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CURRENT PROBLEMS IN RESEARCH 

Elementary Particles 

of Modern Physics 

The properties of the 30 particles and antiparticles, 
their forces and conservation laws are summarized. 

R. E. Marshak 

In popular usage, the term elemen
tary particle signifies an ultimate con
stituent out of which all matter is 
compounded. In physics, the usefulness 
of the concept depends very much on 
our state of knowledge, the hierarchy 
of forces with which one is dealing, and 
the order which is introduced into the 
description of the empirical facts. 

From one point of view, any particle 
with a well-defined mass, charge, and 
intrinsic angular momentum (or spin) 
is an elementary particle and, in this 
context, even a molecule could be re
garded as elementary. However, when 
the electromagnetic law of force was 
established between the atoms in a 
molecule and also between the electrons 
and the positively charged nucleus of 
the atom, it was much more convenient 
at that stage to think of the electron 
and the various types of atomic nuclei 
as the elementary particles. When 
quantum mechanics was developed and 
the wave-particle dualism became an 
essential ingredient of our understand
ing of all atomic phenomena, it was 
proper to add the photon to the list of 
elementary particles. When the neutron 
was discovered and the existence of a 
distinct nuclear force was established, 
it became more advantageous to think 
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of the neutron and proton as the ele
mentary particles out of which atomic 
nuclei are built up. Within this con
text, for example, the completely stable 
deuteron, with a well-defined mass, 
charge, and spin, is considered a com
posite structure, whereas the unstable 
neutron is treated as an elementary 
particle. The reason for this anachronis
tic point of view is that within the 
hierarchy of strong (or nuclear), elec
tromagnetic, and weak forces, the 
neutron lives for a very long time (103 

seconds) on the nuclear time scale of 
10 23 second. 

The situation is even more curious. 
If we restrict ourselves to low-energy 
nuclear phenomena, the only elemen
tary particles which enter the picture 
are the electron, positron, proton, neu
tron, photon, neutrino, and antineutrino. 
When some of these particles acquire 
sufficient kinetic energy (either as com
ponents of the cosmic radiation or in 
high-energy accelerators), many new 
varieties of particles are created which, 
at this stage of our understanding, are 
added to the list of elementary particles. 
Some of these particles, which result 
from the conversion of kinetic energy 
into mass, in turn create new particles 
through decay or through secondary 
production. 

As a result, the following additional 
particles (and antiparticles) have been 
observed and must be added to the list 

of elementary particles: the positive and 
negative muons; the positive, negative, 
and neutral pions; the positive and 
negative kaons and two kinds of neutral 
kaons; the antiproton and the anti-
neutron; the neutral A-hyperon and 
the anti-A-hyperon; the positive, nega
tive, and neutral 3-hyperons; and the 
negative and neutral H-hyperons. For 
reasons which will become apparent, it 
is quite certain that the three anti-2-
hyperons and the two anti-H-hyperons 
will be observed when the proper experi
ments are performed (/). We thus end 
up with 30 particles and antiparticles, of 
which seven (the photon, neutrino, 
antineutrino, electron, positron, proton, 
and antiproton) are genuinely stable. The 
remaining 23 particles and antiparticles 
possess such a slight degree of instability 
(on the nuclear time scale) that we are 
justified in treating them on an equal 
footing with the seven genuinely stable 
particles and antiparticles. 

Properties 

The properties of an elementary par
ticle which can be directly measured 
are the charge, mass, spin, and, if the 
particle is unstable, the lifetime. These 
properties are listed for all 30 particles 
and antiparticles in Table 1. The 
charges, masses, spins, and lifetimes of 
the antiparticles are not listed separately; 
the reason for this is that if the laws 
of special relativity apply to all physical 
processes involving the elementary par
ticles, as we believe they do, it can be 
shown that the charge of the anti-
particle must be the negative of that of 
the particle, and that the mass, spin, 
and lifetime of the antiparticle must all 
be identical with those of the particle. 
The neutral kaon is an exception to this 
statement where we have listed two 
distinct lifetimes for two particles which 
are called the Ki° and K=° particles; the 
Ki° and K2° particles are opposite mix
tures of the neutral kaon and its anti-
particle, and the exception occurs be
cause the neutral kaon and its antiparticle 
can convert into each other through 
the weak force. 
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It will also be noted that antiparticles 
for the neutral pion and the photon 
are placed in parentheses; this is be- 
cause there is no known property by 
means of which the antineutral pion 
and the antiphoton could be dis- 
tinguished from the respective particles. 
This also explains why the list in 
Table 1 contains 16 particles and 14 
antiparticles; of these, four particles 
(proton, neutrino, electron, photon) 
and three antiparticles (antineutrino, 
positron, antiproton) are stable and the 
remaining 12 particles and 11 anti- 
particles are unstable. 

Mass and Charge 

The particles in Table I have been 
ordered chiefly according to their mass; 
the one ambiguity, between the photon 
and the neutrino, has been resolved by 
placing the photon first on the list. 
This mass ordering leads to a remark- 
able grouping of the particles into four 
classes: photon, lepton, meson, and 
baryon. The names lepton, nzeson, 
and baryon were originally invented to 
denote light, intermediate-mass, and 
heavy particles, respectively, but we 
now know that the particles in each of 
these three classes have certain im- 
portant properties in common which 
are distinct from the properties char- 
acterizing the members of the other 
two classes. 

If we further examine Table 1, we 

find that the (electric) charge number 
Q for the particle (the Q for the anti- 
particle is the negative of the Q for the 
particle takes on the values 1, 0, and 
-1 (e being the fundamental unit) 
and that for no elementary particle 
is j Q i > 1. Also, the range of masses 
of the particles listed in Table 1 is not 
completely arbitrary; there appear to 
be some inlportant mass groupings, 
within at least the meson and baryon 
classes, of particles which bear a direct 
relationship to the charge numbers. 
Within the meson class, the charged 
pion is only 4.6 Mev heavier than the 
neutral pion, and the neutral kaon is 
only 3.9 Mev heavier than the charged 
kaon. En the baryon class, the neutral 
nucleon (that is, the netutron) is only 
1.3 Mev heavier than the charged nu- 
cleon (the proton); the negatively 
charged S-hyperon is only 6.8 8Mev 
heavier than the positively charged 2- 
hyperon; this, in turn, is only 2.4 Mev 
lighter than the neutral $hyperon; and 
the masses of the negative and neutral 
g-hyperons are within 8 Mev of each 
other (this is experimental error). By 
the same token, it may be meaningful 
to consider the neutrino and electron, 
which differ in mass by only 0.5 h'Iev, 
as the neutral and negative "light" lep- 
tons in contradistinction to the "heavy" 
lepton, which is the muon. These mass 
differences are all small compared to 
the mass differences between the aver- 
age masses of the "light" and "heavy" 
leptons (within the lepton class), be- 

tween the average masses of the pion 
and kaon (within the meson class), and 
between the average masses of the 
nucleon, .t-hyperon, 2-hyperon. and 
?-hyperon (within the baryon class). 

It seems, therefore, that in some 
sense the particles which differ only 
slightly in mass are different charge 
states of the same particles, so that the 
distinct elementary particles whose 
properties and interactions we rnust 
understand are the photon, the "light" 
lepton, the "heavy" lepton, the pion. 
the kaon, the nucleon, the S-, 2,-, and 
3-hyperons, and all the antiparticles of 
these particles. The slightly different 
masses associated with the different 
charge states of each of the above par- 
ticles are then attributed to electro- 
magnetic self-energy effects produced 
by virtual interactions with the electro- 
magnetic field. While no quantitative 
theory of these mass differences exists, 
the electromagnetic approach appears 
plausible and involves no difficulty of 
principle except possibly for the "light" 
lepton. 

Spin 

The regularities among the spins of 
the particles listed in Table 1 are even 
more striking than the regularities in the 
charge and the mass. Except for the 
photon, which is in a class by itself 
and possesses spin 1 (in units of h, 
Planck's constant divided by ZT), all 

Table I .  Properties of elementary particles. Masses and mean lifetimes are taken from the Berkeley compilations. 
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the particles in the nleson class possess 
spin zero. whereas all the particles in 
the lepton and baryon classes possess 
spin 1/2. (The spin of the 3-hyperon 
has not been measured as yet, but it is 
rather likely that this will also turn out 
to be 1/2.) Thus, all the elementary 
particles (with the exception of the 
photon) possess the lowest half-integral 
(1 /2)  or integral (0)  spins that are 
possible. 

Quantum Numbers B and L 

We have also listed in Table 1 the 
values of two quantum numbers-the 
baryon number B and the lepton num- 
ber L-which have been assigned to 
each elementary particle (B and L for 
the antiparticles are discussed below). 
The introduction of thesc quantum 
numbers and the imposition of con- 
servation laws involving them help 
greatly to reduce the multiplicity of 
processes in which the elementary par- 
ticles might otherwise participate. I t  is 
to be hoped that the future fundamental 
theory will provide a natural basis for 
these quantunl numbers, but at this 
stage they must be regarded as essen- 
tially having a phenoinenological origin. 
The baryon and lepton quantuln nurn- 
bers have already been anticipated in 
the names assigned to two of the classes 
of elementary particles : each melnber 
of the baryon class is assigned B = 1 
(the antibaryon is assigned B = - I ) ,  
while thc particles (and the antipar- 
ticles) of the other three classes- 
photon, lepton, and meson-are as- 
signed B = 0. The particles in the 
lepton class are assigned L = 1 (the 
antiparticles are assigned L = - I ) ,  
whereas the particles of the other three 
classes-photon, meson, and baryon- 
are assigned L = 0. 

The conservation laws for baryon 
number and lepton number (like the 
conservation of charge number) are 
absolute conservation laws which hold 
for all three types of interaction 
(strong, electromagnetic, and weak) 
which operate among the elementaiy 
particles. Also, the conservation laws 
for baryon, lepton, and charge numbers 
are similar in character in the sense 
that a quantum number is assigned to 
the particle and its negative is assigned 
to the antiparticle and the conservation 
law is stated in terms of the require- 
ment that the algebraic sum of the 
values of the quantum number for a 
system of particles and antiparticles 
stay constant for any physical process. 

A quantum number with this property 
is called an "additive" quantum number, 
so the charge number, the baryon 
number, and the lepton number are 
all "additive" quantum numbers which 
must be absolutely conserved. 

We can now understand why the 
photon and neutral pion are their own 
antiparticles whereas the other neutral 
particles are not. In  the case of all but 
one of the other neutral particles, one 
of the additive quantum numbers B or 
L distinguishes between the particle and 
the antiparticle. Thus, the neutrino and 
antineutrino are distinguished by the 
lepton number L, and the neutron, 
neutral ,\-, 2-, and %-hyperons and 
their antiparticles, by the baryon num- 
ber B. We shall see below that the 
neutral kaon and neutral antikaon are 
distinguished by another "additive" 
quantum number called the strangeness 
number. 

The absolute conservation law for 
baryon number has immediate conse- 
quences for the production and annihi- 
lation of antibaryons. For example, it 
is evident that if in the initial state 
there are two baryons and no anti- 
baryons present, then the production of 
one antibaryon in the final state by any 
physical process whatsoever will neces- 
sitate three baryons in the final state. 
Conversely, if there are one antibaryon 
and one baryon present in the initial 
state, then the disappearance (annihila- 
tion) of the antibaryon by any physical 
process whatsoever can only take place 
if we end up with no baryons. As far 
as the empirical evidence for the abso- 
lute conservation law of baryon number 
is concerned, the most incisive evidence 
comes from studying a possible insta- 
bility of the lightest of the baryons- 
namely, the proton. If the baryon nuni- 
ber is absolutely conserved, there 
should be no physical process by means 
of which the proton can decay into 
lighter particles. Various experiments 
(2) carried out with this purpose in 
mind have set a lower limit for proton 
decay by any mode (for example 
p -+ 2e' + P - )  of about lo-' years. 
This is a very long lifetime and implies 
that the conservation law for baryon 
number, which is responsible for the 
stability of atomic nuclei, is even more 
absolute than charge conservation inso- 
far as the experimental evidence is 
concerned (where a lower limit of 10'" 
years has been found for the reaction 
e + v +  y ) .  

The conservation of lepton number 
also appears to be an absolute conser- 
vation law. The best (albeit rough) 

check of this conservation law has 
come from the study of neutrino inter- 
actions with atomic nuclei. In accord- 
ance with out assignment of lepton 
number, a neutron should emit an 
antineutrino with the electron, and a 
proton in the nucleus should emit a 
neutrino with the positron. I t  follows 
that the neutrinos produced in a nuclear 
reactor must be antineutrinos (since the 
fission of heavy nuclei leads to fission 
fragments with an excess of neutrons. 
and thus to electron-unstable nuclides), 
and therefore the process + p -+ 
e' + n is possible, whereas the process - 
1, + C1" -+ e + Ar" must be im- 
possible. The cross section for the first 
process has actually been measured 
and found to be 1 1 1 4 x lo-" cnl' 
(in agreement with the thcoretical pre- 
diction), whereas the upper limit on 
the cross section for the second process 
has been found to be 0.1 1: 0.6 x 
cm', at least ten times smaller than 
would be expected if the neutrino and 
antineutrino were not distinguishable 
particles. All the other weak inter- 
action processes involving leptons, in- 
cluding the decays of the strange 
particles, are consistent with the con- 
servation of the lepton number (within 
an experimental error of 10 percent). 

Stable Particles 

There are several points to note in 
connection with the lifetimes listed in 
Table 1. First of all, the stable particles 
are the photon, the two "light" leptons 
(neutrino and electron), and the lightest 
of the baryons (that is, the proton) and 
their antiparticles. The conservation of 
momentum, energy, and angular mo- 
mentum prevents the decay of the 
photon into two neutrinos. Conversely, 
the conservation of angular momentum 
is enough to ensure the stability of the 
neutrino with respect to decay into 
photons. Conservation of charge num- 
ber guarantees the stability of the elec- 
tron with respect to decay into neutrinos 
and photons. The stability of the pro- 
ton is a more subtle phenomenon and 
requires for its explanation the con- 
servation of a new quantum number- 
to wit, the baryon number. The as- 
signinent of baryon number 1 to the 
proton and of 0 to the photon, the 
leptons, and the mesons and the require- 
ment of baryon number conservation 
then "explains" the stability of the pro- 
ton. It is to be hoped that a deeper 
theoretical foundation will be found for 
the empirical principle of conservation 

29 JULY 1960 



of baryon number, since, in a sense, 
it is this principle more than any other 
which is responsible for the stability of 
the univers3 as we know it. 

Unstable Particles 

We see that the principles of conser- 
vation of angular momentum, charge 
number, and baryon number (in addi- 
tion to energy and momentum) are 
sufficient to ensure the stability of the 
photon, neutrino, electron, and proton. 
These principles are not sufficient to 
ensure the stability of the "heavy" 
lepton (that is, the muon), the mesons, 
and the baryons heavier than the pro- 
ton. In actual fact, all of these particles 
turn out to be unstable. In Table 1 we 
have also tabulated the observed decay 
modes of the 12 unstable particles. 
We have not listed the decay modes of 
the antiparticles because the decay 
products must be the antiparticles of 
the decay products of the particle. Of 
the 12 unstable particles (and 1 1  un- 
stable antiparticles) listed in Table 1, 
only two particles (the neutral pion and 
the neutral 2-hyperon) and one anti- 
particle (the neutral anti-2-hyperon) 
emit photons in the dominant decay 
mode. It is to be noted that the lifetime 
of the neutral pion is less than 4 x 1 0-la 
second and the lifetime of the neutral 
2-hyperon is less than second (this 
is an upper limit obtained by a rather 
crude experiment). These are the short- 
est lifetimes in Table 1, and it is 
expected on theoretical grounds that 
both will lie in the range of 10-'"0 
lo-'' second. These extremely short 
lifetimes which are predicted for the 
two observcd electromagnetic decays 
(as well as for the as-yet-unobserved 
neutral anti-2-hyperon) are still long 
on the nuclear time scale (by a factor 
of 104 or more, since the characteristic 
nuclear lifetime Is 1 0 4 ~ e c o n d - a  
nuclear dinlension of lo-" centimeter 
divided by the velocity of light) and 
justify the inclusion of these particles 
in the list of elementary particles. None 
of the other unstable particles shown 
in Table 1 emits photons in its domi- 
nant mode of decay. 

The unstable particles whose domi- 
nant modes of decay do not involve 
emission of photons have lifetimes 
which range from lo-'' second to lo3 
seconds, a factor of lo". This enormous 
range in lifetime would appear to indi- 
cate a great diversity in the types of 
forces which are responsible for the 

corresponding decay processes. In actual 
fact, it seems possible to explain all 
of these decays by essentially a single 
type of interaction, which is called the 
universal weak force. The enormous 
range in lifetime is explained by a very 
sensitive dependence of the lifetime for 
weak decays on available energy (that 
is, the so-called Q value), ranging from 
a lifetime of 0.8 x 10-'"second and 
a Q value of 115 Mev for the 2' life- 
time to a lifetime of 10' seconds and a 
Q value of 0.75 Mev for the neutron. 
It is important to note that not all 
weak decay processes which are con- 
sistent with the conservation of angular 
momentum, charge number, baryon 
number, and lepton number are actually 
observed. For example, the decay 
process p =+ 3e has never been ob- 
served, although this process satisfies 
all the conservation laws satisfied by 
the well-known decay process p + e 4 
v 4 Other examples could be given 
of weak decay processes which are not 
observed and which are as consistent 
with the absolute conservation laws and 
have as much available energy (so that 
the phase space factors are not un- 
favorable) as those which are observed. 
It appears necessary to introduce addi- 
tional selection rules, other than those 
already cited, in order to understand 
this phenomenon. 

Since the lifetimes of the three un- 
stable particles and antiparticles whose 
dominant modes of decay involve the 
emission of photons are much shorter 
than the lifetimes of the 20 other un- 
stable particles and antiparticles. whose 
dominant modes of decay do not in- 
volve the emission of photons, the 
question naturally arises as to why 
these electromagnetic modes of decay 
do not prevail for all unstable particles. 
Since an electromagnetic lifetime is 
almost certainly shorter than 4 X LO-" 
second (the upper limit for the lifetime 
of the neutral pion), there is at least 
a factor of 10" in favor of an electro- 
magnetic decay process over a non- 
electromagnetic decay. The failure to 
take advantage of such a large factor 
can only be explained by some sort of 
selection rule which forbids the fast 
electromagnetic decays of the particles 
within each class (of leptons, mesons, 
and baryons). For example, within 
the baryon class, the potentially fast 
electronlagnetic decays like 2' -+ p 4 y 
and 8- + 2- 4 y do not take place, 
whereas the fast electromagnetic decay 
process 2' + -1 +- y does take place. 
Within the meson class, the potentially 

fast electromagnetic decay processes 
like K" 2y and K+ -+ T+ + 2y do not 
take place, whereas the fast electro- 
magnetic decay z0 + 27 does take 
place. Within the lepton class, the ab- 
sence of the potentially fast electro- 
magnetic decay process p- + e- + y 
has to be understood. 

Strangeness Quantum Number 

We are therefore faced with the 
necessity of introducing a new quantum 
number in order to forbid the fast 
electromagnetic decay processes which 
could otherwise take place in accord- 
ance with the absolute conservation 
laws of angular momentum, charge 
number, baryon number, and lepton 
number. This new quantum number 
is the strangeness number S, and both 
the observed and unobserved electro- 
xnagnetic decays can be understood if 
we make a suitable assignment of this 
quantunz number S to each of the ele- 
mentary particles and insist upon the 
conservation of S in all processcs in- 
volving the electronlagnetic force. In 
Table 1 we have listed the assignments 
of the strangeness number for each of 
the elementary particles. It is con- 
venient to assign the value S = O to 
the lightest particle within each of the 
four classes-that is, to the photon, the 
"light9' lepton, the pion, and the nucle- 
on. Such an assignment, plus the re- 
quirement of S conservation, allows the 
fast electromagnetic decay process 
T0-+2y. It then seems appropriate to 
change this quantum number by one 
unit as one proceeds to the heavier mem- 
bers of each class of particles. In this 
fashion, one assigns a strangeness quan- 
tum number, S = -1, to the muon, al- 
though sxrcb an assignment is actually 
not needed in order to explain the ab- 
sence of the fast electromagnetic decay 
P- -+ e- + r. An assignment of S = t 1 
to the kaon, S = +- -1 to the -3- and 
2-hyperons, and S = -2 to the E- 
hyperon would then allow the fast 
electromagnetic decay 2" -,h $ y 
and forbid the fast electromagnetic de- 
cay of all the other particles within the 
meson and baryon classes. The strange- 
ness number S, like Q, B, and L, is an 
"additive" quantum number, so that S 
for the antiparticle is the negative of 
S for the particle. 

It is interesting to note that while 
the weak decay processes are consistent 
with the absolute conservation laws of 
angular momentum, charge number, 
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baryon number, and lepton number, 
they are not consistent with the con- 
servation of strangeness number, as the 
fast electromagnetic decays are. Ex- 
amination of the decay modes in Table 
1 shows that in the weak decays, the 
strangeness number may remain un- 
altered (compare the neutron decay) 
or may change by one unit (compare 
the h decay or the K decay) ; it appears 
that the selection rule for the weak 
decays is AS = 0 & 1. In  the case 
of the %-hyperon, where a weak decay 
with AS = 2 could take place (for 
example, E- h n + T-), there is no 
evidence for such a process despite the 
fact that more phase space is available 
than for the decay E- + h +- 7;' which 
does take place. It appears that a 
change of AS by as much as two units 
is not allowed even for the processes 
governed by the weak force. 

Of course, it is not remarkable that 
the conservation of the strangeness 
number S explains the observed facts 
concerning the fast electromagnetic de- 
cays of the elementary particles since, 
in a sense, we have simply introduced 
this new quantum number in order to 
account for these facts. What is re- 
markable is that the same conservation 
law of strangeness number holds for 
the strong or nuclear-type forces be- 
tween mesons and baryons and has been 
confirmed in a wide variety of ways for 
physical processes governed by these 
strong forces. First of all, we have an 
explanation of the reason why decays 
such as K' h T' + T" A h p + T-, 
2' + p + TO, and so on, do not take 
place extremely rapidly (with lifetimes 
of the order of 10 " second-the nuclear 
lifetime-by virtue of the strong forces) ; 
they all violate the conservation of the 
strangeness number. The much longer 
lifetimes which are observed correspond 
to decays which occur through the 
weak forces and are permitted even 
though the strangeness number is not 
conserved. It is to be noted that all of 
the above reactions are consistent with 
the conservation laws of charge, baryon, 
and lepton numbers (in addition to 
energy, momentum, and so on).  

A second important consequence of 
strangeness conservation for the strong 
forces is that the production of particles 
with S # 0 (called strange particles) 
must take place at least in pairs if the 
initial state only involves ordinary par- 
ticles (that is, particles with S = 0, 
such as pions and nucleons). Thus, 
in nucleon-nucleon and in pion-nucleon 
collisions, the production of h- and 

2-hyperons requires the simultaneous 
production of the K h n d  Kt mesons. 
'The production of 2-hyperons requires 
the simultaneous production of two 
kaons with positive strangeness number. 
In other words, there is associated pro- 
duction of strange particles. Moreover, 
strangeness conservation implies that 
the production of the K- or meson 
can only take place if there is sufficient 
energy to produce simultaneously the 
K+ or KO meson; this provides an im- 
mediate explanation of the much lower 
energy threshold observed for produc- 
tion of K' mesons than for K- mesons, 
a difference that exists despite the fact 
that the masses of the positive and neg- 
ative kaons are identical. It is found 
that the imposition of the requirement 
of conservation of the strangeness num- 
ber is consistent with all physical 
processes which occur by virtue of the 
strong and electromagnetic forces but 
is not consistent with all the weak 
processes. 

Three Types of Forces 

In commenting upon the properties 
of the elementary particles I have re- 
ferred to three types of forces which 
are responsible for the various types of 
processes in which the elementary par- 
ticles are involved. The three types of 
forces (which at this stage, do not 
seem to bear any relationship to each 
other) are, to repeat, the strong or 
nuclear force, the electromagnetic force, 
and the weak force. Of the four classes 
of elementary particles-photon, lep- 
ton, meson, and baryon-the photon 
is the carrier, so to speak, of the 
electromagnetic force and does not 
exert a weak or strong force on any of 
the other particles. The charged members 
of the lepton class of particles experi- 
ence electromagnetic forces due to the 
other particles (the neutrino does not, 
because it possesses no charge and no 
magnetic moment), whereas all the 
members of the lepton class interact 
weakly with each other and with the 
members of the meson -and baryon 
classes. As regards the meson and 
baryon classes, we can say that, in 
general, the members of these two 
classes interact strongly with each other, 
interact electromagnetically with all the 
elementary particles, and interact weak- 
ly with each other and with the mem- 
bers of the lepton class. 

As I have stated, the three forces 
under consideration are, in order of 

decreasing strength, strong or nuclear 
force, electromagnetic force, and weak 
force. It is useful to give a quantitative 
estimate of a dimensionless constant 
which is characteristic of each of the 
forces. The most familiar of the forces, 
the electromagnetic, is the one of inter- 
mediate strength, where the dimension- 
less constant which crops up whenever 
any electromagnetic process is calculated 
is the fine-structure constant 

where e is the elementary charge, h is 
Planck's constant over 2 ~ ,  and c is the 
velocity of light. It is important to 
note that the charge e, which enters 
into the fine-structure constant, is a 
measure of the strength of the inter- 
action of a charged particle with the 
electromagnetic field. The analog of 
the fine-structure constant in the case 
of the strong or nuclear force is a 
dimensionless constant gV4rfic = 15, 
where g is the pion-nucleon coupling 
constant. The pion-nucleon coupling 
constant has been chosen because its 
value is much better known from pion 
scattering experiments (on nucleons) 
and from the nuclear force between two 
nucleons (which is attributed chiefly to 
the pion field). 

For both the electromagnetic and 
strong forces, a dinlensionless constant 
emerges in a natural way by considering 
e or g, which measures the strength of 
the corresponding force. In the case 
of the weak force, the characteristic 
coupling constant has a different dimen- 
sion, and it is necessary to perform 
some manipulations in order to obtain 
a dimensionless constant characteristic 
of the weak force. The coupling con- 
stant for p decay, G, which is the most 
extensively studied of the weak forces, 
has the value 1.4 x 10-" erg x cubic 
centimeter. A dimensionless constant 
characteristic of the weak force is then 
obtained by taking G 2  (he)-' x 
(hlpc)-" 5 x is the pion 
mass). In order to obtain a dimension- 
less constant, we have used the pion 
Compton wavelength (B/pc) ; however, 
it is clear that the result which would 
be obtained by utilizing the Compton 
wavelength of some other particle 
would not alter the essential conclusion, 
which is that the weak force is ex- 
tremely weak (by many powers of 10) 
as compared to the electromagnetic and 
strong forces. 

There is one further force which is 
extremely important for the macro- 
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scopic world, to which no reference has 
thus far been made-namely, the gravi- 
tational force. However, the dimension- 
less constant characteristic of the 
gravitational force, which is obtained 
by using the (large) baryon mass, is 
K M ' / ~ C  = 2 x [K (= 6.7 x 10 
dyne cmVgm" is the gravitational 
constant]. This extraordinarily small 
number justifies the complete neglect 
of the gravitational force in discussing 
the elementary particles. 

I have already indicated that certain 
absolute conservation laws (of energy, 
momentum, angular momentum, charge 
number, baryon number, and lepton 
number) govern all three types of force 
which are of importance for the ele- 
mentary particles. I have also referred 
to at least one conservation law which 
holds for some of the forces but not 
all-that is, the conservation of strange- 
ness number is supposed to be valid 
for the electromagnetic and strong 
forces but not for the weak forces. 
There is at least one additional absolute 
conservation law (time reversal in- 
variance) which holds for all three 
types of force, and there are at least 
three approximate conservation laws 
(parity conservation, charge conjuga- 
tion invariance, and isotopic spin con- 
servation) which hold for at least one 
of the forces but not for all. It appears 
that the strong forces are governed by 
the largest number of conservation laws 
(and therefore are subject to the largest 
number of invariance principles), with 
the electromagnetic interactions gov- 
erned by fewer and the weak inter- 
actions subject to the least number of 
conservation laws. The correlation be- 
tween the strength of the interaction 
and the number of conservation laws is 
ccrtainly one of the important problems 
in the field of elementary particle 
physics. 

Conservation of Parity, Charge 
Conjugation, Time Reversal 

In conclusion, I shall comment briefly 
on the conservation laws of parity, 
charge conjugation, and time reversal. 
These conservation laws were accepted 
as a priori principles for many years. 
Then in 1956 came the shocking 
demonstration of parity breakdown in 
beta-decay processes, and since then all 
three conservation laws have been re- 
investigated experinlentally under all 
types of conditions. We can summarize 
the experimental situation at the present 
time as follows. In the domain of strong 

forces, an experimental search for parity 
nonconservation has been made in con- 
nection with ordinary nuclear forces, the 
T N  (pion-nucleon) force, and the 
AKN force. No  evidence has been 
found for parity nonconservation. There 
is similarly no experimental evidence 
for parity nonconservation in electro- 
magnetic transition in atoms and nuclei. 
We may conclude that, just as for the 
strong forces, there is no experimental 
evidence for parity nonconservation in 
electromagnetic forces. 

The situation is spectacularly differ- 
ent for the weak forces. There are 
literally dozens of experiments where 
parity nonconservation has been dem- 
onstrated in an unambiguous fashion. 
Indeed, one of the most striking aspects 
of all of these experiments is that the 
parity breakdown is usually con~plete. 
Parity nonconservation effects have been 
found in all types of weak processes: 
in connection with the leptonic decays 
of the nucleon, muon, pion, and kaon 
and the nonleptonic decay modes of 
the hyperons. We are thus led to the 
over-all conclusion that there is abso- 
lutely no experimental evidence for the 
nonconservation of parity for the strong 
and electromagnetic forces but that 
there is overwhelming evidence for the 
maximum nonconservation of parity for 
all the weak forces, whether they in- 
volve leptons, mesons, or baryons, 
strange or  non-strange. 

Next, consider the experimental evi- 
dence for the charge conjugation in- 
variance of the strong, electromagnetic, 
and weak forces among the elementary 
particles. In  order to decide whether a 
force is invariant under charge con- 
jugation, we must compare a given 
physical process governed by this force 
with the charge conjugation transform 
of this physical process-namely, the 
physical process obtained by replacing 
every particle by its antiparticle. If 
the physical process and its charge 
conjugation transform governed by a 
given force are not identical (with 
respect to their cross sections, prop- 
erties of the decay products, and so 
on), we can conclude that the force is 
not invariant under charge conjugation. 
It turns out that the experimental situ- 
ation with regard to charge conjugation 
invariance is similar to that for parity 
conservation. Both the strong and 
electromagnetic forces are invariant 
under charge conjugation, whereas 
there is unequivocal experimental evi- 
dence for the breakdown of charge 
conjugation invariance in physical 
processes governed by the weak force. 

In the case of the weak force, direct 
experimental evidence for the failure 
of charge conjugation invariance comes 
from the observation that the helicities 
(that is, left- or right-handedness) of 
the electron and positron are opposite 
from the and p* decays, respectively; 
that the helicities of the p- and ,LL+ are 
opposite from the T' and T+ decays, 
respectively; and that the helicities of 
the neutrino and antineutrino are op- 
posite in all decays in which they are 
involved. If these weak decays were 
invariant under charge conjugation, the 
particles and antiparticles would have 
to come out with the same zero helicity. 
Since the particles come out with 
opposite finite helicities, the breakdown 
of charge conjugation invariance is 
proved for the weak force. 

A serious effort has also been made 
to ascertain whether time reversal in- 
variance breaks down for any of the 
three forces. All the available evidence 
is in favor of the time reversal invari- 
ance of all physical processes-those 
governed by the weak force as well as 
those governed by the strong and elec- 
tromagnetic forces. 

Now there is a famous ("CPT") 
theorem which says that if physical 
processes obey Einstein's laws of special 
relativity, then they will be invariant 
under the product of the operations of 
charge conjugation (C)  , parity (P) , 
and time reversal (T). We therefore 
reach the interesting conclusion that 
since all the forces among the elemen- 
tary particles (strong, electromagnetic, 
and weak) appear to be invariant under 
the time reversal operation, they must 
be invariant under the product of the 
charge conjugation and parity opera- 
tions (that is, we have CP invariance). 
This is a trivial statement for the strong 
and electromagnetic forces, since they 
are separately invariant under C and P.  
However, the weak forces are separate- 
ly nonilzvariant under C and P, but 
nevertheless it turns out (as a result 
of the CPT theorem and their invari- 
ance under T) that they are invariant 
under the product of the two operations 
C and P. An understanding of the fact 
that all forces among the elementary 
particles are CP-invariant, with the weak 
force separately noninvariant under C 
and P, is another intriguing problem of 
elementary particle physics. 

Note  

1. The Russian5 have recently produced an anti- 
2-hyperon with their 10 Bev accelerator at 
Dubna. 

2. These experiments are discussed in G .  Feinberg 
and M. Goldhaber, Pt.oc. Null .  Acud. Sci. U . S .  
45 (1959). 
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