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Electrons and photons have played a crucial ro le in our understanding of 
of nuclear physics. 

Tho p last ic ?nd ine last ic scatter ing cc electrons en nuclei have proved very 
useful i n tes t ing the assumptions on which current nuclear models are based. I t 
has shown the v a l i d i t y of the mean f i e l d approximation and the nuclear shell s t ruc
ture. Through ohoto-absorption experiments a par t icu lar co l lect ive mode of nuc le i , 
the giant diûole resonance, could be investigated. Recently, theoret ical ideas on 
the role and the importance of meson exchange currents in nuclei have received a 
strong experimental support from electron scatter ing data on few nucléon systems 
at large momentum transfers ( t i l l ~ 4-5 fm~l) . With intermediate energy photons 
(~ 300-500 MeV), the A(1232) isobar could be excited and the associated degree of 
freedom which has been shown to i l a y an important ro le in nuclear dynamics could 
be studied. 

Recent projects of high energy (1-2 GeV) e lect ron accelerators open up the 
p o s s i b i l i t y of studying wi th electrons and photons a new and par t i cu la r l y interes
t ing aspect of nuclear dynamics, the short range oart of the nuclear force and the 
quark and gluon degrees of freedom that we believe are associated with i t . We have 
chosen to devote the worshop "New Concents and New Energy Domains" to a discussion 
of our present understanding of th is par t i cu la r problem. 

The short range part of the nucleon-nucleon interact ion ( r < 1 fm) olays an 
important role in the saturat ion properties of nuclear forces and determines the 
equation of state of nuclear matter at high density. I t is current ly described by 
the exchange of vector mesons (p,w) and at very short range ( r < 0.5 fm) by a phe-
nomenological repulsive co re 1 ) . I t is known however that nucléons are extended 
objects ( fo r instance, the electromagnetic radius of the proton is <r?>l/2 = 
0.862 ± 0.012 fm) 2 ) and very high energy lepton-nucleon scatter ing experiments 3) 
have revealed that they are made of elenientary const i tuents, the quarks. One might 
therefore expect that at short distance the e f fec t of the f i n i t e size of the nu
cléons w i l l become important and that i t is more appropriate to describe th is part 
of the nucleon-nucleon force in terms of the interact ions between the elementary 
constituents of the p a r t i a l l y "overlapping" nucléons rather than as a potential 
between po in t - l i ke nucléons. 

I t is presently believed that the interact ions between quarks, the fundamental 
f i e lds of strong in teract ion theory, are correct ly described by quantum chromody-
namics (QCD). In th is theory, based on the SU(3) color symmetry, the strong forces 
between colored quarks are mediated by eight massless se l f - in te rac t ing colored 
gluons. 

The couplings among quarks and gluons can be seen from the (c lass ica l ) QCD 
Lagrangian : 

<.°C0(x) = qa(x) iy\ qa(x) 

- fo AÎ - \ A1 + * fijk i A t } 

* O " A i v - 3 V A i u

 + g f i j k A j y A k v ) , (1) 

in which q,(x) are the quark f i e lds (a is a combined color- f lavor index), A are 



the gluon fields M is an eightvalued color index), g is the strong interaction 
coupling constant, Xj are the eight generators of SU(3) and f-jĵ  are the SIJ(3) 
Structure constants. The first term in (1) represents the quark kinetic energy. 
The second term gives the quark-gluon coupling shown graphically in Fig.l. This 
term is rather similar to the electron-photon coupling in QED except for the 
A-matrix which reflects the SU(3) color algebra 
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Figure 1 Figure 2 
and for the strength of the interaction (g large). The third term in (1) gives the 
gluon kinetic energy and self-couplings as represented in Fig.2. It is clear from 
the presence of the cubic and quartic gluon self-coupling terms that QCD is a non
linear theory. 

A very important property of QCD for what follows is that at short distance 
the strong interactions between the quarks become vanishingly small as a result 
of the gluon self-couplings (asymptotic freedom)1*). This is in agreement with the 
deep inelastic lepton-nucleon data 3) which indicate that within the nucléon, the 
quarks behave as if they interacted very weakly. Therefore, at short distance, 
the amplitudes for strong interaction processes can be calculated perturbatively 
in the effective small coupling constant between quarks and gluons (perturbative 
QCD). 

At large distance, however, the coupling is strong and perturbative treatments 
are inadequate. Various approaches to find methods for handling the strong coupling 
in relativistic quantum field theory have been proposed5) but have not yet been 
fully successful. Consequently, until now, it has not been possible to show that 
QCD provides a dynamical explanation for quark confinement and to derive quantita
tive predictions for the structure of hadrons and for low-energy strcng processes 
from the QCD Lagrangian. 

In the absence of a tractable theory of strong interactions, various models 
which incorporate the fundamental fields and the known properties of QCD have 
been proposed 6" 8). The general philosophy of these models is to describe the in
teractions of quarks inside hadrons using perturbative QCO and to add "by hand" 
nonperturbative effects such as confinement or the pion taken as a zero mass 
Goldstone boson 8). Three models are currently discussed in connection with the 
nucleon-nucleon force : a OCD-inspired version of the nonrelativistic quark model*), 
the MIT bag model') and the little bag 8). 

Recent developments in nonrelativistic quark models6) used a Hamiltonian of 
the form : 

H A 
\ 1 i w \ i<j c o n f i<j hyp 

(2) 

in which i and j are quark indices, m. and p. arc the quark masses and momenta, 
V U , is a quark confining potential and VJJ describes the (strong) hyper-



fine interaction between each pair of quarks. The confining potential L ^ j is a 
long range potential, independent of the .masses and of the spin orientations of 
the quarks. The hyperfine interaction V W D is short ra~ged and represents the spin 
dependent coulor.itic interactions between the quarks arising from the exchange of 
vector gluons. 

This model provides a fairly good description of hadron spectros-opy6) and it 
is therefore interesting to see whether the same Hamiltonian acting between two 
clusters of threp -jp and down quarks produces something like the nucleon-nucleon 
interaction. In this picture, the long range part of the nuclecn-nucleon force is 
calculated in analogy to the van der Waal s force between electrically neutral 
atoms using instead of the coulcth potential the lono rarno confining rotertial 
between quark pairs. Such van der Waal s forces were estimated for example by 
Willey*) and by Matsuyania and Miyazawa 1 3) with linear confining potentials. The 
long range nuclear force obtained this way is much more attractive than the one 
pion exchange force and therefore incorrigible with what we know of *ho nucleon-
nucleon interaction1). The short range nucleon-nucleon interaction is estimated 
by methods analogous to the molecular orbital theory 1 1) used to calculate for 
instance the interaction energy of two hydrogen acorns or to the nuclear cluster 
models 1 2) used to calculate the interaction energy of two a-particles. In these 
approximations, one defines a collective variable, the intercluster separation 
distance, and a configuration path to describe the two-cluster system from complete 
separation to complete spatial overlap. For a fixed value of the separation dis
tance, d, the interaction energy between the two clusters is given by the diffe
rence between the energy of the two-cluster system at distance d and the energy 
of the two-clusters at infinite distance. A contribution to this problem is presen
ted at this workshop by Toki 1 3) who studied the short range behavior of the nucleon-
nucleon interaction in the nonrelativistic quark model using the resonating group 
method. He found that the short range spin dependent quark-quark potential produ
ces a soft repulsive core. We should mention however that Harvey1 ) pointed out 
very recently that a proper renormalization of each symmetry component of the six 
quark wavefunction as the intercluster distance goes to zero implied a configura
tion path very different from what is usually assumed. Using this configuration 
path he found no repulsive core at short range and no attraction at intermediate 
range, i.e. a nucleon-nucleon interaction having none of the properties of the 
usual phenomenological potentials. 

The MIT bag model 7) is a relativistic quark model aimed at describing the 
ground state of hadrons for a given number of quarks and antiquarks and given 
quantum numbers. Confinement is achieved by defining the quark and gluon fields 
only in a small region of space, the bag, which corresponds to the hadronic "size" 
and assigning a constant positive energy density to the region inside the bag. 
The dynamics of quarks inside hadrons is treated perturbatively, to first order in 
the quark-gluon interaction. The boundary conditions for the quark and gluon fields 
at the surface of the bag are determined by requiring the conservation of energy 
and momentum and the conservation of the color and flavor quantum numbers within 
the hadron. In practice, calculations are performed in the spherical cavity appro
ximation to the MIT bag model, that is for static and spherical bag boundaries. 

At long range, for internucleon distances larger than twice the nucléon bag 
radius (i.e. r > 2 fm), there is, by definition, no interaction between two 
nucléons described by the static cavity approximation to the MIT bag model. At 
shorter range (r < 2 fm), the bags overlap and a nucleon-nucleon interaction arises. 
The two-nucleon interaction in the static cavity approximation to the MIT bag mo
del has been calculated by DeTar 1 5) who studied the adiabatic deformation of a 
bag containing six quarks (with quantum numbers of the deuteron) into two bags 
containing three quarks (proton and neutron). Using an approach analogous to the 
molecular orbital method ) , he computed the energy of the six quark system as a 
function of an internucleon separation parameter. He found a soft repulsive core 
at short range due to the (spin-dependent) color-magnetic interaction and a strong 
intermediate range attraction due mainly to the color-electric interaction. This 
reproduces nicely the general properties of the phenomenological nucleon-nucleon 
interaction. However, this result depends crucially on his choice for the configu-



ra t ion path which was c r i t i c i z e d by Harvey 1 1 -). 
The l i t t l e bag"), or chira l bag, has been extensively discussed at this 

Symposium by Brown' 6) and Rho 1 7 ) . This model is constructed to incorporate, besi
des confinement and perturbative QCD inside haurons, the ch i ra l invariance of 
strong interact ions. Pions, taken as massless Goldstone bosons, are coupled to the 
surface of ihe bag by requir ing that the axial vector current carr ied by the quarks 
inside the bag and by the pion f i e l d outside the bag be continuous accross the bag 
boundary. This surface coupling of the pions generates a pressure inward which 
reduces the radius of the confinement region, hence the name l i t t l e bag. As discus
sed by Vento 1 ' ; i n his contr ibut ion to th is workshop, a cruc ia l issue for th is 
model is to observe experimental signatures of the pion cloud. Possible tests are 
fo r example the magnetic moment of the I (1197) or the 0-state admixture in the 
nucléon wavefunction which could be observed through the A -* nucléon E2 t rans i t ion 
ra te . 

An advantage of the l i t t l e bag model is to incorporate rather natural ly the 
usual meson exchange picture of the nucleon-nucleon in te rac t ion . 

A safe conclusion o f the above discussion i s that the descr ipt ion of the 
short range nucleon-nucleon in terac t ion i n terms of what we know about the quark-
quark interact ions i s at present a completely open problem. 

Two interest ing questions discussed at th is workshop and which could possibly 
shed some l i g h t on th is problem are 
( i ) Is there any indicat ion of a "6 quark" component i n the deuteron wave 

function ? 
( i i ) Is there any experimental evidence for dibaryon states ? 

Let us f i r s t discuss the poss ib i l i t y of a 6 quark component in the deuteron 
wavefunction. When invest igat ing such p o s s i b i l i t y , i t is important to keep in 
mind the accuracy of the descript ion of the deuteron form factor t i l l very high 
momentum transfers (~ 5 fm ' l ) wi th phenomenological interact ions such as the Paris 
p o t e n t i a l " ) (F ig .3) . The Paris potent ial describes the nucleon-nucleon interaction 
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Fig. 3 - The deuteron form factor calculated with the Paris potential n ) and compa
red to experimental data 2 0) (figure taken from ref.19). 

in terms of meson exchange contributions (r+2r+w) till an internucleon distance 
of — 0.8 fm and by a phenomenological repulsive core at shorter range (r <, 0.8 fm) 
Fig.4 shows the tensor potential (T = 0, S = l). The full line represents the complete 
DOtential while the dashed line shows the meson exchange contribution only. We see 
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Fig. 4 - Tensor part of the Paris potential T = 0, S = l (figure taken from ref.19) 

from Fig.4 (and from the other parts of the potential shown in ref.19) that the 
very accurately determined meson exchange contributions describe completely the 
nucleon-nucleon interaction till distances of ~ 1 fm. Consequently, it is expected 
that the short-range effects associated with the nucléon structure in the deuteron 
and which cannot be described by meson exchanges should not be very important for 
distances larger than 0.8-0.9 fm. 

A discussion of the 6 quark component of the deuteron wavefunction based on 
the MIT bag model is presented by Sorba 2 1) at this workshop. At large distances, 
the deuteron is treated as a neutron-proton system in which the nucléons are ta
ken as elementary particles ; at shorter distances, the deuteron is assumed to be 
a 6 quark state. This 6 quark state is chosen to be the lowest energy state obtai
ned in the spherical cavity approximation to the MIT bag model 7), i.e. the state 
in which the six quarks all occupy the s orbital. The internucleon separation 
distance at which the neutron-proton system makes a transition to a six quark sta
te is determined to be ~ 1.5 fm. With these assumptions, it is found that the deu
teron can be viewed as being a proton-neutron state with 93.8 % probability, a 
A isobar - A isobar state with 0.6 % probability and a hidden color part (corres
ponding to a doublet of color octet baryons) with 5.6 % probability2'). Sorba also 
suggests that the hidden color A^-A^ contribution consisting of two color octet 
A's could help explaining the difference in the amount of "preexisting" A-A compo
nent in the deuteron determined from experiments measuring exclusive quasi-two-body 
final states in the deuteron break-up on the one hand and in the high energy inclu
sive exoeriment y+d -* A + +(1232) + anything on the other hand 2 1). A picture of the 
deuteron rather similar to the model discussed by Sorba 2 1) is presented by 
Hadjmichael and Saylor 2 2). In their contribution to this workshop, they argue that 
the deuteron photodisintegration and electrodisintegration data indicate that the 
meson exchange description of the neutron-proton interaction may not be valid at 
a separation distance less than 1.5 f m 2 2 ) . 

At this point, the fact that the Paris potential1'') indicates the validity 
of the meson exchange description of the neutron-proton force till distances as 
small as ~ 0.9 fm and the suggestion by Sorba 2 1) and Hadjimichael and Taylor'2) 
that this description should be invalid and replaced by a 6 quark state for dis
tances as large as 1.5 fm seem rather contradictory. 

Finally, a last and very interesting question related to the short range 
nuclear force is the experimental search for dibaryons. 



Dibaryons are a particular kind of multiquark states. Multiquark states are 
color singlet states wnich are not made of three quarks (q^) as the ordinary 
baryons or of a guark and an antiquark (qq) as the ordinary mesons. They consist 
mainly of the q q ' mesons, q q baryons and q6 dibaryons. 

Multiquark states have been studied 2 3» 2* ) extensively in the spherical cavity 
approximation to the M T bag model 7) in which their masses can be calculated usinq 
the values of the bag parameters determined from ordinary hadron spectroscopy). 

A somewhat different phenomenoloqical model is discussed by Sorba 2 5) at this 
works! op for the q*q states. He argues that very stable q^q states can be construc
ted from two quark clusters, a q3 and a qq cluster, both in color octet states if 
the relative angular momentum between the two clusters is sufficiently large that 
the antiqtiark is prevented by the centrifinal barrier from tur.relliir into t̂ c- r,̂  
cluster to make a color singlet meson. There are at present indications of such 
narrow, high mass q^q states whose relative masses seem to aqree quite nicely 
with the above picture 2 5). 

The experimental confirmation of these "exotic" state:, is of ireat interest, 
not only to test the color degree of freedom but also to test the ability of the 
models to predict their masses, decay rates,...etc. 

The most interesting multiquark states in connection with the short range 
nuclear force are the q*> dibaryon states. 

In the spherical cavity approximation to the HIT bag model, for example, the 
lowest nonstrange dibaryons (s-wave q*> states) are the 1 = 0, J11 = 1 + state at 
2.16 GeV and the 1= 1, J11 = 0 + state at 2.24 GeV 2*). These particular states are 
however quite unstable as they can decay into NN states. Moreover the state at 
2.17 GeV is roughly at the NA threshold and the state at 2.24 GeV is above that 
threshold. It is therefore expected that they will not appear as very narrow 
resonances in the baryon-baryon channel 2 6). As first remarked by Jaffe 2 3), the 
only dibaryon state below threshold in the HIT bag model is a dihyperon with 
strangeness S=-2, 1 = 0 and «F = 0 + at 2.16 GeV which, untill how, has not been 
found. 

The nonstrange dibaryon states are looked for experimentally and the recent 
results of this search at Saclay and SIN are summarized at this workshop by 
Tamas 2 7). Photon induced experiments on the deuteron have been_performed at the 
Saclay linear accelerator 2 7). The data on the exclusive d(y,p~ )p coïncidence 
experiment show a rapid variation around E y =* 400 MeV fer a proton recoil momentum 
of 150 MeV/c. The corresponding invariant mass of the (NN-) system is 2.24 GeV. 
Similarly, a rapid variation in the cross-section near E-. = 400 MeV for the inclu
sive d(y,p) experiment is observed when the pion threshold is lower than E T=400 
MeV. The associated invariant mass is again - 2.23 GeV and a rough estimate of the 
"width" from the range of variation is - 40 MeV. No similar effect has been obser
ved in the pion induced experiment. d(îr-,p). However as pointed out by Arvieux : 8), 
the measured deuteron vector polarization in the elastic scattering of pions on 
polarized deuterons at a pion energy of 256 MeV shows a behavior which cannot be 
explained by a simple Faddeev calculation of the process but is quite well descri
bed if one introduces a ^ ( N N ) resonance of mass 2.24 GeV. 

In his contribution to this workshop, Laget 2 9) shows that the nucléon-."» isobar 
threshold effects play a significant role in the interpretation of the photon 
induced experiments on the deuteron in the \ region and that they should be care
fully taken into account before discussing deviations possibly associated with 
dibaryon effects. 

It is clear that much more experimental information and theoretical efforts 
are needed to investigate the nature of the effect seen around 2.24 GeV. 

Eventhough it is not directly related to the problems discussed above, we 
have included in this workshop a contribution of Faure'"') on recent measurements 
of p+d -» 3He+y and of the inverse reaction which do not give equal cross-sections 
as expected from time reversal invariance. 

If anything can be concluded from these introductory remarks, it is certainly 
that the study of the short range part of the nucleon-nucleon interaction and of 
the associated six quark structures is at present at a very preliminary stage 
both theoretically and experimentally. For future developments in our understanding 



of the nuclear force at short ranqe in terms of quarks and nluons, it is essential 
that experiments probing this range of the nucleon-nucleon interaction put cons
traints on the theoretical models. Due to the simplicity of the electromagnetic 
interaction, electrons and photons in the 1-2 GeV energy range are ideal probes 
for such experiments. 

Finally, we should mention that a very interesting application of short range 
nuclear physics is found in neutron stars whose central density is expected to be 
a few times nuclear matter density. Their equation of state and properties should 
therefore be quite sensitive to the details of the short range nucleon-nucleon 
interaction. There are at present more and more observational data available on 
galactic pulsars and it is a very interesting problem to try to understand and 
correlate the data expected to reflect internal properties of neutron stars using 
what we know from laboratory nuclear physics. 

The author wishes to thank flannque Rho for many useful conversations and 
stimulating arguments on the problems briefly reviewed in this paper. She also 
thanks Jean-Marc Laget and Gabriel Tamas for very helpful discussions. 
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