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Why FCC Integrated project 
Accessing two physics frontiers

• INTENSITY FRONTIER Precision (electron-positron)  
• 1st stage collider, FCC-ee: electron-positron collisions 90-365 GeV

• Construction: 2033-2045 / Physics operation: 2048-2063

• Stress-test the SM limits → Indirect / low mass BSM sensitivity  

• ENERGY FRONTIER Discovery (hadron-hadron) 
• 2nd stage collider, FCC-hh: proton-proton collisions at ~100 TeV

• Construction: 2058-2070 / Physics operation: ~ 2070-2095

• Maximizing potential  for BSM discovery  → Direct / high mass BSM 

sensitivity
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Feasibility study progress on implementation
Geology, drilling, logistics, politics...
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Site investigations to identify exact 
location of geological interfaces:
• Molasse layer vs 

moraines/limestone
• ~30 drillings and ~100 km seismic

lines
à Vertical position and inclination of tunnel

Drilling works on the lake

First series of site investigations

VERY DETAILED STUDIES ONGOING



Strength 
In size and timescale

• FCC-ee technology is mature → construction in parallel to HL-LHC operation 
• Physics a few years after the HL-LHC (2045-2048)  

• Continuity of HEP guaranteed & only facility commensurate to size of community 
• Two-stage approach: 

• Allows to spread the cost of the (more expensive) FCC-hh over more years 
• 20 years of R&D work towards affordable magnets 
• Optimization of overall investment by reusing civil engineering and large part of the technical infrastructure
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More on timeline later 

New CERN EP-FCC group created from October 1st 2024 
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FCC-ee Energy range & luminosity
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In each detector: 
105 Z/sec, 104 W/hour, 

1500 Higgs/day, 1500 top/day

LEP Data statistics 
accumulated every 2 

minutes!

Never produced 
before at a lepton 

collider!

“Tera-Z”

New Optics developed - New numbers for  
European Strategy document   

Up to 10.8/ab at √s=240GeV (3y)  
and up to √s=3/ab at 365 GeV(5y)
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FCC-ee Extensive physics program
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Flexible collider program 



23other FCC science applications under study

for example:

FCC-ee booster as diffraction limited storage 
ring with coherent synchrotron radiation down to 
0.1 Å 

FCC-ee injector as the world’s ultimate positron 
source for material studies and paving a path 
towards the first Bose-Einstein condensation of 
Ps (511-keV gamma-ray laser)

using beamstrahlung for radionuclide production

e- beam driven neutron source

etc. 
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S. Casalbuoni

M. Calviani, 
C. Duchemin

M. Doser, 
B. Rienäcker 
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“Other Science Opportunities at the FCC-ee” 28/29 November  
 https://indico.cern.ch/event/1454873/ . 
 

https://indico.cern.ch/event/1454873/


Patrizia Azzi  - JS ITI-QMAT June 6 2024

Some preliminary detector benchmarks for FCC-ee

• In the process of extracting the requirement on the detector performance from the physics 
• With 4IP, opportunity to have detector optimised for specific processes 

• Spoiler: “Higgs factory” requirements are not the most stringent 11

INFN  RD-FCC proponent and 
leader in the development of  the 

IDEA concept 

PD molto coinvolta in R&D per 
MAPS anche per sinergie con 

ALICE, EiC e MuColl



Higgs coupling precision expectations
Model independent

• FCC-ee: Model-independent coupling 
determination. Up to 10x better than  
LHC**   

• FCC-hh: produces over 1010 Higgs 
bosons, 108 ttH and 2x107 HH pairs: 

• Improved precision on   

• Access to Rare Decays:   

• FCC-ee + FCC-hh outstanding: 

• All accessible couplings with per-mil 
precision 

• Self-coupling with few per-cent 
precision

gHtt, gHHH

μμ, γγ, Zγ

12

−

HIGGS

**LHC is reevaluating estimates based on Run2+3 for the European Strategy



How long would it take? 
Luminosity is key

• Example for a precision on  
• For ILC@CERN need to rescale the years by 1.6/1.2

kZ = 0.14 %
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• The precision of FCC-ee on the ZH cross section measurement 
(0.1%) allows to exploit the higher order effects from the Higgs 
self-coupling 

• Measurements at √s=240 and 365GeV help lift degeneracy on C1 

•  with 4IPs (optimised scenario) δkλ ≈ 28 %

 Higgs self-coupling with single Higgs 

HIGGS



Direct search for Feebly Interacting Particles
Intensity frontier at Tera-Z offers the opportunity to 

directly observe new feebly interacting particles in a 
very clean environment 

Signatures driven by search for unusual final states 
Novel detector requirement to fully exploit possibilities 
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• Invisible final states ⇒ Detector hermeticity

• Sensitivity to far-detached vertices (mm ➝ m) 

• Tracking: more layers, continuous tracking 

• Calorimetry: granularity, tracking capability

• Muon detectors: standalone tracking capability 

• Timing…



FCC-hh Direct discovery potential

• Higher parton centre-of-mass energy ➡ 
high mass reach: 
• Strongly coupled new particles, new 

gauge bosons (Z’, W’),  excited quarks: 
up to 40 TeV! 

• Extra Higgs bosons: up to 5-20 TeV 
• High sensitivity to high energy 

phenomena, e.g.,  WW scattering, DY 
up to 15 TeV
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Future Circular Collider (14. Jan. 2019)  The Hadron Collider (FCC-hh) 

Page 3 of 21 

2 Objectives 

The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 
The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 
To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, µµ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 

about x6 LHC mass reach at high mass, 
well matched to reveal the origin of 
deviations indirectly detected at the 

FCC-ee

BSM
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Structure:Three Volumes
- Vol. 1: Physics, Experiments and Detectors (~200 pages)

- Vol. 2: Accelerators, Technical Infrastructures, Safety Concepts (~400 pages)

- Vol. 3: Civil Engineering, Implementation & Sustainability (~200 pages) 

- -   Executive Summary of the FCC Feasibility Study: ~40 pages

In addition:
a.  Documentation on Cost Estimate – Funding Models 
b.  Environmental Report

24

to be prepared with Overleaf & published by EPJ (Springer-Nature) – FCCIS members
Input for Update of European Strategy for Particle Physics

Feasibility Study Report for March 2025 
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“One of CERN’s most promising current 
projects, with significant scientific potential, is 
the construction of the Future Circular Collider 
(FCC): a 90-km ring designed initially for an 
electron collider and later for a hadron collider. 
Chinese authorities are also considering 
constructing a similar accelerator in China, 
recognising its scientific potential and its role in 
advancing cutting-edge technologies. If China 
were to win this race and its circular collider 
were to start working before CERN’s, Europe 
would risk losing its leadership in particle 
physics, potentially jeopardising CERN’s future.

Refinancing CERN and ensuring its continued 
global leadership in frontier research should be 
regarded as a top EU priority, given the objective 
of maintaining European prominence in this critical 
area of fundamental research, which is expected to 
generate significant business spillovers in the 
coming years.”

EU competitiveness report edited by Mario Draghi, and officially handed over 
to Ursula von der Leyen in September 2024

https://commission.europa.eu/topics/strengthening-european-
competitiveness/eu-competitiveness-looking-ahead_en 

Strong statement of support for CERN mission;  
explicit mention of the FCC Project  



Plans for European Strategy
concerning FCC

• RD-FCC:  
• EOIs for the IDEA detector concept and each of the subdetectors  

• FCC (CERN) 
• Final Report of the Feasibility Study  
• Accompanied by publication of papers on analyses, software tools etc.  
• Additional studies on variations for FCC-hh energies in progress https://indico.cern.ch/event/

1439072/  
• ECFA Workshop on e+e- Factories  

• Final Report on Physics, Software and Detectors which includes contributions from FCC, ILC, 
CLIC, C3 etc.    

• INFN Workshop on "Future Lepton Colliders" LNF, January 22-24,  2025
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BACKUP
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More questions??? 

• https://arxiv.org/abs/1906.02693 “FCC-ee: Your Questions 
Answered”  
• Document being updated with the latest questions, such as:  
• 1) How many interaction points?  
• 2) how important are the data at and beyond the tt 

threshold?  
• 3) Would an ee collider inside the LHC tunnel be a viable 

alternative?  
• 26 questions already answered. Don’t hesitate to send us your 

own! 

• Also check out the CERN Courier article: https://cds.cern.ch/
record/2893513 

22



Is a LEP3 viable option? 
An e+e- in the LHC tunnel 

• In principle it is possible to run at the Z, WW, Higgs, up to √s=240GeV 
• some civil enginnering needed, more RF cavities. more power etc.   
• running at top threshold probably not viable or very very expensive  
• no trasverse polarization for beam calibration possible  

• Conclusion (main points):  
• the EWK precision program ~not possible (without the improvements on the parametric uncertainty on top 

mass, W mass and alphaQED)  
• Higgs self-coupling from single Higgs at 24% not possible as need run at a second √s  
• Reduction in luminosity: 16years FCC --> 80 years LEP3  significantly reduces the "Z pole" sensitivity  

• Additional drawback:  
• LEP3 would not start earlier than a FCC in a new tunnel the LHC tunnel  (bc of the needed civil engineering 

work)  
• the LHC would not be a possible injector for a higher energy hadron collider 
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Additional studies for various FCC-hh configurations
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MLM https://agenda.infn.it/event/42594 
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MLM https://agenda.infn.it/event/42594 
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FCC-ee & FCC-hh complementarity -  and kt kλ

HIGGS

  ~1%

3.4 − 7.8%

δgtt
δgH3 ≈

From FCC-ee

•The determination of the Ztt couplings from  during the 365GeV run of the FCC-ee, in conjunction 
with the  ttH/ttZ FCC-hh would help to reduce the few per-cent uncertainty  on  from the HL-LHC to ~1%. 
•Current estimates suggest that a precise determination of the self-coupling with an uncertainty of 3.4 − 7.8% 
would be within the reach of the 100 TeV pp collider

e+e− → tt̄
δgtt



Higgs program NEEDS precision EWK measurements

• Fit to new physics effects parameterised by dimension 6 SMEFT operators   
• The precision measurements of the Z pole run affect significantly Higgs operators: almost ideal if 

present, and a factor 2 worse if absent! 
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J. de Blas, G. Durieux, C. Grojean, J. Gu, A. Paul

Higgs couplings

HIGGS EWK

https://arxiv.org/abs/1907.04311

aTGC couplings

https://arxiv.org/abs/1907.04311
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arXiv:2106.13885

N
o 

SMEFT (D6 operators)

FCC-ee 

Indirect BSM sensitivity from EWPO

•Target: reduce systematic uncertainties to the level of 
statistical  

•Exquisite √s precision (100keV@Z, 300keV@WW)  
•~50 times better precision than LEP/LSD on EW 
precision observables

EWK



Flavour/Tau physics with the Tera-Z run
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FCC-ee = 10 x BelleII
310 310 75 65 600 170

FLAVOR

Out of reach at LHCb/Belle



Flavour/Tau physics with the Tera-Z run

• Lots of BSM searches/signatures from: rare decays, LFV/LFU tests 
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~10 times Belle’s stat 
Boost at the Z!310 310 75 65 600 170

Mogens Dam / NBI Copenhagen

τ-→ ℓ-ℓ+ℓ-
u Current limits:

q All 6 combs. of e±, μ± :  Br ≲ 2 x 10-8 Belle@10.6 GeV; 7.2 x 108 e+e- → τ+τ- : no cand.
q μ-μ+μ- :                                Br < 4.6 x 10-8    LHCb 2.0 fb-1 : background candidates

u FCC-ee prospects
q Expect this search to have very low background, even with FCC-ee like statistics
q Should be able to have sensitivity down to BRs of ≲ 10-10

u Many more decay modes to search for when time comes…

14-15 May, 2020FCC-France Workshop 20

!
!

! FCC-ee

LFV tau decays

• Enormous statistics 1012 , , 
2x1011  events 

• Clean environment 
• Favourable kinematics -> boost 
• Excellent vertexing/tracking/PID

bb̄ cc̄

ττ



 FCC-ee: explore and discover
• EXPLORE INDIRECTLY the 10-100 TeV energy scale with precision 

measurements 

•  From the correlated properties of the Z , b, c, 𝜏, W, Higgs, and top particles 

• Up to 20-50-fold improved precision on ALL electroweak observables (EWPO) 
• Up to 10 × more precise and model-independent Higgs couplings (width, mass) 

measurements 
• DISCOVER that the Standard Model does not fit 

• DISCOVER a violation of  flavour conservation/universality 

• DISCOVER dark matter, e.g., as invisible decays of  Higgs or Z 

• DISCOVER DIRECTLY elusive (aka feebly-coupled) particles  

• in the 5-100 GeV mass range, such as right-handed neutrino
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