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Quarks (1962-1995)
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Hadrons (1)
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Masses: O(130-550) MeV
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Hadrons (2)
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Masses: O(940-1320) MeV



The "eightfold way"

Right View 
Right Resolve
Right Speech
Right Conduct
Right Livelihood
Right Effort
Right Mindfulness
Right samadhi

1961 Pasadena, London

Murray Gell-Mann
(1929-2019)

Yuval Ne'eman
(1925-2006)

1969

M.Sozzi - Fundamental Interactions - Università di Pisa

M. Gell-Mann – OSTI Report (1961)
Y. Ne'eman - Nucl. Phys. 26 (1961) 229
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Third component of I

I = 1/2 doublet
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I = 3/2 quadruplet
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Masses: O(1230-1670) MeV

Cultivation of the noble eightfold path 
of a learner leads to the development 
of two further paths: Right knowledge 
and Right liberation: a tenfold path. 
(from Wikipedia)
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The Ω–

1961 Brookhaven
5 GeV K– secondary beam, 
2m bubble chamber, 100000 pictures

V.E. Barnes et al. –
Phys. Rev. Lett. 12 (1964) 204

1686 MeV, charge –1, strangeness –3



Three quarks for Muster Mark!
Sure he has not got much of a bark
And sure any he has it’s all beside the mark.
But O, Wreneagle Almighty, wouldn’t un be 

[a sky of a lark
To see that old buzzard whooping about 

[for uns shirt in the dark
And he hunting round for uns speckled 

[trousers around by Palmerstown Park?

J. Joyce – Finnegan’s Wake (1939)

Quarks (1)

M.Sozzi - Fundamental Interactions - Università di Pisa

Murray Gell-Mann
(1929-2019)

1969

1964 PasadenaPhys.Lett. 8 (1964) 214

M. Gell-Mann – Phys.Lett. 8 (1964) 214



I didn’t know how many aces there were. Aces 
were represented graphically as regular 
polygons of increasing size, corresponding to 
increasing mass. Aces were fundamental 
point particles like leptons, and like leptons 
they had fields that entered into the 
electromagnetic and weak currents. 
Therefore I guessed that the number of aces 
would equal the number of leptons. Since 
four leptons were known at the time, I called 
them aces. I should have called them dice.

(G. Zweig, 2013)

George Zweig
(1937-)
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Aces (2) 1964 CERN

G. Zweig – CERN report (1964)
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The hadron multiplets can be described as built of three fundamental entities 
Three "flavours" of quarks: up, down, strange ("sideways"):
• fractional electric charge: +2/3 (u) or –1/3 (d,s)
• baryon number 1/3
• (u,d) form a isospin 1/2 doublet 
• s has isospin 0 but strangeness –1
• antiquarks have opposite quantum numbers

Mesons are composed of a quark and an antiquark
Baryons are composed of three quarks
(and anti-baryons of three antiquarks)

The quark model
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𝜂′

Pseudo-scalar
meson octet

Baryon
octet

Baryon
decuplet
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Partons
1968-69 Stanford
Deep-inelastic 
scattering of e– on p

7-21 GeV electrons, fixed angle scattering 6°-10°

Jerome Friedman
(1930-)

Henry Kendall
(1926-1999)

Richard Taylor
(1929-2018)

1990

Scaling behaviour of 
cross section gives 
evidence of point-like 
constituents inside 
proton
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Partons = quarks

R. Feynman (1969): 

Scattering experiments in later years (including neutrino-proton 
inelastic scattering) showed that partons
• partons have spin 1/2
• partons have fractional electric charge
• 3 partons carry most of the momentum of proton and neutron

Richard P. Feynman
(1918-1988)

1965
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Quark colour, QCD

Oscar W. Greenberg
(1932-)

Moo-Young Han
(1934-2016)

Yoichiro Nambu
(1921-2015)

2008

1964-65 
Quarks have "colour"

1973
Quarks are "asymptotically free"
at high energies

David Gross
(1941-)

Frank Wilczek
(1951-)

David Politzer
(1949-)

2004
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Hadron structure

Gluons: mediators of the strong force
• coloured, self-interacting
• confined inside hadrons
Quarks and gluons appear as "jets" of particles
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Particles 6

Decay 
modes

Lifetime
(s)

Spin
(ħ/2)

Charge
(e)

Mass
(MeV/c2)

Particle

d+...N/A1/2+2/3~ 2u
u+...N/A1/2–1/3~ 5d

d,s+...N/A1/2+2/3~ 1300c
u,d+...N/A1/2–1/3~ 95s

b,s,d+...N/A1/2+2/3~ 173000t
c,s,u,d+...N/A1/2–1/3~ 4200b

Quarks are never observed as free particles
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The November revolution

Sam Ting
(1936-)

Burton Richter
(1931-2018)

1976

J.J. Aubert et al. – Phys. Rev. Lett. 33 (1974) 1404
J.E. Augustin et al. – Phys. Rev. Lett. 33 (1974) 1406

1974 Brookhaven, Stanford

J/Ψ meson
3097 MeV/c2

Narrow state 
composed of cc

c quark
~ 1.5 GeV/c2



M.Sozzi - Fundamental Interactions - Università di Pisa

The third generation

Martin Perl
(1927-2014)

Leon Lederman
(1922-2018)

19821975 Stanford 1977 Fermilab

Tau lepton
1777 MeV/c2

b quark
~ 5 GeV/c2

Υ meson  
narrow state 
composed of bb

M.L. Perl et al. –
Phys. Rev. Lett. 35 (1975) 1489

S.W. Herb et al. –
Phys. Rev. Lett. 39 (1977) 252
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Quark flavours
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The intermediate vector bosons

Carlo Rubbia
(1934-)

Simon van der Meer
(1925-2011)

19841983 CERN

W± boson  80.4 GeV/c2

Z0 boson    91.2 GeV/c2

G. Arnison et al. –
Phys. Lett. 122B (1982) 103

Confirmation of the 
Glashow-Weinberg-Salam
electro-weak theory
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The Higgs boson
2012 CERN

Peter Higgs
(1929-2024)

Francois Englert
(1932-2026)

& Robert Brout, Gerald Guralnik, Carl Hagen, 
Thomas Kibble

2013

H boson  125.4 GeV/c2
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The big picture


