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1. From Nuclear Physics to Hadronic Physics

1.1. A short history

The natural starting point in the understanding of the microscopic structure of nuclei
is of course the well known two-body effective interactions in nuclei, first proposed by
Skyrme [I]. Treated in the mean-field approximation, it gives rise to a mean-field poten-
tial Uefj{p,S7p,pa) in which each nucléon of the nucleus is embedded. This mean-field
potential depends explicitely on the density and on the gradient of the density to take
into account finite size effects. Phenomenologically it is found that its density depen-
dence is strong, a > 1, and that a strong spin-orbit component is also necessary to
reproduce the energy levels in various nuclei.

With the development of appropriate many-body techniques the mean-field poten-
tial in nuclei can be directly related to phenomenological bare two-body interactions,
like for instance the Reid interaction. This makes possible the connection between the
properties of nuclei and two-body observables. Some questions however still remain:
where does a come from, and what is the origin of the strong spin-orbit component?
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Figure 1. Nucléon-Nucléon potential in terms of pion exchange and its
representation in the One Boson Exchange approximation.

The microscopic understanding of the Nucleon-Nucleon (NN) interaction in terms of
the exchange of pions, already proposed a long time ago by Yukawa, has led these last ten
years to a very satisfactory description of the nucleus. The relevant microscopic degrees
of freedom in nuclei are now well identified. These are nucléons, together with their
natural A-isobar excitations, and pions. The dynamics of these degrees of freedom is go-
verned by an effective Lagrangian which can in principle be derived from the underlying
theory, Quantum ChromoDynamics (QCD). The Weinberg Lagrangian [2] is one typical
example of such a Lagrangian.

1.2. The reference model of microscopic nuclear structure

1.2.1. The realistic Nucleon-Nucleon potential. Within this general framework [3], the
NN potential is described in terms of the exchange of one pion, two pions, and so on, as
indicated in fig.l. The exchange of many pions includes of course the iteration in time of
a single pion exchange (uncorrelated pion exchange). More importantly, it includes also
the contribution where two, three or more pions in the intermediate state are strongly
correlated (see fig.l) and can even form a resonance. This is the case in the two pion

* channel with J=T=I (p-meson channel) and in the three pion channel with J = I and T=O
(w-meson channel). In this limit, a large part of the two and three-pion contribution can
be approximated by the exchange of a single p and u> meson. This is the so-called One
Boson Exchange (OBE) approximation. Within this approximation, the NN potential is
well represented by the exchange of a pion, a a and a p meson for the part corresponding
to two pion exchange in the T=J=O and T=J=I channel respectively, and an w meson
for the short-range part. The a meson is a very broad resonance, and the OBE approx-

f* imation (which usually assumes a zero width for the resonance) may be questionable in
I that case. From a phenomenological point of view however, two-body observables can
i be well accounted for provided the mass and coupling constant of the a meson are taken

as adjustable parameters.

As expected from the Heisenberg principle, the very short range part of the potential
corresponds to the exchange of more and more pions. This part of the potential is
parameterized either by form factors at the meson-nucleon vertices [4], or by a completely

This formation time is at least four times larger than the coherence time.
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ad-hoc contribution [5j. In this latter case, the very short range part starts to contribute
at distances smaller than about 0.8 fm. From a practical point of view however, Nature
has been very kind: as we mentioned above, the NN interaction is mainly determined at
the level of three pions by the exchange of an w meson, which induces a strong repulsion
at short distances. In the nucleus, two nucléons are thus prevented from being very close
from each other, so that the only part of the wave function which contributes significantly
corresponds to the medium and long-range contributions. These contributions are well
under control from one and two-pion exchange.

Many realistic NN potentials are now available in the literature. We would like to
stress here that a direct comparison of these potentials is not always possible, in particular
when they have different energy and momentum dependence, and hence correspond
to a different representation of the two-body wave function. However, one could in
principle switch from one representation to another by a suitable unitary transformation
(6). Physical observables should therefore be the same provided a consistent calculation is
done, and the underlying physical assumptions (coupling constants, form factors, short-
range properties) are the same. This has prevented a meaningful comparison of the
various NN potentials over the last few years.

1.2.2. Electromagnetic interactions in nuclei. As a direct consequence of our microscopic
understanding of the NN potential, we can also derive the electromagnetic current in the
nucleus. To see this, let us start with the electromagnetic operator in free space. The one
body current operator in free space (Impulse Approximation), denoted by J I A , satisfies
the following current conservation equation

v . J I A + [Hy) = o, (i)

where the Hamiltonian reduces in free space to the kinetic energy H=T and where p° is
the charge density operator. In the nuclear medium, the total Hamiltonian includes also a
two-body potential energy associated with the NN interaction. The current conservation
then requires that the total electromagnetic current be also decomposed into a one and
two-body operator, J e x c , satisfying

V . J u + [r,p°] = 0 , (2)

V . 3exc + lVNN,p°) = 0 . (3)

The total electromagnetic current J is thus given, in a simplified notation, by

J = J I A + J e x c . (4)

\ Figure 2. Electromagnetic operator in the medium including the Impulse
Approximation and one typical contribution to Meson Exchange Currents..j
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Figure 3. Typical three-body contribution (b) which can be associated with
part of the medium attraction from 2ir exchange present in the two-body
potential (a).

The second contribution in the right hand side of this equation represents the so-called
Meson Exchange Currents (MECs) [7]. One typical contribution is represented in fig.2.
Note that the continuity equations (2-3) involve the longitudinal component of the cur-
rent operator only. They cannot therefore be used to deduce the complete current. How-
ever, once the underlying mechanism leading to the NN interaction is known (in terms
of one-boson exchange for instance), the complete operator can easily be calculated, the
current conservation being used as a check of the calculation.

1.2.3. Three-body forces. The necessity to consider three-body forces in many-body cal-
culations is also a consequence of our understanding of the NN potential. We indicate
in fig.3 how the polarization of the nucléon in the medium, due to its excitation in a A
resonance, gives rise for instance to a genuine three-body contribution. This is the well-
known Fu.jita-Miya.zawa contribution already introduced in 1957. A detailed derivation
of the three-body forces can be found elsewhere [8]. Let us just point out here that they
do not involve in principle new parameters as compared to the NN potential. Going back
to the effective interaction in nuclei we discussed in the introduction, three-body forces
contribute to its density dependence through the power a, and could explain its strong
spin-orbit component.

We would like to finish this very short overview by recalling some numbers. Ac-
cording to the above discussion, the potential energy in nuclear matter can be roughly
separated into a short range repulsive contribution < Vu > and a medium range attrac-

, tive part < V >. Supplemented with the kinetic energy contribution < T >, one ends
up with the standard value for the binding energy of nuclear matter Enm/A ~ —15 MeV.
The binding energy of finite nuclei is thus obtained by adding the Coulomb repulsion
between protons. We thus have the following sequence

< V > /A ~ -200 MeV < Vu > /A ~ +150 MeV
< V > /A ~ -50 M-V <T> /A ~ +35 MeV

f Enm/A ~ -15 MeV < Vc > /A ~ +7 MeV
I E/A ~ -8MeV.

\ Because of subsequent and strong cancellations, a 2% correction on individual contri-
butions to the potential energy in finite nuclei corresponds to a 50% correction in their
binding energy! This clearly illustrates why nuclei are so subtle to understand in a
quantitative way! At that level, there is little doubt that one has to take into account

K contributions from three-body forces. As an example we indicate in fig.4 the contribution
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Figure 4. Contribution of three body forces to the saturation mechanism of
nuclear matter. The dashed line has been obtained with a realistic two-body
potential (Paris potential), while the solid line includes most important three
body contributions, from ref.[8]. The cross represents the empirical saturation
point of symmetric nuclear matter.
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of three-body forces to the binding energy of nuclear matter as a function of its density,
according to ref.[8].

1.3. The new challenges

As we have briefly reviewed, one has now in hand a coherent description of the micro-
scopic structure of nuclei in terms of a realistic NN potential, Meson Exchange Currents
and three-body forces. We have shown in particular why these three aspects are inti-
mately linked together and have to be considered on the same looting. We shall come
back to this point in the next section.

Having this in mind, we have now to investigate what are the limits of validity
of this reference model in the various variables which are relevant in a nucleus: the
density p, the momentum transfer squared Q2 and the energy transfer v. This implies
investigating in more detail many-body forces, the importance of relativity and short
range correlations, and contributions from nucléon resonances respectively. As we shall
see in the next section, this is the domain of physics accessible at CEBAF. We indicate
in fig.5 the relevant kinematical domain in the (i/, Q2) plan (region denoted by A).

These questions lead us naturally to understand the intimate connection between
the elementary degrees of freedom of QCD (quarks and gluons) and the reference model
in terms of effective degrees of freedom (nucléons and pions). The role of confinement
and spontaneous chiral symmetry breaking should be essential in this respect. The
first property motivates the use of nucléons and pions as relevant degrees of freedom,
rather than quarks and gluons, and the second gives a very peculiar role to the pion as
compared to other mesons through the Goldstone theorem. We shall advocate in the
last section how the nucleus could be a unique tool (a unique iaboratory/) to access the
dynamics of quarks and gluons in the hadrons. This corresponds to the new kinematical
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Figure 5. Various kinematical regimes in electron scattering in the (f, Q2)
plan (see text). The x variable corresponds to the usual Bjorken variable, and
the curves denoted by A and charm correspond to thresholds for A resonance
and J/J/> production.

region accessible with a 15-30 GeV continuous electron beam (region C). The high energy
and high momentum transfer limit, denoted by B in fig.5 corresponds to Deep Inelastic
Scattering on the nucléon. This region is already well known. The domain at very small
x (i.e. very large energies to keep Q2 above a few (GeV/c)2) will be accessible at HERA
and is discussed elsewhere in these proceedings.

'\

2. Hadrous in Nuclei: Are they Modified?

2.1. Nuclear and nudeon structure

In the derivation of the reference model of the microscopic structure of nuclei, we have
carefully avoided defining what we have called nucléons and pions. This may however be
misleading if one wants to have a correct physical interpretation of experimental data.
To see this, let us look in more detail into what is a physical nucléon. Starting with bare
nucléons and pions, interacting according to a given effective Lagrangian, the physical
nucléon can be expressed as an infinite series indicated in fig.6. The mass of the physical
nucléon is thus equal to its bare mass (M", which we do not know), and self energy
corrections, M = M° + SM. The series is of course very difficult to evaluate, but, as we
shall see in a moment, we do not need to calculate it explicitely.

What is important to remember from this example is that although the bare nucléon
is not a composite object (in terms of quarks), it acquires nevertheless a structure through
it's coupling to pions.

Several immediate and simple consequences are of utmost importance for the under-
standing of nucléon and pion behavior in the medium. The first one, as it is often the case
in Nuclear Physics, has to do with the application of the Pauli principle. As indicated
on fig.7.a, Pauli blocking restricts nucléon intermediate states in the loop contribution
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Figure 6. Structure of a free physical nucléon.

to have momenta above the Fermi momentum. One can thus rewrite the nucléon mass
in the medium in the following way

M' = M" + SM'

= M + [6M' - 6M) .
(5)

One can easily convince oneself that the term in the parenthesis is precisely equal, in
first order, to the One Pion Exchange Potential (OPEP) between the two nucléons of
momentum p and k in the Fermi sea, as indicated on fig.7.b. From this simple derivation
of the OPEP, one concludes that indeed the nucléon mass is modified in the medium,
and that this modification is due to the NN potential. From a practical point of view,
one has no longer to worry about the structure of the mideon in the medium. One
just has to start with free nucléons, and calculate corrections in the nuclear medium
due to the NN potential as we detailed in the first section! This procedure incorporates
consistently corrections due to Pauli blocking in the medium, as we just outlined, but
also contributions involving the excitation of nucléon resonances, and excitation of NN
pairs.

A very similar derivation can be done for the electromagnetic coupling to the phy-
sical nucléons, in terms of the point-like coupling to the bare nucléon N" and the coupling
to the pion field. This latter coupling generates sizeable contributions to the electromag-
netic radii and magnetic moments, and gives rise for instance to an abnormal magnetic
moment of the correct size for the proton and neutron as well as a non zero charge radius
for the neutron. Pauli blocking on this contribution generates two-body contributions to
the electromagnetic operator which are precisely included in the MEC contributions we
discussed in the preceding section. As a consequence, nucléon radii (charge, magnetic and
axial radii) and magnetic moments are modified in the medium, and this modification is
taken into account by MECs [9]. As it is the case for the NN potential, MECs include
also contributions from nucléon resonances, and excitation of NN pairs. Note that there

N(p)

".it

N(p)

N(k) N(P)

N(k)

a) b)

Figure 7. Modification of the nucléon mass in the medium from the One
Pion Exchange Potential.
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Figure 8. Contribution of the first radial excitation of the nucléon (the Roper
resonance) to the charge radius of the nucléon.

is no theorem to guarantee that all nucléon radii should increase in the medium, since
many contributions to MECs are of the same order of magnitude, but with different
signs. Among all the contributions, it is easy to identify for instance corrections which
lead to an increase of the nucléon charge radius (a "swelling" of the nucléon [10]). One
typical example is indicated in fig.8.

The last important facet of the reference model we presented in the last section, i.e.
the contribution of three-body forces, can also be interpreted in a similar language. For
illustration purposes, we recall on fig.9.a what is a physical pion in terms of the bare pion
T0, its coupling to NN excitations, and many other contributions which are not indicated
here for simplicity. In the medium, Pauli blocking restricts the nucléon momentum in
the loop to be above the Fermi momentum, giving rise to the three-body contribution
we have indicated in fig.9.b. This is an example of the excitation of NN pairs in the
nuclear medium. Apart from it, nucléon resonances can also be excited in the medium,
as we have already shown in fig.3. In fact, a consistent calculation of three-body forces
should include, on top of the dynamical relativistic corrections indicated in fig.9.b, all
contributions from nucléon excited states up to 2M excitation energy.

From the above discussion we can see two aspects emerging for the experimental
study of hadrons in nuclei.

i) The study of the elementary mechanisms in the few-body systems,
ii) The study of the density dependence of various observables in heavy nuclei.

We shall illustrate in the following these two aspects by typical experimental programs
forseen at CEBAF.

a)

b)

Figure 9. Medium modification of the pion mass in the medium and contri-
bution to three-body forces.



1 2.2. Structure of the few-body systems

The main quantitative uncertainties in the present understanding of the reference model
are the short-range correlations in the NN potential and the contribution of three-body
forces. The study of the form factors of the few body systems is the traditional approach
to access these quantities. VVe already know till Q7 ~ 2 - 3 (GeV/c)2 the elastic form
factors of the deuteron and of the three-body systems (3ZZ1

3He). The electrodisintegra-
tion of the deuteron near threshold ed —> enp is also known. These form factors provide
us with an overall check of the two-and three body wave function, provided the electro-
magnetic operator is correctly treated, and incorporates the relevant MEC contributions
[7]. The extension of these measurements at higher momentum transfer at CEBAF is
thus a natural continuation of these programs.

We indicate in fig. 10 the isoscalar and isovector parts of the elastic charge and mag-
netic form factors of the three-body systems [H]. These form factors are deduced from
experimental data on 3H and 3He and can be directly compared with the elastic form
factors of the deuteron (purely isoscalar transition), and with the electrodisintegration of
the deuteron near threshold (almost pure magnetic isovector transition). While MECs
are dominant for isovector magnetic transitions, and reproduce very well experimental
data up to about 2[GeVJc)2, they are negligible for isoscalar magnetic transitions. Cor-
rections to the Impulse Approximation in charge transitions are of relativistic order.
They are rather well accounted for by theoretical calculations, although a consensus has
not yet been reached on the precise contributions to calculate.

To go further, one has to access more directly the two-body correlation function.
This can indeed be done through the (e,e'2p) reaction in which one can map out the
two-body correlation function by detecting the two outgoing protons with large relative
momentum in coincidence with the scattered electron. This reaction is indicated in
fig.ll. In this process, the cross-section is also dependent on the relative momentum of
the pair of nucléons with respect to the (A-2) nucleus. The cross-section should therefore
be also sensitive, at large momenta, to three body correlations. Note that the common
feature of all these experiments is to involve the overlap between two and three-body wave
functions. This also occurs for the electrodisintegration of 3TZe. All these experiments are

• only possible at CEBAF because of the large kinematical flexibility given by a relatively
high energy (4-6 GeV) together with a 100 % duty cycle.

2.3. The many-body wave function

2.3.1. The nuclear spectral function. The momentum and energy distribution of the
nucléons in the nucleus is the best way to access the properties of individual shells. This

w is the so-called spectral function, S(E,p), which can be measured in (e,e'p) experiments.
' I Very nice data are already available from NIKHEF, and will be extended at CEBAF for

t nucléon momenta above 300 MeV. The differential cross-section corresponding to this
1 ! process, as indicated on fig.l2.a can be written as

i

=pEpcrepS(Em,pm), (6)
dEtdiledEpdÇîp
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Figure 10. Elastic form factors of the three-nucleon systems, separated into
isoscalar and isovector parts, from ref.[ll]. The shaded area corresponds
to a fit to experimental data on 3H and 3He, while the various curves are
theoretical predictions.
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Figure 11. Kinematics of the (e,e'2p) reaction.
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Figure 12. Kinematics of the quasi-elastic (e,e'p) reactijn in a nucleus (a)
and experimental results from NIKHEF (b), from ref.[12].
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where Em and p m are the energy and the momentum of the struck nucléon before the
electromagnetic interaction. In the shell model for example, one has

C) na(p), (7)

where ta is the single particle energy and na the momentum distribution of the orbital
a. Results from NIKHEF are shown in fig.l2.b [12]. The short-range correlations in the
nuclear wave function mainly dominate at momentum transfer higher than 300 MeV and
are thus largely unknown at present.

2.3.2. Properties of nuc/eon resonances in the nuclear medium. In the kinematical do-
main where almost on-shell A-resonances are excited, through charge exchange reactions
for instance [13], the propagation of the pion degrees of freedom from the decay of the A
and subsequent rescattering can occur over the whole size of the nucleus itself (coherent
pion production). In that case one has to generalize the three-body contribution indi-
cated in fig.3. Elementary mechanisms have also been seen at SACLAY and MAINZ in
photoproduction of pions in the three-body system [14]. At CEBAF, a precise determi-
nation of this mechanism in few-body systems and heavy nuclei can be done with the
(e.e'Tr) reaction [15] as a function of Q2 and for the longitudinal and transverse part of
the response function separately.

In terms of the modification of the pion propagator in the medium, one can easily
see how the thiee-body contribution can be generalized as indicated on fig.l3.b. In the
A-hole approach, the modification of the pion propagator indicated on this figure can be

11
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Figure 13. Propagation of a pion in the medium.

accounted for by the following redefinition of the pion mass

m? = ml + U(k\p), (8)

where Yl(fc2,p) is the polarization operator in the pion channel [16], and k the momentum
of the pion. In first order in the density (fig.l3.a), this contribution is equivalent to the
three-body force we have indicated in fig.3, once short-range and Pauli correlations are
neglected.

It is sometimes advocated in the literature that the propagation of the p meson
in the medium should be investigated. In contrast to the pion, the p meson has a very
short lifetime, of the order of 1.3 fm. It has therefore little chance to feel the influence
of the medium: it has time to scatter over one or two nucléons only, unless it is boosted
to very large energies. It thus escapes very rapidly from the nuclear medium. In both
cases, no coherent effects should be expected, in contrast to the propagation of a pion
in the A-hole channel.

3. Structure of Hadrons

3.1. The standard approach

Many experimental and theoretical studies have been devoted to the structure of hadrons
since the first experiments in Deep Inelastic Scattering (DIS) at SLAC. We shall not detail
anymore this subject. Let us just mention that the new generation of DIS experiments
will focus on the very small x region at HERA, a region where the confinement of quark
and gluon degrees of freedom should show up dramatically, if one considers for instance
the number of degrees of freedom per unit volume in the nucléon.

Beside the one-body distribution function of quarks and gluons measured in DIS,
the intrinsic wave function of the nucléon is accessible through elastic form factors. This
has motivated a long-standing experimental program at SLAC. This program, which
should ultimately separate the two electromagnetic form factors of the nucléon, Fi and
F2, is still at its beginning because of the lack of suitable experimental equipment to
disentangle the elastic and magnetic parts of the cross-section. This separation will be
done at CEBAF although at rather small momentum transfer. The extension of this
program to include weak neutral form factors is particularly motivating for the search of
the strangeness component in the nudeon wave function [17].

12
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Figure 14. Inclusive spectra for resonance production at various Q2, from
ref.[18].

This program will be complemented by the study of transition form factors. The
study of resonance electroproductioa at CEBAF is a major goal, and is mandatory to
understand in more detail the hadron wave function. We indicate on fig.14 invariant
mass spectra in inclusive electroproduction of baxyon resonances, from ref.[18]. Note
the poor statistics of the data and the important background for momentum transfers
larger than 1 (GeV/c)2. Exclusive measurements like (e,e'x),(e,e'rj) and (e,e'-y) will
allow the various resonances to be disentangled. This research program at CEBAF has
many interesting consequences, among them the test of the Drell-Hearn-Gerasimov sum
rule, and its connection with polarized DIS experiments.

The next topic which is often advocated to unravel quark dynamics is the syste-
matic study of hadron spectroscopy. The knowledge of all baryonic excitations should be
sufficient in principle to extract all components of the hadron wave function. This is the
traditional approach in the study of heavy baryons, for which the physical content of the
wave function is expected to be simple. Experiments with e+e~ and more recently with
pp colliders are therefore essential. Because of the richness of its spectrum, light baryon
spectroscopy is however in its infancy. In any case, the knowledge of the connection
between the perturbative short distance and non-perturbative long distance properties
of the hadron wave function will require a precise determination of the complete spectrum
up to the very high-lying states. This is the main limitation of such an approach to access
quark dynamics. A more direct access has therefore to be found.

13



3.2. A new laboratory to study hadrons!

Many essential questions are thus still open. How do quarks and gluons combine to form
hadrons? How bare quarks dress themselves in the nucléon wave function, and what is
the intrinsic structure of constituent quarks? All these questions address the dynamics
which governs the evolution of simple short-distance configurations of the hadron wave
function (either colorless or colored) into the full complexity of asymptotic states.

From very general arguments, the typical time scale for such an evolution, the
formation time 17, is given by

r<~r-it> (9)

where Ep is the energy of the outgoing hadron, and M its mass. The proper time T0

should be of the order of the hadronic length, i.e. about 1 fm for the proton (with c=l) .
The second factor is simply the Lorentz dilation factor. The formation time is thus of
the order of a few fermi's and depends on the energy transferred to the hadronic system.
The only medium we can think of at that scale is the nucleus!

The experimental strategy which can be developed to make these ideas more quan-
titative is summarized in the following three characteristics.

i) The electromagnetic probe is necessary to have a perfect definition of the initial
state and a maximum kinematical flexibility in the energy and momentum transferred
to the system.

H) A suitable energy range should be chosen in order to match the formation time
(9) with the nuclear radius, i.e.

15 GeV < Et < 30 GeV . (10)

The lower bound is mandatory to access the right degrees of freedom, while for energies
larger than about 30 GeV, most of the processes develop outside of the nucleus, and
nothing new can be learned.

Ui) Exclusive measurements are necessary to achieve a perfect handle on the final
state. This requires a high intensity, high duty cycle electron accelerator. The charac-
teristics of the proposed accelerator (the ELFE project [19]) axe indicated in table 1, and
compared with two existing or approved equipments in the same energy range.

VVe shall briefly illustrate in the following section how these ideas materialize in
experimental programs.

Characteristicss
Duty cycle
Resolution

Luminosity spectrometers
" large solid angle detectors

ELFE
100%

5 IO-4 at 15 GeV
- 1 0 3 8

^1O3 6

Existing facilities
lO-4 (SLAC1HERA)

4 10~3 (SLAC)
~ IO37-38 (SLAC)
~ 1033 (HERMES)

Table 1. Main characteristics of existing or approved equipments in the 15-30
GeV energy range compared with ELFE parameters.

14
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Figure 15. Coherence time for a qq to exist in the photon.

33. A few examples

3.3.1. Quasi-elastic charrnonium production. By analogy with the first attempts to solve
QCD on the lattice using a heavy quark-antiquark pair, we shall investigate in this section
how the use of heavy flavors can be a very nice starting point in the understanding of
quark dynamics.

The elastic production of Jj^/ at very high energy is traditionally described in the
Vector Dominance Model (VDM). More generally, the photon couples to any possible
virtual qq configuration, with light as well as heavy quarks, as indicated in fig. 15. This
configuration has a finite life time, called the coherence time rc, given approximately by

where Mv is the mass of the vector meson associated with the qq excitation. In the
regime where the coherence time is very large compared to the radius of the nucleus,
the photon behaves as a (almost on shell) vector meson. This is the VDM picture very
well verified experimentally. The regime we are more interested in here corresponds to
the situation where the coherence time is of the order, or even smaller, then the nucléon
radius. This is the case when the virtuality of the photon is very large compared to its
energy, or when the mass of the produced quarks is large, and the energy small. As an
example, re is of the order of 12 fm at v — 18 GeV for p and u> photoproduction, while
it is only 0.75 fm for J/Vt photoproduction at the same energy.

When the coherence time TC is very small, the cc pair should interact within a time
TC with the target, as indicated in fig. 16. This is a very nice way to prepare a very
simple localized, time-like and colorless hadronic configuration. The time needed for this
configuration to develop into a physical asymptotic state, the formation time Tj, can be
easily calculated and is given by

T / 2 V

\A.. mr . ' ' I

• ^
• c

I
X

Figure 16. Formation of a J / 0 from a virtual ci pair in the photon.
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This formation time is at least four times larger than the coherence time.
The way to access the time evolution of the cc pair is to make it scatter in the

nucleus. For a localized colorless object, the cross-section is proportional to the size of
the object squared, so that the cross-section of such a configuration should verify the
following conditions

<Xtf(t~0) ~ 0 (13)

<rci{t - » oo) = <TJH, . (14)

This is analoguous to the dipole cross-section in QED. From an experimental point of
view, the time evolution of the cc configuration is thus accessible through the attenuation
rate of Jjrp production as a function of the size of the nucleus. Moreover, the conditions
in which the cc pair is produced (TC) and evolves (17) can be modified by varying v and Q2.
In the limiting case where TC and Tj is small enough compared to the nucleus radius, one
should be able to determine the JJtI) -nucléon cross-section. This experimental program
should be extended to the electroproduction of o thc vector mesons like 0', (f>, p and w.

3.3.2. Quasi-elastic (e,ép) and (e,e?N*) reactions at high Q2. The scenario we presented
above to access the dynamics of particular colorless quark configurations in the hadron
wave function, known under the general name of color transparency [20, 17], can be
applied to the study of the nucléon wave function itself. One has to consider in this case
quasi-elastic scattering on a nucléon embedded in the nucleus. We already presented this
process in section 2 for the determination of the spectral function. We consider now the
regime where the momentum p of the outgoing proton is much larger than any typical
momentum in the nucleus, i.e. for Q2 larger than a few (GeV/c)2, with p ~ Q2/2.

When Q2 is also large compared to typical quark momenta in the nucléon, the
characteristic size of the component of the nucléon wave function which couples to the
virtual photon is of the order of l/\/ÇP- We shall call this configuration, for simplic-
ity, a pointlike configuration. Following the arguments we presented in the preceding
section, this configuration should travel through the nucleus without interacting much
(suppression of final state interaction). The transparency ratio

should thus go to one when Q2 is large enough. We indicate in fig.17 theoretical predic-
tions for (e,e'p) quasi-elastic scattering in two different nuclei, A=12 and A=200, and for
two different assumptions for the time evoluiion of the pointlike configuration selected
at the electromagnetic vertex [21]. The sensitivity of the ratio T to the dynamics which
governs the time evolution of this particular configuration is clear from this figure.

From a more fundamental point of view, this process is essential since it gives access
to a very simple configuration of the nucléon wave function, where only valence quarks
are present. For such pointlike configuration, the coupling of qq pairs and gluons are in-
deed suppressed because of asymptotic freedom. This configuration is precisely the one
accessible in todays lattice gauge calculations (in the so-called "quenched approxima-
tion"). The experimental program should separate the longitudinal and transverse parts
of the cross-section, and should also include the study of electroproduction of baryon
resonances at high Q3.
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Figure 17. Theoretical predictions for quasi-elastic (e,e'p) scattering in two
different nuclei, A=12 and A=200, and for two different assumptions for the
time evolution of valence quark configurations, from ref.[20].

3.3.3. Semi-inclusive Deep Inelastic Scattering. We have considered up to now colorless
qq and qqq quark configurations. The idea of using the nucleus as a new tool to inves-
tigate the evolution of particular quark configurations can also be extended to colored
configurations. In this case, the virtual photon knocks out a quark from a nucléon in the
nucleus Hadrons are formed after a characteristic time already indicated in (9) and are
detected far away in the experimental device. On a free nucléon, the mechanism which
leads to hadron formation, or in other words the mechanism which leads to a colorless
configuration (physical hadron) starting with a colored quark ("neutralization of color")
.s completely inaccessible. The nucleus has the right size to access this mechanism.

Experimentally, the quantity of interest is the ratio RA defined as

O^ dNÂzF, ", Q7)

where zF = Eh/u is the fraction of energy taken by the detected outgoing hadron

Exploratory experiments at SLAC [23] and EMC [24] have shown that indeed the
use of the nucleus can be of great help in disantangling various processes. The energy
dependence of fi. ,s known at high energies [24] and shows almost no dependence on ^ ,
«ith RA~ 1 On the contrary, the only data from SLAC at v ~ 10GeV show a stronè
atténuât,™ of leading hadron production in the nuclear medium [22, 23]. More exclusive
data are now necessary to have a quantitative understanding of color neutralization

T r t e ^ 1 ^ e S 1 e s ' D a t r r f the intermediate * * > i ^ S £

Th^The

to theoretical assumptions is clear.

l s ï i T H " ^ * **"** l° ^ dectr«P-duction of charmed
13 „ «deed a nice way to separate the quark Une which originates from

" T^ ^ ^ ^ " " ^ " ^ ^ roniSn P o ^
quark originates from the nucléon wave function since the creation of a
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Figure 18. zF dependence of the ratio RA at a mean energy of 10 GeV. The
data are from SLAC [23]. The curves correspond to three different theoretical
predictions (two in the string model and one in the bremstrahlung model,
from ref.[19]).

charmed quark-antiquark pair is strongly suppressed in the later stage of hadroniza-
tion. Moreover, one can also investigate the production of two hadrons in the final
state, and compare the ratio A^(A11A2)

 t o the product of individual hadron production
RA(UI) RA(H2). This ratio is a very nice way to access more directly the formation of
intermediate states in the hadronization mechanism [25].

4. Conclusions

The investigation of the many facets of hadronic structure that we briefly outlined in this
contribution, with high intensity continuous electron beams at Multi-GeV Energies, is a
completely new field for both theory and experiment. It will first enable a quantitative
study of the reference model of the microscopic structure of nuclei, more precisely the
short range correlations in the NN potential, the role of many-body forces and the
excitation of baryonic resonances in the nuclear wave function.

Through the study of the properties of hadrons in the nuclear medium, which, as
we have shown, is a direct consequence of our understanding of nuclear structure, we
shall then address new and fundamental questions on the dynamics of the elementary
degrees of freedom in hadrons, the quarks and gluons. This dynamics is at present
almost unknown, and original ideas have recently emerged on the role that the nucleus
could play in this investigation. They correspond to a completely new way to look at
nuclei, considered in this case as a unique laboratory to unravel quark dynamics. They
correspond also to a completely new way to look at hadrons through the direct study of
the dynamics of quarks and gluons in the systems where they are confined. These two
challenges are very encouraging for the future of this field.
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