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The	Large	Hadron	Collider	at	CERN	

•  The	world’s	highest-energy	par3cle	collider	
–  Likely	to	remain	at	the	energy-fron.er	for	at	least	another	two	decades	

•  ATLAS:	over	645	peer-reviewed	papers	(published	or	submi[ed)	
•  Higgs	Boson	discovery	in	2012	led	to	2013	Nobel	Prize	to	Higgs												

and	Englert	(with	ATLAS	and	CMS	men3oned	in	the	cita3on)	
–  Inves.ga.ons	of	Higgs	proper.es	s.ll	important	and	on-going	
–  This	will	remain	true	to	the	end	of	the	LHC/HL-LHC	experimental	program	

•  Increased	energy,	decreased	bunch	spacing	for	Run-2	(2015-2018):	
–  Bunch	spacing	of	25	ns	(instead	of	50	ns)	for	reduced	pileup	
–  13	TeV	up	from	8	TeV	in	Run-1:	new	window	for	searches	for	BSM	physics	
–  LHC	magnet	training	to	14	TeV	inves.gated	during	2016-17	EYETS	
–  Energy	will	remain	at	13	TeV	for	all	of	Run-2.	Run	3	will	be	at	14	TeV.	

•  Maximum	LHC	energy	is	14	TeV.	Aaer	that,	planned	improvements	
associated	with	an	increase	of	the	collision	rate	(luminosity):	
–  The	is	the	goal	of	both	the	Phase-I	and	Phase-II	LHC	/	ATLAS	Upgrades	
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LHC/HL-LHC	Schedule	/	ATLAS					upgrade	planning	
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We	are	here	

  New	Pixel	insertable	b-
layer	(IBL):	DBM	

  Consolida.on	of	LAr	
calorimeter	LVPS	

  LUCID	upgrade	
  Forward	protons	(AFP)	

Phase-1	Upgrades	 Phase-2	Upgrades	

Completed	



Canadian	Hardware	Contribu.ons	to	ATLAS	

•  Hadronic	Endcap	calorimeter		
–  Two	of	four	wheels	

•  Hadronic	Forward	calorimeter	
–  All	four	modules	

•  Liquid	argon	front-end	electronics	
–  Switched	capacitor	array		controller	chips	

•  Liquid	argon	calorimeter	endcap																																																																												
signal	feedthroughs	
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Main	contribu3ons	to	the	original	detector		
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Main	contribu3ons	to	the	original	detector		

•  Diamond	Beam	Condi.ons	Monitor	(also	used	for	luminosity)	
•  High-level	trigger	(HLT)	processors	
•  MediPix	/	TimePix	for	cavern	background	monitoring,	luminosity	
•  LUCID	luminosity	monitor	and	upgrade	in	LS1	(2013-2015)	
•  Diamond	Beam	Monitor	(telescope)	installed	in	LS1	(2013-2015)	
•  Inner	Detector	readout	
•  ATLAS	Forward	Protons	(AFP)	–	installa.on	completed	in	2016/17	shutdown	

Other	contribu3ons	to	the	exis3ng	detector	
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•  ATLAS	Forward	Protons	(AFP)	–	installa.on	completed	in	2016/17	shutdown	

Other	contribu3ons	to	the	exis3ng	detector	
Calorimeter	modules	and	signal	
feedthroughs		will	all	stay	for	the	
HL-LHC	



ATLAS	Canada	Compu.ng		
•  Canada	also	contributes	significantly	to	ATLAS	Compu3ng:	

–  CFI-funded	Tier-1	facility	at	TRIUMF	
•  Being	relocated	to	SFU	in	2017-18	(new	hardware)	

–  Tier-2	facili.es	through	Compute	Canada	(CC)	
•  These	are	also	evolving	as	a	result	of	CC	site	consolida.on	

•  WLCG	MoU	commits	Canada	to	providing	ATLAS	compu3ng	resources:	
–  This	presumably	goes	to	the	end	of	the	nominal	LHC	experimental	program	
–  We	will	be	expected	to	contribute	to	ATLAS	compu.ng	in	the	HL-LHC	era	

•  The	model	for	this	is	not	yet	well	understood	
•  Community	Whitepaper	to	be	delivered	in	summer	2017:	

–  will	be	used	as	input	to	the	wri.ng	of	an	HL-LHC	compu.ng	TDR	in	2020	

•  TRIUMF	remains	responsible	for	Tier-1	opera3ons	costs	un3l	end	of	
current	5YP	in	2020:	
–  Also	ager	that,	for	salaries,	at	least	for	Tier-1	specific	tasks	

•  Canada	also	a	big	player	in	Cloud	Compu3ng	(not	only	for	ATLAS)	
–  Could	possibly	play	a	more	significant	role	in	a	future	compu.ng	model	
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Run-2	Higgs	Boson	Results	

P.Krieger,	U	of	T	 Par.cle	Physics,	Nuclear	Physics	and	Beyond:	TRIUMF	Science	Week,	July	2017	 9	

•  ZZ*/γγ	combined	results:	
−  Mass	
−  Inclusive	cross-sec.ons		

•  Differen.al	cross-sec.ons	from	ZZ*	channel		
•  Evidence	for	Higgs															

Higgs	proper.es	measurements	in	ZZ*	and	diphoton	final	states	

 → bb

Other	Run-2	Higgs	highlights:	

[ATLAS-CONF-2017-032]	
	

[ATLAS-CONF-2017-045]	
	

[ATLAS-CONF-2017-045]	
	

	
	
[ATLAS-CONF-2017-046]	
	
[ATLAS-CONF-2017-047]	
	

[ATLAS-CONF-2017-041]	
	

[ATLAS-CONF-2017-032]	
	



ATLAS	SUSY	Searches	Summary	(May	2017)	
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ATLAS	Exo.cs	Searches	Summary	July	2017	
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Current	Status	(2017	Running)	

•  First	stable	beams	(3	x	3	bunches)	declared	May	23	
•  Steady	luminosity	ramp:	slope	currently	exceeds	that	of	2016	

–  Reached	nominal	number	of	bunches	for	2017	running:	2556	
–  Achieved	new	record	instantaneous	luminosity	of	1.6	x	1034	cm-2s-1	

–  Discussions	in	progress	on	increasing	to	2.2	x	1034	cm-2s-1	

•  Would	require	leveling	or	trigger	adapta.ons	at	start	of	run	

•  Summary:	the	machine	is	performing	excellently	
•  ATLAS	performing	very	well:	efficiency	currently	>	90%	and	increasing	
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HEP	Planning	Exercises	

•  Canadian	community	recently	went	through	NSERC-supported	LRP	
exercise:	report	published	in	2016	

•  Canadian	Fundamental	Science	Review	(“Naylor	report”)	2017:	
–  Did	not	specifically	address	HEP,	but	suppor.ve	of	interna.onal	collabora.on	
–  Lobbying	effort	(for	implementa.on	of	the	recommenda.ons)	underway	

•  European	Strategy	for	Par3cle	Physics:	next	update	is	due	in	May	2020,	
so	around	the	start	of	the	next	TRIUMF	5YP	
–  CERN	already	organizing	process	for	input:	

•  Kickoff	mee.ng	for	workshop	on	HL-LHC	physics	in	Oct	30	–	Nov	1,	2017	
•  Will	include	studies	for	the	HE-LHC	(28	TeV)	
•  Process	to	culminate	in	CERN	Yellow	Report	by	end	2018;	to	be	provided	as	input	into	European	

Strategy	discussion.	

•  2017	update	of	American	(P5)	priori3es:	
–  HL-LHC,	LBNF,	DUNE,	+	exis.ng	construc.on	projects	

•  Longer-term	interna3onal	planning	and	inves3ga3ons	for:	
–  Linear	electron-positron	colliders	
–  Large	circular	colliders	for	electron-positron	or	hadron-hadron	collisions	(or	both)	
–  Physics	program	discussed	in	previous	talk:	more	on	this	later	on	(but	briefly)	
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NSERC	Subatomic	Physics	Long	Range	Plan	
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Recommenda3ons	of	LRP	



LHC/HL-LHC	Schedule	/	ATLAS					upgrade	planning	
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We	are	here	

  New	Pixel	insertable	b-
layer	(IBL):	DBM	

  Consolida.on	of	LAr	
calorimeter	LVPS	

  LUCID	upgrade	
  Forward	protons	(AFP)	

Phase-1	Upgrades	 Phase-2	Upgrades	

Completed	

2020-2025	

Opera3ons	
Analysis	/	Publica3on	
Phase-1	Upgrades	(installa3on	/	commissioning)	
Phase-2	Upgrades	(construc3on)	
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We	are	here	

  New	Pixel	insertable	b-
layer	(IBL):	DBM	

  Consolida.on	of	LAr	
calorimeter	LVPS	

  LUCID	upgrade	
  Forward	protons	(AFP)	

sTGC	for	Muon	New	
Small	Wheel	

  Liquid	Argon	
Calorimeter	electronics	

  New	ATLAS	Inner	Tracker	(ITk)	
  LAr	Calorimeter	electronics	

In	progress	

Currently	s.ll	in	R&D	Phase	
ITk	Strips	TDR	approved,	June	2017	
LAr	TDR	planned	for	Fall	2017	

TRIUMF	Involved	in	all	ATLAS	Canada	upgrade	projects	
Completed	



•  NSW	key	component	of	ATLAS	trigger	strategy	for	Run-3	(fake	rejec3on)	
•  sTGC	construc3on/tes3ng	infrastructure	at	TRIUMF,	Carleton	and	McGill	
•  Module-0	sTGC	completed	by	Canadian	group	in	May	2016	
•  Produc3on	Readiness	Review	(PRR)	passed	in	June	2016	
•  Leading						coordina3on	roles	in	NSW	project:		

–  Overall	project	management,	schedule,	finances	
–  Cathode	board	procurement	/	prepara.on	
–  Wedge	assembly	at	CERN		
–  Sogware	/	simula.on		
–  Electronics	/	sogware	for	cosmic-ray	test	sta.on	
–  Produc.on	test	pulser	board	for	sTGCs	

Phase-1	Upgrades:	Muon	New	Small	Wheel	
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•  Another	key	component		of	ATLAS	trigger	strategy	for	Run-3	
•  Improve	granularity	of	informa3on	supplied	to	the	L1	trigger	

–  Provide	addi.onal	background	(fakes)	suppression	at	trigger	level	

Phase-1	Upgrades:	LAr	Calorimeter	Electronics	
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Current	trigger	
granularity	
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Phase-1	trigger	
granularity	

•  Implementa3on	requires	new	Front-End	Crate	baseplanes	
–  Canada:	design,	produc.on	&	tes.ng	of	new	HEC	baseplanes		

•  Design,	prototyping	and	assembly	at	TRIUMF	
•  Acceptance	tes3ng	at	the	University	of	Victoria	

	



ATLAS	at	the	High	Luminosity	LHC	

•  Proposed	instantaneous	luminosity	of	7.5	×	1034	cm-2s-1	(μ≈200)	
–  Needed	for	the	targeted	(×10)	increase	in	integrated	luminosity	(3000	s-1)	
–  Rate	and	accumulated	dose	causes	problems	for	some	detector	subsystems	
–  Need	for	pileup	suppression	becomes	crucial	issue	for	detector	upgrades	

•  Proposed	L0/L1	trigger	scheme	with	rates	of	1MHz/400KHz	is	
incompa3ble	with	both	tracker	and	calorimeter	readout	electronics:	
–  Calorimeters	modules	can	operate	but:	

•  Forward	calorimeter	response	will	be	somewhat	degraded	at	high	|η|	
•  Calorimeter	front-	and	back-end	electronics	must	be	en3rely	replaced	

•  Radia3on	dose	and	occupancy	also	an	issue	for	the	tracker	
–  This	will	be	en3rely	replaced	by	a	new	all-silicon	tracker,	the	ITk	

•  Pixels	at	low	radius,	strips	at	higher	radius.		
–  Coverage	out	to	|η|	=	4.0	(from	2.5	for	current	inner	tracker)	

•  160	m2	of	silicon.	Almost	half	the	cost	/	effort	of	Phase-II	upgrades	

•  Phase-2	upgrades	to	Muon	system	also	planned	
•  Forward	Si	3ming	detector	also	being	considered	

P.Krieger,	U	of	T	 Par.cle	Physics,	Nuclear	Physics	and	Beyond:	TRIUMF	Science	Week,	July	2017	 20	

⎫

⎬
⎪

⎭
⎪



Phase-II	Upgrades:	Physics	Mo.va.ons		
•  Primary	goals:	discovery	of	BSM	and	more	detailed	studies	of	the	Higgs	boson	
•  Higgs	studies,	in	par3cular	couplings:	

–  Improvements	over	results	with	300	s-1	

–  Access	to	second-genera.on	fermion	couplings	via		
–  Inves.ga.ons	of	Higgs	self	coupling	(via	HH	produc.on)	
–  Vector	boson	scawering:	is	this	Higgs	alone	responsible	for	unitarizing		

•  Sensi.vity	to	VBF/VBS	drives	performance	requirements	in	forward	region	

•  Searches:	increased	sensi3vity	to	rare	SM/BSM	processes		
–  Explora.on	of	Run-3	hints																																																																																																							

observa.ons	or	discoveries.	
–  Or	(bewer?)	the	unexpected	
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The	High-Luminosity	LHC	(HL-LHC)	

•  Formally	approved	by	CERN	Council	in	June	2016	
•  Highest	priority	future	project	for	European	and	U.S.	par.cle	physics	communi.es	
•  High	priority	of	Canadian	subatomic	physics	community		
•  Significant	detector	challenges	in	this	environment	with	up	to	200	separate	

proton-proton	collisions	per	bunch-crossing	(	“pileup”)	
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90%	of	the	data	to	be	produced	by	the	LHC	
will	be	come	during	the	HL-LHC	phase	

	~	20	events	/	bunch	crossing	



Liquid	Argon	Calorimeter	Electronics	Upgrade	

•  On-detector	front-end	readout	electronics	must	be	en3rely	replaced:	
–  Exis.ng	FE	electronics	would	not	survive	radia.on	dose	at	the	HL-LHC,	and		

are	incompa.ble	with	Phase-II	trigger	scheme	(data-taking	rate)		
–  Trigger	electronics	already	being	upgraded	in	LS2.	Will	remain	for	HL-LHC	

•  Replacement	of	FE	system	requires	replacement	of	BE	system	
•  Readout	of	Hadronic	Endcap	Calorimeter	(HEC)	is	special:	

–  Canadians	have	par.cular	exper.se	here	
•  Planned	Canadian	contribu3ons	to:	

–  The	design	and	tes.ng	of	the	new																																																																				
electronics	with	a	focus	on	the	HEC	FE	

–  BE	signal	processing	techniques	
–  Manufacture	and	installa.on	of	new																																																																													

of	FE	and	BE	electronics	
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LAr	Calorimeter	electronics:	Front-End	(FE),	Back-End(BE)	
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•  Excellent	tracking	needed	for	the	HL-LHC	physics	program	
–  Need	precision	vertexing	to	iden.fy	the	primary	vertex	to																																																																									

which	hard-scawer	products	are	associated	(pileup	suppression)	

•  New	tracker	(ITk)	will	have	pixels	closest	to	the																																										
interac3on	point,	and	Si-strip	detectors	beyond	this	
–  18k	Si-strip	modules	needed	in	total	/	7000	in	endcaps	

•  Canadian	group	proposing	to	construct	20%	of	the																																					
full	Endcap	Strips	detector	(modules,	“petals”)	
–  1500	Si	strip	modules	≈	83	petals	
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Endcap	
Module	



•  Sophis3cated	wire-bonding	required:	~50	wire-bonder	years	needed	
–  Requires	many	sites			

•  Two	Canadian	produc3on	/	tes3ng	sites:		
–  West	(TRIUMF,	UBC,	SFU)		
–  East	(Toronto,	Carleton,	York,	Montreal)	

•  Module	produc3on:		
–  Mainly	industrial	in	the	East	(Celes.ca)	
–  “in	house”	in	the	West:		

•  TRIUMF	has	invested	in	necessary	infrastructure	(+	SFU	JELF)	

•  also	2016	TRIUMF	hire	of	silicon	detector	expert	
•  Beyond	module	produc3on	

–  Industrial	produc.on	of	“hybrid”	boards	(first	stage	of	readout)		[eastern	site]	
–  Si	strip	detector	acceptance	tes.ng																																																				[	both	sites]	
–  Industrial	probing	/	dicing	of	ASIC	wafers	for	hybrid	boards										[eastern	site,	industry]	
–  Precision	placement	of	modules	onto	support	structure																[western	site]	
–  DAQ	development																																																																																			
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ATLAS	Canada	Opera.ons	&	Upgrade	Funding	
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•  Opera3ons:	currently	in	final	year	of	three-year	NSERC	project	grant	
–  We	will	con.nue	to	request	opera.ng	support	from	NSERC	

•  Phase-1	Upgrades	
–  LAr,	NSW	projects	currently	under	construc.on,	funded	by	CFI	IF	2015	award	
–  Significant	ini.al	R&D	support	from	NSERC	in	2013,	2014	
–  Support	from	TRIUMF		(beyond	that	funded	by	CFI)	

•  Phase-2	Upgrades	
–  NSERC	RTI	awards	in	2016	and	2017	for	R&D	phase	
–  Toronto	OCE-VP1	for	R&D	work	with	Celes.ca	
–  SFU	JELF	for	Si	detector	infrastructure	–	matching	from	TRIUMF	
–  Construc.on	funding	requested	from	CFI	in	IF	2017	compe..on:	

•  Mul.-ins.tu.onal:	all	ATLAS-Canada	ins.tu.ons	provided	CFI	envelope	share	
•  LAr	Electronics,	ITk,	Upgrade	Common	Fund	
•  Decision	known	but	not	public	yet.	

•  Compu3ng		
–  IF	2017	proposal	for	Tier-1	hardware	refresh:	decision	know	but	not	public	



TRIUMF	5YP	2020-25	and	Beyond	

•  ATLAS	Canada	ac3vi3es	from	2020-2025:	
–  Comple.on	of	Run-2	data	analysis	(data	taking	ends	at	end	of	2018)	
–  Installa.on	(2019-2020)	and	commissioning	(2021)	of	Phase-1	upgrades		
–  Run-3	opera.ons,	analysis,	publica.ons	
–  Construc.on	&	Installa.on	of	Phase-2	upgrade	contribu.ons	

•  Work	needs	to	begin	before	2020	but	extends	through	to	2025	
•  Support	from	TRIUMF	needed	for	these	projects	
•  TRIUMF	Review	of	Phase-2	upgrade	projects	in	fall	2016	(prior	to	CFI	submission)	

–  Formal	Gate-2	review	s.ll	to	take	place	

•  	Funds	requested	for	TRIUMF-based	manpower	in	CFI	request		
–  Increased	following	review,	at	the	request	of	the	review	commiwee	

–  Will	need	to	define	contribu.ons	to	ATLAS	Compu.ng	in	HL-LHC	era	
•  ATLAS	Canada	ac3vi3es	from	2025-2035:	

–  Comple.on	of	Run-3	data	analysis	
–  Installa.on	/	commissioning	of	HL-LHC	+	ATLAS	detector	upgrades	
–  ATLAS	Canada	compu.ng	for	HL-LHC	era	
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HL-LHC	Planning	/	Luminosity	Profile	

P.Krieger,	U	of	T	 Par.cle	Physics,	Nuclear	Physics	and	Beyond:	TRIUMF	Science	Week,	July	2017	 28	

CERN-ACC-2016-0007	



Canadian	Contribu.ons	to	the	HL-LHC	
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•  CERN	has	requested	that	we	contribute	to	the	HL-LHC	accelerator	upgrade	
–  Canada	made	significant	contribu.ons	to	the	LHC	construc.on	(~$40M)	

•  Warm	quadrupole	magnets,	pulse-forming	networks	for	injec.on	kickers,	other	
beamline	work,	and	beam-dynamics	simula.on	studies	

•  These	projects	were	performed	or	overseen	by	TRIUMF	personnel	

–  New	contribu.ons	will	need	community	support	and	involvement	of	TRIUMF	
•  Discussions	re-star.ng:	needs	to	converge	in	.me	for	the	2018	federal	budget	
•  CERN	DG	Fabiola	Giano~	will	be	at	ICFA	mee.ng	in	Owawa	in	November	

•  Ini3al	request	from	CERN	was	for	replacement	warm	quadrupole	magnets	
•  One	of	the	original	Canadian	contribu.ons	to	the	LHC	
•  CERN	has	since	determined	that	the	radia.on	damage	is	not	as	severe	as	expected	
•  New	request	is	for	a	contribu.on	to	the	crab	cavi.es	(CC)	

•  Accelerator	division	in	discussion	with	CERN	about	CC	contribu3ons	
•  TRIUMF	already	working	on	some	HL-LHC	beam-beam	studies	
•  This	is	independent	of	discussions	related	to	possible	CERN	Associate	

Membership	for	Canada	(which	is	a	longer-term	issue)	



Beyond	2030	

•  The	HL-LHC	scheduled	to	operate	un3l	late	2030s		
•  Interna3onal	community	already	thinking	about	what	comes	aaer	this:	

–  HE-LHC:	re-use	LHC	tunnel	for	higher	energy	pp	machine	
•  16	T	dipole	magnets	to	double	collision	energy	(28	TeV)	
•  11	T		Nb3Sn	dipoles	already	under	development	for	HL-LHC	

–  Linear	e+e-	Collider:		
•  ILC				(			s		up	to	1	TeV)	
•  CLIC		(			s		up	to	3	TeV)	

–  Future	Circular	Collider	(80-100	km	circumference)	:	
•  FCC:	ee,	hh,	eh	op.ons	(Europe)	
•  CEPC	(ee)	proposal	in	China:	can	also	be	upgraded	to	pp	machine	in	later	stage	

•  Canada	will	clearly	want	to	be	involved	in	this	physics	program:	
–  Canadian	strategy	has	long	been	to	maximize	impact	by	focusing	effort		
–  Also	would	plan	to	contribute	to	accelerator	R&D	and	construc.on:	

•  These	contribu.ons	would	presumably	again	be	pursued	via	TRIUMF	
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(Linear	Collider	Collabora.on	(LCC)	encompasses	both)	
⎫

⎬
⎪

⎭
⎪



Beyond	2030:	Higgs	Self-Coupling	Sensi.vity	
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TLEP						=		FCC	ee	
HE-LHC	=		28	TeV	LHC	
VH-LHC	=		FCC	hh	

Future	accelerators	can	operate	as	both	Higgs	and	top	factories	
BSM	physics	program	will	depend	on	results	from	LHC	/	HL-LHC	



Summary	
•  For	the	2020-25	period	of	the	next	TRIUMF	5YP:	

–  Canadian	contribu.ons	to	ATLAS	opera.on	&	upgrades	well	defined	
–  Canadian	contribu.ons	to	the	accelerator	upgrade	program	under	discussion	

•  TRIUMF	playing	a	key	role	in	all	Canadian	ATLAS	upgrade	projects	
–  For	both	Phase-1	and	Phase-2	
–  And	of	course	in	ongoing	ATLAS	opera.ons	and	physics	studies	
–  Canadian	accelerator	contribu.ons	will	need	to	be	managed	through	TRIUMF	

•  The	future	of	ATLAS-Canada	compu3ng	in	the	HL-LHC	era	is	not	yet	well	
defined,	but	Canada	will	need	to	contribute:	
–  Currently	TRIUMF	plays	an	important	role	in	ATLAS-Canada	compu.ng	
–  Expect	that	we	will	need	to	submit	a	future	funding	proposal	for	HL-LHC									

era	ATLAS	compu.ng	contribu.ons	some.me	in	2020-2025	
•  Canadian	community	will	want	to	contribute	to	next	genera3on	collider	

experiments:	
–  Accelerator	contribu.ons	would	be	expected	to	go	through	TRIUMF	

•  This	of	course	will	require	broad	support	of	the	Canadian	community	
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