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How big is the coupling ?
All the SM couplings (including 𝑀𝑀𝑀𝑀 mass/Yukawa) depend on the energy scale 
(obey Renormalization Group Equation RGE),
and the QCD coupling run fast 

 Sign 𝛽𝛽 𝛼𝛼S < 0: Asymptotic Freedom due to gluon self-interactions 
[Nobel Prize 2004, Gross, Politzer, Wilczek]

 At high scales: coupling becomes small, quarks and gluons are almost 
free, strong interactions are weak

 At low scales: coupling becomes large, quarks and gluons interact 
strongly, confined into hadrons, perturbation theory fails
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Flavour thresholds 

 The 𝛽𝛽(𝛼𝛼𝑆𝑆) and 𝛾𝛾𝑚𝑚(𝛼𝛼𝑆𝑆) functions depend 
on 𝑁𝑁𝐹𝐹

 Interpret it in the context of Effective 
Theories with different number of active 
flavours, and match the couplings at 
threshold

 Matching is independent of 𝜇𝜇th(up to 
higher orders)

 𝛼𝛼S might become discontinuous, is that a problem ?
 Similar discussion for PDFs
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Exercises: 

1. Integrate analytically the one-loop and two-loop RGE for the strong 
coupling, and one-loop for a quark mass

2. Calculate 𝛼𝛼S 10 GeV and 𝛼𝛼S 1 TeV from 𝛼𝛼S 𝑚𝑚𝑍𝑍 = 0.1184 ± 0.0007
3. If 𝑚𝑚𝑏𝑏 𝑚𝑚𝑏𝑏 = 4.2 ± 0.1 GeV, what is 𝑚𝑚𝑏𝑏(𝑚𝑚𝑍𝑍)
4. Hint

Then calculate ΛQCD, the “fundamental” scale of QCD, at which coupling 
blows up  (NB: it is not unambiguously defined at higher order)
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Kinematics

Exercises: 
1. Show that 𝜂𝜂 = 𝑦𝑦 for massless particles
2. Show that Δ𝑦𝑦 = 𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑗𝑗 is invariant under boost 

Transverse plane
 Azimuthal angle                      𝜙𝜙

 Transverse momentum

 Transverse mass  

Longitudinal variables

 Rapidity:

 Pseudo-rapidity: 
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