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Outline 

ATLAS and the LHC in 2016 
•  Detector operation and performance 

The physics program of ATLAS is broad so I’ll only cover  
some fraction of the more relevant analyses 
•  Dark Matter searches  
•  Resonance searches 
•  SUSY searches  
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A Toroidal LHC ApparatuS 
 
OR 

 
A Terribly Lame Acronym, Sorry 

 
 

The ATLAS experiment 
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The ATLAS experiment 

•  Solenoidal	magne.c	
field	(2T)	in	the	central	
region	–	momentum	
measurement	

•  Energy	meas.	down	to	
1o	to	the	beamline	

•  Independent	
muon	
spectrometer	
(superconduc.ng	
toroidal	magnet)	

•  High	resolu.on	silicon	
detectors	
–  6M	strip	channels	

(80μmx12cm)	
–  80M	pixel	channels	

(50μmx400μm)	space	
resolu.on	~15μm	
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The ATLAS experiment 

New detectors in Run-2: 
§  Innermost pixel layer IBL, 3.4cm from interaction point 
§ Forward proton detectors (one arm in 2016, 210m from IP) 

In addition, various consolidations provide 
improved running at high luminosities and rates	

IBL	
AFP	
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Data Samples 
Exceptional LHC performance in 2016 
following 13 TeV commissioning in 2015 
(2015: 4.2 fb-1 delivered, 3.9 fb-1 collected) 

Results reported so far in 2016 with 3-15 fb-1	
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LHC: More than nominal Luminosity 
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Searches 
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Precision	measurements	of	boson,	
Pbar,	single	top	and	di-boson	cross	
sec.ons	

Crucial	to	demonstrate	detector	
performance	and	measure	Standard	
Model	to	great	accuracy	

Understanding	the	Standard	Model	Backgrounds	
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If	{no	discoveries	of	new	physics}	then……		

….keep increasing the energy…. 
 
	

2011 -> 2012 -> 2015+ 
  

7 TeV -> 8TeV -> 13TeV 
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Understanding	the	Standard	Model	Backgrounds	
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Understanding	the	Standard	Model	Backgrounds	
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Understanding	the	Standard	Model	Backgrounds	
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Understanding	the	Standard	Model	Backgrounds	
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Understanding	the	Standard	Model	Backgrounds	
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Understanding	the	Standard	Model	Backgrounds	
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The	reac.on	from	CERN	Restaurant	1		

But YOU said  
there would be  
new physics!!! 
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Searches	0		-	Standard	Model	‘a	lot’	

•  The	standard	model	is	standing	up	to	
intense	scru.ny	

•  A	variety	of	precision	measurements	
show	excellent	agreement	with	
calcula.ons	at	several	collision	energies		

	
•  Almost	all	searches	we	perform	have	

some	amount	of	model	dependence	i.e.	
you	search	for	a	specific	signal	topology	

•  But…..	
•  We	DO	NOT	KNOW	what	new	physics	

will	look	like	(…and	we	want	to	cast	a	
wide	net)		
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Dark Matter 
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Searches for New Physics 
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Searches for New Physics => Searches for Dark Matter 

Most models already have a DM candidate,  
or can be easily modified to provide one	

So how do we map these searches onto DM 
 searches… and what are we missing?	
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Break	it!	 Shake	it!	 Make	it!	



Searching for collider stable Weakly interacting particles 
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Mono-jet 

Inclusive and Exclusive 
signal regions 

with successively larger 
MET requirements 

Signals	 Backgrounds	
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Mono-jet 

One	key	challenge	of	the	mono-jet	analysis	is	
modeling	Z+jets	and	W+jets	background	at	
very	high	boson	pT.	
Check	with	visible	W	and	Z	decays,	photon+jet	
(invisible	decays	of	the	Z	occurs	6x	more	oeen	
than	visible).	

Backgrounds	
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Mono-jet 
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13 TeV Monojet results: Constraints on DM Simplified Models 

Axial-vector	simplified	model:	

Transla.on	from	simplified	model	to	nucleon-WIMP	
cross	sec.on	described	in	arXiv:1603.04156	
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bjets+MET 

Limits	on	scalar	and	pseudoscalar	
mediators	

Representa.ve	distribu.ons	for	the	three	
control	regions	of	the	analysis.	Backgrounds	
are	normalised	to	the	fit	results.		
The	dominant	post-fit	systema.c	uncertain.es	
are	included	in	the	systema.c	band.	

Lowest	order	for	spin-0	
mediator	producGon		
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ATLAS-CONF-2016-086	



Higgs+MET 

Higgs	boson	decaying	to	b	quarks	

ATLAS-CONF-2016-019	
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Mono-photon 

90%	CL	limit	on	χχ-proton	scaPering	
cross	sec.on	in	a	simplified	model	of	
dark	maPer	produc.on	involving	an	
axial-vector	operator	

Similar	strategy	to	mono-jet	search:	
•  1	and	2	electron/muon	CRs	used	to	es.mate	W/Z

+jets	background		
•  Use	missing	transverse	momentum	and	photon	pT	

as	key	discriminators	
•  No	evidence	for	signal	above	predicted	background	
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Mono-W/Z 

The	missing	transverse	momentum	(no	muons)	
distribu.on	of	the	events	in	the	P,	Z	and	W	CRs.	
The	total	background	predic.on	before	the	fit	is	
shown	as	a	dashed	line.	

If	instead	we	consider	a	hadronically	
decaying	W	or	Z	boson	

No	excess	leads	us	to	
set	limits	on	the	signal	
strength	in	the	dark	
maPer	mass	vs	
mediator	mass	plane	
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Resonance searches 

36 



Exo.cs:	summary	
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Early	Searches	for	Exo.c	New	Phenomena	
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Di-jet resonance 
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Di-Jets	

•  Update	on	Dijet	resonance	search	–	15.7R-1	

•  Dijet	search	for	a	peaking	signal	in	invariant	
mass	spectrum	

•  Models:	Sensi.ve	to	Quantum	Black	Holes,	
excited	quarks,	W’	and	Z’	

•  Backgrounds:	Using	simple	analy.c	fit	func.on	
•  Using	Bump	Hunter	technique	to	iden.fy	the	

most	significant	excess	(global	p-value	of	
70%).	No	significant	excess	found	

Limits	on	QBH	at	~9TeV	at	95%	CL	with	2016	data	

ATLAS-CONF-2016-069	
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Di-Jets	–	low	mass	
•  Use	dijet	events	with	an	extra	photon	(lee)	or	

jet(right)	from	ISR	–	with	15.5r-1	
ATLAS-CONF-2016-070	
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Search	for	new	phenomena	in	Photon-Jet	events	



Search	for	new	phenomena	in	Photon-Jet	events	
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Search	for	new	phenomena	in	Mul.-Jet	events	
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Di-lepton	Resonances	(LFC)	

•  Search	for	Z’	in	dilepton	(LFC)	
–  Main	background	DY	is	taken	from	MC	
–  Top	and	diboson	extrapolated	at	very	high	masses	using	a	func.onal	form	
–  Backgrounds	taken	from	MC	except	for	mul.-jet	in	dielectron	which	uses	Matrix	

method	(based	on	electron	ID)		

Highest	dielectron	mass	at	2.2TeV	 Highest	dimuon	mass	at	2TeV	

No	excesses	found!	
95%	CL	limit	on	SSM	Z’	at	4TeV	(2.9TeV	from	Run	1)	

	}	

ATLAS-CONF-2016-045	

ee	 μμ	
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Di-lepton	Resonances	(LFC	and	LFV)	

•  Search	for	Z’	in	dilepton	(LFC)	
–  Main	background	DY	is	taken	from	MC	
–  Top	and	diboson	extrapolated	at	very	high	masses	using	a	func.onal	form	
–  Backgrounds	taken	from	MC	except	for	mul.-jet	in	dielectron	which	uses	Matrix	

method	(based	on	electron	ID)		

Highest	dielectron	mass	at	2.2TeV	 Highest	dimuon	mass	at	2TeV	

No	excesses	found!	
95%	CL	limit	on	SSM	Z’	at	4TeV	(2.9TeV	from	Run	1)	

	}	

μμ	ee	
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Search	for	Resonant	Lepton+MET	

•  Search	for	Resonant	Lepton-MET		
–  Primarily	a	search	for	W’	
–  Top	and	diboson	extrapolated	at	very	high	masses	using	a	func.onal	form	
–  Backgrounds	taken	from	MC	except	for	mul.-jet	which	is	es.mated	using	Matrix	method	(based	on	

electron	ID)		

ATLAS-CONF-2016-061	

No	excesses	found!	
95%	CL	limit	on	SSM	Z’	at	4.7TeV	(3.2TeV	from	Run	1)	

eν	 μν	

	}	
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W’	->	eν	candidate	



Di-boson resonance searches 
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ExoGcs:	Run1	-	diboson	resonances	with	boson-tagged	jets		
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•  Diboson “bump”: VV  èjjjj around 2 TeV? 
–  3.5σ local significance, 2.5σ global significance 

Exciting @ Run 2!

Exo.cs:	Run1	-	diboson	resonances	with	boson-tagged	jets		

Seen at both ATLAS and CMS! 
From	J	Ellis,	LP15	

52 



Searches	in	Di-Boson	Final	States	Using	Jet	Substructure	
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Searches	for	Resonance	in	Di-Boson	VV	Final	States	
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Searches	for	Resonance	in	Di-Boson	ZV	Final	States	

Z,	Top	and	W	Control	Regions	show	good	agreement	with	
background	predic.ons.	

With	no	excess,	we	place	limits	on	a	variety	of	scenarios	with	
limits	at	95%	CL	ranging	up	to	2TeV.	
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Searches	in	Di-Boson	in	VH	final	states	

•  Search	in	Diboson	VH	final		
•  Analysis	strategy:	dis.nct	signal	regions	for	1L-MET	and	2L	with	at	least	two	jets	with	1	or	2	btags	(2	btags	

harder	to	dis.nguish	against	at	high	pT)		
•  Analysis	strategy:	perform	a	global	fit	to	all	the	regions	simultaneously	(similar	to	SM	VH	analysis	in	Run-1)	

Valida.on	regions	
for	1-	and	2-btags	in	
good	agreement	

ATLAS-CONF-2016-083	

No	excess.	Set	95%	CL	
limits	on	HVT	models	
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Searches	in	Di-Boson	Fully	hadronic	final	state	
•  Search	in	Fully	hadronic	Diboson	final	state	with	JJ		

–  Modest	excess	in	Run1:	2.5σ	global	
–  Analysis	strategy:	maintain	synergy	with	Run-1	–	

func.onal	fit	of	smoothly	falling	background	shape	

	

•  No	excess	observed	–	now	with	sensi.vity	to	
the	2TeV	region	where	the	Run-1	excess	was	
seen.	Limits	set	at	95%	CL	on	several	models	

ATLAS-CONF-2016-055	
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Searches	in	Di-Boson	Fully	hadronic	final	state	
•  Search	in	Fully	hadronic	Diboson	final	state	with	JJ		

–  Modest	excess	in	Run1:	3.4σ	local	/	2.5σ	global	
–  Analysis	strategy:	maintain	synergy	with	Run-1	–	

func.onal	fit	of	smoothly	falling	background	shape	

	

•  No	excess	observed	–	now	with	sensi.vity	to	
the	2TeV	region	where	the	Run-1	excess	was	
seen.	Limits	set	at	95%	CL	on	several	models	

ATLAS-CONF-2016-055	

Z’	->	WW	 W’	->	ZW	
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Searches	in	Di-Boson	Fully	hadronic	final	state	



Diboson	resonances	summary	plot	
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SUSY 
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SUSY	

slide by Andreas Hoecker 
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illustration by M-H Genest 

SUSY	
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SUSY	

Franz	Anthony	Winner	of	‘Collision	2015’	
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SUSY	

SUSY	~duplicates	spectrum	of	par.cle	states	wrt.	Standard	Model	

Spar.cle	decays	produce	SM	objects:	
(b/c-)jets,	leptons,	τ,	γ,	invisible	(MET),	…	

The	early	focus	of	Run2	is	on	strong	produc.on	with	squarks/	gluinos	

Cancella.on	of	the	top	loop	correc.on	
to	the	Higgs	mass	requires	(relaGvely)	
light	susy…perhaps	parGcularly	third	
generaGon	squarks	
	
But,	direct	producGon	cross	secGon	is	
relaGvely	small	compared	to	light	squark	
and	gluino	
	
Dedicated	searches	required	
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SUSY:	Strong	Produc.on	
Squark and Gluino mediated light jets  

Gluino mediated third generation  
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SUSY	searches	rely	primarily	on	the	
understanding	of	the	SM	backgrounds	

HOWTO	search	for	SUSY	
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SUSY:	Strong	Produc.on	
Squark and Gluino mediated light jets. 
The	workhorse	of	the	SUSY	group	–	if		
you	predict	an	excess	in	many/most		
channels	you	oeen	have	to	reconcile	it	with
	the	results	here.	
No	excess	observed	so	far	in	2015/2016!		

RJ G1 SR 6-jt	SR	

Always caveats! Be careful making blanket  
interpretations of any SUSY search 
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SUSY:	Recursive	Jigsaw	Reconstruc.on	

69 

Application to compressed scenarios ( 25 GeV < Δm < 200 GeV) 

▪  Leverage	large	pT	ISR	system,	simple	addi.onal	complementary	variables	
▪  Apply	a	dedicated	decay	tree	to	categorize	jets	as	ISR-like	or	not	
▪  Improved	sensi.vity	for	light	squark,	stop	and	gluino	pair-produc.on		

Application to open final states 

▪  Apply	a	decay	tree	to	decompose	informa.on	event-by-event	
▪  Par..on	the	MET	using	a	series	of	jigsaw	rules		
▪  Extract	a	basis	of	variables	sensi.ve	to	mass	scales,	but	also	

proper.es	of	par.cles	(decay	angles,	ra.os	of	scales	etc)	

▪  Construct	signal	regions	sensi.ve	to	mass	spli{ngs			



SUSY:	Strong	Produc.on	
Squark and Gluino mediated light jets: 7-10 jets and 0 leptons 

As we increase the number of steps in the  
decay chain we increase the number of objects 
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SUSY:	Strong	Produc.on	–	mul.	b-jet	signatures	
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SUSY:	Strong	Produc.on	
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3rd	genera.on	searches	–	Summary	

Simply altering the stop branching 
fractions alter the limits severely 
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SUSY:	Electroweak	Produc.on	
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SUSY	Summary	
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Summary 
•  The Past:  

•  Hundreds of searches performed with 7TeV and 8TeV data lay the 
groundwork for higher energy runs 

•  13TeV collisions since mid-2015 

•  The Present: 
•  Incredible LHC performance so far in 2016 
•  Lots of results produced in the last ~6 weeks 
•  Much more to come by the end of the year 
•  We anticipate another harvest of results toward the end of the year with 

publications being prepared in early 2017 (ready for Moriond timescale) 

•  The Future: 
•  ~100fb-1 of 13TeV pp collisions by the end of the current run 
•  With further upgrades to LHC/ATLAS we will continue running deep into the 

2020’s 
•  The LHC physics program is still very much in it’s infancy 

76 



Backup Slides 



Mono-photon:	
hPps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-05/	

VLQ	Wb:	
hPps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-072/	

VLQ	top:	
hPps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-013/	

Mono-W/Z:	
hPps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-08/	



Vector-Like Quarks: single production decaying to Wb 

Essen.ally	closed	
final	state	so	we	can	
resolve	the	mass	

VLQ	-	Spin	1/2,	coloured,	charged	par.cles	with	both	lee-	and	right-handed	coupling	to	
charged	currents.	
•	pair	produc.on:	through	QCD	-	dominant	in	low	mass		
•	single	produc.on	through	EWK	coupling	–	dominant	at	high	mass	(model	dependent)	

ATLAS-CONF-2016-072	



VLQ: single production decaying to Wb 

Post-fit	distribu.ons	
agree	well	with	SM	
predic.ons	

ATLAS-CONF-2016-072	



VLQ: pair-production 

Representa.ve	leading-
order	Feynman	diagram	for	
TT	produc.on	probed	by	
this	search.	

Theore.cal	cross	sec.ons	(NNLO
+NNLL)	for	QQ	produc.on	in	pp	
collisions	at	√s=8	TeV	and	13	TeV,	
as	a	func.on	of	mQ.		
	
Branching	ra.os	for	the	different	
decay	modes	of	a	vector-like	T	
quark	as	a	func.on	of	the	heavy-
quark	mass,	separately	for	an	SU(2)	
singlet	and	an	SU(2)	doublet.	



VLQ: pair-production 

Post-fit	results	show	excellent	
agreement	with	all	final	state	
topologies	considered.	

Good	discrimina.on	
between	signal	and	
backgd	for	variables	
considered	

Due	to	richness	of	the	
final	state	several	signal	
regions	are	defined	



VLQ: pair-production 

With	no	evidence	of	BSM	
physics	we	proceed	to	place	
limits	on	the	models	
considered.		
MT	>~900GeV	@	95%	CL	
although	altering	BF’s	relaxes	
this	constraint.	



VLQ: pair-production 

Representa.ve	leading-order	Feynman	diagrams	for	four-top-quark	
produc.on	within	(a)	the	SM	and	several	BSM	scenarios	(see	text	for	details):	
(b)	via	an	effec.ve	four-top-quark	interac.on	in	an	effec.ve	field	theory	
model,	and	(c)	via	cascade	decays	from	Kaluza–Klein	excita.ons	in	a	universal	
extra	dimensions	model	with	two	extra	dimensions	compac.fied	using	the	
geometry	of	the	real	projec.ve	plane.	



SUSY:	Strong	Produc.on	



scalar	boPom	
searches	

scalar	top	
searches	

3rd	SUSY	genera.on	topologies	



Scalar	boPom	searches	–	s.ll	no	excess	at	13TeV	

0	lepton	+	2	b-jets	+	MET	
Primary	signature	for	direct	sboPom	produc.on	
Direct	Stop	sensi.vity	for	small																								
in	 t̃1 ! b�̃±

�m(�̃±, �̃0)

Analysis	method:	
•  Trigger:	ETmiss		
•  Selec.on:	ETmiss,	2-b-jets,	lepton	veto		
•  Large	Δm(b1,χ01):	large	mCT,	mbb	>	200GeV,	

3rd	jet	veto		
•  Small	Δm(b1,χ01):	require	an	an.-	b-tagged	

ISR	jet,	large	HT,3	and	ETmiss	
•  Main	backgrounds:	Z(νν)+bjets,	W+bjets,	P	

m2
CT (v1, v2) = [ET (v1) + ET (v2)]

2�
[pT (v1)� pT (v2)]

2

HT,3 =
nX

i=4

(pjetT )i

from	Z(ll)+bjets	
control	region	

from	single	lep	or	e/
μ	control	region	


