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1964: Quarks 

Introduced SU(3) triplets with fractional
charges as fundamental objects: Quarks

„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.“

Murray Gell-Mann,
1929 – 2019
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George Zweig @Oberwölz-Symposium 
Austria, 2012

George Zweig: “Aces” (1964)



Murray Gell-Mann received the Nobel Prize in 1969:
"for his contributions and discoveries concerning the classification of elementary 
particles and their interactions".

SU(3) symmetry considerations had led Gell-Mann, Ne‘eman, and Zweig
independently to manifest hadron multiplets – and to predict the W– particle.

Still in 1964 this particle was found by Nicholas Samios et al. at the Brookhaven 
National Laboratory (BNL):

Quarks – Images of Underlying Symmetries



1968: Substructure of the Proton

In ~1968 the substructure of the proton was revealed experimentally at the
Stanford Linear Accelerator Center (SLAC).

First public notice @14th Int. Conf. on High-Energy Physics Vienna 1968

Contribution no. 563 “Inelastic Electron Scattering from Protons”
by R.E. Taylor (SLAC), J.I. Friedman, H.W. Kendall (MIT) et al. (unpublished)

W.K.H. Panofsky:
Proceedings of the 14th Int. Conf. on High-
Energy Physics, Vienna, 1969

Ed. by J. Prentki and J. Steinberger
CERN Sci. Inf. Service, Geneva, 1968, p. 23



1968: Substructure of the Proton

In ~1968 the substructure of the proton was revealed experimentally at the
Stanford Linear Accelerator Center (SLAC).

First public notice @14th Int. Conf. on High-Energy Physics Vienna, August 1968

Contribution no. 563 “Inelastic Electron Scattering from Protons”
by R.E. Taylor (SLAC), J.I. Friedman, H.W. Kendall (MIT) et al. (unpublished)

F(ω) = ν W2(q2,ν) as a function of ω=ν/q2

Rapporteur W.K.H. Panofsky:

Theoretical speculations are 
focused on the possibility that 
these data might give evidence 
on the point-like charged 
structures within the nucleon.

However a great deal more 
fundamental experimental 
material must be developed 
before a clear picture can 
emerge.



1968: Substructure of the Proton – Partons

The proton (like all other hadrons) consists of parts, the partons (R.P. Feynman and 
J.D. Bjorken).

Nobel Prize in 1990 to: J.I. Friedman, H.W. Kendall and R.E. Taylor:
"for their pioneering investigations concerning deep inelastic scattering of 
electrons on protons and bound neutrons, which have been of essential 
importance for the development of the quark model in particle physics".  

J.I. Friedman, 1930 – H.W. Kendall, 1926 – 1999 R.E. Taylor, 1929 – 2018



1964 – 1968 – 1972  What are Quarks? 

Ø Are quarks particles or just images of symmetries?

Ø If quarks are  particles with spin, which statistics do they follow?

Ø Can particles/quarks with fractional charges be observed?

Ø If quarks are particles, what are their interactions?

Ø Which dynamics keeps hadrons together?

M. Gell-Mann @Schladming Winter School 1972:

Current and constituent quarks 



Schladming Winter School 1972

F.l.t.r.: M. Gell-Mann, A. Bartl, P. Breitenlohner, H. Fritzsch, H. Kleinert, P. Urban



1968: Fritzsch’s Escape from Leipzig

Escape route July 25th/26th, 1968



1972 – 1973: Emergence of QCD
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Colored Quarks and Gluons: QCD

➤ Non-Abelian gauge theory in SU(3)C



QCD: Millenium Prize Problem

Quantum Young-Mills theory and the mass gap

https://www.claymath.org/millennium/yang-mills-the-maths-gap/



QCD Properties and Its Solution

A comprehensive solution of QCD must incorporate the following properties:
____________________________________________________________________________________________

v It must have a mass gap, i.e. any vacuum excitation must produce D > 0

(in order to lead to strong but short-ranged nuclear forces).

v It must produce quark confinement

(in order to guarantee all hadrons to be color singlets – no free quarks).

v It must lead to asymptotic freedom

(interaction-free for E ⟶ ∞).

v It must exhibit (spontaneous) chiral-symmetry breaking

(in order to produce hadrons of non-zero masses)

v It must, of course, describe all hadron phenomenology consistently, at all energies

(in order to be a practical theory of strong forces).



Solution Methods for QCD

v Perturbative QCD (for E⟶ ∞)

v QCD on a space-time lattice

v Effective field theories, in particular, chiral perturbation theory

v Functional methods

Dyson-Schwinger equations (DSE)

Functional renormalization group (FRG)

v Effective / Constituent quark models

v ….



Half a Century Has Passed

The present workshop will specifically address:

Ø Perturbative QCD in the high-energy regime – Johannes Blümlein

Ø Changing symmetry properties at different energies (temperaturs) – Leonid Glozman

Ø Embedding QCD into “wider” symmetries – Stan Brodsky and Mikhail Shifman

Ø Chiral dynamics and low-energy QCD – Evgeny Epelbaum and Anthony Thomas

Ø Hadron Spectroscopy from effective approaches – Paul Hoyer and Willibald Plessas

Ø Solving QCD on a lattice – Constantia Alexandrou and Padmanath Madanagopalan

Ø Hadron structure (e.m., weak, gravitational) – Constantia Alexandrou and Willibald Plessas

Ø QCD in dense matter – Sonia Kabana and David Blaschke


