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Introduction
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■ Physics at the highest energy with colliders: it will will be possibile if adequate 
detectors will exists

■ An intense R&D activity for cutting-edge detector technologies is necessary in the 
next year to match our ambitious plans

■ This R&D is mainly driven by physics goals, but also collider conditions 
(backgrounds, radiation etc.) poses important challenges

■ In this talk you have a broad overview of the detector R&D, and how the work 
is organized in Europe through the DRD collaborations

■ The material is mainly taken by the talks presented at the Open Symposium on the 
European Strategy for Particle Physics in Venice
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Timeline: from R&D to large detector
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Example: Phase-2 upgrades of the ATLAS and CMS detectors
for the high-luminosity phase of the LHC

Typical Development Cycles: 20–30 Years

Smaller-scale experiments: shorter development cycles

U. Husemann, Open Symposium of the ESPP
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Next generation detectors
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HL-LHC Run 5

HL-LHC Run 5

Belle 2 upgrade
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Higgs/EW/Top factory detectors
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IDEA detector (FCCee)

CLIC detector

CEPC detectorExpected by the late 2040s or 
in the 2050s

With the 20-30 years cycle 
the time for R&D is now!

Just few examples of 
detectors proposed
for ee colliders
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Beyond ee colliders
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Muon Collider detector FCChh detector

With technically limited timeline proposed by 
the International Muon Collider 
Collaborations, a Muon Collider is expected 
in the 2050s

Optimistically the FCChh could be 
expected in the 2070s.
A very complex detector is necessary

We have much time to work on these, but the first ideas/concepts 
should be developed in the next years!
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Requirements

7

Detector requirements 
are driven by 
• physics goals  
• backgrounds (e.g. 

beam-induced 
backgrounds)

• Radiation

U. Husemann, Open Symposium of the ESPP
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FCCee detector concepts
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U. Husemann, Open Symposium of the ESPP
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Requirements: MuC and FCChh
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Muon Collider detector requirements Comparison between hadron colliders

Muon collider physics requirements
• Performance in the middle between HL-

LHC and ee colliders
• Also radiation levels are similar to HL-LHC
• Sinergy with HL-LHC and FCCee detector 

R&D

• The FCChh will have to deal with a flux of 
particles 10 times more than HL-LHC

• Ionizing dose >20 times higher than HL-LHC
• These extreme conditions will require 

groundbreaking technologies that does not 
exists now



Which are today the general R&D 
directions for each sub-system?
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From U. Husemann talk, Open Symposium of the ESPP
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Vertexing

11

Key technology: MAPS – monolithic active pixel sensors
• Integration of sensitive elements and logic on a single chip
• Leveraging industry standard CMOS processes, modified for particle physics

Vertex detector of the IDEA detector

U. Husemann, Open Symposium of the ESPP
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Tracking and Muon Detection
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Key requirements
• Resolution (momentum: 0.1% at 45 GeV, time)
• Particle identification (dE/dx or dN/dx in gaseous detectors: 
π/K separation up to 100 GeV; muon ID)
• New: 4D tracking (3D position: < 30 µm, time: < 30 ps)

Key technologies
• Gaseous detectors: 

parallel plates, wire chambers, micro-pattern detectors, 
drift chambers, time projection chambers
• Silicon detectors: 

hybrid and monolithic pixels, ultrafast timing, strips 
(FCC-ee: gaseous tracker enclosed with silicon 
“wrapper”)
• Scintillating (fiber) detectors
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Calorimeters
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Key requirements: 
■ Energy resolution (3-4% at 100 GeV) and 

compensation of different response to electrons 
and hadrons 

■ Suited for modern algorithms: particle flow, 
machine learning 

■ New: 5D calorimetry (energy, 3D position, time) 

Key technologies: 
■ Main types: sandwich, optical (crystal, fiber), noble 

liquids 
■ High granularity imaging calorimeters high lateral 

and longitudinal segmentation 
■ Dual-readout calorimeters: scintillation and 

Cherenkov effects 
■ Optical calorimeters: efficient photon detectors 

SPACAL (LHCb U2)

CRILIN (MUSIC, Muon Collider)
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Photon detection and particle ID
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Photon detection: 
■ Key requirements: high quantum efficiency, single-

photon detection, high speed, low dark rate, radiation 
hardness, temperature-stabilized and/or cryogenic 
environment 

■ Key technologies: silicon photomultipliers (SiPMs), 
traditional PMTs (including microchannel plates, MCPs) 

Particle identification (PID): dedicated detectors 
■ Key requirements: pion/photon and hadron 

separation over various relevant momentum ranges 
■ Key technologies: ring-imaging Cherenkov (RICH) 

counters and time-of-flight (TOF) detectors, e.g. using 
ultrafast silicon detectors (e.g. low-gain avalanche 
detectors, LGADs) 
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Trigger and data acquisition
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Requirements: 
■ High-rate electrical/optical data transmission, photonics 
■ Traditional approach: triggered readout 
■ New trend: triggerless/streaming readout with (ML-enabled) 

"intelligent" backend processing 
■ Heterogeneous trigger farms: CPU/GPU/FPGA 

Challenges: 
• maintain versatile heterogeneous frameworks (no vendor lock-

in)
• avoid bottlenecks between ASIC and DAQ LHCb trigger 

farm
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Electronics
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Requirements: 
■ Dedicated chips (ASICs) and programmable logic 

(FPGAs) at the detector frontend and in the "counting 
room" 

■ New development: "intelligent" frontends smart 
pixels, embedded FPGAs 

■ Low-noise, cryogenic, superconducting electronics (e.g. 
SQUIDs, parametric amplifiers, ...) ■

■ Packaging, interconnects, system integration 

Challenges: 
■ Special requirements compared to industry —> high 

costs 
■ Increasing gap to industry state of the art (e.g. feature 

size) 
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AI, emerging technologies
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Quantum sensing:
• Potential seen in the community
• Particle physics applications driven by non-
accelerator
experiments (e.g. axion and DM searches, neutrinos)
• Some ideas for colliders (e.g. quantum dots in "chromatic"
calorimeters, nanowires in luminometers)

Software and Artificial Intelligence (AI):
• Tighter integration of hardware and full software stack
(simulation, pattern recognition, reconstruction,
• Edge AI: integration of real-time AI in frontend and 
trigger
• Detector optimization with AI
(e.g. surrogate models, differentiable simulation code)



What is the framework in which this 
R&D will be developed in Europe?
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ECFA roadmap
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T. Bergauer,Open Symposium of the ESPP
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Detectors R&D collaborations (DRD)
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T. Bergauer, Open Symposium of the ESPP
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DRD goals and status
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T. Bergauer, Open Symposium of the ESPP



Highlights from DRD activities
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DRD1: gaseous detectors
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M. Titov
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DRD1: gaseous detectors
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M. Titov, Open Symposium of the ESPP 

M. Titov
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DRD2: liquid detectors
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I. Gil-Botella & A. Giuliani
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DRD2: liquid detectors
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I. Gil-Botella & A. Giuliani
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DRD3: semiconductor detectors
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D. Bortoletto 
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DRD3 semiconductor detectors
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D. Bortoletto 
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DRD6: calorimeters
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G. Gaudio
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DRD6: calorimeters
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G. Gaudio
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DRD6: calorimeters
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G. Gaudio



/38

DRD4: photodetectors and PID
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G. Gaudio
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DRD4 photodetectors and PID
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G. Gaudio
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DRD5: quantum sensors and emerging technologies
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DRD7: electronics
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T. Bergauer
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DRD7: electronics
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F. Simon
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DRD8: mechanics and integration
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T. Bergauer
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Summary and conclusions
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■ As you have seen there is a very long lists of R&D activities for detector technologies

■ Next generation of detectors (LHCb Upgrade 2, ALICE 3, ePIC etc.) is approaching the TDR 
phase

■ Concepts for detectors at ee colliders are already at a mature level, technologies 
developments proceed at full pace

■ Convincing concepts for Muon Collider detectors already exist, and they are going through 
significative developments. Technologies R&D in sinergy with HL-LHC and ee colliders

■ The FCChh detector is the most challenging system ever thought, but we have time to 
develop it

■ The DRD collaborations have taken these challenges and will bring us to the future of HEP 
measurements!



Thanks for your attention!
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