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回顾: Markov Chain

马尔可夫链，因安德烈·马尔可夫（A.A.Markov，1856－1922）得

名，是指数学中具有马尔可夫性质的离散事件随机过程。该过程
中，在给定当前知识或信息的情况下，过去（即当前以前的历史
状态）对于预测将来（即当前以后的未来状态）是无关的。

在马尔可夫链的每一步，系统根据概率分布，
可以从一个状态变到另一个状态，也可以保持
当前状态。状态的改变叫做转移，与不同的状
态改变相关的概率叫做转移概率。随机漫步
就是马尔可夫链的例子



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. MC Productions at LHC Experiment

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



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



11

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
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粲夸克
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电弱理论
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W，Z玻色子
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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
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Parton, Jet





Parton, Jet



Jet Algorithm

P=-1 ,0 ,1
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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.



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’:  



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

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



PS in numerical



Pythia6 and Pythia8
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CMS MC Simulation Overview

– Hard process/Matrix Element generation: 

Desired process up to parton level 

using perturbative QCD

– Parton Shower/Hadronization: 

QCD and QED emissions down to a low scale, 

and produces hadrons from QCD partons

– Multiple Parton Interaction

– Detector Simulation and Digitization: 

Detailed Geant4 simulation of the interactions of the outgoing particles with the CMS 

detector, followed by simulation of detector electronics and creation of simulated raw data

– Reconstruction: 

Reconstruction of simulated raw data into higher level physics objects

To a good approximation, identical code as runs on real data

IN CMS Jargon:   LHE –> GEN–> SIM–> DIGI–> RECO
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Generator Usage in CMS

Approximate and based on 2016 MC campaign



CMS Software

● Main CMS software application: CMSSW

– Modular C++ application used for event generation, detector simulation, 

reconstruction, and analysis

● Configuration of CMSSW runs steered with python configuration files

● Input and output with ROOT-based Event Data Model (EDM) files

– Storing run-, lumi-section-(23s periods for real data), or event-level data products
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https://github.com/cms-sw/cmssw
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CMS Software

● CMSSW links directly to many externals
– Either an indirect dependency or is directly called from within CMSSW 

– Compiled with the same common libraries, 

as CMSSW and packaged together with a given release

– From either a tarball from the author’s website, GENSER, or a cms-

managed github mirror

CMSSW software 

and externals are 

made available on 

worker nodes 

through CVMFS

– a network file 

system based on 

HTTP

https://github.com/cms-externals/
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CMS MC Production Status



88

CMS MC Production Status

Taking 2017 as an 

example: 

15 B (+ some other 

production ~ 20 B)

in 8 months

• GEN-SIM-DIGI-RECO 

~85 sec/evt

• 60k cores (~1/3 of the 

CMS production power)

• Large fraction of 

negative weights of up 

to ~40% 

-> larger samples!

Multi-leg LO   

• up to ~10s/gen-evt

• ~50% matching efficiency -> 20s/full-

sim-evt

Multi-leg NLO

• up to ~30s/gen-evt

• ~30% matching efficiency

-> 100s/full- sim-evt
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The Future : Heterogeneous Architecture

https://opensourceforu.com/2016/12/how-heterogeneous-systems-evolved-and-the-challenges-going-forward/

The computing available in 2026 will be heterogeneous and 

highly concurrent. different types of compute units and 

interconnects

https://opensourceforu.com/2016/12/how-heterogeneous-systems-evolved-and-the-challenges-going-forward/

