all during the climatic minimum of the Late
Upper Pleistocene, would have to have had
an ‘“‘Aurignacoid”’ technology (41) in order to
survive. They would have represented one of
the outermost advanced ‘‘subarctic’” hunter-
cultures in the Northern Hemisphere at this

time.
56. E. W. Haury, E. B. Sayles, W. W. Wasley,
Amer. Antiquity 25, 2-30 (1939); M. A.

Trautman and A. Walton, Radiocarbon 4, 41
(1962), are more conservative.

57. E. H. Sellards, Farly Man in America (Univ.
of Texas, Austin, 1952).

58. A. D. Krieger, in Prehistoric Man in the
New World, J. D. Jennings and E. Norbeck,
Eds. (Univ, of Chicago Press, Chicago, 1963),
pp. 23-81. For brevity 1 shall refer to this
work hereafter as a secondary reference; an
extensive bibliography is given there.

59. F. C. Hibben, “Evidences of Early Occupa-
tion in Sandia Cave, New Mexico,” Smith-
sonian Inst. Misc. Coll. 99, No. 23 (1941);
H. R. Crane, Science 122, 689-90 (1955).

60, It is rather likely that remains of the Older
Llano will be found also in other areas. There
is already evidence that the industries with
leaf-shaped points are connected with cui-
tures well adapted to cool but not extremely
cold subarctic conditions, This is especially
shown by the hunted animals represented in
those sites (8). The Aurignacoid industries,

especially in their developed phases (471),
represent a more advanced adaptation to
cold climates. This means that the Older

Llano populations—even if they preferred to
stay in an area not extremely cold, where
they have mainly been found so far—were
well enough adapted to survive cool subarctic
conditions or to live close to the margin of
the continental ice, at least in the summer.

61. There is of course no sharp boundary for
the end of the Older Llano, but it could be
placed about where the Folsom-Llano be-
comes distinguishable.

62. There is really no distinct difference between
the Llano phases sensu strictu and the “Fol-
som,” except for a slight specialization of
the points, which may be considered as sub-
types of the classical Clovis point rather
than as separate types (Figs. 13 and 16 give
an impression of this typological “transi-
tion””). This is probably a good example of
the overemphasis on the point typology,
which is the main issue in discussions about
Paleo-Indian problems, although the rest of

the assemblages, which by far outnumber the
points, have been very little discussed.

63. The younger Llano is practically contem-
porary with the Folsom-Llano and even
shares with it stone-tool subtypes of lower
order also. Only the projectile points are
at all distinguishable, Southeastern ‘“‘Llano”
industries and related complexes are so far
not sufficiently dated.

64. G. 1. Quimby, Amer. Antiquity 23, 247-254
(1958); R. J. Mason, Late Pleistocene Geo-
chronology and the Paleo-Indian Penctration

into the Lower Michigan Peninsula (Univ.
of Michigan, Ann Arbor, 1958).
65. J. Bird, Geogr. Rev. 28, 250-275 (1938);

M. Rubin and S. M. Berthold, Radiocarbon
3, 86-98 (1961).

66. O. F. A. Menghin, Runa 5, 23-43 (1952);
— , in Abriss der Vorgeschichte, K. J.
Narr, Ed. (Oldenbourg, Miinchen, 1957), pp.
162-218.

67. This does not exclude, of course, the possi-
bility of a distinct older, or also contem-
porary, human immigration.

68. The rather quick regression at the time of
the Valders readvance (Fig. 1) would prob-
ably make a shore area over larger dis-
tances in Central America available; such an
area would for a time at least be less densely
wooded and would permit easier migrations
by animals and hunters than would the in-
terior.

69. E. W. Haury, The Stratigraphy and Archae-
ology of Ventana Cave, Arizona (Univ, of
Arizona, Tucson, and Univ. of New Mexico,
Albuquergue, 1950).

70. M. R. Harrington, Gypsum Cave, Nevada
(Southwest Museum, Los Angeles, 1933).
71. In reality the geological situation of those
finds could rather speak against a greater
age, just as the typology of the points found

there seems to.

72. H. M. Wormington, Ancient Man in North
America (Denver Museum of Natural His-
tory, Denver, Colo., ed. 4, 1957).

73. In this very generally undertsood term differ-
ent local traditions would be included here,
such as the Scottsbluff-Cody complex or the
Plainview aspect, which wiil not be discussed
here.

74. B. R. Butler, The 0Ild Cordilleran Culture
in the Pacific Northwest (Idaho State Col-
lege, Pocatello, 1961).

75. H. L. Alexander, Amer. Antiquity 28, 510-
528 (1963).

Current Problems in Particle Physics

The title of my talk today is really
a little misleading, with its implica-
tion that 1 will speak about some de-
tails of particular problems that now
concern particle physicists. Actually, 1
intend to discuss the basic nature and
philosophy of particle physics, and to
show how particle physicists think and
what they are trying to do, with a few
current problems outlined as illustra-
tions.

The real revolution in our thinking
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about particles occurred about 40 years
ago, with the coming of quantum me-
chanics and its offspring, the quantum
field theory. It took many years for the
implications of these theories to sink
into the consciousness of physicists, but
now they are part of the essential
philosophical background of those who
work with particles. Previous to these
theories, there was a clear separation
between our description of particles (or
of material bodies in general) and of

76. Which must also be considered topographi-
cally a part of Siberia in this time.

77. W. S. Laughlin, Science 142, 633-645 (1963).

78. It is not possible to discuss details here.
However, such an influence would mean that
at least some features of shamanism, numer-
ous religious ideas as well as ornaments and
artistic conceptions, were transferred from
the Aurignacoid units to the Paleo-Indians
and from them to the Indians of later times.

79. H. Miiller-Beck, in Handbuch fiir Urge-
schichtes, K. J. Narr, Ed. (Francke, Bern,
in press); K. C. Chang, Asian Perspectives
2, No. 2, 41-62 (1958); Science 136, 749-
760 (1962).

80. Even the Aurignacian is not a uniform ‘“cul-
ture”” but consists of locally restricted in-
dustrial subgroups (facies) and must be con-
sidered henceforth as a part of the “Aurig-
nacoid complex” (41).

81. At least for some time. The groups that made
leaf-shaped projectile-points, especially, were
pushed to the south. After the introduction
of the Aurignacoid technology some groups
may have recovered some ground relatively
early, even reaching Alaska again in time
of still-severe climatic conditions there.

82. It could even be said that from the avail-
able evidence, ecological developments in-
cluded, it would be difficult to explain this
similarity in any other way.

83. This of course could have been the case be-
fore the ice belt in the south was reopened
(82).

84, It may be mentioned here that in the Late
Upper Pleistocene of Siberia two main tradi-
tions are present, from which only one—as
represented in. Mal’ta—may be considered as
in the full sense Aurignacoid and adapted to
colder subarctic conditions. The other one,
with more bifacial stone-working but a defi-
nite strong influence from Aurignacoid tech-
nologics-—as represented in Vercholensk—is

known in slightly better ecological settings
(8).
85. T thank the many colleagues who allowed

me to study their collections in America, the
Soviet Union, and Europe for their coopera-
tion, as well as the Deutsche Forschungsge-
meinschaft for the support of the studies and
journeys from 1960 to 1965 connected with
this research. The drawings were done by
Mrs. B. Stucky-Bohrs, Bern (artifacts after
my pencil originals) and Mr. H. R. Robhrer,
Bern (maps and tables).

the forces that act on them. The mo-
tion of a particle, or body, was de-
scribed by giving its position at every
instant of time; the particle was said to
be at a given place at a given time,
with this place changing as time went
on. In contrast to this, forces were
described by fields, like the well-known
gravitational, electric, and magnetic
fields. A field is distributed through-
out space, rather than being located at
a definite point, and requires a dif-
ferent type of mathematical descrip-
tion. )

The quantum mechanics tells us that
the position and momentum of a par-
ticle can no longer be specified ex-
actly; this fact is familiar in the form
of the “uncertainty principle.” The posi-
tion of a particle at a given time must
be described by a distribution in space;
thus the description of the particle ac-

The author is professor of physics and director
of the Lawrence Radiation Laboratory, Univer-
sity of California, Berkeley 94720. This article
is, with minor alteration, the text of an address
delivered 27 December 1965 at the Berkeley
meeting of the AAAS.
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quires fieldlike properties. On the other
hand, the quantum field theory tells
us that the electromagnetic field, which
embraces both the electric and mag-
netic fields, can be described in terms
of particles. These particles are the
light quanta, whose existence was al-
ready recognized at the time, and
which are now known as photons. Thus
there is a double duality; particles can
be described by fields, and fields of
force (at least the electromagnetic field)
can be described by particles. The
equal validity of two apparently very
different descriptions of the same thing
has been called “complementarity” by
Niels Bohr and has led to volumes
of philosophical discussion, but physi-
cists take comfort in the fact that pre-
dictions of experimentally observable
phenomena are independent of one’s
philosophical point of view.

Quantum Electrodynamics

The quantum theory of the electro-
magnetic field in its modern form is
the most precisely verified theory in all
of physics. It is usually referred to by
the abbreviation Q.E.D., for quantum
electrodynamics, and these initials seem
appropriate for a theory whose experi-
mental proof of correctness seems to
be so good. Let me add, however, that
many experimenters are extending the
tests to higher energies, hoping to find
a breakdown somewhere; this is one
of the “current problems of particle
physics.”

Because so many of the concepts in-
volved are common to all of particle
physics, it is profitable to look more
closely at Q.E.D. This theory involves
three kinds of particles: electrons,
positrons, and photons. The electron
and positron are the negative and posi-
tive varieties of the same entity; we
say that one is the antiparticle of the
other. It does not matter which is
called which; this is a matter of con-
vention, and in our world, where the
negative variety is common, the other
would be called the antiparticle. Here
we encounter for the first time the
idea of antiparticles, now a general
concept in particle physics. There is
only one kind of photon; it can be
said to be its own antiparticle.

One tends to think of the electrons
and positrons as being real particles,
with an obvious physical existence,
while the photons are thought of as the
carriers of the electromagnetic field.
This is a natural prejudice, based on
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some facts that I shall describe shortly,
but T would like to point out that one
could, without violating logic, say -that
the electrons and positrons are the car-
riers of the forces that act between
photons. It is true that these forces
are so small that their experimental
detection would be extremely difficult,
but this does not restrain one from
talking in that way. It is better to say
that all the particles involved are mu-
tually interrelated by a set of equations
which describe all possible interactions
among them, a concept which one
would like to be able to extend to a
wider class of particles.

Another important concept illustra-
ted by Q.E.D. is that particles can be
created and destroyed. Photons can be
created whenever there is energy avail-
able; when one turns on an electric
light, photons stream out, and when
they strike a dark surface they are ab-
sorbed and destroyed. Electrons, on
the other hand, cannot be made so
casually; even when there is enough
energy available to make one electron
—that is, enough energy to be equiv-
alent to the mass of one electron—
the process does not take place. But
when energy equivalent to two elec-
trons is available, an electron-positron
pair is created. What causes the restric-
tion to pairs? The answer is, conserva-
tion laws. We can start this discussion
by stating the conservation laws of
mechanics, which are familiar to most
of us. Energy, including the energy
equivalent to mass, is conserved. That
is, the total amount does not change
in any process that occurs. Similarly,
linear momentum and angular momen-
tum are conserved. In the case of pair
production, two additional conserva-
tion laws come into play. One is well
known, the conservation of electric
charge. When a positive and a negative
particle appear together, the net charge
of the whole system does not change.
The other is less well known, but it
is just as important. It is called ‘“the
conservation of lepton number,” and
would require the formation of elec-
trons in pairs even if the electron were
a neutral particle. I will say more about
this later. One’s feeling about the great-
er reality attached to electrons than
to photons is based primarily on the
more stringent requirements for their
creation and destruction.

I would like to say one more thing
about Q.E.D. before I go on. Its basic
formulation is not too complex, at least
to a theoretical physicist, but it con-
tains within itself the seeds of mathe-

_particle physics.

matical disaster. Suppose we consider
a single electron. It is surrounded by
an electric field, which is described by
an indefinite number of photons.
These in turn can generate an indefinite
number of electron-positron pairs. It
does not matter whether there is
enough energy for them to emerge as
actual particles; the so-called virtual
pairs, capable of emerging when called
on, must be included in the equations,
just as sharks below the surface of the
water affect the actions of people in a
small boat. Thus what started as a one-
body problem has become a problem
involving an indefinite number of
bodies; mathematically this leads to an
infinite set of equations containing an
infinite set of variables. In the case
of Q.E.D., disaster is evaded by a for-
tunate circumstance. This circumstance
is the fact that the coupling constant,
a quantity expressing the strength of
the interaction between the electrons
and the photons, is a rather small num-
ber. As a consequence of the smallness
of this number, the successive stages
of the infinite process rapidly diminish
in importance, and the mathematical
problem simplifies to one that, although
it still requires a great amount of in-
genuity and labor, can be solved to a
high degree of precision.

The Four Interactions

I have so far spoken of one type of
interaction, or force, and one set of
particles. If that were all, we could say
that we have a very good theory, but,
on the other hand, we wouldn’t have
much of a universe. The real world
contains particles and interactions of
much greater complexity. There are
four recognized types of interactions.
The first is gravitation, which is so
weak in its effects on individual par-
ticles that it is generally ignored in
The second is the
electromagnetic interaction, which I
have already discussed at some length.
It acts between all particles with elec-
tric or magnetic properties—that is, al-
most all known particles. It is described
by a very good theory, which may even
be exactly correct, but, as I mentioned
before, one of the current experimental
problems is to look for possible devia-
tions from the predictions of the theory
at very high energies. The carrier of
this force field is the photon, which is
unique among known particles in that
all its properties, including its very -
existence, are predicted by the theory.
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Other quantities, such as the mass of
the electron and the magnitude of the
unit of electric charge, appear in the
theory as arbitrary parameters whose
value must be determined by experi-
ment. One would hope, in a complete
theory, that these would be predicted
also. The search for such more com-
plete theories is one of the basic tasks
of particle physicists.

The gravitational and electromagnet-
ic interactions are well known and are
important in obvious phenomena of
daily experience; the remaining two in-
teractions appear only in particle phys-
ics and are not so well known. They
have been given the rather unimagina-
tive names of ‘“the weak interaction”
and ‘“the strong interaction,” since they
are weaker and stronger, respectively,
than the electromagnetic interaction.
As we shall see, they also differ in
other ways.

The Weak Interaction

The weak interaction is responsible
for the phenomenon of beta decay, in
which a radioactive nucleus ejects an
electron and a neutrino. The weakness
of the interaction is shown by the
slowness of the process. Many other
types of decay caused by this interac-
tion are now known. It acts on prac-
tically all known particles and is de-
scribed by what may be called a rea-
sonably good theory. One thing lack-
ing is that the carrier of the weak force
has not been found. The postulated
carrier has been given a name, the W
particle, and the search for this particle
in the laboratory is one of the current
problems of particle physics.

Actually, the designation W would
apply to a family of related particles;
one kind would not be enough, because
the weak interaction is more complex
than the electromagnetic interaction, for
which a single kind of carrier is suffi-
cient. If the W particle does exist, it will
have a quite large mass, scveral times
that of a proton, and therefore, to pro-
duce it in the laboratory will require a
rather high energy. You may wonder
how such a heavy particle can be in-
volved in processes like the beta decay
of the neutron, where the total mass in-
volved is less than the mass of the force
carrier. The answer is implied in a state-
ment I made earlier, that particles can
exert an influence even when they are
in virtual states, which are states with
total energy less than that correspond-
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ing to their mass. The process of pro-
duction or materialization of particles
can be thought of as a transition from
a virtual state to a free state. It is
only when they are set free by the ap-
plication of sufficient energy that par-
ticles make their existence evident in
a direct way,

Leptons

I would now like to introduce a fam-
ily of particles which feel only the
weak interactions, plus of course the
electromagnetic. These are called lcp-
tons, from a Greek word meaning
“thin” or “small.” The family consists
of the electron and positron, the posi-
tive and negative muon, and two kinds
of neutrinos plus their corresponding
antineutrinos. The electron is a well-
known particle and an essential con-
stituent of matter. Why the muon
exists is a real mystery. It acts just
like a heavy electron, except that it is
unstable, decaying into an electron, a
neutrino of one kind, and an antineu-
trino of the other kind, but this is not
a fundamental difference; it is simply
heavy enough that there are lighter
things it can decay into. The eclectron,
being the lightest charged particle, has
no place to go under the restriction of
charge conservation. I remember once
being asked by I. I. Rabi, “Consider
the muon. Who ever ordered that?”
That was a number of years ago, and
it is still a good question. The ncu-
trinos have almost no propertics at all.
They have no mass and no electric
charge, and no magnetic properties;
they respond primarily to the weak in-
teraction, but in this interaction they
play a very prominent role.

I mentioned earlier the quantity
called the “lepton number,” and this
is a good place to discuss it further.
The lepton number attached to an elec-
tron is equal to 1, and that attached
to a positron is equal to minus 1. Thus,
when an electron-positron pair is cre-
ated, the conservation of total lepton
number is satisfied. What about beta
decay, where a single clectron s
created? In this case, an antincutrino
is created at the same time, and the
antineutrino has a lepton number of
minus 1, again satisfying the conserva-
tion law. The neutrino also performs
the function of allowing the conserva-
tion of angular momentum in beta de-
cay. The muon has its own scparale
lepton number, and its own set of ncu-

trino and antineutrino. This seems an
unnecessary complication, but it is the
way the world is made. Physicists gen-
erally try to find simplicity in nature,
and a situation like this is both a frus-
tration and a challenge. As you will
soon hear, there are in particle physics
still greater challenges to the physicist.

The Strong Interaction; Hadrons

These challenges appear in connec-
tion with the strong interaction, whose
best-known manifestation is the nuclear
force that holds together neutrons and
protons to form the nuclei of atoms.
This interaction is responsible for what
is commonly meant by atomic energy
—the large-scale release of energy in a
nuclear reactor or a bomb. The par-
ticles on which it acts contain most
of the mass and most of the energy of
the material world. It is in a sense the
most important of the interactions, and
it is by far the most complex.

The particles that respond to the
strong interaction bear the generic ap-
pelation “hadrons,” from a Greek word
meaning “thick” or “bulky.” (I am
sorry to have to use so many special
terms; at least I shall not introduce all
of the words that have been coined to
represent special categories of par-
ticles.) The hadrons can be divided into
two broad classes, baryons and mesons,
from words meaning ‘“heavy” and
“medium,” respectively. The former
have, in the sense in which I used the
term Dbefore, the most real existence.
They obey a conservation law, “the
conservation of baryon number,” which
works in the same way that the con-
servation of lepton number works
among the leptons, except that one set
of such numbers suffices for the
baryons. All baryons have a baryon
number cqual to plus 1, and all anti-
baryons have the number minus 1.
The baryons can be created and de-
stroyed in baryon-antibaryon pairs, like
proton plus antiproton or proton plus
antineutron; also, baryons with the
same number can change from one to
the other, like the change from neu-
tron to proton or from antineutron
to antiproton. This is a very important
law; without it there would be nothing
to prevent protons and neutrons from
decaying into lighter particles, leaving
a world composed of nothing but elec-
trons, neutrinos, and photons.

The total number of kinds of bary-
ons known, including the antibary-
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ons, is over 100. This number changes
continually, as new members of the
class are discovered in the laboratory.
Among all these, only two are stable
as free particles—the proton and the
antiproton, which happen to be the
lightest ones—and have no place to de-
cay to with conservation of their
baryon number. The neutron is com-
monly thought of as a stable particle,
because it occurs in nature as a con-
stituent of atomic nuclei, but this is
because it is stabilized by the nuclear
binding energy. A free neutron decays
with a half-life of about a quarter of
an hour, turning into a proton, which
conserves baryon number, an electron,
which conserves electric charge, and an
antineutrino, which conserves lepton
number. This decay is promoted only
by the weak interaction, which is why
it takes so long; it is exactly like the
beta decay of radioactive nuclei.

The other class of hadrons, the
mesons, are often thought of as the
carriers of the strong interaction; they
are sometimes called the “nuclear
glue.” They are not constrained by a
conservation law like that for baryons
and leptons, and they can be made or
destroyed in any numbers, subject of
course to other conservation laws, in-
cluding the conservation of energy.
The difference between mesons and
baryons can be stated in a simple and
compact form by saying that mesons
are hadrons having a baryon number
equal to zero. Then the lack of con-
straint on the creation and destruction
of mesons follows from the fact that
all zeros are equal. The total number
of kinds of mesons known, including
the antimesons, is over 60, and all of
them are unstable. They are seen as
free particles only in flight, between
the place where they are created in a
high-energy collision and the place
where they decay or interact with some
other particle.

Some Theoretical Ideas

What do we do in the face of this
preposterous proliferation of particles?
Surely not all of the hadrons are fun-
damental; no thoughtful physicist be-
lieves they are. Are some more funda-
mental than others? There is no reason
to think so; our greater familiarity with
the proton and neutron can be at-
tributed to their relative stability, due
to their position at the bottom of the
mass range, which can hardly be con-
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sidered a fundamental distinction.
There are two ways of thinking about
this situation that are current now. One
way starts with the idea that there does
exist a set of truly fundamental par-
ticles, out of which the observed par-
ticles are made. If such a set should
exist, it could consist of as few as three
particles. Murray Gell-Mann has sug-
gested a name for these; he calls them
“quarks,” a made-up word originally
used by James Joyce in an entirely
different connection. These “quarks”
would have rather unusual properties
which would make them easy to iden-
tify if they were ever turned loose as
free particles. I hardly need to say that
physicists are now looking very hard
for particles with these unusual prop-
erties, or to add that they have not as
yet found any.

The other current way of thinking
starts with the idea that all of the
hadrons conspire together to generate
one another. Since this theory gives all
members of the family equal billing,
it is often referred to as “nuclear de-
mocracy.” Geoffrey Chew calls it the
“bootstrap theory,” for obvious rea-
sons.

A natural question at this point
would be: How well does the quantum
field theory work for the baryon-meson
system? It did extremely well for the
electron-photon system. But if you re-
call what I said earlier, you will realize
that there is a very great difficulty here.
The success of the quantum field theory
in the electromagnetic case depends on
the smallness of the electromagnetic
coupling constant. For strong interac-
tions, the coupling constant is large,
and the infinite sequences of virtual
particles and simultaneous equations
mentioned earlier appear in full force.
The theory becomes a mathematician’s
nightmare; even if it is correct, no one
knows how to find accurate solutions
for the equations. Therefore, a rather
different approach is commonly used,
called the S-matrix theory.

In the §S-matrix theory one considers
only the initial and final states of a
reaction between particles, without try-
ing to specify what happens during the
actual event. The S-matrix itself is a
set of mathematical functions that de-
scribe the relation between any given
initial state and all possible final states.
At first glance there seems to be no
physical content in such a theory; one
can make up functions to describe any
possible relation. The physical content
is introduced by requiring that the S-

matrix satisfy certain conditions known
as “unitarity” and “analyticity.” With
these conditions it becomes very useful
in dealing with the reactions and trans-
formations of particles. Theorists are
still arguing about whether the S-ma-
trix theory is equivalent to, or is de-
rivable from, the quantum field theory.

Hadron Spectroscopy;
Symmetry Principles

I would now like to return to the
160-plus known hadrons. There is no
reason to believe that this is a com-
plete set; in fact just the opposite is
true. Experimental work continues to
turn up new members, and most phys-
icists now suspect that the number can
be extended indefinitely. The situation
can be compared with situations pre-
sented by the species of living things,
by the chemical elements, or by the
lines of an optical spectrum. In each
case, the first step toward understand-
ing was classification. Species were
classified into genera, orders, and so on
long before there was any idea of or-
ganic evolution. Groups of related ele-
ments were recognized before the peri-
odic table was proposed. The lines of
optical spectra were grouped into se-
ries and multiplets before there was
any understanding of the reason for
such regularities.

In the last two of these examples
there finally came a comprehensive
theory, the quantum mechanics, which
accounts for all the observed phenom-
ena. We are far from this stage in
particle physics, but we do have a be-
ginning in the form of a scheme of
classification. Among the three exam-
ples given, the classification of hadrons
most resembles that for spectral lines.
The existence of multiplets—that is, of
finite groups of closely related particles
—is very clear. The evidence for se-
ries—that is, of open-ended, related se-
quences—is less pronounced, but it
seems very probable that series do
exist. These resemblances are noted by
way of analogy only; the theory of op-
tical spectra cannot be applied to the
hadrons. But there is a clear indication
of an underlying system which phys-
icists hope to understand, sometime, as
they understand spectra today.

Spectral lines are classified according
to quantum numbers, and it is natural
to seek a similar scheme for the had-
rons. Quantum numbers are closely re-
lated to conservation laws, which in
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turn arc closely related to symmetry
principles. When a physicist speaks of
a symmetry principle, he means some-
thing more general than. the common
concept of symmetry, as embodied, for
cxample, in the statcment that a snow
crystal is a symmetrical object. He re-
fers to any casc in which a physical
faw is invariant to a transformation of
coordinates. This is most easily under-
stood from some cxamples. The laws
of motion are not changed when the
coordinate system in which they are
expressed is shifted by an arbitrary
amount in any direction. This invari-
ance leads to the principle of conserva-
tion of lincar momentum. Similarly,
the invariance to an arbitrary rotation
of the coordinate system leads to the
conservation of angular momentum.
The conscrvation of cnergy follows
from the invariance to a shift along
the time axis. We can say, if we like,
that the conscrvation of energy is a
consequence of the fact that the laws
of motion look the same whether the
equations are writlen in terms of stand-
ard time or of daylight saving time.
Thus all of the familiar conservation
laws of mechanics follow from sym-
metry principles.

In the theory of optical speetra, the
most important quantum numbers are
those associated with the angular mo-
mentum, but there is also introduced
another concept that is not known in
classical mechanics. This is the concept
of parity, which arises [rom a trans-
formation like a reflection in a mirror
—which turns a right-handed system
into a left-handed system, and vice
versa. The corresponding  conserved
quantity is called the parity, and is im-
portant in the classification of spectral
lines. Until a few yecars ago it was
thought that the parity was conserved
in all processes, but as a result of some
brilliant theoretical and cxperimental
work it was discovered that this is not
$0; the weak interaction docs not con-
serve parity. We have an example here
of an approximate conservation law,
which implies that the symmetry on
which it is based is also only an ap-
proximation. An approximate conserva-
tion law does not prevent the change
of the corresponding quantity, but
hinders it, so that the change is scen
only in rare processes, or in processes
which are prevented from going any
other way by stronger conscrvation
Taws.

Let us now return to the hadrons.
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As you may have guessed, quantum
numbers corresponding to angular mo-
mentum and parity are important in
their classification, but these are lar
from enough. Other quantum numbers
and other symmetrics are needed.
Here we must depart entirely from
familiar concepts. One of the other
quantum numbers has already been
mentioned, the baryon number, which
is absolutely conserved. There are also
the numbers that have been given the
names of “hypercharge,” “isotopic
spin,” and “Z-component of the iso-
topic spin,” which are only approxi-
mately conserved. 1 have now enum-
erated the six most important conserved
or approximately conserved quantities
whose corresponding quantum mem-
bers are used in the classification of
the hadrons.

The cxperimental high-encrgy physi-
cists are working very busily in the
field that I have been discussing, which
may be called the “spectroscopy” of
hadrons. They arc looking for new
particles, and determining their quan-
tum numbers. The search for particles
is made by examining the products re-
sulting from high-cnergy collisions, by
means of devices which make visible
the tracks of these products, or by ar-
rays of counters to signal their pres-
ence. Many particles decay so rapidly
that their tracks are too short to be
seen; 'in these cases the existence of
the particles is deduced from correla-
tions among the particles into which
they decay. Quantum numbers are de-
duced from the conditions under which
a particle is made, and from thc ways
in which it decays, making use ol the
conservation laws and other generally
accepted theoretical concepts.

Special Unitary Groups

Among the quantum numbers coum-
crated above there are two, the angular
momentum and the parity, which are
related to rotations and reflections of
a coordinate system in ordinary three-
dimensional space. We may wonder
whether a similar set of transformations
in some more claborate kind of space
can generate all the quantum members
belonging to the hadrons. It scems
probable that they can. Gell-Mann and
Ne’eman have originated an approach
to this problem which is now the basis
of very intense thcoretical investiga-
tions by many people. The kind of

mathematics used is group theory,
which was developed in the 19th cen-
tury but which still gives the best way
to deal with the symmetry properties
of coordinate transformations. The
groups used are called “special unitary
groups,” represented by the letters SU
followed by a number. The group SU(2),
for example, is related to rotations in
three-dimensional space and can be
used to find the properties of angular
momentum, which, of course, are also
obtainable by more elementary meth-
ods. I am sure you are waiting for me
to say “SU(3),” which has become a
much-used cxpression in particle phys-
ics. I have now said it. The group called
SU(3) leads to what has been called the
“ecightfold way” because it predicts that
among the hadrons there should occur
multiplets of eight kinds of particles,
with a predicted relation among their
quantum members and their masses.

Such multiplets do occur, and in fact
it was the experimental observation of
these regularitics that led the theorists
to cxamine the consequences of the
group SU(3), which was known to relate
to sets of cight quantities. SU(3) also
gives scts of ten and of still larger
numbers, and the recent experimental
confirmation of the existence of a well-
defined multiplet of ten hadrons gives
a very strong feeling that there is some
reality in the SU(3) concept. Higher
groups, like SU(6) and SU(12), are
also being tried. These repeat some
of the successes of SU(3) and give ad-
ditional predictions, but they may be
inconsistent with the requirements of
special relativity, which most physicists
feel should be met by all theories.
Whatever finally turns out to be cor-
rect, I am sure that something related
to a special unitary group will play a
part. T would also like to add that this
kind of trcatment is not in conflict
with any of the types of theories that
I mentioned carlier; it can join with
any of them in a fruitful partnership.
The same can be said for the treat-
ment of series of related particles by
a method proposed by Regge, which
secems to be receiving experimental
confirmation.

Time Reversal

Other current problems involve a
searching inquiry into some of the most
fundamental symmetries of nature. One
of these is called “time reversal invari-
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ance.” This principle states that all ele-
mentary processes can proceed equally
well in either direction; mathematically,
this is equivalent to saying that the
equations of motion are invariant to a
change of sign of the variable repre-
senting the time. The principle is not
inconsistent with our common experi-
ence, which tells us that it is easier to
scramble an egg than to unscramble
it. The scrambling of an egg is not an
elementary process, and even though
each individual molecular encounter is
reversible, the superposition of many
encounters is governed by statistical
considerations which lead toward the
most probable state, that of maximum
disorder.

The commonly accepted laws of
mechanics and electromagnetism are
invariant to time reversal, and physi-
cists have had a strong prejudice that
this should be true of all laws of na-
ture. Now there is some evidence that
this is not so, and again, as in the
case of parity violation, the weak in-
teraction seems to be the culprit.

The experimental search for time re-
versal is not done by running experi-
ments backward, but by studying proc-
esses whose detailed behavior is in-
fluenced by certain terms in the theo-
retical equations which must be equal
to zero if the equations are to be in-
variant to time reversal. In the case
that T am discussing, the process is
the decay of a kind of meson, the long-
lived variety of the neutral K particle.
The long life referred to is about a
twenty-millionth of a second; the short-
lived variety lives only a ten-billionth of
a second. The decay normally goes in
any one of several different ways,
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which T shall not enumerate, but which
do not include the decay into two
pions, the pion being another kind of
meson, This mode of decay is sup-
posed to be strictly forbidden by the
requirement of time reversal invariance,
but it has recently been found to occur.
This mode is rare; it occurs in only
about 1/3 of 1 percent of the cases,
and to identify it with confidence re-
quires very careful experimentation,
but the result has been confirmed in
several laboratories and is certainly cor-
rect.

Theorists are now trying to find
some explanation for this effect other

- than a failure of time reversal invari-

ance; if they cannot, another of our
long-cherished ideas is gone. This, and
the failure of parity conservation, are
two examples of the profound changes
in the most basic laws of nature which
have been brought about by work in
particle physics. No one knows what
other great surprises will come in the
future.

Closing Remarks

You will notice throughout this nar-
rative how experimenters and theorists
work together very closely in particle
physics, to their mutual benefit. Theo-
rists often furnish ideas for experi-
ments, some (but not all) of which are
good, and help in the interpretation of
the results, in addition to performing
their basic task of trying to build a
satisfactory framework into which all
of our knowledge of particles will fit
consistently, and which, one hopes, will
predict correctly the results of future

experiments. The material for this
framework is at present fragmentary,
and I do not believe that any responsible
theorist would claim that much prog-
ress can be made without more experi-
mental results. Without experiment,
theory will grind to a halt, or will
degenerate into sterile speculation.

This brings up another current prob-
lem of a financial nature. I refer to the
need for support of future high-energy
experimentation on an adequate scale.
The field is, by its nature, an expensive
(1) one. Large accelerators are needed
to produce high-energy particles, and
elaborate experimental equipment is
needed to observe the effect that they
produce. Often the most important con-
clusions follow from measurements on
very rare events, so that large volumes
of data must be obtained and proc-
essed. A particular need, which has been
the subject of a great deal of discussion
in the last few years, is for a new ac-
celerator to give higher energy particles
than are now available in the labora-
tory. This will be costly, but the
prospect of gaining further understand-
ing of the complex and fascinating
world of particles is an intense induce-
ment. I believe that it would be a great
mistake for the United States to aban-
don its leadership in a fundamental
branch of science in which it is now
preeminent.

Notes

1. In the question period that followed presenta-
tion of this paper, an objection was made to
use of the word expensive in this connection,
and some other much more costly federal
projects were mentioned. 1 believe that par-
ticle physics is important enough to stand on
its own feet in justifying the support necessary
to assure future progress, at a level which
seems expensive to many people.
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