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I N recent years the efforts of physicists studying
elementary particles have been, perhaps more than
previously, concentrated on the study of processes
referring to high energies (above 1 BeV). A study of
these processes has already led in the past to the dis-
covery of several interesting peculiarities in the
world of elementary particles and it continues to
yield new unexpected results. Basically there are
two sources of new information on elementary part i-
cles: higher energies for the colliding particles and
higher precision of quantitative measurements at low
and intermediate energies. It is difficult to say which
of these two approaches will give rise to decisive
discoveries for our basic understanding of the proper-
ties of elementary particles. But in recent years
qualitatively new results have been obtained mainly
by going to regions of higher energy.

Recent studies in the high energy region have con-
siderably enriched our notions about elementary par-
ticles. A new family of unstable elementary particles
—"resonances"—has been added to the previously
known particles. New unusual symmetry properties
of the strong interactions have been discovered. Re-
cent data on weak interactions are threatening to do
away with our well established notions on the sym-
metry properties of space-time. Significant advances
have been made in the study of nucleon structure,
leading further and further away from the picture of
a point particle. Lastly, in a number of cases inves-
tigations have brought physicists close to the possi-
bility of verifying the main principles on which mod-
ern elementary particle theories are based, in partic-
ular the principle of locality.

The grandiose task of discovering the fundamental
regularities of the micro-world, lying at the founda-
tions of motion of all matter, requires no less gran-
diose machinery. To study elementary particle
physics the USSR and major countries of the world
( USA, England, France, Italy, West Germany, Japan,
Sweden) have constructed gigantic electron and
proton accelerators, at which are working huge
groups of scientists. The research front is unusually
wide, and the amount of information produced is such

*This article was written at the request of the editor and does
not pretend to be a complete report on all the papers presented at
the conference; only the main directions and the principal results
are noted. (Editor)

that its analysis is beyond the capacity not only of a
single person but even of a group of specialists. In
this connection international conferences on high
energy physics, in which past achievements are sum-
marized and most promising directions for the future
are outlined, acquire special significance. The last
of such conferences took place in August 1964 at
Dubna. On the basis of materials presented at that
conference, and also a number of later papers, the
authors of the present article have attempted to give
a review of the main directions in which investigations
are carried out in elementary particle physics.

The authors are fully aware that in an article of
this nature it is difficult to avoid being subjective, to
preserve balance, and to give each important result
its due—particularly since the importance of a result
is often a function of time.

It was not the aim of the authors to give a detailed
description of all papers presented at the Dubna con-
ference,* and therefore in the text, as a rule, the
names of individual scientists and countries, where
the work was done, are not given.

1. GENERAL CHARACTERISTICS OF THE PRESENT
STAGE OF RESEARCH

It is natural to call the main direction of investiga-
tion in the field of elementary particles that direction
which leads most directly to the main goal—the con-
struction of a theory of elementary particles. At the
moment it is far from clear what that theory will be
like, what will be its main concepts and what problems
will be of central importance for it. One may only
formulate a number of questions which appear at the
moment to be most relevant. We shall define as
"main" those lines of research which are most
intimately connected with the resolution of these
questions. Somewhat arbitrarily they can be classi-
fied into three groups:

1. What elementary objects exist in nature and to
what extent are they indeed elementary? (Is their
number finite? ) What are their quantum numbers
(spatial-mass, spin, parity; "internal' '-isospin,
hypercharge, etc.)? How many are the " internal"
dynamic variables and how are they connected with

*For more details the reader may consult the reports of the
rapporteurs issued by the Joint Institute for Nuclear Research.

307



308 A. M. BALDIN and A. A. KOMAR

Table I. Stable and quasistable particles
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bol
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33.6±3.3
35.3±3.0
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33.95
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33.94
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the spatial dynamic variables? To what extent can
these elementary objects be described by fixed
proper values of these dynamic variables? (This
last may turn out to be relevant for the understanding
of the nature of unstable particles.)

2. What types of interactions do elementary part i-
cles have? Are there only strong, electromagnetic,
weak and gravitational interactions or is this classi-
fication arbitrary and there exists a variety of inter-
mediate interactions, or, lastly, are they only different
manifestations of a single interaction encompassing
all elementary particles?

3. What symmetry properties correspond to each
type of interaction and in what way is their change

related to the change in the interaction strength ?
It is to be hoped that a future theory will shed

some light on all these questions, although most likely
these questions will not exhaust its content. It is also
to be expected that a mathematical apparatus will be
found making it possible to calculate, in principle,
dynamic characteristics of micro-processes (cross
sections, form factors, coupling constants, etc.) .
The resolution of the above formulated questions and
the construction of the mathematical apparatus are
today in their very initial stages. The present stage
of elementary particle investigations is characterized
mainly by accumulation of copious data and attempts
at systematization of this data.
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Sym-
bol

Mass, MeV (7) JpG Lifetime,
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Type Fraction, % Q, MeV
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In most cases the dynamic characteristics of the
processes studied are discussed on the basis of par-
ticular hypotheses, which are not always related to
each other and which often must be changed under the
pressure of experimental facts. With their help it is
sometimes possible to bring some clarity into the
mechanisms of individual processes but their range
of applicability is, as a rule, limited. Nevertheless
they play an important role serving as bridges, albeit
temporary and shaky, into the future theory.

Somewhat isolatedly the axiomatic approach has
been developing, at the foundations of which lies the
desire to construct a systematic apparatus for the

theory on the basis of a minimum of most general
postulates. In this method it is most difficult to
arrive at consequences that can be checked experi-
mentally and the number of such consequences found
so far is not large.

The most interesting peculiarity of high energy
physics investigations in recent years, which may
turn out to be decisive for its further development,
is connected with, of all things, the unexpected in-
crease in the number of elementary particles. While
until recently 30 stable and quasistable particles
(i.e. particles with long life times on the scale of the
nuclear time of 1O-23 sec) were known to physicists,
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Table II.
Resonances
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bol Mass, MeV
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Type Fraction, % Q, MeV
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see Table I

369
504
648
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782
572
131
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540
400
121
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32
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885
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for even /
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at the present moment the total number of discovered
particles approaches 200, with a majority of the
newly discovered particles being unstable objects —
"resonances"—with lifetimes of 1O"22 - 10-23 sec
(see Tables I-TJ). The decay products of the reso-
nances consist of the "usual" quasistable particles:
nucleons, hyperons, pions and kaons. It is now clear
that the formation of resonances is not an exceptional
but rather a general property of strongly interacting
systems. Practically all known strongly interacting
particles can at an appropriate energy in the center
of mass system combine, two or more at a time, to
form unstable complexes ("resonances") . The reso-
nances discovered first (the p and K* mesons, the

Y t hyperons) were two-particle complexes. Thus
the p meson (a particle of spin 1 and mass of 760 MeV)
decays into two pions. The K* meson (a particle of
spin 1 and mass of 891 MeV) decays into a kaon and
a pion. The Y? hyperon (spin 3/2, mass 1382 MeV)
decays into the A particle and a pion. Recently more
complicated complexes have been discovered: for
example the rj27r meson (spin 0, mass 957 MeV), the
KK7r meson (mass 1415 MeV), and others. It turned
out that in a number of cases the decay of a " r e s o -
nance" proceeds in a cascade manner, i.e. the " r e s -
onance" decays into another "resonance" of lower
mass and some quasistable particle, and that this type
of decay is more the rule than an exception. As exam-
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pies we may mention the At meson (mass 1080 MeV),
the B meson (mass 1215 MeV), the N^2 isobar (mass
1688 MeV), with the following decay schemes:

\»

(1688) i (1236) + n,

With increasing mass the spins of the resonances in-
variably increase. While for the first discovered

resonances the spin was equal to 1 or 3/2, we now
know resonances with spin 2 (f meson, mass 1250 MeV),
5/2, 7/2; yet higher spins are possible. Thus the pre-
viously known 30 particles, which only a few years ago
could demand exclusive attention, have turned out to be
nothing but relatively more stable, lower lying in mass,
members of a huge collection of objects. Today it is
possible to speak of a kind of spectroscopy of elemen-
tary particles. It is clear that the indicated facts r e -
quire a searching reexamination of the concept of
"elementarity", and it is possible that one should no
longer attempt to reduce the variety of observed par-
ticles to a few elementary entities but rather one
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should seek a dynamical principle which governs the
distribution of the excited levels of a single strongly
interacting entity, these levels being what we observe
as particles.

The large number of particles that has become
known to physicists opened up wide possibilities for
their grouping, systematization, and for the discovery
and verification of symmetry properties satisfied by
the interactions that govern the behavior of these par-
ticles. The discovery of one symmetry property or
another can not, of course, replace the knowledge of
dynamic laws, but it does make possible an ordering
of the known facts and the establishing of important
connections between apparently unrelated phenomena
thus leading to a number of important predictions of
both qualitative and quantitative character. In the
final analysis the discovery of the symmetry proper-
ties of the interactions should serve as a powerful
stimulus for the construction of a dynamical theory
representing at the same time a critical test of the
validity of the theory.

Recent years have seen great advances in precisely
this domain of symmetry properties of elementary
particle interactions. The discussion of these prob-
lems occupied one of the central places at the con-
ference.

2. SYMMETRIES OF THE INTERACTIONS

Symmetry properties and symmetry groups that
describe them constitute one of the most important
elements of our knowledge of physics. In elementary
particle physics one distinguishes external
(space-time) symmetries and "internal" symmetries
which refer to specific properties of the particles and
which, it seemed, were unrelated to their spatial
properties. It appears, however, that there is a con-
nection between them (see below).

1) Space-time symmetries. Violation of CP
invariance. The importance of the role played by the
group of space-time transformations—the inhomoge-
neous Lorentz group—in the development of all fields
of physics, and in particular in the development of
quantum field theory, is common knowledge. The
fundamental concepts used to describe elementary
particles—energy, momentum, mass, spin—arise as a
consequence of invariance of physical interactions
under this group of transformations. It is also known
that in quantum mechanics the Lorentz group is aug-
mented by the group of discrete transformations con-
nected with the operations of space inversion r —* — r,
time reversal t—* — t, and particle-antiparticle inter-
change. The operators corresponding to these t rans-
formations are denoted by the symbols P, T, C. Given
invariance with respect to each of these operations
one may introduce quantum numbers for space, time
and charge parity, which turn out to be very useful
characteristics for the strong and electromagnetic

interactions. It is important to emphasize that the
basic postulates of quantum mechanics together with
the assumption of locality of the theory and its invari-
ance under the inhomogeneous Lorentz group lead to
the conclusion that all physical phenomena should be
invariant under the product of the three operations C,
P, and T (the so called CPT theorem).

Invariance with respect to each of these operations
individually may not exist. The discovery of space
(and charge) parity nonconservation in weak inter-
actions in 1957 beautifully confirmed this hypothesis.
However until recently physicists believed that weak
interactions are invariant under the so called "com-
bined" parity operation CP. The point is that if CP
invariance is violated then right and left become non-
equivalent in empty space, which nonequivalence can-
not be reduced, as before, to the diference between
particle and antiparticle1 (left and right screw sense
respectively). It is natural that one would like to
avoid such a situation. Nevertheless the newest data
have shaken this belief. It may be that one of the most
important in its future consequences of the papers
presented at the conference in Dubna was that of the
Princeton (USA) group, which has discovered a proc-
ess that, apparently, proceeds with violation of CP
invariance. The process in question is the decay of
the longlived K° meson ( K p into a n* and a 7r~. It
turned out that such a decay occurs a fraction of the
times equal to 2 x 10"3 of all the other decays. Up til
now it was assumed that the K°, meson was the

CP-odd superposition of the K° and K° states:

On the other hand a two-pion system with zero rela-
tive orbital angular momentum (the spin of the K°,
is zero) is invariant under the CP operation, i.e, is
CP-even. Hence the transition between the K°, and

the two-pion system is possible only if the K°, con-
tains a certain admixture ( rather small) of the
CP-even combination of K° and K° states
[( |K°> + |K°) /2) = |K?>], or in other words, if the K°

is not an eigenstate of the CP operator, and conse-
quently CP invariance does not hold. If the above r e -
sult is confirmed by future experiments two different
in principle treatments of the decay of the longlived
kaon are possible:

1) The decay is due to special causes, specific to
the K°j meson, the violation of CP-invariance in it
being only apparent.

2) The decay is connected with a true violation of
CP-invariance, which is a general property of all (or
some) weak interaction processes.

Let us consider some of the explanations belonging
to the first alternative.
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a) The K°,-meson beam a r i s e s out of the original

K° beam as a resu l t of the "dying ou t " of the s h o r t -
lived component K s . It i s known that s ta r t ing with
some moment the "dying o u t " law changes from e x -
ponential to a power law and in pr inciple , even for
very long flight t imes , there r ema ins a " t a i l " of
short l ived mesons which decay into two pions. It is
usually supposed that the exponential decay law of the
short l ived mesons r ema ins valid sufficiently long so
that for flight t imes cha rac te r i s t i c for the exper iment
the number of surviving Kg is vanishingly smal l . If
one a s s u m e s that this proposi t ion is false and that the
exponential decay law is valid only for much s h o r t e r
t imes then this could explain the observed effect. A
tes t of the decay law of the K s meson is one of the
important exper iments to be ca r r i ed out in this field
of r e sea rch .*

b) Another poss ible explanation of the Kj — 2TT

decay is connected with the available evidence that
ni n > ni n . In this case the t ransi t ion K° — K° + v,

K." K" I fa
I s \

where v is a vector par t i c le with negligibly smal l
(< 10 -5 eV) but finite mass , is allowed. By choosing
the constant of interact ion between the v -par t i c le and
the K° mesons it is possible to explain the observed
t rans i t ion probabil i ty.

c) A m o r e complicated explanation is based on the
assumpt ion of the exis tence of a long-range vector
field with hypercharge as i ts source . In that case
the pa r t i c l e s that form our galaxy—the protons and
neutrons with hypercharge Y = +1—create in the r e -
gion of the Ear th a constant field which ac ts oppositely
on K° mesons (Y = 1) and K° mesons (Y = - 1 ) .
Since the K? and K?, s t a tes a r e cer ta in pa r t i cu la r

superposi t ions of the K° and the K° s ta tes , the ex i s t -
ence of such an external field will affect this s u p e r -
position and lead in effect to the decay K? —*• 2ir. In

the absence of the external field this decay d i sappears
so that in a t rue vacuum CP invar iance p e r s i s t s .

This l is t , c lear ly, does not exhaust all the p o s s i -
b i l i t ies . If the decay KJ —• 2ir is due to a t rue viola-
tion of CP invar iance in weak interact ions , then the
phenomenon should also manifest itself in other p r o c -
e s s e s . Various hypotheses have been advanced for the
actual mechanism responsible for the violation of CP
invar iance in weak interact ions , which lead to different
conclusions regarding the possibil i ty of i ts expe r imen-
tal verification. It is important to emphasize that at
the moment there a r e pract ica l ly no d i rec t expe r imen-
tal t e s t s of CP invariance in weak in teract ions . In the

analysis of the exper imental data one usually tes t s the
validity of T invariance and then invokes the CPT
theorem to draw conclusions regarding CP invar iance .
The bes t of the data in support of T invariance re fe r
to /? decay, in pa r t i cu la r to the decay of the neutron.
All other data a re considerably l ess accura te . It is
to be expected that in the near future considerable
effort will be expended to tes t T invariance, as well
as to direct ly tes t CP invariance, in weak in teract ions .
The mos t likely possibil i ty is that the violation of CP
invariance in weak interact ion p r o c e s s e s will be a c -
companied by simultaneous violation of T invar iance
( i . e . that the CPT theorem is val id) . However the
possibil i ty can not be excluded that physic is ts will be
faced with the situation in which CP violation is not
connected with T violation, i .e. , in the final analysis
with a violation of the CPT theorem. This la t te r
would mean a collapse of the basic pr inciples on
which the modern ideas about the microworld a r e
built; the consequences of such a collapse a r e hard
to es t imate today.

2) Symmetr ies of the s t rong in teract ions . Up to
now we were considering space - t ime s y m m e t r i e s .
Among internal s y m m e t r i e s the symmet ry of isotopic
spin is an old and well known cha rac t e r i s t i c of s t rong
interac t ions . Invariance under rotat ions in isospace
made possible the grouping of par t i c les with the same
value of the isospin I, but with different values of the
e lec t r ic charge, into isotopic mult iplets , and e s t a b -
lished a number of relat ions between the c ross s e c -
tions for p r o c e s s e s involving par t i c les belonging to
the s a m e isotopic multiplet. More recent work has
led to the conclusion that in fact the s t rong i n t e r a c -
tions posses s a wider internal symmetry , the so
called SU3 symmet ry . In the papers del ivered at the
conference additional facts were presented confirming
the existence of this symmet ry .

The t e r m SU3 symmet ry is an abbreviation d e -
noting invariance of the s t rong interact ions under
t ransformat ions of the SU3 group ( i . e . the group of
all unitary ma t r i ce s of third o rder with determinant
equal to unity*.) This symmetry , by the way, is not
exact ( s e e below). The SU3 group is one of the
s imples t extensions of the group of isotopic rotat ions,
i .e . , of the SU2 group, which it contains a s a s u b -
group. Invariance under the SU3 group is closely
connected with the existence of two conserved com-
muting quanti t ies in the s trong in terac t ions : the third
component of the isotopic spin I3 and the hypercharge
Y.

One of the d i rec t consequences of SU3 symmet ry is
the combining into a single supermult iplet of par t i c les
with different values of I and Y. Under the t r ans fo r -
mations of the group the s ta te vectors describing
pa r t i c l e s belonging to the same supermult iplet a r e

•Establishing the existence of deviations from the exponential
decay law would be of great interest also for other unstable sys-
tems.

*For more details see Ya. A. Smorodinskii, UFN 84, 3 (1964),
Soviet Phys. Uspekhi 7, 637 (1965).
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linearly expressed in terms of each other. The
number of particles entering into a supermultiplet
is given by the dimensions of the irreducible repre-
sentations of the group SU3. The smallest represen-
tations of the group SU3 have the dimensions 1, 3, 6,
8, 10, 15, etc. The quantum numbers I, I3, Y of part i-
cles in a supermultiplet follow from the formalism of
the group. At the moment particles are known filling
the supermultiplets 1, 8 and 10. The discovery at the
beginning of 1964 of the W hyperon which closed out
the decuplet was an important piece of evidence in
favor of the SU3 group.

The so called mass formulas constitute another
important piece of evidence in favor of the SU3 group.
The point is that if the invariance with respect to SU3

were exact then the masses of all particles belonging
to the same supermultiplet should be the same. In
fact, as mentioned before, the invariance is not exact.
However, if the transformation properties of the term
in the Hamiltonian (or in the mass operator) respon-
sible for the violation of the invariance are given, then
it is possible to calculate the resultant dependence of
the mass on the quantum numbers of the particles in
the supermultiplet. The result of this calculation in
first order of perturbation theory ( assuming that the
perturbing term is small) is given by the Gell-Mann
-Okubo (GMO) formula:

~ \ (1)

where m0, a, b are constants for any given supermul-
tiplet. The GMO formula establishes definite relations
between the masses of particles belonging to the same
supermultiplet, which are well satisfied for the known
supermultiplets. In particular the mass of the fi-

hyperon was predicted with the help of the GMO
formula, which was later confirmed with great p re -
cision by experiment. In addition the SU3 symmetry
makes it possible to relate amplitudes for processes
involving particles belonging to the same supermul-
tiplet. These predictions of SU3 symmetry are sat is-
fied in not many cases. For example, for the decays
of the particles N3/2, Y*, E*, belonging to the decuplet,
the relations between the decay probabilities following
from SU3 symmetry, are fairly well satisfied:

W(N* - N + it) + 2W (E* ->- S + it)

= 3W (Y? -*• A + it) + W (Y{ -*• S + it).
(2)

A t t h e s a m e t i m e t h e r e l a t i o n s b e t w e e n t h e s q u a r e s of

t h e m a t r i x e l e m e n t s f o r t h e p r o c e s s e s

y r + n +

(1')

(2')

(3')

\M
i - = | J i f 2 p = ! M 3 p -

(3)

(4)

f o l l o w i n g f r o m S U 3 s y m m e t r y , a r e b a d l y v i o l a t e d . It

turns out that

T h e r e a s o n f o r s u c h s t r o n g d e v i a t i o n s i s n o t q u i t e

c l e a r ; m o s t l i k e l y i t i s d u e t o v i o l a t i o n o f S U 3 s y m -

m e t r y . T a k i n g i n t o a c c o u n t t h e s y m m e t r y - v i o l a t i n g

t e r m t o f i r s t o r d e r i n p e r t u r b a t i o n t h e o r y r e m o v e s

t h e d i s c r e p a n c y w i t h e x p e r i m e n t . H o w e v e r t h e p r o b -

l e m o f t a k i n g i n t o a c c o u n t t h e s y m m e t r y v i o l a t i o n

m o r e e x a c t l y h a s n o t b e e n s o l v e d s o f a r a n d t h e c o m -

p l e t e c o n f r o n t a t i o n o f t h e t h e o r y a n d e x p e r i m e n t i s a

m a t t e r f o r t h e f u t u r e .

A l o n g w i t h t h e o b v i o u s s u c c e s s e s o f t h e a p p l i c a -

t i o n s o f t h e S U 3 s y m m e t r y , c e r t a i n i s o l a t e d f a c t s , f o r

w h i c h a f u l l e x p l a n a t i o n w i t h i n t h e f r a m e w o r k o f t h e

S U 3 s y m m e t r y i s m i s s i n g , c a l l a t t e n t i o n t o t h e m s e l v e s .

A m o n g t h e s e o n e s h o u l d m e n t i o n i n t h e f i r s t p l a c e t h e

p r e f e r e n c e e x p r e s s e d b y t h e k n o w n p a r t i c l e s i n f i l l i n g

c e r t a i n r e p r e s e n t a t i o n s o f t h e g r o u p — t h o s e o f t h e

d i m e n s i o n 1, 8 a n d 1 0 . C a n d i d a t e s a r e m i s s i n g s o f a r

f o r t h e r e p r e s e n t a t i o n s o f s m a l l e r d i m e n s i o n s ( 3 , 6 ) .

T h e u n f i l l e d r e p r e s e n t a t i o n s a r e i n m a n y w a y s e x c e p -

t i o n a l . I f o n e a c c e p t s t h e G e l l - M a n n — N i s h i j i m a

f o r m u l a f o r t h e e l e c t r i c c h a r g e

<? = / 3 + - . ( 5 )

a n d r e q u i r e s t h a t i t b e s a t i s f i e d i n a l l r e p r e s e n t a t i o n s

o f S U 3 ( I 3 a n d Y a r e d e f i n i t e c o m b i n a t i o n s o f t h e g e n -

e r a t o r s o f t h e g r o u p ) , t h e n o n e f i n d s t h a t f o r t h e r e p -

r e s e n t a t i o n s o f d i m e n s i o n 3 , 6 , 1 5 , e t c . t h e e l e c t r i c

c h a r g e i s f r a c t i o n a l , a m u l t i p l e o f 1 / 3 . F o r e x a m p l e

f o r t h e r e p r e s e n t a t i o n o f d i m e n s i o n 3 t h e p a r t i c l e s

h a v e t h e c h a r g e s 2 / 3 , - 1 / 3 , - 1 / 3 . T h u s t h e p h y s i -

c i s t s a r e f a c e d w i t h t h e f o l l o w i n g c h o i c e :

a ) A l l r e p r e s e n t a t i o n s o f t h e S U 3 g r o u p a r e r e a l -

i z e d i n n a t u r e ; i n t h a t c a s e , i n a d d i t i o n t o p a r t i c l e s

w i t h i n t e g e r c h a r g e t h e r e e x i s t p a r t i c l e s w i t h f r a c -

t i o n a l c h a r g e w h i c h s h o u l d b e d i s c o v e r e d .

b) O n l y c e r t a i n o f t h e r e p r e s e n t a t i o n s o f S U 3

( 1 , 8 , 1 0 , 2 7 . . . ) , c o r r e s p o n d i n g t o i n t e g e r c h a r g e s ,

a r e r e a l i z e d i n n a t u r e ; i n m a t h e m a t i c a l t e r m s t h i s

m e a n s t h a t t h e o b s e r v e d s y m m e t r y g r o u p i s t h e

f a c t o r g r o u p S U 3 / Z 3 ( Z 3 i s t h e c e n t e r o f S U 3 ) , a n d

i t i s n e c e s s a r y t o u n d e r s t a n d t h e p h y s i c a l r e a s o n s

r e s p o n s i b l e f o r t h i s .

D u r i n g 1 9 6 4 i n t e n s e e f f o r t s w e r e m a d e a t t h e l a r g e

a c c e l e r a t o r s a t G e n e v a a n d B r o o k h a v e n to d i s c o v e r

s t r o n g l y i n t e r a c t i n g p a r t i c l e s w i t h f r a c t i o n a l c h a r g e .

N o s u c h p a r t i c l e s w i t h m a s s u p t o 4 B e V w e r e f o u n d .

Of c o u r s e , i t c a n n o t b e e x c l u d e d t h a t s u c h p a r t i c l e s

e x i s t b u t a r e h e a v i e r . A t t h a t i t c a n b e s h o w n t h a t f o r

t h e c a s e o f t h e t r i p l e t a t l e a s t o n e o f t h e s e p a r t i c l e s

w i l l b e s t a b l e . T h i s m e a n s t h a t t h e r e m a y e x i s t i n

n a t u r e a n e n t i r e l y d i f f e r e n t t y p e o f m a t t e r f r o m t h a t

k n o w n t o u s .

T h e r e i s , h o w e v e r , a n e n t i r e l y d i f f e r e n t p o s s i b i l i t y

f o r a v o i d i n g f r a c t i o n a l e l e c t r i c c h a r g e s . T o t h i s e n d
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it is necessary to extend the group SU3 and introduce
a new quantum number which commutes with I3 and
Y. It is not hard to see that if the Gell-Mann—Nishi-
jima formula is modified into

where for the triplet representation C = 1, we obtain
a triplet with integer charges (1 , 0, 0). The extension
of the SU3 group is, admittedly, a drastic measure.
However a number of facts testify to the usefulness
of such a step. Among others these are the facts r e -
lating to the existence of nonequivalent unitary super-
multiplets with the same spatial quantum numbers:
for example for the pseudoscalar particles the super-
multiplets 8 and 1, for vector particles the supermul-
tiplets 8 and 1, and for particles of spin 3/2—10 and,
perhaps, 8. Such facts, unexplainable within SU3, are
easily interpreted as the result of the decomposition
of irreducible representations of groups larger than
SU3 into representations of SU3.

At the present time the following larger groups are
being studied: SU4, Sp6 ( simplectic group in 6 dimen-
sions), and O7 (orthogonal group in 7 dimensions).
A characteristic feature of all these groups is the
appearance of a new quantum number C ( "charm") ,
which appears in Eq. (6). The irreducible representa-
tions of these groups contain both usual ( C = 0) and
unusual (C * 0) particles; also, as a rule, a large
number of new particles of both kinds is being pre-
dicted. The search for particles with nonzero values
of the new quantum number C will be one of the most
interesting problems in physics in the next few
years.*

Logically the following properties are conceivable
for the quantum number C.

a) The quantum number C is absolutely conserved.
In that case particles with C * 0 represent a new
type of matter (see above) which, perhaps, has some-
thing to do with the matter contained in quasars, in
galactic nuclei, etc. In the collisions of ordinary par-
ticles the particles with C * 0 are produced in pairs
only.

b) The quantum number C is not conserved by
weak interactions. In that case it is similar in its
properties to "strangeness". In the collisions of
ordinary particles the particles with C * 0 are pro-
duced in pairs and subsequently decay into ordinary
particles.

c) The quantum number C is not conserved by
interactions of medium strength (approximately 10
to a 100 times weaker than the usual strong interac-
tions); Particles with C ^ 0 may be produced singly
in collisions of ordinary particles, although somewhat

less intensely than the known "resonances," and are
very similar to them in decaying into ordinary quasi-
stable particles.

Certain of the indicated extensions of the SU3 group
are not directly related to the resolution of the prob-
lem of fractional electric charge. To this number
belong the groups that are direct products of the
groups U3 or SU3:

In the group W3 the mixing of unitary multiplets
occurs rather naturally. Thus the representation
(3, 3* ) reduces from the point of view of the SU3

group into 8(+)l, (6, 3) into 10(+)8, which may be
directly related to the above mentioned existence of
unitary multiplets with equal quantum numbers. In
particular, within the framework of the W3 group a
formula was obtained for the nine vector mesons

•There is nothing in principle that excludes the existence of
other quantum numbers (in addition to C) that might govern strong
interaction processes at super-high energies.

(7)

which is in beautiful agreement with experiment. One
of the most interesting consequences of the groups
(SU3)2 and (SU3)4 is the existence of unitary multi-
plets conjugate in parity. In the group (SU3)2, for
example, to each octet of mesons 0", 1 - there corre-
sponds an octet of mesons 0+, 1+, and in the group
(SU3)4 each octet is in addition repeated twice, i.e.,
16 mesons 0", 1" are predicted and as many mesons
0+, 1+. In the near future experiment should show
whether this is the case.

Attempts to enlarge the group SU3 and find more
general " internal" symmetries are closely related
to attempts of another kind, whose aim is to find a
group which simultaneously describes the space-time
and the "internal" symmetries. The most promising
from this point of view is, apparently, the group SU6.
This group contains as a subgroup the direct product
S U 3 0 ( S U 2 ) q . The group SU3 in this case is the al-
ready discussed group of " internal" symmetries, and
the group (SU2)q is the group of spatial rotations
corresponding to the conservation of the mechanical
spin. The symbol q indicates that the spatial rota-
tions are performed at a given value q of the
4-momentum. Decomposing the irreducible repre-
sentations of the SU6 group in terms of the irreduci-
ble representations of the direct product SU3(x)(SU2)q
one obtains a set of unitary multiplets of the group
SU3, each of them with a prescribed value of the me-
chanical spin. Let us recall that previously these
quantities were in no way related. It can also be
shown that the parity of all the multiplets must be
the same.

It is customary to denote an irreducible represen-
tation of SU3(x)(SU2)q by (m, n) where m denotes
the dimension of the SU3 multiplet and n the dimen-
sion of the (SU2)q multiplet, which is equal to
2s + 1, where s is the mechanical spin. Let us write
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out the decomposition of some of the irreducible
representations of SUS into the irreducible repre-
sentations of SU3(x)(SU2)f'q-

15
20
35
56
70

SU3 C« (SU2)q

(3.2)
(3*. 3)fP(6.1)
(8.2) e (1.4)
(83)®81( ) ® ( ) ©
(10.4) Qr, (8.2)
(10.2)@(8.4)0(8.2)0(1.2)

It is not hard to see that the SU6 group does not r e -
solve the problem of the fractional electric charge
since, for example, the representations 6 and 15 con-
tain the triplet and sextet of SU3, which have fractional
charges. In the given case only the value of the spin
of the triplet is determined, which is 1/2 for the
sextet. Nevertheless, with the help of SU6 it is pos-
sible to systematize a large number of facts and r e -
late many parameters which previously appeared to
be unrelated.

First of all, with the help of this group the repre-
sentation 56 describes in a unique way the octet of
baryons V2

+ ( N, 2, A, H ) and the decuplet of baryons
3/2

+ (N3/2. Y ,̂ H*, &), and the representation 36 de-
scribes the meson octet 0" (IT, K, 77) and also the
meson octet 1" to which is admixed the singlet 1"
(p, K*, u), <p). The formalism of the group determines
uniquely the mixing parameter.

Further, the SU6 group determines uniquely the
nature of the meson-baryon interaction. In the SU3

group two types are possible for this interaction con-
ventionally called F- and D-couplings; in the SU6

group the ratio of F to D is 2/3. At the same time a
relation is established between the coupling constants
for the interaction of vector and pseudoscalar mesons
with baryons. If, for example, one takes the value of
the vector constant from experiment then g£ /47T
turns out to be ~ 13, in good agreement with the gen-
erally accepted value.

Assuming a definite form for the violation of the
symmetry of the SU6 group we obtain mass formulae
for each supermultiplet in which in addition to a de-
pendence on Y and I there also appears a dependence
on the spin of the particle. Thus a relation is estab-
lished between the masses of particles with different
spin. In particular, the long ago noticed relation

is explained, as well as a number of other curious
regularities in the mass distribution.

It will be of exceptional interest to test relations
between the cross sections for various processes p re -
dicted by the formalism of the SU6 group. The suc-
cess of the SU6 group can be hardly accidental and
further developments in investigations in this direc-
tion are to be expected.

3) Symmetries of electromagnetic and weak inter-
actions. The electromagnetic and weak interactions
do not satisfy the symmetry laws characteristic of
the strong interactions. Each of them violates the
symmetry in a specific way. However even in this
case the application of group-theoretic methods
turned out to be most fruitful. The establishing of
the actual form of the violation of the symmetry of the
strong interactions (as in the case of the derivation
of the mass formulae) leads to a number of useful
predictions and to definite selection rules for various
reactions. A considerable amount of time was also
devoted at the conference to the determination of the
symmetry properties of electromagnetic and weak
interactions.

The electromagnetic interactions violate SU3 sym-
metry, as well as isotopic invariance. They conserve,
however, a subgroup of SU3 for which the electric
charge Q is an invariant (this is the SU2 subgroup
of the so called U-spin). The utilization of this, ap-
parently trivial, fact already gives rise to a number
of interesting relations between the masses of part i-
cles entering into the octet and decuplet, which are
valid even when the violation of the invariance of the
strong interactions with respect to SU3 is taken into
account.

For example,

- -— , = 0.

All these relations are in good agreement with experi-
ment [ the best accuracy is achieved in the case of
(7a)].

Leaving aside the violation of the SU3 group by the
strong interactions and accepting Eq. (5) for the elec-
tric charge, one may obtain a number of additional
relations: a) for the magnetic moments of the part i-
cles entering the octet:

E--nE- = -((1i> + i*n); (8)

b) for the matrix elements of various processes, in
particular decay processes

(7b)

-i=

<Q+ I n+y) = — i- (K*«
_

\ K+y)

and photoproduction processes

(9)

(10)

At the same time a number of processes are forbidden.
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For example, the following decays are forbidden:

(11)

It is important to emphasize that in the derivation of
these results use was made of Eq. (5). If the quantum
number C exists then one should use Eq. (6): Q = I3
+ Y/2 + C/3, where C is a unitary scalar. Some of
the above mentioned relations will in that case be vio-
lated. In particular the equalities ^ = V2M11 an(^
Hn= - (/i£+ + Mj;-) are no longer valid. Certain other
processes will also be affected, for example the ratio
of the decay probabilities

It is however true that at that one must keep in mind
the possible complications due to the violation of
exact SU3 symmetry in the strong interactions.

The search for effects due to the existence of the
quantum number C in electromagnetic interactions
is of considerable interest. It is not out of the ques-
tion that success will be reached along these lines
before the direct production of particles with C ^ 0.

The above considerations are based on the proper-
ties of electromagnetic interactions with respect to
the group SU3. If the true symmetry of the strong
interactions should turn out to be wider than the SU3

symmetry then the analysis of the electromagnetic
interactions must be correspondingly modified. The
inclusion of the number C in the formula for the
charge in effect simulates such an analysis.

Most recently first attempts were made to analyse
the electromagnetic interactions on the basis of the
SU6 group. Equation (5) was accepted for the electric
charge. Many of the above results were reproduced*
and in addition a number of interesting relations
among magnetic moments was obtained. From among
these we mention

rn
Up A (12)

which is in brilliant agreement with experiment.
In weak-interactions physics an important role has

been played in recent years by the study of selection
rules for leptonic and nonleptonic decays. At the
moment one can claim with some assurance that in
weak decays strangeness S and isotopic spin I change
as follows:

for nonleptonic decays
I AS | = 1,

I A/1 = 1 . (13)
for leptonic decays

(14)

(in the latter case the indicated differences refer to
the strongly interacting particles).

Until recently these empirical selection rules had
no satisfactory theoretical explanation. The study of
symmetry properties of weak interactions (with r e -
spect to the SU3 group) has led to substantial ad-
vances in the understanding of the origin of these
rules.

A most important role was played here by three
hypotheses.

a) The weak current of the strongly interacting
particles J^ transforms like the octet representation
of the SU3 group.

b) The weak current establishes a preferred direc-
tion in the abstract space in which the SU3 group
operates characterized by an angle 9. The current
J,, is written in the form

(15)

TS.C

*This fact is quite naturally explained by the observation that
is a subgroup of SU6.

where J is the strangeness conserving current,

and Jf j ' n ' c ' is the strangeness nonconserving current.

Equation (15) is valid for the vector and axial
vector currents with the same value of 9.

c) The weak interactions Lagrangian, £ w , de-
scribing the nonleptonic decays is a member of an
SU3 octet.

The first and last assumptions are independent. If
use is made of more particular assumptions one can,
however, find a connection between them ( see below).

The strangeness carrying components of the octet
have the quantum numbers of the K meson. Since for
K mesons | S | = 1 and I = 1/2, we arrive automati-
cally at the observed selection rules (13) and (14).
We recall in addition that for K* mesons Q = ± 1,
S = ±1, i.e., Q = S.

Thus, assumptions a) and c) describe quite sat is-
factorily the existing situations on selection rules.

Further, comparison with experiment shows that
the value of the angle 9 = 0.24 describes surprisingly
well the totality of existing data on leptonic decays of
strange particles. This then confirms the correctness
of the choice of the weak current in the form (15) and
resolves the long outstanding problem of suppression
of leptonic decays of strange particles. Now for
these decays Geff = G sin 8 = 0.25 G, where G is
the usual weak interactions coupling constant. In the
same way, apparently, will be resolved the difficulty
connected with the difference in the value of the
vector weak interaction coupling constant from /3
decay and n decay. With (15) taken into account the
effective vector constant of /3 decay is G cos 9
= 0.97 G, i.e., it is somewhat reduced, in qualitative
agreement with the data on p decay.

In addition, assumptions a) and c) establish definite
relations between the amplitudes of leptonic and non-
leptonic decays of the octet of baryons. The existing
data on leptonic decays are not as yet sufficiently de-
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tailed for a complete test of these relations but, with-
out any doubt, such a test will be carried out in the
near future.

From among the relations for nonleptonic decays
we mention the following:

It is not hard to see that the Lagrangian corresponding
to the strangeness changing nonleptonic decays can be
a linear combination of octet members that transform
like the K.\ and Kj! mesons (these are the only neutral,
strangeness violating, components). Depending on the
choice made (<£w ~ K§ or £ w ~ K\), the relation (16)
is valid for the S- or the P-wave part of the ampli-
tudes in question, and in the general case—for their
mixture. At the moment the relation (16) has been
tested for the full amplitudes and agrees, within the
errors , with the experimental data.

The choice £ w ~ K§ is interesting because it for-
bids the decay K.\— 2ir (to within the accuracy that
SU3 invariance holds for the strong interactions),
whereas the decay K*" —- 2jr is allowed. Thus a pos-
sibility arises for a theoretical explanation for the
ratio of probabilities for these processes, which in
the past produced great difficulties.

These examples were chosen to illustrate how the
symmetry properties of the weak interactions can be
explored to discuss from a single point of view a great
variety of phenomena and to bring clarity to a number
of involved problems. The study of the symmetry
properties of the weak interactions will, without
doubt, continue even more intensively. Keeping this
perspective in mind it is necessary to make two com-
ments.

In the first place, the above considerations com-
pletely ignored the violation of SU3 symmetry in the
strong interactions, which should have a definite
effect on the weak processes. In the future a careful
analysis of these violations is imperative. Investiga-
tions in that direction have already begun.

In the second place, the symmetry properties of
weak interactions have been studied with some sem-
blance of completeness only from the point of view of
the group SU3. The enlarging of this group will neces-
sarily lead to a corresponding review of the symmetry
properties of the weak interactions and may reveal
new interesting possibilities.

We have already mentioned that the establishing
of the symmetry properties of the interactions con-
stitutes but a first step in the development of an ade-
quate dynamical theory. Investigations, whose aim is
to produce a dynamical basis for the symmetries, are
already under way, but successes so far are few. We
still don't know the dynamical laws which underlie
the appearance in strong interactions of SU3 or SU6

symmetry, and what is the mechanism responsible
for the violation of these symmetries. We don't know
why the weak interactions Lagrangian £ w belongs to

an SU3 octet. In the widely used version of the weak
interactions theory where J3W (the so called

"current x current hypothesis") with J^ t rans-
forming like 8, £ w could just as well have the t rans-
formation properties of the supermultiplets 10 and 27.

There is hope that the problem of obtaining a
dynamical basis for the symmetries may be solved
by the selfconsistency requirement for a system of
integral equations. It is assumed that the self-
consistency requirement (the so called bootstrap
mechanism) will automatically select the correct
symmetry, but for the moment this assumption has
not been convincingly justified. For weak interactions
the hypothesis of dynamical enhancement of the octet
has been advanced, which could explain point c) in the
above listed assumptions. This idea, too, has not
been worked out mathematically in all detail.

Certain of the assumptions for justifying the t rans-
formation properties of £ w are connected with the
properties of the intermediate boson in weak inter-
actions (in this connection, see below).

Without any doubt, the problem of dynamic justifi-
cation of the symmetries is one of the most important
problems in the physics of elementary particles and
it is to be expected that a large number of theorists
in all countries will devote their efforts to its solution.

3. DYNAMICAL ASPECTS OF THE THEORY OF
ELEMENTARY PARTICLES AND DYNAMIC
CHARACTERISTICS OF THE PROCESSES

a) Strong interactions and certain general prob-
lems of the theory. It follows from what has been
said in Sec. 1 that the theory should be fully specified
by the interactions between the particles. This means
that the theory should in principle explain all quanti-
tative regularities of processes involving elementary
particles. The basic experimental information on
elementary particle processes is obtained in the form
of differential cross sections describing the result of
the collision of two particles. These cross sections,
on the other hand, are expressed in accordance with
the general principles of quantum mechanics in terms
of matrix elements of the scattering matrix (the S
matrix). In this way the S matrix constitutes the
central link between theory and experiment. Experi-
menters obtain information about the matrix elements
of the S matrix, and the theorists attempt to formu-
late a theory whose equations produce these matrix
elements. The comparison of theory and experiment
tests the validity of the basic axioms used to con-
struct the theory. In other words, the main task of
elementary particle physics is, in the final analysis,
the discovery of axioms starting from which and
making use only of the rules of logic and mathematics
all of the questions raised in Sec. 1 can be answered.

There exists a school of research in which from
the very beginning axioms are formulated which are
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a natural generalization of quantum mechanics and
the theory of relativity. Unfortunately the axiomatic
quantum field theory has been developing very slowly.
This approach is connected with the development of an
abstract complicated mathematical apparatus and r e -
quires mathematically rigorous proofs. The authors
rarely succeed in relating the starting axioms with
the properties of the matrix elements of the S matrix.
In this connection great value was attached to the
study of the analytic properties of the S matrix as a
function of relativistically invariant combinations of
4-momenta of the particles participating in the reac-
tion. These investigations resulted in the proof of
dispersion relations—integral relations connecting
matrix elements of the S matrix.

The most rigorous axiomatic approach is that of
Wightman and his co-workers. The main concept in
this approach is that of the quantized Heisenberg
field, and the main working apparatus—the vacuum
expectation values of products of field operators.
The weakest point of this approach consists of not
only the practically complete absence of experimentally
observable consequences, but also of the absence of a
model example which would satisfy all the postulates
and result in a nontrivial S matrix. Recently some
progress has been achieved in the determination of
the S matrix and proof of the dispersion relations in
this approach.

In parallel with the work of Wightman investigations
proceed in a different direction, in which the main
concept is that of the S matrix. The basic postulates
in the S-matrix approach are in part analogous to the
axioms of Wightman. Of special importance among
them is the principle of locality which guarantees the
microcausality of the theory. An important role in
the development of the S-matrix approach was played
by the work of N. N. Bogolyubov and his co-workers.
It was using this approach that N. N. Bogolyubov
proved in 1956 dispersion relations. Experimental
verification of dispersion relations has so far been
carried out only for the scattering of pions by nucleons
up to energies of ~ 15 BeV, and with very limited ac-
curacy for the photoproduction of pions on nucleons at
low energies. The further tests of dispersion rela-
tions are one of the most pressing problems of ex-
perimental research, since for the time being they
represent the only means for testing the basic postu-
lates of the theory and, in particular, the principle of
locality.

The study of analyticity properties has resulted in
one more possibility for the experimental verifications
of the axioms. We have in mind the relations between
cross sections for various reactions at asymptotically
high energies. The first relation of this kind—the
equality of total cross sections for the interaction of
a particle and an antiparticle with an arbitrary
particle-target—was obtained by I. Ya. Pomeranchuk.

In recent years a number of papers has appeared

devoted to a rigorous proof and more precise formu-
lation of this relation. It was clarified that the
Pomeranchuk relation is a special case of a whole
class of relations, which are subject to experimental
verification. Based on one and the same approach
relations were obtained between differential cross
sections for crossed scattering processes, photo-
production processes, between polarization charac-
teristics, also relations for processes with particle
production and for form factors.

The drawback of this method of testing the axioms
has to do with the lack of a definition of what energy
region may be considered as being asymptotically
high. In the energy regions achieved by the acceler-
ators the resultant relations are not in agreement with
experiment, however one can, apparently, speak of a
clearly defined tendency towards improved agreement
with increasing energy. For more reliable conclu-
sions further work is necessary on the experimental
verification of the asymptotic relations.

The success of dispersion relations has revived
the hope, expressed by Heisenberg already in 1941,
that the S matrix should be the basic working tool of
quantum field theory. According to this approach the
fundamental equations of the theory should involve
only the matrix elements of the S matrix. Without
any doubt, the study of the analytic properties of the
S matrix occupies at this time a central place in the
attempts to construct a dynamical theory of elemen-
tary particles. If simple integral relations (of the
dispersion type) were found for the matrix elements
of the S matrix involving an arbitrary number of
particles one could hope that these relations and the
unitarity conditions of the S matrix are sufficient for
a complete determination of the theory.

Since the proof of the analytic properties of the
amplitudes has even in the rather simple cases en-
countered almost unsurmountable difficulties, many
theorists have taken the approach of postulating the
analytic properties of the matrix elements without
worrying about the connection between these proper-
ties and the fundamental axioms. Of special interest
has been the so called "principle of maximal analyt-
icity." However, explicit investigations of even the
simplest cases have shown that the analyticity nature
of the matrix elements is considerably more compli-
cated.

In connection with the existence of these limitations
as far as the general approaches are concerned some
interest is attracted by attempts to construct a theory
for certain high energy phenomena by making use of
particular hypotheses (such as postulating certain
analytic properties for individual matrix elements,
assuming the dominance of a certain class of pertur-
bation theory diagrams for certain processes, the
resonance or pole approximation, the expansion of the
S matrix in a series in the neighborhood of singulari-
t ies) .
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These investigations make possible the unification
of separate experimental facts by a common explica-
tion, the establishing of rather unexpected connections
between different processes, the expressing of a group
of quantities in terms of a small number of constants.

Thus, for example, it became possible to relate a
whole series of strong, electromagnetic and weak in-
teraction processes through the pion-nucleon inter-
action constant.

This sort of success helps to orient experiments
and prepares the ground for a future theory by singling
out from the experimental results easily interpretable
regularities and indicating what phenomena the theory
still must explain.

Among researches along these lines special hopes
were raised by the approach based on the complex
angular momentum method (Regge). It has now be-
come clear that the value of this method had been
greatly overestimated. Experiments did not confirm
the hypothesis of dominance of Regge poles in the
asymptotic behavior of cross sections. Also theo-
retically it has been shown that it is inconsistent to
hope for the absence of branch points in the complex
I plane.

The hypothesis of Regge behavior of cross sections
at asymptotically high energies led to careful experi-
mental studies, as a result of which rather precise
data were obtained on the elastic (p, p), (it*, p),
(K*, p) and (p, p) scattering at high energies and
especially at small angles. Now, however, we are
without a theoretical basis for their discussion. This
situation is characteristic of strong interaction
physics: intensive accumulation of data on the energy
and angular dependence of S-matrix elements is taking
place, with rather difficult experiments being stimu-
lated by quite shaky theoretical considerations and the
results of the experiments being, as a rule, in poor
agreement with these considerations. This of course
does not mean that the theorists are misleading the
experimenters since the experimental information
obtained is needed to test not only the speculation
that stimulated the given experiment but also many
of the subsequent theories. As an example of this
assertion may serve the experimental data on pion-
nucleon scattering and pion photoproduction in the
low energy region which were used to test the various
attempts to construct a theory of strong interactions.
One cannot expect to have a quantitative theory if
there are no reliably measured quantitative charac-
teristics available to test it. At the same time in the
absence of a dynamical theory quantitative measure-
ments seem pointless and do not inspire experimen-
ters. In addition to stimulating experiments theoret-
ical speculations often lead to the discovery of regu-
larities of permanent value. The experimental study
of quantitative characteristics of elementary particle
interactions occupy an important place in high energy

physics. Considerable efforts have been spent to de-
duce the elastic nucleon-nucleon scattering amplitude
from the experimental data. At this time reasonable
success has been achieved in carrying out the com-
plete experiment on pp-scatterlng at energies up to
660 MeV. Analogous studies on np-scattering en-
counter considerable experimental difficulties. In
performing a phase-shift analysis of nucleon-nucleon
scattering the high angular momentum states are de-
scribed by the one-meson Feynman diagram. At that
the coupling constant (when it is taken as a free
parameter) turns out to be close to the number ob-
tained on the basis of dispersion relations from the
data on 7rN scattering and pion photoproduction near
threshold. The one-meson (or, more generally, the
one-particle) exchange in elementary particle reac-
tions has found wide generalizations in the analysis of
other reactions. The one-pion exchange model is
based on the fact that the pion is the lightest of
strongly interacting particles and consequently has
the longest range of interaction. On the basis of this
model the collisions of high energy particles are
classified as peripheral and central. The peripheral
ones are due to interactions of longest range, i.e. to
the one-meson exchange. The one-meson exchange,
naturally, plays different roles in the collisions of
different particles, which is reflected in the experi-
mentally observed regularities. The sharp promi-
nence of the one-meson exchange even at large mo-
mentum transfers is astonishing. However recently
understanding of the prominent role of the one-meson
exchange has been achieved, and most of the data at
superhigh energies are analyzed on this basis. The
inelastic interactions of particles at energies of
1011 — 1012 eV are successfully interpreted in terms
of a two-center model for particle production (the so
called fireball model). The regularities in the ap-
pearance of these phenomena have as yet been studied
little. Fireballs are produced in approximately half
of the collisions at energies of several hundred BeV.
The mechanism of double fireballs is particularly
clearly apparent at energies above 10,000 BeV.
These events belong to cosmic rays physics where
statistics are poor.

Most of the quantitative characteristics (princi-
pally differential cross sections) obtained experi-
mentally await at this time a theoretical interpreta-
tion and it is difficult to state now which of these
characteristics will turn out to be most useful for
testing of the future theory. One can only suppose
that probably the study of limiting cases will be most
important, that is to say very small, q2 « m2, and
very large, q2 » m2, energies (where q are the
momenta and m the masses of the particles partici-
pating in the reaction), neighborhoods of resonances
and thresholds, and angles close to 0°, 90° and 180°.

Considerable progress in obtaining complete in-
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formation on the amplitudes of fundamental p r o c e s s e s
i s expected with the beginning of the use of a polar ized
hydrogen target .

b) Elec t romagnet ic in teract ions . Approaches
based on per turbat ion theory and model considerat ions
deduced from the resonance o r pole approximations,
have been par t icu lar ly valuable in the physics of e l e c -
t romagnet ic in teract ions . The physics of e l ec t romag-
netic in teract ions is r emarkab l e f i rs t of all in the fact
that for a whole c lass of phenomena there exis ts a
theory—quantum electrodynamics—which gives with
amazing prec i s ion quantitative cha rac t e r i s t i c s .
Elect rodynamics s e r v e s as the prototype, a model
field theory. The e lect romagnet ic in teract ions of
heavy pa r t i c l e s at low energ ies , and in some special
ca se s a lso at high energ ies (for example, the e l ec t ron-
proton in terac t ion) , a r e charac te r ized by re la t ive s i m -
plicity and in a number of cases pe rmi t a s imple,
easi ly understandable, in terpreta t ion.

When a theory exis ts with a l imited region of appl i -
cability, the l imits of that region a r e of g rea tes t i n t e r -
es t . The l imit of validity of the existing theory of
electron-photon, and par t icu la r ly muon-photon, i n t e r -
actions is of special in te res t . Quantum e lec t rodynam-
ics has a " n a t u r a l " l imit of applicability when at smal l
d i s tances (o r la rge momentum t r a n s f e r s ) the pion
vacuum (vi r tual e lect romagnet ic production of pion
p a i r s ) begins to play a significant role in e l ec t romag-
netic phenomena. Consequently, in that region we shall
again be faced with the problem of s t rong interact ions
in all i ts glory. Es t imates based on the resonance
approximation show that the s t rong interact ions may
play a significant role s ta r t ing from dis tances of the
o r d e r of 10 -15 - 10 - l e cm.

The problem of the l imits of applicability of muon
elec t rodynamics is par t icu lar ly acute: all exper iments
per formed so far have shown no difference between the
elec t romagnet ic interact ions of the muon and the e l e c -
t ron. The problem of the origin of the la rge m a s s of
the muon continues to be one of the most interest ing
mys t e r i e s if one accepts the hypothesis of a field
origin of pa r t i c le m a s s e s . It could be expected that
the muon differs from the e lectron in i ts in teract ions
with other f ields. This should give r i s e to a specific
anomalous magnetic moment and other demonst ra t ions
of the exis tence of an "e l ec t romagne t i c s t r u c t u r e . "

Exper iments on the tes t of e lec t rodynamics at smal l
d is tances (ep and ^p sca t ter ing , the gyromagnel ic
ra t io of the muon, e lec t ron and muon pa i r production
at la rge angles) have moved the boundary to 1(T14 cm.
S,o far no deviations from elect rodynamics , down to
dis tances of this order , have been discovered.

A new important s tage begun in the physics of e l e c -
t romagnet ic interact ions with the inc rease of the max i -
mum available under laboratory conditions photon and
elect ron energy to 6 BeV, i .e . five t imes l a r g e r than
what was available to exper imente r s till 1963.

In 1966 the upper l imit on the energy is expected to
reach 20 BeV when the large l inear acce le ra to r in

California begins to opera te . Studies in the new
energy region, in addition to the above mentioned t e s t s
of validity of quantum elect rodynamics , have led to a
number of important r e su l t s on ep sca t ter ing and
meson photoproduction. Among these resu l t s the fol-
lowing should be mentioned:

a) Data on nucleon form factors up to values of the
4-momentum t rans fe r squared q2 = 175 x 1O26 cm"2; it
turned out that the form factors fall off with increas ing
q like 1/q2. which resul t is somet imes in terpre ted as
indicating an absence of a "nucleon hard c o r e . "

b) The amazing rat io of the c ro s s sect ions for the
react ions

"» + »,' (2)
+ " (3)

at energies in the 3 BeV region—dcr(1): dcr<2): d<j(3)

s 1 :10 :100 .
c) A group of pre l iminary data on the photoproduc-

tion c ro s s sect ions of mesons , resonances and s t range
par t i c l e s in a liquid hydrogen bubble chamber .

Quantitative exper iments continue in the energy
region up to 1 BeV for e lec t rons and photons. Ex-
per imen t s on ep sca t ter ing uncovered an in teres t ing
regular i ty in the rat io of the e lec t r ic Ggp and m a g -
netic G]vip form factors of the nucleons: Gjyip =
G"EpMp> w h e r e fjp is the magnetic moment of the
proton. All of the available data up to the highest
energies a r e in agreement with this relat ion.

The resonance approximation, a s applied to
electron-nucleon sca t ter ing and photoproduction
p r o c e s s e s , pe rmi t s one in pr inciple to de te rmine the
cha rac t e r i s t i c s of unstable par t i c les (par t icu la r ly the
coupling constant) and even to predic t the existence
of new par t i c les and resonances . Thus, for example,
the exis tence of the p meson was predicted from an
analys is of nucleon form factors on the bas i s of the
resonance model. However all of the existing at tempts
of this so r t must be considered as p re l iminary . The
resonance models of the form factors , which were in -
tensively d iscussed in the past , turned out to be in
contradict ion with the new data on form factors at
high energies and the relat ion Gg = Gjy[ at q2 = - 4 M 2 .
The exper imental information on form factors in this
region is obtained from the data from the react ions

" e+ + e -

+ _ • At the moment only pre l iminary

data a r e available on these reac t ions , which only
allow one to a s s e r t that in the region of negative
values for the square of the momentum t rans fe r the
form factors a r e much l e s s than unity. The c o m p a r -
ison of the form factors at la rge posit ive and la rge
negative values is of fundamental significance s ince,
according to recent theoret ical works, it could se rve
as a tes t of the bas ic assumptions of quantum field
theory.

The application of the resonance model to meson
photoproduction is a lso of a p re l iminary charac te r ;
in pa r t i cu la r the cha rac te r i s t i c s of the y - 3TT i n t e r -
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a c t i o n , i m p o r t a n t f o r t h e u n d e r s t a n d i n g of t h e e l e c t r o -

m a g n e t i c i n t e r a c t i o n s , a s d e t e r m i n e d f r o m p h o t o -

p r o d u c t i o n of p i o n s n e a r t h r e s h o l d , f r o m p i o n s c a t -

t e r i n g w i t h t h e e m i s s i o n o f a p h o t o n , f r o m p e r i p h e r a l

p r o d u c t i o n o f p m e s o n s , a n d f r o m n e u t r a l p i o n p r o -

d u c t i o n b y n e g a t i v e p i o n s i n t h e C o u l o m b f i e l d , a r e i n

c o n t r a d i c t i o n w i t h e a c h o t h e r .

T h e s t u d y o f t h e e l e c t r o m a g n e t i c i n t e r a c t i o n s of t h e

n e u t r o n p r o c e e d s m a i n l y o n t h e b a s i s of s t u d i e s o f t h e

e l e c t r o m a g n e t i c i n t e r a c t i o n s o f f e w - n u c l e o n s y s t e m s

( d , H e 3 , H 3 ) . H o w e v e r t h e l e v e l o f t h e o r e t i c a l i n t e r -

p r e t a t i o n o f t h e i n t e r a c t i o n s o f b o u n d n u c l e o n s i n t e r m s

o f t h e p r o p e r t i e s of f r e e n u c l e o n s i s a t t h i s t i m e a l -

r e a d y b e l o w t h e l e v e l o f e x p e r i m e n t a l a c c u r a c y .

A m o n g o t h e r s t u d i e s i n t h e p h y s i c s of e l e c t r o m a g -

n e t i c i n t e r a c t i o n s o n e s h o u l d n o t e t h e e s t a b l i s h i n g o f

a n u p p e r l i m i t f o r t h e e l e c t r i c d i p o l e m o m e n t o f t h e

e l e c t r o n d / e < 3 . 5 x 1 0 - 1 6 c m , w h e r e e i s t h e e l e c t r o n

c h a r g e . T h i s e x p e r i m e n t v e r i f i e s i n v a r i a n c e w i t h r e -

s p e c t t o t i m e r e v e r s a l , a n d a f u r t h e r l o w e r i n g o f t h e

u p p e r l i m i t o n d i s o f g r e a t i n t e r e s t .

c) W e a k i n t e r a c t i o n s . O n e o f t h e c e n t r a l p r o b l e m s

o f t h e d y n a m i c s o f w e a k i n t e r a c t i o n s i s t h e q u e s t i o n

w h a t i s t h e i r p r i m a r y L a g r a n g i a n : f o u r - f e r m i o n o r a

Y u k a w a t y p e , i n w h i c h t h e w e a k c u r r e n t i n t e r a c t s w i t h

t h e i n t e r m e d i a t e ( v e c t o r ) b o s o n W ( t h e s o c a l l e d

h a l f - w e a k i n t e r a c t i o n , £ h . w . = ) • R e c e n t l y t h e

solution of this question seemed to favor the inter-
mediate boson version (there were preliminary indi-
cations from neutrino experiments on direct produc-
tion of W from nuclei irradiated by a neutrino beam).
These indications, however, were not confirmed by the
studies reported at the conference. The lower limit
on the W mass has now been raised to 1.8 BeV.

The existence of the W meson continues to be a
problem for future studies. There remain the diffi-
cult experiments with neutrinos for the search of this
particle. Should the mass myj turn out to be very
large it will become more convenient to study the
electromagnetic (pair) production of W or to search
for effects due to its existence in strong interactions,
for example the appearance of a resonance in the anni-
hilation reaction

n + p -*• W+ ->- U+ + VH*

o r t h e a p p e a r a n c e o f l e p t o n s i n t h e p r o c e s s

p + p - » d + W+

I t i s c l e a r f r o m t h e f o r e g o i n g t h a t i f t h e W m e s o n

i n d e e d e x i s t s t h e n i t i s q u i t e h e a v y . I n t h a t c a s e a

s e r i o u s d i f f i c u l t y a r i s e s i n h o w t o e x p l a i n i t s m a s s .

T h e u s u a l l y a s c r i b e d t o i t h a l f - w e a k i n t e r a c t i o n , i t

w o u l d s e e m , c a n n o t p r o d u c e a l a r g e f i e l d m a s s , i f o n e

i g n o r e s i t s n o n r e n o r m a l i z a b i l i t y a n d t h e p o s s i b l e c o n -

t r i b u t i o n s f r o m h i g h e r o r d e r s o f p e r t u r b a t i o n t h e o r y .

I n c o n n e c t i o n w i t h t h i s d i f f i c u l t y s u g g e s t i o n s h a v e b e e n

m a d e t o t h e e f f e c t t h a t t h e W m e s o n p o s s e s s e s s t r o n g

i n t e r a c t i o n s . I n o r d e r t o p r e s e r v e i t s r o l e i n t h e w e a k

i n t e r a c t i o n s i t w a s s u g g e s t e d t h a t i t h a s a n o n z e r o

v a l u e o f t h e C q u a n t u m n u m b e r , w h i c h i s n o t c o n s e r v e d

b y t h e w e a k i n t e r a c t i o n s . ( I n t h e s i m p l e s t v e r s i o n t h e

W m e s o n i s a n S U 3 t r i p l e t . ) I n t h i s s c h e m e t h e W

m e s o n c a n i n t e r a c t s t r o n g l y i n p a i r s w i t h n u c l e o n s :

X — WNWW.

O n t h e o t h e r h a n d w h e n i t i n t e r a c t s s i n g l y w i t h t h e

w e a k c u r r e n t
^

t h e n C i s n o t c o n s e r v e d , h e n c e

t h e i n t e r a c t i o n i s c o n s i d e r a b l y w e a k e n e d . I f t h i s

h y p o t h e s i s i s c o r r e c t t h e p r o c e s s o f p a i r p r o d u c t i o n

of W m e s o n s i n n u c l e o n a n n i h i l a t i o n

N + N -*- W + W

s h o u l d p r o c e e d w i t h a l a r g e c r o s s s e c t i o n . T h e

a s c r i b i n g t o t h e W m e s o n o f d e f i n i t e t r a n s f o r m a t i o n

p r o p e r t i e s u n d e r t h e S U 3 g r o u p i s i n d e p e n d e n t o f

w h e t h e r o r n o t i t p o s s e s s e s s t r o n g i n t e r a c t i o n s a n d

h a s a d e f i n i t e r e l a t i o n t o t h e r e s o l u t i o n o f t h e q u e s t i o n

w h y < £ w € 8 . If fy e 8 a n d W y C 3 , t h e n t h e p r o d u c t

S J H W u = ^ h . w . m a v t r a n s f o r m l i k e 3 . I f w e p o s t u l a t e

t h a t £ h . w . a l w a y s t r a n s f o r m s l i k e 3 , t h e n £ w
 =

J E h . w . ^ h w a u t o m a t i c a l l y b e l o n g s t o a n S U 3 o c t e t .

T h i s i n t r o d u c e s c o n s i d e r a b l e c l a r i t y i n t o t h e q u e s t i o n

of t h e o r i g i n o f t h e t r a n s f o r m a t i o n p r o p e r t i e s o f £ w

a n d e s t a b l i s h e s a p o s s i b l e c o n n e c t i o n b e t w e e n t h e s e

p r o p e r t i e s a n d t h e p r o p e r t i e s o f t h e c u r r e n t J ^ .

T h e a s s u m p t i o n t h a t W € 3 b r i n g s i n t o p l a y n e u t r a l

w e a k c u r r e n t s o f s t r o n g l y i n t e r a c t i n g p a r t i c l e s ,

w h e r e a s t h e i r e x i s t e n c e a s a l w a y s r e m a i n s a n u n -

s o l v e d p r o b l e m . O n t h e c o n t r a r y , i n t h e c a s e o f l e p -

t o n i c c u r r e n t s t h e e x i s t i n g d a t a d e f i n i t e l y p o i n t t o w a r d s

t h e a b s e n c e o f n e u t r a l c o m p o n e n t s a n d t h i s r a i s e s

c e r t a i n d o u b t s w i t h r e g a r d t o t h e e x i s t e n c e o f n e u t r a l

c u r r e n t s f o r t h e s t r o n g l y i n t e r a c t i n g p a r t i c l e s . T h e

i d e a of d y n a m i c a l e n h a n c e m e n t o f t h e o c t e t i n £ w »

m e n t i o n e d i n S e c . 2 , d o e s n o t r e q u i r e t h e e x i s t e n c e

o f n e u t r a l c u r r e n t s f o r t h e s t r o n g l y i n t e r a c t i n g p a r t i -

c l e s . I n t h i s c o n n e c t i o n c e r t a i n d i f f e r e n c e s a r i s e i n

t h e p r e d i c t i o n s m a d e b y t h e l a t t e r v e r s i o n o f t h e t h e o r y

a n d t h e v e r s i o n t h a t m a k e s u s e o f t h e i d e a o f a n S U 3

t r i p l e t f o r t h e W , w h i c h w e s h a l l c o n s i d e r n o w .

T h e v e r s i o n of t h e t h e o r y w i t h t h e W m e s o n a u t o -

m a t i c a l l y g i v e s t o £ w t h e s t r u c t u r e o f t h e " c u r r e n t

x c u r r e n t " t y p e ( J w J ^ ) . O n t h e o t h e r h a n d t h i s f o r m

o f t h e i n t e r a c t i o n L a g r a n g i a n w i t h o n l y c h a r g e d c u r -

r e n t s m a y b e p o s t u l a t e d i n d e p e n d e n t l y , a s i s o f t e n

d o n e , a n d a u g m e n t e d b y t h e i d e a o f d y n a m i c a l e n h a n c e -

m e n t o f t h e o c t e t . T h e L a g r a n g i a n o f t h e t y p e J ^ J ^ ,

w h e n b o t h c u r r e n t s r e f e r t o s t r o n g l y i n t e r a c t i n g p a r -

t i c l e s , g i v e s r i s e t o a c o n t r i b u t i o n f r o m t h e w e a k i n -

t e r a c t i o n s t o t h e i n t e r n u c l e o n p o t e n t i a l . A g r o u p o f

S o v i e t a u t h o r s h a s r e p o r t e d a t t h e c o n f e r e n c e t h e d i s -

c o v e r y o f s u c h a n e f f e c t . I n t h e o b s e r v a t i o n s o f t h e

d e c a y o f C d 1 1 4 * , p r o d u c e d b y c a p t u r e of p o l a r i z e d

n e u t r o n s i n C d 1 1 3 , n + C d 1 1 3 — C d 1 1 4 * — C d 1 1 4 + y ,
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they succeeded in detecting an asymmetry in the
emission of the photons with respect to the spin direc-
tion of the neutron. The magnitude of the asymmetry
was in good agreement with the value to be expected
on the basis of a contribution of £ w to the strong
interactions. The appearance of a contribution of £ w

in nuclear effects was also observed by a group of
scientists from the California Institute of Technology,
who detected circular polarization of the photons from
the chain

These facts, without any doubt, point in favor of a
"current x current" structure for the weak inter-
tions Lagrangian.

The above-mentioned difference in the predictions
of the theory with the W meson and the theory based
on octet enhancement has to do precisely with weak
processes involving strongly interacting particles.
The theory with the neutral currents predicts approx-
imately equal contributions to weak processes of
transitions with AI = 0 and AI = 1, whereas the theory
with the dynamically enhanced octet for the product of
charged currents results in a dominance of transitions
with AI = 0. A test of these predictions is possible in
a number of nuclear reactions (for example, in parity
forbidden reactions or in reactions in which asym-
metries of the above mentioned type appear). The
clarification of which version of the theory actually
occurs will be of great importance for the dynamics
of weak interactions.

The "current x current" hypothesis predicts,
among other things, also the existence of direct inter-
actions between leptons: (JLVU) (~vup) a nd (eve)(T>ee).
So far these interactions have not been detected. At
the moment various proposals for experiments to dis-
cover effects due to these interactions with the help
of reactors, cosmic rays and accelerators, are under
study. The discovery of these processes would intro-
duce a certain order into the dynamical picture of
weak interactions.

As far as some of the details of the weak interac-
tions picture are concerned the latest data (including
those reported at the conference) fully confirm the
existence of two types of neutrinos; the precision with
which the muon lepton number is conserved is estab-
lished at the level of 10-3 - 1(T4 from the absence of
y. — e + y and at the level of 10-2 from direct neu-
trino experiments with accelerators. All existing
data confirm the V — A version of the weak interac-
tions theory as its main component (the latest data
refer to the K^ decay and the beta decay of the A
hyperon).

A beginning has been made in the study of form
factors for various processes for q # 0. In particu-
lar the neutrino experiments show that the axial
vector form factor F^(q 2) < 1 and that to a good

approximation FA(q2) = Fy(q2)- The value of the
latter agrees not too badly with values obtained in
electromagnetic measurements, in full correspond-
ence with the conserved vector current hypothesis.
The most accurate tests of this hypothesis have also
yielded positive results.

The new data on muon capture in hydrogen and in
nuclei are in the main in agreement with the idea of
universality* for strangeness conserving processes.
It is true that there are some difficulties with the r e -
sults on the asymmetry of neutron emission in n~
capture in heavy nuclei. This asymmetry is much
larger than expected, which may be due to the specific
dynamics of the given process or to some more basic
reasons, possibly connected with violation of CP
in variance.

It is important to emphasize that in all the weak
interaction processes that have been studied no dif-
ference has been observed in the behavior of the muon
and the electron, if one does not count the fact that
each of them is accompanied by its own type of
neutrino and that there are kinematic effects due to
the mass difference. This deepens the mystery of the
origin of the muon mass, mentioned in the Section on
electromagnetic interactions, and transforms it into
one of the most acute problems of elementary particle
physics.

In conclusion let us mention that from a purely
theoretical point of view a serious problem exists in
weak interactions—that of justifying calculations
usually carried out in first order of perturbation
theory, since in fact we are dealing with a strongly
divergent theory. This problem has also its practical
aspects, since in a number of cases it is important to
obtain an estimate of the contributions from higher
order approximations. Certain prescriptions have
been proposed for the summing of the contributions
from the leading terms in each order, which, however,
are in need of further justification. The development
of the apparatus of dynamics of weak interaction
theory has in fact barely begun in this direction and,
undoubtedly, will be continued and expanded in the
coming years.

In this article we have discussed mainly those
studies which "l ie in the mainstream." One should,
however, keep in mind the oft expressed opinion, that
a new theory can arise only as the result of revolu-
tionary changes in the basic principles, in other
words, it may happen that the theory will be formu-
lated on the basis of ideas of the type of quantization
of space-time, violation of causality at small dis-
tances or introduction of nonlinear Lagrangians.
Unfortunately little real success has been achieved
so far in the application of these ideas to concrete

*With, as we have seen, the small correction corresponding to
the replacement of G by G cos 8 for processes with the participa-
tion of strongly interacting particles.
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problems of elementary particle physics. Therefore
a discussion of them has been left out of this review,
although they do arouse considerable interest.

We have chosen for discussion those directions of
study which at the moment appear to be basic from
the point of view of the possibilities of obtaining
answers to the questions formulated in Sec. 1. It is
not out of the question that some of these will turn
out to be incorrectly stated, and some of the discussed
directions to produce few results: an estimate of the
value of a recently obtained scientific result is almost
always largely a matter of guesswork. Nevertheless
it is essential to attempt to point out the basic direc-
tions and the main results, if for no other reason then
for orientation purposes in the huge stream of infor-
mation, which continues to grow bigger in elementary
particle physics. Attempts to look into the future of
elementary particle physics are particularly impor-
tant also because the obtaining here of qualitatively
new experimental information requires the creation
of gigantic accelerators, the construction of which
takes many years. The cost of these constructions
often amounts to a significant fraction of national
budgets. The development of physics in the last few
years has also shown that an effective use of a modern

accelerator is only possible if at the same time a com-
plicated detection apparatus is constructed, which
makes use of electronic calculating machines. The
cost of such a complex turns out to be roughly equal
to the cost of the accelerator itself.

Even in those cases when these essential conditions
are met ( accelerator producing a clean particle beam,
and an experimental set-up allowing the detection of
the interaction events between the particles), between
the time when the problem is posed and the time when
experimental results are obtained often many years
go by, spent on adapting the experimental set-up to the
concrete problem, on collecting of statistics, on con-
trol experiments and on the analysis of the experimen-
tal data.

To overcome the huge financial, organizational and
technical difficulties the greatest physicists of the
world spend many years of their lives. And these
efforts are not in vain. Step after step we are pene-
trating into the most fundamental, difficult to get to
know, laws of nature, and this, undoubtedly, is one of
the highest goals that a scientist can hope to achieve.

Translated by A. M. Bincer


