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<μPU>	->	20	 <μPU>		
~	23	

hCp://hilumilhc.web.cern.ch/about/hl-lhc-project	
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High Luminosity LHC (2024-2037) 

S. Jézéquel, DIS 2017
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ATLAS	Phase	II	Upgrade	Program	
(2024-2026)	

7/4/17	

• 	ATLAS	Phase	II	upgrade:		for	performance	and	degrada;on/limita;on	

	->		maximize	the	physics	performance	and	discovery	poten;al	of	ATLAS	

										-	increased	pile-up					-		higher	backgrounds			-	higher	trigger	rates	

		->	Physics	targets	:	precision	measurements	/rare	decays	/	beyond	SM		

• 	Longer	latency	for	Trigger	System	

• 		Upgrade	electronics	for	Tile	Calorimeter	

• 		Inner	detector	with	fully	Silicon	
		(strip	and	pixel)	up	to	|η|	=	4	
• 	New	Inner	Muon	barrel	trigger		
				chambers		

• 	Op;ons	for:	-		forward	muon	tagger	
																									-			;ming	detectors																									

	4	
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• 	Extrapola;on	from	Run-1	analysis	at	<μPU>	=	140				(ATL-PHYS-PUB-2014-016)		

With	3000	_-1:	

• 	W,	Z	couplings	to	3%		

• 	Muon	coupling	to	7%	
• 	t,b,τ	couplings	to	8-12%		

Signal	Strength	
μ	=		σ/σSM	

Run-1		
μyy	=	1.17	+0.28-0.27	
			(Δμ/μ	~	0.23)	

μZZ	=	1.46	+0.40-0.30	
				(Δμ/μ	~	0.24)	
μWW	=	1.18	+0.42-0.37	
(Δμ/μ	~	0.33)	
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λHHH	

17

Non-resonant double Higgs production

17S. Jézéquel, DIS 2017

lHHH

+

First opportunity to measure Higgs boson trilinear self coupling (lHHH)
 

s(HH) ~40 fb

Decay channel Branching ratio (%) s.Br (fb)

bb+bb 33 12.9

bb+W+W- 25 9.9

bb+t+t- 7.4 2.9

W+W-+t+t- 5.4 2.1

ZZ+bb 3.1 1.2

ZZ+W+W- 1.2 0.48

bb+gg 0.3 0.12

gg+gg 0.001 0.04

+	
• 	First	opportunity	to	measure	Higgs		
				boson	trilinear	self-coupling		

• 	σNNLO(HH)	~	40	_	->	combine	as				
				many	decay	channels	as	possible	

• 	Decay	channels	with	b-jets	have	higher	branching	ra;os		

4.4 Tracking Performance for electrons, photons, taus, jets and missing transverse energy

power. This can be exploited e.g. to discriminate b-jets in tt̄ events from jets in vector-
boson-fusion processes (see Section 4.6).
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Figure 4.15: Performance of the IP3D (left) and MV1 (right) b-tagging algorithms for the ITk layout
for two h ranges. For comparison purposes, the performance of the MV1 algorithm for ATLAS
during Run 2 is shown as stars.

4.4 Tracking Performance for electrons, photons, taus, jets and
missing transverse energy

Good tracking performance is essential for many higher level physics objects that are recon-
structed within the ATLAS detector. In this section the performance of the reconstruction
of electrons, photons, taus, jets and missing transverse energy is discussed.

4.4.1 Electron Performance

In comparison with the Run 2 configuration, the improved tracking, the absence of the
transition radiation detector, and the increased pile-up require a new optimisation of the
electron identification algorithm. A cut-based identification algorithm has been developed
with three working points for the electron efficiency, referred to as Loose, Medium, Tight,
with increasing rejection of backgrounds. The identification requirements vary according
to the transverse energy and pseudorapidity of the electron candidate. The samples used
for this analysis use the inclined ITk layout, and are evaluated for µ in the range 190-210.
A Z ! ee MC sample is used for the prompt electrons, and di-jet MC samples are used to
study background electrons. For all studies, a pT cut for reconstructed electrons of 7 GeV is
applied, and all studies presented here only concern the region |h| < 2.5 as significant new
optimisation is needed in the forward region to exploit the ITk for electron ID.

55

Comparable	light	jets	rejec;on:	
			with	<μ>	=	200		and		Run-2			

(ATL-TDR-025		LHCC-017-055)	



Higgs	self-coupling		
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• 	HH	->	bb	γγ																																			

• 	HH	->	bb	bb		

• 	Cut	based	analysis,	ATLAS	upgrade	design	y	performance		
• 	SR:	9.5	signal,	91	total	background		

Z0	:		1.05	σ			(+/-	0.026	stat	only)	
-0.8	<	λHHH/λSM	<	7.7		(95%	C.L.	,	no	syst.)	

mγγ	

• 	Extrapola;on	from	Run-2	analysis	
• 	Systema;c	as	in	2016	(i-bar,	mul;-jets	bckg	modeling)	
• 	Present	exclusion	limit	:	μ	=		σ/σSM	=	29		

m4j	

ATL-PHYS-PUB-2017-001	

ATL-PHYS-PUB-2016-024	

-	

-	-	
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Figure 7: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the minimum

jet pT required of the four Higgs boson candidate constituent jets.

assuming that systematic uncertainties are negligible, �3.4 < �HHH/�SMHHH < 12, while if current
systematic uncertainties are used, �7.4 < �HHH/�SMHHH < 14.

Table 2 summarises the various extrapolations made under di↵erent assumptions presented above.

Table 2: Summary of the constraints on �
⇣
HH! bb̄bb̄

⌘
/�SM and �HHH/�SMHHH extrapolated to 3000 fb�1 under

various assumptions.
Jet Threshold Background �/�SM �HHH/�SMHHH �HHH/�SMHHH

[GeV] Systematics 95% Exclusion Lower Limit Upper Limit
30 GeV Negligible 1.5 0.2 7
30 GeV Current 5.2 -3.5 11
75 GeV Negligible 2.0 -3.4 12
75 GeV Current 11.5 -7.4 14

13

CHH->WbWb	bbbb	 HH->	bb	τ-	τ+		
ATL-PHYS-PUB-2016-023		 ATL-PHYS-PUB-2015-046		 ->	BACK-UP	
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• 	H	->	J/Ψ	(->μ+μ)-		γ		(with		<μPU>=140,	L	=	3000	_-1	)																																

• 	Higgs	coupling	to	c-quark.	Run-1	detector	performances		

• 	MVA	analysis		mμ+μ-	γ	in	[115,	135]	GeV		

• 	3	signal	events	and	1700	background	(with	no	systema;cs)	 m(μ+μ-γ)	

(ATL-PHYS-PUB-2015-043)	

	Z0:							2.3σ	(300	q-1)						7.0σ	(3000	q-1)	
Δμ/μ:															46%	(300	q-1)					21%	(3000	q-1)			

(ATL-TDR-025		LHCC-017-055)	• 	H	->	μ+	μ-				(	with		<μPU>=200,	L	=	300/3000	_-1	)																																
• 	Low	BR,	high	Z/γ*	background,	high	mass	resolu;on	

• 	Based	on	Run-1	analysis	(cut	op;m.),	mμ+μ-in	[110,	160]	GeV]	

• 	Total	background	shape	and	normaliza;on	data-driven	

• 	ITK-Upgrade	->	improve	mass	resoluron	by	25%	(w.r.t	Run-2)	

BR	(H	->	J/Ψ	(->μμ)		γ	):	44+19-22	x	10-6	(95%	C.L.)	

SM:	2.9	±0.2	x	10-6														(	Run-1	Limit:	1.5	x	10-3	)	

4.6 Physics Benchmark Studies

have pT > 25 GeV. Selected events are required to have dimuon invariant mass, mµµ, ly-
ing in the range 110 < mµµ < 160 GeV; the distribution of this quantity is then used to
extract the final results. The main backgrounds, in descending order of significance are:
Drell-Yan events (pp ! g/Z⇤X ! µ+µ�X), leptonic tt̄ decays (pp ! tt̄X ! µ+µ�bb̄nñX)
and leptonic WW decays (pp ! W+W�X ! µ+µ�nñX).

An event classification is used to split the selected sample into subsets, each with different
signal-to-background ratios (S/B) in order to increase the sensitivity of the search. Finally,
a maximum likelihood fit is performed to the selected sample in order to estimate the sig-
nal yield and its uncertainty. Figure 4.37 shows the expected invariant mass distribution
of selected signal and background candidates. The narrow signal peak has a maximum at
approximately two orders of magnitude below the background. For such cases the resolu-
tion of the signal mass peak becomes paramount to improve the signal to background ratio
within a mass window that yields high signal acceptance. In Figure 4.38 the resolution of
the upgraded tracking detector (inclined layout) is compared to that of the existing layout
as used in Run 2, the upgraded layout improves on the resolution of the Run 2 configura-
tion by 25%.
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Figure 4.37: Invariant mass distribution of selected signal and background candidates, scaled to 3000
fb�1, for the upgraded ATLAS detector with hµi =200.

4.6.4 HH Channels

In order to establish the Higgs mechanism as being responsible for electroweak symmetry
breaking, the measurement of the Higgs boson self-couplings and subsequent reconstruc-
tion of the Higgs potential are crucial. A direct measurement of the Higgs boson trilinear
self-coupling lHHH can be made via the study of Higgs boson pair production. At hadron
colliders, the dominant production mechanism is gluon fusion, with the other production

81
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• 	H	->	WW*	->	eν	μν	
• 	ATLAS	performances:	Run-1	(e/μ)		

• 	Jets	and	ETMiss	from	expected	upgrade	performance		

• 	Experimental	systema;c	(no	theo.	syst.	on	signal)	

• 	H	->	ZZ*	->	4l	
• 	2	jets(	m(jj)	>	130	GeV)	,	

• 		Main	background	ggF	(separated	via	BDT)	and	qqZZ	

• 		Systema;c	only	from	signal	QCD	scale		

4 ITk Performance and Physics Benchmark Studies

Table 4.5: The expected precision of the VBF H ! WW⇤ cross-section measurement for different
tracking coverage scenarios, theoretical uncertainties on Higgs boson production are neglected.

Tracking coverage Expected precision

|h| < 4.0 12%
|h| < 3.2 18%
|h| < 2.7 22%

continuously increasing as a function of the centre-of-mass energy of the diboson system,
which would otherwise violate unitarity at energies above approximately 1 TeV. Thus, un-
derstanding VBS is a key part of studying the nature of the electroweak symmetry breaking
(EWSB) mechanism. Furthermore, it is a powerful probe for physics beyond the Standard
Model. It is still unknown whether the discovered Higgs Boson contributes fully to the
EWSB, and preserves unitarity of the VV scattering amplitude at all energies, or whether
other new physics processes are involved [36–38]. The expected precision of this measure-
ment depends on the angular coverage and layout of the upgraded ATLAS tracker because
it relies on the tracker to veto jets arising from pile-up interactions, and to veto additional
leptons.

In the VBS topology two incoming partons radiate electroweak bosons, which subsequently
scatter and decay into fermions. The two outgoing quarks are typically forward, leading to
a final state with two bosons and two well separated jets. This final state can also be pro-
duced by other electroweak (EW) and QCD processes. Representative Feynman diagrams
are shown in Figures 4.33–4.35: Figure 4.33 shows VBS processes; Figure 4.34 shows EW
processes without VBS; and Figure 4.35 shows QCD processes.

A study of the impact of the Extended Inner Tracking Detector on the measurement of
W±W± scattering has been performed. In this study, a comparison is made between scen-
arios with the coverage of the Run-1 tracker (|h| < 2.5) and with the proposed forward
tracking coverage (|h| < 4.0). This study incorporates several improvements relative to the
ATLAS Phase-II upgrade scoping document study [2], the most important being the raising
of jet pT thresholds outside of the tracking acceptance, to suppress pile-up jets, and split-
ting the events into categories, to maximise the sensitivity of this channel when performing
their statistical combination. The analysis proceeds on particle-level objects. Detector ef-
fects are taken into account with a procedure that relies on full simulation, and is based on
a parameterised response of the upgraded ATLAS detector for the reconstruction of jets,
leptons and missing transverse momentum.

The experimental signature studied is one with two leptons that have the same electric
charge, two jets that are well separated in rapidity, and moderate Emiss

T . The dominant
background process in this final state is WZ+jets production; other contributions include
events with charge-misidentified leptons (most notably for Z+jets production), additional
leptons from hadronic decays in jets, and photon conversions.

76

σ(	H	->WW*)	

						stat						|	stat+syst			

Z0	:	11.1			|		7.7	

Δμ:	0.144	|	0.170	

• 		Pile-up	suppression:	
	-			<μPU>	~	200		4.8	pu	jets/event		
		-		RPT	based	on	charged	
											vertex	frac;on		

- 		Applied	to	all	non	b-tagged	jets			
				with:		pT	<	100	GeV	and	|η|<3.8		 Rejecron	factor	50	

~0.2	pu		jets/event	

(ATL-TDR-025		LHCC-017-055)	

No	PU	mirgaron		
vs	Pile-Up	mirgaron	



Supersymmetry	Searches	
at	HL-LHC	
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• 	Supersymmetry	(SUSY)	is	one	possible	extension	of	the	SM:	

	-			predicts	bosonic/fermionic	partner	for	exis;ng	fermion/bosons 
->		lightest	SUSY	par;cle	is	stable	(if	R-parity	conserva;on)	->	DM	candidate	

->		Cancel	out	quadra;c	divergences	in	the	Higgs	mass	correc;ons	

->		Can	accommodate	the	gauge	coupling	unifica;on		

• 	Focus	on	HL-LHC	benchmark	studies:		

						-		14	TeV,	<μPU>	=	200,	total	integrated	luminosity	of	3000	_-1	

						-		smearing	func;on	for	upgraded	ATLAS	detector	simula;on	

						-		truth	level	par;cle	corrected	for	detector	effects	

						-		assume	30%	systema;c	on	background	
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• 	Cut	based	analysis,	top	decaying	leptonically	
• 	Small	mass	spliyng	among	stop	and	neutralino	
	->	ISR	jets	to	boost	the	stop-system	

• 	Final	state	with	2b-jets,	isolated	leptons	and	ETMiss		

• 	Profile-likelihood-ra;o	test	sta;s;cs		
			for	expected	exclusions	

• 	Run-1	exclusion:		[mt	,	191]	U	[230,	380]	GeV	

Discovery	up	to	480	GeV	 Exclusion	up	to	700	GeV	

		3000	q-1	

3000	q-1	

BR=1	

ΔM(t	,	χ01)	=	173	GeV	~	 ~	

ATL-PHYS-PUB-2016-022	
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• 	Extend	the	ATLAS	exclusion	scenario	of	combined	
		τLτL	and	τRτR			produc;on	with	χ01	massless	

• 	Cut	based	analysis:	tau	decaying	hadronically,		
			large	ETMiss		,	low	jet	ac;vity	

• 	Main	background:	W+jets	and	i-bar	

Exclusion	limit	(χ01	massless):	
----		700	GeV	in	τ-mass	for	(τLτL	and	τRτR	)								
								combined	produc;on		

-----	650	GeV	for	pure	τLτL	
-----		540	GeV		for	pure	τRτR		(Run-1:	109	GeV)	

5σ	discovery	sensirvity	(χ01	massless):	
____		100-500	GeV	in	τ-mass	for	(τLτL	and	τRτR	)								
								combined	produc;on		
_____	120-430	GeV	for	pure	τLτL	

For	stau	mass	of	200	GeV:	
σ(τLτL)	~0.02	pb				σ(τRτR)	~0.01	pb		~	

~	~	~	~	

~	

~	

~	

~	

~	 ~	~	

~	

~	~	 ~	~	

~	

~	

~	 ~	 ~	~	
~	

~	~	

ATL-PHYS-PUB-2016-021	

~	



Direct	chargino	and	neutralino		
produc;on			
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5σ	discovery	sensirvity	:	
___		950	GeV	in	mass	χ±1	χ20		for	m(χ10)	=0							

Exclusion	limit:	

----		1310	GeV		in	mass	χ±1	χ20	for	m(χ10)	=0		

σNLO(χ±1	χ20)	~0.005	pb	(@	500GeV)	• 	Extend	the	present	ATLAS	sensi;vity	to		
		electro-weakinos	mass	range	O(100	GeV)		

• 		Simplified	model:				

				-	χ±1	χ20		are	wino-like	and	with	equal	mass	
				-		sleptons	and	sneutrino	with	high	mass,	SM	Higgs	

• 	Cut	based	and	MVA	analysis		

• 	Main	background:	i-bar			

MVA	improvement	

	<μPU>	=	140	

BR=1	

BR=1	

ATL-PHYS-PUB-2015-032	

~	

~	

~	

~	 ~	

~	 ~	

~	

~	

~	
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• 	HL-LHC	will	represent	a	challenging	environment	for	ATLAS:	
				->		<μPU>	=	200	,	large	backgrounds	,	high	radia;on	dose	

• 	Higgs	and	SUSY	physics	program	will	benefit	greatly	from	HL-LHC	data	
				and	ATLAS	Phase	II	Upgrade	

							->	Can	explore	the	HH	produc;on	mechanism		

							->	Precise	measurements	of	Higgs	couplings		

							->	Can	extend	the	present	sensi;vi;es	to	heavy	SUSY	par;cles	greatly	

• 	The	current	expected	ATLAS	precisions	at	HL-LHC	are	s;ll	preliminary	

						->	Beier	analysis	techniques,	beier	data-driven	methods	for	background	

						->	Theore;cal	uncertain;es	expected	to	decrease	with	;me		



BACK	UP	
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Summary	of	Higgs	results		
at	HL-LHC	
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Channels	 Result	 HH	final	State	 Significance		
Coupling	limit	

VBF	H->WW*	 Δμ/μ	≃	14	to	20%		 HH	→	bb	γγ		
(stat)	

1.05	σ	
-0.8	<	λHHH/λSM	<	7.7		

VBF	H->ZZ*	 Δμ/μ	≃	15	to	18%		 HH	→bb	τ+τ-	

(stat+syst)	
0.6	σ	

-4.0	<	λHHH/λSM	<	12.0		

iH,	H->γγ	 Δμ/μ	≃	17	to	20%	 HH	->	bbbb	
(stat+syst)	

--	
-3.5	<	λHHH/λSM	<11.0		

VH,	H→γγ		 Δμ/μ~	25	to	35%		 iHH,	HH	→bbbb		 0.35	σ	
	--	

H->	Zy	 Δμ/μ	~	30%	

H->μ+μ-	 Δμ/μ	~	15%	

H->	J/ψ	y	 BR	<	44	x	10-6			@	95	%	C.L.		

H→ZZ*→4l		
(m(4l)>220	GeV	)	

Γ	H=	4.2+1.5−2.1	MeV		
(stat.+syst.)		
Run-1:	Γ	H	<	22.7	MeV		

-	

-	

-	

-	

ATL-PHYS-PUB-2015-024	



Higgs	self-coupling:	3000	_-1	
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• 	CHH->WbWb	bbbb	with	<μPU>	=	200		
• 	σ(iHH)	~	1	_	

• 	Cut	based	analysis,	Final	State:	HH->bbbb	i->bblνqq	
• 	Signal	Region	(≥5	b	jets):			25	signal,		7100	background				
		(dominated	by	c-jets	mis-tagged	as	b-jets)	

Significance:		~	0.35	σ			(no	systemarcs)	
																			->	small	contriburon		

ATL-PHYS-PUB-2016-023		

• 	HH->	bb	τ-	τ+		with	<μPU>	=	140			
• 	Different	triggers/cuts	for	τhadτhah	resp.	τhadτlep			channels	
• 	Constraint	on	m(bb)	and	m(ττ)		

• 	Systema;c:	2%	lumi.,	3%	for	major	bckg	(Z+jets,	i-bar)	

• 	Combined	channels	yields:			Signal:	48	Bckg.:	7810		

Significance:			~	0.60	σ		(	with	syst.)	

-4	<	λHHH/λSM	<	12		(95%	C.L.	with	syst)	

ATL-PHYS-PUB-2015-046		

-	 -	 -	

-	

4.3	x	σ(HH->bbτ-	τ+	)	
(95%	C.L.)		

-	
-	 -	 -	 -	

-	



ATLAS	HL-LHC	Analysis	Strategy		
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• 	Two	approaches	to	study	the	HL-LHC	physics	performance	with	ATLAS	

• 	Systema;cs	(will	have	~x10	more	higgs	at	HL-LHC	than	at	the	end	of	Run-2)		

						-		Theore;cal:	from	Run1/Run2			

						-		Experimental:	scaled	to	best	guess	for	ATLAS	upgraded	detector	at	HL-LHC		

18	

Extrapola;on	of	Run-1/Run-2	results	
							-	similar	detector	performance	and	
									analysis	approach	as	Run-1/Run-2	

							-	Scale	signal	and	background	level		
									to	higher	luminosity,		c.o.m.	energy		

Use	of	smearing	func;ons:	
	-		Study	detector	performances	for	phys.					
					objects	(e,mu,..)	with	full	MC	simula;ons				

- 		Apply	‘smearing	func;ons’	to	truth		
		distribu;ons	for	analysis,	overlay	PU	jets	
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2727

 Hard-Scattered/Pile-up jet → g

S. Jézéquel, DIS 2017

ATL-PHYS-PUB-2015-046

Pile-up → g 

Hard Scattered jet → b 

<mPU>=200

2727

 Hard-Scattered/Pile-up jet → g

S. Jézéquel, DIS 2017

ATL-PHYS-PUB-2015-046

Pile-up → g 

Hard Scattered jet → b 

<mPU>=200ATL-PHYS-PUB-2016-026	

• 	For	combined		average	efficiency	of	70%		for	isolated	photons:	

-	Rejec;on	factor	of	~4000	for	hard-scaiered	jets	

-	Rejec;on	factor	of	~14000	for	pile-up	jets		

γ	

γ	

6

Detector performances 

6S. Jézéquel, DIS 2017

ATL-PHYS-PUB-2016-026

|h|< 2.7

Run-2
MV1 tagger 

 For 70% b-jet efficiency:

Light-jet rejection~300 for <m
PU

>=200 

        (380 at Run-2)

|h|< 2.37

Hard-scatter jet → g 

fake rate : 2.5 10
-4

tt (≥1 lepton)

VBF H→gg

Jet b-tagging   Photon identification

 More details in N. Calace's talk
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ATL-PHYS-PUB-2016-026	

29

Expected detector performances : electrons 

29S. Jézéquel, DIS 2017

ATL-PHYS-PUB-2016-026

Z→ee 

pT 30-50 GeV : 
      3-4% energy resolution

 

2828

 Pile-up jet rejection

S. Jézéquel, DIS 2017

CERN-LHCC-2015-020

Pile-up → b 

ATL-PHYS-PUB-2016-026

<mPU>=140

<mPU>=200

• 	For	an	electron	iden;fica;on	efficiency	of	69%,	a	jet	rejec;on	factor	of	about	4000	is	obtained.	
	Also,	an	electron	charge	mis-iden;fica;on	of	about	0.26%	has	been	evaluated	for	the	first	;me		

• 	For	70%	b-jet	efficiency	(with	MV1	tagger):	

	-	light	jet	rejec;on	of	~380	with	<mu>	=	200	(best	op;mized	Run-2	b-tagger	has	380	at	70%	eff.)	

• 	Muon	with	Pt	<	200	GeV	greatly	benenfit	from	Itk	momentum	resolu;on	

	-	Bs0	mass	resolu;on	in	the	Bs0	→	μ+	μ−	will	improve	by	a	factor	of	about	1.65	(1.5)	
				in	the	barrel	(end-cap)	region		

b-jet efficiency
0.5 0.6 0.7 0.8 0.9 1

Li
gh

t-j
et

 re
je

ct
io

n

1

10

210

310
>=140µ<
>=200µ<

tt

ATLAS Simulation Preliminary
HL-LHC ITk LoI

Figure 6: The light-flavour jet rejection vs the b-tagging e�ciency for the MV1 b-tagging algorithm in various
scenarios for jets with pT > 20 GeV and |⌘ | < 2.7.

matched to any hard-scattering generator-level jet with pT > 4 GeV within �R = 0.6. These jets are not
assigned any particular flavour.

The performance of b-jet identification is evaluated for two pile-up scenarios (hµi = 140 and hµi = 200)
and two operating points corresponding to average b-tagging e�ciencies h"bi of 0.70 and 0.85 evaluated
on tt̄ events for b-jets with pT > 20 GeV and |⌘ | < 2.7. Fig. 6 shows the light jet rejection (the inverse
of mis-tag rate) as a function of the b-tagging e�ciency for the mentioned scenarios. A degradation is
observed as the pile-up level increases, but the degradation is much smaller than in earlier studies [2]. For
comparison, the best b-tagging algorithm in Run-2 was optimized to have a light jet rejection [17] of 380
and 33 at 70% and 85%, respectively.

The b-, c-, light, and pile-up jet tagging e�ciencies are parameterised as functions of jet pT and |⌘ | for
performing parametric simulation studies as described in the introduction. As the statistics of Monte
Carlo samples used to derive the e�ciencies is limited, two-dimensional fits have been performed and the
fit functions are provided to ensure smooth dependencies, as shown in Fig. 7. Closure tests are performed
to verify there is good agreement between the fit functions and the actual binned e�ciencies.

6. Muon Performance Results

6.1. Momentum resolution

The ITk features improved momentum resolution compared to the current ATLAS inner detector. Using
simulated single muons traversing the detector, the e�ect of this improvement on the combined muon
momentum resolution can be evaluated. Figure 8 shows the resolution in the central pseudo-rapidity
region as a function of the muon traverse momentum, for the “inclined” ITk design.

The ITk dominates the momentum measurement below pT = 100 GeV. For muons of pT = 20 GeV,
a precision of 1% for 0.1 < |⌘ | < 1.0 is achieved for the combined muon reconstruction, compared
to values of about 2.4% averaged over the full pseudorapidity range for the current ATLAS detector as

9
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• 	Typical	jet	selec;ons	require	pT	(jet)	>30	GeV,	|η(jet)|	<	3.8		
• 	With	<μPU>	=	200	expected	4.8	pileup	jets	with	pT	>30	GeV,	|η|<3.8	per	event	

• 	Pile-up	suppression	with	a	parametrized		
							track-confirmaron	requirement			

• 	Applied	to	all	non	b-tagged	jets	with	pT	<	100	GeV	and	|η|<3.8		

Analyses	typically	use	factor	50	rejecron	

->	~0.2	pile-up	jet	per	event	

->		85-70	%	efficiency	on	hard-scaier	jets		

CERNLHCC-2015-020	
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4 ITk Performance and Physics Benchmark Studies

mμμ [GeV]
110 115 120 125 130 135 140
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ATLAS Simulation 

ITk  Upgrade (μ =200)   

Run-2 Detector (μ = 23)

ITk Upgrade
Mean
Sigma

124.7 ± 0.0
2.023 ± 0.020

Run-2 Detector
MeanMean
SigmaSigma

124.5 124.5 ±± 0.0 0.0
2.697 2.697 ±± 0.013 0.013

Figure 4.38: Signal resolution for H ! µµ signal events, the Run 2 resolution is compared to the
HL-LHC with pile-up conditions corresponding to hµi =200.

mechanisms: Vector Boson Fusion, Higgs-strahlung, and associated production with tt̄, be-
ing more than an order magnitude smaller [39, 40]. For centre-of-mass energies of 14 TeV,
the production cross section of pairs of 125 GeV Higgs bosons is estimated to be 40.8 fb at
next-to-next-to-leading order in QCD (with an uncertainty of ±8.5% from QCD scale un-
certainties, and ±7% from PDF+aS uncertainties) [41, 42]. Example Feynman diagrams of
this process at leading order in Quantum Chromodynamics are shown in Figure 4.39. The
diagram which exhibits lHHH dependence (Figure 4.39(a)) interferes destructively with the
box diagram that is independent of lHHH (Figure 4.39(b)), thus a small increase in the value
of lHHH decreases the expected HH production cross section, and modifies the distribu-
tions of event kinematics.

The low SM non-resonant HH production cross section means that it is necessary to con-
sider final states where at least one of the two Higgs bosons decays into a final state with
a large branching ratio. The decay channel with largest branching ratio is H ! bb̄. Thus
the high-performance b-tagging capability of the proposed upgraded tracker is of critical
importance for these analyses. The SM non-resonant HH production process is dominated
by gluon-gluon fusion, leading to centrally produced Higgs bosons, hence the extended
forward tracking capability of the ITk is not expected to lead to large improvements in
sensitivity.

HH ! bb̄bb̄

The HH decay channel with the largest branching ratio (33.3%) is HH ! bb̄bb̄. Projec-
tions for this channel have been made, extrapolating from the ATLAS Run 2 analysis [43],
to estimate the sensitivity to Higgs-boson pair production with the full HL-LHC dataset of
3000 fb�1. This extrapolation assumes similar detector performance to Run 2 for jet recon-
struction and b-jet identification; as such it gives a pessimistic estimate of the sensitivity

82

(ATL-TDR-025		LHCC-017-055)	
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 Detector requirements to maximize benefits from high int. luminosity:

Replace detector not sustaining integrated radiation dose

Minimize pile-up effect (high granularity, fast timing)

Higher trigger acceptance and event rate

Improve or maintain current detector performances

             
2424

Detector running conditions

S. Jézéquel, DIS 2017

   High particle density    High integrated radiation dose

Inner tracker



Higgs	BSM	constraints	

6/30/17	 24	
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BSM Higgs constraints from ECFA 2014

27

)α-βcos(

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.4− 0.2− 0 0.2 0.4

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.4− 0.2− 0 0.2 0.4

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.4− 0.2− 0 0.2 0.4

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.4− 0.2− 0 0.2 0.4

ATLAS Simulation
Preliminary = 14 TeVsExp. 95% CL at 

Combined

,ZZ*,WW*γγ →h 

b,bττ,µµ,γ Z→h 

SM
: All unc.-1Ldt = 300 fb∫
: No theo.-1Ldt = 300 fb∫

: All unc.-1Ldt = 3000 fb∫
: No theo.-1Ldt = 3000 fb∫

2HDM Type I

(a) Type I

)α-βcos(

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

ATLAS Simulation
Preliminary = 14 TeVsExp. 95% CL at 

Combined

,ZZ*,WW*γγ →h 

b,bττ,µµ,γ Z→h 

SM
: All unc.-1Ldt = 300 fb∫
: No theo.-1Ldt = 300 fb∫

: All unc.-1Ldt = 3000 fb∫
: No theo.-1Ldt = 3000 fb∫

2HDM Type II

(b) Type II

)α-βcos(

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

ATLAS Simulation
Preliminary = 14 TeVsExp. 95% CL at 

Combined

,ZZ*,WW*γγ →h 

b,bττ,µµ,γ Z→h 

SM
: All unc.-1Ldt = 300 fb∫
: No theo.-1Ldt = 300 fb∫

: All unc.-1Ldt = 3000 fb∫
: No theo.-1Ldt = 3000 fb∫

2HDM Type III

(c) Type III

)α-βcos(

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

β
ta

n
 

0.1

0.2

0.3
0.4

1

2

3
4

10

0.1− 0 0.1

ATLAS Simulation
Preliminary = 14 TeVsExp. 95% CL at 

Combined

,ZZ*,WW*γγ →h 

b,bττ,µµ,γ Z→h 

SM
: All unc.-1Ldt = 300 fb∫
: No theo.-1Ldt = 300 fb∫

: All unc.-1Ldt = 3000 fb∫
: No theo.-1Ldt = 3000 fb∫

2HDM Type IV

(d) Type IV

Figure 4: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs expected to be excluded by
fits to the measured rates of Higgs boson production and decays. The confidence intervals account for
a possible relative sign between di↵erent couplings. The expected likelihood contours where �2 ln⇤ =
6.0, corresponding approximately to 95% CL (2�), are indicated assuming the SM Higgs sector. The
light shaded and hashed regions indicate the expected exclusions.
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Figure 4: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs expected to be excluded by
fits to the measured rates of Higgs boson production and decays. The confidence intervals account for
a possible relative sign between di↵erent couplings. The expected likelihood contours where �2 ln⇤ =
6.0, corresponding approximately to 95% CL (2�), are indicated assuming the SM Higgs sector. The
light shaded and hashed regions indicate the expected exclusions.
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300,  3000 fb−1    

<µPU> = 140
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V. Martin, ECFA HL-LHC workshop 2016

ATLAS HL-LHC analysis techniques

• We use generator-level √s = 14 TeV Monte Carlo samples 

• Overlay with jets from dedicated pile-up library 

➡ pile-up library contains fully simulated pile-up jets with <µPU> = 140 or 200 

• Reconstruct electron, muons, jets, photons and missing-ET from generator+overlay 
information 

• To simulate the response of the detector:  

➡ smear pT and energy of reconstructed physics objects using smearing functions 

➡ apply reconstruction efficiencies for electrons, muons and jets 

• To emulate triggers: apply trigger efficiency functions

5

ATLAS HL-LHC studies have to consider: 

• upgraded ATLAS detector + trigger systems 

• collision energy, √s = 14 TeV 

• high pile-up, <µPU>, of 140 or 200

V. Martin, ECFA HL-LHC workshop 2016

Analysis techniques: 
smearing and efficiency functions

• Smearing and efficiency functions determined from fully-simulated samples 
using ATLAS HL-LHC detector and high pile-up 

➡Functions are dependent on pT and η 

• Most analysis presented use single lepton or di-lepton triggers  (e, µ) 

➡di-τ triggers and 4-jet triggers used for particular analyses 

• Parametrised b-tagging (based on ATLAS Run 1 MV1 tagger) is performed on 
reconstructed jets 

• This approach to ATLAS HL-LHC prospects studies has been validated on a 
limited number of physics studies comparing full simulation and the   
generator-level+smearing technique 

6
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V. Martin, ECFA HL-LHC workshop 2016

ΓH from Off-shell Couplings 

10

•Off-shell production used to constrain 
the Higgs boson width ΓH 

•For Γ = ΓSM  combining with on-shell 
measurement, (assuming off-shell 
measurement dominates):                                                     

• Run 1 limit: Γ H <  22.7 MeV at 95% CL (WW, ZZ)

ATL-PHYS-PUB-2015-024

3000 fb−1    <µPU> = 140

Measure off-shell production of H→ZZ*→4ℓ with m(4ℓ)>220 GeV

➡stat. uncertainties only:  µoff-shell=1.00+0.23−0.27 

➡stat.+syst. uncertainties: µoff-shell=1.00+0.43−0.50
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(b)

Figure 2: m4l -dependent reweighting factors from
p

s=8 TeV to
p

s=14 TeV for the gg ! H⇤ ! 4l signal sample,
the background gg ! Z Z contribution, the SBI, comprising signal, background and interference, and the qq ! Z Z
term (a). (b) Example of ME discriminant distribution for the various processes of the analysis generated at

p
s=14

TeV for 3000 fb�1.

• KH ⇤ (mZZ ) and KH ⇤gg (mZZ ) are the signal LO-to-NNLO k-factor for the pp ! H⇤ ! Z Z and
for the k-factor for gg ! H⇤ ! Z Z processes, respectively. As in the published analysis, a 30%
systematic uncertainty, fully correlated among S, SBI and B, is applied.

• RB
H ⇤ (mZZ ) is the background-to-signal k-factor ratio. Two benchmark systematic uncertainties are

considered for this ratio: 10% and 30%. This choice is quite arbitrary (this ratio has not been com-
puted yet) but it is based on the assumptions that theory predictions on the gg-initiated processes
(S, B and SBI) will improve on the timescale of the HL-LHC.

• An additional 10% normalization systematic uncertainty is applied to the qq ! Z Z process, due
to QCD and PDF scale uncertainties.

The only missing term with respect to the previous study (Ref. [3]) is the systematic uncertainties on
the interference contribution in the formula (2), accounting for a conservative 30% variation on the tem-
plates. The explanation of this addition was demonstrated by the definition of RB

H ⇤ (mZZ ) that leads to
large cancellations between the interference and the background. This item is now replaced by an ad hoc
systematic uncertainty on RB

H ⇤ (mZZ ) for a less conservative approach. This is based on the assumption
that in the next years the theorists will improve the computations on this process.
In addition shape systematic uncertainties on the ME distributions have also been implemented in the
model. Only the highest shape variations are included, i.e. the QCD scale systematic uncertainties for
both gg and qq-initiated templates [3]. The e↵ect of these uncertainties on the ME discriminant distribu-
tions is shown in Figure 3. The correlation model of the nuisance parameters employed is the following:

• 4 di↵erent nuisance parameters:

5

Use m(4ℓ) shape and matrix element to 
discriminate between signal and background

m(4ℓ) 

M.E.
Γ H= 4.2+1.5−2.1 MeV (stat+sys) 
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Couplings in ! framework (first presented ECFA 2014)

26

ATL-PHYS-PUB-2014-016
•Assuming ΓH is sum of SM widths, calculate uncertainties on Higgs boson couplings. 

•Deviations from the SM are quantified using κ multiplier, in SM κi = 1, e.g.:
(� · BR)(gg � H � ��) = �SM(gg � H) · BRSM(H � ��) ·

�2
g · �2

�

�2
H

•Assume universal modifications to Higgs 
couplings to fermions (!F) and vector 
bosons (!V)

Vκ
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Figure 2: Expected two-dimensional likelihood contours in the (V , F) coupling plane, where
�2 ln⇤ = 6.0 corresponds approximately to 95% CL (2�). The coupling predictions in the MCHM4
and MCHM5 models are shown as parametric functions of the Higgs boson compositeness parameter
⇠ = v2/ f 2. The two-dimensional likelihood contours are shown for reference and should not be used to
estimate the exclusion for the single parameter ⇠.

Model 300 fb�1 3000 fb�1

All unc. No theory unc. All unc. No theory unc.
MCHM4 620 GeV 810 GeV 710 GeV 980 GeV
MCHM5 780 GeV 950 GeV 1.0 TeV 1.2 TeV

Table 2: Expected 95% CL lower limit on the Higgs boson compositeness scale with 300 and 3000 fb�1

at
p

s = 14 TeV in the MCHM4 and MCHM5 models, each shown with and without the inclusion of
theoretical uncertainties in the coupling measurements.
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ATLAS	HL-LHC	Analysis	Strategy		

6/30/17	

• 	Detector	performance	of	different	physics	objects	(e,	μ,	γ,…	)	with	MC	(Full	Sim.)	

• 		Parametriza;on	to	provide	‘smeared	truth’	simula;on	to	benchmark	analysis	

• 	Jets	from	pile-up	events	are	overlaid	on	the	hard-scaier	events	

• 	Signals	from	interac;ons	in	previous	bunch	crossings	are	added	(calorimeter	response)	

Extrapola;on	of	Run-1/Run-2	results	

							-	similar	detector	performance	and	
									analysis	approach	as	Run-1/Run-2	

							-	Scale	signal	and	background	level		
									to	higher	luminosity,		c.o.m.	energy		

• 	Systema;cs	(will	have	~x10	more	higgs	at	HL-LHC	than	at	the	end	of	Run-2)		

						-		Theore;cal:	from	Run1/Run2			
						-	Experimental:	scaled	to	best	guess	for	ATLAS	upgraded	detector	at	HL-LHC		

• 	Pile-up	suppression	(~factor	50)	track-confirma;on	requirement	(~0.2	p.u.	jets/event)	
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Higgs	Couplings	
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• 	Extrapola;on	from		
• Run-1	analysis	at	<μPU>	=	140					
• (ATL-PHYS-PUB-2014-016)		

With	3000	_-1:	

• 	W,	Z	couplings	to	3%		

• Muon	coupling	to	7%	
• t,b,τ	couplings	to	8-12%		

Run-1		

μ	=	1.17	+0.28-0.27	
			(Δμ/μ	~	0.23)	

μ	=	1.46	+0.40-0.30	
				(Δμ/μ	~	0.24)	

μ	=	1.18	+0.42-0.37	
(Δμ/μ	~	0.33)	


