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1+ Introduction

The main prodlems 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 their broken and
unbroken symmetries? 2) What i1s the dynamios
of the constituents ( equations, dinding forces
and the origin of symmetry violations)? The
most puzzling question is: why the oonstituents
"escape from freedonm® and are confined inside
the hadrons? 3) What experimentalists can tell
us about the handron constituents and their
dynamics, if not finding them?

There are no final answers to all these
questionsg., 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 is made to present glso
alternative views on the same problems., Nany
people have been thinking of these problems for
years and it would be proper to remind thelir
results having to do with the present—day
noncerns, "Those who do not remember the Past

are condemned to rapeat ity ( Jaspers).

2., Constituents

2.1. A way to "Colour-ado®

The first model of composite hadrons was
constructed by Fermi and Yang ( 1949) ( F=X).
The conatituents were the proton and the
neutron, the plons being cowposed of them:
Rr=ph, T°= —'fv—;_é’—'i . The main difficulty
of the model was tho absence of Jlo = dddid
with mass roughly equal t6 that of the plon
( Baldin et al.). The P-Y modsl was treated by
physics community without any enthusissm, dut,
as strange particles were being discovered,

ey

the attitude to composite models was becoming
more friendly. In 1953 Goldhaber tried to
compose all particles from P,h,K°% K" ( more
symmetric form of this model was given by
Frisch ( 1960), with oconstituents /A, K°K* KoK
A more natural extension of the F-~Y model was
proposed by Sakats (1956). ALl particles were
assumed to be made of pyn and A ( FeT-8),
This model sucocessfully 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,
Yamaguchi, Zeldovioh et al,). With proper
modifications, 1t sti1ll can be applied to the
mesonic states., However, it ocould not naturally
explain the baryon speotrum, and after the
sucoess of the eight fold-«way approach to the
SU(3)=symmetry ( Cell-Mann and Ne'sman) it made
the way to the quark model ( QX) ( Gell-Mann and
Zweig), The essential difference of QM from
F-Y~S model lies in the three~fermion structure
of the baryons. The elementary partiocles in QM
are the three spin -1/2 fermions( quarks) q:

U (G=2/3,I=1/2,T324p) d(Q=-1/3,T=14, Ty=-15)
and 8 (R=-1/3, I=0) , mesons being f]c]
and baryons — 949.

This model enables us to formulate the
SU(6) spin-unitary spin symmetry ( Gursey,
Radloati, Sakita, Pais, B.Lee, Beg et al.) whioch,
1f properly formulated and used, gives qualitative
und erstanding of hadron spectroscopy as well
a8 oollinear deoays and soattering prooesses,

The successes of this approach to hadron dynamios
were summarized at the London oonference e

and they are really impressive, Nost impressive
is the remarkable simpliocity of the quark
dynanios to be disoussed below,

But lst us turn to the diffioculties. The
main difficulty lies in understanding the baryon
spectrum. In terme of the SU(6) x o(:)b SyRmete
ry ¢ L 1is the total orbital momentum
of the quarks) the obaerved baryons are olassifi-
od ¢ see evgs 72/ ) into the ( muit, 8u(C6), L° )



multiplets (5% 0%, (0,17, (86,2%), (96,0%)r
+es With no oandidates for (20,L%),(56,17), (30,0%)
eto, Here eight J =% * varyons and ten
3/2* resonances nicely oomplete (§_6,07=(§,%*}
+(10,%%) But why do they belong to (56,0%)¢

With Fermi statistics for quarks, it is
extremely diffioult, if not impossible, to
oonstruot a potential which gives a large
mass for antieymmetrioc in spin and unitary spin
20 and the mentioned peouliar correlation of
the SU(6)~structure to L' ( Instema y 1t
1s easily understandable with Bose—quarks).

Even worse, the nonexistence of exotioc states
999 »9999  ( the triality puszle) and ¢
( the diquark puzzle) says us that something
essentially new must be added to the Gell<Mann
=Zwelg model, In view of these difficulties a
new degree of freedom was introduced in 1965 by
Bogolubor, Strumineky, Tavkhelidze et al. 13/
and by Ean and Rambu 74/ , Bach quark was
supplied by a new guantum number ( now oalled the
"eolour®), and it was postulated that the lowest
baryon multiplets are made of quarks of different
colours( i,e.y "colourless”), The difficulty with
the statistics was immediately resoclved while the
triality and diquark puzzles were reformulated
in terms of the problem that coleoured states
must be muoh heavier than oolourless ones,

Now we bave three families of guarks
(Urydr,Se), (Us,de,8Sa) and (Ug, de, Sg)
(red, dlue and green). There are two essentlally
different possidilities for presoriding to these
quarks the usual quantum numbers ( now called
the "flaveurs®), It is most natural to inmtroduce
a symmetry in the oolour spmoe, say SU(3) €
( the other possibilities were also discussed),
fhen, if the eleotrio charge (L 1s the colour=
=singlet, the gquarks of all oolours have identiocal
flavour quantum numbers ( fraotional oharges)
and the SU{)) =~ symmetry must be unbroken,
Alternatively, 1f we assume (2 to be colour
nonesinglet, the quarks may have integer oharges
and the 8SU(2)° need not be the exact symmetry.
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Other approaches to the statistics paradox

( e.g. Greenberg /3/ ) are generally connected
with violations of the spin-statlstics theorem
for quarks and, henoe, require a revision of
the foundations of the quantum f£ield theory,

2.2, Jharmed 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)

( Tarjanne, Teplitz; Hara; Makl, Ohnuki;
Viadimirsky; Gerstein, Whippman; Bjorken, Glashow,
atl et al,; Okun et al., for refs. see
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Tater it became oclear that the fourth
quark (o) is indeed useful for making weak
interactions internally consistent ( Glashow,
I1liopoulos, Miani). Without exira quarks and/or
leptons all usual formulatiens of weak interac-
tions badly violate universality and cannot
survive. With the charmed quark we oan also
restore the lepton-quark universality. Finally,
the oxistence of strangeness = conserving
neutral weak ourrent and the absence of the
strangeness~ohanging ones is easily explained
only in the theories with extra quarks., Thus we
have very good reasons to believe in the
fourth quarik,

The discovery of Y/ family (¥)
tells us that we are on & right track interpre
ting them as ('C
more exotio explanations of the 3}"- particles
but we can say that in general the charmonium
((15) speotroscopy is today in a good shape
( see esp. the talk given by De Rujula at this
conference)., As we have heard at this oconference
there is a reason to believe that a particle
D=UC ( ¢ 1s the oharmed quark), was
discovered at SLAC, I confirmed, this would
give the (- quark the same status as the older,
uncharmed quarks ( being neocessary though
invisidle), But are we in need of more quarks?

/17 + 0f ocourse, there are



The experiments, much disoussed at this
conference, seem to tell us that the introduce
tion of ome or two extra quarks ( t' and "b",
e.8+ ) would be harmless and even agreable,
The large R in %2 annihilation into
hadrons, dilepton events, anomalies in ) =
reaotions, etc., are most naturally understood
with five or six flavours of guarks and some
new leptons 8/ « Such new flavours were
discussed as soon as 37' was born ( Barneit;
Harari; P.Bogolubov, Matveev, Kuz'min,
ravkhelidse et al,; Mohapatra, Patl;
Pritzsoh, Minkewski; Wilogek et al. /72107y,
Later it waa suggested that more than three
quark flavours are required in unified
theories of the weak, eleotromagnetio, and
strong interactions based on a alngle gauge
group, if one wants to aveid the intreduction
of extremely heary gauge bosons ( 2> 1olsaev).
The minimal araber of quark flavours in thls
approach is six ( for a detalled explanation
and references ses: Pritmsoh /2% )+ Introduotion
of new gquarks and leptons allows one to
oonstruct beautiful veotor-~ like theories of
weak interaction ( for refs. see /10/ ) s
unfortunately they are in a bad shape at this
conference, However, there exist other ( less
symmetrio) theories of weak interactions with
extra quarks and leptons /1L/4722/ which
do net oontradict present experiments /8/ .
There nn‘ts an entirely different approach
to the prodblem of the flavour degrees of freedom
which attempts to give the internal symmetry
space a geometric meaning. As has been argued
by Arburovy and Filippov 713/ for weak
interaotions, and by Ne'sman /14/ for strong
interactions, giving a geometric meaning to the
slementary partiole interactions ( l.e.y
econneoting them with a ourvature of the space=
time) requires an embedding of the spaoce~time
into some R-dimensional spaces The minimum
value of N is 10, as we oan looally embed any
ourved 4-dimensional space into some 10wdimenw
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sional space ( 9,.\: has 10 independent
components), Hence, the dimension of the compact
internal space must be not less than 6,

The oorrésponding symmetry group according

to 713934/ wust ve 30¢6) which is locally
lsomorphic to SU(4). It should be stressed that
this is not the final answer. In facty in a
geometrio theery 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 geometrie constraints

( see 113/ )e The solution of all suoh censtra~
ints 1s a challenge, very little known as yet
even how to apyreach this predlem,

The geometric approach was reoently
revived in an attempt to construct a consistent
dual theory of hadrons iz the feur=dimensional
spase~times A8 has been earlier suggested by
Pubint and Veneziano 2%/ | the extra dimens-
1ens ( 26-4 or 10-4) required Wy conslstency
of dual medels oan be asoribed to the "interual”
space ( "flavemr space"), Then for a large
enough dimensien of the flavour space the dual
theory could be realired in the {-dimensional
space~time . This i1dea combined with the
geometrio approaoch to the origin of symmetries
is being investigated by Soherk, Schwartz et al.
18/ « As the most difficult problem of solving
geometrio constraints is not yet olarified,
it is premature to deduce from their results
any predictions concerning flavour symmetries,
The only firm prediction is that the flavour
space must be large enough; the larger is the
dimension, the eamler 18 the solution of the

geometrio conatraints,
To my mind, the most unsatisfactory

featura of all above mentioned approachss to
2lavours is their inabdility to explain ocolours,
Usually one asks the questions: how many quarks
are there? and what is the flavour symmetry group?
Probadly these gquestions are unfair to Nature as
strossed by Salam at this confersnce. Our prima-
ry oonoern must better be not the number of



quarks and leptons but the number of conserved
charges and the nature of fundamental laws,
controlling the %elementary® particle phenomena.
¥e thirk that a "oolowr=hlind® person caunot
find such laws.

23, Contining colours give birth to
f£lavours

What 18 the most fundamental thing in
hadrodynamios? We cannot answer this questilon,
but we know the most puzzling thing: coloured
particles ( quarke, diquarks e.a.) do net
ocour in the physical speotrume. If this is not
merely the low energy phenomenon, then the
60lour, being exaoctly conserved, ms & thanoe
to be the most fundamental property of quarks,
and the colour conservatlon has to be consldered
as one of the most fundamental laws of Nature.
With permanently frozen ( confined) ocolomr
degress of freedom, we face the novel feature
of partiole dynamiocs, probadbly requiring a
revision of some basic ideas. Some people propo-
sed that the phenomenon of continement 4is
"simply® reduced to disappearing the quark pole
2rom the quark propagator in nonperturbdative
solutions of quark field theory., It 1s posaidble,
but our task is such more ambitioug: to construct
oolourless bound states and to prove that
ooloured states never appear in the physiocal
world. There might De some analogy with guantum
eleotrodynamics, where the longitudinal and
"time~like® photons play a significant zele in
intermediate states bdbut complately decouple from
all asynmptotic physiocal states ( in moderxn usage
they are “oonfined gluons® , For quantum
description of this decoupling it is neocessary
to supply the Hilbert space with indefinite
metrics. This simple txiok does not help to
confine much mors complicated colour degrees of
freedom, and it is quite possible that a more
radioal modification of the physical laws is
necessary for desoriting ooloured guarks,

(HEP

The most radlionl anproach to solour
was propoaed by Gursey v et al. FHe suggesn=
ted that the matrix elements of the guark
field operators are ootorions ( Cayley
numbers) instead of being complex n’;zmbera. The
octonion can be written as o -+ :477,1 €,
where 7  are real ( or complex) numbers
and €, are “maginary units®: @ = -1,
The multiplication law of &4 13 non-oommuta-
tive and pon~associative ( generally (ag)C =
+#a(€c)).
numbers, and quaternlons, which cah be used forx
desoribing the svin, the ooctonions form a
norwed algebra (7 having a unit element ( in
faot (9 is the highest dimensionsl algebra
ba¥ing such propertiss), Replacing complex

Like real and comyplex

numbers Y ootonlons we are foroed to replace
the ¢ ((¥=-2)

operator € “Lu X

in the translation
by one of the new imagina-
ry units, say €z o It appears that the
subalgebra of ¢/ which commutes with
translations € %% %" 44 1somorphto to the
algebra of SU(3), This is identified with SU()C
and the quark fields are represented by Uy L»
where Un & SM(S)d and K 48 the flavour index.
Due to the non~assooliativity of ootonions,
only ocolourless operators can be observable
quantities,

With octonionic quarks the nightmarish
quark-parton paradox can be resolved, It oan be
formulated as follows /8 :  tne m.e.
<P l’E(x)'YG.(NIP) has vanishing Fourier components
1t P
( =

18 below the colour=production threshold
for permarently confimed colour) and
this 1s inoonsistent with the early scaling in
decp inelastio processes, In other words, how ocan
oneé explain soaling with zero imaginary part of
the quark propagatox? The proof is based on
inserting L = Z|n><h)
tields ¥: and ¥, and on using the trans-
lations, For octonions <dl[(§"‘><”'ﬂ§>] =

%2 (in)lnigy)

between quark

and the proof is no longer



valid. This simple example is given to
drsmatize the diffarence behtween the usual and
ootonionlo quark theory, the novel aspests of
which deserve a careful investigation.

The ootonionic approach alsoc brings a new
1ight on the choloe of flavour groups. Cotenions
ars sasogiated with reprsasentations of
exceptional Lie algebdras ( c.ge Gz is the
automorphism group of the ootonion algebra, for
other groups the relation is more complex).

For all exceptional simplelie algedbras the
representations cannot be construoted in terms of
ususl matrices, To oconstrmot the representations
of the exceptional groups G’z, FL,E,;;E,,E;

the octoniorio matrices { Jordan algedbras )

or their direot products ( B.A.Rosenfeld
algebras) must be used, For example the fundamen-
tal 27 dimensional revresentaion of Ec

can be realized in terms of the Jordam matrices
whioch are Jx) hemmitian matrices witk actomlonic
apntrias, etc. All exceptisnal groups ocontain G’;
a8 a subgroup whichy as we ha¥e aeen ahorve,
contain SU(3)Y . The group struaturs is as
follows:

P, > SO0 x SW3);

B, > 895 x su(3) x su(d);

B, O sU{ x su(e);

By, D 803 x s8U(3) x sU(3) x Su(3,

Remark that all (¢ 4yoqr) DAV Do sbelian
part. The fundamental representations of the
post interesting group E;- are:

§§ = (20,4)+ (6,3)+(5,3) /(Su ' SUS )~c1a881~

leptona quarks fication/
As (B 1a the colour singlet, & < Sl
=R =R =0
and we have quarks  lept. + The charges

of quarks are naturally fraotional If we suppose
that there is the umaal SU()~triplet of

w,d, $ with Q;:"a‘/=‘+i,@d=@s,
then the charges of all quarks are uniquely

quarks
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determined Q1 ={-§*, :g—, % ) %“, 15‘, '15)

and aimilarly the charges of leptens

((1ept.)§7‘ ( 6xexX 6‘) (mtiam.)) muat be
(t1% 4+ 1%{; 12 neutrals). If we introduce

gauge bosons ( which 1s by no means necessary)

we bhave tke adjoint representation

;i_é}:(§_5l:!) +(_i_|§) +(4_50§)+(£§1_§)

gauge

gluone
bosons

leptoquark
bopons

It can be shown that theoxles bassd on
axceptlional droups /1e/ axe welcomed by
recent experimental dimcoverias 8/ s DUt we
will not dwell upon this. We only stress that
among "sismple® ( mathematioal temm!) exceptiow
nal gromps only Es 1s s plausible candidate
( #iving more than 3 gquarks and large ensugh
nimhar of laptopa, but net cantaining celour
ootet quarks). Hence, there must de six snd
only six quakrs ~NO MORR QUARKS!

244, Alternatives

Thenre are cther approsches to the flavowr
symmetries not constdsring the aolonr
conservation as a furdemental law. Patl and
Salam 119/ introdnce the following fundamental
termionas £ = (Ve,@ M Y L=4, B=0)
6=0Ci,Cq  (u={ 4 B=d
and 8% (8=1 ,L=0
quarks are made of leptons 14 and preguarks
8 3 8% Up= 0P dh= GRS S p i Gen B S
etc, Their integer—chargze quarks are unconfi-
ned and unstable, with the lifetime ~10" -
~10"12 540 and hence osn be found in emulsion
experiments. This scheme is rich enough and
flexible enough to be oompatidle with present
experiments,

s Goloured)

s colourless). The

There exist suggestions to revive the
Golahaber model ( Lipkir /2% ) and PaYeS mo~
del ( Tyapkin /2 ) whioh are not yet
elpborated to be confronted with experiment.
Finally, we note that some dualists propose
the infinity of quarks and the corresponding



additive quantus numbers ( D.YV.Volkev’ 22y,
Others, however, insist on finlte nmumber of
quakrs 718/ « We cannot go into discuasion
of these ldeas.

3¢ Dynamics of quakrs
Je¢le Independent guarks

As has been mentioned adove, the simplest
versions of the quark dynamics in whioh guarks
are supposed to be almost freely moving
inside a sphere glves very good gnsntitative
results, Essential ingredients of this
dyzamios ( "quasi-independent quark® medel,
which we now call the "Dubna bag") proposed
by N.N.Bogolubovy s.a. ( ses /3 ) axd further
developed and improved dy P,N,Begolubov 123/
are as follows, The quark nmass sutside the
sphere ( bag) is very large ( or infinmite)

and it is very small iuside the bag (~ g’i‘-

for mesons M and ~ %_s_

for baryons B). The
magnetic moments of baryons are explained by
small effective masses of quarks inside the bag.
The important new results which could not dbe
obtained in the phenomenological SU(6) approach
are: the magnitude of /Mp + the correct
results for Ga/g, , and <Ziem 72, o2
speoial importance is the good result for
Ga/G, ( instead of 5/3 from SU(6)) At this
point the re_lativistio sorractions of the
order of .<'_"ng_>. or the ocontridution of the
orbital motion of quarks inside the bag are
orucial. The expliocit expressions are roughly
the following GVGV= -35:<G'a7,/“r=5(?%p)<6'+1"7'
As <Ji>aK§Ga+l>= % we can express da/q,
and Mp in terms of <L2> , pescribing the
bag by a scalar spherloal woll potential
( the ocavity) and f£inding the Dirac wave
funotions of quarks moving inside the bag,
1t oan be found that M, = 1.1, Mo = 2.5,
<> = 0443/mp 72/ | we 4o not disouss
the applisations of this approaoh to mass formu=
lae where the results are .imilar to other

Cls4

models ( e.gsy the nonrelativistic models
with the oseillator potential /24/ )e For
furthyr discussion ses papers by P.Bogoluhos
and B.Struminsky ( these prooeedings),
Relativistic corrections are also of
importance in weak and eleotromagnatic decays
of hadrons involving the annihilation of
quarks ( p-»év, V->eeé )e The naive
non~relativistic treatment of suoh processes
has led to a rather paradoxical conslusion
that e,g. ’g"j‘-ﬂ'o')/'v e in contrast to
Yeqx (0}l Mk -
the supposed SU(3) symmetry of the ¢¢
tial,

poten-
Thess processes were f£irat treated by
Matveey, Struminsky and Tavkhelidze /237 s YOry
olear and comprehensive representation of the
quark model results for different descays was
glven by Van Royen and Welsskop? /26/ s The
resolution of this paradox lies also in rela-
tivistie correotions ( Struminsky, Llewellyn-
smitn 727/ )e In relativistic theery, based
¢.8. On the Bethe-Salpeter sguation,there

are uo apparent paradoxes with SU(3)-symmetry.
The main idea of ocaloulating the proceases

h-s h'(e*e”), h= h'(év), h»h'T (k)

consists in takiminto acoount only ons-—quark
transitions, This assumption is a generalization
of the well-known Okudo-Zweig=-Iizuka (02I) rule
and it was suocessfully applied for the
mentioned hadronic decays. The ealoulations of
L.Soloviev, Anisovitoh et al,; Thirring, Beoohi
Morpurgo et al., used nonwrelativistic approximaw
tion. Por a very olear and comprehensive
presentation of these and other results of
NeR.QuM, see 728/,

The oonsistent relativistic approach
based on the lLogunov~Tavkhelidze quasipotential
equations for relativistic bound states was
developed by N,Bogolubov, Matveevy and Tavihelld-
ze /e8/ + The essenoe of their approaoh is the
calculating of the moments of the ourrents
V,J',A,‘.. between bound states. With this aim
they introduce external field 'ZJ?«‘, 62,.‘



interacting with oorresponding currents and
consider the ocase of amall, slowly varying
external fields. Then the variations of the
energy of the bvound state with respect to
external field gives the matrix elements of
the ourrents. This method enables one to
reproduoe all the nice results of the model of
quasiindependent quarks and to odbtain more

general results, For exanmple,

e 4y <Py
3mj s, Jo=go (= Fo e ]

Similar results were derived by Gell-Mann, using
the algebrs of "good" components of currents

in the Pz=~0O frame /7%  ang by Shelest

et al. /%Y in the framework of relativistio
bound-state equations supplementad by the
Markov-Yukswa condition /77 , Using PCAC

one oan oalculato the processes /‘l-" h'7w eto,
With aifferent binding "potentials® ( e.g.y Square
well, oscillator) the more detailed predlctions
ocan be obtained. However, it 1s difficult

( if not impossible)to describe all existing
data W a single potentlal, and the introduction
of some phenomenological parameters i3 necessary.
This 18 the essence of the so-called current
—~gonstituent quarks approach to hadronioc decays
summarized at the London conference n/ .

The essential ingredient of all these
caloulations 1s the 0ZI-ruls, used to describe
the different construction of the PS-multiplet
and Vv ( or T) multiplets. For the veotor

(tensor) mesons it is supposed that the process

8 w,d
/.
3 iz, d

18 very small while for PS-mesons it 1s appre~

ciable, Then ¥, f' are almost pure S5~ sta~
uu +dad
tes, w,f almost pure —y= - states,
while 7 anda %' are certain mixtures of S§
wit +dd

and Nz o The effect of mixing 1s
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easily taken 1nto account by considering

¢eSey the dlagrans
QZ - viof,

For pure hadronlce decays the only
relevant dlagrams are T

§ e - g

§ — -

I? we consider the scattering proocess then, as

first suggested by Levin and Frankfurt 32/
the praocess is descrided by the sum of the

dlagrams with one-guark transition,

s o

This is a generalization of 0ZI-rule for

scattering processes. The prediotions of the
model are in reasonable agreement with experi~
ment but show systematic deviations shich can be
nalvely interpreted as the result of somewhat
smaller radius of the strange mesons /33/, we
will dlsouss some related considerations in
meson spectroscopy in what follows,

The simple-minded approach of independent
guarks moving inside a cavity 418 supported
by ideas of quark-parton models of Feynman,
Bjorken, Weisskopf, Euti et al, /2% giving
very oclear and good description of all existing
data on deep inelastioc scattering of leptons
on nucleons. The only cloud in this clear
pioture 12 the faot that the quarks are carrying
only a half of the total momentum of the nucleon.
The miszing momantum is usually ettributed
to fashionable "gluons®, but this is only
another way of stating our essentially incomple-
te understending of the quark-parton structure
of the hadrouns., The results of comparison
of v/l/—-r... and eM,,, are in good apresment
with tho fractionally charged quarks, However,
a8 was argued by Salam, Patl, Roy and RaJakesw



ran ( see /35/ ) 1n theories with unconfined
oolour there exists a possibility that the
quark charge sum rule is also consistent with
integrally oharge quarks.

Still other very impressive prediotion
of simple quark model is the quark counting
rule for exclusive processes with high
transverse momentum { Matveev, Muradyan,
Tavkhelidze; Brodsky, Parrar 736/ )+ Fot
going 4nte dlscussion of 1ts nature we only
mention that it rests on the assumption that
the wave funotion of constituent quarks is
finite when all quarks are at the same point,
1.eey Wixso)= §d% V) < 00
Hence, 1n such prooesses the short-distance
behaviour of the bound-state wave function
18 Adirectly proved. An interesting prodlem is
to extract from the soattering data some
information conserning the wave funotions,

Remind finglly the appliocatien of the
quarkeparton model to the reaction 2% — had-

rons
hadrons

hadrons

with clearly visible in SLAC experiment " jet
rair. This
dramatizes the mechaniam of hadron production
through the intermediate state of two quarks,

struoture®, corresponding to 77-

3.2+ Dynsmical role of colour:
confining independent quarks,

Here we discuss some ether ideas about
the dynsmical role of oolour, The radioal
ootonion approach is attraotive, dut, even if
it is oorreot, it only gives a new frame for
dynamios, It 1is also prodable that there are
differsnt ways leading oolour 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 oan
be explained in remarkadly simple terms.

Considering the SU(3)-invariant potential,
corresponding to the exchange of colour-octet
veoter mesons ( Nambu; 0,Greenberg and Zwanziger;
Lipkin /377y
A
R T
. - - (¢ ¢

8774 Kot = QI AT VA
- P
q [

b’,.d AZN

one easily finds that the effective ooupling
constants in different channels are

P

channel 24 Q¢ 48 47 QQQ  ees
8u(2) 20 éc lc §c lc
2
A -4 42 =8 41 -l2
(u'tgu.nit s)

12 the free gunarks are heavy ( y~r 00 )
then the ocolourless states are, on this scale,
nassless, i.6.y "confined™, From the abeve
tadle one can infer that the mass of the
colour-triplest diquark state is of the order
of the quark mass, This makea the successful
quark-diquark ploture of the baryon />2%/

quite naturally emerging in this approach.

The colour-exchange vestor potential was
originally used for integrally charged quarks,
12 we take the colour-singlet charge operator
( hence, fractionally charged quarks) and
suppote that coloured veotor mesons are mass-
less Yang-Mills mesons, corresponding to the
exaotly oconserved SU(3) gauge group, we arrive
at "Quantum Chromodynamios® QCD ( for refs.
see 0.3..’10/ ) ( Gell-Mann, Weinberg et al.).
As 18 by now well-known, such theories enjoy
asymptotic ( ultraviolet, U,V.) freedom ( A.F.),
1e68sy the effective coupling constant ?(P’)
is vanishing for P~ oo,

It 4is generally believed that in
asymptotiocally free theories there is a good
reason to rely upon pertwrdation theory, Even if
this is true for the estimate of the small~
~distance behaviour of the caupling censtant,



the perturbative results for quark snattering
amplitudes and bound states cannot de trusted.
For example, consider the Logunov-Tavkhelldze
or Bs=S. equation with asymptotically-free
potential. It is not difficult to demonstrate
that for small 7 it can be reduced to a
Schrdedinger-type equation with the potential
o? the form V("‘){ii, 3L+ 96n 27’)"“, A>0
/38/ « The solutions of this equation have an
essential singularity in the g-plane for

which cannot be traced in perturbation tneory.
In addition, the soattering amplitude has an
essential singularity in the ¢ -plane ( {=0
for apinless particles), In the non-relativis-
tio theory the singularity in the &-rplane
has later been lnvestlgated by Oehme et al.ljg)
who treated the simpler potentials: V(7)=
=9%77 (8 )77, d=1,2,

argiments in favour of the existenoe of the

Some gensral

g-plane essential singularity were recently
given by Shirkov 740/ who comsidered the theo=~
ries with the Landau-Pomeranchuk null-charge
phenomenon, using the renormalization group
equations and a spectral representation for the
invariant charge, It would be of great interest
to extend his analysis to A.F, theorels, The
moral of this discussion 1s: using perturbdbation
theory arguments for lunvestigating U.V.
behariour in A.F, theories requires some
oaution,

The attitude of the QCD proponents to
the infra-red ( I.R.) bshaviour of the theory
with massless gluons is strikingly different.
In fact, it is proposed to entirely disbelieve
perturbation theory and to search for some
peculiar non~perturbative solutions. The reason
for thislies 4in the fact that the QCD can
make sense only if coloured states are oconfi-
ned. So it is supposed that the effeotive
intsraction constant J(PY which tends to 0
for pP‘» 00 ( amall distance), infinitely
grows for P‘* 0 ( large distance) providing
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the desirable confinement, Henoe, the slogan
of chromodynamists ( Wilson, Susskind,

Kogut; AsA.Migdal, Polyakov et al.,, for
review and refs. see e.go /4% ): Wtravielet
Freedom is Infrared Slavery¥.

The existence of the oconfined phase was
demonstrated for some lattice theories as long
as the lattice constant R was kept finite, The
principal questions are} 1) is confinement
preserved when K- 0 ; 2) is the confined phase
stable against external perturbation?

3) does the confinement work for all sectors
of the Hilbe.t space and for all energies?

( remind that the structure of the Hilbert space
and observables in guch a theory would be very
unusual), Up to now there are ne convinoing
answers to these gquestions, The recent progress
in understanding the confinement of quarks in
lattice gauge theorles has been reviewed at
this conference by Wilson 743/ + An attempt to
conatrugt a theory of compesite hadrons in asuch
a theory is presented at this conference by
Bardeen r42/ « The light-front formulation

( to be discussed below) of the QCT is used with
a transition to the lattioe variables in the
transverse direotlon. Supposing the existenoe

of a new phase of the theory ( not realized

in the usual perturbative solution), in which
the transverse gauge invariance 1s exact, an
attractive theory of composite hadrons can he
formulated, However, the proof of the existence
of such a phase is still lacking, the proof
probably could be given for the finite lattice
constant but there is no idea how to pass to the
continuum limit,

The main diffioculty of the confinement theo-
ries lies in that the perturbation theory
exhibits no hints for finding the confinanent
machaniam ( Appelquist et als /‘3/). The
I.Rebohaviour in aonabelian gauge theories seems
to be very similar to that of QED. Alternative
calculations were performed by Corawall and



Tiktopoulos, They eclaim that the summation of
leading logarithms gives confinemant, 1.s.,

Em Ginl= €im s
M D (/ Mo (’0%:"3 (/‘)
Ratrix elements ¢ («) with colour oreation.

Even 1f these ( very diffioult) ocaloulations

1s zero for some

are tsohnically oorrect, we cannot rely upon
this result. Some time ago it was shown
CAxhuzov et al, 48/ ) that when you sum up &
logarithmic series which in this case i3 almoat
sertainly not convergent ( most prodably it

is the asymptotioc series) the summation of the
leading logsrithms usually gives a result
whioh has very little in common with the exaot
sum, Therefore, unlike the U,V.freedom, the
I.Reslavery 1s not in good position,

Conoluding this discussion we stress that
the QCD 18 & very promising theory of hadroms
composed of confined coloured quarks, even
1f wa faorget the moat ambitious attempta to
unify all the interaotions /20/ and some .
interesting phenomenologioal appliocations to be
disocussed below. However, it oan be regarded as
a real theory ( not mersly a nev Preligion® of
thearists) only after having answered the

fundamental questlions dlsoussed above.

3.3, Relativistio bound states

A) Now we turn to equations describing
relativistio bound states. The systematlio
approach to this problem has been developed by
Feok and Podolsky in 1932 ( F.~P). It 1s based
on a three-dimensional one-time formulation
of the bound-atate esquations, In the alternative
approach { Dirac, Fock, Podolsky, 1932, DwPF=P)
an individual time variable is assigned to each
partiocle ( for further details and refs, 500/45/).
The first is nnt oovariant while the second is
obviously oovariant. Both approaches have given
many fruits. The FeoP approach in the formulation
of Tamm and Dancoff was applied to meson theory
(Dyson, Low) and for nucleon~nucleon interaction
(Elein, Levy, Macke), The davelopment of the
D=F=P approach resulted in covariant equations
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for baund states ( Nambu; Salpeter, Rethe,
Sohwinger, Gell-dann, Low) /477 { Sone rela-
tions between doth approaches have been investi-
gated by Z2immermann 146/ .

However, in both approaches serious
diffioulties were found, After having found
the rules for caloulating matrix elements of
currents between hound states and the normaliza-
tion conditions ( Nishijima; Mandelstam) and
with some exact solutions in the ladder
approximation ( Wiek, Cutkosky; Okxubo, Feldman;
Goldstein; Nakanishij Kummer, et al.) it
became clear that the price for covarlance was
quite high-physiosal interpretation of the bound
state solution is unclear 747/ + There exist
solutions of the Bethe-Salpeter equation with
negative norm ( vlolating unitarity) and
solutions with exotic J' not ocouring in the
nonrelativistic limit, e.g, foxr M4 or 99
systen J' ‘= 07,077, 47 2% ...
are exotio and we never saw such states. Both
Phenomena have a ocommen source - the presence
of the relative time in the dound state
equations, The states with negative parity with
respect to the relative~time reflection may have
negative norm and/or exotic ~IPC 741/ + For
exauple, the solutions of the B-S eguation for
the pien are of the two types: the normal
solution Fr = )5 £(p} (Pk)!) and the anomalous
solution [ = s (PK)£(p? (peyt).
Due to a factor (PK)= pok, for K=0
the 2ast solution has J'= 0"~ , A1l such
anomalous states disappear in the nonrelativistio
limit or in the equal time limit., However, as
we bave argued earlier, any reasonadle theory
02 ¢9 bound states must be relativistic.
Beeides this, the old eaunletime Formulations
were extremely complicated in contrast to the
relatively simple B=S equations,

B) The escape from thess diffieculties was
found by Logunov and Tavkhelidze /481477 ypo
propesed the quasipotential approach to guantum



field theory which unifies the physioal
simplicity of the equal time formulation and
the mathematiocal simplicity of the covariant
formulation. The main idea 13 that only the
on-mass-shell scattering amplitudes are
relevant for caloulating bound states, and the
potentials are expressed in terms of these
amplitudes, The simplest example of such an
equation for equal-iass spinless oconatituents
is, in coordinate space,

(4+K3) Wy @)= (m-a) % g Yq-'-’f-j Vi (1)

vhere K'=LM'-m? , m - the constituent
mass, M — the bound state mass (S=M?)
7 — the three dimensional relative coordina~
te, 7 =(7y-7;)1n the CMS, This is the Fourder
transform of the momentum-space squation of the
form
g g U(F-KY Pe ()

Y (P) =Sv,;,a+qz R=g+i0

Formally it can be derived from LippmanSchwine.

3
ger (1~S) equatien by substitution d°¢ w‘]‘%‘?—‘

This equation was generaliced for
unegual-mass case and for bound states of
particles with spin 1/2, and was successfully
applied to numerous prodlems in elementary
particle /45/  ang muclear physies 149/ .
Mathematically, the Logunov~Tavkhelidze (1-T)
equation is somewhat more complioated than the
non~relativistic Sohrodinger equation,
Nevertheless for large classes of the potentials
different mathematical methods oan he sucoess—
fully employed for solving bound-state
problems /30551/ e The I~? squation has the
correct small distanoe bshaviour in the sense
that it cerreotly reproduces the small distance
behaviour of the wave funotion and the singue
larities of the scattering amplitude in the
l-plane { poles and suts) obtained in the
oorrespondin g field theories, For example,
if we caloulate the quasipotential in any
glven quantum field theory by using the

C139

perturbative expanslon, the resulting L.?
M(s,¢)
correctly reproduces each order of perturba-
tion theory, and the asymptotic behaviour

of M(s,t) for S<0,¢+00 coincides with that
of the sum of the corresponding ladder
diagrams /°%/ | Moreover, the differential
formulation of the I-T squation /30y51/ oan

equation for the scattering amplitude

be used for finding scattering ampiitvdes and

bound states in non-renormalizable theories

when pesrturbation theory is irapplicadle /31933 .
A large class of other guasi-potential

equations can be obtained by substitution

(m=a)% s £ ((mi-0)%, (mkt)%) (mis k2)~%
P

where f(x,x)=4 . A1l these squations, like

I-2 squation, satisfy two-partiocle unitarity
and, with energy-dependent potential V (7, K%
oan incorporate many-particle unitarity. 4
rather simple equation useful for the
desoription of tightly bound states oan de
obtained with f= ::’f:‘( Filippov, see ;lu/”/)‘
Then the bound state egquation

(ma)(8+ k)% ()= Vmarrg VXD vy, (o,
Vmiak? = M

is of thes fourth oxrder ( with four boundary
conditions) and in it the effoctive potential
automatically venishes for M0

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

Another variation on this theme is the
equation proposed by Todorov 143/

(8+K) Y = (misry g Ulny (o)



This equatlon 1s uneful in ocalnulating
higheenergy ( K> 60 ) bebaviour of the
elastioc scattering in ]\pi.type theories
but 1t is singular for
the potential V(7)
70

Kis -m?(M=0) and
ia more singular for
than in the L-T equation ( in the above
case of the fourth-oxder eaquation the potantial
1s effeotivaly lass singular). These modifina-
tlons are msthematically simpler, than the
I-T squation, snd there are rather general
methods allowing one to obtaln some analyhtlcal
solutions for more or less simple potentisls
/50,51/ N

There bhave been propossd many othex

medlifications of the original I~T squations
(Eadyshevsky, Gross, Thompaon, Fronsdal,
Todorov, Yans, Elein et al. ) 145,49/ | They
all differ either in the cholce of the f =
function or in the choloe of the propagator:
(a+ K s,
of the quasipotential equatien (QPE) corresponds

A freedom in the chalge

to a fresdom 1n extrapolating the scattering
amplitude off the mass shell,

€) The guasipotential equation oan be
also rewritten in an explicitely ocovariant
form ( Matveev, et al. r34/ y see also /29/ )

vl
Yo lpr= [d%g §(n9) 42/91‘_‘;_"_-“';)_ Ve (d);
KP=0, Npe b/,
The oondition K ¢=0 was earlier used by
Markov and later by Yukawa (M~Y) 773/ gor
exluding from the theory ths dependence on
relative time, ( It oan also be used for
ohoosing the solutions of B=S equations
having a finite nonrelativistic 1imit). The
M=Y condition was originally invented as a
mathematical devigce 20r a consistent treatment
of a billooal theory of ocomposite partiscles.
These ldeas were recently revived by several
authors ( see e.g. /58/ Y+ The physiocal
consequences of a bilooal quark theory of
hadrons, based on equations somewhat inter-

mediate between quasipotential and dag equati~
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onsty are most detsllly elsaborated by Prepara~
ta /51/ + The main idea of the Preparata
aprroach 18 to entirely exolude the gquark
variables from the pbysical quantities, the

only dynamical trace of the guark structure
being supposed the bilocal nature of the hadron
fields. This is in parallel with attempts to

use the bllocal ourrent algehra inatead of more
speoifio assumptions of the parton model

( see e.g.,/34/ )e It is well known, that the
predictive powsr of the biloocal currant algebra
is somewhat wesker than that of the parton

model /34/ « Similarly, the bilsoal guark theoxy
of hadrons, reproducing many nice results of

the constituent quark models, fails to give

any definite prediction in several important
points ( e.gey for R=-g—g;‘§;3£g%"—i /58{
it 1s slso diffiocult to imagine a simple explana-
tion of the jet struoture in ¢*2°» hadrons),

The main advantage 0f the bllooal theories over
conatituant theories lias in avelding the
quark-parton parsdox ( also in parallel with

the bilocal current algebra). Our point of view
is that a resolution of the paradox can only be
found on a more fundamental level ( octonions?)
and that the quarks, while not existing as free
particles, oan otherwise be regarded as real
rarticles of whioh the hadrons are composed,

For thess reasons We oonoentrate in what follows

on the gquasipotential quark models and on bags.

Return now to the covariant quasipotential
equation, Gemeralizing the MY condition we oaﬁ
replace K. by some vector Au o 1f this veotor
1s Light-lixe ( A=20, A=(4,0,0,%1))
we arrive at the simplest lipht-front (I-F)
formulation of the QP egquation. Several forms
of suoh an squatien are presepted to this
oonterence /%9/ ( see also /60161/ )+ There
also exists an extensive literature on olosely
related approaoh o2 infinite-momentum=limit
boundmstate equation ( see e,g. /631 )+ Eera the
pecple depart from Welnberg's formn;ction of the



quasipotential equation in the infinite
momentum system 763/ « 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) ¥ry the LIGET-FRONT? _

The I~F dynsamics has been discoverad by
pirac (1949) but until recently it was
practically unknown to physios cummunity. Later
Fublai and Purlan /64/ reallzed that the curreant
algebraist's life is much more comfortable
in the infinite momentum "frame® which
essentially coincides with the L-F "frame®,

As the partons oan live only in such a syatem,
it is now most popular among theorists. The
experimentalists gradually approach this system
with growing available energies in CMS.

I£ we boost any Lorentz system in X -
direction then for P,—»c0 the most natural
variahles are the light-front variables

t+Z, -2, X, Y Denote them as

and consider the variable X+ as a substitute for
the time varishle 7 . The clasaical dynamios
in such variables is not simple.

Bege (O+m3)¥P=0 =p (23,3 -31+m})¥=0

and the initial value problem on the surface
X,=0 1s known by mathematiocians as being
*incorrect® ( infinitely many selutions).
However, 1f we require that these solutions
correspond to the finite energy, there would

be no ambiguity in finding such solutions 765/ .

The L-F quantum theory for finite degrees

of freedom is not much different from usual

( as Tealized by Dirac). Bowever, for infinite
deogrees of freedem (QFT) the new theory is
radlcally different., Due to the existence of
the positively definite conserved operator
Po+Paz ( for particles with M#0, fo=SVP+m >2 P
the interactions do not produce particle-anti-
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vartlole pairs, and one can hope to sveid such
frightening theorems as Haag's theorem and
Coleman's theorew / 2?61/ o Let us explain
this point in sume detsil ( for detsails and
refs. see /66/ ):

1) For systems with finite degress of
freedom we have very nice von Neumann's
theorem that all irreducible representations
of the commutation relations [Q[(ﬁ), a}'( ;‘)’)]:
“—‘851'3(}3-5')
and so we can define the physical vacunam
suoh that Qi(P)I0>p = Qi(P)|0>gan, = O.

2) For aystems with infinite degrees of
freadom, according to REaag's theorsm IO)P,,.=IO)‘W,
and even free fields with differant masses are

are unitary eguivalent,

unitary inequivalent! Steted im other way,
this means that A53(¢,-09)|0D4,.,
existy, due to the palr droductiom f£rom the hare
vacuum. In contrast, ,S('l'-!-Z,-OO)IO)g‘,,u
probadly may exiat. due ta tha canmarvatian af
P° + Py forbidding the pelr nroduvetion,
Similarly, Colemen's theorem ( "the

does net

invariance of the vacumm 1s the invariance of
the world") 1s not-true in the I-F variables,
as the vacuum is stable under the action of any
Qi1o> = A 10>

If the charge is not conmserved, them ;=0
and Q" annihilates the vacuum, We see that

charge operator:

the vacuum is always autematically invariant,
This fact is especially useful in considering
drnamiocal realization of chiral symmetries /61/ o
These and other conceptual advantages of the
1~F variables give us all the reasoms 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 1ittle growp) of the 1ight-like
systemy (E.XD)xT; , 1s larger then the
corresponding stabllity group of "space-like®
systems, 30, X T; , and the first has the
Galilel greup as a subgroup. For this reason
the dynamics in I-F system is ( somewhat
paradoxically!) very similar to nonrelativistic



E) Some other approaches to relativistio
bound. states are based on the Kadyshevsky
formulation of the relativistic mpamiltonian

quantum field theory which elegantly generali~
288 the non-covariant perturbation theory /787
Starting from this formulatien a olass of

quasipotential equations was Jerived, The

aynamics /%% | 2) 1t follows that the bound
simplest one can be obtained ( formally!)

state equations in this system must be of the

three-dimensional quasipotential nature /63/
3) The concept of the L-F variables proved to

be very useful in parton model, 1n the light-
-gone ourrent algebra, and it revealeu its
from the Lippman=Schwinger equation by substi~
9
Vintege

practical advantages in treating deep=inelastic
tutions
=m + ’—' "" Ep V c/ 3(] Y

processes, To unify these semiphenomenologloal
Ep
V(B-4,K) i (q) c/39

and reads
Yetm =%
P Eu-Eq+i0
By means of a transitlon to tbe relativistie
coordinate space it can be transformed into a

approaches with guark¥-bourd—state models is
differentigl~difference equation. The relativis—

hardly possible without uwsing the IL-F formallsm
Some preliminary attempts in this direction

were presented to this conference, For example,

the quark-ocounting rules are naturally emerging

odsky et al.

from the quasipotential equations in LFPV
y Br
tio ceordinate space /76/ is related to the

momentum spaoe through the Shapiroe /717

( Garsevanishvili et al. /97
, Evinikhidze 772/ )
Yi(i), iz &

779/ | gnelasmesny /7

A comiection of large and small momentum

behaviour of meson form iactors 1s diaoussed

by Terent'ev 773/ « An interesting field of

application of light-front formalism is in transformation
( pn) L~ M

¥e(p)= [ a2
Thie 1is the natural generalization of the usual
Fourler transforsation used in nonrelativistic

high-energy hadron-nucleus reactions where
the constituents ( nucleons) are unconfined.
For example, by considering de"’PP"
n
quantum mechanics, In faect, the function
entering this expression 1s the relativistic
form of £‘7" and 1ts limit for M=00 1is

d .
p
P P
one can directly measure the deuteron wave
53
exactly £ (PP gtPi
An interesting variation of this theme
is presented at this sonference by Mir-Kasimov
It is suggested to use the rapidi-
ty variable imstead of Cg: Xy =6n(Eyg +VE;-m*),

tunotion To(X ﬁf’) , as the aifferential
/74/
and the

cross aection 1s of the form
d’ﬁ- =sp 2
——— x
In suok a way the equations describing bound
states of nucleons in extremely nonrelativis-
tio situations can be confronted with experi-
Then (E.‘-E.,)"’
resulting equation in the coordlnate space
is a second order differential equation similar

et al. /78/
Xg (yz. yiyd
G (1= X)

to the Sohrodinger equation, FPor the S-wave
1% reads

CEO Rty = 5 Vo e
This equation is as simple as the Schrodinger

ment, Similar equations can be used for
eqguation. The extemsion of this approach to

other relativistic bound states ( e.g.y for
positronium, Faustov et als /77’ ). Relativistic

nuclear physics and atomic physics provide
us & very promising field for applications of
the desoribed formalism, Here we know the

constituents and have a very good knowledge
of the binding forces, Confronting theoretical

rosults with experiment we oan prode our ideas

on relativistic bound states.
€142



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

Starting from the Kadyshevsky Hamiltonlan
formulation of quantum field theories a some-
what dlfferent approach to relativistic
equations for bound states can be developed.
Ipn this formulation momenta of all particles
belong to the mass shell ( as in nonrelativis-
tic theory). The formalism i3 particularly
convenient for comstructing the Fock space in
the light~front variables., The corresponding
equations for n~particle bound states were
considered by Karmanov /19/ o« It would be
interesting to investigate such equations in
detall and to extend them to apinor particles,
A new feature of this aquation is a dependence
of the Faock amplitudes on a unit vector which
Pipi, 1B~ oo,

However, the necessity ol these new parameters

15 somehow related to

and thelr meaning is not completely clarified.
The consideration of some physlcal problems
would bve most instructlve.

A simpler approach to the relativistic
two-~particle bound states without extra variabd-
les 13 applied by Terent’ev /13/ to different
problems of the relativistic gquark model,
sapecially to radliative decays of mesons.
Equations used by him are similar to guasi-
potential equations, constructed earlier by
Sokalov /60/ s who starts from Dirac's
formulation of the relativistic Hamiltonian
theory. This approach aveids using the gquantum
fleld theory and only deals with the generators
of the Poincare group., The quasipotential 1s
introduced phenomenoclogically, the theory 1s
only giving us a presoription for doing this
in a covariant way. Sokolov's methed can also
be applied to many-particle bound-state
problem /60/ s however, the practical realiza=
tlon of this possidility is not yet elaborated.

The methods described above do not allow
one to specify the binding potential, and it
should be extraoted from some field theory or
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be somehow guessed, We discuss several popular
potentials in the next section. Here we mention
a possibility of constructing the two-particle
relativistic bound-state theory, in which the
"potential" 1s completely defined by the
physical scattering matrix of the constituents.
As proposed by Logunov, Khrustalev et al. /80/
the relativistic generalization of the Heitler-
Sokelov-Wilson equation /81/ can be obtained
in the framework of the equsl time formulation
of the relativistic two-body problem in QPT,
The corresponding “gquasipotential®™ is expressed
in terms of the elastlo and inelastioc cross
sections of the two constituent particles, This
method has been successfully applied to the
desceription of the high-energy two-particle
scattering, It is potentially useful for
descriding the two-~particle dound states. In
relatiristio atomioc and nuolear Physiscs and

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

F) We bave mostly reviewed above the
quasipotential type formulations of the rela~
tivistic bouni-state problem. There are presen~
ted to this conference a fow more conventionnl
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)s The approach is essentially
equivalent to the quasipotential approach of
Faustov and Todorovy 745/ « In the paper
presented by Ladanyi 83/ the small dlstanoce
behaviour of the B-S equation for bound states
of a fermion with a massive veotor meson is
investigated ( see also Clafaloni and Ferrara
/83/ )e For similar ( but more relevant to
the quark model) investigations see e.s./84’85/.



Note that the authors of ref., 785/ start from
the B-S equation but subsequently reduce it

to the Logunov~Tavkhelidze equatlion to simplify
the caleculation of the asymptotic behaviour

of the bound-state form factors. { Compare

to 76812/ ). Some other calculations of ‘“dis
behaviour appear to & related method of summing
the "leading" oontributions of Feymman

dlagrams /86487/ o In this case the bound

state 15 convenlently defined in terms of g pole
in the angular-momentum plane. ( See especially
Efremoy et al, /81/ s Where the method is
congistently used for lnvestigating the
asymptotlic behaviour of form faotors, and the
validity of the quark comnting rules. Finally
we mention some diverse results in ¢the theory

of the B«S equation which are related to the
problems discusaed ahove, Kew exact solutions
of spinor-spinor B~S eéquations are obtained

» In Ter, /884
upper and lower bounds for the sum of scalar

ladder diagrams are found, Glimm and Jaffe 799/

/89 /s .
in references ‘'~ exact

have given a rigorous proof of existenoce of
two-partiocle and three—particle B-S kernels in
the Euclidean region for & wide class of two-
~dimensional scalar theorles. The structure of
the three-quark B-S equation is poorly lmown.
An investigation of the general spinor structu-
re of the bound-state wave functlons 1is
attempted in /9y/ ( see also /8/ Je

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 1s no
formulation of the theory which is adequate
for solving all problems, ocouring in physical
applications. For different problems we have
to use different methods. In generaly the IL-F
guasipotential equations seem to be most
appropriate for describing relativistic bound
system. However, the BwS equatlon i3 better
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sulted for extremely tightly bound states
(e.gsy for zero mass bound states to be

discussed in sectiom 3.5).

3.4+ Interquark forces

Once the equatlion is chosen the next ques~
tion 1s: What is the (quasi)potential acting
between quarks. The symmetry properties with
respect to the colour and flavour groups have
been disoussed earlier: 1) The potential
corresponds to the exchange of the celour-gauge
bosons and most probably is ocelour-conserving.
2) It either 18 flavour-conserving or has a
small symmetry vielating term. The main flavaur-
symmetry violation 1s assumed to be attridutaed
to the different masses of quarks. 3) As is
argued in the next section it probably involves
a plece corresponding to the exchange of
flavour—gauge bosons, Such terms are deairadle
for spontanscusly generating quark mass differen-
ces, As te the spatial depsudence of the poten—~
tial, the choics between different possidilities
is much mors diffioult, ¥e summarize here the
most popular potentials together with mew
ones presented at this conferencs.

1) The ®good 0ld™ oscillator potential
( ses s.ge /22723 Vig)2 A7
or the ¥pag-like® oscillator potentisl Ve =-Vetd1®
( e.g 773,92/ Y+ These are most papular due
to availabdility of the exact analytio
solutions for some of the bound-state equmy’ .o
mentioned abevé. The Regge~trajectories for
these potentials are linearly growing with M?

( or S ). However, the form factors F(?V

of bound states have a pathologlcal dependence
on the momentum transfer §° and the predictions
for excited states are unreglistlo. Thus the
oscillater potentisl can be considered only

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

some properties of low~lylng states of composite

hadrons,



2) The oCD-potemtial Wpce (?) 729/

s Vaw ~ AT

00
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Here 9(,‘};:;[5,[’}50)]") Ay0C ., This poten-
tlal has a singularity at infinity, For 70O
it 1s singular 1f A< apd regular if A2 2
/38/ + Such potentials have been applied to a
desoription of the 9’? states and espesoially
to the charmonium spectroscopy. For é. sunmary
of the corresponding calculatlions see the
invited paper of Mir<Kasimoy /93/ ( see also
/94/). In all these calculations either
Schrodinger or sems quasipotential equations
havre baeﬁ used, As many questions to theory
and experiment are yet to be answered, it
would be premature to draw from these calculae
tlons any definite conclusion.

3) Some other oconfining potentials are
discussed at this conference. Skachkov 195/ ’
generalizing Kadyshevaky approach /76/ + obtal..
nes a quasipotential equation for the 9’77'-
system with the potential Vi(t)=(vz7)"'cly(Tm?)
m m

the only free parameter in the eguatlon, and

where 18 the mgss of the guark. 1s
fixing it, say, by the requirement that the
lowest state is the 33 ~meson one can predict
a sequepce of the excited states ( M_g.:lloo
HeV, Mgu= 1465 MeV etc.,). Unfortunately, the
quarks are supposed to de scalars and so the
spin effects have not been dlscussed. Another
attempt to oconfine quarks is presented by
Guenin /98/ s who "simply™ changes .the sign
of the mass of the gluon (/M-»—/»f ‘ ) in the
apace=like part of the gluen propaga’cgr, thus
arriving et the potential Vg('z),z’:’w'z" Qﬂ’z
( the quark propagator is not modyfied). It is
not clear at the moment whether the oorres~
ponding theory remsins causal, The phenomeno-
logical applications are not discussed.

4) Dolgov 797/ gives some arguments
in favour of a double-well structure of the
¢q - potential, He starts from the Blokhint-

sev et al, 798/ quasipotential equation and

observes that the structure of the equation
itself dictates a double-well form of the
effective potentisl in the radial equation, It
13 possibly true for other guasipotential
equations for spinor particles. This idea 1s
attempted to be applied to explalning /!?' -
partioles without new quarkse.

5) It is known for long that a spherically
symmetric well potential gives nice phenomeno~
logical results in the quark model 123/ + Suoh
potentials naturally arise in an approximation
to MIP-bag model ( see seot, 3.1 and 3.6).
Another source of similar potentials 1s the
exchange of infinite number of resonances
with an exponentially growing mass sectrum
(5(/4)-€'“a /337 « As the exchange of one
particle results in the Iukavaoopotential
7@ "™ , the exchange of St[/-f S(m)
particles gives rise to the potential

-M7 _
Vie) ~ (dpe STp) £ ~ (-a)

having a singularity at the finite dlstance
fron the origin ( FDS—potential), Such
potentials can be obtained in a non~polynomial
fleld theory 793/ s or in theories with
infinite~component fields /100/ + Properties

of the plon have been investigated in the model,
supposing the quark motion can de described

by the Buclidean B~S equation with the kermel

( potential) V(a)= g'(z’-a?)"?
meter 4 18 fixed ( @ = 3 £ 4 GeV) by. conside=

o The para-

ring the empirical mass spectrum which in

fact 1s exponentlally growing up to 2 GeV. The
remaining two parameters & and /7.
determined from the eigenvalue condition for
the pion and from [ (T—mv)
tloms for [(T~yf), <10,
of the plon Regge-trajectory ox

are

« The predic
and for the slope
are in
good agreement with experiment. The most remar—
kable prediction 1s the presence c¢f osoillating
terms ~t'6604(92£—')
Frcel

( in form factors
and elastic oross seotions g—?(Pﬂ)



for large space-like 1 , The period of the
oscillations 1s predioted to be AVi = ZZ~3=¥g
in a striking agreement with the observation of
Sohrempp and Schrempp /101/ + ¥e are not aware
of any other natural explanation of the
osoillatiens in dif:(/’/’/.z found 1n 7103/ |
Kote that the Reggpe trajectories for the FDS~-
~potential are approximately linearly growing
with mass M ( not M?!
that a faster ( linear in M? ) bebkaviour will

Je It is assumed

result from the contribdbutions of inelastis
thannels opening for large M . The theory wiih
energy independent potentials is supposed %o
be applicable only to low-mass hadron states.
Pinally, the FDS potential strongly confines
quarks but the confinemeat is only partia1’?%/ ,
We discussed deverse coordinate dependen—
ces of the interquark petential for 77. ~ 8y8=
tem. For choosing the most realistic one it 1is,
first of all, necessary to oonsider the
corresponding three quark potentials and to
investigate the radially exolited bound states
of the three quarks. Very little has been
done aleng this line ( exoept for non-relativis.
tic and simplest relativistio equations with
Visc (7) Do To Prove the radial dependenoce
of the ¢J-— potential the decays and the
radlally exclited states of mesons should be
oarefully investigated, Due to opening inelgs—
tic channels ( (99)->(99)(¢9) eto) this
is ( at least!) a many channel problem which
kas not been discussed in detail. In addition,
the experimental status of excited mesoms is
Tather unclear, We discuss a possibility to
by-pass these d1fficulties in sect. 4.

349« Chiral symmetry and quark masses

There are other diffiocult prodlems of the
quark dynamics which have not been disoussed
above. 1) What is the origin of the flavour—
symetry violation ( assuming the fundamental
interaction 1s symmetry preserving)?
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2) What 1s the origin of the approximat~ chiral
symmetries ( edg. 50(2), x S8u(2), , sU(d), x
Su(3), eos )? 3) What is the origin of the
quark masses and of their dlfferences? All the-
se quesatlons are obviously interdependent,

In semi-phenomenological theories it 13 usually
assumed that the strong interaction of qqaa.-ks is
SU(3) and SU(3)y x SU(3), symmetric, and the
observed symmetry-breaking effects are

ascribed to the quark-masses. At a more fundamen-~
tal level we have to inrestigate seriously the
third question., One promising approach to this
problem 18 based on the unified gauge theories
of all interactions ( see e«ge 719/ 4na
Slavnov's talk at this ounference). Another,
less ambitious one, is formulated within a
semlphenomencloglcal scheme of guark-quark
interaction whiach simultaneously gives two
apparently different effects: binding quarks
and providing them with masses and mass
splittings. This approach uses the mechaniam

of dynamical realizatlon of symmetries which
first has emerged in Bogolubov's theory of
superfluidity 7102/ and subsequantly has

been applied to ferromagnetlsm, superconductl-
vity, etc. The main idea 1s that the invarian-
ce of the HEamiltonian needs not o be the
invariance of the ground state, To obtaln such
a solution we have first to remove the degene=
racy of the Hamiltonlan by adding some
symmetry-~breaking term., This symmetry breaking
is switched off only after finding the desired
solution, If there exists such a sysmetry-
oreaking solution then, generally, there appear
some zZero-mass excitations ( quasiparticles)
which, in a sense, restore the original
symmetry. The ground state contains an infinity
of such quasiparticles ( magnons, Cooper pair,
eto.)s These ideas in the statistical physics
were first formulated by Bogolubov /193/ o

Thelr relevance to problems of elementary
partlcle physics was discovered by Nambu and
Goldstone 7104/ e We will call this appraach



the Bogolubov-Nambu-Goldastone realizatlon
of symmetry ( BNG), Nambu alse suggested to
treat the pion as the massless particle
corresponding to BNG~reallzation of the chiral
symetry SU(2); x SU(2), . Examples of the
quantum fleld theories with BNCG-realization
of the chiral symmetry U(1)g x U(1l), were
first treated by Arbuzov et al. 7105/
(two-dimensional) and by Nambu and Jona -~
Lasinio 7106/ ( four~dimensional).

Follewing this line of thinking consider
/1017 tpe t:r(n),2 x U(n), symmetric theory
( for defipiteness consider n=3) of n mass-
less quarks interacting through exchange of

vector ( or axial) gluons
(X3 -

\]:‘j,c'j'(P'P'F y ‘L_l_'l_l gluons
o1 T Al

sirslet octet %
Powi A

We treat this interaction as an effective
potential ( propagator). As we are not talking
about three quark states we can be temporally
*colour-blind*. Then the equations for the
propagator of quarks are of the form

G o G 1

(¥4
Mo=0Q + £y jt

For different poitentials ( e.g., for FDS=poten=
tial) these eguations bave solutions corres-
ponding to M, mm # (O + If there 1s only
the SU(3)wsinglet interaction, then there are

9 massless pseudoscalar bosons, If there is
also the sU(3)-octet interaction, then different
possibilities arise due to strong mixirg

of the quark configurations

U £

“ §
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A very preliminary statement 1s that in thls
case only one pseudoscalsr state remaius
massless, others can acguire a mass. One can
also hope to arrange the relative singlet-—octet
coupling strengths sc as to split the maases of
quarks., This has been done in some simple
models with factorizable pariial wave poten—
ttals Ve(p9) (Ve

tum projection of V(P-9)

is the angular-momen~
) /107/ . This
probably opens new way for soclving the three
distingulshed prohblems, Unfortunately,
Prhings Take Time® , To demonstrate the
consistency of thls approach we have to do a
lot of Job: 1) to find a non~trivial symmetry-
=breaking quark propagators by solving the
system of nonlinear equations with a realistic
potential; 2) to f£ind the solutions of the
corresponding linear equations for pseudoscalar
meson beund siates ( the BwS equations with
the Mexaet® nexccymmoiric guark FIoPeEalors);
-3}.- to demonstrate that the ¢¢—§JJ  Green's
functlion has corresponding poles and/or +to
incorporate in this scheme a confinement
mechanism.

These problems are essentially unsolved
even in the technically simpler "firite quantum
electrodynamics® of Johnson . et ale 7108/

( for new results and refs, see /19%/ ), 1n
the paper presented at this conference Fukuia
and Kugo /110/ attempt to solve the non-li~
near equation for the eleotron propagator

introduced in refs, /108,111/

« They claim the
propagator to have in the time-like region
neither poles mor ocuts for arbitrary €32

and interprete this as a %“confinement". The
absence of the pole can be proved quite
convincingly, but they give no proof of the
absence of a branch-point singularity. As a
matter of fact, expanding the self=energy part
G (P? of theilr electron propagator in a

( which 1s

convergent for small enough values of &« )

2
series of powers of o= €/

one can easily demonstrate that any approxima-



tion to G(p?) has & brench point at P =-370)
It 1s rather diffiowlt to understand why this
singularlty could compleiely disappear in the
sum of the series, This sum most probably has
e branch point either in the time-like regilon
or in the complex Pz—— plane ( in a viecinmity of
Pr-G(p) for smallech) Remark in passing that there
exist suggestioms ( Dudnilkova, Efimov /2 )

to describe confined particles by “propagators®
having no singularities in the complex P~ pla-
ne except infinity ( an integer fumction 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 mecheaism but a more
serious discusaion of this point is impossidle

at this moment. The propagator of ret./llo/ is
almest certainly not an integer function.

Some other aspects of the BNG-Tealization
of chiral symmetries are discussed at this
conference. N,Nohogolubor { Jr.) et al. s
investigats An detaill the structure of the
vaocunu in the four~fermion theory of ref./:wé/

Ly using Bogolubov's transformatiene

Kletnert /334/  ang Pervushin ana Evert /2167
try to avold the detalled discusalon of the

quark dynamics and to construct ( without really
solving tke dynamiosl equations) a sewiphenomeno-
loglcal theory whioh can be confronted with the
usual SU(3); x 8U(3), algebra of fields. This
is achieved by "hadronizing® the quark
interactions, 1.e., by excluding the quark fields
from the dynamiocs, This approach looks interes-
ting dut the important thinga muat be olarified
before we can reach some definite oonclusions.
Without solving dynamiocal equations the meaning
of suck approaches 1is not clear, In additien,
some intriguing protulems of the chiral quark
theory - the /-4’ mixing, the problem of the
BNG-nature of pseudosocalar mesons { the so-
called U(1l) probdlem)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 U(S)a x U3}, o instead
of the phenomenological SU(3), x ST In

the simplest models this results in odtaining

9 pseudoscalar massless mesons instead of
desired 8 ones. Thls 1s reflected in some
unpleasant features 0f the corresponding current
algebra which can not be discussed here, The
appreach based on the nonlinear equations

for the quark propagator probably offer a vew
Pessibility for the solution of this preblem.
An alternatlve approach based on the unifled
fleld theories is developed by Weinberg fixe/ .
The present status of chiral phenomenclogy

bas been recently summarized by Pagéels (see/ 1/

where further references oan be found).
3.6, Attempt of synthesis ip bags

The modern fashionable bags coxtain the
quatks and gluons aod pretsnd i
incorporate the equations of motiocn as well
as the forces keeping the quarks instide
hadrons. There are different sorts of bags
which I will not try to describe here, On the
parallel segsion they were discusased 4in some
detall by Weisskop?, Kuti, P,Bogolubov,
Struninsky and Mattev and hexe I only summarize
several important points ( for further
references and details see thess Proceedings
and s/ .

The M.I,Ts bag is the Bost natural
relativistic generalization of the Dubna bvag.
The new featureg avre the following: 1) The
external pressure B 1s introduced to balance
the internal pressure of quarks and gluons
moving inside a sphere of the radius, 2) The
redius R 1s not fixed and is determined by the
condition of the minimum energy of the system.

Thia snergy 1s the sum of the three terms:

M= [”u (mé + %‘z)‘/l + Mg (ME+ %}V‘} +

+[$mRi~ 22] 4 4E. .



Rere Mu,Ng are the numbers of non-strange and
strange quarks resp.; ‘YR  is the momentum of
the quark, which 18 derlved by solving the

Dirac equation in the infinitely deep spherical
well, The second term represents a “renoTma~-
lized zero-point fluctuation" energy, and the
last term is the colour interaction emergy 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 a1, /32%/ 3s 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 1s nice,
only the colourless stateg can be stable,

4) The spectrum of exclted states 1s exponential-
1y growing in this model ( &(M)~¢g "* de
The Regge trajectories A(M?) are slso infi-
nitely rising but for the spherically symmetric
vag the depemdence on M? is nonlinear.

We have just described a somewhat modilfied
verslon of the M.I.T, bag. The mgin modificaw
tion concerns the introduction of the quarks
as point-~like massive objects interacting with
the ocoloursd gluons. This moedification of the
original M.,I.T., bag has been suggested by
Kutl et al. /118/ and by De Grand et a.l‘/lls/.
When confined to a fixed sphere, the modified
M.I.T. bag reproduces phenomenological results
of the Dubna bag and, im additien, incorporates
all good features of the QCD-e.pproach/lo7’l22/
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 bag. In
general this bag picture is successful in
qualitatively describing the lowest-lying
states of baryons and mesons. However, further
improvements are required 1f we wish to
acoount for excited states and socattering

processe s,

(NED)

Firsty the shape of the bag sheuld be
not fixed if we are to copnsider the nracegses
of the fusion and fisailon of bacse As showan
by Tow 7123/ the hipgh-—energy scottering of fwo
bags cen successfully reproduce the main
features of elastic and ipelastic nroceases
of hadrons, provided that the bags are glliowed
to agstme hlghly nov-spherical shapes. With
strongly deformed begs, we can alsn obtain
a good description of hadrong with bigh valnes
of the angular momentum of guaxis and explaln
the linear growith of the Regge trajectories
with M?® 7324/

varyons /12%/ 14 alse peturally included in

« The diguark structnre of the

this picture /124/ + A vaxiationai spvrosch
to treating the static oropertles of deformed
bags is presented at this corferance by

/1267

De Tar o A more radloal modlfication of

the bag model is sugegested by the Brdavest
/

FE-= A,

group . They suwpply the dag with en

elastic skin ( or “membranef®) which enters
into dynamical eguations as a rew variable,
thus allowing for the canonical cuantization
of the whole system. The bhenomenological
motivation of this step is mainly in the faot
that with the soft gluon=—quark interaction

( this hypothesis lies at the heart of the
bag~phenomenclogy) 1t 13 difficult f{o exmlaln
tha momentum sum rule in the deep=-ipnelastic
scattering ( the missing momentum is ascribed
to gluons, and yet the interaoction of quarks
with gluons 1s presumably weak). In the
Budapest bag the mlssing momentum 1s possibly
carried by the membrane. But now the qusstion
1s: why the interaction of the membrane zith
quarks does not produce a large number of ‘]? ?
Being conceptually transparent the Budapest
model is teohmically more complicated than the
MIT model and phenomenological applications
are still to be worked out, We hope that the
relevant guestions will be answered next

Year at the Budapest conference.



4n interesting question to the bag-theory
i1s: how to explaln the nuclear structure?
Without colour gluon exchange the lowest
energy state of the 6 guarks would be a six
quark bag and not a two-bag system represent-
ing a deuteron. With colour gluon exchange the
six quark bag can be viewed as a system of two
three~quark bags thus really representing
the deuteron system /121/ « For many-nucleon
systems an interesting phenomenon is
predicted /128/ o At some quark density, higher
than 1n nucl ear matter, the "bag" will ovecome
the lowest state again, and a phase transition
from nuclear matter to "quark matter" is
possible. A simplified treatment of the deuteron
as A& S1lx quark system 1s presented to this
oonference by Babutsidze and Machabell /1294 .
They put all six coloured quarks in an effective
potential well, described by an oscillator
potential, and olassify the ocolourless states
by using the methods of the nuclear shell model.
The phenomenolegioal results seem to be
satisfactory yet the physiocal motivation of the
calculations is not convinsing. There is no
two~bag structure of the deuteron, and it is
not tlear why the energy, say, of twelve-~quark
systems is not lower than that of the "deuteron®.
In general, the bag approach to nuclear
physics opens new ways for invastigating the
nuclear structure, btut before a quantative
approach 1s possible, many important points
have to be olarified.

Recently, it has been realized that the
bag-like models predict an essentially
richer speotrum of hadroas than non~relativis-
tio potential models ( including the Dudna
bag)es In fact, all kinds ef exotios are
predioted to exiat with masses ocomparadle to
masses of the usual hadrons: ( 99 ‘?‘7)
bound states, the mesons with exotic JPC ’
excltations corresponding to center of mass
motien eto. /120/ o These prediotions are not
in agreement with present experiment, as the
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empirical mass spectrus is rather sparse, In
the comtribution by Jaffe 7320/ an attempt 1s
made to identify the predicted (99)(§q)

tes ( "cryptoexotic® mesons) with some more

sta~

or less established resonances, However, this
seriously aggravates the well-known difficulty
of missing 1?-—- states. We consider the whole
problem as essentially unsettled both from
the experifiental and theoretical sides.

The most interesting alternative to the
MIT bag 1s the Winoiarelli-SLAC bag /121/
Unlike the MIT orew, the BLAC—orew starts from
a field theory with a spontaneous symmetry
breaking of the vacuum, Hence, the fundamental
role of scalar fields in this approach. However,
the surprising feature of the SLAC~bag is
that the quarks concentrate near the surface
of the bag which results in some not pleasant
phenomenological prediections. The modern
development of SLAC=bag 1s comnected with
solitons and is outside the soope of the present
review. Some interrelatlions between SLAC and
MIT-bags are discussed by Huang and stu-p/ 130/ .
Using the variational approach to a model of
quarks interacting with a scalar field, they
obtain two splutions, One is similar to the
MIT bag, either to the Vinclarelll-SLAC bag.

We have forgotten to mention two more
problems of the dbag theeries. In the MIT-caloula~
tions it is supposed that the guark-gluon
coupling is rather weak so as perturbation theo-
ry with respect to this interaotion be sensible,
In fact, the phenom:nological applications
Tequire rather a large value for the caupling
constant e { dc = 2.2) similar to the
Sommerfeld constant A& = 1/137 ( the authors

of refs. /118,120/ erroneously quote the
value e = 0,55, see /119/ )3 Kobzarev and
/13%/

Mattev suggest a remedy to oure this
desease at the price of the introducing
new parameters in the theory ( see these

proceedings), We 2180 have to note a difficulty



of the Vinciarelly-SLAC model in explaining the

observed scallng in deep-inelastic scattering
/121/ ] this

d1ffioulty can be resolved at the expense of

Prooesses.ds suggested by Glles

supposing the surface of the bag to be extremew
ly soft to deformations. Then the surface is
considered as a dynamical object ( like the
Budapest membrane) and the theory becomes much
more complicated than the original omne., Only
semiolassical solutions have been investigated
up to now,

Concluding this rather sketchy dlscussion
of bags we may generally state that the bag
theories are successful phenomenological
theorles of hadrons made of coloured guarks and
coloured gluons but they certainly do not
constitute a fundamental theory of matter, The
origin of the volume or surface tension, of
symmetries and of their bresking and of guark

Basses is not €

Xplaindlde Fox cxamplsy Sags are
well sulted for a description of the btroken
SU(6)~symmetry but not for the more fundamental
SU(3), x SU(3), or at least SU(Z)‘ x su(2),
chiral symmetries, There are some attempts to
incorporate PCAC in a bag~theory at a purely
phenomenological level ( see e.ge papers 132/ ).
In these papers the pion 1s treated as an
unconfined field interacting withk a bag surface,

4, Quarks and Experiment, Comolusions,

Now we briefly considier some problems
conoerning the comparison of the quark model
with experiment, The status of the baryoen
spectroscopy has not deen signifiocantly
changed after the London conference // ( see
also /133/ )s and we will not disouss it here.
As to the meson speotrosocopy, there is a dra-
matic change due to discovery of the new
heavy resonances which we identify with charmed
partiocles, Here we will not touch upon the

detalls of the charmonium spectroscopy as well
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as the new data on the “old® particles, Instead,
we oconcentrate on some of long standing

contradictions between the quark model and
experiment 1) The masses of all wellwestablished
mesons ( except pseudoscglars which require
a special treatment) can be desoribed by a
remarkably simple formula /x01/ « The formula
1s obtalned as follows. Comsider some equa-
tion foxr the 95 bound~state wave funotion
Yii of the 1=tk and j-th quarks ( 1 and j
are the flavours of the gquarks) which we write
in a rather general form

[Ry - K2(Mmi,m)] Wy = O

méamt | (mi-mi)*

Ml
K* (Mo my) = 7 = =5 T

Here é ¢ 1s assumed to be some operator
which does not depend on the quark masses ¥/
and ”; o We suppose that R” has the
eigenvalues 7;; gepenﬂing on the orvital

angmlar momantum /.

and on the total spin

of the guarks as follows:

=y Big - g (sea) +
+ ’;’;’[.ruﬂ) —L{L+1)- S$(8+1)]

where J 18 the total spin of the bound sta~-
te. We introduce here the spin-spin and spin-
orbital splittings end a linear dependence of
the eigenvalue on [ ( this corresponds to
linear Regge trajectories of mesons), The
equation of such an abstract form can be
obtained in different quasipotential formula~-
tions of the dound-state problem; the B=S
equation for M > M:,Mm; can alse be approxi-
mately reduced to a simllar equation /101/ .
However, our specifioc Ansatz for 7, 418 of
non-relativistic origin. We simply try to
dramatize some problems concerning the meson
mass spectrum. ( Without using the above
expression for ’Z"j s the mass relations for
states with equal J,L,§ can be obtatned
is independent of (,/ ).
The expression for the meson masses is
now obtained by setting K{M,mimi} =7y

supposing 7y



The resulting mass formulae neglect the mizxing of
different quarks ( say &K «>S35 ) in the
1sospin~zero 77-- states, The mixing can be
considered by writing the equations for these

states
[.- RE{ - Kz(m; me, m‘)] th‘i :822 %5 =
J
= fZJZJ @LJ f%t' ; &‘J =1

Thls mixing follows from the speocific flavour—
—exohange mechanism discussed in Seot. 3.5+ A
similar form of the mixing matrix has besn
proposed by De Rujula et al. /iee/ ( mixing

in the mass matrix) and by Fritzsoh and Minkowse
ky ( mixing in the mass-squared matrixsed 224/,
where further references can be found), Our
equations generalize the previous approaches,
the quark dymamlocs is implioltly inoluded in
the dependence of K° on masses and in the
elgenvalues 7 , Note that our mass formulae
in general are neither linear nor guadratic

in masses. For L =0, with no quark-mixing (€:0)
and with W, =My we obtaln the linear mass
formulae MMp=my, , Myt = £ (Mp+ Me)

whioch are satisfied withia 1%, To account for
W—? mixing, corresponding to Sf‘—*ui, dd
midng in I=0,4=0, 8S=4, =41

state consider the equations for YW ; e
and Vs with some mixing parameter .l

By applying the Sohrodinger method of faotori-
zation ( 58 €.8., /135/) one easlly obtains
and ¢  4in terms of

2
one upknown parameter &we

the expressions for MMS
( other parameters
in this case are determined by the masses

oz K' and ¢

¥~ meson is 11 good agreement with the
139/

Yo The prediocted mass of the

+ The treatment of
mixing the I=0, L=d4, $=4,J=2

experimental value

state requires some additional information

on the coeffictents §; .
These can be determined by fitting the

general mass formulae ( witk mixing) to the
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masses of the well-established mesons. The
result 1s rather interesting -~ the parameters
Buu, Bus, Bss  ( Bdd = Pun, Pds = Bus

~ by isospia invariance) satisfy the relation
Bus= L (Buu + Pss)
these parameters are in fact not large (fuu =
0.872, fus = 0,942, 855 = 1.015) the multi-
plicative relation §:‘ = ?uu ?ss

13 also very well satisfied., To our knowledge

As the differences between

there are no arguments in favour of the
additive relation dut in the contribution to
this conference by Pasupathy /1367 it was
demonstrated that the multiplicative one
probably follows from duality 731/ and from
factorization property of the Regge-pole
residues 7138/ N

An interesting property of the Regge
trajectorles is that they seem to intersect in
the same point of the &, m’ plane, This fact
for the J — trajectories was also obseyved
by Becher and Eshm /%477 | It can te quali-
tatively explained by & somewhat smaller
radius of the partloles comtalning heavier
Azimov, Frankfurt and Khoze alse
proposed that the radius of charmed particles
is dramaticelly smaller then that of "usual®
particles .

quarks,

2) AS was emphasized above the pseudosca-
lar mesons regquire a speclal treatment. Here
we mention the most mysterious #-%’ proviem
and the plon mass provliem. It 1s now generally
believed that any solution of both problems
18 possidle only in a theoxry explaining the
broken chiral symmetry. A3 dlscussed above
7-7’
problem, Both relate the large mass differen=
ané ST and the violation
of both quadratic and limear relations 4'sK =7
to @ strong mixing of S5 and W# { or dd )
im I=¢, L=0, 820 channel.

there exist twa approaches to the

ce between Q



In QCD this mixing is due to the diagram

8 ——-)——-—W-—-—q-—- 74
]

where coloured gluons

are ex?:ha.nged in
the S—channel,. A more phenomenologlcal
explanation 1s presented disgrammatically as

S 7]

g a
where strange ( flavoured) bound states and
resonances are exchanged in the t—channel
( see Seots 3.5).

For both mechsnisms the mixing matrix
can be written in the form E;,"-‘-'Ez for all ¢
and J' « This mixing watrix was introduced
abave in the egquation for ’(y; « The resultiing
expressions for the masses of /) and 4’

are of the form

Hi=mi-6e7- 2Y9&Y+ a3 (a7 +2€%)

“smf -G8+ 2Y/9eY + a7 (A F2EY

Here 42= mi-md =K"(K*~9)= 04069,

m;:: K2+ Az/KZ = 0.2916 the only
unknown parameter being &7 JAs M p=03012,
the approximate value of E* 15 &= -‘%fz-l?. 053.
With this value of &£° the prediotion for %’
18 #’' 22 0.963 whichis in very good agreement
with the hypothesis that #’ — meson is X (958),
However, in this approach the pion mass is
defined by the relation X '=mi-24% (=4’
for £=0) and T = 0,280 is two times
as large than the experimental wvalue, We oonslude
that the plon wave funotlon cannot be described
by this simpie equation. The ideas described in
Sects 345 might be relevant to this problem
but no successful model 1s avallable at this
moment e

Fritzsch and Minkowsky /174 uged the same
mixing matrix for the mass sguared matrix.

Thelr results can be obtained from our formulae
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A we write Mg =K'=02v57, A'=$(K-R)= 04134
Note tbat this value of A? alsagress with
that obtained from the vector and tensor meson
masses: Ay = (K"~ 3”)/2 = 0.049,

b2 =(K*-A7)a = 0.150 .,
nevertheless, try to describe 4
by their formulae with &°

It we
and 4’

defined by the

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

Z’ is /Z’ 2z 1.6l Alternatively, defiping

&% from X-mass, we find E£% x -0.056,

§ =0.50, This clearly shows that 4/ amd X
do not satisfy the equations. A much better
f1t oan be obtalned with #' = E(1.42). There
are other schemes in which the mass of the 4’
is predicted to be close to the mass of the
RB-meson. For example, Caser and Testa /140/
came to this connlusion by using a variant
of infinite momentum frame current algebra
foxr desoribing the chiral symmetry breaking,
They also suggest identifying the X(.958) with
an almost pure glue state,

Attempts to preserve the identifloation

'Z”' ¥(.958) are based elther on introducing
some admixture of glue states in the /7 and #’
7141/ or on using differe'nt mlxing angles @2,

@7' /x4zy122/
standing problem it is badly desirable to
establish the Jf - quantum numbers of the
%(+958) and B(1.42) and to obtain a more
detalled and oredibdle experimental information

« To solve this long

on radiative decays in which these mesons
particlpate., In contrast with the statement

of PDG 3/ s the present status of the
quantum numbers of X(.358) is very comtroversial.
This was olearly demonstrated at the Conferenmce
by Oglevetsky and Ledniocky ( see thess Proceso=
dings), Unfortunntely, the state of the art in
the meson radlative decays is also far from
7343/ apa the invitea
paber by Gerasimov), In addition to defining
the J- quantum numbers of the X and E

satlsfactory ( see &.&.

the most important experimental problems are the

measurements of F(X-'S’"b’), F(X"Xb’),[’[f“ffé')



[(K'3+K3Y) « New measurements o /"(§yy)
and [(n°> ¥¥) not using the Primacoff effect
would be also welcomed, in view of their
utter impertance for theory ( esp. for quark
models).

In recent paper /144/ Greco and Etim-Btim
have construoted a model successfully
describing all the known meson radiative
widths expeot [ (p-7Y) . Not judging their
general reasoring, we only reéRxrk that the nalve
quadratice /-7’ mixing 1s used for caloula-
timg decays with 7  and n!
clear from the above disoussion, this unavoldabd-
1y results in severe diffioculties with mass

o As must de

\

formulae, which are not discussed in the paper.

Flnally, consider the new particles, If we
suppose that ¥ 4s a pure CC  state then our
formulae immediately give the predictions

D'=L(¥+P) = 1,93, F'=§(¥+¥) = 2.0,
For the pseudoscalar mesons 1f we use the same
mj; as above, we will find D = 1,64,

F=~ 1.87,

input D= 1.87 , we £ind  Xez = 3.1 Trying

Xcz = 3.01. If we use as the

all possible modifications of our equations
XcE
low as 2,8 GeV, We think that the most

we never obtain the mass of the as
plausible explanation of these discrepancies
1s the possibility of mixing the CC states
with tf or bb states ( the admixture of 4,4
quarks does not help), There exist good
candidates for L=1 CC mesona ( see Wilk's
talk, these Proceedings). If we draw the
straight-like L - trajeotory for CC
through the point in the L,M’ plane in which
S§, U and US trajectorles intersect,
we £ind that the orbitally excited states of
<3
we have obtained that

must lie near 3.6 GeVe More explicitly,

$ss = Hsu
Asu

Bsu=fu ~ 067,

Su
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Let us suppose that the same is true if we
replace the Seguark by the c~quarke. Then we
obtailn 9“':: 3.9 which allows us to estimute
the masses of 3P, and 'P, ¢ mesons. However,
the SS and LS splittings for present candidates
are difficultto explain in usual terms and this
possibly tells us that we have no simple CC
states but scme more complicated mixtures of
cé quarks with other new quarks,

3) In conclusion we briefly disouss the
problem of missing partioles, A more detaliled
discussion of this problem can be found in Ref.
7233/ + We mention here only the most notorious
A, - protlem. Practlically all varlants of the
quark model predict JF'=4** particle with mass

~ 1.1 GeV. However, the latest very goed
experiments fall to confirm that tre Ag(%L1)
bump can be interpreted as a resonance, and
there are no other candidates for such a
particle. A possible explanation of this phenome~
non may dbe searched in the influence of the
(99)(49)

decay the contribution of the rescattering

channels, For example, in the

process
¢ ol q—o-T
‘\‘ ;L 9 : /4 'l P + e n
LA & M o S UL o My

is rather large ( due to the large fJE'.TC
ooupling and the large radius of the - ex~
change interaction). In addition, there are
other two-meson channels strongly coupled

to Az and to each other. It is possible

that the interaction of all these chaunels can
spoil the simple quark model picture in which

A1 18 regarded as the pure 7‘7—- state. The
detalled lnvestigation of this problem would

be very desirashle, A prellminary discussion

of some related ideas was attempted by Dashed and
and Kane and by Badalyan, and Simonov /145/,

see also 7133/ .

A similar mechanism can spoil the quark

model prediction for ['(f*JIJ) ana [(w-%y¥).



In the W-JTJ decay the chain
P
g
w [4 Rlaln O NI © agoqqs
i T -+
NN D A
CN O NN & LR

may glve a large contribution to the decay
rate, and there is no similar contribution
to the P(P"”)’)

be relevant to D,'@‘

« Suoh mechanisms could
interactions, as recent-
ly observed by Oku.‘lf and Voloshin. They
proposed the "hadronic molecules® made of L)
and D" which are bound by the pion exchange,
The first discussion of the interaction

in the exotlc channels was given by Shapiro et al,

/1467 who investigated the interactions

in A/l’\;-

ty of exsistence of rather narrow MV resow-

channcls and demonstrated a possibilie

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

( these Proceedings), Additlonal information
can be found in Rosner's review 1233/ .

The moral of this sketohy discussion 1ls as
follows., The naive two particle (797) model
of massive meson resomances is certainly too
naive, The exotic (757)(‘7“7-) ohannel 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
99

simpler ( the exchange forces are dying away,

bound state, the interaction is becoming
the 0zZI~rule is becoming exact), dut the
influence of exotic (§9)(9§) channels can
spoll the usual quark model predictions.
Fortunately, the existence of the new ( charmed)
partlcles provides us with the unigue possibie
1ity of the pure qq— blegh mass resonances
which are not spoiled by (¢¢)(99)
admlxture.

In this brief discussion of the experi-
mental status of the quark model we conoentra-
ted on some unsolyed problems, leaving its
numerous successful predictions aside, It must

be stressed that there is no substitute today
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for the quark model in explaining diverse
experimental facts in strong, weak, and electro-
magnetic interactions of hadrons. Desplte the
existence of some unsolved thevretical and
experimental problems we may conclude that the
quark model 1s in a very good shape in Tb111st!

A preliminary version of this review was
critically discussed by N,N,Bogolubov,
Ao AJLogunovy A«N.Tgvkhelldze and they have given
many suggestions about its general plan.
Several topics were discussed with P.N.Bogolu=—
bov, A.De Rujula, A.D.Dolgovy Ae.V.Efremov,
ReN.Faustovy S«B.Gerasimov, V.G.,Kadyshevsky,
O.A.Ehrustalevy J.Kuti, RoLednkcky, V.A.Matveev,
VoAoMeshcheryakov, R.Mir-Easimov, R.M.Muradyan,
VeleOglevetsky, G.Preparata, l.S.Shapiro,
L.B.Okully D.V.Shirkov, B.V.Struminsky,
M.V.Terent'ev, I.T.Todorov, V.I.Zakharov , and
many others, All these dlscussions and the
help of the sclentific secretarles D,P.Mavlo
and I.l.Solovtsoy are kindly acknowledged.
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