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Outline	

•  Searches	for	dark	interac/ons	in	the	decays	of	
h125	

•  Mono-X	searches	
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Searching	for	new	physics	in	h125	
decays	

•  BR	(	h125	à	BSM)	<	34%	at	95%	CL	 3	



Searching	for	dark	interac/ons	in	h125	
decays	

•  It	could	be	h	à	WIMP	(invisible/undetected)	
•  Or	it	could	be	

4	Prompt	and	non-prompt	decays	of	the	intermediate	state	



LHC	Searches	
•  H	à	aa	à	fermions	

–  4b	
–  2b2τ	
–  2b2µ	
–  2µ2τ	
–  4τ	

•  H	à	aa	à	4γ	
•  H	à	aa	à	2b+Missing	Energy	
•  H	à	Z	(Zdark)	Zdark	à	4l	

–  Zdark	=	Zd	
•  H	à	invisible	
•  H	à	lepton-jets	
•  H	à	Long-lived	par/cles	à	Displaced	hadronic	jets	
•  H	à	…	
•  Mono-X	
•  …	
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I	will	not	address	the	theore/cal	framework.	The	earlier		
theory	talks	cover	this.	I	will	focus	on	published	Run1	and		
Run2	searches	



Run	1	searches	
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h	à	aa	à	µµττ	
•  Single	µ	and	di-µ	triggers	used	
•  2	signal	regions,	SRµ	and	SRe	
•  No	significant	excess	in	3.7	<	mµµ	

(GeV)	<	50	
•  Upper	bound	on	h	à	aa	produc/on	

rela/ve	to	the	SM	gg->h	produc/on	
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h	à	aa	à	4γ	

•  No	excess.	Limits	for	SM	h	à	4γ,	Hà4γ	and	Z’à3γ	

8	

arXiv:1509.05051	



HàZZ*à4l	(SM)	
•  H	à	ZZ*	à	4l	(l=e,	or	µ)	
•  Quadruplets	of	4l,	grouped	

into	2	pairs	of	Same	Flavor	
Opposite	Sign(SFOS)	leptons	

•  4l	ordered	with	indices	1,	2,	
3	and	4	such	that	m12	(first	
pair	SFOS)	and	m34	(2nd	pair	
SFOS)	

•  m12,	leading	pair,	assumed	
to	reconstruct	the	Z-boson	

•  m34,	sub-leading	pair,	
assumed	to	reconstruct	the	
Z*	

•  Retain	1	unique	quadruplet	
with	the	requirement	of	m12	
closest	to	mZ:	50	<	m12	<	106	
GeV	
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	H	à	ZZd	à	4l	–	Run1	
•  Same	as	in	the	standard	H	à	ZZ*	

à	4l	search	un/l	you	get	to	the	
m34	distribu/on	

•  Zd	assumed	to	be	narrow	and	on-
shell	

•  Take	a	model	for	the	signal	line	
shape	Zd	à	2l,	smeared	with	
detector	resolu/on,	and	search	
for	a	narrow	peak	in	the	m34	
distribu/on	

•  115	<	m4l	<	130	GeV	
•  Covers	the	range	mZd	<	mH-mZ	~35	

GeV	
•  However,	because	of	this	

requirement	on	m12,	50<	m12	<	106	
GeV,	the	coverage	in	mZd	can	be	
extended	to	55	GeV		

•  No	excess	of	events	seen	
consistent	with	:	H	à	ZZd	à	4l	

					in	15	<	m2l	<	55	GeV	
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	 	arXiv:1203.2947	

Signal	should	appear	as	a	narrow	peak	in	m34	distribu/on	

Phys.	Rev.	D	92	(2015)	092001		



H	à	ZdZd	à	4l	–	Run1	
•  Start	with	the	iden/fica/on	of	4leptons	as	in	H	à	ZZ*	à4l,	and	the	

forma/on	of	4l	quadruplets	with	SFOS	
•  Select	the	unique	quadruplet	by	exploi/ng	the	mass	difference																				

Δm	=	|m12-m34|	minimal	
•  115	<	m4l	<	130	GeV	
•  Apply	a	Z-veto	and	J/Psi	and	Upsilon-Veto	
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Signal	should	appear	there	

Phys.	Rev.	D	92	(2015)	092001		



H	à	ZdZd	à	4l	
•  No	significant	excess.	1.7σ(4e)	and	1.7σ(4µ).	0	event	in	2e2µ	
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Loose	Signal	Region:	15	<	m2l	<	mH/2	

These	2	events	at	low	Δm	pass	
the	mass	dependent	cuts	
consistent	dark	Z	of	mass	18-26	GeV	



ε	from	BR	(H	à	ZZd	à	4l	)	
measurement	

•  Use	the	calcula/ons	of	Cur/n	et	al,	arXiv:	1412.0018	to	
extract	ε	from	the	BR	(H	à	ZZd	à	4l).	ε	>>	κ	

	

13	DY:	pp	à	Zd	à	2l	

EWPTs	
H	à	ZZd	à4l	Complementary	to	the	DY	process	



Upper	bound	on	the	Z-Zd	massing	
mixing	parametr δ	from	BR	(H	à	ZZd	à	

4l	)	measurement	
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•  One	can	show	that	in	the	limit	of	mZd
2	<<	(mH

2-mZ
2):	

Davoudiasl	et	al,	
arXiv:	1304.4935,	
arXiv:	1203.2947	



Upper	bound	on	Higgs	mixing	
parameter	κ	from	H	à	ZdZd	à	4l	

•  From	Cur/n	et	al,	arXiv:	1412.0018,	one	can	show	that	κ	
relates	to	our	measurement	as	follows:	
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Κ >>	ε	
mS	>	mH/2	
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h	à	invisible	



H	à	invisible	Run	1	Results	
•  ZH,	Z	à	ll	(l=e,	µ)	and	H	à	invisible	

–  Phys.	Rev.	Leq.	112,	201802	(2014)	
–  Upper	bound	on	BR	(H	à	invisible):	Obs	(Exp)	0.75	(0.62)	

•  VH,	V	à	jj	and	H	à	invisible	
–  Eur.	Phys.	J.	C75.7	(2015)	337,	arXiv:	1504.04324	[hep-ex]	
–  Upper	bound	on	BR	(	H	à	invisible):	Obs	(Exp)	0.78	(0.86)	

•  Monojet	search	with	H	à	invisible	interpreta/on	
–  Eur.	Phys.	J.	C75	(2015)	no.	7,	299,	arXiv:1502.01518		
–  Limit	on	σ	x	BR	(H	à	invisible)	
–  Not	sensi/ve	as	BR	(H	à	invisible)	measurement	

•  VBF	H	à	invisible	
–  JHEP	01	(2016)	172,	arXiv:1508.07869	
–  Upper	bound	on	BR	(H	à	invisible):	Obs	(Exp)	0.29	(0.35)	
–  Combina/on	of		two	categories	of	searches	

•  VBF	combined	results.	Obs	(Exp)	0.28	(0.31)	
•  Grand	combina/on	of	H	à	invisible	measurements	

–  JHEP	11	(2015)	206,	arXiv:1509.00672	
–  Combina/on	of	Z(àll),	V(àjj),		and	VBF	
–  Obs	(Exp)	0.25	(0.27)	 17	



VBF	H	à	invisible	
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•  Two	forward	jets	with	large	rapidity	gap	
•  Minimal	or	no	central	jet	ac/vi/es	

•  Higgs	decaying	to	undetected	par/cles	
(invisible)	
•  Thus	expec/ng	large	missing	energy	(MET)	
associated	to	2	jets	with	large	rapidity	gap	

•  e.g.	H	à	WIMPs	
•  H	à	χ0χ0	where	mχ0	<	mH/2	

•  MET	trigger	used		
•  Signals		
•  VBF	Higgs	produc/on	
•  Also	ggF+2jets	(~20%).		
•  Simulate	H	à	invisible	with	H	à	ZZ	à	4ν	

•  Backgrounds	
•  Z+jets	with	Z	à	νν	
•  W+jets	with	W	à	lν (undetected	lepton)	
•  Mul/jets	
•  qbar,	single	top	and	dibosons	

Signal	

Background	

Background	



VBF	H	à	invisible	
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•  VBF	Topology	&	
Characteris/cs	
•  2	forward	jet	at	high	rapidity,		
large	Δηjj	

•  High	di-jet	invariant	mass	
•  In	the	central	region	of	the	
detector:	low	gluon	radia/on	
due	to	colorless	W/Z	
exchange	
•  Veto	on	central	jets	

VBF	Signal	



VBF	H	à	invisible	
•  Three	categories	of	searches	based	on	

–  The	di-jet	invariant	mass	mjj	
–  And	the	rapidity	gap	between	the	jets,	Δηjj	

20	
Most	Sensi/ve:	SR1	
SR2	was	meant	as	a	complement	to	SR1	to	improve	sensi/vity	



VBF	H	à	invisible	
•  Z+jets	with	Zàνν	background	es/mated	from	

–  Z+jets	with	Zàll	data	control	regions	(CR)	
–  And	W+jets	with	W	à	lν	data	control	regions	

•  W+jets	with	Wàlν	background	es/mated	from		
–  W+jets	with	Wàlν	data	control	region	

•  Mul/jet	background	es/mated	from	
–  Mul/jet	enriched	data	control	samples	by	reserving	the	

requirements	of	Δφjj	and	Δφj,MET	
•  cbar,	single	top	and	di-bosons	es/mated	from	

–  Monte	Carlo	
•  Residual	background	contamina/on	in	the	Zàll	CR		

–  subtracted	using	MC	predic/ons	
•  Mul/jet	background	in	the	Wàlν	CR	subtracted	by	a	

fit	to	the	transverse	mass	distribu/on	

•  Unique	es/mates	of	Zàνν	and	Wàlν	background	
obtained	from	
–  A	simultaneous	fit	to	the	SR	and	the	CRs	
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VBF	H	à	invisible	Results	
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No	excess	
	
Post-fit	distribu/ons	
and	es/mates	



Combined	H	à	invisible	Results	
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ATLAS	VBF	H	à	invisible:	best	direct	search	result	at	the	LHC		



Higgs	Portal	Dark	Maqer	
•  The	upper	bound	on	the	BR	(H	à	invisible)	can	be	used	to	

constrain	WIMP-Nucleon	scaqering	cross	sec/on	and	
compare	to	Direct	Dark	Mark	Maqer	Detec/on	Experiments	
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Lepton	jets	(LJ)	and	Long-Lived	
Par/cles	(LLPs)	
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H	à	lepton-jets	+	X	

26	

Kine/c	mixing	ε	between	dark	photon	and	SM	photon	
Signature:	collimated	pairs	of	leptons	(lepton-jets)	

Prompt	or	displaced	lepton-jets	

Falkowski,	Ruderman,	Volanski	and	Zupan	
hqp://arxiv.org/abs/1007.3496	

Izaguirre,	Krnjaic,	Shuve	
hqp://arxiv.org/abs/1508.03050	

Parameter	of	interest:	
-  Dark	photon	mass	
-  ε	
-  Dark	photon	cτ		

FRVZ	signal	models	with	ggF	Higgs	produc/on	

ATLAS,	JHEP11(2014)088	



H	à	lepton-jets	+	X	
•  Run	1	exclusion	limits	
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For	BR=10%,		
cτ<3.2	excluded	

JHEP02(2016)062	



Long-lived,	weakly-interac/ng	
par/cles	à	displaced	hadronic	jets	

•  Benchmark	models	
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Higgs	decays	 Hidden	Valley	Z’	 Stealth	SUSY	

LLPs	decays	to	hadronic	jets	far	from	the	IP	
Search	for	displaced	ver/ces	in	the	ID	and	MS	
	
Muon	RoI	Cluster	Trigger	to	select	hadronic	decays		
in	the	outer	radius	of	HCal	to	middle	of	MS	
	
Single	jet	+	Met	Trigger	also	used	for	the	Z’	search	

PRD	92,	012010	(2015)	



Long-lived,	weakly-interac/ng	
par/cles	à	displaced	hadronic	jets	
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Significant	range	of	cτ	
Excluded	for	BR	<=5%	

Limits	of	H	à	LLPs	signal	strength	



Bounds	on	kine/c	mixing	
parameter	ε	
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1408.1075v2	

7	TeV	LHC	

8	TeV	LHC	
14	TeV	3000	x-1	

CMS	arXiv:1310.7291	

EWPTs	

JHEP02(2016)062	



Mono-X	

31	



Dark	Maqer	Searches	at	Colliders	
•  Produce	DM	in	proton-proton	collisions	
•  Search	for	Mono-X	events	(X=jets,	photon,	W/Z,	etc)	
–  DM	direct	produc/on	in	associa/on	with	visible	objects	
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Effec/ve	Field	Theories	(EFT)	
•  Broad	coverage	of	models	by	integra/ng	out	the	details	
•  Model	parameters	

–  The	suppression	scale	M*		
–  The	DM	mass	mχ	

•  DM	couples	to	quarks	and	gluons	
–  SM	par/cles	in	the	ini/al	state	
–  Monojet	searches	

•  DM	couples	to	bosons	
–  SM	par/cle	from	the	main	interac/on	
–  Mono-photon/W/Z	searches	
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[A.J.	Nelson	et	al.	ArXiv:1307.5064]	
[N.	Lopez	et	al	arXiv:1303.6734]	



Simplified	Models	
•  Keep	informa/on	in	the	

intermediate	state	
–  s-channel	(Z’	portal,	Higgs-portal,	

etc)	
–  t-channel	(colored	scalars,	etc)	

	
–  In	the	limit	of	heavy	mediator	mass,		

recover	EFT	

Kruger	2014	 34	

[J.	Abdallah	et	al.	arXiv:1409.2893]	
[H.	An	et	al.	arXiv:1308.0592]	



Supersymmetry	
•  Compressed	SUSY	leads	to	mono-X	signatures	
–  Squark-LSP	mass	spliyng	small	
–  Jets	too	soz	to	be	reconstructed	
–  ISR	SM	par/cles	
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Mono-photon	
•  Signature:		
– Missing	transverse	energy	(MET)	with	a	
single	isolated	energe/c	photon	

•  Signal	region	(SR)	selec/on	
– MET	trigger	with	a	threshold	of	80	GeV	
–  Calorimeter	based	MET	>	150	GeV	

•  Muons	are	treated	as	invisible	par/cle	
•  Z(µµ)+γ	is	similar	to	Z(νν)+γ	in	the	MET	spectrum	

–  Photon	with	ET>150	GeV	and	|η|<2.37	
•  Tight	iden/fica/on	and	isolated	in	the	
calorimeter	

•  Away	from	the	MET	direc/on	
–  Veto	other	objects	

•  No	more	than	1	jet	with	pT>30	GeV	
•  No	electron	with	pT>7	GeV	
•  No	muon	with	pT>6	GeV	

–  Cut-and-count	experiment	
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	arXiv:1411.1559	[hep-ex]	



EFT	Limit	

•  Convert	the	cross	sec/on	limit	into	
lower	limit	on	M*	from	different	DM	
mass	mχ	

•  Collider	searches	are	sensi/ve	to	
lower	DM	masses	due	to	produc/on	
energy	limita/on	
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Constraints	on	Direct	Detec/on	
•  To	compare	with	direct	detector	experiments,	we	produce	

constraints	on	DM-nucleon	scaqering	cross	sec/on	
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Complementary	to	astrophysical	experiments	



Constraint	on	Indirect	Detec/on	
•  s-channel	model	with	γγχχ	EFT	vertex	

–  k1	and	k2	control	the	rela/ve	couplings	of	the	DM		
to	various	pairs	of	the	electro-weak	gauge	bosons	

•  Constrain	effec/vely	the	parameter	space	
–  Limit	on	the	mass	scale	M*	in	(k1,	k2)	parameter	

space	
•  Good	example	to	cross	check	astrophysical	

excess	using	collider	experiments	
–  Exclusion	line	drawn	by	considering	the	value	of	M*	

needed	to	generate	the	χχ	àγγ	annihila/on	rate	
consistent	with	the	Fermi-LAT	γ-ray	line	near	130	
GeV	

Kruger	2014	 39	



Mono-W	and	Mono-Z	
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•  If	the	mediator	coupling	to	“up”	and	“down”	
quarks	are	the	same	
–  Mono-jet	dominate	the	mono-X	sensi/vity	

•  Mono-W	
–  Construc/ve	interference	for	vector	and	axial-vector	

operators	
–  Large	produc/on	rate	and	the	W	is	strongly	boosted	
–  Mono-W	has	the	best	sensi/vity	

	
•  Focus	on	hadronic	decays	

–  Beqer	sensi/vity	than	the	leptonic	decays	
–  More	challenging	to	reconstruct	the	hadronic	W/Z	



Mono-W:	DM	and	Higgs	portal	DM	
•  Higgs	decay	to	invisible	
•  VH	produc/on		

–  Same	signature	
•  Use	mono-V(jj)	to	constraint	V(jj)H	

–  Not	fully	op/mized	for	Higgs	portal	
model	
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BR	(H	à	invisible)	<	1.6	@95%	CL	

Phys.	Rev.	Lec.	112,	041802	(2014)	



Search	for	DM	in	events	with	heavy	
quarks	and	MET	

•  Search	for	events	with	at	least	1	high	pT	jet	and	large	MET	
categorized	into	4	signal	regions	(SR)	
–  SR1:	DM	with	1	b-jet	
–  SR2:	DM	with	2	b-jets	
–  SR3:	DM	with	qbar	(both	tops	decay	hadronically)	
–  SR4	DM	with	qbar	(one	top	leptonically,	other	hadronically)	
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arXiv:1410.4031v1	[hep-ex]	

Spin-independent	 Spin	Dependent	
B-FDM	



Compressed	Supersymmetry	(SUSY)	
•  Small	mass	spliyng	between	squark	and	

LSP	
•  Consider	the	first	2	genera/on	squarks	

genera/on	(degenerate)	
•  Quarks	are	too	soz	to	be	reconstructed	as	

jets	
•  ISR	photons	give	mono-photon	signature		

–  Complementary	to	SUSY	0-lepton	search	
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JHEP09(2014)176	

Complementary	to	SUSY	0L	Search	For	very	compressed	spectra,	exclude	
squark	mass	up	to	250	GeV	

SUSY	0	Lepton	Search	



Search	DM	in	Events	with	Z	(àll)	and	MET	
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•  Z	à	ll	(l=e,	µ)+MET	
–  mll	consistent	with	mZ	

•  Dominant	backgrounds	
–  Z(ll)+νν	and	WW(lνlν)	

•  4	different	signal	regions	considered	
with	different	MET	thresholds		
–  150,	250,	350	and		450	GeV	

Phys.	Rev.	D.	90,	012004	(2014)	



Search	DM	in	Events	with	Z	(àll)	and	MET	
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95%	CL	upper	limit	on	fiducial	cross-sec/on	

EFT	



Run	2	
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Run	2	mono-jet	results	
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Squark	à	q	+	neutralino	
Produc/on	of	WIMP	with	
mediator	A	



Run	2	mono-jet	results	
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Conclusions	
•  Many	Run	1	searches	for	dark	interac/ons	at	LHC	
– Dark	vector	bosons	in	H	à	4l	events	
– H	à	invisible	par/cles	
– H	à	lepton-jets	
– H	à	LLPs	
– H	à	aa	à	fermions,	photons	
– Mono-X	

•  No	excess	found	
•  Run	2	might	yield	exci/ng	discoveries	
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•  Dark	Interac/ons	
workshop	at	BNL	
4-7	October	2016	
– www.bnl.gov/
di2016	
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EFT	
•  Example	of	DM	χ	interac/ons	with	SM	

par/cles	where	χ	is	assumed	to	a	Dirac	
fermion.	Λ	parameterizes	the	coupling	
strength	of	scalar	(D1),	vector	(D5),	axial-
vector	(D8)	and	tensor	(D9)	interac/ons	
between	χ	and	the	SM	par/cle	

Kruger	2014	 51	

D:	WIMPS	that	are	Dirac	Fermions	
C:	WIMPS	that	are	Complex	Scalars	
R:	WIMPS	that	are	real	Scalars	

[J.	Goodman	et	al.	arXiv	1008.1783v2]	

Scalar	

Vector	

Axial-Vector	
Tensor	

[L.	carpenter	et	al.	arXiv	arXiv	1212.3352]	

We	throw	away		
events	where	the	EFT		
is	invalid	because		
the	momentum		
transfer	surpasses		
the	scale	of	the	contact	interac/on	


