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★ Suppose there is another fundamental symmetry of the universe, say
“invariance under SU(3) local phase transformations”

• i.e. require invariance under 
         are the eight 3x3 Gell-Mann matrices introduced in handout 7

where

are 8 functions taking different values at each point in space-time  

From QED to QCD

wave function is now a vector in COLOUR SPACE

★ QCD is fully specified by require invariance under SU(3) local phase  
     transformations 

QCD !

Corresponds to rotating states in colour space about an axis 
whose direction is different at every space-time point

★ Predicts 8 massless gauge bosons – the gluons (one for each        ) 
★ Also predicts exact form for interactions between gluons, i.e. the  3 and 4 gluon  
      vertices – the details are beyond the level of this course

8 spin-1 gauge bosons

interaction vertex:
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Colour in QCD
★ The theory of the strong interaction, Quantum Chromodynamics (QCD), 
     is very similar to QED but with 3 conserved “colour” charges 

SU(3) colour symmetry

•  This is an exact symmetry, unlike the approximate uds flavour  symmetry  
   discussed previously.

In QED: 
• the electron carries one unit of charge 
• the anti-electron carries one unit of anti-charge 
• the force is mediated by a massless “gauge 
    boson” – the photon

In QCD: 
• quarks carry colour charge: 
• anti-quarks carry anti-charge: 
• The force is mediated by massless gluons

★ In QCD, the strong interaction is invariant under rotations in colour space  

  i.e. the same for all three colours  
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★ Colour states can be labelled by two quantum numbers: 
•       colour isospin 
•       colour hypercharge

Exactly analogous to labelling u,d,s flavour states by       and  

★ Represent               SU(3) colour states by:

★ Each quark (anti-quark) can have the following colour quantum numbers:

quarks anti-quarks
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Colour Confinement
★ It is believed (although not yet proven) that all observed free particles are  
       “colourless”  

•i.e. never observe a free quark (which would carry colour charge) 
•consequently quarks are always found in bound states colourless hadrons

only colour singlet states can 
exist as free particles

★Colour Confinement Hypothesis:

★ All hadrons must be “colourless” i.e. colour singlets

g r

b

★ To construct colour wave-functions for  
     hadrons can apply results for SU(3) flavour 
     symmetry to SU(3) colour with replacement 

★ just as for uds flavour symmetry can  
    define colour ladder operators
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Colour Singlets
★ It is important to understand what is meant by a singlet state

★ Consider spin states obtained from two spin 1/2 particles. 
• Four spin combinations: 
• Gives four  eigenstates of 

spin-1  
triplet

spin-0  
singlet

★ The singlet state is “spinless”: it has zero angular momentum, is invariant  
     under SU(2) spin transformations and spin ladder operators yield zero     

★ In the same way COLOUR SINGLETS are “colourless”  
    combinations: 

⬧ they have zero colour quantum numbers 
⬧ invariant under SU(3) colour transformations 
⬧ ladder operators                            all yield zero

★ NOT sufficient to have                               : does not mean that state is a singlet  
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Meson Colour Wave-function
★ Consider colour wave-functions for  

★ The combination of colour with anti-colour is mathematically identical 
     to construction of meson wave-functions with uds flavour symmetry 

Coloured octet and a colourless singlet 

•Colour confinement  implies that hadrons only exist in colour singlet  
    states so the colour wave-function for mesons is:

★ Can we have a            state ? i.e. by adding a quark to the above octet can we form 
      a state with                              . The answer is clear no.

bound states do not exist in nature.
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Baryon Colour Wave-function
★ Do qq bound states exist ? This is equivalent to asking whether it possible to  
     form a colour singlet from two colour triplets ?   
•  Following the discussion of construction of baryon wave-functions in  
     SU(3) flavour symmetry obtain  

• Colour confinement        bound states of qq do not exist

BUT combination of three quarks (three colour triplets) gives a colour 
singlet state (pages 235-237)

• No qq colour singlet state
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★The singlet colour wave-function is:

Colourless singlet -  therefore qqq bound states exist ! 

Anti-symmetric colour wave-function

Mesons and Baryons

To date all confirmed hadrons are either mesons or baryons. However, some  
recent (but not entirely convincing) “evidence” for pentaquark states

Allowed Hadrons  i.e. the possible colour singlet states  

Check this is a colour singlet…
• It has                                : a necessary but not sufficient condition 
• Apply ladder operators, e.g.  (recall                  )

•Similarly 

Exotic states, e.g. pentaquarks
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Gluons
★ In QCD quarks interact by exchanging virtual massless gluons, e.g.

qb

qr qb

qr qrqb

qr qb

qr qb

qr qb

rb br

★ Gluons carry colour and anti-colour, e.g.
qb qr qr qr

br rb rr

★ Gluon colour wave-functions  
    (colour + anti-colour) are the same  
    as those obtained for mesons 
    (also colour + anti-colour) 

  OCTET +  
“COLOURLESS” SINGLET
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★ So we might expect 9 physical gluons:
OCTET:
SINGLET:

★ BUT, colour confinement hypothesis:

only colour singlet states 
can exist as free particles

Colour singlet gluon would be unconfined.  
It would behave like a strongly interacting  
photon       infinite range Strong force.

★ Empirically, the strong force is short range and therefore know that the physical  
    gluons are confined. The colour singlet state does not exist in nature !

NOTE: this is not entirely ad hoc. In the context of gauge field theory (see minor 
            option) the strong interaction arises from a fundamental SU(3) symmetry. 
            The gluons arise from the generators of the symmetry group (the  
            Gell-Mann      matrices). There are 8 such matrices        8 gluons. 
            Had nature “chosen” a U(3) symmetry, would have 9 gluons, the additional 
            gluon would be the colour singlet state and QCD would be an unconfined 
            long-range force. 
NOTE: the “gauge symmetry” determines the exact nature of the interaction   
                                                 FEYNMAN RULES
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Gluon-Gluon Interactions
★ In QED the photon does not carry the charge of the EM interaction (photons are 
     electrically neutral) 

Gluon Self-Interactions

★ In contrast, in QCD the gluons do carry colour charge 

★ Two new vertices (no QED analogues) 

triple-gluon 
vertex quartic-gluon 

vertex

★ In addition to quark-quark scattering, therefore can have gluon-gluon scattering

e.g. possible 
way of arranging 
the colour flow



13

Gluon self-Interactions and Confinement
★ Gluon self-interactions are believed to give  
    rise to colour confinement
★ Qualitative picture:

•Compare QED with QCD

e+

e-

q

q
•In QCD “gluon self-interactions squeeze  
   lines of force into a flux tube”

q q
★ What happens when try to separate two coloured objects  e.g. qq

•Form a flux tube of interacting gluons of approximately constant  
   energy density 

•Require infinite energy to separate coloured objects to infinity 
•Coloured quarks and gluons are always confined within colourless states 
•In this way QCD provides a plausible explanation of confinement – but  
     not yet proven (although there has been recent progress with Lattice QCD)   
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Hadronisation and Jets
★Consider a quark and anti-quark produced in electron positron annihilation

i) Initially Quarks separate at 
   high velocity
ii) Colour flux tube forms 
     between quarks

iii) Energy stored in the 
     flux tube sufficient to  
     produce qq pairs

q q

q q

q qq q

iv) Process continues 
     until quarks pair 
     up into jets of 
     colourless hadrons 

★ This process is called hadronisation. It is not (yet) calculable.  
★ The main consequence is that at collider experiments quarks and gluons  
     observed as jets of particles  

e–

e+ γ q

q
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QCD and Colour in e+e- Collisions
★e+e–  colliders are an excellent place to study QCD 

★ In handout 5 obtained expressions for the                                 cross-section

• In e+e–  collisions produce all quark flavours  
     for which 

• Usually can’t tell which jet  
   came from the quark and  
   came from anti-quark

• In general, i.e. unless producing a        bound state,  
   produce jets of hadrons 

H
.J.B

ehrend et al., Phys Lett 183B
 (1987) 400★ Angular distribution of jets 

Quarks are spin ½

e–

e+ qγ

q

★ Well defined production of quarks 
• QED process well-understood 
• no need to know parton structure functions 
• + experimentally very clean – no proton remnants
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★ Colour is conserved and quarks are produced as  
★ For a single quark flavour and single colour  

• Experimentally observe jets of hadrons:

Factor 3 comes from colours

• Usual to express as ratio compared to 

★Data consistent with expectation  
   with factor 3 from colour

u,d,s:

u,d,s,c:

u,d,s,c,b:
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• Three jet rate         measurement of 
• Angular distributions       gluons are spin-1 
• Four-jet rate and distributions        QCD has an underlying SU(3) symmetry  

Experimentally:

★e+e–  colliders are also a good place to study gluons 

e–

e+ q
γ/Z

q e–

e+ qγ/Ζ

q
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q

Jet production in e+e- Collisions
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⼩小结

1）⾊色紧闭：⾊色单态——⾊色空间波函数 

2）胶⼦子：正反⾊色荷 

3）多喷注事例

4）发⽂文章的模板


