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Introduction     

l The	dominant	decay	(BR~58%)	of	the	SM	Higgs	
boson	is	to	pairs	of	b-quarks

• Measurement	of	the	Yukawa	coupling	to	down	type	quarks

• Constrain	the	Higgs	boson	decay	width

l VH	production	mode	is	the	most	sensitive	
channel	to	detect	H	→	bb	decays

• The	leptonic decay	of	the	
vector	boson	allows	for	
efficient	triggering and	
significant	reduction	of	the	
multi-jet	(MJ)	backgrounds

Ø Why	V	(W/Z)H,	Hàbb



Introduction     

Ø Run	2	evidence	result	at	EPS	2017	(36.1	fb-1)		
(JHEP12(2017)024)

Ø This	talk	will	focus	on	Run2	VH,	H→bb measurement	with	the	full	2015-2017	
data	(79.8	fb-1)
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l Evidence	for	VH(bb)	with	a	significance	of	3.5 σ
(3.0 σ exp.)	and	a	mu	(signal	strength)	value	of	
1.20	+/-0.39

l To	achieve	the	observation	of	Hàbb decay	and	VH	production	mode,	the	result	is	also	
combined	with:

• other	searches	for	bb	decays	of	the	Higgs	boson

• other	searches	in	the	VH	production	mode

• the	Run	1	analysis
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Event Selection     
Ø Leptonic decays	of	Z/W	for	background	rejection	and	trigger	à3	channels	:	0,1,2	leptons

Ø Exactly	2	b-tagged	jets	(70%	b-tagging	efficiency),	Leading	(Sub-leading)	jet	pT>45	(20)	
GeV,	with	0	or	1	(>=1	for	2-lepton	channel)	additional	jet

pTZ(ETmiss)	>	150GeV

Angular	cuts	to	remove	MJ

Veto	leptons	pT>7	GeV
Exactly	one	isolated	lepton
pT>25	(27)GeV	for	muon	(electron)
pTW(l,v)	>	150GeV
ETmiss >30	GeV	in	electron	channel

2	electrons	or	muons	pT>27	(7)	GeV

81	<	mll <	101	GeV

pTZ(l,l)	[75-150GeV]	or	>150GeV

0-Lepton 1-Lepton 2-Lepton
ETmiss trigger Single-electron	or	ETmiss trigger Single-lepton	trigger
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Main Backgrounds after Event Selection      
0-lepton 1-lepton 2-lepton

Non-resonant	backgrounds	from	W/Z+jets,	ttbar and	single-top

Resonant	VZ,	Z	→	bb	background,	used	to	validate	the	analysis	procedure

Small	residual	multi-jet	background	component	in	1-lepton	channel	(<3%)

W+jets
Z+jetsttbarW+jets

Z+jets
ttbar

ttbar
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Multivariate Analysis (MVA)     
Ø MVA	setup
l Use	simple	and	robust	Boosted	Decision	Tree	(BDT)

l Input	variables	and	training	parameters	tuned	to	yield	best	
sensitivity

l Kinematic	variables,	some	specific	to	3-jet	regions

Ø Inputs	Variables

l mbb,	△Rbb,	pTV most	important	ones	
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Fit Model     
Ø Perform	a	binned	maximum	likelihood	fit simultaneously	in	different	categories	to	

extract	signal	significance	/	signal	strength	(μ)

l 8	Signal	Regions	(SR)

l 2	W+HF	(heavy	flavor)	control	regions	(CRs)	in	1-lepton	channel	(Purity:~75%) 

l 4	Top	eμ CRs	in	2-lepton (Purity:	~99%)

mtop >	225	GeV	&&	mbb <	75	GeV.  

Use	only	the	normalization	info	in	the	fit

Use	mbb distribution	(or	only	the	normalization	info)		in	the	fit
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Background Modelling      
Ø Use	state-of-the-art	MC	generators	

(except	MJ	which	is	modelled	in	1-
lepton	using	a	data-driven	method)

0-lepton 1-lepton

2-lepton

W+HF	CR

Top	eμ CR

Ø Constrain	(shape	and	normalization)	from	
data by	using	high	purity	control	regions

Ø Parametrize	extrapolation	
uncertainties across	regions	as	
uncertainties	on	ratios	of	yields

Ø Shape	uncertainties	on	BDTs

Ø Main	background	normalizations	
floating in	the	fit
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An Useful Standard Candle : Diboson MVA analysis      

l Re-train	the	BDTs	to	look	for	WZ+ZZ	instead	of	VH

l Robust	validation	of	background	model	and	associated	
uncertainties

Ø Same	analysis	strategy	as	the	VH	MVA	analysis	

Ø Very	clear	diboson signal,	good	agreement	
between	channels

l The	yield	of	VZ	is	typically	2-3	times	higher	than	
those	of	VH
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VH MVA analysis results      
Ø Significance	of	VH(bb)	signal	at	4.9 σ (4.3 σ exp.)

l Signal	strength	compatible	with	SM	

Ø Individual	production	modes	significances

l 2.5 σ (2.3 σ exp.)	for	WH l 4.0 σ (3.5 σ exp.)	for	ZH

measurement	dominated	by	
systematics	(signal	and	
background	modelling,	MC	
statistics,	b-tagging)

Ø The	compatibility	test	of	μ among	three	channels:	80%.
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Cross check: Di-jet mass analysis (DMA)      
Ø Important	cross-check	to	test	robustness	of	result

l Additional	pTV Split	at	200	GeV

l Additional	cuts	on	△Rbb (pTV dependent),	mT
W (1	lepton),	ETmiss significance	(2	lepton)

l Fit	mbb instead	of	BDT	output

Ø Significance	of	VH(bb)	signal	at	3.6 σ (3.5 σ exp.)

Ø Consistent	with	MVA	result	in	all	channels
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Combination of Hàbb searches

Ø Combine	Run	1	and	Run	2	analyses	in	VH,	
VBF(*)	and	ttH production	modes

Ø Observation	of	Hàbb decays	at	5.4 σ (5.5 σ exp.)

Ø Main	contributions	from	VH	channels	(contributions	
of	VBF	and	ttH channels	1.5σ and	1.9 σ)

Ø Compatibility	of	the	6	measurements	54%

l Results	assume	SM	Higgs	boson	
production	cross-section

l Only	Hàbb branching	ratio	is	
correlated	across	the	six	analyses

(See	Zhijun’s talk	for	more	details)
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Combination of VH searches
Ø Combine	Run	2	analyses	in	bb, γγ and	4l	decays

Ø Observation	of	VH	production	at	5.3 σ (4.8 σ exp.)

Ø Main	contributions	from	bb	channels	
(contributions	of	4l	and	γγ channels	1.1σ and	1.9 σ)

Ø Compatibility	of	the	3	measurements	96%

l Updated	analyses	with	2015-2017	Run	2	data	in	all	channels

l Results	assume	SM	Higgs	boson	branching	fractions

l γγ and	4l	analyses	have	both	leptonic and	hadronic	categories



Conclusions        
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Ø VH(bb)	analysis	carried	out	on	full	2015-17	dataset

l With	Run	2	79.8	fb-1 dataset,	found	strong	
evidence	for	VH(bb)	with	a	significance	of	4.9 σ
(4.3 σ exp.)	and	a	mu	value	of	1.16	+/-0.26

Ø With	full	Hbb combination,		5.4	(5.5)	σ observed	(	exp.)	
for	Hàbb with	mu	value	of		1.01	+/- 0.20			

Ø With	Run	2	VH	combination,		5.3	(4.8)	σ observed	(	
exp.)	for	VH	with	mu	value	of		1.13	+/- 0.24			

These	results	provide	an	observation	of	the	H	→	bb	decay	mode,	and	also	of	the	Higgs	
boson	being	produced	in	association	with	a	vector	boson	

SDU	(Lianliang Ma;	Mario	Sousa;	Yanhui	Ma)	contribution:
• Supporting	note	co-editor;		Analysis	approval	talk;
• Main	1-lepton	analyzer:	data/MC	validation;	multijet estimation;	optimization;	

provide	inputs;	

• Statistical	analysis	for	the	final	results.
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Back	Up
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Event Selection     
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Signal and Backgrounds Samples      



Signal and Backgrounds Samples      
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Ø Signal

l Both	qqVH and	ggZH using	latest	Powheg+MiNLO +	
Pythia8	samples

Ø Background

l V	(W/Z)+jets	:	Sherpa	2.2.1	with	jet	flavor	filter

l ttbar :	Powheg+Pythia8,	2-lepton	also	incorporates	di-
lepton	filtered	sample.	Dedicated	MET	filter	ttbar samples	
also	used	in	0	lepton

l Multijet

Negligible	in	0	and	2	lepton	(confirmed	by	lots	of	
detailed	studies),	data-driven	in	1	lepton	channel	
(fraction:	~2-3%)	

l Single-top :	updated	to	Powheg+Pythia8	samples	since	EPS

l Dibson :	Sherpa	2.2.1	for	quark	induced	samples	(qqVV).	
After	EPS,	include	also	gluon	induced	(ggVV)	samples	with	
Sherpa	2.2.2	



Signal and Control Regions

Ø A	highly	pure	(>70%)	1L	W	+hf CR	to	provide	additional	
constraint	and	validation	of	W	+	hf normalization	

l Mtop>225GeV	and	mBB<75GeV

l Implemented	as	a	single	bin	in	the	fit	

Ø 2L	Top	eμ CR	with	very	high	top	purity	(>99%)	and	same	
kinematics	selectios as	ttbar in	SR

l Constrains	top	background	normalization	and	shape

l mbb	discriminant	is	used	in	the	fit

Ø With	total	8	signal	regions	and	6	control	regions
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Additional cuts for di-jet mass analysis    
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Signal acceptance    
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Background Modelling      
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Signal Modelling      
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Post-fit yields---signal region      
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Post-fit yields---control region      
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Significance      

The probability that the signal strengths measured in the three lepton channels are 
compatible is 80%.
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Ranking      
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Post-fit plots VH MVA      
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Post-fit plots VH di-jet mass analysis      
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Jet energy correction      

l muon-in-jet	correction	in	all	three	channels;

l PtReco in	0- and	1-lepton	channel;

l Kinematic	fit	in	2-lepton	channel;
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