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lew days prior to the beginning of our Seminar, the discovery of a s ixth, top, 

quark was reported by Fermilab. Th i r ty years passed between the hypothesis of 

quark structure of hadrons and experimental discovery of six quarks. Th i r ty years, 

which were filled wi th new ideas, theoretical models and painstaking experimental 

searches. Colored quarks, colored gluons aie discovered now and we have a good 

candidal с for the quantum theory of colored quark-gluon interactions. Quantum 

Chroinodynainirs. 

In this introductory talk, on the occasion of the first appearance of quarks on the 

world scene. 1 would like to overview some ideas that were, in my opinion, responsible 

for the creation of QCI) . 

This report was prepared jo int ly wi th G.Gabadadze. 
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Nakano-Nishijima-Gell-Mann rule 

Once the s t range part icles were experimental ly discovered in l<t">0's. a great 

amount of new particles has appeared . Classifying already known hadrous in a< 

cordance with t h e s t rangeness S and third component of the isospin /.(. Nakano. 

Nishijiina [1] and ( iel l -Mann [2j liave pointed out an interesting tendency. It turned 

out that mesons baryons and ant iharyons could produce groups of eight part icles and 

that the change of hypercharge in each group on -fcl led to I he change ol the third 

component of the isospin on ± 1 / 2 . As a result . Nakano. Nishij'mia and (Sell Mann 

independently have proposed the formula which connects fundamental charac t e n s 

tics of particles: the electric charge Q. third component of the isospiu / , anil the 

hypcrcharge У 

Q=l,+ l-y (I) 

The hypcrcharge V is expressed through the baryon number li and s trangeness >' in 

the following way: 

Y =-- H + S. 

Korniula (1) (hereafter the NNC formula | presupposed t he existence of hadrons 

with spit ified propert ies . Soon, these hadrons were discovered and the NN(1 formula 

was formed into a law. 

However, t h e fundamental quest ion of why hadrons are ar ranged as oc te ts re 

mairied open. T h e solution of this problem has led to the view on const it uent struc­

ture of hadrons . 

Scare lies in this direction were originated in papers by М.Л. Markov [:!). S. Sa 

kala [I] and I..B. Okun . [">] where t h e consti tuent part icle model was used for the 

classification of hadrons . 

Sakata model 

The Sakata model of composi te particles [1] that goes back to the Fermi Vang 

model, was proposed in 19o(i. The fundamental particles in this model are protons, 

neutrons, lambcla-hyperons and their ant iparticlcs with the с orresponding cjiianlum 

numbers: 
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I lir ri '-l of I l i r hadrous were considered as some bound slates of 1 hesc particles. 

I.aiei on. geuiTali/iug l In' idi-as of isolopiuvatii.net'. Iki'da. Ogawa. Ol i imki |(i] and 

'S.i ii i.m.u< hi [~\ proposed lo consider I l ir Siikalii I r ip l r l as a ri 'al i/al ion of thr finida-

с• l,11 i i 'pr isr i i l . i l ion ol t in ' >'(•(:)! group. Hence, t l i r generalized >'("(:!) invariant 

S.ik.il.i model was lirsi nsi'd I'm t l i r i l.issilii ,il ion of hadrolis. Mi'sons in tl i is theory 

« r i r teg.inli'd as hadrous toiiiposi'tl of panicles of I lie Sakata triplet and atlt i l r iplct. 

Iloivevci. a l t r inp ls lo classify barvous stil l I ' l i ionntrr soil»' basic di l l icnil it's. 

In an alternative approach, ( i t ' l l -Mann [8] and Ni'f i i ian [II] independently have 

shown lli.it the NN( ! formula is a direct consequence of the >7 (It) symmetry anil 

have proposed lo tonsider barvons and mesons as particles of the octet representa­

tion of the St CI) group. ( lel l -Mann has called his approach "The Kightfold Way". 

Certainly, the experimental discovery of the (l~-hyperon predicted in [ШЛ. was a 

great success of the SI (-1) invariant theory. 

Iniiumerahle attempts to improve the generalized St {'Л) invariant Sakala model. 

which would he able to classify all hadrons (both baryons antl mesoiis) in I lie same 

way. were not successful. 

|l was just I he quark model of (It ' l l Maun [10] and 7 .wc ig [ l l ] proposed in I'Kil 

that replaced Sakata's theory. 

Quark model of Gell-Mann and Zweig 

Within the quark model of (It ' l l -Maun antl Zwcig all hadrons are regarded as com­

posed of various combinations of three quarks i/,t/.,s and antiquarks u,tt,s. Quarks 

are arranged In triplets of I lie fundamental representation of the ,S°f" (.!)/.• flavor group. 

Imposing I he requiretneiil that the operator of charge Q and hypercharge V should 
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be the generators of the SI {'-i)h group, one arrives al the following ipianl uiu numliers 

for (Jell Mann-Zweig (piarks: 

Q ; S ; I : / , ; И 

i и i 2/.Ч i 0 j I/-J j \r> ' l / : ( 

• ! / : i | 0 : {/•> I l / 'J j l.':i 

0 i 0 | l / : i 1 /:( I • 1 
•+-

- r 
ii | -2/.Ч | i)\\/2 \ \Г> I l / : i ; 

<r | l / - j [ Ш . l/:t J 
1 0 1» ; l ' : « i 

Л | 1/H 

Л - we have already pointed out. all hadruns wi lhin ihe (jel l Mann Zweig ipiark 

model are regarded as i oinposed of I lie l inidanieii lal pai l i i les. mesons are nothing 

lull pairs of rpiarks anil ant iipiarks. while hat yotis consist ul t liree ipiai ks. ЛИ pall icle 

mull iplels realized the irreducible representation of the SI I'U/ gioup [though, then-

are some mixing between mesons). 

I he idea of uuifirat ion ol t h<' internal and external syiumet ries was w r y essent ial 

for i lassilicalion of hadroiis. In particular, lite group SI I'i I has heen eomhined with 

t he group of the spin symmetry SI '('2)%- into 1 lie unilied SI ((>) group | I2] . 

Wi th in the Sr((>) symmetric theory I lie octet of pseudosralar mesons ami the 

lionet of vector mesons 

A ' + . A " ' . * * . * " . * - . i / . / v " . / ! ' -

K'\ 1<-"..ф\р\р-.,,".«J. К' .К'" 

are arranged as the following mult iplets: 

(i . (i ^ 1 + :t.j 

.'15 -= (H:0) +• (1 I «: I). 

I he baryou octet and the delta-de< uplel. ( ousecpicnl ly. 

n.p.Y.'.^XW".^ .^. 

д- ,л" .д + , д + + , г - ,у / - ",у + .н - ,Н' + лг 
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are arranged as the oli-plet 

(i « 6 * 6 = 56 + 70 + 70 + 20 

.56 = (8; 1/2) + (10; 3 /2) . 

Let us present the s u m m a r y of main results of the 5t"(3)/.- symmet r ic quark 

model. 

I'cirtiiles belonging to the same mull iplels of the Sl'('.i)i- group have the same 

-•pin. comparable masses ami satisfy the NN'(i formula. 

S i iu r . in fai l . I he masses of particles in multiplels are slightly different, the 

**l i'-Ur svmiiu' try is not exact . 

Having assumed I hat t In- s t range quark is heavier [13]. the violation of the uni tary 

-vmmeiry will obey t h e Gel l -Mann-Okubo formulas [14]. 

I lib model allows one ID establish the relation belweeu magnet ic moments and 

I hi1 a inpl i ludes of react ions for particles belonging to I lie same mul t ip le ts . 'l 'hese 

relations are in good qual i ta t ive agreement with exper imenta l da ta . 

I hus. in H)6I an impor tan t s tage of classification of the e lementary part icles 

on the basis of I lie quark model had been completed. Clearly, quest ions about the 

physical content of 1 he .S7'(3)f model appeared . In part icular , the question about 

actual existence of quarks as physical objects was very impor tan t . It was necessary 

lo perform a thorough analysis of problems that emerged within the Sl'('.i)y quark 

model. The following issues were especially challenging: 

a I Why the relation between spin and stat is t ics is seemingly violated within the 

quark model? 

It was pointed out that when baryons were arranged into the 56-plet of SU{b)ys 

group. I In1 t hrce-quark s ta tes symmetr ic under the interchange of part icles appeared . 

Hence. I he contradict ion with the Pauli principle arose and the in terpre ta t ion of 

quarks as physical fermions became impossible. 

b) Why baryons are cons t ruc ted from three quarks and mesons from a quark and 

an anl iquark and why mul t iquark bound s ta tes ( the so called "exotic s t a tes" ) do 

not exist? 

c) Why do addi t ive laws work within the quark model for calculat ion of various 

physical quant i t ies ? 

d) Finally, why are the re no free qua rk s ta tes in the Na tu re and , respectively, 

whose forces confine quarks inside the hadrons? 
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Searches for answers to these quest ions led to the creation of a modern dynamical 

theory of hadrons . Q u a n t u m Chromodynamics (QCD) . 

The basis for th is theory is formed by fundamental discoveries: color and colon il 

quarks, as sources of colored gluons, which in turn provide a strong, interaction 

between quarks . 

Color, Colored Quarks 

To solve the problem of quark spin and stat ist ics, in works by N.N. liogoliiihov. 

H.V. St ruminsky and A.N. Tavkhelidze [I.'ij.jlfi], M. Han and Y. Nambii (17] and also 

Y. Miyamoto [18] a new q u a n t u m number for quarks was introduced. This q u a n t u m 

number could take three values and, thus , each type ol quarks could be found in 

three independent s ta tes 

</л 5 </"•". о = 1.'.>.:(. 

where a is the flavor index and a is the new quail! urn number index. 

At the t ime, oidy three types of quarks were known: 

«?'•" = u" , q"'=<r q:i-" = s \ 

so the model was called the three-triplet quark model. 

I'rider the requirement that quarks are ordinary Dirac fermions and that I lie ad 

ditional q u a n t u m number should preserve the basic results of the ,S7'['Л)/, symmetry , 

tin' wave functions of hadrons in the ground s ta te were represented in the form 

(/'„(.rUi-Or.,) = г"'' ''4rf>,a...:„.a.->(j'iJ'2J':i) ~ / ' " ' hart/tins. 

<it(i\^i) = Ь^ф^т^г) - for mesons. 

As a result, the ant i symmetr ic i ty with respect to the interchange of quarks was 

satisfied. Moreover, hadrons became neutral in terms of the new quan tun i number . 

On the other hand, it has been suggested [17] that each quark with the three values 

of the new q u a n t u m number could realize the fundamental representat ion of the 

•'"'''(З)г group. As a consequence, the hadronic s tates were considered as singlet 

representat ions of the .9(/(l!) r group [17]. By analogy with the optical mixing of 

three colors (red, blue and yellow) which yields the white one, the new q u a n t u m 

number was later named "co lor ' . Accordingly, quarks were named colored quarks . 

(> 



Within Ih i ' model of colored quarks, fu.'daniental particles may have both frac­

tional and integer values of the electric charge, hypercharge and barvon number. 

Possibility of the existence of quarks with integer charges is not excluded theoreti­

cally il one assumes thai color symmetry is violated in electromagnetic interactions 

of quarks, brin» still exact in the world of observed hadrons [Hi]. [ l~ j . I'resenl -dav 

experimental data provide evidence in favor of fractional quark charges. 

We would like to noli1 that t in ' first attempt to overcome the contradiction be-

l ween -pin and statistics for quarks was made by (ireenberg who conjectured thai 

quarks .не parafermioiis of rank three (I!)]. There are sevcra1 works on the relation 

between the (l iceiiberg description of hadrons and I lie colored quark model [20]. 

The Model of Quasifree Quarks 

The colored quark model in the framework of the .47 ' {('))> SI'(.'!), group, essentially 

st lengthened the point (jf view about the colored quarks as physical objects. The 

ab-eiu с of quarks in free stall's, or "con linen lent", remained to be a principal problem 

of rlemenl ill v pari icle physics. 

Along with experimental studies the quest for 11»' dynamical theory of hadrons 

as hound stales of colored quarks was held. 

The creation of Qn.inluni Chromodynamics has been preceded by a number of 

plicnomeiiological approaches. I would like to select the model of quasifrec quarks 

and Current Algebra. 

Пи- dynamical model of quasifrcc quarks was developed in Dubua at the begin­

ning of l!)()"i [1Г>]. ['21]. This model was based on the assumption about the hea-vv 

quarks which are bound inside I he hadrons by strong forces. These forces cause 

a large defect of quark masses and hold them in confinement. though inside the 

hadroii they could be regarded as quasifrec. 'The model was described by the rela 

tivistic invariant quasipot.ent ial equation for composite particles [2.4] with the scalar 

quasipolenlial. In the limit of very heavy quarks and large mass defects. I he equa­

tion admits solutions that contain unitary spin and color structures in I lie part of 

I he wave function describing the motion of a hadron as a whole with momentum p 

<<'"(/'• <i) - •?(«)$%>) ~ for "I'sotis, 

<.'yi.H.r(/».</i,'/j) - <p{<Ii.<li)<!>A.H.c{l>) ~ f»r han/on.*. 



The wave- Гипс lions describing 1 lie mo! ion of hadrous as a whole sati-fy I he free 

cquat ions 

(/'' - 4'\/)o"il>) = 0 . 

U>' - " ' H H ' . - I . H . ' I / ' I = " • 

when' in \i and шц are masses of mesons and baryotis. res|n'i t ivelv. To avoid the 

mixing of solutions with positive ami negative frequencies, one should require the 

fulfillment of additional ronditious 

[i>-m)XoH
v - I). I/. • m)%.o"x' II 

for mesons and 

(/' i»)'\o.\' H.r - I/' - »')1'•"'••./e.r - (/' '» l'.| о i ч г • II. 

for liarvons. 

I his choice for hadron wave functions within the quasifiee quark modi'l allows 

one lo obtain I lie relativist i< ally invariant generalizat i<jn for the wave functions of 

the nonrelativistie SI (fi) model. It is essential to emphasize that the wave fuiietion 

depends on hadron masses bil l not on heavy quark masses! So in I lie <|iiasifree quark 

model the dynamical origin of t in ' constituent quark masses has been recognized 

for the lirst l ime. In accordan< e with the Abdus Salam s saying, quarks are in the 

"Archimedean bath" . Specifically. I wish to point out that the "nucleoli magnetic 

moment enhancement phenomenon " has firstly been explained within the frame­

work of the quasifree quark model. .Namely. I lie expression for the proton magnet ic 

moment 

•r> ( 

has been derived [1">] which, contrary to I lie naive expectations, contains the nucleoli 

mass instead of the heavy quark mass. 

The following development of the quasifree quark model came up wi th the cre­

ation of the "Dubna bag" model ['21 j and I he ' M I T bag" model [22] for hadrons. 
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The Model with Spontaneously Broken 
Symmetry and Current Algebra 

I'he fundamental phenomenon. Spontaneous Breaking of Symmetry (SBS), dis­
covered and elaborated by .N.N. Bogoliubov in Statistical Physics [24], plays an 
important role in the modern theory of elementary particles. For the first time the 
method of SBS >vas used for t lie description of the dynamical fermion mass generation 
in I he •y.-iuvariaiit models of Quantum l-'ield Theory. [25], [26],[27] In the paper by 
N'ainbu and .lonal.asinio [25] it has been shown that there is another, very important 
effect beyond the dynamical fermion mass generation. Namely, pseudoscalar mesons 
appear as I lie Nambu (loldslone bosons. It is worthwhile to point out here that this 
phenomenon is in close relation with the Bogoliubov's distinguished theorem "About 
the I''/" tvpe singularities" in Statistical 1'hysics [28]. 

The method of SBS plays л crucial role for the Current Algebra application in 
hadroii phenomenology. 

Starting with tIn" general conception that the strong interactions should possess 
chiral symmetry S('{'i)i. * 5Г'(3)д, Gell-Mann in 1962 [29] has postulated relations 
for the hadronic vector l^a(.r) and axial-vector /1°(r) currents in the form of com­
mutation relations for the algebra of the Sl'('i)i. * А7г(3)я group 

[Va"[s.t)A'bu(yJ)} = ^UVe
u(T.i)l>-'(x - y), 

[V°{x.t). Au
b(y.t)\ = iUcA°(xJ)S\x - y), 

lA:U.I),Au
b(y.l)} = lUVc°(x,t)63(x-y). 

These currents being constructed in the quark model, automatically satisfy the 
commutation relations of the algebra of the .*i"('"(!J)i. * SIJ{3)R group. 

If OIK1 assumes that the Hamiltonian of strong interactions is invariant under 
the >7.'(3)/, * 57, ' (3)H transformations, hadrons should be arranged in corresponding 
irreducible multiplets of this group. Moreover, the octet of scalar mesons would 
correspond to the octet of pseudoscalar mesons and the octet of baryons would have 
partners with the opposite parity. The absence of these particles-partners in the 
Nature led to the idea of spontaneous breaking of the St/(3)t * SU{3)R symmetry. 
On the other hand, as is well known, the particle spectrum realizes just that part of 
symmetry which is realized both for the Hamiltonian and for the ground state. It 

9 



was natura l to suppose tha t the ground s ta te realizes only the .SY/(3)v symmetry , hut 

spontaneously violates t h e SU(3)A group. In accordance with the Nainbu-Colds tonc 

theorem, eight pseudoscalar mesons appear in the hadron spec t rum and t h r observed 

Si'i'i) symmet ry is the result of dynamical violation of the initial .'-'.''(3);. * . s ' '(-i)n 

group. 

The existence of the direct relation between the meson spect rum and the breaking 

of the axial symmet ry led to the hypothesis about the partial conservation of tin-

axial current ( P C A C ) 

d"Al ~ }aml<p\ a = 1,2,.. .8. 

where c/ arc the meson fields. 

Having used the PC AC hypothesis , the low-energy theorems were obta ined within 

the framework of Curren t Algebra and the values of masses for I he so called current 

quarks were calculated. These masses play the role of parameters of soft violalion of 

the ehiral symmet ry iti the in ilia' Flamiltonian and lead to the masses for pseudoscalar 

mesons. 

T h e SHH method plays the key role for all unified theories of weak, elect гошад 

netic and strong interact ions. 

Quantum Chromodynamics 

Besides the hadron classification coming from the quark model, the exper iments 

in high energy physics were most important for the quark model confirmation. 

Kxperiments at SI.AC (USA) in 1967 on the deep-inelastic Icpton-nuclcon scatter­

ing and exper iments on the inclusive hadron-hadron react ions conducted in Pro tv ino 

(Russia) in 1969, suggested [30] and theoretically s tudied by A.A. hogunov with col­

laborators [31], have discovered the scaling propert ies present in the quark-par lon 

model: J .D . Bjorken [32], R.P. Feynman (33], C.N. Y.mg [3-1]. 

The explanat ion of the observed scaling propert ies in e lect romagnet ic , w«*-k and 

strong processes has been done in [35] on the basis of the universal principle of au-

tomodeli ly (self-similarity) and dimensional analysis. Combining the requirements 

of automodel i ty with the principles of the quasifrec quark model , the quark count­

ing formulae have been derived [36], [37]. These formulae, allowed one t o obta in 
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l l ic liliil i ещтцу a.symplutir behavior for cross-sect ions lor any binary read ion with 

participation til hadrons. and юг hacJron form factors at large moment urn transfers 

/ • - , ( / ) - . , - < • • • • - » . 

where //, (/ -: a.h.(.il) is the number of quark flavors inside the corresponding 

l i i i d l n t l . 

On I lie oilier hand. experiments on I he ir" —• '.'- decay and <+«" —> hadroiis 

aiinihil.it ion have linallv lonl i r ined I he existence of three eolor degrees of freedom. 

I he experimental conlii mat ion ol t he I heoret ii a I prcdn ! ions of t he < olored (juark 

model .it I he beginning of Til's dii l tml leave any doulit ' i i physii al acl uality ol colored 

i|ii.irks .11111 the rich i on lent of I he color symmetry. 

However, the question ahoul the nature of I he inteiquark fortes confining them 

i.ito hadroiis was si ill open. 

Alicady in the work liv M. Han anil Y. Nainlui |17]. il lias been snpposeil thai the 

interact ion he! ween quarks could he realized by t he o( let of ve< lor mesons belonging 

to I lie adjoin! represent a l ion of the >7'(;l). group. Il has also been noted that il 

is possible lo construct a colorless ground stale for the particles which could lie 

identified with tile known hadroiis. Se; .nitigly. the foriuulalion of QCI) was quite at 

hand. However, that l ime I hi ' quantum theory of classical Yang-Mills fields di l l not 

exist. The prolilcm of (plant izat ion for vector gauge fields was solved in l l ie works 

liy I U \ I'eynman [:1S]. l i . I). ' W i l l |.t'l] ami I..I), l'addeev. V .N . Popov 11()|. 

I'nder the re(|uiri'inenl that strong interactions are described by t in ' Yang-Mills 

I henry with the >7'(: i) symmetry group and with quark lields arranged as funda­

mental triplets of this group, the l.agraugian for QCI) takes the form [ I I ] 

1.QCI> = --Irf•;,.(•"•" + ] Г / д ( о " / Л , - »И-)«Д. 

where 

<<',„. = ')„Л„ ~ *КЛи - >')\Ли, A„]. 

" Л" 
'V/* = {<>„ - 'fl'U'/ь -'1/. = 5Z •1I '7-

Quantum Chrouiodvnamics has aroused great interest at (Mice. 'This theory pos­

sesses all known symmetries of st long interactions, is asymptotically free [-12] and 

I I 
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the complicated s t ruc tu re of its ground s t a t e leads to tlie spontaneous breakdown of 

chiral symmetry . Q C I ) combines all ideas of dilferenl phcnonicnological approaches 

in the liadron theory and at present is the generally accepted theory of s trong inter 

act ions. 
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