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1. Introduction

The main problems to be considered in
this report are the following: 1) What are the
constituents of the hadrons, what are their
quantum numbers, and what are thelr broken and
unbroken symmetrlies? 2) What is the dynamics
of the comstituents { equations, bimding forces
and the origin of symmetry vioclations)? The
most puzzling question is: why the constituents
%"escape from freedom® and are confined inside
the hadrons? 3) What experimentalists can tell
us about the hadron constituents and their
dynamics, if not finding them?

There are no final answers to all these
questiocns, Today we can only give more or
less plausible answers demonstrating that the
questions are sensible.

Due to a great complexity of the matter,
this review is by no means impartial. Never -
theless, the attempt 1s made to present also
alternative views on the same problems. Many
people bave been thinking of these problems for
years and 1t would be proper to remind thelr
results having to do with the present-day
concerns. "Those who do not remember the Past

are condemned to repeat it ( Jaspers).

2. Constituents

2.1+ A way toc "Colour~ado®

The first model of composlite hadrons was
constructed by Fermi and Yang { 1949) ( F-I).
The constituents were the proton and the
neutron, the pions belng composed of them:
Rr=ph , 7= ﬁ*"_v:;ll . The main difficulty

i e o= PP+nn

of the model was the absence o bo =
with mass roughly equal to that of the pien
{ Baldin et al.). The F-Y model was treated by
physics community without any enthuslasm, but,

as strange particles were being discovered,

€129

the gttitude teo composite models was becoming
more friendly. In 1953 Goldhaber tried to
compose all particles from P,Nn,K%K”™ ( more
symmetric form of this model was given by
Frisch ( 1960), with comstituents /,K’%K* K%K’
A more natural extenslon of the F-Y model was
proposed by Sakate (1956). A1l particles were
assumed to be.made of pyn and A ( F-=Y-3).

This model successfully explained many facts of
strong, electromagnetic and weak interactions,
and in terms of it the SU(3) symmetry was first
formulated ( Markov, Okun, Ikeda, Ogawa, Ohnuki,
Yamaguchl, Zeldovich et al.). With proper
modifications, it still can be applied to the
mesonic states. However, it could not naturally
explain the baryon spectrum, and after the
success of the eight fold-wyy approach to the
SU(3)~symmetry ( Gell-Mann and Ne'eman) it made
the way to the gquark model { OM) ( Gell-Mann and
Zweig). The essential difference of QM from
P=Y-5 model lies in the three~fermion structure
of the baryons. The elementary particles in QM
are the three spin -1/2 fermions( quarks) q:

U (Q=2/3,T=1/2,Ts=4p), d(Q=-1/3, T=14,T;=-13)
and 8 (A=~1/3, I=0) , mesons being Z]C]
and baryons — 4944.

This model enables us to formuwlate the
SU(6) spin-unitary spin symmetry ( Gursey,
Radiecati, Sakita, Pals, B.Lee, Beg et al.) which,
if properly formulated and used, glves gualitative
urd erstanding of hadron spectroscopy as well
as collinear decays and scattering processes.

The successes of this approach to hadron dynamics
were summarized at the London conference /1/

and they are really impressive. Most impressive
is the remarkable simplicity of the quark
dynamics to be discussed below.

But let us turn te the difficulties. The
main difficulty lies in understanding the baryon
spectrum. In terms of the SU(6) x 0(3),
Ty ( L
of the quarks) the observed baryons are classifi-

ed ( see e.g. /2/ ) inte the ( mult. STU(E), LrP )

symmet-
is the total orbital momentum



multiplets (és, 0{'), (Z_O; 1-) ) (§_5» 2+}, (_5__6’ 0+}R
e+ with no candidates for (20,L”),(56,17),(20,0%)
etc. Here eight JP= 1% *+ baryone and ten

3/2% resonances nicely complete (56, 0%=(8,1%%
+(10,%2%) But why do they belong to (56,0%)?

With Fermi statistlics for quarks, it is
extremely difficult, if not impessidle, to
construct a potential which gives a large
mass for antisymmetric in spin and unitary spin
20 and the mentioned peculiar correlation of
the SU(6)~struoture to L' ( Instead , 1t
is easily understandable with Bose-guarks).

Eren worse, the nonexistence of exotic states
7q§ ’ 7<;q§ ( the triality puszle) and §¢

( the diguark puzzle) says us that something
esgentially new must be added to the Gell-Mann
-Zwelg model, In view of these difficulties a
new degree of fresdom was intreduced in 1965 by
Bogolubov, Struminaky, Tavkhelidze et al. /-7
and by Han and Nambu /47 o Each quark was
supplied by a new quanium number ( now called the
"golour®), and it was postulated that the lowest
baryon multiplets are made of querks of different
colours( i.e.,, "colourless™). The diffioulty with
the statistics was immediately resolved while the
triality and diquark puzzles were reformulated
in terms of the preblem that coloured states

must be much heavier than colourless ones,

Now we have three families of quarks
(Ur,de,8e), (Ua,de,Ss) ana (Ug,da, 8y)
(red, blue and green)., There are two essentially
different possibilities for prescribing to these
quarks the usual quantum numbers ( now called
the "flavours®), It is most natural to introduce
& symmetry in the colour spsoe, say SU(B)C
( the other possibilities wers alse discussed).,

Then, if the electric charge (. 1s the colour—
~3lnglet, the quarks of 2ll coleurs have identical

flavour gquantum numbers ( fractional charges)
and the SU(3) -~ symmetry must be unbroken.
Alternatively, if we assume (2 to ve colour
nen~singlet, the guarks may have integer charges
and the SU(B)G need not be the exact symmetry.
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Other approaches to the statistics paradoex

( e.g. Greenberg /5/ ) are generally connected
with vielations of the spin-~statistics theorem
for quarks and, hence, reguire a revislon of
the foundations of the gquantum field theory.

2¢2. Charmed Colour-ado. How many flavours?

The primary motivation for introducing new
flavours ( charmed quarks) was simple: why not
have a higher flavour symmetry, say SU(4)

{ %arjanne, Teplitz; Hara; Maki, Ohnukil;
Vliadimlrsky; Gerstein, Whippman; Bjorken, Glashow,
Matl et al.; Okun et al., for refs. see
/% ).

Later it became clear that the fourth
quark (¢) 1s indeed useful for making weak
interactlons internally consistent ( Glashow,
Illiopoulos, Miani). Without extra guarks and/or
leptons all usual formulatiens of weak interac—
tions badly violate universality and cannot
survive. With the éhmed quark we can also
restore the lepton—quark universality. Finally,
the exlstence of strangeness - conserving
neutral weak ourrent and the absence of the
strangeness~changing ones is easily explained
only in the theories with extra guarks. Thus we
have very goed reasons te believe in the

fourth quark.

The discovery of ‘T/Y family (3.’)
tells us that we are on a right track interpre-
ting them as CC 17, oz course, there are
more exotlc explanations of the SP- particles
but we can say that in general the charmonium
(dC—) spectroscopy 18 today in a good shape
{ sea sp. the talk given by De Rujula at this
conference). Ag We have heard at this conference
there 1s a reason to believe that a particle
D=UC ( € 1is the charmed quark), was
discovered at SLAC. If confirmed, this would
give the (- quark the same status as the older,
uncharmed quarke ( belng necessary though
invisible), But are we in need of more quarks?



The experiments, much discussed at this
conference, seem to tell us that the lntroduc~
tion of one or two extra guarks ( t" and "b",
€ege ) wWould be harmless and even agreable.
The large R in €27 annihilation into
hadrons, dilepton events, anomalies in Y -
reactions, etc., are most naturally understood

with five eor six flavours of cquarks and some

new leptons /8/ e Such new flavours were
discussed as soon as 3/7 was born ( Barnetti;
Harari; P.Bogolubov, Matveev, Kuz'min,
Tavkhelidze et al.; Mohapatra, Pati;

Fritzsoh, Minkowski; Wilczek et al. /9510/ Ye
Later it was suggested that more than three

guark flavours are required in unified

theories of the weak, electromagnetic, and

strong interactions based on a single gauge
group, if one wants te aveld the introduction

of extremely heavy gauge bosons ( 2, 1015Gev).
Fhe minimal number of gquark flavours in this
approach is six ( for a detailed explanation

and refersnces see: Fritzach /10/ ). Introduction
of new guarks and leptons allows one to

ocenstruct beautiful vector~ like theorles of
weak interactloen ( for refs, see 710/ ) 3
unfortunately they are in a bad shape at this
conference., However, there exlst other ( less
symmetric) theories of weak interactions with

/11/’/12/ which

/8

extra guarks and leptons
do not contradict present experiments
There exlsts an entirely different approach
to the problem of the flavour degrees of freedom
which attempts to glve the internal symmetry
space a geometric meaninge. As has been argued
by Arbuzov and Filippov 713/ for weak
interactions, and by Neteman /14/ for strong
interactions, giving a geometric meaning to the
elementary particle interactions ( l.e.,
connecting them with a curvature of the space-
time) requires an embedding of the space-~tlme
into some N-dimensional space. The minimum
value of N is 10, as we oan locally embed any
ocurved 4-~dimensional space lnto some 10-dimen-—
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sional space ( 8/.\, has 10 independent
components). Hence, the dimension of the compact
internal space must be not less than 6.
The corresponding syxmetry group according
to /13,147 Bust be S0(6) which is locally
isomorphic to SU(4). It should be stressed that
this 1s not the final answer. In fact, in a
geometrlic theory of this type the dimension
and the structure of the internal space is
dependent of the interaction which, in turn,
has to be deduced from geometric constraints
( see /13/ )e The solution of all such constra—
ints is a challenge, very little known as yet
even how to approach this problem. 7
The geometric approach was recently
revived in an attempt to construct a consistent
dual theory of hadrons in the feur—dimensional
space~time, As has been earllier suggested by
Pubini and Veneziano 115/ s the extra dimens—
ions ( 264 or 10-4) required by consistency
of dual models can be aseribed to the "internal®
space ( “flavour space™). Then for a large
enough dimension of the flavour space the dual
theory could be realized in the 4-dimensional
space~time . This ides combined with the
geometric approach to the origin of symmetries
is being investigated by Scherk, Schwartz et al.
/16/ o As the most difficult problem of solving
geometric constraints i1s not yet clarified,
it is premature to deduce from their results
any predictions concerning flavour symmetries,
The only firm prediction is that tﬁe flavour
space must be large emough; the larger is the
&:Lmensien, the easier is the solutic;n of the

geometrlic constraints,
To my mind, the most unsatisfactery

feature of all above mentlorned approaches to

flavours is their inabllity to explain colours.
Usually one asks the questions: how many quarks
are there? and what is the flavour symmetry group?
Probably these questions are unfair to Nature as
stressed by Salam at this conference. Our prima—

ry concern must better be not the number of



quarks and leptons but the numdber of conserved
charges and the nature of fundamental laws,
contrelling the %elementary® particle phenomena.
We think that a “colowr-hlind"® person cannot
find such laws.

2.3, Confining colours glve birth to

flavours

What 18 the mest fundamental thipg 1n
hadrodynamics? We cannot answer this question,
but we know the most puzzling thing: coloured
particles ( quarks, diquarks e,s.) do not
ocour in the physical spectrum. If this is not
merely the low energy phenomenon, then the
colour, belng exactly conserved,ms a chance
to be the most fupdamental property of quarks,
and the colour conservation has to be consldered
as one of the most fundamental laws of Nature.
With perminently frozen ( confined) colour
degrees of freedom, we face the novel feature
of particle dynamics, probably requiring a
revision of some basic ideas. Some people propo-
ged that the phencmenon of confinement is
"simply® reduced to disappearing the quark pele
from the quark propagator in nonperturbative
solutions of quark field theory. It 1s possible,
but our task is much more ambitlous: to construct
colourless bound states and to prove that
coloured states never appear in the physiocal
world. There might be some analogy with quantum
electrodynamics, where the longitudinal and
"time-like" photons play a significant role in
intermedlate states dbut completely decouple from
all asymptotic physical states ( in modern usage
they are "confined gluons® , For quantum
description of this decoupling it is necessary
to supply the Hilbert space with indefinite
metrics. This simple txick does not help to
confine much more complicated colour degrees of
freedom, and it 1s qulite possible that a more
radical modification of the physical laws is
necessary for describdng coloured quarks.
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The mest radlcal approach to colour
was proposed by Gursey 1 et al. He sugges
ted that the matrix elements of the guark
f1eld operators are octonlens ( Cayley
nurbers) imstead of being complex nymbers., The
octonion can be written as T, -+ %74 €4
where 7  are real ( or complex) numbers
and €, are “™maginary uwnits": &7 = -1,
The multiplication law of €4 1is nonmcommuta-
tive and non-assoclative ( gemerally (26)C #
#a(fc)). Like resl and complex
numbers, and quaternions, which can be used fox
describing the spin, the octonions form a
normed algedra 0 having a unit element ( in
faet (9 1s the highest dinenaional algebra
having such preperties). Replacing complex
numbers Ly octenlons we are forced to replace
the £ ([2.—;-:-1) in the translation
“fn X by one of the new imagina-
ry units, say €; . It appears that the
subalzedra of 0 which commutes with
translations O~ %F% 44 isomorphic to the
algebra of SU(3). This 1s identified with SU(3)C
and the quark fields are represented by Jx Un
where Un & QUG ana o
Due to the non-—associatlivity of octonlons,

operator e

1s the flavour index.

only colourless operators can be observable
quantities,

With octonioniec quarks the nightmarish
quark-parton paradox can be resolved. It can be
formulated as follows 718/ : the m.e.
<Pl'§'4(XJYz(0)IP> has vanishing Fourier components
if Po
( o0

is below the colour~production threshold
for permanently confimed colour) and
this 18 inconsistent with the early scaling in
deep inelastic processes. In other words, how can
one explain scaling with zero imaginary part of
the quark rropagator? The preof is based on
inserting L = Z |n><h)
fields Y3 and W,  and on using the trans-
lations. For octonions <o(|f(§l”><“ ')l§>] #

:;&Z(<o(ln>)(<mp>)

between quark

and the proof is no longer



valid. This simple example is given to
dramatize the difference between the usual and
octonlonic quark theory, the novel aspeots of
which deserve a careful investigation.

The oectonlomlc approach alsoe brings a new
light on the cholce of flaveuwr grouns. Octenions
are gssoclated with representations of
exceptional Lie algebras ( e.g. Gz is the

automorphlsm group of the octonion algehra, for
other groups the relation is more complex).

For all exceptional simplelie algebras the
representatlions camnot be copstructed in temrms of
usual matrices, To construct the representations
of the exceptional groups Gz, Fy E¢.Ez,Ey
the octonlonic matrices ( Jordan algebras )

or their direct products ( B.A.Rosenfeld
algebras) must be used, For example the fundamen-
tal 27 dimensional representaion of Eg;

can be realized in terms of the Jordam matrices
which are 3x3 hermitian matrices with octonionic
entries, eto. All exceptioenal groups centaln a;.
a8 a subgroup which, as we haVe seen aborve,
contain SU(B)d + The group structnre is as
follows:

F, > SU§ x Su(3);

Ec = 8U; x su(3) x Su(d);

B, D SU{ x sU(6);

E;z D> s8u;jx 8u(3) x su(3) =x sv(3).

Remark that all (/g yony) DEVE DO abelian
part. The fundamental repressntations of the
most interesting group E;- are:

56=1(20,4)+(6,3)+(6.3) /(S U, SUS)~c1a8si-

leptons quarks fication/
As @ 1s the colour singlet, & =S
and we have qZua(,;rzks zlezp 8—' =0 , rhe charges

of gquarks are naturally fractional If we suppese
that there i3 the usnal SU(3)-triplet of

u,d, 8 with Qu"ad:-l-i,Qd:(Qg)
then the cherges of all gquarks are uniquely

quarks
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determined (Qy '~'{§~, é’-, % , %“)‘%, j?;)

ard similarly the charges of leptons

((1&})1:,) g—’a‘ ( GrEX G) (e_ntism.)) must he
(24+xd4+ 1%L 12 neutrals), If we introduce

gauge bosens ( which 1s by no mesns necessary)

we have the adjoint representation

133=(35.4) +(4,8) + (453)+ (15,3)

.

gauge
boaons

gluons leptoquark

bosons

It can be shewn that theorles based on
exceptional droups 712/ are walcomed by
recent experimexntal discoveries /8/ s but we
will not dwell upon this, We only stress that
ameng "simple® ( mathematlicsl texm!) exceptiow
nsl groups only E 7 1is a plamsible candidate
{ giving mere than 3 qusrks and large enough
number of leptoms, but not contalning celour
octet quarks). Hence. there must be six and

only six guakrs -~NO MORE QUARKS!

240 Alternatives

There aTe other approaches to the flavour
symmetries not censldering the coleur
conserration as a fundemental law. Patl and
Salam /13/ introduce the follewing fundamental
termions: £ = (Vo,@ A Vi L=4, B =0)
8=0Cs,Cq (L=1 ,B=1
and §° (B=1 ,L4=0

quarks are made of leptens f

» Goloured)

s colourless). The

and prequarks

B s 8% Uy= 0P8 do=e Ce8! S=p Ol GBS
etce Their integer-~charge guarks are unconfi-
ned and unstable, with the lifetime ~10™Tm

-1 o-l 2

seoc and hence can be found Iin emulsion
experiments. This scheme is rich enough and
flexidle enough to be compatible with present

experiments,

There exlst suggestions to revive the
Goldhaber model ( Lipkin /2% ) and Pu¥ws mo-
del ( Tyapkin /a/ ) which are not yet
elgborated to be confronted wlth experiment.
Finally, we note that some dqualists propose
the infinity of quarks and the corresponding



additive quantum numbers ( D.7V.Volkav/ 22/ Ye
Others, however, insist on finite number of
quakrs 716/ «» We cannet go 1nto discussion

of these ideas,

3. Dynamics of quakrs
3.1. Independent quarks

As has been mentioned above, the simplest
versions of the quark dynamics in which quarks
are supposed to be almost freely moving
inside a sphere gives very good quantita.tive
results. Essential ingredients of this
dynamics ( "quasi-independent quark™ medel,
which we now call the "Dubna bag") proposed
by N.N.Bogolubov e.a. ( see />/ ) and further
developed and improved by FP.N.Bagolubov 723/
are as follows, The quark mass euntside the
sphere ( bag) is very large ( er infinite)
and it 1s very small inside the bag (~ g—’!
for mesons M and ~ %‘-’* for baryons B). The
magnetio moments of baryons are explained by
small effective masses of quarks inside the bag.
The important new results which could not be
obtained in the phenomencloglcal SU(6) approach
are: the magnitude of /Mp s the correct
results for Ga /g, » and <2 em 7%/ . 02
apecial importance is the good result fer
Ga/G, ( instead of 5/3 from SU(6)) At this
point the rglativistio correotions of the
order of S'—”Eiz or the contribution of the
orbital motion of quarks inside the bag are
oruclal. The explicit expressions are roughly
the following 47y = £<6u7, pp=3 (5 <G+ La2,
as TG+l =%
and Mp in terms of <Lz> , pescribing the
bag by a scalar spherical well potential
( the cavity) and finding the Dirac wave

we can express Ga/q,

functions of quarks moving inside the bag,

1t oan be fownd that FAf, = 1.1, Mo = 25,
<’Z:> = 0,43/m2 /23/
the applications of this approach to mass formu~

e We do not disocuss

lae where the results are similar to other
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models ( e.g., the nonrelativistic models
with the oscillator potential /24/ )+ For
further discussion see papers by P.Bogolubov
and B.Struminsky ( these proceedings).
Relativistic corrections are also of
importance in weak and electromagnetic decays
of hadrons invelving the annihilation of
quarks ( P+ év, V> ee )« The naive

non-relativistic treatment of such processes

has led to a rather paradoxiocal conclusion

Yain(0] m

that e.g. [—&ZI_—I"’ —Z
& Yaq (0}l mx -

the supposed SU(3) symmetry of the 9¢

tial,

in contrast to
poten—~
These processes were first treated by
Matveev, Struminsky and Tavkhelidze /257 g vOry
elear and comprehensive representation of the
quark model results for different decays was
given by Van Royen and Welsskopf 726/ « The
resolution of this paradex lies also in rela~
tivistic corrections ( Struminsky, Llewellyn-
smitn 727/ Je In relativistic theery, dased
2.8 on the Bethe~Salpeter equation,there

are ne apparent paradexes with SU(3)-symmetry.
The main ldea of calculating the processes

h h'(e*e), h—= ' (&), h=h'T(K)

consists in taking into account only one=quark
transitions. This assumptiion 18 a generalization
of the well-known Okubo-Zwelg-Iizuka (0ZI) rule
and it was successfully applied for the
mentioned hadronic decays. The calculations of
L.Seloviev, Anisovitch et al.; Thirring, Becchl
Morpurgo et al. used non-relativistic approxima-
tion. For a very clear and comprehensive
presentation of these and other results of
N.R.Q.M. see 728/ |

The consistent relativistioc approach
based on the Logunov-Tavkhelidze quasipotential
equatlions for relativistic bound states was
developed by N.Bogolubov, Matveev and Tavkhelid-
ze /29/ « The essence of thelr approach is the
calculating of the moments of the currents
V;.,A;- between bound states. With this aim
they introduce external field U, Clu



interacting with corresponding currents and
consider the case of small, slowly varying
external flelds. Then the varistions of the
energy of the bound state with reapect to
external field glves the matrix elements of
the currents. This method enables one to
reproduce all the nice results of the model of
quasiindependent guarks and to obtain more

general results. For example,

Ga_514_ <P, _e /<Py
v 5(1 3mg *) Ho= 5 (4 m;“*"-) :

Similar results were derived by Gell-Mann, using
the algebra of "good®" cemponents of currents

in the Pz—> 00 frame /30/ and by Shelest

et al. 7%/ in the framework of relativistio
bound-state equations supplemented by the
Markov-Yukawa condition /??/ | Using PCAC
h-sh'
With different binding "potentials® ( e.g., square
well, oscillator) the more detailed predictions
can be obtalned. However, it is difficult

one can calculate the processes etce

( 1if not impossible)to describe all existing
data by a single potential, and the introduction
of some phenomenological parameters is necessarye.
This is the essence of the so-called cuvrrent
~gonstituent quarks approach to hadronic decays
summarized at the Lorndon conference 73/ .

The essentlal ingredient of all these
calculations is the 0ZI-rule, used to describe
the different construction of the PS-multiplet
and Vv ( or T) multiplets. For the vector

(tenser) mesons it is supposed that the process

u,d
/)

g

S

“,d

is very smali while for PS-mesons 1t 1s appre-
ciable, Then ¥, f' are almost pure SS-—sta-
uu +dd

vz ’
certain mixtures of 48

tes, CU,f almost pure states,

while 7 and 7'
and uik+dd
(73

are

« The effect of mixing is
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easily taken inte account by considering

s

CeLey the dlagrams
QZ ]~ viof,

For pure hadronic decays the only

relevant diagrams are T

9 g

g > >3 g

If we consider the scattering process then, as

first suggested by Levin and Frankfurt 732/

the process is described by the sum of the

dlagrams with one-quark transition.

This 18 a generalization of 0ZI-rule for

scattering processes. The predictions of the
model are in reasonable agreement with experi-
ment but show systematic deviations which can be
naively interpreted as the result of somewhat
smaller radius ef the strange mesons /33/, we
will discuss some related considerations in
meson spectroscopy in what follows.

The simple-minded approach of independent
quarks moving inside a cavity 1s supported
by ldeas of guark-parton models of Feymnman,
Bjorken, Weisskopf, Kuti et al, /347 giving
very clear and good description of all existing
data on deep inelastic scattering of leptons
on nucleons, The only cloud in this clear
pleture 1s the fact that the quarks are carrying
only a half of the total momentum of the nucleon.
The missing momentum is usually attributed
to fashionnble ®gluons®, but this is only
another way of statling our essentlially incomple-
te understending of the gusrk-parton structure
of the hadrons.
of Y/N=... ana eM,,
with the fractionally charged quarks. However,

The results of comparison

are 1n geod agreement

as was argued by Salam, Pati, Roy and Rajakes



ran ( see 7%/ ) in theories with unconfined
colour there exists a possibility that the
quark charge sum rule is also consistent with
integrally charge quarks,

Still other very impressive prediction
of simple gquark model 1s the gquark counting
rule for exclusive processes with high
transverse momentum ( Matveev, Muradyan,
Pavkhelidze; Brodsky, FParrar /-°/ ). Not
going into discussion of its nature we only
mention that it rests on the assumption that
the wave function of constituent quarks 1is
firite when all quarks are at the same point,
Leeey Wi(x=0)= [d% Y < 0o -

Hencey, in such processes the short-dlstance
behaviour of the bound-state wave function
is directly proved. An interesting problem is
to extraoct from the scattering data some
information concerning the wave functions.

Remind finally the application of the

quark-parton model to the reaction 0'¢" - had-

rons

hadrons

hadrons

with clearly visible in SLAC experiment * jet
structure®, corresponding to 77- pair., This
dramatizes the mechanisa of hadron production

through the intermediate state of two quarks,

3.2+ Dynamical role of colour:
oonfining independent quarks.

Here we discuss some other ideas about
the dynamiocal role of colour, The radical
ectonlen approach is attractive, dut, even if
1t 1s oorrect, it only gives a new frame for
dynamics. It 1s also probable that there are
different ways leading colour to confinement,
and we are free to choose one that provides
us with the simplest understanding of the
hadron phenomenology.
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The main facts of baryon spectroscopy can
be explalned in remarkably simple terms.

Considering the SU(3)~-invariant potential,

corresponding to the exchange of colour—ootet

vector mesons ( Nambu; O.Greenberg and Zwanziger;

Lipkin 737/
YA

7] S
8951 Lont= 395 ATIV

ANA
WWYWYVWW

AN

A
T ¥ AL
one easily finds that the effective coupling

constants in different channels are

channel aa g9 g3 AT  qaq  eee
5U(3) _30 éc .];c §c 1¢

2

off. ~4 42 8 41 w12
(arb.unit s)

If the free guarks are heavy ( My—> 00 )
then the ceolourless states are, on this scale,
massless, l.e.y "confined®, From the abeve
table one can infer that the mass of the
colour-triplet diquark state is of the order
of the gquark mass. This makes the successful
quark-dliquark plcture of the baryon 7125/
quite naturally emerging in this appreach.

The colour=-exchange vector potential was
originally used for integrally charged quarks.
1f we take the colour-singlet charge operator
( hence, fractiomally charged quarks) and
suppose that coloured vector mesons are mass—
less Yang-dills mesons, corresponding te the
exactly conserved SU(3) gauge group, we arrive
at "Quantum Chromodynamics®™ QCD ( for refs.
see e.g. ,/10/ ) ( Gell-dMann, Weinberg et al.).
As is by now well-known, such theories enjoy
asymptotic ( ultraviolet, U.V.) freedem ( A.F.),
1.e.s the effective coupling constant g( b3
is vanishing for P - oo,

It 1s generally believed that in
asymptotically free theories there 1is a good

reason to rely upon perturbation theory. Even if

this 1s true for the estimate of the small-
~distance behaviour of the coupling constant,



the perturbative results for gquark scattering
emplitudes and bound states cannot be trusted.
For example, consider the Loguncv~Tavkhelidze
or Be-S. equation with asymptotically-free
potential. It is not difficult to demonstrate
that for small 7 it can be reduced to a
Schroedinger—~type equation with the potential
of the form 'V(rz)qcfog’?"z(.{w&gén %’1)"‘) d>0
/38/ « The solutions of this equation have an
essential singularity in the g-~plane for
which cannot be traced in perturbation theory.
In addition, the scattering amplitude has an

¢ —plane ( €=0
for spinless particles). In the non-relativis-

essential simngularity in the

tio theory the singularity in the é{-plane
has later been investigated by Ochme et al.’>?),
who treated the simpler potentials: V(7)=

- -d
=jz’2 2(2#1 %‘-’-) s A=4,2.
argments in favour of the existence of the

Some genaral

g~plane essentidl singularity were resently
given by Shirkov /40/ who considered the theo~
ries with the Landau~Pomeranchuk null-charge
phenomenon,  using the renormalizatioen group
equations and a spectral representation for the
invariant charge. It would be of great interest
to extend his analysis to A.F. theoreis. The
moral of this discussion is: using periurbation
theory arguments for investigating U.V.
behaviour in A.F. theories requires some
caution.

The attitude of the QCD propenents to
the infra~red ( I.R.) behariour of the theory
with massless gluons is strikingly different.
In fact, it 1s proposed to entirely disbelieve
perturbation theory and to search for some
peculiar non-perturbative solutions. The reason
for thislies in the fact that the G(CD can
make sense only if coloured states are confi-
ned. So it is supposed that the effective
interaction constant J(PY which tends to 0
for P> 00 ( small distance), infinitely

grows for P’» 0 ( large distance) providing
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the desirable confinement, Hence, the slogan
of chromodynamists ( Wilson, Susskind,

Kogut; A.A.Migdal, Polyakov et al., for
review and refs, see e.g. 741/ ): "Ultraviolet
Freedom is Infrared Slavery".

The existence of the confined phase was
demonstrated for some lattice theories as leng
as the lattice constant R was kept finite. The
principal questions are; 1) is confinement
preserved when R—fO $ 2) is the oconfined phase
stable against external perturbation?

3) does the confinement work for all sectors
of the Hilbert space and for all energies?

( remind that the structure of the Hilbert space
and observables in suck a theory would be very
unusual)., Up to now there are no convincing
answers to these guestions. The recent progress
in understarding the confinement of gquarks in
lattice gauge theories has been reviewed at
this conference by Wilson 743/ « An attempt to
construct a theory of composite hadrons in suech
a theory is presented at this conference by
Bardeen /42/ « The light~front formulation

( to be discussed below) of the QCDis used with
a transition to the lattioce variables in the
transverse direction. Supposing the existence

of 2 new phase of the theory ( not realized

in the usual perturbative solution), in which
the transverse gauge invarlance is exact, an
attractive theory of composite hadrens can be
formulated. However, the procf of the existence
of such a phase i3 still lacking, the proof
probably could be given for the finite lattioce
éonstant but there is no idea how to -mass to the
continuun limit,

The main difficulty of the confinement theo-
ries 1lies in that the parturdbatien theory
exhibits no hint s for finding the confinement
mechanisa ( Appelquist et ale /43/). The
Y.R.behaviour in nonabelian gauge theories seenms
to be very similar to that of QED. Alternative

calculations were performed by Cornwall and


http://Landau~Pomeranch.uk

Tiktopoulos, They olaim that the summation of
leading logarithms gives confinement, l.e.,

bimG(nl= éﬂ??EEZ‘ﬁ%aL)
Y ! MY Ceoding
matrix elemeats ((x)

is zero for some
with colour creation.
Even 1if these ( very difficult) calculations
are technically correct, we cannot rely upon
this result. Some time ago it was shown
(Arbuzov et al. 144/ ) that when you sum up &«
logarithmic series which in this case is almost
certainly not comvergent ( most probably it

is the asymptotic serles) the summation of the
leading logarithms usually gives a result
which has very little in common with the exact
sum. Therefore, unllke the U,V.freedom, the
I.R.glavery 18 not in good position.

Concludirg thls discussion we stress that
the QCD is a very promising theory of hadrons
composed of confined coloured gquarks, even
1¥ we forget the most ambitious attempts to
unify all the interactions 119/ and some
interesting phenomenclogiosl applioations to he
disoussed below, However, it can be regarded as
a real theory ( not merely a nmew ®religion® of
thesrists) only after having answered the
fundamental questions discussed above.

3.3. Relativistic bound states

A) Now we turn to equations des¢rilding
relativistic bound states., The systematic
approach to this problem has been developed by
Fook and Podolsky in 1932 ( F.~P). It is based
on a three~dimensional one-tlme formulation
of the bound-state equations. In the alternative
approach ( Dirac, Fock, Podolsky, 1932, D=F-P)
an individunsl time variable 1s assigned to each
particle ( for further detalls and refs. ses
The first 1s not covarlant while the second 1s
obviously covariant. Both approaches have given
many Pruits. The F=~P approach in the formulation
of Tamm and Dancoff was applied to meson theory
(Tysony Low) and for nucleonw-nucleon interaction
(¥lein, Levy, Macke). The development of the
D=F=~P approach resulted in covariant equations
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/45/).

for bound states ( Nambu; Salpeter, Bethe,
Schwinger, Gell-Mann, Low) /41/ ( Some rela-
tions between bdoth approaches have been ilnvesti~
gated by Zimmeymann 746/ |

However, in both approaches serious
difficulties were found. After having found
the rules for calculating matrix elements of
currents between bound states and the normaliza-
tion conditions ( Nishijima; Mandelstam) and
with some exact solutions in the ladder
approximation ( Wiok, Cutkosky; Oxubo, Peldman;
Goldstein; Nakanlishi; Kummer, et al,) it
became clear that the price for covarilance was
quite high~physical interpretation of the bound
state solution ls unclear 741/ « Thers exist
solutions of the Bethe-Salpeter equation with
negative norm ( violating unitarity) and
solutions with exotic J'* net occuring in the
nonrelativistic limit, e.g. for MW or 4§
system J = 0,0%, 17t 2%,
are exotic and we never saw such states. Both
Phenomena have a common source - the presence
of the relative time in the bound state
equatlions. The states with negative parity with
respeot to the relative~time reflection may have
negative norm gnd/or exotic \TPC 741/ + For
example, the solutions of the B-S equation fopr
the plon are of the two types: the normal
solution Fz = Y5 £(P (px)?)
solution fx = ¥s (PK) £(pi (pi):).
Due to a factor (PK)= p,k, for K= 0
J¥= 0" . A11 suoh

anomalous states disappear in the nonrelativistic

and the anomalous

the last solution has

limit or in the equal time limit, However, as
we have argued earlier, any reasonable theory
of 99 bound states must be relativistic.
Besides this, the old equal-time formulations
were extremely complicated in contrast to the
relatively simple B~S equations.
B) The escape from these difficuliies was

found by Legunev and Tavkhelidze /48445 / who

rroposed the gquasipotential approach to quantum



field theory which unifies the physical
simplicity of the equal time formulation and
the mathematical simplicity of the ceovariant
formulation. The main idea is that enly the
on-dmass—shell scattering amplitudes are
relevant for celculating bound states, and the
vpotentials are expressed in terms of these
amplitudes. The simplest example of such an
equation for equal-mass spinless constituents

isy in coerdinate space,
- - 2 Z) -
(a+K) Wy (@)= (m-a) % g Y )

where IZZ={;M1-WIZ s M — the constituent
mass, M — the bound state mass (9=M?

7 — the three dimensional relative coordina-
te, 7 =(74-77)in the CMS, This is the Fourier
transform of the momentum-space equation of the

form
_ Jig g U((P-91%K) ¥ (9)
% (p) =SVW -3 +i0

Formally it can be derived from Lippman-Schwin-

3
ger (I-S) equation by substitution J°¢- \7(:7%

This equatlon was generallzed for
unequal-mass case and for bound states of
particles with spin 1/2, and was sueceés;tully
applied to numerous problems in elementary
particle 745/ and nuclear physiecs 749/ .
Mathematically, the Logunov-—Tavkhelidze (I-T)
equation is somewhat more cemplicated than the
non-relativistic Schrodinger equationm.
Nevartheleass for large classes of the potentials
different mathematical methods can be success—
fully employed for solving bound-state
problems /50451/ e The I equation has the
correct small distsnoe behaviour in the sense
that it ocorrectly reproduces the small dlstance
behaviour of the wave functien and the singu-
larities of the scattering amplitude in the
l-plane ( poles and cuts) obtained in the
correspondin g field theories., For example,
if we calculate the guasipotential in any
given quantum field theory by using the

C139

perturbative expansion, the resulting LT
M(3,¢)

correctly reproduces each order of perturba~

equation for the scattering amplitude

tion theory, and the asymptotic behaviour

of M(s,;t) for $<0,£-00 coincides with that

of the sum of the corresponding ladder

dlagrams /52/ « Moreover, the differential

formulation of the L-T eguation /°%77%/ oan

be used for finding scattering amplitudes and

bound states in non-remormalizable theories

when perturbation theory is inapplicable /51453/ o
A large class of other guasi~potential

equations can be obtained by substitution

(mz-A)‘% - _f ((mz-A)Yz) (m2+1<z)yz) (M Kz)-‘/z

where f(x,x)=4 . All these equatiens, like
I~T equation, satlisfy two-particle unitarity
and, with energy-dependent potential V (7, k?)
can incorporate many-particle unitarity. A
rather simple equatien useful for the
description of tightly bound states can be

1 2
obtained with f= :::z ( Pilippov, see alseﬁo/).

‘Then the bound state equation

(mZ—A)(A-o-KZ)'!E,} (’z).r: Vmi+k?9 Y%Z—’K—l-) W},
Vmi4k® = Mf

is of the fourth order ( with four boundary
conditions) and in it the effective potential
automstically venishes for M—>0O

( Correspondingly, for not very singular
potentials there ure-no M =0 bound states).
Most of other formulations of quasipotentlal
equations as well as of the B-S equation have
the diffioulty that with any deep enough
attractive potential the mass of the beund
state 1s imaglnary.

Another varlation on this theme 1s the
equation preposed by Todorov 745/

(A+K3)Y, ()= (mz+/<‘)'y19 \*{—z@% ().



This equation 1s usefunl in calonlating
higheenergy ( K%~ 00 ) behaviour of the
elastie seattering in ]\53- type theories
but it is singular for K - -m?(M>0) and
the potential \f@z) is more singular for
7-»0 then in the L=T equation ( in the ahove
case of the fourth~order squation the potentilal
is effectively less singular). These mcdifica-
tions are mathematlically simpler, then the
I-=7 ecuation, and there are rather general
methods allowing one tc obiain some aralytical
solutions for more oxr less simple potentials
/50,51/ .

There have been proposed many other
modifications of the originsl I~T equations
(Radyshevsky, Gross, Thompson, Fronsdal,

Todorov, Yaes, Klein et al. ) /454497

« They
all differ either in the cholce of the f -
function or in the cholce of the propagator:
(A+K9'{¢.,, A freedom in the cholce
of the quasipotential equation (QPE) corresvonds
to a freedom in extrapolating the scattering
amplitude off the mass shell.

C) The quasipotential equation can be
also rewritten in an explicitely covariant

form ( Matveev, et al. r54/ s see also /29/ )

‘PK (p)= J.qu g(”“?) M LPK(C/);

K+ pi-m?
= K KT

The condition K-§=( was earlier used by

KpP=0,

Markov and later by Yukawa (M-Y) /35 gox
exluding from the theory the dependence on
relative time. ( It can also be used for
choosing the solutions of B-S equations
having a finite nonrelativistic limit). The
M~-Y condition was originally invented as a
mathematical device for a conslstent treatment
of a bllocal theory of composite particles.
These ideas were recently revived by several
authors ( see e.ge. /58/ ). The physical
consequences of a bllocal quark theory of
hadrons, based on equations somewhat inter—

mediate between quasipotential and bag equati~
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ons, are most detallly elaborated by Prepara~
ta /311 s+ The main idea of the Preparata
aporoach 1s to entlrely exclude the quark
variables from the physical guantities, the

only dynamical trace of the quark structure
being supposed the bilocal nature of the hadron
flelds, This i1s in parallel with attempts to

use the bilocal curreant algebra instead of more
specific assumptiorns of the parion model

( see eog.,/34/ Js It is well known, that the
predictive power of the bilocal current algebra
is somewhat wegker than that of the parton

model /341 e Similarly, the bilocal quark theory
of hadrons, reproducing many nice results of

the constituent querk models, falls to glve

any definlte predlction ln several important

= S(e*e - hadrons ) /58/
S(e'e > puipm) !

it is also difficult to imagine a simple explana-

points ( e.gey for R

tion of the Jet structure in ¢€*2°» hadrons).
The maln advantage of the bilocal theories over
constituent theories lies in avoiding the
quark-parton paradox ( also in parallel with
the bilocal current algebra). Our point of view
1s that a resolution of the paradox can only be
found on a more fundamental level ( octonions?)
and that the guarks, while not existing as free
particles, can otherwise be regarded as real
particles of which the hadrons are composed,
For these reasons we concentrate in what follows

on the quasipotential quark models and on bags.

Return now to the covarlant quasipotential
eguation. Generallzing the M-Y condition we can
replace K, by some vector 7, . If this vector
is light-like ( A’=0, A=(4,0,0,%1))
we arrive at the simplest light-front (LF)
formulatlon of the QP equation, Several forms
of such an equation are presented to this
conference /59/ ( see also /60,61/ Y. There
also exists an extensive literature on closely
related approach of infinite-momentum-limit
bound-state equation ( see e.g. /63/ ). Here the
people depart from Weilnberg's formulation of the



quasipotential equation 1n the infinite
momentum system /63/ e The common feature of

all these approaches is to describe the bound
states in the light~front system ( or in the
infinite~momentum system).

D) Why the LIGHT-FRONT?

The I~F dynamics has been discovered by
Dirac (1949) but until recently it was
practically unknown to physics community. Later
Pubini and Furlan /% realized that the current
algebraist's life is much more comfortable
in the infinite momentum "frame® which
essentially coincides with the L-F "frame®,

As the partons can live only in such a system,
it is now most popular among theorists, The
experimentalists gradually approach this system
with growing avallable energles in CMS.

If we boost any Lorentz system in X -
direction then for P,~»0 the most natural
variables are the light-front varlables

t+2,4-2, X, 4y Denote them as

X+——2—') X-"—:’é—-z'—g) )(_f:x, Xf:y

and consider the variable X+ as a substitute for
the time variable + . The classlocal dynamics
in such variables is not simple.

Boge (O+m3)¥P=0 = (23,3.-d+m*)¢=0

and the initial value problem on the surface
X,=0 1s known by mathematicians as being
®incorrect® ( infinitely many solutiens),
However, 1f we require that these solutions
correspond to the Pfinite energy, there would
be no ambiguity in finding such solutlons /65/ .
The IL-F quantum theory for finite degrees
of freedom is not much different from usual
( as realized by Dirac). However, for infinite
degrees of freedom (QFT) the new theory is
radically different. Due to the existence of
the positively definite conserved operator
Po+Pz ( for particles with M#0, Po=SVE+mM 52 Pa

the interactions do not produce particle-anti-
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particle pairs, and onme can hope to aveid such
frightening theorems as Haag's theorem and
Coleman®s theorem /€5461/ e Let us explain
this point in some detail ( for details and
refs. see /%6/ )

1) For systems with finite degrees of
freedom we have very nice von Neumann's
theorem that all irreducible representations
of the commutation relations | Q;(p), Qf(ﬁ')]"
‘—‘-‘(SL,;J' 8(?‘5')
and so we c¢an define the physical vacuum
such that (i(P)[0>u = Qu(P)]0>gan = O.

2) For systems with infinmite degrees of

are unitary equivalent,

fresdom, according to Haag's theorem IO>P"~=IO>€M¢,

and even free fields with different masses are

unitary inequivalent! Stated in other way,

this means that A5(#,~99)0 4., does not

exist, due to the palir production from the bare

vacuum. In contrast, ,S(f+Z,—°0)fO>gw

probably may exist, due to the conservation of
p°+ Pa forbidding the pair production.

Similarly, Coleman's theorem ( "the

invariance of the vacuum is the invariance of

the world") is not-irue in the L=F variables,

as the vacuum 1s stable under the action eof any

Qo> =20

If the charge is not conserved, thea ;=0

and Q;

charge operator:

annihilates the vacuum. We see that
the vacuum 1s always autematically invariant.
Thls fact is especially useful in considering
dynamical realization of chiral symmetries /61/ .
These and other conceptual advantages of the
L~F variables give us all the reasons for using
the I~F dynamics in relativistic bound state
theory. There are also several practical
advantages of these variables: 1) The stability
group ( the little group) of the lightlike
systemy, (E2%xD)x Ty , 1s larger than the
sorresponding stabllity group of "space-like®
systems, 30, X T, , and the first has the
Galilel group as a subgroup. For this reason
the dynamics in I-F system is ( somewhat

paradexically!) very similar to nonrelativistic



dynamics 758/ , 2) It follows that the bownd
state equations in this system must be of the
three-dimensional quasipotential nature /63/ o
3) The conoept of the L-F variables proved te
be very useful in parten model, in the light-
-gone ourrent algebra, and it revealed lts
practical advantages in treating deep—inelastic
processes. To unify these semiphenomenclogloal
approaches with quark-bound-state models is
hardly possible without using the L-F formalism,.
Some preliminary attempts in this direction
were presented to this conference. For example,
the quark-counting rules are naturally emerging
from the quasipotentlal equatiens in LFV
( Garsevanishvili et al. 7%/ , Brodsky et al.
779/ | gnetashvirs 77/ , gpvintxnidze /7% ),
A connection of large and small mementum
behaviour of mesen form factors is discussed
by Terent'avy 113/
application of light-front formallsam is in

« An interesting field of

high-energy hedron-nucleus reactiens where
the constituents ( nucleons) are unconfined.
For example, by considering P‘/”/’/”’
d n
@ r:\, p
P —p
one can directly measure the deuteron wave

function T4(X, ,Ef") , as the differential
/747

cross section is of the form

Toogs ~ Getep)| Yu(x, B[

In such a way the equations descriding bound

states of nucleons in extremely nonrelativis-
tic situations can be confronted with experi-
ment, Similar equations can be used for

other relativistic bound states ( e.g., for
positronium, Faustov et al. /75/ Y+ Relativistic
nuclear physics and atomic¢ physics provide

us & very promising fleld for applications of
the described formalism. Here we know the
constituents and have a very good knowledge

of the binding forces. Confronting theoretical
results with experiment we can probe our ldeas
on relativistic bound states.
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E) Some other approaches to relativistic
bound states are based on the Kadyshevsky
formulation of the relativistic mmiltonian
quantum field theory which elegantly generali-—
zes the nen-covariant perturbation theory /768/ .
Starting froem this formulation a class of
quasipotential equations was derived. The
simplest one can be obtained ( formally!)
from the Lippman~Schwinger equation by substi-

tutions c/SS/
Ep=m+§ > £, =VF B G
and reads

Y (7)< L J(V(ﬁ-<7n<') fa(q) ;ﬂ*
Eu-Eq+i0  {mi+q?
By weans of a transitlon te the relativistie
ceordlirate space it can be transformed inte a
differential-difference equation., The relativis-
tlc seordinate space /76/ is related to the
momentum space through the Shapire /717

transformation

Fa(p)= (o (BRES T

Ye(a), =&
This 1s the natural generalization of the usual
Fourler transformation used in nonrelativistic
quantum mechanics., In fact, the fumctien
entering this expression is the relativistic
form of ‘7% and its limit for Mmoo 1is
exactly ¢ (PP g¢P1

An interesting variation of this theme
1s presented at this conference by Mir-Kasimov
et al, /78/ « It is suggested to use the rapidi-
ty variable instead of Lg: )(7 =én(Eq +I/-Em
Then (Ey-E¢) " my ~—-()(7 " and the
resulting equation in the coordinate space
is a second order differential equation similar
to the Schrddinger equation. For the S—wave
1t reads

Y L AOEY X‘ ALY

This equation is as simple as the Schrodinger
equation. The extension of this approach to



spinor particles and to the unequal-mass
problems 1s very desirable .

Starting from the Kadyshevsky Hamliltonlan
formulatlen of gquantum fleld theories a some-
what different approach teo relativistic
equations for bound states can be developed.
In this formulation mementa of all particles
belong to the mass shell ( as in ponrelativis—
tic theory). The formalism 1s particularly
convenient for comstructing the Fock space in
the light-front variables., The corresponding
equatlions for n-particle bound states were
considered by Karmanov /79/ o It would be
interesting to investigate such equations in
detall and to extend them te splnor particles.
A new feature of this equation is a dependence
of the Fock amplitudes on a unit vector which
PAp1, 1Pl 00,

However, the necessity of these new parameters

1s somehow related to

and their meaning is not completely clarified.
The consideration of some physical problems
would be most linstructlive,

A simpler approach to the relativistic
two-particle bound states without extra variab-
les 1s applied by Terent'fev 113/ to different
problems of the relativistic quark medel,
especlally to radiative decays of mesons.
Equations used by him are similar to quasi-
potential equations, constructed earlier by
Sokolov /60/ s who starts from Dirac's
formulation of the relativistic Hamiltonlan
theory., This approach aveids using the quantum
field theory and only deals with the generators
of the Poincare group. The quasipotential 1s
introduced phenomenologically, the theory is
only giving us a prescription for doing this
in a covariant way. Sokolov®!s method can also
be applied to many-particle bound-state
problem /60/ s however, the practical reallza-
tion of this possidbility is not yet elaborated.

The methods described above do not allow
one to specify the binding potential, and it

should be extracted from some fleld theory or
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be somehow guessed. We discuss several popular
potentials in the next section. Here we mention
a posslibility of constructing the two~particle
relativistic bound~state theory, in which the
"potential® is completely definéd by the
physical scattering matrix of the constituents.
As proposed by Logunov, Khrustalev et al. /80/
the relatlvistic generalization of the Heitler-
Sokolov~Wilson equation /81/ can be obltained
in the framework of the equal tine’fornulation
of the relativistic two-—body problem in QFT.
The corresponding “quaslpotential™ 1s expressed
in terms of the elastic and inelastic cross
sections of the two comstituent particles, This
method has been successfully applied to the
deseription of the high-energy two-particle
scattering. It is potentially useful for
describing the two-particle bound states. In
relativistic atomic and nuclear physiocs and

in hadron phenomenelogy it allows one to take
phenonmencloglically into account many-particle
contributions to scattering and to bound-state
energy. In the quark theory of hadrons its
application is less justified as some knowledge
of the gquark scattering amplitudes is reguired.

F) We have mostly reviewed above the
qnasipotential type formulations of the rela—
tivistiec bound-afate problem, There are presen=
ted to this conference a few more conventional
treatment of the problem. Cung et al. /82/
summarize the results of their investigations of
the two-~fermion B-S equation with the kernel
restricted to the zero relative time ( static
interaction). The approash is essentially
equivalent to the quaslipotential approach of
Faustov and Todorov /457 .
presented by Ladanyi /83/ the small distance
behaviour of the B-S egquatlon for bound states

In the paper

of a fermion with a massive vector meson is
investigated ( see also Ciafaloni and Ferrara
/83/ ). For similar ( but more relevant to

the quark model) investigations see e.g./84’85/.



Note that the authors of ref, /85/ start from
the B-S equation but subsequently reduce it

to the Logunov—Tavkhelidze equation to simplify
the calculation of the asymptotic behaviour

of the bound-state form factors. ( Compare

to /68-72/ ). Some other calculations of this
behaviour appear te a related method of summing
the "leading® contributions of Feymman

/86487/ o In this case the bound

dlagrams
state is conveniently defined in terms of a pole
in the angular-momentum plane., { See especially
Efremoy et al. /81/ ¢+ where the method 1s
consistently used for investigating the
asymptotic behaviour of form faoctors, and the
validity of the quark counting rules. Finally
we mention some diverse results in the theory
of the B-S equation which are related to the
probhlems disoussed above., New exsmot selutions

of spinor-spinor B-S equations are obtained

in references /88/ « In ref, /89/ exaoct

upper and lower bounds for the sum of scalar
ladder diagrams are found. Glimm and Jaffe /2%
have given a rigorous proof of existence of
two-particle and three-particle B-S kernels in
the Euclidean region for a wide class of twow
~dimensional scalar theories. The structure of
the three—-quark B~S equatlon is poorly known.
An investigation of the general spinor structu-
re of the bound-state wave functlons is
attempted in /91/ ( see alse /61/ ).

Concluding this rather lenghthy and by no
means complete discussion of present trends in
the relativistic theory of bound states it is
to be emphasized that up to now there is no
formulation of the theory which is adequate
for solving all problems, occuring in physical
applications. For different problems we have
to use different metheds. In general, the I~F
quasipotential equations seem to be most
appropriate for describing relativistic bound

system. However, the B-S equation is better
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sulted for extremely tightly bound states
(e.gey for zero mass bound states to be

discussed in section 3,.5).

3e4., Interquark forces

Once the equation is chosen the next ques~
tion is: What is the (quasi)potential aoting
betwesn quarks, The symmetry properties with
respect to the colour and flavour groups have
been disoussed earlier: 1) The potential
cerrespords to the exchange of the celour-gauge
bosons and most probably is colour-censerving.
2) It either is flavour-cinserving or has a
small symmetry vielating term. The main flavour-
symmetry violatlon is assumed to be attributed
to the different masses of quarks., 3) As is
argued in the next sectlon it probably involrves
a plece corresponding to the exchange of
Tiavour-gauge bosons. Such terms are desirable
for spentaneously generating guark mass differen-
ces, As to the spatial dependence of the poten—
tial, the choice between different possibilities
i1s much more diffiocult, We summarize here the
most pepular potentlals together with new
ones presented at this conference.

1) The %good 0ld" eosclllator potential
( see e.g. /255324531 \(n)= A7C?
or the "bag-like® oscillator potential Vi = Vo*d7’

/13,92/ ). These are most popular due

( eege
to avallability of the exact analytic

solutions for some of the bound-state equations
mentioned above. The Regge~trajectories for
these potentlals are linearly growing with M?

( or S ). However, the form factors Feg?)

of bound states have a pathological dependence
on the momentum transfer 71 and the predictions
for excited states are unrealistlioc. Thus the
oscillator potentlal can be consldered only

as an approximation to the ®"realistic® poten—
tial, which is only adequate for describing

some properties of low~lying states of composite

hadrons.



2) The QCD-potential Vpcs(2)/1Y/

\/;w ~ AT

> 700

Herse §('z};_\,:[61(%a)]~&, A>0 , This poten~
tial has a singularity at infinity. For 70
it 1s singular 1f 4 <7 and regular if A > 1
/38/ + Such potentials have been applied to a
description of the 6/57 states and especially
to the charmonium spectroscopy. For a summary
of the corresponding calculations see the
invited paper of Mir-Easimov /93/ ( see also
/34/ Yo In all these calculations either
Schrodinger or some quasipotential equations
have been used. As many questions to theory
ard experiment are yet to be answered, it
would be premature to draw from these caslcula-
tiens any definite conclusion.

3) Some other oonfining potentials are
discussed at this conference. Skachkov /95/ ’
generalizing Kadyshevsky approach /76/ y obtal-
nes a quasipotential eguation fer the ¢ 77-
system with the potential Ve(t)=(Yn2)”'clo(tm?)
where m  1s the mass of the quark. /7 1s
the only free parameter in the equation, and
fixing it, say, by the requirement that the
lowest state is the
a sequence of the excited states ( My:lloo

Mg..= 1465 MeV etc.). Unfortunately, the

? -meson one can predict

MeV,
gquarks are supposed to be scalars and so the
spin effects have net been discussed, Another
attempt to confine guarks 1s presented by

s Who "simply" changes the sign
of the mass of the gluon (/44 >~ M ) in the
space-like part of the gluon propagator, thus
arriving at the potential Vg (’Z)q’j_’w'z'i e””

Guenin 796/

( the gquark propagator is not modyfied). It is
not clear at the moment whether the corres—
ponding theory remsins causal. The phenomeno—
logical applications are not dlsocussed.

4) Dolgov /37/ gives some arguments
in favour of a double-well structure of the
qc7-.potent1al. He starts from the Blokhint-
sev et al, /98/ quasipotential equation and
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observes that the structure of the equatlon
itself dictates a double-well form of the
effective potential in the radial equation. It
18 possibly true for other gquasipotential
equatlons for spinor particlese. This idea is
attempted to he applied to explaining “}’ -
particles witheut new quarkas.

5) It 1s known for long that a spherically
symmetric well potential glves nice phenomeno-—
loglcal results in the guark model 123/ + Such
potentials naturally arise 1n an approximation
to MIT~bag model ( see sect. 3.1 and 3.6).
Another source of similar potentials is the
exchange of infinite number of resemances
with an exponentially growing mass mectrum
(5(/4}“—2'% /99/ | as the exchange of one
particle results in the Yukawa potentlial
n-lg" , the exchange of ogoul/f Sim)
particles gives rise to the potential

gM"
z

Vo) ~ {dpe ST

having a singularity at the finite distance
from the origin ( FDS=—potential). Smeh
potentials can be obtailned in a non~polynomial

~ (’I—Q)’i
rdad:1

£1e1d theory /9%/ | or in theories with
infinite-component fields /100/ « Properties

of the pion have been lnvestigated in the madel,
supposing the guark motien cen bhe deseribed

by the Buclidearn B-S equation with the kernel

( potential) Via)= g'(zi-a?)™?
meter & 18 fixed ( @ = 3 &£ 4 GeV) by coenside-—

+ The pATA~

ring the empirical mass spectrum which in

fact is exponentially grewing up to 2 GeV. The
Temaining two parsmeters @
determined from the eigenvalue condition for
the pion and from [ ( T—pmv)
tions for F(k""n’), T,
of the plon Regge~trajectory A ;;

and ”17 are
+« The predic—
and for the slope
are in
good agreement with experiment. The most remar-
kable prediction is the presence of oscillating
-6 aVE
terms ~ 7 %caa( T)

Frz(‘t‘)

( in form factors
°N
and elastlc cross seotions 577; (PP



for large space-like t . The period of the
oscillations is predicted to be AVE = ZL~3=Ya/
in a striking agreement with the observation of

/1o1/ « We are not aware

Schrempp amd Schrempp
of any other natural explanation of the

oscillations in 5%26Q941 found 1n 7101/ |
Kote that the Regge trajectorles for the FDS—
-potentlal are approximately linearly growing
with mass M ( net M2/

that a faster { linear in M? ) behaviour will

)s It is assumed

result from the contributions of imelastic
channels opening for large M . The theory with
energy independent potentials is supposed to
be applicable only to lew-mass hadron states,
Finally, the FDS potentlal strongly coamfines
quarks but the confinement is only partial/®%/ ,
We discussed deverse coordinate dependen-
ces of the interquark petential for ?éi—sys~
tes, For choosing the moat realistic one it 1s,
first of all, necessary to conslider the
corresponding three quark potentials and to
investigate the radially excited bound states
of the three gquarks, Very little has been
done along this line ( except for non-relativis—
tic and simplest relativistioc equatlons with
Vise (1) e To probe the radial dependence
of the ¢J— potential the decays and the
radlally excited states of mesons should b2
carefully investigated. Due to opening imelas-
tic channels ( (99)->(99)(99) etc) this
is ( at leastl) a many channel problem which
has not been discussed in detail. In addition,
the experimental status of exclted mesons is
rather unclear. We diascuss a possibiiity to
by~paess these difficulties in sect. 4.

3.5« Chiral symmetry and quark masses

There are other difficult problems of the
quark dynamics which have not been discussed
above, 1) What is the origin of the flavour—
symmetry violation ( assuming the fundamental
interaction is symmetry preserving)?
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2) What is the origin of the approximete chiral
symmetries ( e.g. SU(Z)R x 8U(2), , SU(3), =
50(3),, eee )2 3) What is the origin of the
quark masses and of thelr differences? A1l the-
se questlons are obviously interdependent.

In semi-phenomenclogical theories it 1s usually
assumed that the strong interaction of gquarks is
SU(3) end SU(3), =x SU(3), symmetric, and the
observed symmetry-breaking effests are

ascribed to the quark-masses, At a more fundamen—
tal level we have to investigate seriously the
third questlion, One promising approach to this
rroblem is based on the unified gauge theories
of all interactions ( see e.gZe 720/ ana
Slavaov®s talk at this conference), Another,
less ambitious one, is formulated within a
semiphenomencloglcal scheme of quark-quark
interaction which simultaneously gives twe
apparently different effects: binding quarks

and providing tkem with masses and mass
splittings. This appreach uses the mechanism

of dynamical realization of symmetries which
first has emerged 1in Bogolubov's theory of
superfiunldity /102/ and subsequently has

been applied to ferromagnetism, superconduncti-
vity, etc. The main ldea 1s that the ilnvarian—
ce of the Hamiltonian needs not o be the
invariance of the ground state., To obtain such
a solution we have first to remove the degene=
racy of the Hamlltonian by adding some
symetry-breaking term. This symmetry breasking
1s switched off only after {indling the desired
solution. If there exlsts such a symmetry-
breaking solution then, generally, there appear
some zero-mass excitations ( quasiparticles)
which, in a sense, restore the original
symmetry. The ground state contalns an infinity
of such quasiparticles ( magnens, Cooper palr,
etc.). These ideas in the statlstical physles
were first formulated by Bogolubov /2977,

Their relevance to problems of elementary
particle physics was discovered by Nambu and
Goldstene /104/ « We will call this appromch



the Bogolubov-Nambu~oldstone realization
of symmetry ( BNG), Nambu also suggested to
treat the pion as the massless particle
corresponding to BNG—realization of the chiral
symeetry SU(2), x 8U(2), . Examples of the
quantum fleld theories with BNG~realization
of the chiral symmetry U(1), x U(), were
first treated by Arbuzov et al. /105/
(two~dimensional) and by Nambu and Jona -
Lasinio 7106/ ( four~dimensional),
Following this line of thinking consider
/1077 tpe U(n)k x U(n), symmetric theory
( for definiteness consider n=3) of n mass-
less quarks interacting through exzchange of
vector ( or axial) gluons
b P
——
\lij,é'j'(P'P'/': AR,
2e=d A

y
£
$ gluons
?

singlet

%g:i
We treat this interaction as an effective

potential ( propagator). As we are not talking
about three guark states we can be temporally
"colour~blind®, Then the equatioms for the

propagator of quarks are of the form

() (0
G i G m i
+ -

Mo=0 (] i+t

For different potentials ( e.g.y for FDS—poten-
t1al) these equations have solutions corres—
m, =m0 o If there is only
the SU(B)-singlet interaction, then there are

ponding to

9 massless pseudoscalar bosons, If there is

also the SU(3)~octet interaction, then different
possibilities arise due to strong mixing

of the quark configurations

U iy
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A very preliminary statement is that in this
case only one pseudoscalar state remains
massless, others can acquire a mass. One can
alsc hope to arrange the relative singlet-octet
coupling strengths so as to split the masses of
quarks, This has been done in some simple
models with factorizable partial wave poten—
tials Ve(p.9) (Ve

tum projection of V(pP-9)

is the angular-somen-
) /107/ | Phis
probably opens new way for solving the three
distinguished problems., Unfortunately,
"Things Take Time" , To demonstrate the
consistency of this approach we have to do a
lot of job: 1) to find a non~trivial symmetry-
=breakling quark propagators by solving the
system of nonlinear equations with a reglistic
potential; 2) to f£ind the solutions of the
corresponding linear equations for pseudoscalar
meson bound states ( the B-S equations with
the "exact" non-symmetric quark propagators);
3) to demonstrate that the ¢§-9J  Green's
function has correspending poles and/or to
incorporate in this scheme a cenfinement
mechanism,

These problems are essentially unsolved
even in the technically simpler "finite quantum
electrodynamics® of Johnson . et al, /108/

( for new results and refs. see /109/ ). In

the paper presented at this conference Fukuia
and Kugo /110/ attempt to solve the non-li-—
near equation for the electron propagator

introduced in refs, /108:111/

o« They claim the
propagator to have in the time~like region
neither poles nor cuts for arbitrary e?

and interprete this as a "confinement®. The
absence of the pole can be proved quite
convineingly, but they give no proof of the
absence of a branch-~point singularity. As a
matter of fact, expanding the self-energy part
Cf(Pf) of their electron propagator in a
series of powers of &= eYx ( which is
convergent for small enough values of A )

one can easily demonstrate that any approxima-



tion to G(p? bas a branch point at P =-570)
It is rather dlfficult to understand why this
singularity could completely disappear in the

sum of the series. This sum most probably has

a branch point either in the time-like region
Pz—-plane ( in a vicinity of
PE;-G@U for smallck)Remark in passing that there
exist suggestions ( Dubnilkeva, Efimov /112/ )

or in the complex

to describe confinped particles by ¥propagators¥®
having no singularities in the complex p{—p1a~
ne except infinity ( an integer function of PZ Je
An lnteresting question is: can such "integer®
propagator naturally emerge in any quantum field
theory? We think this problem has something to
do with colour—confinement mechanlism dbut a more
serious discussion of this point ls impossidle
at this moment. The propagator of ref./llo/ is
almost certainiy net an integer function.

Some other aspects of the BNG~reallzation
of chiral symmeiries are discussed at this
conferencs. N.N.Bogoluboy ( Jr.) et ai., /243
investigete in detail the structure of the
vacuum in the four-~fermion theory of ref./1°6/

Wy using Bogolubovis transformation.

Kleinert /114/ and Pervushin and Ebert 7116/
try to aroid the detalled discussion of the

quark dynemics and to comstruet ( without really
solvipng the dynamiocal equations) a semiphenomenoc-—
logical theory which can be confronted with the
usual SU(3), x S8U(3),
is achieved by ¥hadronlzing® the quark

algebra of fields. This

interactions; l.€.; by excluding the quark fields
from the dynamios. This approach looks interes-
ting but the important things must be oclarifled
before we can reach some definite conclusions.
Without solving dynamical squations the meaning
of such approaches 1s not clear. In additien,
sceme latriguing problems of the chiral quark
theory - the ?*@’ mixing, the problem of the
BNG-nature of pseudoscalar mesons { the so-
called U(1l) problem)are not touched upon in
this appreach. The U(1) problem can be formula-
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ted as follows. In any quark-—gluon theory the

chiral symmetry is [/(3), x U(3). , instead
of the phenomenological SU(B)R x SU(3zf In

the simplest models this results in obtalning

9 pseundoscalzr massless mesons instead of
desired 8 ones. This 1s reflected in some
unpleasant features of the corresponding current
algebra which can not be discussed here., The
approach based on the nonlinear equations

for the quark propagator probably offer a rew
possibility for the solution of thls problem.
An aliernative approach based on the unifled
field theorles ls developed by Weinberg /116/.
The present status of chiral phenomenology
has been recently summarized by Pagels (see/117/

where further references ocan be found).
3,64 Attempt of synthesis in dbags

The modern fashionable bags contain the
guarks and gluons and pretend to simultaneously
incoerporate the equations of motion as well
&as the forces keeping the guarks inside
hadrons. There are different sorts of bags
which I will not try to describe here. On the
parallel session they were discussed in some
detail dy Weisskopf, Kuti, P,Bogolubov,
Struminsky and Mattev and here I only swmmarize
several important points ( for further
references and detalls see these Proceedings
and /118-121/ .

The MoIsTo bag is the most natural
relativistic generalization of the Dubna bag.
the new Teatures are the following: 1) The
external pressure B is introduced to balance
the internal pressure of guarks and gluons
moving inside a sphere of the radius. 2) The
radius R is net fixed and is determined by the
condition of the minimum energy of the system.

This energy is the sum of the three terms:

M = [[/lu (mi + %fi)‘/z + g (Mg + %j.z)‘/z] +

+[%"7[!€38"' %‘EJ -+ AE( ©



Here /lu,Ns are the numbers of non-strange and
strange quarks resp.; %9@
the quark, which is derived by solving the
Dirac eguation in the infinitely deep spherical
well, The second term represents a "renormas

lized zero~point fluctuation" energy, and the

is the momentum of

last term 1s the colour interaction energy which

is responsible for spin-spin ( hyperfine)
splitting of hadron masses ( this effect was
first observed in the frame of QCD by De Ruju—

la et al. /122/ )e 3) This expression was deri

ved by using an analogy between massless colour
gluons and photons, the colour playing

the role of the electric charge. The colour
gluons were confined by brute forece inside the
bag and the result of such a brutality is. nice

only the colourless states can be stable.

’

4) The spectrum of excited states is exponential-

1y growing in this model ( &(M)~@ “e Ye
The Regge trajectories A (M?) are also infi-
nitely rising but for the spherically symmetric
Yag the dependence on M’ is nonlinear,

We have just described a somewhat modified
version of the M,I.T. bage. The main modifica-
tion concerns the introduction of the quarks
as polnt-like massive objects interacting with
the coloured gluons. This modification of the
original M.I.T. bag has been suggested by
Kuti et al. 7729/ ana by De Grand et a1./t1%/,
When confined to a fixed sphere, the modified
M.I.Ts bag reproduces phenomenological results
of the Dubna bag and, in addition, lncorporates
all good features of the QCD—approach/1°7’122/
to composite hadrons. Note that the confinement
of the colourless bound states is in this
approach an immediate consequence of the
confinement of the gluons inside the bage In
general this bag picture 1s successful in
qualitatively describing the lowest-lying
states of baryons and mesons. However, further
improvements are required 1f we wish to
account for excited states and scattering

Processe Se
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First, the shape of the bag should be
not fixed if we are to consider the processes
of the fusion and fission of bags. As shown
by Low /123/ the high-energy scattering of two
bags can successfully reproduce the main
features of elastic and inelastic processes
of hadrons, provided that the bags are allowed
to assume highly non-spherical shapes., With
strongly deformed bags, we can also obtain
a good description of hadrons with high values
of the angular momentum of quarks and explain
the llnear growth of the Regge trajectories
with M® 7124/
baryons 1125/ is also naturally included in
this plcture 7124/ .

« The diquark structure of the

A variational approach
to treating the static propertles of deformed
bags is presented at this conference by

De Tar 7126/ | 4 more radical modification of
the bag model is suggested by the Budapest

/1197 « They supply the bag with an

group
elastic skin ( or "membrane®) which enters
into dynamical equations as a new varlable,
thus allowing for the canonical quantization
of the whole system., The phenomenologlcal
motivation of this step is mainly in the fact
that with the soft gluon~guark interaction

( this hypothesis lies at the heart of the
bag-phenomenclogy) it 1s difficult to explain
the momentum sum rule in the deep-~inelastic
scattering ( the missing momentum is ascribed
to gluonsy and yet the interaction of quarks
with glucns is presumably weak). In the
Budapest bag the missing momentum 1s possibly
carried by the membrane, But now the question
is: why the interaction of the membrane with
quarks does not produce a large number of 75'?
Being conceptually transparent the Budapest
model is technically more complicated than the
MIT model and phenomenologlcal applications
are still to be worked out, We hope that the
relevant guestions will be answered next

year at the Budapest conference.



An interesting question to the bag-theory
1s: how to explaln the nuclear structure?
Without colour gluon exchange the lowest
energy state of the 6 quarks would be a six
quark bag and not a two=bag system represent—
ing a deuteron. With colour gluon exchange the
six quark dbag can be viewed as a system of two
three-~guark bags thus really representing

the deuteron system 7121/

+ For many-nucleon
systems an interesting phenomenon is
predicted /128/ » At some quark density, higher
than in nucl ear matter, the "bag" will become
the lowest state again, and a phase transition
from nuclear matter to "quark matter" is
possible, A simplified treatment of the deuteron
as a six gquark system is presented to this
conference by Babutsidze and Machabell 7129/ .
They put all six coloured quarks in an effective
potential well, described by an oscillater
potential, and classify the colourless states
by using the methods of the nuclear shell model,
The phenomsnologlcal results seem to be
satisfactory yet the physical motivation of the
calculations is not comvincing. There is no
two~bag struacture of the deuteron, and it is
not clear why the energy, says; of twelve—guark
systems is not lower than that of the “deuteron®,
In general, the bag approach to nuclear
physics opens new ways for lmvestigating the
nuclear structure, but before a quantative
approach 1s possible, many important points
have to be clarified.

Recently, it has been realized that the
bag=like models predict an essentially
richer spectrum of hadrors than non-relativis—
tlc potential models ( including the Dubna
bag)s In fact, all kinds of exotics are
predicted to exlst with masses comparabdble to
masses of the usual hadrons: ( 99 §9)
Jre,
exoltations corresponding to center of mass
/120/

bound states, the mesons with exotilo

motion,eto. « These predictions are not

in agreement with present experiment, as the

empirical mass spectrum is rather sparse. In
the contribution by Jafre /120/
made to identify the predicted (99)(Jq)

an attempt is
sta~
tes ( "cryptoexotic® mesons) with some more

or less established resonances. However, this
seriously aggravates the well-known difficulty
of mlssing q§— states, We conslider the whole
problem as essentially unsettled both from

the experimental and theoretical sides.

The most interesting alternative to the
MIT bag is the Vinclarelli-SLAC bag /12%/

Unlike the MIT orcw, the BLAC-crew starts from
a field theory with a spontaneous symmetry
breaking of the vacuum, Hence, the fundamental
role of scalar flelds in this approach, However,
the surprising feature of the SLAC~bag 1s

that the quarks concentrate near the surface

of the bag which results in some not pleasant
phenomenological predictions. The modern
development of SLAC~bag is connected with
solitons and 1s outside the scope of the present
review, Some interrelations between SLAC and
MIT-bags are dlscussed by Huang and Stump/13°/.
Using the variational approach to a model of
quarks interacting with a scalar fleld, they
obtain two solutions. One is similar to fhe

MIT bag, either to the Vinclarelli-SLAC bag.

We have forgotten to mention two more
probiems of the bag theories. In the MIT-—calcula-~
tions it is supposed that the quark-gluon
coupling is rather weak so as perturbation theo-
ry with respect to this interactlon be sensible.
In fact, the phenomenological applications
require rather a large value for the coupling
( de = 2.2)
A = 1/137 ( the authors

constant Ae similar to the

Scmmerfeld constant

/118,120/

of refs. erroreously quote the

value dc = 0.55, see /11s/ ); Kobzarev and

/131/

Mat'ev suggest a remedy to cure this

desease at the price of the introducing
new parameters in the theory ( see these

proceedings). We also have tc note z difficulty



of the Vinclarelly-SLAC model in explaining the
observed scaling in deep-inelastic scattering
processes.As suggested by Giles A/ s this
d1fficulty can be resolved at the expense of
supposing the surface of the bag to be extreme—
1y soft to deformations, Then the surface 1s
considered as a dynamical object ( like the
Budapest membrane) and the theory becomes much
more complicated than the original one, Only
semiclassical solutions have been investigated
up to now,

Concluding this rather sketchy discussion
of bags we may generally state that the bag
theories are successful phenomenologlcal
theorles of hadrons made of coloured quarks and
coloured gluons but they certalnly do not
constitute a fundamental theory of matter. The
origin of the volume or surface tension, of
symmetries and of thelr bdbreaking and of quark
masses 1s not explained. For example, bags are
well sulted for a description of the broken
SU(6)-symmetry but not for the more fundamental
sU(3), x SU(3), or at least su(2), x su(2),
chiral symmetries. There are some attempts to
incorporate PCAC in a bag-theory at a purely
phenomenological level ( see e.g. papers /132/).
In these papers the pion 1s treated as an
unconfined field interacting with a bag surface,

4, Quarks and Experiment. Conclusions.

Now we briefly consider some problems
conc erning the comparison of the guark model
with experiment. The status of the baryen
spectroscopy has not been significantly
changed after the London conference /1/ ( see
also 7133/ Y, and we will not discuss it here.
As to the meson spectroscopy, there is a dra-
matic change due to discovery of the new
heavy resonances which we identify with charmed
particles, Here we will not touch upon the

details of the charmonium spectroscopy as well
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as the new data on the "old® particles. Instead,
we concentrate on some of long standing
contradictions between the quark model and
experiment 1) The masses of all well-established
mesons ( except pseudoscalars which require
a specigl treatment) can be described by a
remarkably simple formula /107/ +» The formula
1s obtained as follews. Consider some equa—~
tilon for the 9? bound—~state wave functien
W of the 1~th and j-th quarks ( 1 and j
are the flavours of the gquarks) which we write
in a rather general form
(R~ K(Mmi,m)] Wy = O

2

KZ(M,mt‘,m,')= 'g—‘ -

mismi | (mi-m})*
2 yM?
Here EIJ' is assumed to be some operator
which does not depend on the quark masses /¥,
snd M; o We suppese that Rq’ has the
eigenvslues 7; gependin.g on the orbital
angular momentum [/, and on the total spin

of the quarks as follows:

r4 .. 2
T = "Zo + %J_L- %’}Lg(,guﬂ-

+ ML (T +1) ~L(L+1)- $(3+2)]

where J  1s the total spin of the bound sta-
te, We introduce here the spin-spin and spin—
orbital splittings and a linear dependence of
the eigenvalue on [, ( this corresponds to
linear Regge trajectories of mesons), The
equation of suech an abstract form can be
obtained in different guasipotentlial formula~-
tions of the bound-state problem; the B=S
equation for M>> M., M, can also be approxi-
mately reduced to a similar equation 7101/ .
However, our specific Ansatz for 7.  is of
non~relativistic origin., We simply try to
dramatize some problems concerning the meson
mass speotrum, ( Without using the above
expression for ‘7, , the mass relatlons for
states with equal J, 4,8 can be obtained
supposing 7;; 1s independent of Lf e
The expression for the meson masses is

now obtained by setting KM, mim;) ="



The resulting mass formulae neglect the mixing of

diffevent quarks ( say W& <>SS ) in the
isospin-zero 757— states. The mixing can be
considered by writing the equations for these

states

[Ri- K¥Mmem) ] Ve = ZZ%:E‘L‘ =

=82 605%0;  By=t
o

This mixing follows from the specific flavour—
—exchange mechanism discussed in Sects 3.5, A
similar form of the mixing matrix has been
proposed by De Rujula et al. 122/ ( mixing

in the mass matrix) and by Fritssch and Minkowsw

ky ( mixing in the mass-squared matrix see’ -4/,
where further references can be found). Our
equations generalize the previous approaches,
the quark dymamics is impliocitly lncluded in
the dependence of KZ on masses and in the
eigenvalues T.i . Note that our mass formulae
in general are nelther linear nor quadratic

in masses, For L =0, with no quark-mixing (£=0)
and with #,=mMy we obtaln the linear mass
formulae o=y , Myx = :;_'— (Me+Me)

which are satisfied within 1%. To acceunt for
W-p mixing, corresponding to 85 e U, dd
mixing in I=0,L4=0,8=4,J=41

state consider the equations for ry.j'uu, Yo
and %s with some mixing parameter Euzne

By applying the Schrodinger method of Ffactori—
zation ( see €.8.y /135/) one easily obtalns
and Mg

2
one unknown parameter £wcp

the expressions for ms in terms of
( other parameters
in this case are determined by the masses
of K* and © ). The predicted mass of the
¥~ meson is in good agreement with the

7139/ « The treatment of

experimental value
mixing the I=0, L=4, $=4,J=2
state requires some additional information

on the coefficients ?L‘j .
These can be determined by fitting the

general mgss formulae ( with mixing) to the
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masses of the well-established mesons, The
result is rather interesting ~ the parameters
Bu«, _§u,5, _?55 ( fdd = _@uu , fds = uBlAs
~ by lsospin invariance) satisfy the relation
$us= % (Buu+Pss)
these parameters are in faoct not large ( Buw =
0.872, fus = 0,942,  §s5 = 1.015) the multi-
plicative relation ?:5 = ?«u fss
is alse very well satisfied. To our knowledge
there are no arguments in favour of the
additive relation but in the contribution teo
this conference by Pasupathy 7136/ it was
demenstrated that the multiplicative one
prabably follows from duality 7131/ and from
factorizatlion property of the Regge-pole
residues /138/ .

An interesiing property of the Regge
trajectories is that they seem to intersect in
the same point of the L,M® plane, This fact
for the .J — trajectories was also observed
by Becher and Bohm 147/ | 1t can be quali-
tatively exp]_.a.ined by a somewhat smaller
radius of the particles contalning heavier
quarks, Azimov, Frankfurt and Khoze also
proposed that the radius of charmed particles
1s dramatically smaller than that of “usual®

particles .

2) As was emphasized above the pseudosca~
lar mesons require a speclal treatment, Here
we mentlon the most mysterious /- ‘Z’ problem
and the pion mass provleme. It is now generally
believed that any solution of both problems
1s possible only in a theory explaining the
broken chiral symmetry. As discussed above
-7

problem., Both relate the large mass differen~

there exist two approaches to the

and J{ and the violation

of both gquasdratic and linear relations iz'#K°7Z’
to a strong mixing of SS and UK ( ordJ)
in I=0,L=0,8=0 chanmnel.

ce between /4

As the differences between



In QCD this mixing is due to the diagranm

PR

where coloured gluons

¥  are exchanged in
the S—channel.,. A more phenomenologlecal

explanation i1s presented dlagrammatically as

S u

g a
where strange ( flavoured) bound states and
resopnances are exchanged in the t-channel
( see Sects 3.5).

For both mechanisms the mixing matrix
can be written in the form 55}"52 for all
and j o This mixing matrix was introduced
abore 1n the equation for % e The resulting
expressions for the masses of /4 and '2'

are of the form

Ni=mé-6ei- 2Y9eY+ 4% (a7 +287)

“=mg-6el+2/9e" + 4% (4TF2ET

Here A= mi-mi=K*(K*~9)= 01064,
mi= K+ Y = 0.2916 the only
unknown parameter being &7 .As m}:::'zz=0.30/2)
the approximate value of £° 1is &’ —g—f=*0.053.
With this value of £° the prediction for %'
1s /' 22 0.963 whiochis in very good agreement
with the hypothesis that #’' — meson 1s X (953).
However, in thls approach the pion mass l1s
defined by the relation X °'=M5~24% (=4’
for £=0) and JT = 0,280
as large than the experimental wvalue., We conclude

is two times

that the pion wave function canneot ,fbe desoribed
by this simple equation, The ideas described in
Seote 3.5 mlght be relevant to this problea
but no successful model is available at this
moment.,

Fritzseh and Minkowsky 7134/

used the same
nixing matrix for the mass squared matrix.

Their results ocan be obtained from our formulae
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1f we write M§ =Kz=0.2757, A2=§-(I<z—ﬂ"}= 0.1134
Note that this value of A? disagrees with
that obtained from the vector and tensor meson
masses: Ai = (K"" ?2)/2 = 0.089,

A2 =(K®-AZ)f2 = 0.150 .
nevertheless, try to describe 7
by thelr formulae with &°

If we
and §'

defined by the

) - mass, £, =-0.200, the prediction for

#' 1s h' = 1l.8. Alternatively, defining

E? from X-mass, we find E£3 o= —0.056,

#7 = 0450. This clearly shows that 'Z and X
do not satisfy the equations. A much better
fit can be obtained witk /#' = E(1.42). There
are other schemes in which the mass of the /7’
is predicted to be close to the mass of the
E-meson. For example, Caser aund Testa /140/
came to this conclusion by using a variant
of infinite momentum frame current algebra
for descriting the chiral symmetry breaking.
They also suggest ideatifying the X(,958) with
an gimost pure glue state.

Attempts to preserve the identification

'Z's X(.958) are based either on introducing
some admixture of glue states in the ’Z and /Z'
/141/ or on using different mixing angles @7,

By /14241227
standing problem it is badly desirable to
establish the
X(.958) and B(1.42) and to obtain a more
detailed and credible experimental information
on radiative decays in which these mesons

« To solve this long

JP ~quantum numbers of the

particlpate., In contrast with the statement
of PDG 7133/ s the present status of the
quantum numbers of X(.958) is very controversial.
This was olearly demonstrated at the Confersnce
by Oglevetsky and Lednicky ( see these Procee—
dings). Unfortunately, the state of the art in
the meson radlatlive decays is also far from
satisfactory ( see e.ge. /143/  ap3 the invited
paper by Gerasimov), In addition to defining

the JP- quantum numbers of the X and E

the most important experimental problems are the

measurements of [-’(X"fob')) L(x=¥¥},[(p=7¥)



[(K'#5K%y) + New messurements of Cly-yxy)
and [(71°>¥¥) not using the Primacoff effect
would be also welcomed, in view of their

utter importance for theory ( esp. for quark
models).

In recent paper /144/ Greco and Etim=Etim
have constructed a model successfully
desoribing all the known meson radiative
widths exvect [ (p-7)) . Not judging their
general reassring, we only rekark that the naive
quadratice /-7’ mixing is used for caloula-
timg decays with %  and 7%’

clear from the above disoussion, this uwnavoidab—

e AS must be

1y resvlts in severe diffiocultles wltih mass

formulae, which sre not dlsoussed in the paper.

Finally, consider the new particles. If we
suppose that ¥ 1s a pure CC state then owr
formulae immediately give the predictions

D=L (¥Y+9) =~ 1.93, F =%(F+¥) = 2.06.
Foxr the pseudoscalar mesons 1f we use the same
m; as above, we will find D = 1.64,
F= 1,87,
input D= 1.87 , we find Xz = 3.1. Trying

Xez = 3,01. If we use as the

all possible modificatlons of our equations
X cC

low as 2.8 GeV, We think that the most

we never obtain the mass of the as
plausible explangtion of these discrepancies
i1s the possibility of mixing the CC states
with ¢t or bb states ( the admixture of &,d
quarks does not help). There exist good
candidates for L=1 CC mesons ( see Wiik's
talk, these Proceedings), If we draw the
straight-like
through the point in the L,m® plane in which
8S,Ul and US trajectories intsrsect,
we find that the orbitally excited states of
cc
we have obtained that

L ~ trajectory for cc

must lle near 3.6 GeV, More explicitly,

?ss - ?su
Asu

ﬁsu - ?uu
Asu

0.67.

—~

C154

AY

Let us suppose that the same is true if we
replace the Seguark by the c—~quark. Then we
obtain ?az 3.9 which allows us to estimate
the masses of P, and P, ¢{ mesons. However,
the SS and LS splittings for present candidates
are difficult b explain in usual terms and this
possibly tells us that we have no simple ccC
states but some more complicated mixtures of
¢cC quarks with other new quarks,

3) In conclusion we briefly discuss the
problem of missing particles. A more detailed
discussion of this problem can be found in Ref.
/133/ « We mention here only the most notorlous
Ai-problem. Practleally all varlants of the
quark model predict J’ =4**particle with mass

~ l.l GeV, However, the latest very goed
experiments fall to confirm that the Ag(41)
bump can be interpreted as a resonance, and
there are no other candidates for such a
partliole, A possible explanation of this phenome~—
non Bay be searched in the influence of the
(99)(49)

decay the contribution of the rescattering

channels., For example, in the

process
T ¢
3 . L.
al ' i T
A
e Ua e Tl
is rather large ( due to the large f.’fl?.'ll'

coupling and the large radilus of the Il - exw
change interaction). In addition, there are
other two-meson channels strongly coupled

to As and to each other. It is  possible
that the interaction of all these channels can
spoll the simple quark model picture in which

A: 1s regarded as the pure 9‘?—- state., The
detailed investigation of this problem would

be very desirable. A preliminary discussion

of some related ideas was attempted by Dashed and

and Kane and by Badalyan, and Simonov /145/ ’

see also 7133/ o
A similar mechanism can spoll the quark

model prediction for [ (p»xy) ana [ (W=TY).



In the W-T)Y decay the chaj.n
w --—-~-Q:Q"""""‘
g ,
7 (I::D‘“‘“"‘

may glve a large coniribution to the decay
rate, and there is no similar contribution
C(p-my)

be relevant to ab;ﬁx

to the » Such mechanlsms could
interactionsy, as recent=

ly observed by Okul\@' and Voloshin. They

made of o0

which are bound by the plon exchange.

proposed the "hadronic molecules®
ana O°
The first discussion of the interaction

in the exotic channels was given by Shapiro et al.

1148/ whe investigated the interactions
in VNNV

ty of exsistence 9f rather narrow MV eS80~

channels and demonstrated a possibili-

nances. The present state of arts in this fleld
was summarized at the conference by Shapiro

( these Proceedings), Additional information
can be found in Rosner's review 33/ .

The moral of this sketchy disoussion is as
follows. The naive two particle (79”-} model
of massive meson resonances is certalmly too
naive., The exotic (7‘7)(7‘7) channel cannot be
neglected for large masses when many channels
are open or almost open, and we face an unplea~
sant situation: with growing mass of the 7:7—
bound state, the 7‘?— interaction 1s becoming
simpler ( the exchange forces are dying away,
the 0ZI-rule is becoming exact), but the
influence of exstic (7‘7}(?‘?) channels can
spoil the usual quark model predictions.
Fortunately, the existence of the new ( charmed)
particles provides us with the unlyue possibl-
11ty of tke pure <]<? high mass rescnances
which are not spoiled by {§9) (99)
admixture.

In this brief discussion of the experi-
mental status of tke quark model we concentra-
ted on some unsolved problems, leaving its
numerous successful predictions aside, It mast

be stressed that there is no substltute today
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for the quark model in explaining diverse
experimental facts in strong, weak, and electro-
magnetic interaections of hadrons. Despite the
existence of some unsolved thevretical and
experimental problems we may conclude that the
quark model is in a very good shape 1n Tbilisi!

A preliminary version of this review was
critically discussed by HN.N.Bogolubov,
A.AJogunovy A.N.Tgvkhelidze and they bhave given
many suggestions about 1is gereral plan.
Several topics were disoussed with P.N.Bogolu-
bovy A.De Rujula, A.D.Dolgovy AsV.Efremov,
ReN.Faustov, S.B.Gerasimov, V.G.Kadyshevsky,
0.A.Khrustalery, J.Kuti, ReLednkcky, V.A.Matveev,
VeA.Meshcheryakevr, R.Mir-Kasinmev, R.M,Muradyan,
TeleOglevetsky, G.Preparata, I.S.Shaplro,
LeBoOkuly DoVeShirkov, B.Ve.Struminsiy,
M.V.Terent'ev, I.T.Todorovy V.Il.Zakharev , and
many others. All these discussions and the
help of the scientific secretaries D.P.Mavlo
and I.lL.Sclovtsovr are kindly acknowledged.
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