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IV. Quantum Chromodynamics (QCD) 

Theory of strong interaction provides the nuclear forces that keep nuclear cores 
together.

Peculiar properties: π
α
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(1) asymptotic freedom:

(2) Confinement: no free quarks

0)( 2 →∞→psα

Interaction between quarks at very small distances, 
i.e. at large momentum transfer, theory looks more 
like a free field theory w/o interaction (justification of 
the parton model). 

Gross, Wilczek, Politzer (Nobel Prize 2004)

rrV qq ~)(For large 
distances
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(3) Octet of massless color charged vector gluon fields 
interacting with a color triplet of spin ½ quarks

q q

(4) self-interaction:

(non abelian gauge theory SU(3) )
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Experimental Tests of QCD

Discussed 

Tevatron / LHC

(not discussed)
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1. Test of QCD in e+e- annihilation

1.1 Quarks carry color charge
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Sum over all possible 
quarks: 4mq

2 < s udscbt> ~350 GeV
udscb< ~350 GeV
udsc< ~10 GeV
uds< ~3 GeV

Quarkss

Additional color factor NC
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)cos1(~ 2θ+

TASSO / PETRA

Jet-like events:  Jet axis approximate quark direction

Spin ½ Quarks:
)cos1(
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Definition:

3⋅15/9=5.00udscbt> ~350 GeV
3⋅11/9=3.67udscb< ~350 GeV
3⋅10/9=3.33udsc< ~10 GeV

3⋅6/9=2.00uds< ~3 GeV

Quarks ∑⋅=
i

ihad QR 23s

Data lies systematically higher that 
the prediction from Quark Parton
Model (QPM) → gluon bremsstrhl.
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~ 7%

Resonances at 
beginning of step

CN
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1.2 Discovery of the gluon

Discovery of 3-jet events by the TASSO 
collaboration (PETRA) in 1977:

3-jet events are interpreted as quark 
pairs with an additional hard gluon.

sα~15.0
events jet2#
events jet3#

≈
−
−

at √s=20 GeV

αs is large
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1.3 Spin of the gluon

Ellis-Karlinger angle

Ordering of 3 jets: E1>E2>E3

Measure direction of jet-1 in the 
rest frame of jet-2 and jet-3: θEK

Gluon spin J=1
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1.4 Multi-jet events and gluon self coupling

4-jet events

Non-abelian gauge theory (SU(3))

10

Multiple jets and jet algorithm

i
j

ijm

Hadronic particles are i and j grouped to a 
pseudo particle k as long as the invariant 
mass is smaller than the jet resolution 
parameter:

cut
ij y

s
m

<
2

mij is the invariant mass of i and j.

Remaining pseudo particles are jets.

Jet Algorithm
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Color factors

3
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CN~ FT~

Color Factor

QED

q

Coupling strength

αq QCD

Coupling strength:

sc α
4
1

q q

2cCF =Color factor:
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Color factors:

4-jet cross section:

FA,B,C,D,E  are kinematic functions

4-jet events
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Exploiting the angular distribution of 4-jets: 

• Bengston-Zerwas angle

• Nachtmann-Reiter angle

Allows to measure the ratios TF/CF and NC/CF

SU(3) predicts: TF/CF = 0.375 and NC/CF =2.25

)()(cos 4321 ppppBZ

rrrr
×⋅×∝χ

)()(cos 4321 ppppNR

rrrr
−⋅−∝θ

If NC/CF ≠ 0  → contribution from gluon 
self-coupling in the 4-jet events

Bengston-Zerwas angle

Nachtmann-Reiter angle

Angular correlation of jets in 4-jet events
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Confirms QCD prediction (SU(3))  and gluon self-coupling:

TF/CF = 0.375 and NC/CF =2.25
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2. Running of αs

⇒ Asymptotic freedom
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Measurement of strong coupling αs

a) αs from total hadronic cross section
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αs measurements are done at given scale Q2: αs(Q2)

Not very precise.

b) αs from hadronic event shape variables

3-jet rate: 
had

jetR
σ
σ −≡ 3

3 depends on αs

3-jet rate is measured as function of a jet resolution parameter ycut

αs(s)
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QCD calculation provides a theoretical prediction 
for R3

theo(αs , ycut)

→ fit R3
theo(αs , ycut) to the data to determine αs

Similarly other event shape variables (sphericity, 
thrust,…) can be used to obtain a prediction for αs

αs(s)

Thrust T

thrust axis
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Maximizes longitudinal 
momentum
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c) αs from hadronic τ decays
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d) αs from DIS (deep inelastic scattering)
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Running of αs and asymptotic freedom
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