
10 September 1965, Volume 149, Number 3689 

Quantum Theory an 
Elementary Particle 

Recent discoveries, including new symmetries, haa 
carried the search for elementary particles to a new leve 

Victor F. Weissko 

All these things being considered, it 
seems probable to me that God in the 
beginning formed Matter in solid, massy, 
hard, impenetrable, moveable Particles, 
of such Sizes and Figures, and with such 
other Properties, and in such Proportion 
to Space, as most conduced to the End 
for which he formed them; and that these 
primitive Particles being Solids, are in- 
comparably harder than any porous 
Bodies compounded of them; even so 
very hard, as never to wear or break in 
pieces; no ordinary Power being able to 
divide what God himself made in the 
first Creation. While the Particles con- 
tinue entire, they may compose Bodies 
of one and the same Nature and Texture 
in all Ages: But should they wear away, 
or break in pieces, the Nature of Things 
depending on them would be changed. 
Water and Earth, composed of old worn 
Particles and Fragments of Particles, 
would not be of the same Nature and 
Texture now, with Water and Earth 
composed of entire Particles in the Be- 
ginning. And therefore, that Nature may 
be lasting, the Changes of corporeal 
Things are to be placed only in the var- 
ious Separations and new Associations 
and Motions of these permanent Particles. 

-NEWTON (1) 

In this well-known and justly famous 
statement, Newton recognizes the logi- 
cal necessity of elementary particles in 
order to explain the existence of ma- 
terials with well-defined properties, such 
as "Water" or "Earth," metal or min- 
eral, liquid or gas, and with char- 
acteristic and ever-recurring qualities. 
Matter must be composed of some 
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two symmetries which are decisive. One 
is the symmetry of space, rotational 
and translational, and the other is the 
symmetry of permutation, the identity 
of electrons. 

d The space symmetry determines the 
character and shape of the atomic 
states. It admits scalar waves with one 

'S component, spinor waves with two com- 
ponents, and so on. The shape of the 
states follows from the spherical sym- 

Ie metry of the nuclear Coulomb field: 
I.~ ~ the states of lowest energy must be 

simple spherical harmonics. 
The permutation symmetry admits 

pf two alternatives: the quantum state 
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ticles. Nature chose the second alterna- 
tive for electrons, which gives rise to 

qualities are the Pauli principle. We know today 
ay are called that the spinor character of electron 
qewton faces waves is a necessary consequence of 
le elementary this. This is where the large variety of 
must possess atomic shapes comes from, since elec- 
o not change trons are forced into higher and dif- 
1 not "wear ferent forms when the lower ones are 
)uld be im- occupied. In many ways, the Pauli 
reatment. He principle replaces the classical concept 
assuming that of impenetrability or hardness. Two 
hard" and in- identical particles, obeying the prin- 
Lry power. But ciple, can never be brought to the same 
is is not so. place. It is therefore reasonable to re- 

a very ordi- serve the term "particle" for the en- 
by lighting a tities which obey the Pauli principle. 

;ess an intrin- The spectrum of atomic energy 
ite themselves levels reflects the basic symmetries. 
ditions are re- They produce characteristic groups of 
n ascribes to levels-the multiplets-whose multiplic- 
ippens every- ity, wave form, and other properties 
We find well- are determined by the symmetry. We 
ermanence of arrive in that way at a classification 

scheme of atomic levels by means of 
Newton did the spin and angular-momentum quan- 

Id upon quan- tur numbers. 
rased upon a It is important to keep in mind that 
y that energy these symmetries do not determine all 
try and shape. properties of the quantum states. They 
uires that the determine the general shape and many 
exhibit simple other features, such as the structure of 
mined by the the level spectrum and details regard- 

internal con- 
m. It is this 

shape-giving 
rld, there are 

The author is director-general of the European 
Organization for Nuclear Research (CERN), 
Geneva, Switzerland. This article was originally 
a talk given before the American Physical So- 
ciety in Washington, D.C., 23 April 1965. 

1181 



ing transition probabilities. They do 
not give the size or the energies of 
the quantum states. These properties 
are determined by the strength and by 
the nature of the forces with which 
the particles are bound within the sys- 
tem. The symmetries alone are not suf- 
ficient for a complete description of a 
system; a knowledge of the dynamic 
conditions is required. 

Quantum Mechanics and 

"Permanent Particles" 

Let us now return to Newton's re- 
marks. Does quantum mechanics of 
atomic structure fully remove the dif- 

ficulty which Newton brought forward? 
It leads to an essential insight into the 
origin of fundamental shapes in nature: 
intrinsic shape and ever-recurring prop- 
erties of atoms are possible without the 
atoms' being incomparably hard. But 
Newton would not have been complete- 
ly satisfied with this answer, because 
our conclusions are based upon the 
existence of other particles, electrons 

and nuclei, which themselves possess 
intrinsic properties, such as mass, 
charge, spin, and magnetic moment. So 
the question obviously is raised again 
on a new level. Are the atomic con- 
stituents incomparably hard? Is there 
an ordinary power that can take them 
apart? 

As far as the nuclei are concerned, 
the answer is known. Nuclei can be 
taken apart by ordinary power; they 
consist of protons and neutrons. The 
intrinsic shapes and forms of nuclei 
are determined by the same sym- 
metries as the atomic shapes. This is 
why nuclear physics is similar in so 
many ways to atomic physics, for in- 
stance with respect to shell structure 
and multiplet structure of the spectra. 
But nuclear quantum states are domi- 
nated by an additional symmetry: nu- 
clear forces are independent of the na- 
ture of the nucleon, whether it is a 
neutron or a proton. This dichotomy 
is analogous to the dichotomy of the 
two spin directions and, therefore, this 
additional symmetry takes the form of 
an invariance with regard to rotations 

of a symbolic spin, the isotopic spin. 
Hence nuclear quantum states have one 
more characteristic quantum number, 
which makes it possible to group nu- 
clear levels into super-multiplets reflect- 
ing this new symmetry. 

The isotopic symmetry brings in a 
new feature: the multiplets contain 
states of different charge: isobaric nu- 
clei of different charge belong to the 
same spectrum and can be considered 
as states of the same system. Another 
new feature should be mentioned here, 
too: in the atom, transitions between 
states of the spectrum are accompanied 
by the emission or absorption of light 
quanta, at least in isolated systems. In 
the nucleus we find a new way of going 
from an excited state to a lower state, 
namely by the emission of a lepton 
pair, a pair consisting of an electron 
and a neutrino. Such transitions occur, 
of course, between states of different 
charge. Apart from this and the addi- 
tional symmetry, nuclear structure and 

dynamics resemble closely the structure 
and dynamics of atoms. 

Here again we must keep in mind 
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that symmetries determine only the 

shape of the quantum states and their 

groupings into multiplets. The actual 
size of the states and the characteristic 

energies are determined by the relevant 
forces. It is, therefore, of interest to 

compare atomic with nuclear sizes and 

energies. The atom is held together by 
an electric force whose potential is giv- 
en by e2/r with e2/hc = 1/137, e be- 

ing the electronic charge, r the distance 
from the center of the field, h Planck's 

constant, and c the velocity of light. 
From this it follows that atomic sizes 
are of the order of a Bohr radius a = 

h2/me2 and atomic energies of the 
order of the Rydberg Ry = me4/h2, 
with m being the electron mass. The 
nucleus is held together by a nuclear 
force whose potential is somewhat more 

complicated, but whose most relevant 
contribution has the Yukawa form 

(g2/r)[exp(-r/ro)] 

where g2/hc = 0.08 and r, is the range 
of nuclear forces. If, for a moment, 
we set the exponential factor equal to 

unity, we get the same kind of potential 
as in atoms and would expect the size 
of nuclei to be of the order of a "nu- 
clear Bohr radius" a- = h2/Mg2 =2.5 

X I0-"1 cm where M is the nucleon 
mass, and nuclear energies to be of the 
order of a "nuclear Rydberg" R. = 

Mg4/h2 = 6 Mev. These values do 
indeed give a good orientation as to the 
sizes and energies of nuclear phenom- 
ena. The fact that aN is of the same 
order as the range of nuclear forces is 
a justification for the omission of the 

exponential factor in the Yukawa force. 

The Baryon 

Would Newton have been satisfied 
at this point? Not completely; the num- 
ber of elementary particles is essentially 
reduced to three: proton, neutron, elec- 
tron. (We do not count the light quan- 
tum among particles, since it is the 

quantum of the electromagnetic field 
and obeys Bose statistics. The neutrino 
is excluded because it never appears as 
a constituent of matter.) But the exist- 
ence of these particles still remains 
an assumption: they have "God-given" 
properties and may have to be "in- 

comparably hard" so as not to change 
their properties when in use. 

Let us first look at the situation re- 

garding the proton and the neutron. 
So far nobody has taken a nucleon 

apart. The Rutherford of this stage is 
not yet known. It seems probable, how- 
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I, isotopic spin; j, ordinary spin. 

ever, that the nucleon is not "incom- 

parably hard" either. Indications of an 
internal structure are clearly present; 
there exists a spectrum of excited states 
of the nucleon. These are not usually 
called excited states, but the observed 

phenomena can hardly be interpreted 
differently. What do we observe? When 
the nucleon is exposed to any kind of 

high-energy beams, it is transformed 
into short-lived states of higher energy, 
which are known under various names, 
such as "hyperons" or "resonances." 
The name "baryon" will be used for 

the entity which appears in the form 

of proton or neutron, or in the form 

of its excited states. In the spectrum of 

baryon states (see Fig. 1), the proton 
and the neutron figure as the ground 
states-they form a ground-state doub- 

let. Exactly speaking, the neutron also 

is an excited state of the proton. All 

other states can be reached by supply- 
ing the nucleon in the ground state 

with the necessary excitation energy in 

one form or another. Some of the ex- 

cited states have different charges from 

the ground state; some have different 

strangeness or hypercharge-a new 

property which turns up for the first 

time in these phenomena. The excited 

states return to the ground state in 

one or several steps, with the emission 

of ~r mesons, K mesons, light quanta, 
or electron-neutrino (lepton) pairs. 

The charged mesons and the lepton 

pairs are charge carriers and therefore 
are emitted when there is a charge dif- 

ference between excited and ground 
state; the K mesons are also strange- 
ness carriers and are emitted when the 

strangeness changes. The K meson car- 

ries a positive unit of strangeness, the 

anti-K meson (K) carries a negative 
unit. 

In atoms, transitions between quan- 
tum states take place mostly by light 
emission or absorption; that is, by cou- 

N*++ I=3/2 j=3/ 

state and the ground state of the baryon. 

pling with the electromagnetic field. In 
atomic nuclei we find, in addition to 

light emission, lepton-pair emissions 

(electron-neutrino pairs), which are 

produced by weak interaction coupling 
with the lepton field. In the baryon 
spectrum we find, in addition to those 
two kinds of emissions, transitions with 
meson emission, which is transacted by 
the strong interaction of nucleons with 
a meson field. All three couplings are 
active in any of the three cases. But 
the energy differences between atomic 
states are too small to allow the emis- 
sion of lepton pairs, for which an ener- 

gy of at least 0.51 Mev is needed 
because one of the leptons must be an 

electron; the differences between nu- 
clear states are large enough for lep- 
ton-pair emission (/ radioactivity) but 
too small for the emission of mesons, 
the smallest of which has a mass of 
about 140 Mev. In the spectrum of 
the baryon, however, the transitions are 

paid for in a new currency-the mes- 

ons-although the ordinary currency- 
light quanta and lepton pairs-is not 
excluded. 

Let us quote a few examples of 
transition between nucleon states: the 

simplest example is the emission of a 
r- meson in the transition from the first 
excited baryon state, a multiplet with 
the isotopic and ordinary spin of 3/2. 
This state has the same strangeness 
as the ground state; the transition is 
therefore accompanied by the emission 
of a r meson. The charge of the emit- 
ted T meson depends on the charge 
difference between the two combining 
states (see Fig. 2). Another example 
would be the transition from a highly 
excited state of strangeness different 
from that of the ground state: there 
a K meson would be emitted, in order 
to carry away the difference in 

strangeness. An odd situation occurs 
with the lower excited states of dif- 
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ferent strangeness such as the ones des- 

ignated by the symbols X, A, and ~. 
They cannot de-excite by K emission 
into the ground state, because the mass 
of the K meson is higher than the 

energy difference. These states, there- 
fore, would be stable if the conserva- 
tion of strangeness were an exact law 
(as the conservation of ordinary charge 
is). In fact, however, strangeness is 
conserved in all interactions except the 
weak interaction. Therefore, there exist 

very slow transitions from those states 
to the ground state with emission of 
7r mesons or lepton pairs, mediated by 
weak interactions. Hence, the lowest 
states with strangeness different from 
zero are metastable and decay slowly 
into the only real stable state, which 
is the proton. 

The excitation of these metastable 
states takes place mostly in a two-step 
process: first the nucleon is excited into 

one of the higher states, without change 
of strangeness, by proton collision or 

pion absorption; then a transition to a 
state of different hypercharge takes 

place, with the emission of a K meson. 
This is called associated production, 
since the end product consists of two 
entities of opposite strangeness: an ex- 
cited baryon and a K meson. 

The Boson Spectrum 

Experiments with high-energy ac- 
celerators have revealed not only a 
spectrum of excited states of the nu- 
cleon, but also a second spectrum: the 

spectrum of mesons, or boson spec- 
trum (see Fig. 3). A careful analysis 
of the mesons produced by high-energy 
collisions has revealed that the 7r mes- 
on and the K meson are not the only 
forms in which mesons appear. There 

exists a series of excited states referred 
to by various letters: p meson, o mes- 
on, Vr meson, and so on, of which 
the 7r- and the K meson are the low- 
est states. In fact, neither the 7r- nor 
the K meson itself is really stable. 
Both decay by weak interactions into 

leptons. Hence they should be consid- 
ered as true ground states of the meson 
spectrum only if the weak interactions 
are neglected. 

In transitions from an excited state 
to a lower one, also, the energy dif- 
ference is emitted mostly in forms of 
mesons. For example, the so-called p 
meson decays into two 7r mesons. We 
can interpret this as a transition from 
the p meson state to the lower r meson 
state, with the emission of another r 

meson. Figure 3 shows the most im- 
portant meson quantum states known 
today and indicates their quantum num- 
bers. Here, as in the baryon spectrum, 
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we find the same quantum numbers as 
in nuclear spectra-ordinary and iso- 
topic spin and parity-and also the 
new strangeness quantum number. 

The existence of such excited meson 
states is perhaps not so surprising as 
one might think. Let us consider the 
situation from the point of view of 
the analogy between light quanta and 
mesons. Both entities are quanta of a 
field; the quantum of the electromag- 
netic field with its source (the charge) 
is determined by the small constant 
e2/hc = 1/137; it is a weak coupling. 
The coupling of the nuclear field to 
its source (the nucleons) is very much 
stronger. The corresponding magnitude 
G?/hc is about 15. This is much larg- 
er than the magnitude g/hc 0.08 
which was used in estimating the 
strength of nuclear forces within nuclei; 
the nuclear forces have the peculiar 
property of being quite weak between 
nucleons whose relative momentum is 
nonrelativistic, as it is in the case of 
motion within nuclei. For that special 
situation the relevant coupling is re- 
duced by a factor g2/G2 = (m /2M), 
where m, is the pion mass and M 
is the nucleon mass. It .has its large 
value, however, under general condi- 
tions such as those for fields acting 
between particles of high relative mo- 
mentum or between particles and anti- 
particles. 

It is because of this circumstance 
that we can have a theory of nu- 
clear structure based upon relatively 
weakly interacting proton-neutron sys- 
tems without recurrence to the higher 
baryon states. If the relevant interac- 
tion constant in nuclear structure were 
as large as G, the nuclear excitations 
would be of the order of the baryon 
excitations; nuclear physics and elemen- 
tary particle physics would be as close- 
ly related as meson physics and baryon 
physics. 

A very strong coupling between field 
and source would have a number of 
consequences, some of which can be 
understood by extrapolation from elec- 
trodynamics. It is known, for example, 
that two light quanta interact weakly 
with each other. If the coupling con- 
stant were larger than unity, however, 
the interaction would become large and 
would be comparable with energy of 
the quanta. It would not be surprising, 
then, to find states in which several 
field quanta are bundled together. Such 
bundles are perhaps an appropriate de- 
scription of the nature of excited meson 
states. There remains a question why 
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no meson with rest mass zero exists in 
analogy to the light quantum. Is this 
also a consequence of strong interac- 
tion, or is there an essential difference 
between electromagnetic and mesonic 
fields? This is a most interesting prob- 
lem which at present is left in complete 
darkness. 

The above-mentioned interaction of 
light quanta comes from the fact that 
the two quanta can form virtual elec- 
tron-positron pairs. Since the coupling 
constant between nucleons and mesons 
is large, the virtual pair states would 
play a much more important role in 
meson states. In fact, it would not be 
unreasonable to consider the meson 
states as states of the baryon-antibaryon 
system. There cannot be an essential 
difference between a bundle of field 
quanta and a state of the baryon-anti- 
baryon system, since the former can 
produce the latter and vice versa. Be- 
cause of the strong interaction, any 
such bundle will contain a considerable 
fraction of baryon-antibaryon pairs of 
equal spin and symmetry. 

Baryons Guarantee Stability 

Not only mesons but also baryons 
should really be considered as surround- 
ed by virtual baryon-antibaryon pairs. 
After all, the strong meson field in 
the neighborhood of the baryon must 
also give rise to virtual pairs. The physi- 
cal baryon and the physical meson are 
in fact extremely complicated systems 
which can be described as mixtures of 
many different states: they contain any 
number of baryon pairs and meson 
bundles, compatible with the quantum 
numbers. The basic difference between 
the baryon and the boson states lies in 
the total number B of baryons present. 
The baryon spectrum contains all states 
of matter in which this number is unity 
(the antibaryons are counted negative), 
the boson spectrum contains the states 
with B = 0. 

The spectrum of states with B > 1 
Would contain the spectra of nuclei 
with a nucleon number A = B and 
also the spectra of the isobaric hyper- 
nuclei. Such a spectrum would have a 
coarse and a fine structure. The fine 
structures are the ordinary nuclear and 
hypernuclear spectra which are built 
upon a coarse structure resulting from 
one or more nucleons' being in an ex- 
cited state. 

Here we recognize the reason why, 
in the meson spectrum, even the low- 

est states are metastable and decay by 
weak interaction into lepton pairs, 
whereas the ground state of the baryon 
spectrum-the proton-is really stable, 
and so are the ground states of all spec- 
tra with B > 1. The baryon number 
B is a quantity which is conserved in 
all interactions; hence only mesons can 
disappear by disintegrating into lep- 
tons; baryons must remain forever, a 
guarantee for the stability of our 
world. 

When looking in this way at the 
baryons and mesons, one might be 
prompted to say that a meson is noth- 
ing but a given state of a baryon-anti- 
baryon system or that any given state 
of the baryon is nothing but a com- 
bination of another baryon state and 
a few mesons. In other words, any of 
these states can be thought to be a 
combination of others. An ambitious 
attempt to get a self-consistent descrip- 
tion of a group of particles in this 
way is known under the name of 
"bootstrap method"; one requires that 
the masses and interaction constants 
should be such that one obtains self- 
consistent results in any of the pos- 
sible combinations. 

The complex nature of the physical 
baryon or meson is used today for the 
explanation of interaction processes 
by picking out a particular feature of 
the mixed surrounding of the particles 
which may be essential for certain in- 
teractions. For example, a collision in 
which one unit of charge or strange- 
ness is transferred from one particle 
to the other is then described as the 
exchange of one meson carrying these 
properties. Such semi-quantitative 
methods succeed from time to time in 
explaining a few characteristic experi- 
mental features. One tries to single out 
a typical Feynman diagram which 
symbolizes one of the many possible 
interaction mechanisms, ascribing to it 
greater importance than to all other 
possible ones. This is known under the 
name of "peripheral processes." 

The two new spectra, the baryon 
spectrum and the boson spectrum, are 
not yet understood. They seem to indi- 
cate some internal structure of these 
entities, in the same sense as the atomic 
and the nuclear spectrum are reflec- 
tions of the internal dynamics of the 
atom and the nucleus. In the latter 
cases, however, we know the dynamics; 
we know that the atomic spectra repre- 
sent the quantum states of electron mo- 
tion in the Coulomb field and that the 
nuclear spectra represent the quantum 
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states of the nuclear motion under 
their mutual attraction. This knowl- 
edge allows us to establish the rules of 
symmetry which determine the relevant 
quantum numbers and the correspond- 
ing multiplets. It also allows us-in 
principle, at least-to calculate the 
energies, sizes, and other properties 
of the quantum states. 

The situation is different with regard 
to the baryon and boson spectra. We 
have no definite idea yet as to their 
dynamic basis. We cannot, therefore, 
predict any symmetry rules for them. 
However, empirical inspection of the 
spectra definitely reveals multiplet 
structures, which indicate the validity 
or approximate validity of certain sym- 
metries in a yet unknown dynamics. 
What are these symmetries? First of 
all, one is able to ascribe to each state 
a total angular momentum J leading 
to the usual (2J + 1)-fold degeneracy. 
This is obviously a reflection of the ro- 
tational symmetry of the situation and 
a consequence of the validity of our 
fundamental quantum-mechanical con- 
cepts. The decay patterns of unstable 
configurations exhibit the same geo- 
metrical shapes in simple spherical har- 
monics-which are the typical form 
elements of this symmetry. In fact, one 
has more occasion here than in the 
study of atomic or nuclear spectra to 
determine the angular momentum di- 
rectly by the geometrical shape. This 
is because in high-energy processes par- 
ticles are produced more often in 
polarized states than at lower energy. 

It is less obvious that there are also 
isotopic-spin multiplets, the characteris- 
tic groups of levels of almost equal 
energy which differ only in electric 
charge. The ground-state doublet (neu- 
tron-proton) is one example; the three 
7r mesons, 7-r+, r-, 7r?, are another. 
It seems that the charge independence 
found in nuclear structure carries over 
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into tihe baryon and boson structures. 
(Or, rather, the observed charge inde- 
pendence in the baryon and meson 
structures is the basic fact, from which 
it would follow that interactions be- 
tween nucleons and hence nuclear 
structure are also independent of 
charge.) The most interesting obser- 
vation, however, is the presence of an 
additional symmetry: it has to do with 
the hypercharge or strangeness. As 
mentioned before, each quantum state 
of the nucleon and of the boson can be 
ascribed a strangeness quantum num- 
ber. Evidently, the strangeness quantum 
number plays an important part in the 
ordering of these states. Is there any 
way in which it reflects a new sym- 
metry? 

SU(3) Symmetry 

This new symmetry has recently been 
discovered and is known as SU(3) 
symmetry. The SU(3) group which un- 
derlies this new symmetry is a generali- 
zation of the SU(2) group. The latter 
is the "special unitary group" based on 
two fundamental states and is well 
known as the group which underlies 
the ordinary spin or the isotopic spin 
formalism. It is based on the "dichoto- 
my" of two fundamental states-for 
example, the proton-neutron pair-and 
analyzes the properties of nuclear sys- 
tems, derived from the invariance to 
an exchange between that basic pair. 
It is well known that this formalism 
leads to a multiplet structure of the 
spectrum. We have, of course, the basic 
proton-neutron doublet (isotopic spin 
1/); furthermore, a system of two nu- 
cleons gives rise to singlets and triplets 
of isotopic spin 0 and 1, a system of 
three nucleons gives rise to doublets 
and quartets of isotopic spin ?/ and 
3/2, and so on. 

The SU(3) group starts with a 
"trichotomy" of three states; two of 
these represent a basic isotopic doublet 
with zero strangeness; the third is an 
entity whose isotopic spin is zero, but 
it carries a unit of strangeness which 
is usually assumed to be negative (see 
Fig. 4). Obviously, in the first attempts 
in this direction, the proton, the neu- 
tron, and the hyperon were considered 
to be the basic states of this funda- 
mental triplet. Soon it turned out that 
the situation is, in fact, more complex 
and more interesting. 

Let us look at the baryon spectrum. 
Here we find isotopic spins I = 1/2 
and 3/2 with strangeness S - 0, we 
find I - 0 and 1 with S = -1, 
and I = 1/2 with S = -2, and I = 
with S = -3 (see Fig. 5). What does 
this mean? It points toward the fact 
that the baryons behave as if they were 
combinations of three entities which 
are members of a basic trichotomy. 
These entities have received the ugly 
name of "quarks." (Let us not be con- 
fused by the fact that the number 
"three" is involved in two different 
ways: first, the "quark" exists in three 
basic states; second, the baryon is sup- 
posed to be a combination of three 
quarks.) Let us see how it works. 
There are three kinds of quarks: a pair 
of isotopic spin I = /2 with S = 0, 
and a third one with I = but S = --1. 
What kind of baryons can we build 
if each baryon must be a combination 
of three quarks? If all three are of 
the (I = 1/2, S = 0) kind, we get 
systems with I = 1/2 or 3/2 but 
S = 0; if two are of the (I = /2, 
S = 0) kind and one of the (I = 0, 
S -= -1) kind, we get systems with 
I = 0 or 1 and S = -1; if two 
are of the (I=0, S=-1) kind, 
we get I = /2 and S = -2; if all three 
are of the (I=0, S= -1) kind, 
we get I = 0 and S = -3. This is 
exactly what we find in the baryon 
spectrum. 

?Let us now look at the boson spec- 
trum. Here we observe the following 
characteristics: (i) a symmetry with re- 
gard to positive and negative strange- 
ness, any particle in one group having 
its antiparticle in the other; (ii) the 
fact that the S = 0 bosons are their 
own antiparticles; (iii) only I = 1/2 
for ISI = 1. This points to the fact 
that the bosons behave as if they were 
combinations of one quark and one 
antiquark. If the two quarks are of 
the type ( = 1/2, S = 0), such a 
combination would yield entities with 
I = 0, or 1, and S = 0, and they 
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would be their own antiparticles. If 
one quark is of the second type (I = 0, 
S - -1), one gets a meson of iso- 

topic spin 12 with S = +1 or -1, 
depending upon whether the quark or 
the antiquark is of the second type. 
The S = +1 and S = -1 combina- 
tions then are each other's antiparticles. 

A more quantitative exploitation of 
these ideas resulted in even more sur- 

prising agreements with the observed 
facts. If one assumes, for example, that 
the dynamic conditions which hold 
these hypothetical quarks together are 
invariant to an interchange of one of 
the three types of quark by another, 
then one can derive a super-multiplet 
structure for the levels of a three- 

quark system and of a quark-antiquark 
system. The formalism shows that the 
former system gives rise to singlets, 
octets, and decuplets, and the latter 
system to singlets and octets. For ex- 

ample, a baryon octet would consist 
of the proton, the neutron, the three 
Y's, the A, and the two S's. The decup- 
let would consist of the ten observed 

baryon states of angular momentum 
3/2. One of the boson octets would con- 
sist of the three pions, the two kaons, 
the two antikaons, and the r meson 

(see Figs. 1 and 2). 
The assumption of complete equiva- 

lence of the three types of quarks 
would lead to the result that the mem- 
bers of these multiplets have all the 
same mass. In fact, this is not so; 
they differ in energy by far more 
than the members of isotopic spin 
multiplets which, in fact, are sub- 

groups of the SU(3) multiplets. How- 
ever, the energy split within these mul- 
tiplets follows a regular pattern, and 
it is just the pattern predicted by the 
SU(3) formalism for the case in which 
a weak force existed which breaks the 
symmetry. 

Roughly speaking, this split can be 
reproduced by the simple, symmetry- 
breaking assumption that the quark 
which carries strangeness is heavier 
than the other two. It would explain 
the general tendency of mass to in- 
crease with increasing absolute values 
of strangeness. Finer considerations 
make it possible also to reproduce the 
mass splits between multiplet members 
of equal strangeness. The accuracy 
with which these predictions are ful- 
filled is most striking and has led to 
the prediction and subsequent discov- 
ery of the baryon state of strangeness 
-3, the famous A particle. The pre- 
dictions of approximate SU(3) sym- 
metry are not only confined to energy 
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splits; it is also possible to predict cer- 
tain quantitative relations between 
members of one multiplet with regard 
to other properties, such as magnetic 
moments, and transition probabilities. 
Also these predictions seem to be on 
the whole well fulfilled. 

SU(6) Symmetry 

Recently, theoretical physicists tried 
to combine not only isotopic spin and 

strangeness into a fundamental triplet, 
but to include also the dichotomy of 

ordinary spin. The quarks are con- 
sidered as particles with spin l/2; in- 
stead of the three basic states of the 

quark, there are then six basic states, 
since each one may have the ordinary 
spin directed up or down. If the con- 
ditions are assumed to be invariant 
also to the direction of the ordinary 
spin, one obtains the so-called SU(6) 
symmetry. The consequence of this 
wider symmetry is surprisingly well ful- 
filled. One finds, for example, that the 

quark-antiquark multiplets should exist 
for angular spin 0 and 1, and that 
the system of three quarks should have 
the total angular spin either 1/ or 
3/2, the decuplet appearing only with 
the second alternative. This is just 
what one finds in nature. In addition, 

I=1/2 0- .... - 

most interesting predictions can be 
made in regard to magnetic moments; 
for the first time the ratio 3/2 between 
the proton and the neutron moment 
has been explained by a theory. 

A remarkable aspect of this SU(6) 
symmetry is the amalgamation in one 
symmetry of both the angular and the 
isotopic spin. This may lead to a deep- 
er insight into the fundamental role of 
the spinor concept in our description 
of particles. So far, however, it has 
led to a number of difficulties. They 
come from the fact that the angular 
spin is inextricably connected with the 
orbital angular momentum. Remember 
that the angular momentum of a rela- 
tivistic particle consists of spin and 
orbital parts which are combined in 
a different way in the so-called "large" 
and in the "small" components. Only 
in the nonrelativistic limit can one 
speak of a pure angular spin dichot- 
omy. There is, of course, no such 
thing as an orbital momentum in the 
isotopic spin space. The analogy of 
isotopic spin and angular spin, which 
is based upon the dichotomy of basic 
states, breaks down under relativistic 
conditions. 

The successes of the new symmetries 
when applied to the description of ele- 
mentary-particle states are quite im- 
pressive. It seems that the states of 
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the baryon and of the meson are ar- 

ranged according to an orderly prin- 
ciple which we now begin to under- 
stand. They are grouped into mul- 

tiplets, which are characteristic of 

three-particle systems or of particle- 
antiparticle systems made of some sim- 

ple hypothetical units. However, this 
does not by any means imply that the 

baryon and meson are really made 

up of quarks in the same way as atoms 
are made up of nuclei and electrons. 
The triplet of quarks is used only for 
the purpose of constructing the some- 
what more complicated multiplets ob- 
served in the spectra. The following 
analogy may help to understand the 
situation: the light quantum carries a 

spin of 1; the simplest possible spin, 
however, is /2, and a spin of 1 can 
be considered as arising from a com- 
bination of two entities of spin 1/2. 

But it does not necessarily follow 
from this that the light quantum must 
be a system of two particles of spin 
2?. 

There are some conclusions which 
one can draw from the existence of 
those SU(3) or SU(6) multiplets. We 

ignore today the internal dynamics of 
mesons and baryons, but it seems ob- 
vious that the conditions which gov- 
ern that dynamics must be approxi- 
mately invariant to those transforma- 
tions which correspond to the replac- 
ing of one type of quark by another. 
This is the logical content of the ob- 
served SU(3) or SU(6) invariance. 
The approximate nature of this invari- 
ance is significant: the observed regu- 
larities in the split of the multiplets 
are typical of a violation, but of a 
small violation, of invariance. Al- 
though the actual energy differences 
are considerable-they amount to sev- 
eral hundred million electron volts- 
the ratios of the splits are such as 
one would find if they were caused by 
a weak interaction. This suggests that 
there are two "forces" acting within 
these entities: one that is SU(6) in- 
variant and extremely strong, the rele- 
vant energies being much higher than 
a billion (109) electron volts; and an- 
other which is not SU(6) invariant but 
considerably weaker, and which is re- 
sponsible for the split of the multiplets. 

Hence the discovery of the new in- 
variances in no way solves the prob- 
lem of the structure of nucleons and 
mesons. On the contrary, it shows that 
the problem is much more difficult 
than it appeared. The dynamics re- 
sponsible for the internal structure 
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seems to involve energies very much 

higher than the ones with which we 
work today. It is true that the spec- 
trum begins to make sense to us; how- 
ever, it turns out that it is nothing 
but a fine structure of the ground 
state of the real thing. Most of the 
excited states so far discovered are 

closely related to each other; they are 
members of the same multiplet, which 
means that they are essentially the 
same state looked at in a different di- 
rection of an abstract space. This is 
why we find simple relations between 
their observed properties. 

When the nucleon revealed its pres- 
ently known spectrum, we may have 
hoped to have before us the essential 
ingredients for the understanding of its 
structure, just as the Balmer formula 
of the hydrogen spectrum gave Bohr 
the clue for its dynamics. Now it 
seems that what we know today re- 
veals only the effects of a weaker and 

probably less important part of the dy- 
namics. The effects of the main part 
might be hidden behind much higher 
energies. We saw a peak and thought 
it was the top of the mountain; when 
we climbed it we found ourselves fac- 

ing the real top shrouded in dark 
clouds. 

The Question of the Electron 

Thus Newton's question is not yet 
answered. We still ignore the basis for 
the unchanging properties of the nu- 
cleon. But more shape-giving sym- 
metries have been found and we may 
be on the way to a deeper understand- 

ing of the reasons for the existence of 
the nucleon. However, we still owe 
Newton an answer as to the electron. 
The properties of the electron seem to 
be simpler in many ways, since it does 
not participate directly in the interplay 
of the newly discovered world of 

baryons and mesons. It interacts with 
the rest of the world only via the elec- 
tric field and the weak interactions. 
But very little can be said to satisfy 
Newton's and our own curiosity with 
regard to the reasons why the electron 
has the properties which we observe. 
It is true, we understand better than 
ever the relations of the electron with 
the electromagnetic field. Quantum 
electrodynamics allows us to calculate 
all phenomena of this type with seem- 

ingly arbitrary accuracy. But this per- 
fection is brought by abandoning any 
claims for understanding the charge 

and mass of the electron. They are 
"renormalized" to their experimental 
values. Being unable to explain them, 
we are still forced by ignorance to as- 
sume that these essential features are 
given to us ab initio. To make things 
worse, nature has provided us with a 
second kind of electron, the muon, 
which as far as we now know differs 
from the ordinary one only in its 
mass. The reasons for this duplicity 
are still totally obscure. 

Weak Interactions 

Even more mysterious are the roles 
played by the two electrons in the 
weak interaction. It is established to- 
day that all known particles interact 
by a universal weak interaction. The 
most characteristic feature of any in- 
teraction process is that it is connected 
with an exchange of charge. When 
the electron interacts with a nucleon, 
it transfers its charge to the nucleon 
and assumes its uncharged state: it be- 
comes a neutrino. The most common 
form of this process is a beta-decay in 
which, say, a proton becomes a neu- 
tron and a positron-neutrino pair is 
emitted. Here the emission of a posi- 
tron is equivalent to an absorption of 
an electron; hence the process corre- 
sponds to an encounter of an "incom- 
ing" electron with a proton, during 
which their charges are exchanged. 
The heavy electron behaves exactly 
like its lighter counterpart with re- 
spect to the weak interactions. It also 
possesses an uncharged form, the neu- 
tretto or muon-neutrino, which now 
has been definitely proved to be dif- 
ferent from the electron-neutrino. 

So far, not the slightest indication 
has been found of an internal struc- 
ture of leptons. The electromagnetic 
interactions of both kinds of electron 
have not yet revealed any deviation 
from a point charge, and nothing like 
a spectrum of lepton states exists, ex- 

cept for the two forms, the charged 
and the uncharged one. 

The second striking feature of weak 
interaction is its violation of parity 
equivalence. Left-handed and right- 
handed processes are not equivalent. 
In fact, both kinds of neutrinos al- 

ways appear with a spin opposed to 
their motion (left-handed screws). Un- 
til quite recently, this asymmetry was 

mitigated by the fact that antiparticles 
show exactly the opposite properties in 
their weak interactions; antineutrinos, 
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Table 1. The four interactions and their symmetries. 

Symmetry 

Interaction Transla- Charge Parity Strange- Isotopic o 
tion Baryon conser- ness spin SU(6) and conser- va oconser- conser- and conser- ness spvation 

rotation vation v n vation vation 

Weak X X 

Electromagnetism X X X X 

Strong X X X X X 

Very strong X X X X X 

for example, show up as right-handed 
screws; hence, weak interaction proc- 
esses preserve an invariance if a left- 

right inversion is connected with parti- 
cle-antiparticle transformation (CP in- 

variance). Lately, however, even this 
invariance has been put in doubt by 
experiments on K meson decays. 

Baryons are subject to weak inter- 

actions in all quantum states. Strange- 
ness or isotopic spin are not conserved 
in these interactions. It was most in- 

teresting to observe that the weak in- 
teractions with higher quantum states 
of the baryon are closely related to 
the weak interactions of the proton and 
the neutron. These relations bear out 

again the equivalence of the different 

baryon states on the basis of SU(6) 

symmetry. 
The weak interaction presents us 

with another fundamental problem: 
our present understanding of interac- 
tion processes requires a field for the 
transmission of interaction, such as the 

electromagnetic field or the meson field. 
Does such a field exist for weak inter- 
actions? A recent search for the corre- 

sponding field quantum had negative 
results. Does this mean that the mass of 
the quantum is higher than the limit 
which could have been found with to- 

day's accelerators (about two proton 
masses), or that our ordinary field 
concepts do not apply to the weak in- 
eractions? 

Summary 

Let us try to summarize what we 
can answer today to Newton's question 
for the reasons of the unchanging 
properties of nature. The characteristic 
and well-defined structures of atoms 
and nuclei are based upon the sym- 
metry of quantum states of these com- 
posite units. But the stability of their 
constituents is still poorly understood. 
There are two types of entities which 

we encounter here: they go under the 
names leptons and hadrons. The lep- 
tons include the two electrons in their 

charged and uncharged form, and the 
hadrons include all baryons and mes- 
ons. To our knowledge, these entities 
are subject to mutual interactions of 

four different types which we enumer- 
ate in the order of their strength: grav- 
ity, weak interactions, electromagnet- 
ism, and strong interactions. We 

leave out gravity from our considera- 

tions since its role in the world of 

elementary particles is completely un- 

known. 
Weak interactions exist between all 

of these entities, leptons and hadrons 

alike; electromagnetic interactions are 

found between all particles carrying 

charges or magnetic moments; strong 
interactions exist only in the case of 

hadrons. Today we do not know 

whether the hadrons have an internal 

structure; hence it is not clear whether 
the strong interactions should be con- 
sidered as acting between hadrons or 
as acting between the constituents of 
hadrons. 

The symmetries of these interac- 
tions determine many of the properties 
of the units and therefore are the 
essential shape-giving factors. It is most 

interesting that the number of sym- 
metries increases with the strength of 
interaction. All of the interactions are 

subject to the translational and rota- 
tional symmetry of the space in which 

they are imbedded. This is a symmetry 
which appears to us as quite natural. 
The laws of conservation of energy, 
momentum, and angular momentum 
are a direct consequence of these sym- 
metries. All interactions are subject 
also to two further conservation laws, 
which are not so well understood at 

present: the charge conservation, and 
the conservation of baryon and lepton 
number. Parity and strangeness, how- 
ever, are not conserved by the weak 
interactions; they are conserved only 

by the electromagnetic interaction, and 
those stronger than it; isotopic spin con- 

servation holds only for the strong in- 

teractions; SU(6) symmetry is valid 
for the strong interactions, but there 
exists a relatively weaker part of these 
interactions which violates it (see Ta- 
ble 1). 

The stronger the interaction, the 
more symmetries exist. Is this remark- 
able fact significant for the ultimate 
explanation of the existence of elemen- 
tary particles? It may be, for instance, 
that a certain number of symmetry 
principles imposes a unique dynamics, 
which then determines the properties 
of its fundamental units. It may also 
be that hadrons and leptons are not 
the ultimate structures at all; the ha- 
drons may be composite structures of 

particles such as the quarks. If this 
were the case, the proton and the neu- 
tron would be a sort of "molecule" 
made up of fundamental particles; the 
nuclear force between the nucleons 
would be a kind of Van de Waals 
force, an indirect effect of much strong- 
er interactions within the "molecule." 
Then the fundamental problem of ele- 

mentary particles would reappear at a 
higher level when it is asked: why do 

quarks exist? Most probably, how- 

ever, the actual solution of the prob- 
lem will take a new and wholly un- 

expected form. 
It is fit to close these remarks with 

another prophetic statement of New- 

ton, the timeliness of which is almost 

uncanny: 

Now the smallest Particles of Matter 
may cohere by the strongest Attractions, 
and compose bigger Particles of weaker 
Virtue; and many of these may cohere 
and compose bigger Particles whose Vir- 
tue is still weaker, and so on for divers 
Successions, until the Progression end in 
the biggest Particles on which the Opera- 
tions in Chymistry, and the Colours of 
natural Bodies depend, and which by 
cohering compose Bodies of a sensible 
Magnitude. 

There are therefore Agents in Nature 
able to make the Particles of Bodies stick 
together by very strong Attractions. And 
it is the Business of experimental Philos- 
ophy to find them out (2). 
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