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European Strategy Update 2020

“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. Such a feasibility study of the colliders and 
related infrastructure should be established as a global endeavour 
and be completed on the timescale of the next Strategy update.”

Feasibility study of the colliders (ee and hh) and related infrastructure
FCC is the highest priority future initiative (plan A)
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Essential news for FCC
u June 2021: 

The FCC Feasibility Study (2021-2025) organization proposed to CERN council and approved unanimously
q Council documents : 

v Organisational structure of the FCC feasibility study http://cds.cern.ch/record/2774006/files/English.pdf

v Main deliverables and timeline of the FCC feasibility study http://cds.cern.ch/record/2774007/files/English.pdf

“The focus will be on the tunnel and the first-stage collider (FCC-ee)”

q Intermediate review mid 2023, delivery of Feasibility Study Report (FSR) end 2025, first collisions 2040+

q Stress importance of communication towards scientific community, governments and funding agencies, industries 
and general public

u Work has started on placement in Geneva area (France and Switzerland)
q Reduce number of surface points from 12 to 8

v This layout is consistent with later choice of 2 or 4IP for the e+e- collider

u In parallel, high field magnet R&D for FCC-hh will be carried out with high priority
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These events bring FCC-ee and FCC-hh one big step closer to reality

http://cds.cern.ch/record/2774006/files/English.pdf
http://cds.cern.ch/record/2774007/files/English.pdf
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FCC-INT Timeline (compared to LEP + LHC) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 34 35 36 37 38 39 40 41 42 4315 years operation

Project preparation &
administrative processes

Geological investigations, 
infrastructure detailed design and 

tendering preparation

Tunnel, site and technical infrastructure 
construction

FCC-ee accelerator R&D and technical design

FCC-ee detector
construction, installation, commissioning

FCC-ee detector 
technical design

Permis-
sions

Set up of international 
experiment collaborations, 
detector R&D and concept 

development

FCC-ee accelerator construction, 
installation, commissioning

Funding 
strategy

Funding and
in-kind 

contribution 
agreements

FCC-hh detector
construction, installation, 

commissioning

FCC-hh detector 
R&D,

technical design

Update
Permis
sions

FCC-hh accelerator construction, 
installation, commissioning

FCC-ee dismantling, CE 
& infrastructure 

adaptations FCC-hh

Funding and
in-kind 

contribution 
agreements

~ 25 years operation

FCC-hh accelerator 
R&D and technical 

design

Long model magnets, 
prototypes, preseries

16 T magnet 
industrialization and 

series production
Superconducting wire and magnet R&D, short models

70

2020 2040 2055 2065

1 2 3 4 5 6 7 8 9 10 11 12 13 26 27 28 29 30 31 32 33 34 3412 years operation 28 years operation 6235
1976 1989 2000 2010 2038

LEP + LHC

FCC-ee + FCC-hh

engineering design, energy 

efficiency, m
aintainability

conductors & high-field 

magnet technology
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FCC Roadmap towards FCC-ee

2011 circular 
Higgs factory 
proposal

2013 
ESPPU

2014 FCC 
study kickoff

2012 Higgs 
discovery 
announced

2018 
FCC CDR

2025/26
Feasibility proof

2020 
ESPPU

>2040 first
ee collisions

2020 FCCIS 
kickoff

2026/7 
ESPPU

today

2028 approval

>2030–37 element     
production

>2026–30 full 
technical design

2025/26
Financing model
Operation concept

2020-2025
FCC Feasibility Study 
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Feasibility Study organisation – Physics, Experiments, and Detectors
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F. Simon
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FCC-ee Conditions and Statistics
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1 vs 9 prong ?

Enormous statistics of  Z 
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Outline

a. τ Polarisation Measurement
b. τ-lepton Properties and Lepton Universality
c. Lepton Flavour Violating Z decays
d. Lepton Flavour Violating τ decays
e. τ leptons in B decays

References:
• FCC CDR Volume 1

• MD, Tau-lepton Physics at the FCC-ee circular e+e− Collider,
SciPost Phys.Proc. 1 (2019) 041, 
DOI: 10.21468/SciPostPhysProc.1.041

• MD, The τ challenges at FCC-ee,
Eur. Phys. J. Plus 136, 963 (2021)

DOI: 10.1140/epjp/s13360-021-01894-y

• Yasmine Amhis et al, Prospects of Bc➝ τν at FCC-ee,
arXiv:2105.133330

tau2018

https://doi.org/10.21468/SciPostPhysProc.1.041
https://doi.org/10.1140/epjp/s13360-021-01894-y
https://arxiv.org/abs/2105.13330
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τ Polarisation Measurement
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Example: Aleph at LEP

!e!τ

Mean polarisation Angular dependence

!τ = 0.1451 ± 0.0052 ± 0.0029 !e  = 0.1504 ± 0.0068 ± 0.0008

⇒ assuming universality:    sin2θW
eff = 0.23130 ± 0.00048

Asymmetri-like measurement:

Low systematics

Eur.Phys.J.C20:401-430,2001
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Experimental Aspects

eνν μνν

hν

ρν

3hν

h2π0ν

Use τ decays as spin analysers (V-A)
• Two helicity states result in different kinematic

distributions that are fitted to observed
distribution of appropriate variables

• Divide (typically) into six decay modes

Important aspects

• Selection of e+e- ➝ τ+τ- events 
• Backgrounds from qq, ee, μμ, γγ

• Interchannel separation
• Mainly internally between h+nπ0 states

=> Photon and π0 reconstruction
• Selection efficiency and backgrounds as 

function of kinematic variables
• Reconstruction of kinematic variables

Example: τ- ➝ ρ-ν ➝ π-π0ν
• Here polarisation is extracted from two angles

π- π0 energy sum                                      difference

Combined into 1D ”optimal observable”
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Results and Precisions – case Aleph
Obtained results

Most precise channels

The single most important systematics
(on the most precise channels) is due 
to photon and π0 identification

systematics

• LEP measurement statistics limited
• At FCC-ee, ~ 105-6 larger statistics: 

Need (much) reduced systematics

Eur.Phys.J.C20:401-430,2001
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γ and π0 reconstruction in τ decays – case Aleph

Foton reconstruction efficiency.
Starting at 250 MeV

γγ mass of additional photons in hemispheres
where one π0 has been already identified

true

re
co

ns
tr

uc
te

d

Migration matrix (part)

⇒ Key: Overall detector design; good ECAL pattern recognition essential
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Measurement of muon polarisation ?
u Tau leptons decay, hence we can measure their polarisation
u But muons also decay

q Look for events

Z ➝ μμ with one muon decaying μ ➝ eνν
v For FCC-ee statistics, 1.2 million decays per meter flight distance

q For robust measurement, aim to measure track both before
and after decay point
v Complemented by calorimetric estimate of electron momentum

q 1 million well reconstructed events will result in a 
measurement to a statistical precsion of

δPμ≃ 0.0045

q Slightly better than full tau polarisation measurement from LEP

1st October, 2021tau2021 17

muon track

electron track

Decay point; change in track
- direction (kink)
- curvature (momentum)
- ionisation (dE/dx)

ECAL shower

R = 2 m

Situation similar to this, 
but with ∼ 30 times the 
statistics
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Lorentz structure of τ-decay amplitude ?

u Measure muon polarisation in decays

Z ➝ ττ followed by τ ➝ μνν followed by μ ➝ eνν

v For FCC-ee statistics, few × 100,000 decays per meter flight distance

q Essential to measure sizeable track length both before and after
decay point
v Establish decay point / that decay actually happened

v Measure momentum before & after decay point  =>  x = pe / pμ

v Complemented by calorimetric estimate of electron momentum

q 100,000 well reconstructed events would result in a 
measurement to a statistical precsion of about

δPμ≃ 0.015

1st October, 2021tau2021 18

Z ➝ ττ

electron track

μ ➝ eνν

ECAL shower

R = 2 m

Situation similar to this
with somewhat higher
statistics

τ➝ μνν

muon track

other τ decay

CC weak interaction (V-A): 
Expect to measure Pμ = -1
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τ-lepton properties and 
Lepton Universality

• Mass
• Lifetime
• Leptonic branching fractions



Mogens Dam / NBI Copenhagen 1st October, 2021tau2021 20

Lepton Universality - Universality of Fermi constant
The Fermi constant is measured in μ decays and defined by Similarly, can define Fermi constant measured in τ decays by

(known to 0.5 ppm) (known to 1700 ppm)

Universality supported by current data
- 1σ error ellipse (blue) consistent with mass (red)

Shown in yellow: ”guestimates” on FCC-ee precisions

67 ppm
BES

1700 ppm
Belle

1700 ppm
LEP

Today:

FCC-ee: Will see 3x1011 τ decays
Statistical uncertanties at the 10 ppm level
How well can we control systematics?

Use J/ψ mass as reference (known to 2 ppm)

Laboratory flight distance of 2.2 mm 
⇒ 10 ppm corresponds to 22 nm (!)

No improvement since LEP (statistics limited)
Depends primarily e-/π- (& e-/ρ-) separation

tracking

vertex
detector

ECAL
dE/dx
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Estimates of precisions ∼ as presented at tau2018
Observable Measurement Current precision FCC-ee stat. Possible syst. Challenge

mτ [MeV]
Threshold /

inv. mass endpoint
1776.86 ± 0.12 0.004 0.04 (?) Mass scale

ττ [fs] Flight distance 290.3 ± 0.5 fs 0.001 0.04
Vertex detector 

alignment

B(τ→eνν) [%] Selection of τ+τ-,
identification of final 

state

17.82 ± 0.05
0.0001 0.003

Efficiency, bkg, 
Particle IDB(τ→μνν) [%] 17.39 ± 0.05

Quantity Measurement Current precision FCC-ee precision

|gμ/ge| Γτ➝μ / Γτ➝e 1.0018 ± 0.0014 Improvement by 
one order of 

magnitude or more|gτ/gμ| Γτ➝e / Γμ➝e 1.0030 ± 0.0015 

≃

Lepton Universality Tests:

With the precise FCC-ee measurements of lifetime and BRs, mτ

could become the limiting measurement in the universality test
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LFV Z decays

π-

μ+

τ-

π+

π-ν

e+

τ-

π0

π-ν

μ+

e+
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Z ➝ eτ  and Z ➝ μτ

DELPHI momentum resolution at pT = 45.6 GeV :
!(pT)/pT = 2.7 × 10-2

Limit set at          Br(Z ➝ μτ) < 12 × 10-6

q Best at LEP
q World’s best until recently: 

v ATLAS now at 9.5 × 10-6

Assumed momentum resolution at pT = 45.6 GeV including
contribution (0.9 × 10-3) from beam-energy spread:    

!(pT)/pT = 1.8 × 10-3

Findings:
q Sensitivity scales ∼ linear in momentum resolution
q Irreducible background (from #➝ $%%) ⇒ sensitivity ∝ 1/√ℒ
q Similar sensitivity for Z ➝ eτ
q Sensitivity for signals down to  

BRs of ∼10-9
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τ → μνν

μ from Z → μμ

Z.Phys. C73
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Z ➝ eμ
u Current limit: 

q 7.5 x 10-7 LHC/ATLAS (20 fb-1;  no candidates)
q 1.7 x 10-6   LEP/OPAL (4.0 x 106 Z decays:  no candidates)

u In e+e-, clean experimental signature:
q Beam energy electron vs. beam energy muon

u Main experimental challenge:
q Catastrophic bremsstrahlung energy loss of muon in electromagnetic calorimeter

v Muon would deposit (nearly) full energy in ECAL: Misidentification μ ➝ e
v NA62: Probability of muon to deposit more than 95% of energy in ECAL: 4 x 10-6 

v Possible to reduce by
§ ECAL longitudinal segmentation: Require energy > mip in first few radiation lengths
§ Aggressive veto on HCAL energy deposit and muon chamber hits

v If dE/dx mesaurement available, (some) independent e/μ separation at 45.6 GeV
§ Could give handle to determine misidentification probability P(μ ➝ e)

u FCC-ee:
q Misidentification from catastrophic energy loss corresponds to limit of about Br(Z ➝eμ ) ≃ 10-8

q Possibly do "(10) better than that Br(Z ➝eμ ) ∼ 10-9     (probably even 10-10 with IDEA dE/dx)

Z.Phys. C67

e

μ

10-10 – 10-8 

sensitivity depending on 
detector design and 

performance 
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LFV τ decays



Mogens Dam / NBI Copenhagen 1st October, 2021tau2021 26

τ- ➝ e-γ,  τ- ➝ μ-γ

u Current limits:
q Br(τ- ➝ e-γ) < 3.3 x 10-8 BaBar, 10.6 GeV; 4.8 x 108 e+e- → τ+τ- :    1.6 expected bckg

q Br(τ- ➝ μ-γ) < 4.4 x 10-8 3.6 expected bckg

u Main background: Radiative events (IRS+FSR), e+e- ➝ τ+τ-γ

q τ → μγ decay faked by combination of γ from ISR/FSR and μ from τ ➝ μνν

u At FCC-ee, with 1.7 x 1011 τ+τ- events, what can be expected?
q Boost 8-9 times higher than at B-factories
q Detector resolutions rather different, probably especially ECAL

q Parametrised study of signal and the main background, e+e- ➝ τ+τ-γ, performed
v Presented at tau2018

q From study (assuming 25% signal & background efficiency), projected  BR sensitivity        

q With the recently suggested crystal ECAL,  possible a factor of about 6-10 better

-

2 x 10-9

2008.00338



Mogens Dam / NBI Copenhagen 1st October, 2021tau2021 27

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 candidates
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. Need PID for most

!

!

! FCC-eeCrystal ECAL
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τ leptons in b decays
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Measurement of Bc ➝ τντ

u Bc ➝ τντ process has same  Feynman vertex factors as b ➝ cτντ

q Measurement of R(D) and R(D*) show ∼ 3-4 σ tension in SM

u Exploit three-prong decay of τ
u Delphes simulation (IDEA Detector)
u Reject backgrounds from Z ➝ bb/cc/qq using

q Event level energy properties
q Properties of the reconstructed 3π candidate
q Two stage MVA approach

1st October, 2021tau2021 29

u Toy dataset generated from signal and 
background PDFs
q Signal measured with 2.4% precision

arXiv:2105.13330

https://arxiv.org/abs/2105.13330
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Summary
u From 5 x 1012 Z decays, FCC-ee will produce 1.7 x 1011   τ+τ- pairs
u Factor ~3 higher statistics than Belle2 projection; plus higher boost (γ = 25)

q Boost is advantageous for many studies

u Potential for very precise sin2θW determination via τ polarisation measurement

u Improve Lepton universality test by 1-2 orders of magnitude down to at least !(10-4) level [!(10-4) statistically]
q Substantial improvement in τ lifetime
q Substantial improvement in τ branching fractions
q Poential for improved measurement of τ mass

u Improved sensitivity to lepton flavour violating Z decays by factor !(103-4) 
q Sensitivities down to 10-9

u Searches for lepton flavour violating τ decays; sensitivites comparable to Belle2
q Range from≲ 10-10 to few x 10-9 

u Plus hadronic branching ratios and spectral functions, αs, ντ mass, …

u Prospects for very precise lepton universality τ lepton tests in b-physics
u And of course Higgs, etc… 
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Summary - Detector requirements
Precision τ physics sets very strong detector requirements; good benchmark

u Vertexing
q Lifetime measurement to 10-4 corresponds to 0.22 μm flight distance

u Tracking
q Two (or rather multi) track separation: measure 3-, 5-, 7-, 9- … prong decays
q Extremely good control of momentum and mass scale

v τ mass measurement

v Sensitivity of search for flavour violating Z decays, e.g. Z ➝ μτ, scales linearly in momentum resolution at 45.6 GeV

q Low material budget: Minimize secondary tracks from hadronic interaction in material

u Calorimetry
q Clean γ and π0 reconstruction from ∼0.2 to 45 GeV is key to precison τ physics

q Collimated topologies: Important to be able to separate γs from closelying hadronic showers

u PID
q Necessary if one desires to separate π/K modes (0 – 45 GeV momentum range)

q e/π separation at low momenta (where calorimetric separation is most difficult)

q Redundancy: Provides valuable handle to create test samples for study of calorimetry
v For IDEA drift chamber, even for e/μ separation
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u Vertexing
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u Tracking
q Two (or rather multi) track separation: measure 3-, 5-, 7-, 9- … prong decays
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v τ mass measurement

v Sensitivity of search for flavour violating Z decays, e.g. Z ➝ μτ, scales linearly in momentum resolution at 45.6 GeV

q Low material budget: Minimize secondary tracks from hadronic interaction in material

u Calorimetry
q Clean γ and π0 reconstruction from ∼0.2 to 45 GeV is key to precison τ physics

q Collimated topologies: Important to be able to separate γs from closelying hadronic showers

u PID
q Necessary if one desires to separate π/K modes (0 – 45 GeV momentum range)

q e/π separation at low momenta (where calorimetric separation is most difficult)

q Redundancy: Provides valuable handle to create test samples for study of calorimetry
v For IDEA drift chamber, even for e/μ separation

Design your detector with care!

Better start now
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spares
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Fabiola Gianotti

FCC Week,

June 2021

my emphasis



double ring e+e- collider ~100 km
follows footprint of FCC-hh, 

except around IPs
asymmetric IR layout & optics             

to limit synchrotron radiation 
towards the detector 

presently 2 IPs (alternative layout
with 4 IPs under study) 

large horizontal crossing angle 30 mrad, 
crab-waist optics 

synchrotron radiation power 50 MW/beam
at all beam energies

top-up injection scheme; 
requires booster synchrotron in collider tunnel

FCC-ee basic design choices
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CDR: Two Complementary Detector Designs

CLD

u Consolidated option based on the detector design 
developed for CLIC 
q All silicon vertex detector and tracker
q 3D-imaging highly-granular calorimeter system
q Coil outside calorimeter system

u Proven concept, understood performance 

IDEA

u New, innovative, possibly more cost-effective design
q Silicon vertex detector
q Short-drift, ultra-light wire chamber
q Dual-readout calorimeter
q Thin and light solenoid coil inside calorimeter system
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Si Tracker

Si-W ECAL

2T coil

Scintillator-iron HCAL
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