheral phase shifts, we restrict

ourselves to proton-proton scattering and. calculate in the one-boson exchange
S)approximation the quantities a... , etc. defined by Amati et al,

J ± 1 , J

These are related to the bar phase shifts and mixing parameters. In the one-

boson approximation, we include the it, p and (a-mesons as well as the

hypothetical scalar a-raeson which simulates part of the IT-IT interaction

in the intermediate state. In Sec.Ill, we indicate how the helicity amplitudes

fv (*) contributes to the nucleon-nucleon scattering amplitude and relegate

to the Appendix the detailed expressions for the quantities aTj, T , etc. in
J x l )4J

the one-boson approximation. In Sec.IV we summarize our results and

conclusions.

II. CALCULATION OF

10)
Using (2), i t is straightofrward " " " to evaluate the contribution of

the A-isobar to the pion-nucleon invariant scattering amplitudes A and E.

Thus for the t-channel K + S -»• TT + IT process, we have

A*(s,t,*) =

lo.a

a, O-u (3)

and

where s,t,u are the Mandelstam variables,

t =

2 2S = -p - q. + 2pq cos6

2 2u =• _p - q - 2pq. cose ,

(5)

p and q being the cm three momenta in the initial and final channels,

F = 92 MeV, h = 0.23 and f = 1.01. We have also defined
TT

1(M. - v
(6)

&„

q and EL being the cm three-momentum and nucleon energy at

Also we have introduced

resoannce.



+ W l M (Z + 2Z2)]
J

- -% k. (s2 + a) + M (-2Z2 + z)
3M a

A

0 <*%

Using the following expressions for the helicity amplitudes :

(T)

B J + 1 + J B J - 1

(pq)"

1

J - l 2J+1

J-l 2J+1 VCJ-1 " V l ' ' (8)

where

we eas i l y get

djtZ P (x)

- 5 -
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and

n4(t) =

t - 2nT

- t ) ( t -

(10)

til)

Similar expressions for t~ (t) can easily be written down using

(8). In Fig.l, we show f°(t) for two values of Z, Z = j and Z = r- . The

curve B is due to the Born term alone. It is clear that the correction due

to Z improves the agreement for low values of t and a value of Z « —

seems to be indicated. This is consistent with other determinations of

1.

III. CALCULATION OF THE PHASE SHIFTS

matrix

The e l a s t i c s c a t t e r i n g of two nueleons i s described by the causal
2)

p[-]^,t,l) T".TP] Pi

— 2

where w , t , t are the usual Mandelstam var iab les w = (n +p ) , t = (n -n

t = (p -n ) and P. are the pe r tu rba t ive invar ian ts P " 1 , 1 ,

P2 = y " . P l f * l P A P3 = Yn 'P YP'M, Fh = Y n - y p and P? = ^ ' y*

with P = (p +p )/2 and If = (n +n )/2 . The effect of J = 0 NK •* n

s t a t e on nucleon-nucleon s c a t t e r i n g is given by for T = 0 and 1 ,

(12)

2

where

F( t )
t ' - t d t ' (13)
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Using now the formulae given by Amati et a l . 2 \ ve can obtain the singlet-

t r ip le t scattering amplitudes. Thus, e.g. the singlet-singlet amplitude is

00
. TL

SS

where

y = 1 +

The bar phase shift 6 is then given by

M15)

where

a L_ M
°L 2L+1 MSS

(16)

(17)

Following the same method we can write down the other partial-wave amplitudes
T T "T̂ T T'T T'T 'PT

M
1 1 ' M 1 ' M M a n d M

shifts and the mixing parameters.

T - 1 ' M01 * M10 a n d M00 a n d f r o m ' t n e m we can obtain the bare phase

Thus using (9) in (15) we get the effect of the two-pion intermediate
state . However for a comparison with experimental phase shif ts , we also need
the one-*boson exchange contributions. Since the calculation of the one-boson
exchange is straightforward, we quote in the appendix the final resul ts .

IV. RESULT AND COMCLUSIOSS

Using the one-boson exchange amplitudes given in the appendix, we

have evaluated the phase shifts

as well as the mixing parameters

F_ and
and £, for proton-proton scattering.

The results; of these calculations are shown by the solid lines in

Figs.2-11. T h e coupling constants and masses used are

-7 -

- 6.0

= lit.3

= 0.53

= k.n

m
a

\

m
P

m
ill

= 550

= 139

= 765

= 783

MeV

.567

MeV

MeV

6.0

o

From pion-nucleon scattering data, Hohler and Pietarinen have obtained

0.55 and for the ratio fp/g- = 6.6. Recently, Grein
T p \

has also

found f/g = 6.0 using nucleon-nucleon dispersion relations. In our cal-

culations we have also found that f/g = 6.0 gives best f i t to the data.

Such a large value of the rat io implies that the deuteron D-state probability

is reduced considerably. According to Loinon , a bulk of the few-body

reactions now clearly favours low D-state probability lk.3%),

There is some uncertainty about the coupling constant f , , From the

The Chew-Low

0.32, Hbhler, Jacob and Strauss obtain

. /25 = 0.23.
ULl II i-11-"4

We have used the auark model value.

width of the A-isobar (120 MeV) one obtains f,T._= 0.35.
2 2

theory predicts fK. = h f
WATT jsr^t o

fHATr = ° '2 ' r w h e r e a s t h e iua.rk model prediction is f = 72

It will be seen from the figures that the quality of the agreement

of this very simple one-boson exchange model with proton-proton scattering

phase shifts is quite reasonable. For the two peripheral phase shifts G^

and D, we have then added to the one-boson exchange amplitude the two-pion

exchange contribution given by the helicity amplitude f (t). The result of

this calculation is shown by the dotted curves in Figs,2 and 3 for Z = 1/2.

Any other value of 1 gives completely unacceptable results. We note from

these two figures that low-energy phase shifts are reproduced rather well for

this value of Z, although at higher energies the prediction is not so good.

This is to be expected from this essentially chiral effective Lagrangian model.

We thus conclude that a simple extension of the model of Brown and
M

Durso incorporating the most general form of the TtNA-vertex not only improves

the prediction of the helicity amplitude f (t), it also leads to reasonable

values of proton-proton peripheral scattering phase shifts for Z = 1/2 which is

consistent with other determinations

ACKNOWLEDGMENTS

The authors are grateful to Profecs.-o- Abdus Salam, the International

Atomic Energy Agency lind UKZSCO for hospitality at the International Centre for

'Iheoretical Physics, Trieste. One of them (l.K.C.) is particularly grateful

to Professors G, .Furlan and L. Bertocchi for making his v is i t at the ICTP

possible. They are also grateful to Mr, Noville for help in computer programming.



APPENDIX
3. Vector meson exchange:

1. Pseudosoalar meson exchange;

L,L+l =

where PS and x p s = 1 +

2. Scalar meson exchange;

- Y T (2 T+.) t + l 7 J"'

«

where Ĝ  = gj;/lur , and xg = 1 +

* J*-

1£L3 ] Q

23*1 27*'
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f 4 * 2 (S-0 ( 3

"L - ̂ L"- j£

where and Xy = 1 +

The phase shifts and mixing parameters are obtained from the usual

formulae: _

s a e 2
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FIGURE CAPTIONS

Fig.l Re f (t) against t. Solid curves are theoretical predictions for

the two values of Z which give most reasonable behaviour. The

dashed-dot curve is the pseudovector coupling prediction without

the isobar. The dashed curve is the "experimental" prediction due

to Qades and Ilielsen

Fig.2 The proton-proton scattering peripheral phase shifts H, and D

against laboratory energy in MeV. The solid curve is the one-boson

exchange prediction with o , "IT , p and u) mesons only. The

dashed curve is due to one-ooson exchange + A-isobar for Z = 1/2.

Other values of Z give worse agreement and are not shown. The
7)

experimental points are from Brown and Jackson ,

Figs.!t-8 The proton-proton scattering phase shifts and mixing parameters

against laboratory energy in MeV.
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