
Breaking Questions: True or False

• QED and QCD are similar in that they are both local symmetries? 

• Leptons can feel the strong force? 

• Fermions that carry color must exist in three orthogonal states? 

• SU(3) flavor symmetry is exact? 

• SU(3) color symmetry is exact? 

• The strength of the QCD interaction depends on it color of the 
fermion? 

• Color is conserved?
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Hadronization …



Quark-Antiquark 
color combinations:

Quark-Quark 
color combinations:

3-Quark 
color combinations:

3 ⊗ 3 = 8 ⊕ 1 –

3 ⊗ 3 = 6 ⊕ 3 

3 ⊗ 3 ⊗ 3 = 10 ⊕ 8 ⊕ 8 ⊕ 1   

Singlet

Singlet
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Figure 17: Fitted values of 1/αem as a function of Q, which is
√

s for the OPAL fits. The left plot shows the results of fits to OPAL
data at each centre-of-mass energy and of the combined fit in which αem runs with a slope obtained from fixing 1/αem(0) = 137.036.
The right plot compares the results of the OPAL combined fits with values obtained by the TOPAZ experiment [43] and from fits
to measurements of leptonic cross-sections and asymmetries at the DORIS, PEP, PETRA and TRISTAN e+e− storage rings [44].
Measurements shown by open symbols rely on assuming the Standard Model running of αem for Qlumi below 4 GeV, whereas closed
symbols indicate values derived from cross-section ratios which do not depend on luminosity, as discussed in Section 5.1. The solid line
shows the Standard Model expectation, with the thickness representing the uncertainty, while the value of 1/αem(0) is shown by the
dashed line.
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Running of the electromagnetic coupling …
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Breaking questions

• Give me some reasons why studying QCD in electron-
positron colliders would be an advantage over a hadron 
collider 

• What are the disadvantages to an electron-positron 
collider? 

• How could you test that quarks are spin-1/2 here? (hint: 
Think about e+e- to μ+μ-)
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[CELLO @ PETRA 1989]

√s = 38.8 – 46.5 GeV 
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How many jets are in these events?



How many jets?

2 clear jets 3 jets?
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How many jets
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2 clear jets 4 jets?



Let’s try it: kT Algorithm

R

inclusive kt (p=1)pT

1 2 3 4 5 6 7

Table 1

pT pT^2 R 1 2 3 4 5 6 7

1 25 625 0,7 0 313 13613 17113 23113 31250 40613

2 55 3025 1,2 2965 0 40898 54450 78408 111865 151250

3 30 900 3,8 19602 12168 0 288 1800 5202 10368

4 35 1225 4,2 33541 22050 392 0 882 4141 9800

5 15 225 4,8 8321 5832 450 162 0 221 882

6 40 1600 5,5 80000 59168 9248 5408 1568 0 1568

7 10 100 6,2 6498 5000 1152 800 392 98 0
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Let’s try it: kT Algorithm

Table 1

pT pT^2 R 1 2 3 4 5 6 7

1 25 625 0,5 0 313 13613 17113 23113 31250 40613

2 55 3025 1,2 2965 0 40898 54450 78408 111865 151250

3 30 900 3,8 19602 12168 0 288 1800 5202 10368

4 35 1225 4,2 33541 22050 392 0 882 4141 9800

5 15 225 4,8 8321 5832 450 162 0 221 882

6 40 1600 5,5 80000 59168 9248 5408 1568 0 1568

7 10 100 6,2 6498 5000 1152 800 392 98 0



R

inclusive kt (p=1)

recombine to new object

pT

1 2 3 4 5 A

Table 1

pT pT^2 R 1 2 3 4 5 A

1 25 625 0,5 0 313 13613 17113 23113 33800

2 55 3025 1,2 2965 0 40898 54450 78408 122513

3 30 900 3,8 19602 12168 0 288 1800 6498

4 35 1225 4,2 33541 22050 392 0 882 5513

5 15 225 4,8 8321 5832 450 162 0 365

A 50 2500 5,7 135200 101250 18050 11250 4050 0

Let’s try it: kT Algorithm
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inclusive kt (p=1)pT

1 2 3 4 5 A

Table 1

pT pT^2 R 1 2 3 4 5 A

1 25 625 0,5 0 313 13613 17113 23113 33800

2 55 3025 1,2 2965 0 40898 54450 78408 122513

3 30 900 3,8 19602 12168 0 288 1800 6498

4 35 1225 4,2 33541 22050 392 0 882 5513

5 15 225 4,8 8321 5832 450 162 0 365

A 50 2500 5,7 135200 101250 18050 11250 4050 0

Let’s try it: kT Algorithm



R

inclusive kt (p=1)pTpT

1 2 3 AB

Table 1

pT pT^2 R 1 2 3 B A

1 25 625 0,5 0 313 13613 18050 33800

2 55 3025 1,2 2965 0 40898 58141 122513

3 30 900 3,8 19602 12168 0 450 6498

B 55 3025 4,3 87362 58141 1513 0 11858

A 50 2500 5,7 135200 101250 18050 9800 0

Let’s try it: kT Algorithm



R

inclusive kt (p=1)

1 2 3 AB

Table 1

pT pT^2 R 1 2 3 B A

1 25 625 0,5 0 313 13613 18050 33800

2 55 3025 1,2 2965 0 40898 58141 122513

3 30 900 3,8 19602 12168 0 450 6498

B 55 3025 4,3 87362 58141 1513 0 11858

A 50 2500 5,7 135200 101250 18050 9800 0

Let’s try it: kT Algorithm



R

inclusive kt (p=1)pT

C 3 AB

Table 1

pT pT^2 R C 3 B A

C 65 4225 0,9 0 71065 97682 194688

3 30 900 3,8 15138 0 450 6498

B 55 3025 4,3 69938 1513 0 11858

A 50 2500 5,7 115200 18050 9800 0

Let’s try it: kT Algorithm



R

inclusive kt (p=1)pT

C 3 AB

Table 1

pT pT^2 R C 3 B A

C 65 4225 0,9 0 71065 97682 194688

3 30 900 3,8 15138 0 450 6498

B 55 3025 4,3 69938 1513 0 11858

A 50 2500 5,7 115200 18050 9800 0

Let’s try it: kT Algorithm



R

inclusive kt (p=1)pT

C AD

Table 1

pT pT^2 R C B A

C 65 4225 0,9 0 86528 194688

B 70 4900 4,1 100352 0 25088

A 50 2500 5,7 115200 12800 0

Let’s try it: kT Algorithm



Example kt vs. anti-kt Algorithm

R R

inclusive kt (p=1) anti-kt (p=-1) dij= 2min( pt ,i
2 p , pt , j

2 p)
ΔRij

2

R2
diB = pt , i

2 p

ΔRij
2= ( yi− y j)

2+(ϕi− ϕj)2

pTpT

1 2 3 4 5 6 7 1 2 3 4 5 6 7



R R

inclusive kt (p=1) anti-kt (p=-1)

start with smallest pT object start with highest pT object 

pTpT

1 2 3 4 5 6 7 1 2 3 4 5 6 7
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Example kt vs. anti-kt Algorithm

R R
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Example kt vs. anti-kt Algorithm
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Example kt vs. anti-kt Algorithm

R R

inclusive kt (p=1) anti-kt (p=-1)

recombine to new object recombine to new object

pTpT

C 3 AB 3 4 CA

dij= 2min( pt ,i
2 p , pt , j

2 p)
ΔRij

2

R2
diB = pt , i

2 p

ΔRij
2= ( yi− y j)

2+(ϕi− ϕj)2



Example kt vs. anti-kt Algorithm

R R
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Example kt vs. anti-kt Algorithm

R R

inclusive kt (p=1) anti-kt (p=-1)

recombine to new object recombine to new object

pTpT

C AD D CA

diB minimal for all three objects →  put into list of jets 

dij= 2min( pt ,i
2 p , pt , j

2 p)
ΔRij

2

R2
diB = pt , i

2 p

ΔRij
2= ( yi− y j)

2+(ϕi− ϕj)2



Example kt vs. anti-kt Algorithm

R R

inclusive kt (p=1) anti-kt (p=-1)

similar results, but: different energy 
different position

pTpT



Jet algorithms

As a results, jets do not have to be cones
The jet energy is different from algorithm to algorithm

Although the physics conclusions don’t change (1 parton ~1 jet)



Gell-Mann Matrices
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NRQCD potential 
for αs = 0.2

QED potential
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Pseudorapidity Regions
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Proton-Proton Scattering @ LHC

xjp1

xkp2

p1

p2

σ̂
fj(xj)

fk(xk)

Proton

Proton

Product

Product

Hard Process 
[calculable]

PDFs
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CDF 
Result



ATLAS Z’ Search Result



QCD Dijet-Production
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Inclusive Jet Cross Section



Inclusive Jet Cross Section


