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▪ Disclaimer:

o This talk focuses on the Muon system for FCC detector concepts

o Other proposals for future colliders exist, however the case of FCC 
represents a good example detector concepts at other e+e- colliders 
too 
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Introduction and Physics drivers
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Introduction

▪ The Muon system design characterizes the two general purpose LHC experiments. 
The magnetic field configuration in the Muon system even define their names:

o A Toroidal LHC ApparatuS (ATLAS)

o Compact Muon Solenoid (CMS)

▪ Providing a standalone, coarse (CMS) or precise (ATLAS) muon measurement

08.07.2026 P. IENGO - Muon System for Future Colliders 4

▪ For FCC-ee, the inner tracker with a |B|=2-3 T will provide the necessary momentum resolution 

▪ The muon system is primarily for identification and timing. But also:

o Tail-catcher for hadron showers not fully contained in the calorimeter

o Standalone capability needed to identify displaced vertexes for LLP searches

o Precise timing needed to identify slow particles



Physics Drivers

▪ Four different √s at FCCee
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▪ Muons provide:

o The cleanest signature for Higgs recoil

o Z-pole precision physics 

o Flavor physics (FCNC processes)

o BSM searches (heavy neutral leptons, long-lived particles…)

arXiv:1308.6176v



Physics Drivers
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▪ Golden channel: e+e− 
→ ZH → (μ+μ−)X

▪ Measure the Higgs boson properties using the standard model 
decay of the Z boson to a muon pair

▪ Recoil Mass Technique: 

o Model-independent measurement of the HZZ coupling

o Absolute cross-section measurement

o H mass precision down to ~20 MeV

▪ Z-pole run (Tera-Z phase)

o Z rate of ~105/min

o O(100) Hz signal dimuon events

o Total expected rate in the Muon system:

o 100 Hz/cm2 in the barrel

o Few kHz/cm2 at |η|>2.4

arxiv:2504.11103v4
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Physics Drivers
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▪ Good potential for flavor physics in heavy and light quark 
domains

▪ FCNC in b and c sectors

▪ Dimuon mass resolution mostly relying on ID, but high 
efficiency on muon identification crucial to exploit the 
statistics

▪ Heavy Neutral Leptons and Long-Lived Particles searches

o Precise tracking and vertexing required

o Precise timing 

o Distribution of displaced vertexes (Dxy) depends on the 
model

o Muon system crucial for LLP escaping the inner 
detector 



Summary of Muon System requirements at FCC-ee
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▪ Very high muon identification efficiency: >98% on the full acceptance range

▪ Large angular coverage (|η|>2.5) to maximize acceptance for rare 
processes like H→

▪ Hadron shower tail-catcher with a separation/identification 
efficiency better than 1%

▪ Moderate spatial (sub-mm) and time (O(1-10 ns)) resolution needed 
for a pure tagger

▪ Standalone measurement capability for LLP and slow particles searches  

o Space resolution: O(100 um) 

o Time resolution <ns

▪ Rate capability

o Barrel: << kHz/cm2

o End-cap, |η|>2 up to few kHz/cm2
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▪ Very high muon identification efficiency: >98% on the full acceptance range

▪ Large angular coverage (|η|>2.5) to maximize acceptance for rare 
processes like H→

▪ Hadron shower tail-catcher with a separation/identification 
efficiency better than 1%

▪ Moderate spatial (sub-mm) and time (O(1-10 ns)) resolution needed 
for a pure tagger

▪ Standalone measurement capability for LLP and slow particles searches  

o Space resolution: O(100 um) 

o Time resolution <ns

▪ Rate capability

o Barrel: << kHz/cm2

o End-cap, |η|>2 up to few kHz/cm2

▪ Construction and operation constraints

o Large system (thousand square meters): cost-effective 

o Many years of operation: detector maintainability and longevity

o Environmental sustainability

▪ Other parameters that can impact the design

o Trigger vs triggerless operation (L0 muon trigger capability for Muon system)

o 5 vs 25 vs 50 ns bunch crossing: balance btw bkg and BC identification capability
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Emerging Detector Technology 
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Introduction
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▪ The Muon detector requirements at FCC-ee are not extreme

▪ Existing technologies can do the job, but further development can improve the physics reach

▪ Proposals at the various detector concepts mostly reflect the expertise/R&D of interested Institutes

▪ At LHC experiments the Muon system are mostly based on gaseous detectors

▪ ALICE

o CSC

o MWPC

o RPC

o Timing RPC

▪ ATLAS

o MDT

o CSC

o TGC, sTGC

o RPC

o Micromegas

▪ CMS

o DT

o CSC

o RPC

o GEM

▪ LHCb

o MWPC

o GEM

Gaseous detectors at the 4 large LHC experiments, 

(Run1, Run2 and Run3)

▪ Same for FCC-ee, but not exclusively:

o Micro Pattern Gaseous Detectors (MPGD): µRWELL and Micromegas

o RPC

o Drift tubes

o Scintillators bars with SiPM



Resistive Plate Chambers

▪ Improved RPC with the aim to reach 100 ps time resolution (EoI link)

o Reduced gas gap: 1 mm or less 

o Low-threshold (down to 1 fC), low-noise FE elx

o ~100 ps reachable with bi-gap configuration 

Bi-gap RPC: one signal panel 
sandwiched between two gas gaps

Small-gap RPC used in ATLAS and 
CMS Phase-II upgrade

ATLAS Phase-II RPC prototype: 
400 ps time resolution

Kodel bi-gap RPC: <200 ps time 
resolution
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https://indico.cern.ch/event/1529896/contributions/6436843/attachments/3036755/5363085/EOI_FCC_v1-070225.pdf


RPC: the Greenhouse Gas (GHG) challenge 

▪ Modern HEP must face regulation for the environmental sustainability

▪ The RPC at LHC use high global warming power (GWP) gases: TFE (R134a) and SF6

▪ Regulations evolve with time: the current ‘standard mixture’ was identified as an alternative to freon (ozone depleting 

gas) used in LEP experiments

▪ Intense efforts ongoing to find eco-friendly gases

o ATLAS replaced 30% of TFE with CO2 in Run3

o HFOs are being explored as alternative to TFE, 

but could undergo the PFAS ban in a near future

o Promising alternative to SF6 is under test

o Back to LEP mixture: Ar/isobutane + 6% TFE? …

NIM A 1066 (2024) 169580

JINST 20 P06031

Component GWP Vol conc. (%) STD Vol conc. (%) 30% 

CO2, 1% SF6

Vol conc. (%)  30% 

CO2, 0.5% SF6

Vol conc. (%)  1% 

C3H2ClF3 

C2H2F4 (R-134A) 1430 94.7 64 64.5 64

iC4H10 3 5 5 5 5

SF6 22800 0.3 1 0.5 0

CO2 1 0 30 30 30

C3H2ClF3 4.5 0 0 0 1

Mixture GWP 1481 1266 1107 ˜950
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Resistive Micromegas

▪ Phase-I upgrade for ATLAS pioneered the development resistive MPGD with Micromegas

▪ The progress in controlling Diamond-Like Carbon (DLC) thin resistive layers production on 

Kapton substrate triggered the development of many new MPGD resistive structures

▪ Double-layer DLC Micromegas with pad readout have been developed for high-rate 

applications with excellent results:

o Rate capability >1 MHz/cm2

o Efficiency>98%

o Space resolution 60 µm for 1 mm pad

o Time resolution down 5-6 ns

026 JINST 21 C01021
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Resistive Micromegas

charge shared between pads using stack of layers with 
pads of increasing size → better spatial resolution and 

reduction of readout channels

Single DLC MM with capacitive sharing
▪ A low-rate variant of this technology is proposed for FCC-ee. R&D directions:

o Production simplification and industrialization:

single DLC layer and technology transfer to industry

o Reduction of number of readout channels:

charge spread on DLC + capacitive sharing

50x50 cm2 detector. Module size compatible 
with the proposal for FCCee
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µRWELL

▪ µRWELL detectors will be used for the Phase-II upgrade of LHCb 

Muon detector, with expected rate up to MHz/cm2

▪ A GEM-like foil with Cu layer on the top side is coupled to the 

anode board covered by a DLC layer 

▪ The LHCb PEP scheme shows good performance

o High and stable efficiency

o Space resolution below 100 μm for 0.4 mm strip pitch

The -RWELL high-rate PEP (Patterning-Etching-Plating) 
scheme: high-density grounding network for the DLC 

resistive stage.

2025 JINST 20 C06064

▪ As for the Micromegas, the challenge is to simplify the construction 

and reduce the number of channels
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µRWELL

▪ Several layouts are under study with 2D readout capability 

o Two 1D μ-RWELL in back-to-back configuration

o Segmented top layout for second coordinate measurement

o Capacitive sharing

o μ-RGroove configuration with x (top) and y (bottom) strips 

Overall tracking performance quite good.

But low plateau efficiency or a working point that is

too high for the desired stability of the detector.

The use of a single GEM foil as preamp-stage for a μ-
RWELL mitigates the issue at the cost of increasing 

the complexity

Very good preliminary results

G-Rwell: GEM foil integrated 
with a μ-RWELL 

(d) -RGroove

2025 JINST 20 C05002

2025 JINST 20 C06064

https://indico.cern.ch/event/1

632251/

Technology transfer to industries ongoing
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Scintillator rods

▪ Scintillator bars with Wavelength-Shifting Fibers (WLS) and Silicon 

Photo-Multipliers (SiPM) readout (D0-like) 

o SiPM as photon detectors are cheap and can be used in magnetic 

field (return yoke)

o Extruded scintillators can be used in conjunction with wavelength-

shifting fibers at affordable cost

o Availability of fast WLS fibers, with 𝜏 down to 1 ns Scintillator bar with WLS fiber

SiPM mounting

▪ Low noise allows to set threshold at very low number of photoelectrons

▪ Excellent resolution

o ~260 ps time resolution with 1.7 cm thick scintillators 

o ~350 with 0.5 cm thick scintillators 
What about spatial resolution?
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Scintillator rods

▪ Coordinate along the bar can be measured with left-right time difference

o WLS fiber must be readout on both sides

o Coarse space resolution of several cm

[1]

https://indico.cern.ch/event/1671835/contributions/7027903/attachments/325

4805/5809788/allegro_muon_roma.pdf

[2] https://indico.slac.stanford.edu/event/9297/sessions/1045/#20241219

Assembly of four 
triangular rods

▪ With triangular shaped bars the information on the transverse position 

can be extracted from the signal amplitudes balance

o Space resolution of 1-2 mm in reach

o Need precise calibration of light yield

▪ Ageing and calibration vs time to be addressed
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https://indico.cern.ch/event/1671835/contributions/7027903/attachments/3254805/5809788/allegro_muon_roma.pdf
https://indico.cern.ch/event/1671835/contributions/7027903/attachments/3254805/5809788/allegro_muon_roma.pdf
https://indico.cern.ch/event/1671835/contributions/7027903/attachments/3254805/5809788/allegro_muon_roma.pdf
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Drift Tubes

▪ Drift Tubes are among the most reliable gaseous detectors employed at LHC experiments

o CMS DT: rectangular shape, 42 mm x 13 mm

o ATLAS MDT: round shape, 30 mm diameter

o Stable performance with <100 m space resolution (ATLAS MDT)

▪ At FCCee similar detectors can be employed as well

▪ No need of a sophisticated position monitor system as in ATLAS

▪ Extruded square tubes are a cheap solution, but the time spectra is 

distorted due to the corner weak field → precise calibration needed
https://indico.cern.ch/event/1408515/c

ontributions/6521241
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Drift Tubes

▪ For FCCee the combination of DT with triangular scintillator rods 

is proposed as a detector system providing

o Good space resolution in the precise plane (~100 m)

o Moderate space resolution in the transverse coordinate 

(few mm from scintillators amplitude balance)

o Good time resolution: few hundreds ps

o Cost effective, limited number of channels (O(100k))

o Reliable

Work ongoing to optimize the gas composition for 
improving the single tube resolution

Engineering of square DT with ATLAS 
components

arXiv:2504.10448 
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Technology summary

Technology Pro Cons

RPC Excellent timing (sub ns) Sustainability, limited space 

resolution

Scintillator bars +WLS Excellent timing (sub ns) Limited space resolution, precise 

calibration

µRWELL Good tracking and timing, high rate Large number of channel

Micromegas Good tracking and timing, high rate Large number of channel

Drift Tubes Excellent tracking, cost effective Moderate timing, large dimension
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Muon System for the FCC-ee Detector Concepts
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IDEA

▪ Instrumented return yoke

▪ MPGD proposed as Muon detectors: μRWELL 

baseline option 

o Three layers with 2D x-y readout

o Both barrel and end-caps

o 50x50 cm2 module units 

o 5x106 readout channels for 1.2 mm strip pitch

o With few hundred μm space resolution and 3 layers 

the system can measure LLP decaying within the 
calorimeter

arXiv.2502.21223
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CLD

▪ Muon identification system with 6 layers

▪ An additional 7th layer in the barrel close to the coil to serve as tail catcher for hadron showers

▪ Technology proposed: RPCs with cells of 30 × 30 mm2 

Crossed scintillator strips with SiPM readout as an alternative 

▪ In analogy to CMS, the yoke layers and thus the muon detectors are staggered to avoid gaps 

▪ Instrumented iron return yoke

▪ The CLD iron return yoke is 

structured into three rings in the 

barrel region and the two endcaps

arXiv:1911.12230
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ALLEGRO

▪ Current proposal: Muon tagger 

o No standalone measurement capability

o Iron return yoke at the high granularity HCAL

▪ Recent proposal, design of the Muon system still evolving

▪ Not excluded the iron return yoke at the Muon system equipped 
with 3 detector layers for Muon measurement

▪ Several proposals exists

o RPC

o DT+Scintillators

o Micromegas

https://indico.cern.ch/event/1408515/contributions/6521328/attachmen

ts/3073670/5438430/20250522-ALLEGRO-Detector-Concept.pdf
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ILD

▪ Detector design originally conceived for ILC 

Very similar requirements for FCC-ee

▪ Instrumented iron return yoke 

o 9 detector layers in barrel + 1 outside the solenoid

o 9 detector layers in end-cap

▪ Considered technology prefers good time resolution

o Scintillator strips readout with SiPM

o RPC as an alternative

https://arxiv.org/pdf/1306.6329

https://indico.cern.ch/event/1408515/contributions/6521329/attach

ments/3072808/5438464/2025-05-22-ILD4FCC-Schwan.pdf
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https://arxiv.org/pdf/1306.6329


Muon system, my way

▪ My favorite option for an FCC-ee detector

o 3 layers integrated into the iron return yoke

o Drift tubes in η and φ directions (CMS-like) + 

RPC if a sustainable gas is found, or

Drift tubes in η and φ directions (CMS-like) + 

Scintillator bars + WLS  up to |η|2.3  

o MPGD like high-granularity Micromegas at |η|>2.3

 

▪ Advantages

o Redundancy: lesson learned from LHC experience

o Excellent spatial and time resolution

o Muon measurement capability 

→ Sensitivity to LLP and slow particles

o Large  coverage 

→ Increase stat for low-cross section processes like H→

AI generated images (spot the error)
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A look to FCC-hh
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Muon System Requirements: ee vs. pp

▪ FCC-ee: Low background, high precision, focus on acceptance control and particle ID.

▪ FCC-hh: Extreme radiation environment, high rates (up to 30 kHz/cm²), and high-momentum resolution for TeV-
scale muons.

▪ The leap to 100 TeV:

o Muon rates increase by orders of magnitude

o Requirement for trigger-less readout and ultra-fast timing to reject pile-up (up to ~1000)

o Need for high-resolution tracking in the forward region (η>3)
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▪ Upgrades for HL-LHC are a good starting points, main 
challenges will be pushed further

o High-dose, radiation, longevity…

o High pile-up



Muon system at FCC-hh

31

o No standalone muon performance required, but can help

→ minimum requirement: muon ID

o Requirement for combined muon momentum resolution: 

10% for momenta of 20 TeV/c at η = 0. 

o In forward muon system, muon measurement and triggering 

can only be achieved with a forward dipole (like ALICE, LHCb)

o  Gas detectors developed for HL-LHC are good candidates for the muon systems 

o  Different choices for Barrel&Outer EC and Inner EC

o  Dedicated R&D needed to exploit recent trends in frontier detectors (sub-ns time res., O(1)MHz/cm2 rate 

capability, longevity, eco-friendly gas etc.)
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Conclusion

▪ Muon detectors at future e+e- colliders must provide excellent 
muon identification capability to fully exploit the physics potential 
of the experiments

▪ Good timing and standalone measurement capability can extend 
the physics reach

▪ Most of the available technology have sufficient performance for 
the FCC-ee experiments

▪ Ongoing R&D oriented to

o Consolidate the technologies 

o Simplification and cost-saving

o Optimization for the specific detector design

▪ Redundancy and longevity keywords for long-term operations
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▪ The FCCee detector concepts are in the exciting design phase

▪ Ideal environment for new ideas and to foster collaborations based on enthusiasm

▪ The effort must be synergic with the LHC upgrades 
 

The detector community engaged in the LHC upgrades has the responsibility to maintain the high credibility of the field 
at the time when we are asking to build the largest machine ever



Thank you!
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