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Abstract: 
We discuss how a quark-antiquark potential can be obtained from 
MIT-bagged QCD, how the known interquark interaction shed light 
on internucleon forces at short distances and then present to-day's 
situation of possible colour isomer baryonc. 
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In this talk I will show soae exaaples of how one starts to under
stand hadron spectroscopy froa the interaction between aore eleaentary 
constituents. 

Since noveaber 1974 when the ik/J and its partner *' were discovered, 
the consensus of particle physicists is that the quark aodel .'• no 
longer a aodel. The aesons are aade up of (aainly) a quark and an 
antiquarfc and the nucleons (essentially) of three quarks. Many physical 
states that were thought to be eleaentary are now known to be coaposite. 
This automatically induces a shift in attitude when one looks for funda-
aental interactions. We all know how the extreaely varied and comp
licated interatoaic interactions were explained froa electrodynamics 
when the internal structure of atoas was understood and quantua 
aecbanisa was used. One can now believe that nuclear forces in turn will 
be understood, when we have obtained a really good understanding of 
interquark forces. As we shall see this will not be easy, but there is 
progress in that direction. 

What are the physical properties of the quarks? I have always found 
that it is an amusing activity to see what the first natural philosop
hers used as words and concepts. Unhappily I have not been able to read 
"nepl 4voeu£" by Anaxagoras in original, but according to a partial 
translation from 1882, the building blocks of nature are distinguished 
froa each other by "Gestalt, Farbe und Geschmack". These two last 
properties are today known as colour and flavour. The quarks of defi
nite flavour coae in three colour states that are denoted by red, white 
and blue - a quark transforms under the fundamental representation of 
s ucolour 

Of flavours we know five: u, d, s, c and b, - the discovery 
of the sixth t is supposed to be only a natter of time. 

The flavour degree of freedom specify the kind of quark. With only 
two flavours all the building blocks of ordinary nuclear physics can be 
quantitatively described: The proton (neutron) is aade of uud (udd) and 
the aesons n,p and u> are made up from the isodoublet (u,d) and the 
(anti) doublet (d,- u). There seeas to be no need for other flavours to 
aake an acceptable normal universe as theory is today. Nevertheless, 
the study of the "abnormal" flavours as strangeness, charm and bottom 
has been the road to the understanding of normal aatter. 
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The colour degree of freedom is the saae for all flavours and it is 
the root of the interquark forces. It is iapossible today to speak 
about colour without aentioning qusntua colourdyoasilcs or QCD. It is a 
gauge theory of quark fields q(x), it haa a Lagrangian and therefore 
looks in all ways as respectable aa QED. The forces between quarks are 
•ediated by an octet of gauge field represented by the vector fields for 
gluons G*(x), where a runs f roa 1 to 8, p f roa 1 to 4. The Lagrangian 
ia 

L ( * > = - 1 ^ v F a v + «i W *•.«& r> - •><> 
Had it not been for the colour indices a on the fields, and the presence 
of the eight Gell-Mann aatrices \ a, this would have been like the QED 
Lagrangian. 

Forces between quarks are therefore propagated by the octet of 
•assless gluons coupled to the eight quark currents 

JT, = q Y -j q as "ig.J^ G n J u s t a s t n e photon A couples to the 

electroaagnetic current j = $ Yu"l) as -ie j A . 

There is a most important difference however between QCD and QED. 
In QCD the field tensors F * are defined as 

F a = 8 G a - 3 G a - g f ,. G b G° uv M v v \i B s abc (j v 

where f , are the structure constants of the gauge group SU-. Because 
of the last term in the field tensor, interaction between gluons is as 
strong as between quarks. QCD is therefore basically a nonlinear theory 
and therefore mainly unsolvable. At very saall distances however, the 
theory is becoming asymptotically free, the coupling constant g is then 
so snail that the dynamic equations can be linearized, one can apply 
perturbation theory and make analogy with electrodynamics. We can speak 
of eight (noncommuting) colour charges and eight (noncoamuting) colour-
aagnetic moments for the coupling of glnons to quarks. In the 1 par
ticle exchange approximation we have then the following analogs between 
electroaagnetism and chroaodynamics: 
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Q. Q Electric potential V.. ± -f ij -y 

8 K? *f 
Colour electric potential V.. = I — — 1 2 

J a=l rij 

Magnetic moment y = =f- Q § 3 

Eight coloumagnetic moments y 8 = =§- K*§ 

Here Q is the electric charge operator, K 8 = g • i \ a are the colour 
electric charge operators, g and g are the g-factors and g the gluon-
quark coupling constant. 

Unha^i'ily it is for dimensions much smaller than the size of had-
rons that one can treat QCD perturbatively. When separation distances 
are of the order of a sizeable fraction of one fermi, the nonliaearity 
of QCD makes it a theory that we cannot find solutions of. (This is also 
the case for the good old Navier Stokes equation in hydrodynamics 1) 

QCD may be right or it may be wrong, and the best one in most cases 
can do is to use it as an inspiration for making models. 

The property of QCD that is the most important for spectroscopy 
is the conjecture of infrared slavery: quarks and gluons are always 
bound together such that only colour singlets can be free particles. We 
can call this the principle of confinement and it explains why there is 
no free quarks or gluons observed. Any model for baryons and mesons 
must therefore incorporate this. 

31 Bag models ' are popular as is evident from De Swart and Vento's 
talks. They impose colour confinement by using as a boundary condition 
that there is no colour flux out of a region in space, which then is 
called the bag. 

I would like to mention two very nice applications of bag models, 
as they shed light on the origin of qq forces and short distance nuc-

4) leon-nucleon forces. The first application is made of two heavy 
quarks confined in a cavity, where they then interact via uassless 
gluons. It then makes sense to use an adiabatic Born-Oppenheimer 
approximation. The bag equations are solved for fixed qq separation r, 
and the total energy is minimized with respect to variations in the 
shape of the confining surface. This then gives what one can call the 
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potential energy of the colour tinglet qq pair ai a function of r, and 
thia can then be put into a nonrelativiatic SchroVhogrr equation. In 
figure 1 we tee the calculated potential together with the ground «tate 
wave-functions of charaooiUB and bottonium. The potential is an inter
polation between the Coulomb at short distances and a linear potential 
at great diatances and this is indeed a kind of potential that has been 
used to give quantitative description of charaoniua and bottooiun. 

Fig. 1 Fig. 2 

In figure 2 the same is done when there is a "valence gluon" in the bag 
such that the qq is in a colour octet. There is then a repulsive force 
at very short distances, which however turn into attraction at around 
0,2 fermi. It goes without saying that there is great interest to find 
states that contain valence gluons G. Here the calculations have been 
done for qqG, still more spectacular would be the glueballs GG. We 
shall discuss "qqqG" states at the end of the talk. 

A calculation which would be of great importance for nuclear 
physics would now be to do the same approach in a multiquark state where 
there are 6 quarks. Then one could compute a 3q -3q interaction poten
tial which would be the short range nucleon nucleon potential, when the 
subsets of three quarks have the quantum numbers of the nucleons. To do 
this one should then fix the distance R between the center of mass of 
the two three quark states, and minimize the energy with respect to the 
bag shape. This is really a very bard problem and it is also an under
taking which is on more shaky theoretical grounds than the qq calcula
tions we have just discussed. Quarks building up nucleons are light 



quarks, so that it is bard to justify soy use of a Born-Oppenheiaer 
approximation. 

Nevertheless, de Tar has carried out this pzograsae in a siaplified 
fora and obtained very interesting results. Iantead of fixing the 
separation distance R he introduces a variable 6 which turn into R only 
at large distances. To describe the separation of the three qusrk 
clusters be introduces left and right orbitals by linear coabinations of 
S and P states in the spherical bag (qg and q») 

q L = q s - VM q p 

q R = q s + VM q p 

The paraaeter u ranges fron 0 to 1 for aaxiaal to minimal overlap 
between the orbitals. 6 is defined through M as 

• = 2 f f J U M ) / 4 M qP(£)z *3< 

• l'«nl • (fm) 

Fig. 3. 

The resulting interaction energy as function of 6 is shown in figure 3, 
it represents a calculation of the nucleon-nucleon interaction, may be 
not fron first principles but nevertheless from an input which has its 
source in quark-quark physics. The resulting soft repulsive core and 
strong attractive region around 0.5 < 6 < 1 ferni is certainly what we 
know that work in nuclear physics. 



6 

This can pemit us to dreaa that one day all nuclear forces will be 
quantitatively understood f roa interquark forces. If this is the case 
nuclear forces will be nonlocal and there aust be multibody internucleon 
forces in heavy nuclei. 

In the HIT bag model one gets no bound states of baryons as long as 
one has only two flavours, and the existence of nuclei can therefore not 
be explained there. If one includes more flavours than two, bound 

6-8) states are predicted. ' The one that should be least difficult to 
find (but still unfound) is a AA like state with a binding energy of 
around 20 MeV-

The last topic I want to mention is a subject I like a lot. It is 
the question if there are colour isomers among hadrons. 

If one introduces a new degree of fredon in the description of a 
physical system, one always gets more states. In the history of physics 
there has always been a direct connection between the experimentally 
determined multiplicity of states and the number of degrees of freedom 
necessary to describe them. 

The specific heat of gases shows that molecules have spatial exten
sion: it increases when a cold gas is heated, because the rotational and 
vibrational degrees of freedom are unfrozen. 

Closer study leads to the existence of stereo isomers: molecules 
with the same Atoms have different physical properties because the atoms 
have a different "spatial arrangement. 

The electron spin leads to a doubling of states in the hydrogen 
atom. Spin of atoms was made obvious by the two silver spots in the 
Stern Gerlach experiment. Such examples are numerous. If Quantum Chromo 
Dynamics is correct, colour is as important for hadrons as electric 
charge is for atoms. It is therefore a problem of some importance to 
find evidence as direct as possible for the colour degree of freedom. 

We hope that history will repeat itself and give us this proof 
through the complexity of hadronic spectra. 

If colour isomers exist, why are they not more familiar? The 
reason lies in the principle of colour confinement, stating that physi
cal systems that are not colour singlets cannot exist as free particles. 
By the multiplication (addition) rules for colour 3 * 3 = 1 + 8 , 3 x 3 = 
3 + 6 , 3 x 6 = 10 + 8 one finds that the simplest mesons are made of qq 
pairs, the simplest baryons of qqq. For these states the colour degree 
of freedom is completely frozen: there is one and only one way of making 
a colour singlet. To unfreeze hidden (confined) colour we must heat 
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hadronic utter by creating at lent an extra qq pair and u k e melons aa 
qqqq ayateaa, baryona aa qqqqq- For qqqq atatea we will have twice aa 
•any atatea if quarka have colour than we would have with colour tinglet 
quarks: A group qq(qq) can be either a colour 3(3) or a colour 6(5) 
states, when the total qqqq system is a colour singlet. Host of these 
Mftei will however be belonging to the meson-meson continuum because 
the subgroups qq qq will, for most configurations, pair themselves in 
separate colour singlets and escape from the colour confining prison as 

9) two ordinary mesons. Such decays are called superallowed. 
Some multiquark states can however be prevented from dissociating 

in this way. If we select configurations where an angular momentum 
separate coloured group of quarks, the states can be sufficiently stable 
to show up as resonances. ~ 

Some time ago I believed that colour isomers had been discovered in 
the meson sector. The broad baryonium states (33) should have narrow 
colour isomers (66), but the experimental evidence for these narrow 
states seem to fade away. It is therefore nice that in the baryon 
sector there are states found that have a nice interpretation as multi-
quark states, and that have properties that have been predicted. They 
have been named mesobaryons and for this there is a classification 
that is more than two years old and that shows signs of respectability. 

The physical picture of the model is the following: the quarks 
inside the mesobaryonium cluster into two colour non-singlets. Inside 
each clusters the quarks are in a relative s-wave, but an angular momen
tum L between the two clusters creates a centrifugal barrier which 
prevents the quarks from recombining into unbound colour singlets. The 
configurations most likely to be stable are (qqq)-(qq) where both 
clusters form a colour octet (we will call these "octet-bonded" states) 
and (qq)-(qqq) in the colour 6-6 representationE ("sextet-bonded" states) 

The 3-3 configuration for the (qq)-(qqq) system is highly unstable 
because the colour triplet qqq can divide itself easily into a colour 
triplet q and a singlet qq and this singlet will not feel the confining 
forces. 

Let us for simplicity discuss the case of the octet-bonded states: 
all the considerations we make will easily extend to the sextet-bonds. 
We use the same notation as in Ref. 13: 8 (C,S) specifies the flavour 
(F), colour (C) and spin (S) quantum numbers of the three quark configu-

F ration, and D (C,S) specifies in a similar way the content of the qq 
system. 
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The spina 2. and 3, of 6 and 0 combine to give a total spin !> = !>. 
+ S,, which then couplet to L and one obtain* a total angular aoaentua J 

t \ i w i thj . , , , -
|t + S| > L + S > | L - S| = J B i n . 

The two coloured clusters are bound together by strong colour-
electric confining forces, and in the cases where the colour flux tube 
ends on colour charges different from 3 or 3, it cannot be broken by the 
creation of a qq pair. The system should therefore have enhanced 
stability and should lead to resonances narrower and narrower as the 
angular momentum between the clusters is higher and higher. A limit for 
the mass of this states would be when the flux tube breaks by the 
creation of a pair of valence gluons. 

Spin-spin forces between quarks in a relative s-state are known to 
be extremely important. If these were ignored, the mass of the pion and 
rho (or N and A) would be the same. The colourmagnetic forces that give 
rise to the spin-spin interaction are very short ranged . When we 
compute masses the colourmagnetic interaction is therefore used only 
between quarks that are in relative s-waves. 

It turns out that the colourmagnetic mass defect is maximal when 
three quarks form a colour octet, flavour singlet, with spin Jj. This 
state 8 (8.2) has the flavour content uds, and the lowest lying meso-
baryons are made when this state is linked to a colour octet qq pair 
q D (8,3), which is a nonet in flavour 

e'(8.2) W(&.3) 

When the relative orbital angular momentum was one, it was assumed that 
the isotriplet 

could be a state seen1'*'' at 2.26 HeV, and that the isosinglet 
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vat a 2.13 GeV itile '. Prediction* were made for the other states in 
the nonet ai well as for their modes of disintegration. 

We believe that creation of qq pairs is important in the decay of 
multiquark baryons as it is in the disintegration of ordinary baryons 
that are made of three quarks. This immediately tells us that three 
particle decay modes are particularly important. Moreover, the dominant 
decay modes will be the ones containing as many s and s quarks as the 
disintegrating state contains. This, is because it is well known that 
creation of ss pairs is suppressed relatively to the creation of uu and 
dd pairs. 

Let us now look how the experimental situation has evolved since 
the first tentative identification of multiquark states was given. The 
missing five states in the nonet fall into two isospin doublets with 
hypercharge +1 and -1 respectively and into one isosinglet with hyper-
charge 0. Predicted masses were 2375 MeV for the isodoublets and 2550 
MeV for the isosinglets. 

The isosinglet has quark content 

and should therefore decay into 2KK, AKK or =Kn. A 5a signal correspon
ding to a mass of 257615 MeV and a width of 37±11 MeV has been observed 
by the ACNO Collaboration in the 2~K K° channel '. 

The Y = -1 I = 1/2 state has the quark content 

and should therefore disintegrate into AK/i, IKn and sjm. 
A very significant signal (~ 6a) has been observed in the YKn 

channels corresponding to the disintegration of a =* state with mass 
2373+8 MeV and total width T = 80±25 MeV. The authors of the article 
reporting this discovery remark that they do not see"the two body decay 
modes expected and predicted if the =*(2370) is a three quark state. If 
we accept that this state is a multiquark state the absence of two body 
decay modes is no wonder, and it is clear that the observed mass is what 
one would like. It can also be remarked that with this recent and 
string evidence of a new =* the result of an earlier experiment gains in 
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credibility. Indeed there has been reported ' a 3o signal of a I* state 
decaying into ='n n° in a K*d experiaent at 4.93 GeV/C. That state was 
assigned a u s s of 2392127 HeV and a width T = 75168 HeV, and it could 
therefore be that this is the expected =nn decay s»de of the s*(2370). 

It Bight therefore be possible that only one isodoublet is aissing 
in the lowest lying SU, flavour aultiplet of resonant aultiquark baryons. 
This If* state with the quark content 

should then have a aass of around 2375 HeV and disintegrate into YKn 
final states. There should in analogy with the 2,26 GeV state be a quasi 
two particle decay mode as YK* and it night be that this is the less 
difficult to find . 

We think that if such a Y = +1 state is found and that its dominant 
decay mode leads into particles carrying strangeness it is as good a 
signal for a nultiquark state as Y = 0 states disintegrating into three 
strange particles. 

If it is also found at the right mass, the accumulating evidence 
for the existence of nultiquark baryons would be overwhelming. 

There has also been an experimental discovery which even if it 
cannot be placed inside this nonet, gives credibility to the multiquark 
concept. This is the R (3,17) at 3.17 GeV with a width smaller than 20 

19) HeV, that has been seen in two experiments at different energies . As 
it is observed disintegrating into three strange particles (£KK + pions, 
AKK + pions) we would believe it to contain a hidden ss pair and have 
the composition qqs ss. As it is narrower than the states we have 
discussed earlier we would believe it to carry one additional unit of 
angular momentum and have L = 2. It has isospin 1, and the lightest 
octet bonded states that contain isovectors with hidden strangeness, 
belong to a flavour 72 plet 1 3^ made of 8 8(8,3) D 9(8,4). 

Calculating the colourmagnetic bass defects of such a state and 
adjusting for the mass increase due to an L = 2 excitation, the predic
tion for R state is around 3,18 GeV, a value that is again embaras-
singly good in view of the expected theoretical uncertainties. 

Until now we ha-'" spoken only about triquarks and diquarks separa
ted by an angular momentum barrier. The extremely unstable states we 
get if 6 and D are in an s wave should, if our L = 1 states are cor
rectly normalized in mass, be at a lower mass. The lightest state has 
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p . 
quantur nuabers J * 1/2 T - 0 I > 0 and should have a aass of 1,44 
GeV. This aass value is practically the saae as has been obtained in 
calculations inside the HIT ba| aodel. 

Although these s-wave states cannot be expected to be seen as 
resonance buaps they have been looked for as poles in the P-aatrix by 
Boianel ' who indeed sees» to show that scattering data shows P-aatr'x 
poles where they are expected froa the HIT bag aodel. 

It follows then that our picture is not yet in disagreeaent with 
observations either for L = 0, L = 1 or L = 2. 

A very interesting development would be to find states with valence 
gluons. The aost unusual of these would be glueballs: aassive states 
without quarks. There can also be baryons aade of three quarks and one 
gluon. Valer.ce gluoi.s have an estiaated effective aass of = 0,7 GeV and 22) could therefore be strongly nixed ' with soae of the aesobaryons we 
have been talking about. Such states would constitute a very clear 
proof that the gluons are strongly selfinteracting. 

If colour octet bonded states are found in the baryon sector they 
should also be expected in the dibaryon sector. The. lowest aass of the 
corresponding NNn and NAn (NNK) states are then expected at 2.45 GeV and 
2.46 GeV 2 3*. 

We are soaewhat eabarassed by the great nuaber of states that we 
predict and which have not been found; but we are pleased that the 
lightest candidates for nultiquark baryons have quantua nuabers consis
tent with the lightest states predicted. Because they have snail 
production cross sections they can be found only in the decay channels 
and regions of phase space where nonresonant background happen to be 
very weak. 

http://Valer.ce
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