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The Standard Model



Vector Boson Scattering

• In the standard model of particle 
physics, the W+, W−, and Z are so-
called vector bosons that transmit 
the weak force responsible for 
nuclear decay.  

• But those bosons can also scatter 
off each other with a cross section 
that is sensitive to the many 
details of the theory. 



Monte Carlo Simulation Generated Events

VBFNLO is a flexible parton level Monte Carlo 
program  

1. the simulation of vector boson fusion 
(VBF) 

2. QCD induced single and double vector boson 
production plus two jets 

3. double and triple vector boson production 
(plus jet) in hadronic collisions at next-to-
leading order (NLO) in the strong coupling 
constant 

4. Higgs boson plus two jet production via 
gluon fusion at the one-loop level. Feynman diagram of Z boson 

production via weak boson fusion



VBFNLO of 1000 x 1000 events 

lepton jet

pt	>	4	GeV	 pt	>	15	GeV	

|η|	<	2.8	 |η|	<	9	

M(ll)	>	1	GeV	 M(jj)	>	0	

ΔR(ll)	>	0	 Algorithm	(Rcut):	Anti-kt(	R	=	0.4	)	

ΔR(jj)	>	0	

|Δη(jj)|	>	0	

jet-opphem:	false	

ΔR(lj)	>	0	



Cut Criteria

lepton jet

pt	>	7	GeV	 pt	>	20	GeV	

|η|	<	2.5 |η|	<	4.5

66	<	M(ll)	<	116	GeV M(jj)	>	500	GeV	

ΔR(ll)	>	0	 Δη(jj)>	3

|Centrality|	<	3



Signal and Background

Signal:	Process	210	
• 		pp	->	Z	Z	jj	->	l+	l-	l+	l-	jj	
• 	Z	pair	+	2	jets	production	in	vector	boson	fusion	with	decay	into	
charged	leptons.	

Background:	Process	3210	
• 		pp	->	Z	Z	jj	->	l+	l-	l+	l-	jj	
• 	QCD	induced	Z	Z	+	2	jets	production	with	fully	leptonic	decay.



Data Preprocessing

• Monte Carlo Simulation (18+ hours for each process) to generate the 
event files (Bash) 

• convert .LHE (Les Houches Event) files to .root files (Python) 

• extract kinematic variables from .root files (C++) 

• plot histograms and implement cuts based on the kinematic variables 
we are interested and save the histograms in .root files (C++) 

• plot and compare the histograms of Process 210 (VBS) and Process 
3210 (QCD) from .root files (Python)



Example: Cut on lepEta normalized in log scale

265	histograms	of		
different	cut	settings



Training a signal-background classifier  
(a machine learning technique)
• select features for classification 

• train a boosting decision trees for classification 

• analyze and tune the classifier



Feature Selection  
for Boosting Decision Tree (BDT) Classification
• factory->AddVariable("jj_m","jj_m","",	'F');	
• factory->AddVariable("zz_m","zz_m",	"",	'F');	
• factory->AddVariable("z1_pt","z1_pt",	"",	'F');	
• factory->AddVariable("z2_pt","z2_pt",	"",	'F');	
• factory->AddVariable("delta_eta_jj","delta_eta_jj",	"",	‘F');	
• no	weights	for	different	variables	at	the	moment	
• randomized	event	selection	
• total	events	of	210_eeee_fid.root:	346004	
• total	events	of	3210_eeee_fid.root:	1024170	
• use	60%	of	signals	and	backgrounds	for	training	

• training	signals:	207603	=	0.6	*	346004	
• training	backgrounds:	207603	

• use	the	remaining	signals	and	backgrounds	for	testing	
• 	testing	signals:	138401	=	0.4	*	346004	
• 	testing	backgrounds:	816567	=	1024170	-	207603



Boosting Decision Trees (BDT) Configuration

Transformations:	Decorrelation;	Principle	Component	Analysis	(PCA);	
Gaussian,	Decorrelation	transformation:		
Training	set:	60%	of	signal	data	and	the	same	amount	of	background	data	
Testing	set:	the	rest	of	signal	and	background	data	
Number	of	trees:	500	
Boost	type:	AdaBoost	
Separation	type:	Gini	Index	
Number	of	cuts	=	20	
Maximum	depth	=	5





Some Key Results

Ranking	of	variables																														ROC	Curve



# normalize the histograms to 40fb-1 with their respective cross-section 
histo.Scale ( 40 * cross-section /  total number of events in the sample)



Classification

figure	of	merit	for	optimal	cut	based	on	BDT	classification	

Z	=	S/B	

Z	=	S/sqrt(B)	

estimated	yield	=	cross-section	*	luminosity	(40	fb-1)	*	efficiency	(ratio	of	classified	events	/	total	events)	

estimated signal events:  0.58
estimated backgrounds events:  73.99



Next Steps

• tune	BDT	further	for	a	more	smooth	classification	distribution	
• Comparison	of	BDT	sensitivity	with	sensitivity	from	directly	cutting	on,	
for	example,	M(jj)	and	delta_eta(jj)	and	draw	conclusion	on	whether	
BDT	helps	or	not	in	a	quantitative	way	
• Train	other	types	of	classifiers	other	than	BDT	



Questions?


