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• There must be something beyond the Standard Theory (or totally different!)

• Experimental proofs such as: 

• Cosmological Dark Matter

• Baryon Asymmetry of the Universe

• non-zero (but very small) neutrino masses 

• Plus, the small Higgs boson mass hints to crucial questions specific to the TeV scale that demand 
an answer and require exploration: 

• Hierarchy problem/Naturalness

• EW dynamics above the symmetry breaking scale

• Which way to go? 

• Indirect search for effects of new physics on W,Z,H,top —> Colliders with unprecedented 
accuracy

• Direct searches for new heavy particles —> Colliders with larger energies

• Or maybe both?
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Where is everybody? (Nima)



The (evolving) HEP landscape

FIND NO NEW PARTICLE, BUT HINTS FOR 
NON STANDARD HIGGS BEHAVIOR OR 

OTHER EXCESSES 

➡HL-LHC can somewhat improve precision 

➡Higgs and Z factories very interesting 
machines (FCC-ee) 

➡push energy frontier to its limits (FCC-hh)
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The FCC project 
• Intermediate step: precision circular e+e- collider (same tunnel) variable beam energy: 90-350 GeV

• possibility of ep collisions 

• Build a 100 km tunnel in the Geneva region with the ultimate goal of pp collisions at 100TeV
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FCC-ee: high luminosity from sqrt(s)=90-350GeV 
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FCC-ee

Different runs at 90(Z)-160(WW)-240(ZH)-350(tt)GeV to probe different physics
Possibility of having a 125(H) run to probe s-channel Higgs production

approx 
1 ab-1/year



Higgs couplings and NP(1)
• The projections for the Higgs coupling at the HL-LHC bring a factor 1.5 to 2 on top of the 

Run2 (300 fb-1). Limited by systematic uncertainties. 

• measurement of the coupling to ~5-10% 

• is this precision good enough for a discovery?  

• Need ~1% precision on coupling for a 5σ discovery if Λ =1TeV
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• Lepton colliders easy choice when looking for extreme precision:  

• No pile-up. No backgrounds. Triggering is easy

• No underlying event. Known energy and momentum of the final state: can use conservation laws!

• FCC-ee might achieve a precision <1% on the Higgs couplings. Sensitive to multi-TeV NP effects. 



The pattern of Higgs coupling deviations is a signature of the underlying dynamics. 

FCC-ee

PS better precision on top Yukawa achievable at HL-LHC/FCC-hh through ttH/ttZ

Higgs couplings and NP(2)



Precision top physics: mass 

• Different luminosity spectra in different machines: no beamstrahlung tail for FCC-ee. Keeps a sharper main 
peak, which means better statistics & sensitivity 

• For 100 fb-1, with 1D mass fit 16 MeV achievable (from a study performed with ILC software). Possible 
improvements down to 10 MeV using αs information from Tera-Z 

• Expected 1M top pairs produced: classic event reconstruction strategy can be used as well (different 
systematics)

15

FCC-ee

λtop ~13% with 
indirect extraction 
from threshold 
scan.


To improve need 
higher energy or 
FCC-hh. 

FCC



SM after FCC-ee
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FCC-ee



Pinning down the Standard Model
• EWK fits have shown their predicting power in the case of the Higgs mass: 

they could show the presence of new physics effects 

• theory needs to advance as well as the experiments to match the precision 
expected at the Fcc-ee

• precision goals to be confirmed by complete studies 
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FCC-ee



FCC-hh: life at sqrt(s)=100TeV

• Numerology for 10ab-1 @100TeV

• 1010 Higgs bosons => 104x today  

• 1012 top quarks => 5 104 x today

• 107-9 new physics particles of your 
choice => ∞ x today
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Amazing potential, extreme detector and reconstruction challenges 

FCC-hh
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FCC-hh

Higgs physics @ 100 TeV(2)



Higgs physics @ 100 TeV(2)
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FCC-hh

ttH HH

• Interesting probe of 
new mass generation 
mechanism.

• Input to Higgs self-
interaction



The SM at 100 TeV
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FCC-hh

1 pb–1 to recover sensitivity of HL-LHC ⇒< 1 day @ 1032 

50pb–1 to 2x the sensitivity of HL-LHC ⇒< 1 month @ 1032 

1fb–1 to 3x the sensitivity of HL-LHC ⇒< 1 year @ 2x1032 
At large sqrt(s)

Dijet rates comparison



BSM Physics: Supersymmetry?
• search for third generation squarks

• Mass reach extended by a factor 2 with LHC 14TeV(Run2) : covers the 1TeV (favorite) 
region

• HL-LHC extends the reach by 20%

• However if NO excess in 300fb-1 the HL-LHC potential vanishes entirely
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Supersymmetry @100TeV
• Production in pp collisions: 

• if the spectrum is heavier only higher energy can extends the discovery reach

• if no hints at Run2, the HL-LHC has no chance of discovery

• Discovery reach for gluino: up to 5 TeV at HL-LHC —> 11 TeV with FCC-hh 

• Discovery reach for stop: up to 3TeV with HL-LHC —> up to 6 TeV with FCC-hh

23you are here

FCC-hh



Heavy Resonances
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FCC-hh sensitive to mZ’ in 
dileptons(!) up to 30-35 TeV 

Rule of thumb: about a factor 5 in mass 
reach comparing LHC(14 TeV, 300 fb-1) to 
FCC-hh(100TeV, 3000fb-1)

FCC-hh
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Conclusions

• The physics potential of the FCC project, in its complete form, allows: 

• unprecedented precision measurements at very large integrated luminosity 
and a clean environment with FCC-ee 

• unprecedented reach on rare - or entirely new - processes at higher energy 
with FCC-hh

• To achieve this immense physics program there are extreme accelerator, 
detector, reconstruction and theory challenges to be studied and overcome in 
the next 30 years. 

• Lots of room for contributions!
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BACKUP INFORMATION



Dark matter 100 TeV



Precision on Higgs couplings
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FCC-ee



Stops at 100 TeV

30

FCC-hh



Opening the multi-top window
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FCC-hh



Physics Motivation
❖ (For the first time) The Standard Model is a consistent theory up to very high energies


❖ all couplings remain perturbative

❖ the standard model vacuum is however in a near-critical condition

❖ the Higgs quartic coupling crosses zero below the Planck scale (suggest new physics 

or at least the study of λ)
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BSM Physics: Sterile Neutrinos ?  
❖ Number of neutrino families from LEP Nν=2.984±0.008  

❖ potential to improve to ±0.001 using e+e—>Zγ (not 
enough statistics at LEP)


❖ Search for sterile neutrinos in Z decays:  

❖ Number of events depends on mixing between N and ν, 
and mN
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(Very) Displaced SV,
detector challenge!

N. Serra 7th FCC-ee workshop

FCC-ee



WW scattering at high energy
❖ In the SM the Z and H exchange diagrams diverge but exactly cancel each other


❖ anomalous couplings, as hints from New Physics, would have dramatic effects 

❖ the total WW scattering/Higgs pair cross section diverge with m4WW,HH
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Precision on a and b:

~30% at HL-LHC 14 TeV

~1% with FCC-hh 100 TeV 

Precision on a: 

~1% with ILC

~ 0.1% with FCC-ee 

FCC-hh



Tera-Z and Oku-W
❖ Hadronic Z event rate ~15kHz in the detector.  

❖ LEP1 physics program in 15 minutes

❖ Measure the Z line shape accumulating 1012 Z bosοns in a energy 

scan. Could reach 100 keV on MZ and ΓZ  
❖ improvement on method to measure the c.o.m. energy (profit on 

the large number of bunches)

❖ Huge statistics allows improvement on many other 

observables like Rl and αs(MZ) determination 
❖ Measurement of ALR with longitudinal polarization: could reach 

~2.10-6 
on sin2theta 

❖ challenging, dedicated run with lower luminosity?

❖  MW mass measurement from WW production threshold scan, 

could reach ~0.5 MeV

❖ Multi-gauge bosons production: VV, but also WWγ, WWZ, γγγ, 

WWH. Using differential distribution to separate for example, the 
different polarization components
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FCC-ee



Higgs Physics @100TeV
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FCC-hh

FCC-hh

FCC-ee



Dark Matter
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FCC-hh



EW interactions at high energy
❖ At 100TeV large statistic of multi-boson production 

events

❖ Need to see how high can we go in multiplicity? 


❖ Experimental issues important: acceptances/
efficiencies. 


❖ Can we use (boosted) hadronic decays? 

❖ what can we learn? How?  


❖ 100fb with M(WW)>~3 TeV

❖ 1fb with M(HH)>~1 TeV


❖ For instance there is a 10% probability of a W 
emission from a quark jet! 
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FCC-hh



Access the top PDFs
FCC-hh



An historical perspective
❖ 1970-1990


❖ Precision measurements of neutral currents: predicted mW and mZ 
❖ The CERN SppS(UA1, UA2) discovered the W and the Z

❖ The CERN LEP(and SLC) nailed the Gauge sector


❖ 1990-2000

❖ Precision measurements of the gauge sector at LEP/SLC: predicted top 
❖ The FNAL Tevatron(CDF,D0) discovered the top

❖ A collider to nail the top sector? Does the LHC suffice? 


❖ 1995-2015

❖ Precision measurements of mW and mtop(LEP, TeVatron): predicted mH 
❖ The CERN LHC(CMS,ATLAS) discovered the SM Higgs boson

❖ A collider to nail the scalar sector? Does the LHC suffice? 
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FCC-ee in one page (reminder)

❖ Intermediate step in the FCC global project 

❖ Very high luminosity + up to 4 Interaction 

Points

❖ Beam energy from 45 to 175(250) GeV 

❖ Main physics Program vs beam energies: 

41

Z(45.5 GeV): Z pole, ‘TeraZ’, high precision 
MZ,ΓZ 

W(80 GeV): W pair production threshold (Oku-
W) 

H(120GeV): ZH production threshold 

t(175 GeV): tt threshold (Mega-top)



Expected deviations from benchmark models

❖ if new physics scale at 1TeV

FCC-ee



FCC-ee



More SM fundamental measurements
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FCC-hh



Precision top physics: FCNC & Rare-decays

• The large statistics allows to improve significantly the 
measurement of the various top couplings: gtWZ, ttZ/ttγ 

• But rare decays and FCNC are the real gold mine (i.e. t->Zq, γq, 
Zc). The improvements come from: 

• large statistic at 350GeV in pair production

• can profit of  single top production at 240 GeV 

• clean final states   
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FCC-ee

expectations from theory

Easy way to find new 
physics signatures!



FCC-hh



BSM: what changes at 100 TeV
❖ Access to new particles in the few-30TeV mass range, way beyond LHC reach 

❖ Higher rates for sub-TeV phenomena

❖ Access to very rare processes. Allow search for stealth phenomena, invisible at the 

LHC

❖ Ignoring at this point all the detector and reconstruction challenges!!!
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FCC-hh



ttH <1%
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FCC-hh





❖ Invisible Higgs decay: complementary to direct DM search

❖ Improves the DM search at low masses

❖ Could reach <0.2%(model independent)


❖ Higgs self coupling

❖ difficult, but measurable via double Higgs production

❖ Expected precisions still being worked out, possibly a 30% reachable with the 

full @HL-LHC statistics (using bbγγ)

❖ new physics models do not predict deviation larger than 20%==> FCC-hh

High precision: Higgs physics
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Expected 95% upper limits

FCC-ee

FCC-hh





Other exotica
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FCC-hh



top physics @100 TeV

❖ Many produced top-antitop systems have a very 
large invariant mass


❖ Produced top(anti)quarks have a very large 
transverse momentum tails

❖ Explore tagging of multi-TeV top!


❖ study mass resolution for resonance searches, 
define search potential (σBSM vs MBSM)53

FCC-hh


