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The Future Starts Now: LHC
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√s [TeV] L [fb-1]
2010 7 0.045
2011 7 6
2012 8 23
2015 13 4
2016 13 41
2017 13 40
2018 13 60
2019 13 ?
2021 ~14 60
2022 ~14 60
2023 ~14 60
2024 ~14 ?

Run II ATLAS & CMS results 
with 300 fb-1 not excluded

* MK estimates in red and speculation on  
potential change in scheduling purple



HL-LHC

➡ LHC dipoles stretched NbTi technology to 
its limit
๏ 8.3T in central region via operation at 1.8k 

➡ HL-LHC needs new technology in iteration 
region: Nb3SN
๏ 12T quadrupoles with 150mm aperture to 

shrink β* 
➡ Operating and upgrading the LHC is a very 

significant investment
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HL-LHC
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HL-(HE)-LHC
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https://indico.cern.ch/event/647676/


➡Projection of kappa-fits 
๏ Extrapolated from early Run-I analysis 
๏ Many improvements from experiment and 

theory since 
๏ Expect 4~10% precision from Run-II and 

2-5% from HL-LHC  

➡H → μμ
๏ 2nd generation fermion coupling 
๏ search for narrow resonance with huge DY 

background 
๏ expect ~5% uncertainty from HL-LHC

Higgs Prospects

Rare-decays
arXiv:1307.7135
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Higgs Prospects
➡Expanding studies of prospects to differential measurements

๏ really only to give you a flavor
๏ H→ZZ channel shows 4-10% uncertainty
๏ other channels should be exploited 
๏ one should assess the sensitivity to NP
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High-Energy (HE) LHC 
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➡Machine goals
๏ 2x LHC collision energy with FCC-

hh magnets
๏ c.m.energy = 27 TeV ~ 14 TeV x 

16T/8.33T
๏ target luminosity > 4 x HL-LHC
๏ 25ns baseline, also 5ns option
๏ use LHC tunnel with compact 

magnet design

➡Key technologies
๏ FCC-hh magnets & FCC-hh 

vacuum system
๏ HL-LHC crab cavities & electron 

lense



High-Energy (HE) LHC 
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HE-LHC
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➡Simple extrapolation for Higgs Physics
๏ 4 times larger dataset, better detectors, more difficult 

environment
๏ 2.5 times larger cross section for single Higgs production
๏ 5 times larger cross section for double Higgs production

➡Effective statistical gain in Higgs measurements  
w.r.t HL-LHC
๏ Factor 3 for single Higgs
๏ Factor 5 for double Higgs

➡Mass reach for heavy states increases by about a factor of 2

➡Studies are an interpolation between HL-LHC and FCC-hh 



FCC-hh
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FCC-hh
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➡ International FCC collaboration 
to study
๏ pp collider (FCC-hh) 
๏ e+e- collider (FCC-ee) 
๏ p-e (FCC-he) 

➡80-100 km infrastructure in Geneva 
area 

➡Goal: CDR and cost review next 
year 

➡Similar studies in China  
๏ e+e- collider (CepC) 
๏ pp collider (SppS)



FCC Modus Operandi

➡ 5 year long operation periods

๏ 1y HW commissioning,

๏ 2.5y luminosity production

๏ 1.5 y shutdown

➡ 2 periods at baseline parameter

๏ peak luminosity 5x1034cm-2s-1 

๏ HL-LHC like

๏ total of 2.5 ab-1 per detector

➡ 3 periods at ultimate parameters

๏ peak luminosity 3x1035cm-2s-1

๏ total of 15 ab-1 per detector

➡ Total program: 20 ab-1 per detector
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Challenging (interesting) environment 
for detector design.



Higgs Prospects
➡Di-Higgs at HL-LHC

๏ studied in detail by ATLAS and CMS
๏ remains very challenging, i.e. there is no silver 

bullet
๏ expect 2σ or 50% procession on XS for one 

experiment

➡Di-Higgs at FCC-hh and comparing with HL-
LHC
๏ similar S/B
๏ ~10 signal events at HL-LHC
๏ FCC has larger cross section and luminosity 
๏ FCC has larger acceptance and selection 

efficiency
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Lepton Collider
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Higgs Physics
➡ Recoil method provides unique opportunity for  

model independent measurement of HZ coupling
๏ Higgs events are tagged Higgs decay mode independent

๏ using only leptonic Z decays and only  
measurement at 240 GeV so far 
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➡ Total Higgs boson width can be extracted from a 
combination of measurements in a model 
independent way

๏ 1) tagging Higgs final states

๏ 2) measurements of vector boson fusion production at 350 GeV

๏ 3) combination of all measurements

Higgs Physics
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Lepton Collider Updates
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➡ CLIC
๏ https://arxiv.org/abs/1608.07538

๏ polarization considered for 1.4 and 3 TeV
CDR Vol 2: Physics and Detectors - arXiv:1203.5940
CDR Vol 3: The CLIC Programme - arXiv: 1209.2543
CLIC Snowmass White Paper - arXiv: 1307.5288

https://arxiv.org/abs/1608.07538


Lepton Collider Updates
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➡ International Linear 
Collider (ILC)
๏ project is being re-

assessed
๏ cost, physics case, 

running scenarios
๏ new results e.g. on 

interpretation of data  
arXiv:1708.08912

๏ JAHEP proposes the 
Japanese Linear Higgs 
Factory (ILC250)
๏ 1-2/ab in 10 years 

arXiv:1506.05992

2/ab @ 250 GeV +4/ab @ 500 GeV

uncertainty in %



Lepton Collider Updates
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➡FCC-ee 
๏ updated baseline 

machine parameter 
for CDR

๏ long list of studies 
and improvements

๏ realistic 
assumptions and 
simulations used  

Modus Operandi: 
12 years total running time (= LEP)



Luminosity vs Energy
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Summary Table
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Uncertainties HL-LHC* μ-Collider CLIC ILC FCC-ee
mH [MeV] 40 0.06 - 30 8*
ΓH [MeV] - 0.17 0.15 0.16 0.05
gHZZ [%] 2.0 - 0.8 0.6 0.2
gHWW [%] 2.0 2.2 0.9 0.8 0.4
gHbb [%] 4.0 2.3 1.0 1.5 0.6
gH𝜏𝜏 [%] 2.0 5 1.7 1.9 0.8
gH𝝲𝝲 [%] 2.0 10 5.7 7.8 2.1
gHcc [%] - - 2.3 2.7 1.0
gHgg [%] 3.0 - 1.7 2.3 1.2
gHtt [%] 4.0 - 4.4 18 -
gHμμ [%] 4.0 2.1 14 20 8.8
gHHH [%] 30 - 24 - -

* Estimate for two HL-LHC experiments  for ~10y operation 
lots of “!,*,?” in this table



CERN Draft Schedule
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Conclusion
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➡… and some more points

➡ (HL-)LHC quickly turning Higgs studies into 
program of precision measurements
๏ next big goal is the coupling to second generation fermions
๏ study coupling deviation from SM at O(%)
๏ differential measurement offer additional handle to … 
๏ evidence for di-Higgs production possible at HL-LHC

➡Fantastic prospects to probe the Higgs sector with 
future lepton colliders
๏ unique measurements of gZH and total width
๏ precision measurements of Higgs boson properties (coupling, mass, CP)
๏ precision Higgs program needs to be accompanied by precision program for mc, 

mb, and αs

๏ synergy and complementarity to hadron collider Higgs physics




