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1.  Electroweak theory 

2.  Hadron interactions 

3.  QCD and parton densities 

4.  Monte Carlo generators 

5.  Luminosity and cross-section measurements 

6.  Jet physics 

7.  W and Z bosons  
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Electroweak theory 
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The SM Lagrangian 
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The Higgs mechanism 
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SM parameters 
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Z-boson interaction 
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Z-boson interaction 
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W-boson interaction 
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Hadron Interactions 
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Natural units 
 
 
Four-vector kinematics 
 
 
 
 
Lorentz invariance 
 

Cross-sections should 
be function of scalar 
products of 4-vectors 
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Kinematical variables 
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Invariant mass 
 
 
 
 
 
Center of mass energy 
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√s =  



Cross section 
Matrix element 
Phase space 
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Parton distributions 
Bjorken-x 

Proton-proton cross section 
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Proton-proton scattering 
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Example: Drell-Yan Process 
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QCD Matrix Elements 



• Hard interaction: qq, gg, qg fusion 
• Initial and final state radiation (ISR,FSR) 
• Secondary interaction [“underlying event”] 
 

Proton-Proton  Scattering @ LHC 
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Proton-Proton  Scattering @ LHC 

28 



29 

Proton-Proton  Scattering @ LHC 



QCD & parton densities 
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Lepton-proton scattering           
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Structure Function F2 
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Scaling violation 
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Scaling violation 
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Proton parton densities 
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Particle production @ LHC 
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Running Coupling αS 
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Running Coupling αS 
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Monte Carlo Generators 
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Monte Carlo overview 
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Event Generator types 
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Pythia sub-processes 

43 



From Partons to Jets 
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CMS muon system in Geant4 

Detector simulation 
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Luminosity  
and cross-section measurements 
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Cross section & Luminosity 
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Cross section & Luminosity 
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Luminosity determination @ LHC 

LUCID @ ATLAS;   HF, Pixels @ CMS 
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Van-der-Meer separation scan 



Instantaneous and integrated Luminosity 

   Instantaneous (max)    Integrated 
2010:    2.x1032 cm-2s-1                47 pb-1 

2011:    3.5x1033 cm-2s-1      5.7 fb-1 

2011 
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L≈ 2x1032cm-2s-1 "

L≈ 1027cm-2s-1 " L≈ 2x1032cm-2s-1 "

L≈ 3.5x1033cm-2s-1 "

2010 



Jet physics 
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Jet production @ LHC 
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Higher orders 
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Scale uncertainty 

The default renormalization and factorization scales (µR and µF respectively) are 
defined to be equal to the pT of the leading jet in the event 
 
Scale uncertainty estimation: vary µR, µF within [µR/2, 2µR ] and [µF/2, 2µF]  55 



Jet properties measurement 
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Jet properties measurement 
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Jet reconstruction 
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Anti-kt clustering algorithm: 
  

in distance formula  
replace PT

2 by PT
2p  

 
p=1 : standard Kt 
p=-1 : anti-Kt 

Jet algorithms performance 
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Relative methods 
[inter-calibration 

Jet energy calibration 
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Relative  
calibration 

Absolute  
calibration 



Jet energy calibration 
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Jet energy resolution 
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Resolution unfolding 
Measured spectrum =  
            Real spectrum ⊗ Experim. resolution  
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Inclusive jet cross-section 

Cross section is huge 
(~ Tevatron x 100) 
  
Very good agreement with 
NLO QCD over nine orders of 
magnitude 
 
PT extending from 20 to 500 
GeV 
 
Main uncertainty:  

Jet Energy Scale (3-4%)  
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Inclusive jet cross-section 
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Inclusive jet cross sections: 3-jet / 2-jet ratio  
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Jets: angular correlations 

Difference in azimuth of the two leading jets 
Probe of QCD high-order processes 
Very slight dependence on JES 
No dependence on luminosity 
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Four-parameter fit to describe 
QCD shape: 

Dijet mass 
Very early search for numerous 
resonances BSM:  
string resonance, excited quarks, 
axi-gluons, colorons, E6 
diquarks, W’ and Z’, RS gravitons 
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W and Z bosons 
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Vector boson production 

70 



Examples of high-order processes 
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W and Z boson decays 
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W and Z boson signatures 
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Dilepton mass spectrum at 7 TeV 
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The W signal yield is 
extracted from a 
binned likelihood fit to 
the MT distribution. 
Three different 
contributions: 
-  W signal 
-  QCD background 
-  other (EWK) 

backgrounds.  



W/Z production at 7 TeV 
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W, Z cross-section v.s. √s 
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W+/W- charge asymmetry 
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W + Jets multiplicity 
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W + Jets PT 

Tails are important in several Exotica and SUSY searches 
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SM processes measured at LHC 
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Very challenging measurement 
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End of Lecture 2 
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Additional material 



Electroweak theory 
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Cross section: using Feynman diagrams 
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From the Lagrangian to cross sections 
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Hadron Interactions 

94 



Reference frames 
 
 
 
 
Lorentz transformation 
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Mandelstam variables 
Feynman diagrams 
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Particle decays 
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Hard processes with quarks and gluons 

Examples: 
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Q2 evolution equations 
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QCD & parton densities 
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Lepton-proton scattering           

Fixed target: SLAC, CERN 
Collider: HERA 
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Proton parton densities 
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Monte Carlo Generators 
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Monte Carlo overview 
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Monte Carlo interfacing 

106 



Les Houches generator files 
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From Partons to Jets 
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Parton splitting 
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Hadronization models 
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Lund String Model 
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Overview of MC generators 

Initial-state parton 
showers: 
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Overview of MC generators 
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Luminosity  
and cross-section measurements 
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Cross section & Luminosity 
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Luminosity and elastic scattering 
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§  Measurement of p-p 
elastic scattering 

 
§  Roman Pots used to 

move detectors near to 
stable beam. 

Roman Pots (Totem and Alfa) 
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Luminosity determination @ LHC 



Minimum bias events 
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Characteristics of inelastic p-p collisions 
Particle density in minimum bias events 
 
Soft QCD (PT threshold on tracks: 50 MeV) 

Particle density in data rises faster than in model predictions.  
Tuning of MC generators was needed. 
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Charged particle pT spectrum 

<pT> = 0.545  
± 0.005 (stat.)  
± 0.015 (syst.) GeV/c 

dNch/dpT 

pT > 100 MeV 
|η| < 2.5 
Nch ≥ 2 
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Underlying event 
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Underlying event 
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