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Questions: 
•  why masses of matter particles and 

forces carriers are so different ?                      

•  Matter particles range from almost 0 
to 175 GeV while force carriers 
range from 0 to 90 GeV. 

The simplest solution:  
•  all particles are massless !! 

•  a new scalar field pervades the 
Universe (the Higgs field). 

•  particles interacting with this field 
acquire mass: the stronger the 
interaction the larger the mass...  
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“The” theory 



N.	De	Filippis	 Tirana,	October	10-12,	2018	

The	Higgs	mechanism	
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Let’s imagine a room with many 
physicists talking each other à 

space filled with the Higgs field 

A well know scientist starts 
to move in the room 

creating disturbance and 
attracting clusters of 

admirers at each step. 

The Higgs mechanism cartoon 
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That increases the 
resistance to the 
motion and so he 
gets mass like a 

particle moving in 
the higgs field 

The Higgs mechanism cartoon (2) 
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SM Higgs production at the LHC 
Gluon-gluon fusion: 
à radiative corrections at: 

§   NLO QCD 
§   NNLO QCD 
§   NNLL QCD 
§    NLO EW 

LHC	Higgs	Xsection	WG	
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Higgs	decay	channels	

At	mH	=125	GeV:	
	
•  H(bb)				=	57.8%	
•  H(WW)	=	21.4%	
•  H(gg)				=	8.19%	
•  H(ττ)					=	6.27%	
•  H(ZZ)				=	2.62%	

	
	
•  H(cc)				=	2.89%	
•  H(γγ)					=	0.23%	
•  H(Zγ)				=	0.15	%	
•  H(µµ)				=	0.02%	
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Main	discovery	channels	at	LHC	

HàZZà4l		-	golden	channel	
§  clean	experimental	signature,	four	isolated	leptons	
§  benefits	from	excellent	electron	and	muon	resolution	
§  narrow	resonance	in	four	lepton	mass	spectrum	

Hàγγ
§  clean	signature	of	two	energetic	and	isolated	photons	
§  benefits	from	good	photon	resolution	
§  narrow	peak	in	di-photon	mass	spectrum	on	the	top	of	

continuous	background	

Both the channels:  
§  suffer from low signal rate because of small BR 
§  allow to reconstruct the mass peak 
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The	LHC	machine	
Circumference (km) 26.7 

Number of superconducting Dipoles 1232 

Length of Dipole (m) 14.3 

Dipole Field Strength (Tesla) 8.4 

Operating Temperature (K) 1.9 

Current in dipole sc coils (A) 13000 

Beam Intensity (A) 0.5 

Beam Stored Energy (MJoules) 362 

Number of particles per bunch 1.15x1011 

Number of bunches per beam 2808 

Crossing angle (µrad) 285 

Bunch length (cm) 7.55 

Norm transverse emittance (µm rad) 3.75 

Beta function at IP 1,2,5,8 (m) 0.55,10,0.55,10 

First Collisions at 3.5TeV/beam 
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LHC	:	27	km	long	
100m	underground	

General	Purpose,	
pp,	heavy	ions	

CMS 

ATLAS	

Heavy	ions,	pp	

ALICE	

pp,	B-Physics,	
CP	Violation	
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CMS in a nutshell 
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First collisions at 7 TeV 

March	2010:		
Collisions	at	7	TeV.	
LHC	delivered:	
44.22	pb-1	
CMS	recorded:	
40.56	pb-	

The	first	Zàµµ
Candidate	
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2010: CMS “Rediscovers” the 
Standard Model in Particle Physics  

Shows	strength	of	
accelerator	and	
experiment		
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What	we	could	not	“see”	
@	7	TeV	will	turn	into	
discoveries	with	8	TeV		

2011-2012	data	

J	

J	
The	1st	year	

7	TeV	
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HàZZà4l in a nutshell 
  Signatures: 4e, 4mu and 2e2mu final state  

  clean but extremely demanding channel for 
requiring the highest possible efficiencies (lepton 
Reco/ID/Isolation). 
  σ x BR small ≈ few fb 

 
  Backgrounds: 

 	Irreducible:	ZZ*		
 	Reducible:	Zbb,	tt	and	tt+jets,	Z+jets,	WZ+jets	

  Sensitivity:  115 < mH < 600 GeV 
  Selection strategy: 

  triggering on double leptons 

  Particle Flow algorithm to build physics objects 

  applying reco, id and isolation of leptons 

  recovery of FSR photons 

  use of impact parameter 

  mZ	and	mZ*	constraint	
  kinematical discriminant / scalarity of the Higgs 

H à ZZ* à e+e-μ+μ- 
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Background: 

•  irreducible :  ggàγγ,  qqbar, qgàγγ from QCD 

•  reducible:  

 pp à γ+jets (1 prompt γ + 1 fake γ) 
 pp à jets (2 fake γ),  fake γ from π0àγγ

Important channel for Higgs with 110< mH<140 GeV 

•  clear signature of two isolated high ET photons 

•  small B.R. (0.2%) 

•  narrow mass peak with very good mass resolution 1-2% 

•  VBF channels has two additional jets form outgoing quarks 

Analysis strategy based on: 
•  trigger (double photon HLT) 
•  vertex ID via BDT MVA 
•  photon reconstruction, ID and isolation via BDT MVA  
•  categories of events based on the photon η/shower shape 
(R9) to optimize s/b 
•  look for a peak with cut-based and MVA techniques 
•  use data to evaluate the background 

Hàγγ in a nutshell 
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H0:  null hypothesis / no Higgs 
H1: existence of the Higgs 

Quantify the level for which the 
hypotheses are accepted or rejected 

§  Identify the experimental 
observables 

§  Define a statistical test and the 
parameters of the model 

§  Define intervals for the variable 
to say that H0 is confirmed or 
rejected 

•  Confedence level for 
the exclusion  

•  Significance of the 
discovery 

Test of hypotheses 
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EPS in July 2011 at Grenoble 

CMS	able	to	exclude	the	existence	of	Higgs	in	the	mass	range	
149-206	GeV	and	300-440	GeV	
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    A candidate  
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December 2011 
Analysez	samples	of	data:			4.7	fb-1	data,		
	
Excluded	range	of	masses	with	combination	of	all	Higgs	analyses:	

	observed	[127-600]	GeV	
	expected	[117-543]	GeV	

With	an	excess	in	the	range	120-127	GeV	
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7	TeV	DATA	
	
4μ+γ	Mass	:	126.1	GeV	

μ-(Z1)	pT	:	28	GeV	

μ+(Z2)	pT	:	6	GeV	

μ+(Z1)	pT	:	67	GeV	

μ-(Z2)	pT	:	14	GeV	

γ(Z1)	ET	:	8	GeV	

Candidates… 
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23 

μ-(Z1)	pT	:	24	GeV	

μ+(Z1)	pT	:	43	GeV	

e-(Z2)	pT	:	10	GeV	

e+(Z2)	pT	:	21	GeV	

8	TeV	DATA	
	
4-lepton	Mass	:	126.9	
GeV	

Candidates… 
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June 2012: 
14.6.2012:	Approval	
of	HàZZà4l	
analysis	
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Evidence of a new state 

Excess	at	
m4l≈126	GeV	
with	a	p-value	
of		3.2σ
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H	èγγ	
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July	4:	seminar	at	CERN		
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A new boson discovery: 4th of July 2012 
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4-lepton invariant mass: HàZZà4l 
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Di-photon invariant mass: Hàγγ 



N.	De	Filippis	 Tirana,	October	10-12,	2018	

Statistical analysis  

Observed	limit:	95%	CL	exclusion	in	
ranges	114.5-119	and	129–800	GeV	

CLs	method	for	exclusion	limit	
p-value: probability that the 

background can fluctuate to give an 
excess of events equal or larger than 

what observed	

Minimum	observed	p-value	≈	
6.8σ (6.7σ expected)   



N.	De	Filippis	 Tirana,	October	10-12,	2018	

Mass measurement 

The	combined	best-fit	mass	is		
	mX	=	125.6		+0.5-	0.4	(stat)		+	0.1	-	0.4	(syst)	GeV	

•  Event	by	Event	mass	error	(EBE)	
included		
•  from	muon	track	fit	error	matrix	
•  from	electron	momentum	error	

•  3%	of	better	significance	
•  10%	improvement	on	error	on	mX	
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Statistical analysis: JCP 
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October 8, 2013: Nobel Prize 
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October 8, 2013: Nobel Prize 
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Higgs	properties	@	LHC	Run	1	
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LHC Run 2 at 13 TeV 
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8 TeV à 13 TeV: parton luminosities 
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SM Higgs production at the LHC: 8 vs 13 TeV 
LHC Higgs Xsection WG 

Xection	[pb]	

ggF	 VBF	 WH	 ZH	 ttH	

43.62	 3.727	 1.362	 0.8594	 0.5027	

8	TeV	

13	TeV	

Uncertainty	on	σ	from	theory:	
	
@	NNLO/NNLL	QCD	+	NLO	EWK	
ggF:		8%	scale					and	7%	PDF	
VBF:	0.6%	scale	and	1.7%	PDF	
	
Uncertainty	on	BRs:	3-5%	
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SM	Higgs	production	at	the	LHC	
•  ggF:	dominant,	larger	initial	state	

radiation	from	gluons	

•  VBF:	two	forward	jets	with	high	
mass	and	large	rapidity	gap	

•  VH:	vector	boson	(lv,	ll’,	qq’)	

•  ttH:	many	b-jets,	leptons,	ETmiss	

Total	cross-section		=	56	pb	at	13	TeV	
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•  LHC has produced > 3 years of 13 TeV 
data with fantastic performance  
–  expected to result in >150 fb-1 by 

the end of the 2018 run 
–  Maximum peak luminosity ~2x1034 

cm-2s-1 with mean pileup ~33 in 
2017, ~38 in 2018 

–  DESIGN peak luminosity exceeded 
by a factor of 2! 

LHC	Run	2	
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Large impact on b-tagging performance 

CMS/ATLAS	in	2017/2018	(after	LS1)	

4th	insertable	
pixel	b-layer	(IBL)	
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Highlights	for	Higgs	physics	@	Run	2	

•  It	is	matter	of	few	weeks	(Aug.	28)	the	
announcement	of	the	observation	of	Hàbb	

	
Precise	measurements	with:	
•  Hàγγ
•  HàZZ	
		
Evidence/observation	of:	
•  Hà	ττ
•  ttH	
•  …	
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Hàbb	
	

	Motivation:	
•  Hà bb has the largest BR (58%) for mH=125 GeV 
•  Unique final state to measure coupling with down-type 

quarks 
•  Drives the uncertainty of the total Higgs boson width 
•  Primary decay mode for searches at LEP and Tevatron  

à a long history or searches 
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First	Hàbb	searches	started	at	LEP...
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...	and	continued	at	Tevatron
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•  Needs:	
	
	
•  H(bb)	compared	with	discovery	channel	

	
•  Higgs-strahlung	-	VH	(4%)	is	the	most	sensitive	channel	

–  leptons,	ETmiss	to	trigger	and	high	pT	V	to	suppress	backgrounds			

Hàbb	search	challenge:	
•  Good	b-jets	identification	performance:		

70%	efficiency	with	<	1%	q/g	mis-identification	probability	
•  Best	possible	resolution	on	m(bb)	
•  Capability	to	exploit	all	possible	information	from	the	event	to	improve	S/

B	

@CMS so far 
Evidence established last year 
Phys. Lett. B 780 (2018) 501 
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VH,	Hàbb	results	at	LHC	
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VH(Hàbb):	analysis	strategy	

50	LPCC	Seminar	-	Observation	of	Hbb	

•  Analysis strategy: 
–  3 channels with 0, 1, and 2 leptons and 2 b-tagged jets  

•  To target Z(νν)H(bb), W(lν)H(bb) and Z(ll)H(bb) processes 

–  Signal region designed to increase S/B 
•  Large boost for vector boson 
•  Multivariate analysis exploiting the most discriminating variables (mbb,̄ ΔRbb,̄ b-

tagging) 
–  Control regions: to validate background samples and control/constrain 

background normalization and systematics 

normalization	from		data,	shapes	from	MC		

Z+bb ̄ 

W+bb ̄ 

tt̅ 

single t 

0-lepton (MET) 
1-lepton [e,µ] 
2-leptons [ee,µµ] 
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VH(Hàbb):	event	selection	(CMS)	
•  Jet/lepton pT selection and b-

tagging discriminator working points 
optimized separately by channel 

– Boosted Vector Boson 
•  2-lepton: two pT categories  

–  Low: 50 GeV < pT(Z) < 150 GeV 
–  High: pT(Z) > 150 GeV  

•  1-lepton: pT(W) > 150 GeV  
•  0-lepton: pT(Z) > 170 GeV 

•  Control regions designed to map 
closely signal region, with inverted 
selections to enhance purity in 
targeted backgrounds 

•  Separate tt̅, V+light flavor jets, and 
V+heavy flavor jets control 
regions per channel 

used	to	validate	the	analysis	strategy		

and	di-boson,	of	course	

VZ	background	
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Improvement	of	b-tagging	
CMS:	better	mis-identification	rate	
and	data/MC	agreement	with	Phase	
1	pixel	detector	and	DeepCSV	
algorithm	
•  Efficiency	~70%	per	fake	rate	at	<	1%	

ATLAS:	
•  rejection	of	light/c	

jets	300/8	at	70%	b-
jet	efficiency	

•  Good	performance	
even	at	high	PU	
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Improvement	of	di-jet	mass	resolution	
CMS:		
•  Regression	mainly	recovers	missing	energy	

in	the	jet	due	to	neutrino	
•  Extended	set	of		input	variables	now	

including	lepton	flavour	(µ/e),	jet	mass,	pT	
wrt	to	lepton	axis,	energy	fractions	in	ΔR	
rings		

•  Significant	m(bb)	resolution	improvement	
à	σ/peak	down	to	11.9%	in	2017	wrt	
13.2%	in	2016	

ATLAS	



N.	De	Filippis	 Tirana,	October	10-12,	2018	

Kinematic	fit	in	2-lepton	channel	

ATLAS:	

w/o kin 
fit 

w/ kin 
fit 

Stat. unc. only Stat. unc. only 

CMS:		
•  No	intrinsic	missing	energy	in	

the	Z(ll)H(bb̅)	process		
•  Improve	jet	pT	measurement	

through	kinematic	fit	
procedure	

•  Constrain	dilepton	
system	to	Z	mass	

•  Balance	the	ll+bb	system	
in	the	(px,py)	plane	

•  Improvement	of	up	to	36%	on	
m(bb̅)	resolution	
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VH(Hàbb):	m(bb)	
•  Fit	to	the	m(bb):	lower	sensitivity	

but	direct	visualization	of	the	Higgs	
boson	signal.		

•  The	fitted	m(bb)	distributions	are	
combined	and	weighted	by	S/(S	+	B)	
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VH(Hàbb):	significance	(ATLAS)	
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VH(Hàbb):	Run	1	+	Run	2	results	(CMS)	
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Combination	of	Hàbb	searches	by	CMS	
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Combination	of	Hàbb	searches	by	ATLAS	



N.	De	Filippis	 Tirana,	October	10-12,	2018	

Combination	of	VH	searches	by	ATLAS	
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Hàγγ
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Hàγγ
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Hàγγ: cross section 
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HàZZ	
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HàZZà4l	
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HàZZà4l	+	Hàγγ: mass measurement 
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HàZZà4l	+	Hàγγ: signal strength 
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Hàτ+τ-
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Hàτ+τ-

•  Higgs	boson	in	ττ	decay	mode	is	the	most	promising	channel	to	explore	
the	Higgs	Yukawa	coupling	to	fermions	(decay	rate	to	ττ	is	less	than	bb,	
but	this	channel	has	much	less	background)	

•  Analyzing	Run1	data,	in	4	production	modes	led	to	the	first	evidence	of	
Higgs	coupling	to	fermions	
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Hàτ+τ-

Combining	2016	data	with	Run1	à	5.9	σ	

CMS:	Event	categorization	changed	in	Run2	
•  4	different	final	states	(based	on	tau	decays)	
•  3	main	categories	(mainly)	based	on	the	n.	jet	
•  events	split	depending	on	tau	decay	modes/muon	pT	(in	

0jet),	pT	of	the	Higgs	boson(in	boosted)	and	mass	of	the	
two	forward	jets(in	VBF	mode)	

The	first	observation	of	the	Higgs	coupling	to	tau	leptons	in	a	single	experiment	
PLB 779 (2018) 283 
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ttH
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ttH
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ttH

▶	First	observation	of	tree-level	Higgs–top	
coupling	
▶	Consistent	with	standard	model	Higgs	
within	1	sigma	

Decay	channels	analysed:	
Fermions:	H→bb	H→ττ				
Bosons:	H→WW	H→ZZ	H→γγ	
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2x1034	Hz/cm2				
300	fb-1	
PU	~50	 LS3	

5x1034	Hz/cm2				
3000	fb-1	
PU	~140	

LS1															

8x1033	Hz/cm2				
30	fb-1	
PU	~40	

Phase	1	Upgrade	
Phase	2	Upgrade	

ATLAS,	CMS	
Upgrade	plan	

LHC	and	HL-LHC	
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Phase	II	Detector	Upgrades:		
Significant	upgrades	of	ATLAS	and	CMS	for	HL-LHC	conditions	
•  Radiation	hardness	
•  Mitigate	physics	impact	of	high	pileup	
	
Higgs@HL-LHC:		
•  Precision	Measurements	(Couplings,	Cross	Sections,	Width,	Differential	

Distributions,…)		
•  Rare	decays	and	couplings	
•  BSM	Higgs	searches:	extra	scalars,	BSM	Higgs	resonances,	exotic	decays,	

anomalous	couplings	
•  VV	scattering	
•  Di-Higgs	production	➜	self	coupling	

Phase	II	upgrades	and	Higgs	@	HL-LHC	
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Ø  Similar expected sensitivities between the 
two experiments 

Ø  Precision larger than 5-10%

ECFA	16	

Higgs	signal	strength:	µ=σ/σSM	–	3000	fb-1	
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Conclusions
•  Highlights	of	the	run	2:		

•  CMS/ATLAS	reached	>	5σ observation of the Hàbb decays 

•  New	mass	measurement	combining	H→ZZ→4l	and	H→𝛄𝛄	in	both	Run1	
and	Run2	àtowards	the	measurement	of	differential	distributions	and	
crosssections	

•  First	observation	of	tree-level	Higgs–top	coupling	with	ttH	events	(Run1	+	
Run2	data)	

•  The	first	observation	of	the	Higgs	coupling	to	tau	leptons	in	a	single	
experiment	using	2016	and	Run1	data		

•  Promising	physics	at	the	HL-HC	also	approaching	

Exiting	Higgs	Physics	so	far	and	in	the	future	
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Backup
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Hàbb	:	
CMS	has	3.8σ	evidence	(3.8σ	expected)	for	Higgs	
boson	decays	to	b-quarks	and	for	its	production	in	
association	with	a	vector	boson	à	HIG-16-044,	
arXiv:1709.07497	

Hà	ττ :
Observation	of	the	SM	scalar	boson	decaying	to	a	
pair	of	τ	leptons	with	the	CMS	experiment	at	the	
LHC	(4.9σ	vs	4.7σ	expected)	à	HIG-16-043	

ttHàZZ,WW,ττ à	multi-
leptons:	evidence	observed	
(expected)	significance	of	3.3σ	
(2.5σ),	by	the	combination	of	
the	2016	results	with	2015	à	
HIG-17-004	

* Similar results from 
ATLAS 

The	LHC/Higgs	era	at	Run	2	
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Hàbb
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VH(Hàbb):	improvement	wrt	2016	
CMS	
	
•  Extensive	use	of	deep	neural	network	

(DNN)		
•  To	identify	b-jet	candidates	
•  To	regress	the	energy	of	reconstructed	

b-jet	
•  To	discriminate	among	the	background	

components	in	some	Vector	boson	+	
heavy	flavor	jets	control	regions	

•  To	discriminate	signal	from	
background	

•  Kinematic	fit	in	2-lepton	channel	
•  FSR	jet	recovery	
•  New	Pythia8	Underlying	Event	Tune	

•  Improved	mass	resolution	(~10%)	leads	to	
10%	increase	of	the	analysis	sensitivity	
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Systematic	uncertainties	
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Ø  Mass	measured	to	0.2%	
Ø  Main	couplings	to	~10%	

HIG-16-041	 HIG-16-040	

Ø  Re-discovery	of	the	Higgs	
Ø  measur.	Higgs	properties	

Ø  cross	section	(also	differential)	
Ø  mass	&	width	
Ø  couplings:	

Ø  to	gauge	bosons,	to	fermions		
Ø  tensor	structure	and	effective	couplings	in	the	

lagrangian	
Ø  ttH	couplings	

Ø  Searches	for	BSM	Higgs	

The	LHC/Higgs	era	at	Run	2	
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HàZZà4l: cross section 


