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NUCLEAR MEDIUM EFFECTS ON THE NUCLEON PROPERTIES 

A. Gérard 

DPhN/HE. C.E.N. Saclay. F-91191 Gif-sur-Yvette Cedex 

The idea that the nuclear medium may modify the properties of 
the nucléon is not really a new one, at least for nuclear 
physicists. There has been for many years speculations on the 
enhancement of the pion field in nuclei as compared to the field 
surrounding free nucléons. More recently the idea of multiquark 
clusters as a possible explanation to various nuclear phenomena has 
been proposed by a number of authors. But until these last few years 
the intrinsic properties of the nucléon such as its mass, baryonic 
or electromagnetic size.magnetic moments, were hardly suspected to 
be substantially modified by the nuclear environment. The question 
raised essentially from two categories of experimental 
investigations, in quite different kinematical regimes and it 
remains at the present time a controversal subject. 

In this paper I try to review the present status of 
experimental investigations and some of the recent theoretical 
developments relevant to this topic. 

EXPERIMENTAL INVESTIGATIONS 

1. Deep inelastic scattering of leptons from nuclear targets 

An extensive amount of data is now available on scattering 
from various nuclei of: 

- muons in the four-momentum range q2 * 9 * 200 GeV2 by the EMC 
collaboration and, more recently by other groups (BCDMS.NMC)1. 

- electrons in the four-momentum range q2 « 2 - 5 GeV2at SLAC2 

These measurements have shown that the structure function 



F 2(x,q 2) of the nucléon in a nucleus differs from that of the free 
nucléon: its behaviour with the Bjôrken variable x * q2/2Mu (co * 
energy transfer) was interpreted as a shift of the quark momentum 
distribution towards small x (e.g. low momenta) in nuclei. Moreover 
the effect was found increasing with the number of nucléons A. 
Numerous theoretical interpretations of this observation have been 
proposed. One underlying idea in many of them is that the 
correlation length between quarks increases with the nuclear 
density. A more restrictive formulation of this idea was the 
hypothesis that the size of a nucléon embedded in a nucleus is 
actually increased: typically the nucléon would be "swollen" by 152 
in iron to account for its modified structure function. 

2. Quasi-elastic electron scattering from nuclei. 

In the kinematical region w %q2/2M!l the nucleus is essentially 
seen as a Fermi gas of quasi-free nucléons. This description proved 
to be fairly successful to account for the cross-sections as a 
function of u: they appear as a broad peak centered at 
u * q2/2M„* Ej (Ej » average binding energy of the nucléons). The 
width of that peak is proportionnai to the Fermi momentum kF of the 
nucleus. 

2.1. Inclusive low q2 measurements with <rL / (7, separation. 

A significant achievement in the eighties was the experimental 
separation of the response functions RT and RL to transverse and 
longitudinal virtual photons in inclusive (e,e') measurements up to 
* .3 GeV2 .Various nuclei: 3He, l2C, *°Ca. * 8Ca, 5 6Fe, 2 3 8U have been 
studied at Saclay and Bates3. Except in the case of 3He no model is 
presently able to reproduce both of these response functions. In 
conventionnal calculations4 (in Schrttdinger formalism) the 
longitudinal part is overestimated by 20 to *»0 *. As a consequence 
the Coulomb Sum Rule (CSR) is not saturated even at the highest 
momenta reached in these experiments (fig 1). Collective effects are 
usually treated in the RPA framework: in recent semi-classical 
calculations 5 the detailed shape of the response as a function of u 



is quite well reproduced but the Magnitude remains much too high 
(fig. 2). 

Several explanations have been invoked to explain this 
quenching of the longitudinal response: short range correlations, 
coupling of 2p-2h states to the T=l part of the response6, 
relativistic effects due to the Dirac spinor nature of the nucléon 
and again swelling of the nucléon. Indeed some empirical increase of 
the charge radius (typically 15 to 20 % for *°Ca) and anomalous 
magnetic moment accounts for such a quenching5 - 7. 

2.2 Inclusive high q 2 measurements without o~L/ o~T separation 

At higher four-momentum transfers, extensive measurements have 
been performed at SLAC8 on 3He up to 4 GeV2. Results are now 
available on Al and Fe from the NE3 experiment9. All of these 
measurements confirm the scaling behaviour of the inclusive 
cross-section in terms of one single variable y: 

d2a(q2,«)/(Z<7p • NaJ du = F(y)dy 

Though there are current discussions on the best choice of this 
scaling variable y (linked in some way to the longitudinal component 
of the struck nucléon momentum10 ) the y-scaling is a 
well-established experimental fact in the low energy side of the 
quasi-elastic peak: it is generally interpreted as reflecting the 
single particle character of the quasi-free process. 

Sick pointed out 1 1 that changing the scale of the q2 dépendance 
of the nucléon form factors Q E and G„ destroys the y-scaling. This 
argument tends to impose severe limitations to an increase of the 
nucléon electromagnetic radius in nuclei: 

was found a realistic limit. However one should notice that in the 
kinematics of present day experiments the response function is 
dominantly transverse so that the limitation stands mainly for the 
magnetic radius. 



2.3 Exclusive (e.e'p) measurements with a L /aT separation 

The purpose of these experiments is to select the one nucléon 
knock-cut process. In PWIA the cross-section would factorize in two 
parts: 

d 6 a » K o-.pS(EB.P-) 
where a is the elementary electron-bound proton cross-section and 
StE^.p,,) is the spectral function. Working in "parallel" kinematics 
(outgoing proton parallel to the virtual photon three-momentum) 
suppresses interference terms °"TT .°"Tt, and the a e p elementary 
cross-section writes: 

«\, «••... Wr<«*> •«wL(<i2)) 

€ is the polarization of the virtual photon. 
Fixing E a and p a to keep the spectral function constant, and 

measuring s backward and a forward scattering angle allows to 
extract the ratio W L/W T for a given q 2. Recent measurements on l 2 C 
and 6Li at NIKHEF12 and on *°Ca at Saclay13 have shown that this 
ratio is quenched by 20 to ^0%, which appears consistent with the 
inclusive measurements (fig. 3). 

One further step is, keeping E B and p B constant, to vary q2 in 
the maximum range available and compare the behaviour of the 
cross-section with the free proton one. This has been done in the 
Saclay experiment on *°Ca up to .6 GeV2. The data seem to rule out a 
large modification in the electromagnetic form factors of the bound 
proton. However the information on the electric part remains too 
poor to draw definitive conclusions on the charge radius. 

Two limitations to the PWIA factorization approximation appear 
in the analysis of these experiments: 

1. The distortion of the incoming photon. 
2. The distortion of the outgoing proton. DWIA calculations by 

Boffi were used for the NIKHEF and Saclay data. However this crucial 
problem of Final State Interaction certainly desserves further 
studies"6. 



OFF-SHELL EFFECTS AND AMBIGUITIES IN THE NUCLEONIC CURRENTS 

In analyzing q asi-free electron scattering experiments one 
usually assumes that the nuclear current is just the sum of 
individual nuclear currents: this is the Impulse Approximation. 
Since nucléons are in fact off-shell one must define rules to 
extrapolate the free nucléon current. Prescriptions are needed for 
the nucléon spinor, the nucléon form factors and the current 
operator. The simplest choice is to keep the spinor and form factors 
of the free proton. An ambiguity remains in the choice of the 
operator:this problem has been carefully investigated by Mougey and 
Frullani14 and by T. De Forest15 who showed that, imposing Lorentz 
and gauge invariance, these ambiguities are small. This assumption 
does not mean that the Impulse Approximation is a good one: it only 
means that it is well defined. 

Going further means either changing the nucléon spinor or its 
form factors, or both. The first alternative occurs in relativistic 
theories of nuclear dynamics. 

RELATIVISTIC THEORIES OF NUCLEAR DYNAMICS 

Since the original work by Walecka16 , there has been 
considerable development in field theoretic descriptions of 
nucleonic spinor fields interacting with mesonic fields, basically a 
scalar field a and a vector field to. One further step was to 
incorporate in this picture the ir and p mesons 1 7. This Dirac 
phenomenology has achieved many successes in accounting for a large 
variety of nuclear phenomena.lt has been recently formulated in 
terms of a renormalizable theory called Quantum Hadrodynamics 
(QHD) 1 8. 

Two essential features are to be retained from this 
relativistic approach. 

1. The nucléon motion should be described by the Dirac 
equation. 

2. The self-energy term in the Dirac equation arises from the 
intense attractive a and repulsive w fields. 
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Approximating the fields by their classical values, the 
self-energy term reduces to: 

Z = V s • V>V0 

V s is then a constant scalar potential and V^ a constant vector 
potential. Typical values for nuclear matter are: 

V s = -400 MeV . V 0 * 300 MeV 
The effect of the a and u fields is to shift the mass and energy 

scales in the Dirac equation: 
H * M* * M • V s 

E •» E* » E - V 0 

In the non-relativistic reduction Vs and V 0 appear in the 
combination V $* V 0 which produces the conventional mean potential. 
On the contrary M • E terms which appear in the small components of 
the Dirac spinor tend to double their free space value. The 
existence of corrective terms containing Vs - V„ in the coupling to 
negative energy states is the source of the relativistic effects. In 
electron scattering processes these effects could manifest 
themselves at two levels: 

1. The nuclear wave function, which should be calculated using 
relativistic Hartree or Hartree-Fock method. 

2. The nucléon current, which should be modified by the shift 
in mass and energy scales. Work is in progress on this subject19. 

Several attempts to explain inclusive data on 1 2 C and *°Ca in 
the a-u> framework have been developed recently 2 0 - 2 1 . They do not 
seem to fully solve the problem of reproducing simultaneously the 
transverse and longitudinal response function. Further work is 
needed, especially in view of the new (e.e'p) experiments. 

Abandoning the point-like picture of the nucléon requires 
incorporating some knowledge of its internal structure. This is the 
place to ask what can be learnt from QCD. 



WHAT QCD TELLS US 

The fundamental problem of understanding the QCD vacuum 
structure remains far from a first principles solution.To understand 
how it is modified in nuclear matter is certainly not an easy task. 
The kinds of question to be answered are: What happens with the 
properties of nucléons when they are not surrounded by a sufficient 
amount of vacuum ? Does the pressure of the vacuum (the bag 
constant) decrease, thus resulting in an increased size ? etc * 9 

The most promising attempts to solve "exactly" non-perturbative 
QCD, namely lattice gauge calculations, are presently too rough to 
set a scale on such parameters as the mass or size of bound 
nucléons. Some amount of phenomenology is thus unavoidable. 

QCD Sum rules and QCD condensates 

There are current attempts to relate the scale of dimensional 
quantities such as masses and radii to the QCD condensates: chiral 
condensate <0I qq D> and gluon condensate <0 G* VG^ V 0>. The argument 
is based on the so-called QCD Sum rules 2 2 , and estimates of the 
dynamical quark m and gluon m masses are derived from values of 
the condensates. Currently accepted values are2 3 : 

<qq> * -.016 GeV3 , mq » 300-320 MeV 
A rough approximation of the nucléon mass gives then : 

MN = [-6V<qq>]i/3 3 1 GeV 
which supports the idea that the chiral condensate is the main 
ingredient in the nucléon mass 2 4 . Some understanding of how the 
condensates behave in the nuclear environment can be achieved in the 
framework of effective Lagrangian models. 

QCD and dynamical rescaling 

The idea of a dynamical change of scale associated with a 
growing correlation length between quarks has been proposed by 
Jaffe25 and developped by Close,Roberts and Ross 2 6 from a careful 
analysis of Deep Inelastic Scattering data. By looking at the q2 

dépendance, they observed that a good fit to a large fraction of the 



data can be obtained by assuming: 

F$(x.q2) * F»(x.£q2) 

For large q 2 the rescaling parameter £ increases with A in the 

range of 1 to 3-

Solving the evolution equation of the structure functions in 

first order QCD they found that the rescaling parameter £ would be 

given by: 

*(q2) * ( R 2 / ^ ) * ^ 2 " * ^ 2 » 

where R A and R, are the confinement size of quarks in the 

-nucleus and in the nucléon. The normalization point n2 appears as a 

"natural" scale of QCD; essentially n 2 « l/R* . Typically, for 

q2 « 20 GeV2,and for 5 6Fe, 1*2 leads to R A/R N * 1.15. 

The rescaling hypothesis tells nothing about the mechanism which 

affects the quark confinement. Close et al. originally used a crude 

bag overlap model, but they assumed their argument to be more 

general. However, they did not state that the change in confinement 

size actually corresponds to a physical swelling of the nucléon. 

Several estimates of the ratio RA/R„ have been proposed in the 

framework of dynamical models of the nucléon. 

DYNAMICAL MODELS OF THE NUCLEON 

Chiral symmetry and the Skyrmion 

The simplest effective lagrangean model describing the 

interaction of a spinor *\t with a four-component chiral field (a,IT) 

is the nonlinear a-model27 .which serves as a basis for several 

models of the nucléon. In this framework, the quark condensate < s 

is represented phenomenologically by the expectation value in u.i 

vacuum of the scalar field o. The nucléon mass then becomes: 

\ » g <*> 

The remark that <o> does not reach its free value in nuclear 

matter was first made by Noble 2 8 ,in relation with the nucléon 

effective mass M* of relativistic mean field theories. It would come 

from the neighbouring nucléons acting as additionnai attractive 

sources of «7-field2* . In the «r-model, the nucléon mass is exactly 



Mg » gfrt and the increase in nucléon size is associated with a 

decrease of f w in nuclei. This argument is somewhat refined in the 

Skyrmion model 2 9. 

Let us recall that the skyrmion is built on large N c(N c = 

number of colours) arguments. Following these arguments, the nucléon 

radius is constrained to behave like R = C vjg^/f^. In a medium of 

baryonic density p. the "quasi-skyrmion" would acquire a modified 

size: R(p) » C \JgÂ(P)/ f fl (p). Neglecting higher order 

corrections in 1/Ne, the constant C is unchanged. 

From a study of axial currents in nuclei Rho 3 0 obtained an 

estimate of R(p) in nuclear matter. He found: 

ftttPï/f, - i ç / v - 6 2 

R(p)/R = l.M 

The value of M^ comes from a relativistic mean field approach. 

Note that the calculated value of g A is consistent with experimental 

data. 

Friedberg-Lee soliton 

In this soliton bag model31 , quarks interact only with the 

scalar field a which generates the confinement. The dynamics of the 

soliton is governed by the self-energy term, which is a quartic 

potential U(tf) . The presence of neighbouring nucléons acting as 

additionnai sources of field modify this potential term. 

Jandel and Peters33 studied a particular class of solutions and 

produced a dépendance of the nucléon radius and magnetic moment with 

the nuclear density. They found R(p)/R(0) * 1.40 for nuclear matter 

density and « 1.15 for iron. 

Celenza-Rosenthal-Shakin soliton 

Starting from a scheme analoguous to the Friedberg-Lee soliton, 

this model 3 3 aims at some synthesis of the soliton approach with the 

relativistic models of nuclear dynamics. For that purpose, it 

incorporates the scalar a and vector w fields in addition to the TT 



and P fields to build the soli ton. Celenza et al obtained a solution 

with static electromagnetic properties close to that of the nucléon. 

In the nuclear medium, additional a and u fields due to the 

surrounding nucléons modify the quark self energy Z : 

SX^ = a • "r°b , where the scalar piece a appears as a shift of the 

dynamical quark mass. They obtained Sa^ » -1^7 MeV .starting with 

mq = 600 MeV. 

Predictions for electromagnetic form factors lead to a nucléon 

swollen by 0 to s 20£, depending on the nuclear density. The 

decrease in G E was found in agreement with the quenching of the 

longitudinal response function R^ observed for medium nuclei3 *. 

In recent developments of this approach the authors give a 

justification for the high value of their quark dynamical mass 

• 4 % 600 MeV .Half of it could be due to the gluon condensate 

<G*VC£
V> . They develop the idea that this quantity could play an 

essential role as an order parameter of QCD and allow to define mass 

and radius scale 3 5. 

The colour dielectric model 

Proposed by Chanfray.Nachtmann and Pirner 3 6, this soliton model 

presents some similarities with the Friedberg-Lee model. In analogy 

with a dielectric, the QCD vacuum is described as a medium with a 

colour dielectric constant « • 0, which confines coloured objects 

into a bag (inside of the bag e » 1). This parameter € is related to 

a local order parameter x(x) (£ » x*) calculated using lattice 

techniques. 

In the nuclear medium, the x field is enhanced in the outside 

region to a non-zero value. The resulting leakage of the quark wave 

function generates a binding effective potential. The depth W„ of 

this potential (which is essentially the average binding energy) can 

be related to the increase in confinement radius and is calculated 

as a function of nuclear density. For example, in 
5 6Fe , they find x „ « .016, W„ « -33.9 MeV, âR/R » .15. 
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PIONIC EFFECTS ON THE BOUND NUCLEON STRUCTURE 

Another class of approaches to medium modifications of the 

nucléon emphasize the role of long range phenomena (d £ lfm). Since 

these phenomena are essentially carried by the pion field, their 

basic idea is that the peripheral structure of the nucléon, i.e. its 

pion cloud, is distorted by the nuclear environment. Implications of 

an enhanced pion field for Deep Inelastic Scattering have been 

investigated by several authors 3 7 , 3*. 

Recently, this kind of approach has been extended by M. Ericson 

and Rosa-Clot39 to the electromagnetic polarizability of the nuclear 

medium and the charge radius of the bound nucléon, two physical 

quantities which present some similarity. A semi-quantitative 

estimate leads to a large increase in mean square charge radius 

& <R^> of .4 to .5 fm2.resulting in a large quenching of the proton 

electric form factor. 

CONCLUSIONS 

A number of theoretical arguments support the hypothesis of 

properties of the nucléon modified by the nuclear medium. 

Relativistic effects, distortion of the pion field, change in the 

quarks confinement volume are candidates to generate these medium 

effects. 

The idea of changing a single mass or length scale when going 

from the free space to the interior of a nucleus appeared an elegant 

way to build a bridge between short and long distance nuclear 

phenomena. 

However, present day experimental data bring more and more 

evidence against the idea of a swollen nucléon. 

On the one hand, it seems now likely that at least a large part 

of the EMC effect can be explained by a careful treatment of Fermi 

smearing and nuclear binding effects40 . Whether there may be some 

deep connection between the QCD dynamical rescaling argument and the 

nuclear binding explanation remains a subject of speculation41. 

On the other hand, the y-scaling behaviour of the inclusive 
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quasi-free cross-section, the q2 behaviour of the exclusive 
*°Ca(e,e'p) cross-section have brought strong limitations to an 
increase of the proton magnetic radius. 

There were current suggestions that the nucléon magnetic moment 
appears larger in nuclei than in free space7•*2•*3•**.T.E.O. Ericson 
and A. Richter*5 derived an upper limit of * 2% to such an increase 
in the A » 3 and A = 12 nuclei by using the scaling between 
isovector magnetic moments and the corresponding axial matrix 
element from beta decay. 

Nevertheless the longitudinal response function in quasi-free 
scattering remains a puzzle and the accuracy of present data is not 
good enough to rule out a quenching of the proton electric form 
factor. More data are needed, both inclusive (e,e') and exclusive 
(e.e'p) to separate the transverse and longitudinal response 
functions in a wider momentum range. 

New inclusive experiments are in progress or planned in the 
region q2 < .6 GeV2.An inclusive experiment (NE9) is planned at SLAC 
on a series of nuclei near 1 GeV2 . Exclusive measurements on *He. 
6Li are in progress at Bates,NIKHEF.Saclay. Extension of these 
coincidence experiments to larger q2 will have to wait for the next 
generation of multi-GeV CW electron machines 4 7-* 8. 

Future studies should not be confined to the nucléon in its 
fundamental state. The existence and the behaviour of the nucléon 
resonances in the nuclear medium open an entirely new chapter of 
nuclear physics. Covering a large (q2,u) domain will bring new 
insights on the connection between the traditionnal low energy 
nuclear physics and the high energy domains where quarks and gluons 
degrees of freedom are expected to enter into play. This is clearly 
a major goal of future electron facilities. 
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the Saclay experiments (Ref. 3). The calculation is by De Frrest 
(Ref 50). 
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Fig. lb. Longitudinal Sum Rule. Effect of short-range correlations: 
calculation by G. Orlandini and M. Traini (Ref. 51). 
Dashed curve: pure H.0. wave function 
Full curve: H.0. • tensor force • S.R. correlations 
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Fig. 2a . The longitudinal response function in *°Ca(e,e') Saclay 

measurements {Ref. 3) compared with semi-classical R.P.A. 

calculations by Alberico et al.5 (full line). In dotted lines, 

("free")theindependant particle response. 
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Fig. 2b . Same as Fig. 2a, for q » 400 MeV/c . The 

double-dot-dashed line is the result of the calculation with the 

free proton form factor. To obtain the continuous curve, the 

proton charge radius has been increased by 22£. 
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Fig. 3a. The measured ratio W T/W L in Saclay and NIKHEF (e.e'p) 

measurements. The quantity [ W T / ( T W L ) ]
1 / 2 would be %/Ge =* 2.79 for 

a free proton. The average measured value for *°Ca is 3.65. 
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Fig. 3b. The q2 dépendance of the cross-section in the Saclay 
4oCa(e,e'p) experiment. The measured cross-section is divided by 

the free proton cross-section. This ratio is normalized to the 

.6 GeV2 point. The dashed curves show the behaviour expected if 

one extrapolates to this point the ratio W T/W t measured up to 

A2 GeV2,without modifying GE or 0 M-


