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100 km tunnel infrastructure in Geneva area –
design driven by pp-collider requirements 

with possibility of e+-e- and p-e

16 T  100 TeV in 100 km
e+e- with CM energy of 350 GeV



Future Colliders?

C. Grojean

FCC-hh: THE machine for direct 
search at the higher energy scale.  

Theorist view on future colliders

The study of the Higgs Boson(s)

The search for massive new physics

FCC-hh main themes:



FCC-hh: A New Frontier
• LHC has shown that the hadron colliders can lead to 

precision measurements despite high pile-up, hadron

structure, underlying event, etc.

• FCC-hh will above all be a machine for high event rates 

and has a high mass reach for searches

• Complementarity with future e+e- machines, circular or 

linear that may happen before a new hadron collider

• Studies for the physics case for the FCC-hh started in 

2014. Mostly theory/phenomenology studies. Lots of room 

for especially more experimental contributions

• No no-loose theorem as such yet

• Document before the next strategy meeting in 2018-2019    

A recent review paper
arXiv:1511.06495



pp Collisions : Complications

Protons have structure Parton
distributions

pp collisions have an underlying event

Z μμ event with ~20 reconstructed vertices (2012)

Pile-up@LHC approximate 20 collisions per 
bunch crossing in 2012 (more in future)  



LHC & Tevatron: Precision is Possible 

We learned a lot from the Tevatron and in
particular from the LHC

CMS/LHCb

D0



SM-like behaviour for most properties, but continue to look for anomalies,
i.e. unexpected decay modes or couplings, multi-Higgs production…

We know already a lot on this Brand New Higgs Particle!!

Mass =  CMS+ATLAS 
125.09 ±0.21(stat)

±0.11(syst) GeV

Width = 
A: < 24 MeV
C: < 22 MeV
(95%CL)

Couplings are 
within 15-20% of
the SM values

Spin =
0+(+) preferred
over 0-,1,2

We Found a Higgs Particle @ the LHC

CMS: PAS-HIG-15-002
ATLAS-CONF-2015-044



A Higgs @ 125 GeV…

Stockholm Nobel Symposium
May 2013

“We do not understand why the mass of the Higgs is 125 GeV
It most likely tells us something on what is Beyond the Standard Model”

Guido Altarelli

125.0 +/- 0.3 GeV0.2

1941-2015

A light Higgs is “unnatural” and calls for physics beyond the SM 



But where is everybody?
Eg: NO clear sign of SUSY with the data collected in run-I (similar plot for CMS)   



Summary of Run-I Exotica Searches
Similar results for ATLAS 



Perhaps Something on the Horizon??

New Scientist of 3rd March 2016 



High Mass Search:  X → γγ ???
News from the 2015 data run in last December!!!
->Some excitement over and observed excess in both experiments 

for a di-photon mass of around 750 GeV

Statistical fluctuation? A new resonance? See ~ 250 papers 
from theorists on the arXiv since…  Let’s see with more data in 2016

ATLAS-CONF-2015-081 
CMS EXO-15-004 

A totally unexpected
new particle???

3.6s ->  2.0s (NWA)
3.9s -> 2.3s (G=45 GeV) 2.6s ->  <1.2s (1% width)



The Next Future Facilities

M. Mangano



Important discussion on luminosity: An integrated 
luminosity goal of 20 ab-1 matches very well the 

100 TeV C.M. Energy

A 100 TeV pp Collider: Luminosity?



FCC-hh: Parton Luminosities

Parton luminosity ratios between 100 TeV and 14 TeV and the ratio 
of the reach for new physics scale from the LHC to the 100 TeV collider 
--compared to a LHC reach limit of 6 TeV-- vs luminosity
Generically about a factor ~5-6 increase in mass-reach w.r.t. HL-LHC

s_hat is the parton-parton CM system energy

Factor 5

Factor 7



17

The present working hypothesis is:

- peak luminosity baseline: 5x1034

- peak luminosity ultimate: ≤ 30x1034

- integrated luminosity baseline ~250 fb-1 (average per year)
- integrated luminosity ultimate ~1000 fb-1 (average per year)

An operation scenario with:

- 10 years baseline, leading to 2.5 ab-1

- 15 years ultimate, leading to 15 ab-1

would result in a total of O(20) ab-1 over 25 years of operation.

Luminosity for a Hadron Machine



Cross Sections/Events at the FCC-hh

Huge event rates, eg jets with pT> 10 GeV



New Massive Particles



Searches in Dijet Production 
Even with very modest luminosity one quickly bypasses the LHC sensitivity 



High Mass Discovery Potential



SUSY Sparticle Reaches

Gluino discovery (exclusion) up to 10 TeV (14 TeV) with 3 ab-1

Popular presentation of data: Simplified ModelS (SMS) 



Stop Production

Stop discovery (exclusion) up to 6 TeV (8 TeV) with 3 ab-1

Popular presentation of data: Simplified ModelS (SMS) 



Reach for Z’ Searches 



New Boson Discovery Reach



FCC-hh: Searches for New Particles
Searches for pair produced SUSY particles

Upper limit for higher Higgs 
mass in 2HDM models?

FCC-hh
-Reach sparticle masses 
search up to about 15 TeV
for gluinos and 8 TeV for 
stops for 3 ab-1

-Excited quarks probe the 
structure of quarks down to  
4x10-21 m
-Discovery of resonances up 
to masses of about 40-50 TeV



Boosted Objects

Already important at the LHC now!
Will be even more so at a 100 TeV machine !

Calorimeter granularity important in optimization for boosted objects

M.Pierini



Higgs



Higgs Production @ 100 TeV



FCC-hh Higgs Program 



The Higgs Self Coupling!

Difficult measurements!!: 
Evaluation till ongoing 
for HL-LHC sensitivity

A key measurement for our understanding of the Higgs field potential!

in pp

There are several theoretical ideas to make progress to measure the Higgs 
potential in detail but more experimental studies are needed to see what 
realistically can be done at the FCC-hh



HH Production: Prospects



Study of ttH



Study of ttH



Rare Processes: Higgs to μμ



Higgs Precision 

A lot of room here for experimentalists
(and theorists) to help us fill this 
table in the next 2 years… 

<1%?

Complementarity with the FCC-ee



High PT Higgs Production
Large rates of high pT produced Higgses at 100 TeV!

Higgs to bb?

Detailed experimental 
study needed!



Dark Matter



Dark Matter

M. Mangano



Dark Matter @FCC-hh

Collider reach for neutralino DM Electroweakino
cascades

Dark Matter Searches within SUSY Scenarios



“Modern” Collider Dark Matter Studies

Use simplified models representing DM production via exchanged mediators 



Results of the monojet (J) and multi-jet(JJ) study: SMS presentation    

Breaking through
the neutrino 
wall!!’

Going beyond the 
direct search 
experimental
sensitivity  

Dark Matter Study Results

1 ab-1



Dark Matter Study Results
Most elaborate study to date ->arXiv:1509.02904   DM plot presentation

Breaking through the neutrino wall!

monojet (J)
and 
multi-jet (JJ)
analyses
combined

1 ab-1



Precision Measurements 

Examples



Potential for Top EWK Couplings 



Precision Probes

Expected exclusion (in σ) 
on winos, pair of higgsinos,
SU(2) fermionic 5-plet…

Percent level 
measurements
of the energy
dependence of 
the EWK running 
couplings 



Inclusive Top Quark Production



Other Topics Under Study

Only a limited number of topics were discussed 

• EWK radiation of W’s and opportunities

• New high mass scalar resonance sensitivity

• Production of exotic coloured states

• Production of heavy leptons

• Flavor physics opportunities

• Quadruple Higgs production and quartic couplings

• BSM Higgs searches

• EW interactions at multi-TeV (eg WW scattering)

• Coloured and neutral naturalness

• Composite Higgs, twin-Higgs… models

• Precise QCD measurements

• … Lots of opportunities for studies



• The discovery of a new scalar boson has triggered a 

concerted effort and study for next accelerators

• A study on the physics potential for a 100 TeV pp 

accelerator (FCC-hh) is ongoing. More experimental 

studies would be welcome. Report planned for 2018

• Such a machine will have huge event rate and high 

mass reach for direct new particle production. 

• Detailed Higgs studies can be made eg: HH 

production, rare Higgs decays, new high mass 

Higgses, ttH, etc. Complementary to an FCC-ee

• Extend the reach for new particles to ~ 10-50 TeV

• There is lots of room for blue sky thinking/ideas for 

measurements and experiments at such a machine!!      

Conclusion
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