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I. Introduction

Most commonly the N-N interaction is analysed via potential or pseudopotential models

at low and intermediate energies and through Regge trajectory exchanges and various

diffraction models at high energies. In this work the N-N amplitudes are obtained

directly from phase-shift analysis.

From one point of view our aim is to check whether some features, evident in the

direct amplitude analysis, are not omitted in the commonly used models. We also wish

to check if some new relations exist for the N-N amplitudes which can lead to a sim-

plified analysis of the N-N interaction. For example, it is possible that new rela-

tions or symmetries exist which will limit the number of independent amplitudes.

In recent years new N-N experiments were performed and phase-shift analyses up to

800 MeV lab energy are available.1 It seems that by going to higher energies the

real part of the amplitudes becomes better approximated by the first Born term. In

this way one can get an insight into the meson exchange structure of the N-N ampli-

tudes. We would like to emphasize a significant difference in the present and the

potential model approach. The potential models fit the experimental data up to about

400 MeV lab energy, while the information we extract from our analysis comes mainly

from the 400-800 MeV experiments.

In Sections II and III we give some new formulations of facts which are most probably

known but not directly exposed in the literature.

II. The number of independent amplitudes

Let us consider first the N-N helicity amplitudes of isospin 1*0 and 1-1:
<^3*i) |T

I(E) | X J X 2 > , where E is the total c m . energy of one nucleon, X is the helicity

equal to ±\. Parity conservation, time reversal invariance, and charge independence

reduce the 16 possible helicity amplitudes (for each value of the isospin) to 5 inde-

pendent ones.^ This way one can construct 10 linearly independent amplitudes

<h l | | ! \\
^ -)5>. (2-')

From the Paul i principle the following non-linear dependence results (6 is the cm.

scattering angle):

•f(i--e) - (-DI+1 ffte), i - 1,2;
|
 1 ; (2.2)



Let us construct the following amplitudes:

4,"P(6) = Js[*?(e) + *j(9)], i - l 5 , (2.3)

which are the neutron-proton scattering amplitudes. From Eqs. (2.2) and (2.3) we

obtain the foilowing relations

•f(e) - 0?p(e) + (-1)1 ̂ U - e ) , i - 3,4,5 . (2.4)
From Eq. (2.4) we deduce that all the information about the N-N amplitudes is con-

tained in the five amplitudes $ " P ( B ) from which the ten linearly independent ampli-

tudes if>°(6) and cfi-te) can be derived. Another relation of limited consequence is

*•"'-«> . +nP(e), i « 1,2,3,4; ^ p ( - 6 ) = - ^ p < « ) , (2.5)

which may reduce the number of independent amplitudes to 4. For example, one can

construct
(2.6)

from which we obtain

*"p(e) - •JP(e) + * 1 5(-e); ^p

Equation (2.5) may have an application in the study of ambiguities of phase-shift

analysis. Using Eq. (2.4) for 6=0 and replacing isospin 1=1 by pp or nn scattering

we have

Taking the imaginary parts of Eq. (2.7) we obtain an extension of the optical theorem

to backward angles

°tot

-^ Im •pP(ir) - iofP - io?P

L- - Ao n p. (2.8)

III. The Fermi amplitudes

In order to investigate the meson exchange content of the scattering amplitude it

will be advantageous to use the decomposition of the scattering matrix in terms of

the Fermi invariants2 S, V, T, A, P. At a given energy

T - aS(t)S + av(t)V + aT(t)T + aA(t)A + ap(t)P , (3-D

where t is the Mandelstam variable. We shall relate the Fermi amplitudes as> av, a-p

aft, ap to the helicity amplitudes. As the direct relations are well known we shall

concentrate on inverting them. We shall write the direct relations in the following

new way

a(*3-*^) • BAU + (2Sj + 6S3)Z ;

a(*3+*^) - 2S) + 6SS + BA^Z; cu^ - -E sine S,/m , (3.2)

where B * p2/m2, Z • cose, p is the cm. momentum, m is the nucleon mass,a — 2 if

the tj are normalized according to Eq. (2.8), and



as + av - 3aT -3aA;

as + av + aT • aA;

-as + 2av + 2aA + ap

- aA; A3 - -as + 6aT -ap

+ 2aT + ap

Sa - as + 2av + 2aA - aP = 2Sj - S2 . (3-3)

Comparing Eqs. (3-2) and (2.2) we see that the intermediate amplitudes A; and S; have

the following symmetry properties resulting from the Pauli principle

A?(*-e) - M ) 1 + i A?(e); sf(r-e) - (-D1 s?(e) , (3.4)
which are equivalent to Eq. (2.2). We shall find the inverse relations in two

stages
S: •= -am*5/(E sine); A, •= S,2 + am2Ul-t2-43H*)/(2l

2)

A2 - m
2(atj-A]-SiZ)/Cip2); A,, - am2 [^/(l+Z) - •,,/( 1-Z) ]/p2

- 2Sj]/p2

and

(3.5)

(3.6)

IV. The meson exchange content of the Fermi amplitudes

The meson exchange content of the Fermi amplitudes is complicated due to the presence

of exchange diagrams. Let us denote byJ!> a Feynman diagram of one-meson exchange

(direct diagram) and by £ the exchange diagram. The one-meson exchange contribution

to p-p scattering is given by *J +O , while in the case of n-p scattering we have

-£> + 2& for isovector meson exchange and JO for isoscalar meson exchange. The

one-meson exchange contribution to the lowest order direct Feynman diagram acquires

the following form

Di(t) - ±m
2g2/[iniE(t-|i2)] , (l(.l)

where the sign depends on the particular type of the interaction, g is the coupling

constant and u the meson mass. The exchange diagrams can be related to the direct

ones by the matrix of the Fierz transformation. For instance, if we assume one-

meson exchanges for p-p scattering, the Fermi amplitudes will have the following

form:

(4.2)

1 -It

1 2
1 0
1 -2
1 4

-6
0
2
0

-6

-i, -i
-2 1

0 -1
2 1
4 -1

where t - -2p2(l-cos6), u - -2p2(l+cosB).

Let us write Eq. (A.2) in the matrix form

a(t) - S(t - F A.3)

where F is the matrix of the Fierz transformation. Let us assume for the moment that



the Fermi amplitudes can also be represented in the form of Eq. ft.3)- In this way

we can try to resolve the meson exchange content of the Fermi amplitudes. From

Eq. C(.3) we have -• t -• ,
a{u) • b(u) - F b(t) . (k.k)

The amplitudes a(t) and a(u) can be obtained from the phase-shift analysis. Thus

Eqs. (4.3) and Cl.lt) together consist of 10 equations with ID unknowns, E(t) and

b(u). Unfortunately 5 of the 10 equations are dependent because of Eq. (3-*0. Thus

it is impossible to resolve the meson exchange content of the Fermi amplitudes in a

simple way. Instead, we shall get information on the meson exchange content by gen-

erating particular combinations of the Fermi amplitudes.

We shall concentrate on two combinations of the isospin amplitudes:

(i) TPP + T"P = 1/2 T° + 3/2 T 1 - for this choice the isovector meson exchange is

cancelled in the forward direction. We shall call this combination the isoscalar

arrtf'Z it'ude.

(ii) TPP - TnP •= -1/2 T° + 1/2 T1 - here the isoscalar meson exchange is cancelled

in the forward direction. We shall edit this combination the isovector anr-iitudc.

This is also the so-called charge exchange amplitude.

Instead of analysing the isovector amplitude in the forward direction one can analyse

the np amplitude in the backward direction. Notice that the np amplitudes have ex-

change diagrams only for isovector exchanges.

V. Energy-independent results

Below we display two figures in which the results become stable with the increase of

energy. Let us introduce the notation

Y ] - H E • Re[aj(0)], j - S.V.T.A.P , (5-0

with i=0 for isoscalar amplitudes and i«l for Isovector amplitudes. These quantities

are simply related to the one-meson-exchange contributions at zero momentum transfer

y = ±m£ gJF](0)/((muj) , (5.2)
where v\ is the meson mass, g; the coupling constant and F:(0) the value of the form

factor at zero momentum transfer. Our results are based on a recent phase-shift

analysis of Arndt and VerWest1 in which the higher partial waves (J>6) are repre-

sented by the one-pion-exchange (OPE) phase shifts with the pseudoscalar coupling

constant g 2 A n * 14.5. In Fig. 1 the energy dependence of the y'. is given. As one

can see, except for Yp> all y'. become more or less stable above 500 MeV lab energy.

There are four large quantities: Yp related to the pion exchange, Yy related to

u> and $ exchange, Y | related to the E exchange, and finally the energy-unstable Yp.

There is one surprise In the above results: there is no large contribution which can

be associated with the p exchange.

Figure 2 is related to the TTNN form factor. For this purpose we consider the back-

ward np scattering for which all the Fermi amplitudes are dominated by the pion pole.
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We should avoid taking amplitudes which are large in the forward direction as such

amplitudes may have still a residual large contribution in the backward direction.

One test of an absence of this influence will be a consistent u dependence and energy

independence of our result. As shown in Fig. 2 it seems that the combination

a"p(u) - ajp(u) satisfies this criterion. Above 200 MeV lab energy this curve is

found to be independent of energy. One cannot interpret the result obtained in terms

of the TtNN form factor only, because of the contribution of the two-pion-exchange cut.

However, this cut can be approximated by the conventional p-meson contribution.

Let 8 be the slope of the curve formed in Fig. 2 near the pion pole [8 K 5(GeV/c)~2].

We can compare this value with that of some models of the uNN form factor if we in-

clude an approximation for the p exchange. Let us take, for example, the form factor

derived on the basis of the cloudy bag model ."* Comparing slopes near the pion pole

we obtain in the non-relativistic approximation:

B a R2/(5+m^R2/7) + ( g p + f p ^ / i g ^ - m ^ ) ] « R2/5+(gp+fp)
2/(gJm2) , (5.3)

where R is the radius of the bag, gp and fp are the electric and magnetic p coupling

constants, respectively. If we substitute g^/Air - 14.5, vector meson dominance

model vilues gl/h-n - 0.6, fo/gD » 3.7 and m. « 765 MeV, we obtain R » 0.8 fin.



Fig. 3. The a^ and a-r amplitudes for different lab energies.

VI. The T-A and the V-S cancellations

The name "strong interaction" should be used with reservation when applied to the N-N

interaction which is much weaker than the N-N interaction. The reason seems to be

the presence of cancellations in the N-N interaction. In Figs. 3 and U we depict the

Fermi amplitudes a-r and aA. The cancellation of the isoscalar amplitudes is rather

striking. This cancellation is also evident in the imaginary part of the isovector

16

s,,

I*
-4

- •

-12

-It

-?n

V
\

\ \

\

/

/

TSO WcV

E l m

/

/ }

s' J
E.WO. , , -

J I

-tO -Ot -0« -<y* - W 0 OS 04 0-6 0« 10
CM 0

Fig. 4. The imaginary part of the a s , a v , a j , aft amplitudes for 750 HeV.



amplitudes, but seems to be absent in the forward direction of the real part. To our

knowledge the origin of this T-A cancellation is not yet understood.

Let us compare the T-A cancellation with some of the consequences of isospin symme-

try. As we approach the elastic threshold, isospin symmetry is strongly violated.

As we increase the energy along the elastic cut the isop'n symmetry "opens". The

"opening" occurs much earlier in the imaginary part of the amplitudes than in the

real part. A similar situation seems to occur for the T-A amplitudes, although the

cancellation is not accurate enough to serve as a constraint on phase-shift analyses.

In Tig. 5 the "opening" of the T-A cancellation is demonstrated for the imaginary

part of the aj + a^ neutron-proton scattering amplitude.

In Tigs. 6 and 4 the aj and av amplitudes are depicted. The aj + a,, cancellation is

less accurate than the ay + aA cancellation and again is better satisfied for the

imaginary parts and for the isoscalar amplitudes. The V-S cancellation was advocated

before by A.E.S. Green and coworkers in a potential model.5

VII. Summary and discussion

We have shown in Sec. IV that it is impossible to extract ten independent amplitudes

having a definite exchange meson properties because five of them must t>» dependent.

By taking combinations of the Fermi amplitudes it is possible to obtain some insight

into the meson exchange content of the N-N amplitudes. We defined two isospin combi-

nations: the isoscalar and isovector amplitudes. By studying these amplitudes we can

gain both qualitative and quantitative information about the N-N interaction. For

example, from Eq. (5.2) and Fig. 1 we can get estimates for the coupling constants

| a 16.*. m§/
a 1.2

From Fig. 2 we can get information about the uNN form factor. The results are uncer-

tain to some extent because of the difficulty of taking out the p-meson contribution

which simulates the two-pion-cut contributions. Vith the parameters of the vector-

meson dominance model one obtains a form factor consistent with a nucleon bag radius

of about 0.8 fm.

A new feature of the discussed amplitudes is the T-A cancellation in the isoscalar

amplitudes and the T-A cancellation in the imaginary part of the isovector amplitudes.

A less accurate cancellation is the scalar-vector one. The origin of these cancella-

tions is not yet clear.

The existence of the T-A and S-V cancellations suggests probability that new relations

or symmetries may apply to the N-N interaction. In their present form the discussed

cancellations are not accurate enough in order to be applied to reduce the number of

independent amplitudes. One can look for further relationships. For example, related
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Fig. 6. The ac and ay amplitudes for different lab energies.



to the T-A cancellation is the following amplitude

aT + <WaA + tap) /CE? - u) . (7.1)

If only direct Feynman diagrams and only meson exchanges of the so-called natural

parity (Jp • 0+, I", 2+,...) are used, the amplitude (7-1) should vanish. Calcula-

tions show that this amplitude is rather small, but still not small enough to be a

practical constraint. Another small amplitude (especially in the backward direction)

is the real part of the following amplitude

aT(t) + aA(t) + Sj as(u) + % au(u) . (7.2)

The examples of the amplitudes (7.1) and (7.2) demonstrate that the T-A cancellation

can be an approximation to a more accurate relationship.

Apart from the existence of the cancellations the depicted amplitudes show the

following unusual features:

(i) An unusual behaviour of the real part of the isoscalar ap amplitude. The

change of sign to positive in Fig. 1 at higher energies, and the enormous magnitude,

are somewhat puzzling. The maximum about 600 MeV suggests correlation with A-produc-

tion or dibaryon resonances.

(ii) The isoscalar aT amplitude is positive. This suggests that fu/gu is positive,

contrary to the usually accepted value -0.12.

(iii) The isovector amplitudes ay and ay are relatively small, suggesting a rather

small contribution of the p-meson.

(iv) The isovector aj amplitude is not consistent with natural parity meson ex-

changes. The constant value observed at t-0 suggests a meson exchange of non-natural

parity and spin J>2. A possible candidate is the A3 meson.

(v) The resulting mass of the isoscalar exchange should be smaller than the u'-meson

mass.

It seems to us that the study of the Fermi amplitudes may lead to a better under-

standing of the properties of the N-N interaction. More calculations, especially

those including an error analysis, will be of utmost value.

I would like to acknowledge valuable discussions with A.W. Thomas and J.H. Richard.
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