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1. INTRODUCTION

THIS article gives a survey of the state of our knowl-
edge about elementary particles and the theory of grav-
itation. It is designed for readers who are not special-
izing in particle physics, and gives only a general re-
view. It may be that because of the simplified exposi-
tion and the absence of mathematical apparatus the
article will also be interesting to a wide circle of
physicists, and not only to astrophysicists, for whom
the report was prepared.

The reader who wishes to learn to read independ-
ently in the field of elementary particles must use the -
more difficult articles of L. B. Okun’t3 and v. B.
Berestetskil.[2] Any who find the present article too
specialized and difficult can turn to the review by
Salam, (3] which gives a good idea of the atmosphere
of the actual research. Finally, we mention two more
reviews, a book by Feynman!™} and an article by
Sakurai. [7%]

The choice of material inevitably reflects the in-
terests of the author; in particular, this article con-
veys almost nothing of the rush of new ideas in the
theory of strong interactions, which is associated
with the names of Landau, Pomeranchuk, Gribov,
Gell-Mann, Mandelstam, and Chew; this new devel-
opment undoubtedly calls for a separate treatment.

2, EXACT CONSERVATION LAWS IN THE INTER-
ACTION OF PARTICLES

As long ago as 3—5 years the number of elementary
particles was already more than 33. Among these, be-
sides stable particles, there are spontaneously decay-
ing particles with lifetimes from 10 min to 107 sec.
Quite recently a number of short-lived particles (or
states) have been discovered, with lifetimes of the
order of 10721—10-% gec. In this field not even the
terminology is clear: should we call these particles
elementary particles, or what is the criterion of ele-
mentariness? This lack of clarity has recently ex-
tended to the classical particles as well: are the pro-
ton and neutron elementary? (this is briefly discussed
in Sec. 14).

Even from aesthetic considerations, which play a
large part in the development of theoretical physics
( by the ‘‘beauty’’ of a theory one means essentially
the manifestation of the unity of nature), there is a

*This article was developed from an introductory lecture
given at the astrophysical summer school in Tartu.

need for the formulation of some small number of fun-
damental laws for the interconversions of particles.

The number of laws must be much smaller than the
large number we have given for the number of particles
to which the laws relate. We begin with an exposition
of the laws, and not with a table of the particles.*

1. Law of conservation of electric charge. This law
is already formulated in classical physics as a rela-
tion between the charge density and the current. The
law of conservation of charge was long ago (since the
time of Lorentz) formulated in atomic language as a
consequence of the indestructibility of electrons and
protons—the only carriers of charge then known.

We now know of a large number of different types
of particles which undergo interconversions. The law
of conservation of electric charge is valid for any ele-
mentary act of interconversion.

2. Law of conservation of nuclear charge (baryon
number). One can assign to each particle a baryon
number, which is 1 for nucleons (proton and neutron)
and hyperons (A,Z,E), and is 0 for mesons (7, K)
and leptons (u,e,v). Experiment shows that in all
processes that have been studied the baryon number
is conserved, i.e., the sum of the baryon numbers is
the same before and after a process.

Can we extrapolate the experimental result to en-
ergy ranges not yet investigated, or can we expect
that there may be failures of this conservation?

Quantum mechanics comes to our help with the
idea of ‘‘tunnelling”” through barriers and of the un-
certainty of energy: if the nuclear charge were not
conserved at some extremely high energy, then as a
low-probability ‘‘tunnel’’ effect it would also fail to
be conserved in ordinary nuclei. The stability of
nuclei indirectly proves the universality of the law
of conservation of nuclear charge.

The conservation of baryon charge is of decisive
importance for the general energy balance of the uni-
verse and the stars. In the nuclear processes in stars
there is transmutation of hydrogen into helium, car-
bon, oxygen, iron. The energy released equals the
product of the square of the speed of light and the
mass defect—that is, the difference between the
atomic weight of hydrogen, A = 1.008 and the ratio
of the atomic weight of the product nucleus (or more
exactly, atom) (He, C, O, Fe) to the number of nu-
cleons it contains:

*A table of particles is given later, in Sec. 16; a table of
shortlived particles is given in Sec. 14.
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4.1039= 1.000975 for He,,
161.2\)0 = 1,000 for O,
55 ,59568= 0.999228 for Feg,.

Thus the energy released is less than 0.01 Mc?.
The impossibility of the complete annihilation of or-
dinary matter (hydrogen, iron, etc.) with the release
of the total Mc? depends precisely on the conservation
of nuclear charge. This is why it is so important that
this law is not violated even under the most unusual
conditions, in particular in stars.

3. Conservation of the leptonic charge. As is well
known, in B8 decay the production of an electron is ac-

companied by that of an antineutrino ¥, n— p + e~ + 7.

The two preceding laws do not forbid a process which
would give 2p — 2n + 2e*, but it is not observed, just
as the analogous process K* — 77 + 2e* is not ob-
served. Therefore it is natural to suppose that there
is still another conservation law with I = +1 assigned
toe,u,v,l==1toe*, u*, 7, and I = 0 to other
particles (Zel’dovich, 4] Konopinski and Mahmoud, [5]
Marx(8]). Then the u — e decay goes by the scheme
p— e +v + 7. Thus the conservation of I-charge
does not forbid u~ — e~ (with transfer of part of the
momentum and energy to a nucleus near which the u~
decays, or to a y-ray quantum).

Since u~ — e~ does not occur experimentally (just
as the process u~ — 2e” + e* does not occur [?7]), the
presumption arose (Pontecorvo,[’] Lee and Yang, [%]
Lipmanov[ﬂ)* that there are really two conservation
laws, and accordingly, two kinds of »’s and ?’s. Then
there is one number, the electron leptonic charge Iq,
with Ig = +1 for e7, vg, le=—1 for e, Vg, and lg =0
for other particles, including u*, vy, ¥y, and another
number, the muon leptonic charge I, = +1 for u~, vy,
Iy = -1 for u*, '17”, and 1, = 0 for other particles.

Then in reactions producing v or v one must spe-
cify which » (i.e., vy or ve) is produced. For ex-
ample, u~ — e~ + v, + Ve, and pu~ — €~ is impossible.
Further possible reactions are

vy, (1)
Vot p—>np, 2)

but the reaction
Vat+pnte (3)

is impossible.

At the Geneva conference on high-energy physics
(July, 1962) work done by a group of American au-
thors was reported. They had observed 50 cases in
which neutrinos from reaction (1) produced reaction (2)

*See also the detailed listing of the literature in the ex-
perimental paper [™]. The special achievement of B. M. Ponte-
corvo was to point out a way to check the question experimen-
tally.

B. ZEL’DOVICH

in their chamber, without finding any case of reaction
3).

If there were not two separate conservation laws for
le and Iy, then reaction (3) would be easier energetic-
ally, and one should observe more cases of (3) than of
(2). Thus it was proved that there exist two different
types of neutrinos (see the published paper [78]).

A detailed review of experimental work on neutri-
nos in the preceding period was published recently in
UFN. [10]

3. ANTIPARTICLES

In formulating the conservation laws we have men-
tioned pairs of particles with opposite charges. This
experimental fact forms one of the principles of
present-day physics.

All the laws are invariant under charge conjugation,
which is simultaneous change of the signs of all charges.
This means that to each particle with a given set of
four numbers, the electric charge Z, the nuclear
charge n, and the leptonic charges l¢ and [, there
corresponds another particle with the opposite signs
of all four of these numbers. The masses, angular
momenta, lifetimes (if they are unstable), and so on,
of these two particles are exactly equal.

We emphasize that only the simultaneous change of
the signs of the 4 numbers leads to an antiparticle; we
shall give an example in which this condition is not
satisfied:

2" has Z=1, n=1, ,=1,=0;
2 has Z=—-1, n=1, [,=1,=0;
M (Z*)=1189.4 MeV, M (2)=1196 MeV,
t(2)=0.8-10"' sec, £(X7)=1.7.101° gec,

and therefore £ and Z~ are not a ‘‘particle-antipar-
ticle’’ pair. The antiparticle of =* is 3* with Z = —1,
n=-1, lg=1, =0. N

Here the electric charge of Z* is the same as that
of Z7, but

m(Z) =1189.4 = m (£*) == m (Z).

The main difference between %* and =~ appears in
the behazior in interaction with ordinary matter: the
system Z* + p has baryonic charge 0 and therefore can
change into mesons, but the system Z~ + p has baryonic
charge 2 and therefore can only change into neutron
+ proton + mesons; for the second case the number and
energy of the mesons are smaller than for the first
case by a factor 10. A large release of energy in in-
teraction with ordinary matter, which consists of bary-
ons, is a general property of antibaryons.

Particles which have all four numbers equal to zero
go over into themselves under charge conjugation—that
is, they do not have to have antiparticles.

Examples of this are light quanta (quanta of the
electromagnetic field), =® mesons, gravitons. The
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number of such particles can change in a process with-
out any change in the numbers or types of other par-
ticles; an example is the emission of a light quantum
by an excited atom or nucleus. For a pair made up
of a particle and an antiparticle the sum of the charges
is zero. Therefore such pairs can always vanish by
conversion into 7%’s or photons, or simply with a
change of the energy (temperature) of the medium.
Historically the principle of charge conjugation
appeared already in the Dirac theory of relativistic
electrons, where an important part was played by
ideas about negative-energy levels filled up with par-
ticles obeying the Pauli principle. This view is hope-
lessly antiquated, however; there are also particle-
antiparticle pairs which do not obey the Pauli principle,
for example the bosons* 7* and m~. Therefore the old
ideas about a background and holes must be abandoned.
For more details about antiparticles and charge con-
jugation see the review [11d,

4, CLASSIFICATION OF INTERACTIONS. STRANGE-
NESS

Experiment shows that among processes allowed by
the conservation laws one can distinguish a class of
processes which go by strong interaction; in collisions
these are characterized by cross sections of the order
of the geometrical cross section, and in decays, by
widths of the order of the particle mass (for the con-
nection between width and decay probability see Sec.
14).

These processes occur only in the group consisting
of the baryons and the m and K mesons. Not all con-
ceivable processes in this group go in this way, how-
ever; we can introduce another number, the strange-
ness S, which is conserved in the strong interactions.

Roughly speaking, we can say that processes in
which the laws of Sec. 3 hold but S changes, AS=+1,
go with probabilities smaller by factors 10~10—-10-12,
The probabilities of processes with AS = £2 are evi-
dently smaller by still another factor of this order.
We write out the classification (the tilde on top de-
notes an antiparticle):

S§S=0: p, n, p, 0, W, W, 1%

S=—1: A, 2, 3, 30, K, K",
S= —2 F, 8o

=4 1: A, £, £, 5o, K°, K
S=+2 -, Bo

) d '

Therefore, for example, the process 7~ +p — A + K°
is allowed in S (goes by strong interaction), but the
process 7~ +p — A +7° is forbidden in S and in fact

*Bosons are particles which obey Bose statistics. The
classic example of a boson is the light quantum. The Pauli
principle does not hold for such particles: a light wave of large
amplitude represents a large number of light quanta which are in
the same state.
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does not occur in collisions. The decay A — p + 7~

is forbidden in S, and therefore the lifetime of A, of
the order of 10710 sec, corresponds to a width H/7
~10-% eV ~ 10~Bmzc?®. On the time scale of particles,
1071 sec is an extraordinarily long time. The =~ hy-
peron with S = —2 decays into A + 77, in a process
with AS =1, and then the A decays into p + 7~7; there
is a ““‘cascade”’ of decays. = is called the ‘‘cascade
particle;” the direct decay =~ —p + 27~ with AS

= +2 is not observed.

Thus the first class of interactions is the strong
interaction of heavy particles satisfying the condition
of conservation of strangeness, AS = 0, The second
class of interactions is the weak interaction. The
typical process involves 4 particles with spin 1/2
(4 fermions) in a decay A — B + C + D or a reaction
(in particular, a soatterlng) A+B— C + D, for ex-
ample n —p +e” +7 or V+p—>n+e (both proc-
esses have been observed in the last ten years, see
101y A characteristic of the strength of the interac-
tion is the expression for the interaction energy den-
sity*
erg
cm

AH( ) gV, W W

Since ¥%= p 1is the particle density {cm-3) the di-

mensions of the product of four functions ¥ are cm‘s,

and the dimensions of g are erg cm?®.
Using the energy unit Mc’? and the length unit h/Mec,
where M is the nucleon mass, we find, using the ex-

perimental value of g,

~ -cm3 ~ RN
g~ 10" erg-cm3 ~ 1073 Mc2<ﬂ 1O5Mr.

The number 107% is a dimensionless characteristic of
the weak interaction.

An interaction of the type of 7* — u* + v can be re-
duced to the 4-fermion type if we assume that it goes
in two stages, one of them by the strong interaction:
7t —p+n —ut + o

It then turns out that the same universal constant
g satisfactorily characterizes both processes involv-
ing neutrinos and those processes involving strongly
interacting particles in which AS =1, for example,

A — p + 7. The description of this process in terms
of the 4-fermion mechanism is
AP,
A—p+ p +n
1 -+ mo.

*Some of the four wave functions occur as complex conju-
gates (the functions which correspond to particles produced in
the process). This is of no importance for what follows.

tIn intermediate states particles can have energy and mo-
mentum which do not satisfy the relation E? — c?p? = (Mc?)? that
holds for freely moving particles; in popular terms we can say
that in intermediate states which last a short time the energy
is indeterminate, not conserved, although it is exactly the same
for the left and right members, i.e., for the initial and final
states.
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Instead of saying that the interaction constants are
equal, we can in a cruder way formulate the following
rule applying to the decays of particles. The proba-
bility of decay of a particle owing to weak interaction,
with transition into one quantum state of the decay
products, is the same in order of magnitude for all
weak interactions; the difference between the decay
periods, for example of the neutron (10 min) and of
the 1 meson (2 x 1078 sec), is caused by the differ-
ence in the decay energies; the larger the energy, the
larger the number of individual states (the ‘‘phase
volume’’) for the decay products.

5. THE THREE-PARTICLE MODEL

The rule AS = 0 in strong interactions and the two
exact conservation laws of strongly interacting par-
ticles can be interpreted intuitively in this model: there
are three types of fundamental particles, and all ele-
mentary particles are built from these fundamental
ones (and their antiparticles) as molecules are built
from atoms. An example: p, n, and A are fundamen-
tal, and the other particles, such as 7*, K?, =%, &,
are constructed from them in the following way:

v =(p,n), K'=(An), Z=(p,An), E =(AA, .

This scheme was proposed in 1948 by Fermi and
Yang (U.S.A.)[12) with p and n as the basis, and later,
after the discovery of strange particles, was developed
by the Japanese Sakata with A included ['3), Similar
ideas were put forward by M. A. Markov [“]; an im-
portant contribution to the development of the Sakata
scheme and its comparison with experiment is due to
L. B. Okun’, [1,15]

In this scheme the ‘‘strangeness’ S of a system is
simply the negative of the number of A particles in-
volved in its composition; for example, S= -2 for
=~, in accordance with the expression given above.
Antiparticles are counted with the opposite signs, so
that the strangeness of K, which is represented as
(p,x) is S=+1.

The conservation of strangeness in strong interac-
tions simply means that A particles are conserved
—that is, the algebraic number of such particles is
conserved (with the minus sign for A and plus for 7\).

The electric charge is the number of protons, and
in this scheme the conservation of charge is simply
the conservation of protons.

The baryon number is the sum of the numbers of
A’s, p’s, and n’s. Therefore the conservation of the
number of neutrons n together with the conservation
of A’s and p’s secures the conservation of the baryon
number. .

The additional assumption that all properties of p
and n are entirely analogous (unlike those of A)

leads to the conception if isotopic invariance; a conse- .

quence of this assumption is the experimentally ob-
served identity of the properties of the three m mesons
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T, T, 1r°, of the properties of the three ¥ particles,
and of those of the two = particles. In other words,
the particles are divided into groups, the so-called
isotopic multiplets.

The identity of properties is true of the masses of
the particles (see Table II in Sec. 16) and of their
properties in the strong interaction.

We should not be discouraged by the difference be-
tween the decay times of the particles of a multiplet,
since the decay depends on the weak and electromag-
netic interactions. It is clear that p and n are simi-
lar only with respect to nuclear forces, but by no
means so with respect to electromagnetic properties
(and also not with respect to the weak interaction).
The electromagnetic interaction also produces a small
difference between the masses of the particles in a
multiplet.

The Fermi-Yang-Sakata-Okun’ scheme enables us
to understand the conservation of strangeness intui-
tively. It made possible, for example, the prediction[16]
of the decay through the reaction 7% — 7% + e* + v, re-
cently N('ietected in Dubna. (1% Let us write this decay
as (PN) — (NN) +e* + v. It can be seen from this
that the process can be regarded as the 8 decay of a
bound proton, i.e., as a different form of the 8 decay
observed in nuclei. At the Geneva conference there
were reports on the experiments of Prokoshkin and
his collaborators, and also on work done at CERN, *
which confirmed the theoretical value of the decay
probability. In the domain of weak interactions the
Sakata-Okun’ scheme gives a large number of predic-
tions which are confirmed by experiment (concerning
its difficulties see below, end of Section 13).

At the same time, since there does not exist any
quantitative theory to describe the combinations of
the fundamental particles (the ‘‘fundamentons’’ p, n,
A) into the observed elementary particles, predictions
as to the masses of the particles and as to which
‘‘compounds’’ will exist remain beyond the scope of
the theory, and these facts are taken from experiment.
The actual choice of three fundamentons is not unique;
one can, for example, put everything together from =-,
=0, A, and their antiparticles, cf. (18], Only the num-~
ber three, equal to the number of conservation laws
(electric, nuclear, strangeness) is firmly established.

The conservation laws are then formulated as the
principle that particles are produced or annihilated
only in the form of pairs, ‘‘particle + corresponding
antiparticle.’’

We note, finally, that in the three-particle concept
only fermions with spin 1/2 are fundamental particles.
The mesons m and K with spin 0, being bosons, are
compound particles. The three-particle concept re-
lates only to the strong interactions. In processes

*The European Center for Nuclear Research, Geneva. Staff
members of the Joint Institute for Nuclear Research also took
part in this work (cf. ["’]).
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which go by the weak interaction it is possible for one
type of fundamental particle to be converted into an-
other (A — n). Photons and leptons are not consid-
ered at all in the Sakata-Okun’ theory. This wise
restriction to strongly interacting particles distin-
guishes the three-particle theory from a multitude of
fruitless and baseless attempts to describe photons as
neutrino-antineutrino pairs, and the like.

6. THE ELECTROMAGNETIC INTERACTION

The school doctrine of the electromagnetic field as
the source of a force acting on charges is elevated into
a principle. It is called the principle of ‘“minimal’’ or
‘““most economical’’ electromagnetic interaction, and
states that the electromagnetic field affects only the
motions of particles, but does not cause conversions
of particles into other particles.

Only one stipulation is needed here: the production
(or destruction) of a pair, particle + antiparticle, is
everywhere in modern theory equated to a change of
motion of a single particle, and treated just like the
transition of a particle from one state to another.
Therefore the direct production of pairs by the elec-
tromagnetic field is not prohibited when it is a matter
of a legitimate pair e+e~' or pf)', but is forbidden for
mixed pairs ey~ or nA.

There are cases in which the transmutation of par-
ticles is accompanied by the emission of y-ray quanta.
Examples are 20 A0+ Y, or 70 — 2y, or the unob-
served though possible process A —n+ v. In these
cases we postulate that the transmutation is the result
of the action of a strong or weak interaction along with
the electromagnetic interaction.

In the examples given one can imagine chains such
as

PO AL b = A L -y =A .

Here the first step goes by the strong interaction.
The second step is merely a change of the motion of
the ¥ meson (as indicated by the prime) on account
of the electromagnetic interaction; the third step is
again the strong interaction.

The decay of 7 was predicted by Oppenheimer ac-
cording to the chain

:‘[°=p+})':p’.+_y1-§r ;ZYl’i‘Yg-

Again the first step is the strong interaction; the sec-
ond (change of motion of the proton) and third (anni-
hilation of a proton-antiproton pair) are electromag-
netic interactions. Similarly we can write

A=pta =pa’'fy=nty.

Here the first step is weak interaction, the second,
electromagnetic, and the third, strong interaction.
The mathematical realization of the minimal in-
teraction is as follows: in the equations of motion the
momentum p is replaced by p—(e/c)A, where A is
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the vector potential of the electromagnetic field. An-
other formulation of this is: the energy of interaction
of particles with the field is given by the expression
—~ Aj, the scalar product of the vector potential of the
electromagnetic field and the electric current vector.
Both vectors are four-dimensional, so that the expres-
sion includes the Agj, of the fourth components, i.e.,
of the electrostatic potential ¢ and the charge den-
sity p, or the electrostatic energy.

In quantum mechanics the current vector j is given
by the expression

J=el(¥y, V) + (¥, ¥o)+ ...,

where ¥4, ¥,,... are the wave functions of positively
charged particles (proton, positron, etc.). Each pa-
renthesis contains the functions of one particular par-
ticle (and also of its antiparticle); ¥; and ¥, are not
intermixed. This expresses the fact that the electro-
magnetic interaction causes only changes of motion,
not transmutation of particles.

Interactions of the field with neutral particles are
observed experimentally; an example is the magnetic
moment of the neutron. As V. V. Viadimirskii[!*] has
pointed out, one can even devise a magnetic field dis-
tribution in which slow neutrons are trapped and can-
not get out of a definite region!

From the point of view of the principle of minimal
interaction the field acts on neutral particles only
through the inclusion of a strong or weak interaction;
for example, a scheme for the neutron is

n=ptw=p+a’ty=n"+y.

We can only mention here that in principle the weak
interaction can give a new type of electromagnetic
properties of a particle ?*~22]; on account of weak in-
teraction even the neutrino acquires some electromag-
netic properties. (23] The weak-interaction effects are
extremely small, however, and are far beyond the range
of experimental observability.*

7. CONSERVATION OF CHARGE AND THE ELECTRO-
MAGNETIC INTERACTION

The electromagnetic interaction can be connected
in a very orderly way with the conservation of electric
charge.

We shall multiply the wave function which describes
the creation of a particle with the charge Z by eiaZ’
where « is a real number. The adjoint function, which
describes the annihilation of such a particle, is then
multiplied by e-1¢%Z,

An expression made up of several functions will not
depend on « if the sums of the charges of the created
and annihilated particles are equal, i.e., if the expres-

*For a discussion of the possibility that unstable particles
have dipole moments on account of the weak interaction see [“],

[au]’ [81].
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sion describes a process which is allowed under charge
conservation.

Here the charge Zk appears as an integer (+1, 0,
or — 1) ascribed to the k-th particle; multiplication of
¥ by em’Zk is a simple way to count up the charges
of all the particles in a given process.

An important step is to generalize the idea of inde-
pendence of o to the case a = a(x). Since the theory
involves derivatives of the ¥ function, terms of the
form

2

9 ez ioz 0¥ | iazyr;7 00
— ‘I’—>a—z YeloZ 5 ¢ oz + el0Z¥iZ P

appear.

Since in quantum theory derivatives with respect to
the coordinates play the role of momentum, this means
that the multiplication by el®Z brings in instead of the
momentum p the combination

p+ Zgrada.

In order to compensate the additional term it is nec-
essary that a potential A exist. In all this we are con-
cerned with four-dimensional vectors and gradients;

p is the momentum four-vector, whose fourth compo-
nent is the energy, and x includes the three space co-
ordinates and the time.

A theory which from the beginning contains instead
of p the combination

p— Z4,

is invariant with respect to multiplication of ¥ by
elZ®(X) provided that at the same time one makes
the transformation

eA’ =eA Jgrad a.

But a theory which involves p—eZA is just the
theory of the motion of a particle of charge Z in an
electromagnetic field with the four-potential A. In
such a theory the term eZA, which acts on the par-
ticle along with the momentum operator, describes
the action of the field on the particle. The important
point is that this interaction is exactly proportional to
the constant Z —the charge, that is, the number which
appears in the conservation law.

The conservation law was at first formulated purely
arithmetically, as a counting up of certain numbers be-
fore and after a reaction, which could as a rule be done
on the fingers of one hand. Now we have been able to
modify the theory so that these numbers play the role
of charges in the sense of interaction with the field.

The theory must also contain a statement (the La-
grangian) of the properties of the free electric field.
The condition of invariance under the substitution

eA-—eA -+ grad o

imposes the requirement that the physically observable
quantities are not the potentials A, but the fields
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94, oA,

ozt '

then obviously the replacement of Ay, by A, - oa/ %y
makes no change of the fields Fy;,. The absence of A
itself in the free-field Lagrangian means that the elec-
tromagnetic field has quanta of mass zero.

Thus the broadened requirement of invariance under
¥ — 122y with o = a(x,t) leads to the concept of
the electromagnetic field with all of its properties—
Coulomb’s law, conservation of charge, zero mass of
the quanta, and so on.*

8. INTERACTION OF BARYONS

The question naturally arises whether there exist
fields corresponding to the other conservation laws
for particles—to the nuclear charge (Yang and Lee [25])
and the lepton numbers lg, 1.

By analogy it is clear that such a field will lead to
an interaction of the type of Coulomb’s law. In addition
to the universal attraction proportional to mym, /1,
there will be a repulsion proportional to NNy /r,
where N; and N, are the numbers of nucleons in the
two bodies with the masses m; and m,. But the ex-
periments of EStvSs, repeated in 1961 by Dicke, [26]
indicate that there are no corrections to Newton’s law.
At the same time, the values of m for different sub-
stances are not exactly proportional to N because of
the different mass defects. The accuracy of the ex-
periments is much greater than the deviations of m/N
from a constant value. Thus experiment disproves an
interaction of the form NN,/ r%z, or, more exactly,
limits the interaction of nucleons with the hypothetical
field to an amount smaller by a factor 10~1° than the
electromagnetic charge e.

The suggestion has been made (Kobzarev and
Okun’ [?711) that the hypothetical field differs from
the electromagnetic field by having quanta with a rest
mass, so-called vectons. In this case the difficulty
with the long-range force of nucleons disappears; the
law is
where pu is the mass of the vecton. The interaction
vanishes at macroscopic distances at which it might
be detected by experiments of the E6tvSs type. On the
other hand, we lose the invariance of the theory under
the substitution

*This theory and its development are treated in detail in a
review article by Adamski‘i’,["] which also gives references to
the original literature.

tSome curious cosmological objections to the existence of
such a field have been put forward by Dicke.[*?]

iSee also a survey["], a paper["] by Sakurai, and a paper}
by Fujii.l®]
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which would connect the theory of the field with the
conservation of the particles, and there remains only
an analogy with this sort of theory.

But then why is a theory of vectons which have mass
and interact strongly with baryons attractive? This
theory precisely completes the three-particle scheme.
In fact, at small distances, r < i/uc, the vectons func-
tion qualitatively like the electromagnetic field, giving
an attraction of unlike particles and a repulsion of like
particles.

An attraction between baryons and antibaryons is
just what is needed in the three-particle scheme to
hold mesons together: for example, if 7* = p +n, this
presupposes that profon and antineutron atiract each
other with an enormous force. A measure for it is the
binding energy, i.e., the mass defect. The masses are
mp = 1836me, mp = 1838mg, but they combine to give
a 7% with mass 273mg, so that the difference 1836
+ 1838 — 273 = 3401 is released as binding energy!

An analogous combination is p + A = K* with almost
the same amount of energy released. Vectons cause a
repulsion of like particles; in fact, experiments on the
scattering of protons and neutrons at high energies
show that there is evidently a strong repulsion at the
smallest distances. In the literature this effect has
received the name ‘‘hard core’” —a hard, rigid, im-
penetrable center or shell *

The well known attractive nuclear forces, which
cause the very existence and stability of complex nu-~
clei, are much weaker than the repulsive vecton forces

(potentials of 30—80mec?), but act at larger distances.

Nuclear forces and the existence of nuclei do not con-
tradict the vecton theory; from the vecton point of view
they are small higher-order corrections, since the nu-
clear forces are carried by mesons, which are them-
selves compound structures.

We emphasize in conclusion that with all its quali-
tative attractiveness the vecton theory not only is not
experimentally proved, but can hardly be formulated
quantitatively, since it is concerned with the theory of
the strong interaction, whose very structure is still
not clear.

9. THEORY OF THE NEUTRINO

A remarkable property of the neutrino is its zero
rest mass; a consequence is that v is always emitted
with the speed of light—its speed is ¢ in any coordi-
nate system.

Light quanta have the same property; in this case
the classical Maxwell theory automatically makes the

*For an interaction potential of two nucleons which gives a
good description of the observations and includes a repulsion at
small distances, see, for example,["] . For deductions from the
strong vector interaction relating to the equation of state of ex-
tremely dense nuclear matter (baryons), see [?].
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rest mass identically zero, since the theory provides
for the existence of radio waves with arbitrarily small
frequency.

Neutrinos have spin 1/2 and obey the Pauli principle
and Fermi statistics. A theory for such particles with
zero mass was proposed by Weyl soon after the devel-
opment of the Dirac relativistic electron theory, but
remained obscure until 1957. The neutrino is de-
scribed by a two-component wave function ¢ and
satisfies the equation

E¢= ih%?—: ~c(o, p) o,
where ox, Oy, 0z are the well known Pauli spin mat-
rices, and p is the momentum operator, expressed as
usual in terms of differentiations with respect to the
coordinates.

This equation gives identically E = ¢|p|, i.e., it
describes a particle moving with the speed of light
and having zero rest mass.

In addition, the spin of the particle is 1/2 and is
necessarily directed opposite to the momentum vec-
tor (“‘left-handed particle’’). This is the peculiarity
of the theory. The assertion that the spin is directed
opposite to the momentum can be made only for a par-
ticle moving with the speed of light. If the particle
were moving more slowly, then in a coordinate system
overtaking the particle the direction of the momentum
would change its sense while the spin stayed the same,
and the relation between the directions of spin and
momentum would be broken. Thus the property ‘‘spin
opposite to momentum’’ is closely connected with the
zero mass.*

On the other hand, the spin corresponds to a rota-
tion, and the ‘‘direction’’ of the spin is a convention
connected with the choice of a right-handed coordinate
system, in which counterclockwise rotation is taken
as positive. The rigorous formulation of this is that
spin is an axial vector, in contradistinction to the polar
vector of momentum.

The property ‘‘spin opposite to momentum’’ is de-
stroyed by the change from a right-handed coordinate
system to a left-handed system, i.e., by inversion of
the coordinate system. Therefore in the period when
there was no doubt of parity conservation—that is, of
the invariance of all the laws of physics under inver-
sion—this theory of the neutrino was not taken seri-
ously.

When, however, parity nonconservation in weak in-
teractions was discovered, [3*J Landau®'J at once
suggested that the neutrino be regarded as a two-

*One consequence of this property of the neutrino is the 100
percent complete polarization of u mesons produced in the decay
7" - p* + v, since the spin of the 7" is zero and the spin of the p
must exactly balance that of the v, Alikhanov, Eliseev, Lyubi-
mov, and others{**] have measured the direction of the spins of ¢
mesons in cosmic rays and thus determined the direction of the
neutrino spin.
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component particle, thus connecting its role in beta
decay (see Sec. 11) and its zero mass.* This theory
includes the assertion that the antineutrino is ‘‘right-
handed,”’ with its spin directed with the momentum.

As is well known, according to Landau [3¢] the laws
of physics are not invariant under inversion, but are
invariant under simultaneous space inversion and
charge conjugation, or change from particles to anti-
particles; this joint transformation is called ‘‘com-
bined inversion.’’ An example of inversion is reflec-
tion in a mirror; according to a story announced at
the celebration of Landau’s fiftieth birthday, the idea
came to him at the sight of a girl turning in front of
a mirror.

The idea of combined inversion has great general
significance in physics; it reconciles the nonconserva-
tion of parity and the predominance of one direction of
rotation in nuclear beta decay with the complete sym-
metry of vacuum, the symmetry of physical space with
respect to right and left, since the vacuum is symmet-
rical with respect to particles and antiparticles.

10. FERMIONS WITH MASS

The Dirac equation of a particle with mass m re-
quires that the function ¥ have four components. It is
well known that it can be written in terms of two two-
component functions ¢ and y, so that under Lorentz
transformations (without inversion!) the transformed
function ¢’ is expressed in terms of ¢, and ¥’ in
terms of y —that is, they are not mixed together.

The Dirac equation is of the form

Eg= —c(o, p) ¢ +mcy,
Ey=c(0, p)y + mc*p.

This form is extremely remarkable. It can be in-
terpreted as follows: there are right-handed (x) and
left-handed (¢ ) particles, which can be converted into
each other. Furthermore (x) and (¢ ) are not par-
ticle and antiparticle, but two kinds of particle with
the same charge, for example right-handed negative
electrons and left-handed negative electrons. Their
interconversion is described by the last term of each
equation, which is proportional to the mass—that is,
the mass plays the part of an interaction constant, a
conversion probability.

Without this interconversion the system of equa-
tions would fall apart into two independent equations
describing two kinds of particles moving with the speed
of light. For m = 0 the system has solutions corre-
sponding to the motion of a particle with mass m, and
we have

E?=c?p? 4 (mc?)2.
In a popular way we can say that a particle with

*The same idea was put forward independently by Salam[*?]
and by Lee and Yang.[“]
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mass m and a given spin direction* 8 which moves

in the direction 8 with the speed v less than the speed
of light is a superposition of two states: y, with the
speed of motion ¢ along the spin and ¢, with the speed
of motion ¢ opposite to the spin. If the particle moves
parallel to the spin, then in the superposition the prob-
ability for finding the particle in the state x is larger
than that for finding it in the state ¢. This picture
corresponds to a paradox known since the 1930’s: in
the Dirac equation the absolute value of an eigenvalue
of the speed is ¢, and a motion with average speed not
equal to ¢ must be described as a ‘‘trembling’’ of the
particle, with a speed which at each instant has abso-
lute value ¢ but which changes direction frequently
(the ‘‘Zitterbewegung,’’ in Schrédinger’s phrase).

The splitting of the writing of ¥ into (¢, x) does
not bring anything really new into the well known Dirac
theory.

There is some pedagogical and methodological ad-
vantage for the treatment of processes involving fast
electrons (their production or scattering) with E
> me?: In this case we can regard mc?/E as a small
parameter. In zeroth approximation in this parameter
we find, for example, that a @ -electron remains a ¢-
electron during scattering (we neglect m, i.e., the
conversion of ¢ into x), so that it is seen at once
that longitudinal polarization is preserved in scatter-
ing, the spin turning together with the turning of the
momentum vector (Yennie, Ravenhall, and Wilson [353).

This idea has recently been developed in [38:371 In
particular, in dealing with the problem of the mass of
a particle a very useful formulation is the ‘‘converse
theorem’’ to the statement made above. The mass can
be regarded as a constant which characterizes the
probability of conversion of right-handed into left-
handed particles, and conversely.* Consequently only
those interactions of a particle with various fields
which can lead to conversion of a right-handed into a
left-handed particle can alter the mass of the particle.
From this one can get very strong restrictions on the
possibility of an interaction’s affecting the mass. [3%]

The most important heuristic significance of this
concept, however, is in connection with the theory of
the weak interaction.

11, WEAK INTERACTION. BETA DECAY

Experiment shows that the interaction expression
on which weak processes depend involves only “‘left-
handed’’ two-component functions of the particles p,
n, v, e~ in the case of 8 decay:

Hine= (979,959v) + cOmp. conj.

For the neutrino this is trivial, since it is postu-
lated that there exists in nature only the left-handed
neutrino with the function ¢,. For the other par-

*Here the vectors are three-dimensional!
tSee also a remark in an article by B. M. Pontecorvo.[*]
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ticles, however, which have mass, this unexpectedly
leads to important consequences, and in particular
shows the deep meaning of the separation of the four-
component function ¥ into two two-component func-
tions ¢ and .

The expression Hjpt must be a relativistic invari-
ant; from a pair of adjoint ‘‘left-handed’’ functions
¢*@ one can make only a four-vector (but not a scalar
and not a tensor of the second rank). Therefore with-
out losing generality we can represent H as the scalar
product of two four-vectors, each of which is formed
from two functions:

H = (9]s)a (939,)a + comp. conj.

The index a runs through four values, correspond-
ing to the time and the three space coordinates. The
sum over « is taken. The components of the vector
are formed from the wave functions by means of the
well known Pauli matrices ox, 0y, 6z and the unit
matrix L

(PT0s)0 = (@ 1 95), (P7P2), = (90,P2),
H= (97 T9y) (95 19,)0— (@70..95) (950,.94)—(970,9,) (36,9,
— (970, %2) (@50, Ps) -

In principle one can group the particles in pairs in
any way in treating one process; that the H formed
from four ¢ functions is symmetrical under inter-
changes of these functions is a consequence of the
relativistic invariance of H. Let us divide the four
functions into the pair of functions describing the
heavy particles and the pair for the leptons:

H =g (9;®n)u (9¢v)e + comp. conj.

The expression for H contains complete information
about the B process. After it had been proposed (401
by Gell-Mann and Feynman* (in spite of some dis-
crepancies with the supposed experimental facts), and
after the experimenters had been shown what the re-
sults ought to be, they straightened matters out and
found excellent agreement with the theory.

The most important results can be found from the
expression for H without calculations:

1) Only ¢ appears in the expression. Consequently,
relativistic electrons must be produced in 8 decay
with ¢ » x, i.e., they are produced as left-handed
electrons with a strong longitudinal polarization (cal-
culation gives the degree of polarization equal to v/c)
(see the experimental results [903).

2) The expression involves left-handed functions
for the nucleons and therefore describes nonconserva-

*Literally, the formulation of Gell-Mann and Feynman is a bit
different; they work with a single two-component function which
satisfies a second-order equation and thus replaces the four-
component function ¥. An independent, and perhaps somewhat
earlier suggestion of the same expression, in a different formu-
lation, was made by R. Marshak and E. Sudarshan.[®¢]
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tion of parity in B decay, in particular the historic
experiment of Wu on the effect of the orientation of
the spin of the nucleus on the direction of emission of
B rays.

3) In 8 decay we have to do with nucleons almost
at rest—nonrelativistic particles. The expression for
H consists of two parts: the product of the fourth (time)
components and the products of the space (x,y,z) com-
ponents.

It can be shown that the time component corresponds
to conversion n — p without change of the spin direc-
tion, and the spacelike vector describes the process
with reversal of the spin and transfer of angular mo-
mentum to the leptons. In other words, the § process
goes both according to Fermi selection rules and ac-
cording to Gamow-Teller rules.

An especially important possibility for astrophysics
is that of the conversion of two protons which collide
with antiparallel spins into a deuteron (spins of n and
p parallel). According to the Pauli principle the spins
must be antiparallel in order for the protons to ap-
proach each other closely.

We note that the strong interaction of the nucleons
changes the coefficient of the product of the spacelike
vectors, but the term g(@p@n)o(9s — @y )y remains
unchanged (Zel’dovich and Gershtein, [4] Gell-Mann
and Feynman [403). Therefore the experimental data
enable us to determine the constant g in the original
interaction AH, in spite of the fact that the strong
interaction distorts its primeval beauty. We also note
that this beauty is achieved through a definite choice
of the “‘particles.””

According to the Landau theory left-handed anti-
protons correspond to right-handed protons. There-
fore if we were to call p, 0, v, e~ the ‘“‘particles,”’
the expression for AH would have to be written

AH = (X%Xp)a (‘P:-(F'?;)ar

and the symmetry of the four functions would disap-
pear.

12, WEAK INTERACTION—UNIVERSALITY OF THE
PRODUCT OF CURRENTS

Besides B decay there are other processes which
beiong to the weak interaction. The one most studied
is the decay of the mu meson. It is described by:

AH=g ((PtHCPw)a (PE-Pve)a-

In accordance with the latest data (see Sec. 2) we
distinguish two kinds of neutrinos; in the preceding
section we should have written ve, but for simplicity
did not do so. Owing to the absence of strong interac-
tions of any of the particles in the mu decay, the ex-
pression for AH does not require any corrections; all
of the conclusions drawn from it have been tested by
experiment and have received complete quantitative
confirmation.
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The constant g agrees with striking accuracy (2 to
3 percent) with the constant for g decay.* The u-
capture process u~ +p — n + ¥, has also been inves-
tigated.

Here the agreement between experiment and theory
is poorer (of the order of 20 percent), (88} but in any
case the expression

AH = g (9i9n)a (9}i-v, ), + cOmp. conj.

with the same value of g as for B8 decay is not in con-
tradiction with the available data.t

Finally, the observed decays of strange particles
(hyperons and K mesons) can be reduced to the three
interactions:

AH = g1 (9394)e (92-9v.)a + cOmp. conj.

AH =g, (939 o (@3-4v,)a +comp. conj.

AH = g4 (9:9,)a (979p)a + comp. conj.
Here gy = g,, but the value is much smaller than g;
g3 is of the order of g. In these last three reactions,
however, which involve the strange particle A, there
is no law that the observed constant is independent of
the strong interaction. Therefore the fact that gy, g,
and g; differ from g has no great significance, where-
as the agreement of the values of g for the first three
reactions (B decay, u decay, u capture) is very re-
markable.

How should one construct a theory so that the agree-
ment of the values of g for 8 decay, p decay, and
capture will be natural? For this purpose Gell-Mann
and Feynman suggest writing the interaction as the
product of a ‘‘current’’} and its complex conjugate:

AH =gJJ",
where J is the four-vector
Jo= (93Pn+ 959, T PVePe- + 9V, Pu-Jo-

It is clear that this means that all of the four-
fermion expressions corresponding to the various
processes are automatically obtained with the same
constant g.

After this one must add arguments showing that in
the (p*,n) terms one component does not depend on
the strong interaction, and precisely this term is used
for the experimental verification, whereas in (p*, A)
all the terms are changed on account of the strong
interaction, so that g; = g3 # g3, and, finally, the term
(p*A){(np*) can be especially strongly changed—and
general agreement with experiment is achieved.

Starting with the purpose of explaining the equality
of the constants for the three processes, we have ob-

*For the latest measurements and a possible explanation of
the 2-percent discrepancy see [#7]; also see below, Sec. 15.

TThis is also confirmed by very recent experiments in Dubna
on the reaction y~ + He® > T + Vw[”]

i Note the similarities and differences between this current
and the current that appears in the electromagnetic interaction.
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tained a multitude of new predictions. Expanding the
product of currents, we get, in addition to the six ex-
perimentally observed interactions listed above, four
new ones (we omit the symbol for wave function):

g (A%p), 2 (V) (viw),
g (e'* v,) (vee).

The first two give small corrections to the scatter-
ing of strongly interacting particles, and are therefore
not of much physical importance. Nevertheless it may
be relatively easy to detect them, since one can ob-
serve the first-order effect in g owing to the interfer-
ence with the strong interaction, and distinguish it by
the parity nonconservation. The last interaction can
be of enormous astrophysical importance, as B. M.
Pontecorvo has pointed out. [42]

This interaction leads not only to the scattering of
neutrinos by electrons, but also to the emission of neu-
trino pairs by an electron:

g (p*n) (n*p),

e —>e 4 Vot Ve

Just like the emission of a photon by an electron,
e” — e~ + v, the process occurs only in the field of
some third body; otherwise the laws of conservation
of energy and momentum cannot be satisfied simulta-
neously. A calculation of this process has been made
by G. M. Gandel’man and V. S. Pinaev.[%] Under cer-
tain conditions, at a temperature of the order of 5 x 107
degrees and a density of 10t g/cms, the neutrino lumi-
nosity of a star becomes larger than its optical lumi-
nosity, since along with the larger probability for
emission of photons they also have a larger probability
of absorption and scattering, and therefore only have a
small probability of getting out of the star, whereas
once produced a v or V carries its energy out of the
star immediately and completely.*

Later other processes were suggested [45-4%] which
are consequences of the new interaction:

Y+e=y+e+vEtv, yry=v+¥,

v + Z (nucleus) — Z + v + v, e + Z (nucleus) — (e"Z,
bound) + v + ¥, and, finally, e + &' — vg + V.

The last process mentioned, unlike the others, goes
directly by the weak interaction without the inclusion
of any supplementary electromagnetic interaction. At
thermal equilibrium at temperatures larger than mge
the number of e*e™ pairs is of the order of the number
of photons, and the last process is the most important.

2

*The first to advance the idea that neutrinos can carry away
(““steal’’) the energy of a star were Gamow and Schoenberg,[*]
They considered a medium in which two processes occur at a
high temperature: the decay of beta-radioactive nuclei and the
production of such nuclei in the collisions of fast electrons with
stable nuclei; in both cases a neutrino irreversibly carries away
part of the energy. The probability of this process, which the
authors called the ‘‘urca process,’’ is proportional to exp (—Q/@),
where Q is the decay energy and @ is the temperature. In most
cases the processes considered in the text are stronger.
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A detailed review of the astrophysically important
subject of neutrino radiation is given in a report by
V. S. Pinaev. [%]

13. UNSOLVED PROBLEMS OF THE THEORY OF
THE WEAK INTERACTION

First of all let us emphasize again that the interac-
tion (ev)(ve), which is extremely important for astro-
physics, cannot be regarded as rigorously proved
either theoretically or experimentally; this interac-
tion is only a consequence of an elegant, but not oblig-
atory, way of writing the known interactions. It would
be extremely important to prove the existence of such
an interaction directly by an experiment of the same
type as that of Reines and Cowan, [ which detected
the process ¥ + p — n + e* near a nuclear reactor.

The cross section and number of acts of scattering
for ¥+ e — ¥ + e~ is not much smaller than for the
reaction v + p, but the result of the process is much
less specific.

The background of fast electrons from cosmic rays,
from the natural radioactivity of the surroundings and
of the apparatus itself, and so on, is much larger than
the background of simultaneous appearances of a neu-
tron and a positron. Therefore the experiment is ex-
tremely difficult.

Let us turn to the structure of the interaction as the
product of two currents, JJ*. These currents are
‘“‘charged’’; J contains, for example, (p*n) (produc-
tion of a proton and annihilation of a neutron), i.e., as
an operator J increases the electric charge of the sys-
tem by +e; this applies to all the terms in J. On the
other hand, J* decreases the charge, so that JJ*
leaves the charge unchanged, and JJ* corresponds
to the allowed processes.

To describe the decay of strange particles it would
be desirable to introduce in addition to the product of
charged currents JJ* a product of neutral currents
Jody, where

Jo=n*A 4+ n*n—p*p.

Then one would automatically get the correct ratio of
the two channels A — p + 7~ and A — n + 7 (the rule
AT = 1/2, where in the language of nuclear physics T is
the isospin).* The introduction of neutral currents in
complete analogy with the charged currents,

* * * * * *
Jo=nAN* 4-nn* — pp* - piu_— vivy - efe. —viv,,

is, however, clearly impossible; the product JyJg
would lead to a number of processes which are not ob-
served experimentally, such as

K*:n*+v+;, K*=¢" +e 4+ mn*.

*Recently the exact validity of the rule AT = 1/2 in the de-
cays of strange particles has been subjected to doubt (Geneva,
1962).
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Therefore the question as to the existence and struc-
ture of neutral currents remains an open one.

We note, finally, that the three-particle scheme
leads to definite restrictions on the decays of strange
particles, which have been pointed out by Okun’. [1:1%]
The primitive process is A — p + e~ + v. Therefore
the decay 2~ —~n+p+A—n+p+p+te +v—n+e”
+ v is possible, but ¥ — n + e* + v is impossible
(only ¥ 