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Hadron collisions

Simulated tt̄ event in ATLAS ITk with
pile-up of 200 (ATLAS Experiment ©
2022 CERN).

pp cross section.

Actually a gluon and
quark collider

→ Initial state unknown
→ High cross sections for

colored states

Huge total cross section

Pile-up
Triggering, readout,
radiation damage...

O(108) Higgses @
HL-LHC, O(1010)
Higgses @ FCC-hh

Directly produce heavy
BSM particles

→ Looking for the needle in the haystack
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Lepton collisions

WW pair decay at LEP2, detected
by ALEPH (source).

e+e− cross section [1].

Collision of point-like particles
→ Initial E and p known

No multijet (or QCD)
background

No total line six orders of
magnitues above the EW
gauge bosons!
All collisions are interesting!
O(106) Higgses at e+-e−
Higgs factories
Almost no pile-up
Lower radiation environment

Especially sensitive to EW
states

Directly produce ligher BSM,
indirect sensitivity through
precision

→ Measure a needlestack: How many needles and how
pointed are they?
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The Future Circular Collider (FCC) integrated programme

Possible FCC-ee run plan [2]

EW: 2.4 · 108 WW, 6 · 1012 Z
Flavour: O(1012) bb̄, cc̄ , etc., O(1011) τ τ̄
H: 1.78 · 106 HZ, 125k WW→ H
Top: 1.9 · 106 tt̄

So what can be done with this many rather
clean collisions?
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Physics at the FCC-ee
A few highlights
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Higgs physics

Shape of the Higgs potential:

V (h) =
m2

Hh
2

2 + λ3νh
3 + λ4νh

4

FCC-ee: Indirect measurement

Probe a non-zero value for the Higgs
self-coupling (λ3) at better than 95% CL

Accurate tt̄Z and Higgs couplings

→ FCC-hh: measurement down to few %
level in gg → HH

λ3 in loops at FCC-ee [3].

C. Grojean

Yukawa couplings to third-generation quarks
and τ and to W and Z established. Now look-
ing at second generation (except µ, to be done
at HL-LHC)

G. Marchiori, FCC Physics
Workshop 2023.

Discovery of c Yukawa
coupling guaranteed, s
not too far away
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Higgs physics bonus: Electron Yukawa

Gives mass to e, in nature everywhere! Unique to FCC-ee, in dedicated run at
√
s = mH

FCC week, London, June 2023Gavin Salam 21

Electron Yukawa coupling: Unique @ FCC-ee
q One of the toughest challenges, which requires in particular, at √s = 125 GeV

u Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at √s = 240 GeV
u Huge luminosity,  achievable with with several years of running and possibly 4 IPs
u √s monochromatisation : GH (4.2 MeV)≪ natural beam energy spread (~100 MeV)

q First studies indicate a significance of 0.4s with one detector in one year

24

(1): with ISR
(2): d√s = 6 MeV 
(3): d√s = 10 MeV 

√s (GeV)

(not yet in the baseline)

e+e-➝ H

arXiv:1509.02406

L/5
0.6s

2IPs
1.3s

4IPs
1.7s

L×5
3s

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

arXiv:2107.02686

origiinal slide from
 Patrick Janot

P. Janot
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EW and top physics

LEP1: 18 · 106 Z bosons

FCC-ee: 6 · 1012 Z bosons→ LEP1 programme in couple of minutes (LEP2 W stats in 90 min)

Precision measurements at FCC-ee (FCC CDR) 68% C.L contours of EW fit at FCC-ee (FCC CDR)

FCC-ee is a Higgs, EW and top factory!
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Physics at the FCC-ee: Flavour physics

Flavours @ FCC

A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 
• Expect ~4.109  Bc-mesons assuming 

   

7S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

fBc
/(fBu

+ fBd
) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0

s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150

Flavours @ FCC 10S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.

S. Monteil, FCC Flavours Workshop 2022

FCC-ee is a Standard Model factory!

All great and easy, right?
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The Future Circular Collider (FCC) integrated programme

Possible FCC-ee run plan [2]

EW: 2.4 · 108 WW, 6 · 1012 Z ← challenging!
Flavour: O(1012) bb̄, cc̄ , etc., O(1011) τ τ̄
H: 1.78 · 106 HZ, 125k WW→ H
Top: 1.9 · 106 tt̄

So what can be done with this many rather
clean collisions?

Experimental challenges

Need to match tiny statistical
uncertainties with theoretical and
experimental systematic uncertainties of
O(10−4–10−5)!

Event rate of ∼ 100 kHz @ Z-pole →
almost no pile-up, but want to read out
every every single of these collisions with
a very well defined efficiency!

How are these challenges overcome experimen-
tally?
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Particle detection at colliders

Particle detection in CMS (©2016 CERN).

e+e− experiments similar structure. Main difference: First acc. magnets inside experiments!
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Vertex detector

For anything that has secondary vertices!

b and c hadrons, taus, V0s, ...

Reconstruct complex decay chains

Particle lifetime measurements

Efficient flavour tagging (b/c/g/s)
B0 → K∗0τ+τ− [4]

Stringent requirements on vertex detector to limit syst. uncertainties:

→ Coverage down to |cos(θ)| ≲ 0.99 and high reco. efficiency

→ σd0 = a⊕ b
p sin3/2 θ

with a ≈ 3µm, b ≈ 15µmGeV
a given by sensor resolution → Small single-hit resolution, pixels

b given by multiple scattering → Minimise material budget
(number of radiation lengths X0) in vertex and beam pipe

Secondary vertices for
s-tagging [5]

Impact of IP resolution on
Yukawa coupling
measurement (L. Gouskous)
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Tracking

Reconstruction of the charged particle trajectories
Large radius due to lower momenta and B field limited to 2 (or
3?) T

Precise angle determination in di-muons, < 100µrad

Need for exquisite momentum resolution of
σ(1/pT) ≈ a⊕ b/pT, with a ≈ 3× 10−5 GeV−1, b ≈ 0.6 · 10−3

Again minimise the material budget

Either some precise hits (silicon tracking) or many less precise
hits (gaseous tracking)

Gaseous tracking benefitial to long-lived particle searches

Precise tracks are important ingredient to particle flow
reconstruction

Visualisation of tracking [6].
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Calorimetry

EM calorimeter
Supreme energy resolution for

Bs → DsK : Pions may require 5%/
√
E

Resolution on Higgs mass in e+e− → Z (→ e+e−)H almost as good as in µ+µ− with
3%/
√
E (M.T. Lucchino et al. [7])

Zνe ν̄e coupling

Particle-flow reconstruction

Optimise jet energy resolution by individually
reconstructing each particle and using the best
measurement for each (tracker, ECAL, HCAL)

Needs transverse and longitudinal granularity Particle flow calorimetry (M. Dam)

Hadronic calorimeter

Sensitivity down to few 100MeV

Single hadron resolution of 25–50%/
√
E

Particle Flow → Enough for jet resolution of ∼ 3–4 %
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Particle identification: Distinguishing K , µ, π, e, γ

Kaon ID for flavour tagging (s jets contain more kaons) and flavour physics
γ/neutral hadron separation for particle flow reconstruction
Background suppression in flavour physics (e.g B0

s → DsK from B0
s → Dsπ)

Drift chamber as tracker

dE/dx and/or cluster counting (dN/dx)

Timing measurement for time-of-flight

O(30) ps to get PID at low momenta (LGADs, MAPS, etc.). O(100)m2 of sensors needed

Ring imaging Cherenkov (RICH) detectors

Kaon-pion separation using drift
chamber and TOF (F. Bedeschi [8])

Cell of ARC detector for FCC-ee (R.
Forty)

Kaon-pion seperation in ARC (M. Tat)

Let’s build some detectors with these ingredients!
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FCC-ee detector concepts + variations (RICH, different trackers, ...)

CLD [9, 10]/ILD’ [11]

ILC (→ CLIC) → FCC-ee (→
µCol)

Si vertexing and Si
tracking/TPC

Highly-granular ECAL and
HCAL, CALICE-like

Solenoid coil outside calorimeter
system

Vertex detector 
adopting DMAPS

Dual-readout calorimeter  
with preshower

Light-weight 
drift chamber 

(dN/dx)

Silicon wrapper 
(t.o.f)

Low-mass 2 T solenoid

Muon system 
in return yoke

IDEA [12, 13]
Si vertexing

Drift chamber (down to
1.6% X0, dNion./dx)

Silicon wrapper with T.O.F

Crystal ECAL, light solenoid,
dual-readout calorimeter

µ-RWELL muon detector in
return yoke

FCC Detector Concepts Meeting – M. Aleksa (CERN)July 31, 2023 3

• Vertex Detector: 
- MAPS or DMAPS possibly with timing layer (LGAD)
- Possibly ALICE 3 like?

• Drift Chamber (±2.5m active)
• Silicon Wrapper + ToF: 

- MAPS or DMAPS possibly with timing layer (LGAD)
• High Granularity ECAL:

- Noble liquid + Pb or W
- Particle Flow reconstruction

• Solenoid B=2T, sharing cryostat with ECAL, 
outside ECAL
– Light solenoid coil ≈ 0.76 X0 (see back-up)
– Low-material cryostat < 0.1 X0 (see back-up)

• High Granularity HCAL / Iron Yoke:
- Scintillator + Iron (particle flow reconstruction)

- SiPMs directly on Scintillator or
- TileCal: WS fibres, SiPMs outside

• Muon Tagger:
- Drift chambers, RPC, MicroMegas

Noble-Liquid ECAL Based Detector Concept

See talk at FCC Week 2022 in Paris

ALLEGRO [14]

Si vertexing

Drift chamber, silicon wrapper

Noble liquid ECAL, Pb/W+LAr
or W+LKr

ECAL and solenoid coil in same
cryostat

CALICE-like or TileCal-like
HCAL
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How to concretisise the detector designs?

A lot of work done for the feasibility study, but many points still open

Requirements to the accelerator? (backgrounds, space constraints, etc.)

Expected performance? What can we do with the particles we get?

What next-gen detector technologies can benefit the FCC-ee physics program? Different
detector concepts?

Feedback-loop

Sensor perf.
detector→
sim.

Subdetector perf.
sample→
analysis

physics perf.
theory→
input

sensor specification

What you can do:

Develop your new instrumentation, e.g. within the Detector R&D (DRD) collaborations

Describe your detector (variants) in simulation, perform/implement/improve
reconstruction

Sample analysis: Study a process you’re interested in, compare different detectors
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The common software vision: Key4hep

Key4hep is a huge ecosystem of software packages adopted by all future collider projects,
complete workflow from generator to analysis

Event data model: EDM4hep for exchange among framework components

Podio as underlying tool, for different collision environments
Including truth information

Data processing framework: Gaudi

Geometry description: DD4hep, ability to include CAD files

Package manager: Spack: source /cvmfs/sw.hsf.org/Key4hep/setup.sh

Key4hep, the common software vision

Complete set of tools
● Generation, simulation, reconstruction, analysis
● Build, package, test, deploy, run

Common Core ingredients
● PoDIO for EDM4hep, based on LCIO and FCC-edm
● Gaudi framework, devel/used for (HL-)LHC
● DD4hep for geometry, adopted at LHC
● Spack package manager, lot of interest from LHC

3

Create a software ecosystem integrating in optimal way various software components to 
provide a ready-to-use full-fledged data processing solution for HEP experiments

G Ganis, S&C, Key4hep, FCC Physics Workshop 2023, 24 January 2023

DD4hep - Detector Description

G Ganis, S&C, Key4hep, FCC Physics Workshop 2023, 24 January 2023

● Complete detector description: geometry, conditions, alignment, ...

● Used by CLIC, ILC, CEPC, FCC, EIC, CMS, LHCb, …
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Conclusions

FCC-ee physics run

FCC-ee Accelerator Key dates FCC-ee Detectors

FCC Approval, R&D, start prototyping             .

European Strategy Update

FC3 formation, call for CDRs, collaboration forming
Completion of HL-LHC: more ATS personnel available                 .

Detector CDRs (>4) submitted to FC3

Start detector component production
Four detector TDRs completed

Start detector installation

Start detector commissioning

End of HL-LHC operation

Ground-breaking and start civil engineering

Start accelerator component production    
Technical design & prototyping completed

Start accelerator installation

Start accelerator commissioning

Completion of HL-LHC upgrade: more detector experts available

Detector EoI submission by the community

– 2047

– 2046

– 2045

– 2044

– 2043

– 2042

– 2041

– 2040

– 2039

– 2038

– 2037

– 2036

– 2035

– 2034

– 2033

– 2032

– 2031

– 2030

– 2029

– 2028

– 2027

– 2026

– 2025FCC Feasibility Study Report

Start engineering design

European Strategy Update

2047 –

2046 –

2045 –

2044 –

2043 –

2042 –

2041 –

2040 –

2039 –

2038 –

2037 –

2036 –

2035 –

2034 –

2033 –

2032 –

2031 –

2030 –

2029 –

2028 –

2027 –

2026 –

2025 –

M. Benedikt, FCC Week 2023

Huge room for contribution

Four IPs able to accommodate
novel detector ideas. Only
general-purpose detector
concepts so far

People often say “not much came out from LEP”. That is completely wrong. What people
forget is that LEP changed high-energy physics from a 10% to a 1% science.
- Former DG Herwig Schopper in CERN Courier

→ FCC-ee will lead us to ‰ and below!
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Thanks!
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Links to other good intro talks

Mogens Dam and Nadia Pastrone @ Future Colliders for ECRs Workshop

Mogens Dam @ CERN EP R&D day 2022
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https://indico.cern.ch/event/1293507/contributions/5436398/
https://indico.cern.ch/event/1156197/contributions/4883492/attachments/2465074/4227052/EPRD_220620.pdf
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FCC-ee collision environment at the Z pole

,: e+e− collisions are clean - there’s no QCD in the initial state
/: Very high inst. luminosity of 140 × 1034 cm−2s−1 thanks to 50MHz
bunch collision rate (tBC = 20 ns)

Very high rate of interesting events (200 kHz of Z) that need to be
read out and saved (and simulated!)

Considerable beam backgrounds, mainly from incoherent pairs

Hit rate of O(200MHz/cm2) for innermost layer
→ Trigger-less readout will be challenging

”Pile-up” of 200 kHz/50MHz = 0.004 at Z-pole

→ Integrate over of a couple of bunch crossings?
→ But need to check impact on uncertainties

Timing of O(few ns− 1 µs)

O(1× 1014 1MeV neqcm
−2) and O(10MRad/100 kGy) per year

e+e− annihilation
cross section [1]

Incoherent pairs at Z
pole [15]
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