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Quantum Chromodynamics (QCD)

e QCD is the quantum description of the strong force.
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Colour

e Colour charge is the charge associated with QCD interactions.
e Three colours: red, blue, green.
e Like electric charge, it is a conserved quantum number.

e Quarks always have a colour charge: r, g or b
e Anti-quarks always have an anti-colour charge: 7, b or g

e Leptons and gauge bosons for the other forces, y, W, Z don’t carry colour

charge.

e Mesons are colour neutral; colour charges of are: (rt), (bb) or (gg)

e Baryons are colour neutral; colour charges are: (rgb)

Gluons

e Gluons are massless, spin-1/ bosons.

e They propagate the strong force: exchange momentum
between quarks.

e We draw gluons as curly-wurly lines: 9909009090000000¢

gluon

e Gluons also carry colour charge.
e Colour charged is always conserved.
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e Number of gluons: there are eight different gluons.
e Symmetry of the strong interaction tell us these are:
rb rg bg br gr gb (It - gg)//2 (rr + gg - 2bb)//6

One big difference between QED and QCD
= QED propagated by photons: photons no electric charge
= QCD propagated by gluons: gluons do have colour charge
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Quark & Gluon Interactions

Quark-anti-quark scattering
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describes a meson: e.g. m = du
strong force is responsible for holding meson together.

e Gluons carry colour charge.
e They also feel the strong force =¥ gluons can interact with other gluons!

Baryons are really a
3-gluon vertex 4-gluon vertex mix of quarks & gluons
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Colour Confinement

Experimentally we do not see free quarks: quarks are confined within hadrons

e Gluons attract each other: they self interact g g, QED\j/ ot
e Gluon-gluon interaction pulls the colour field lines (
into a narrow tube. \
e Potential increases linearly with distance: V(r) = kr q /e\ e
e Infinite energy is required to separate two quarks. Colour Electric
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Hadronisation

+ -
e What happens when we try to pull apart two quarks? ¢ q
e At LEP main interactions was e'e"—Z—qq. ZO
e ( g produced at same point in space.
e g and g have very large momentum = they fly apart. @~ q
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The energy between the qq increases as they move apart E=V/(r)=kr
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As the kinetic energy decreases ... the hadrons freeze out

This process is known as hadronisation.

Jets

e A collision produces energetic quarks, which hadronise.
e The produced hadrons decay... (into more hadrons and maybe leptons)
e In the detector this appears as a collimated “jet” of hadrons.
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QED Coupling Constant

e Strength of interaction between electron and photon ~ o — —  ~ L

Ameg 137

e However, ais not really a constant...
e An electron is never alone:

e it emits virtual photons, these can convert to
electron positron pairs...

e Any test charge will feel the e+e- pairs: true
charge of the electron is screened.

o At higher energy (srl‘orter”dlstances) the test o varies as a function of
charge can see the “bare” charge of the electron. energy and distance
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QCD Coupling Constant
e In QCD the interaction strength is as - also not really a constant.
e Quark emit gluons: which can form virtual quark - anti-quark pairs.
e However the gluons themselves also carry colour charge, which effects the
Screenlng' Coupling constant.og (E)
0,4
|
03|
0,2_.
0,1
0.0 T T T T T T
1 Z 5 110 20 50 100 Z200
Energy, GeV

e o5 decreases at high energies! & ag increases at large distances!

e At low energies the coupling constant becomes large, as~1. We cannot use
perturbation theory to calculate cross sections!

e The understanding of this phenomena won the Nobel prize in 2004.
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Evidence for Gluons

e as is large at high energy (high g2) quarks are very likely to emit a gluon.
e High energy gluons also hadronise, and also form jets.
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QCD Summary

QCD: Quantum Gluons are the
Chromodymanics is the| propagator of the Quarksland gLuons carry
quantum description of strong force colour charge.
the strong force. q q .
Colour charge is
Only quarks feel the conserved.
strang force. q q Gluons self-interact:

e Electromagnetic coupling constant « decreases
as a charged particles get further apart.

e Strong coupling constant as increases as
further apart quarks become.

Colour Confinement
energy required to separate
quarks —w
quarks are confined to baryons

Quarks and gluons produced in
collisions hadronise.
Appear in the detector as jets.
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