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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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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



George Zweig @Oberwölz-Symposium 
Austria, 2012

George Zweig: “Aces” (1964)



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 (unpublished)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 (unpublished)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



1972 – 1973: Emergence of QCD



µn
µn

µµ
µ

lg a
a

a

a

GGqmAigiqL
4
1)

2
( -ú

û

ù
ê
ë

é
-+¶=

cb
abc

aaa AAgfAAG nµµnnµµn +¶-¶=

ñ ñ
quark fields quark fields

gluon fields gluon field-strength tensor

gluon self-interaction

Colored Quarks and Gluons: QCD
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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 ….



Low-Energy QCD

Ø Hadrons consist of constituent quarks, e.g. baryons of {QQQ},

such as the (colorless) proton:

{QQQ} are considered as quasiparticles, confined inside hadrons.

Ø The {Q–Q} interaction is furnished by the low-energy d.o.f. of QCD, resulting 

from the spontaneous breaking of chiral symmetry (SBcS), i.e. for NF flavors

SU(NF)L x SU(NF)R ➝ SU(NF)V, leading to the appearance of Goldstone bosons.

Ø Construct a Poincaré-invariant interacting mass operator based on



Dynamical Mass Generation

Dynamical quark masses generated by
Dyson-Schwinger equations (DSE):

Slide by courtesy from G. Eichmann



Relativistic Quantum Mechanics



Relativistic Constituent Quark Model (RCQM)



Universal Goldstone-Boson-Exchange RCQM



UGBE RCQM Parametrization



Solution of Mass-Operator Eigenvalue Problem



Advanced Few-Body Methods: A) SVM



Advanced Few-Body Methods: B) FIE

(FIE)



Solution Accuracy FIE vs. SVM



Spectroscopy of Baryons

Excitation Spectra

of Baryons with ALL Flavors

u, d, s, c, b



Excitation Spectra of Baryons with u, d, s Flavors

red levels = theoretical prediction

green boxes = exp. data
with uncertainties

L.Ya. Glozman, W. Plessas, K. Varga, and 
R.F. Wagenbrunn:

Phys. Rev. D 58, 094030 (1999)



Comparison of N and L Level Orderings



Excitation Spectra of Charm Baryons
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Excitation Spectra of Bottom Baryons
single bottom double bottom



Triple-Heavy Baryon Spectra



Rest-Frame Baryon States



Spatial Probability Density Distributions



Spatial Probability Density Distributions



Spatial Probability Density Distributions



Electric Radii vs. Root-Mean-Square Radii



Calculation of Covariant Observables



e– Scattering – Electromagnetic Form Factors



Electromagnetic Sachs Form Factors



Electromagnetic Nucleon Form Factors
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R.F. Wagenbrunn, S. Boffi, W. Klink, W. Plessas, and M. Radici: Phys. Lett. B511 (2001) 33



Electromagnetic Nucleon Form Factors



Flavor Decomposition of Nucleon Form Factors

M. Rohrmoser, K.-S. Choi, and W. Plessas: Few-Body Syst. 58 (2017) 83 
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Flavor Decomposition of Neutron GE(Q2)
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M. Rohrmoser, K.-S. Choi, and W. Plessas: Few-Body Syst. 58 (2017) 83

Lattice QCD:  S. Boinepalli et al.: Phys. Rev. D74 (2006) 093005



Flavor Components in L(1116) Magnetic FF GM(Q2)

M. Rohrmoser, K.-S. Choi, and W. Plessas: Few-Body Syst. 58 (2017) 83

Lattice QCD:  S. Boinepalli et al.: Phys. Rev. D74 (2006) 093005

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

 0

 0.1

 0  1  2  3

Q2 [GeV2/c2]

GM
Λ (Q2)

1/3 GM
u Λ(Q2)

-1/3 GM
d Λ(Q2)

-1/3 GM
s Λ(Q2)

GM
Λ(Q2)

Boinepalli: 1/3 GM
u Λ(Q2),

mπ=306(7)MeV

Boinepalli: -1/3 GM
d Λ(Q2),

mπ=306(7)MeV

Boinepalli:-1/3 GM
s Λ(Q2),

mπ=306(7)MeV

Boinepalli: GM
Λ (Q2),

mπ=306(7)MeV



Electric Radii and Magnetic Moments



Electric Radii and Magnetic Moments –
Nonrelativistic !!



Baryon Electric Radii and Magnetic Moments



Axial Nucleon Form Factors



Meson-Baryon Vertices – Strong FFs



Gravitational Nucleon Form Factors



Gravitational Nucleon Form Factor A(Q2)



Hadronic Resonance Decays



Coupled-Channels RCQM with Explicit Mesons 



p-Dressing Effects on N and D



Summary and Some Open Problems

v Baryon spectroscopy of ALL flavors can be consistently described in a
universal relativistic constituent quark model (URCQM)

v The nonrelativistic constituent quark model must be discarded

v The covariant structures of the baryon ground states (N, D, L, X, … form
factors) at low momentum transfers result in agreement with experi-
mental observables

v Beyond that the results agree with (reliable) lattice QCD data

v Strong baryon resonance decays fail with {QQQ} d.o.f. only

v A realistic description of hadron resonances still represents a formidable
challenge (for all QCD-based approaches)

v Inclusion of explicit meson d.o.f. can be achieved in a coupled-channels
relativistic constituent quark model

v Calculation of baryon properties in a medium will be an interesting
task



Thank you very much for your attention!

The End


