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The future experimental program of LEAR by itself fully justi
fies, in my opinion, the necessity for a careful theoretical study 
of the nucleon-antlnucleon interaction. Besides this, there is a 
theoretical reason for such a study, related to the status of the 
baryonium states1. The question is whether these states exist and 
if so, whether they can be described as NN bound states or resonan
ces. A serious answer to this question requires, of course, an ac
curate knowledge of the NN interaction. 

The NN interaction differs from the NN interaction by the pre
sence of annihilation processes. As we are concerned mostly with 
the low energy region, a simple and appropriate approach to the NN 
Interaction is that using an optical potential. 

GENERAL PROPERTIES OF THE NN OPTICAL POTENTIAL 

Before discussing specific models, let me recall a few general 
and model independent properties of the NN optical potential that 
we should keep in mind : 

i) The real part U„= can be derived, via the G parity rule, 
from the NN potential if the latter is due to particle exchan
ge in the t channel. There is now an increasing evidence for a 
theoretical and quantitative understanding of the long and medium 
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range parts of the KN potential in terms of particle exchanges while 
the short range part is still phenomenological^. Correlatively, one 
recovers the same situation for U„s, namely the long and medium ran
ge parts are known from theory whereas the short range Is not. 

ii) The imaginary part W - describes annihilation processes. It 
is given just front unitarity. by annihilation diagrams of the type 
shown in figure 1. 

\ W,p,l,0 
fig. 1 

where the intermediate states are physical states produced by anni
hilation i.e. mesons. In this type of diagrams, the states included 
in each blob sfould contain one baryon (or antibaryon) simply be
cause of baryoii number conservation. Consequently, W s is given by 
the following dispersion relation : 

WMH(s.t) Jam2 f - t 
(2) 

2 2 
where s « (p. + n.) , t • (p, - p.) and m • nucléon mass. Since 
the intermediate states are meson states with different masses, the 
spectral functions p's are expected to be also strongly dependent 
on s, and the resulting potential HLg should be non local.and for fi
xed energy, of short range ( l/2m » 0.1 fm). This last property 
is simply due to the fact that the lowest mass of the systems which 
can be exchanged in the t channel is 2m independently of the nature 
of the intermediate states in the s channel. This general property 
of Wjjjj being non local or, in a local approximation, at least state 
dependent (energy, angular momentum, etc..) and short ranged should 
be respected by any realistic model . 

A.M. Green and collaborators'* considered other possible con
tributions to W - from inelastic processes involving a baryonium B 
(regarded as a HN bound state) and a pion as represented in fi
gure 2. Although presence of bound states could induce anomalous 
thresholds the previous reasoning still applies in this case. 
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It is however stated, in reference A that such contributions are of 
the following form : 

* B(r) *B(r')[(E + B )
2 - m 2 ] 3 / 2 (3) 

where 1J1 is the wave function of the bound state, B its binding 
energy and E the antiproton CMS energy. From this expression, it 
was concluded that this absorptive part is of long range since the 
bound state (assumed to be produced by the real part U - only) has 
a wave function ij/ with a maximum at r = 1 fm. To my mina, this re
sult is unexpected from a theoretical point of view since it does 
not depend on the nature of the exchanged system in the t channel 
as it should. Moreover, if one transposes this result to the NN 
case where the equivalent diagram is shown also in figure 2 with a 
deuteron and a pion in the intermediate state, one would get a very 
long ranged contribution to the NN forces competing with the OPEP 
since the deuteron wave function is peaked at r • 1.5 - 2 fm. To my 
knowledge, there is no evidence for such an effect in the well esta
blished long range part of the NN potential. 

REVIEW OF SOME OPTICAL MODELS 

i) The first optical model for the NN interaction was proposed 
by Bryan and Phillips5 where U„j; is the G parity transform of the 
Bryan-Scott OBE potential and where W„jj is assumed to be local, 
state independent (i.e. central) and of the Saxon-Hood form : 

H 0 

WNN = rTK « > 
1 + e u 

ir. is taken to be 0.17 fm, compatible with the short range proper
ty as it should be. Fitting the data known at that time, W. is 
found to be 62 Gev". With these values for W Q and r Q, W ^ =150 MeV 
at 1 fm, which is effectively a long ranged potential. The results 
of this particular model have led some people to consider this cha
racteristic as a quite general property. 
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form 
11) More recently, Dover and Richard6 use for V s the following 

NN t ami 

where V.(r) 
V N S H V 1 ) . r < r 1 

r/r n 

(5) 

with r-j = 0.8 fm 

a n d Vann ( r) • -<vo + l W 0 ) / ( 1 + e ) W l t h r0 ' °- 2 f m 

By fitting the shapes of the integrated elastic, total and charge 
exchange cross sections (o el' tot el arm <3„ _) they found 
V- - 18 - 21 GeV and W Q = 20 GeV. This gives still a long ranged 
effective annihilation potential. Also with such values of V„, their 
phenomenological real "short range" part modifies significantly the 
long and medium range part of V t even at distances as large as 1 fm. 
On the other hand, "experimental" elastic cross sections o are 
obtained by integrating the data on da ./dfi extrapolated to 
the very forward angles where the Coulomb effects must be substrac-
ted out. In most of the experimental papers, this substraction is 
performed in a rather ambiguous way, leading to inconsistent a -. 
Because of this, it is preferable to use the data do ,/dft themselves 
rather than the integrated o .. With effective long ranged annihi
lation as those of references 5 , 6 the bound and resonant states 
produced are very broad as shown by Dalkharov, Gerstein, Myhrer 
and Thomas7. 

iii) Attempt to calculate the contribution of annihilation dia
grams is made by the Paris group. As a large fraction of the NN 
annihilation goes mostly to 4 or S pions, it is expected that the 
dominant annihilation potential arises from diagrams with multipion 
(4 or 5) intermediate states. The calculation of such diagrams is, 
prohibitively complicated and I suggested some time ago 3 that a 
reasonable approximation would consist in grouping these pions in 
clusters (the e, p, w mesons) as presented in figure 1. Since the 
p meson and especially the c meson are rather broad resonances, it 
is hoped that effects from uncarrelated multimeson states are par
tially contained in these clusters. Detailed calculations8 in such 
an approximation yield a non local potential of the form : 

r- p,(s,t') 
WNn(s,t) = ift/ . -J df 

m i )<k> f-t 
(6) 



where the ft.,'s are the usual Invariants (central, spin-spin, spin-
orbit, tensor, quadratic spin-orbit). The actual expressions of the 
spectral functions p.'s are still quite complicated and before trea
ting the complete problem with the previous non local potential it 
would be a good idea to study a phenomenological but simpler model 
possessing however all the same physical properties. As a first 
step, the Paris group considers the following model 9 : 

1) ILs is the G parity transform of the Paris NN potential 1 0 

for the long and medium range parts (r > 0.9 fm). The short 
range part (r < 0.9 fm) is described phenomenologically, and for 
computational convenience, one uses a quadratic function constrai
ned to join the medium range part through two points in the neigh
borhood of r = 1 fin, the third parameter being adjusted to fit the 
data. 

2) The absorptive part W - is of short range, energy and state 
dependent NN 

"NN^-V « C < 1 + W + «8B ( l 4 fB8 tL )*r*2 + 

* «T S12 +
 4 n 2 '•» r dr 

(7) 
K o(2or) 

This representation Is obtained from eq. 6 In the following way : 
as one is concerned with the low energy region, one can make a Tay
lor expansion of the functions p.'s near threshold s • bm? and re
tain only the first or the first1two terms. The t' denendwice of 
the resulting coefficients is essentially of the form 1/Vt ' (t'-Am2) 
which in turn gives rise to the modified Bessel function 

K o(2mr) / Vfu'-w*) 
Jim2 

when translated by a Fourier transform from momentum to coordinate 
space. For simplicity, eqs. 6 and 7 are written for a given isospin 
state. The coefficients g^ 
fective parameters. 

s-, f. are for the moment considered as ef-



FIT OF THE EXISTING DATA 

In the Paris group work, the parameters are adjusted to fit 
a set of 915 pp data points in the energy domain 20 MeV < T < 370 MeV. 
This up to date compilation consists of available results on pp to
tal cross sections a t(T.), differential elastic cross sections 
do ,/dft, differential and total charge exchange cross sections 
de? /d[2 and " C E ( T T ) I a n (* a ^ e w measurements on polarization in elas
tic scattering. Data on integrated elastic cross sections <7ei(Tj) 
are not included in tMs compilation because of the ambiguities 
mentionned earlier in the treatment of Coulomb effects. Anyway, 
cr (T ) are redundant whenever do /dfl are given. Elastic cross 
sections and polarization are calculated including Coulomb effects 
while total and charge exchange cross sections are obtained from 
pure nuclear amplitudes. 

As this compilation covers experiments performed between 1968 
and 1981, some of them are more accurate and hence more constrai
ning than others. The most accurate are those on the differential 
elastic cross section at backward angles (6 = 174°) measured 
recently by Alston-Garnjost et al. 1 1. These01"1 data were found to be 
very constraining in the search for the solution. The fit, dis
played in figure 3, shows an excellent agreement between theory 
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and experiment with a x2/data of 0.61. It is worth noting that if 
the spin-orbit and tensor terms in eq. 7 are dropped, the x2/data 
climbs as high as 1.95. For comparison, are also shown In figure 3 
the results by Dover and Richard and by Dalkharov and Myhrer as 
quoted in reference 11. Other measurements 1 2 1 3 of the differential 
elastic cross sections were performed for 20 MeV < T L < 3*59 MeV. Again 
the agreement is good yielding x2/data of 2.87 for the whole set of 
data. An example of the fit is shown in figure 4. 

The total cross section a r^i) w a s measured by different 
groups and their results are not fully consistent. As can be seen 
in figure. 5, the values of Chaloupka et al. 1 1* are higher than those 
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of Hamilton et al. 5 which in turn are larger than those of Kamae 
et al 1 6 . For the data of reference 15 which cover a larger energy 
range, a x2/data of 0.96 for 65 MeV< T,<370 MeV was obtained. This 
solution yields then a x2/data of 2.16 for the results'of reference 
14 (49 MeV< T <150 MeV) and of 5.69 for those of reference 16 
(80 MeV < T < 255 MeV). 

In figure 6, the results for the total charge exchange cross 
section "cE^Ti^ a r e c o mPa red with the data of Hamilton et al. 1 . 
The x2/data is 3.25. The fit of the few available results 1 8 on 
do /dfl gives a x2/data of 2.41. 

fig. 6 

The only measurements on polarization below 370 MeV were per
formed at 220 MeV 1 9 and 232 MeV 2 0 for angles below 80° and at 368 
MeV 1 3 but with larger uncertainties. The theoretical results repro
duce the data very well (x2/data = 1). Apart from a dip near 90° 
close to that of the differential cross section (see figure 4), 
the polarization is significant. As can be seen in figure 7, the 
model of Bryan and Phillips gives a different behavior than the 
present model for angles below 90°. It is also found that the po
larization is very sensitive to the values of the parameters espe
cially for angles above 90°. In view of this, accurate polarization 
measurements are therefore very desirable. 



1 
1.0 

P(8) 
(!„„-232.35 MeV) — Paris 

f Kimura el al. (i978) 
..— Bryan and Phillips 

1SO 180 

fig. 7 

For the complete set of 91S data, the x2/data is 2.80. The va
lues for the parameters of the absorptive part W Hr as defined in eq. 
7 are listed in Table I. m 

Table I 

T' 
C 

-0 
SS 

T 
C 

-1 
SS 

B i 850.45 -569.69 659.91 -473.93 

. 1 
fi(MeV x ) 0.01874 0.01466 0.01893 0.02636 

LS T LS T 

8i 74.468 53.191 74.468 23.404 

I 
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It should be noticed that the decrease of H^j with r is very 

rapid. For example, in the slnglet-isosinglet state its values are 
5 GeV at r = 0.5 fm and 14 MeV at r = 1 fm for T L = 0. In this talk, 
only some samples of different observables are shown. Values for 
other observables like depolarisation, spin correlation parameters 
etc... for various energies can be provided upon request. 

In summary, the Paris group has constructed a model for nucléon 
antinucleon annihilation which is of short range but is state (ener
gy, spin, isospin, ...) dependent as dictated by the calculation of 
annihilation diagrams. This model fulfils general theoretical requi
rements and ± at the same time, provides a good fit of the present1" 
available pp experimental data , better than the existing moor-id 
which are state independent but effectively long ranged. These re
sults contradict the generally accepted clair, that fitting the pp 
data requires an effective long ranged annihilation potential. The 
characteristics (masses afld widths) of the_bound states and reso
nances can be predicted from ths present NN optical potential and 
fhis study is currently under investigation. Also the present mo
del can be expected to be highly relevant in antiproton-nucleus 
reactions since it is_known that these reactions are very sensitive 
to the range of the NN annihilation potential. 

SPIN EFFECTS AND THE RATH) OF THE REAL TO IMAGINARY AMPLITUDES 

Recently, new measurements of the pp forward elastic cross 
sections at low energies (400 < PL < 730 MeV/c) were reported21. 
These data complete earlier bubble chamber results22obtained at-
700 MeV/c. In both works, the data «ere used in conjunction with 
pp total cross sections measurements to deduce the real to imagi
nary ratio 

P 
Re [4j(t=0) + *3(t-0)] 

Im 1*^=0) + »3(t=0)] 

of the forward spin non flip nuclear amplitude via the following 
approximation : 

d a - 4n (ok/8t)2 F(t)2 

dt 
+(l/n)(o,o / 4fc) 2 (1 + p 2) exp(-bt) (8) tot' 

+ < a°" t o t/ St) F(t) exp(- - bt) (p cos 6 - sin 6) 

where -t is the four momentum transfer, a the fine structure cons
tant, 8 the velocity in the laboratory of the incident p, b the slo-
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pe parameter of the m> diffraction peak, and the Q^'s are the usual 
helicity amplitudes25. F(t) - (1 + tfQ.ll)'^ is the Coulomb form 
factor of the proton and « « - U n 9.5t + 0.5772] ag'"1 is the phase 
of Coulomb amplitude as used in references 21 and 22. In these two 
last expressions t is to be expressed in (GeV) 2. 

Formula 8 is, however, written with the assumption that only 
the spin independent amplitude is dominant in the forward direction. 
If spin dependence is not neglected, and if one assumes the same 
slope for all amplitudes, equation 8 should be replaced by 

£ =, 4n (anc/flt)2 F(t) 2 

at 

+(l/H)(o J tffic)2 fi + P 2) (1 + n 2) exp(-bt) (9) 
tot 

+ (ao\ J Bt) F(i-) exp(- -r bt) (p cos S - sin 6) 

where 
2 |« 2(t=0)| 2 + |43(t=0) - * 1(t=0)|' 

1*^1-0) + * 3(t«0)| 2 

Formula 8 was used in references 21 and 22 to deduce P as a func
tion of energy. Comparing the results thus obtained with those given 
by a dispersion relation analysis, they concluded that it was neces
sary to include an effective pole term in the unphysical region near 
the pp threshold (at m • 1884 ± 9 MeV with a residue = 0.97 ± 0.08). 

Comparison of the data at 233 MeV of references 21 , 22 with 
the Paris model predictions2* is shown in figure 3. The agreement is 
very good. The values of the p and n parameters calculated with the 
same model are shown in Table II. 

Table II 

TLab 
(MeV) 50.0 96.3 138.4 192.4 233.0 250.0 300.0 350.0 

P -0.181 -0.0972 -0.0464 -0.0073 +0.0098 +0.0143 +0.0201 +0.0193 

n 0.325 0.309 0.299 0.284 0.272 0.268 0.257 0.247 

* -2 CGeV) 34.4 25.7 22.4 19.6 18.4 17.9 17.0 16.2 
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Fig. 8 
Differential cross section of pp forward elastic scattering at 
T L » 233 MeV. The solid curve shows predictions of the Paris model, 
the dashed curve those of the same model with the nuclear amplitude 
only. 4 a r e data of reference 21 at 233 MeV and Jf> those of refe
rence 22 at 230.5 MeV. 

It can be seen <-*--> t the values of the parameter P are small 
whereas those of ?. :meter n are significant, and n therefore 
cannot be neglectt je results21* suggest that the conclusions 
drawn from the previous analyses of the parameter p which neglect 
the n term are Invalid,' and we would like to urge experimentalists 
to employ formula 9 rather than the widely used formula 8 in the 
analysis of their forward scattering data. In this case however, 
some theoretical constraints may have to be imposed on the various 
parameters p, n and b in a search for the best fit. Otherwise, the 
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solution might not be unique. Regarding the accuracy of formulae 
it is found that It is a good approximation to the exact differen
tial cross section calculated in the Paris model for 0 < 6 „ M < 40° 
with values of the slope parameter b shown in Table II, everything 
else (p, T| and o ) being given by the modal. The values obtained 
for b are slightly higher than those determined for example in re
ference 22 . 
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