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p 4l	channel	is	one	of	the	most	important	channel	for	Higgs	boson	search
• A	large	signal-to-background	ratio	
• Complete	reconstruction	of	final	state	decay	products
• Excellent	lepton	momentum	 reconstruction
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 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 
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Introduction



ØSelected	electrons
- Loose	electrons

- 𝑃" > 7GeV; 𝜂 < 2.5

- 𝑑+, < 0.5	𝑐𝑚;	𝑑1 < 1	𝑐𝑚;𝑆𝐼𝑃56 < 3

- BDT	ID+Iso in	6	( 𝜂 , 𝑃")bins
• Reduction	of	fakes	for	same	signal	efficiency	when	witch	

from	TMVA(V1)	to	xgboost(V2)	library	for	BDT	training
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ØSelected	muons
- Loose	muons

- 𝑃" > 5GeV; 𝜂 < 2.4

- 𝑑+, < 0.5	𝑐𝑚;	𝑑1 < 1	𝑐𝑚;𝑆𝐼𝑃56 < 3

- PF 𝜇 ID	and	tracker	high	𝑃" ID
- RelPFIso(∆𝑅 = 0.3)< 0.35

ØFSR	photon
- 𝑃" ,> > 2	GeV; 𝜂> < 2.4;relPFIso<1.8

- Electron	SC	veto	by	PF	reference

- Associated	𝛾 to	the	closest	 loose	lepton

- ∆𝑅 𝛾, 𝑙 < 0.5;	∆A >,B
CD,EF

< 0.012; choose	photon	with	lowest	∆A >,B
CD,EF

- Remove	selected	 FSRs	from	lepton	isolation	cone	for	all	loose	leptons

Ø JETS
- AK4	PFCHs	jets

- 𝑃" > 30	GeV; 𝜂 < 4.7;	Tight	PF	jet	ID
- Cleaned	∆𝑅 𝑗𝑒𝑡, 𝑙/𝛾 > 0.4
- Tight	PU	Jet	ID

- B-tagger:	

- DeepCSV medium	WP	

- B-tagging	SF	applied

Objects



Event	reconstruction	and	selections
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• Z	candidate	
- Any	OS-SF	pair	that	satisfy	12 < 𝑚BB(>) < 120 GeV

• Build	all	possible	ZZ	candidates defined	as	pairs	of	non-overlapping	Z	
candidate;	define	Z1 candidate	with	𝑚BB(>) closest	to	the	POG	m(Z)	mass
- 𝑚NO > 40 GeV;	𝑃"(𝑙1) > 20 GeV;	𝑃"(𝑙2) > 10 GeV
- ∆𝑅 > 0.02 between	each	of	the	four	leptons
- 𝑚BB > 4 GeV for	OS	pairs	(regardless	of	flavour)
- Reject	4𝜇 and	4e	candidates	where	the	alternative	pair	ZaZb satisfies	 𝑚NP − 𝑚N < |𝑚NO −𝑚N| and	𝑚NS < 12 GeV
- 𝑚TB > 70 GeV

• If	more	than	one	ZZ	candidate	is	left,	choose	the	one	of	highest	𝒟VWXWYZ .
• If	𝒟VWXWYZ is	the	same,	take	the	one	with	Z1 mass	closest	to	mZ.



Observables
• Two	observables	used:	m4l;	kd
• Three	different	kd discriminant	applied.
− Discriminant	sensitive	to	gg/𝑞𝑞\ → 4𝑙 kinematics
− Dedicated	production-dependent	𝒟WX^ discriminants	used	in	VBF-2jet	tagged	and	hadronicVH	
tagged	categories

− Four	discriminants	calculated	are	used	to	enhance	
the	purity	of	event	categories	
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Event	categorization	– Stage0
• Selected	events	are	classified	into	seven	exclusive	categories	to	improve	the	
sensitivity	to	the	Higgs	boson	production	mechanisms.
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Event	categorization	-- STXS1.1	bins
• The events are further binned within ggH, VBF, and VH in order to study deeper 

structure within each production mechanisms. (10+6+2+1)
• The	primary	goals	of	the	STXS	framework	are	to	maximize	the	sensitivity	of	the	
measurements	while	at	the	same	time	to	minimize	their	dependence	on	the	
theory	predictions.	

+bbH

ttH +	tH
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Event	categorization	-- STXS1.1	categories
• Untagged,	VBF-2jet-tagged,	VH-had-tagged,	VH-lep-tagged	category	are	further	split.	22	
sub-categories	are	designed	to	match	the	STXS	Bins	defined.
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Event	categorization	-- STXS1.1	categories
• Untagged,	VBF-2jet-tagged,	VH-had-tagged,	VH-lep-tagged	category	are	further	split.	22	
sub-categories	are	designed	to	match	the	STXS	Bins	defined.
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Event	categorization	– Stage1.1

• Signal	relative	purity	of	the	22	
event	sub-categories	in	terms	of	
the	STXS	Stage	1.1	Bins	in	a	118	<	
m4l	<	130	GeV mass	window.	



Background	estimation

11

• Reducible	background
- Secondary	leptons	produced	by	

heavy-flavor	jets

- Misidentified	 as	leptons	from	decay	
of	heavy-flavor	hadron,	 in-flight	
decays	of	light	mesons	within	jets,	or	
(for	electrons)	decay	of	charged	
hadrons	overlapping	with	𝜋`decays.

(Main	prosesses of	producting these	background:	
Z+jets,	t�̅�+jets,	Z𝛾+jets,	WW+jets,	WZ+jets)

• Irreducible	background
- Production	 of	ZZ	via	𝑞𝑞\ annihilation	or	gluon	 fusion
- Estimated	using	simulation

• Two	dependent	methods	used	to	estimated	Z+X	background:	OS	and	SS
• Fake	rates	calculated	in	Z+l control	region
• Z+X	yields	estimated	in	2	orthogonal	regions	of	Z+ll control	region
• Final	estimate	combination	of	2	methods

CMS	HIG-19-001



Systematics	Uncertainties
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• The	experimental	uncertainties
- depending	on	the	year	of	data	taking
- Integrated	luminosity
- Lepton	identification	and	reconstruction	efficiency	
• Theoretical	uncertainties

- renormalization	and	factorization	scale	and	choice	of	PDF	set
• In	combination	of	the	three-year	data,	the	theoretical	uncertainties	and	experimental	
ones	related	to	leptons	or	jets	are	treated	as	correlated	while	all	other	ones	from	
experimental	sources	are	taken	as	uncorrelated.	

CMS	HIG-19-001

2016 2017 2018
Luminosity	 2.6% 2.3% 2.5%
Lepton	eff.	 2.5 – 9% 3	- 12.5% 2.2	- 16.1%



Signal	Strength	– Production	Models

• Perform	multidimensional	maximum	likelihood	fit	to	(m4l,KD)	templates	in	66channels	(3×22)
• Total	PDF	is	defined	as:	
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STXS	– Stage	0 &	Stage1.1

• The	ratios	between	measured	cross	sections	and	the	
SM	prediction	for	Stage	0 and	Stage	1.1 Bins	with	mH
profiled	in	the	fit.	
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𝜎def. = 2.73g`.hij`.5` = 2.73g .̀hh
j .̀h5(𝑠𝑡𝑎𝑡. )g`.Oij .̀hT(𝑠𝑦𝑠𝑡. )𝑓𝑏

𝜎defpq = 2.76 ± 0.14𝑓𝑏

• This measurement has minimal dependence on the assumptions of the relative fraction or kinematic 
distributions of the separate production modes. 

Fiducial/Differential	Cross	Section

CMS	HIG-19-001
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Fiducial/Differential	Cross	Section

CMS	HIG-19-001

•The measured inclusive 
fiducial cross section in 
different final states and as a 
function of 𝑠. (left)

•Differential cross sections as a 
function of the pT and rapidity 
of the H boson, the number of 
associated jets, and the pT of 
the leading associated jet are 
determined. (right)

•The sub-dominant component 
of the the signal (VBF + VH + 
tt ̄H) is denoted as XH. 



• Based	on	similar	event	selection,	the	total	cross	section	of	pp	->	ZZ	is	measured	with	
2017	and	2018	data,	combining	with	previous	2016	results.
• σtot(pp	→	ZZ)	=	17.1	± 0.3	(stat)	± 0.4	(syst)	± 0.4	(theo)	± 0.3	(lumi)	pb
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Measured	total	σ(pp	→	ZZ)	cross	section	

CMS	SMP-19-001

Fiducial phase space for ZZ -> 4l

Lepton kinematics and isolation 

Leading lepton pT
Next-to-leading lepton pT
Additional electrons (muons) pT
Pseudorapidity of electrons (muons)

pT > 20 GeV
pT > 10 GeV
pT > 5 GeV
|η| < 2.5

Event topology 

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above 
Inv. mass of the Z1 candidate Inv. mass of the Z2 candidate
Inv. mass of any opposite sign lepton pair Inv. mass of the selected four leptons 

60GeV<mZ1, mZ2<120GeV 
∆ml+l′− >4GeV



Conclusion
• Several measurements of Higgs boson production in four-lepton final state at 𝑠 = 13𝑇𝑒𝑉 are 

presented, using data sample corresponding to an integrated luminosity of 137.1 fb-1.

- It is the STXS measurement of so-called stage 1.1. For the paper, it is updated with stage1.2.

- New observables and improved bins are applied for differential XS. For further study, additional 
theoretical prediction(s) and more observables will be studied.

• Measured cross section of pp -> ZZ process is 17.1 ± 0.3 (stat) ± 0.4 (syst) ± 0.4 (theo) ± 0.3 
(lumi) pb when combining 3-year data.

• All results are consistent, within their uncertainties, with the expectations for the Standard Model 
H boson.
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Backup



Distribution	of	Z1 and	Z2
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Distribution	of	m4l of	Run-2	data
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Distribution	of	discriminant
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Category	discriminant

Kinematic	discriminant
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Correlation	matix of	the	fitted	signal	strengths	of	
Stage1.1	bins
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Expected	Yields
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Distributions	of	the	expected	and	observed	
number	of	events	for	all	Stage	1.1	sub-categories
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Mass region 118 < m4l < 130 GeV
with Run 2 data 


