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ABSTRACT 

Experimental facts which can not be interpreted in terms of nucleonic 
degrees of freedom are reviewed. Attepts to explain these observations by 
the help of the notions of quark physics are indicated. Some predicted exotic 
states are enumerated. The most promising models of the nucleon-nucleon inter
actions in terms of quarks are briefly discussed. 

АННОТАЦИЯ 

Рассматриваются экспериментальные факты, которые невозможно интерпрети
ровать с помощью нуклонных степеней свободы. Обсуждаются попытки объяснения 
этих наблюдений с помощью кварковой модели. Перечисляются некоторые экзоти
ческие состояния кварковых систем. Кратко описываются самые важные кваркояые 
модели нуклон-нуклонного взаимодействия. 

KIVONAT 

cat 



1. INTRODUCTION 

No free quarks have been observed up till now, nevertheless we 
are convinced that they are the building blocks of hadrons and 
the quark "dogma" is valid, namely 

Baryon = (qqq)i 
Meson = (qq). 

In addition to the valence quarks the hadrons contain an indefi
nite number of quark-antiquark pairs, the so called "sea-quarks", 
and gluons, mediating the interactions among the quarks. The 
quarks q form the basic triplet of the SU(3) colour symmetry: 
c: 1,2,3, while the gluons described by vector-potential A^ form 

a 
a colour octet: a = 1,2,...8. The hadrons are colour singlets or 
in other words they are "colourless". 
The degrees of freedom associated with the quarks are manifested 
very clearly 

a) in the rich flavour multiplets of hadrons and 
b) in the excited states of the hadrons distributed along 

the straight Regge trajectories. 

The quark degrees of freedom can be excited as some intermediate 
states. A typical example is the Л resonance: 

(NN) + тг -*• N + Д •* (NN) + ír 

In the Д resonance the spin and isospin of the three valence 
quarks are coupled to 3/2 and 3/2, respectively. The quark degrees 
of freedom can be manifested also as final states: 

(NN) + X + N + B + M + X ' 



- 2 -

The baryon В contains some excited configuration of the valence 
quarks and the ireson M is the end product of some quark-antiquark 
pair production. These examples, however, belong to the realm of 
the particle physics. Our concern here is the quark degrees of 
freedom in nuclei. 

As an example let us consider the simplest composite nucleus, the 
deuteron, which is a bound state of two nucleons: JNN>. The two-
nucleon wave function can be "contaminated" by some other two-
baryon configurations, e.g. 

|NN> •> |NN> + |дл> + ... 

By virtual gluon exchange any of the two-baryon configurations 
can be converted into a bound state of two coloured objects form
ing a colourless system: 

|NN> -> JNN> + |ДД> + |CC> + ... 

In the language of the quarks this reads as 

|NN> + [(3q) 1 (3q) 1] 1 + [(3q)* O q ) * ^ + 

+ [(3q)g (3q 8 ] 1 

where colour multipletsare denoted by subscripts. If the two-
nucleon system is in a scattering state then the first term cor
responds to an open channel, the second to a closed channel up 
to E 600 MeV, while the last term corresponds to such a channel 
which is closed "for ever", since coloured objects must not be 
emitted. In this example two limiting situations are conceivable: 

1) all the quark degrees of freedom are important and the 
nucleus must be considered as a 6-quark system, 

2) all the quark degrees of freedom are freezed in in the 
nucleons and the nucleus can be considered as a two-
nucleon system. 

Vie strongly believe that the actual situation is much nearer to 
the second case than to the first one, but the role of the quark 
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degrees of freedom in nuclei can not be neglected completely, as 
we will see from the brief survey of the experimental facts given 
in the next section. 

2. EXPERIMENTAL FACTS 

a. Nucleon radius. In the traditional nuclear physics« the nuleons 
are treated as point like particles. The nucleon-nucleon interac
tion is strongly repulsive at small distances and it is described 
by a hard (or soft) core. According to Hofstadter's measurements 
the charge radius of the nucleon is finite: R = 0.8 fm, which is 
not negligible at all, compared to the radius of the available 
volume r = 1.25 fm. о 

The finite charge radius was interpreted earlier as the radius of 
the charged meson cloud around the point like nucleon. In the 
light of the quark models the finite charge radius must be inter
preted as a consequence of the finite size of the composite nucle
on. The various bag models being able to account for the prop
erties of the hadron spectrum rather sucessfully assume a finite 
size of the nucleon. The radius of the MIT [1] bag is rather 
large: R - 1.00 fm, that of the chiral invariant cloudy bag is 
somewhat smaller: R = 0.87 fm [2]. 

b. Isobari с excitations. There are a number of very simple nuclear 
reactions of low energy which can not be accounted for by the 
standard, well tested and well understood methods of few body 
physics if we assume only nucleonic degrees of freedom. These are 
the following [3j: 

a(n + p •> d + y) , (thermal neutrons) 
a (d + у -• n + p) , (E > 30 HeV) ; 
cr(d + e > n + p + e')> 
a (d + у ~* Р + P + T ) • 
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Similarly the "static" properties of the simplest nuclei, e.g. 
the electric and magnetic form factors of He, the isovector mag
netic moments of He and H can not be understood in the tradi
tional framework. To explain these observations we must assume 
that in addition to the nucleonic degrees of freedom, some iso-
baric excitations and some meson exchange currents play also a 
definite role. 

It is an open question whether it is enough to encode the quark 
degrees of freedom in the language of isobars and mesons or it 
is necessary to use them in an explicit way. 

c. Cummulative effect. A number of experiments performed in Dubna 
has [4] revealed an interesting feature of high energy proton in
duced reactions. It has been noted that particles observed in the 
backward direction in inclusive processes have anomalously high 
yield. As an illustration the results of the reaction 

p + Al тт+ (180°) + X 

measured at E = 8.4 GeV are shown on Fig. 1. If the pions were 
produced in a two-nucleon collision depicted on Fig. 2 then the 
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energy of the backward emitted pions would be limited by the mo
mentum of the nucleon taking part in the two-body collision. 

In this case the yield of the pions should vanish at the pion en
ergy indicated by an arrow on Fig. 1. Since the measured cross 
section is in strict contridiction with this expectation we must 
assume that in the process responsible for the emission of the 
pions more than two nucleons take part. In other words to explain 
the high yield of backward emitted pions we must assume that in 
the nucleus very strongly correlated nucleon clusters are present. 
It seems to be natural to identify these "strongly correlated 
nucleon clusters" with multi-quark configurations |6q>, |9q> , 

d. Cronin-effect. It has been observed that the cross section of 
some high energy inclusive reactions, at large values of the trans
verse momentum depends on the number of nucleons A of the target 
nucleus and this dependence is a non-linear one [5]. 

This fact can be expressed in a quantitative way if we take the 
ratio of cross sections measured on a nucleus A and on a single 
proton: 

о = o(p + A ->• тг + X) _ a 
Ao(p + p •* TT" + X') A ' 

According to the measurements the value of a depends very strorfgly 
on the transversal momentum p_ and in general it is higher then 
0: 

a(pT) > О . 

This result, the so called Cronin-effect, is shown on Fig. 3. 

The Cronin-effect in certain sense is similar to the cummulative-
effect discussed above and for its interpratation we have to as
sume again that the nucleus contains strongly correlated nucleon 
clusters, presumabely in the form of multi-quark configurations. 

The essence of the Cronin-effect can be formulated as follows: 
"The nucleus A is not a simple sum of A nucleons". 
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Fig. 3 

е. ЕМС-effect 
The quark structure of the nucleon was discovered experimentally 
by deep inelastic lepton scattering (Fig. 4). 

proton 

•hodronÄ 

Fig . 4 

Assuming a single photon (or a single intermediate boson) exchange 
between the inelastically scattered lepton and the nucleon, the 
scattering cross section can be expressed in the following genearl 
form: 

d2o _ .do. r2 _ .2 Э . 1 _, „ 2 9 гШ - W^^K Fl S i n 2 + v F 2 c o s 2 
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where 0 is the scattering angle, the energy and momentum transfer 
is defined by 

v = E - E' and 
2 ? 2 

-Q = 4 = (к - к'Г , 
respectively. 

The structure functions of the nucleon denoted by F, and F_ de-
2 pend on the energy and momentum transfer v and Q , respectively. 

Assuming a definite model for the structure of the nucleon the 
structure functions can be calculated and can be compared with 
the measured values. In this way the structure of the nucleon can 
be explored. In the framewo-k of the parton model it was assumed 
that the nucleon consists of nonlnteracting point like particles. 
As a consequence of this assumption the structure functions de
pend only on the ratio of the two independent kinematical vari-

2 
ables Q and v: 

Fl = F l ( x ) ' 2 = F 2 ( x ) ' 
Q 2 

where x = ~rr- is the famous Bjorken scaling variable. If we com
pare this prediction with the experimentally observed values of 
the structure functions (Fig. 5) we conclude that F~ at a fixed 
value of x does not depend (or more precisely very weakly depends) 2 on the momentum transfer Q . 

The available experimental facts are compatible with the assump
tion that the nucleon consists of point like, weakly interacting 
fermions of spin 1/2 which can be identified with the quarks. 

The scaling variable x is interpreted as the momentum p carried 
by the quark divided by the total momentum carried by the entire 
nucleon: 

* = p q/p. 



- 8 -

10u 1 I I I 1—I f I I I « 

№щ» »*»»ai<i<a2 

™ r o oaaaXDQ.2u<0.3 

~10<* 
о 

"•КГ'' 

IQT 8 - 0.7<«<0J • 

иг» f * * • ' " • ' • » • " " * ' 

1 10 100 
<ЛбеУ/с)' 

F i g . 5 

The structure function F2(x) can be expressed in the following 
form: 

F2(x) = Z± e i x N ± (x) 

where e, is the charge and N.(x) is the momentum distribution of 
the i-th type of quarks. 

The experimental results show that the charges of the quarks are 
2/3 and -1/3 of the unit charge indeed, as was predicted by Gell-
Mann and Zweig. 

The European Muon Collaboration was organized to carry out deep 
inelastic muon scattering experiments in order to measure with 
high precision the structure function of the nucleons. The struc
ture function F2(x) is shown in Fig. 6 in the function of x. It 
is a weighted sum of the quark momentum distributions. It was 
taken as granted that the quark distribution of the nucleon is 
an inherent characteristic of the nucleon and it is independent 
of the environment. In other words it was expected that the 
ratio F2(x)/F2(x) = 1 where F^(x) is the structure function of a 
nucleon built in into nucleus A. 
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It was a real surprise when it turned out that this is not the 
case [6]. The momentum distribution of the quarks in a nucleon is 
sensitive for the nuclear environment. In other words this dis
tribution depends on the nucleus in which the nucleon is built in. 
This is the famous EMC-effect demonstrated on Fig. 7. At high 

0 0.2 0.4 0.6 0.8 1.0 
x 

Fig. 7 
values of x the number of quarks is higher in the nucleus of iron 
then in the deuteron. This is the consequence of the Fermi-motion 
of the nucleons in the nucleus. At lower values of x, however, 
the behaviour of the ratio F^UJ/F^U) can not be accounted for 
in such a simple way. We must accept it as a well established ex-
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perimental fact: the momentum distribution of the quarks in the 
nucleon is affected rather seriously by the nuclear environment. 
The lack of space prevent us even to enumerate the theoretical 
proposals to explain the EMC-effect. 

f. Charge form factor. On Fig. 8 the measured charge form factor 
of He is compared with a theoretical one obtained by solving the 
Faddeev-equations with Malfliet-Tjon potential. 

2 It can be seen that the dip is situated at too large value of Q , 
on the other hand the secondary maximum is too low. Another, the
oretical estimate was made by Vary and Pirner [7], assuming some 

3 multiquark configuration in He. They assumed that the wave func-3 tion of He can be written in the following form: 

|3He> = p3|3q> + p6|6q> + pg|9q> 

Qtym-2) 

Fig. 8 
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The charge form factor obtained in this way is compared with the 
experimental values on Fig. 9. The best fit gives the following 
probabilities: 

Pj = 0.87, Pg = 0.12, pg = 0.01. 

Fig. 9 

A similar analysis has been published recently by the Dubna-group 
f8]. 

g. Magnetic moment of nuclei A = 2,3. The magnetic moment of the 
deuteron y. is given by the sum of the magnetic moments of its 
constituents M D and м п plus a correction coming from the D wave 
component of the deuteron wave function: 

yd = Wp + yn " ° ' 5 7 0 PD 

Using the experimental values 

M d = 0.8574, \i + u n = 0.8797 
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one may conclude that the D state probability in the deuteron is 
given by 

P D = 0.04. 

The N-N scattering data, however, require a much higher value: 
P D = 0.07. 

The usual explanation of the difference involves meson exchange 
current corrections. 

Recently Bhadui i and Nogami [9j have tried to explain the differ
ence by assuming multiquark configurations. To obtain P = 0.O7 
it was necessary to assume a Pfi = 0.053 probability for the 
6-quark component of the deuteron. while in the case of nuclei 
with A - 3, a much higher value, namely 

P, = 0.25 6q 
has to be assumed in order to reproduce the experimental value of 
the magnetic moment. 

Summarizing this section we may conclude that the number of ex
perimental facts which can not be accounted for in the traditional 
way, that is, by invoking only nucleonic degrees of freedom is 
rapidly increasing. It is not clear yet whether it is enough to 
invoke only hadronic (mesonic and baryonic) degrees of freedom 
or we are really forced to use explicitly the quark degrees of 
freedom. This question, however, is irrelevant: the development 
of physics proceeds along the lines of quark physics, independent
ly from the answer to this question. 

3. EXOTICS 

The hadrons are built form quarks in accordance with the basic 
"dogma" mentioned in the introduction. If the quarks were per
fectly confined into the hadrons then no observable effect of the 
quarks would exist. If we are looking for the manifestation of 
the quark degrees of freedom we must assume that there exist devia-
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tions from the basic "dogma", in other words some exotic (or more 
precisely crypto-exotic) configurations must exist at least with 
short enough life times. In this section we try to enumerate the 
type of exotic configurations. The exotics can be classified by 
the help of the following table: 

"Particles" "Matter" 
A Multiquarks Quark matter 

В Glueballs -

С Quark-gluon hybrid Quark-gluon plasma 

In the exotic "particles" the number of constituents is small, 
while in the exotic "matter" this number is Large, eventually 
macroscopic. 

"Particles" 

A/a. "Mesons". Non-colour-singlet quark-antiquark pairs may be 
formed and such quark-antiquark pairs may be coupled to 
form a colour-singlet object. By recoupling, this object may 
decay into colourless mesons: 

(2q2^) •-: [ (q q)g(q q)gJ •> (q q) 1 + (q q) ± r. M + M 

The baryon number is zero therefore this object can be con
sidered as a short lived multimeson system, in other words 
as a correlated meson pair. Complete flavour multiplets can 
be constructed. It is possible that the scalar o-meson, 
badly needed everywhere in hadron physics can be identified 
with such a crypto-exotic system [10]. 

A/b. "Baryons". Non-colour-singlet three-quark and quark-anti
quark systems may be coupled to form a crypto-exotic 
colourless system, which may decay into a baryon and a meson: 
(4q,q) •- l(3q)8(q q;) & J •> (3q)x + (q q) 1 Z В + M 
The baryon number is obviously 1 therefore this crypto-
exotic system can be considered as a kind of "baryon". 
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Л/с. "Dibaryons". The six-quark system, mentioned repeatedly above 
can form also a crypto-exotic system which may decay into 
two baryons: 

(6q) -• l(3q)8(3q)8l • (3q) 1 + P q ^ = В + В 

B. Glueballs. 

The glouns are particles with spin 1 and form colour octet. 
A rich variety of physical states can be formed by coupling 
two gluons together [ Щ . We list here the simplest two-
gluon configurations: 

PC J 
I (3S,) (3S,) .1 (0,2) + + 

1 8 8 
!(3I>) (3P,) ] (0,2) + + 

1 8 l 8 
K3S,) (3P,) j <0,1,2)~ + 

1 8 L 8 г 

C. üuark-gluon hybrids 
С/а "Mesons". A quark-antiquark pair and a gluon may be coupled 

in a number of ways to form a crypto-exotic system with zero 
baryon number [11 J. The simplest configuration are the 
following: 

Hq q ) 8 98l J P C 

• (IS )a(3S,) J d ) + " '—о'8—1'з 
1 

f(iS_) (3P.) I (1) 
8 8 1 

K3S,) (3S.) I (0,1,2) + + 

1 8 L 8 1 

\ (3.4.) (3P.) I (0,1,2)~ + 

1 8 X 8 
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C/b. "Baryons". Three quarks and one gluon may be coupled tc form 
crypto-exotic "baryons" in different ways depending on the 
value of the isospin I.: 

I J P 

1/2 1/2-, 3/2± 
3/2 l/2±, 3/2Í 
1/2 1/2^, 3/2Í, 5/2Í 

"Matter" 

A. Quark matter 
In cold, high density matter the baryons, represented by 
quark bags may overlap in a considerable measure. At some 
critical density a phase transition may take place when the 
quark bags dissolve into a quark matter [121. At the moment 
it is an open question whether such a phase transition is 
possible in neutron stars or in other astrophysical objects. 
If the critical density is too high then it can be reached 
only in very massive systems which are gravitationally un
stable and collapse into black holes. 

B. Quark-gluon plasma 
According to the generally accepted view at high enough tem
perature a phase transition may take place in hadronic matter 
when a qaark-antiquark-gluon plasma is formed. In such a 
plasma the baryon density is not necessarily high. There is 
a chance that in high energy heavy ion reaction the energy 
density of the system reaches the critical value and the 
phase transition may occure. The life time of the plasma 
can not be too long therefore to find a reliable signature 
of the phase transition would be of extreme importance [13]. 

t(3q)8 g 8] 
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The Hungarian group is very active now in this field trying 
to determine the necessary conditions of the phase transition 
in the framework of the lattice QCD [14] and to determine 
the experimentally observable signature of the plasma forma
tion [15]. 

Summarizing this section we have to emphasize that 
- the exotic or crypto-exotic systems are the analogues of 
the noble gas molecules [16], since the hadrons are colour 
saturated systems similarly to the saturated noble gas 
atoms; 

- none of these systems is stable; 
- none of these has been observed directly up till now. 

MODELS FOR THE NUCLEON-NUCLEON INTERACTION 

In the light of the evolution of nuclear and quark physics in the 
last two decades it seems to be very probable that nuclear physics 
keeps going along the original line treating the nucleus as an 
A-nucleon problem instead of treating it as a 3A-quark problem. 
Normally the quark degrees of freedom are freezed in in the nu-
cleons and the basic properties of nuclei or nuclear reactions 
can be described in terms of the traditional nuclear physics and 
we are forced only on some higher level of sophistication to use 
explicitly the quark degrees of freedom. There is, however, a 
problem where the quark physics play the main role and this prob
lem is the nucleon-nucleon interaction. It is already clear that 
to "understand" the nuclear forces (the short range behaviour, 
the spin-orbit force, the tensor force, the non-locality etc.) is 
possible only in the framework of the quark physics. 

In this field there exist two different approaches: 
- At the begining we introduce all the necessary quark degrees 
of freedom. Later on, however, we eliminate them, keeping only 
the nucleon coordinates. In this way a V N {. potential is deduced 
which can be used in the non-relativistic Schrödinger-equation. 
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- Using the terms of quark physics we calculate directly some 
observable properties (e.g. the scattering phase shifts) of 
the N-N system. In this way we can not derive an explicite tool 
(o.g. a potential) which can be used in the traditional context 
nevertheless we may understand better some phenomenological 
aspects (e.g. hard core) of the nucleon-nucleon interaction. 

In this section we will characterize very shortly the most im
portant models of the nucleon-nucleon interaction, namely the 

A) Non-relativistic potential model, 
B) Bag Model, 
C) Quark Cluster Model, 
D) Quark-Compound Bag Model. 

A) Non-relativistic Potential Model 
This is an analogue of the nuclear shell nodel [17]: we assume 
that the system consists of 6 nonrelativistic quark interacting 
via some two-body interaction, which is approximated by a 
confinement po< ntial plus a one-gluon exchange potential: 
Vij = Vij( c o n f> + Vi.(OGE) 

-> -> 
V. . (conf) = a ^i'^j. 

where the generators of the group SU , (3) are denoted by 
A., a is a constant and the radial dependence may be either 
linear (justified by some QCD results) or quadratic (justified 
by computational advantages). 

The one-gluon exchange potential is practically identical with 
the Breit-Fermi interaction known from QED. Its simplified 
version can be written- in the following form: 

Vij(B-F) - ^ ^ ( j L . - ^ j J ^ i U ^ ) ) 

where a is the fine structure constant for the strong interac
tion, the first term is the analogue of the Coulomb-potential, 
the second term is a short range spin-spin interaction. In the 
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framework of this model the properties of the deuteron can 
be calculated in the same way as the properties of Li in 
the nuclear shell model. 

B) Bag Model 
The system consists of 6 relativistic quarks closed by bound
ary conditions into a deformed bag [18]. The interaction 
among quarks is approximated again by one gluon-exchange. 
The total energy of the system which is the sum of the rela
tivistic kinetic energy of the quarks including the mass term, 
the interaction energy among the quarks and the bag energy, 
depends on the deformation of the bag, characterized by R, 
the distance of the centre of mass of the two colourless 
three-quark clusters in the bag. The difference of the total 
energy and the kinetic energy of the two colourless three-
quark clusters enclosed by two spherical bags, being at the 
distance R, gives the potential energy V(R) of the two nu-
cleons: 

V ( R ) = [Etotal CZZZ) - Ekin О О 
•*• R -*• 4- R -> 

The function V(R) at small values of R has a repulsive core 
of about 300 MeV height and at large distances it becomes 
negative giving rise to an attraction, as it is expected. 

C) Quark Cluster Model 

It is assumed that the deuteron wave function [19] in addi
tion to the two-nucleon configuration |NN> has isobaric 
component |ЛД> and multiquark component |CC> with hidden 
colour: 

= A{x N(r) |NN> + х д(г) |АД> + x c(r) |CC>} 

The wave functions x N < r ) / XA <r) a n <* X c(r) describe the relative 
motion of the two 3-quark clusters. The interaction among the 
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quarks is represented by a confinement potential V. . (conf) 
and by a Breit-Fermi type one-gluon-exchange potential 
V. . (B-F) introduced above 

Vij = V^iconf) + Vi.(B-F) 

Writing the wave function into the Schrödinger-equation of 
the 6-quark system a coupled system of integral equations of 
the Resonating Group Method can be obtained for the wave 
functions x N/ Х д and x c = 

a' } 

dr'[<ar|H|a'r'> - E<arja'r'>b ,(r) = О 

The matrix elements <аг|н|а'г'> and <ar|a'r'> are computed 
using correctly antisymmetrized wave function characterized 
by the partitions: 

[2221colour x [33]orbit, spin, isospin 

i.e. the colour wave function is totally antisymmetric in 
itself consequently the orbit-spin-isospin wave function 
must be totally symmetric [33J. 

This totally symmetric wave function can be constructed from 
the products of orbital wave functions and spin-isospin wave 
functions characterized by the following partitions: 
[331 

orbit-spin-isospin = [6] X [33] 
+ [51] X [42] 
+ [42] X [51] 
+ [42] X [33] 
+ [33] X [42] 
+ [33] X [6] 

where the permutation symmetry of the orbital and spin-isospin 
wave functions are labeled by the first and second factors, 
respectively. It turned out that the wave function component 
labeled by the f42] ... symmetry is favoured very much by 
the chromomagnetic interaction. As a consequence the relative 
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wave function X N( r) has a node near to the origin. Because 
of this node the finding probability of the two-clusters of 
|NN> type is very low at small distances. In the language of 
the nucleons this behaviour can be imitated by a repulsive 
core. 

D) Quark Compound Bag 
In this model it is assumed that the wave function is the sum 
of a hadronic component ф. and a quark component ф [20]: 

* - *h + *q 
The quark component can be expanded in terms of a complete 
set of eigenstates of the 6-quark Hamiltonian satisfying 
appropriate boundary conditions at the surface of a bag: 

ф = E а ф , 
q v

 v v 

H\|) = E \i> , rv v rv' 

(ф ,ф ) = Ő 

The hadronic component describes the relative motion of the 
two nucleons considered as three-quark systems: 

*h = A t X N ^ ) |NN>> 
Writing this wave function into the Schrödinger-equation a 
set of coupled equations can be obtained for the amplitudes 
a,, and the relative wave function Хм(г)« 
Using this model a rather realistic description can be 
obtained for the two-nucleon interaction. 



^ 
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