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Quark Interactions and QCD 
•  The color quantum number 
•  The QCD potential at short distances 
•  The QCD potential at large distances:  

–  the string model 
•  Gluon jets in e+e- annihilation 
•  Running couplings in QED and QCD 
•  Evolution of structure functions in deep inelastic scattering 
•  Gluonium and the quark-gluon plasma 



Physics 662, Chapter 6 2 

The color quantum number 
•  Color was invented to explain: 

–  Δ++  =  uuu 
–  e+e- → hadrons 
–  Also explains π0 → γ γ 

•  Color of a quark has three possible values 
–  say red, blue, green 

•  Antiquarks carry anticolor 
–  Anti-red, anti-blue, anti-green 

•  Bosons mediating the quark-quark interaction are called gluons 
–  Gluons are to the strong force what the photon is to the EM force 
–  Gluons carry a color and an anticolor 

•  9 possible combinations of color and anticolor 
•  rr+gg+bb is color neutral, leaving 8 effective color combinations 

•  Results in potential    V = -4
3 αs /r  + kr 
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•  A possible basis for the gluons: 
–  rb,  rg,  bg,  br,  gr,  gb,  1/√2(rr-bb), 1/√6(rr+bb-2gg) 

             (color singlet – no color – excluded:  1/√3(rr+bb+gg) 
 
•  Gluon exhanges are analogous to photon exchanges, but different 

•  Hadrons are always color neutral (or color-singlets) 
–  eg. QrQr,  QrQbQg 
–  Note – quark combinations such as QQ or QQQQ are not (normally) bound 

The color quantum number 

gluons carry color charge Photons do not carry electric charge 
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The QCD Potential at Short Distance 
•  Jets produced in high energy collisions are direct support for the 

short range behavior 

UA1 at CERN azimuth rapidity 

y φ



Rapidity 
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•  A widely used variable in hadronic interactions is 
rapidity, y 

•  In moving from one reference frame to another 
along the longitudinal (beam) axis, the rapdity of 
each particle changes by a fixed constant 

 y = yc +  
 
               where yc = ½ ln ( (1+β)/(1-β) ) 



Pseudorapidity 
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•  In multi-particle production in hadron-hadron 
interactions, the particles are produced with 
relatively small values of transverse momentum (pT) 
compared to the longitudinal momentum (pL). 

•  In this case, the rapidity can be approximated by 
pseudorapidity (η), which is simply a function of the 
angle of the particle to the beam line: 

         E ~ |p|, so 



Pseudorapidity 

Physics 662, Chapter 6 7 

 
 
                       Also  pL ≈ |p| cos θ 
                  
             η = ½ ln [ (|p| + |p| cos θ ) /(|p| - |p| cos θ ) ] 
           = ½ ln [ (1 +  cos θ ) /(1 - cos θ ) ] 
 
                      (1 -  cos θ ) /(1 + cos θ ) = tan2(θ/2) 	

      	


                η = ½  ln ( 1/ tan2 (θ/2)) = - ln (tan (θ/2)) 



Pseudorapidity 
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•  In multi-particle producting in hadron-hadron 
interactions 



Pseudorapidity 
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angle	  
(degrees)	  

pseudo-‐
rapidity	  

0.5	   5.43	  
1	   4.74	  
5	   3.13	  
10	   2.44	  
20	   1.74	  
30	   1.32	  
45	   0.88	  
60	   0.55	  
75	   0.26	  
90	   0.00	  
105	   -‐0.26	  
120	   -‐0.55	  
135	   -‐0.88	  
150	   -‐1.32	  
160	   -‐1.74	  
170	   -‐2.44	  
175	   -‐3.13	  
179	   -‐4.74	  
179.5	   -‐5.43	  



Pseudorapidity Distribution 
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LHC Rapidity Distribution (ATLAS) 
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LHC Pt Distribution (ATLAS) 
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The QCD Potential at Short Distance 
•  Jets produced in high energy collisions are direct support for the 

short range behavior 

UA1 at CERN azimuth rapidity 
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•  Such events can be interpreted as arising from parton-parton 
elastic interactions 

•  Each of the interaction partons (gluons or quarks) carry a 
fraction (x) of the momentum of the hadrons 
         pi = xi Pi      along the z-axis (the beam axis) 

   Pi = (0, 0, ±E, iE)  neglecting the mass of the interaction high energy 
hadrons 

The QCD Potential at Short Distance 
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The QCD Potential at Short Distance 
•  The cross section will then be a sum over all interactions of the 

partons 

•  but, can we express x1 and x2 in terms of the observables (final 
state) 
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The QCD Potential at Short Distance 

Since E is the energy of each beam   Pi = (0, 0, ±E, iE)  
 
Since p1 + p2 = p3 + p4  and neglecting mass, 
 
 
 
 
    since (x1P1+x2P2)2 = 2x1x2 P1•P2 = 2 x1x2 (- E2 - E2) = -4x1x2E2 
 
 
so we can relate the initial momenta to the final momenta 
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The QCD Potential at Short Distance 

Now make some definitions: xF and τ 

We have p1 and p2 in terms of measured p3 and p4 

Then 
 

          x1
2  -  xF x1 -  τ  =  0 

 

and 
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The QCD Potential at Short Distance 

Momentum transfer, q=p3-p1=p4-p2 
  can now be determined 
 
 
 
 
The scattering angle can be  extracted in the cms 
  from the laboratory scattered particles 
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The QCD Potential at Short Distance 

t-channel 
dominates 
when t << s  

∼ 1/t2	


∼ 1/s2	


Expected cross section is 
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The QCD Potential at Short Distance 
Structure function will include gluons and quarks 

4/9 comes from difference in couplings: 
 QQG  →  4/3  αs 
 GGG   →  3  αs 

 
These partons scattering following a familiar formula: 

t << s 
αs << 1 
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The QCD Potential at Short Distance 

Geiger and Marsden (1909) 
α scatt. on Au and Ag 

CERN, pp  
pp → 2 jets @ q2 = 2000 GeV2 

The parton scattering 
follows the Rutherford 
scattering for a 1/r 
potential with αs  
replacing  α   



Parton Luminosity Function 
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J. Stirling, SSI 2006 



Parton Luminosity Funtion 
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J. Stirling, SSI 2006 



Jet Cross Sections (ATLAS) 
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Double jet Distributions (ATLAS) 

Physics 662, Chapter 6 25 



Jets   
•  When a quark or gluon leaves a high energy collision 

it generates a narrow cone of particles, known as a 
“jet”. 

•  Jets are the indirect evidence that a quark or gluon 
was involved in the hard scattering process. 

interaction 

parton 

jet 

hadrons 
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Jets   
•  By studying the properties of the jet, it is possible to 

determine properties of the original quark or gluon.  

•  Analysis of the jet events involves a number of 
techniques:  
–  Event shapes (mainly used for e+e−) 
–  Jet reconstruction 
–  Jet shapes 
–  Flavor tagging 
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Event shapes 
•  Used mostly in e+e− 
•  Sphericity 

–  Define the sphericity tensor 

                                             α,β,γ = x,y,z 

–  Diagnonalize the tensor and find the 
eigenvalues 

–  Then sphericity is  

–  Sphericity measures the summed pT with 
respect to the event axis - S≈0 for a 2-jet 
event and S≈1 for an isotropic event  
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Event shapes 
•  Used mostly in e+e−  
•  Thrust 

–  Thrust is defined as: 

 
       where the thrust axis defining n is chosen to 
maximize T 
–  ½ < T < 1 
–  T ≈ 1 for a  2-jet event and  T ≈ ½ for an 

isotropic event. 
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Jets at SPEAR 
•  MARK I detector at 

Spear (SLAC) 
•  G. Hanson et al. 

[SLAC-LBL Coll.] 
(1975)  
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3 jet (w/gluons) events and Thrust 
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Jet reconstruction 
•  How many jets are underlying this event?  
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Jet reconstruction 
•  Possible outcome of jet algorithm 
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Jet reconstruction 

•  Jet algorithms should satisfy certain 
requirements for behaving well: 
– Collinear safe  
algorithm should find the same jet for one 
particle or two collinear particles carrying the 
same total energy 
–  Infrared safe 
algorithm should find the same jets independent 
of the presence of soft radiation 
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Jet algorithms 
•  Cones  

–  Geometric motivation  
–  Find cones in eta, phi  
–  Must deal with overlapping cones  

•  Clustering 
–  Pairwise successive aggregation of proto-jets 
–  Define distance between elements (partons, 

particle, calorimeter clusters) 
–  Combine elements  

Physics 662, Chapter 6 35 



Cone algorithms 
•  Cones of fixed radius R in the η-φ space 

are defined 
               R = √η2 + φ2	


•  Seeds are used to define initial cones 
–   eg. Seeds are defined as calorimeter towers 

above a specify threshold. 
•  Overlapping cones, the common energy is 

split, or the cones are merged. 
–  eg. if 2 jets overlap they are split if the 

fraction of energy in the overlap region is below 
a specified fraction.  
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kt algorithms 
1. For each precluster define di = p2

T,i and for each pair 
of preclusters, define 

 
   where D ~ 1 
2. Find the minimum of all the di & dij and label it dmin . 
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kt algorithms 

 
3. If dmin is a dij, remove preclusters i and j from the 
list and replace them with a new, merged precluster 
(Eij, pij ) given by Eij  = Ei  + Ej , pij  = pi  + pj. 
4. If dmin  is a di , the corresponding precluster i is 
“not mergable.” Remove it from the list of preclusters 
and add it to the list of jets. 
5. If any preclusters remain, go to step 1. 
(alternative approaches truncate mergers differently, 
for example when dmin > dcut) 
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Variant algorithms 
•  Anti-kt is a popular variants :  

–  Define p such that  

–  p=1 :  recovers the standard Kt algorithm 
–  p=0 : is the Cambridge algorithm 
–  p=-1 : defines the anti-kt algorithm 
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Illustration of Results 

Physics 662, Chapter 6 40 
M. Cacciari and G. P. Salam, G. Soyez 



•         R = √y2 + φ2	


•  average fraction of the jet pT inside an annulus of 
inner radius r-Δr/2 and outer radius r+Δr/2 
around the jet axis:	


        R = 0.6 and Δr =0.1	


•  or average fraction of the jet pT inside a cone of 
radius r concentric with the jet cone:	


Jet shapes 
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Jet 
Shapes 
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Jet Shapes 
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Flavor tagging 
•  . 
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The QCD Potential at Large Distances: 
the string model 

Empirical observation: 
   linear relation between 
   different states of J 
   and M 
 
What accounts for this? 
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The QCD Potential at Large Distances: 
the string model 

Electric lines of force            color lines           string model 

The self-coupling of the gluons pulls the line together 
by the strong self-interaction of the gluons, 
so the system can be approximated by a tube, or string 
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The QCD Potential at Large Distances: 
the string model 

k = energy density per unit length of string 
assume quarks are massless 

J = α’ E2 + constant 

This observed relationship is evidence for a linear potential, since J ∝ E(1+1/n) for V = krn 
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The QCD Potential at Large Distances: 
the string model 

Alternate, elementary estimate of k 
   from size of hadrons 
 
   M ~ 1 GeV 
   r ~ 1 fm 
   k ~ 1 GeV/fm 

J = α’ E2 + constant 
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Gluon Jets in e+e- Annihilation 

Rate of 3 jet events is f(αs) 
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Gluon Jets in e+e- Annihilation 

3 jet event seen in 
JADE at PETRA 
 
Analysis of PETRA 
detectors shows 
   αs ~ 0.14 
for  √s ~30-40 GeV 



Evidence for gluon radiation 
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Soding and Wolf, 
Ann. Rev. Nucl & 
Part. Phys 1981 



Evidence for gluon radiation 
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Soding and Wolf, 
Ann. Rev. Nucl & 
Part. Phys 1981 



Evidence for gluon radiation 
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Oblateness        
 
= (energy along 
major axis)         
 
– (energy along 
minor axis) 



Physics 662, Chapter 6 54 

Gluon Jets in e+e- Annihilation 

Angle of highest energy 
jet with respect to the 
common line of flight of  
the other two reveals: 
 

 Gluon is a vector, 
  like the photon 

25 
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Electron (Muon) Magnetic Moment 
•  Example of higher order processes: the 

charged lepton magnetic moment 
–  lowest order: 

–  higher order: B 

∼ α2	
 ∼ α2	


B B B 

Correction ~ e2 ~ α	
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Electron Magnetic Moment 
•  Electron (Muon) magnetic moment: 

–  a Dirac electron (muon) has a magnetic moment of 
µ = g µB s,           s = 1/2     g = 2      µB = eh/mc 
 
(g-2)/2 is the anomaly due to higher order terms 
 
From Perkins: 
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Running Couplings in QED 
•  From Perkins: 

We might think of both of these as: 
  where αeff “runs”, depending on mass  

Perkins, not the latest 
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Electron Magnetic Moment 
•  Latest electron magnetic moment: 

 
(g-2)th/2 = 0.5 (α/π) - 0.32848 (α/π)2 + 1.19 (α/π)3 + .. 
                   ≈ (11596522) x 10-10 
 

 experiment = (11596521.8073 ± .0028) x 10-11 
    PRL 100, 120801 (2008)  

 
        this measurement provides very accurate value for 

the fine structure constant   
           =  1/137.035 999 085(51) 
       



Fine Structure Constant 
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T. Kinoshita 



Fine Structure Constant 
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The g-2 Experiment 
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g-2 of the muon (µ+) 

11 659 159.6 (6.7)  x 10-10 

11 659 202 (14)(6)  x 10-10 
arXiv:hep-ex/0102017 v2 
H.N. Brown, et. al., 
Phys. Rev. Lett. 86, 2227 (2001)  
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g-2 of the muon (update in 2001) 
•  In 2001, it was discovered that three groups of theorists had 

each miscalculated a quantity known as the pion pole  
contribution.  

•  All three had found the contribution to be  
 -55.6 x 10-11  

 when it should have been +55.6 x 10-11.  

11 659 159.6 (6.7) x 10-10      + 11.1 x 10-10 

11 659 203 (8)     x 10-10                      11 659 171 x 10-10    

Conflict between theory and experiment reduced 

µ+ 
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g-2 of the muon (2011 update) 
•  g-2 Collaboration measurements (pdg-2011) 

aµ-  =  11 659 215 (8) (3) x 10-10 (0.7 ppm) 
aµ+ =  11 659 204 (6) (5) x 10-10 

Avg = 11 659 208 9 (5.4) (3.3)  x 10-10 

 

theory 
increased 
further 



aµ(SM) = aµ(QED) + aµ(weak) + aµ(had) 
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g-2 of the muon (recent theory) 

aµ(QED) = 11 658 471.809(.015) ×10-10  
aµ(weak-1loop) =    19.48    ×10-10  
aµ(weak-2loop) =     -4.07(.2) ×10-10  
 
 
aµ(had-LO)    =     692.3(4.2) × 10-10 
aµ(had-NLO)    =    0.7(0.26) × 10-10 

So…... 
aµ(SM) = 11 659 180(5)  × 10-10  from e+e- data 
aµ(SM) = 11 659 196(7)  × 10-10  from tau data  
 

PDG - 2011 



Muon g-2 
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M. Davier, Tau2010 

µ  = g µB s,            
s = 1/2     g = 2       
µB = eh/mc 

a = (g-2)/2 
 



g-2 could mean New Physics ? 
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Running Couplings in QED 
•  Shielding effect is created 

around a charge, effectively 
changing the strength of 
coupling 

•  Pairs of charge will be 
created and reabsorbed, 
producing shielding effect 
(“vacuum polarization”) 
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Running Couplings in QED 
•  Dependence of coupling on momentum transfer (and therefore 

mass scale) follows the renormalization group equation: 

•   β0 depends on the number of degrees of freedom 

•  where nb are bosons degrees of freedom and nf are fermions 
degrees of freedom in the vacuum loops 
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Running Couplings in QED 
•  In QED there are no bosons in the loops, so at high energy 

 nb = 0 
 nf = 3  (where all three families are active) 

•  Therefore 

–  and 

–  since  αem = 1/137 at low energy, say  µ = 1 MeV, 
    α(MZ = 91 GeV) = 1/129 

= 12/12π = 1/π	




Bhabha measurement at large 
momentum-transfer (L3)  
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Running Couplings in QED 

    α(MZ = 91 GeV) = 1/129 

S.Mele 
 
QED predictions from  
Burkhardt&Pietrzyk  
PLB 513(2001)46 
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Running Couplings in QCD 
•  In QCD there are three degrees of freedom (3 colors) 

 nb = 3 
 nf = 3  (where all three families are active) 

 
 
 
 
 
 
 

  or 
 
where B = -β      Λ2 = µ2 exp{-1/B αs(µ2)}  
 

= (12-33)/12π = -7/4π	
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Running Couplings in QCD 

 
•   αs decreases with increasing q2 

–  this is the opposite dependence from QED 
–  it is typical of non-Abelian field, where the field particles carry 

charge and are self-coupling 
–  the longitudinal gluons have an antishielding effect, spread out the 

color charge, weakening the interaction 

•  Large q2        αs →  0	

–  asymptotic freedom 

•  Small q2         αs →  οο	

–  confinement 

Perturbation theory applies 
for q2 >> Λ 
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Running Couplings in QCD 



Running of Strong Coupling 
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M. Davier, Tau2010 
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Running Couplings in QCD 

Many observables are sensitive to the value of αs 

•  Widths of bounds state of cc and bb 

•  R = σ(e+e- → hadrons)/σ(point)   requires factor (1 + αs/π)	

•  Event shapes depend on fraction of 3 jets 

•  Scaling deviations in deep inelastic lepton-nucleon 
scattering 

•  Hadronic width of the Z 
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Evolution of Structure Functions  
in Deep Inelastic Scattering 

•  Suppose u(x,q2) is the density of valence u quarks with 
momentum fraction x  → x +dx   at   q2     (Altarelli-Parisi eqtn.) 

;       z = x/y 

Williams-Weizsacker 
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Evolution of Structure Functions  
in Deep Inelastic Scattering 

•  When sea quarks are included, an additional term is needed 

•  Because of these two terms, the quark distribution shrinks to 
smaller x as q2 increases 
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Evolution of Structure Functions  
in Deep Inelastic Scattering 

•  Curves show the QCD 
dependence expected for  
Λ = 0.2 GeV 
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Evolution of Structure Functions  
in Deep Inelastic Scattering 

•  Data from HERA ep 
collider at DESY 
(28 GeV electrons, 

820 GeV protons) 



Evolution of Structure Functions  
in Deep Inelastic Scattering 
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Light-quark Meson Spectroscopy 

•  Do we really understand light-quark mesons? 
–  Quark model does exceedingly well  

•  Can studying these mesons tell us about QCD?  
•  Light–quark meson spectroscopy is concerned with 

mesons built up from u, d and s quarks, 
 but also related light mesons involving gluons 

•  These systems of light quarks and gluons have 

typical masses below 2.5 GeV. 
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Exotic Mesons 
•  The quark model explains the observed light-quark 

mesons very well. 
•  When extended with the flux tube model one 

finds a model quite consistent with known meson 
phenomenology. 

•  Adding lattice QCD calculations makes the model 
gets even better.  

•  So, a very good model of masses and decays exists 
which is reasonably consistent with experimental 
data.  
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See Curtis A. Meyer, in 
Hadronic Structure 



Exotic Mesons 
•  Given the success of this model, is there more to 

learn?   ⇒   YES! 
•  The quark model has no confinement and doesn’t 

have a role for gluons  
•  Nevertheless, the flux tube model and lattice 

QCD consider glue to play a significant role in 
QCD.  

•  Once we introduce glue into the model one finds 
gluonic excitations - 
–  In addition to the qq spectrum, we get hybrids and 

glueballs 
•  Quark model does not explain states of  

  0- - 0+- 1-+ 2+- 3-+    (exotics) 
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Flux tube model 
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Due to the self-
interaction of the gluon 
field in QCD, flux lines 
are confined to a narrow 
region of space between 
the quark and antiquark. 
  
Gauss’s law for this field 
configuration saws the 
force between the quark 
and the antiquark is 
independent of distance 
between them.  
 

ELECTRICAL FORCE 

COLOR FORCE 

See Curtis A. Meyer, in 
Hadronic Structure 



Flux tube model 
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Flux tube model (and the related “string model” we 
have discussed) leads to experimentally observed 
 
   linear dependence of mass-squared versus J results 
 
resulting from the self-interaction of the color field 
and the resulting confinement of the flux lines to a 
narrow “tube” between the quark and antiquark.  
 
confirmed in the heavy quark sector using lattice QCD  
 
 



Lattice QCD 
•  QCD formulated on a discrete Euclidean 

space time grid.  
•  The only tunable input parameters are the 

strong coupling constant and the bare 
masses of the quarks.  
–  αs , m	


•  Since no new parameters or field variables 
are introduced in this discretization, LQCD 
retains the fundamental character of QCD. 
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R. Gupta,  
http://arxiv.org/pdf/hep-lat/9807028v1.pdf 



Lattice QCD 
•  Lattice QCD can serve two purposes.  

1.  The discrete space-time lattice acts as a non-
perturbative regularization scheme. At finite 
values of the lattice spacing there is an 
ultraviolet cutoff and no infinities.  

•  Furthermore, renormalized physical quantities have 
finite, well behaved limits as a → 0. In principle, all 
standard perturbative calculations can be done using 
lattice regularization. 

2.  Transcribing QCD on to a space- time lattice 
allows LQCD to be simulated on computers using 
methods analogous to those used for Statistical 
Mechanics systems.  
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Lattice QCD 
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See Curtis A. Meyer, in 
Hadronic Structure 



Hybrid Mesons 
•  Hybrids are mesons within the  

 flux tube model with angular  
 momentum in the flux tube.  

•  Two degenerate excitations are possible, one for a 
tube rotating clockwise and one counterclockwise.  

•  One can construct linear combinations of these 
with definite spin, parity and C-parity.  

•  For one unit of  tube angular momentum JPC = 1+− 
and 1−+.  

•  The hybrid quantum numbers come from adding 
the tube’s quantum numbers to those of the 
underlying quark antiquark system.  
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See Curtis A. Meyer, in 
Hadronic Structure 



Hybrid Mesons 
•  In the flux tube model, the flux–tube carries 

angular momentum, m, which then leads to specific 
CP predictions.  

•  These flux tube excitations can then be built over 
S–wave mesons, (L = 0), with a total spin of S = 0 or 
S = 1.  

•  For m = 0, CP = (−1)S+1, while for the first excited 
states, m = 1, CP = (−1)S.  

•  These lead to the expected quantum numbers for m 
= 0 and m = 1;  
–  in this picture m = 0 yields the normal quark–model mesons, 

while m = 1 produces the lowest lying hybrid mesons. 
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Hybrid Mesons  
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See Curtis A. Meyer, in 
Hadronic Structure 

Add both 1-+ 
and 1+- to 
underlying 
quarks 



Hybrid Mesons 
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See Curtis A. Meyer, in 
Hadronic Structure 



Glueballs 
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See Curtis A. Meyer, in 
Hadronic Structure 
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L  JPC 

0  0++, 2++ 

1  0-+, 1-+, 2-+ 
2  2++,0++, 4++ 

3  2-+, 3-+, 4-+ 

Gluonium 

•  GG and GGG systems can be formed as color-singlet states, 
and therefore can occur 

•  These states are difficult to identify, but evidence for them 
(“glueballs”) does exist 

•  What states are allowed: 
–  combine two gluons into color singlet 
–  gluons are vector particles, members of a color octet 
–  the allowed states are 



Gluonium 
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Predicted states 
in “quenched approximation”  
which neglects qq loops. 
Mixing with other states will 
changes masses  
 
    Y. Chen et al.,  
Phys. Rev. D73, 014516 (2006).  
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Gluonium 

•  Consider the allowed states of two gluons: 

•  Several of these JPC values cannot be formed by quark/anti-quark 
–  for example 1-+, 3-+.   [p = (-1)L+1  c = (-1)L+S] 
–  Such states are called exotics 
–  Finding mesons with these quantum numbers will suggest glueballs 

L  JPC 

0  0++, 2++ 

1  0-+, 1-+, 2-+ 
2  2++,0++, 4++ 

3  2-+, 3-+, 4-+ 
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Gluonium 

•  The properties to look for to find glueballs are: 
–  exotic quantum numbers 
–  flavor symmetry in decay 
–  no radiative decays and no two photon decays 
–  mass 1-2 GeV (scalar glueball) 
–  decays into ππ, KsKs, K+K-, and ηη 
–  width of order ~10’s of MeV 



Meson 
Spectrum 
(theory) 
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Particle Data Group gives a 
summary of the status of 
this search in two reports: 

 
http://pdg.lbl.gov/2011/
reviews/rpp2011-rev-
quark-model.pdf 
 
http://pdg.lbl.gov/2006/
reviews/
nonqqbar_mxxx050.pdf 
 

Mixing effects with qq mesons 
obscure interpretations 

   
 
 


