


Few davs prior to the beginning of our Seminar. the discovery of a sixth, top.
guark was reported by Fermilab. Thirty years passed between the hypothesis of
quark structure of hadrons and experimental discovery of six quarks. Thirty years,
which were filled with new ideas. theoretical models aud painstaking experimental
searches. Colored quarks. colored gluons are discovered now and we have a good
candidate for the quantum theory of colored quark-gluon interactions. Quantum
Chromodynanics.

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 QCD.

This report was prepared jointly with G.Gabadadze.



Nakano-Nishijima-Gell-Mann rule

Once the strange particles were experimentally discovered in 1950's. a great
amount of new particles has appeared. Classifving already known hadrons in ac-
cordance with the strangeness S and third component of the isospin 1,. Nakauo.
Nishijima [1] and Gell-Mann (2] have pointed ot an interesting tendeney. It turned
out that mesons baryons and antibaryons could produce groups of eight particles and
that the change of hypercharge in each group on +! led 1o the change of the third
component of the isospin on £1/2. As a result, Nakano. Nishijima and Gell Mann
independently have proposed the formula which conneets fundamental characteric
ties of particles: the electrie charge Q. third component of the isospin /; and the
hypercharge Y |

Q=1+ Q) . (1
The hyvpercharge Y ois expressed through the baryon number 13 and strangeness S in
the [ollowing way:
Y =HK+5

Formula (1) (hereafter the NNG formula) presupposed the existence of hadrons
with specified properties. Soon. these hadrons were discavered and the NNG formala
was formed into a law.

However. the fundamental question of why hadrons are arranged as octets re
inained open. The solution of this problem has led to the view on constituent strue
ture of hadrons.

Searches in this direction were originated in papers by M.A. Markov [3]. 5. Sa
kata [4] and L.B. Okun. [5] where the constituem particle model was used for 1he

classification of hadrons.
Sakata model

The Sakata model of composite particles [4] that goes back 10 the Fermi Yang
madel. was proposed in 1956, The fundamental particles in this model are protons,
neutrons. lambda-byperons and their antiparticles with the corresponding quantnm

numbers:
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e rest of the hadrons were considered as some bound states of these particles,
Later on, generalizing the ideas of isotopinvariance. Tkeda, Ogawa. Ohnuki [6] and
Yaraeuch (7] proposed 1o cousider the Sakata triplet as a realization of the funda-
et al wepreseatation of the SEEY group. Heneeo the generalizod SU) invariam
Sekata model was first used for the dassification of hadrons, Mesons in this theory
were regarded as hadrons composed of particles of the Sakata triplet and antitriplet,
However, attemipts 1o classify barvons stitl encounter some basic difficnlties.

I an alternative approach. Gell-Mann [R) and Neeman [9 independently have
shown that the NNG formmta is a direet consequence of the SU(3) symmetry and
lave proposed 10 consider barvons and mnesons as particles of the octet representa-
tion of the SE3) group. Gell- Mann has called his approach “The Eightfold Way™.
Certainly, the experimental discovery of the Q7 -hyperon predicted in 1963, was a
preat stecess of the SUC) ivariant theory.

lunumerable attempts to improve the generalized SEE3) invariant Sakata model.
which wonld be able to classify all hadrons (both barvons and miesons) in the same
way, were not .\"('(‘t'f\.\'ful.

It was just the quark modet of Gell-Mann [10] and Zweig {1 proposed in 1961

that replaced Sakata's theory.
Quark model of Gell-Mann and Zweig

Within the quark model of Gell- Maun and Zweig all hadrons are regarded as com-
posed of various combinations of three quarks u,d. s aud antiquarks u, d, s. Quarks
arearranged in triplets of the nndamental representation of the ST(3), flavor group.

Iposing the requirement that the operator of charge @ and hypereharge Y should
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be the generators of the SU{3)p group. one arrives a1 the following quantuin numbers

for Gell-Mann-Zweig quarks:

—

d -_1/3 0
« 1/3

ui 2/3 4
'

1 - et SETSPIE SR |
RS R
sl oo [ N

ek -1

As we have already pointed ont . all hadrons within the Gell Maun Zweig quark
model are regarded as composed of the Tundanental pasticles, imesons are nothing,
but pairs of quarks and antiguarks. while barvons consist of three gquarks. Al particle
miltiplets realized the irreducible representation of the ST, group (thongh. there
are some mixing between mesons).

Fhe idea of unification of the internal and external svmmetries was very essential
for classification of hadrons. In particular. the group S has been combined with
the group of the spin symmetry ST(2)5 into the unilied SE6) group [12].

Within the SU(6) svmmetric theory the ortet of pseudoscalar mesons and the

nonet of vector mesons
KY K. =% 2" 2y K" K~
KPR o' prp pw K K™
are arranged as the following multiplets:
66 =1+15
35 = (8:0) + (1 4 80 1).
The barvon octet and the delta-decuplet | consequently,
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are arranged as the 36-plet
6=6+6=>56+70+70+20

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

Let ns present the summary of main results of the SU(3), syinmetric quark
model.

Particles belonging to the same multiplets of the SU(3)p group have the same
spin. comparable masses and satisfy the NNG formula.

Sinees i fact, the masses of particles in multiplets are slightly differemt, the
SECY synunetry is not exact.

Having assnined that the strange quark s heavier {13]. the violation of the unitary
svimetry will obey the Gell- Mann-Okubo formulas [14).

s madel allows one 1o establish the relation between magnetic moments and
Vhe amplitudes of reactions for particles belonging to the same multiplets, These
relations are in good qualitative agreement with experimental data.

Fhus, in 1961 an important stage of classification of the elementary particles
on the basis of the quark model had been completed. Clearly, questions about the
physical content of the SU(3)p model appeared. In particular. the question about
actual existence of quarks as physical objects was very important. It was necessary
to perform a thorough analysis of problems that emerged within the S°(3)p quark
model. The following issues were especially challenging:

a) Why the refation between spin and statistics is seemingly violated within the
quark maodel?

[t was pointed out that when baryons were arranged into the 56-plet of SU(6)p
group. the three-quark states symmetric under the interchange of particles appeared.
Hence. the contradiction with the Pauli principle arose and the interpretation of
quarks as physical fermions became impossible.

b) Why baryons are constructed from three quarks and mesons from a quark and
an antiquark and why multiquark bound states (the so called "exotic states™) do
not exist?

¢) Why do additive laws work within the quark model for calculation of various
physical quantities 7
d) Finally, why are there no free quark states in the Nature and, respectively,

whose forces confine quarks inside the hadrons?



Searches for answers to these questions led to the ereation of a modern dynamical
theory of hadrons. Quantum Chromodynamics (QUD).

The basis for this theory is formed by fundamental discoveries: color and colordd
quarks, as sources of colored gluons, which in turn provide a strong interaction

between quarks.
Color, Colored Quarks

To solve the problemn of quark spin and statistics, in works by N.N. Bogoliubov.
B.V. Struminsky and A.N. Tavkhelidze [15].[16], M. Han and Y. Nambu {17) and also
Y. Mivamoto [18] a new quantum number for quarks was introduced. This quantim
number could take three values and, thus. each type of quarks could be found in
three independent states

V=gt o= 12,

where a is the flavor index and e is the new quantam number index.

At the time, only three types of quarks were know:

ql.u — uu, {ll.n = d° q.’i.n = 5",

su the model was called the three-triplet quark model.
['nder the requirement that quarks are ordinary Dirac fermions and that the ad-
ditional quantum number should preserve the basie results of the SU(3), symmietry.

the wave functions of hadrons in the ground state were represented in the form
i,
VabelL1rzls) = £y p o gl rirara) —  for baryons.

@ﬁ(TlT'z) = 6;¢2(I|172) - Jor mesons.

As a result, the antisymmetricity with respect to the interchange of quarks was
satisfied. Moreover, hadrons became neutral in terms of the new quantum number.
On the other hand. it has been suggested [17] that each quark with the three values
of the new quantum number could realize the fundamental representation of the
SU'(3), group. As a consequence, the hadronic states were considered as singlet
representations of the SU(3), group {17]. By analogy with the optical mixing of
three colors (red, blue and yellow) which yiclds the white one, the new quantum

number was later named "color”. Accordingly. quarks were named colored quarks.
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Within the model of colored quarks. fu.damental particles may have both frac-
tional and integer values of the electric charge. hypercharge and baryon number.
Possihility of the existence of quarks with integer charges is not excluded theoret)-
callv il one assinies that color symmetry is violated in electromagnetic interactions
of quarks. being still exact in the world of observed hadrons [16]. [I7]. Present-day
experinental data provide evidenee in favor of lractional quark charges.

We would like to note that the first attempt to overcome the contradiction be-
tween spin and statisties for quarks was made by Greenberg who conjectured that
guarks are parafermions of rank three {19]. There are several works on the relation

between the Greenberp deseription of hadrons and the colored quark model [20].
The Model of Quasifree Quarks

I'he cotored quark modelin the framework of the SU(6) o SU(3), group. essentially
strengthened the pomt of view about the colored quarks as physical objects, The
absence of quarks in free states, or “conlinement ™, remamed 10 bea principal problem
of clementary particle physies.

Mang with experimental studies the guest for the dynamical theory of hadrons
as bound states of colored gnarks was held.

The creation of Quantum Chromodynamies has been preceded by a number of
phenomenological approaches. 1 would like to select the model of quasifree quarks
and Current Algebra.

The dyvnamical maodel of quasifree quarks was developed in Dubna at the begin-
ming of 1965 [15]. [21]. This model was based on the assumption about the heavy
quarks which are bound inside the hadrons by strong forces. These forces cause
a large defeet of quark masses and hold them in confinement. though inside the
hadron they could be regarded as quasifree. The model was deseribed by the rela-
tivistic invariant guasipotential equation for composite particles {23] with the scalar
quasipotential. In the limit of very heavy quarks and large mass defects. the equa-
tion admits solitions that contain unitary spin and color structures in the part of

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

WHipq) = (@R (p) = for  mesons,

vancpoqoq) =g oq)danclp) — for  baryons.
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The wave functions deseribing the motion of hadrons as a whole satisfv the free

equations

2 2, H
(p~ - myyloy(p) = 0.
(2 2o
(p” — mglogpetpr =L
where my and mp are masses of mesons and barvons. respectively. To avoid the
mixing of solutions with positive and negative frequencies, one should require the

fulfillinent of additional conditions
(p- m'pj:‘(_';":. 0 . m)z,:_';’:' 0
for mesons and
. 4 o M . =
(p mlyoage = dp ) yoype - (p m)yyovye AL

for harvons.

Lhis choice for hadron wave functions within the quasifree gquark model allows
one 1o obtain the relativistically invariant generalization for the wave funetions of
the nonrelativistic 86} model. 1 is essential to emphasize that the wave funetion
depends on hadron masses but not on heavy guark masses! So in the quasifree quark
model the dynamical origin of the constituent guark masses has been recognized
for the first time, In accordance with the Abdus Salam’s saving. quarks are in the
“Archimedean bath™. Specificalls. I wish 1o point our that the "nueleon magnetic
moment ethancemem phenomenon ™ has firstly been explained within the frame-
work of the guasifree quark model. Namely, the expression for the proton magnetic
matnent

¢
(o e
o= 39w,
has been derived [15] which. contrary 1o the naive expectations, contains the nucleon
mass instead of the heavy guark mass,
The following development of the quasifree quark model came up with the cre-

ation of the "Dubna bag”™ model [21] and the "MIT bag™ model {22] for hadrons.



The Model with Spontaneously Broken
Symmetry and Current Algebra

I'he Tundamental 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 ol SBS was used for the description of the dynamical fermion mass generation
in the ss-invariant models of Quantum Field Theory. [25], {26].[27] In the paper by
Nambu and Jona- Lasinio [23] it has been shown that there is another, very important
effeet bevond the dynamical fermion mass generation. Namely. pseudoscalar mesons
appear as the Nambu Goldstone bosons. [t is worthwhile to point out here that this
phenomenon is in close relation with the Bogolinbov's distinguished theorem ™ About
the Fog? tvpe singularities™ in Statistical Physies [28].

I'he method of SBS plays a erucial role for the Current Algebra application in
hadron phenomenaology.

Starting with the general conception that the strong interactions should possess
chiral svinmetry SU(3),, + SU(3) g, Gell-Mann in 1962 [29] has postulated relations
fur the hadronic vector V*(r) and axial-vector A} (r) currents in the form of com-

nnilation relations for the algebra of the SU'(3), » SU'(3)q group
VI ()] = HasV (2. 08 (2 — y),

V2r ). ANy )] = 2 fare A2, 1)6%(z - y),
[A%z.t), AYy. 1) = ifas VO r )83 (2 - y).

These currents being constructed in the quark inodel, automatically satisfy the
commutation relations of the algebra of the S{(3}, « SU(3)n group.

If one assumes that the Hasniltonian of strong interactions is invariant under
the SU(3);, = SU(3)k 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 SU(3), * 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



was natural to suppose that the ground state realizes only the SU(3)y symmetry. but
spontaneously violates the SU(3)4 group. In accordance with the Nambu-Goldstone
theorem, eight pseudoscalar mesons appear in the hadron spectrum and the observed
SU(3) symmetry is the result of dynamical violation of the initial S17(3); « S17(3)y,
group.

The existence of the direct relation between the meson spectrum and the breaking
of the axial symmetry led to the hypothesis about the partial conservation of the

axial current (PCAC)
0" AS, ~ forne®, a=1,2,..8,

where ¢° are the meson ficlds.

Having used the PCAC hypothesis, the low-energy theorems were obtained within
the framework of Current Algebra and the values of masses for the so called currem
quarks were calculated. These masses play the role of parameters of soft violation of
the chiral symumetry in the initia' Hamiltonian and lead to the masses for pseudoscalar
Mesons.

The SBS method plays the key role for all nnified theories of weak. electromag

netic and strong teractions.
Quantum Chromodynamics

l3esides the hadron classification coming from the quark model, the experiments
in high energy physics were most important for the quark model confirmation.

Experiments at SLAC (UUSA) in 1967 on the deep-inelastic lepton-nucleon scatter-
ing and experiments on the inclusive hadron-hadron reactions conducted in Protvino
(Russia) in 1969, suggested [30] and theoretically studied by A A. Logunov with col-
laborators [31], have discovered the scaling properties present in the quark-parton
model: J.D. Bjorken [32], R.P. Feynman [33], C.N. Yang [34}.

The explanation of the observed scaling properties in clectromagnetic, week and
strong processes has been done in {35] on the basis of the universal principle of au-
tomodelity (sclf-similarity) and dimensional analysis. Combining the requirements
of automodelity with the principles of the guasifrec quark model, the quark count.-

ing formulae have been derived [36], [37). These formulae allowed one to obtain
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the high energy asvinptotic behavior for cross-sections tor any binary reaction with
patticipation of hadrons. and \or hadron form factors at large momentum transfers

I fi i)_
Tt

|
‘JI {ab — cd) — -

FLy — bt

where s, (0 = a boeod) is the number of quark flavors inside the corresnonding

Ladron.
11

Ou the other hand, experiments ort the 7% — 25 decay and Y™ —  hadrons
annihilation live finally conlirmed the existence of three color degrees of freedom.

[ he experimental confirtation of the theoretical predictions of the colored guark
modet at the beginning of TS did tot leave any doabt i physical actuality of cofored
quarhs and the rich content of the color syimmetry.

fHowever, the question abont the nature of the interquark forces confising, them
iato liadrons was =01l open.

Mieady in the work by M. Hancand Y. Nambua [17]0 01 has been supposed that the
interaction between guarks conld be realized by the octet of vector mesons helonging
to the wdjoint representation of the SC(3). group. It has also been noted that i
i= possible 1o construct a colorless ground state for the particles which could he
identitied with the known hadrons. Secaningly. the formulation of QCI) was quite a
hand. However, that 1ime the gquantyum theory of classical Yang-Mills ficids did not
exist. The problemy of quantization for vector gange ficlds was solved in the works
by R Fevnman 381 B0 De Wine (39 and L. Faddeev. VN, Popaoy [10].

Under the requirement that strong interactions are described by the Yaop- Mills
theory with the S svmmetry group and with quark fields arranged as funda-
mental triplets of this gronp, the Lagrangian for QU takes the form [11)

I "y
Locn = —-;Ir(,',,,(,"“' + Z(}k(l‘)"l),, - my ).
- k=1
\Nh('“'
G = 0,4, — 3,4, — 19, A
L) A"
Dot = (8, = igA g, Au= Y Apo

a=1
Quantum Chromodynamics has aroused great interest at once. This theory pos-

seases all known svmmetries of strong interactions. is asymptotically free [12] and
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the complicated structure of its ground state leads to the spontaneous hreakdown of
chiral symmetry. QCD combines all ideas of differemt phenomenological approaches
in the hadron theory and at present is the generally aceepted theory of strong inter-

actions.
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