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As mentioned, while for an "active" branch of science this might be possible,
we will not follow a strictly historical approach in the course

However

• We discussed the difference between learning "what" and learning "why or how" 
• Science is built upon experimental observations, crucial ones must be known
• An "axiomatic" presentation of the concepts might leave students baffled and look a 

little bit as "magic"
• There are quite many concepts and particles to learn about, knowing how they came 

to be helps assimilating and remembering them (you must know and memorize the 
basic properties of the main particles, as these correlate to concepts)

• It's useful to get a bird's eye overview before delving into the details 

Why?
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"Fundamental" interactions are the known ways in which "fundamental" constituents of 
matter relate to each other. The meaning of "fundamental" changes with time.

What about?

Distance scales translate 
into momentum (energy) scales 
λ=h/p, so particle physics is also
called "high-energy physics".
The meaning of "high" changes 
with time. 
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Spectroscopies: e pluribus unum

Empedocles (550 B.C) Mendeleev (1870) Rutherford + many others (1900-1932)

Gell-Mann, Ne'eman (1961) Gell-Mann, Zweig (1964) + 
many others (to 1995)

The end?This course



Elementary particles?
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Elementary particles?

Around 1960
Around 2020
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Particle discoveries

(C) M. Rodriguez Cahuantsi M.Sozzi - Fundamental Interactions - Università di Pisa
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The classical era (1897-1932)
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Photon

Albert Einstein
(1879-1955)

1921

A. Einstein -
Ann. Phys. 17 (1905) 132

1905 Bern
Einstein proposes that Planck's light quanta behave as 
particles to explain the photoelectric effect

1914 Chicago
R. Millikan confirms Einstein's photoelectric law

1923 S. Louis
A. Compton observes the frequency change of 
scattered X rays

R. Millikan -
Phys. Rev. 4 (1914) 73

A. H. Compton -
Phys. Rev. 21 (1923) 483

Arthur H. Compton
(1892-1962)

1927

Robert Millikan
(1868-1953)

1923
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Electron

Joseph J. 
Thomson 

(1856-1940)

1906

1897 Cambridge
Cathode rays deflected by electric 
field. 
Use of crossed electric and 
magnetic fields indicates e/m ~ 
1800 times that of lightest ion

1909 Chicago 
Measurement of electron charge
58 oil droplets for 60 days
(determination of electron mass)

Robert Millikan
(1868-1953)

1923

J.J. Thomson –
Phil. Mag.  44 (1897) 293

R.A. Millikan –
Science. 32 (1910) 436
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Nucleus

Ernst Rutherford
(1871-1937)

1908

1909 Manchester
Deflection of α particles 
at large angles 
indicates positive 
charge with R < 10–14 m

α source (Rn)

ZnS 
scintillator

Microscope

diaphragmmetal foil

10 cm

Hans Geiger
(1882-1945)

Ernst Marsden
(1889-1970)

ଶ

ଶ ସ

H. Geiger, E. Marsden –
Proc. R. Soc. A 82 (1909), 495
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Proton

Ernst Rutherford
(1871-1937)

1908

1919 Cambridge
Recoil hydrogen 
particles emitted by 
bombarding metal with 
α particles increase 
when N2 is present

α source

ZnS 
scintillator

Microscope

E. Rutherford –
Phil. Mag. 37 (1919) 581
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Neutron

James Chadwick 
(1891-1974)

1935

J. Chadwick –
Nature 129 (1932) 312

1932 Cambridge
Measurement of ionization 
(velocity) of other emitted 
ions is not compatible 
with 50 MeV photons

1932 Paris
Penetrating neutral radiation produced by α
particles on Be was known to eject 5 MeV 
protons from paraffin: interpreted as photons.
1932 Roma
E. Majorana: "they discovered the neutron 
without knowing it"

α particles

neutral radiation

protons
paraffin
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Particles 1

Nomenclature initially based on mass: leptons ("light") vs. baryons ("heavy")
to which mesons were added in the middle
Beware: no longer the correct meaning of these words!

Decay 
modes

Lifetime
(s)

Spin
(ħ/2)

Charge
(e)

Mass
(MeV/c2)

Particle

N/Astable1/2–10.511electron (e–)
N/Astable100photon (γ)
N/Astable1/2+1938proton (p)

pe–...8801/20939neutron (n)
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Antiparticles (1932-1956)
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Cloud chamber

Charles Wilson
(1869-1959)

1927

Movable piston
Expansion space

Hollow cilinder
(wood)

Valve

Atmosphere

Vacuum
chamber

1899-1912 Cambridge
Adiabatic expansion results in a  
supersaturated gas and the formation of 
droplets around ionization centres 
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Cosmic rays
1930-1936  Pasadena, Pike's Peak
Observation of cosmic rays in cloud chamber, 
estimate of their momentum (by magnetic 
deflection) and their energy (by range)

C.D. Anderson, S.H. Neddermeyer –
Phys. Rev. 50 (1936) 263
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Dmitri V. Skobeltsyn 
(1892-1990)

1926 Leningrad 
Add a magnetic field to a cloud chamber 
for observing cosmic rays
Observed some tracks which looked like 
electrons but curved in the wrong direction

Also I. Curie and F. Joliot, and C. Chao

Not understood

Anti-particles ?
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Anti-electron

Carl Anderson
(1905-1991)

1936

1932  Pasadena, Pike's Peak
Observation of a particle with 
the same mass as the electron 
but positive charge

C.D. Anderson – Phys. Rev. 43 (1933) 491
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Particle 
accelerators

Berkeley's Bevatron (1954) 
13 GeV protons

EnergyParticleDiameter
(or length)

WhereYear

80 keVp11 cmBerkeley1931Lawrence's cyclotron

16 MeVp152 cmBerkeley193960' cyclotron

350 MeVp470 cmBerkeley1946184' cyclotron

3 GeVp23 mBrookhaven1953Cosmotron

13 GeVp39 mBerkeley1954Bevatron

28 GeVp144 mCERN1959Proton synchroton

33 GeVp258 mBrookhaven1960AGS

30 GeVe–3 kmStanford1966Stanford linear
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Anti-proton
1955  Berkeley
Negative 1.19 GeV/c beam
Velocity: TOF, Č m

p

π

π

O. Chamberlain 
(1920-2006)

E. G. Segre 
(1905-1989)

1959

O. Chamberlain et al. –
Phys. Rev. 100 (1955) 947

O. Chamberlain et al. –
Phys. Rev. 101 (1956) 909
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Particles 2

Nomenclature initially considered different names ("positron" and "negatron")
but then reverted to anti-XXX
The symbol normally has an overline, and sometimes the charge
Which one is particle and which one is anti-particle is arbitrary (assume world 
is made of matter: e–,p,n are particles 

Decay 
modes

Lifetime
(s)

Spin
(ħ/2)

Charge
(e)

Mass
(MeV/c2)

Particle

N/Astable1/2+10.511positron (e+)
N/Astable1/2-1938antiproton (p)

pe+...8801/20939neutron (n)
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Baryon number
The proton does not decay (e.g.  p → e+...    p → π+... )
Its lifetime is currently measured to be > 1034 years 
Baryons always decay into other baryons 

1938 Geneva
Hypotesis of a conserved quantity ("heavy charge") counting baryons

B(p) = B(n) = B(Λ) = B(Σ) = ... = +1
B(p) = B(n) = B(Λ) = B(Σ) = ... = –1
B(e) = B(μ) = B(π) = ... = 0

• The proton is stable because it is the lightest baryon
• Baryons and anti-baryons are different (n  n)
Baryon number conservation appears to be valid for all interactions

Note that there is no conserved "meson number"

Ernst Stueckelberg
(1905-1984)

E. Stueckelberg  –
Helv. Phys. Acta 11 (1938) 299
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Mesons (1934-1947)
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Yukawa's hypothesis
1935  Osaka, Geneva
Idea that strong interactions are mediated by 
the exchange of particles ("U-quanta") which 
transform neutron into proton and viceversa 

Hideki Yukawa
(1907-1981)

1949

Mass estimate:

R ~ 1 fm
M ~ O(200) me

H. Yukawa –
Prog. Theor. Phys. Suppl. 1 (1935) 1

Ernst Stueckelberg
(1905-1984)
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Anderson, Neddermeyer discovery
1936  Pasadena, Pike's Peak
Identification of cosmic ray particles with 
intermediate mass between the electron and 
the proton ones

Carl Anderson
(1905-1991)

1936

Seth Nettermeyer
(1907-1988)

S.H. Neddermeyer, C.D. Anderson –
Phys. Rev. 51 (1937) 884
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Conversi, Pancini and Piccioni experiment
1945-46 Roma
Comparison of absorption and decay 
for positive and negative mesotrons

Marcello Conversi 
(1917-1988)

Ettore Pancini
(1915-1981)

Oreste Piccioni
(1915-2002)
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The "mesotron" is not the Yukawa particle
1946 Roma
While in Fe negative mesotrons are 
indeed absorbed before decay, in C 
they are not and do decay just as 
positive ones: interaction is many 
orders of magnitude too small

M. Conversi, E. Pancini, O. Piccioni –
Nuovo Cim. 3 (1946) 372

The birth of Particle Physics
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Lattes, Occhialini, Powell experiment
1947, Andes
Observation of a π meson decaying into a 
penetrating μ particle in nuclear emulsions

Cesare Lattes
(1924-2005)

Giuseppe Occhialini
(1907-1993)

Cecil Powell
(1903-1969)

π

μ

Yukawa's meson is the π which in 
cosmic rays decays in the 
atmosphere into a μ, which reaches 
ground and is much more penetrating

1950

C.M.G. Lattes, G.P.S. Occhialini, C.F. Powell –
Nature 160 (1947) 453
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Particles 3

Decay 
modes

Lifetime
(s)

Spin
(ħ/2)

Charge
(e)

Mass
(MeV/c2)

Particle

e±...2.2·10–61/2±1105.6muon (μ±)
μ±...2.6·10–60±1139.6pion (π±)

The muon is not a meson but a (heavier) lepton
The pion is a meson and a hadron

Leptons: not affected by strong interactions
They all have spin 1/2

Hadrons: affected by strong interactions
They either have half-integer spin: baryons
or integer spin: mesons 
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Neutrinos (1930-1962)



Beta decay: monochromatic ?

Thorium

Photographic plate
Lise Meitner
(1878-1968)

Otto Hahn
(1879-1968)

1944
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O. von Baeyer, O. Hahn, L. Meitner –

Phys. Zeitsch. 12 (1911) 273

1911 Berlino
Single line detected on plate: 
monochromatic electrons 
(two lines for two radioactive species) 



James Chadwick 
(1891-1974)

Geiger counter or 
ionization chamber

J. Chadwick - Verhandl. Dtsch. Phys. 
Ges. 16 (1914) 383

Radium B (214Pb)
Radium C (214Bi)

Geiger counter

Ionization chamber

Beta decay: continuous?
1935
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1914 Berlino
Continuum spectrum detected



Beta decay: continuous!
1927 Cambridge
Calorimetric measure of heating effect of electrons: 10−3 degrees temperature 
differences, contamination from Po α decay separated due to different lifetime. 
Heating effect (total energy) equal to average of observed energy spectrum, 
which is  therefore not due to energy losses.

C.D. Ellis, W.A. Wooster – Proc. Roy. Soc. 
(London) A117 (776) (1927)  109M.Sozzi - Fundamental Interactions - Università di Pisa



Zurich – 4 December 1930
Dear radioactive ladies and gentlemen,
[...] I have hit upon a desperate remedy to save the “exchange theorem“ of statistics and the law of 
conservation of energy. Namely, the possibility that there could exist in the nuclei electrically neutral 
particles, that I wish to call neutrons, which have spin 1/2 and
obey the exclusion principle and which further differ from light quanta in that they do not travel with 
the velocity of light. The mass of the neutrons should be of the same order of magnitude as the 
electron mass and in any event not larger than 0.01 proton masses. The continuous beta spectrum 
would then become understandable by the assumption that in beta decay a neutron is emitted in 
addition to the electron such that the sum of the energies of the neutron and the
electron is constant...
I agree that my remedy could seem incredible because one should have seen those neutrons very 
earlier if they really exist. But only the one who dare can win and the difficult situation, due to the 
continuous structure of the beta spectrum, is lighted by a remark of my honoured predecessor, Mr. 
Debye, who told me recently in Bruxelles: “Oh, It's well better not to think to this at all, like new 
taxes". From now on, every solution to the issue must be discussed. Thus, dear radioactive people, 
look and judge. 
Unfortunately, I cannot appear in Tubingen personally since I am indispensable here in Zurich 
because of a ball on the night of 6/7 December. [...]
Your humble servant
W. Pauli

Wolfgang Pauli
(1900-1958)

The neutrino hypothesis
(1930)1945
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Muon decay & neutrinos

C
. P

ow
el

l (
19

48
)

π decays into μ and invisible particle (neutrino?)
μ also decay into e and invisible particles (neutrinos?)
Decay spectrum indicates a multi-body decay
(e.g. 2 neutrinos)

Direct observation of neutrinos very difficult
due to tiny interaction cross sections O(10–18) barn
Requiring: 

(1) very intense flux 

(2) very massive target

Nuclear reactors (lots of ϐ decays)

Cheap water tanks with Cl

Atomic bombs
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Neutrino observation
1956 Savannah River reactor
Exploit "inverse beta decay"
n slowed in water, captured by
e+ annichilates with electron producing prompt γγ (2x 511 keV)  

400 l 
water + CdCl2

4200 l 
liquid 

scintillator

ଵଵଷ ଵଵସ (9.1 MeV delayed)

Clyde Cowan
(1919-1974)

Frederick Reines
(1918-1998)

1995

F. Reines, C.L. Cowan et al. –
Phys. Rev. 117 (1960) 159
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Anti-neutrino
Beta decay:                           n → p e– neutrino
One might expect also:   neutrino n → p e–

e.g.                                         neutrino 37Cl → 37Ar e–

which can be detected via radiochemical analysis
but this was not observed at reactors

Relativistic neutrinos and anti-neutrinos are different:

Bruno Pontecorvo
(1913-1993)

Beta decays at reactors produce anti-neutrinos

Not observed

Observed

CROSSING SYMMETRY
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Lepton number
1953 Konopinski & Mannoud introduce a conserved lepton number to count leptons:

L = +1 for electron, negative muon, neutrinos
L = –1 for positron, positive muon, antineutrinos 
L = 0 for other particles

(0) = (0) + (+1) + (–1)

(–1) + (0)  (0) + (+1)

(+1) + (0) = (0) + (+1)

Pion and muon decays involve different number of neutrinos/antineutrinos:

(0) = (+1) + (–1)

(+1) = (+1) + (+1) + (–1)

(0) = (–1) + (+1)

(–1) = (–1) + (+1) + (–1)

E.J. Konopinski, M.H. Mahmoud –
Phys. Rev. 92 (1953) 1045
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More neutrinos
would be allowed by lepton number conservation, 
but it does not occur

Bruno Pontecorvo
(1913-1993)

1957 Dubna
B. Pontecorvo and others suggest that different types of 
neutrinos exist. Separately conserved lepton family numbers

LμLeLParticle

0+1+1e–

0+1+1υe
0–1–1e+

0–1–1υe
+10+1μ

+10+1υμ
–10–1μ+

–10–1υμ
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More neutrinos

1962 Brookhaven
Existence of two different types of neutrinos proven

Neutrinos are produced at accelerators by π decays
which produce almost only muon-type neutrinos 
and antineutrinos
When these interact with particles they only produce 
muons, never electrons 

Leon Lederman
(1922-2018)

Melvin Schwartz
(1932-2006)

Jack Steinberger
(1921-2020)

1988

L. Lederman et al. –
Phys. Rev. Lett. 9 (1962) 36
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Particles 5

Decay 
modes

Lifetime
(s)

Spin
(ħ/2)

Charge
(e)

Mass
(MeV/c2)

Particle

N/Astable1/20O(10–6)neutrino e (υe)
N/Astable1/20O(10–6)neutrino μ (υμ)
N/Astable1/20O(10–6)neutrino τ (υμ)

Neutrinos do have non-zero, different masses,
but they are estremely tiny (< 1 eV/c2) and not yet measured

It is not actually known whether antineutrinos coincide with neutrinos
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More hadrons (1947-1960)



M.Sozzi - Fundamental Interactions - Università di Pisa

Particle accelerators

Ernest Lawrence
(1901-1958)

1939

1930  Berkeley
Invention of the cyclotron
1940s  Berkeley
Increasingly larger accelerators
1952 Brookhaven Cosmotron (3.3 GeV) 
1954 Berkeley Bevatron (6.5 GeV)

60-inch cyclotron (1939): 25 MeV deuterons 55-m Bevatron (1954): 6.5 GeV protons23-m Cosmotron (1952): 3.3 GeV protons
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Bubble chamber

Donald Glaser
(1926-2013)

1960

1952 Ann Arbor
Fast expansion results in a 
superheated liquid and create 
bubbles around ionization centres

12-foot liquid hydrogen bubble 
chamber (1969) at Argonne Lab

Big European Bubble Chamber 
(1973-1984) at CERN

6.3 million photographs
(3000 km film)
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The neutral pion
1949 Berkeley
High energy (>200 MeV) photons produced 
in collisions of protons with E > 175 MeV

R. Bjorklund et al. –
Phys. Rev. 77 (1950) 213



Strange particles

K0 π+π- K+ μ+ν

1947 Manchester
Cloud chamber on cosmic rays with single absorber plate (no 
electrons or positrons, only penetrating particles).
2/5000 pictures (1500h):

Neutral "V-particle"
mass 393 to 818 MeV/c2

Charged particle
mass 500 MeV/c2 to mp
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G.D. Rochester, C.C. Butler –
Nature 219 (1947) 855

George D. Rochester
(1908-2001)

Clifford C. Butler
(1922-1999)

"Strange" particles
not present on EarthNow called K0 and K+ ("kaons") 



“Strange” behaviour:

◊ copious production:  σ(π – pK0Λ)  ≈  1 mb  ≈  σtot/40    (STRONG)

BUT

◊ long lifetime:   τ(K0 π+π–) ≈ 10-10 s  >> 10-23 s  ~  rp/c      (WEAK)

Strangeness (S) hypothesis :  
new quantum number conserved by strong interactions but NOT by weak ones:
• Associate production (STRONG): 

π – p  K– p      not seen           (0)+(0)  (–1)+(0)
• Strangeness-violating decay (WEAK)

K0 π+π– occurs, but very slowly          (1)  (0)+(0)

"Strangeness" A. Pais - Phys. Rev. 86 (1952) 663
M. Gell-Mann - Phys. Rev. 92 (1953) 833

T. Nakano, K. Nishijima - Prog. Theor. Phys. 10 (1953) 581
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Other strange particles
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All other particles encountered so far have S=0
Hyperons are strange baryons (half-integer spin)

BSParticleBSParticle
0–1K–0+1K+

0–1K00+1K0

–1+1Λ0+1–1Λ0

–1+1Σ±, Σ0+1–1Σ±, Σ0

–1+2Ξ+, Ξ0+1–2Ξ–, Ξ0

–1+3Ω++1–3Ω–

Strange 
mesons

Hyperons
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