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Outline
Introduc=on	
nWhy	and	what	do	we	search	
n Large	Hadron	Collider	and	the	ATLAS/CMS	experiments	
Selected	results	from	ATLAS	&	CMS	
nNew	heavy	resonances	
n Supersymmetric	par=cles	
n Dark	MaUer	par=cles	
Summary	and	prospects
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Going	Beyond	the	Standard	Model
The	Standard	Model	is	“complete”	
n All	the	par=cles	(including	the	Higgs	boson)	have	been	discovered	
n All	(terrestrial)	experimental	data	agree	with	its	predic=ons	
At	the	same	=me,	it	fails	to	explain:	
nWhy	3	forces	(strong,	EM,	weak)?	Are	they	unified	at	higher	energies?	
nWhy	leptons	and	quarks?	
nWhy	3	genera=ons?	
nWhy	does	the	Universe	hold	more	maUer	than	an=-maUer?	
nWhat	is	the	Dark	MaUer?	
n Dark	Energy?	
nGravity?	
There	must	be	more	to	it	

➔	Physics	beyond	the	Standard	Model	(BSM)
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Large	Hadron	Collider
LHC	collides	protons	with	center-of-mass	energies	up	to	14	TeV	
n Counter-circula=ng	beams	of	>1000	bunches	 
of	~1011	protons	

n Bunches	cross	every	25	ns 
producing	up	to	70	p-p	collisions	

Results	presented	today	use	13	TeV	data 
collected	in	2015–17
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ATLAS	and	CMS	detectors

Each	detector	is	built	to	surround	a	p-p	collision	point		
nNear-4π	coverage	to	detect	all	collision	products	(photons,	leptons,	
hadrons)	except	for	neutrinos	and	(possibly)	new	invisible	par=cles	

n Energy/momentum	measurement	of	all	par=cles	➔	Inference	of	undetected	
par=cle(s)	from	momentum	conserva=on	in	the	transverse	plane	
▶pTX	=	transverse	momentum	of	X	(par=cle	or	group	of	par=cles)	
▶MET	=	nega=ve	sum	of	pT	of	all	detected	par=cles	in	an	event	

nMany	BSM	searches	rely	on	MET
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Looking	for	the	Unknown
How	can	we	look	for	things	we	don’t	know?	

a)	Signatures	that	stand	out	
n Heavy	new	par=cle	➔	Decays	into	many	par=cles	

▶Are	all	par=cles	detected?	
● Yes	➔	Reconstruct	the	mass	of	the	new	par=cle	
● No	➔	Add	up	the	visible	energy,	and	deduce	what’s	lost	

nUnusual	behavior,	e.g.,	flying	some	distance	before	decaying	

b)	Predic=ons	from	BSM	models	
nMo=vated	by	theory,	e.g.,	supersymmetry	
nMo=vated	by	cosmology,	e.g.,	Dark	MaUer
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Search	Sampler
I	will	give	you	a	small	sample	of	recent	results	from	ATLAS	&	CMS	
n Resonances	=	Heavy	short-lived	par=cle	decaying	into	a	pair	of	SM	par=cles	

▶ X	→	2	jets	(=	quark	or	gluon)	
▶ X	→	2	weak	bosons	(=	W	or	Z)	
▶ X	→	2	Higgs	bosons	

n SUSY	(supersymmetry)	par=cles	
▶Gluinos	(g̃)	and	squarks	(q̃)	
▶ Top	squarks	(t)̃	
▶ Charginos	(χ±̃)	and	neutralinos	(χ0̃)	
▶ Long-lived	par=cles	

n Dark	MaUer	par=cle	
▶MET	+	jet	
▶MET	+	top	quarks
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Resonances
Golden	mode	of	new	par=cle	discovery	

nNew	par=cle	X	decays	into	a	pair	of	known	 
par=cles	Y	

nA	peak	shows	up	in	the	Y-Y	invariant	mass	  
spectrum,	as	it	did	when	the	Higgs	was 
discovered	at	mγγ	=	125	GeV	

Y	may	be	anything	as	long	as	we	can	measure	the	energy-momentum	
n Let’s	start	with	Y	=	quark	➔	di-jet	resonance
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XY Y ATLAS-CONF-2018-028

X “jet”	of	hadrons
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8	TeV	Di-Jet	Event	in	CMS
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Di-Jet	Resonance
Search	for	pairs	of	high-energy	jets	in	27–36	w-1	of	CMS	data	
n Signal	would	s=ck	out	above	smoothly-falling	background	

nNo	signal	➔	Limit	on	the	cross-sec=on	as	a	func=on	of	mass
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Di-Boson	resonance
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Di-Higgs	Resonance
Search	for	pairs	of	Higgs	bosons	in	36	w-1	of	ATLAS	data	

n Each	Higgs	boson	decays	into	2	b-quarks,	“tagged”	by	their	decay	lengths
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Merged-Jet	Event	in	ATLAS
n Recorded	in	Oct.	2016	
n Two	broad	jets	
n Each	jet	contains	2	
narrow	jets	of	tracks,	one	
of	which	is	b-tagged	

n Total	invariant	mass	is	
3.89	TeV	
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Supersymmetry

SUSY	can	solve	many	of	the	weaknesses	of	the	Standard	Model	
nUnify	the	3	forces	at	high	energy	
n Lightest	SUSY	Par=cle	(LSP)	may	be	the	Dark	MaUer	
n Solve	the	fine-tuning	problem	of	the	Higgs	mass	
Higgs	mass	favors	“light”	gluino	(g̃),	stop	(t)̃	and	higgsino	(H0)
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Gluinos	and	Squarks
Gluinos	(g̃)	and	squarks	(s)̃	are	pair-produced	by	strong	interac=on	
n Each	gluino	decays	into	quarks	and	the	lightest	SUSY	par=cle	(LSP	=	χ1̃0)	

n Signal	events	are	firework	of	many	(many!)	jets	and	a	large	MET	

Produc=on	cross-sec=on	is	rela=vely	large	
n The	sensi=vity	improves	rapidly	when	the	beam	energy	increases	
n ATLAS	&	CMS	published	most	13-TeV	results	in	2016–17
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ATLAS	&	CMS	Limits	on	Gluinos
Gluino	mass	limits	reach	≈	2	TeV	
n Caveat:	Only	for	m(LSP)	≲	1	TeV	

Next	steps:	
n Target	heavier	LSP	and	harder-to-find	decay	
channels	

nUpdate	with	full	Run-2	data
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Top	Squark,	aka	“stop”
Stops	are	pair-produced,	just	like	other	squarks	
n Their	decays	are	more	complicated,	and	depends	on	

�17

mt̃ �m�̃0
1

<latexit sha1_base64="f/z5E9Ibxr+i7OVQSdohmcaQdJs=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCUsMFawMBaJPqQmRI7jtFadh+wbpCrKD7DwKywMIMTKzsbf4LaRgJYjXen4nHvle4+fCq7Asr6MytLyyupadb22sbm1vWPu7nVUkknK2jQRiez5RDHBY9YGDoL1UslI5AvW9UdXE797z6TiSXwL45S5ERnEPOSUgJY88yjycge4CFgORYFP8c/boUNeePadVXhm3WpYU+BFYpekjkq0PPPTCRKaRSwGKohSfdtKwc2JBE4FK2pOplhK6IgMWF/TmERMufn0mgIfayXAYSJ1xYCn6u+JnERKjSNfd0YEhmrem4j/ef0Mwgs353GaAYvp7KMwExgSPIkGB1wyCmKsCaGS610xHRJJKOgAazoEe/7kRdI5a9hWw76x6s3LMo4qOkCH6ATZ6Bw10TVqoTai6AE9oRf0ajwaz8ab8T5rrRjlzD76A+PjG78om/I=</latexit><latexit sha1_base64="f/z5E9Ibxr+i7OVQSdohmcaQdJs=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCUsMFawMBaJPqQmRI7jtFadh+wbpCrKD7DwKywMIMTKzsbf4LaRgJYjXen4nHvle4+fCq7Asr6MytLyyupadb22sbm1vWPu7nVUkknK2jQRiez5RDHBY9YGDoL1UslI5AvW9UdXE797z6TiSXwL45S5ERnEPOSUgJY88yjycge4CFgORYFP8c/boUNeePadVXhm3WpYU+BFYpekjkq0PPPTCRKaRSwGKohSfdtKwc2JBE4FK2pOplhK6IgMWF/TmERMufn0mgIfayXAYSJ1xYCn6u+JnERKjSNfd0YEhmrem4j/ef0Mwgs353GaAYvp7KMwExgSPIkGB1wyCmKsCaGS610xHRJJKOgAazoEe/7kRdI5a9hWw76x6s3LMo4qOkCH6ATZ6Bw10TVqoTai6AE9oRf0ajwaz8ab8T5rrRjlzD76A+PjG78om/I=</latexit><latexit sha1_base64="f/z5E9Ibxr+i7OVQSdohmcaQdJs=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCUsMFawMBaJPqQmRI7jtFadh+wbpCrKD7DwKywMIMTKzsbf4LaRgJYjXen4nHvle4+fCq7Asr6MytLyyupadb22sbm1vWPu7nVUkknK2jQRiez5RDHBY9YGDoL1UslI5AvW9UdXE797z6TiSXwL45S5ERnEPOSUgJY88yjycge4CFgORYFP8c/boUNeePadVXhm3WpYU+BFYpekjkq0PPPTCRKaRSwGKohSfdtKwc2JBE4FK2pOplhK6IgMWF/TmERMufn0mgIfayXAYSJ1xYCn6u+JnERKjSNfd0YEhmrem4j/ef0Mwgs353GaAYvp7KMwExgSPIkGB1wyCmKsCaGS610xHRJJKOgAazoEe/7kRdI5a9hWw76x6s3LMo4qOkCH6ATZ6Bw10TVqoTai6AE9oRf0ajwaz8ab8T5rrRjlzD76A+PjG78om/I=</latexit><latexit sha1_base64="f/z5E9Ibxr+i7OVQSdohmcaQdJs=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCUsMFawMBaJPqQmRI7jtFadh+wbpCrKD7DwKywMIMTKzsbf4LaRgJYjXen4nHvle4+fCq7Asr6MytLyyupadb22sbm1vWPu7nVUkknK2jQRiez5RDHBY9YGDoL1UslI5AvW9UdXE797z6TiSXwL45S5ERnEPOSUgJY88yjycge4CFgORYFP8c/boUNeePadVXhm3WpYU+BFYpekjkq0PPPTCRKaRSwGKohSfdtKwc2JBE4FK2pOplhK6IgMWF/TmERMufn0mgIfayXAYSJ1xYCn6u+JnERKjSNfd0YEhmrem4j/ef0Mwgs353GaAYvp7KMwExgSPIkGB1wyCmKsCaGS610xHRJJKOgAazoEe/7kRdI5a9hWw76x6s3LMo4qOkCH6ATZ6Bw10TVqoTai6AE9oRf0ajwaz8ab8T5rrRjlzD76A+PjG78om/I=</latexit>

mt̃
<latexit sha1_base64="4C6FPT+V3uUb0YWmIyTBHRNofek=">AAACEnicbVC7TsMwFHV4lvAqMLJYVJVgqRIWGBgqWBiLRB9SUyLHcVqrdhLZN0hVlG9g4VdYGECIlYmNv8F9SEDLka50fM698r0nSAXX4Dhf1tLyyuraemnD3tza3tkt7+23dJIpypo0EYnqBEQzwWPWBA6CdVLFiAwEawfDq7HfvmdK8yS+hVHKepL0Yx5xSsBIfvlE+rkHXIQsh6Kwqz9Pjw544bt3ToEvsPTBL1ecmjMBXiTujFTQDA2//OmFCc0ki4EKonXXdVLo5UQBp4IVtpdplhI6JH3WNTQmkulePjmpwFWjhDhKlKkY8ET9PZETqfVIBqZTEhjoeW8s/ud1M4jOezmP0wxYTKcfRZnAkOBxPjjkilEQI0MIVdzsiumAKELBpGibENz5kxdJ67TmOjX3xqnUL2dxlNAhOkLHyEVnqI6uUQM1EUUP6Am9oFfr0Xq23qz3aeuSNZs5QH9gfXwDBwudog==</latexit><latexit sha1_base64="4C6FPT+V3uUb0YWmIyTBHRNofek=">AAACEnicbVC7TsMwFHV4lvAqMLJYVJVgqRIWGBgqWBiLRB9SUyLHcVqrdhLZN0hVlG9g4VdYGECIlYmNv8F9SEDLka50fM698r0nSAXX4Dhf1tLyyuraemnD3tza3tkt7+23dJIpypo0EYnqBEQzwWPWBA6CdVLFiAwEawfDq7HfvmdK8yS+hVHKepL0Yx5xSsBIfvlE+rkHXIQsh6Kwqz9Pjw544bt3ToEvsPTBL1ecmjMBXiTujFTQDA2//OmFCc0ki4EKonXXdVLo5UQBp4IVtpdplhI6JH3WNTQmkulePjmpwFWjhDhKlKkY8ET9PZETqfVIBqZTEhjoeW8s/ud1M4jOezmP0wxYTKcfRZnAkOBxPjjkilEQI0MIVdzsiumAKELBpGibENz5kxdJ67TmOjX3xqnUL2dxlNAhOkLHyEVnqI6uUQM1EUUP6Am9oFfr0Xq23qz3aeuSNZs5QH9gfXwDBwudog==</latexit><latexit sha1_base64="4C6FPT+V3uUb0YWmIyTBHRNofek=">AAACEnicbVC7TsMwFHV4lvAqMLJYVJVgqRIWGBgqWBiLRB9SUyLHcVqrdhLZN0hVlG9g4VdYGECIlYmNv8F9SEDLka50fM698r0nSAXX4Dhf1tLyyuraemnD3tza3tkt7+23dJIpypo0EYnqBEQzwWPWBA6CdVLFiAwEawfDq7HfvmdK8yS+hVHKepL0Yx5xSsBIfvlE+rkHXIQsh6Kwqz9Pjw544bt3ToEvsPTBL1ecmjMBXiTujFTQDA2//OmFCc0ki4EKonXXdVLo5UQBp4IVtpdplhI6JH3WNTQmkulePjmpwFWjhDhKlKkY8ET9PZETqfVIBqZTEhjoeW8s/ud1M4jOezmP0wxYTKcfRZnAkOBxPjjkilEQI0MIVdzsiumAKELBpGibENz5kxdJ67TmOjX3xqnUL2dxlNAhOkLHyEVnqI6uUQM1EUUP6Am9oFfr0Xq23qz3aeuSNZs5QH9gfXwDBwudog==</latexit><latexit sha1_base64="4C6FPT+V3uUb0YWmIyTBHRNofek=">AAACEnicbVC7TsMwFHV4lvAqMLJYVJVgqRIWGBgqWBiLRB9SUyLHcVqrdhLZN0hVlG9g4VdYGECIlYmNv8F9SEDLka50fM698r0nSAXX4Dhf1tLyyuraemnD3tza3tkt7+23dJIpypo0EYnqBEQzwWPWBA6CdVLFiAwEawfDq7HfvmdK8yS+hVHKepL0Yx5xSsBIfvlE+rkHXIQsh6Kwqz9Pjw544bt3ToEvsPTBL1ecmjMBXiTujFTQDA2//OmFCc0ki4EKonXXdVLo5UQBp4IVtpdplhI6JH3WNTQmkulePjmpwFWjhDhKlKkY8ET9PZETqfVIBqZTEhjoeW8s/ud1M4jOezmP0wxYTKcfRZnAkOBxPjjkilEQI0MIVdzsiumAKELBpGibENz5kxdJ67TmOjX3xqnUL2dxlNAhOkLHyEVnqI6uUQM1EUUP6Am9oFfr0Xq23qz3aeuSNZs5QH9gfXwDBwudog==</latexit>

m�̃0
1

<latexit sha1_base64="uuSjQlnt0sec2jxEEi2wIu9a9KY=">AAACDHicbVC7TsMwFHV4lvAqMLJEVJWYKocFxgoWxiLRh9SUyHGc1qrjRPYNUhXlA1j4FRYGEGLlA9j4G9w2EtByJEvH55wr+54gFVwDxl/Wyura+sZmZcve3tnd268eHHZ0kinK2jQRieoFRDPBJWsDB8F6qWIkDgTrBuOrqd+9Z0rzRN7CJGWDmAwljzglYCS/WqvHfu4BFyHLoSjsn5tHR7zw3TtcmBRu4BmcZeKWpIZKtPzqpxcmNIuZBCqI1n0XpzDIiQJOBStsL9MsJXRMhqxvqCQx04N8tkzh1I0SOlGizJHgzNTfEzmJtZ7EgUnGBEZ60ZuK/3n9DKKLQc5lmgGTdP5QlAkHEmfajBNyxSiIiSGEKm7+6tARUYSC6c82JbiLKy+TzlnDxQ33Bteal2UdFXSMTtApctE5aqJr1EJtRNEDekIv6NV6tJ6tN+t9Hl2xypkj9AfWxzctbpuq</latexit><latexit sha1_base64="uuSjQlnt0sec2jxEEi2wIu9a9KY=">AAACDHicbVC7TsMwFHV4lvAqMLJEVJWYKocFxgoWxiLRh9SUyHGc1qrjRPYNUhXlA1j4FRYGEGLlA9j4G9w2EtByJEvH55wr+54gFVwDxl/Wyura+sZmZcve3tnd268eHHZ0kinK2jQRieoFRDPBJWsDB8F6qWIkDgTrBuOrqd+9Z0rzRN7CJGWDmAwljzglYCS/WqvHfu4BFyHLoSjsn5tHR7zw3TtcmBRu4BmcZeKWpIZKtPzqpxcmNIuZBCqI1n0XpzDIiQJOBStsL9MsJXRMhqxvqCQx04N8tkzh1I0SOlGizJHgzNTfEzmJtZ7EgUnGBEZ60ZuK/3n9DKKLQc5lmgGTdP5QlAkHEmfajBNyxSiIiSGEKm7+6tARUYSC6c82JbiLKy+TzlnDxQ33Bteal2UdFXSMTtApctE5aqJr1EJtRNEDekIv6NV6tJ6tN+t9Hl2xypkj9AfWxzctbpuq</latexit><latexit sha1_base64="uuSjQlnt0sec2jxEEi2wIu9a9KY=">AAACDHicbVC7TsMwFHV4lvAqMLJEVJWYKocFxgoWxiLRh9SUyHGc1qrjRPYNUhXlA1j4FRYGEGLlA9j4G9w2EtByJEvH55wr+54gFVwDxl/Wyura+sZmZcve3tnd268eHHZ0kinK2jQRieoFRDPBJWsDB8F6qWIkDgTrBuOrqd+9Z0rzRN7CJGWDmAwljzglYCS/WqvHfu4BFyHLoSjsn5tHR7zw3TtcmBRu4BmcZeKWpIZKtPzqpxcmNIuZBCqI1n0XpzDIiQJOBStsL9MsJXRMhqxvqCQx04N8tkzh1I0SOlGizJHgzNTfEzmJtZ7EgUnGBEZ60ZuK/3n9DKKLQc5lmgGTdP5QlAkHEmfajBNyxSiIiSGEKm7+6tARUYSC6c82JbiLKy+TzlnDxQ33Bteal2UdFXSMTtApctE5aqJr1EJtRNEDekIv6NV6tJ6tN+t9Hl2xypkj9AfWxzctbpuq</latexit><latexit sha1_base64="uuSjQlnt0sec2jxEEi2wIu9a9KY=">AAACDHicbVC7TsMwFHV4lvAqMLJEVJWYKocFxgoWxiLRh9SUyHGc1qrjRPYNUhXlA1j4FRYGEGLlA9j4G9w2EtByJEvH55wr+54gFVwDxl/Wyura+sZmZcve3tnd268eHHZ0kinK2jQRieoFRDPBJWsDB8F6qWIkDgTrBuOrqd+9Z0rzRN7CJGWDmAwljzglYCS/WqvHfu4BFyHLoSjsn5tHR7zw3TtcmBRu4BmcZeKWpIZKtPzqpxcmNIuZBCqI1n0XpzDIiQJOBStsL9MsJXRMhqxvqCQx04N8tkzh1I0SOlGizJHgzNTfEzmJtZ7EgUnGBEZ60ZuK/3n9DKKLQc5lmgGTdP5QlAkHEmfajBNyxSiIiSGEKm7+6tARUYSC6c82JbiLKy+TzlnDxQ33Bteal2UdFXSMTtApctE5aqJr1EJtRNEDekIv6NV6tJ6tN+t9Hl2xypkj9AfWxzctbpuq</latexit>

mt
<latexit sha1_base64="8tJbZrWMgNloC1+aBegpXETOvu0=">AAACEXicbVC7TsMwFHXKq4RXgJEloqrUqUpYYKxgYSwSfUhNiRzHaa3aSWTfIFVRfoGFX2FhACFWNjb+BrfNUFqOdKXjc+6V7z1BypkCx/kxKhubW9s71V1zb//g8Mg6PumqJJOEdkjCE9kPsKKcxbQDDDjtp5JiEXDaCyY3M7/3SKViSXwP05QOBR7FLGIEg5Z8q1EXfu4B4yHNoSjMpadHxqzw3QenMIUPvlVzms4c9jpxS1JDJdq+9e2FCckEjYFwrNTAdVIY5lgCI5wWppcpmmIywSM60DTGgqphPr+osOtaCe0okbpisOfq8kSOhVJTEehOgWGsVr2Z+J83yCC6GuYsTjOgMVl8FGXchsSexWOHTFICfKoJJpLpXW0yxhIT0CGaOgR39eR10r1ouk7TvXNqresyjio6Q+eogVx0iVroFrVRBxH0hF7QG3o3no1X48P4XLRWjHLmFP2B8fULVX6dSw==</latexit><latexit sha1_base64="8tJbZrWMgNloC1+aBegpXETOvu0=">AAACEXicbVC7TsMwFHXKq4RXgJEloqrUqUpYYKxgYSwSfUhNiRzHaa3aSWTfIFVRfoGFX2FhACFWNjb+BrfNUFqOdKXjc+6V7z1BypkCx/kxKhubW9s71V1zb//g8Mg6PumqJJOEdkjCE9kPsKKcxbQDDDjtp5JiEXDaCyY3M7/3SKViSXwP05QOBR7FLGIEg5Z8q1EXfu4B4yHNoSjMpadHxqzw3QenMIUPvlVzms4c9jpxS1JDJdq+9e2FCckEjYFwrNTAdVIY5lgCI5wWppcpmmIywSM60DTGgqphPr+osOtaCe0okbpisOfq8kSOhVJTEehOgWGsVr2Z+J83yCC6GuYsTjOgMVl8FGXchsSexWOHTFICfKoJJpLpXW0yxhIT0CGaOgR39eR10r1ouk7TvXNqresyjio6Q+eogVx0iVroFrVRBxH0hF7QG3o3no1X48P4XLRWjHLmFP2B8fULVX6dSw==</latexit><latexit sha1_base64="8tJbZrWMgNloC1+aBegpXETOvu0=">AAACEXicbVC7TsMwFHXKq4RXgJEloqrUqUpYYKxgYSwSfUhNiRzHaa3aSWTfIFVRfoGFX2FhACFWNjb+BrfNUFqOdKXjc+6V7z1BypkCx/kxKhubW9s71V1zb//g8Mg6PumqJJOEdkjCE9kPsKKcxbQDDDjtp5JiEXDaCyY3M7/3SKViSXwP05QOBR7FLGIEg5Z8q1EXfu4B4yHNoSjMpadHxqzw3QenMIUPvlVzms4c9jpxS1JDJdq+9e2FCckEjYFwrNTAdVIY5lgCI5wWppcpmmIywSM60DTGgqphPr+osOtaCe0okbpisOfq8kSOhVJTEehOgWGsVr2Z+J83yCC6GuYsTjOgMVl8FGXchsSexWOHTFICfKoJJpLpXW0yxhIT0CGaOgR39eR10r1ouk7TvXNqresyjio6Q+eogVx0iVroFrVRBxH0hF7QG3o3no1X48P4XLRWjHLmFP2B8fULVX6dSw==</latexit><latexit sha1_base64="8tJbZrWMgNloC1+aBegpXETOvu0=">AAACEXicbVC7TsMwFHXKq4RXgJEloqrUqUpYYKxgYSwSfUhNiRzHaa3aSWTfIFVRfoGFX2FhACFWNjb+BrfNUFqOdKXjc+6V7z1BypkCx/kxKhubW9s71V1zb//g8Mg6PumqJJOEdkjCE9kPsKKcxbQDDDjtp5JiEXDaCyY3M7/3SKViSXwP05QOBR7FLGIEg5Z8q1EXfu4B4yHNoSjMpadHxqzw3QenMIUPvlVzms4c9jpxS1JDJdq+9e2FCckEjYFwrNTAdVIY5lgCI5wWppcpmmIywSM60DTGgqphPr+osOtaCe0okbpisOfq8kSOhVJTEehOgWGsVr2Z+J83yCC6GuYsTjOgMVl8FGXchsSexWOHTFICfKoJJpLpXW0yxhIT0CGaOgR39eR10r1ouk7TvXNqresyjio6Q+eogVx0iVroFrVRBxH0hF7QG3o3no1X48P4XLRWjHLmFP2B8fULVX6dSw==</latexit>

mW +mb
<latexit sha1_base64="1P7v9umLK2VS0pCJN7tpuMOgD/E=">AAACHHicbVDLSsNAFJ34rPEVdelmsBQEoSS60GXRjcsK9gFtDZPptB06k4SZG6GEfIgbf8WNC0XcuBD8G6dpFrX1wIUz59zL3HuCWHANrvtjrayurW9slrbs7Z3dvX3n4LCpo0RR1qCRiFQ7IJoJHrIGcBCsHStGZCBYKxjfTP3WI1OaR+E9TGLWk2QY8gGnBIzkOxcV6add4KLPUsgye+7ZpSOe+d6Dm6tgS7+Fz7D0A98pu1U3B14mXkHKqEDdd766/YgmkoVABdG647kx9FKigFPBMrubaBYTOiZD1jE0JJLpXpofl+GKUfp4EClTIeBcnZ9IidR6IgPTKQmM9KI3Ff/zOgkMrnopD+MEWEhnHw0SgSHC06RwnytGQUwMIVRxsyumI6IIBZOnbULwFk9eJs3zqudWvTu3XLsu4iihY3SCTpGHLlEN3aI6aiCKntALekPv1rP1an1Yn7PWFauYOUJ/YH3/Ag7DoKQ=</latexit><latexit sha1_base64="1P7v9umLK2VS0pCJN7tpuMOgD/E=">AAACHHicbVDLSsNAFJ34rPEVdelmsBQEoSS60GXRjcsK9gFtDZPptB06k4SZG6GEfIgbf8WNC0XcuBD8G6dpFrX1wIUz59zL3HuCWHANrvtjrayurW9slrbs7Z3dvX3n4LCpo0RR1qCRiFQ7IJoJHrIGcBCsHStGZCBYKxjfTP3WI1OaR+E9TGLWk2QY8gGnBIzkOxcV6add4KLPUsgye+7ZpSOe+d6Dm6tgS7+Fz7D0A98pu1U3B14mXkHKqEDdd766/YgmkoVABdG647kx9FKigFPBMrubaBYTOiZD1jE0JJLpXpofl+GKUfp4EClTIeBcnZ9IidR6IgPTKQmM9KI3Ff/zOgkMrnopD+MEWEhnHw0SgSHC06RwnytGQUwMIVRxsyumI6IIBZOnbULwFk9eJs3zqudWvTu3XLsu4iihY3SCTpGHLlEN3aI6aiCKntALekPv1rP1an1Yn7PWFauYOUJ/YH3/Ag7DoKQ=</latexit><latexit sha1_base64="1P7v9umLK2VS0pCJN7tpuMOgD/E=">AAACHHicbVDLSsNAFJ34rPEVdelmsBQEoSS60GXRjcsK9gFtDZPptB06k4SZG6GEfIgbf8WNC0XcuBD8G6dpFrX1wIUz59zL3HuCWHANrvtjrayurW9slrbs7Z3dvX3n4LCpo0RR1qCRiFQ7IJoJHrIGcBCsHStGZCBYKxjfTP3WI1OaR+E9TGLWk2QY8gGnBIzkOxcV6add4KLPUsgye+7ZpSOe+d6Dm6tgS7+Fz7D0A98pu1U3B14mXkHKqEDdd766/YgmkoVABdG647kx9FKigFPBMrubaBYTOiZD1jE0JJLpXpofl+GKUfp4EClTIeBcnZ9IidR6IgPTKQmM9KI3Ff/zOgkMrnopD+MEWEhnHw0SgSHC06RwnytGQUwMIVRxsyumI6IIBZOnbULwFk9eJs3zqudWvTu3XLsu4iihY3SCTpGHLlEN3aI6aiCKntALekPv1rP1an1Yn7PWFauYOUJ/YH3/Ag7DoKQ=</latexit><latexit sha1_base64="1P7v9umLK2VS0pCJN7tpuMOgD/E=">AAACHHicbVDLSsNAFJ34rPEVdelmsBQEoSS60GXRjcsK9gFtDZPptB06k4SZG6GEfIgbf8WNC0XcuBD8G6dpFrX1wIUz59zL3HuCWHANrvtjrayurW9slrbs7Z3dvX3n4LCpo0RR1qCRiFQ7IJoJHrIGcBCsHStGZCBYKxjfTP3WI1OaR+E9TGLWk2QY8gGnBIzkOxcV6add4KLPUsgye+7ZpSOe+d6Dm6tgS7+Fz7D0A98pu1U3B14mXkHKqEDdd766/YgmkoVABdG647kx9FKigFPBMrubaBYTOiZD1jE0JJLpXpofl+GKUfp4EClTIeBcnZ9IidR6IgPTKQmM9KI3Ff/zOgkMrnopD+MEWEhnHw0SgSHC06RwnytGQUwMIVRxsyumI6IIBZOnbULwFk9eJs3zqudWvTu3XLsu4iihY3SCTpGHLlEN3aI6aiCKntALekPv1rP1an1Yn7PWFauYOUJ/YH3/Ag7DoKQ=</latexit>

t̃ →
t +

χ̃0 1

t̃ →
b + W

+ χ̃0 1

b + qq̄
+ χ̃0 1

t̃ →
b + ℓν + χ̃0 1
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Top	Squark,	aka	“stop”
Limits	reach	1	TeV	for	m(t)̃	≫	m(t)	+	m(LSP)	

Things	get	messy	for	m(t)̃	≲	m(t)	+	m(LSP)
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production

) [GeV]1t
~m(

200 300 400 500 600 700 800 900 1000

) [
G

eV
]

10 χ∼
m

(

0

100

200

300

400

500

600

700

800

1
0
χ∼ W b →1t

~ / 
1
0
χ∼ t →1t

~

1
0
χ∼ b f f' →1t

~ / 
1
0
χ∼ W b →1t

~ / 
1
0
χ∼ t →1t

~

1
0
χ∼ b f f' →1t

~ / 
1
0
χ∼ W b →1t

~ / 
1
0
χ∼ t →1t

~

1
0
χ∼ b f f' →1t

~ / 
1
0
χ∼ c →1t

~

1
0
χ∼ c →1t

~
-1=8 TeV, 20 fbs

t

) <
 m

1
0

χ∼,
1t~

 m
(

Δ

W

 + 
m

b

) <
 m

1
0

χ∼,
1t~

 m
(

Δ
) <

 0
1

0
χ∼, 

1t~
 m

(
Δ

1
0
χ∼ t →1t

~ / 
1
0
χ∼ W b →1t

~ / 
1
0
χ∼ c →1t

~ / 
1
0
χ∼ b f f' →1t

~ production, 1t
~
1t

~ May 2018

ATLAS Preliminary

1
0
χ∼W b 

1
0
χ∼c 

1
0
χ∼b f f' 

Observed limits Expected limits All limits at 95% CL

-1=13 TeV, 36.1 fbs
0L                   [1709.04183]
1L                   [1711.11520]
2L                   [1708.03247]
Monojet          [1711.03301]
c0L                 [1805.01649]
Run 1             [1506.08616]



6	August	2018 Masahiro	Morii,	Harvard

Compressed	Stop
Search	for	“compressed”	top	squarks	by	CMS,	36	w-1	

nOp=mized	to	capture	small	m(t)̃	−	m(LSP)		
n Signature:	1	lepton,	jets,	MET	(2	LSPs	+	ν)	
n Lepton	&	MET	have	different	kinema=cs	from	background

�19

CMS	arXiv:1805.05784
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Compressed	Stop
Search	for	“compressed”	top	squarks	by	CMS,	36	w-1	

nMul=variate	analysis	maximizes	signal	separa=on	
n Sensi=vity	down	to	m(t)̃	−	m(LSP)	=	10	GeV

�20

CMS	arXiv:1805.05784
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production
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Light	Higgsino	(H0)	➔	3	lightest	chargino/neutralinos	

This	is	hard	to	detect:	
n Electroweak	produc=on	➔	small	x-sec=on	
n Signal	events	look	like	SM	background	

▶ Small	(sub-GeV)	mass	differences	
▶Very	so�	leptons	&	jets	
▶ LSPs	are	nearly	at	rest	➔	small	MET

Higgsino
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Light	Higgsino	(H0)	➔	3	lightest	chargino/neutralinos	

This	is	hard	to	detect:	
n Electroweak	produc=on	➔	small	x-sec=on	
n Signal	events	look	like	SM	background	

▶ Small	(sub-GeV)	mass	differences	
▶Very	so�	leptons	&	jets	
▶ LSPs	are	nearly	at	rest	➔	small	MET

Higgsino

Ini=al	State	Radia=on	(ISR)	helps	
n Incoming	proton	emits	a	gluon	➔	jet	
n SUSY	par=cles	recoil	against	the	jet	
n LSPs	are	moving	fast	➔	larger	MET

�21

�̃0
1, �̃

±
1 , �̃

0
2

<latexit sha1_base64="WHcgVsLBr02iMzJcPVxNowKm0n0=">AAACH3icbZC7TsMwFIYdriXcAowsERUSA6qcDsBYwcJYJHqRmjRyHLe1ajuR7SBVUd+EhVdhYQAhxNa3wW0zQMovWfr1nXN0fP4oZVRpCGfW2vrG5tZ2Zcfe3ds/OHSOjtsqySQmLZywRHYjpAijgrQ01Yx0U0kQjxjpROO7eb3zRKSiiXjUk5QEHA0FHVCMtEGhc+VrymKS+3hEp6HXh5d2ifgpL7F6H4ZOFdbgQu6q8QpTBYWaofPtxwnOOBEaM6RUz4OpDnIkNcWMTG0/UyRFeIyGpGesQJyoIF/cN3XPDYndQSLNE9pd0N8TOeJKTXhkOjnSI1WuzeF/tV6mBzdBTkWaaSLwctEgY65O3HlYbkwlwZpNjEFYUvNXF4+QRFibSG0Tglc+edW06zUP1rwHWG3cFnFUwCk4AxfAA9egAe5BE7QABs/gFbyDD+vFerM+ra9l65pVzJyAP7JmP0aionU=</latexit><latexit sha1_base64="WHcgVsLBr02iMzJcPVxNowKm0n0=">AAACH3icbZC7TsMwFIYdriXcAowsERUSA6qcDsBYwcJYJHqRmjRyHLe1ajuR7SBVUd+EhVdhYQAhxNa3wW0zQMovWfr1nXN0fP4oZVRpCGfW2vrG5tZ2Zcfe3ds/OHSOjtsqySQmLZywRHYjpAijgrQ01Yx0U0kQjxjpROO7eb3zRKSiiXjUk5QEHA0FHVCMtEGhc+VrymKS+3hEp6HXh5d2ifgpL7F6H4ZOFdbgQu6q8QpTBYWaofPtxwnOOBEaM6RUz4OpDnIkNcWMTG0/UyRFeIyGpGesQJyoIF/cN3XPDYndQSLNE9pd0N8TOeJKTXhkOjnSI1WuzeF/tV6mBzdBTkWaaSLwctEgY65O3HlYbkwlwZpNjEFYUvNXF4+QRFibSG0Tglc+edW06zUP1rwHWG3cFnFUwCk4AxfAA9egAe5BE7QABs/gFbyDD+vFerM+ra9l65pVzJyAP7JmP0aionU=</latexit><latexit sha1_base64="WHcgVsLBr02iMzJcPVxNowKm0n0=">AAACH3icbZC7TsMwFIYdriXcAowsERUSA6qcDsBYwcJYJHqRmjRyHLe1ajuR7SBVUd+EhVdhYQAhxNa3wW0zQMovWfr1nXN0fP4oZVRpCGfW2vrG5tZ2Zcfe3ds/OHSOjtsqySQmLZywRHYjpAijgrQ01Yx0U0kQjxjpROO7eb3zRKSiiXjUk5QEHA0FHVCMtEGhc+VrymKS+3hEp6HXh5d2ifgpL7F6H4ZOFdbgQu6q8QpTBYWaofPtxwnOOBEaM6RUz4OpDnIkNcWMTG0/UyRFeIyGpGesQJyoIF/cN3XPDYndQSLNE9pd0N8TOeJKTXhkOjnSI1WuzeF/tV6mBzdBTkWaaSLwctEgY65O3HlYbkwlwZpNjEFYUvNXF4+QRFibSG0Tglc+edW06zUP1rwHWG3cFnFUwCk4AxfAA9egAe5BE7QABs/gFbyDD+vFerM+ra9l65pVzJyAP7JmP0aionU=</latexit><latexit sha1_base64="WHcgVsLBr02iMzJcPVxNowKm0n0=">AAACH3icbZC7TsMwFIYdriXcAowsERUSA6qcDsBYwcJYJHqRmjRyHLe1ajuR7SBVUd+EhVdhYQAhxNa3wW0zQMovWfr1nXN0fP4oZVRpCGfW2vrG5tZ2Zcfe3ds/OHSOjtsqySQmLZywRHYjpAijgrQ01Yx0U0kQjxjpROO7eb3zRKSiiXjUk5QEHA0FHVCMtEGhc+VrymKS+3hEp6HXh5d2ifgpL7F6H4ZOFdbgQu6q8QpTBYWaofPtxwnOOBEaM6RUz4OpDnIkNcWMTG0/UyRFeIyGpGesQJyoIF/cN3XPDYndQSLNE9pd0N8TOeJKTXhkOjnSI1WuzeF/tV6mBzdBTkWaaSLwctEgY65O3HlYbkwlwZpNjEFYUvNXF4+QRFibSG0Tglc+edW06zUP1rwHWG3cFnFUwCk4AxfAA9egAe5BE7QABs/gFbyDD+vFerM+ra9l65pVzJyAP7JmP0aionU=</latexit>

*

*

so�

so�



6	August	2018 Masahiro	Morii,	Harvard

Compressed	EW	SUSY
Search	for	compressed	EW	SUSY	by	ATLAS,	36	w-1	

n Signature:	2	so�	leptons,	jet(s)	&	MET	
n At	least	1	energe=c	jet	(>100	GeV),	poin=ng	opposite 
to	the	leptons	+	MET	system	

n Large	MET	and	small	dilepton	mass

�22

ATLAS	PRD	97	(2018)	052010	

obs_x_SRSF_iMLLg_METOverHTLep_METOverHTLep

Ev
en

ts
 / 

2.
5 

1−10

1

10

210

310

410
ATLAS

 
1− = 13 TeV, 36.1 fbs

ll-mllSR

Data

Total SM

Fake/nonprompt

, single toptt
)+jetsττ→Z(

Diboson
Others

) = (105, 100) GeV
1
0
χ∼, 

2
0
χ∼: m(H~

) = (110, 100) GeV
1
0
χ∼, 

2
0
χ∼: m(H~

lep
T / Hmiss

TE
0 5 10 15 20 25 30

D
at

a 
/ S

M

0

1

2

obs_x_SRSF_iMLLg_mll

Ev
en

ts
 / 

5 
G

eV

1−10

1

10

210

310 ATLAS
 

1− = 13 TeV, 36.1 fbs
ll-mllSR

Data

Total SM

Fake/nonprompt

, single toptt
)+jetsττ→Z(

Diboson
Others

) = (105, 100) GeV
1
0
χ∼, 

2
0
χ∼: m(H~

) = (110, 100) GeV
1
0
χ∼, 

2
0
χ∼: m(H~

 [GeV]llm
0 10 20 30 40 50 60

D
at

a 
/ S

M

0

1

2



6	August	2018 Masahiro	Morii,	Harvard

Compressed	EW	SUSY
Search	for	compressed	EW	SUSY	by	ATLAS,	36	w-1	

n First	LHC	limit	for	this	very	so�	higgsino	channel
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ATLAS	PRD	97	(2018)	052010	
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Long-Lived	Par=cles
New	par=cles	may	not	decay	immediately	
n Long-lived	par=cles	(LLP)	produce	displaced	decay	ver=ces	in	the	detectors	
SUSY-mo=vated	search	for	LLP	by	CMS,	38.5	w-1	

n Look	for	events	with	two	decay	ver=ces	separated	by	a	few	mm
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Long-Lived	Par=cles
SUSY-mo=vated	search	for	LLP	by	CMS,	38.5	w-1	
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CMS-PAS-EXO-17-018
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Dark	MaUer
Dark	MaUer	exists	
nCompelling	evidences	from	astronomical	data	

DM	par=cles	may	be	produced	at	the	LHC	
nBUT	—	Experiments	cannot	see	the	final	 
state	with	only	DM	par=cles	

nHow	do	we	record	and	count	such	events?	
We	need	≥1	extra	par=cles	produced	with	the	DM	par=cles	

nCandidate	events	contain	X	+	MET	and	liUle	else		
nWe	call	it	“mono-X”	with	X	=	jet,	photon,	Higgs,	W,	Z,	etc.
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Where	does	“X”	come	from?
X	may	be	radiated	by	the	incoming	quarks	
nQuarks	couple	most	strongly	to	gluons	
n If	qq̅	→	χχ̅	happens,	qq̅	→	χχ̅	+	g	must	happen	
n This	gives	us	the	“mono-jet”	signature	

X	may	be	more	closely	connected	to	DM	produc=on,	e.g.	

n Cross-sec=on	depends	on	the	exact	model  
and	the	couplings	

n May	be	large	even	if	qq̅	→	χχ̅	is	small
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1.7	TeV	Mono-Jet	Event	in	ATLAS
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Mono-Jet
Search	for	DM	+	jet(s)	by	ATLAS,	36	w-1	

n Select	events	with	≥1	energe=c	jet	(>250	GeV)	and	large	MET	(>250	GeV)
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ATLAS	JHEP	01	(2018)	126
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Mono-Jet
Search	for	DM	+	jet(s)	by	ATLAS,	36	w-1	

n Result	is	interpreted	with	a 
simplified	model:
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ATLAS	JHEP	01	(2018)	126
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MET	+	t	t̅
Suppose	the	DM	par=cles	couple	only	to	a	spin-0	mediator	
n Like	the	Higgs,	the	coupling	favors	heavy	fermions, 
i.e.,	top	quarks	

n Final	state	=		

Search	for	MET	+	t	t	̅events	by	CMS,	36	w-1	

n Event	selec=on	depends	on	how	the	top	quarks	decay:	

n Expect	signal	at	high	MET
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CMS-EXO-16-049

tt̄ + χχ̄(=	MET)

Leptons Jets	(b-tagged) MET
0 ≥4	(≥1) >200	GeV
1 ≥3	(≥1) >160	GeV
2 ≥2	(≥1) >50	GeV
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MET	+	t	t̅
Search	for	MET	+	t	t	̅events	by	CMS,	36	w-1
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Summary	and	Prospects
ATLAS	&	CMS	take	advantage	of	massive	data	at	13	TeV	to	search	for	
New	Physics	beyond	the	Standard	Model	
n Resonances,	SUSY	par=cles,	Dark	MaUer,	leptoquarks,	vector-like	quarks,	…	
n Also:	don’t	forget	flavor	physics	at	LHCb	&	ATLAS	&	CMS	
No	discovery	yet	—	Pushing	limits	higher	and	deeper	

More	data	are	coming:	Run	3	(2021–23)	and	HL-LHC	(2026–)
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Prospects
What	will	Run	3	(300	w-1)	and	HL-LHC	(3000	w-1)	bring?
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