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Status and plans for the Future Circular Collider (FCC)
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Introduction

• In the next ~ 45 minutes I’ll aim to:

1. Explain why we need to start planning 

for future colliders now.

2. Provide an overview of the Future 

Circular Collider (FCC) integrated 

project.

3. Discuss the opportunities and 

challenges associated with this project.

• I am happy to take questions as we go 

through, at the end or by email 

(sarah.louise.Williams@cern.ch)
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Last time I was in Liverpool …

This trip…
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The Standard Model
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However you “view” the Standard Model, it is an immensely successful and well 

tested theory, but we know it has shortcomings…
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Big questions in particle physics 
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• Outstanding questions 

about nature/our universe 

could be solved through 

uncovering new physics at 

particle colliders.

• Unlike the Higgs discovery, 

we no longer have a clear 

idea of the (energy) scale 

at which it might appear.

• (Maximally) exploring the 

unknown is key…

Image credit: snowmass energy frontier report

Image credit: arXiv:1903.05063

https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062
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Frontiers in particle physics

• Pushing the intensity and energy frontiers 

represent two complementary routes for probing 

new physics.

• Whilst the ‘focus’ of e+e- machines is precision 

(intensity frontier) - a future Higgs factory could 

meet all definitions of discovery. 

• Possible evidence for electron/strange yukawa? 

• Direct discovery of ~ low-mass (very) weakly 
coupled BSM.

• Indirect discoveries up to ~50-100 TeV.
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S. Gori

This diagram could do with 

an update (what about the 

quantum frontier?)

• Pushing the energy frontier to 

its highest achievable scale will 

maximise (direct) sensitivity to 

NP…. (and deliver much more)
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What should come after the HL-LHC?

6

𝑒+𝑒− machine?

Hadron collider?

Linear collider?

Circular collider?

ILC (Japan?)

CLIC (CERN?)

CepC (China)

FCC-ee/hh

(CERN)

What should come 

after the LHC?

In the aftermath of the Higgs 

discovery, lots of discussion 

on what machine should 

follow the LHC…

How might Europe fit into the global context?

Muon collider? 
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Timescales in particle physics
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22 years later in 2006…

 ECFA-84-085-V-2

http://council-strategygroup.web.cern.ch/council-strategygroup/

1984: LHC proposed

1995: LHC approved

2012: Higgs discovery
…are long…

http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
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To put this in context...?
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1984 1995 2012

… many of us have only been involved in a small part of the LHC journey…

Music

Film

Can you guess the films?



Dr Sarah Williams: University of Liverpool HEP seminar 4/11/25

The 2020 European Strategy Update

Following ~ 2 years of consensus gathering within the 

community, the ESU made several key recommendations to 

the community:

1. An electron-positron Higgs factory is the highest-priority 

next collider. For the longer term, the European particle 

physics  community has the ambition to operate a proton-

proton collider at the highest achievable energy

2.  Europe, together with its international partners, should 

investigate the technical and financial feasibility of a future 

hadron collider at CERN with a centre-of-mass energy of at 

least 100 TeV and with an electron-positron Higgs and 

electroweak factory as a possible first stage
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Following the 2020 ESU, the FCC feasibility study was launched in 2021, 

aiming to provide input by 2025 to feed into the next ESU… 
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The 2026 European Strategy for Particle Physics 
Update (ESPPU)
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We are here now, just over a week away from the deadline for the final round of 

national inputs. Thanks to everyone who has participated in this (long but 

productive) process! 
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Headlines from the ESPPU so far
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• Broad support for FCC as the next flagship collider for CERN (reflected 

in UK’s national submission 

https://indico.cern.ch/event/1439855/contributions/6461578/ ).

• BUT the need to establish clear “plan B” alternatives highlighted.

https://indico.cern.ch/event/1439855/contributions/6461578/
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Integrated FCC programme
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Comprehensive long-term programme maximises physics 

opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, 𝑡 ҧ𝑡) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 85 TeV) to maximise reach at the energy frontier, with pp, AA 

and e-h options (FCC-eh).

FCC Feasibility Study Status

Michael Benedikt

FCC Week, 5 June 2023

FCC integrated program

FCC-ee

2020 - 2040 2045 - 2063 2070 - 2095

FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ҧt) as Higgs factory, electroweak & top factory at highest luminosities

• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

• highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent 

measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure

• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

+ AA, 

eA, ep
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Status of the FCC project

• Feasibility study report submitted as input to the 

ESPPU on 31st March this year.

• Key achievements: final choice of ring placement 

(PA31-4.0) and 4 interaction points.

• No showstoppers to feasibility – with  

ongoing/future R+D efforts for FCC-ee to focus on 

increasing energy and operational efficiency and 

reducing costs.

• For FCC-hh- significant challenge will be high-field 

magnets needed for ~ 14 T dipoles.
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https://cds.cern.ch/record/2928193
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PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Major achievement: optimization of the ring placement
Layout chosen out of ~ 100 initial variants, based on geology and 

surface constraints (land availability, access to roads, etc.), environment 

(protected zones), infrastructure (water, electricity, transport), etc. 

“Éviter, reduire, compenser” principle of EU and French regulations

Lowest-risk baseline: 90.7 km ring, 8 surface points, 

4-fold superperiodicity, possibility of 2 or 4 IPs
Whole project now adapted to this placement

Number of surface sites 8

LSS@IP (PA, PD, PG, PJ) 1400 m

LSS@TECH (PB, PF, PH, PL) 2032 m

Arc length 9.6 km

Sum of arc lengths 76.9 m

Total length 90.7 km

V. Mertens,
J. Gutleber

Optimized placement and layout for feasibility study

https://cds.cern.ch/record/2928193
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FCC timescales
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2012- SW a PhD 

student at CERN

SW retirement 

around 2055
Olivia born

2025. Earliest date 

to start PhD~ 2047.

(Retirement >2093)
=> Realising FCC will be 

a multigenerational 

challenge!
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Synergies in FCC programme –BSM 
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• Order of magnitude improvement in 

Higgs couplings.

• Factor of 10-50 improvement in EW 

precision observables at FCC-ee 

(indirect sensitivity up to ~ 70 TeV)

• Direct sensitivity up to ~ 50 TeV at 

FCC-hh (and access to Higgs self 

coupling).

https://fcc-cdr.web.cern.ch/

 

=> FCC-hh could directly discover 

NP indirectly accessed at FCC-ee! 

https://cds.cern.ch/record/2928193

For rare decays- need FCC-hh to reach ultimate precision

https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://cds.cern.ch/record/2928193
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FCC-ee and -hh synergies - Higgs measurements

• FCC-ee can provide a model independent 

measurement of gHZZ through measuring 𝜎𝑍𝐻. 

This provide standard candle to normalize the 

measurement of other Higgs couplings.

• FCC-ee will measure ttZ couplings through 

𝑒𝑒 → 𝑡 ҧ𝑡. This gives a second standard candle 

used to extract gttH and gHHH at FCC-hh.

• FCC-hh will provide the statistics to access 

rarer Higgs decays (𝐻 → 𝜇𝜇, 𝐻 → 𝑍𝛾) and ~ 

20 million HH events to give precise ultimate 

tests of the EWPT.
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and WW fusion to a Higgs boson (WWH), e+ e− ! H⌫e⌫e. The lowest order Feynman

diagrams for these two product ion mechanisms are displayed in Figure 4 (left ) together with

their corresponding cross sect ions versus the center-of-mass energy (right ). The predict ions

include init ial state radiat ion [33] using the HZHA program [34] and the small interference

term present in the WWH final state diagrams. Given the cross sect ions and the planned

FCC-ee running scenario, and with two interact ion points [35], over a million ZH events

and almost one hundred thousand WWH events will be collected at various center-of-mass

energies. These numbers drive the stat ist ical uncertaint ies for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large

data samples, but to pick out the studies that demonstrate the key capabilit ies of FCC-ee in

terms of Higgs boson physics that have been documented. In the following we will present

the sensit ivity for the Higgs cross sect ion, mass, and width, and then summarize the status

of the projected precision on the various coupling constants of the Higgs bosons to bosons

and fermions, including the Higgs boson self-coupling.

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsst rahlung (left ) and

the corresponding cross sect ions versus the center-of-mass energy per product ion process

along with their sum (right ). The default running scenarios at 240 GeV and 365 GeV are

indicated with dashed lines. Figure from [36].

.

3.1 Product ion cross Sect ions, mass, and widt h

The FCC-ee running scenario at
p

s = 240 GeV was opt imized as a t radeo↵ between ZH

product ion rate and luminosity. A feature unique to lepton colliders is the measurement

of the Higgs boson propert ies using the recoil system in the ZH product ion mode. The

well-determined four-momenta of the init ial state leptons and the fully reconstructed Z

boson (recoil system) in the final state allow clean recovery of the Higgs boson kinemat ics

independent of the Higgs boson decay mode. This cannot be accomplished at a hadron

15

https://fcc-cdr.web.cern.ch/

 

https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
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FCC-ee physics landscape

Broad landscape of 

physics opportunities!

Significant effort to study 

impact of detector 

concepts across range of 

physics areas, with lots still 

to do in the coming years 

(opportunities for 

engagement)
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FCC-ee Physics landscape

FCC-ee Detector requirements

Schematics from slides by M. Selvaggi at FCC week

https://indico.cern.ch/event/1202105/contributions/5396850/attachments/2659433/4606491/Detector%20Requirements%20from%20Physics.pdf
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Ultimate precision @ FCC-ee

• Unprecedented luminosity at 

multiple centre of mass energies 

will enable ultra-precise 

measurements of Higgs (and EW 

and top) sectors of the SM…

• New SRF plans enable flexibility of 

running order between Z/Zh/WW

18

• To. Illustrate this 

further… I thought 

we would play a 

game…
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e+e- numbers game

Put these numbers in ascending order (and guess if you can?) 

1. # Z bosons/hour at FCC-ee (Z-pole)

2. # Higgs bosons/day at FCC-ee (Zh pole)

3. # Z bosons produced at LEP

4. # Crème eggs produced by Birmingham Cadbury's factory per 

day 

5. # Higgs bosons produced by the LHC in 2017.
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In the interest of time- try guessing the highest and lowest…
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e+e- numbers game

Put these numbers in ascending order (and guess if you can/ want 

to…?)

1. # Z bosons/hour at FCC-ee (Z-pole) => 360 million (5)

2. # Higgs bosons/day at FCC-ee (Zh pole) => 2000 (1)

3. # Z bosons produced at LEP => 18 million (4)

4. # Crème eggs produced by Birmingham Cadbury's factory per day  

=> 1.5 million (2)

5. # Higgs bosons produced by the LHC in 2017 => 3 million (3)
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Disclaimer: these numbers have not been 

updated since the mid-term report- both for FCC 

and the Cadburys factory…
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Case study- Higgs physics

• Large rates, clean experimental environment (no UE, Pileup, 

triggerless) with no QCD background will open up a new era of Higgs 

precision physics.

• Opportunities to remove model-dependence from measurements and 

reach sub-percent level for post couplings.
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and WW fusion to a Higgs boson (WWH), e+ e− ! H⌫e⌫e. The lowest order Feynman

diagrams for these two product ion mechanisms are displayed in Figure 4 (left ) together with

their corresponding cross sect ions versus the center-of-mass energy (right ). The predict ions

include init ial state radiat ion [33] using the HZHA program [34] and the small interference

term present in the WWH final state diagrams. Given the cross sect ions and the planned

FCC-ee running scenario, and with two interact ion points [35], over a million ZH events

and almost one hundred thousand WWH events will be collected at various center-of-mass

energies. These numbers drive the stat ist ical uncertaint ies for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large

data samples, but to pick out the studies that demonst rate the key capabilit ies of FCC-ee in

terms of Higgs boson physics that have been documented. In the following we will present

the sensit ivity for the Higgs cross sect ion, mass, and width, and then summarize the status

of the projected precision on the various coupling constants of the Higgs bosons to bosons

and fermions, including the Higgs boson self-coupling.

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left ) and

the corresponding cross sect ions versus the center-of-mass energy per product ion process

along with their sum (right ). The default running scenarios at 240 GeV and 365 GeV are

indicated with dashed lines. Figure from [36].

.

3.1 Product ion cross Sect ions, mass, and widt h

The FCC-ee running scenario at
p

s = 240 GeV was opt imized as a tradeo↵ between ZH

product ion rate and luminosity. A feature unique to lepton colliders is the measurement

of the Higgs boson propert ies using the recoil system in the ZH product ion mode. The

well-determined four-momenta of the init ial state leptons and the fully reconst ructed Z

boson (recoil system) in the final state allow clean recovery of the Higgs boson kinemat ics

independent of the Higgs boson decay mode. This cannot be accomplished at a hadron
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> 1 million ZH 

events

~ 100,000 WW 

fusion

Plots taken from vol. 1 of FCC 

CDR: https://fcc-cdr.web.cern.ch/

 

https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
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Higgs recoil mass method

• Precise C.O.M knowledge* enables:

• Z to be tagged (through leptons).

• Construct recoil mass associated with 

Higgs 𝑚recoil
2 = 𝑠 − 2 𝑠𝐸𝑙𝑙 +𝑚𝑙𝑙

2

• Event counting gives precise Zh 

production cross-section 

measurement.

• Absolute + model independent 

measurement of 𝑔𝑍 coupling.

22
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FCC-ee recoil method

• 106 Higgs produced @ FCC-ee
• rate ~ gZ 2  →  δgZ/gZ ~ 0.2 %

• Then measure ZH → ZZZ
• rate ~ gZ 4 /  ΓH   →  δΓH  /ΓH   ~ 1 %

• Then measure ZH → ZXX
• rate ~ gZ 2 gX 2/  ΓH   →  δ gX/gX  ~ 1 %

Provides absolute and model independent 
measurement of gZ coupling in e+e-

Higgs recoil mass measurement → ZH production cross section:

• tag the Z by reconstructing pair of leptons 
• reconstruct the the recoil mass

Precise knowledge of center of mass allows for:

gZ

and WW fusion to a Higgs boson (WWH), e+ e− ! H⌫e⌫e. The lowest order Feynman

diagrams for these two product ion mechanisms are displayed in Figure 4 (left ) together with

their corresponding cross sect ions versus the center-of-mass energy (right ). The predict ions

include init ial state radiat ion [33] using the HZHA program [34] and the small interference

term present in the WWH final state diagrams. Given the cross sect ions and the planned

FCC-ee running scenario, and with two interact ion points [35], over a million ZH events

and almost one hundred thousand WWH events will be collected at various center-of-mass

energies. These numbers drive the stat ist ical uncertaint ies for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large

data samples, but to pick out the studies that demonst rate the key capabilit ies of FCC-ee in

terms of Higgs boson physics that have been documented. In the following we will present

the sensit ivity for the Higgs cross sect ion, mass, and width, and then summarize the status

of the projected precision on the various coupling constants of the Higgs bosons to bosons

and fermions, including the Higgs boson self-coupling.

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left ) and

the corresponding cross sect ions versus the center-of-mass energy per product ion process

along with their sum (right ). The default running scenarios at 240 GeV and 365 GeV are

indicated with dashed lines. Figure from [36].

.

3.1 Product ion cross Sect ions, mass, and widt h

The FCC-ee running scenario at
p

s = 240 GeV was opt imized as a tradeo↵ between ZH

product ion rate and luminosity. A feature unique to lepton colliders is the measurement

of the Higgs boson propert ies using the recoil system in the ZH product ion mode. The

well-determined four-momenta of the init ial state leptons and the fully reconst ructed Z

boson (recoil system) in the final state allow clean recovery of the Higgs boson kinemat ics

independent of the Higgs boson decay mode. This cannot be accomplished at a hadron
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*Achieved through resonant depolarization (unique to circular l+l- colliders) 
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Top and flavour @ FCC-ee

• 𝑡 ҧ𝑡 threshold scan will enable most precise 

measurements of top-quark mass and width.

• Tera-Z run offers unprecedented flavour 

opportunities- 10x more bb/cc pairs than final 

Belle-II statistics.

• Exciting physics potential with boosted b/𝜏, and 

opportunities to probe LFV/LFU in 𝜏 decays.

23
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EWK precision @ FCC-ee

24

Challenges (and opportunities) in theory and on the experimental 

side (energy calibration/luminosity measurement) to reach ultimate 

precision…

High-statistics at FCC-ee drives substantial improvements in EWK 

precision programme…
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Theory input required for FCC programme

25
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BSM @ FCC-ee - a snapshot

1. Indirectly discover new particles 

coupling to the Higgs or EW bosons up 

to scales of Λ ≈ 7 and 50 TeV.

2. Perform tests of SUSY at the loop level 

in regions not accessible at the LHC.

3. Study heavy flavour/tau physics in rare 

decays inaccessible at the LHC.

4. Perform searches with best collider 

sensitivity to dark matter, sterile 

neutrinos and ALPs up to masses ≈ 90 

GeV.

26

Taken from FCC Snowmass submission 

Image credit: FCC CDR

Projected 𝟐𝝈 indirect 

reach from Higgs 

couplings on stops.

https://arxiv.org/pdf/2203.06520.pdf
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FCC-ee case study: LLPs
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LLPs that are semi-stable or 

decay in the sub-detectors are 

predicted in a variety of BSM 

models:

• Heavy Neutral Leptons 

(HNLs)

• RPV SUSY

• ALPs

• Dark sector models

The range of unconventional signatures and rich phenomenology 

means that understanding the impact of detector design/performance 

on the sensitivity of future experiments is key!
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LLPs @ FCC-ee

28

High luminosities at Z-pole 

and ZH threshold offer 

unique sensitivity to LLPs 

coupling to Z or Higgs.

• No trigger requirements.

• Excellent vertex reconstruction 

and impact parameter resolution 

can target low LLP lifetimes (this 

can drive hardware choices).

• Projections often assume 

background-free searches (we 

should check these 
assumptions).

ESPPU briefing plot for HNLs mixing with 

muon neutrinos.
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Detector concepts for FCC-ee

29

CLD (“CLIC-like Detector”)

Full silicon vertex-detector+ tracker

3D high-granularity calorimeter

Solenoid outside calorimeter

Silicon vertex detector

Short-drift chamber tracker.

Dual-readout calorimeter 

IDEA (“Innovative Detector for 

Electron-positron Accelerator”)

“Allegra”
Detector concepts see Detector sessions

(Thursday 11:30AM, 2:30PM)

Text

New proposal using 

liquid LAr 

calorimeter!

Easy to study impact of detector design on physics sensitivity through FCC 

software framework!
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Physics opportunities at FCC-hh

Despite the longer timescales, there was a dedicated effort to strengthen the 

physics case/ better understand detector considerations for FCC-hh and check 

the impact of different COM energies. This included more sophisticated 

simulations and applications of ML- see report!

30

Key point: like the 

LHC- FCC-hh will also 

be a Higgs factory!

https://indico.cern.ch/event/1439855/contributions/6461632/
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Physics opportunities at FCC-hh

31

Exploit high-intensity beams of 

forward neutrinos and perform 

unique BSM searches through

FPF @ FCC-hh

Complementary opportunity for 

LLPs compared to that at FCC-ee. i.e. 

opportunity to probe 𝛾𝛾 → 𝑎 → 𝛾𝛾 in 

pp/p-A/AA collisions
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Conclusion 

+ outlook
32

I’m excited by 

FCC

are you?
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1. Why think about future colliders now?

• To avoid a significant gap in data-taking after the High-Luminosity LHC key 

decisions need to be taken in the coming years.

• Knowledge transfer to those that will deliver the project (i.e. ECRs) cannot 

wait.

• We are resource limited (including person power)- making the HL-LHC 

must be our top priority, so making a future collider reality in parallel will 

require…

33

• Consensus in the 

community.

• Strategic planning and 

collaboration
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2. The integrated FCC project…

34

Integrated programme combines precision at the intensity frontier (FCC-ee) giving 

indirect sensitivity to a multitude of NP as well as unique direct sensitivity to low-

mass and weakly interacting BSM physics, with discovery potential at the energy 

frontier (FCC-hh) that will extend the precision achieved at FCC-ee! 
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3. Opportunities and challenges associated with FCC

• Paradigm shift in 

precision to EWK/ 

QCD/ Higgs physics.

• Exciting flavour 

opportunities.

• Unprecedented 

sensitivity to BSM.

35

Suite of challenges we need 

to overcome to get there:

• Theory

• Technological (detector 

development+ design, 

accelerators, computing).

• Sociological.

• Political.

Subject to 

overcoming…

In my opinion- this is achievable and definitely worth it…
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What’s in a name?
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Safer starting 

point?

Left: AI generated image of “fuzzy 

circular collider” (from 

https://gencraft.com/generate )

https://gencraft.com/generate
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Want to learn more about FCC/get involved?

• Further reading if you have:

• ~ 1 day: browse the 10-page summaries 

submitted by FCC to the ESPPU 

https://indico.cern.ch/event/1439855/contribut

ions/ 

• ~ (we wish) 1-2 weeks: read the FCC 

Feasibility study report 

https://cds.cern.ch/record/2928193

• OR you could attend (virtually or in-person) the 

FCC-UK meeting on Wednesday 12th 

November at IPPP: 

https://conference.ippp.dur.ac.uk/event/1496/ 
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Thanks for listening- I 

am happy to take 

questions ☺

https://indico.cern.ch/event/1439855/contributions/
https://indico.cern.ch/event/1439855/contributions/
https://cds.cern.ch/record/2928193
https://conference.ippp.dur.ac.uk/event/1496/


Dr Sarah Williams: University of Liverpool HEP seminar 4/11/25

Backup

38
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Updated FCC costings

39

(Assuming FCC-hh as part of 

integrated programme- after FCC-ee)
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𝒆+𝒆− colliders: circular or linear?

40

Circular colliders

• Multi-pass at IP

• Modest accelerating gradients

• Limited by synchrotron radiation

• No beam polarization

• Potential to re-use tunnel for 

hadron collisions.

Linear colliders

• Single pass at IP

• Maximum accelerating gradients

• No synchrotron radiation

• Can exploit (longitudinal) beam 

polarization

• Staged approach to higher energies 

(energy~length)

Left: FCC-ee (CERN)

Below: CEPC (China)

Right: ILC (Japan)

Below: CLIC (CERN)
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pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies

Empowering the FCC-hh program with the FCC-ehTaken from slides by J. D”Hondt at FCC week Taken from updated CDR

BSM
Higgs

Top

EW

Precision 

QCD

Non-linear 

QCD

• Empower FCC-hh with precision input on hadron structure and strong coupling 

(to permille accuracy) during parallel running.

• Complementary measurements of Higgs couplings (CC+NC DIS x-sections, no 

pile-up, clean)- see slides by U. Klein here

• Plus… complementary BSM prospects (LLPs, LFV, not-too-heavy scalars, GeV-
scale bosons)

https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf
https://cds.cern.ch/record/2706220/files/Agostini_2021_J._Phys._G__Nucl._Part._Phys._48_110501.pdf
https://indico.ijclab.in2p3.fr/event/8623/contributions/27079/subcontributions/1943/attachments/19802/27128/Orsay_UKlein_26.10.2022.pdf
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Direct FCC-ee sensitivity

Figure 10: Representat ion of an event display at an FCC-ee detector of a HNL decay into

an electron and a virtual W decaying hadronically. Courtesy of the FCC collaborat ion.

3.2.1 Product ion and K inemat ics of Elect roweak-scale H N Ls

As a first step to exploring the sensit ivity of FCC-ee to EW-scale HNLs, Table 1 shows the

cross sect ion (center column) and the expected number of events (right column) for an HNL

with a mass of mN = 50 GeVwhen produced and decayed through the process described in

Eq. (22) and shown in Fig. 11.
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Figure 11: Representat ive diagrams depict ing the e+ e− ! Z ! N ⌫̀ process at leading

order, with N decaying via (a) charged current and (b) neutral current channels to the

two-neutrino, two-charged lepton final state.

Results are shown for several choices of act ive-sterile mixing |VeN |, and assume that an
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• HNLs

• Alps

• Exotic Higgs decays

𝑚𝑎: ALP mass, 𝑐𝛾𝛾: ALP-photon coupling

…plus indirect access to 

a range of BSM 

phenomena through ultra-

precise measurements of 

SM parameters…

See slides by G. 

Salam at FCC week

FCC week, London, June 2023Gavin Salam 48

Alain Blondel
1
, Pat rick Janot

2
: FCC-ee overview: new opportunit ies create new challenges 7

F ig. 4. Expected uncertainty contour for the S and T parameters for various colliders in their first energy stage. For ILC and

CLIC, the project ions are shown with and without dedicated running at the Z pole, with the current (somewhat arbit rary)

est imate of future experimental and theoret ical systemat ic uncertainty (left , from Ref. [30]); and with only stat ist ical and

paramet ric uncertaint ies (right , from Ref. [42]).

F ig. 5. Elect roweak (red) and Higgs (green) const raints from FCC-ee, and their combinat ion (blue) in a global EFT fit . The

const raints are presented as the 95% probability bounds on the interact ion scale, ⇤/
p

ci , associated to each EFT operator.

Darker shades of each colour indicate the result s when neglect ing all SM theory uncertaint ies

measurements; the interest of the Elect roweak measurements and of the improvement of the associated systemat ic
uncertaint ies; and the large number of observables available at FCC-ee. Not all observables of Table 3 have yet been
used in this fit , and that the flavour observables have not been considered.

Dedicated analysis of the pat tern of deviat ions for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to ident ify or rest rict the origin of one or several experimental deviat ion(s) from the SM

predict ions. The e↵ects of a heavy Z
0

gauge boson provide an illust rat ive example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensit ive

to such a new object by Z/ Z
0

mixing or interference, while measurements at higher energies would display increasing
deviat ion from the SM in the dilepton, diquark or diboson channels. The combinat ion of these two e↵ects would
provide a tell-tale signature and allow const raints on mass and couplings of this possible new object to be determined.
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increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach

https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf
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FCC-hh sensitivity to direct NP
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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. 

Substantial discovery reach for 

heavy resonances

More details in FCC TDR and 2020 ESU submissions here 
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have upper limits on the DM mass in the TeV range. As an example, DM WIMP candidates transforming as a 
doublet or triplet under the SU(2) group of weak interactions, like the higgsinos and winos of supersymmetric 
theories, have masses constrained below ~1 and ~3 TeV, respectively. The full energy and statistics of FCC-hh 
are necessary to access these large masses. With these masses, neutral and charged components of the multiplets 
are almost degenerate due to SU(2) symmetry, with calculable mass splittings induced by electromagnetic effects, 
in the range of few hundred MeV. The peculiar signatures of these states are disappearing tracks, left by the decay 
of the charged partner to the DM candidate and a soft, unmeasured charged pion. Dedicated analysis, including 
detailed modelling of various tracker configurations and realistic pile-up scenarios, are documented in Volume 3 
of the FCC Conceptual Design Report. The results are shown in Fig. 4.  

The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates. 

 

  
Figure 4: Expected discovery significance for higgsino and wino DM candidates at FCC-hh, with 500 pile-up collisions. The 
black and red bands show the significance using different layouts for the pixel tracker, as discussed in the FCC-hh CDR. The 
bands' width represents the difference between two models for the soft QCD processes. 

1.6 Direct searches for new physics 

At the upper end of the mass range, the reach for the direct observation of new particles will be driven by the 
FCC-hh. The extension with respect to the LHC will scale like the energy increase, namely by a factor of 5 to 7, 
depending on the process. The CDR detector parameters have been selected to guarantee the necessary perfor-
mance up to the highest particle momenta and jet energies required by discovery of new particles with masses up 
to several tens of TeV. Examples of discovery reach for the production of several types of new particles, as ob-
tained in dedicated detector simulation studies, are shown in Fig. 5. They include Z' gauge bosons carrying new 
weak forces and decaying to various SM particles, excited quarks Q*, and massive gravitons GRS present in theories 
with extra dimensions. Other standard scenarios for new physics, such as supersymmetry or composite Higgs 
models, will likewise see the high-mass discovery reach greatly increased. 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.  The direct discovery potential of FCC is not confined to the highest masses. In addition 
to the dark matter examples given before, Volume 1 documents the extraordinary sensitivity to less-than-weakly 
coupled particles, ranging from heavy sterile neutrinos (see Fig. 5, right) down to the see-saw limit in a part of 
parameter space favourable for generating the baryon asymmetry of the Universe, to axions and dark photons.  

The FCC has a broad, and in most cases unique, reach for less-than-weakly coupled particles. The Z 
running of FCC-ee is particularly fertile for such discoveries. 
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Cover full mass range for discovery of WIMP dark 

matter candidates

In summary- exciting possibilities to discover/characterize NP that could 

be indirectly predicted through precision measurements at FCC-ee  

https://fcc-cdr.web.cern.ch/
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See report from the Snowmass ‘21 Implementation task force

… is hard! Its important to define 

your comparison metrics carefully 

and consider the errors involved!

• See slides by L. Nevay at IOP-HEPP 

2023  

• Some claim that ”FCC-ee is, by very 

large factors, the least disruptive in 

terms of environmental impact”  
(arXiv:2208.10466).

• For discussion of the potential of HTS to 

make FCC-ee more sustainable see 

these slides.(Also consider whether the people making the 

comparison might prefer apples or pears)

Personal recommendation: go through the numbers, look at the whole 

picture (physics goals, upgrades, operation time etc) and critique the 

numbers for yourselves!

https://arxiv.org/pdf/2208.06030.pdf
https://indico.cern.ch/event/1261135/contributions/5299407/attachments/2625454/4540240/2023-04-05-nevay-future-colliders.pdf
https://cds.cern.ch/record/2827204/files/2208.10466.pdf
https://indico.cern.ch/event/1202105/contributions/5385376/attachments/2661124/4610047/HTS4_London_final.pdf
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FCC-ee accelerators

• Separate rings for electrons and 

positrons and full-energy top-up booster 

ring in same tunnel. 

• Max 50MW synchrotron radiation per 

collider ring across full operating range.

• Asymmetric IR layout limits photon 

synchrotron radiation 500m upstream of 

IP towards detectors, and generates 

large 30mrad crossing angle.

• Crab waist technique to optimize 

luminosity.

45

Since the CDR, detailed site evaluat ions have led to a modified configurat ion of the FCC

layout with a slight ly smaller circumference of 91 km rather than 98 km and 8 access shafts

instead of 12, and with a four-fold superperiodicity [18, 19]. The FCC-ee design is now

being developed for either 2 or 4 symmetric IP’s located at four of the access points and

with RF, collimat ion, and inject ion/ ext ract ion occupying the other 4 straight sect ions (Fig.

3). The baseline configurat ion is based on 400 MHz RF systems with Nb/ Cu cavit ies,

similar to those used at LEP and the LHC but capable of sustaining higher gradient , which

are augmented by an 800 MHz RF system with bulk-Nb cavit ies to reach tt operat ion.

The layout of the FCC-ee pre-injector complex, consist ing of a warm copper linac and a

damping ring, has been re-opt imized, now allowing for posit ron product ion with a primary

elect ron energy of at least 6 GeV. The rate of posit rons required, e.g., for top-up inject ion

in the FCC-ee collider, is comparable to the product ion rates achieved at the SLC and at

SuperKEKB.

2021-09-14 2

Parameters of baseline scenario PA31-1.0
Number of surface sites 8

Number of arc cells 42

Arc cell length 213.045 m

SSS@IP (PA, PD, PG, PJ) 1400 m

LSS@TECH (PB, PF, PH, PL) 2160 m

Azimuth @ PA (0 = East) -10.75°

Arc length 9 616.586 m

Sum of arc lengths 76 932.686 m

Total length 91 172.686 m

Note: Azimuth indicated by FFE tool with positive number is a counterclockwise rotation. By convention documented in the configuration management 

plan, as implemented in GIS environment it should be a negative number! Also, rotation is around origin (PA). ToT still assumes center point of layout.Figure 3: The new FCC layout referred to as PA31-1.0; four possible experiments could

be located at PA, PD, PG, and PJ while RF stat ions would be located PH and PL and

inject ion/ ext ract ion and collimat ion could be located in PB and PF st raights.

The operat ion model has the FCC-ee collider first operat ing at 91 GeV to study the Z boson

with very high luminosity, and the lowest number of single-cell 400 MHz RF cavit ies. For

this early operat ion up to at least 160 GeV there is a single RF sect ion, to ensure that the

centre of mass energies are ident ical at all interact ion points. Beam energies are calibrated

with sub-ppm precision using resonant depolarizat ion [8]. The high beam current at the Z

will allow for a rapid beam condit ioning of the vacuum system. Then an upgrade of the

baseline 400 MHz RF system through the installat ion of mult i-cell 400 MHz RF cavit ies

would allow the beam energy to increase to 160 GeV to study the W± . An addit ional

RF upgrade with a minor reconfigurat ion of the beam lines in the RF region will allow a

11

4 possible experimental sites at PA, 

PD, PG and PJ with RF stations at PH, 

PL and injection/extraction and 

collimation in PB/PF straights.
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