
Max Planck Institute for Physics, Munich, January 14, 2025
Felix Sefkow

Experimental Opportunities at a  
Future Collider at CERN



Experimental Opportunities | Felix Sefkow | January 2025 2

Menu
Sequence of Courses

Project overview and Timeline 

Detector Requirements from Physics 

Detector concepts 
• linear and circular colliders 

Selected detector systems and technologies



Experimental Opportunities | Felix Sefkow | January 2025 3

The Future Circular Collider 
Proposed Next Flagship Project at CERN

Circumference 90.7 km 
4 Interaction Regions

Geneva

Annecy
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High-Level Timeline
Circular Colliders at CERN

FCC-ee

FCC-hh

1. Stage: e+e-: Higgs El.weak and top factory (Z, WW, ZH, tt) 
2. Stage: hh: pp physics at the energy frontier (~100 TeV)
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How Much Time Do We Need? 
“Random” Examples - and NOT from the start of the R&D

t0 -17y t0 -14y

CALICE 
2006-2018
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Higgs Factory Energies, Luminosities, Experiments
And Detector Requirements

and ALLEGRO

Particle and jet energies vary only logarithmically with collider energy 
• detector concepts have been evolving adiabatically from one collider to the other 
Two extreme points: 
• CLICdet at high energy extensively studied 2010-2020: 0.5 ns pile-up of hadronic γγ background manageable 
• Tera-Z at FCCee poses most extreme challenges still to be tackled

Mühleitner Marchiori
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FCCee Parameters and Program
Challenges

		FCC-ee	parameters Z W+W- ZH ttbar

√s GeV 91.2 160 240 350-365

Luminosity	/	IP 1034	cm-2	s-1 143 20 7.5 1.38

Bunch	spacing ns 25 160 680 5000

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

Total	cross	section	 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

per IP
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Detector Requirements from Physics
Ambitious

Higgs Factory Program 
• 2M ZH events at vs = 240 GeV 
• 75k WWàH events at  = 365 GeV 
• Higgs Couplings 
• Higgs self-couplings (2-4σ) via loop diagrams 
• Unique: e+e- àH at  = 125 GeV

𝑠

𝑠

• Momentum Resolution . 

• Jet energy resolution of 3-4% in multi-jet 
environment for Z/W separation 

• Impact parameter resolution for b,	c	tagging

𝜎𝑝𝑇

𝑝𝑇
≃  10−3 𝑎𝑡 𝑝𝑇 ~ 50 GeV

Precision EW and QCD Program 
• 6 x 1012 Z and 108 WW events 

• mZ, ΓZ, Γinv, sin2θW, mW, ΓW, …  
• 2 x 106 tt events 

• mtop, Γtop, EW couplings 
• Indirect sensitivity to new physics

• Absolute normalisation of luminosity to 10-4. 
• Relative normalisation to 10-5 (eg Γhad/Γl) 

• Momentum resolution, limited by multiple 
scattering à minimise material. 

• Track angular resolution < 0.1 mrad 
• Stability of B-field to 10-6
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Detector Requirements from Physics
Ambitious

Heavy Flavor Program 
• 1012 bb, cc; 1.7 x 1011 ττ produced in a clean 

environment (10x Belle) 
• CKM matrix, CP measurements,  
• rare decays, CLFV searches, lepton 

universality

• Superior impact parameter resolution 
• Precisely dentify secondary vertices and 

measure lifetimes 
• ECAL resolution at few %/  
• Excellent π0/γ separation for tau identification 
• Particle ID: K/π separation over a wide momentum 

range à e.g. by precision timing

𝐸

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

• Sensitivity to far detached vertices 
• Tracking: more layers, “continuous" tracking 
• Calorimeter: granularity, tracking capability 

• Large decay length à extended decay volume 
• Precise timing  
• Heremeticity
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From Linear to Circular e+e- Detectors
Conceptual Adaptations 
Lower energy jets and particles, less collimated jets: 
• reduced calorimeter depth  
• shift imaging vs. energy resolution balance towards the latter 

• jet assignment ambiguities matter: added value of π0 →γγ mass reconstruction  
• tracking even more multiple-scattering dominated: increased pressure on material budget of vertex detector and 

main tracker 
• fresh air to gaseous tracking 

Limitations on solenoidal field B < 2T, to preserve luminosity: 
• recover momentum resolution with tracker radius 
• on the other hand larger magnetic volume also more easily affordable (coil and yoke) 
Main difference: no bunch trains; collisions every 20 ns (~ at LHC) 
• no power pulsing, more data bandwidth: both imply larger powering and cooling needs 
• adds material to the trackers and compromises calorimeter compactness - or reduces granularity, timing, speed 
• implications strongly technology-dependent, interesting optimisation challenges 
• DAQ (and possibly trigger) re-enter the stage, trigger-less read-out challenged
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• recover momentum resolution with tracker radius 
• on the other hand larger magnetic volume also more easily affordable (coil and yoke) 
Main difference: no bunch trains; collisions every 20 ns (~ at LHC) 
• no power pulsing, more data bandwidth: both imply larger powering and cooling needs 
• adds material to the trackers and compromises calorimeter compactness - or reduces granularity, timing, speed 
• implications strongly technology-dependent, interesting optimisation challenges 
• DAQ (and possibly trigger) re-enter the stage, trigger-less read-out challenged

FCCee has many common 
challenges with ILC  
plus significant additional ones
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• A LC-inspired FCCee detector concept - retaining key performance parameters 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From CLICdet to CLD

less steel: lower field allows 
reduced yoke thickness

lower field: enable high 
luminosity in circular collider

reduced HCAL thickness:  
enabled by lower energy

increase in tracker radius:  
retain p resolution

smaller VTX radius: profit from lower 
backgrounds, compensate material 

CLICdet = CLIC-SiD CLIC-ILD merger
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FCCee Detector Concepts 
Strawman Detector Benchmarks



Experimental Opportunities | Felix Sefkow | January 2025 13

FCCee Detector Concepts 
Strawman Detector Benchmarks



Experimental Opportunities | Felix Sefkow | January 2025 13

FCCee Detector Concepts 
Strawman Detector Benchmarks

• CLD: https://arxiv.org/abs/1911.12230 
• IDEA: https://pos.sissa.it/390/819 
• ALLEGRO: Eur.Phys.J.Plus 136 (2021) 10, 1066, 

https://arxiv.org/abs/2109.00391

Full sim&rec suite available Full sim getting ready 

https://arxiv.org/abs/1911.12230
https://pos.sissa.it/390/819
https://arxiv.org/abs/2109.00391
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Detector Concepts
In a Nutshell

Detector concepts form the link between performance requirements and technological 
capabilities 
• thus guide the R&D and give feedback on performance impact of technical solutions 
Two main ingredients: 
• a full simulation model 

• enable validation of single particle performance with prototypes 
• realistic prediction of full-event performance: will also need higher-level reconstruction 

tools 
• overall engineering 

• to act and respond in the design of the MDI 
• to guide the optimisation of the global structure and parameters 

Collaboration forming at a later stage 
• maintain freedom to combine, e.g. tracking and calorimeter technologies (“plug & play”)
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Status of ALLEGRO / LAr Simulations
Active Development in Key4HEP
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Status of ALLEGRO / LAr Simulations
Active Development in Key4HEP

Plug  
& play

Optimisation of overall geometry, granularity,  

ECAL HCAL and HCAL TC transition   
still to be done



Detector Subsystems and 
Technologies
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DRD Meetings: 
https://indico.cern.ch/category/6805/ 

Proposals (search for DRDC public) 
https://cds.cern.ch/?ln=en

Fully approved for 3 years  
in November 2024

https://indico.cern.ch/category/6805/
https://cds.cern.ch/?ln=en


Silicon Vertex Detector 
and Main Tracker
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Enjoy C.Cargiulo’s talk 
at Annecy and videos therein

"The goal of the mechanics  
is to disappear."
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Detailed Full Simulations
Realistic Material Budgets



Experimental Opportunities | Felix Sefkow | January 2025 22

Detailed Full Simulations
Realistic Material Budgets
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Innocenti 
https://indico.mit.edu/event/876/
contributions/2981/attachments/
1070/1762/20240326_SVTInnocenti.pdf

https://indico.mit.edu/event/876/contributions/2981/attachments/1070/1762/20240326_SVTInnocenti.pdf
https://indico.mit.edu/event/876/contributions/2981/attachments/1070/1762/20240326_SVTInnocenti.pdf
https://indico.mit.edu/event/876/contributions/2981/attachments/1070/1762/20240326_SVTInnocenti.pdf
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Gaseous Tracking 
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Gaseous Main Trackers
Strong Case

CLID	
• All	Si	Tracker	
• total	material	budget	11%	

IDEA	
• Drift	Chamber	
• Material	budget	is	<	2%

σ
(p

T)/
p T

Transparency wins over single point resolution 
• over most of relevant momentum range 
Particle ID via dcdx or dN/dx (cluster counting) 
• complement ToF 
Continuous tracking 
• for long-lived particle vertices
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Gaseous Main Trackers
Strong Case

CLID	
• All	Si	Tracker	
• total	material	budget	11%	

IDEA	
• Drift	Chamber	
• Material	budget	is	<	2%

σ
(p

T)/
p T

Transparency wins over single point resolution 
• over most of relevant momentum range 
Particle ID via dcdx or dN/dx (cluster counting) 
• complement ToF 
Continuous tracking 
• for long-lived particle vertices

this will evolve!
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Straw Tube Tracker
More Recently Gaining Momentum

Re-discover rationale 
• robustness against single wire failures 
• reduced mechanical stress 
• different gas choices possible 
• flexibility in combination with silicon

Workshop  
U Michigan

welding

winding
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Calorimetry
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Calorimeter Technologies
Already Introduced
All concepts aim at Particle Flow reconstruction 
• with different emphasis on granularity, energy resolution, stability 
Liquid Argon + tiles 
• finer longitudinal sampling wrt ATLAS (4→12) 
• warm or cold electronics 
• CALICE or ATLAS style scintillator tile HCAL 
Fibre-based Dual Read-out with crystals in front 
• copper or steel matrix, Cherenkov and scintillating fibres, SiPMs 
• pointing geometry, superior PID 
• longitudinal segmentation via timing 
CALICE-style sandwich with embedded front-end electronics 
• silicon (pads or MAPS) ECAL, SiPM-on-Tile HCAL 

• alternatives: strip ECAL, gas HCAL 
• LC technology to be re-invented: no power-pulsing 
• synergies with CMS HGCAL upgrade • Eur.Phys.J.Plus 136 (2021) 10, 1066, 

https://arxiv.org/abs/2109.00391

https://arxiv.org/abs/2109.00391
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Scaling up - Step by Step
Orders of Magnitude
High channel count of highly granular calorimeters 
remains a challenge on all levels 
• production, test, calibration, software, management 
• each step in size requires higher degrees of automation 

• e.g. mega-tiles 
Full imaging power requires both ECAL and HCAL 
inside the solenoid 
• continuous read-out: no power pulsing and much higher 

bandwidth than at linear colliders  
• much higher demands on compactness than in the 

CMS endcap 
• re-optimisation of sampling including cooling and 

services / dead spaces 
• NB: all alternatives have peripheral electronics

CALICE AHCAL 
prototype
22’000 SiPMs

CMS HGCAL
(2 end-caps)
280'000 SiPMs

CLD / ILD HCAL
barrel only
4’000’000 SiPMs
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first DR prototype 
with containment 
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first DR prototype 
with containment 

stainless steel is 
non-magnetic
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Liquid Argon Goes Granular
Towards Finer 3D Segmentation

Aiming at 10x ATLAS granularity 
• few million channels 
• multi-layer PCBs 
• high-density feed-throughs 
Prototypes made and under test 
• optimise noise, granularity, 

capacitance 
• study trade-offs on test bench and in 

simulations
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prototypes are small 
experiments! 
update at this workshop
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Hucheng Chen, BNL
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Hucheng Chen, BNL

Further reading: 
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Focus of current developments
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Analogue  
Plane  
Assembly
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Experience presently  

gained at large scale

Analogue  
Plane  
Assembly
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Timeline for the FCCee
Working Hypothesis

all HF projects similar,  
except maybe CEPC
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Timeline for the FCCee
Working Hypothesis

2024-27 
• optimisation 
• component R&D

2027-30 
• system demonstrators

2030-33 
• scalable prototypes

all HF projects similar,  
except maybe CEPC
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Summary
Take-home

FCCee detectors represent exciting challenges 
• radiation tolerance generally not an issue - but rate capability is, and in tension with ILC-like 

ambitions for material budget and compactness 

There is time and room for new ideas, concepts and technologies - see this workshop! 
• try them out: demonstrators are largely collider-agnostic  

Gradual and moderate ramp-up in resources in some places (only) 
• but real (scalable) prototypes will soon have to meet TDAQ electronics specs and will require 

some engineering - to address system aspects from the beginning  

FCC PED is inviting sub-detector groups to form 



Back-up



Experimental Opportunities | Felix Sefkow | January 2025 39

CLD with RICH-based Particle ID
Up to high momenta
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CLD with RICH-based Particle ID
Up to high momenta

Tracking re-optimised 
Particle flow to be studied next
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P. Giacomelli: now baseline for IDEA 
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P. Giacomelli: now baseline for IDEA 

Full-detector full simulation actively prepared 
• stand-alone G4 for calo plus tracks to start PFLOW 
• DELPHES (fast-sim) for full-event and physics studies
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Vertex Detector & Interaction Region
Detailed Engineering
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Vertex Detector & Interaction Region
Detailed Engineering
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Estimate Distortions in a TPC
Full simulation study in ILD
Combine ILD and CLD elements 
• ILD geometry and TPC 
• CLD: MDI and inner Si tracker 
• lower B field 
Primary ions (no backflow) 
• 1e10 from physics,  
• 1e12 from background 
Distortions up to 20 mm 
• comparable to ALICE TPC 
ALICE: data-driven corrections 
• comparable to ALICE TPC 
• residuals after correction up to 0.6mm 
• work ongoing



Particle Flow and  
High Granularity
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Particle Flow Principle
CALICE and Followers 





































HCALECAL

neutral 
hadron

charged 
hadron

charged 
hadron

photon

Tracker

photon

Tracker ECAL HCAL

neutral 
hadron

Typical jet: 60% charged, 10% 
neutral hadrons 
• use tracker where possible 
• applied in ATLAS and CMS 
Need to disentangle energy 
depositions, using topology and 
energy 
• requires excellent imaging and 

good energy performance  
• 10’s or 100’s of millions of 

channel



Particle Flow Reconstruction

Mark Thomson

Reconstruction of a Particle Flow Calorimeter: 
« Avoid double counting of energy from same particle 
« Separate energy deposits from different particles

If these hits are clustered together with 
these, lose energy deposit from this neutral 
hadron (now part of track particle) and ruin  
energy measurement for this jet.

Level of mistakes, “confusion”, determines jet energy resolution 
        not the intrinsic calorimetric performance of ECAL/HCAL

e.g.

Three types of confusion: 
i) Photons ii) Neutral Hadrons iii) Fragments

Failure to resolve photon
Failure to resolve  
neutral hadron

Reconstruct fragment as 
separate neutral hadron

46
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Particle Flow Performance 
Realistically

Intrinsic energy resolution relevant  
at low and at high jet energies 

Need to disentangle energy depositions, 
using topology and energy
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High Granularity
Multiple Benefits
High granularity becomes possible thanks too 
advances in micro-electronics integration 
• cost of sandwich calorimeters scales with active 

area rather than channel count 
Benefits beyond particle flow 
• imaging for particle ID 
• software compensation 
• pile-up rejection 
Signal over noise for small cells 
• lower noise e.g. for silicon or LAr 
• more signal from scintillators

Silicon 5mm

Scintillator 3cm



Calorimetry |  Felix Sefkow  |  June  2024 48

High Granularity
Multiple Benefits
High granularity becomes possible thanks too 
advances in micro-electronics integration 
• cost of sandwich calorimeters scales with active 

area rather than channel count 
Benefits beyond particle flow 
• imaging for particle ID 
• software compensation 
• pile-up rejection 
Signal over noise for small cells 
• lower noise e.g. for silicon or LAr 
• more signal from scintillators

Silicon 5mm

Scintillator 3cm


