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Matter as we know it is built up of a large number of particles (called “‘elementary’’
partly on account of our ignorance about them), which interact with one another via
four kinds of forces. No theory has been completely successful in predicting or
explaining the number of different particles that exist or many of their intrinsic prop-
erties, although a substantial amount of order has emerged in recent years.

In Sec. 8h-1 the four basic interactions between particles are described.

Section 8h-2 contains a general description of the different kinds of particles: some
of which are called ‘‘stable,” others unstable “resonances.”

Section 8h-3 describes the conservation laws obeyed by the forces in nature which
then lead to quantum numbers used to classify elementary particles.

Section 8h-4 contains a table of “elementary’’ particles and their intrinsic properties.

Section 8h-5 briefly describes the SU; classification of particles, called the eightfold
way. : . '

Section 8h-8 suggests some further reading. ,

8h-1. The Four Basic Interactions. All the physical phenomena and all the states
of matter observed in the universe are apparently manifestations of one or more of
four basic interactions between particles.  These four kinds of forces differ enormously
in strength and in range. In order of increasing strength, they are: gravitation, the
“weak” interaction, electromagnetism, and the ‘“strong’’ interaction. The basic
properties of these four forces are summarized in Table 8h-1.

TasLE 8h-1. THE Four Basic FORCES AND THEIR CHARACTERISTICS

Force Acts on: Strength] Range Examples
Gravity............. Mass or energy ~107% | o (~1/r?) |Solar system
Weak............... Leptons. hadrons | ~10714 | <10~14 ¢m | Radioactivity
Electromagnetic......| Charged particles i © (~1/r?) | Atoms, molecules, . . .
Strong.............. Hadrons ~1 210"t ¢m | Nuclei

The force of gravity acts between all objects that have mass or energy. With large
aggregates of matter, the force of gravity even at large distances can be dominating—
for example, the force between earth and sun or between moon and earth. However,
at the scale of atomic or subatomic particles it is by far the weakest of the four forces

! Supported in part by the U.S. Atomic Energy Commission.
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If one introduces a dimensionless constant to characterize the strength of each
interaction and assigns a strength of 1 to the strongest interaction (not surprisingly
called the strong interaction), then for gravity that constant is about 10-%. Therange
of the gravitational force extends essentially to infinity decreasing inversely as the
square of the distance between the masses (~1/7%). .

The weak interaction is indeed weak relative to the electromagnetic or strong inter-
actio -s since its characteristic dimensionless strength constant is ~107!*. The weak
intes.ction is respoansible for natural and artificial radioactivity and for reactions
amongst the lightest elementary particles, called leptons (i.e., neutrinos, electrons, and
muons). It also gives rise to interactions between leptons and all other more massive
elementary particles. The characteristic range of the weak interaction is known to
be very small, less than 107* cm, but its actual size has not yet been measured.
(Higher-energy accelerators are needed to examine these interactions at such small
distances.) The fact that the range of the weak interaction is so small means that,
unlike gravity, its influence over macroscopic distances is completely negligible.

The electromagnetic interaction is the force between electrically charged particles.
Just as for gravity, the range of this force extends to infinity (~1/r?). Despite the
fact that the intrinsic strength of electromagnetism is much larger than that of gravi-
tation (e?/Ac = 4, Where eis the basic unit of charge, # is Planck’s constant divided
by 2x, and cis the velocity of light), massive aggregates of matter (e.g., raindrops, or
the earth) tend to have zero electric charge (one can neutralize charge but not mass!)
so that the electric forces cancel. The electromagnetic force is the one that keeps elec-
trons and positively charged nuclei bound to each other in atoms, molecules, and crys-
tals, so that all of chemistry and biology is governed by the laws of electromagnetism.

The strong interaction manifests itself as the force that binds neutrons and protons
together in nuclei, but it has many other forms as well. Al particles that experience
the strong interaction are called hadrons. These include baryons like the proton and
the neutron, as well as mesons, described in the next section. Hadrons and leptons
are mutually exclusive in that only the former participate in the strong interaction,
whereas both sets of particles participate in the three other interactions—electro-
magnetic, weak, and gravitational. The range of the strong interaction is ~10"'*cm,
g0 that they dominate all other forces only at very small subatomic distances, despite
their great strength. '

8h-2. Types of Particles. Gravitons. When the gravitational ficld that 1s gener-
ated by any particle is quantized, the theory predicts the existence of gravitons. They
have zero rest mass and intrinsic spin 24, and interact with other particles through the
gravitational interaction only. This interaction is extremely weak. The first report
of the experimental detection of gravitational waves was made by J. Weber in 1969 [1].

Photons (v). These are the quanta of the electromagnetic field. They have zero
rest mass and intrinsic spin 14, and are emitted and absorbed exclusively by the charge
or current of other particles via the electromagnetic interaction.

Leptons. These are relatively light particles (rest mass either zero or small) of spin
3h, whose interactions with each other and with all other known particles (other than
photons and gravitons) are “weak.” They include two kinds of neutrinos ». and v,
with zero electric charge, the electron e~, the negative muon -, and the antiparticles?
of these four particles denoted as antineutrinos # and #,, the positron e*, and the posi-
tive muon p*. Whenever leptons are produced, transformed into each other, or
annihilated by the weak interaction, the number of leptons minus the number of
antileptons is preserved, e.g. n — pe~v. in ordinary neutron radioactivity. This
property of the weak interaction gives rise to & conservation law for leptons that will
be discussed further in Sec 8h-3.

! Except for a few special particles (e.g., v, 7% ) every particle has a distinct antiparticle
covnterpart.
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Hadrons. These are particles that interact with each other via the strong inter-
action. They also experience electromagnetic, weak, and gravitational interactions.
The strongest interaction that a particle experiences determines its classification.
Hadrons are divided into two classes: mesons and baryons. '

MEsoNs. The lightest mesons are particles with zero spin, intermediate in mass
between leptons and protons, that interact strongly with each other and with all the
baryons. These spin-0 mesons are designated as pi mesons (z~, =% »*) [the super-
script denotes electric charge], n mesons (0 charge), and K mesons (K° K*) and their
antiparticles (K°, K-). Unlike the leptons and the baryons, the antiparticle of a
meson can be itself as is the case of the =° and » mesons. The =~ meson is the anti-
particle of the »* meson. These eight mesons are “gtable with respect to disintegra-
tion via the strong interactions,” but they are unstable with respect to disintegrations
into leptons, photons, or lighter mesons via the weak and electromagnetic interactions.
Table 8h-3 in Sec. 8h-4 lists these decays in detail. _

There are many heavier mesons, all with integral spin in units of #, including a
family of eight mesons of spin 1 called “vector’” mesons. These heavier mesons play
an important role in all phenomena involving the strong interaction, but the number
and variety of them keeps us from discussing them in detail here. They differ in one
important way from the lighter-spin zero mesons: namely, they are unstable with
respect to disintegration into the lighter mesons via the strong interactions. As a
result, the mean lives of vector mesons and other still heavier mesons are very short,
~10~* sec, as compared to mean lives ~107% to 107° sec for spin-0 mesons that decay
only via the weak interaction. The heavier mesons are sometimes called resonant
states, that is states of the constituent particles into which they disintegrate. For
example, the p* meson, a vector meson that decays via the reaction p* — x* + x% can
be considered to be a resonant state of the »*x° system with total angular momentum
equal to one. Particles and resonant states are two different names for the same
thing. In fact, there is no profound difference between particles that are stable with
respect to the strong interactions and particles or resonant states such as the vector
mesons that are not stable; rather instability or stability simply depends upon whether
or not there exist appropriate hadronic states of smaller mass into which the particle
can decay without violating the laws of physics.

BarYONs. These are strongly interacting particles of half-integral spin (3%, 3%,
. . .) of mass greater than or equal to the mass of the proton. The lightest spin—4
group consists of the nucleons N' (proton p and neutron n) and the hyperons Y called a
lambda A (0 charge), three sigmas Z+, 2° T~ and two xis Z-, 0. These hyperons are
heavier than nucleons, and stable with respect to strong interactions, but unstable via
the weak interaction. Corresponding to each baryon there exists an antibaryon
which has identical mass and spin as the baryon but opposite charge and magnetic
moment. These antibaryons are called antinucleons N(p,7) and antihyperons
P(K, £+, 20,2, E%, E7). All these antibaryons have been produced and observed at
high-energy accelerators. In the processes of production or annihilation of anti-
baryons in high-energy collisions, an antibaryon is always produced in & pair together
with a baryon. The kinetic energy of motion of the incoming beam particle is trans-
formed into rest-mass energy of a baryon-antibaryon pair. Just as the weak inter-
action preserves the number of leptons minus antileptons in any reaction, the strong
interactions preserve the number of baryons minus antibaryons. In fact, this prop-
erty of conserving the number of baryons minus antibaryons holds not just for the
strong interaction but for all interactions, and is responsible for the stability of the
proton! and all stable nuclei, and hence for the stability of matter as we know it.

The forces that hold nucleons together to form nuclei are duc to exchanges of mesons

1 If it were not for this conservation law, prdtons wohld decay by reactions like p — ety,

etx® .. . see Sec. 8h-3.
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between pairs of nucleons. The short range 7o of the nuclear force is related to the
mass M of the exchanged mesons via the Heisenberg uncertainty principle, ro ~
A/Mc ~ 1073 em. Beside the spin-4 baryons mentioned above, there are a host of
higher-mass baryon resonant states or particles with spins 3%, 3%, and higher. None
of these states is stable with respect to disintegration via the strong interaction except
for the 9~ hyperon, of spin 2%, which decays via the weak interaction, and to which
we sha.. return later. Again we shall not discuss in detail the properties of such
higher-mass unstable baryonic states.

8h-3. Conservation Laws and Quantum Numbers. Our understanding of the inter-
actions in the physical world rests heavily upon the discovery of the existence of con-
servati>n laws in physics. Some of these conservation laws are found to have uni-

- versal validity for all interactions, whereas others are only approximate, holding for
one kind of interaction but not for another. In either case, the elementary particles
are lab:led by quantum numbers and continuous parameters, such as mass, that
denote how much of each kind of conserved quantity the particular particle has. In
addition to such additive quantum numbers, there exist multiplicative quantum num-
bers, such as parity that are related to discrete symmetries of particle interactions,
which are conserved for some of the known interactions but not for others.

In order to decipher the quantum numbers assigned to the elementary particles
listed in Table 8h-3 of Sec. 8h-4, the conservation laws and their associated quantum
numbers are listed and briefly discussed below in order of decreasing generality.

Conservation of Energy and Momentum (Four-momentum) and the Concept of Rest
Mass. The total energy E and the total linear momentum p are conserved in any
reaction. Within the framework of Einstein’s special theory of relativity these two
conservation laws can be combined into the law of conservation of four-momentum
(E,cp). The fact that the quantity E* — (cp)? = (mc?)? is an invariant with respect
td Lorentz transformations (transformations to different constant-velocity reference
frames) makes it convenient to assign a rest mass m to each elementary particle. The
name rest mass is used because its mass is just m in a Lorentz frame in which the
particle is at rest. In such a frame, the total energy of the particle is given by
E = mc*, so that it is common to measure the mass in units of energy such as MeV
(million electron volts, where 1 MeV = 1.6 X 10-* ergs). Conservation of energy
and momentum implies that if particle 4 of rest mass m4 is at rest and spontaneously
disintcgrates into two other particles B and C of rest masses mg and me, then mc? =
Es + Ec,and 0 = pg + Pc, so that the invariant mass of particles B + C defined as
¢ (Es + Ec)* — (ps + pc)ic?]} equals my,.

Conservation of Angular M omentum, the Spin-quantum Number, and Statistics. The
fact that total angular momentum is conserved in ail reactions is profoundly related
to the local isotropy, or nondirectionality, of space. Total angular momentum J is
found to be quantized so that J* = J(J + 1)#3, where J, the total angular-momentum
quantum number, can take on only half-integral or integral values. For a given
particle J is the sum of 1 4+ S where | is the orbital angular momentum of the particle
about some axis, and S is the intrinsic-spin angular momentum of the particle. If the
particle isat rest,1 = 0and J = S, so that the intrinsic spin of the particle is identical
to the total angular momentum of that particle in its rest system. Table 8h-3 of
Sec. 8h-4 denotes the intrinsic spin of each particle by the symbol J. As mentioned
earlier, all baryons and leptons have half-integral spin, while all mesons have integral
spin. When one considers a system containing more than one indistinguishable
particle, further restrictions occur in the “statistics’ of these identical particles, that
is, in the ways of combining these into quantum-mechanical states. Identical half-
integral spin particles (e.g., e—e~ or »~u") obey Fermi-Dirac statistics, which means
that the allowed states must be antisymmetric with respect to the interchange of any
two such particles. (The Pauli principle for electrons in atoms is a famous example
of this relationship.) On the other hand, integral-spin particles obey Bose-Einstein
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statistics, which imply that the allowed states must be symmetric with respect to the
interchange of identical particles. (Planck’s law for black-body radiation is a famous
illustration of this relationship.) As a result of this connection between spin and
statistics, half-integral spin particles are often called fermions; and integral spin parti-
cles, bosons.

Conservation of Electric Charge. One of the oldest and best-established conserva-
tion laws is that for electric charge. (This was first clearly stated and demonstrated
by Benjamin Franklin.) The total amount of charge Q is found to be conserved in
all reactions. In addition, charge is quantized in units of 4+e or —e, where e is the
magnitude of charge on the electron. The total charge in any state is obtained by

simply adding algebraically the charges on each of the particles in that state. All the-

particles listed in Table 8h-3 of Sec. 8h-t have charges 0 or +¢. On the other hand,
there do exist higher-energy excited states of nucleons that are doubly charged such
as N -7 which decays to p + =™,

Conservation of Baryon Number. If one assigns an additive quantum number
B = +1toeach baryon, B = —1toeach antibaryon, and B = 0 to all other particles
(leptons, mesons) ; then all reactions conserve the total baryon number. For ordinary
nuclei the total baryon quantum number is identical with the atomic mass number.
This conservation law implies that the mode of production of antibaryons must be in
the form of baryon-antibaryon pairs,e.g.,p +p—p +p + p + p. Even more sig-
nificant for the stability of the universe is the fact that baryon conservation forbids
barvons from decaying into leptons, via reactions such as p — e* + v, which other-
wise would be allowed by the laws of conservation of energy, momentum, angular
momentum, and charge. When antimatter such as an antiproton p, which has
charge —e, interacts with a proton or a neutron, the final products are mesons: ¢.g.,
p+n—wt+r +r + 0 This is an example of “annihilation” of matter by
antimatter.

In Table 8h-3 of Sec. 8h-4 the antibaryons are not listed separately from the
baryons, since all their properties can be deduced directly from the properties of the
baryons. The relationships arc same mass, same intrinsic spin, opposite charge,
opposite magnetic moment, same lifetime, and same proportion of decay modes,
where the emitted particles in each decay mode are also converted from particles
to antiparticles. This symmetry between particle and antiparticle is related to a
symmetry of the relativistic quantum theory of strong, electromagnetic, and weak
interactions under the operation of T7CP. T, C, and P stand for time reversal, par-
ticle-antiparticle interchange, and spatial reflection, respectively. As far as we know
at present, all interactions are invariant under the simultaneous action of the TCP
operator, but as we shall discuss below, this is not true for each of these operators

separately.
Conservation of Lepton Number and Muon Number. If one assigns an additive
quantum number [ = +1 to each lepton (e7, 47, ve v,), I = —1 to each antilepton

(e*, u*, ¥, ¥s), and | = 0 to all other particles, then all observed reactions conserve
the total lepton number. For example, energetic neutrinos produced by =* decays,

x* — ut + », are observed to interact with nucleons via the reaction », +n—

=0 -1 +1 l=+1 0
p + u~ but not via the reaction » +p-—-n+ g* . The muon number can be
0 +1 =41 0 0 -1

introduced to distinguish muons from electrons by assigning a muon number +1 to
p=, ve, —1to u*, 5, and O to all other particles, including e, v, 5.. Conservation of
muon number can be invoked to “explain’ the observed absence of decays such as
put — e* + yorut — e +e* +e. The usual mode of disintegration of a muon is
ut— e* + ve + sy 0r y~ — e + ¥ + vu. These decays conserve total lepton num-
ber and total muon number.

The five conservation laws described so far in this section are absolute in the sense
that no violations of any of them have been observed at our present level of sensitivity
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of experiment. The conservation laws discussed in the remainder of this section are
valid only for subsets of the four kinds of interactions but not for all of them.

Invariance under Spatial Inversion P and Particle-Antiparticle Conjugation C.
Parity, denoted by the symbol P, refers to the symmetry of a wave function describing
a given state under the operation of spatial inversion, (z — —z, y— —y, z— —2).
P can be either plus or minus one. Experimentally, parity is conserved in all strong
and electromagnetic interactions but not in the weak interaction. The parity of a
given state is determined by multiplying the intrinsic paritics of its constituent
particles with the parity due to any orbital angular momentum between these par-
ticles. F:r example, the parity of a wave function describing two 1dentxca.l particles
with relative orbital angular momentum [ is (—1).

Particle-antiparticle conjugation C, often called charge conjugation, refers to the
operation of transforming a particle into its antiparticle. Again the strong and
electrom~ gnetic interactions are invariant under such a transformation, but the weak
interaction is not. This means that all the properties of strong reactions such as
p + p — p + p, or electromagnetic decays of excited atoms, (atom)* — (atom) + v,
are exact.y the same as the corresponding antiparticle reactions p + p— p + p or
(atom)* -+ (atom) 4+ y. However, the weak decay of a A hyperon, A — p + »—, is
not identical in all respects to the decay A — p + »*. Note that under the operation
C, baryons go to antibaryons, and leptons go to antileptons, but mesons and photons
go to mesons and photons. Antimesons belong to the same species as mesons, so that
an anti-=~ meson is just a »* meson. Even more remarkable, an anti-z° meson is
itself, 2 v meson. An antiphoton is “minus’ itself. Neutral mesons have the possi-
bility of being their own antiparticles, whereas neutral baryons or neutral leptons do
not because of the reversal of baryon number and lepton number, respectively. When
a neutral particle is its own antiparticle, it is assigned a C quantum number, listed in
Table 8h-3 of Sec. 8h-4, which may be either 41 or —1. However, not all neutral
mesons are their own antxpartxcles

Until a few years ago it was thought that the weak interaction was invariant to the
combined operation of particle-antiparticle conjugation and spatial inversion, i.e., CP.
However, at the level of ~1073% of the usual weak amplitude, the weak decay K.° —
#+ 4+ =~ has been observed. This process violated CP invariance. Hence the only
discrete symmetry invariance of the weak interaction that appears to be exact is TCP
invariance, not P or C or CP separately.

We turn now to the conservation laws for the quantities I spin and hypercharge.
The former is conserved for the strong interactions only, the latter for both strong
and electromagnetic interactions.

The two concepts, / spin and hypercharge, are closely tied to each other and have
played an essential part in the current classification scheme of all the hadrons.

Conservation of 1 spin and Hypercharge, and the Gell-M ann—Nishijima Classification
Scheme. The concept of I spin, or ‘‘isotopic spin,” is introduced in order to describe
the charge multiplet structure of hadrons. The particles in a given multiplet have
icentical spin and parity, and almost identical mass, but different charges. Examples
of such multiplets are the (n,p) doublet and the (»~,x%x*) triplet. One defines
an I-spin vector operator I with three components analogous to the angular-
-1omentum operator J. I operates in a new internal coordinate space of the hadrons,
distinct from ordinary space. In exact analogy to J in real space, the eigenvalues of
the operator I? are I(/ + 1), where I is called the total /-spin quantum number. The
number of different charge states in a multiplet I is 27 4+ 1. For nucleons and =
mesons, the charge state is related to the third component I; of the I-spin vector by
the relation

Q=1 +-2§ (8h-1)

M AL MM, SO TRy rem e ey S T T T

T YU PIATIR



ELEMENTARY PARTICLES AND INTERACTIONS 8-283

where Q is the charge in units of +e, and B is the baryon number [+1 for (n,p), O for
r mesons]. The formula implies that /; = +3 and —3 for proton and neutron;
1; = +1, 0, —1 for =%, =% »~ mesons, respectively. The neutron and proton arc
seen to form an I = 4 multiplet in isotopic spin space, while the =*, =% x~ mesons
form an I = 1 multiplet. The I-spin formalism was found to be useful because the
strong interactions conserve total / spin (Jfisal = Linitia, O AI = 0). This property
of the strong interaction is called charge independence. The total I spin for a system
of more than one particle is built up out of the component I spins of each particle by
rules of addition that are identical to the rules of addition for total angular momen-
tum. For example, with the help of Table 8h-2 it can be scen that a (p,p) system
is in a pure I = 1 state, whereas an (n,p) system is in a 50:50 mixture of I = 0 and
I = 1 states. ; ‘

Charge independence means that the strong interaction for the (p,p) system is
identical to the strong interaction for that part of the (n,p) system that is in the
I = 1 state. By using the I-spin formalism, one can extend the concept of identical
particles from protons alone or neutrons alone to both together, that is, to nucleons.
Just as a proton can have its spin angular-momentum quantum number Sz equal to
+3or —4 (inunitsof %), & “nucleon’ can have the third component of its I spin, I5,
equal to +3 or —1}, corresponding to a proton or a neutron, respectively. Neither
the electromagnetic nor the weak interaction conserves I or I, but instead each
changes the hadronic I and I, quantum numbers in a definite way.

When the K mesons and hyperons were first discovered, they too were found to
cluster in charge multiplets, as listed in Sec. 8h-2. However, these K mesons and
hyperons presented a puzzle in that they were produced copiously via the strong
interactions in collisions between pions and nucleons; yet they had a very low transi-
tion probability, characteristic of the weak interactions, for decay back to pions and
nucleons. As a result, they were called “‘strange’ particles. Gell-Mann and Nishi-
jima independently showed how to classify the K mesons and hyperons and their
interactions by introducing a new quantum number S for “strangeness.” The “ordi-
nary’’ particles like the » mesons and nucleons were assigned S = 0, whereas the new
strange particles were assigned ponzero integral values of S. - Actually it is more com-
mon now to use the hypercharge quantum number Y whick is simply related to
strangeness S by the equation Y = B + 8§, where B = baryon number. = The new
idea was to generalize the relation between charge Q and I;, given for pions and
nucleons by Eq. (8h-1), to

Q=1+y (8h-2)
They salso added the hypothesis that all strong and electromagnetic reactions con-
served hypercharge while the weak interactions, which were responsible for the decays
of the strange particles, did not conserve hypercharge. Table 8h-2 lists the values of
I, I, and Y for the eight pseudoscalar mesons (J* = 0-) and for the eight spin-3
baryons. .

The hypercharge quantum numbers for antiparticles are obtained from those for
particles by letting ¥ — —Y. Furthermore, since Q — —Q, Eq. (8h-2) implies that
I; — —I, when particle — antiparticle. The total J spin is the same for a particle
and its antiparticle since the multiplicity of charge states does not change. So the
hypercharge Y is a simple additive quantum number just as ordinary charge or
baryon number.

The Gell-Mann-Nishijima classification scheme for all reactions involving only
mesons and baryons can be simply codified by the following selection rules:

1. Strong interactions: AQ = aB =AY =4l =0

2. Electromagnetic interactions: AQ = AB = 4Y =0
3. Weak interactions: AQ = AB = 0, AY = #1
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TabLe 8h-2. J-spiN aND HyprrcHARGE QUANTUM NUMBERS
FOR STABLE MEsSoNsS AND BARYONS

Mesons n* # | = | K* | Ko | Ko | K~ | ¢
I 1 1 1 } i i 3 0
I4 +1 O -1 +3| -1} +} 3 0
Y(B =|0)* 0 0]. 0| +1 | +1 | -1} -1 0
Barypns P n A | 2o | | Eo| =
I b 3 0. 1 1 1 3 3
I +i -1 0 +1 0| -1 | +3%| —%
Y(B = +1)* +1 +1 0 0 0 0| -1 -1
«Q=1Is+ Y/2

[The syrabol AQ means (Qinitiat — Qrina1) for any reaction.] The leptons are not
included in the Gell-Mann-Nishijima scheme. The quantum number of I spin and
hypercharge Y are not assigned to them since they do not narticipate in the strong
interactions. A phpton has Y = 0 but no definite I spin. As a consequence of these
rules, the strong interactions allow reactions of the type

=~ +p— A+ K° (8h-3)
K-4p—-o = 4+ K* (8h-4)
p+p—A+i (8h-3)
but forbid reactions of the type
*x~ +p—Zt+ K- (violates Y) (8h-6)
n+p—A+p (violated Y and I) (8h-7)
A—p+=» (violates Y and I) (8h-8)

The weak interaction is responsible for the decays of most hyperons and K mesons.
T! e final products may be nonleptonic, e.g., A — pr~ or K* — x*x% or leptonic, e.g.,
A — pe~p,0or K* — utv,. For three neutral particles, »9, », and 29, the predominant
modes of decay are electromagnetic, not weak, e.g.,Z°—> A + yorx®— v + v. The
weak decays of strange particles seem to obey other selection rules. For example, in
leptonic decays of hadrons the selection rule 88 = 5Q holds, where 5S and 5Q denote
the change in strangeness and in charge of strongly interacting particles: e.g., Z~—
n + 1= 4+ 7isallowed (68 = 5@ = +1),but 2+ — n + I* 4 5isforbidden (88 = +1,
5Q = —1).

The neutral K mesons provide a unique and fascinating application of the ideas
described above when coupled with ordinary quantum mechanics. The K° meson
is a particle with ¥ = S = +1, its antiparticle denoted by K° has opposite hyper-
charge Y = 8 = —1. Once either particle is produced in a strong reaction, it is
observed to decay with two lifetimes, not one. One calls the short-lived particle a
K% and the longer-lived particle a K%. Each of these particles has different linear
combinations of KP and K° mesons, approximately 50:50 mixtures in either case.
By the general TCP theorem, the K° and K° particles have identical mass, but the
K% and K9 differ slightly in mass, in fact, by the incredibly small amount of 2 parts
in 10!*. The remarkable K° — K° system is also the only one to date in which the
weak interaction has been found not to conserve the value of the operator CP, in
particular in both the leptonic and nonleptonic decays of K.
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8h-4. Properties of Elementary Particles. A detailed list of the intrinsic properties
of the stable elementary particles is given in Table 8h-3. By “gtable’’ we mean stable
with respect to the strong interactions, but not with respect to the weak or electro-
magnetic interactions. This table is reproduced essentially verbatim from the latest
edition of the annual Review of Particle Properties, that is printed each January by
Reviews of Modern Physics [2]. This article contains all the references to the experi-
mental measurements that have gone into the data in Table 8h-3. Since the journal
Reviews of Modern Physics is readily available, we have chosen not to reproduce the
hundreds of references here. That article also contains a detailed listing of the prop-
erties of the known unstable particles as well.

In Table 8h-3 the first column lists the symbol for each particle. The second lists
four quantum numbers: the I-spin, 1, angular momentum, and parity (where appro-
priate) in the symbol J%, and the C quantum number if applicable. The third column
lists the mass in MeV, the mass? in GeV?, and the mass difference where it has been
measured directly for members of the same charge multiplet. ‘The next column has
the mean life in seconds along with the mean distance for decay ¢r in- centimeters.
The remaining columns contain a list of the partial decay modes for each unstable
particle, the fraction of the total decay probability for each decay mode, and the
unique momentum (two body decay) or maximum momentum (three or more bodies)
of a secondary particle in the rest system of the decaying particle. These detailed
properties arc given for each particle, but not for its antiparticle, since the TCP
theorem implies that the properties of the antiparticle are identical to those of each
particle except for the appropriate quantum-number transformations (see page 8-283).

8h-6. SU, Classification of Hadrons—The Eightfold Way. Supermultiplets. We
have already shortened our table of hadrons by grouping them into I-spin multiplets.
Thus, it was pointed out in Sec. 8h-3 that the neutron n and proton p both belonged
to the I-spin doublet called the nucleon N, and the » mesons, which can appear with
three electric charges Q, form an I-spin triplet (x—,x%x*). But we have so far treated
the different multiplets as independent and ‘“‘elementary.”

Now we proceed to point out that particle physicists further group these multiplets
into “‘supermultiplets,” of 1, 8, or 10 particles; so that, in fact, all the mesons in Table
8h-3 are said to belong to the J? = 0~ octet, and all the baryons except the Q- belong
to the J? = 3* octet. ‘

Typical supermultiplets are illustrated in Fig. 8h-1. Each dot represents a particle,
plotted in a space where electric charge Q increases to the right and hypercharge Y
increases upward. (More precisely, z = @ — Q.. = I,y = Y, with I;and Y defined
in Sec. 8h-3.) The cight baryons with J? = 4+ are arranged at the upper left. Here
the nucleon doublet N, (with Y = +1) contributes two dots (n and p), the Z triplet
(Y = 0) adds three (27,2°,2*), the A singlet one, and the Z(Y = —1) adds the other
two. We shall comment below on the symmetry of the hexagon thus created, but
first we continue empirically. ,

The next array also turns out to form a hexagon. This hexagon consists of the
eight J? = 0~ mesons which happen all to be stable (against strong decay, Sec. 8h-2),
and hence are listed in Table 8h-3 along with the eight stable baryons.

The next array (also hexagonal!) is made of J# = 17 mesons which happen all to
be unstable, and so they are called “resonances” and are omitted from Table 8h-3.
(A table of ~50 resonant muitiplets can be found in ref. 2.) Several other meson
octets are now known.

Finally, Fig. 8h-1 shows a triangular “‘decuplet” of the 10 baryons with J? = 3+
Nine of these are resonances; one is the stable 2~ baryon.

Quarks. The SU; explanation of the hexagons and triangles is also sketched in Fig.
8h-1. In 1961 Gell-Mann and Ne’eman independently pointed out that these super-
multiplets of 10, 8, 1 would be built up out of a single supermultiplet of 3 “primitive”
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particles called quarks and an antimultiplet (antiquarks). (It is not known whether
quarks exist in nature or only as a mathematical explanation.) The quarks “exist”’
as an I-spin doublet (such as n and p), and a singlet (such as A). In their simplest
form they would have surprising fractional quantum numbers, B = 1, Q = —3 or
+ &, etc. Mesons are then tightly bound states of quark + antiquark (¢g); baryons
“contain” three quarks (ggq) held together by the strong interaction.

The mathematics of how three primitive objects can be combined into larger groups
is called group theory, and the particular combination that correctly explains nature
is called, in group theory, SUs; hende the title for this section: “SU; Classification.”

() Stobie Baryons , J© = '{(ot%') (b) Stabie Mesons, J" 0~ (¢) Unstobie Mesons, J” s 1~

+ +e
2l & (1238 Mev)

® * States known before Jon &1 when the
Eignhtfold way wos formutated.

O = Stotes predicted by Eightfoid woy and
(1385 MeV) . loter verified experimentally,

(i530Mev}

Ye-2 (1676 Mev?)

{d) Unstoble Bavyom.J"%’

F16. 8h-1. The asterisks labeled n’, p’, and A’ are a possible set of primitive particles called
**‘quarks,” from which the mesons and baryons can be formed.

The algebraic rules of SU; explain much more than the size of multiplets—they also
explain quite well the masses and decay modes of particles and resonances (see any
textbook on particle physics [3]).

8h-6. Further Reading. There are many textbooks on particle physics. A sam-
ple of them are listed in ref. 3. Two fairly recent and complete books are those by
Gasiorowicz [3] and by Frazer [3]. Many excellent semipopular articles can be found
in the Scientific American [4], and more technical review articles in the Annual Review
of N:.clear Science [5]. A mild apology to the reader—this text is rather compact and
not too easy to read; two articles which cover much of the same material but in a more
leisurely fashion have been written by Ne’eman [6] and Rosenfeld (7). A more
exter.ded but nonmathematical discussion of the subject can be found in a readable
book by Ford [8].

Acknowledgement. We wish to thank Dr. LeRoy Price of the Berkeley Particle
Data Group for his help and criticism.
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