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European strategy for future collider
projects



The LHC legacy so far

Ch. Grojean, Corfu 2024
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Need for Higgs boson precision measurements

Ch. Grojean, Corfu 2024
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European strategy for particle physics

Original strategy from 2006 LHC mooting of luminosity upgrade of the LHC, R&D in accelerator
technologies, coordination with a potential ILC project.

1st update in 2013 High-Luminoisty LHC, need for a post-LHC programme.
2nd update in 2020

▶ Higgs factory highest priority after the HL-LHC.
▶ Future Circular Collider (FCC) feasibility study.

3rd update in 2026
▶ Open symposion on the European strategy for partilce physics in Venice in June:

Overwhelming support for the integrated FCC-ee/hh programme by the HEP communities in
the CERN Member and Associate Member states and beyond.
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The Future Circular Collider
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High-energy physics timeline

F. Sefkow
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FCC-ee physics opportunities



Higgs boson physics at the LHC and HL-LHC

▶ LHC measurements revealed the existence of a scalar particle which closely resembles the
prediction Higgs boson of the Standard Model (SM).

▶ The HL-LHC will increase the experimental sensitivity to deviations from the SM significantly by
providing Higgs couplings with percent precision. 7



FCC-ee as Higgs factory plus EW and top factory
Higgs factory programme

▶ 2 · 106 HZ events (similar to the HL-LHC, but higher purity and selection efficiency) and
125,000 W+W− events.

▶ Precise measurements of Higgs couplings to fermions and bosons.
▶ Sensitivity to Higgs self-coupling at 2-4 σ level via loop diagrams.
▶ Unique opportunity to measure the electron coupling in e+e− → H at

√
s = 125 GeV.
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FCC−ee (4 IPs) By changing the centre-of-mass energy of the
collider the FCC-ee can also be operated as an
electroweak and top quark factory.
▶ ∼ 100, 000 Z/s (1 Z/s at LEP).

▶ ∼ 10, 000 Ws/h (20,000 Ws in 5 years at LEP).

▶ ∼ 1, 500 top quarks/d.
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Measurements of the Higgs boson couplings at the FCC-ee
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▶ At the FCC-ee, unlike the (HL-)LHC absolute coupling
measurements are possible.

▶ The presence of the Higgs boson can be deduced from
a peak in the recoil mass spectrum:

m2
recoil = s+m2

ℓℓ − 2
√
s(Eℓ+ + Eℓ−).

⇒ σ(ZH) obtained independently obtained from the
Higgs boson decay. ⇒ Absolute determination of gHZZ.

▶ Exclusive decays into bb̄, cc̄, gg, τ+τ−, µ+µ+, γγ, Zγ,
invisible and new BSM states provides absolute
couplings to these final states.

▶ Combination of σ(ZH) with σ(ZH→ ZZ) provides the
total width of the Higgs boson.
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Projections for coupling measurements

CERN-ESU-2025-001

▶ Substantial improvement in
sensitivity for
ΓH→ZZ, ΓH→cc̄, ΓH→bb̄, ΓH→inv..

▶ Model independent measurement
of ΓH only at an e+e− collider.
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FCC-ee physics programme overview

Higgs factory programme Precision EW and QCD programme

▶ 2 · 106 ZH events at
√
s = 240 GeV.

▶ 75,000W+W− → H events at
√
s = 365 GeV.

▶ Measurement of Higgs couplings.
▶ Sensitivity to Higgs selfcoupling at the

2 − 4σ level via loop diagrams.
▶ Unique: e+e− → H at

√
s = 125 GeV.

▶ 6 · 1012 Z and 108 W+W− events.
→mZ, ΓZ, Γinv., sin2 θ,mW , ΓW , ...

▶ 2 · 106 t̄t events.
→mt, Γt, EW couplings.

▶ Indirect sensitivity to new physics.

Heavy flavour programme Feebly interacting BSM particles

▶ 1012 bb̄, cc̄, 1.7 · 1011 τ+τ− in a clean
environment (10×Belle).

→ CKM matrix, CP measurements.
Rare decays, CLFV searches,
lepton universality.

▶ Opportunity to directly observe new feebly
interacting particles with masses < mZ.

▶ Axion-like particles, dark photons,
heavy neutral leptons.

▶ Long lifetimes LLPs.
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The SMEFT framework
▶ No statistically significant deviations from SM predictions in collider data.

⇒ Consider the SM as low-energy effective field theory of the final/exact theory.

E. Celada, Corfu 2025

▶ The Standard Model Effective Field Theory (SMEFT)
reveals high energy physics effects through precise
measurements at low energy:

LSMEFT = LSM +
∑
k

c(6)
k
Λ2 O

(6)
k +O(Λ−3)

σ = |MSM|2 +
1
Λ2

(
Σc(6)2Re[M∗

SMM
(6)
EFT]

)
+

1
Λ4

(
Σc(6)M(6)

EFT

)2
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SMEFT at FCC-ee

arXiv:2012.02779

▶ Several Wilson coefficients appear in cross section of different processes
accessible at the different centre-of-mass energies.

▶ Constrain the coefficients in a global fit to the entire FCC-ee data.

JHEP 09 (2024) 091

HL-LHC

▶ Small improvement of the limits on Wilson coefficients by the
combination of HL-LHC with FCC-ee-Z-peak data.

▶ Large improvement of the limits when the FCC-ee Higgs boson
data are added.

▶ Even better limits with the top data.
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Detector requirements



Inner detector requirements from Higgs boson physics
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Superior impact parameter resolution

PID via dE/dx and TOF
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Calorimeter requirements
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for Z/W separation.
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Muon system requirements
Topologies to covered/considered

µ
particle
slow visible

decay products

longlived feebly


interacting particle

 Design goals

▶ 00 ps time resolution → sensitivity to
β = 0.995.

▶ 1 mm spatial resolution → 1 mrad angular
resolution.
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Detector concepts



FCC-ee detector concepts

▶ 4 interaction zones at the FCC-ee allowing for 3 general-purpose detectors and one
specialized detector (for instance for flavour physics).

▶ Detector concepts are evolving.
▶ 2 detector concepts in the conceptual design review from 2019.
▶ 4 detector concepts (ALLEGRO, CLD, IDEA, ILD) today.
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4 FCC-ee detector concepts

CLD ILD ALLEGRO IDEA

Straw-tube tracker
or

Muon system
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Introductory comments regarding the pT resolution
Textbook formulae for the contributions to σ(p)

p
Position resolution contribution

σp
p

=
2p
q

1
BL2

√
5
N
· σ.

Multiple scattering contribution
σp
p

=
13.6 MeV
qcBL

√
N · d
X0

.

Required number of measurement layers at the FCC
B = 2 T, L = 2 m, goal: σp

p = 0.1% for p = 50 GeV/c.
σ[µm] 5 7 10 80 100 120
N 3.5 8 14 890 1391 2003

Silicon sensors Gaseous detectors

At least three layers of silicon sensors required.

Silicon sensors needed to achieve the required σp
p .

Maximum allowed material
σ(p)
p = 0.1% corresponds to 0.8%X0 = 0.7 mm silicon. ⇒ Very thin silicon sensors needed.

⇒ ALLEGRO, IDEA, ILD combine silicon sensors with a light gaseous ionization detector to allow for
continuous tracking for dE

dx measurement and detection of decays of long lived particles.

19



Vertex detectors
CLD/ILD ALLEGRO/IDEA

F. Palla

▶ rmin = 13 mm.
▶ 3 double-layer barrel layers and disk,

0.6-0.7%X0 per double layer.
▶ 3 µm spatial resolution.

▶ rmin = 13.7 mm.
▶ 3 inner barrel singlet-layers, 0.25%X0, 2

outer barrel layers and 3 disks.
▶ 3 µm spatial resolution.

⇒ Large similarity between vertex detector designs/concepts.
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Basline for thin sensors: Monolithic Active Pixel Sensors
▶ MAPS: sensor and amplifier combined in one device.
⇒ Reduction of material compared to the hybrid design with

bump-bonded read-out chips of the LHC experiments.
▶ All detector concepts assume ALICE ITS-3 like MAPS for the

vertex detectors.

CERN-LHCC-2024-003/ALICE-TDR-021

▶ ITS-3 MAPS can be stitched, bent and mounted on
a cylinder.

⇒ Minimization of material for support structures.
No need for overlapping modules.
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All-silicon vs gas-detector combination
CLD/ILD concept ALLEGRO and IDEA concepts
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A. Sailer, The CLD Detector Concept, 2nd annual FCC US Workshop

▶ All-silicon inner detector with 9 detector layers at η = 0.
▶ Layers 1 to 3: 0.6%X0 per layer, 3 µm spatial resolution.
▶ Layers 4 to 9: 1.1%X0 per layer, 7 µm spatial resolution.
▶ Total material budget: 8.4% → σp

p

∣∣∣
MS

≈ 0.33%.

▶ 5 silicon pixel vertex layers: 2%X0.
▶ Gaseous ionization detector: 1.3%X0.
▶ Silicon wrapper.
▶ Total material budget: 3.3% → σp

p

∣∣∣
MS

≈ 0.21%. 22



Comparing a straw-tracker with the IDEA drift chamber
Number of track points: 100 for the straw tracker and the drift chamber.

Gas mixture: He/i-C4H10(90/10) for both options.

Gas gain: 150,000 for both options.

Cell size: Comparable cell sizes in both options.

IDEA: 12÷14.5 mm wide square cells
5:1 field to sense wire ratio.

Single hit resolution: ∼ 100 µm.

Advantages of a straw tracker over a drift chamber:
▶ Breaking on on an individual wire only affects a single tube, does not compromise the whole

tracker.
▶ Operation at higher than atmospheric pressure possible, e.g. 2 bar.
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Comments on the mechanical structure to hold the wires

Challenges for the drift chamber
▶ Very large forces to be beared by the endcaps to hold the wires:

30 g tension/wire → 10 t of toal load on the end cap.
Situation for the straw-tube tracker

▶ Only anode wires have to be tensed.
⇒ Only 1.6 t total load on the end cap for 30 g tension/wire.

Significantly smaller load of 5 t total load even for 100 g tension/wire.

⇒ Much lighter end-cap structure for a straw-tube tracker than a drift chamber, hence less
material in front of the calorimeters.
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Comparison of the material budgets
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IDEA numbers from p.7 of https://indico.cern.ch/event/1408681/contributions/6122496/attachments/2947432/5181747/DeFilippis_DriftChamber.pdf

▶ The same overall material budget for the drift chamber and baseline straw-tracker design.
▶ 30% less material in the target straw-tracker design.
▶ Straw tracker: material “uniformly” distributed.
▶ IDEA drift chamber: Most of the material in the outer wall (1.2%X0) in front of the silicon wrapper

minimizing the impact on the track reconstruction.
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Comparison of achievable momentum resolutions
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-- All-silicon ID
-- Silicon + ultralight drift chamber
-- Silicon + straw-tube baseline
-- Silicon + straw-tube goal

Fast simulation

=0η

Gaseous detector material taken into account:
wires, gas, drift chamber cylinder / tube walls, anode wires, gas.

▶ Momentum resolution in an all-silicon option
about 1.5 times worse than in the options
with a gaseous ionization detector (as
expected from text-book formulae).

▶ Momentum resolution predictions for the
drift chamber and the straw trackers agree
within the uncertainties of the details of the
design.
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Particle identification with a gaseous ionization detector

Eur.Phys.J. C 82 (2022) 7, 646

▶ π/K separation at > 5σ level over a wide
momentum range.

▶ Problematic region at p = 1 GeV can be
closed by particle identification over
time-of-flight measurements with O(10 ps)
resolution.

27
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Open question about the TPC: Can it work at the Z pole?
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Calorimetry at the FCC-ee
Goal: Jet energy resolution of 30%√

E
.

Difficulty: Complex structure of a hadron shower.

▶ Two shower components: hadron and
electromagnetic.
Large fluctuation of their fractions.

▶ Different calorimeter response to the
electromagnetic and hadronic component.

Approaches to reach 30%√
E

▶ IDEA approach: Improve shower energy measurements by disentangling the electromagnetic
and the hadronic components on an event by event basis.

▶ Particle-flow approach: Reconstruct the momenta of jet constituents as well as possible
(ALLEGRO, CLD, IDEA, ILD).
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Dual read-out calorimeter concept

Idea
▶ 20% of the charged hadrons of a shower are relativistic and can produce Čerenkov light (C).
▶ The photons of the electromagnetic shower only produce scintillation light (S).
▶ Use Čerenkov and scintillation signal from electrons for calibration.
▶ Determine the electromagnetic fraction event by event to obtain the correct shower energy:

S = E[fem + (h/e)S(1 − fem)]

C = E[fem + (h/e)C(1 − fem)]

E =
S− χC
1 − χ

with χ =
1 − (h/e)S
1 − (h/e)C
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Calorimety at IDEA

Two options under study
▶ Longitudinally unsegmented dual read-out fibre calorimeter (combining ECAL and

HCAL).
▶ Dual read-out crystal ECAL + dual read-out fibre HCAL.

ECAL ∼20 cm PbWO4

▶ 2 layers: (6+16)X0
▶ Dual read-out with filters
▶ σEM

E = 3%√
E

Timing layer
▶ LYSO: Ce crystals
▶ σt = 20 ps

HCAL
▶ σhad

E ≈ 26%√
E
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Particle-flow calorimetry concept
Motivation for particle-flow based granular calorimeters

▶ Goal to measure the jet energy with high resolution:

Ejet = Echarged + Eγ + Eneutral hadrons
Fraction 65% 26% 9%

▶ Particle-flow algorithms construct individual particles and
estimate their energy/momentum in the best suited
subdetector.

Charged track resolution δp
p ∼ 0.1%

γ energy resolution δE
E ∼ 12%√E

Neutral hadron energy resolution δE
E ∼ 45%√

E

▶ Particle-flow algorithms require highly granular
subdetectors including the calorimeters.
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CLD/ILD silicon-tungsten ECAL

Absorber: Tungsten (X0 = 3.5 mm).
Sensor: Silicon.
Read-out: Pads of 5 × 5 mm2.
Advantages:

▶ Narrow showers allowing for good separation of
particles in the transverse direction.

▶ Compact design.
▶ Timing information at 10 ps level can be achieved

by utilizing LGADs in the first layers.

▶ Mature technology developed by the CALICE collaboration for years.
▶ Technology used in the CMS HGCAL.
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CLD/ILD scintillator-stell HCAL
Absorber: Stainless steel.
Sensor: Plastic scintillator.
Read-out: Tiles of 3 × 3 cm2 read out with SiPM.

▶ Mature technology developed by the CALICE collaboration for years.
▶ Technology used in the CMS HGCAL.
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ALLEGRO noble liquid ECAL
Advantages of a noble-liquid calorimeter

▶ High instrinsic stability in gain and pedestals.
▶ Mature technoloqy successfully applied in ATLAS, DO, H1, ...

New feature for FCC-ee
▶ 10 times higher granularity than in ATLAS to allow for particle-flow reconstruction.

Barrel design
▶ 1536 straight absorber plates with 50o

inclination.
▶ Liquid argon as active material.
▶ 11 longitudinal layers (22 X0).
▶ Typical cell size:

θ × ϕ× r ∼ 2 × 1.8 × 3 cm3.
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Muon system instrumentation
▶ Large area to be instrumented, i.e. cost-effective choice important.
⇒ All current proposal used gaseous ionization detectors.
▶ Baseline for the CLD/ILD and IDEA muon systems: RPCs, µ−RWELL.

Resistive plate chambers µ-RWELL chambers

Replace 1 mm single gap by a bigap of 0.5 mm
gaps to increase the time resolution to 200 ps.

High spatial resolution ∼ 100 µm achievable.
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Summary



Summary

▶ Higgs factory highest priority after the HL-LHC.
▶ The Future Circular e+e− Collider (FCC-ee) as next step will provides us a deeper insight

into BSM physics via precision measurements.
▶ Detector concepts for FCC-ee exist and are evolving.
▶ A lot of opportunities in detector R&D for FCC-ee.
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