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QCD in Nutshell 

George Zweig (Erice 2014), Antonino Zichichi and Murray Gell-Mann (Erice 2012) 

Development of QCD went through three main phases: 
• Discovery of Quarks (SU(3)) and/or Aces in early 1960’s 
• Determining Color Interactions (asymptotic freedom) in early 1970’s 
• Path Integral Descritization  LQCD  
 

A. QCD is firmly established as QFT of strong interactions.  
B. QCD is described by a remarkably simple Lagrangian, 
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Despite its succeed in explaining and predicting various phenomena, 
it is a difficult theory to understand.  
 
 

Nevertheless, different techniques have been developed, for 
instance: 
 
• perturbative techniques particularly suitable at very high-energy, 

 
• numerical simulation techniques (on lattice) suitable for static or 

low-energy quantities  
 

• special limits, such as large Nc-Limit (simpler QCD) and 
 

• effective theories, LM, NJL, etc. [second lecture tomorrow] 

QCD in Nutshell 
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Elementary Particles! 

Electron  

Nucleons: 

– Proton (nucleus of hydrogen) 

– Neutron (nucleus of helium) 

Photon (light!) 

JJ Thomson: “discovering electrons and 
isotopes, and inventing the mass 
spectrometer”.  1906 Nobel Prize in 
Physics for the discovery of the electron 
and for his work on the conduction of 
electricity in gases. 

Particle Discoveries in Atoms  

http://www.mhhe.com/physsci/chemistry/essentialchemistry/flash/ruther14.swf 

1909 Atomic Model: Corner-Stone experiment 
carried out by Hans Geiger and Ernest Marsden, 
under Ernest Rutherford at the Physical 
Laboratories of the University of Manchester plum pudding Atomic/ planetary 

In 1932, James Chadwick bombarded beryllium (Be) 
with alpha particles. The radiation emitted by 
beryllium is allowed to incident on a paraffin wax. 
Protons shot out form the paraffin wax were found. 

H.Bethe: "beryllium radiations". 
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Elementary Particles! 

Particle Discoveries beyond Atoms  

Cloud Chamber: 1911, C.T.R. Wilson (Nobel Prize) 
Vapors condensate into tiny droplets around ionized atoms 
along charged particle trajectories 

Photo of a-particles 
emitted by radioactive 
source and seen  
in cloud chamber 

Discovery of positron, Carl Anderson  1932 

positively charged electrons detected in cosmic rays passing through a cloud chamber 
immersed in a magnetic field 

– discovery of antimatter  

– positrons predicted by Dirac in 1928 

from relativistic theory of electrons. 

Photon conversions e+ ein a bubble chamber 
e+ 

e- 

Discovery of muon, Neddermeyer and Anderson  1937 

• m_e < m_mu < m_p, 

• No nuclear interactions (heavier versions of electrons) 

• b decay: an electron and two invisible neutrinos: mnme
ne 

• first encounter of the generation problem 

 Nobel laureate I.I. Rabi 
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Prediction of pion existence       Yukawa 1935 

– Nucleons (protons and neutrons) are held together by stronger force than 
electrostatic repulsion of protons 

– In 1935 Yukawa predicted existence of a mediator of the strong interactions. 
Estimated its mass to be around 0.1 GeV. 

Discovery of pions                       Cecil Powell 1947 

– detected in cosmic rays captured in photographic emulsion  

– Unlike muons they do interact with nuclei 

– charged pions eventually decay to muons: p  m nm 

– view of the particle world seemed complete for entire two months... 

Discovery of strange meson (kaon) Rochester, Butler 1947 

– cosmic ray particles with masses  in between pions and protons which were 
just like pions except for strangely long lifetime (decay to pions or a muon and 

neutrino) 

– Always produced in pairs 

– Mass ~ 0.5 GeV 

 

Elementary Particles! 

Particle Discoveries beyond Atoms  
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Periodic tables of particles (late 1950’s)! 
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Q  - Electric Charge 

S  - Strangeness 

Spin 0 Meson Octet 

Spin 1/2 Baryon Octet 

Spin 3/2 Baryon Decimet 

Similar masses in each multiplet 

Elementary Particles! 
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“A motivation for the Aces Model”: G. Zweig 

Elementary Particles! 
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Elementary Particles 
 

An account of the abstract theoretical ideas 
which physicists use to help them understand 

the material world. These ideas begin to 
show some order in the jumble of subatomic 

particles 
 

E. P. Rosenbaum and Murray Gell-Mann 
 

Scientific American, 197, 72-86 (1957) Ann. Rev. Nucl. Sci, 7, 407-478 (1957). 

Gell-Mann and Rosenfeld: “summarize the information … available, both 
experimental and theoretical, on the classification and decays of hyperons 
and heavy mesons”. 

Elementary Particles! 

http://www.scientificamerican.com/author/e-p-rosenbaum
http://www.scientificamerican.com/author/e-p-rosenbaum
http://www.scientificamerican.com/author/murray-gell-mann
http://www.scientificamerican.com/author/murray-gell-mann
http://www.scientificamerican.com/author/murray-gell-mann
http://www.scientificamerican.com/author/murray-gell-mann


ICTP-NCP LHC Physics (SMR2632) 11 

19 Elementary particles reviewed by Rosenfeld and Gel-Mann 

 
G. Zweig remarked that no resonances are mentioned in this list! 

Aces Model 

Zweig, Erice 2014 
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Theory related to experiment: 
• Sakata model: Wrong baryons 
• Particle classification (no dynamics): such as G(2) & SU(3) 

 
 

Dynamics BUT no classification:  
• Bootstrap, Fred Zacharisen (1961) 

 
 
Experimental physics: 
Additional particles were discovered since 1957 [previous slide] 

• Point particles: the 4th lepton (mn), 
• Extended particles: 0 and , 
• Meson resonances: , , K*, , …, 

Aces Model 

Zweig, Erice 2014 
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Zweig discussed this paper P.L. Connolly, et al., “Existence and Properties of 
the  Meson", Phys. Rev. Lett. 10, 371 (1963) with Feynman 

No evidence for phi! 
Absence of decay should 
have broadened the width 
of phi  

Aces Model: suppression of  

Zweig, Erice 2014 G. Zweig: “The Beginning of the End”. 

No statistical peak 
Absence of  the decay 
 
which is though as 
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Aces Model 

According to Zweig, An unexpected 
suppression in strong interactions 
 
Suppression implies symmetry otherwise 
dynamics 
 
Hadrons should have constituents obeying a 
simple dynamical rule when they decay. 
 
Mesons are constructed out of fermion-
antifermion pairs 

p momentum 
In rest frame 
of phi 
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Aces Model 

Zweig, Erice 2014 
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Aces Model 

Zweig, Erice 2014 
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Quarks Model 

Key Assumption: Isospins of know elementary particles 
 
For examples, P and N (baryons with almost same mass),  
• having isospin ½, analog to ↑and ↓of spin ½ and  

• strong potentials Vpp  Vpn   Vnn 
• The Isospin is conserved in strong interaction allowing the calculation of  

• ratios and  
• cross-sections 

• Thus they are useful for hadron-classification (isospin muliplet |I, I3>) 
 

Franz Muheim  

The Quark Model naturally explains the Isospin, 𝑰𝟑 =
𝟏

𝟐
𝒏𝒖 − 𝒏𝒅 + 𝒏𝒅 − 𝒏𝒖  
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Example: (1232) Resonance Production: 

Isospin: 

Matrix Element: 

Quarks Model 

Cross-Section: 
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I3 = Q - 2Y 

Q=I3+(B+S)/2 
 
Additive quark qn are related (all independent) 

Quarks Model 
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Quarks Model 
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Colors dof 

Motivations for Colors: 
 

• Imposition of Fermi Statistics on Baryon States (++) 
 
 
 
 

•e+ e- −> hadrons 
 
 
 
•p0 ->   

internal q-loop 
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At least THREE colors are needed to explain some physical processes 
 
In analogy to QED, QCD was developed: 
• Local gauge invariance (quark kinetic energy m and Am), 
• Color is a continuous (rather than discrete) symmetry and 

• Fermion(Boson) fields as 3(2)-vector in color-space (𝒙) = 𝒆𝒊𝒊a
𝒊
/𝟐 

QEDQCD 

The tensor field 
with Am not commute (dislike QED) 



ICTP-NCP LHC Physics (SMR2632) 23 ICTP-NCP LHC Physics (SMR2632) 23 

• In electromagnetic interaction, quarks act as if they were free 
• This would contradicts the running strong coupling as  

 
• QCD’s great breaking through: plausible explanation why  

• at low q2 the interactions are very strong, while 
• at high q2, quarks seem free 
• Asymptotic Freedom (Nobel Prize 2004) 

Asymptotic Freedom and Running Coupling 

David J. Gross,       H. David Politzer,   Frank Wilczek 

as runs:  

http://www.nobelprize.org/nobel_prizes/physics/laureates/2004/politzer.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/2004/wilczek.html
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QED 
 
 
QCD 

Running  
Coupling 

Measuring as  in QED: 

Measuring as  in QCD: a cut-off (QCD scale) 

Asymptotic Freedom and Running Coupling 
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QCD Summary 
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QCD Summary 
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QCD 
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QCD 
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QCD 
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Lattice QCD 
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Lattice QCD 
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Lattice QCD 
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Lattice QCD 
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Lattice QCD 
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Lattice QCD 
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Lattice QCD 
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Lattice QCD: Thermodynamics 



!لاهتماهكمجزيلا لكريم  شكرا    
 

Thanks for your Attention! 
Vielen Dank für Ihre Aufmerksamkeit! 

 
http://atawfik.net/ 


