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Today’s	
understanding
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What	remains	to	be	
discovered

With	future	precision	
measurements/indirect	

searches
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What	remains	to	be	
discovered

With	direct	
searches

Complementarity	of	the	approaches	
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There	is	no	guarantee	to	find	
it	with	the	next	collider(s)…

There	is	no	evidence	where	to	search
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The	goal	:	get	the	full		picture	of	Physics	Beyond	the	Standard	Model!
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”Searches	at	colliders”

• Searches:
• Supersymmetric	particles
• New	resonances
• [Dark	Matter	and	Long	Lived	Particles	à covered	in	the	next	talk]
• [Contact	interactions,	…	:	not	covered]
• Focus	on	sensitivity	and	not	on	the	characterization

• @colliders:		
• Focus	on	LHC (present)	and	HL-LHC (imminent	future),	
with	some	mentions	of	other	colliders	HE-LHC,	ILC,	FCC,	…

*target	of	the	prospective	:	2020-2030*
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Search	for	supersymmetric	particles
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General	considerations
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[Eur.	Phys.	J.	C	73	(2013)	2677]

à Scan	of	the	sensitivity	as	a	function	of	2	parameters	(masses	of	susy particles),	assuming		a	BR	of	100%

1)	Limitations	of	the	results:
• Assumptions	behind	the	results	(SMS,	BR,	…)

excluded

Variation	of	
sensitivity	due	
to	top	
polarization

Variation	of	sensitivity	due	
to		the	branching	fraction
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General	considerations
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1)	Limitations	of	the	results:
• Assumptions	behind	the	results	(SMS,	BR,	…)
• Extrapolations	not	at	the	same	level:

• Generator,	fast	simulation	like	Delphes,	full	simulation	of	the	detector
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Example:	Gluino searches	with	boosted	W	bosons	or	top	quarks	
using	the	razor	kinematic	variables	to	the	HL-LHC	conditions.	

[CMS-SUS-16-017,	
JHEP	03	(2019)	031]

1)	Limitations	of	the	results:
• Assumptions	behind	the	results	(SMS,	BR,	…)
• Extrapolations	not	at	the	same	level:

• Generator,	fast	simulation	like	Delphes,	full	simulation	of	the	detector
• Sometimes	extrapolation	on	a	subset	of	the	original	analysis	only

[1]

General	considerations
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General	considerations
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1)	Limitations	of	the	results:
• Assumptions	behind	the	results	(SMS,	BR,	…)
• Extrapolations	not	at	the	same	level:

• Generator,	fast	simulation	like	Delphes,	full	simulation	of	the	detector
• Sometimes	extrapolation	on	a	subset	of	the	original	analysis	only

• Researchers	will	continue	to	improve	their	analyses	in	the	mean	time
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General	considerations
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1)	Limitations	of	the	results:
• Assumptions	behind	the	results	(SMS,	BR,	…)
• Extrapolations	not	at	the	same	level:

• Generator,	fast	simulation	like	Delphes,	full	simulation	of	the	detector
• Sometimes	extrapolation	on	a	subset	of	the	original	analysis	only

• Researchers	will	continue	to	improve	their	analyses	in	the	mean	time

2)	Some	triviality:
• Highest	Energy	à probe	the	high	mass	regime
• Highest	Luminosity	à probe	the	low	coupling/cross-section	regime
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Search	for	gluinos
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[ATLAS-CONF-2019-040] [1]

[2]

𝒈"	
f𝐨𝐫	𝐦 𝝌"𝟏𝟎 ≈0

LHC	
(139	fb-1)

HL-LHC	
(3	ab-1)	[1]

HE-LHC	
(27	TeV,	15	ab-1)	[1]	

HE-LHC	
(33	TeV,	3	ab-1)	[plot [2]]

FCC-hh
(3	ab-1)	[2]

FCC-hh
(30	ab-1)	[3]

Exclusion @95% 2.35	TeV 3.2	TeV 5.7	TeV ˜5.8	TeV 13.5	TeV 17.	TeV

5s discovery 2.9	TeV 5.2	TeV 11	TeV

- Lepton	colliders	are	ineffective	in	the	search	for	gluinos,	which	are	neutral	with	respect	to	the	EW	interaction	[3]

HL-LHC

FCC-hh
HE-LHC
HL-LHC
LHC

- Hadronic	activity	+	MET	in	the	final	state
- @Hadron	colliders:	Loss	of	sensitivity	at	

low	Dm(𝑔,, 𝜒,/0) in	what	we	call	the	
”compressed”	regime	even	with	dedicated	
selection	with		a	ISR	jet

Low	Dm(𝑔,, 𝜒,/0)
compressed
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Search	for	stops
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[1][4]

𝒕,
for	m 𝜒,/0 ≈0

LHC	
(139	fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

LE-FCC
(37.5	TeV,	15	ab-1)

FCC-hh
(30	ab-1)	

CLIC	1500
(1.5	TeV,	2.5	ab-1)

CLIC	3000
(3	TeV,	5	ab-1)

Exclusion @95% ~1.2	TeV 1.7	TeV 3.65	TeV 4.6	TeV 10.8	TeV 0.75	TeV 1.5	TeV

- High-energy	lepton	colliders,	e.g.	
CLIC3000,	might	become	
competitive	with	HL-LHC	at	low	
∆m(�̃�,	𝜒,/0), as	their	stop	mass	reach	is	
close	to	 𝑠� /2	even	for	low	∆m [3]
- Lower	centre-of-mass	energy	
lepton	facilities	do	not	have	
sufficient	kinematic	reach	[3]

[the	discovery	potential	in	all	channels	is	about	5%	lower]
[3]

- French	interest	(related	to	the	
presence	of	tops	in	the	final	state)
- #leptons	and	#jets	depending	on	
the	top	decays

Low	Dm(�̃�, 𝜒,/0)
compressed

High	m(�̃�)	
low	m(𝜒,/0)
boosted

Dm(�̃�, 𝜒,/0)	~m(t)
close	to	tt̅

HL-LHCCMS
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Search	for	electroweakinos (EWKino)
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Electroweakinos (=	neutralinos and	charginos,	which	are	coming	from	the	mixing	of	the	superpartners of	the	EW	gauge	
and	Higgs	bosons)	have	cross	sections	typically	much	smaller	than	those	of	coloured superpartners at	hadron	colliders.	
But	if	the	masses	of	the	gluinos and	squarks are	beyond	3-4	TeV,	the	direct	production	of	charginos and	neutralinos
through	EW	interactions	may	dominate	the	SUSY	production	at	the	LHC.	
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740	GeV	excl by	ATLAS	
with	139	fb-1 [5]

Assumptions:	1)	𝜒,/0 is	bino-like	and		2)	𝜒,;0 and	
𝜒,/
± are	wino-like	and	have	the	same	mass.

[4] [1]

[1]
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Search	for	electroweakinos (EWKino)
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𝝌"𝟐𝟎,	𝝌"𝟏
±

for	m 𝜒,/0 ≈0
LHC	

(139 fb-1)
HL-LHC	
(3	ab-1)

HE-LHC	27TeV
(	15	ab-1)	

FCC-hh
(30	ab-1)	

ILC	500
(0.5	ab-1)

ILC	1000
(	1	ab-1)

CLIC	1500
(2.5	ab-1)

CLIC	3000
(5	ab-1)

Exclusion@95% 0.74	TeV 1.15	TeV 2.3	TeV 3.3	TeV 0.25	TeV 0.5	TeV 0.75	TeV 1.5	TeV

Assumptions:	1)	𝜒,/0 is	bino-like	and		2)	𝜒,;0 and	
𝜒,/
± are	wino-like	and	have	the	same	mass.

[3]

/Z

@HL-LHC	compressed:	reinterpretation	
of	Higgsino 𝜒,/

± 𝜒,;0 results	
@HE-LHC:	projection	from	HL-LHC
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Assumptions:	𝜒,/0, 𝜒,;0 and	𝜒,/
± are	higgsino-like	and	the	mass	

splitting	Dm is	~	O(GeV)
[if	pure	higgsino,	Dm~160	MeV	à disappearing	track	analyses]
EWkino production	rates	are	smaller	than	in	the	previous	case,	
making	dedicated	searches	more	challenging.

@HL-LHC:	low	pT lepton	and ISR	jet	to	provide	large	MET

[3]

@ILC:	sensitive	up	to	 𝑠� /2	and	down	to	0(100	MeV)
@CLIC:	results	@3TeV	rescaled	for	lower	 𝑠� ,	analysis	
performed	for	Dm=5	GeV	and	extrapolated	below.

[1]

Search	for	electroweakinos (EWKino)
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Search	for	staus
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Particularly	challenging	at	pp	facilities	due	to	the	complexity	of	
identifying	thad and	reject	misidentified	candidates!	

The	sensitivity	depends	if	the	�̃� is	the	susy partner	of	a	tR or	tL.

𝝉,
for	m �̃�/0 ≈0

LHC	
(139	fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

FCC-hh
(30	ab-1)	

ILC	500
(500	GeV,	0.5	ab-1)

CLIC	3000
(3	TeV,	5	ab-1)

Exclusion @95% 0.12-0.39 TeV [5] 0.73	TeV 1.1	TeV (3-4 TeV) 0.23	TeV 1.25	TeV

[1]

[1]

[3]

[6]

2 thad

≥1 thad

19



C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

[7]

Search	for	new	resonances
A	lot	of	possibilities:

• New	gauge	bosons
• Extra	Dimensions
• Lepto-Quarks
• Heavy	quarks	(VLQ)
• Excited	fermions
• ….

20



Search	for	W’					[1l	+MET]
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[PRD	100	(2019)	052013]

𝑾’ SSM	à ln
(l	=	e	or	µ)

LHC	ATLAS
(139	fb-1)

HL-LHC	
(3	ab-1)

Exclusion @95% 6.0	TeV 7.9	TeV

Run2	
~140	fb-1 Run3	

~300	fb-1

[1]

[1]

[1]

𝑾’ SSM	à tn LHC	CMS
(36	fb-1)

HL-LHC	
(3	ab-1)

Exclusion @95% 4.0	TeV 7.0	TeV

W’	->	l	n
@HL-LHC:	Superior	energy	resolution	
of	the	calorimeter	for	high-pT
electrons	as	compared	to	that	of	the	
muon	spectrometer	for	high-pT muons	
à better	sensitivity	for	electrons
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Search	for	WR’			[1l+MET+bb]

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

To	be	sensitive	to	WR’,	the	search	is	performed	in	the	tb channel,	
with	t	->	Wb and	W->	ln.

After	having	reconstructed	the	W	and	t	systems,	the	mass	of	the	
reconstructed	W’	system	is	used	as	discriminant	variable.

𝑾’R à tb LHC	
(36	fb-1)

HL-LHC	
(3	ab-1)

Exclusion @95% 3.15	TeV 4.9	TeV

[PLB	788	(2019)	347]

[1]

[1]

French	interest	(related	to	the	presence	
of	a	top	in	the	final	state)	?
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Search	for	Z’							[2l]
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[7]

𝒁’ SSM LHC	
(~140	fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

ILC	500
(500	GeV,	4	ab-1)

CLIC	3000
(3	TeV,	3	ab-1)

FCC-hh
(30	ab-1)	

Exclusion @95% 5.1	TeV 6.5	TeV 12.8 TeV 9.8	TeV (indirect)

5s discovery 6.4	TeV 12.8	TeV 6.2	TeV ~20	TeV 42	TeV

[1]
Z’à ll (electron	or	muon)
The	sensitivity	depends	on	the	model

Run2	:	~140	fb-1

[EXO-19-019] [PLB	796	(2019)	68]
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Search	for	Z’
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[3]

The	gap	in	performances	between	CEPC	or	FCC-ee with	
respect	to	ILC250	or	CLIC380	is	most	likely	due	to	the	lack	
of	dedicated	di-fermion	production	studies.

Use	of	a	specific	model	for	sensitivity	comparisons,	
with	the	coupling	constant	(gZ’)	taken	as	a	free	
parameter.

Mixing	the	reaches	of	direct (round	curves	at	small	
gZ’)	and	indirect	(diagonal	straight	lines	at	large	gZ’)	
searches.

The	direct	mass	reach	is	inferior	to	the	indirect	one	
for	high	gZ’.

95%	CL	exclusion
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Search	for	excited	leptons	[2l	+	1g]
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l*
(Ml∗ =Λ)

LHC	
(36fb-1)

HL-LHC	
(3	ab-1)

Exclusion @95% 3.9 TeV 5.8	TeV

5s discovery 5.1 TeV

[1] While	the	electron	channel	has	a	lower	signal	yield	than	
the	muon	channel,	it	also	has	lower	background,	and	
the	net	result	is	that	the	excluded	cross	sections	differ	
only	by	about	10%,	producing	a	similar	exclusion	limit	
on	the	excited	lepton	mass.	

[1][1]

Search	for	final	state	with	a	pair	of	opposite-sign	
same-flavour leptons	and	a	photon	

Difficulty	to	identify	which	lepton	is	coming	from		l*

l*	->	l	+	g

[8]
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Search	for	Randall–Sundrum Gluon			[2t]	
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gRS à tt̅ :	Two	distinct	final	states	with	either	a	single	lepton	or	no	
leptons	are	considered.	Jet	substructure	techniques	and	top	quark	
identification	algorithms	are	used	for	the	object	reconstruction.

𝑹𝑺	𝒈𝒍𝒖𝒐𝒏
t𝐭̅ k/𝐌L PL =1

LHC	
(36	fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

Exclusion @95% 4.5	TeV 6.6 TeV 10.7	TeV

5s discovery 5.7	TeV 9.4 TeV

[JHEP	04	(2019)	031] [1] [1]

French	
interest
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Search	for	Z’			 [2t]
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𝒁’ leptophobic
tt

LHC	ATLAS
(36	fb-1)
[0l]

LHC		CMS
(36	fb-1)
[0l,	1l,	2l]

HL-LHC	
(3	ab-1)
[1l]

HE-LHC	
(27	TeV,	15	ab-1)	

FCC-hh
(30	ab-1)	

Exclusion @95% 3.1 TeV
for Γ =1%

3.8 TeV
for Γ =1%

4	TeV
for	Γ =1.2%

10 TeV 28	TeV
[7]

[JHEP	04	(2019)	031]
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[PRD	99	(2019)	092004]

[JHEP	04	(2019)	031] [PRD	99	(2019)	092004] [1]

Another	interpretation	for	di-top	
resonances
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Conclusions

• I	try	to	give	you	some	feeling	about	what	we	could	expect	from	direct	
searches	at	colliders,	focusing	on	susy and	new	resonances	only.
• My	conclusion	is	that	future	colliders	will	allow	us	to	probe	new	physics	in	
a	very	powerful	way.	Lepton	and	hadronic	colliders	would	bring	
complementarity.
• Beyond	that,	I	personally	think	that	our	future	success	will	be	based	on

• Hard	work	on	detectors,
• Creative	interactions	between	theory	and	experiments,	
• Complementary	searches	performed	in	different	experiments	(not	only	in	particle	physics								),
• Testing	new	ideas/approaches/analysis	techniques/…
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Additional	information…

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020 29



References

• [1]	:	HL/HE-LHC	https://arxiv.org/pdf/1812.07831.pdf
• [2]	:	FCC	https://arxiv.org/pdf/1606.00947.pdf
• [3]	:	Briefing	book,	https://arxiv.org/abs/1910.11775
• [4]	:	CMS	susy summary plots
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
• [5]	:	ATLAS	susy results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
• [6]	Talk	of Monica	D‘Onofrio @	Granada	symposium
• [7]	Talk	of Juan	Alcaraz @	Granada	symposium

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020 30



References	(2)

• [8]	CMS	exo summary	plots	
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13
TeV
• [9]	ATLAS	exo results	
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
• [10]	CMS	B2G	results	
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020 31



C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

More	on	Susy…
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[5]
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Susy	results	from	CMS	(1)
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[4] [4]
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Susy	results	from	CMS	(2)
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[4]
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Summary	plot	for	gluino searches

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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Summary	plot	for	squarks of	1st and	2nd generations

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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Summary	plot	for	stops

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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Summary	plot	for	HL/HE-LHC	SUSY	Searches

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

[6]
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Actual	limit	from	LHC	for	ewkino

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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Actual	limit	from	LHC	for	ewkino

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

More	on	Resonances…
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C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020
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C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

[8] [10]

Exo	Results	from	CMS
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C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

Summary	plot	for	HL/HE-LHC	resonances	Searches
[1]
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Search	for	excited	quarks				[2jets]

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

Q* LHC	CMS
(36	fb-1)

LHC ATLAS	
(139	fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

FCC-hh
(30	ab-1)	

Exclusion @95% 6 TeV 6.7	TeV 7.5	TeV 14	TeV 43	TeV
[7]

Study	of	di-jet	production

[8]

Limits	@HL-LHC:	by	
comparing	estimated	
limits	with	precise	cross	
section	predictions	for	
14	TeV (~0.2	fb	for	7.5	
TeV mass)	

[7]

[9]
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Search	for	Randall–Sundrum Graviton			[2W]	

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

𝑹𝑺	𝒈𝒓𝒂𝒗𝒊𝒕𝒐𝒏
WW

LHC	
(36fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

FCC-hh
(30	ab-1)	

Exclusion @95%		k/𝐌L PL =1 1.7	TeV [0l,	1,	2l] 3.3	TeV [1l]	

k/𝐌L PL =0.1 8	TeV 28	TeV

[7]

1808.02380
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Search	for	Vector-Like	Quark	(VLQ)	X5/3 [tW]

C.	Collard	(IPHC) Séminaire	thématique	GT01,	12-13	mars	2020

X5/3
tW

(pair	production)

LHC	
(36	fb-1)

HL-LHC	
(3	ab-1)

HE-LHC	
(27	TeV,	15	ab-1)	

FCC-hh
(30	ab-1)	

Exclusion @95% 1.3	-1.6 TeV 1.8	TeV - -

5s discovery 1.6	TeV 2 TeV 4.7	TeV

• @HL-LHC:	search	for	same-sign	di-lepton	in	the	final	state	when	pair	production
• Analysis	strategies	currently	in	use	at	LHC,	including	identification	of	particles	in	boosted	topologies
• @FCC-hh:	the	single	production	should	be	dominant	at	very	high	energy,	although	production	rate	is	model	dependent	

[7]

[8,9]
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