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•  马文淦，《计算物理学》	
•  杜东生，杨茂志，《粒子物理导论》	
•  R.K.	Ellis,	W.J.	S-rling,	and	B.R.	Webber，QCD	and	
Collider	Physics	

•  Bo	Andersson,	The	Lund	Model	

前置课程：Quantum	Field	Theory,		
																						Group	Theory，	
																						ParAcle	Physics 



Resources 
•  Madgraph	school	2013	Beijing,	hKps://indico.cern.ch/event/

253947/	

•  ACAT	2013	Beijing,	hKp://acat2013.ihep.ac.cn	
•  MC4BSM	2016	Beijing,	hKps://indico.ihep.ac.cn/event/5301/	
•  Madgraph	school	2015	Shanghai,	hKps://

www.physics.sjtu.edu.cn/madgraphschool/	

•  Madgraph	school	2018	Hefei,	hKps://indico.ihep.ac.cn/event/
7822/page/0	

•  MCnet	School	2021	Beijing,	hKps://indico.ihep.ac.cn/event/
11202/overview		

•  Talks	of	Qiang	Li,	2021年对撞机暑期学校，hKps://
indico.ihep.ac.cn/event/11211/	



For the memory of Dr. Cen Zhang 

国科大老师 
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•  TeV	fron)er	
• MC	tools	
• Madgraph	
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现代粒子物理是以实验为基础，研究物质世界基本
组成及相互作用、时空及宇宙演化的一门自然科学。 

Introduction to Modern Particle Physics 

D.S.Yang	
X.	Zhuang 

Y.G.	Gong	
Z.Z.	Xianyu	
Z.H.	Zhao 

Q.	Wang	
B.	Zhu	
Yakefu 

DM 

DE 



 Computer Technology and Science 

05-0.6	million	patents	

SUPERCOMPUTER 



•  1)	Computa)ons	in	Theore)cal	Physics:	Techniques	and	
Methods	( ,	mul)-leg	and	mul)-loop	high	
precision	computa)ons,	computer	algebra	techniques	and	
applica)ons,	Lacce	QCD,	Structure	forma)on	of	early	Universe,	
climate,	earth	quake	predic)on,	…)	

•  2)	Data	Analysis	-	Algorithms	and	Tools	(Machine	Learning,	
Neural	network	paKern	recogni)on,	MVA,	data	mining,	quantum	
compu)ng,	…)	

•  3)	Compu)ng	Technology	for	Physics	Research	
(Computer	language,	new	architecture,	data	taking,	triggers,	GPU	
compu)ng,	online	compu)ng,	parallel	compu)ng,	visualiza)on,…)	

,	with	HEP-TH	and	HEP-EXP,	
the	3rd	path

Physics (HEP) & Computer Science 



Ultra-High	energy	Cosmic	Rays	provide	important	clues	and	guides. 

Particle physics and Astrophysics 

Z.Z.Xianyu B.Q.	Ma 

Y.	Reyimuaji C.D.	Lv	
L.S.	Geng 



10 

LHC是人类探测TeV物质结构的重要手段和工具 
TeV物理自然也成为现代粒子物理研究的前沿 

环⻓27公里 
设计对撞能量14 TeV 
未来升级能量27TeV�

LHC是投资近100亿美元的 
大科学装置（计划运行到2038？）�

X.	Zhuang 

C.D.	Lv 

L.S.	Geng 



The success of HEP 
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经过50多年的寻找,2012年在LHC发现了Higgs玻色子。 
2013年物理诺贝尔奖授予Englert和Higgs，以表彰他们提出的 

电弱自发破缺理论有助于我们理解基本粒子质量起源。 
Higgs玻色子的发现开启了人类对TeV物质世界认识新篇章。 
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Future HEP collider projects 

ILC 

CEPC/SPPC FCC 

TeV物理：是LHC以后运行及未来对撞机研究计划、现代粒子物理学科的核心问题。 

500GeV-1TeV�

ee 350GeV 
pp 100TeV�

ee250-350GeV 
pp100TeV�

1TeV-3TeV�

CLIC 

X.A.	Zhuang 



Gµ⌫ = 8⇡GTµ⌫

@µF
µ⌫ = J⌫

@µF̃
µ⌫ = 0

Beauty Beauty 

Simplicity v.s. Complexity, and Beauty 

MC	tools 



"  Human	being	was	defined	as	a	kind	of	animals	
who	can	make	and	use	tools	to	a	remarkable	
high	level.	

"  Tools	shape	our	science,	arts,	culture,	society,	
and	civiliza)on.		

"  Tools	encode	the	wisdom	of	our	human	beings	
and	are	indispensable	for	our	daily	life.	

"  Compu)ng/MC	tools	are	more	and	more	
important	for	HEP.	

Are tools making necessary for us? 



"  Humans (variously Homo sapiens) are primates of the 
family Hominidae, and the only extant species of the genus 
Homo. Humans are distinguished from other primates by 
their bipedal locomotion, and especially by their relatively 
larger brain with its particularly well developed noecortex, 
prefrontal cortex and temporal lobes, which enable high 
levels of abstract reasoning, language, problem solving, and 
culture through social learning. Humans use tools to a 
much higher degree than any other animal, and are the only 
extant species known to build fires and cook their food, as 
well as the only known species to clothe themselves and 
create and use numerous other technologies and arts.  

---From	Wikipedia	

Are tools making necessary for us? 

智人 类人猿 

人科 

人属 

前额皮质 



"  Human	being	was	defined	as	a	kind	of	animals	
who	can	make	and	use	tools	to	a	remarkable	
high	level.	

"  Tools	shape	our	science,	arts,	culture,	society,	
and	civiliza)on.		

"  Tools	encode	the	wisdoms	of	our	human	beings	
and	are	indispensable	for	our	daily	life.	

"  Compu)ng/MC	tools	are	more	and	more	
important	for	HEP.	

Are MC tools making necessary for us? 



For key ideas leading to the detailed confirmation of the SM of 
particle physics, enabling high energy experiments to extract precise 
information about QCD, EW interactions and possible new physics	

Altarelli	 Webber	

Sakurai Prize 2012 

Pythia Herwig 



The	2021	High	Energy	and	Par)cle	Physics	Prize	of	the	EPS	for	an	
outstanding	contribu)on	to	High	Energy	Physics	is	awarded	to	Torbjörn	
Sjöstrand	and	Bryan	Webber	for	the	concep)on,	development	and	
realisa)on	of	parton	shower	Monte	Carlo	simulaAons,	yielding	an	
accurate	descrip)on	of	par)cle	collisions	in	terms	of	QCD		and	EW	
interacAons,	and	thereby	enabling	the	experimental	valida)on	of	the	
SM,	par)cle	discoveries	and	searches	for	new	physics.	

Webber	

HEPPP of EPS Prize 2021 

Herwig Pythia 



"  2011,	May,	16-18,	HeFei,	Prof.	Y.P.	Kuang	
and	Prof.	Q.	Wang	(THU)	ini)alized	the	idea	
to	form	a	compu)ng	working	group	(CWG)	to	
develop	MC	tools	for	HEP	community	in	
China.	

"  LHC	14TeV	runs	and	Higgs	Factory	projects	
(CEPC/SPPC)	provide	a	unique	opportunity	
for	the	CWG	to	commence	its	mission.	

"  Schools	have	been	being	organized	to	train	
our	young	minds.		

Are MC tools making necessary for us? 



photon	MCP	

Objectives of LHC for TeV Physics 

2HDM 

J.Cao,		
Z.	Sun	
X.Gao 

L.	Wang 

H.H	Zhang 

X.	Zhuang 

Q.Wang 



MC tools bridges TH and EXP (HEP) 



The bridge of HEP-MC tools 

FDC 



How can the complexity at the LHC be comprehensible? 

10�18m

10m



How to comprehend the complexity at the LHC? 



1. Hard processes 



2. QCD shower process 



3. Fragmentation/Hadronization/Decay 



4. Underlying processes, multi-parton interactions, pileups 



4. Underlying processes, multi-parton interactions, pileups 



5. Detector simulation and approximations 



A typical event at ATLAS 

Typically,	a	hard	process	can	produce	around	1000	par)cles. 



6. Jet finding algorithms – connecting EXP and TH 

Parton	shower	plays	a	central	role	at	the	LHC! 



How can we know the physics at short distance? 

pQCD 



A well-educated and more precise description 

events.lhco 



Theory	
models 

expensive,	sturdy	and	definite	 

How a NP model is tested by HEP-EXP? X.	Zhuang 



Madgraph	in	a	nutshell 

1.  	Some	history	of	Madgraph	
2. 	ME	calculaAon	
3.  	Phase	Space		integraAon	(MC)	
4.  	Parton	Shower	(MC) 

Not	cover:	UFO	interface	for	NP,QCD	NLO,	EW	NLO,		
																				Jet-PS	matching,	Jet	physics,		
																				detector	simula)on,	MadAnalysis,	root,	
																				MadDM,	…	



A short history of Madgraph 

J.X.	Wang	KEK	Grace	PDF 



A short history of Madgraph 



A short history of Madgraph 



A short history of Madgraph 



A short history of Madgraph 



A short history of Madgraph 



A short history of Madgraph 



A short history of Madgraph (2015, Nov, Shanghai) 



Several Madgraph family members (2016) 



A short history of Madgraph 



A short history of Madgraph 



Understand the complexity at the LHC from QFT 

L.	Wu’	lectures 



QCD: Asymptotic freedom C.F.	Qiao’s	lecture	
X.G.	Wu’s	lecture 



Perturbation calculation of QCD at high energy scale 



Total and Differential Cross Section 



Standard Textbook Method (Klein and Nishina) 



S Matrix Element is just a complex number! 



Spinors for a fermion   

pz

电子态 

|pµ,me, Q = +1e, h = ±1

2
i|pµ,me, Q = �1e, h = ±1

2
i

正电子态 

右手 左手 



Computational Efficiency dependence on M and N 

Whizard 



Integration over final state phase space 

Monte	Carlo	method	comes	to	the	play. 



Importance sampling Monte	Carlo	1 



Importance sampling Monte	Carlo	1 



Using each Feynman Diagram as importance Monte	Carlo	1 



Uniform weighted event generation Monte	Carlo	2 



How to understand Parton Shower? 



A constructive example: 2 -> 3 



x1 + x2 = 2� x3

x1

x2

xi = 2
ki · q
q

2

q = (
p
s, 0, 0, 0)



A constructive example: 2 -> 3 



Collinear limit of 2to3 process with 2to2 process 



Recursive relation for 2ton and 2ton+1 



A close look to the recursive relation: t 



A close look to the recursive relation: z and phi 



A close look to the recursive relation: splitting function 



t = z(1� z)Q2

A close look to the recursive relation: coupling strength 



The core recursive relation on collinear radiation 



Application the recursive relation from n to n+k emissions 



Sudakov form factor 



Parton Shower Monte	Carlo	3 



Unitarity is guaranteed 



Soft and collinear limit (IR and collinear safety) 



What is about the pure soft limit? 



Chudakov effect 



Chudakov effect 



Angular ordering 



Parton Shower Summary 



Picture of Parton Shower 



Summary 

•  MC	tools	for	HEP	is	a	natural	child	of	the	
marriage	between	HEP	and	computer	science.	

•  Madgraph	is	a	user-friendly	ME	generator,	
which	has	a	convenient	interface	to	NP.	

•  Young	students	are	encouraged	to	enter	and	
stay	in	the	direc)on. 



Thanks 



补充材料 



2.	MC	on	the	Market	(1)	
Some	specialized	and	)me-honored	MC	tools:	

MLM	ME-PS	matching@LO	M.L.M,	et.al.	hep-ph/0206293	• ALPGEN:
a generator for hard multiparton processes in Hadronic Collisions.
Powerful to generate tree-level SM background.

• MCFM:
NLO QCD 2 ! 2, 2 ! 3 processes, Some Gluon induced processes in-
cluded, e.g. gg ! W+W�

Parton level only, no showering, not an event generator

• POWHEG:
NLO PS matching, Competitor of MC@NLO, Exponential of non-singular
parts, universal interface to any parton shower
No negative weight events

Nason,	JHEP0411:040,2004;	Hamilton	and	Nason,	JHEP1006(2010)	

J.Campbell,K.Ellis,C.Williams,	hep-ph/9810489	



2.	MC	on	the	Market	(2)	
Whizard:W,	Higgs,	Z	and	Respec)ve	Decays	

For TESLA e+e� collider



2.	MC	on	the	Market	(2)	
Whizard:W,	Higgs,	Z	and	Respec)ve	Decays	

Able	to	handle	mul)-par)cle	scaKering	processes	efficiently.	
Both	longitudinal	and	transverse	polariza)ons	of	beam		

have	been	realized	in	the	package.	
New	physics	models	can	be	implemented	by	FeynRules	

	



2.	MC	on	the	Market	(3)	
From	K.	Hagiwara	A	few	cornerstones	of	Madgraph:	

• In 1992, H. Murayama, I. Watanabe, and K. Hagiwara, HELAS

• In 1994, T.Stelzer and W. F. Long, Madgraph was released.

• In 2002, F. Maltoni and Tim Stelzer, MadEvent was released.

• In 2007, J. Alwall, et. al., Madgraph4 was released.

• In 2011, J. Alwall, et.al., Madgraph5 was released.

• Now, the transition to NLO is ongoing
Both	Hua-Sheng	Shao	and	Qiang		
Li	have	being	involved	into	its		
development	and	contributed.	



2.	MC	on	the	Market	(3)	
Features	of	Madgraph5[1106.0522]_aMC@NLO:	

	Provided	by	Hua-Sheng	Shao	(PKU/CERN)	



2.	MC	on	the	Market	(3)	
What	can	Madgraph5_aMC@NLO	do?	

Provided	by	Hua-Sheng	Shao	(PKU/CERN)	



2.	MC	on	the	Market	(3)	
GoSam:	a	one-loop	level	VME	calculator	for	NP	

From	G.	Heinrich’s	talk@ACAT2013	

1001.1307,		
One-Loop	Provider	

1111.2034	



2.	MC	on	the	Market	(4)	

G.	Belanger,	F.	Boudjema,	J.	Fujimoto,	T.Ishikawa,	T.	Kaneko,	K.	Kato,	Y.	Shimizu	

Designed for e+e� colliders



2.	MC	on	the	Market	(4)	

From	P.H.	Khiem’s	talk@LCWS13-Tokyo		

More works may be needed to handle massless gauge bosons.



2.	MC	on	the	Market	(5)	

Herwig/Herwig++,Pythia6/Pythia8,ISAJET,Sherpa:		
General	Purpose	MC	event	generator	 From	S.	Hoeche	

0311263,	
JHEP02(2009)007	



2.	MC	on	the	Market	(5)	

From	S.	Hoeche	
Interface	to	NP	is	provided;	CKKW	ME-PS	matching/merging	@NLO	is	realized.	



2.	MC	on	the	Market	(5)	

From	S.	Hoeche	


