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Why	the	Higgs?	
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1:	Longitudinal	gauge-boson	
sca3ering	
In	the	absence	of	the	Higgs,	
some	processes	have	cross	
secIons	that	grow	with	the	
centre	of	mass	energy	of	the	
collision…	i.e.	breaks	unitarity!	
	
The	Higgs	regulates	the	cross	
secIon	through	negaIve	
interference	
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Feynman	diagrams	contribuIng	to	longitudinal	WW	sca^ering	

J.C.Romão	
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2:	Mass	of	elementary	par;cles	and	gauge	bosons	
	

To	keep	the	Lagrangian	gauge	invariant	against	a	U(1)	local	phase	
transformaIon:			
	
	
with	χ	=	χ	(x).	The	photon	field	transforms	as:		
	
	
But	the	Aμ	mass	term	breaks	the	invariance	of	the	Lagrangian:	
	
	
For	the	SU(2)L	gauge	symmetry	transformaIons	of	the	weak	interac;on	
the	fermion	mass	term	meψψ	also	breaks	invariance!	
	
Bo^om	line:	the	SM	(without	the	Higgs	mechanism)	results	in	wrong	
calcula;ons	and	breaks	down	for	massive	par;cles	



The	Higgs	Mechanism	
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Robert	Brout	(1928	–	2011)	

Peter	Higgs	(b.	1929)	
François	Englert	

(b.	1932)	



•  Introduce	a	SU(2)	doublet	of	spin-0	complex	fields	

•  The	Lagrangian	is		

•  With	a	potenIal		
	
•  For	λ>0,	μ2>0	the	potenIal	has	a		
minimum	at	the	origin	
•  For	λ>0,	μ2<0	the	potenIal	has	an	
infinite	number	of	minima	at:	
	
	
	
The	choice	of	vacuum	(lowest	
energy	state	of	the	field)	breaks	the	symmetry	of	the	Lagrangian	
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Electroweak	symmetry	breaking	
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•  In	the	Standard	Model	with	no	Higgs	
mechanism,	interacIons	are	symmetric	
and	parIcles	do	not	have	mass		

•  Electroweak	symmetry	is	broken:	
–  Photon	does	not	have	mass	
– W,	Z	have	a	large	mass	

•  Higgs	mechanism:	mass	of	W	and	Z	
results	from	the		Higgs	mechanism	

•  Masses	of	fermions	come	from	a	
direct	interacIon	with	the	Higgs	field		



EWK	Symmetry	Breaking	in	Pictures	
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What	(we	think)	we	know:	
•  Higgs	mass	was(!)	the	only	unknown	parameter	of	the	SM	

•  We	can	give	mass	to	W±	and	Z	while	keeping	the	photon	
massless	

•  Higgs	couples	to	W	and	Z	proporIonally	to	their	masses	
•  Higgs	couples	to	fermions	proporIonally	to	their	mass	
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Exploring	the	electroweak	scale	
•  Precision	measurements	of	mW,	mt,	mH	are	
stringent	tests	of	the	SM	at	the	EW	scale	
– E.g.	excluding	measured	mH,	global	EW	fit	gives	mH	=	90	
±	21	GeV	(1.7	σ	tension)	

arXiv:1803.01853	
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MW and Mt:       
The Story So Far... 
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 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 

LHCtopWGLHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 
ATLAS, dilepton 8 TeV  [11] 0.74)± 0.85 (0.41 ±172.99 
ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.72 
ATLAS, l+jets 8 TeV  [13] 0.82)± 0.91 (0.38 ±172.08 

)l+jets, dil.
Sep 2017(ATLAS comb.  7+8 TeV  [13] 0.42)± 0.50 (0.27 ±172.51 

CMS, l+jets 8 TeV  [14] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [14] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [14] 0.59)± 0.64 (0.25 ±172.32 
CMS, single top 8 TeV  [15] 0.95)± 1.22 (0.77 ±172.95 
CMS comb. (Sep 2015) 7+8 TeV  [14] 0.47)± 0.48 (0.13 ±172.44 
CMS, l+jets 13 TeV  [16] 0.62)± 0.63 (0.08 ±172.25 
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Per	mille	precision!	



Tools	of	the	Trade	
The	LHC	and	its	
experiments	



CMS	

Design	(p-p	run):	
√s	=	14	TeV	(design)	
Np	=	1.2	x	1011	p/bunch	
2780	bunches	
Peak	L	=	1	x	1034	cm-2s-1	(design)	
β*	=	55	cm	
Run	1:	2009	–	2013	√s	=	7/8	TeV		
Run	2:	2015	–	2018	√s	=	13	TeV	

Mont	Blanc	

ATLAS	
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Solenoid:		B	=	2	T	
Inner	Tracker:		|η|	<	2.5		
Si	pixels/strips	and	Trans.	Rad.	Det.	
σ/pT	=	0.05%	pT	(GeV)	⊕	1%	

Muon	Spectrometer:	|η|	<	2.7	
Air-core	toroid	+	gas-based	muon	chambers	
σ/pT	=	2%	@	50GeV	to	10%	@	1TeV	(ID+MS)	

EM	calorimeter:	|η|	<	2.5	(3.2)	
Pb-LAr	accordion	sampling	
σ/E	=	10%/√E	⊕	0.7%	

Hadronic	calorimeter:		
Fe/scinIllator	/	Cu/W-LAr	
σ/Ejet=	50%/√E	⊕	3%		

• L	=	44	m,	∅	≈	25	m	
• 7000	tonnes	
• ≈108	electronic	channels	
• 2-level	trigger	reducing	
40	MHz	collision	rate	to	1	
kHz	of	events	to	tape	
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Solenoid:	B	=	4	T	
Inner	Tracker:	
Si	pixels/strips	
σ/pT	=	0.02%	pT	(GeV)	⊕	0.005	

Muon	Spectrometer:	
Steel	return	yoke	and	gas-based	muon	chambers	
σ/pT	=	1%	@	50GeV	to	5%	@	1TeV	(ID+MS)	

EM	calorimeter:	
PbWO4	crystals	homogen.	
σ/E	=	2-5%/√E	⊕	0.005	

Hadronic	calorimeter:		
Brass+scint./Steel+quartz	
σ/Ejet=	100%/√E	⊕	0.05		
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ATLAS,	CMS	and	the	LHC	
•  Run	1:	2009	–	2013;	≈	5	�-1	at	√s	=	7	and	≈	20	�-1	at	8	TeV	per	experiment	
•  Run	2:	2013	–	2018;	149	�-1	recorded	at	√s	=	13	TeV	by	the	end	of	pp	run	
•  Instantaneous	luminosity	of	2	x	1034	cm-2s-1	in	2017	(2x	design!)		
•  Downside	is	pileup	=>	experimental	challenge!	

–  MulIple	verIces,	large	occupancy,	degraded	reconstrucIon	resoluIon,	etc	
–  LHC	breaking	new	ground	to	go	around	this:	leveling!			

R.	Steerenberg	(CERN),	LHCC	30	May	2018	
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Leveling	by	beam	offset	 AnI-leveling:	crossing	angle	 AnI-leveling:	β*	reducIon	

Eckhard	Elsen,	LHCP’18	

β*	reducIon	

crossing	angle	reducIon	steps	
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Higgs	at	the	LHC	
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Higgs	@	the	LHC	
•  Many	different	producIon	and	decay	mechanisms	

–  Span	3	orders	of	magnitude	in	cross	secIon	and	branching	raIo	
–  Some	very	clean	decays	with	low	BR	(γγ,	4l)	
–  Other	very	difficult	with	higher	rates	(bb,	WW,	ττ,...)	

•  Access	Higgs	properIes	through	combinaIon	of	different	channels	
•  Enormous	amount	of	progress	since	discovery	6	years	ago!	
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Higgs	@	the	LHC	
•  Many	different	producIon	and	decay	mechanisms	

–  Span	3	orders	of	magnitude	in	cross	secIon	and	branching	raIo	
–  Some	very	clean	decays	with	low	BR	(γγ,	4l)	
–  Other	very	difficult	with	higher	rates	(bb,	WW,	ττ,...)	

•  Access	Higgs	properIes	through	combinaIon	of	different	channels	
•  Enormous	amount	of	progress	since	discovery	6	years	ago!	
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The	Run	1	legacy	



It	takes	Ime	to	get	it	right	

EPS-HEP	2011	conference		
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The	Run	1	legacy	
•  Mass	–	Higgs	mass	measured	with	0.2%	accuracy:	

–  mH	=	125.09	±	0.21	(stat.)	±	0.11	(scale)	±	0.02	(other)	±	0.01	(theory)	GeV	
•  Couplings:	

–  ggF	with	H	→	ZZ,γγ,WW	observed	by	individual	experiments	
–  VBF	and	H	→	ττ	observed	with	>5σ	significance	by	ATLAS+CMS	combinaIon	
–  ^H,	VH	producIon	and	H	→	bb	not	observed	during	Run1	

•  Couplings	compa;ble	with	SM:	
–  Signal	strength:	μVBF+VH/μggF+^H	=	1.06	+0.35	-0.27	
–  Coupling	modifiers	broadly	consistent	with	SM	but	large	uncertainty	

Phys.	Rev.	Le^.	114	(2015)	191803	
JHEP	08	(2016)	045	

Significance	(σ)	

Prod.	 Obs.	 Expect.	

VBF	 5.4	 4.7	

VH	 3.5	 4.2	

^H	 4.4	 2.0	

Decay	 Obs.	 Expect.	

Hàττ	 5.5	 5.0	

Hàbb	 2.6	 3.7	
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μ	=	(σ	×BR)Obs/	(σ×BR)SM	



The	Run	1	legacy	
•  Mass	–	Higgs	mass	measured	with	0.2%	accuracy:	

–  mH	=	125.09	±	0.21	(stat.)	±	0.11	(scale)	±	0.02	(other)	±	0.01	(theory)	GeV	
•  Couplings:	

–  ggF	with	H	→	ZZ,γγ,WW	observed	by	individual	experiments	
–  VBF	and	H	→	ττ	observed	with	>5σ	significance	by	ATLAS+CMS	combinaIon	
–  ^H,	VH	producIon	and	H	→	bb	not	observed	during	Run1	

•  Couplings	compa;ble	with	SM:	
–  Signal	strength:	μVBF+VH/μggF+^H	=	1.06	+0.35	-0.27	
–  Coupling	modifiers	broadly	consistent	with	SM	but	sIll	large	uncertainty	

Phys.	Rev.	Le^.	114	(2015)	191803	
JHEP	08	(2016)	045	
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VH	 3.5	 4.2	
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Probing	the	125	GeV	Higgs	in	Run	2	
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BSM	

Triple coupling λ3	2HDM	

Yukawa 	
couplings	

Ribs	

Aorta	
Clavicle	



Higgs	boson	mass	
•  Mass	measurement	from	CMS	HàZZ*à4l:	

	mH
ZZ*=	125.26	±	0.20	(stat)	±	0.08	(syst)	GeV		

•  New	Measurements	from	ATLAS	
Hà	γγ: 		 	mH

γγ	=	124.93	±	0.40	GeV 	 		
HàZZ*à4l:		mH

ZZ∗	=	124.79	±	0.37	GeV	
•  Run	1+2	combinaIon	from	ATLAS:			

mH	=	124.97	±	0.19	(stat)	±	0.13	(syst.)	GeV	

arXiv:1804.02716	[hep-ex];	arXiv:1706.09936	[hep-ex];	arXiv:1806.00242	[hep-ex]	
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DifferenIal	Higgs	boson	
cross	secIons	

	JHEP	11	(2017)	047;	CMS-HIG-17-015;	ATLAS-CONF-2018-002;	ATLAS-CONF-2018-018	
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•  Reached	a	new	phase	in	the	exploraIon	of	the	
Higgs	sector!	

•  DifferenIal	cross	secIons:	
–  Higgs	pT	sensiIve	to	new	physics	in	gluon-

fusion	loop	
–  Number	of	jets	sensiIve	to	modeling	of	

radiaIon	and	different	producIon	modes	



•  Simplified	template	cross	secIons	
(STXS):	
–  Independent,	simple	fiducial	region	

definiIon	for	each	producIon	mode	
–  Common	for	ATLAS,	CMS	and	theory	
–  Good	balance	between	

experimental	precision	and	theory	
uncertainty	
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ATLAS-CONF-2017-047;	ATLAS-CONF-2018-028	

5	July
	2018	



Higgs	boson	width	
•  SM	Higgs	width	ΓH~4.1	MeV	

–  Too	small	to	be	measured	
directly	

–  Best	direct	limit	from	CMS:		
•  ΓH	<	1.1GeV	@	95%	CL	

•  Off-shell	Higgs	producIon	
sensiIve(*)	to	ΓH	

•  ATLAS	measurement:		
–  ppàHàZZà4l	and	ZZà2l2ν	
–  m(H)	>	2	m(Z)		
–  36.1	�-1	of	13	TeV	data		
–  Observed	(expected)	limit:		

•  ΓH	<	14.4	(15.2)	MeV	
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arXiv:1808.01191	[hep-ex]/HIGG-2017-06	

2	Aug
	2018	

(*)	Assume	interference	term	with																								proporIonal	to		



Exploring	the	Yukawa	sector	
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ObservaIon	of	Hàττ	
•  Combine	all	final:	𝝉had𝝉had,	𝝉lep𝝉had,	𝝉lep𝝉lep	had𝝉had,	𝝉lep𝝉had,	𝝉lep𝝉lep	had,	𝝉lep𝝉had,	𝝉lep𝝉lep	lep𝝉had,	𝝉lep𝝉lep	had,	𝝉lep𝝉lep	lep𝝉lep	lep	
•  3	categories:	0-jet,	VBF	and	boosted	(mostly	ggF)	
•  35.9	�-1	of	13	TeV	data	
•  2D	likelihood	fit	using	m𝜏𝜏,	mjj	or	pT𝜏𝜏	
•  Observed	(expected)	significance	of	4.9𝝈	(4.7𝝈)	
•  Combining	with	Run	1:		

–  36	�-1	of	13	TeV	data:		4.9	𝝈	observed;	4.7	𝝈	expected	
–  Combining	with	Run	1:	5.9	𝝈	observed;	5.9	𝝈	expected	
–  𝝁	=	0.98	±	0.18	

Phys.	Le^.	B	779	(2018)	283	
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ObservaIon	of	Hàττ	
•  Combine	all	final:	𝝉had𝝉had,	𝝉lep𝝉had,	𝝉lep𝝉lep	had𝝉had,	𝝉lep𝝉had,	𝝉lep𝝉lep	had,	𝝉lep𝝉had,	𝝉lep𝝉lep	lep𝝉had,	𝝉lep𝝉lep	had,	𝝉lep𝝉lep	lep𝝉lep	lep	
•  Categories	targeIng		boosted	Higgs	(mostly	ggF)	and	VBF	(addiIonal	jets)	
•  Dominant	backgrounds	from	Z→𝝉𝝉	and	jets	faking	taus	
•  Cut-based	analysis	using	fit	to	m𝜏𝜏	distribuIon	in	13	signal	regions	
•  Largest	uncertainIes:	data	and	MC	staIsIcs,	signal	modelling	and	jets	
•  Cross	secIon	measurement	(13	TeV):		
•  𝝈ggF	=	3.0	±	1.0	(stat.)	+1.6-1.2	(syst.)	pb;		𝝈VBF	=	0.28	±	0.09	(stat.)	±	0.10	(syst.)	pb	ggF	=	3.0	±	1.0	(stat.)	+1.6-1.2	(syst.)	pb;		𝝈VBF	=	0.28	±	0.09	(stat.)	±	0.10	(syst.)	pb	
•  Significance:		

–  36	�-1	of	13	TeV	data:		4.4	𝝈	observed;	4.1	𝝈	expected	
–  Combining	with	7	and	8	TeV	data:	6.4	𝝈	observed;	5.4	𝝈	expected	

ATLAS-CONF-2018-021	
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3	June
	2018	
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ObservaIon	of	^H	producIon	
•  Direct	access	to	top	Yukawa	coupling	
•  Experimental	tour-de-force!	

–  Complex	final	states	
–  Large	irreducible	backgrounds		
–  Small	cross	secIons:	O(0.5)pb	@	13	TeV	

•  Use	all	available	final	states:	
–  H→bb:	high	stats	but	low	purity	BR≈58%,	S/B≈1-6%		
–  Mul;leptons:	H→𝜏𝜏,	H→WW*,	H→ZZ*	BR	=	30%,	S/B=4-34%		
–  H→𝛾𝛾:	clean	but	low	stats	BR	=	0.23%,	S/B=5-200%		
–  H→ZZ*à4lep:	clean	but	very	low	stats	BR	=	0.01%,	S/B=50-500%	

arXiv:1804.02610	[hep-ex];	arXiv:1806.00425	[hep-ex];	

April	-
		June

	2018	



^H	observaIon:	bb	and	MulIleptons	
3H(Hàleptons)	
•  SensiIve	to:	H→𝜏𝜏,	H→WW*	and	H→ZZ*	
•  Backgrounds:	^W/^Z,	non-prompt	leptons	and	fake	taus		
•  Main	uncertainIes:	signal	modelling,	jet	energy	scale	and	

non-prompt	lepton	esImate	
•  ATLAS:	4.1𝝈	observed;	2.8𝝈	expected	
•  CMS:	3.2𝝈	observed;	2.8𝝈	expected	
	
3H(Hàbb):	
•  Profit	from	large	Hàbb	branching	raIo	(58.4%)	
•  But	challenging	final	state:	large	^bb	irreducible	

background,	theory	uncertainIes,	combinatorics...	
•  Main	uncertainIes:	^+heavy	flavours,	b	tagging,	jet	calib.	
•  ATLAS:	1.2𝝈	observed;	1.6𝝈	expected	
•  CMS:	1.6𝝈	observed;	2.2𝝈	expected	
	
For	both	channels:		
•  Intensive	use	of	dedicated	machine	learning	(NN,	BDT)	and	

matrix	element	methods:	suppress	fake	leptons,	
reconstruct	events,	flavour	tagging,	and	enhance	S/B	

^H(ML)	Phys.	Rev.	D	97	(2018)	072003;	arXiv:1803.05485	[hep-ex]	
^H(bb)	Phys.	Rev.	D	97	(2018)	072016;	JHEP	01	(2018)	054			
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^H	observaIon	
CMS:		
•  Combined	Run	1	+	36.1	�-1	Run	2:		
•  5.2	σ	observed,	4.2	σ	expected	
ATLAS:		
•  ^H(H→𝛾𝛾):		

–  New	signal	categories	from	BDT	discriminant	
–  Sensi;vity	increased	by	50%	

•  Run	2	data	from	2015+2016+2017	(𝛾𝛾/ZZ):	79.8	c-1	
–  5.2	σ	observed,	4.9	σ	expected	

•  Adding	Run	1:	6.3	σ	observed,	5.1	σ	expected	
•  Measured	producIon	cross	secIon	at	13	TeV:	

	670	±	90	(stat.)	+110−100	(syst.)	c	

arXiv:1806.00425	[hep-ex];	arXiv:1804.02610	[hep-ex]	
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Next	steps	in	
^H(àbb)	@	LIP	

•  In	BSM	scenarios	could	
have	mixed-CP	structure	of	
top	Yukawa	coupling	

–  e.g.	2HDM	
–  α	=	0	recovers	SM	

•  Study	done	with	fast	
simulaIon	so	far	

•  See	e.g.:	
	Phys.	Rev.	D	96,	013004	2017	
	Phys.	Rev.	D	98,	033004	2018	
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ObservaIon	of	Hàbb	
arXiv:1808.08238;	arXiv:1808.08242	[hep-ex]	
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•  See	CERN	seminar:	observa;on	in	ATLAS	and	CMS		
–  h^ps://indico.cern.ch/event/750541/	

•  Largest	branching	fracIon	(58.4%)	but	huge	background	from	heavy	flavour	
producIon	

•  Must	use	associated	producIon:	WH/ZH	
–  Require	2	b	jets	+	0	(Z→𝜈𝜈),	1	(W→ℓ𝜈)	or	2	(Z→ℓℓ)	leptons	

•  Largest	backgrounds:	
–  Z+heavy	flavour	(0-	and	2-lepton)	and	^	(1-lepton)		
–  Irreducible	background	from	VZ	with	Z→bb	



ObservaIon	of	Hàbb	
•  Harder	pT	spectrum	for	signal	
than	backgrounds		
–  Go	to	high	pT	to	improve	S/B	

•  	Use	for	event	categories:	
–  75	<	pTV	<	150	GeV	(2ℓ	only)	
–  150	<	pTV	<	200	GeV	
–  pTV	>	200	GeV	

•  Main	discriminant	variables	
mbb,	pTV	and	ΔRbb	
–  mbb	resoluIon	extremely	
important!	

arXiv:1808.08238	
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ObservaIon	of	Hàbb	
•  Run	2:	

–  Observed	(expected)	of	4.9𝝈	(4.3𝝈)	

•  Adding	Run	1:	
–  Observed	(expected)	of	4.9𝝈	(5.1𝝈)	

•  Adding	^H	and	VBF:		
–  Observed	(expected)	of	5.4𝝈	(5.5𝝈)	
–  Observa;on	of		Hàbb	decays	

•  Adding	HàZZ	and	Hàγγ:		
–  Observed	(expected)	of	5.3𝝈	(4.8𝝈)	
–  Observa;on	of		VH	produc;on	

arXiv:1808.08238	
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Hàbb	@	LIP	
•  Boosted	decision	tree	(BDT)		
•  Combine	many	different	variables	
•  Trained	in	8	categories:	3	lepton,	2/3	jets,	

low/high	pTV	bin	(2	lepton	channel)	
•  Most	discriminaIon	from	mbb	and		DR(b1,b2)	

New	in	run	2:		

mTop,	|DY(V,H)|	→	+7%	in	sensiIvity	
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•  Easy	to	trigger	on,	but	very	rare	
•  Used	80	�-1	of	13	TeV	data	
•  Event	categories	based	on	muon	

η,	pTμμ,	and	VBF	(BDT)	
•  Search	peak	in	mμμ	
•  Background	from	sidebands	à	la	

Hàγγ	analysis	
•  95%	CL	limits:		

2.1	(obs),	2.0	(exp)	
•  Gejng	close	to	SM	sensi;vity!	
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2	July
	2018	

2nd	generaIon	Yukawa:	Hàμμ	



CombinaIon	
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ATLAS-CONF-2018-031	

(*)	In	determinaIon	of	κg	and	κγ	-		assumpIon	dependent	

•  Combined	γγ,	ZZ,	WW,ττ,	μμ	and	
bb	(incl.	^H+tH	modes)	
–  Up	to	79.8	�-1	of	√s	=	13	TeV	data	

•  CombinaIon	yields	VBF	
significance	6.5σ	(5.3σ	expected)	
from	ATLAS	alone	

•  Main	producIon	modes	(ggF,	VBF,	
VH,	^H)	have	all	been	observed!!	

•  Good	agreement	with	SM	
predicIons	

•  Overall	signal	strength:		
	 	μ	=	1.13	+0.09	-0.08	

•  QuanIfied	space	for	undetectable	
decays	or	modified	BR	(e.g.	BSM	
Hàcc)	
–  BBSM	<	0.13	at	95%	CL.(*)		



Two	Higgs	Doublet	Model	(2HDM)	
•  Two	Higgs	doublets:	Φ1	and	Φ2	à	5	Higgs	bosons	incl.	2	charged		
•  Free	parameters:		

–  4	masses	(Do	we	know	one?	Assume	it’s	mh)		
–  tan	β	=	v1/v2	raIo	of	v.e.v.’s	of	Φ1	and	Φ2	
–  Mixing	angle	of	h	and	H:	α		

•  4	possible	Yukawa	coupling	arrangements	(“types”)	with	no	FCNC	
•  Most	common	SUSY	benchmark	(MSSM)	is	based	on	Type	II	
•  If	cos(β-α)	=	0,	h	=	Standard	Model	H0	
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ImplicaIons	for	2HDM	

•  H(125)	assumed	
to	be	light	CP-
even	neutral	
scalar	h	in	2HDM	

•  h	producIon	
and	decay	same	
as	for	SM	Higgs	
boson	
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CasIng	a	wider	net	
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Higgs	+	Dark	Ma^er	
•  Used	79.8	�-1	of	13	TeV	data	

–  High	ETmiss	(>150GeV)	and	b-
tagging	to	suppress	backgrounds	

–  Reconstruct	b-jets	as	2	small	jets	
or	merged	variable-radius	(VR)	
track	jets	

•  Signal	benchmark:	Type-II	2HDM	
+	U(1)Z’	symmetry	(Z’-2HDM)	

•  Main	backgrounds:	^,	W/Z+jets	

•  Excluded	region	in	mA	–	mZ’	plane	
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ATLAS-CONF-2018-039	

25	Jul
y	2018

	



Charged	Higgs:	H+àtb	
•  Explored	single-lepton	and	dilepton	^	

final	states	
–  In	range	mH+:	200	–	2000	GeV	

•  36.1	�-1	of	13	TeV	data	

•  Events	categories:	Njets	and	Nb-tags		
–  Allow	to	constrain	backgrounds	in	

simultaneous	fit	

•  BDTs	trained	in	signal	regions		
–  Separate	signal	and	background	for	18	

mass	points	
–  Matrix	method	used	in	single-lepton	

channel	

•  Extracted	limits	on	σ	x	BR	and	on	mH+	-	
tan	β	plane	for	two	MSSM	scenarios	
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	arXiv:1808.03599	

10	Au
g	2018

	



•  The	triple	Higgs	coupling	λHHH	can	be	
probed	through	di-Higgs	producIon	

•  Very	suppressed	in	SM!		
–  NegaIve	interference	between	LO	

diagrams		
–  Cross	secIon	1500x	less	than	ggF	

•  Wide	range	of	decay	BR	and	channel	
purity	

•  bbττ	analysis:	
–  Used	36	�-1	of	13	TeV	data	
–  Final	state	BR(bbττ)=7%	
–  Non-Resonant	95%	CL	limit:		

μ	<	12.7	observed	(14.8	expexcted)	
•  CombinaIon:	at	≈10	x	SM	sensiIvity	

–	with	3%	of	the	HL-LHC	luminosity	
analyzed	
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Triple	Higgs	coupling	
arXiv:1808.00336	[hep-ex];	ATLAS-CONF-2018-043	

7	July
	2018	

4	Sep	
2018	

Di-Higgs	combinaIon	plot	here	



The	future	
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LHC	and	HL-LHC	Imeline	
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LHC	Upgrades	
•  Development	of	a	new	generaIon	of	

superconducIng	magnets	with	higher	
criIcal	field	(Nb3Sn):	

•  13.5	T	instead	of	8	T	(LHC,	NbTi)	

•  Development	of	“crab	caviIes”	to	
increase	bunch	overlap	

•  Colimators,	connectors,	civil	eng.,	etc	

R. Gonçalo - LIP Ciência 2018 56 
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New	tracking	detector	Calorimeter:	new	DAQ	
electronics,	HV	sources		and	
gap	scinIllators	

New	dedicated	
hardware	tracking	
processor	for	trigger	

New	muon	
detector	“Small	
Wheel”	

High	Granualrity	
Timing	Detector		
(30ps/track)	
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Gap	scinIllators	



Future	of	Higgs:	HL-LHC	

•  A	lot	can	be	done	
with	3000�-1	!!!	
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Hàcc	
Limit	of	μ	=	
6.3	at	95%	CL	
	

Hàμμ	
9σ	expected	



Summary	
•  Important	milestones	were	crossed	this	year	by	

ATLAS	and	CMS	with	the	^H	and	Hàbb	
observaIons	

•  Main	producIon	modes	(ggF,	VBF,	VH,	^H)	have	
all	been	observed!!	

•  The	Higgs	sector	conInues	to	look	SM-like		
•  But!	
•  We	know	there	is	new	physics	out	there!	
•  We	have	only	collected	≈150	�-1	of	3000	�-1	of	

13	TeV	data	expected	at	the	HL-LHC	
•  We	have	a	strong	programme	of	precision	

measurements	and	searches	for	new	Higgs	states	
and	decays	
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Overall	highlight	from	the	past	year	(very	personal	bias!):		
“The	>5σ	observaIons	of	^H	and	H	→	ττ,	independently	by	ATLAS	and	CMS,	firmly	establish	
the	existence	of	a	new	kind	of	fundamental	interacIon,	Yukawa	interacIons.”	
Gavin	Salam	(LHCP’18)		



In	conclusion	

Ricardo	Gonçalo	 Seminar	8	Nov	2018	-	LIP	 60	

See	here	for	more:	ATLAS	Public	results	page	


