
1971:

’t Hooft proves that Yang-Mills gauge theories are renormalizable even if the sym-

metry is spontaneously broken.

In 1954 Yang and Mills (Shaw, Klein (1939)) generalized local gauge invariance

as a dynamical principle to the non-Abelian gauge group SU(2) in an attempt to

formulate a theory of hadron dynamics. As a result massless self-interacting vector

particles emerged belonging to the SU(2) triplet. In non-Abelian gauge theories not

only the particle fields carry the charge of the symmetry group but also the gauge

fields. Thus there exists a self-coupling of the gauge fields.

In 1967 Fadeev and Popov succeeded in quantizing Yang-Mills fields. Weinberg

and Salam used Yang-Mills fields to describe charged fundamental vector particles,

the � bosons. However, the � and � bosons are massive and naively adding

mass terms to the Yang-Mills Lagrangian spoils renormalizability and unitarity of

the theory. A more sophisticated mechanism is needed to introduce mass terms for

the gauge bosons, e.g. the Higgs-Kibble mechanism.

PHY521 Elementary Particle Physics



1973:

The birth of Quantum Chromo Dynamics (QCD):

Pati, Salam and Fritzsch, Gell-Mann, Leutwyler and Weinberg use the Yang-Mills

theory to describe the dynamics of strong interaction.

They suggest that quarks interact with each other via the exchange of massless

vector particles, the gluons.

QCD is the quantum field theory of strong interaction among quarks based upon a

local non-Abelian color gauge symmetry.

Since leptons are colorless states and the strong interaction does not distinguish

between different quark flavors (“flavor blind”), it is natural to assume that color

plays the role of charge in the strong interaction. Then a dynamical theory of strong

interaction among quarks has to be a color gauge theory with color-SU(3) as the

gauge group. The SU(3) color octet gauge bosons that emerge in this theory are

called gluons. The gluons couple to the color degrees of freedom of the quarks.
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1973:

Gross, Wilczek and Politzer show that non-Abelian gauge theories are asymptotic

free.

As a consequence of the running of the coupling constant of QCD (at 1-loop and

� �� � � ):

� � �� 	 
��

�
 �

��� � � 
 � � 
�� � � �� 	 ��� 	 


there is a regime,� 	 � � 	 , where quarks can be considered quasi-free, � �� �

and perturbation theory is applicable.

Now it’s plausible why the parton model works so well at high� 	 when assuming

quasi-free quarks.

The violation of Bjorken-scaling in deep inelastic scattering processes can be un-

derstood within QCD. The QCD calculation of the� 	 dependence of the structure

functions using perturbation theory agrees impressively well with data.

The growth of the coupling constant for small � 	 , i.e. at large distances, might

give a hint towards a better understanding of quark (color) confinement:

In contrast to QED, the quanta of the fields in QCD, the quarks and gluons, have

not been observed as free particles.
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Test of perturbative QCD

The structure function � 	 ��� � � 	 
 as measured

in � � charged current interaction by the

CCFR collaboration at Fermilab.

The solid lines represent the QCD predictions

describing the observed violation of Bjorken scaling.

from Chris Quigg,

http://arxiv.org/abs/hep-ph/0001145
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The running of the strong coupling “constant” � �

The line shows the expected evolution as predicted by QCD.
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from Chris Quigg, http://arxiv.org/abs/hep-ph/0001145
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1973:

The ISR experiment at CERN finds first evidence for neutral current interactions.

In the Gargamelle bubble chamber neutrinos are seen to interact with other particles

and remain as neutrinos, e.g. � � � � � � � � � � ��� � ��� .

1974:

“The 1974 November revolution”:

F. Gilman: All the pieces were there but somehow only a few people � � � were

ready to say loudly that we should swallow the whole picture: quarks, QCD, the

electroweak theory and most of all that there had to be another quark, the charm

quark.

Ting et al. (Brookhaven) and Richter et al. (SLAC) discover independently the

	 ��
 which appeared as a peak (resonance) in ��
 �� production at an energy of

3.1 GeV, the first meson of a new class of massive, long-lived mesons. It was

quickly established that the 	 ��
 is a new ��� � bound state, consisting of a charm

and anti-charm quark.

At a conference in 1974 Iliopoulos presents for the first time in a single report the

view of particle physics now called the Standard Model.
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After 1974 it was largely accepted that with the Standard Model of particle physics

we finally have a theory of strong and electroweak interactions among leptons and

quarks.
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