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at first sight, it is really no harder to
master than the telephone company’s
all-digit dialing system.

The new classification scheme takes
advantage of the fact that nature con-
serves many quantities (in addition to
energy and momentum) and shows vari-
ous svmmetries (such as that between
left and right). As a result groups of
particles have similar properties, which,
as we shall see, can be indicated by a
common notation. There is a close rela-
tion between symmetries and conserva-
tion laws, and in a particular case one
can refer either to a symmetry or to the
associated conservation law, whichever
is more convenient. The conserved quan-
tity appears in quantum mechanics as a
quantum number, which is often either
an integer (such as 0, 1, 2, 3 and so on)
or a half-integer (such as 1/2, 3/2, 5/2
and so on).

Some conservation laws appear to be
universal: they are obeyed by all four
basic interactions. This inviolable group
includes the conservation of energy, of
momentum, of angular momentum (the
momentum associated with rotation} and
of electric charge. Another exact conser-
vation law is best described as a kind of
mirror-image symmetry. It is the sym-
metry between particles and antiparti-
cles, in which whatever is left-handed
for one is right-handed for the other. For
each particl- “ere is an antiparticle with
the saume 1___s and lifetime but with
some properties, such as electric charge,
reversed. Some neutral particles, such as
the photon and the neutral pion, are
their own antiparticles.

In the new system for naming strong-
ly interacting particles we shall make use
of five quantities, each indicated by a
letter symbol, that are conserved by the
strong interactions but not necessarily by
the electromagnetic or weak interactions.
These five quantities are: atomic mass
number (A), hypercharge (Y), isotopic
spin (I). spin angular momentum (J) and
parity (). The chart on the next page
should kelp the reader to keep these five
quantum numbers in mind as we discuss
them in more detail. Also included in the
chart are two other quantities that are
conserved by strong interactions but
that are not essential to the naming
system: electric charge (Q) and a quan-
tity called G that has only two values,
+1 and —1I, and can be assigned only
to mesons that have a hypercharge of 0.

The first three quantum numbers—A,
Y and I—provide the basis of the nam-
ing system. What these three numbers
do, in effect, is to describe the geometric
pattern of the particles as they are ar-
ranged in the chart on pages 76 and
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FIRST RESONANCE, the unstable particle called A(1,238, 3/2+), was discovered by
Enrico Fermi and his colleagues in 1952. The resonance appears when protons are bom-
barded with high-energy pions. When the interaction “cross section” is plotted against the
effective mass of the pion-proton system, a peak is found at around 1,238 Mev. The peak
is much larger for the 7 *p interaction than for the 7~p interaction. Other resonances
oceur at 1,512, 1,688 and 1,920 Mev, each peak corresponding to an unstable particle.

77. There it will be seen that mesons
and baryons occur in “charge multi-
plets,” or families of states differing only
in their electric charge. The number of
particles and their charges occur in dif-
ferent patterns: singlets, doublets, trip-
lets and quadruplets. Only 10 different
patterns are known or predicted at pres-
ent, and each pattern represents a differ-
ent set of values for A, Y and I. As we
shall explain, each of the 10 patterns is
identified by a different Greek letter.
Now we shall describe the physical
significance of A, Y, I, J and P, but for
convenience we shall discuss them in a
slightly different order to emphasize cer-
tain relations among them. A is simply
the long-familiar atomic mass number
used to describe atomic nuclei. It is also
known as baryon number. Like electric
charge, Acan be 0, = 1, =2, = 3 and
so on. For uranium 235, A is 235, indi-
cating that the nucleus of this isotope
contains 235 neutrous and protons, for
each of which A equals 1. Neutrons
and protons are baryons and, by defini-
tion, so are all other particles with an A
of 1. Particles with an A of — 1 are anti-
baryons. Mesons have an A of 0 (as do
the leptons and the photon). The law of
baryon conservation states that the total
value of A, like electric charge, can never
change in a reaction. Baryons cannot be

created or destroyed, except when a
baryon-antibaryon pair annihilate each
other or are created together.

The second conserved quantity is J,
or spin angular momentum, which meas-
ures how fast a particle rotates about its
axis. It is a fundamental feature of quan-
tum theory that a particle can have a
spin of only integral or half-integral mul-
tiples of Planck’s constant. (This con-
stant, %, relates the energy of a quantum
of radiation to its wavelength: energy
equals 2x times frequency times %.) For
baryons J is always half-integral (that
is, half an odd integer, such as 1/2, 3/2,
5/2 and so on) and for mesons J is al-
ways integral (that is, 0, 1, 2 and so on).

The third conserved quantity, closely
associated with J, is P, or intrinsic parity.
Parity is conserved when nature does
not distinguish between left and right.
Because such symmetry is observed in
strong interactions, quantum mechan-
ics tells us that an intrinsic parity value
of + 1 or — 1 can be assigned to each
strongly interacting particle. In the case
of weak interactions, however, nature
does distinguish between left und right,
and the symmetry is violated.

The bookkeeping on parity is not quite
so simple as that for electric charge and
baryon number; the intrinsic parity val-
ues on each side of an equation are not
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number (n,) the binding energies of the
hydrogen states decrease with increasing
values of angular momentum (J). Smooth
curves drawn through these states (each a
different “particle”) are Regge trajectories.

In the 1932 experiments pions from
the University of Chicago cyclotron
were directed at protons (in liquid
hydrogen) and the scattering cross
section was measured for different
energies of the pion beam. Scattering
refers to the change of direction when
two particles collide; the scattering cross
section is the probability that scattering
will occur. When' the probability is
large, the two particles act as if they
were big, with a large cross section.

For each setting of the pion beam the
“effective” mass of the pion-proton sys-
tem is calculated. The effective mass is
the sum of the rest masses and the
kinetic energies of all the particles in
a system, as viewed from the system’s
center of mass. When the effective mass
is plotted along one co-ordinate of a
graph and the scattering cross section
along the other, it is found that the
cross section peaks sharply when the
system has an effective mass of about
1,238 Mev. It is through this peak that
the resonance was detected. We shall
discuss below the connection between
the peak and the resonance, or unstable
particle, that is called A(1,238) in our
new notation.

The University of Chicago cyclotron
could not create pion-proton systems
with an effective mass of much more
than 1,300 Mev. Subsequently, with
more powerful accelerators, it was found
that pion-proton scattering produces a
whole series of resonances. The illus-
tration on page 81 shows two reso-
nances created when positive pions are
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TRAJECTORIES FOR STRONGLY INTERACTING PARTICLES resemble those at
left except that they include unstable states. An intersection with J in the stable region
indicates the existence of a stable or metastable particle. Intersections in the unstable
region indicate an unstable particle. Trajectories connect particle states separated by two
full units of J. Lowest state is an “occurrence”; higher states are “Regge recurrences.”

scattered by protons and, in a separate
curve, four resonances created when
negative pions are scattered by protons.
The first two resonances are A(1,238,
3/2+) and A(1,920, 7/2 ). The same
two should also show up in negative
pion scattering, but in the actual ex-
perimental curve for the negative pion
the upper one, A(1,920, 7/2 ), is
hardly observable. We do see, however,
two other resonances, N(1,512, 3/2 )
and N(1,688, 5/2 ), that cannot contrib-
ute to the scattering of positive pions
by protons. (A space in the parentheses
following the half-integer value of J
indicates that the parity of the particle
has not yet been established.)

Although A(1,238) decays mainly
into one pion and a nucleon, the higher
resonances can also decay into two or
more pions and a nucleon. Most reso-
nances can decay in more than one way;
that is, they can communicate with
several open channels [see illustration
on page 83].

To explain how an unstable particle
can communicate with several open
channels we have found it helpful to
draw an analogy between the behavior
of unstable particles and the behavior
of resonant cavities such as organ pipes
and electromagnetic cavities. Cavities of
the latter sort (such as the magnetron
tube employed in radar) are used in
electronics to create intense electro-
magnetic waves of a desired frequency,
which is a resonant frequency of the
cavity. Each cavity has a characteristic
“lifetime”: the time required for the

electromagnetic radiation to leak out.

In quantum mechanics, particles and
waves are complementary concepts, and
the amount of energy associated with a
particle, or nuclear state, can be ex-
pressed as an equivalent frequency.
In other words, energy is proportional
to frequency. The fact that the A par-
ticle appears when a pion is scattered
by a proton at or near a certain energy
—the resonance energy—is equivalent
to saying that the particle appears at a
certain frequency. Thus a resonance
energy in particle physics can be com-
pared to the resonance frequency of an
acoustic or electromagnetic cavity. What
is the “cavity” in particle physics? It is
an imaginary structure: one cavity, each
with its own special properties, for each
set of values of the quantum numbers
conserved in strong interactions.

The analogy between unstable par-
ticles and the resonant modes of elec-
tromagnetic cavities can be carried fur-
ther. To the electromagnetic cavity one
can attach the long pipes known as
wave guides, which have the property
of efficiently transmitting electromag-
netic waves of high frequency but not
those of low frequency. When the
electromagnetic wavelength is slightly
larger than the dimensions of the wave
guide, the guide refuses to transmit. In
this sense the wave guide acts like a
particle channel that is open only above
its characteristic threshold energy. If a
cavity has attached to it several wave
guides of different sizes, high-frequency
radiation can flow into the -cavity

or












drawa for the gravitational force (space-
ship example) and the electromagnetic
force (hydrogen-atom example), trajec-
tories can be drawn for the strong force
governing strongly interacting partic]es.
In this case the trajectories do not ter-
minate at the boundarv between stable
and unstable states but continue across,
cutting further integer values of J [see
illustration at top right on page 85]. An
intersection in the stable region indicates
the existence of a bound state, meaning
a particle that is either stable or meta-
stable. Intersections in the unstable re-
gion indicate the ecxistence of reso-
nances, or nustable particles. It can be
shown that for strongly interacting par-
ticles a particular trajectory joins up
rex] states for either odd or even yalues
of ] but not for both. This means that an
interval of two units of ] must intervene
between states on the same trajectory.
The lowest state is called an occurrence;
higher states can be referred to as Regge
recurrences, or as a series of excited
rotational states.

How can the existence of a trajectory
be demonstrated? In analogy with the
spaceship or hydrogen-atom example,
one plots the angular momentum J
against mass (in Mev) for all the par-
ticles that share all the same quantum
numbers except J. One can then quickly
see whether or not they fall into groups
that lie on rising curves. If they do,
one has an indication of Regge trajec-
tories. Such trajectories for baryons are
illustrated on page 86.

The rule says that only states sepa-
rated by two full integers can lie on
the same trajectory. So far three pairs
of states appear to meet this require-
ment: the two N states, N(939, 1/2+)
and N(1,688, 5/2 ); the two A states,
A{1,115, 1/2+) and A(1,815,5/2 ), and
the two A states, A(1,238, 3/2+) and
(1,920, 7/2). (The spins of the higher
A and A states are not certain; they
may be greater than 5/2 and 7/2
vespectively.)

iu the illustration on page 86 these
three pairs of states are connected by
slanting colored lines. The black lines
represent assumed trajectories on which
only one occurrence has so far been
definitely discovered. These conjectured
trajectories are useful in telling experi-
menters where to search for baryons
of higher angular momentun.

The adjacent illustiation on page 87
shows Regge trajectories  plotted  for
mesons. For mesons quantum mechanics
tells us to take mass squared rather than
mass for the horizontal scale. Tt will be
scen that no Regge recurrences have

been discovered as yet, perhaps because
meson states of high mass have not yet
been studied carefully.

The best evidence for the existence of
a Regge trajectory among mesons is
based on certain arguments showing that
a particular Regge trajectory for a meson
state with a Y of 0 and an I of 0 should
have an unphysical, or unreal, intersec-
tion with a J of 1 and a rest mass of 0.
The next lower intersection, at a J of 0,
could be physical except that the state
would have negative mass squared,
which has no meaning. Thus the lowest
real intersection should occur at two
units of J above 0, thatis, ata J of 2. In
fact, a meson with a J of 2, designated
n(1,250, 2+), has apparently been dis-
covered within the past year and a half.
Its quantum numbers are still uncertain,
however. If a Regge trajectory is drawn
between 7(1,250, 2+) and its unphysical
intersection at a J of 1 and a rest mass
of 0, one obtains a crude indication of
the slope for the other meson trajec-
tories, shown by the black lines in the il-
lustration. Vigorous experimental efforts
are under way to find second members
of these meson families, with a J of 2 or 3.

The Eightfold Way

Now we shall turn to another classi-
fication scheme that has proved valuable
in predicting the existence of previously
undiscovered particles. We have seen
how the notion of Regge trajectories
makes it possible to perceive family con-
nections between particles with ditter-
ent values of J but the same values of all
other quantum numbers. Now we shall
describe a relation that seems to exist
among particles with the same values of
J and of parity P but different values of
mass, hypercharge Y and isotopic spin I.

We mentioned earlier that the dif-
ference in mass between charge multi-
plets such as the nucleon doublet (neu-
tron and proton) can be regarded as a
“splitting” caused by the fact that iso-
topic spin is not conserved by the elec-
tromagnetic interaction, which underlies
the electric charge. This violation pro-
duces a maximum mass difference of
about 12 Mev in the case of the X triplet.

Now, it is a remarkable fact that the
four best-known members of the baryon
family, N, A, X and =, are separated
by avevage mass differences only about
a factor of 10 greater than that separat-
ing members within eacli multiplet. The
gaps in average mass separating the four
baryon states are only 77, 75 and 130
Mev respectively. Moreover, these four
barvons all seem to have the same J?; it

is 172+, (Actually the J of = is not firmlv
established and its parity is still un-
measured.)

If the difference in mass within a mul-
tiplet is caused by a violation of the iso-
topic spin I, is it conceivable that the
somewhat greater difference in mass be-
tweenneighboring multipletsis caused by
the violation of the conservation of some
other quantum numbers? The kind of
solution needed is one in which Y and I
are exactly conserved by the strong in-
teraction but certain other conservation
laws are broken by some aspect, or some
part, of this same interaction. If such a
partial violation of new symmetry prin-
ciples were permitted, one might be able
to group baryon multiplets into “super-
multiplets” with various values of Y
and [ but the same J and P. This new
svstem of symmetries would connect dif-
ferent Y and I values in the same way
that isotopic spin connects different val-
ues of electric charge. The aspect of the
strong interaction that violates the new
symmetries—represented by new quan-
tum numbers—would split each super-
multiplet into charge multiplets of dif-
ferent mass, much as the electromagnetic
interaction causes splitting of mass
among the members of a charge multi-
plet by violating isotopic-spin symmetry.
The scale of the mass splitting within
the supermultiplet, however, would be
much greater than that observed within
a multiplet, since it is an appreciable
fraction of the strong force that is at
work rather than the electromagnetic
force, which is much weaker.

Early in 1961 an Israeli army colo-
nel and engineer-turned-physicist, Y.
Ne'eman, and one of the authors (Gell-
Mann), working independently, sug-
gested a particular uunified system of
symmetries and a particular pattern of
violations that made plausible the exist-
ence of supermultiplets. The new svstem
of symmetries has been referred to
as the “eightfold way” because it in-
volves the operation of eight quantum
numbers and also because it recalls
an  aphorism attributed to Buddha:
“Now this, O monks, is noble truth
that leads to the cessation of pain: this
is .the noble Eightfold Way: namely,
right views, right intention, right speech,
right action, right living, right effort,
right mindfulness, right concentration.”

The mathematical basis of the eight-
fold way is to be found in what are
called Lie groups and Lie algebras,
which are algebraic systems de\'eloped
in the 19th century by the Norwegian
mathematician Sophus Lie, The simplest
Lie algebra involves the relation of three



BUBBLE-CHAMBER EVENT (top) is typical of more than 300,000 measured annu-
ally at the Lawrence Radiation Laboratory of the University of California at Berkeley.
Many events are measured with the help of a Scanning and Measuring Projector. This
device, which is linked to a computer, gives step-by-step instructions to the measurer and
redisplays what he has measured on a cathode-ray;screen (bottom). The photograph shows
a K~ meson entering from the bottom and striking a proton in the 72-inch bubble chamber.
The reaction creates a K0, a proton and a »—. The proton curves to the left, the 7~ to the
right in the chamber’s magnetic field. The KO leaves no track, but after going about 10
centimeters it decays into a 7+ and 7. The w1 curves counterclockwise and comes to rest.
After 10-8 second it decays into a y*, which goes only about one centimeter and comes to
rest. After 10-6 second the p.* decays into an e*, a neutrino and an antineutrino. The large
curve at the top of the photograph and the oscilloscope redisplay is the path of the e*.
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components, each of which is a sym-
metry operation of the kind used in
quantum mechanics. Isotopic spin con-
sists of three such components (I, I_
and I.) related by the rules of this sim-
plest algebra. The algebra is that of the
Lie group called SU(2), which stands for
special unitary group for arrays of size
2 X 2; there is one condition in the 2 X
2 arrays that reduces the number of
independent components from four to
three (hence the term “special”).

The component operations of the
eightfold way satisfy the mathematical
relations of the next higher Lie algebra,
which has eight independent compo-
nents. Here the Lie group is called SU(3),
which stands for special unitary group
for arrays of size 3 X 3; again a special
condition reduces the number of com-
ponents from nine to eight. The eight
conserved quantities of the eightfold way
consist of the three components of iso-
topic spin, the hypercharge Y and four
new symmetries not yet formally named.
Two of the new symmetries change Y
up or down by one unit without chang-
ing electric charge; the other two sym-
metries change both Y and electric
charge by one unit [see illustration on
page 88]. The violation of all four new
symmetries by part of the  strong
interaction changes the masses of the
multiplets forming a supermultiplet.
An example of a supermultiplet (an
octet) is provided by N, A, £ and E,
if indeed they all have an angular mo-
mentum J of 1/2 and positive parity,
thatis, a JP of 1/2+.

The kind of violation suggested by the
eightfold way leads to a rule connecting
the masses of a supermultiplet, provided
that the violation is not too severe. The
rule for N, A, 2 and E-is that 1/2 mass
N plus 1/2 mass & equals 3/4 mass A
plus 1/4 mass 3. Substituting the actual
masses of the four particle states gives
1,129 Mev for the left side of the equa-
tion and 1,135 Mev for the right side.
The agreement with the approximate
mass rule is surprisingly good.

This apparent success suggested a
search for other octets. At the beginning
of 1961 the only meson multiplets cer-
tainly known were m, x and &, all with
a J? of 0-. They just fit the octet pattern
if one adds a neutral singlet meson with
a predicted mass of 563 Mev. (The
masses are predicted as they are for bary-
ons except that for mesons the masses in
the equation must be squared.) Late in
1961 the » meson was found, with a mass
of 548 Mev. Later its JP was determined
to be 0-, as required.

Meanwhile, mesons with a J? of 1-
were turning up: the =(750, 1-) triplet









mediate particles that communicate with
crossed channels,

With this as background we return to
the idea mentioned in the introduction to
this article, that the strongly interacting
particles are all dynamical structures
that owe their existence to the same
forces through which they mutually in-
teract. In short, the strongly interacting
particles are the creatures of the strong
interaction. We refer to this as the “boot-
strap” hypothesis. It was formulated by
one of the authors (Chew) and S. C.
Frautschi at the University of California
at Berkeley.

According to the bootstrap hypothesis
each strongly interacting particle is as-
sumed to be a bound state of those chan-
nels with which it communicates, owing
its existence entirely to forces associated
with the exchange of strongly interacting
particles that communicate with crossed
channels. Each of these latter particles
in turn owes its existence to a set of
forces to which the first particle makes
a contribution. In other words, each par-
ticle helps to generate other particles,
which in turn generate it. In this circular
and violently nonlinear situation it is
possible to imagine that no free, or arbi-
trary, variables appear (except for some-
thing to establish the energy scale) and
that the only self-consistent set of par-
ticles is the one found in nature.

We remind the reader that in electro-
magnetic theory a few special particles
(leptons and photon) are not treated as
bound (or composite) states, the masses
and coupling characteristics of each par-
ticle being freely adjustable. Conven-
tional electrodynamics, as far as anyone
knows, is not a bootstrap regime.

It is too soon to be sure that free vari-
ables are absent for strong interactions,
but we shall close in an optimistic spirit
by mentioning a fascinating possibility
that would represent the ultimate contri-
bution of the bootstrap hypothesis. If
the system of strongly interacting parti-
cles is in fact self-determining through a
dynamical mechanism, perhaps the spe-
cial strong-interaction symmetries are
not arbitrarily imposed from the outside,
so to speak, but will emerge as necessary
components of self-consistency. It is re-
markable, and puzzling, that isotopic-
spin symmetry, strangeness and now the
broader eightfold-way symmetry have
never been related to other physical
symmetries. Perhaps their origin is des-
tined to be understood at the same mo-
ment we understand the pattem of
masses and spins for strongly interacting
particles. Both this pattern and the puz-
zling symmetries may emerge together
from the bootstrap dynamics.



