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Chapter 18: Outline
More Elementary Particle Physics



Evidence for partons

Neutrino  - nucleon scattering

p+target => p, K => m, n

For scattering from point like particles
available momentum space 
for scattering s ~4pp2Dp



Electron-nucleon scattering

Lets compare the scattering of high energy 
electrons off a nucleon to scattering from a 
known complex object. What could be a 
suitable object for such comparison?

nucleus

e-proton q>>0

e-nuclei q>>0

e-nuclei q~0



Early models of nucleons: Fermi Yang model

Recall that isospin for nucleons (T=1/2):

n :  Tz = 1/2

p :  Tz = -1/2
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SU(2) - Special Unitary group in 2D

In the simplest representation two particles with isospin T=1/2 (two 
possible components each) form either singlet (T=0) or triplet (T=1) 

for singlet there are 2T+1=1 possible states
for triplet there are 2T+1=3 possible states

These two are “orthogonal” - they cannot be expressed by each other

This would work great, but in 1947 strange particles were discovered and 
higher dimension group was necessary to classify all particles => SU(3).

What was the “additional dimension”?

Strangeness, later superceded by hypercharge: Y=S+B



SU(3) lead to following classification of particles:



1964: Quarks!

Gell-Mann & Zweig (student)saw pattern - they 
realized that the three representations of SU(3) are 
more than mathematical construct

They were able to explain all 
observed particles as 
combinations of up, down, 
and strange quarks !
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The charges of the quarks are determined from the 

Gell-Mann-Nishijima relation:

For the u quark, Q = Tz + (B + S)/2 = 

+1/2 + (1/3 + 0)/2 = +2/3

For the d quark, Q = Tz + (B + S)/2 =

-1/2 + (1/3 + 0)/2 = -1/3

For the squark, Q = Tz + (B + S)/2 = 

0 + (1/3 - 1)/2 = -1/3.



In 1974 a new particle was discovered code name y/ J

Its mass M=3.1 GeV points to decay via strong interaction, thus very short lifetime,
but measured DM<0.06 MeV instead of expected 100 MeV

In 1977 yet another particle was found: U with mass of ~10 GeV and very 
narrow mass resonance. It is bound state of bb

_



Excited states of positronium e+e-

Excited states of charmonium cc
_



http://www.particleadventure.org











Why free quarks are not observed?
Asymptotic freedom 

The Nobel Prize in Physics 2004 

Frank WilczekH. David PolitzerDavid J. Gross



How to test?



Color and color interaction

Consider W- : it consists of three s quarks. They are fermions (S=1/2) thus 
Heisenberg principle should apply. There must be therefore yet another 
quantum number to allow three s quarks to exists within the same bound 
state.

This is called “color” – each quark comes in one of three colors: red yellow 
and blue. 

For hadrons each of the quarks has different color. The resulting particle is 
“white” (or colorless) just like superimposing the three primary colors yields 
white light.

Color is the equivalent of charge for “true” strong interaction (one that is 
responsible for binding quarks within hardons and mesons. This interaction 
is carried by bosons called “gluons”
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k1 is very small – quarks are almost 
free at small separation, second term 
leads to “asymptotic freedom”

This comes about because unlike 
photons, the gluons interact with each 
other. 

By analogy with positronium a potential form 
for color interaction was found to be:







Gauge theories

Recall equations of electric and magnetic laws:
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VÑ=E , where absolute value of V is not physically relevant

Simple example: electromagnetism

This is called global gauge symmetry and guarantees global charge conservation
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is required to conserve charge locally

Maxwell modified Amperes law to ensure local gauge symmetry:
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Why does it work?

AB ´Ñ= t¶¶-´-Ñ= AAE

If we gauge transform V: tV'V ¶¶-= c

cÑ+= AA'this must be accompanied by change:

to keep E and B unchanged.

This simple concept leads to gauge invariance of Maxwell’s equation and the most 
successful theory of all times. 



Quantum Chromodynamics (QCD)

The concept is very similar to previously discussed QED.
Gauge transformation here is universal color change:

red > green, green> blue, blue>red 

Evidence for gluons:

quark –antiquark production leads to two jets of hardons:





If there is enough energy for one quark to emit a gluon, 
additional jet will be observed:















Coming soon – Large Hadron Collider (LHC) 7 TeV



Simulated Higgs boson event at ATLAS

A Higgs boson plus a jet in the 
opposite direction where the 
Higgs boson decays to two Z 
bosons with one Z boson 
decaying to e+ e- and the other 
to � + � -. 



Simulated production of a black hole in ATLAS. This track is an example of simulated 
data modeled for the ATLAS detector on the Large Hadron Collider (LHC) at CERN, 
which will begin taking data in 2008. These tracks would be produced if a miniature 
black hole was created in the proton-proton collision. Such a small black hole would 
decay instantly to various particles via a process known as Hawking radiation. 


