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ABSTRACT
A historical review of fifty years of physics around particle accelerators,
from the first nuclear reactions produced by beams of artificially accelerated
particles to the large multinational projects now under discussion. The aim is
to show how our description of natural phenomena has been shaped by advances in
theoretical understanding, the development of new techniques, and the characters
of men. Large use has been made of quotations from many of the scientists
involved.
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J.R. OPPENHEIMER

FOREWORD
The twenty-fifth anniversary of CERN and the seventieth anniversary of Scientia,

the

international review of scientific synthesis founded by F. Enriques, have been taken as
occasions to look back to the contributions made to scientific culture by the physics done
around particle accelerators. The development of these machines started fifty years ago
and their dimensions have greatly increased since then. This gigantism is what impresses
most, not only the layman but the many scientists working in other fields of research, and
can be justified only on the basis of the scientific value and the uniqueness of the results
obtained. This article attempts an historical review of these results, starting from the
first nuclear reactions produced by beams of artificially accelerated particles and ending
with the projects at present under discussion.

It is not addressed to the specialists, but

rather to engineers and scientists who work in other branches of research, to students who
would like to enter this field, to laymen who are attracted by the cultural value of natural
sciences.
The historical approach is of necessity lengthy, but has the advantage of showing how
our description of natural phenomena has been shaped by the advances in theoretical under
standing, the development of new techniques, and the characters of men. To make the approach
more vivid and informative, much use has been made of quotations from many of the scientists
that have contributed to this field of research.
The structure of the article is such that the reader who would like to get a rapid
impression can go through the first and the last chapters (Introduction and Over-All View)
and then go to the sections of the central part, to which ample reference is made in the
last chapter.

A French version of the present article is also published as a CERN report with the
title "Accélérateurs des particules et Culture Scientifique" (CERN 79-07).

Both the English

and the French versions will also appear in the volume "Scientific Culture in the Contemporary
World", published by Scientia
publishers).

in collaboration with UNESCO (V. Mathieu and P. Rossi Monti,

Vil
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1.

INTRODUCTION
Very large particle accelerators are instruments that are typical of today's research
in physics. They absorb a sizeable fraction (about 101) of world funds devoted to funda
mental research. To a superficial observer, a laboratory centred around one of these
machines appears as the result of an enormous technological and organizational effort, and
does not look very different from other large enterprises aiming, for instance, at construc
ting a 1000 MW power plant or at sending a man to the moon. However, most scientists who
experiment with these machines see them in a different light. The accelerator and the
detectors around it are unavoidably
large apparatuses needed to answer questions arising
from results obtained previously in the quest for a deeper understanding of matter and its
interactions. From this point of view the race to larger energies — and thus larger
accelerators — is not a choice but a necessity following from the inner push to know more,
and from the fact that, in the words of Oliphant -', "... we still await the advent of a
simple, cheap and reliable accelerator, which does not require an army of experts and tech
nicians to operate it, and probably we are wrong to hope that this simplification may be
possible". Those who believe in the intrinsic value of natural science usually agree on
the general statement that this type of research has to be pursued. However, given the
"big money" involved in this "big science", opinions differ on the rate at which this branch
of physics has to develop. This is even more true today, when the three world regions
involved in this kind of research (Europe, USSR, and USA) are proposing or starting the
construction of new large facilities.
1

The seventieth anniversary of Soientia
and the twenty-fifth anniversary of CERN seemed
to be an appropriate moment to review, for the layman, the contributions given to scientific
culture by the research done around particle accelerators. Since "our faith in the future
is based on the successes of the past" -), I have chosen to approach the problems from an
historical point of view, by sketching a rapid history of the new knowledge gathered by
means of particle accelerators since around 1930, when these new research tools started to
be developed. I shall concentrate only on the most important physics results obtained by
initially using cosmic rays and later with beams of artificially accelerated particles. In
doing so, my aim is to achieve two results: firstly, to give to the reader who is interested
in the subject but not necessarily acquainted with this field of research, a general view
of the status of our knowledge of the constituents of matter and of the main questions con
fronting us today. Secondly, to describe how this knowledge was gathered as a natural con
sequence of the desire of physicists to learn more and faster about the problem confronting
them at that particular moment. This historical approach will show how experimental results
and new technical developments alternated in pushing towards a higher concentration of energy
on single particles, and how this push resulted almost every time in the discovery of unex
pected new phenomena.
2

A short review of a wide subject is of necessity sketchy. However, I have tried as
much as possible to avoid a personal approach and, whenever appropriate, I have let some of
the protagonists express themselves both as scientists and as persons. In so doing I had
in mind Julius Robert Oppenheimer's recommendations ^: "We tend to teach each other more
and more in terms of mastery of technique, losing the sense of beauty and with it the sense
of history and of man. On the other hand, we tend to teach those not destined to be physi
cists too much in terms of the story, and too little in terms of the substance. We must
3

- 2 make more human what we tell the young physicist, and must seek ways to make more robust
and more detailed what we tell the man of art or letters or affairs, if we are to contribute
to the integrity of our common cultural life."
Owing to lack of space I shall leave aside all the technological aspects of the development of particle accelerators. Technical and scientific advancements are strictly correlated in this field of research, but a much longer exposé would be needed to do full justice
to both of them. Here I have chosen to concentrate on the scientific achievements.
Towards the end of 1928, John Douglas Cockcroft wrote a memorandum to Ernest Rutherford
requesting a grant of £1000 from the University of Cambridge to build a static accelerator
in the Cavendish laboratory. This request was successful. For about three years he worked
with Ernest T.S. Walton to develop various types of static accelerators, and in 1932 they
observed the first example of a nuclear transformation produced by artificially accelerated
particles.
Nowadays, the construction of a large accelerator is authorized by the governments concerned many years after the first proposal is laid down; and such an accelerator, started
for example in 1978, would take six or seven years to build, require many hundreds of millions of dollars, Swiss francs, or roubles, and involve hundreds of people.
These are the starting and ending points of an intellectual adventure that spans fifty
years.

2. ROOTS
2.1

The uncertainty principle and relativity
Around 1930 the structure of the atom was understood:

a very small, positively charged

nucleus at the centre with negative electrons around it. Moreover, the behaviour of these
electrons was satisfactorily described by the newly born theory of quantum mechanics.

This

theory had been developed in the 1920's and explained the emission and the absorption of
light by matter and the chemical properties of the atoms. To achieve these long-awaited
results, the "new" mechanics had renounced the deterministic approach of the "old" classical
mechanics. After many years of intellectual struggle, most physicists agreed that a coherent
description of the atomic phenomena could only be found by abandoning the assumption that a
reliable theory must be able to predict the future of a physical system deterministically
once the initial state of the system and its interactions are known. According to quantum
mechanics, a completely determined initial state will in general give rise to many possible
final states, and the theory can only aim at predicting the relative probabilities of the
outcome of future measurements. This revolutionary change in the description of the physical
world could be traced back to the fact that it is not possible to measure, at the same time
and with infinite accuracy, the position and the velocity of a particle. The instruments
used in such measurements unavoidably perturb the measured object in such a way that the
famous inequality written down by Werner Heisenberg in 1927 always applies:
AA-Ap > h .

(1)

In this expression of the uncertainty principle, A£ is the uncertainty in the measurement
of one of the coordinates of the particle; Ap is the uncertainty in the measurement of the

- 3 corresponding component of the momentum. Since n is a constant (the Planck constant), if
AJl is small Ap must be large and viae versa.
The uncertainty principle applies also to the
measurement of the energy E of the physical system. In this case it reads
At'AE > h ,

(2)

which implies that, given a time interval At, the energy of a system cannot be measured with
precision greater than h/At. The constant h" is "small" on the scale of the macroscopic
world, and its numerical value depends upon the choice of the units of A£, Ap, At, and AE.
This choice requires a short discussion.
In the field of research that we are reviewing, time is measured in seconds while dis
tances are most frequently measured in femtometers (or fermis, fm), i.e. in millionths of a
millionth of a millimetre (= 10" cm). The energies are measured in electronvolts, which
is the energy acquired by an electron, of electric charge eo, accelerated through the elec
tric potential of one volt; MeV and GeV stand for one million and one billion electronvolts,
respectively, and 1 GeV is about the energy which is necessary to lift two milligrams by one
hundredth of a millimetre in the Earth's gravity field. It is a small energy indeed on the
scale of our daily experience, but it is very large when given to a single subatomic particle.
(For comparison let us mention that in the two milligrams of the example there are about
1 0 atoms.)
13

21

The momentum p of a particle is the product of its mass by its velocity (p = mv), and
it is most conveniently expressed in GeV/c. To grasp the meaning of this unit, we have to
remember that, in the frame of Einstein relativity, nothing can move faster than the veloc
ity of light (i.e. faster than c = 300,000 km/s), and energy and mass may transform one into
the other according to the Einstein relation
E = mc

2

.

(3)

Because of mass-energy equivalence, a body at rest having mass m has a "rest energy"
obtained by multiplying its mass by an enormous number, the square of the velocity of light.
When a body is accelerated its energy increases, and thus its mass increases with the
velocity. If the velocity is so large as to be close to the velocity of light, it hardly
changes any more, but the mass continues to increase. In this relativistic regime the
momentum p = mv is almost equal to mc and differs from the energy E = m c by the factor c:
2

p =—

(when v = c) .

(4)

In other words, for a relativistic body the momentum is the ratio between its energy and
the velocity of light, so that its unit is GeV/c. The same unit can be used at lower
velocities, but the relationship between momentum and energy becomes more involved.
This is the end of the unavoidable preliminaries needed to understand the uncertainty
principle in a quantitative way. The relevance of this principle to the choice of the energy
of a particle accelerator is contained in the numerical value of the Planck constant:
h = 0.2 fm GeV/c

or

h = 6.6 x 1 0 "

25

s-GeV .

(5)

This value is used in Table 1, which contains a list of macroscopic and microscopic bodies
with their masses, rest energies, and typical velocities. The Planck constant enters into
the calculation of the "Heisenberg length" JL, appearing in the table. The uncertainty

- 4 Table 1
Examples of application of the uncertainty principle to macroscopic and
microscopic objects. To conform with the convention in subnuclear physics,
all dimensions are in fm ( 1 0
cm) and all momenta in GeV/c.
- 1 3

Dimensions I

Body

(fin)
Earth

10

Tennis ball

10 *

Bacterium
Atoms in a
crystal
Electrons in
an atom

+ 2 2

Typical
velocity

Typical
momentum p

(g)

(m/s)

(GeV/c)

+28

3 x 10 "

Mass m

1 0

6

+ l e

5 x 10-"

+1

5 x io

12

3 x 10

- 5

5 x l(T

2

5 x 10

io-

22

3 x 10

+ 2

5 x 10"

5

5 x 10

io-

27

3 x 10

+ 6

5 x 10

10

10

+ 9

10"

10

+ 5

2

+

5 x 10 "

- 6

Ratio

n

3 x 10

+ 2

+ 1

< 10"

+

Length
% = /P
(fin)

5 x HT

9

2 0

+3

5 x 10+"

5 x io

- 7 1

31

5 x lO" *
5 x 10"

9

5 x 10"

2

5 x 10

+ G

principle under the form (1) states that the product of the uncertainties in the knowledge
of the position and the momentum of a body is equal to the constant n.

This is equivalent

to saying that if an observer determines the position of a body with an error equal to its
Heisenberg length, after the measurement the momentum will be completely unknown, since its
uncertainty will be equal to its value. For the so-called "macroscopic" bodies listed in
the table, the last column shows that their Heisenberg length is very much smaller than
their dimensions. This implies that the uncertainty principle does not play any role in
the measurement process and that these systems have the deterministic behaviour of classical
mechanics. Table 1 shows that this is also true for a microbe but not for atoms and elec
trons. We may, if we like, measure their position with an error smaller than their dimen
sions, but this implies imparting to them a momentum either of the order of or even larger
than their own initial momentum.
The two natural constants c and R are the keys to the worlds of relativity and quantum
mechanics. Since velocity is a concept of everyday life, it is not difficult to accept the
idea of a maximum velocity in nature. Position and momentum, time and energy, were known
as complementary quantities already in classical macroscopic mechanics. However from a
classical viewpoint it is very difficult to understand the introduction of the intrinsic
uncertainties in their measurement and of a minimum value for their product. The reasons
are, in fact, deeply rooted in the wave-corpuscle dualism which, according to quantum
mechanics, manifests itself in the description of both matter and electromagnetic radiation.
When we speak of a particle, by the very word we tend to favour its corpuscular description,
but one should never forget that this is, at best, a partial view.

In the following I shall

call "particle" anything that carries energy, momentum, and a small rest mass (for instance
less than 1 0

- 2 1

g ) . Energy and momentum are transported by particles through space over

distances that may be very long, if the particle is stable, but are as short as 1 0 "

23

cm for

the most recently discovered unstable particles. The uncertainty principle applies to all
of them since all behave both as corpuscles and as waves.

- 5 -

Fig. 1 The electrostatic accelerator built by Cockcroft and Walton at the Cavendish Labora
tory. Cockcroft himself is sitting in the small hut where observations were made. (Photo
UKAEA; Cavendish Laboratory)

Towards the end of the 1920's the application of the uncertainty principle to atoms was
well understood.

Interestingly enough, the argument put forward by Cockcroft to Rutherford,

promoting the Cavendish static accelerator, was based on a novel application of the principle
to the nuclear world. The aim was the study of nuclear reactions by means of artificially
accelerated particles.

In 1919 Rutherford had used alpha particles emitted by radioactive

nuclei to produce the first nuclear transmutation:
1 3

1 6

!

"He + N -> 0 + H .
This reaction describes the transformation of a nitrogen nucleus (having mass number 13)
into an oxygen nucleus (mass number 16) when an alpha particle (energetic nucleus of the
helium atom:

"He) overcomes the repelling electric field of the nitrogen nucleus and pene

trates it. Cockcroft thought of using artificially accelerated nuclei of hydrogen (protons)
to produce nuclear transmutations. In 1928, while discussing with George Gamow, he came to
the conclusion that an energy of only 200,000 eV would have been sufficient to penetrate a

- 6 lithium nucleus. He knew that, according to the laws of classical mechanics, protons accelerated through a potential of 200 kV could not overcome the repulsion due to the nuclear
charge. However, he argued that sometimes they would penetrate into the target nucleus
owing to the energy fluctuations allowed by the uncertainty principle during the very short
penetration time. The argument was correct, and in 1932, in collaboration with Walton, he
observed the first nuclear reaction produced by artificially accelerated particles. This
shows that great discoveries do not always come from the laboratories having the most powerful means, but from the marriage of technical capabilities and physical intuition. Indeed,
since one or two years earlier, other laboratories in the United States had accelerated
protons to more than 1 MeV. But in some places the interest was more in the acceleration
technique than in the physics'*), while in other places physicists were convinced, because
of the classical argument, that much higher energies were needed to produce nuclear trans5

mutations J.
2.2

Figure 1 shows the accelerator of Cockcroft and Walton.

Discoveries of the neutron and the positron
The year 1932 is a memorable year in physics. Not only was the first artificial nuclear

transmutation observed, but the neutron and the positron were also discovered.

Following a

suggestion made by Rutherford in 1920 and a series of experiments initiated by Irène and
Frédéric Joliot-Curie, James Chadwick proved the existence of a neutral particle having a
mass very close to the mass of a proton. This experimental discovery opened the way to a
new and consistent view of the atomic nucleus. This was very well summarized by Chadwick
6

himself -' in his Nobel lecture in 1935: "Before the discovery of the neutron we had to
assume that the fundamental particles from which an atomic nucleus was built up were the
proton and the electron. ..." (But) "the behaviour of an electron in a space of nuclear
dimensions cannot be described on present theory. ... These difficulties are removed if we
suppose that the nuclei are built up from protons and neutrons. ... Thus it appears that
the interaction between proton and neutron is of the highest significance in nuclear structure and governs the stability of a nucleus. The information we have at present is very
meagre, but I think that it does to some degree support the view that the interaction
(between neutrons and protons) is of the exchange type. ... Such an interaction provides an
attractive force at large distances between the particles and a repulsive force at very
small distances, thus giving the effect of a more or less definite radius of the particles.
... These ideas thus explain the general features of the structure of atomic nuclei and it
can be confidently expected that further work on these lines may reveal the elementary laws
which govern the structure of matter."
In 1936, the Nobel prize was attributed jointly to Victor Hess and Carl David Anderson.
In 1911, Hess had discovered the cosmic rays.

For the first time in history a phenomenon

that has been taking place continuously for billions of years was brought to the attention
of the public. As we shall see, during the next two decades the study of cosmic rays represented the major source of advancement in the physics that today is still being studied
at large particle accelerators.
produced by cosmic rays:

In 1932, Anderson had discovered the positron in events

the detection of an electron having an electric charge equal to

the charge of a normal electron, but of positive sign, was the first example of a large
stream of discoveries. As often happens, the first step was the most important since it had
profound consequences on our views of the physical world.

Fig. 2 Electron-positron pairs were observed to be produced by neutral cosmic rays
impinging on a plate contained in a Wilson chamber. The two newly created particles
must have opposite electric charges because they are deflected in opposite directions
by the same magnetic field. Their masses are produced at the expense of part of the
energy of the photon, which, being neutral, leaves no track in the chamber.

In the Universe, particles are accelerated to very high energies by natural mechanisms;
these particles bombard the Earth continuously. However, it was only at the beginning of
this century that their existence was demonstrated by Hess during a series of balloon flights.
In 1932 Anderson observed that the particles that constitute cosmic rays, by impinging on
matter, sometimes create new pairs of particles having exactly equal masses and opposite
electric charges: an electron, indistinguishable from an atomic electron, and a "positron"
(Fig. 2). In such a phenomenon, energy disappears and mass is produced according to the
2

Einstein relation m = E/c .

The excitement caused by this discovery was great, in spite of

the fact that physicists were already accustomed to the idea that in some processes particles
could be created.
For instance, light is created when electric current flows through a tube containing a
gas.

In this phenomenon particles are created, because according to quantum mechanics what

we perceive as light is the collective effect of a very great number of packets of luminous
energy. Each of these packets carries a well-defined amount of energy and momentum;

it is

called a "photon". A photon is created when an atom passes from a high-energy level (an
excited state) to a lower one. The energy difference is emitted under the form of a single
photon, and the process is usually written as
A

where A

2

2

->• Ai + y

,

(6)

and Ai are two different states of the same atom and Y is the symbol representing

the photon. From the classical point of view, light is an electromagnetic wave, as are
radio-waves and X-rays. Quantum mechanics introduced discontinuity in the description of
nature:

in many phenomena an electromagnetic wave behaves as an assembly of energy packets

- 8 that cannot be further subdivided- These "quanta" of the electromagnetic field are the
photons; they behave as corpuscles. As corpuscles they carry definite amounts of energy
and momentum, and scatter on electrons and other charged particles. They carry energy but
no electric charge and no mass. This last statement is justified by the fact that a quantum
always moves with the velocity of light while a massive body can never reach this velocity.
In 1932 the creation and the absorption of a single particle having no mass and no
charge were thus familiar phenomena. When electron-positron pairs were discovered in some
cosmic-ray events, one met for the first time the creation of particles in pairs. Moreover,
each of the particles carries both mass and electric charge. The origin of this phenomenon
was soon understood to be the reaction
Y + nucleus -»• e~ + e + nucleus .

*• '

In this process an energetic photon interacts with the charge of an atomic nucleus and dis
appears, spending part of its energy to create the masses of the electron e~ and the posi
tron e . Since the mass of an electron corresponds to an energy of 0.5 MeV, the quantum
must have an energy larger than 1 MeV to create a pair. The rest of its energy appears as
kinetic energy of the newborn particles. Since the quantum is electrically neutral, the
electron and the positron always have to be produced in association because of the law of
conservation of the electric charge.
Two years before its discovery, the existence of the positron was predicted by Paul
Adrien Maurice Dirac who in 1928, formulated a quantum theory that describes the behaviour
of a relativistic electron. His equation combined the theory of relativity with quantum
mechanics and led to two unexpected results. Firstly, each electron should behave as a
minute gyroscope that spins around an axis and carries angular momentum. Secondly, particles
having the mass of an atomic electron but positive charge should exist and be produced in
pairs with electrons. Already it was known that the first property was necessary in order
to explain some of the characteristics of the photons emitted by atoms. The Dirac equation
also gave the correct numerical value of the angular momentum, or s p i n , of the electron:
one half of the unit usually used for this quantity. The discovery of the positron was
immediately interpreted by Patrick Blackett and Giuseppe Occhialini as the production of
positive electrons foreseen by the electron theory of Dirac. Later the opposite phenomenon
was also observed. A positron, slowing down in matter, annihilates with an atomic electron
so that the two particles disappear with their charges, and the energies appear in the form
of electromagnetic quanta. Thus, electromagnetic energy may transform into matter and anti
matter, and matter and antimatter dissolve into electromagnetic energy.
1

The revolutionary aspect of Dirac s theory and of its experimental confirmation goes
beyond the symmetry of elementary particles when changing the sign of the charge, and touches
the very meaning of the adjective "elementary". This fact has been best expressed by
Heisenberg ).
7

"I believe that the discovery of particles and antiparticles by Dirac has changed our
whole outlook on atomic physics. ... As soon as one knows that one can create pairs, then
one has to consider an elementary particle as a compound system; because virtually it could
be this particle plus a pair of particles plus two pairs and so on, and so all of a sudden
the whole idea of elementary particles has changed. Up to that time I think every physicist
had thought of the elementary particles along the line of the philosophy of Democritus,

- 9namely by considering these elementary particles as unchangeable units which are just given
in nature and are just always the same thing, they never change, they never can be trans
muted into anything else. They are not dynamical systems they just exist in themselves.
After Dirac's discovery everything looked different, because now one could ask, why should
a proton be only a proton, why should a proton not sometimes be a proton plus a pair of
electron and positron and so on? ... Thereby the whole problem of dividing matter had come
into a different light. So far one had believed that there are just two alternatives.
Either you can divide matter again and again into matter and smaller bits, or you cannot
divide matter up to infinity and then you come to the smallest particles. Now all of a
sudden we saw a third possibility: we can divide matter again and again but we never get
to smaller particles because we just create particles by energy."
2.3

Real and virtual particles

Dirac's unification of relativity with quantum mechanics opened the way to understanding
not only the creation of pairs but also the interaction between fundamental particles. Let
us suppose we give a sudden push to an electron. This cannot produce any instantaneous
change in the electric forces acting on a neighbouring electron because, according to rela
tivity, no signal can travel faster than the finite speed of light. In order to maintain
the conservation of energy momentum at every instant, we say that the pushed particle pro
duces an electromagnetic field, which carries energy and momentum through surrounding space
and eventually hands some of it over to the neighbouring electron. When quantum mechanics
is applied to the electromagnetic field, it is found that the energy and momentum must come
in discrete quanta, the photons. Thus relativity and quantum mechanics lead naturally to a
mathematical formulation, quantum eleetrodynamies,
in which the interaction between two
fundamental particles is explained by the exchange of other fundamental particles, the pho
tons. The simplest process is the one in which the two electrons exchange a single photon.
It is schematically depicted in Fig. 3a, where the wavy line represents the exchanged photon.

TIME

TIME

Fig. 3 a) According to quantum electrodynamics the electric forces acting between particles
are due to the exchange of "virtual" particles, i.e. of particles whose lifetime is so short
that the imbalance between energy and momentum cannot be detected. The main contribution to
the force giving rise to the scattering of two electrons is the exchange of a virtual photon
Y, as depicted in the figure, b) In the scattering of a photon on an electron, the virtual
particle exchanged is the electron itself. Since the range of the force is determined by
the mass of the virtual particle exchanged £see Eq. (9)J, the range of the photon-electron
force is of the order of 400 fm (i.e. 4 x 1 0
cm).
- 1 1

- 10 A "real" photon emitted by an atom has an energy that is proportional to its momentum
[Bq.

(4)3- The exchanged photon of Fig. 3a does not have this property, since the amounts

of energy and momentum it carries across are determined by the interacting electrons and in
general are not in the correct proportion. A particle whose energy and momentum are not
matched is called "virtual". It can transport energy and momentum and carry the interaction
of two charged particles, but can never be observed.

In the scattering of a real photon on

a real electron depicted in Fig. 3b, the virtual particle is an electron.
The sketches of Fig. 3 appear as naive graphical means of representing the elementary
process of quantum electrodynamics. However, their simple and direct interpretation should
not hide the fact that they have a very definite meaning dictated by the rules of a complex
and precise mathematical apparatus, quantum field

theory,

whose history has recently been

8

written by Steven Weinberg ).
In classical physics the most natural way of describing the motion of a system is to
watch and follow the motion of all the particles in the system. But after the discovery
that photons, and later particle-antiparticle pairs, can be created and destroyed, this
classical approach became inapplicable, because the number of particles and antiparticles
in a system is not constant in time.
Kazuhito Nishijima gave the following justification for introducing fields in order to
9

cure this difficulty -' : "The situation may be compared to the police activity of finding a
criminal. The most natural way is to let detectives follow and watch all the suspects until
they discover some evidence. However, if a suspect suddenly escapes from the observation
of the detective following him, the investigation becomes incomplete and the police might
fail to find a clue. Instead, one can think of a better, more complete way of finding the
offender. Namely, send as many detectives as possible to all important spots and let every
detective report what happened at every spot.

In this way every spot can be covered and one

can expect complete observation of the suspects.

In the world of elementary particles,

similar things happen, and the second method of observation is needed.

It is an especi

ally convenient way of description to give the numbers of various particles in every small
domain of space. Then it is possible to describe phenomena in which creation and annihi
lation of particles take place, and this is essentially the field theoretical description.
Field theory is a branch of quantum mechanics which deals with elementary processes accom
panied by creation and annihilation of particles. Also, it is first in field theory that
one can correctly understand the dual nature of matter as particles on the one hand and as
waves on the other hand. Suppose that a particle is created at a point A and destroyed at
another point B;

then it exhibits the particle nature at A and B, since the number of the

particle changes at these points, but between A and B it exhibits the wave nature propa
gating like a wave."
The introduction and the development of the concept of field
8

cribed by Weinberg -'.

in science has been des

It was first used in the 18th century by mathematical physicists to

describe the gravitational action at a distance, but "this was a mere mathematical 'façon
de parler' —

it really made no difference in Newton's theory of gravitation whether one

said that the earth attracts the moon, or that the earth contributes to the general gravi
tational field, ... a numerical quantity which is defined at every point in space and deter
mines the gravitational force acting on a particle at that point. ... Fields really began
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of electromagnetism. ... In 1926, Born, Heisenberg, and Jordan turned their attention to
the electromagnetic field in empty space and ... were able to show that the energy of each
mode of oscillation of an electromagnetic field in quantized. ... Thus the application of
quantum mechanics to the electromagnetic field had at last put Einstein's idea of the photon
on a firm mathematical foundation. ..." (In 1927) "however, the world was still conceived
to be composed of two very different ingredients — particles and fields — which were both
to be described in terms of quantum mechanics, but in very different ways. Material parti
cles, like electrons and protons, were conceived to be eternal. ... On the other hand, pho
tons were supposed to be merely a manifestation of an underlying entity, the quantized
electromagnetic field, and could be freely created and destroyed. It was not long before a
way was found out of this distasteful dualism, toward a truly unified view of nature. The
essential steps were taken in a 1928 paper of Jordan and Eugene Wigner, and then in a pair
of long papers in 1929-1930 by Heisenberg and Pauli. They showed that material particles
could be understood as the quanta of various fields, in just the same way as the photon is
the quantum of the electromagnetic field. There was supposed to be one field for each type
of elementary particle. Thus, the inhabitants of the universe were conceived to be a set
of fields — an electron field, a proton field, an electromagnetic field — and particles
were reduced to mere epiphenomena. In its essential, this point of view has survived to
the present day, and forms the central dogma of quantum field theory: the essential
reality
is a set of fields
subject to the rules of special relativity and quantum mechanics; all
else is derived as a consequence of the quantum dynamics of those fields".
Quantum electrodynamics is the theory that contains, as fundamental fields, the electro
magnetic field and the fields of all the electrically charged particles. Its mathematical
apparatus is complex but leads to simple graphical descriptions such as the ones of Fig. 3.
Here the lines represent particles that propagate in space; thus in the following we shall
mostly neglect the fields and speak only of particles, but it should never be forgotten
that in a field theory the fundamental entities are the fields and not the particles.
These qualitative arguments explain how quantum electrodynamics treats the interactions
of real photons and electrons as the exchange of one or more virtual photons and/or electrons.
In this approach the particles play two different roles. As real particles they propagate
in space and interact, while as virtual particles they cause both the intensity and the
range of the forces that determine the interactions. Let us discuss these two points in
turn.
The intensity of the interaction is determined by the probability that a virtual par
ticle is emitted, or absorbed, by a real one. This probability is proportional to the square
of the electric charge of the electron e , whose value can be expressed as a pure number
called the "fine structure constant":
0

2

a = 137 « 10" .

(8)

This number is the combination eo/nc of the three quantities: e (charge of the electron),
R (Planck constant), and c (velocity of light). The origin of its numerical value is still
0
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real electron emits two virtual photons is much smaller than the probability of emitting
only one.
The range of the force is determined by the mass of the exchanged virtual particle.
When a real particle emits a virtual particle of mass m, the energy of the system increases
at least by a quantity AE, which is equal to the rest energy of the virtual particle, m c .
The larger this mass, the larger the apparent violation of energy conservation. This is
not allowed in classical physics. In quantum mechanics it is possible, but only for a time
interval At that is so short that the uncertainty principle is satisfied: At < fi/mc . The
larger the mass the shorter the time, and thus the shorter the distance over which the vir
tual particle can fly. The range of the force can be estimated by equalling it to the dis
tance covered in the time At by a particle moving with the velocity of light:
2

2

range of the force - —

.

(9)

A photon has zero mass, so that the range of the force it transmits between two electric
charges is infinite. Indeed the electric potential decreases as the inverse of the distance,
and it is felt by the electrons of Fig. 3a also when they are very far one from the other.
The range of the force due to the exchange of a virtual electron (as in Fig. 3b) is instead
0.2/0.0005 ^ 400 fm (as said above, h = 0.2 fm GeV/c and the mass of the electron multiplied
by c is equal to 0.0005 GeV/c).
Quantum electrodynamics solves the long-standing problem of the actual realization of
an action at a distance in a very direct way: any action at a distance is due to the
emission, propagation, and absorption of virtual particles. The propagation of virtual
particles is associated with temporary violations of the conservation laws of energy and
momentum; these violations are allowed by the uncertainty principle. It is worth remarking
here that by the same token it has been necessary to modify the picture of the "vacuum" as
seen by science at the beginning of the century. Vacuum had been difficult to conceive
throughout the history of human thought; but the discoveries of chemistry and the under
standing of electromagnetic radiation had apparently cleared up the problem: vacuum is
space where neither atoms nor radiation are present. However, quantum electrodynamics
introduces the possibility of temporary creation of virtual particles. In particular it
allows the creation of electron-positron pairs which, after an ephemeral life, annihilate
before anybody can detect their existence. These vacuum fluctuations are implicit in the
new description of the electric forces. The vacuum still has zero energy, zero momentum,
zero angular momentum, zero charge, and so on, but it has a hidden complicated dynamical
structure due to the very existence of the electromagnetic interaction. This structure is
not apparent when the vacuum is left alone, but it reveals itself as soon as it is perturbed.
2.4 New particles and new forces
Since 1930, quantum electrodynamics has been an endless source of inspiration in the
understanding of new phenomena. The first example is the explanation of the radioactive
decay of nuclei given by Enrico Fermi in 1934. Radioactivity, discovered towards the end
of the last century, comes in two different forms. In the so-called alpha decay, radioactive
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In beta decay, one

observes the emission of electrons identical to the electrons that orbit around the nucleus.
Both types of radioactivity are nuclear processes unaffected by the electron cloud of the
atom. The emission of alpha particles was understood by Gamow in 1927 as a consequence of
the uncertainty principle applied to the atomic nucleus. Beta radioactivity was instead
much more mysterious, mainly because the emitted electrons did not have the expected energy.
By emitting an electron, a radioactive nucleus of definite mass transforms into another
nucleus, so forming a different chemical element. The conservation laws of energy and
momentum state that the mass difference of the two nuclei determines uniquely the total
energy of the produced electron. However, experiments showed that the electrons emitted by
a large number of identical radioactive nuclei had variable energies. This fact was so
extraordinary that it pushed Niels Bohr to suggest the possibility that energy is not con
served in a single nuclear event.
A daring but less revolutionary hypothesis was proposed in 1930 by Wolfgang Pauli to
salvage the conservation of energy. He postulated that in beta decay a particle, later
called by Fermi "neutrino", would take away the missing energy. The interactions with the
surrounding matter of this particle, electrically neutral and very light, would be almost
undetectable. Starting from this hypothesis, Fermi constructed a quantitative theory by
analogy with the quantum description of photon emission. He wrote the beta-decay process
of a nucleus Ni that transforms into the nucleus N
Ni -+ N

2

2

as

+ (ev) .

(10)

This process is similar to the emission of a photon by an atom £Eq. (6)] when the electronneutrino pair ev is substituted for the photon y.

The writing of Eq. (10) implies the

existence of a new type of interaction that induces the transformation of the nucleus Ni
into the nucleus N

2

(having a different electric charge) and the simultaneous creation of

an electron and a neutrino. The new interaction is proportional to a new fundamental con
stant, the Fermi constant, that plays a role similar to that of the electric charge in the
electromagnetic interaction. The strength of the beta-decay interaction is one trillion
times weaker than the strength of the electromagnetic interaction, so that the new inter
action deserves the name of "weak".
In 1935 the Japanese physicist Hideki Yukawa proposed the existence of a new virtual
particle

1

as being the mediator of the nuclear forces acting between neutrons and protons °J.

In his famous paper he concentrated on the determination of the properties of the virtual
particles that should be exchanged between the neutrons and the protons to link them in a
nucleus. The nuclear force is very strong and has a range comparable to the dimension of a
nucleus, i.e. about 1 fm. Yukawa postulated that this force is due to the exchange of a new
virtual particle. Its rest energy could be computed by introducing the range of about 1 fm
2

into Eq. (9): mc - 0.2/1 =0.2 GeV. Soon after, in 1937, positive and negative particles
having a rest energy of about 0.1 GeV were discovered in cosmic rays and named "mesotrons".
They could have been the Yukawa particles, and for about 10 years they were thought to be
the quanta of the nuclear forces. However, nature turned out to be more complicated than
this.
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Fig. 4 a) According to present views, initiated in a vague form by Yukawa in 1935, weak
interactions are due to the exchange of virtual charged particles usually indicated by the
symbols W*" and W . The beta decay of a neutron n° into a proton p and an electron e~ is
mediated by the negative "intermediate boson" W~. In this article the shorter name "weakon"
is used for this hypothetical particle, b) A positive virtual weakon mediates the decay of
a proton, contained in a nucleus, into a neutron and a positron-neutrino pair. (A free pro
ton cannot decay because its mass is smaller than the neutron mass by less than 1%. This
tiny mass difference makes the proton stable, in spite of weak interactions, and justifies
the survival of hydrogen throughout the history of the Universe.)
-
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In parallel with the hypothesis of the existence of a mediator of the strong nuclear
forces, and inspired by the work of Fermi on beta decay, Yukawa imagined a similar mechanism
for the weak interaction. The arguments were even more speculative than in the case of the
strong mediator. It is therefore not surprising that his ideas were not quite correct at
the time. Later they were modified and can be described with the simple diagram of Fig. 4a.
In a nucleus the very improbable transformation of a neutron into a proton is accompanied
by the emission of a virtual weak mediator W , which in turn transforms into a neutrinoelectron pair. This hypothesis has inspired a host of theoretical and experimental works,
and the search for the weak mediator has since then been one of the main themes of study.
The fact that we now think we know the value of its mass is one of the main arguments for
the construction of a new family of accelerators.
In conclusion, around 1937 the main means of interpretation of today's particle physics
were already available; these are the theories of relativity and quantum mechanics. Their
synthesis, quantum electrodynamics, had already brought to light the importance of virtual
particles in the description of the forces acting between real particles. Two types of
interaction had been recognized in nature, and two types of virtual particles associated,
one firmly and one vaguely, with them: the photon to the electromagnetic force, and the
mesotron to the nuclear force. There were hints of a third force, the weak interaction,
and vague suggestions about its possible mediator. At that time the strong and the weak
mediators were mere hypotheses introduced by analogy with the electromagnetic case, and not
many believed in their existence. The list of the fundamental real particles known at that
time is reproduced in Table 2. The list is not long, but it should be remembered that, five
years before, it contained less than half the number of entries. Never in the following
years have physicists succeeded in doubling the number of the entries in their particle
tables in such a short time.
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The particles known in 1937

Particle

Mass m

Rest energy mc

2

Electric charge Q
in units of eo

(GeV)

(g)
Electron

9.1 x 1 0 "

28

0.0051

-1

Positron

9.1 x l(T

28

0.0051

+1

Proton

1.7 x l O "

0.9383

+1

1.7 x 10" "

0.9396

0

26

0.1067

±1

-2

Neutron
Mesotron

2

1.9 x 1 0 "

3. GROWTH POINTS
3.1

Nuclei and the second spectroscopy
In 1932, as soon as Cockcroft and Walton first produced the celebrated nuclear reaction,

many other groups reproduced the same result and continued along the same lines. In the
United States another type of static accelerator, the Van de Graaf machine, was already so
11

far developed that Merle Tuve wrote ':

"We were within three weeks of using our Van de

Graaf machine with a proton and a deuteron source, when the electrifying announcement of the
Cockcroft and Walton success with only 400 or 500 kilovolts on a tube at Cambridge came in
the autumn of 1932."

In Berkeley, Ernest Orlando Lawrence had already started to construct

his series of "cyclotrons", a new type of accelerator that uses a magnetic field to bend the
trajectories of the accelerated particles so that they move along a helix of increasing
12

radius while the energy increases. A few years later he wrote ):

"We were busy with fur

ther improvements of the apparatus (the cyclotron) to produce larger currents at higher
voltages when we received word of the discovery by Cockcroft and Walton. ... We were over
joyed with the news, for it constituted definite assurance that the acceleration of charged
particles to high speeds was a worth-while endeavour. As you can imagine, we went ahead
with all speed, and it was not long before the disintegration of lithium by protons had
been observed with the apparatus."
Within a few years many laboratories had their own accelerator, usually a "Cockcroft
and Walton" or a "Van de Graaf" —

less frequently, a cyclotron. The main problems at that

time were the study of the properties of the nuclei and the understanding of the forces that
bind the protons and neutrons (named collectively 'nucléons') in a nucleus. Quantum mechan
ics was found to apply to nuclei as well as to atoms, in spite of the fact that a nucleus
is a hundred thousand times smaller than an atom.

In particular, nuclei were shown to have

only a discrete spectrum of allowed states of energy. The possible energies of a nucleus
can then be plotted on a vertical energy scale as horizontal bars separated by empty spaces.
Figure 5a shows the energy spectrum of the nucleus formed by six neutrons and six protons,
1 2

the so-called C nucleus. The figure summarizes the results of a very large number of
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Fig. 5 a) The energetic levels of a carbon nucleus, formed of six protons and six neutrons,
are reproduced as an example of the results of very many experiments in the field of nuclear
spectroscopy. (At energies larger than about 10 MeV, the nucleus can disintegrate by emitting neutrons and other particles.) b) The work of the optical spectroscopists led to the
construction of the level schemes of atoms. The figure reproduces the allowed states of
helium. Atomic spectroscopy opened the way to quantum mechanics and was later paralleled
by the second spectroscopy, the nuclear one. Atoms are much larger than nuclei, and thus
the energy scale of figure (b) is one million times smaller than the scale of figure (a).

experiments performed both with radioactive sources and particle accelerators. Never in
these experiments was a carbon nucleus found that had an energy lying between two of the
horizontal bars representing the "allowed" energetic states.
The discrete nature of the energy spectrum of the nuclei parallels the same phenomena
observed in atoms and depicted in Fig. 5b. In this case the energy is expressed in electronvolts (eV), instead of in million electronvolts (MeV), because the electric force that binds
the atomic electrons is much weaker than the nuclear force that binds the nucléons. The
data of Fig. 5b were also obtained in a large number of different experiments, mainly by the
physicists who, towards the end of the last century and in the first decades of this one,
studied the colours of the light emitted by luminous gases. The work of these spectroscopists
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in explaining the observed discrete spectra as a consequence of the fact that electrons
behave as waves that surround the nucleus and have to close in on themselves. The experi
ments on nuclei, which started around 1932 and still continue today, taught us that the
nucléons in a nucleus also behave as waves closed in on themselves and confined in a limited
volume of space. Thus quantum mechanics applies to nuclei, and the experiments performed
with accelerators of a few million electronvolts are similar to the work of the atomic
spectroscopists.
Particle accelerators have opened the route to the study of what Victor -Weisskopf likes
13

to call "the second spectroscopy", the study of the allowed states of nuclei J.

Quantum

mechanics is the general framework within which to understand the existence of these discrete
states, but nuclear forces have to be known in detail if we want to predict the numerical
values of the allowed energy states. This was the second main subject that was tackled as
soon as higher energy accelerators became available. It was hoped that by bombarding matter
with energetic protons and neutrons, it would be possible to determine the laws of the inter
action between nucléons; and then, using these laws, eventually to compute the energy of
the bound states of two or more nucléons. However, things turned out to be much more com
plicated, and even today the computations of nuclear properties that use the nucleon-nucleon
interaction as input are only qualitative.

In 40 years the physics of nuclei has developed

greatly, and it is a flourishing branch, somewhat separated from the study of fundamental
particles, because in the 40's new experimental results diverted the interest of the scien
tists who were attracted by the study of the deep structure of matter.
3.2

The use of natural accelerators
Nature managed to accelerate particles to very high energies long before humans started

to worry about it. So, while particle accelerators were slowly growing, cosmic rays were
the only available source of high-energy particles and, until accelerators of large enough
energy were developed, naturally accelerated particles represented the only window open on
that world of particles which, for one reason or another, do not exist as stable constituents
of the matter around us. Thus the positron was found in events produced by cosmic rays;
and, as already mentioned, in 1937 a new particle was discovered in photographs taken with
Wilson expansion chambers. In such devices the path followed by an electrically charged
particle appears as a sequence of small droplets that condense around the ions produced by
the particle in a gas. Figure 6 reproduces a picture in which a mesotron stops in the gas
of a Wilson chamber and subsequently decays, emitting an electron and some other uncharged
(and thus invisible) particles.
Visual devices have been the main source of discoveries in cosmic-ray physics. The
Wilson chamber was developed and used extensively, in particular by Blackett and Occhialini,
who in 1932 introduced the technique of expanding the gas and taking pictures only when an
event had been detected by counters surrounding the chamber. To make better use of cosmic
rays, which are attenuated by interactions in the atmosphere, expansion chambers were
placed on mountains, at a high altitude, and were even floated by means of balloons. Around
1938 a new technique started to develop, mainly due to Cecil Frank Powell at Bristol. Photo
graphic plates were exposed to particles produced with the Cockcroft and Walton accelerator,
and tracks were observed with a microscope and measured.

In 1945, following requests from

Fig. 6 A mesotron stops in a Wilson chamber and within a few millionths of a second
an electron is emitted. The conservation laws of energy and momentum imply that,
together with the electron, one or more neutral particles are emitted.

physicists working with this technique, Ilford, Ltd., and Kodak produced emulsions having
such a large concentration of silver bromide that the tracks of all charged particles could
easily be seen. "Occhialini immediately took a few small plates coated with the new emulsion
and exposed them at the French observatory in the Pyrenees at the Pic du Midi, at an altitude
of 3000 m. When they were recovered and developed in Bristol it was immediately apparent
that a whole new world had been revealed. The track of a slow proton was so packed with
developed grains that it appeared almost like a solid rod of silver, and the tiny volume of
emulsion appeared under the microscope to be crowded with disintegration produced by fast
cosmic-ray particles with much greater energies than any which could be generated artifi
cially at the time. It was as if, suddenly, we had broken into a walled orchard, where
protected trees had flourished and all kinds of exotic fruits had ripened in great profusion."
These lines, written by Powell for his biography, vividly describe the excitement connected
with the opening of a new field of research "-'.
1

- 19 The emulsion technique very soon contributed to clarifying a big mystery:

the nature

of the mesotron discovered in 1937. For about ten years physicists had been convinced that
the mesotron was the Yukawa particle responsible for the intense nuclear forces. But in
1946 this hypothesis was shown to be wrong.
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In the words of the Nobel lecture -' by Alvarez:

"... modern particle physics started in the last days of World War II, when a group of young
Italians, Conversi, Pancini and Piccioni, who were hiding from the German occupying forces,
initiated a remarkable experiment.

In 1945, they showed that the "mesotron" was not the

particle predicted by Yukawa as mediator of nuclear forces, but was instead almost completely
unreactive in a nuclear sense".
A year later in Bristol, among "the great profusion of exotic fruits" appearing in the
emulsion exposed at the Pic du Midi, Powell and collaborators found a handful of events
showing that the mesotron was the decay product of another particle. This particle, now
called the "pion" (or ir meson), had all the characteristics of the Yukawa particle. Indeed
it felt strong interactions and had a rest energy of about 150 MeV. Four events, showing
pions decaying in an emulsion, are reproduced in Fig. 7. The mesotron discovered before

Fig. 7 Four examples of the decay chain pion -*• muon -*- electron L^q. (H)J
observed
in nuclear emulsions. At the moment of the decay the pions and the muons are at rest,
having lost their energy in traversing the emulsion. The tracks left by the electrons
are much fainter than the others because of the much larger velocity of these very
light particles. [Photo C F . Powell, P.H. Fowler and D.H. Perkins, The Study of
Elementary Particles by the Photographic Method (Pergamon Press, 1959).]
a s

- 20 World War II is now called the "muon" (or y meson), and the chain of decays appearing in
the figure is known to be
ir -»- y + v ; y -*• e + v + v .

(11)

Pions are produced in the interactions of energetic cosmic protons with the nuclei of
the upper atmosphere. In these reactions energy transforms into mass, according to the
Einstein relation. The produced pions feel the nuclear interaction and are thus abundantly
produced in the very short collision time that is characteristic of strong interactions, i.e.
about 10" seconds. The pions live about 10" seconds, which implies that their decay is
not due to strong interactions. The long time-scale of this process and the fact that in
the decay, together with the muon, a neutrino is emitted, classify pion decay as a process
mediated by the weak interaction. The decay of the muon is also a weak process that lasts
about 10" seconds. However, at variance with the pion, the muon does not feel strong
interactions at all. By traversing a nucleus it senses the charges of the protons but is
completely unaware of the intense exchanges of virtual pions that give rise to the strong
interaction among nucléons. The muon is nothing else than a heavy electron, deprived by
nature of the possibility of interacting strongly with other particles.
23
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6

Particles that are subject to strong interactions are today classified under the name
of "hadrons". Some of them are electrically charged, some are neutral. All of them also
feel weak interactions; for instance, protons, neutrons, and pions are hadrons. Particles
that do not feel strong forces are named "leptons" — electrons, neutrinos, and muons are
leptons. Why do they exist and have the masses they have? As will be seen in the last
section, these problems are still beyond the frontier that has been reached by today's
research.
The years following 1947 saw a great development of the emulsion technique. Stacks of
emulsions were flown by balloons over long distances; these balloons were sent up by inter
national collaborations, who shared the analysis work and the credit for new discoveries.
Physicists learned to work in large teams dispersed over many distant laboratories and uni
versities. Many new things were discovered, in particular the existence of a new family of
mesons, now called the K mesons, and a series of heavier cousins of the proton, the baryons.
However, in the 50's the advent of machines accelerating particles to more than 1000 MeV
superseded the use of cosmic rays as a means for discovering new particles. An exciting era
was closed. Particle research came back into the laboratories and unfortunately lost the
sense of adventure so well described by Powell J : "Especially among some of the early con
tributors there was a marvellous sense of physical adventure. Their contributions seem to
have something in common with what impressionists did for painting. Just as the painters
broke away from their studies and the limitations imposed by the academic style into the
full light of the open air, so the cosmic-ray physicists escaped from their dark workshops,
travelled the world, climbed mountains and made ascents in balloons."
16

3.3

Excited nucléons, hypercharge, and antimatter

Before World War II the greatest development in accelerator technology came from
Berkeley, where Lawrence built, one after the other, cyclotrons of larger and larger diameter.
It is interesting to remark that these developments were partially supported by medical

- 21 foundations, because of the possibility of using the apparatus in the treatment of cancer
1

victims and for the production of artificial radioisotopes

. The growth was fast because

Lawrence was mainly interested in the development of larger and more powerful instruments.
18

Stan Livingston, who actively contributed to this period, said -':

"The accelerator scien

tists saw the need for high-energy physics, but did not have any great vision of a new
field. They had their own motivations external to the general development of nuclear
physics. Lawrence was not particularly impressed with the growth of nuclear physics, but
he enjoyed the technical success". To achieve these results the laboratories had to be
organized differently from the usual university laboratories, where research had been made
until then. The Radiation Laboratory of Berkeley grew out of this necessity, but Emilio
Segré remarks that there is an interesting precedent for this type of organization in funda
mental research: the low-temperature laboratory founded and directed by Kamerlingh Onnes
19

in Leiden at the beginning of the century J. Apparently nuclear physicists were not the
founders of "big" science.
After World War II, in the United States the physicists who had participated in the
Manhattan project went back to their universities. They were different men, not only because
of the personal troubling experience connected with the construction and the use of the
bomb, but also because they now knew how to organize big enterprises, how to speak to the
20

government, how to build large apparatuses in a short time -'. And, after the success of
the nuclear bomb and of radar, the American Government was ready to listen to their needs.
Certainly these circumstances were essential for the rapid development of high-energy physics;
and some people see in them the original sin of this type of research.

It is a fact that

scientists made use of their influence and of the new techniques developed during the war
to set up various new laboratories centred around particle accelerators. However, these
favourable conditions would not have been sufficient to guarantee a long-term development
were it not for a new invention:

in 1945 Edwin McMillan in the USA and Vladimir I. Veksler

in the USSR independently discovered the principle of phase stability in accelerating
structures. This principle allowed the modification of cyclotrons into much more powerful
synchro-cyclotrons, and the construction of new accelerators, the synchrotrons.
In cyclotrons and synchro-cyclotrons the path of the accelerated particles is a helix
that starts at the centre of a large and circular electromagnet and ends at its periphery.
The weight of the iron needed for the magnet is very great, and the cost becomes prohibitive
when the aim is to reach energies larger than a few hundred MeV.

Fortunately the phase

stability principle brought about the construction of the synchrotron, whose electromagnets
lie on the periphery of a circle and, for the same energy, are much lighter and much less
costly. During acceleration the particles go around on the same circular path many times
in an evacuated chamber and receive a small push in energy at every turn. The final energy
is the cumulative effect of a very large number of pushes.
The first generation of synchro-cyclotrons and synchrotrons was built to accelerate
protons or electrons to energies of a few hundred MeV, more than 10 times the energies
available before the war (Fig. 8). The energies of the machine based on the new principle
were chosen with the hope of artificially producing the mesotron found in cosmic rays.
Indeed, in 1948 the first artificially produced pions were observed at Berkeley. However,
the post-war few hundred MeV accelerators are not remembered for this achievement. Rather,
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Fig. 8 The magnet of the 184" cyclotron at Berkeley and its builders.
(Photo Lawrence Radiation Laboratory.)

they are known for having opened up a new unexpected field of research: the study of the
excited states of the proton and the neutron.
A photon can be absorbed by an atom through a process which is the inverse of the light
emission process [Eq. (6) of Section 2.2]:
Y + Ai -> A

2

;

(12)

Ai is the stable state of the atom, its "fundamental" state, while A is a more energetic
state, usually named "excited". Process (12) happens only if the photon energy equals the
difference in energy between the two states Ai and A . Typically this difference is of a
few electronvolts (see Fig. 5) since this is the order of magnitude of the energy with which
an electron is bound to a nucleus. A photon can also excite a nucleus from its fundamental
state Ni to an excited state N . In this case the photon energy must be of the order of
1 MeV, because the nuclear forces that bind the nucléons in a nucleus are much stronger than
the electric forces binding the electrons to the nucleus in an atom. Towards the end of
the 40's it was found that photons of a few hundred MeV could be absorbed by single protons
or neutrons to form excited states of the nucléon.
2

2

2

The graph of Fig. 9 summarizes the results of many years of work of many teams using
synchrotrons that accelerate electrons. Around these machines high-energy photons are pro
duced by letting the electrons hit a target of a heavy material, such as tungsten or lead.
The abscissa in the figure represents the energy of the photon, and the ordinate is propor
tional to the probability that a photon of such energy produces a neutron and a positive
pion when it passes through a vessel containing hydrogen, i.e. protons. This probability is
expressed in terms of the "cross-section" for the absorption of a photon by a proton, i.e.
by the equivalent
area that a standing proton offers to an incoming photon. The crosssection, being an area, is expressed in cm . The larger the cross-section, the more photons
there are that produce positive pions in the hydrogen. (Note that the cross-section for a
2
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Fig. 9 Photons of a few hundred MeV excite a proton, bringing it from its normal (or
"fundamental") state to an "excited" state. The excited nucléon decays successively into a
neutron and a pian. The figure shows how the probability of such an excitation depends upon
the energy of the photon that impinges on a proton at rest. The three peaks correspond to
three different excited states of the nucléon.

particular process is a measurement of the occurrence of that process and in general has
nothing to do with the geometrical area of the target proton.)

In Fig. 9 three peaks are

clearly apparent, corresponding to three photon energies: 300, 680, and 1000 MeV. These
are the excited states of the nucléon first discovered. Now we know that in the same energy
range other states are present, but they do not appear clearly because the most prominent
peaks are wide. Why are they so wide? Once again we meet a consequence of the uncertainty
principle here. The excited nucléon state is not stable, but decays by emitting a pion.
Since this process is due to the strong interaction it is very rapid, the typical time being

10"

s. This implies that the energy of the state cannot be defined with an accuracy

better than R/10"
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s - 0.1 GeV, and the peak in the cross-section is correspondingly wide.

By reversing the argument, the width of the peak gives the best measurement of the lifetime
of the proton excited state.
The process now discussed can be written in the compact form:
Y + p-*p
where p

->- n +

+

TT

,

(13)

represents an excited state of the proton. Since elementary processes are revers

ible, the same state can be reached by having pions interacting with a nucléon. This is
indeed the best method for studying the excited states of the nucléons in detail. It was in
this way that the first of the three states shown in Fig. 9 was discovered in 1952 by Fermi
2

and collaborators at the Chicago synchro-cyclotron * -*.
The excited states of the nucléon may be compared with the excited states of atoms and
nuclei. By analogy their existence would tell us that a nucléon is a complex object having

_ 24 a rich internal structure. The simplest way of constructing such a structure would be to
assume that a nucléon is made of other electrically charged components -- as an atom is
made of a nucleus and many electrons, and a nucleus is made of nucléons. In this case thebinding energies of these constituents should be of the order of a few hundred MeV, to
explain the energy differences between the excited states and the fundamental state of a
nucléon.

In 1952 the first proton synchrotron became operational at the Brookhaven National
Laboratory (BNL), a laboratory founded in 1947 on Long Island (New York) by a group of nine
American universities and research institutes. BNL is one of the big laboratories created
after the war at the instigation of physicists who were just coming back to their research.
The initial conception of this new laboratory was described by Norman Ramsey J : "In so
far as I know, the idea that grew into Associate Universities, Inc. (AUI) and Brookhaven
National Laboratory (BNL) arose in discussions between Rabi and myself at Columbia University
during the period from October to December of 1945, shortly after Rabi returned to Columbia
from the MIT Radiation Laboratory and I returned from Los Alamos. I wish I could claim
that these discussions originated in a flash of genius and in a vision of AUI and Brookhaven
as the important institutions they are today. Instead, I must admit that the idea grew from
a mood of discouragement, jealousy, and frustration. In particular, Rabi and I both felt
that physics at Columbia University was coming out in this period with little scientific
benefit in return. In particular, the earliest United States work on fission and nuclear
reactors was that done at Columbia by Fermi, Szilard, Zinn, Dunning, and others. However,
during the course of the war this activity had been transferred to other locations. As a
result many universities emerged from the war with strong nearby nuclear science research
laboratories, whereas Columbia did not."
22

The activity of the laboratory was initially based on the construction of a nuclear
reactor and of a powerful accelerator, the Cosmotron. The name indicated that the machine
would deliver beams of particles having energies as large as the ones encountered in cosmic
rays. In 1952 the Cosmotron became operational, and within one year a new phenomenon was
once more at hand because of the larger energies available in controlled conditions: a new
type of charge manifested itself in the reaction produced by 1.4 GeV pions on protons.
Figure 10 reproduces an event similar to the ones observed in 1953 by William B. Fowler et
al. in an expansion chamber -'. A negative pion colliding with a proton produces two par
ticles, a hyperon A (having zero electric charge) and a kaon K° (also having zero electric
charge). These two particles, already known from previous cosmic-ray experiments, decay
into two charged particles, each giving a characteristic fork. The strange new fact was
that A is always produced in association with a kaon and never with a pion, while energywise this reaction would have been possible and even favoured. In 1955, Murray Gell-Mann
and Kazuhito Nishijima independently proposed a framework in which this result could be
understood. They assumed the existence of a new type of charge, the hypercharge Y, that is
additive and conserved in a strong interaction, as the electric charge is in electromagnetic
interactions. A pion and a nucléon were assigned hypercharges 0 and 1, respectively, so that
23
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Fig. 10 A clear example of the associate production of a kaon K° and a hyperon
A as observed in a hydrogen bubble chamber. This phenomenon was first discovered
in 1952 in a Wilson expansion chamber working at the Cosmotron ).
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- 26 when a pion collides with a nucléon the total hypercharge is 1. If the hypercharge does not
disappear in a strong interaction, the total hypercharge of the final state also has to be 1.
This can be obtained by the simultaneous production of a K° (to which hypercharge Y = 1 is
attributed) and a A (Y = 0), but it can never be matched if the K° is substituted by a
pion (Y = 0). The introduction of hypercharge is not a trivial trick, as it may appear from
this example, because once hypercharges are attributed to the different particles produced
in pion-nucleon collisions, conservation of hypercharge forbids many reactions that are
indeed not observed and that would be expected a priori
to occur with high probability.
0

The creation of pairs of electrons having opposite electric charges had, in 1932, been
an essential step in understanding the electromagnetic interaction (Section 2.2). Twenty
years later the discovery of associate production of hyperons and kaons and of the underlying
conservation of hypercharge opened a new view on strong interactions. Hadrons, i.e. par
ticles that feel strong interactions, have an additional internal degree of freedom labelled
by the value of the hypercharge. Conservation of hypercharge strongly limits the possible
reactions.

In 1954 protons were accelerated up to about 6.5 GeV in the new Berkeley synchrotron,
the Bevatron. The energy of the machine was chosen high enough to allow the production of
a proton-antiproton pair. The symmetry between positive and negative charges was confirmed
experimentally by the discovery of the positron, and already in 1932 it was speculated that
negative protons could also exist. In his Nobel lecture Dirac ^ had said: "I think that
it is probable that negative protons can exist, since as far as the theory is yet definite,
there is a complete and perfect symmetry between positive and negative electric charges, and
if this symmetry is really fundamental in nature, it must be possible to reverse the charge
of any kind of particle. The negative protons would, of course, be much harder to produce
experimentally, since a much larger energy would be required, corresponding to the larger
mass."
2

Indeed in a collision of an energetic particle with a standing proton, not all the
kinetic energy of the incoming particle is available for producing new particles. A large
fraction of the initial energy must, in fact, remain as kinetic energy of the final par
ticles which, after the collision, move fast in the laboratory system. The energetic level
is best measured by putting oneself in the moving barycentre of the collision. With respect
to the barycentre, the produced particles fly in all directions, and the total energy is
related to the energy E of the incoming particle and to the rest energy n^c of the target
particle through the approximate relation:
2

(energy in the barycentre) ^ /2E nuc

2

.

(14)

For a 6.5 GeV proton hitting matter, the available energy is just the minimum required
to produce the masses of a proton together with its antiparticle, an antiproton. At
Berkeley in 1955, Owen Chamberlain, Emilio Segré, Clyde Wiegand and Tom Ypsilantis proved
that antiprotons were really produced in the collision of protons with matter. This

- 27 discovery extended the symmetry between positive and negative charges from the world of the
electromagnetic interaction to the hadronic world. About this discovery Segré writes ':
"The symmetry between particles and antiparticles is one of the new truths in physics. The
relationship between a particle and its antiparticle requires that they have exactly the
same mass, the same lifetime, equal and opposite electric charge. If we substitute every
proton in a nucleus by an antiproton and every neutron by an antineutron and then put posi
trons around them, we have an atom of antimatter. With antiatoms one can form antiworlds.
For an inhabitant of an antiworld everything would be equal to what an inhabitant of a world
observes. There are no intrinsic differences and astronomical observation cannot distinguish
a world from an antiworld. However, if matter and antimatter meet they annihilate and in a
very short time all their energy transforms into neutrinos, antineutrinos and photons."
25

3.4 The third spectroscopy
The nuclear reaction produced by Cockcroft and Walton and the discovery of the antiproton are the only two cases in which an accelerator produced the results which its con
structors were aiming for. However, Robert Wilson's statement that "... never comes out
what is expected" J is also true for the Bevatron. In the years following the antiproton
discovery, Berkeley became the centre of an unexpected new field of research, the study of
the hadron spectrum.
26

As we have seen, the excited states of the nucléons were discovered with accelerators
at a few hundred MeV. These states, or resonances, are heavier cousins of the nucléons,
sharing many of their properties with them; they were the first indication of a "third"
spectroscopy parallelling the study of the excited states of atoms (first spectroscopy) and
of nuclei (second spectroscopy) J. As often before, the fast expansion of the new field
was made possible by the development of a new technology: bubble chambers.
13

In 1960 Donald A. Glaser was awarded the Nobel Prize for the discovery of this technique.
Around 1953 he had been able to show that in a superheated liquid an electrically charged
particle leaves along its path a series of small bubbles that can be photographed. The
technique was immediately taken over in Berkeley by Alvarez, and in 1954 his group first
succeeded in seeing tracks in a hydrogen bubble chamber. A hydrogen chamber has the great
advantage that it contains protons and not complex nuclei, so that the reactions observed
are of the simplest nature. On the other hand, hydrogen is liquid at low temperature
(-200 °C), and the expansion of this liquid to bring it into a superheated state poses many
technical problems. These problems are aggravated by the need for the tank containing the
liquid hydrogen to be immersed in an intense magnetic field, so that the tracks of the par
ticles are curved and their momentum can be determined by measuring their curvature. In the
following years the development of larger and larger hydrogen chambers allowed an increase
in the number of protons with which the particles produced by the Bevatron could interact.
In parallel, devices were developed to measure quickly and precisely the tracks recorded on
film, and to reconstruct their position in space by computer. Many hundreds of thousands
of events could thus be analysed every year in the many laboratories that joined this new
development, either by processing the film produced at Berkeley or by building their own
bubble chambers and measuring devices.

- 28 Figure 11 reproduces an event that was originated in a hydrogen bubble chamber by a K~
of 10 GeV. In the collision with a proton, the kaon energy transforms into the masses of
many new strong interacting particles, new hadrons, that move fast and forward. The inter
action lasts about 1 0 " s, the characteristic time of strong interactions. The fact that,
in such a short time, spectacular events such as the one reproduced in the figure can
happen, is just a manifestation of how strong "strong interactions" are. The tracks observed
in the chamber are due to electrically charged hadrons that live long enough to move away
from the collision point for at least a few centimetres without decaying into other particles.
Such long-lived particles are protons, antiprotons, pions, kaons, etc. Protons are abso
lutely stable as far as we know: their lifetime is certainly much longer than the age of
the universe. On the other hand, pions and kaons are metastable because they do decay by
virtue of the weak forces. Their mean lives are typical of this interaction, i.e. 10~ -10~ s,
long enough for the particle to leave a visible string of bubbles in a chamber. One billi
onth of a second is a very short time indeed; however, it is a hundred trillion times longer
than the typical time of strong interactions. Thus, as far as strong interactions are con
cerned, stable and metastable particles are completely equivalent.
23
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Fig. 11 In the interaction of an energetic hadron with a proton many other particles are
usually produced. Often the charged particles observed are themselves the decay products
of parent hadrons that live 1 0 - 1 0 ~
s if they decay through weak interactions. The event
shown is due to the reaction K + p -*• E + K° + K + ir° + TT~ + IT , and the weak decays of
the Z , K ° , and K are clearly visible. If, however, the hadrons decay through strong inter
actions, they live only 10 - 1 0
s and the path of the decaying particle is too short to
be seen.
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- 29 When striking a target, the protons accelerated in a synchrotron produce many hadrons.
The stable and metastable charged particles can then be collimated and focused by means of
electromagnets on a suitable detector, a bubble chamber. An accelerator, a beam, and a
detector surrounding a target, are the main parts of a high-energy physics experiment. In
the detector the effect of the collisions of the beam particle with the target nucléons is
studied. The main result of the searches, started in Berkeley around 1955 and still con
tinuing today all over the world, is that the stable and metastable particles observed, for
instance, in a bubble chamber, are mostly the decay products of a large variety of other
22

hadrons. These primary particles live only 10" -10~
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s, but their masses and properties

can be inferred by accurately measuring the decay products. The masses of these strongly
decaying hadrons are not very well defined, owing to the uncertainty principle, and their
lifetimes can even be deduced by the observed fluctuations in the measured mass. When
enough energy is available, a vast number of different reactions are observed. Mainly by
finding which reactions do not happen, the third generation of spectroscopists were able to
organize the observed facts in regular patterns.
According to their behaviour in space and time, hadrons subdivide into two classes:
baryons and mesons. Baryons may be thought to spin around their axis with an angular momen
tum that is half integer when it is measured in its natural unit n.
x

k,

3

A,

Baryon spins are thus

%, etc. The spins of the mesons are instead integer: 0, 1, 2, ... . A proton is

a baryon of spin V2 while a pion is a meson of spin 0. The second label needed to classify
the space-time behaviour of particles is "parity".

It is either positive or negative, and

it is related to the behaviour of the function describing the particle when the observer
changes his viewing point by looking at it through a mirror. A proton has positive parity,
so that we say that its spin-parity is V2 , while a pion has spin parity 0~.
Strange as it may seem, this classification has to do with something everybody under
stands:

the behaviour of particles of matter in space and time, the usual theatre of all

our observations. However, the study of the spectroscopy of hadrons has revealed the need
for another set of labels that have nothing to do with space and time but simplify enormously
the description of the observed reactions between hadrons. These labels, or quantum numbers,
are
Q = electric charge
Y = hypercharge
B = baryon number
I = isospin .
The charge Q is expressed in units of the electron charge eo, and hypercharge has already
been defined. Charge and hypercharge are either zero or positive and negative integers for
all known particles. The baryon number is +1 for a baryon and -1 for its antiparticle;
its value is 0 for a meson. It is conserved in any interaction, so that the total number
of baryons minus the number of antibaryons is the same in the initial and final states.
3

Isospin takes the value 0, V , 1, / , •••, and is almost exactly conserved, but the compo
2

2

sition rules of this quantum number are complicated and will not be dealt with in this pre
sentation. What is important is that each hadron carries "something" that is never lost or
gained in a strong reaction. This "something" is internal

to the particle and until now

unrelated to its structure in space and time. The existence of so many conserved quantities

- 30 of such a new nature is one of the main discoveries of the third spectroscopy; and as a
result, the old quest for the "indivisible" parts of matter has completely changed its
meaning. When the energy is large enough, new particles are produced, and it cannot be
said that these particles were already "inside" the two colliding hadrons. The number of
particles is not conserved, but many of their attributes are. It is then natural to attach
a deeper meaning to them so that, as Nishijima -' has said: "... some people think that the
most fundamental constituents of matter are not particles but something more abstract, such
as charge, baryon number, and isospin.
They do not represent particles, but certain com
binations of them can be represented by particles. In other words, particles render to
attributes certain frames in which these attributes can manifest themselves to be the basic
constituents".
27

By slowly gathering new data, the hadron spectrum began to appear as depicted in Fig. 12.
Within the complex pattern of Fig. 12a the nucléon appears as the baryon of smaller rest
energy. Conservations of energy and baryon number forbid the nucléons to decay into other
particles, and justify the fact that stable matter around us is made up mainly of protons
and neutrons. Figure 12b shows that pions and kaons are the lightest mesons. They have no
way of decaying through strong interactions in lighter particles and are thus obliged to live
until the weak interaction intervenes. In summary, the richness of the hadron spectrum not
only points to the relevance of the conserved quantum numbers but also suppresses any funda
mental distinction between those particles that form stable matter and those, artificially
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Fig. 12 The strongly interacting particles subdivide into two classes, baryons and mesons.
In turn, each class is formed by many families of particles having the same values of the
two labels "isospin" and "hypercharge". The figures summarize the present knowledge of the
properties of identified baryons and mesons. Each bar represents a hadron plotted according
to the value of its rest energy, i.e. of the energy obtained by multiplying its mass by the
square of the velocity of light, as required by the Einstein relation [Eq. (3)]. a) The
figure shows that the nucléons (proton and neutron) are the hadrons of smallest energy,
while the lowest A baryon is the first excited state of the nucléon, with which the same
value of the hypercharge is shared. Indeed, the large peak appearing in Fig. 9 at 300 MeV
is due to the excitation of a proton to the lowest A state. In addition, the hyperons A, E,
and H have many other heavier brothers that are usually distinguished by giving the value
of the rest energy, b) Among the mesons, the pion, which has a rest energy of 140 MeV, is
by far the lightest. Next comes the kaon at about 500 MeV; one of its decay modes appears
in Fig. 10.
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produced, which live either 10" or 10" s. This implies that protons, neutrons, and
electrons are not really special particles and that we shall never understand the properties
of the stable particles without considering at the same time all hadrons and leptons.
3.5

Order among hadrons

In 1961 Murray Gell-Mann and Yuval Ne'eman independently suggested a new way of arranging the known hadrons in regular patterns. This classification scheme is based on a mathematical group of symmetry known as SU(3). Since this group contains eight quantum numbers,
Gell-Mann named it the "eightfold way", after an aphorism attributed to Buddha > . In the
scheme, hadrons having the same spin and parity and similar rest energies are classified
according to the values of their charge and hypercharge. In this way baryons are grouped
in octets (Fig. 13a) and decimets (Fig. 14a), while mesons fit into octets (Fig. 15a). The
figures are not only nice-looking; their physical meaning comes from the fact that the mass
differences between the particles belonging to the same multiplet can be computed by assuming that the hadronic world is not exactly symmetric under the group SU(3). The calculations
agree very well with the data both for baryons and for mesons.
The most impressive confirmation of the soundness of the eightfold way came from the
33 GeV proton synchrotron, built at Brookhaven National Laboratory as a successor to the
"old" Cosmotron. In 1962 the mass and the quantum number of the particles named A and £ in
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Fig. 13 a) The nucléons and the six lightest hyperons can be arranged in a regular "octet"
pattern by using two axes that form an angle of 120 . The values of the electric charge Q
and of the hypercharge Y define the position of each hadron in this diagram. The "eightfold
way" is a scheme that not only allows the classification of the hadrons, but also leads to
a unified understanding of the differences among the rest energies of the hadrons belonging
to the same multiplet, b) In the quark model the hadrons are formed of quarks. The three
quarks introduced in 1964 are now named u quark, d quark, and s quark, while their antiparticles are the û antiquark, d antiquark, and s antiquark. The figure indicates how the eight
baryons of the octet are made of different combinations of three quarks. For instance, in
this description a proton of charge +1 is made of two u quarks (of charge + h) and one d
quark (of charge - V 3 ) .

*)

The aphorism is: "Now this, 0 monks, is noble truth that leads to the cessation of
pain: this is the noble Eightfold
Way: namely, right views, right intention, right
speech, right action, right living, right effort, right mindfulness, right concentration".

- 32 the baryon pyramid of Fig. 14a were known; and when during the CERN High-Energy Conference
in July 1962, the discovery of a doublet having 1530 MeV of rest energy and spin % was
announced, "Gell-Mann, who was present at the conference, immediately saw the connection
between this almost routine announcement and the eightfold way".

In the story of this
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impressive confirmation, William Fowler and Nicholas Samios -' write:

"It was now possible

to predict with reasonable confidence that the pyramid must be crowned by a singlet at the
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Fig. 14 a) The eightfold way arranges 10 baryons (which appear in the level spectrum of
Fig. 12a) in this pyramidal scheme. The A is the lowest baryon state with I = /z and Y = 1,
while the £, which has rest energy equal to 1385 MeV, is the second E state of Fig. 12a
(I = 1, Y = 0). The rest energies of these hadrons differ by 147 MeV. When a new S state
was discovered in 1962, its rest energy was found to be larger than the one of the E particle
by the same amount, i.e. 145 MeV. As a test of the eightfold way, Gell-Mann proposed to
search for the existence of the P., the tip of the pyramid. This particle was discovered
about one year later, b) In the quark model the 10 baryons of the decimet crowned by the
CT have the quark structure indicated in the figure. Thefl*~itself is a bound state of
three s quarks, a very symmetric and unique combination indeed.
-

b)
Fig. 15 The lightest mesons are arranged in the octet of figure (a), which comprises both
pions and kaons. According to the quark model, mesons are of a quark-antiquark pair.
Figure (b) shows that a negative pion is obtained by combining a d quark (of charge -V3)
with an û antiquark (which has charge -%, opposite to the charge of a u quark).
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a particle of hypercharge -2, spin %, positive parity, negative charge, and mass

about 1676 MeV (146 MeV higher than that of the xi particle).

In November 1963, Brookhaven

undertook a large-scale omega-minus experiment. ... In the ensuing months the entire system —
the accelerator, the beam equipment, the bubble chamber, and the cameras — was operated on
an around-the-clock basis. By 30 January, 50,000 good photographs had been obtained. ... On
31 January there turned up a photograph with a set of tracks that seemed to signal the pro
duction of an omega-minus."

(See Fig. 16.) "... One could calculate that its mass must have

been between 1668 and 1686 MeV. This is precisely on the mark for the predicted mass of the
omega-minus particle, 1676 MeV." For this and other contributions Gell-Mann was awarded the
Nobel Prize in 1969.
The eightfold way is a symmetry deeply rooted in the hadron world. However, a symmetry
29

scheme is not a full theory because [Gell-Mann and Roseribaum )] "the level of understanding
is about that of Mendeleiev, who discovered only that certain regularities in the properties
of the elements existed. What we aim for is the kind of understanding achieved by Pauli,
whose exclusion principle showed why these regularities were there, and by the inventors of
quantum mechanics, who made possible exact and detailed predictions about atomic systems."
3.6

Democracy or aristocracy?
In other words, a dynamical theory of hadrons was needed. Around 1960 such a scheme

started to emerge, mainly at Berkeley through the ideas and the enthusiasm of Geoffrey Chew.
In my opinion, at this point it is worth stressing the novelty of this approach with respect
to the Western tradition in philosophy and science. Since the time of the ancient Greeks,
we have been trying to understand not only matter but also the totality of the real by
reducing it to its elementary components. Modern science has gone through different layers
of matter: first the atoms; then the nuclei and the electrons; then the protons and the
neutrons. Towards the end of the 50's the experience of the past, together with the observed
proliferation of so-called "elementary" particles, was pointing towards the existence of a
new layer of substructures. The attempt made at this moment to stop an apparently endless
regression is an important fact in the history of this discipline.
The new point of view was that all hadrons must be treated on a dynamically equivalent
30

footing so that none is more fundamental than the others. For this reason Chew J intro
duced the concept of nuclear

democracy,

"a regime where all strongly interacting nuclear

particles from the least massive, the pion, up to the excited states of transuranic nuclei
stand on a dynamically equivalent basis. Each may be regarded as a stable or metastable
bound state of those channels with which it communicates, the mass, the spin, and partial
widths of each particle being calculable in terms of the Yukawa forces that act in communi
cating channels". This hypothesis has been called bootstrap
"holds itself up by its bootstrap".

dynamiae because each particle

Strong forces are due to the exchange of virtual

hadrons in analogy with the exchange of virtual photons in quantum electrodynamics
(Section 2.3). Each hadron is therefore a bound state of those combinations of hadrons
that have the same set of quantum numbers, these hadrons being bound by forces that are due
31

to the exchange of other composite hadrons. Chew wrote ^:

"In other words, each particle

helps to generate other particles, which in turn generate it. In this circular and violently
non-linear situation it is possible to imagine that no free, or arbitrary, variables appear
(except for something to establish the energy scale) and that the only self-consistent set
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Fig. 16a This bubble chamber picture shows the first example of the production
and decay of an U~ particle ' .

of particles is the one found in nature." The approach was new because it did not introduce
fundamental fields (Section 2.3), but was clearly limited because it posed unsolvable mathe
matical problems and failed to explain the existence of leptons and photons, which do not
feel strong interactions and which certainly are not able to bootstrap themselves.
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Fritjof Capra ) has strongly advocated the point of view "... that the contrast between
'fundamentalists' and 'bootstrappers' in high-energy physics reflects the contrast between
Western and Eastern philosophy". The same comment is made, but somewhat in the negative
sense, by Yukawa J , a natural philosopher from the East: "The theory of Chew suggests that
all elementary particles are the composite of at least two other elementary particles, and
that their relationship is reversible in that no one of them is dominant over the others.
32
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Fig. 16b The drawing shows the chain of events that can be reconstructed by
accurately measuring the tracks seen in the picture of Fig. 16a.

Namely, any one elementary particle can serve as an element of various others. He calls
this the 'bootstrap' relationship. One may say that this is a kind of 'natural metempsychosis'.
Although such a conception is certainly interesting, I think we would run into considerable
difficulties trying to define the term precisely."
Chew himself has frequently underlined the difficulties of a fully consistent "bootstrap"
approach J: "Science, as we know it, requires a language based on some unquestioned frame
work. Semantically, therefore, an attempt to explain everything can hardly be called
scientific." However, the approach had the great virtue of putting the philosophical ques
tions of the building blocks of matter in a completely new light. From now on, after the
discovery of any new layer of substructures, natural philosophers will have to consider at
32

- 36 least three alternatives instead of two: i) the substructures are 'elementary'; ii) the
substructures are composites of other blocks; iii) the substructures are self-consistent
3

bound states of themselves. In 1964 Chew wrote °J:

"Even supposing that the bootstrap

hypothesis will be substantiated by future work, a question still remains as to whether some
undiscovered

particle (or particles) has a favoured 'elementary' status.

... In that case

our democracy would be only apparent. The aristocrats would be lying hidden.

... We do

not possess at present any clear criteria for smoking out nuclear aristocrats, but the
effort to formulate and test such criteria must be rated as one of the most important and
fundamental activities of present-day science.

It is hard to think of a concept that has

had more impact than that of the elementary particle.

If this concept has reached the end

of its usefulness in the nuclear domain, the foundations of all science are affected."
As far as we know now, the bootstrap hypothesis does not apply to the hadron world, and
aristocrats still dominate this layer of matter. Their name is "quarks"*-'. Three varieties
of quarks as building blocks of hadrons were independently postulated in 1964 by George Zweig
and Murray Gell-Mann to explain why baryons never come in families larger than decimets and
why the largest multiplets of mesons are octets. The model supposes that baryons are made
of three quarks, and mesons consist of one quark and one antiquark. To obtain the observed
hadrons, the quantum numbers of the quarks have to be as shown in Table 3.
Table 3
Quantum numbers of the quarks. The quoted rest energies are empirical
numbers that enter in very simple calculations of the hadron masses.
The antiquarks have opposite quantum numbers and the same rest energies.

Quark symbol

Charge
in units of eo

Hypercharge

Approximate
rest energy
(GeV)

2/3

1/3

0.3S

d (down)

-1/3

1/3

0.35

s (strange)

-1/3

-2/3

0.50

u (up)

Figures 13b, 14b, and 15b show how the observed hadrons can formally be described as a
combination of quarks and antiquarks. The scheme can also be extended to include other
observed multiplets if one assumes that two or three bound quarks can move about each other
in various orbits so that the orbital angular momentum adds to the quark spins to produce
hadrons that have larger spins.
The most revolutionary aspect of the quark model resides in the notion that quarks
have fractional electric charges. All known particles have an electric charge that is a
multiple of that of the electron, and physicists had managed to imagine schemes in which
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*) A critical discussion of this linguistic problem has been given by M. Gell-Mann ):
(Quark is a quote fromFinnegan's Wake, by James Joyce, which) "... is usually interpreted
as being about a bartender's dream. ... At one point he sort of comes near the surface
and mumbles to himself, « Three quarks for Master Hark » ...". Note that in German
"quark" means slime, slush, filth, trifle... .

- 37 this could appear as a natural fact. Fractional baryon number and hypercharge also sound
very unusual, but less revolutionary.

In any case, since the beginning the quark model has

met with many impressive successes in predicting static properties of hadrons. Still, most
scientists have been very cautious in accepting them as elementary constituents of matter,
i.e. in assuming that the fundamental entities in nature are the quark fields, both because
free particles of fractional charge were searched for and not found, and because of the
aesthetic appeal of the bootstrap hypothesis. Until the results of the experiments to be
discussed in the next section were known, the prevailing opinion was to consider the quarks
as useful mathematical tools. In the first issue of a new physics journal published in
3

January 1967, Léon Van Hove expressed the following opinion "):

"While all attempts to find

quarks as free particles have failed, their heuristic value for a simple, dynamical under
standing of hadron physics has exceeded the most optimistic expectations.
actual application to the discussion of hadronic properties, quarks
constituents

of hadrons,

play

... In their

the role

of

additive

in the sense that many hadronic properties, at least for small or

moderate momentum transfers, have been successfully described as the sum of the corresponding
quark properties. Whether quarks can exist as free particles which bind with each other to
give hadrons is, in fact, an independent question. They may well have meaning only as
dynamic entities inside the hadrons, just as photons or spin waves have meaning only inside
crystal lattices. In addition, up to now, these dynamic entities are considered only in
their manifestation at low momentum and energy transfers, and they may behave quite differ
ently, or lose their meaning altogether, when hadrons undergo large transfer processes."
3.7

The long way to the weakon
New and unexpected experimental results have been the leading force in the development

of hadron physics. On the contrary, the history of weak interactions is rich in theoretical
ideas anticipating the future but plagued by many wrong experiments. Let us go through the
three main acts of this instructive play.
Act One: Fermi's theory of beta decay was constructed by analogy with the emission of
photons in quantum electrodynamics (Section 2.4).

The theory predicted a well-defined

energy distribution for the electrons emitted by nuclei, but it took about 10 years to
improve the experimental techniques and check that the measured distributions indeed agree
with the theoretical expectations.
Act Two: Behind the Fermi theory there was the idea that the weak forces are due to
the exchange of a virtual particle having the same space-time property as the photon, but
being electrically charged and very heavy (see Fig. 4). In technical words, the mediator of
weak interactions should have been a particle of spin 1 and negative parity, exactly as the
photon. After World War II, many refined experiments were performed on beta-decaying nuclei
to check the theory, and it was found that the mediator's spin was not unity. Only after
the suggestion and the discovery of parity non-conservation (to be dealt with in the next
section) did this matter appear under a different light, both theoretically and experimen
tally, and everybody came to agree that the hypothetical mediator of weak interactions was
indeed a weakon,

that is a "weak photon".

Act Three: The probability that an electron emits a virtual electromagnetic photon is
proportional to eo/Rc = 1/137 (Section 2.3). The same probability applies for a proton,
which has the same electric charge e .
0

This seems a trivial fact — but it is not. An

- 38 electron is a relatively simple object; while a proton is an always changing mixture of
hadrons, as a consequence of the intensity of the strong forces and of the uncertainty
principle that allows temporary violation of energy conservation. In spite of this very
different behaviour, the electric charges are equal because electric charge is conserved
and, whatever happens in the proton, at any moment the charges of all the particles within
it sum up to the same electric charge eo. This is illustrated in Figs. 17a and 17b. When
muon decay was discovered [Eq. (11), Section 3.2 J it was found that its "weak radiating
power" (i.e. the capability of radiating a weak photon) was almost equal to the "weak radi
ating power" of a nucléon (Figs. 17c and 17d). This was the first step in the realization

a)

b)

c)

d)

Fig. 17 a) An electron behaves as a point-like charge also when we observe it with the
highest achievable resolving power. This means that virtual photons are directly radiated
by the electron, and that the probability of radiating is proportional to the square of the
electric charge of the electron, b) A proton, as any other hadron, is instead a much more
complicated system. It extends in space over dimensions of the order of 1 fm because,
through strong interaction, it continuously emits and absorbs pions and other hadrons.
Photon radiation takes place both directly, from the "bare" proton, and indirectly, from the
virtual pions surrounding it. However, the charge of the proton is identical
to the charge
of the electron because electric charge is conserved, and the IT , which in the figure radi
ates the photon, has exactly the same electric charge as the initial proton, c) The weak
decay of a muon proceeds through a virtual weakon W , paralleling the radiation of a photon
in figure (a). The probability of radiating the weakon is proportional to the square of the
"weak" charge of the muon. d) In weak interactions, too, a proton is much more complicated
than a muon or an electron. Weakons may be radiated directly or indirectly, by the virtual
particles surrounding the proton. Still, the weak charge of the proton is equal to the one
of the muon, because the weak charge is conserved as the electric charge. The proton p
exists, for very short times, as a virtual neutron n° and a virtual pion TT , but the weakon
is radiated with equal probability by the proton and the pion, so that the weak charge is
unaffected by strong interactions.
+

+

+

- 39 of the existence of the weak forces as a general phenomenon. But this near equality very
soon became even more relevant, as Denis Wilkinson J has picturesquely described: "When
man discovers that two things between which he can see no obvious connection are in fact
approximately equal, he usually assumes that nature must, for a private reason, have made
them exactly equal. It is so long that we became used to the idea that the electric charges
of the electron and the proton are identical that we no longer marvel at it; the universal
ity of electric charge has become a law of nature, i.e. something that we cannot understand.
So., for many years, we have been prepared to believe that the weak coupling constant, that
determines the rate of muon decay, is exactly the same as that which determines nucléon
beta-decay. As soon as we consider the microscopic situation this gets worrying. The
incomprehensible muon is presumably just itself or very nearly so: it is only very sparsely
clad in other virtual particles and decays almost alone as its Platonic self. On the other
hand the nucléon is scarcely its Platonic self at all: it is richly and permanently clad
in an indescribable entourage of all hadronic things and these can themselves beta decay;
the Platonic nucléon is little more than the chairman of a committee. Should we not there
fore expect the beta decay of the nucléon to resemble the decay of the muon no more closely
than the camel resembles the horse? The argument is persuasive but not compelling, because
it could be made equally well about the electric charges. But obviously, if the nucléon is
to beta decay exactly as the muon, this can only be the result of a universality that in
volves the members of the committee as well as the chairman, just as for the electric char
ges. As Feynman and Gell-Mann remarked, universality ... could be easily arranged because
the committee rules that secure identity of proton and electron charges could be directly
applied to it and it was therefore quite on the cards that nature has decided on universal
ity of the weak charge as well as of the electric charge."
35

Still, the proposal advanced by Richard Feynman and Murray Gell-Mann was not so obvious
because in 1958 there were four experimental results contradicting it. Feynman and
Gell-Mann ' concluded their paper proposing the universality of the weak charge, with the
following words: "These theoretical arguments seem to the authors to be strong enough to
suggest that the disagreement with the He recoil experiment and with some other less accu
rate experiments indicates that these experiments are wrong. The ir -*• e + v problem may have
a more subtle solution." In fact, the IT -*• e + v experiment was also wrong, as demonstrated
by the results obtained one year later at the European Organization for Nuclear Research
(CERN) ). I shall come back to this experiment in Section 3.9.
36
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At the end of this three-act play, weak interactions would have looked even more simi
lar to the electromagnetic interaction than Fermi had imagined, had it not been for the
greatest discovery made in this field of research: parity non-conservation in weak
interactions.
3.8 On mirrors and antimatter
The concept of parity is strictly related to the distinction between left and right.
The world around us is full of objects that distinguish left from right: e.g. the asymmet
ric position of our heart; the direction of coiling of mollusk shells; and the skewness of
many of the molecules of living matter. Still these facts never influenced the conviction
of physicists that left and right are indistinguishable, and that for every phenomenon its
mirror counterpart is also possible. In fact all the apparent asymmetries could be traced

- 40 back either to human conventions or to asymmetries in the initial conditions of the observed
phenomenon. Intrinsic left-right asymmetries of the natural laws regulating strong and
electromagnetic interactions were never found, so that it was tacitly assumed that the same
would hold also for the weak interactions. It is a fact that nuclear beta-decay was studied
both experimentally and theoretically for more than 30 years without anybody checking this
assumption. It was only in 1956 that Tsung Dao Lee, of Columbia University, and Chen Ning
Yang, then at the Institute for Advanced Study (Princeton), in order to explain the intrigu
ing paradox of the decay modes of the K meson, suggested the possibility that weak interactions
are not left-right symmetric. Within a few months this hypothesis was found by experiment
to be correct. Within one year Lee and Yang addressed the Nobel foundation in Stockholm
about their discovery.
60

By measuring the beta decay of C o , Chien Shung Wu, Ernest Ambler, and their collab
orators proved that the mirror image of a weak decay process is not a conceivable process
in our world -'. Cobalt nuclei have a magnetic moment that can be oriented by means of a
magnetic field, if the thermal agitation is reduced by lowering the temperature. The
experiment is schematically sketched in Fig. 18a. A sample of radioactive C o , cooled at
very low temperature, is placed at the centre of an electrically conducting coil. When
there is no current in the coil, the source emits electrons isotropically in space. When
the current flows, more electrons are emitted in one direction than in the opposite one.
We know that in the experiment the small magnets representing the magnetic moments of the
nuclei are oriented by the field, but the distinction between North Pole and South Pole in
a magnet is a conventional one and a priori
there is no reason for the electrons to be
emitted more abundantly in the direction of what we call the South Pole J.
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a)

b)

Fig. 18 a) Schematic representation of the first experiment that proved that weak inter
actions are not left-right symmetric. On a plane the flow of electrons in a superconducting
coil produces a magnetic field H. The cobalt nuclei that beta-decay at the centre of the
coil emit electrons preferentially in one semispace. This phenomenon violates the rightleft symmetry previously attributed to all physical laws, because in the mirror image of the
experiment the electrons would be emitted by the cobalt nuclei in the opposite semispace, a
phenomenon that is not observed in nature, b) To maintain reflection as a symmetry of all
physical laws it is necessary to assume that reflection not only corresponds to seeing the
object in a mirror but also to transforming matter into antimatter. Then the experiment of
figure (a) transforms into the one depicted in figure (b) and the cobalt experiment viewed
through this newly defined mirror would become an experiment on the decay of anticobalt
nuclei. The original experiment and its mirror reflection thus describe two different phe
nomena and there is no contradiction.

- 41 In his address as retiring president of the American Physical Society, Eugene Wigner
illustrated the sharpness of the break with past concepts'* ^. "The ring current — this
may be a permanent current in a superconductor — creates a magnetic field. The cobalt
source is in the plane of the current and emits electrons. The whole experimental arrange
ment" (as shown in Fig. 18) "has a symmetry plane and, if the principle of sufficient cause
is valid, the symmetry plane should remain valid throughout the further fate of the system.
In other words, since the right and left sides of the plane had originally identical prop
erties, there is no sufficient reason for any difference in their properties at a later
time. Nevertheless, the intensity of the beta radiation is larger on one side of the plane
than the other side. The situation is paradoxical no matter what the mechanism of the
effect is — in fact, it is most paradoxical if one disregards its mechanism and theory
entirely. If the experimental circumstances can be idealized as indicated, even the prin
ciple of sufficient cause seems to be violated. It is natural to look for an interpretation
of the experiment which avoids this very far-reaching conclusion and, indeed, there is such
an interpretation. It is good to reiterate, however, that no matter what interpretation is
adopted, we have to admit that the symmetry of the real world is smaller than we had
thought. ... If it is true that a symmetry plane always remains a symmetry plane, the
initial state of the cobalt experiment could not have contained a symmetry plane." This
lack of symmetry can possibly be due only to the presence, on this plane, of the electrons
forming the flowing current and of the cobalt nuclei. The experimental findings indicate
that, as far as weak interactions are concerned, the presence of these particles destroys
the left-right symmetry of the system. But suppose that the mirror, through which we should
look at the system to check if its counterpart is also possible, not only interchanges left
with right but also changes each particle with its antiparticle. Then (continued Wigner)
"... the mirror image of a negative charge would be positive, the mirror image of an electron
a positron, and conversely. The mirror image of matter would be antimatter. The cobalt
experiment, viewed through a mirror, would not present a picture contrary to established
fact: it would present an experiment carried out with antimatter. The right side of the
figure shows the mirror image of the left side. Thus the principle of sufficient cause,
and the validity of symmetry planes, need not be abandoned if one is willing to admit that
the mirror image of matter is antimatter."
0

The neatness of the argument leaves no doubt: the principle of sufficient cause is
not contradicted by the cobalt experiment (and all other experiments on weak interactions)
because antimatter exists. Through weak interactions we can now give an absolute meaning
to the words "left" and "right". However, the two meanings are interchanged if from our
world, liiade of matter, we go to a conceivable antiworld made of antimatter. In this sense
the existence of antimatter is the way chosen by nature to keep alive a reduced form of
left-right symmetry. After a first feeling of surprise, this solution may still satisfy our
desire for symmetry. But the story does not end here. In 1964 a new superweak interaction
was found to influence some of the decay modes of the kaons * ), and these new phenomena are
not symmetric even when viewed through the mirror that interchanges particles with antiparticles. However, the symmetry can be restored by making use of an even more miraculous
mirror, the mirror that inverts not only left with right and particles with antiparticles,
but also reverses the "arrow of time". There is not enough space here to discuss these
processes, but suffice it to say that, by using the decays induced by the weak and superweak
1

1

- 42 interactions, it is possible to give an absolute meaning to the words "left" and "right",
"matter" and "antimatter". The understanding of why nature has left us this possibility is
still far in the future.
3.9

Neutrinos and neutrettos

Neutrinos are the best witnesses of the left-right asymmetry. In our world all neutri
nos have their spin pointing opposite to their velocity while all antineutrinos have spin
parallel to the velocity. By representing the particles as miniature balls rotating around
the direction of their spin, one can say that neutrinos behave as left-handed screws while
antineutrinos are right-handed (Fig. 19). A neutrino reflected in a normal mirror becomes
a right-handed neutrino, i.e. an unphysical object. However, the mirror that changes parti
cles into antiparticles transforms it into a right-handed antineutrino, a legitimate particle
in our world. As anticipated in Section 3.7, Feynman and Gell-Mann showed that this property,
together with the universality of the weak charge, implies that pions have to decay in elec
trons as well as in muons. The ratio of the two decay modes
e

+.

+v

y

+

+ v

(15)

was predicted to be 1 to 7,000, while previous experiments gave for it a number as small as
1 in 100,000. The lack of the decay process ir •* e + v had been a great embarrassment to
the theory until an experiment performed in Geneva in 1958 succeeded in revealing this rare
process ). This brilliant experiment marked the appearance on the scientific scene of the
CERN accelerators.
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VELOCITY

NEUTRINO

ANTINEUTRINO

Fig. 19 A neutrino can be represented as a small ball that rotates clockwise around the
direction of the velocity. (Its sense of rotation is the same as the one of a left-handed
screw.) The figure shows that, by reflecting it in a normal mirror, one obtains a neutrino
that rotates anticlockwise, i.e. a particle that does not exist. However, if the reflection
also changes particles into antiparticles, the left-handed neutrino transforms into a righthanded antineutrino, undistinguishable from the physical antineutrino depicted in the lower
part of the figure. The opposite is true for antineutrinos reflected in the magic mirror
that interchanges particles with antiparticles and restores the symmetry of the Universe.
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The prehistory of CERN has been widely documented from different viewpoints'* J. In
his notes on post-war European collaboration in high-energy physics, Edoardo Amaldi writes *^:
"Around 1948 the idea of starting an international collaboration among European countries in
the field of nuclear physics and elementary particles was making its first appearance, in
more or less nebulous forms, in many places. Many scientists were aware of the continually
increasing gap between the means available in Europe for research in general and in particu
lar for research in the field of nuclear physics and elementary particles, and the means
available in the United States where a few high-energy accelerators had started to produce
results, while others had already reached advanced states of construction or design. ... In
June 1950 the General Assembly of UNESCO was held in Florence, and Rabi, who was a member
of the delegation from the USA, made a very important speech about the urgency of creating
regional centres and laboratories in order to increase and make more fruitful the inter
national collaboration of scientists in fields where the effort of any one country in the
region was insufficient for the task. In the official statement approved unanimously by
the General Assembly along the same lines, neither Europe nor high-energy physics were
mentioned. But this specific case was clearly intended by many people taking part in the
Assembly, in particular by Auger, who was Director of Natural Sciences of UNESCO, and by
Rabi, with whom I had discussed the subject at length a few days before. ... At the begin
ning of 1951 Auger established a small office at UNESCO and invited me to Paris at the end
of April to discuss the constitution of a working group of European physicists interested
in the problem. The first meeting of this 'Board of Consultants' was held at UNESCO, in
Paris, at the end of May 1951. Two goals were immediately established: a long-range, very
ambitious, project of an accelerator second to none in the world; and in addition the
construction of a less powerful and more standard machine which could allow at an earlier
date experimentation in high-energy physics by European teams."
1

Under the concerted push of European physicists things moved very quickly; in
February 1952 eleven European governments signed the agreement establishing a provisional
organization, and in October of the same year a site close to Geneva was chosen ' . In
August 1954, after two more years of planning, the bulldozers started to break the ground.
And in 1957 the "more standard machine", a 600 MeV synchro-cyclotron, accelerated protons.
The discovery of the electron decay of the pion followed very soon.
At the start, the CERN "very ambitious project" was a 10 GeV proton synchrotron, essen
tially a scaled-up versionof the Cosmotron. But in 1952 at Brookhaven a new more economical
method for focusing particles was invented**. This "strong focusing" principle was immedia
tely taken up by the CERN Proton Synchrotron group, which used it to increase the machine
*)

**)

At present the Member States of CERN are: Austria, Belgium, Denmark, Federal Republic
of Germany, France, Greece, Italy, Netherlands, Norway, Sweden, Switzerland, and the
United Kingdom.
1

I borrow from Edwin McMillan a sketch of the development of the idea of strong focusing *"*' :
"I don't know if anybody had thought of the idea of strong focusing before the individ
uals that I am going to mention in a minute. In the case of phase stability, it is
easy to approach this in an intuitive, elementary way. When I first started telling
people at Los Alamos about it, I found that I hardly needed to finish the explanation
before they understood, and at least one said that he felt stupid in not having thought
of it himself. But strong focusing is not the kind of thing that one thinks of in an
elementary way. ... The team that did this in the United States was Stan Livingston,
Ernie Courant and Hartland Snyder.
"... But there was an independent inventor. He was working entirely isolated from con
tact with anybody else, in Greece, and was somewhat earlier than these three. That
was Nick Christofilos, one of the real geniuses of our time."

- 44 energy from 10 to about 30 GeV yet keeping the financial framework essentially unchanged ' .
The same happened in Brookhaven, so that towards the end of the 50's Europe had in Geneva its
28 GeV Proton Synchrotron (PS) and BNL had its 33 GeV Alternating Gradient Synchrotron (AGS).
These accelerators opened the way to the study of the interactions of the elusive neu
trinos with matter. I quote from Melvin Schwartz [who, together with Bruno Pontecorvo, was
one of the founders of this line of research] the description of its first steps'* -'. After
the discovery of the left-right asymmetry "... the mid-fifties saw another great achievement
in neutrino physics — the first direct observation of neutrino-induced reactions. C. Cowan
and F. Reines, working at a large nuclear reactor, observed antineutrinos which were emitted
by beta decays within the reactor. On the average, these particles could spend a full year
travelling in a straight line through solid lead before being absorbed. It was only by
passing a phenomenal number of them through a detector that they could be detected at all.
... The completion of this experiment yielded the final proof that the neutrino really
existed — anticlimatic in a sense but, nevertheless, essential".
6

But how many types of neutrinos exist? There is no reason to believe that in the pion
decays of Eq. (15) the neutrino emitted with a positron is identical to the neutrino
emitted with the muon. On the contrary, Pontecorvo and others found that the weakon hypo
thesis would be quite incompatible with the notion of a single type of neutrino. Highenergy neutrino physics was started to solve this and other similar problems of weak inter
actions. Let us follow Melvin Schwartz: "One Tuesday afternoon in November 1959, I
happened to arrive (at Columbia) late at coffee to find a lively group around T.D. (which
is what we called T.D. Lee) with a conversation ensuing as to the best was of measuring
weak interactions at high energies. A large number of possible reactions were on the board
making use of all the hitherto known beam particles — electrons, protons, neutrons. None
of them seemed at all reasonable. ... That night it came to me. It was incredibly simple.
All one had to do was use neutrinos. The neutrinos would come from pion decay and a large
shield could be constructed to remove all background consisting of the strongly and electromagnetically interacting particles and allow only neutrinos through. Since neutrinos inter
act only weakly, any interaction arising from them would be, ipso facto,
a weak interaction.
Some months later I found out that Prof. Bruno Pontecorvo had proposed that neutrinos could
be used as probes of the weak interactions during a conference at Kiev in 1959. Apparently
the significance of his remarks had been missed by the few Americans who were present and
their substance was never transmitted back."
Neutrino cross-sections are very small, since they are due to the weak interactions.
However, the principle of the BNL experiment was simple. "In presently existing or planned
accelerators protons are brought up to energies in the multi-billion-electronvolt region and
are then allowed to strike a target. Out of this target come mainly IT mesons, most of which
decay shortly into muons and their neutrinos (the probability of decaying into electrons and
neutrinos is negligibly small). If these neutrinos were identical to the electron-coupled
neutrinos, when they interacted with matter (a neutron in a nucleus, for example) they would
produce electrons as often as muons. If they were different from the electron-coupled neu
trinos, they could produce only muons and no electron at all." After preparing the beam
and the detector for more than one year and taking data for a few months by passing about
10 " neutrinos through 10-ton spark chambers, 29 muons were observed and not a single electron
(Fig. 20) . This result was soon confirmed, with many more events, by CERN experiments
.
1
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Fig. 20 Photograph of the spark chamber system used at Brookhaven in the first neutrino experiment. The neutrinos come from the
left. The long track, formed by many bright sparks, is produced by a muon that has high penetrating power. The shorter track is
due to a hadron, probably a proton. In the first experiment 29 events similar to the one shown here were found
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Fig. 21 Classification of the particles towards the end of the 60's. Hadrons are extended
in space, and in many phenomena behave as if formed of quarks, while leptons appear to our
most refined instruments as point-like particles. Weakons and photons mediate weak and
electromagnetic forces, and differ by the values of both the rest energy and the charge.
In the 60's, only a lower limit was known for the rest energy of the weakons, set by the
neutrino experiments at around 2 GeV.

Since 1962 it has thus been necessary to distinguish between the electron-neutrino v
(which is always radiated together with a positron) and the muon-neutrino or "neutretto"
v (which accompanies any positive muon emitted through weak interactions). The lepton
family is more numerous than was foreseen. It comprises four particles — electron, muon,
neutrino, and neutretto — and their four antiparticles. Combining this evidence with the
information coming from the study of the third spectroscopy, towards the end of the 60's the
subnuclear families appeared as shown in Fig. 21.
3.10

Quantum electrodynamics: a predictive theory

Why has nature chosen to parallel the electron-neutrino doublet with the muon-neutretto
doublet while giving both the same universal electromagnetic and weak charges? If the
electron and the muon share all interactions equally, what makes them different? and why is
the mass of the muon 200 times larger than the mass of the electron? These questions have
stayed unanswered for about 40 years, and will probably remain so for quite a while. This
state of affairs is even more disturbing because, around 19S0, theoreticians developed a
new form of quantum electrodynamics that allows the calculation of any process involving
electrons, muons, and photons. The prediction of this "renormalized" electrodynamics agrees
in an impressive manner with all the known results concerning electrons and muons, once the
observed value of the electric charge (1/137) and the measured masses of the electron and
the muon are introduced into the theory. The most striking example of the predictive power
of quantum electrodynamics has to do with the magnetic moments of the electron and the muon.
The theoretical predictions and the most recent experimental values' ' -' are collected in
Table 4. The astonishing precision of the experiments is a consequence of a long-standing
effort that (as far as the muon is concerned) started in Œ R N towards the end of the 50's J
and lasted almost 20 years -*. Theoreticians needed about the same time to invent the renormalization procedure, which enables them to compute accurately what experimenters can
measure accurately.
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- 47 Table 4
Magnetic moments of the electron and the muon in natural units
Electron

Muon

Experiment

1.0011596524 ± 0.0000000002 )

1.001165924 ± 0.000000008 )

Theory

1.0011596524 ± 0.0000000004

1.001165920 ± 0.000000010

a

a)

See Ref. 49

b)

See Ref. 50

b

In quantum electrodynamics the forces between electrons (or muons) are due to the
exchanges of virtual photons (Section 2.3). Since the radiation probability is small (of
the order of 1/137), the most important process is the exchange of a single photon, depicted
in Fig. 22a. Higher-order phenomena, involving more than one virtual photon, are less
probable, but, when computed, give infinite contributions (Fig. 22b). Quantum electro
dynamics was plagued by these infinities from the 30's until the end of the 40's, when the
renormalization procedure was invented. Weinberg J has concisely described the logic behind
this development: "It was found in the 1930's that the contributions produced by processes
more complicated than single-particle exchanges usually turn out to be infinitely large.
In fact, the electrostatic repulsion within a single electron produced an infinite selfenergy, which manifests itself whenever a photon is emitted and reabsorbed by the same
electron. ... In the late 1940's a group of young theoreticians working independently
(Feynman, then at Cornell University, Julian Schwinger at Harvard University, Freeman J. Dyson
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Fig. 22 a) In the scattering of an electron on another electron the most important contri
bution comes from the exchange of a single virtual photon, b) The contributions of more
than one virtual photon are expected to be smaller but, when computed in the most direct
way, they turn out to be infinitely large. It took a long time to understand that these in
finities can be reabsorbed in the definitions of the electric charge and of the mass of the
electron, and that a "renormalizable" theory of quantum electrodynamics can be constructed
which always gives finite predictions that are in perfect agreement with the experiments.

- 48 at the Institute for Advanced Study, and Sin-itiro Tomonaga in Japan) found that in a cer
tain limited class of field theories the infinities occur only as 'renormalizations', or
corrections, of the fundamental parameters of the theory (such as masses and charges) and
can therefore be eliminated if one identifies the renormalized parameters with the measured
values listed in tables of the fundamental constants. For example, the measured mass of
the electron is the sum of its 'bare' mass and the mass associated with its electromagnetic
self-energy.

In order for the measured mass to be finite, the bare mass must have a negative

infinity that cancels the positive infinity in the self-energy." Since then, the renormalization procedure of quantum electrodynamics is an established method for computing purely
electromagnetic quantities.
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But not everybody is satisfied with it. Dirac writes *) : "Mass renormalization is a
quite reasonable idea if the change in the mass is small or, even if not small is finite.
It is, however, very hard to attach any sense to it when the change in mass is infinitely
great. ... Most physicists are very satisfied with the situation. They say: Quantum electro
dynamics is a good theory, and we do not have to worry about it any more.

I must say that

I am very dissatisfied with the situation because this so-called 'good theory' does involve
neglecting infinities which appear in its equation, neglecting them in an arbitrary way."
5

t

Similar doubts are expressed by Weisskopf ' -':

"Quantum electrodynamics ... is one of the

best theories of physics because its predictions are so terribly accurate

but it suffers
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from true, fundamental diseases." The opposite point of view is advocated by Schwinger ):
"Very small distances or, equivalently, very high momenta make a disproportionately large
contribution to the results. ... Somehow, the process of renormalization has removed the
unbalanced reference to very high momenta that the unrenormalized equations display. The
renormalized equations only make use of physics that is reasonably well established."
Independently of these points of view, Table 4 certifies that quantum electrodynamics
enjoys such a great success that it certainly contains the essential ingredients of any
future theory of the electric forces acting between subnuclear particles.
The fundamental entities in electrodynamics are the fields, and the predictions of the
theory are so much in agreement with the data that since a long time physicists would like
to be as successful in treating the other known forces. The Fermi theory of beta decay is
a field theory inspired by electrodynamics; but this same theory, extended to contain the
left-right asymmetry, when pushed too far gives rise to quantities that should be small and
come out to be infinite. The renormalization of Fermi theory has been one of the main
themes of theoretical physics in the last decade.

4. PRESENT
4.1

Tour of a high-energy laboratory
Nowadays the construction of a large accelerator takes about 5 years and its exploi

tation lasts typically 10 or 20 years. These long periods determine what I think is the
correct definition of "the present" in this field of research:

in the study of fundamental

interactions "the present" spans a time interval of the order of 10 years.

In spite of

this obvious comnent, in many articles devoted to this subject the latest advances are over
emphasized, so that yesterday's discovery today becomes the most important step in the whole

- 49 chain of arguments. I would rather prefer to go in the opposite direction; therefore this
section is less detailed than the previous ones and concentrates only on those aspects of
the most recent research activity that even a critical mind would consider as acquired facts.
Ten years ago the casual visitor to a high-energy laboratory was chiefly shocked by
the dimensions of the accelerators. This is still true today, with the added marvel caused
by the number, size, and sophistication of the detectors surrounding the accelerator itself.
The development of the experimental techniques for detecting and recording the particles
produced in a subnuclear interaction has changed not only the appearance of the instruments
but also the whole sociology of the group of people who make and use them. At the time of
the first neutrino experiments discussed in Section 3.9, charged particles were detected by
means of large spark chambers that could still be built and run by a group of five or six
physicists. Today, a visitor to CERN would see apparatus, as large as that shown in Fig. 23,
around the 400 GeV Super Proton Synchrotron (SPS) . The apparatus is conceived, built, and
run by collaborations of 30 to 40 physicists coming from four or five different institutes,
where they prepare the experiment and analyse it with the help of engineers, technicians,
and computer experts. Detectors typically contain between 10,000 and 100,000 sensitive
elements, mainly plastic scintillation counters and proportional wires that sense the tra
6

versal of a single charged particle in a background flux of 10 particles per second. The
large amount of information collected with these devices is automatically transferred,
through one or more computers, to magnetic tapes for subsequent analysis in laboratories
and universities that may be very far from the accelerator.

Instead of digitized devices,

Fig. 23 The detector in the foreground belongs to the CERN-Hamburg-Amsterdam-RomeMoscow (CHARM) Collaboration and is the most recent neutrino experiment set-up at CERN.
Its main purpose is the study of the neutral current interactions between neutrinos and
matter (Section 4.5). The author of this present article is one of the 40 physicists
involved in this experiment. The 1500-ton detector of the CERN-Dortmund-HeidelbergSaclay Collaboration appears in the background. (Photo CERN)
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Fig. 24 In 1971 the Big European liquid-hydrogen Bubble Chamber (BEBC) was lowered
into the vacuum chamber that surrounds it. The magnetic field is produced by super
conducting coils that are kept at the temperature of liquid helium. The large cylinder
that appears in the photograph is the magnetic iron shielding wall.

other experiments use bubble chambers as large as the Big European Bubble Chamber (BEBC)
shown in Fig. 24. Instruments of this sort are operated at the largest proton synchrotrons,
i.e. at the 70 GeV Soviet accelerator at Serpukhov and at the 400 GeV proton synchrotron
running at the Fermi National Accelerator Laboratory near Chicago. On the average an
American group of physicists is smaller than a European one; but the problems are similar
everywhere because these have to do with the complexity and the rarity of the réactions to
be studied and with the need for using the accelerator's time efficiently, given the cost
of both building and running it. It is a fact that there are many human and sociological

- SI problems connected with a gigantism that tends to drive this field too far from the traditional academic way of doing research, but lack of space obliges me to limit myself to
illustrating only the new understanding which has originated in the short span of 10 years
by this way of doing research.
4.2

Deep into the structure of a nucléon

Most of the experiments described in the previous section have been obtained at machines
that accelerate protons, but in the last decade electron accelerators have contributed the
most interesting results by giving a solid base to the notion that quarks are the constituents of all hadrons. This development was arrived at in two steps: in 1968 at the two-mile
linear electron accelerator of the Stanford Linear Accelerator Center (SLAC) in California;
and then, around 1970, at the Italian colliding beam facility ADONE, built at Frascati.
The SLAC experiments are best understood by comparing them with similar experiments
performed since many years ago to unravel the structure of atoms and nuclei by scattering
electrons on these compound systems. Electrons, and possibly muons, are the best tool for
this kind of study because quantum electrodynamics satisfactorily describes the behaviour
of the virtual photons that interact with the charges of the target system. The main contribution to the scattering process comes from the emission and absorption of a single virtual photon, as depicted in Fig. 22a, the momentum of the photon being completely determined
by the momentum of the electron before and after the scattering process. The difference q
of these two momenta is shown in Fig. 25 and is called "momentum transfer"*-' : because of
momentum conservation it equals the momentum of the virtual photon. According to the
Heisenberg principle, the larger the momentum q of the virtual photon the smaller the details
to which the photon is sensitive; so that by increasing the momentum transfer, the resolving power of the experiments is increased. Atoms have dimensions of the order of 1 0 fm, so
that the numerical value of the Planck constant £Eq. [5)] implies that to study the electron
distribution in an atom, one needs momentum transfer of the order of q = (h/100,000) *
- 0.000002 GeV/c. For a nucleus having a radius of a few fermis, the momentum transfer has
5
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Fig. 25 In the scattering of an electron the momentum changes in magnitude
and direction. The momentum transfer is the difference between the momentum
before and after the collision and is equal to the momentum imparted by the
electron to the virtual photon that interacts with the target particle.

*)

In the case of velocities that are not much smaller than the velocity of light, a relativistic treatment of the process is needed. The momentum transfer is computed with
the formula q = 2EE*(1 - cos 6 ) , where E and E* are the electron energies before and
after the scattering.
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- 52 to be larger than q =* (n/2) - 0.1 GeV/c. Coming to the hypothetical substructures in a
nucléon, in order to explore dimensions as small as one tenth of a fermi, electrons having
momenta larger than 10 GeV/c have to be scattered at angles of 10 or 20° so that they can
reach momentum transfers larger than 2 or 3 GeV/c.
The measured distribution of 15 keV/c electrons scattered from carbon at an angle of
45° is reproduced in Fig. 26a J. It shows a very prominent peak that corresponds to the
scattering of the electrons on the positively charged atomic nuclei; in this process an
electron loses very little momentum because it is very much lighter than the hit nucleus.
On the contrary, in the interaction with an atomic electron (which has the same mass), on
the average the impinging electron loses half of its momentum and contributes to the wide
bump which in the figure is indicated as "quasi-elastic scattering". The target, an atomic
56
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Fig. 26 a) In the scattering of low-energy electrons (15 keV = 0.015 MeV) with a very thin
carbon foil, one observes at a fixed angle a group of electrons (elastic peak) that have
lost little energy because they have scattered on the heavy, positively charged nucleus.
Instead in the scattering at 45° on an atomic electron, the target electron is ejected from
the atom, and the incoming electron loses about half of its energy and contributes to the
"quasi-elastic" peak. (Data from Ref. 56.) b) In the scattering of intermediate energy
electrons (400 MeV = 0.4 GeV) on helium, the momentum transfer is larger, and in quasielastic scattering a proton is hit by the electron and emitted from a nucleus. As in the
atomic case, the width of the peak contains information on the range of momenta that the
target particle (the proton in this case) has in the nucleus (data from Ref. 57). c) Highenergy electrons (10 GeV) may elastically scatter on a proton or may lose only a little
energy by exciting it to one of its excited states. When an appreciable fraction of the
initial energy is lost, many new hadrons are produced and the scattered electron appears
in the "continuum". By analogy with the atomic and the nuclear cases, this phenomenon is
interpreted as being due to the quasi-elastic scattering of the electron on a point-like
"parton" moving inside the proton.

- 53 electron, moves around the nucleus and, at the instant of the collision, its momentum com
bines with the momentum of the incident electron and causes the widening of the quasielastic peak. Its width is thus a measurement of the dispersion in the momenta of the elec
trons in an atom and, indirectly through the uncertainty principle, of the dimensions of
the volume in which the electrons are confined. The same arguments apply to the scattering
of higher-momentum electrons on nuclei. Typical results of these experiments are reproduced
in Fig. 26b, which refers to the scattering of 0.4 GeV/c electrons on helium nuclei -). The
quasi-elastic peak is due to the scattering of the electrons on the protons in the nucleus
and, as for the atoms, its width is a measure of the spread in the momenta of the protons
confined in the small nuclear volume.
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In the extensive program of experiments carried out at the SLAC accelerator by a col
laboration between physicists of MIT and S1AC, the same principle is applied to probe the
hypothetical substructures of the nucléons. It is worth stressing that when the proposal
to build the accelerator was laid down, these experiments were not even listed among the
promising new lines of research ); their relevance to the problem of the substructures in
the nucleus appeared only after the results had been gathered and the puzzling behaviour of
these results understood. The momentum distribution of the electrons scattered by protons
at 10° is reproduced in Fig. 26c. The figure shows at the right a narrow peak due to the
elastic scattering events in which the proton retains its identity. The bumps appearing at
smaller energies are due to the well-known excited states of the nucléon; the target proton
can be transformed into one of these states by absorbing a virtual photon of the right
energy. The size of the elastic peak and of these bumps shrinks as the momentum transfer
increases because these objects are extended in space. On the contrary, the smooth distri
bution of the electrons that do not fall into the resonance peaks does not decrease. This
is the problem of the "continuum" that has been illustrated by Henry Kendall and Wolfgang
Panofsky ): "Physicists regard the continuum as perhaps the most exciting and puzzling
part of all the recent Stanford results. As we go to larger scattering angles or to higher
incident energy the resonances tend to disappear but the continuum remains. When the inelas
tic scattering program was formulated, theorists had believed that the continuum crosssections would decrease nearly as rapidly as the elastic cross-sections when the momentum
transfer was raised. Instead the results show that for incident electron energies ranging
from 4.5 to 19 GeV the inelastic scattering cross-sections more closely resemble those that
would be produced by point targets. In one comparison the best predictions available before
the experiments turned out to be low by as much as a factor of 40. The factor of error is
even higher in other spectra. The tentative conclusion is that the internal structures
from which inelastic scattering takes place are much smaller than the nucléons."
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To indicate the nucléon substructures, Feynman introduced the name of "parts", or
"partons", so as not to commit himself too early to the naive identification of these sub
structures with the hypothetical quarks. Let us follow his presentation of the SLAC experi
ments ) . "What we do is scatter a known point-like object (an electron in the first experi
ments) off the proton. This is done at very high energy. The distribution in energy of
the electron which bounces off is measured. This is determined by the motion of the parts
within the proton. It is analogous to studying a swarm of bees by radar. If the swarm
is moving as a whole the frequency of waves reflected back determines its speed. But if
instead individual bees are moving about in the swarm, the returning wave has a range of
6 0
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frequencies corresponding to the range of velocities of the bees in the swarm -. The experi
ment is done in the laboratory with stationary protons and very energetic electrons. How
ever, to analyze this we use a frame of reference in which we suppose the proton is moving
very near the speed of light, with very high momentum p, from the left, and the electron is
coming in with high momentum from the right. In such a frame the transverse movements of
the parts of the proton are small and we can disregard them, and just think of the large
momentum that the partons have along the direction of p. These partons share the momentum
of p in various fractions. The quantities that characterize our proton are then distribu
tions like the statistical probability that a particular kind of parton carries a fraction
x of the proton's momentum. ... We can check our ideas about how this scattering takes place,
and whether there are parts at all, by seeing whether we get the same distribution if we use
a different energy for the incoming electron in the experiment. Indeed we do — protons are
made of partons. ..."
In recent years parton properties have been studied by scattering not only electrons
but also neutrinos and antineutrinos on nucleons**J. It has been shown that a consistent
picture can be built in which, "inside" the nucléons, there are partons of very small dimen
sions (less than a few hundredths of a fermi). These partons carry electric and weak char
ges, have spin \, and very probably also fractional electric charges. Thus today all the
data point to the identification of the charged partons with the quarks introduced indepen
dently to explain the regularities in the spectroscopy of the hadrons (Section 3.6). More
over, the scattering data have provided a quantitative description of the behaviour of partons in nucléons that is strictly related to the observation by Heisenberg quoted at the
end of Section 2.2. Because of the possibility of the transformation of energy into quarkantiquark pairs, the statement that a nucléon is made of three quarks is untenable: one,
two, three, ... additional quark-antiquark pairs may be present in a nucléon, provided that
energy conservation is violated only for the short times allowed by the uncertainty princi
ple. One can only say that on the avevage a certain fraction of the nucléon momentum is
transported by the quarks and another fraction is transported by the antiquarks, and that
the difference between the number of quarks and the number of antiquarks is, at any instant,
equal to three. The electron and neutrino scattering data allow a measurement of these two
quantities; the most recent results on the fraction x of the nucléon momentum transported
by quarks and antiquarks are plotted in Fig. 2 7 J .
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These data settle an important issue, but open a new one because, in the words of
Feynman -', "our next problem is that if we add up all the momenta of the quarks and anti
quarks which we see in the electron and neutrino scattering experiments, the total does not
account for the momentum of the proton but only for about half of it. This must mean that
there are other parts in the proton that are electrically neutral and do not interact with
neutrinos. Yes, and even in our model of three quarks we had to hold the quarks together
60
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Richard W i l s o n ' traces back the origin of the simple and direct approach of Feynman
to the fact that, 35 years before, he had been verifying the theory of electron momenta
in atoms by Jess Du Mond. The information that can be obtained by using neutrinos and
antineutrinos has been discussed extensively and in simple terms by D.H. Perkins ''.
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**)

The information that can be obtained by using neutrinos and antineutrinos has been
discussed extensively and in simple terms by D.H. Perkins '.
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Fig. 27 The most recent data obtained at CERN by the CERN-DortmundHeidelberg-Saclay Collaboration, by scattering neutrinos of 30-200 GeV
on nucléons, allows the determination of the distributions of the
nucléon momentum among quarks and antiquarks. The figure shows how
the momentum is distributed as a function of the fraction x of the
nucléon momentum. It is seen that in a nucléon there are many less
antiquarks than quarks, and that very rarely one can find a quark
that carries more than half of the proton momentum.(Data from Ref. 62.)

somehow, so they could interact and exchange momenta. This may well be via some interaction
field (analogous to the electric field which holds atoms together) and this field would
carry momentum and would have quanta (analogous to the photons). We call these quanta
gluonsj and say that besides quarks there must be gluons to hold the quarks together. These
gluons contribute the other half of the momentum of the proton. It might, in fact, have
been embarrassing if all the momentum were accounted for by quarks. We might not know how
to describe their interaction. The simplest theoretical possibility is that gluons have
spin 1 (like photons)."
In summary, the line of research opened at SLAC in 1968 has given us the following pic
ture. Nucléons behave as if they were made of three quarks plus an always varying number
of quark-antiquark pairs. On the average the number of antiquarks is small because the mo
mentum they carry is only about 101 of the momentum of the nucléon. Quarks and antiquarks
are held together by the intense exchange of virtual gluons, the mediators of the strong
forces between quarks. These gluons carry about 501 of the nucléon momentum and very prob
ably have masses equal to zero, like the photons, the mediators of the electric forces.
When a nucléon is hit by either a virtual photon or a virtual weakon, only the quarks are
affected because the gluons have neither electric nor weak charge. Strangely enough, how
ever, in spite of the many searches nobody has ever detected a quark freed from its nucleonic

- 56 prison by these hard impacts. Only normal hadrons, mainly pions and kaons, appear to be
produced, as if the hit quarks fragmented in these particles before moving too far. In the
scattering of electrons on atoms and nuclei the virtual photons remove electrons and protons,
and, since after the collision these particles move freely in space, we feel entitled to
say that indeed an atom "contains" electrons and a nucleus "contains" protons. May we also
state that a proton "contains" quarks without having observed a single free quark coming
out?
Today most physicists believe that this statement is meaningful because models exist
that introduce the quark fields as fundamental entities and do not require the observation
of free quarks. The simplest of these models supposes that à free quark is much heavier
than the proton itself and that quarks exert very strong forces on each other. When three
quarks bind together to form a proton, their energy decreases because these strong forces
cause the radiation of energy in the form of the production of many normal hadrons. The
final energy is less than the initial one and, since energy is equivalent to mass, the mass
of the proton is much less than the sum of the masses of the three quarks. Thus very large
energies, unattained until now, have to be supplied by the particle bombarding a proton if
one wishes to observe one free quark flying away after the collision. In the words of
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Ralph P. Shutt -* : "This is reminiscent of an iceberg, nine-tenths of which is under water
and not directly visible; it is bound to the earth by gravity. To see the whole iceberg
and to explore its properties, unencumbered by the presence of the ocean water, one must
lift it out of the water, requiring a large amount of energy." Very heavy quarks would not
have been observed until now because of lack of energy.

Instead, electrons are bound to

nuclei by a few electronvolts, easily supplied by an energetic electron. Similarly, the
reduction in the mass of a proton because of its binding in a nucleus is of the order of II
of its mass:

such an energy is imparted to the proton by the virtual photons that free it.

In summary, quarks of very large masses strongly bound into hadrons are a possible model for
explaining the mystery of the missing free quarks. A more popular and refined model will
be discussed in the next section.
4.3

A technique for "melting the vacuum"
In the past years the study of quarks by means of scattering experiments has been com

plemented and deepened by the fast growth of a new approach to high-energy physics:
rings.

storage

The energy available in the collision of a particle of energy E with a steady par

ticle of mass m™ is given by Eq. (14) of Section 3.3.

In the barycentre of the collision be

2

tween a 20 GeV proton and a steady nucléon (m-c = 0.94 GeV) the energy is only 6.2 GeV. Even
2

worse, in the collision between a 20 GeV positron and an electron at rest (in^c = 0.0005 GeV)
the energy reduces to 0.14 GeV. For many years physicists dreamt of making better use of
the energy so dearly imparted to their particles, by having two equal beams of particles
colliding head on: in this case the barycentre of the collision is at rest in the labora
6

tory and the energy available equals twice the energy of each beam "J. However, it was only
at the beginning of the 60's that various developments in accelerator technology opened the
way to the construction of storage rings which could maintain two sufficiently intense beams
for long enough periods to produce a non-negligible number of collisions per second in each
of the points where the two beams cross. At CERN the construction of the Intersecting
Storage Rings (ISR) was completed in 1970, and the collisions between two proton beams of
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Fig. 28 In the ISR two beams of protons circulate in opposite directions in two rings that
cross in eight points. The photo shows one of the crossing points around which detectors
are mounted to detect the particles produced in the collision of two protons. The energy
of each proton beam can be varied between 11 and 31 GeV.
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30 GeV (Fig. 28) have revealed many unexpected facets of strong interactions -'. Even more
productive has been the line advocated by Bruno Touschek, who in 1959 proposed to study the
annihilations of positrons and electrons accumulated in the same magnetic ring. He was then
favouring the use of this particular reaction with respect to the collision between photons
because he felt strongly that it was much simpler to interpret. Protons are indeed compli
cated objects, and their strong interactions, although interesting, are not easily amenable
to the simple description allowed by the point-like behaviour of electrons and positrons.
In comparing the two approaches, he later wrote ^: (In proton collisions) "... the uncouth
snob shouts, and one understands little". (In electron-positron annihilation) "... instead
we are dealing with particles that speak civilly."
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ADA was the electron-positron storage ring that showed the way to a rapidly growing
family of successful machines. Its story was recently written for Scientia by Carlo
Bernardini ^: "The story of ADA began at the end of 1959 with a seminar by Bruno Touschek
given at the Frascati Laboratory, and with it it began the story of electron-positron stor
age rings. Touschek had two clear and simple ideas, i) The e e~ system has the quantum
67

- 58 numbers of a boson and therefore, at suitable high energies, is an electromagnetic source
of particles that are relevant for the study of strong interactions as well as for electro
dynamics, ii) Electrons and positrons of equal energy have the property of following the
same trajectory (with inverse velocity) in a magnetic field. Thus they will naturally cross
head-on in a single magnetic ring, and in the collision all energy will be available since
the centre of mass is at rest. ... On the very day of the seminar Gianfranco Corazza,
Giorgio Ghigo and I, caught on to the proposal and began to work on the project with Touschek
(whose imagination had to be kept under control so as to avoid setting off on too many
'promising' roads). ... It seems that A.M. Budker from Novosibirsk (USSR) was aware of the
possibility of building rings for e e" collisions at the same time as we were, as he later
affirmed on various occasions and as the rapid construction of the VEPP-2 machine confirms."
+

In about one year ADA had shown that electrons and positrons could be accumulated in a
magnetic ring. ADA was followed by the VEPP machines in Novosibirsk, by AGO at Orsay (France),
and by ADONE at Frascati, a 1.5 GeV ring that produced unexpected results relevant to the
existence of substructures in hadrons. At variance with the expectations, it was found that
in e e~ annihilation the cross-section for the production of hadrons was very large, even
larger than the cross-section for the production of a y p" pair. The results are best
expressed by introducing the ratio R defined as
+

R

_ (number of events in Which hadrons are produced)
(number of events in which y v~ pairs are produced)

,,,-•,

The elementary phenomena involved in these processes are depicted in Fig. 29. The electron
and the positron each carry an energy E and, in annihilating, produce a photon of energy 2E,
which is at rest in the laboratory because initially the electron and the positron had equal
and opposite velocities. The photon is virtual because its energy and momentum are comple
tely mismatched, and it can live only for a time which is of the order of n/2E. At 1.5 GeV
this time is as short as 2 x 1 0 " s [Eq. (5)], i.e. it is much shorter than the typical times
of the strong interactions. The brevity of this time does not allow the production of nor
mal hadrons (such as pions, kaons, or protons) because they extend in space over dimensions
25

a)

b)

Fig. 29 In the annihilation of an electron with a positron an energetic virtual photon is
produced which, in an e e ~ colliding beam machine, is at rest in the laboratory because the
electron and the positron have opposite velocities. It may be said that the energy of the
virtual photon heats the vacuum so much that new particles are produced. The smaller the
particles the larger the probability of producing them, so that, in using energetic virtual
photons for "melting the vacuum", point-like particles are much more abundantly produced
than extended ones. The probability of producing a pair of muons Qfigure (a)J is propor
tional to the square of the charge (i.e. is proportional to 1) while the probability of
producing a quark-antiquark pair ^figure (b)J is proportional to (V3) or ( /a) depending
upon the value of the charge.
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Fig. 30 In the quark model the ratio R between hadron production (via quarkantiquark pairs) and muon pair production depends upon the number of quark
pairs that can be produced. Around 2 GeV this ratio is about 2, too large to
be understood if the photon can produce only three types of quark pairs (uû,
dd, and ss). (Data taken from Ref. 68).)

of the order of 1 fm and need times of the order of 1 0 "

23

s to be created. It does not,

however, affect the production of leptons, and in particular of pairs of muons, which are
certainly smaller than one hundredth of a fermi. Before the

experiments started it was

thus predicted that the ratio R would have been much less than 1/10. The data obtained at
68

ADONE -' showed that in this energy range R is of the order of 2 (Fig. 30).
These results may be qualitatively understood by saying that the virtual photon does
not produce hadrons (that are extended in space) but quark-antiquark pairs, which, being
point-like, behave as y y~ pairs and successively fragment into the observed hadrons. However, this statement does not agree quantitatively with the experimental data because the
pairs of quarks that can be created are uû, d3, and si, and their electric charges are % ,
V , and V , of the charge of a muon (Section 3.6).
3

3

Since the production probability is

proportional to the square of the charge, the ratio R is expected to be equal to (%)
+

(V3)

+

+

(V3 ) = % instead of the observed 2. This contradiction would have been very

embarrassing for the quark interpretation, had it not been for a new concept introduced in
1964 by Oscar N. Greenberg to explain other difficulties of the quark model that were re69

viewed in simple terms by Sidney Drell -'. On the new concept introduced by Greenberg he
wrote:

"The new property is called color,

although it has nothing to do with vision or the

color of objects in the macroscopic world*) ; in this context color is merely a label for a

*)

It is interesting to remark that colors have already been used as particle attributes
more than forty years ago. In describing the discovery of the muon, Anderson wrote
.
(Around 1934) ... "it was found that most of cosmic-ray particles at sea level were
"highly" penetratingvi.. There were difficulties, however, with any interpretation in
terms of known particles. ... They seemed to be neither electrons nor protons. We
tended, however, to lean towards their interpretation as electrons and 'resolved' the
paradox in our informal discussion by speaking of green electrons and of red electrons,
the green electrons being the penetrating type."

- 60 property that expands the original ensemble of three quarks to nine. Each quark of the
original triplet can appear in any of the three colors — say red, yellow or blue. ... All
versions of the color theory assume that in the known baryons the three colors of quarks are
equally represented; as a result the particle exhibits no net color. Similarly, the mesons
are made up of equal proportions of red, yellow, and blue quark-antiquark pairs and are also
colorless." The colour hypothesis not only multiplies the computed value of the ratio R by
3 bringing it into agreement with the experimental observations, but it is also instrumental
in explaining other observed phenomena and opens the way to a deeper understanding of the
strong forces and of the lack of observation of free quarks. To describe the ideas behind
this recent and still hypothetical theory of strong interactions, it is necessary to intro
duce a new label for the quarks: flavour.
Needless to say it has nothing to do with the
flavours of macroscopic objects; we say that quarks come in three flavours, u, d, and s,
so that each flavour has three colours, red, blue, and yellow, and the quarks can be indi
cated with the obvious symbols Un, u„, u , d , dg, dy. ...
Y

R

I borrow from Sheldon Glashow the description of the still speculative theory of quantum
chromodynamics which makes use of the two attributes, flavour and colour, to label quarks,
or better the fundamental fields of nature J: "We can ask a fundamental question: What
explains the postulate that all hadrons must be colorless? One approach ... incorporates
the color model of the hadrons into one of the class of theories called gauge theories . The
color gauge theory postulates the existence of eight massless particles, sometimes called
gluons , that are the carriers of the strong force, just as the photon is the carrier of the
electromagnetic force. ... Gluons, like quarks, have not been detected. When a quark emits
or absorbs a gluon, the quark changes its color but not its flavor. For example, the emis
sion of a gluon might transform a red u quark into a blue or a yellow u quark, but it could
not change it into a d or an s quark of any color. Since the color gluons are the quanta
of the strong force, it follows that color is the aspect of quarks that is most important
in strong interactions. ... The color gauge theory proposes that the force that binds to
gether colored quarks represents the true character of the strong interaction. The more
familiar strong interactions of hadrons (such as the binding of protons and neutrons in a
nucleus) are manifestations of the same fundamental force, but the interactions of colorless
hadrons are no more than a pale remnant of the underlying interaction between colored quarks.
Just as the Van der Waals force between molecules is only a feeble vestige of the electro
magnetic force that binds electrons to nuclei, the strong force observed between hadrons is
only a vestige of that operating within the individual hadron.
s
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"The electromagnetic force between two charged particles is described by Coulomb's law:
The force decreases as the square of the distance between the charges. ... Kogut, Wilson and
Susskind argue that the strong force between two colored quarks behaves quite differently:
it does not diminish with distance but remains constant, independent of the separation of
the quarks. If their argument is sound, an enormous amount of energy would be required to
isolate a quark. Separating an electron from the valence shell of an atom requires a few
electronvolts. Splitting an atomic nucleus requires a few million electronvolts. In conTràst W ffi
which it is Che constituent would require the investment of 1 0 GeV, enough energy to sep
arate the author from the earth by some 30 feet. Long before such an energy level could be
attained another process would intervene. From the energy supplied in the effort to extract
1 3

- 61 a single quark, a new quark and antiquark would materialize. The new quark would replace
the one removed from the proton and would reconstitute that particle. The new antiquark
would adhere to the dislodged quark, making a meson. Instead of isolating a colored quark,
all that is accomplished is the creation of a colorless meson.
"If this interpretation of quark confinement
is correct, it suggests an ingenious way
to terminate the apparently infinite regression of finer structure in matter. Atoms can be
analyzed into electrons and nuclei, nuclei into protons and neutrons, and protons and neu
trons into quarks, but the theory of quark confinement suggests that the series stops here.
It is difficult to imagine how a particle could have an internal structure if the particle
cannot even be created."
The attempt made with the bootstrap hypothesis to stop the infinite regression at the
level of the hadrons failed because of quarks (Section 3.6). Quark confinement may be a
way of ending the series at the layer of matter we have just attained, but it is still a
working hypothesis — although an attractive one.
4.4 The fourth spectroscopy
Figure 21 summarizes the fundamental particles known towards the end of the 60's; it
contains both hadrons, which have dimensions of 1 fm, and leptons, which are certainly smal
ler than one hundredth of a fermi. Since then, quarks have more and more taken over the
role of constituents, and the interest has moved to the spectroscopy of quarks and leptons.
This fourth spectroscopy is the frontier reached today, and many of those who believe in
quark confinement share the opinion that it is the last one. Past experience tells us that
statements of this sort have always been wrong, but this time we could really be at the end
of the quest. Fortunately there are ways for tackling the problem. Experiments at larger
energies and momentum transfers will tell if quarks and leptons really continue to behave
as point-like objects when the resolving power of our instruments is increased by many orders
of magnitude. The study of the fourth spectroscopy is another way of attacking the problem
of the elementarity of quarks and leptons: if "many" leptons and quarks are found we would
be tempted to conclude that they are not the "elementary" constituents of matter. Indeed,
their proliferation has already started.
In 1976 the Nobel Prize in physics was awarded to Burton Richter of Stanford and to
Samuel C.C. Ting of MIT for the discovery, made in 1974, of a particle displaying very
unusual properties. Ting and his group produced the particle, christened by them J, in the
collisions of 28 GeV protons produced by the Brookhaven accelerator with beryllium nuclei.
They detected the J through its decay into an electron-positron pair, a rare process which
is very hard to detect within the great profusion of hadrons produced in the collision.
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In the lecture delivered on the occasion of the presentation of the Nobel Prize J,
Ting described the long way that brought him to this experiment, and the many problems that
had to be solved, both of a technical and an organizational nature: "During the construction
of our spectrometers, and indeed during the entire experiment, I encountered much criticism.
The problem was that in order to gain a good mass resolution it was necessary to build a
spectrometer that was very expensive. One eminent physicist made the remark that this type
of spectrometer is only good for looking for narrow resonances — and there are no narrow
resonances. Nevertheless, since I usually do not have much confidence in theoretical argu
ments, we decided to proceed with our original design. ...

- 62 "In April 1974, we finished the set-up of the experiment and started bringing an intense
proton beam into the area. ... In the early summer of 1974 we took some data in the highmass region of 4-5 GeV. However, analysis of the data showed very few electron-positron
pairs.

By the end of August we tuned the magnets to accept an effective mass of 2.5-4.0 GeV.

Immediately we saw clean, real, electron pairs. But most surprising of all is that most of
the e e~ pairs peaked narrowly at 3.1 GeV. A more detailed analysis shows that the width
is less than 5 MeV! ..."
After describing the many checks performed on the data in the next months, before
announcing, in November, the discovery, he continued:
"These and many other checks convinced us that we had observed a real massive particle.
We discussed the name of the new particle for some time. Someone pointed out to me that the
really exciting stable particles are designated by Roman characters —

like the postulated

W, the intermediate vector boson, the Z°, etc. — whereas the 'classical' particles have
Greek designations like p, u, etc. This, combined with the fact that our work in the last
decade had been concentrated on the electromagnetic current j (x), gave us the idea to call
this particle the J particle."
At Stanford the new particle was discovered by the group of Burton Richter by producing
it with the electron-positron storage ring SPEAR, which in November 1974 was the largest and
newest descendent of ADA. This group gave to the new particle the name of 4>, so that today
the particle of the "November revolution" is indicated with the symbol J/I)J. The high resolv
ing power of electron-positron storage rings allowed accurate measurements of the width of
the J/IJJ, which came out to be only 0.07 MeV, thousands of times smaller than the width
expected for a normal hadron having rest energy as large as 3.1 GeV. The J/ifi lives too long
to be a hadron formed by quarks of the usual type, i.e. a u or d or s quark bound to its
companion antiquark. Something new must prevent the J/41 from decaying too quickly, and this
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is the reason why the discovery, in the words of Richter ', "... burst on the community of
particle physicists. Nothing so strange and completely unexpected had happened in particle
physics for many years. Ten days later my group found the second of the i|i's, and the sense
of excitement in the community intensified. The long awaited discovery of anything

which

would give a clue to the proper direction in which to move in understanding the elementary
particles loosed a flood of theoretical papers that washed over the journals in the next
year. ... The beautiful (three-quark) model had great simplicity and explanatory power, but
it could not accommodate the ^ and i|/ particles. ... Before that time (1974) there had been
a number of suggested modifications and additions to the basic 3-quark scheme.

The first

publications of a theory based on 4 rather than 3 basic quarks go all the way back to 1964,
only a year or so after the original Gell-Mann/Zweig 3-quark scheme. The motivation at that
time was more esthetic than practical, and these models gradually expired for want of an
experimental fact that called for more than a 3-quark explanation.

In 1970, Glashow,
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Iliopoulos and Maiani J breathed life back into the 4-quark model in an elegant paper that
dealt with the weak rather than the strong interactions.

In this work the fourth quark —

which had earlier been christened by Glashow the 'charmed' quark (c) — was used to explain
the non-occurrence of certain weak decays of strange particles in a very simple and straight
forward way. The new c quark was assumed to have a charge +%, as the u quark, and also to
carry +1 unit of a previously unknown quantum number called charm, which was conserved in

- 63 both the strong and the electromagnetic interactions but not in the weak interactions. ...
The 4-quark theoretical model became much more compelling with the discovery of the I(J par
ticle. This model postulates that the 41 is the lowest mass cc system. ... The IJJ'S long life
is explained by the fact that the decay of the ip into ordinary hadrons requires the conver
sion of both c and c into other quarks and antiquarks".
Later experiments confirmed that the J/I}J is indeed formed by a quark-antiquark pair
carrying a new flavour, the charm. After this confirmation the two separate worlds of quarks
and leptons appear to be much more symmetric, as is apparent from Table 5, where the first
and the second families comprise all the quarks and the leptons discovered before 1975.
Table 5
Quarks, leptons, and mediators of the fundamental forces. The mediator
of the gravitational interaction does not appear because its effects
are too weak to be seen with particle accelerators. According to the
present views, each quark comes in three different colours.

1st family
Quarks

2nd family

3rd family

u (up)
d (down)

c (charm)
s (strange) b (bottom)

v

v

Particles
Leptons

e
e

y

p

T

Fundamental force

Mediators

Weakons
Photon
Gluons

Weak interaction
Electromagnetic interaction
Strong interaction

Ordinary matter is mainly made up of particles of the first family: nucléons are made up
of u and d quarks but also contain a very small contribution of strange pairs si and of
charmed pairs cc. In nuclear beta-decay the u and d quarks transform one into the other by
radiating a virtual weakon that transforms into a neutrino-electron pair (v e). In the weak
decays of mesons and baryons more energy is available, and the virtual weakon can also pro
duce a neutretto-muon pair (v y ) . The addition of the charmed quark c makes the second
family similar to the first one and explains a large number of observed decays.
Three members of a third family appear in Table 5. The lepton T and its neutrino v
+ _
were discovered at the e e colliding beam facility SPEAR at Stanford in 1975. Since 1962
no new addition had been made to the list of the known leptons (Section 3.9), and the dis
covery of a new lepton having a,rest energy as large as 1.8 GeV has changed previous ideas
concerning their "elementarity", as recently discussed by Martin P e r l ) : "The leptons are
simple, non-divisible particles; they do not partake in the strong interactions; even at
high energies the reactions in which the leptons directly play a role only produce a few
particles; and ... there are only a few types of leptons. Therefore, the leptons, in con
trast to the hadrons, are truly elementary particles; and in studying the leptons we are
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- 64 studying directly the simplest forms of matter which we have yet discovered. The quarks
may also be truly elementary particles; however, we do not know if they can be isolated in
a free state; and at present, we can only study them very indirectly. Until the discovery
of the T one might have thought that the simplicity and truly elementary nature of the leptons were connected with their small mass. The e, the u, and their neutrinos have less mass
than the lightest hadron ~ the pion with a mass of 135 MeV/c . (The name lepton means
"light one" in Greek.) However, the T is heavier than many hadrons and its existence once
and for all separates the concept of a particle's elementarity from the size of a particle's
mass. Indeed, we emphasize this by referring to the x by the oxymoron heavy l&pton. ... We
have never understood how to calculate the masses of elementary particles. For example, we
do not have the least idea why the rest energy of the electrons is 0.51 MeV. Perhaps the
discovery of the T will provide a clue as to how to calculate masses because now for the
first time we know the masses of three truly elementary particles: the e, y, and T . (The
neutrinos appear to have zero mass which is not much of a help to calculations.)"
2

The third family of Table 5 also contains a quark, the "bottom quark" b, that carries
a new flavour and was discovered in 1977 by the group of Leon Lederman of Columbia University,
working at the 400 GeV proton synchrotron of Fermilab near Chicago. This fifth quark showed
up, bound to its antiquark, as a new hadron, the upsilon
(T), that is long-lived and very
heavy (its mass is 10 times the mass of a proton I). As explained by Lederman ) , the hypo
thesis of the existence of a fifth quark gives the best interpretation of the data today:
"The existence of a fifth sub-particle would neatly account for the long lifetime of the
upsilon, just as the fourth quark had accounted for the long life span of the J/ty. If the
upsilon consisted only of the fifth kind of quark, it could not decay into ordinary hadrons,
which consist of various combinations of only the other four quarks. Such compelling con
siderations convinced most particle physicists that the upsilon is indeed an atom-like com
posite of a fifth kind of quark bound to its antiquark. ... The fact that the four identified
quarks were paired off as "up" and "down" and as "strange" and "charm" had led theorists to
predict that if there were a fifth quark, there would also be a sixth. The eccentric names
"top" and "bottom" or "truth" and "beauty" had been reserved for the two new quarks in the
event they were discovered. ...
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"As accelerator techniques advance, physicists will undoubtedly continue to discover
new subatomic entities. The proliferation will raise deep, unsettling questions. Are the
kinds of quark limited in number? If there are six, why not 12? If there are 12, why not
24? And if the number of kinds of quark is large, does it make sense to call the quarks
elementary? The history of science suggests that the proliferation of physical entities is
a sign the entities are not elementary. ... Now experiments indicate that a fourth and a
fifth quark exist. Are they also too many? Will simpler structures from which quarks are
made soon be proposed? Is it possible that there are no elementary particles at all, that
every entity in nature has constituent parts? Or will the ultimate simplicity that most
physicists believe in be lodged in the mathematical groups that order the particles rather
than in truly elementary objects?"
Recently, at the e e~ colliding rings DORIS of the DESY centre in Hamburg, new data
were produced which supported the hypothesis that the upsilon is made of a new type of quark.

- 65 Given the pattern of Table 5 it is easy to predict the existence of a sixth quark, the
fourth member of the third family, but today no theoretician knows how to compute its mass
so as to guide the experimenters in their search for it. The scheme of Table 5 is thus
simple and symmetric, but it hides many problems: the main one is the unknown mechanism
that gives, to quarks and leptons, masses that range from zero for the neutrino to about
5 GeV for the b quark.
4.5

Towards the unification of the fundamental interactions

Physics is the science of matter and forces, and in the past its main advances have*
been either the discovery of substructures (and this is related to matter) or the realization
that two very different forces are the manifestation of a single interaction (and this is a
property of the forces). The chain atom-nucleus-nucleon-quark describes the first line of
development, while the second one goes back to Newton's unification of weight on Earth with
the attraction among astronomic bodies. Much later, Maxwell unified electric and magnetic
phenomena; and only 20 years ago nuclear beta-decay was unified with muon decay and the
existence of a universal weak interaction established (Section 3.7). Since then we have
lived with four different and unrelated fundamental forces: gravitational, weak, electromagnetic, and strong. As discussed in Section 4.3, strong interactions among hadrons are
now thought to be only a pale vestige of the strong forces acting among the quarks within
each hadron. Gravitational forces are so weak that nobody has yet succeeded in detecting
their effect on the subnuclear world. The two interactions that look a priori
less dissimilar are the electromagnetic one and the weak one, the first being mediated by photons and
the second by the hypothetical weakons. These virtual particles, usually indicated by the
symbols W and W , carry electric charges and must be very massive, since until now they
have not been produced in any high-energy collision. Recent neutrino experiments indicate
that their rest energy has to be larger than about 30 GeV.
This decade has seen the beginning of a new process of unification of the weak and
electromagnetic interactions, and this in spite of the very striking differences between the
mediators of these forces. Gell-Mann -' has jocularly listed the different behaviour of the
two mediators: "You can see the immense similarity in the properties of the photon and the
weakons W~: the photon is electrically neutral, the weakon is charged. The photon moves
with the speed of light, it has rest mass zero; the weakon has rest energy of 50 GeV or
100 GeV — nearly zero, but there is an appreciable difference. For the photon the coupling
is parity invariant, or left-right symmetrical. For the wèakon we know that it is purely
left-handed." (See Section 3.8.) "Apart from these minor differences the couplings are
virtually identical, and present a very close mathematical analogy, which any field theorist
can perceive at once."
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The first of these many differences between photons and weakons was cured by the discovery made at CERN in 1973 of a new type of weak force, the so-called "neutral weak interaction." The experiment was performed by sending neutrino and antineutrino beams through a
very large bubble chamber that contained a heavy liquid (propane or freon) so that a not too
small fraction-of tb£iieuti;uaQs_:producM^
with the
sensitive material of the chamber. As Louis Dalais -' wrote: "It is under the -patronage
of Rabelais that in December 1970 at CERN tests have been started on the last of the big
bubble chambers: this chamber has been christened Gargamelle from the name of the mother
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- 66 of Gargantua. With its 1000 tons and its volume of 12 m

3

of heavy liquid, this modern

Gargamelle looks really gigantic with respect to the first bubble chamber which, built by
3

Glaser in 1952, contained 3 cm of ether! The project of this big chamber is a joint effort
of the high-energy laboratories of Ecole Polytechnique, Orsay, and Saclay."
The exploitation of this detector was truly international, and the scientific article
announcing the discovery of the weak neutral interaction was signed by 55 authors belonging
to the laboratories of Aachen, Brussels, CERN, London, Milan, Orsay, and Paris. About the
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discovery, Paul Musset and André Rousset ) wrote: "Gargamelle is placed in a beam of highenergy neutrettos produced in the decay of positive pions" [see Eq. (15), Section 3.9] "that
are abundantly created by the accelerated protons. Till now the most frequent interactions
were of the type
v

+ N •+ ]x~ + N' + pions .

(17)

The incident particle is a neutretto, the target N is a nucléon of an atomic nucleus of the
liquid filling the bubble chamber. The muon y~ is the charged lepton coming from the trans
formation of the neutretto; it is easily recognized because it does not interact strongly
and traverses a large thickness of material without deviating. ... On the contrary, the
nucléon N' and the pions are identified by their nuclear interaction. ..."

(In the experi

ment) "... reactions of the type
v

+ N -»• v

+ N + pions

(18)

have been detected, mainly through the absence of a muon in the final state. The proportion
of these events is about 20%. ... Moreover, the scanning of more than one million pictures
due to antineutrettos in Gargamelle gave two events of the reaction
v + e •+ v + e
u
u
that is also due to neutral currents."

(19)

(Fig. 31.) "This is the simplest of the reactions

(because it involves two point-like leptons, one of which has only weak interactions), but

gammas from electron's
bremsstrahlung

INCOMING NEUTRETTO

Fig. 31 This picture taken with the bubble chamber Gargamelle shows a very clear example
of a "weak neutral current" event. A neutretto, coming from the left, scatters on an elec
tron without
transforming into a muon. The charged electron is bent in the magnetic field
and loses energy by radiating photons that convert into three electron-positron pairs.

- 67 its cross-section is very small and it is very difficult to detect is.
Today, many inde
pendent experiments find positive evidence for the existence of neutral currents, while no
result contradicts this evidence. ... Many theorists have accepted these results with great
enthusiasm, because the existence of neutral currents allows a very satisfactory description
of the weak forces and the unification of weak and electromagnetic interactions."
The theory that embraces the widest spectrum of experimental facts is a field theory
proposed in 1967 by Steven Weinberg °J of Harvard University, and independently, some months
later, by Abdus Salam ) of the International Centre for Theoretical Physics in Trieste.
Its development is strictly connected with the concept of "renormalization" that has trans
formed quantum electrodynamics from an endless source of embarrassing infinities into an
almost respectable theory (Section 3.10). In an article dedicated to the memory of André
Lagarrigue, "who was the soul of the group who built Gargamelle", Martin Veltman spelt out
the background and the history of this development-* : (The successes of quantum electro
dynamics) "... are due to the fact that this theory is renormalizable, i.e. the infinities
can be absorbed into some few parameters. As far as weak interactions are concerned, the
theoretical treatment of the weakon is very difficult and it took many years. Eventually
it was found that here also the infinities of the quantum theory may be absorbed in some
parameters, but this is possible only if the theory satisfies some very restrictive symmetry
criteria. Theories of this sort were already known under the name of Yang and Mills theo
ries, or gauge theories,
but only in 1971 their 'renormalizability' was demonstrated by
G. t'Hooft."
8
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8

Here for the first time we meet the magic words that physicists repeat so often nowadays
while discussing the unification of the interactions: gauge theories. There is another set
of magic and mysterious words that goes along with the first one: spontaneously broken
symmetry; and unfortunately without mathematics it is not easy to describe the physical
arguments that are hidden by them. In my opinion the best presentation of these ideas was
given by Weinberg during an evening meeting of the American Academy of Arts and Science in
Boston ^: "The good news is that there is a class of quantum field theories, known as
gauge field theories, which offer the prospect of unifying the weak, electromagnetic, and
perhaps the strong interactions in one elegant mathematical formalism. ... To explain these
theories, I should like to make reference to something much more familiar — general rela
tivity. One of the fundamental principles of physics is that its laws are not dependent
on the orientation of the laboratory. But suppose one were to establish a rotating labora
tory in which the orientation would change with time. Would the laws of nature then be the
same? Newton would say no; he would maintain that the rotation of a laboratory with res
pect to absolute space produces a change in the form of the laws of nature. This change
can be seen, for example, in the existence of centrifugal forces. Einstein, however, gives
a different answer; he says that the laws of nature are exactly the same in the rotating
laboratory as in the laboratory at rest. In the rotating laboratory, the observer sees an
enormous firmament of galaxies, all the matter of the universe, rotating in the opposite
direction. This flow of matter and energy produces a field which acts on the laboratory and,
in turn, produces observable effects like centrifugal force. In Einstein's theory, that
field is gravitation. In other words, the principle of invariance, the ideas that the laws
of nature are the same whether in a rotating laboratory or one at rest, requires the existence
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- 68 of the force of gravitation. Moreover, this gravitational field is responsible not only for
centrifugal forces but also for the ordinary gravitational force between the Earth and
Newton's apple.
"Gauge theories are similar; they are theories in which there is a principle of invari
ance which logically requires the existence of the forces themselves. However, in gauge
theories, the principle of invariance or the symmetry — I use the words interchangeably —
is not the spatial symmetry with which we are familiar but an internal symmetry. Whenever
such symmetries arise, they force the particle to fall into neat families -- doublets, trip
lets, etc., just like the families of energy levels in ordinary atoms. The particles that
play the role for gauge theories that the quantum of gravitational radiation, the graviton,
plays for general relativity, form a family themselves whose membership is determined by the
nature of the symmetry. In the simplest version of a gauge theory of weak and electromag
netic interactions proposed in the late 1960 *s, that family consists of the photon — the
quantum of electromagnetic radiation, the particle that transmits the electric force — and
a heavy, charged, intermediate particle, called the 'weakon', or the W particle, which pro
duces the rayons uraniqu.es discovered by Becquerel. In the simplest theory, the mass of
the W particle is about 75 times the mass of a hydrogen atom, very heavy in comparison with
typical elementary-particles masses; thus the range is extremely short, about 0.003 fermis."
[See Eq. (9).} "... The fact that the mass is large explains why the weak force is so
weak: it is difficult for such a particle to get exchanged. In this kind of theory, the
weak force stands revealed as having exactly the same intrinsic strength as the electromag
netic force, and the experiments at very high energy should show that the forces are about
the same order of magnitude.
"In addition to the photon, the W plus, and the W minus, there is one other member of
the family, a 'neutral intermediate vector boson , which I call the Z particle. It is even
slightly heavier than the W and produces an entirely new kind of weak interaction involving
the exchange of the Z neutral particle. The previous theory did not predict that a weak
force could be produced by neutral currents, and when this idea was first proposed by theo
rists, it was discounted. But in 1973, evidence for such neutral currents was observed in
a number of experiments. ..."
1

The neutral weakon Z° is an essential ingredient of Salam-Weinberg unified theory,
because the electrically neutral weakon has to parallel the much more visible neutral pho
ton. The discovery made in Gargamelle of reactions (18) and (19) promoted the Z° from the
world of hypotheses to the world of facts, because in these weak reactions the impinging
neutrino retains its identity, and thus the process can take place only through the exchange
of a weakon that is electrically neutral. Since then the theory of Weinberg and Salam has
been confirmed in many experiments, and it is now generally accepted that the photon, the
charged weakons W and W", and the neutral weak Z° belong to one and the same family, and
that the electric and weak charges of leptons and quarks are of the same order of magnitude.
The difference in the apparent strength of the electromagnetic and weak interactions is due
to the fact that the symmetry between photon and weakons has been "broken". Because of this
mechanism the mass of the photon is still zero and the range of the electromagnetic forces
infinite, while the experimental data plugged into the theory predict about 80 GeV and 90 GeV
for the rest energies of the W" and of the Z°, respectively.
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relation with the vacuum, we can read below what has been written by Sidney Coleman ') [to
better understand his arguments, let us remember that the ground state of a system is the
state of lowest energy; and that the vacuum, the state of zero energy, is thus the ground
state of the Universe]: "In general there is no reason why an invariance of the laws govern
ing a quantum mechanical system should also be an invariance of the ground state of the sys
tem. Thus, for example, the nuclear forces are rotationally invariant, but this does not
mean that the ground state of a nucleus is necessarily rotational invariant. This is a
triviality for nuclei, but it has highly non-trivial consequences if we consider systems
which, unlike nuclei, are of infinite spatial extent. The standard example is the Heisenberg
ferromagnet, an infinite crystalline array of magnetic dipoles, with interactions between
nearest neighbors such that neighboring dipoles tend to align. Even though the laws of
nature are rotationally invariant, the ground state is not; it is a state in which all the
dipoles are aligned in some arbitrary direction. ... A little man living inside such a
ferromagnet would have a hard time detecting the rotational invariance of the laws of nature;
all his experiments would be corrupted by the background magnetic field. If his experimental
apparatus interacted only weakly with the background field, he might detect rotational
invariance as an approximate symmetry; if it interacted strongly, he might miss it altogether;
in any case, he would have no reason to suspect that it was in fact an exact symmetry. Also,
the little man would have no hope of detecting directly that the ground state in which he
happens to find himself is in fact one of infinite possible states that have different ori
entations in space. Since he is of finite extent (this is the technical meaning of "little"),
he can only change the direction of a finite number of dipoles at a time; but to go from
one ground state of the ferromagnet to another, he must change the directions of an infinite
number of dipoles — an impossible task."
81

Our vacuum (which is by definition the state of zero energy, zero momentum, zero charge,
and so on) is in some sense polarized and our experiments corrupted: we measure the photon
rest energy and find zero, while the rest energies of the weakons are of the order of 80 GeV.
However, if we were experimenting at energies much larger than 100 GeV, the weakons would
behave almost as massless particles and the weak forces would have the same intensity as
the electromagnetic ones. In this energy range the hidden symmetry would become apparent,
as was probably the case in the early hot Universe and as it happens in the example of the
ferromagnet, which at high temperature loses its polarization owing to the thermal movement
of the dipoles. As the above example shows, broken symmetries have long been known to exist
in other branches of physics. However, the application of this concept to fundamental
interactions is very recent and puts some old problems in a completely new perspective. The
realization of the relevance of broken symmetries is probably the most important achievement
in theoretical particle physics after the discovery of parity non-conservation (Section 3.8).
Owing to the possibilities offered by the mechanism of symmetry breaking, it is now possible
to build theories so symmetric as to satisfy the principle of gauge invariance and, at the
same time, explain the large asymmetries observed in the physical world. These asymmetries
dominate the low-temperature world with which we experiment, but should disappear when the
temperature is so high that the energy involved in the collisions between particles is much
larger than hundreds of GeV.
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Let us go back to Weinberg's presentation ) of this intriguing subject: "I want to
say a word about the most paradoxical aspect of gauge theories. You may with justice have
wondered about the basis for my reference to a symmetry which imposed a family relationship
involving the photon and the W and Z particles which produce the weak interactions. After
all, they are not at all alike; the photon has no mass and the others are much heavier than
any known particles. How can they be identified as members of the same family? The expla
nation for this is found in an idea that originated in an entirely different discipline,
the physics of the solid state. This is the idea of broken symmetry.
Even if a theory
postulates a high degree of symmetry, it is not necessary for the states described by the
theory, that is, the states of the particles, to exhibit the symmetry. That sounds para
doxical, but let me give you a simple example. A round cup is symmetrical around a central
axis. If a ball is put into the cup it rolls around and comes to rest on the axis of sym
metry, the bottom of the cup. If it came to rest anywhere else it would mean that the solu
tion to the problem violated the symmetry of the problem. But one could have another cup
in which a symmetrical dimple was pushed up into the bottom; in this cup a ball would come
to rest at some indeterminate point in the round valley at the bottom of the cup, which
breaks the symmetry because it is not on the axis of symmetry. Hence symmetrical problems
can have asymmetrical solutions. This kind of broken symmetry is analogous to that evident
in modern gauge theories. A better phrase would be hidden symmetry because the symmetry is
actually present and one can use it to make predictions, including the very existence of
the weak forces. In this particular example, one can use the symmetry to predict the way
the ball will oscillate if it is perturbed; in unified gauge theories of the weak and
electromagnetic interactions, one predicts the existence of the interactions and many of
their properties. Nothing in physics seems so hopeful to me as the idea that it is possible
for a theory to have a very high degree of symmetry which is hidden from us in ordinary life.
"There is also a very interesting speculation that at a certain temperature the second
cup will turn into the first cup; that is, the presence of the dimple depends on the exter
nal physical conditions of temperature, density, etc. This suggests that in the early
Universe, when the temperature was extremely high, the forces of nature may not merely have
been related by a hidden symmetry, but rather were actually all alike; the weak, the elec
tromagnetic, and the strong interactions may all have been long-range, inverse-square forces
with the same strength."

5. OVER-ALL VIEW
5.1

Accelerator development and scientific culture

We may now speak of unification of interactions and substructures in the nucléons only
because, in the last 50 years, particle accelerators have developed from small artisanal
tools into large and complex instruments. The status of our knowledge is shaped not only
by quantum mechanics and group theory but also by the technical possibilities and by the
limitations of accelerators and detectors. I am convinced that the fascination exerted on
many by this branch of science is related to the variety and the complexity of its sources,
so that in judging the value it is not possible to favour the invention of phase stability
over the discovery of the universality of weak interactions, or the development of big bubble
chambers over the introduction of the parton model. In the previous pages I have tried to
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shown that all of them have contributed to the unified view of forces and matter that many
scientists think is almost at hand.
Scientific culture, as any other type of culture, cannot be administered through pills.
Our mind has to be in contact with the history and status of a particular field long enough
to assimilate them, before being able to extract the general meaning of the problems and of
the proposed solutions. The historical approach has the advantage of carrying through this
program in a natural way, and it is hoped that the previous pages have given the reader the
feeling of how particle accelerators have contributed to our common culture in the last
50 years. The few sentences that follow have to be considered only as a reminder of the
long road that has been shaped by the discoveries, the errors, and the intuitions described
in this article.
Two interrelated themes have dominated the development of this field of physics:
i) the problem of the ultimate constituents of matter, and ii) the problem posed by the
diversity of the forces observed in nature. The outlook on both of them has been largely
influenced by the discovery of antimatter (Sections 2.2 and 3.3). Let us consider first the
present views on the constituents.
The discovery of antimatter and the possibility of creating particle-antiparticle pairs
by spending energy has modified the very idea of the ultimate constituents. In the subnuclear world the uncertainty principle allows temporary violations of energy conservation so
that a particle can no longer be considered as a Greek "atom", always identical to itself.
For very short times, energy can appear from nothing, and any particle may become itself
plus one or more particle-antiparticle pairs (Section 2.3). Physical particles are thus
complicated dynamical systems, the more so the stronger are the interactions felt by the
particle. For this reason hadrons, which are subject to strong interactions, have a much
richer internal structure than leptons, which feel only electromagnetic and weak forces.
The only consistent description we have of the continuously changing structure of a hadron
is based on quantum field theory, which can cope with varying numbers of particles by assum
ing that the fundamental entities are not particles but fields (Section 2.3). In the quark
model, which today describes the widest spectrum of experimental facts (Sections 3.6, 4.2 and
4.3), "the observed strongly interacting particles, such as neutrons, protons, and mesons,
are believed to be the compound states, consisting of quarks, antiquarks, and gluons, but
with no net colour. This picture represents a nearly complete triumph of the field over the
particle view of matter: the fundamental entities are the quark and gluon fields , which do
not correspond to any particles that can be observed, even in principle, whereas the observed
strongly interacting particles are not elementary at all, but are mere consequences of an
underlying quantum field theory". This is the point of view of Weinberg - and of the major
ity of the physicists working today around particle accelerators.
8

1

According to this point of view, the long quest for the ultimate constituents of matter
has come to an end: together with leptons, quarks (or better, their fields) are the basic
blocks and, since quarks are prisoners within hadrons, they cannot be observed as real free
particles and have no further internal structure. However, they can be studied indirectly
through the properties of the composite hadrons, and indeed already five types (five flavours)
have been identified. The known leptons, which are observed as free particles, are for the
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today's most advanced spectroscopy, the fourth one (Section 4.4).
The picture is certainly fascinating and no known fact contradicts it, but the theory
is mathematically incomplete and certainly does not embrace many fundamental issues, as
pointed out by Weisskopf -': "We are infinitely far from answering the question which
really interests us : ... what is the origin of the mass (of quarks and leptons) ? Mass is
energy, therefore energy rests in the field — using the field theory language — and thus
mass must ... reside in the interaction. That is all we know and we cannot go further."
An understanding of the origin of the lepton and quark masses will not be attained without
a simultaneous clarification of the meaning of the degrees of freedom that are internal to
quarks and apparently have nothing to do with space and time. This is the problem of the
many quantities that are conserved in strong interactions and have been given the names of
isospin, hypercharge, charm
(Sections 3.3 and 4.4). In the present scheme the consti
tuent quarks contribute to all the "charges" of the composite hadrons, but this statement
corresponds to simply shifting the problem from the hadron layer to the quark layer without
solving it.
5
8

What if quarks are not permanently confined in hadrons, and in some well-conceived
experiment even a single free quark is detected? Not everybody considers quark confinement
as a dogma, and since many years Salam advocates the point of view that quarks have integral
electric charge and can be freed from their hadronic prison. Still this does not automati
cally imply that the "onion-peeling" procedure will start again in a search for even smaller
fundamental blocks, as explained by Jogesh C. Pati and Abdus Salam -': "If quarks do exist
as physical particles, does this mean that we must expect, at the next energy range, the
existence of prequarks
(preons) and then perhaps the pre-pre-quarks, and so on? Does the
chain end somewhere, as it appears to do for leptons (with neutrinos and electrons)? Our
feeling is that questions like this are not well posed in terms of 'elementary' constituents
of matter, of 'elementary' fields — such questions are better posed in terms of 'elementary
charges'. Our basic concern can be, How many elementary charges are there? Is there an
end to the succession of charges — or even, are we looking at these charges in the right
way? We do not think, to this issue, that the precise complexion of elementary entities,
appearing as physical particles, has much direct relevance, although some choices may be
more distinguished than others. (This much one may concede to the bootstrap philosophy of
the last decade.) But having said this, and being guided by the observations i) that 'ele
mentary leptons' — well described by elementary fields — do appear to exist, and ii) that
there should be no absolute distinction between leptons and hadrons, we tend to believe that
the hadronic chain ends in the same manner as the leptonic, i.e. with some sort of visible
quarks or preons."
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In the 60's an attempt was made to stop the infinite regression to smaller and smaller
elementary components by introducing the bootstrap idea (Section 3.6). In this approach
hadrons are considered as self-consistent bound states of themselves, so that democracy
prevails and no hadron is really elementary. Recently the successes of the quark model in
predicting the spectrum of hadrons (Section 3.4) and the deep structure of nucléons
(Section 4.2) have pointed to a very different approach, in which the fields of quarks and
leptons play the role of fundamental entities. Still, the new idea of quark confinement may
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physicists have difficulty in conceiving how a quark could be made of something else if it
cannot even exist as a free particle. (The reader who has some historical and philosophical
inclination may find it interesting to read in Ref. 87 that the idea of confined ultimate
constituents is probably not really new.) We have also seen that, even if quarks are not
confined, there are some arguments to support the idea that today's accelerators are not far
from reaching the end of this long-standing onion-peeling procedure. Probably nature has
some other solution that we do not even dream of, but all these attempts and the ideas they
have generated are certainly unique contributions to scientific culture.
Let us now consider the second main theme in this field of research, which has to do
with the diversity of the forces. We now know that electromagnetic and weak interactions
are very similar (Sections 3.7 and 4.5), and we have a theory of their unification that has
the merit of attributing the main differences between these two interactions to the hidden
symmetries that shape our world but which are not fully realized in the phenomena we observe
(Section 4.5). From this point of view the mediators of weak and electromagnetic inter
actions, the hypothetical weakons and the photon, belong to the same family, in spite of
having very different masses, and are on a very different footing from all other particles
because their existence follows from a very fundamental symmetry of nature, which goes under
the name of "gauge invariance" (Section 4.5). This invariance is the compelling principle
behind the fiat lux so that Weinberg can ask J: "How, then, do we answer the question,
What is light? The answer in which I now have the greatest faith is: The photon is the
most visible member of the family of elementary particles required by a generalized gauge
group that mediates the electromagnetic, weak, and perhaps also the strong interactions.
(As far as I have seen, no one has claimed to be able to include gravitation in this scheme.)
If these theoretical ideas, and the experiments that are going on, pan out, we will begin
to understand in a fundamental way what light is, and that the photon (as well as other
particles that are less familiar because we live on a much longer time scale than they do)
forms the manifestation of a symmetry principle of nature that describes the interaction of
matter. This principle is about as fundamental as anything we know about the world."
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The prevailing point of view today is that the mediators of the strong forces — the
gluons — are also generated, as the weakons and the protons, by a gauge symmetry. If the
exchange of gluons will be proven in the next years to be really the mechanism that bounds
quarks in hadrons, then we shall be back to the classical point of view in physics, which
distinguished between "matter" and "forces": quarks and leptons are matter, while photons,
weakons, and gluons are the causes of the forces. Here, too, surprises are not excluded,
but the picture that seems to emerge is symmetric and of long-standing consequence.
A last remark about the effects of the knowledge, gathered with particle accelerators,
on the understanding of the problem of the origin of the Universe. The status in the field
of fundamental interactions is such that it is today possible to speak in a scientific way
of the early stages of development of the Universe and to construct models that can be com
pared with astrophysical data. The subject is out of the scope of the present article, but
the world-wide success of Weinberg's book The First Three Minutes )
demonstrates how fasci
nating it is to every open mind; here I would like to emphasize that a fuller understanding
of the problem of the origin has its only source in a deeper knowledge of the behaviour of
matter at energies and momentum transfers even larger than the ones achieved up till now.
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Future accelerators

Weakons and photons appear in Table 5 as the mediators of weak and electromagnetic
forces among quarks and leptons, while gluons mediate the strong force among quarks. This
last fact is far from being proven and is one of the main problems in strong interactions.
The others concern the list of families appearing in Table 5: Is there a quark to complete
the third family? Are there other families of quarks and leptons? Answers to these ques
tions are expected to come from the experiments to be performed with the German electronpositron storage ring PETRA that is just now (September 1978) starting to operate in Hamburg.
With its 20 GeV electron and positron beams it will allow the extension of the search for
new quarks and new leptons up to rest energies as large as 20 GeV; this is four times larger
than the rest energy of the heaviest quark known today, the b quark. In Stanford the PEP
storage ring will reach similar energies one year later. These new tools, together with
the 400 GeV proton synchrotrons at CERN and Fermilab, will certainly clarify the situation
in the field of strong interactions and either confirm or negate the gluon picture. If the
answer turns out to be positive, a further step towards a general unification will be made,
because the simplest theory that embraces both massless gluons and quarks permanently con
fined into hadrons is a gauge theory which shares many properties with the gauge theory of
weak and electromagnetic interactions. If the answer is negative and, for instance, free
quarks or free gluons are discovered, the hope of stopping the regression towards finer and
finer structures in matter will be dead and the future will look even more interesting.
No doubt many surprises will come from existing accelerators. However, we have today,
for the third time in the history of this branch of science, a clear landmark: the rest
energies of the weakons whose predicted values, about 80 GeV for the W~ and 90 GeV for the
Z°, are larger than the largest centre-of-mass energies attainable with existing or almost
existing accelerators. It was a much vaguer landmark that was available to Cockroft when
he proposed the construction of an accelerator of energy just large enough to initiate nuc
lear reactions with protons (Section 2.1). At the time of the choice of the Bevatron energy
the goal was much clearer — the energy needed to produce antiprotons, if they existed
(Section 3.3). In both cases the discovery was made — but the unexpected findings were
even richer: the second spectroscopy from low-energy accelerators (Section 3.1) and the
spectroscopy of hadrons from the Bevatron (Section 3.4). In planning for the next landmark
we should not forget the lesson of the past and, knowing that something must happen to the
weak interactions when energies of the order of 100 GeV are reached, we have to look for
the weakons predicted by Salam and Weinberg but leave the door open for phenomena that we
cannot even dream of today.
A fast road to centre-of-mass energies much larger than 100 GeV was taken in 1977, both
at CERN and at Fermilab. It is based on the transformation of the proton synchrotrons into
storage rings for protons and antiprotons, a possibility that can only now become a reality
because of new advances in the techniques for producing very small and intense beams of
antiprotons. The stochastic technique for "cooling" antiprotons was invented at CERN by
Simon van der Meer, and the idea of transforming the super proton synchrotron into a protonantiproton collider was put forward by Carlo Rubbia. At CERN in 1981, protons and antiprotons circulating in opposite directions in the 7 km vacuum chamber of the SPS are expected
to collide, and in each collision liberate about 500 GeV. This energy is much larger than
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observed. The experiment is very difficult because of the small number of weakons produced
and the background caused by the many hadrons created in the proton-proton collision. For
these reasons the weakons are detectable, but their detailed properties cannot be studied
with proton-antiproton annihilations.
The ideal instrument for studying not only the weakons but also the behaviour of weak
and electromagnetic interactions at energies even larger than the weakon rest energies is
an electron-positron storage ring. This is due to the cleanness of the process in which the
electron and the positron coming from opposite directions annihilate by producing a single
virtual particle and nothing else. At energies less than about 10 GeV the virtual particle
is a photon, as shown in Fig. 29, but at higher energy it is a mixture of a photon and a
neutral weakon Z°. If the energy of the collision is exactly equal to the rest energy of
the Z° (expected to be about 90 GeV), real weakons are produced at rest in the laboratory,
in many thousands per minute, and their properties can be studied under very clear conditions.
In 1977 the community of the Western European physicists coming from the Member States
of CERN chose an electron-positron storage ring of at least 140 GeV as the European project
for the 80's. A first detailed study of a Large Electron-Positron ring (LEP), which will
be able to reach 200 GeV in a second stage, was issued in 1978 -', and work is going on in
many European universities and laboratories to understand the technical and organizational
problems connected with the construction of a colliding beam facility of this type. The
European Committee for Future Accelerators (ECFA) has set up a working group, chaired by
Antonino Zichichi, with the aim of assessing the validity of the project by the end of 1979.
The dimensions of this storage ring (the diameter is about 10 km) and its cost (which is of
the order of 1000 million Swiss Francs) determine a time scale which is about seven years
from the moment of approval. If approved on the basis of the scientific arguments that have
their roots in the 50 years of development I have described in this article, and of political
considerations which are outside my scope, the LEP storage ring could be productive in the
late 80's. In this way it would be contemporary and complementary to the accelerators al
ready approved in the USA and in the USSR: a 400 GeV storage ring for protons (ISABELLE)
to be built at Brookhaven and a 3000 GeV proton synchrotron (UNK) for Serpukhov.
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The scientists working in high-energy physics now aim to reach much more than 100 GeV
in the centre of mass of the colliding particles because there are sound reasons for expect
ing a very precise pattern of phenomena that would confirm the present views. However, this
does not prevent most of them from hoping for the unexpected since, as Weisskopf has said ):
"... the urge we physicists feel in getting deeper into the structure of matter is to find
the fundamental ultimate laws that govern matter and its properties. What happens, however,
is that we have discovered new phenomena all the time. It makes things more complicated
than we have thought. Therefore, I would like to say that the aim of this kind of physics,
of particle physics, is really twofold: one aim in which we were successful and another aim
in which we were not successful. The not successful aim is to find the fundamental laws of
nature. The successful aim is to find new ways of behaviour of nature, which I think at
least as wonderful, in fact more romantic than the other, because the deeper we go into
matter the stranger nature becomes. There we find new ways of behaviour, a new continent
which is much more difficult than the old continent.
91

- 76 "Here I would like to make an analogy. There are three kinds of physicist, as we know,
namely the machine builders, the experimental physicists, and the theoretical physicists.
If we compare those three classes, we find that the machine builders are the most important
ones, because if they were not there, we would not get into this small-scale region. If we
compare this with the discovery of America, then, I would say, the machine builders corre
spond to captains and ship builders who really developed the techniques at that time. The
experimentalists were those fellows on the ships that sailed to the other side of the world
and then jumped upon the new islands and just wrote down what they saw. The theoretical
physicists are those fellows who stayed back in Madrid and told Columbus that he is going
to land in India."
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