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1. INTRODUCTION. 
New theories, new accelerators, new detectors, and new discoveries 

in the last decade and particularly the last few years, have resulted 
in a radical change in our perception of the ultimate constituents of 
matter and their interactions. In the same period similar changes 
have taken place in Astrophysics. It is also true that the same 
period has seen an increase in the influence of particle physics and 
astrophysics on each other. Time does not permit a discussion 
astrophysics. 

•Let us begin with a review of the "fundamental" particles of nature 
and their interactions as was understood in say the mid nineteen thirties. 

The known particles were:-

(a) Photon y A. Einstein 1905, Electromagnetic field, massless, 
neutral, stable, alias:- y-ray, X-ray, ultra-violet, 
light, infra-red, microwaves, radiowaves. 

(b) Neutrino v W. Pauli 1930, Reines and Cowan 1956, given off in 
beta decay, massless ?, neutral, has spin angular 
momentum about its momentum thus:-

-a- momentum 

(c) Electron e 

(d) Positron + e 

(e) Proton P 

(f) Neutron n 

(g) Nuclei ZXN 

J.J. Thomson 1897, low mass 0.511 MeV/c2, stable 
charged, alias:- B-ray, 6-ray. 

P.A.M. Dirac 1928, C D . Anderson 1932, anti-electron, 
same mass, opposite charge. 

W. Wein 1897, J.J. Thomson 1911, mass 938.28 MeV/c2, 
stable ?, charged, nucleus of hydrogen. 

J. Chadwick 1932, mass 939.57 MeV/c2, unstable, 
mean life 925 sec, neutral component of nuclei, 
decay mode n •+ p+e"+v. 

Composite objects made of protons and neutrons. 
Z is number of protons, N is number of neutrons, 
A = Z+N = number of nucleons (protons or neutrons). 
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The knovm interactions of the particles were summarised into four types:-

(a) Gravitational I. Newton 1963, A. Einstein 1916 
Extremely weak, long range. 

(b) Electromagnetic 

(c) Weak 

(d) Strong 

J.C. Maxwell 1856, summarised and extended 
the previous laws, i.e. 
i) Gauss's Law of Electricity 
ii) Gauss's Law of Magnetism - no magnetic charge 
iii) Faraday's Law of Induction 
iv) Amperes Circuital Law plus Maxwell's 

displacement current. 
Medium strength, long range, electric and 
magnetic interactions fused into a single interaction. 

E. Fermi 1932, T.D. Lee and C.N. Yang 1957 
Weaker than electromagnetism, much stronger than 
gravitational force, very short range. This 
interaction is responsible for beta decay i.e. 
n •* p + e - + v. Theory has much in common 
with electromagnetic theory. 

Yukawa 1937. Strongest force of all,short range, 
e.g. force binds protons and neutrons in 
nuclei together 

° TTTTH XT 
j L Li time 

•mesons 

Range = U/m c = 1.5 x 10" 1 5 m (nuclear size) 

m = 140 MeV/c2 

IT 
The range of a force is related to the mass of the exchanged 
particle by the Heisenberg uncertainty relation as follows:-

At.AE = fl = Planck's constant/2Tr 
AE = mc 2 = energy fluctuation due to creation of field particle 

At = time interval for which fluctuation exists 
Range = time interval x maximum possible speed of particle 

= At.c 
s "ft/mc . 
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2. DEVELOPMENTS - Experimental. 

a) Cosmic Ray Research 1930 •+ 1947 say, discovered many of the 
following list of new particles:-

TT , TT°, IT" pr.on - the Yukawa particle 
+ -u u muon - a heavy electron 

strange particles. 
K 0K 0K +K" kaons 
A UZ Z EUH ~u hyperons , 

Strangeness is another kind of charge. It is conserved in strong 
interaction production processes. 

b) Accelerators (1 GeV -*• 400 GeV) 1950 -»• 
Those particles above, not discovered in cosmic rays, were 

discovered in the early days of high energy accelerators. Many 
more particles, strange and non-strange, were created out of the 
centre-of-mass kinetic energy provided by these accelerators. 

Three accelerator developments stand out: 

i) The strong focussing principle enabled high energy beams 
to have millimetre cross-sections, thereby decreasing accelerator costs 
and permitting ever-larger accelerators. 

In collision with a target of mass m, the centre-of-mass 
energy is related to the beam energy by 

E - s /2mcz.E c.of.m 
For E = 30 GeV, and mc 2 = 0.94 GeV (proton) we find 

E . =7.5 GeV. c.of.m 

ii) Colliding beams. Beams may be upgraded from micro-amps to 
tens of amps by circulating storage in magnetic fields in ultrahigh 
vacuum. Their great intensity made head-on beam-beam collisions a 
reality. The centre-of-mass energy in this case is given by the 
sum of the beam energies 

E - - 2E c.of.m 

For E = 30 GeV, E - =60 GeV, an 8-fold increase over collision 
c.of.m 

with a target. 

iii) Beam pooling enabled the storage ^f the intense anti-proton 
beams which have dramatically produced the most recent generation 
of particles. Antiprotons are initially produced in beam-stationary 
target collisions. In the centre-of-mass of the clusters antiprotons 
produced,they have high random velocities i.e. high temperature. 
Beam cooling reduces these velocities and converts them into a 
narrow stored beam. 



4. 

c) Detectors 
Initially, the bubble chamber, with its event photographs, 

was the main device for studying particle reactions. 

Nowadays electronic detectors, particularly 
i) Spark chambers 
ii) Cerenkov chambers 
iii) Scintillation chambers 

have provided digital signals to computers for real-time analysis 
of particle reactions as they occur. Only this way can the 
signals be sifted from the extra-ordinarily large unwanted 
background of uninteresting events. 

3. DEVELOPMENTS - Theoretical. 

A flow analysis of theoretical developments proceeds something 
like this. 

i) (Special relativity) + (quantum mechanics) •*• (quantum field 
theory (QFT) ). QFT describes the creation and destruction of 
particles. 

ii) (Quantum field theory) + (Maxwell's electrodynamics) + 
(Dirac's electron theory) -*• (Quantum electrodynamics (QED) ). 
QED has extraordinary ultrahigh precision predictive power. 

To a very large extent all subsequent successful theories of 
other interactions have been modelled on it. 

iii) (Quantum field theory) + (Fermi, Lee-Yang theory) -*• 
(Weak Interaction theory). 

Notes 
i) Little advance was made in strong interaction or 

gravitational theories. 

ii) QED and Weak Interaction theories appear to have much 
in common. 

iii) All theories are troubled by infinite quantities except 
in lowestapproximation, with the exception of Gauge Field Theories. 
QED is an example of a gauge field theory, that's why it's so good. 

4. THE PARTICLE EXPLOSION 

In the 1982 list of particles about 50 stable particles are 
listed. In addition there are some 420 unstable particles 
listed; about 130 mesons (integral spin) and 290 baryons (half-
integral spin). Altogether we have about 470 "elementary" particles!! 

This prodigious list of particles,which is still growing 
strongly, was created by the giant laboratories with their 
accelerators, detectors, computors and particle physicists. There 
are now many more elementary particles than there are elements!! 
The particles naturally fit into families or natural groupings 
which are partially understood. 
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The overwhelming conclusion we are forced to make by this 
prodigious list of "elementary" particles is simply that 
they are not elementary. 

The non-elementary nature of the proton and the neutron has 
been demonstrated by the "deep" inelastic scattering of very 
high energy electrons off these particles (shown below). These 
experiments show direct evidence for an internal structure, in 
much the same way that alpha particle scattering showed that 
atoms had a sub-structure, the nucleus in that case. 

Tofcoiv 

Vi/tu^l photon. «a:A<v*tfl*^ 

ro-m, -/Ac Proton 

5. LEPTONS and QUARKS. 

Recently a heavy electron known as the tau was discovered 
in the head-on collision of an electron and positron, thus 

+ - + 
e + e •*• x + T 

+ + + We now have three electrons e",y",T~ and their associated 
neutrinos v ,v ,v . Collectively these are called leptons. 
These are all regarded as fundamental particles. 

The mesons and baryons are plausibly conjectured with 
increasing experimental confidence to be made of basic particles 
called quarks. 

The basic particle table looks like this 

1. Leptons ' e" p" T" — 
Charge 
-1 

| . e u 
V 

J 
0 

2. Quarks C ' d s b ' -1/3 
0 u c t — +2/3 
1 
0 

red 
u d s b — -1/3 
r u c t _._ +2/3 

yellow 

r d s b — -1/3 
*i ' u c t — +2/3 

blue 

Flavour 
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Notes 

(i) Masses,e 0.511 MeV, y 105.7 MeV, T 1784.2 MeV 
Mean Lives, e °°, y 2.2*10~6 sec, T 4.6*10~13 sec 

(ii) For quarks the letters stand for the words down, up, strange, 
charm , and top. 

(iii)Colour will be discussed below. 

The spectrum of bar/ons and mesons follows this way 
(subscripts refer to colour) 

p = proton = u u d. + u u, d + u, u d r r r y D y D r D r y 
Q~ = Omega = s s s, 

+ r y b 
i\ = pion = u 3 + u 3 + u, 3, r r r y y D D 
K = kaon = d i + d I + d,i, fbare strangeness) r r y_y b b 6 •* 
V = Gypsy = c c + c c + c. c. (hidden charm) 

Thus all baryons consist of quarks, triplets and all mesons quark-
antiquark pairs. 

All leptons and quarks have half-integral spin, and hence 
obey the Pauli exclusion principle, which states no two identical 
particles may occupy exactly the same state. The fi~, with its 
three strange quarks all in exactly the same state, appeared to 
violate this. It was then suggested that the three strange 
quarks must differ in some other way, called whimsically colour. 

The hypothesis that all quarks come in three colours 
immediately solved several outstanding problems:-

(i) the theoretical lifetime of the TT° now agreed with experiment, 
(ii) the electron-positron cross-section, e + e" •*• anything, 

could be explained readily, 
(iii)with the additional hypothesis of colourlessness, i.e., all 

primary colours occur in equal amounts in all observable 
particles, a reason for the absence of the observation of 
free quarks had some kind of explanation. The idea that 
quarks are never free but only occur in bound states is 
known as confinement. So far they have not been seen free. 

6. BOSONS - The Mediators of Interactions. 

Electromagnetic process are all mediated by the exchange of 
the well known boson, the photon. For example 

Annihilation "^*^ v -* 

eX -+ eX 
Scattering e ^-y «- ^Electron or Rutherford Scattering 
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Weak interactions appear to have much in common with 
electromagnetic processes, but are very short-ranged. Compelling 
theoretically arguments have led to the conjecture that heavy, 
intermediate vector bosons (IVB) exist which mediate weak interactions 
thus:- ^ 

ft * ^ 
- —-^ - ->• p + e + v Beta decay [d-»-u + e ~ + v ] 

Neutrino jj* 
Scattering "" 

Both contribute 
to 
v+e •+ v+e 

The four bosons, y, W , W", Z°, are all regarded 
interrelated members of a family of particles, the last three 
being very heavy. It is predicted that their masses are 

V 82± 2.4 GeV/c2 

M z = 94± 2.5 GeV/c2 

We note that the W has roughly the mass of a strontium 
atom. The heavy mass ensures that the interaction is very 
short range. 

These particles have decay schemes such as: 

Xw-fUgLb 

sT-e^e-

tffc rest 
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These particles are expected to be produced in proton-
antiproton collisions, such as 

U Mi^= ? u. 
-*r-W/J *=" 

+ u -*»W 

The Strong Interaction is similarly expected to be mediated 
by bosons appropriately called gluons. Gluons are colour-
bearing particles which are exchanged between quarks and (other 
gluons). Like the quarks, free gluons are not expected to be 
seen. There is increasing circumstantial evidence for their 
existance, however. 

7. DISCOVERY OF W^.W'.Z0. 

In early 1983 270 GeV beams of protons and antiprotons 
became available at the European Centre for Nuclear Research 
(CERN) in Geneva. In many clear-cut annihilation events between 
these colliding beams, very fast electrons and positrons were 
seen to be emitted, c learly coming from the decays of W* s and 
Z° s. 

The measured masses turned out to be very close to those 
predicted. Experimentally 

%± - 8 0 ' 9 ± l - 5 0 9 t a t * 3 ' ° s y s t G e V / c 2 

M z „ = 9 5 . 6 ± 1 . 4 s t a t t 3 . 0 s y s t GeV/c* 

Further, the production ra tes , and the decay mechanisms 
are consistent with theoretical predictions. 

The discovery of the W's and the Z i s a great triumph of 
theory and experiment, one that began 50 years ago. The 
consistent use of analogies with electromagnetism paid off. 
The theory that did i t i s cal led gauge field theory. 

8. NON-ABELIAN GAUGE FIELD THEORY WITH BROKEN SYMMETRY. 

This extra-ordinary run of words is the name of the 
theory devised by Weinberg, Salam, and Glashow for which they 
were given the 1982 Nobel prize. Many others contributed very 
important steps. The theory i s often called the Standard 
Version of the Eleotvoweak Interaction. As a result of th is 
theory, and the crowning discovery of the W's and the Z, 
electromagnetic and weak interactions have been merged into a 
single unified theory, which has high predictive power, and i s 
remarkably accurate. 
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With great trepidation I shall try to describe its main 

features in a sort of question and answer form. 

(a) Why is quantum electrodynamics so successful? Because 
it is a gauge field theory. 

(b) What is a gauge field theory? It is a theory in which 
the reference levels for potentials are totally arbitrary, 
and at the same time the values of the phases of the 
particle (electron) wave fields are again totally arbitrary. 

The theory works in spite of all this arbitrariness, 
because the two arbitrary aspects "dovetail" so as to compensate 
each other. 

We know that a car travelling on a hot day has a reference 
potential level which is rapidly varying with both position and 
time as the charge comes and goes. We know that the performance 
of the car's electromagnetic cassette recorder is oblivious to 
all this reference level changing. 

Further, if a capricious imp changed the phase of all 
electron waves (say) at some point in space at some time,we 
would never know. The reason is that the interference 
conditions at any point and time, depend only on phase 
differences, which are not affected by such random changes. 

Theories which have this compensating feature of potential 
and phase arbitrariness, have two features, (i) the results 
of all calculations are finite, and (ii) the mass of any 
exchanged particle, such as the photon, has to be zero. This 
last result means long range forces. 

(c) Does not the masslessness of the exchanged particle rule 
out the use of a gauge field theory for describing the 
short range weak (and strong) interactions? 

This was thought to be the case until the invention of a 
way around it by Higgs - the Higgs mechanism. 

(d) What is the Higg's mechanism? Consider the following two graphs 

£U«trtc 
FceU 

( i ) 

^"03s Rti4. 

* 
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Graph (i) depicts the relation 5 = Je E 2 which relates 
the energy density ~Q of the electrostatic field to that field 
strength E . We see that the state of lowest energy, the 
vacuum, coincides with E=0, so that empty space is devoid of 
electrostatic fields. Higgs considered another hypothetical 
field <j) whose energy density^ = ik(<J>2-<j)2) 2, where k and <{> 
are positive constants. We see in figure (ii) that the 
lowest energy state, the vacuum, is not one for c{>=0, but one 
for 4>=<t> i.e. the vacuum is not truly empty but contains an 
everpresent background field $0, Whether this field is directly 
observable is an unanswered question. All particles move 
through this background field. If the particles, such as 
Z°,W+,W~ interact with such a field they will be endowed with 
an effective mass even though they are intrinsically massless. 
Thus the Higg's mechanism allows us to "have our cake and eat it" 
i.e. have short range forces with a finite result-generating 
gauge field theory. 

(e) What is meant by the term non-Abelian? 

The words non-Abelian are used by mathematicians to 
describe algebras in which the elements do not commute, such 
as matrix algebra. It turns out that our capricious imp not 
only goes around changing potential levels and phases, he 
sometimes swaps neutrons for protons or electrons for neutrinos. 
If done just right,this too is unobservable. A swap of two 
particles brings in a matrix thus 

(e,v) = (v.eHj Q) 

That's why it is called non-Abelian. 

9. THE FUTURE. 

The history of our subject is described by the following 
diagram 

Alftfl-ne-fc. 5*1 . £Uc£r«Jjty (*)e*K Sfcrcmn J VGMfbbLtL&w 

T 

, 

, 1 

iGrowAOtvfcfUifVji 
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The dotted lines represent incomplete and ill-understood 
attempts at unification. Unified theories suggest that the 
proton is unstable and has a mean life of 10 years, give or 
take a day. The "big bang" is estimated to be only 10*° years 
ago. So far protons have not been seen to decay. 

Do not hold your breath. 
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