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Notes	
•  Selected	Run	2	results	(still	mostly	based	on	partial	

dataset)	
•  Differential	XS,	STXS,	Width,	Couplings	

•  Next	Challenges	for	Run	3	and	beyond	
•  Projection	for	HL-LHC	
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Where	do	we	stand	?	
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Run	2	Higgs	Milestones	->	3rd	generation			

•  Still	room	for	improvement	
•  Larger	statistics	will	allow	to	focus	on	more	specific	regions	of	

phase	space	
•  Make	ancillary	measurements	for	a	better	control	of	the	

backgrounds	
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Recently，observation	of	ttH	in	single	channel	H->γγ	



Differential	Cross	Sections	

•  More	observables,	double	differential	XS	in	pipeline	
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Boosted	analysis	in	bb	to	reach	highest	pT	
-	At	least	one	AK8	jet	and	450	GeV		
			(For	ATLAS,	AK1-trimmed	jet	of	480	GeV)	
-	One	or	two	b-tags	(double	b-tagging	efficiency	pT	dependent)	

HIG-19-001	

HIG-17-028	



Simplified	Template	Cross	Sections	
•  To	measure	as	precisely	as	possible	

individual	production	processes	(ggF,	
VBF,	VH	and	ttH)	in	different	regions	of	
phase	space		
•  Integrate	over	the	decay	products	of	the	

Higgs.		
•  Define	fiducial	cuts	at	truth	particle	level	

on	the	Higgs	production	(eta,	pT,	number	
and	kinematics	of	the	additional	jets	or	
leptons	in	the	events).		

•  Define	(as	much	as	possible)	
reconstruction	level	cuts	corresponding	
to	the	fiducial	volume	of	interest	(as	
much	as	possible).		

•  Fit	the	defined	partially	fiducial	defined	
cross	sections	in	all	regions	
simultaneously.		

•  Advantage	possibility	to	combine	decay	
channels	and	use	multivariate	
techniques	in	specific	channels.	
Compromise	as	both	aspects	increase	the	
extrapolation.		
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Stage	0	

Stage	1	-	ggF	
		



Simplified	Template	Cross	Sections	

•  22	signal	regions	aiming	at	stage	1.1	STXS		
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CMS-PAS-HIG-19-001	



STXS	Stage	1	–	VH	
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VH(bb)	
	

Stage	1	-VH	



STXS	Stage	1	–	VBF	
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qqH(ττ)	
	

Stage	1	-VBF	



Interpretation	based	on	STXS	
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Interpretation:	interpret	ATLAS	VH(bb)	STXSs	in	an	EFT	framework,	in	
this	case	the	high	energy	parametrization	is	important.	



Constraints	on	Higgs	Width	

5/18/19	 11	HL-LHC	projection:	~	1	MeV	unc.	



Higgs	combination	inputs	
•  All	main	production	and	decay	modes,		based	on	

2016	13	TeV	dataset	(35.9	fb-1)	@	CMS	
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Couplings	– κ	framework		
•  LO	coupling	modifier/kappa	framework	to	probe	

deviations	from	SM	
•  Assumptions:	only	one	CP-even	Higgs	state	with	

mH=125	GeV	and	negligible	width		

•  Parameter	scale	cross	sections	and	partial	
widths	relative	to	SM	
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Coupling	Parameterization	
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Couplings:	Effective	Loops	
•  No	assumptions	about	loops	(κg	and	κγ	free	parameters)	
•  Assumption	about	total	width:	No	BSM	decays	
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Gluon	fusion	and	H->γγ		
scaled	by	kg	and	kγ

Positive	κW	disfavoured	at	just	over	2σ,	partly	
driven	by	moderate	excess	in	ttH-tag	H→γγ	
categories,	compensated	by	enhanced	tHq	
when	κW	•	κt	<	1	



Couplings:	Effective	Loops	
•  No	assumptions	about	loops	(κg	and	κγ	free	parameters)	
•  Assumption	about	total	width:	|κV|	<	1	
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|κV|	<	1	imposed	-	typically	the	
case	in	BSM	models	that	affect	
Higgs	couplings	
	
BRinv	>	0,	BRundet	>	0	
BRinv:	Scales	signal	normalisation	in	
direct	H→invisible	searches	
BRundet:	Represents	branching	ratio	
to	any	final	state	not	directly	
detected	by	analyses		
	

Binv<	0.22	@	95%	CL		
Bundet	<	0.38	@	95%	CL	



Constraint	on	Total	Width	
•  Assuming	κv	<	1,	but	

allowing	for	BSM	decays,	
set	constraint	on	total	
Higgs	width	

•  Performed	by	making	
total	width	a	parameter	
of	the	model	(instead	of	
a	function	of	other	κ’s),	
and	making	κb	a	function	
of	other	κ’s	and	total	
width	
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Couplings	modifier	ratios	
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•  Analogous	to	signal	
strength	ratios,	measure	
ratios	of	coupling	
modifiers	given	a	
reference	κ:	

κgZ	=	κgκZ/κH	

•  Assume		κgZ>0	and	λZg>0	
without	loss	of	generality	

•  Evaluate	λtg	and	λWZ<0	
subject	to	constraint		
λtg	λWZ>0,	to	probe	
interference	in	ggZH	
production	but	not	tH	

No	assumption	on	total	width	



Next	Challenges:	H->µµ,	H->Zγ
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Next	Challenges:	Charm	Yukawa	Couplings	
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Next	Challenges:	Higgs	self-coupling	
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HH	production	allows	to	probe	the	self-coupling	

The	combination	probes	~10	times	the	SM	prediction	

Constraints	on	kλ



Next	Challenges:	Higgs	self-coupling	
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JHEP	12	(2016)	080,	
Eur.	Phys.	J.	C77	(2017)	887	



Next	Challenges:	Higgs	self-coupling	
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ATLAS	PHYS-PUB-2019-009		



Projections	for	HL-LHC	
•  Analysis	of	simulated	samples	with	HL-LHC	

conditions	and	detectors		
•  Generally	for	new,	or	significantly	improved,	analyses		

•  Extrapolations	from	Run	2	data	to	3	ab-1	

•  Analyses	that	were	already	performed	in	Run	2	
•  Efficiencies,	resolutions,	fake	rates	assumed	unchanged	

from	the	Run	2	values	
•  Main	scenario	YR18	systematic	uncertainties	(S2):		

•  Most	theoretical	uncertainties	scaled	down	by	a	factor	1/2,	
experimental	uncertainties	scaled	down	by	√L	until	they	
reach	a	defined	lower	limit.		

•  Scenario	for	comparison:	using	Run	2	systematic	
uncertainties	(S1)		

•  In	all	cases	uncertainties	due	to	the	finite	number	of	
simulated	events	are	neglected		
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Projections	for	HL-LHC	
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To	summarize	
•  Full	Run	2	Higgs	results	are	on	their	way	
•  Lumi	will	not	increased	rapidly	in	next	few	years	
•  New	ideas,	technique,	etc.	to	be	explored	for	Run	2	

and	3	data	

•  Still	very	promising	program	ahead	@	HL-LHC	
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backup	

5/18/19	 27	



Observation	of	ttH	in	single	channel	H->γγ
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Differential	XS	in	4l	channel	

5/18/19	 29	

CMS-PAS-HIG-19-001	

arXiv:1902.05892	

double	differential,	off-shell	Higgs	region	



Couplings	from	differential	XS	
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STXS	Combination	
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	New	ATLAS	Combination		
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	New	ATLAS	Combination		
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Projection	assumptions	
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negligible	



Projection	on	signal	strengths	
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Projections	on	Higgs	self-coupling	
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CMS	Higgs	Combination	
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Higgs	combination	inputs	
•  All	main	production	and	decay	modes,		based	on	

2016	13	TeV	dataset	(35.9	fb-1)	@	CMS	
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Higgs	combination	inputs	
•  In	total	up	to	265	

event	categories	
and	over	5500	
nuisance	
parameters	

•  Correlation	
scheme	studied	in	
detail	

•  Consistency	on	
signal	modeling	
ensured	among	
channels	
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Combination	Results	
•  Signal	strengths	&	cross	sections	
•  Couplings	in	kappa	framework	
•  Constraints	on	BSM	models	
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Signal	strength	measurements	
•  The	number	of	signal	events	in	each	analysis	

category	k	is	expressed	as	
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•  Parameters	scale	cross	sections	and	BRs	relative	to	
SM	

Integrated	
luminosity	

Efficiency	x	
Acceptance	



Overall	signal	strength	
Assume	SM	BR	and	Relative	Production	XS	

•  Most	constrained	interpretation:	single	signal	
strength	modifier	which	scales	all	prod.	and	decay	
modes	assuming	SM	relative	composition	

•  Systematically	dominated,	similar	weight	of	
theoretical	and	experimental	uncertainties	

•  ~2σ	agreement	with	respect	to	SM	prediction	
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Production	Signal	Strengths	

•  Most	or	all	inclusive	production	mode	signal	strengths	will	
be	systematically	limited	with	full	Run2	dataset	
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Decay	Signal	Strengths	

•  All	inclusive	decay	mode	signal	strengths	except	H->µµ	
will	be	systematically	limited	with	full	Run2	dataset	
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Per	Production	x	Decay	Mode	
•  Most	generic	

parametrization	
giving	different	
signal	strength	to	
each	prod.	and	
decay	combination		

•  Certain	signal	
strengths	
restricted	due	to	
low	background	
expectation		

•  Suitable	for	
reinterpretation		
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Signal	strength	ratios	
•  Normalize	the	rate	for	any	

particular	channel	to	a	
reference	process	using	ratios	
of	cross	sections	and	
branching	ratios		

•  Motivation:	
•  No	assumptions	on	relative	

cross	sections	or	BRs	
•  Measured	values	

independent	of	SM	
prediction	and	inclusive	
theory	uncertainties	

•  Cancellation	of	common	
systematic	uncertainties	in	
ratios	

•  Choose	reference	process	as	
one	measured	with	the	
smallest	systematic	
uncertainty:	gg→H→ZZ	
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Simplified	Template	Cross	Sections	
•  A	common	framework	recommended	by	

LHCHXSWG	(arXiv:1610.07922)	
•  Maximize	sensitivity	at	the	cost	of	some	theory	

dependence,	all	analysis	techniques	maintained	
•  Can	serve	as	input	to	BSM	interpretations,	e.g.	for	

determining	Wilson	coefficients,	etc.		
•  Several	stages	proposed	
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Stage-0	example:	VH	split	into	V(ll)	and	V(qq)	



Simplified	Template	Cross	Sections	
•  Separate	th.	uncs.	

in	SM	predictions	
from	exp.	and	th.	
uncs.		in	the	
measurements	

•  Results	quoted	for	
a	common	
simplified	fiducial	
volume	

•  One	parameter	for	
each	cross	section,	
with	floating	ratios	
of	the	decay	BRs	
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Combination	Results	
•  Signal	strengths	&	cross	sections	
•  Couplings	in	kappa	framework	
•  Constraints	on	BSM	models	

5/17/19	 49	



Couplings	– κ	framework		
•  LO	coupling	modifier/kappa	framework	to	probe	

deviations	from	SM	
•  Assumptions:	only	one	CP-even	Higgs	state	with	

mH=125	GeV	and	negligible	width		

•  Parameter	scale	cross	sections	and	partial	
widths	relative	to	SM	
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Coupling	Parameterization	

8/22/16	 Mingshui	Chen	(IHEP,	Beijing)		 51	



Couplings:	Effective	Loops	
•  No	assumptions	about	loops	(κg	and	κγ	free	parameters)	
•  Assumption	about	total	width:	No	BSM	decays	
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Gluon	fusion	and	H->γγ		
scaled	by	κg	and	κγ



Couplings:	Effective	Loops	
•  No	assumptions	about	loops	(κg	and	κγ	free	parameters)	
•  Assumption	about	total	width:	No	BSM	decays	
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Gluon	fusion	and	H->γγ		
scaled	by	kg	and	kγ

Positive	κW	disfavoured	at	just	over	2σ,	partly	
driven	by	moderate	excess	in	ttH-tag	H→γγ	
categories,	compensated	by	enhanced	tHq	
when	κW	•	κt	<	1	



Couplings:	Effective	Loops	
•  No	assumptions	about	loops	(κg	and	κγ	free	parameters)	
•  Assumption	about	total	width:	|κV|	<	1	

5/17/19	 54	

|κV|	<	1	imposed	-	typically	the	
case	in	BSM	models	that	affect	
Higgs	couplings	
	
BRinv	>	0,	BRundet	>	0	
BRinv:	Scales	signal	normalisation	in	
direct	H→invisible	searches	
BRundet:	Represents	branching	ratio	
to	any	final	state	not	directly	
detected	by	analyses		
	



Couplings:	Effective	Loops	
•  No	assumptions	about	loops	(κg	and	κγ	free	parameters)	
•  Assumption	about	total	width:	|κV|	<	1	
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Binv<	0.22	@	95%	CL		
Bundet	<	0.38	@	95%	CL	 moderate	anti-correlated	

between	measurements		



Constraint	on	Total	Width	
•  Assuming	κv	<	1,	but	

allowing	for	BSM	decays,	
set	constraint	on	total	
Higgs	width	

•  Performed	by	making	
total	width	a	parameter	
of	the	model	(instead	of	
a	function	of	other	κ’s),	
and	making	κb	a	function	
of	other	κ’s	and	total	
width	
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Couplings:	Resolved	loops	
•  Assume	SM	structure	in	ggH	and	Hγγ	loops,	i.e.	no	

contribution	from	new	particles		
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Couplings:	Resolved	loops	
•  Assume	SM	structure	in	ggH	and	Hγγ	loops,	i.e.	no	

contribution	from	new	particles		
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Negative	κW	strongly	disfavoured	
when	H→γγ	loop	resolved	

Mild	preference	for	κb	<	0	from	b-t	
interference	in	gluon	fusion	
production	



Couplings	vs.	mass	
•  Perform	two	parameter	

(M,	ε)	fit	where		
SM	given	by:	M=ν=246	GeV,	ε=0	

•  Can	visualize	result	in	
terms	of	absolute	
coupling	modifiers	vs	
particle	mass
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Higgs	boson	couplings	follow	closely	SM	
predictions	over	the	full	explored	mass	range	



Vector	boson	vs.	fermion	couplings	
•  Scale	all	fermionic	

couplings	and	all	
bosonic	couplings	to	the	
Higgs	boson	by	the	same	
modifier		

•  Only	consider	κFκV>0	
(negative	relative	sign	
already	strongly	
disfavored	since	run	1	at	
~5σ

•  Per-channel	model	
shows	complementary	
constraints	from	the	
different	analyses		
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Test	symmetry	of	fermion	couplings		

15/05/17	 Mingshui	Chen	(IHEP,	Beijing)		 61	



Couplings	modifier	ratios	
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•  Analogous	to	signal	
strength	ratios,	measure	
ratios	of	coupling	
modifiers	given	a	
reference	κ:	

κgZ	=	κgκZ/κH	

•  Assume		κgZ>0	and	λZg>0	
without	loss	of	generality	

•  Evaluate	λtg	and	λWZ<0	
subject	to	constraint		
λtg	λWZ>0,	to	probe	
interference	in	ggZH	
production	but	not	tH	

No	assumption	on	total	width	



Combination	Results	
•  Signal	strengths	&	cross	sections	
•  Couplings	in	kappa	framework	
•  Constraints	on	BSM	models	
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Constraints	on	BSM	models	
•  Interpret	Higgs	coupling	strength	results	in	terms	of	BSM	

model	parameters	
•  Complementary	to	the	limits	obtained	from	direct	searches	

for	new	physics		
•  Consider	different	types	of	2HDMs	and	the	hMSSM	under	

certain	assumptions		
•  Higgs	boson	identified	as	the	light	CP-even	neutral	scalar,	

exhibiting	only	SM	production	and	decay	modes	
•  Neglect	corrections	of	the	ggF	production	and	diphoton	

decay	rates	from	SUSY	partners	as	well	as	effects	breaking	
the	universality	of	down-type	fermion	coupling	
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Constraints	on	BSM	models	
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Lobe	due	to	
negative	κd	



Constraints	on	BSM	models	
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Lobe	due	to	
negative	κτ	 Lobe	due	to	

negative	κb	



Constraints	on	BSM	models	
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•  Indirect	constraints	
provide	complementary	
information	compared	
to	direct	searches		

•  Possible	to	interpret	in	
other	MSSM	
benchmark	models		

		

from	direct	search	
for	additional	
heavy	A	->	ττ		



Summary	
•  Wide	range	of	combination	results	with	36/fb	13	

TeV	CMS	data	
•  Direct	observation	of	all	main	production	and	

decay	modes		
•  Direct	confirmation	of	coupling	to	all	3rd	

generation	quarks	and	charged	leptons		
•  Higgs	physics	is	an	important	indirect	probe	for	

BSM	physics:	so	far	no	deviations	from	SM	
observed	

•  Much	more	data	ahead,	stay	tuned	
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Future	sensitivity	(CMS-PAS-FTR-18-011)	

•  Most	coupling	uncertainties	will	reach	~4-6%	
precision	with	300/fb	and	2-4%	after	3000/fb	
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Backup	
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Coupling	Deviations	in	BSM	
•  How	well	do	we	need	to	measure	Higgs	couplings	?	
•  Typical	effect	on	coupling	from	heavy	particle	M	or	

new	physics	at	scale	M:			

71	

Typical	sizes	of	coupling	modifications:	

Han	et	al.,	hep-ph/0302188	
Gupta	et	al.,	arXiv:1206.3560	
……	

arXiv:1310.8361	



Statistics	
•  Workhorse	of	the	combination	is	the	profile	likelihood	ratio,	Λ		

	

•  Exploit	the	asymptotic	limit:		
•  Test	statistics	q(α)	=	-2	ln	(Λ(α))	is	assumed	to	follow	a	χ2	

distribution	with	α	degrees	of	freedom	
•  To	determine	a	confidence-level	(CL)	interval	for	a	single	parameter	

α,	we	only	need	to	find	the	values	of	α	where	q(α)	=	the	χ2	critical	
value	for	that	CL,	e.g.		1D	68%	CL	at	q(α)	=	1.00	
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An	example	of	breaking	down	of	
uncertainties	

8/22/16	 Mingshui	Chen	(IHEP,	Beijing)		 73	



Higgs	rates	&	couplings	
•  Signal	parameterization		
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Higgs	production	processes	
•  Usual	suspects:		

8/22/16	 Mingshui	Chen	(IHEP,	Beijing)		 75	

•  Rare	processes:		



Couplings:	Relative	Sign	of	κt	and	κW	

•  Mild	preference	(~2σ)	for	κtκW	<	0,	which	
enhances	tH	prod.	

•  Driven	by	excess	in	ttH	categories	of	H-
>γγanalysis	
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Compatibility	of	the	fit	results	with	SM	
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Per	Production	x	Decay	Mode	
•  Most	generic	

parametrization	
giving	different	
signal	strength	to	
each	prod.	and	
decay	combination		

•  Certain	signal	
strengths	
restricted	due	to	
low	background	
expectation		

•  Suitable	for	
reinterpretation		
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Coupling	from	differential	cross	sections	
•  Combined	differential	cross	sections	using	H->γγ,	H4l	and	

boosted	H->bb	
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arXiv:1812.06504	



Coupling	from	differential	cross	sections	
•  Higgs	pT	distribution	is	

sensitive	to	couplings,	
in	particular,	low	pT	
region	sensitive	to		kb-
kc	deviations		
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arXiv:1606.09253	

Coupling-dependent	BRs	
assuming	no	Binv,	resolved	loops	

Floating	BRs	
i.e.	constraint	from	“shape”	only	



Coupling	from	differential	cross	sections	
•  EFT-based	parametrisation	

in	κb,	κt	and	cg,	where	cg	is	
direct	Higgs-gluon	coupling	
in	heavy	top	limit.	
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CMS-PAS-HIG-17-028	

arXiv:1705.05143	

Coupling-dependent	BRs	
assuming	no	Binv,	resolved	loops	

Floating	BRs	
i.e.	constraint	from	“shape”	only	



Higgs	@	LHC	
•  Very	rich	program	thanks	to	mH~125	GeV	
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Because	couplings	affect	both	Higgs	boson	production	
and	decay,	the	best	constraints	come	only	from	a	
combined	analysis	of	all	accessible	channels.	



Higgs	decay	modes	
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