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CDR 2012+
update ‘16

e+e– @ 380 GeV, 1.5 & ~3 TeV

CDR (end ’18)

• e+e– @ 91, 160, 240, 365 GeV
• pp @ 100 TeV
• e60GeV p50TeV @ 3.5 TeV

100km tunnel LHC tunnel: HE-LHC

• pp @ 27 TeV,   15ab–1



Possible paths
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Long-term LHC plan

The 35fb–1 of 13 TeV data analyzed so far are just 
1% of the final statistics

==>> the LHC physics programme has barely started! <<==



Direct stop searches (ATLAS Snowmass doc)

LHC vs HL-LHC: examples of prospects for direct searches

Z’ → e+e–

ATLAS/CMS HL docs 300/fb 3000/fb

95% excl (ATLAS) 6.5 TeV 7.8 TeV

5σ (CMS) 5.1 TeV 6.2 TeV

• What’s been excluded at 300 fb–1 may not be discovered at 3000 fb–1

Message:

5σ @ 3000/fb5σ @ 300/fb

95% excl @ 3000/fb

95% excl @ 300/fb
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Question:

• If LHC sees nothing new after 300 fb–1, why would we keep 
going all the way to 3000 fb–1



• Is the mass scale beyond the LHC reach ? 

• Is the mass scale within LHC’s reach, but final states are elusive to the 
direct search ?

Key question for the future developments of HEP:  
Why don’t we see the new physics we expected to 

be present around the TeV scale ?

These two scenarios are a priori equally likely, but they impact in 
different ways the future of HEP, and thus the assessment of the physics 
potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
• precision
• sensitivity (to elusive signatures)
• extended energy/mass reach



Mass reach vs reach for rare/elusive proc’s
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δM/M = Δ/M ⇒
fractional extension of the mass 
reach → 0 at large L ⇒ 
marginal gain at higher and 
higher L

At large M, σ ~ σ0  exp(– cΜ) mass reach

(assume 0 bg’s, key points don’t change in presence of bg)

At fixed M:

L→10 x L  ⟹ σ0 → σ0 / 10

If σ0 ~ 1/Λn ⇒
L→10 x L  ⟹ Λ→ 101/n Λ

“coupling strength” reach

the reach for smaller and smaller 
couplings, BRs or for larger scales 
of new physics, Λ , keeps 
improving at higher L!



Example: heavy Q reach in pp→QQ
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Δa=1,…,5 (GeV) ~ 350, 430, 480, 480, 480

Δ1 Δ2 Δ3 Δ4 Δ5

⇒ Below σ=O(fb) ,  σ ~ exp(–M/M0) and Δ→const
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Message

•The extension of the discovery reach at high masses 
saturates quickly with luminosity, and after a while the 
incremental gain is minimal

•But this is not the only criterion to judge the value of 
higher luminosity! 

•higher luminosity continues to benefit the search for rare 
or elusive phenomena, which is where new physics at the 
LHC might be hiding

•Examples, from the Tevatron, of the role of high Luminosity:

•BS oscillations

•Higgs search

•mW and mtop
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other smart ways to exploit 
larger statistics:
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Larger statistics, giving access to more secluded kinematical regions, allow to exploit 
new powerful analysis tools, and gain sensitivity to otherwise elusive signatures

Example: search for low-mass resonances V→2 jets
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bg’s and trigger thresholds 
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Larger statistics, giving access to more secluded kinematical regions, allow to exploit 
new powerful analysis tools, and gain sensitivity to otherwise elusive signatures

Example: search for low-mass resonances V→2 jets

V
q

q
_

q

q
_

search impossible at masses below 
few hundred GeV, due to large gg→gg 

bg’s and trigger thresholds 

V

At large pT

 
• S/B improves (qg initial state dominates 

both S and B)
• use boosted techniques to differentiate 

V→qq vs QCD dijets
• εtrig ~ 100%
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Sensitivity to potential mediators in low-mass regions so-far unexplored
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can one fill these 
small gaps with high-

pt stop pairs?

other possible 
applications



H couplings to 2nd generation: 
the role of HL-LHC

Projections from CMS-HIG-13-007

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13007TWiki
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-003/index.html


Projected precision on H couplings at HL-LHC
ATL-PHYS-PUB-2014-016

(μ=σxBR)

solid areas: no TH systematics 
shaded areas: with TH systematics 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/


What will HL-LHC tells us about the Higgs potential?
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Barely 1-2σ evidence for Higgs pair production, but no quantitatively significant 
determination of λ: −0.8 < λ/λSM < 7.7 @95%CL

+

•Strong negative interference between 
the two diagrams near threshold

•Selfcoupling diagram suppressed well 
above threshold, due to 1/S behaviour

• => it’s hard!!

−0.2 < λ/λSM < 2.6  
w. kinematical analysis

ATL-PHYS-PUB-2017-001

CMS-PAS-FTR-16-002



17

Colliders beyond the LHC
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The potential of a Future Circular Collider
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• Guaranteed deliverables:
• study of Higgs and top quark properties, and exploration of EWSB 

phenomena, with unmatchable precision and sensitivity

• Exploration potential:
• mass reach enhanced by factor ~ E / 14 TeV (will be 5–7 at 100 

TeV, depending on integrated luminosity)
• statistics enhanced by several orders of magnitude for BSM 

phenomena brought to light by the LHC
• benefit from both direct (large Q2) and indirect (precision) probes

• Provide firm Yes/No answers to questions like:
• is the SM dynamics all there is at the TeV scale?
• is there a TeV-scale solution to the hierarchy problem? 
• is DM a thermal WIMP?
• did baryogenesis take place during the EW phase transition?

The potential of a Future Circular Collider



Examples: precision Higgs physics

19



Higgs couplings @ FCC

gHXY ee [240+350 (4IP)] pp [100 TeV] 30ab–1 ep [60GeV/50TeV], 1ab–1

ZZ 0.15% <1%
WW 0.19%
bb 0.42% 0.2%
cc 0.71% 1.8%
gg 0.80%
ττ 0.54%
μμ 6.2% <1%
γγ 1.5% <0.5%
Ζγ <1%
tt ~13% 1%

HH ~30% 3.5% under study
uu,dd H->ργ, under study

ss H->φγ, under study
BRinv < 0.45% few 10–4

Γtot 1%
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Examples: direct discovery reach



New gauge bosons discovery reach

Example: W’ with SM-like couplings

At L=O(ab–1),  Lum x 10 ⇒ ~ M + 7 TeV

NB For SM-like Z’ , σZ‘ BRlept ~ 0.1 x σW‘ BRlept , ⇒ rescale lum by ~ 10
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100 evts/10ab–1

Discovery reach for pair production of strongly-
interacting particles
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SUSY and DM reach at 100 TeV

possibility to find (or rule out) 
thermal WIMP DM candidates



100 TeV ? 
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200 TeV ? 

27 TeV in the LHC tunnel, replacing current 
magnets with those developed for FCC ? 
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Evolution, with beam energy, of scenarios with the discovery of a new 
particle at the LHC
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Possible questions/options

• If mX ~ 6 TeV in the gg channel, rate grows x 200 @28 TeV:
• Do we wait 40 yrs to go to pp@100TeV, or fast-track 28 

TeV in the LHC tunnel?
• Do we need 100 TeV, or 50 is enough (σ100/σ14~4·104 , 
σ50/σ14~4·103 ) ?

• .... and the answers may depend on whether we expect 
partners of X at masses ≳ 2mX  (⇒ 28 TeV would be 

insufficient ....)

• If mX ~ 0.5 TeV in the qqbar channel, rate grows x10 @100 
TeV:
• Do we go to 100 TeV, or push by x10 ∫L at LHC?
• Do we build CLIC?

• etc.etc.
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HE-LHC potential

• Reach at high mass: 
• M → 2 x MLHC

• implications on models, naturalness, …. ?

• Guaranteed deliverables: 
• Higgs selfcoupling:

• first estimates: δλ~±30% (https://arxiv.org/abs/1802.04319)

• Higgs properties, top and EW observables, …: 
• under study

• No-lose theorems: 
• microscopic origin of current flavour anomalies?

• All of this to be explored during the running CERN 
Workshop on HL/HE-LHC physics

https://arxiv.org/abs/1802.04319
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https://indico.cern.ch/event/647676/

Next general mtg: June 18-20, CERN, https://indico.cern.ch/event/686494/

Workshop twiki pages: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop

To join the mailing list, click here

Next mtg of Higgs, BSM and flavour WGs: April 4-6 at FNAL, https://
indico.fnal.gov/event/16151/

https://indico.cern.ch/event/647676/
https://indico.cern.ch/event/686494/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=hllhc-physics
https://indico.fnal.gov/event/16151/
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=> it’s like building the LHC ex-novo, and more 
• very unlikely to be cheaper …
• … but not incompatible with a ~constant CERN budget
• nevertheless feasibility to be proven (eg magnets bigger than LHC’s: will 

they fit in the tunnel ??)
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1.5	TeV	/	beam

CLIC layout (3 TeV)  
	

P.Burrows, ICFA seminar 2017



Project	staging
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Optimize	machine	design	w.r.t.	cost	and	power	for	a	staged	approach	to	
reach	multi-TeV	scales:	

	 ~	380			GeV	(optimised	for	Higgs	+	top	physics)	
	 ~	1500	GeV	
	 ~	3000	GeV	

Adapting	appropriately	to	LHC	+	other	physics	findings		

Possibility	for	first	physics	no	later	than	2035	

Project	Plan	to	include	accelerator,	detector,	physics	

P.Burrows, ICFA seminar 2017



	 	 CLIC	roadmap
P.Burrows, ICFA seminar 2017
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Final remarks
• The HL-LHC is an essential part of the LHC programme, even if no 

evidence for new physics were revealed by the LHC after 300 fb–1

• The duration of the HL-LHC programme fits well the timescale of 
possible future higher-energy projects, given the time required by 
their development

• The physics case of a 100 TeV collider is very clear as a long-term 
goal for the field, simply because no other proposed or foreseeable 
project can have direct sensitivity to such large mass scales.

• Nevertheless, the precise route followed to get there (via CLIC? via 
HE-LHC? via FCC-ee? …) must take account of the fuller picture, to 
emerge from the LHC as well as other current and future 
experiments in areas ranging from flavour physics to dark matter 
searches. The right time scale for this assessment is ~10 yrs from 
now
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arXiv:1605.01389 

Material and infos
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https://e-publishing.cern.ch/index.php/CYRM/issue/view/35/showToc
Now available as a CERN Yellow Report

• FCC-ee: 

• “First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164 

• “High-precision αs measurements from LHC to FCC-ee”, arXiv:1512.05194 

• FCC-eh: no document as yet, see however

• “A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for Machine and 
Detector”, J.Phys. G39 (2012) 075001 

https://e-publishing.cern.ch/index.php/CYRM/issue/view/35/showToc
http://inspirehep.net/record/1251418
http://inspirehep.net/record/1118165


Recent Workshops
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https://indico.cern.ch/event/664479/

https://indico.cern.ch/event/618254/

https://indico.cern.ch/event/669224/

https://indico.cern.ch/event/664479/
https://indico.cern.ch/event/618254/
https://indico.cern.ch/event/669224/
http://www.apple.com

