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The Future Collider Market
Circular e+e- followed by pp 

FCC @ CERN

CEPC + SppC

e+e- : √s = 90 - 365 GeV
pp    : √s ≥ 100 TeV

Linear e+e-  

ILC 

√s = 250 GeV (→ 500/1000 GeV) √s = 380 GeV (→ 1000/3000 GeV)

CLIC @ CERN 

Muon Collider  

√s =  … 3 TeV, 10 TeV, …
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Collider Strategies
European Strategy 2020 US P5, 2023

Adopted by CERN Council, June 2021.
FCC Feasibility Study initiated
- ongoing, input to 2025 Strategy update

International Muon Collider Collaboration

So, the (international) strategy is clear:
• First, an electron-positron collider for precision studies
• Then, a discovery machine, either proton or muon collider

☞
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e+e- Higgs Factory – Linear or Circular ?

The main advantage of a circular e+e- Higgs Factory is 
the enormous luminosity advantage for centre-of-
mass energies up to ∼300 GeV

Original LEP proposal, 1976
NIM 136 (1976) 47-60

200 GeV      30 km
400 GeV      90 km
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∼1% loss per turn

But due to 
synchotron 
radiation

a circular 
collider has 
to be large

LEP: 27 km

FCC-ee: 91 km
• Linear collider: Use e- and e+ bunches only once
• Circular collider: Reuse of bunches until they are 

“worn out” by physics (Bhabha scattering)



FCC Feasibility Study Status
Michael Benedikt
2nd U.S. FCC Workshop, MIT, 25/03/2024

FCC integrated program

FCC-ee FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ̅t) 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 
• 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

Michael Benedikt

2nd U.S. FCC Workshop

25/03/2024



FCC Feasibility Study Status
Michael Benedikt
2nd U.S. FCC Workshop, MIT, 25/03/2024

FCC integrated program - timeline
Note: FCC Conceptual Design Study 
           started in 2014 leading to CDR 
           in 2018

Ambitious schedule taking into account:
q past experience in building colliders at CERN
q approval timeline: ESPP, Council decision
q that HL-LHC will run until 2041 
q project preparatory phase with adequate 
     resources immediately after Feasibility Study

~2032 ~2070~2045

Michael Benedikt
2nd U.S. FCC Workshop
25/03/2024
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FCC-ee Basic Design Choices

Double ring e+e- collider, 90.7 km
Follows same footprint as FCC-hh, 
   except around IPs
Asymmetric IR layout & optics             
   to limit synchrotron radiation      
   towards the detector 
Fourfold super-periodicity
   allows 4 interaction points (now default)          
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
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FCC-ee Performance
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Marica Biagini

FCC-ee reaches highest luminosities & energies
by combining ingredients and well-proven concepts of several recent colliders:

L/IP
B-factories: KEKB & PEP-II:
double-ring lepton colliders, 
high beam currents,
top-up injection
  

DAFNE: crab waist, double ring

Super B-fact., S-KEKB: low βy* 

LEP  high energy, SR effects

VEPP-4M, LEP:                                  
precision E calibration 

KEKB: e+ source 

HERA, LEP, RHIC: spin gymnastics 
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FCC-hh Performance
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u Aim at ~one order of magnitude performance increase 
in both energy and luminosity w.r.t LHC

u 100+ TeV CoM collision energy (vs 14 TeV for LHC) 
u 20 ab-1 per experiment collected over 25 years of 

operation time (vs 3 ab-1 for LHC).
u Similar performance increase as from Tevatron to LHC.
u Key technology: High-field magnets

to 16-20 T Nb3Sn
possibly combined with HTS.
EuroCirCol, Chart, US MDP 

From LHC technology 
8.3 T NbTi

via HL-LHC technology 
11 T Nb3Sn
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PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

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), machine performance etc.

“Avoid-reduce-compensate” principle of EU and French regulations

Overall lowest-risk baseline: 90.7 km ring, 8 surface points, 
Whole project now adapted to this placement

Number of surface sites 8
Surface requirements ~40 ha

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 studyMichael Benedikt

2nd U.S. FCC Workshop

25/03/2024
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Surface sites development and reservation of land-plots
Meetings ongoing with all communes concerned by surface sites to identify individual 
land-plots for development of surface site layout and land reservation.

• PA : Ferney Voltaire: 01/2024

• PB: Choulex : 12/2023
• PB: Presinge : 01/2024, plenary session 

with community council 04/2024 

• PD : Nangy: 05/2024 

• PF :  Éteaux : 03/2024

• PG : Groisy / Charvonnex: 04/2024

• PH : Marlioz / Cercier : 02/2024

• PJ : Vulbens / Dingy en Vuache : 
09/2023, 01/2024

• PL : Challex: 03/2024, further meetings 
in Q2/24 to identify best site location

Green: parcelles identified and agreed
Blue: ongoing

PA : Ferney Voltaire

PF :  Éteaux PH : Marlioz / Cercier

PB: Choulex

Michael Benedikt

2nd U.S. FCC Workshop

25/03/2024

14.05.2024 Young Nordic Future-Collider day, Lund 11



FCC tunnel implementation

Tunnel implementation summary

• 91 km circumference
• 95% in molasse geology for minimising tunnel construction risks
• Site investigations in zones where tunnel is close to geological interfaces: moraines-molasse-limestone

Michael Benedikt

2nd U.S. FCC Workshop

25/03/2024

14.05.2024 Young Nordic Future-Collider day, Lund 12



Mogens Dam / NBI Copenhagen

Reminder:  pp vs. e+e- collisions (i)
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p-p collisions e+e- collisions

Proton is compound object
à Initial state not known event-by-event
à Limits achievable precision

e+/e- are point-like
à Initial state well defined (E, p)
à High-precision measurements

High rates of QCD backgrounds
à Complex triggering schemes
à High levels of radiation

Clean experimental environment
à Trigger-less readout
à Low radiation levels

High cross-sections for colored-states Superior sensitivity for electro-weak states

proton
p

p

g

t

t

t

H

g



Mogens Dam / NBI Copenhagen

Reminder:  pp vs. e+e- collisions (ii)
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pp LHC

At LHC, much of the interesting physics needs 
to be found among a huge number of collisions

In e+e- collisions the total cross section 
equals the electroweak cross section. 

e+e- events are “clean”
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Reminder:  pp vs. e+e- collisions (iii)

pp: look for striking signal in large background e+e-: detect everything; measure precisely
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FCC-ee
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FCC-ee Luminosity and Conditions

14.05.2024Young Nordic Future-Collider day, Lund 17

• Extremely large statistics
• Physics event rates up to 100 kHz
• Bunch spacing at 25 ns

• ”Continuous” bunches, no bunch
trains, no power pulsing

• No pileup, no underlying event …
• …well, pileup of 2 x 10-3 at Z pole

FCC-ee parameters Z W+W- ZH ttbar

√s GeV 91.2 160 240 350-365

Luminosity / IP 1034 cm-2 s-1 140 20 5.0 1.25

Bunch spacing ns 25 160 680 5000

”Physics” cross section pb 35,000 10 0.2 0.5

Total cross section (Z) pb 70,000 30 10 8

Event rate Hz 100,000 6 0.5 0.1

”Pile up” parameter [𝜇] 10-6 2,500 1 1 1

Experimentally, Z pole most challenging
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FCC-ee as a Higgs factory
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
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≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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u 106 Higgsstrahlung (HZ) event at 
√s ≃ 240 GeV

u Complemented with 200k 
events at √s = 350 – 365 GeV
q Of which 30% in the WW fusion 

channel (important for the ΓH 
precision)

ZH events tagged by presence of 
identified Z decay recoiling against 
125 GeV particle

q Here cleanest signature, Z → μ+μ-
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Higgs: Results of ”kappa” fit
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q FCC-ee precision better than HL-LHC by sizable factors (in copious modes)
v With no need for additional assumptions

q Important precision gain from from 2IP ➝ 4IP : factor 1.7 higher statistics
q Important to have two energy points (240 and 365 GeV)
q (HL-)LHC measures the sttH , but requires assumptions for the gHtt

v Absolute gHtt measurement in a combination with FCC-ee (precision: 3.1%)

*
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* Assumption that |κV| ≤ 1 
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u FCC-ee does not have high enough energy to produce Higgs pairs, from which self coupling can be extracted 
u But loops including Higgs self coupling contribute to Higgs production 

u Effect of Higgs self coupling (kl) on sZH and snnH depends on √s

q Two energy points (240 and 365 GeV) lift off the degeneracy between dkZ and dk𝜆
v Precision on kl with 2 IPs at the end of the FCC-ee (91+160+240+365 GeV) 

§ Global EFT fit (model-independent) : ±34% (3σ) ; in the SM : ±12% 

Ds

s

-4 -2 0 2 4

-0.02

-0.01

0.00

0.01

0.02

FCC-ee, from EFT global fit

Δχ2=1

5/ab at 240 GeV
+0.2/ab at 350 GeV
+1.5/ab at 365 GeV

350 GeV alone
365 GeV alone

dk
Z

C. Grojean et al.
arXiv:1711.03978

Up to 2% effect on sHZ 

Higgs self-coupling at FCC-ee
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A. Blondel, P. Janot
arXiv:1809.10041

M. McCullough
arXiv:1312.3322+
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Precision Electroweak Measurements
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Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC
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Lineshape
q Exquisite Ebeam knowledge (unique!)
q mZ, ΓZ to < 100 keV (current: 2.2 MeV)

Asymmetries
q sin2θW to 2.4×10-6           (1.6 × 10-4)

q 1/αQED(mZ) to 3×10-3     (15 × 10-3)

Branching ratios Rl, Rb

q αS(mZ) to 0.0002     (0.003)

Threshold scan
q mW to 0.3) MeV (15 MeV

Branching ratios Rl, Rb

q αS(mZ) to 0.0002

Radiative return e+e- ➝ Zγ
q Νν to 0.0008    (0.008)

Threshold scan
q mtop to 17 MeV    (500 MeV)

q λtop to 10%
q EW couplings to 1%

-
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High Precision EW Measurements – Main Experimental Challenge

u FCC-ee EWPO measurements with unprecedented 
statistical precision 
q 5 x 1012 hadronic Z decays at Z-pole

v Also flavour factory: 7 × 1011 Z ➝ bb, 1.5 × 1011 Z ➝ τ+τ-

q Statistical precision for EWPOs is typically 500 times 
smaller than the current uncertainties

q Systematic uncertainty will have to be reduced
q Can achieve indirect sensitivity to new physics up to 

a scale Λnew physics of 70 TeV
u Require systematic precision to match

q Comensurate control of parametric uncertainties, e.g. 
PDFs, αs, mt, mH

q Higher order theoretical computations, e.g. N…NLO
q Minimizing detector systematics
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Challenges at FCC-ee

u At the Z pole, high beam currents with bunch spacing 20 ns 
q Almost continuous beam has implications on power management/cooling, density, readout,…

u Extremely high luminosities L ∼ 1.8 x 1036/cm2s at Z-pole
q Require absolute luminosity measurements to 10-4 to achieve desired physics sensitivity
q Online/Offline handling of high data rates/total volume. 

u Physics interaction rate at Z pole ∼ 100 kHz
q Implications on detector response time, event size, FE electronics and timing

u Beam dynamics
q 30 mrad crossing angle sets constraints on the solenoid field to 2 T à larger tracker volume
q Backgrounds from incoherent pair production (IPC) and synchrotron radiation (SR) to a lesser extent 

u High Luminosities
q High statistical precision: Requires control of systematics down to 10-6 – 10-5 level.
q Online and Offline data handling O(1013) events
q Physics events up to 100 kHz imposes requirements on detector response time, FE electronics and DAQ.
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FCC-ee Detector Requirements

Higgs Factor Program
§ 1.2M ZH events at vs = 240 GeV
§ 75k WW à H events at 𝑠 = 365 GeV
§ Higgs Couplings to fermions
§ Higgs self-couplings (2-4 s) via loop 

diagrams
§ Unique possibility to measure electron 

self-coupling in s-channel e+e- à H at 
𝑠 = 125 GeV.

§ Momentum Resolution #!!"
"" ≃

	10#$	𝑎𝑡	𝑝% 	~	50	GeV.
§ Jet energy resolution of 30%/ 𝐸 in multi-

jet environment for Z/W separation
§ Superior impact parameter resolution for 

b, c tagging

Precision EW and QCD Program
§ 5 x 1012 Z and 108 WW events

§ mZ, GZ, Ginv, sin2qW, mW, GW, … 
§ 106 tt events

§ mtop, Gtop, EW couplings
§ Indirect sensitivity to new physics

§ Absolute normalization of luminosity to 10-4.
§ Relative normalization to 10-5 (eg Ghad/Gl)
§ Jsuperior momentum resolution, limited by 

multiple scattering à minimize material.
§ Track angular resolution < 0.1 mrad
§ Stability of B-field to 10-6
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More FCC-ee Detector Requirements
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Heavy Flavor Program
§ 1012 bb, cc; 1.7 x 1011 tt produced in a 

clean environment.
§ CKM matrix, CP measurements, 

flavor anomaly studies eg bàstt, 
rare decays, CLFV searches, 
lepton universality, PNMS matrix 
unitarity. 

§ Superior impact parameter resolution
§ Precisely tag and identify secondary 

vertices and measure lifetimes.
§ ECAL resolution at few %/ 𝐸
§ Excellent p0/g separation for tau 

identification
§ Particle ID: K/p separation over a wide 

momentum range à precision timing. 

Feebly coupled particles Beyond SM
• Opportunity to directly observe new 

feebly interacting particles with masses 
below mZ.

• Axion-like particles, dark photons, 
Heavy neutral leptons, 

• Long lifetimes LLPs.

§ Benchmark study: Z ànN with N decaying late
§ Sensitivity to far detached vertices

§ Tracking: more layer, continuous tracking
§ Calorimeter: granularity, tracking capability

§ Large decay length à extended decay volume
§ Precise timing 
§ Heremeticity
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Detector Requirements Summary

u In summary, we require:
qUltra-lightweight material
qPrecision momentum (s(1/pT) < 3 x 10-5 GeV-1) and angular res. (< 0.1 mrad)
qExcellent EM resolution with low constant term 
qUnprecedented low jet energy resolution to distinguish W/Z/H to dijets.
qMicron-precision b- and c- tagging capability
qParticle ID in a broad momentum range, incl. pico-second timing capability
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Developing FCC-ee Proto Detectors
CLD IDEA Allegro

• Well established design
• ILC/ILD ➝ CLIC detector ➝ CLD

• Detector components:
• Full Silicon VTX deector + tracker; 
• CALICE-like calorimetry; 
• Large coil outside calorimerters, 
• Muon system in return yoke

• Possible detector optimizations
• Improved σp/p, σE/E
• PID: timing and/or RICH?
• …

• Less established design
• But still ∼15y history

• Detector components:
• Si VTX detector
• Ultra light drift chamb. w. powerfull PID;
• compact, light coil inside calorimeter
• monolitic dual readout calorimeter;

• Possibly augmented by crystal ECAL
• Muon system

• Active community
• Prototype designs, test beams, …
• Software

• A design in its infancy
• Detector components:

• VTX + Drift chamber a la IDEA
• High granularity Noble Liquid ECAL

• Pb + LAr (or possibly denser W + LKr)
• TileCal HCAL (a la ATLAS)
• Coil outside ECAL enclosed in same 

cryostat as LAr
• Muon system

• Active Noble Liquid R&D team 
• Readout electrodes, feed-throughs, 

electronics, light cryostat, …
• Software & performance studies

CDR

new

12/2 m

10
/2

 m
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These are examples of three experiments, other choices are possible 

à A lot of room for other ideas, other concepts and different technologies 
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FCC-hh parameters

F. Gianotti

Formidable challenges: 
q high-field superconducting magnets: 14 - 20 T
q power load in arcs from synchrotron radiation: 4 MW à cryogenics, vacuum
q stored beam energy: ~ 9 GJ à machine protection
q pile-up in the detectors: ~1000 events/xing
q energy consumption: 4 TWh/year à R&D on cryo, HTS, beam current, … 

Formidable physics reach, including:
q Direct discovery potential up to ~ 40 TeV
q Measurement of Higgs self to ~ 5% and ttH to ~ 1%
q High-precision and model-indep (with FCC-ee input) 
     measurements of  rare Higgs decays (𝛄𝛄, Z𝛄, µµ) 
q Final word about WIMP dark matter

With FCC-hh after FCC-ee: 
significantly
more time for high-field 
magnet R&D 
aiming at highest possible 
energies

parameter FCC-hh HL-LHC LHC
collision energy cms [TeV] 81 - 115 14
dipole field [T] 14 - 20 8.33
circumference [km] 90.7 26.7
arc length [km] 76.9 22.5
beam current [A] 0.5 1.1 0.58
bunch intensity  [1011] 1 2.2 1.15
bunch spacing  [ns] 25 25
synchr. rad. power / ring [kW] 1020 - 4250 7.3 3.6
SR power / length [W/m/ap.] 13 - 54 0.33 0.17
long. emit. damping time [h] 0.77 – 0.26 12.9
peak luminosity [1034 cm-2s-1] ~30 5 (lev.) 1
events/bunch crossing ~1000 132 27
stored energy/beam [GJ] 6.1 - 8.9 0.7 0.36
Integrated luminosity/main IP [fb-1] 20000 3000 300

30

Michael Benedikt

2nd U.S. FCC Workshop

25/03/2024
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Important example of FCC-hh physics - Higgs
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FCC-hh 100 TeV
30 ab-1

LHC 14 TeV
3 ab-1

Large pT

Production
hierarchy of 
channels changes
at large pT

Huge production rates

Example of study: gg→ H ➝ 𝛾𝛾 at large pT

• At LHC, S/B in H ➝ 𝛾𝛾 channel is 𝒪( few %)
• At FCC, for pT > 300 GeV, S/B ∼ 1   
• Potentially accurate probe of H pT spectrum up to large pT

Clean !!
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Higgs couplings after FCC-ee / hh
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Absolute coupling measurements
facilitated by width
measurement from FCC-ee
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A Possible FCC-hh Detector – Reference Design for CDR

u Reference design for an FCC-hh 
experiment for FCC CDR

u Goal was to demonstrate, that 
an experiment exploiting the 
full FCC-hh physics potential is 
technically feasible

q Input for Delphes physics 
simulations

q Radiation simulations

u However, this is one example 
experiment, other choices are 
possible and very likely à A lot 
of room for other ideas, other 
concepts and different 
technologies 
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Reference Design for CDR

Forward solenoid adds about one unit of η with full lever-arm

- Ecm = 1oo TeV

- ℒ = 30 x 1034 cm-2 s-1

- ∫ ℒ = 30 ab-1

- 31 GHz pp collisions

- Pile-up <μ> ≈ 1000

- 4 THz of charged tracks

- ”Light” particles produced with 
increasing forward boost
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Why muon colliders ?
u Muons are leptons (like electrons)

q Collisions at the full energy, small physics background, (E,p) conservation
v Muons can a priori do all what electrons can do 

u Muons are heavy (like protons)
q Negligible synchrotron radiation, no beamstrahlung

v Small circular colliders, up to large √s
v Excellent energy definition (up to a few 10-5)

q Large direct coupling to the Higgs boson
v Unique s-channel Higgs factory at √s = 125.11x GeV 

u Muons are naturally longitudinally polarized (100%)
q Because arising from p± decays to µ±nµ

v Ultra-precise beam energy and beam energy spread measurement

u Muons eventually decay (in 2.2 µs) to enµne

q Outstanding neutrino physics programme
v Muon colliders could be the natural successors of neutrino factories ?
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mµ
2 ~ 40,000 me
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_

A muon collider s-channel Higgs 
Factory is a priori a great idea!
However, realistic accelerator studies 
show that luminosity will be limited 
to about 13k Higgs events per year.

10 years
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Muon collider Layout and Challenges
u Muons have short lifetime (2.2 μsec) : Produce, Collect, Cool, Accelerate and Collide them fast !

q Intense proton driver to get the adequate number of muons 
v At least 4 MW for the desired luminosities

q Robust target to not evaporate at the first proton bunch
v Re-circulating liquid metal  

q Efficient muon collector from pion decays
v  Magnetic fields of 20 T

q Unique 6D muon cooling 
v To reduce beam sizes and beam energy spread

q Fast acceleration and injection into circular ring(s)
14.05.2024Young Nordic Future-Collider day, Lund 37

All these aspects are at 
the level of intense R&D.

Will require a decade (at least) 
to demonstrate feasibility



Mogens Dam / NBI Copenhagen 14.05.2024Young Nordic Future-Collider day, Lund 38

Some Possible Muon Collider 

• A s-channel Higgs factory would be compact (300 m circumference), but unfortunately has limited luminosity
• A 6 TeV collider would fit in the Tevatron tunnel

• The LHC tunnel could house a 24 TeV collider

R
AST, Vol 10, N

o. 01, pp. 189-214 (2019)
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Energy Efficiency of Future Colliders

N
ature, Vol 17, 2021, 289-292 

☞   For TeV-scale lepton colliders, muons seems the way to go   ☜
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Beam Induced Backgrounds and Detector Design

Beam muons decay ⇒ Beam induced Background
• Partially mitigated by placing W nozzle close to beam line

Using CLIC Detector at Starting point

Courtecy Nadia Pastrone
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Maturity level of proposed Future Accelerators

u Quotes:
q “Significant R&D required to mature concepts in the yellow area”
q  “Green maturity level required for decision making and informed comparisons”
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Outlook
u FCC Feasibility Study ongoing at CERN since decision by CERN Council, June 2021
u Mid Term Report positively received by Scientific Advisory Committee and CERN Council, Winter 2023-24
⇒ Accelerated schedule towards next European Strategy Update

u Final Feasibility Study Report due in Spring 2025
q Input to 2025 European Strategy Update

u If European Strategy falls out positive, could have FCC-ee approval by 2028 (?)
q FCC-ee as high-luminosity factory for Z, W, and Higgs bosons, top quarks, and flavour incl. tau leptons
q Followed (possibly) by 100 TeV discovery (and precision) FCC-hh proton-proton collider

u In parallel, exciting studies ongoing for muon collider option

Exciting future for particle physics ahead!
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“No doubt that future high energy colliders are extremely challenging projects.

However, the correct approach, as scientists, is not to abandon our exploratory 
spirit, nor give in to financial and technical challenges. The correct approach is 
to use our creativity to develop the technologies needed to make future projects 
financially and technically affordable.”

Fabiola Gianotti, DG CERN
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Experimental Challenges
u 30 mrad beam crossing angle

q Detector B-field limited to 2 Tesla (at Z-peak operation)
q Tightly packed MDI (Machine Detector Interface)

u ”Continuous” bunches (no bunch trains); bunch spacing down to 25 ns
q Power management and cooling (no power pulsing as planned for linear

colliders)
u Extremely high luminosities

q High statistical precision -- control of systematics down to ∼10-5 level
q Online and offline handling of 𝓞(1013) events for precision physics

v ”Big Data”
u Physics events at up to 100 kHz

q Detector response time ≲ 1 μs to minimise dead-time and event 
overlaps 

q Strong requirements on sub-detector front-end electronics and DAQ 
systems
v At the same time, keep low material budget: minimise mass of 

electronics, cables, cooling, … 
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Central part of detector volume – top view

MDI Components
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FCC-ee Detector Component: Vertex Detector
u Measurement of impact parameter, reconstruction of 

secondary vertices, flavour tagging, lifetime
measurements

u Very strong development
q Lighter, more precise, closer
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Strong ALICE Vertex detector development

ITS2: installed in 2021 ITS3: installation 2027/2028

⟨X/X0⟩ = 0.35%

ALICE ITS3

⟨X/X0⟩ ≃ 0.05%

u Many conditions/requirements common between ALICE 
and FCC-ee
q Moderate radiation environments
q No need for picosecond timing
q High resolution and low multiple scattering is key

u Heavy flavour tagging results (simulation)
q ML based: large lifetimes, displaced vertices/tracks, large 

track multiplicity, non-isolated e/μ

M
L-based

-ParticleN
et

F.Bedeschi, M
.Selvaggi, L.G

oukas,
EPJ C

 82 646 (2022) link

Very substantial
improvement

w.r.t. LHC

https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1
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IDEA Detector Concept Vertex Detector
Vertex detector
Inspired by Belle II (and ALICE ITS) based on 
DMAPS (Depleted Monomithic Active Pixels) 
technology
u Inner Vertex (ARCADIA based)

q Modules of 25 x 25 μm pixel size, 50 μm thick
q 3 barrel layers at 13.7, 22.7, 33 mm 

v 0.3% X0 per layer
q Point resolution of ∼3 mm

u Outer Vertex and disks (ATLASPIX3 based)
q Modules of 50 x 150 μm pixel size, 50 μm thick
q 2 barrel layers at 130, 315 mm; 2 x 3 disk layers

v 1% X0 per layer

u Performance 
q Efficiency of ∼100%
q Extremely low fake hit rate
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F.Palla, 2023 FCC Week

https://indico.cern.ch/event/1202105/contributions/5385347/attachments/2660171/4608255/FCC%20week%202023%20London.pdf
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FCC-ee Detector: Momentum Measurement
Particles from Higgs production
process are generally of moderate 
momentum

Momentum resolution tends to be
multiple scattering dominated
⇒ Asymptotic resolution not reached

⇒ Detector transparency more important than asymptotic resolution  ⇐

Thinning of Si 
sensors helps (only) 
as √ of thickness
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365 GeV
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CLD: All-Si tracker with total material
budget of 11% 

IDEA: Drift Chamber as main tracking device
with a material budget of 1.6%. 
Supplemented by VTX and Silicon
”wrapper” surrounding drift chamber.
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FCC-ee Component: Tracking System
Two solutions under study
u CLD: All silicon pixel (innermost) + strips

q Inner: 3 (7) barrel (fwd) layers (1% X0 each)
q Outer: 3 (4) barrel (fwd) layers (1% X0 each)
q Separated by support tube (2.5% X0)

u IDEA: Extremely transparent Drift Chamber
q GAS: 90% He – 10% iC4H10

q Radius 0.35 – 2.00 m
q Total thickness: 1.6% of X0 at 90o

v Tungsten wires dominant contribution
q Full system includes Si VXT and Si “wrapper”

What about a TPC? 
• Very high physics rate (70 kHz)
• B field limited to 2 Tesla
• Considered for CEPC, but having difficulties…

IDEA DC
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IDEA Drift Chamber
Extremely transparent Drift Chamber
u Gas: 90% He – 10% iC4H10

u Radius: 0.35 – 200 cm
u Total thickness: 1.6% of X0 at 90o

q Tungsten wires dominant contributor
v Possibility of using (gold-plated) carbon-fibre wires ?

u 112 layers for each 15o azimuthal sector
u Max drift time: 350 ns
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IDEA DC

dN/dx from Garfield++Continuous tracking:
• Reconstruction of far-detached

vertices (K0
S, Λ, BSM, LLPs)

• Outstanding particle ID via cluster
counting dN/dx or dE/dx

• > 3σ K/π separation up to 35 GeV
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Particle Identification
u PID capabilities across a wide momentum range is essential for flavour studies; 

will enhance overall physics reach
q Example: important mode for CP-violation studies B0

S ➝ D±
SK∓ à require K/π 

separation over wide momentum range to suppress same topology B0
S ➝ D±

Sπ∓

u E.g. IDEA drift chamber promises >3σ π/K separation up to 35-100 GeV
q Cross-over window at 1 GeV, can be alleviated by                                                                                

unchallenging TOF measurement of δT ≲ 0.5 ns
u Time of flight (TOF) alone δT of ∼10 ps over 2 m (LGAD) 

q could give 3σ π/K separation up to ∼5 GeV 
u Alternative approaches, in particular (gaseous) RICH counters are                                        

also investigated (e.g. A pressurized RICH Detector – ARC)
q could give 3σ π/K separation from 5 GeV to ∼80 GeV

TOF

IDEA drift 
chamber

RICH

Possible RICH layout in 
an FCC-ee experiment

ARC

Analytic estimate
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Calorimetry – Jet Energy Resolution

Jet energy:      𝛿Ejet/Ejet  ≃ 30% / √E [GeV]

Resolution important for control of (combinatorial) 
backgrounds in multi-jet final states
• Separation of HZ and WW fusion contribution to ννH
• HZ ➝ 4 jets, tt events (6 jets), etc.
• At 𝛿E/E ≃ 30% / √E [GeV], detector resolution is 

comparable to natural widths of W and Z bosons

⇒ Mass reconstruction from jet pairs

-

How to reach jet energy resolutions of 3-4% at 50 GeV:
- Highly granular calorimetes
- Particle Flow Analysis techniques
- The above possibly combined with techniques to correct

for non-compensation (e/h ≠ 1), e.g. via dual readout

Energy coverage < 300 GeV :    22 X0, 7λ
Precise jet angular resolution

High granularity ! 
Possibly combined with dual readout
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Calorimetry - Requirements
Incomplete list of requirements – all under study
u Energy resolution

q Photons and neutral hadrons for PFlow
q Electrons and charged hadrons for PID (E/p measurement)

u Dynamic range: 200 MeV – 180 GeV
q For π0 identification in flavour physics, sensitivity to photons

down to few 100 MeV (as at LEP)
q Much lower than at LHC

u Granularity: PID (γ vs. π0), disentangle showers for Pflow
q Requirement under study

u Hermeticity, uniformity, calibrability, stability
q Low systematics for precision measurements
q Complex engineering questions

u No need to be particularly fast
q But can precise timing help in reconstricting showers?

Examples of specific requirements
u Much improved flavour and tau physics reach from 

improved ECAL energy and spatial resolution 
q For b-physics by making accesible exclusive channels with 

π0’s 

q For tau-physics, control of decay-mode migration matrix 
essential
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LAr study
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Calorimetry – Overview of Technologies

u Excellent Jet resolution: ≈ 30%/√E 
u ECAL resolution: Higgs physics ≈ 15%/√E; but for heavy flavour programme better resolution 

beneficial ➝ 8%/√E ➝ 3%/√E 
u Fine segmentation for PF algorithm and powerful γ/π0 separation and measurement 
u Other concerns: Operational stability, cost, ...
u Optimisation ongoing for all technologies: Choice of materials, segmentation, read-out, ...

For references and more information see https://link.springer.com/article/10.1140/epjp/s13360-021-02034-2 

https://link.springer.com/article/10.1140/epjp/s13360-021-02034-2
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Allegro Detector Concept - High Granularity Noble-Liquid Calorimeter
Baseline design
u 1536 straight inclined (50.4o) 1.8mm Pb absorber plates
u Multi-layer PCBs as readout electrodes
u 1.2 – 2.4mm LAr gaps
u 40 cm deep (≈ 22 X0)
u Segmentation: 

q 11 longitudinal compartments
q 𝛥𝜃 = 10 (2.5) mrad for regular (1st comp. strip) cells
q 𝛥𝜙 = 8 mrad

HV

Signal Pad

Signal Trace

Via Ground shield

Multi-layer read-out electrode for FCC

Scale 10:1

One ‘theta tower'

Absorber

Readout 
electrode

Possible options
• LKr or LAr active, W or Pb absorbers
• Absorbers with growing thickness
• Al or carbon fibre cryostat
• Warm or cold electronics

14.05.2024Young Nordic Future-Collider day, Lund

EM resolution
Simulation
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Thin, transparent Superconducting solenoid

Ultra light 2 T solenoid inside calorimetry

u Radial envelope 30 cm
u Single layer self-supporting winding (20 kA)

q Cold mass: X0 = 0.47, λ = 0.09
u Vacuum vessel (25 mm Al): X0 = 0.28

q Can be improved with new technologies
v Corrugated plate: X0 = 0.11
v Honeycomb: X0 = 0.04
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A few words on Readout, DAQ, Data Handling
u In particular at Giga-Z operation, challenging conditions

q 40 MHz BX rate
q Physics rate at 100 kHz plus similar LumiCal rate
q Absolute normalisation goal of 10-4 or better

u Different detector components tend to prefer different
integration times
q Silicon VTX/tracker sensors: 𝓞(1 μs) [also to save power] 

v BX identification via time-stamping (at least at track
level) will be needed

q LumiCal: Preferential at ∼BX frequency (25 ns)
v Avoid additional event pileup

u How to organize readout?
q Hardware trigger with latency buffering a la LHC ??

v Probably not… or ???
v Which detector element would provide the trigger to the 

required precision?
q Free streaming of self-triggering sub-detectors; event 

building based on time stamping
v Need careful treatment of relative normalisation of sub-

detectors to 10-5 level

u Need to consider Trigger(?) & DAQ issues as an integral 
part of detector design
q ”Thinking about the DAQ later” will very likely lead us into

trouble

u Plus, need to plan for off-line handling of 𝓞(1013) events 
for precision physics
q Plus Monte Carlo
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Free streaming
-LHCb DAQ upgrade
-Detectors at EIC

Hardware trigger
- trigger buckets as 
in ATLAS/CMS
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Muon collider as a Higgs factory (1)

u Challenges for the Higgs factory
q GH is small (4.2 MeV in the SM)

v Similar or smaller beam energy spread 
is required (3 × 10-5) 
§ Fast longitudinal cooling to reduce 

energy spread
v Beam energy reproducibility must be 

at the same level or better 

q s(µ+µ-→ H) is about 20 pb
v Luminosity must be at the level  
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of 1.6 × 1032 cm-2s-1 for the same number of Higgs bosons as ILC …
v and at the level of 1.6 × 1033 cm-2s-1 for the same number of Higgs bosons as FCC-ee

§ Fast transverse cooling to reduce beam spot dimensions
And the Higgs bosons produced are not tagged with a Z anyway …

q Problem
v Longitudinal and transverse cooling are antagonistic

§ Luminosity is limited (as of today’s knowledge) to a few 1031 cm-2s-1 
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Muon collider as a Higgs factory (2)
u Physics performance of a Higgs factory

q Scan of Higgs resonance in the inclusive bb and WW final states
v Ten years of data taking at 1031 cm-2s-1, just count events

q Measure GH to 5% in 10 years (cf. 4% at ILC, <1% at FCC-ee)
v Only way to see a structure in the resonance (several Higgs bosons?)

q Measure speak ~ BRµµ to 2-3% in 10 years
q Other expected measurement on the figures
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Muon collider as a Higgs factory (3)
u Summary of precision measuremetns (after ~10 years of running)

q Note: BR(H➝μμ) can be also measured with % precision af FCC-hh (Will be already 5% after HL-LHC)
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Error on μμ collider ILC250 FCC-ee

mH (MeV) 0.06 14 8

ΓH (MeV) 0.17 0.11 0.06

gHbb 2.3% 1.8% 0.61%

gHWW 2.2% 1.7% 0.43%

gHττ 5% 1.9% 0.80%

gHγγ 10% 6.4% 3.8%

gHμμ 2.1% 13% 8.6%

gHZZ - 0.35% 0.17%

gHcc - 2.3% 1.2%

gHgg - 2.2% 1.0%

BRinvis - <0.5% <0.1%

Not obvious what is the practical 
use of such high precision on mH

The Higgs width is best measured 
at ee colliders

These Higgs couplings are best 
measured at ee colliders

The Higgs coupling to muons is the 
added value of a μμ collider

These Higgs couplings are only 
measured at ee colliders *)
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Muon colliders at the energy frontier
u Muon colliders might be a solution for high energy in the (far?) future

q Many challenges to solve with sustained R&D and innovative thinking, as to
v Increase luminosity for precision studies
v Solve the radiation hazard at high energy (decay neutrino interactions in Earth)

q Target luminosity competitive with  CLIC above 2-3 TeV
v With the possibility of several IPs
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u Example: Right-handed neutrinos
q νMSM  : Complete particle spectrum with the missing three right-handed neutrinos

v Could explain everything: Dark matter (N1), Baryon asymmetry, Neutrino masses
q Searched for in very rare Z → νN2,3 decays, followed by N2,3 → W*𝓵 or Z*ν

v TeraZ sample: perfect!

Potential for direct discoveries – Feebly interacting particles
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The nMSMThe SM

Very small nN mixing : long lifetime, detached vertex
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FCC Strengths
u Shared infrastructure (as for LEP + LHC)

q Using one tunnel and one set of caverns for both
stages
v 90.7 km ring, 8 surface points
v 4 experimental areas

§ Accomodating the size of the CERN 
community

u Time scale
q FCC-ee technology is mature ➝ construction in 

parallel with HL-LHC operation
q Physics operation few years after HL-LHC

q Allows 20 years of R&D towards optimal and 
affordable FCC-hh high-field magnets 
v 16-20 Tesla
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Muon Collider Layout
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FCC-ee – A plethora of Detector Requirements
• Momentum resolution at pT ∼ 50 GeV of σpT/pT ≃ 10-3 

commensurate with beam energy spread
• Jet energy resolution of 30%/√E in multi-jet environment for 

Z/W separation
• Superior impact parameter resolution for c-, b- tagging, PID 

for s-tagging

• Absolute normalisation (luminosity) to 10-4

• Relative normalisation (e.g. Γhad/Γℓ) to 10-5

• Momentum resolution ”as good as we can get it”
• Multiple scattering limited

• Track angular resolution < 0.1 mrad (BES from μμ)
• Stability of B-field to 10-6 : stability of √s meast

”Higgs
Factory” 

Programme

• At two energies, 240 and 365 GeV, collect in total 
• 1.2M HZ events and 75k WW ➝ H events

• Higgs couplings to fermions and bosons
• Higgs self-coupling (2-4 σ) via loop diagrams
• Unique possibility: measure electron coupling in s-channel

production e+e-➝ H @ √s = 125 GeV

Measurement of EW parameters with factor ∼300 
improvement in statistical precision w.r.t. current WA
• 5x1012 Z and 108 WW: mZ, ΓZ, Γinv, sin2θW

eff, RZ
ℓ , Rb, αs, mW, 

ΓW,…
• 106 tt: mtop , Γtop , EW couplings
Indirect sensitivity to new physics up to Λ=70 TeV scale

Ultra Precise
EW 

Programme & 
QCD

• Impact parameter resolution: secondary vertices, tagging, 
identification, life-times

• ECAL resol. at few %/√E for mass of final states with π0s / γs
• Excellent π0/γ separation and measurement (granularity)
• PID: K/π separation over wide momentum range 

Heavy Flavour
Programme

• Enormous statistics from Z decays:   1012 bb, cc;  1.7x1011 ττ
• Extremely clean environment, favourable kinematic

conditions (boost) from Z decays
• CKM matrix, CP measurements, ”flavour anomaly” studies, 

e.g. b ➝ sττ, rare decays, CLFV searches, lepton universality

Intensity frontier (Z decays): Opportunity to directly observe
new feebly interacting particles with masses below mZ :
• Axion-like particles, dark photons, Heavy Neutral Leptons
• Signatures: long lifetimes – LLPs or ”mono-jets”

Feebly Coupled
Particles - LLPs

• Benchmark signature: Z ➝ νN, with N decaying late
• Sensitivity to far detached vertices (mm ➝ m)

• Tracking: more layers, continous tracking
• Calorimetry: granularity, tracking capability

• Precise timing for velocity (mass) estimate
• Hermeticity


