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Caveats 

1. Mainly From a user’s point of view    
2. Try to be practical.  
3. Focusing on hadron collider   
4. Not meant to be exhaustive 

 
Refs: arXiv:1101.2599 
       

 
MG School 2015 Shanghai 
http://www.physics.sjtu.edu.cn/madgraphschool/ 
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CMS MC page 
  



Outline 

1. Collider, Collision, Simulation  

2. Hard Scattering:  PDF, LO, NLO 

3. Parton Shower: Pythia6(8), Herwig(++) 

4. Event Format: LHE, HEP 

5. ME-PS Matching/Merging 

6. Overview of Tools 

7. New Physics 

8. Detector Simulation: Delphes 

9. Advanced Topics 



SU(3)ｘSU(2)ｘU(1) 

The SM:  3 interactions 

Found in 2012 by LHC ATLAS and 

CMS.  Nobel prize in 2013 

Found in 1995 by  Fermilab Tevatron 

CDF and D0 
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宇称破坏 
弱作用 
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高速粒子切伦科夫辐射 
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反质子 
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气泡室 
弱中性流 
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量子电动力学 
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液氢气泡室 
一批共振态 
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强相互作用 
夸克 



13 

粲夸克 
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电弱理论 
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W，Z玻色子 



16 

缪子中微子 
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深度非弹，夸克模型 
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多丝正比室 
快速电子读出 
  Drift Tube  
  Time Projection Chamber 
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Tau轻子 
首次探测中微子 
 电子反中微子 
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标准模型重整化 
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中微子振荡 
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对称性自发破缺 
CKM，top夸克 
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Higgs Boson 
BEH 



QED vs  QCD 

a=1…8, 

i=1,2,3  QCD colors  

Self-interactions 
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QCD渐进自由 



QCD cutoff : Non-perturbative Region 



Collider 



Anatomy of a LHC Collision 

QCD Machine 

 

Factorization 

 

Multi-level 

Factorization Theorem: 
Separate Short Distance 
Physics from Soft one 





PT and (pseudo-)Rapidity 

PT 
Lorentz Invariant Distance 



Parton, Jet 





Parton, Jet 



Jet Algorithm 

P=-1 ,0 ,1 



35 



4-momenta, hits/deposits,  digitalize 

Your study can be cut at some level, depending 
on what you want 



Simulation at all levels 

PF 
Arbor 
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Parton Distribution Function 

The scattering particle only sees 

the valence partons. At higher 

energies, the scattering particles 

also detects the sea partons. 



PDF and LHAPDF 

Many choices on the market 

LHAPDF is a general purpose C++ interpolator, used 

for evaluating PDFs from discretised data files.  

https://lhapdf.hepforge.org/ 

Default choice in  
MG_aMC@NLO 
Is NNPDF2 
 
It was CTEQ6L1 before 



Scale/PDF Uncertainties: PDF4LHC 
 

http://www.hep.ucl.ac.uk/pdf4lhc/ 



Hard Scattering: 
LO, NLO, NNLO QCD, QED.. Hard Scattering: 

LO: Born term 



Hard Scattering:  Higher order 

8TeV LHC 
Higgs inclusive xsec 
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Higher order Calculation is not easy 



Hard Scattering: Matrix Element 

Feynman Rules -> 

Squared -> 

Sum over spin,  Trace 
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HELAS [MURAYAMA, WATANABE, 

HAGIWARA, 1992]  



Automation of ME 

Alwall 

2012 



Hard Scattering: Phase Space 

3n-4 

     +2 =3n-2 dimension 

An example of Phase space factorization 

 

            ->  Recursive  in numerical 



MC Technique 

N points randomly distributed in [x1,x2] 

Weight: 

 

Average of Weight: 

 

Variance: 

 

‘Central Limit Theorem’:   



MC Technique 



Unweighting  

We often want events without weights as mother Nature produce 

1. Monte Carlo integration and scanning are performed:  

       N points are picked randomly 

2.  The phase-space point which give the maximum weight,      

       Wmax is stored 



Les Houches Event File  hep-ph/0609017 



Example:  MG_aMC@NLO 

PP > Z  LO & NLO 



Example:  PP > Z  LO & NLO 



Example:  PP > Z  LO & NLO 



Example:  PP > Z  LO & NLO 

You can choose QCD or QED vertex number 



Example:  PP > Z  LO & NLO 

Output 

Launch 

You can choose pythia run 

Or not 



Example:  PP > Z  LO & NLO 

Parameter Card 



Example:  PP > Z  LO & NLO 

Run Card 



Example:  PP > Z  LO & NLO 



Example:  PP > Z  LO & NLO 



Example:  PP > Z  LO & NLO 

PP  to Photon to mumubar  



Example:  PP > Z  LO & NLO 

NLO PDF for NLO,  LO PDF for LO 

ME +  PS,  to be mentioned later 



Example:  PP > Z  LO & NLO 

Real emission 

One Loop virtual 



Example:  PP > Z  LO & NLO 

K Facor:   1824/1508 ~ 1.21 

2.056*(0.94-0.06)=1.81 



Example:  PP > Z  LO & NLO 

NLO/LO  1824/1508 ~ 1.21 

NNLO/NLO  2008.4/1824 ~ 1.1     NLO EWK also included 



Example:  PP > Z  LO & NLO 

NLO events:   additional parton in the final state 



Example:  PP > Z  LO & NLO 

NLO events:   negative weight 



Example:  PP > Z  LO & NLO 

hep file is after Parton Shower,  huge size 



Example:   LO vs NLO vs Matching 



Anatomy of a LHC Collision 

Only hard scattering  

by now 



Parton Shower 

We will see a TeV quark/gluon splits all the way down 
to low scale 
However, we can not calculate 2->nj with n~>8-10 



Multiple Interactions 



Hadronization and Decay 



A bit about PS 

1,3 collinear 

Factorization 
Universal 
Incoherent 



A bit about PS 

This splitting can be separated from previous 

Probability way to handle QCD emission 

 

Q is ordering parameter:  can be virtuality, PT, or angle 

DGLAP function 



A bit about PS 

Sudakov Factor 



A TeV 
quark has 
large 
probability 
to split 



A bit about PS 

Soft limit:  E3->0 i.e. z->1 

Not like in collinear limit, 

There will be interference 

 

Fortunately,  we can 

implement the effects by 

angular ordering 



A bit about PS 

ISR Involves PDF 



PS in numerical 



Pythia6 and Pythia8 



Herwig6 and Herwig++ 



Sherpa’s PS 



ME+PS Matching:  MLM, CKKW 



ME+PS Matching:  MLM, CKKW 



ME+PS Matching:  MLM, CKKW 

Mimic PS 
history 



Multi-leg Matrix Element Matching 



Example:  PP > Z+0,1,2 Jets Matching 



Example:  PP > Z+0,1,2 Jets Matching 

Pythia Card 



Example:  PP > Z+0,1,2 Jets Matching 



Example:   LO vs NLO vs Matching 

You can also add LO+Pythia 

LO, NLO (parton level)  bad at PT~0 



NLO+PS Matching:  MC@NLO, POWHEG 

NLO has one additional parton emission 

NLO has higher accurate xsec 

PS generate 1or more emissions 

To avoid double counting, needs to be very careful 

MC@NLO, POWHEG 
MC@NLO +  MG -> MG5_aMC@NLO 
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Until 

2014/03/12 



Experimental Usage   CMS 7TeV Z+Jets 

arXiv:1408.3104 



arXiv:1012.5382 

Experimental Usage    ATLAS 7TeV W+Jets 



BSM implementations 

FeynRules-> 
UFO/ALOHA-> 
MG 



Detector Fast Simulations 
 
 

arXiv:1307.6346 



Delphes CMS Card 
 
 

geometry 

Muon efficiency 

Muon momentum smearing 



MPI 
 
Multi-Parton-Interaction 
 
Double Parton Scattering 
 
Underlying Event:   
everything but the hard interaction including showers & hadronization 
soft & hard remnant-remnant interactions 
 
Minimum-bias:   inclusive inelastic, non-diffractive events 
     Note in Exp, minimum-bias means more, including PileUp 
 
 
 
 
 
 
All are important for Tune! 
Pythia6 Z2*,  Herwig 4C …. 
 
 
 
 



Summary 

In practical, 

We don’t have  

4-momenta 

 

From Outside 

to inside, 

We need  

Reconstruction. 

 

Prof. Run’s lecture 
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济南 
趵突泉 
沧园 


