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Setting the framework 
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• Discoveries and new measurement results in HEP (as well in any scientific field)
require and are strongly linked to

sophisticated tools – particle detectors, electronics and software/AI –
to identify, collect and analyse full information of all the final state particles

• Experimental environment and physics goals demand for
different enabling technologies to face challenging requirements
rigorous developments requiring adequate time and resources (people and funding)
to reach the level of maturity reliable and feasible to build dedicated detectors

infrastructures
resources

technology R&D plans                            trained experts 
including ”blue sky”     industry engagement continuous training

EU & US Strategy: Focused R&D for accelerator and detector components are MANDATORY



From R&D to HEP: one example on technology
Concept – Proof of principle 

S. Parker et. Al. NIMA 395 (1997) 
328, https://doi.org/10.1016/S0168-
9002(97)00694-3

C. Kenney, S. Parker, J. Segal and C. 
Storment,, IEEE Trans. Nucl. Sci. 46 
(1999) 1224.

ATLAS Innermost layer, 
large eta, 
B. Abbot  et al, JINST 13 
(2018) no.05, T05008

Forward detectors  in 
Phase–I 
- AFP in ATLAS
- PPS in  CMS 

First applications in HEP

Key detector in HEP

FBK 3D wafer

Modules for the innermost layer in ATLAS –CMS Phase2

Late 90’s

2014-18

2024-2028

3D sensor technology
A very long way between first ideas 
and key applications in an experiment!

Claudia Gemme – ATLAS 3

https://doi.org/10.1016/S0168-9002(97)00694-3


From ideas to HEP: one example on design

Claudia Gemme – ATLAS

ATLAS Inner tracker layout for Phase-2 had a very long story 
(intrinsically connected to technology, bkg…) 

• Discussion started in (at least) 2006 à Layout Advisory Committee à
UTOPIA à Upgrade Layout TF, up to the ITk Layout Task force (2016)  to 
finalize Layout for TDRs. 

• Last minimal changes in 2019!

2008

2012 … LoI

2017 Strip TDR

2019 last layout 
changes
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HL-LHC ATLAS and CMS upgrades - timeline 
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Typical Development Cycles: 20–30 years
Ulrich Husemann - ESPPU

Detector technology R&D and design 
• new ideas are stemming from present implementation
• new plans for ALICE, LHCb, BELLE2 and ePIC @ EIC



Experiment design @ 10 TeV Muon Collider
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Simone Pagan Griso
USMCC talk



Backgrounds: beam induced (BIB)-incoherent 𝑒+𝑒−pairs production
beam halo   
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Ben Rosser

USMCC talk

Crucial ingredients:
• Machine Lattice @ 10 TeV
• Machine detector interface (MDI)
• Nozzle structure
• Detector magnet

Donatella Lucchesi
USMCC School talk

John Dervan
USMCC talk
neutron BIB 
on ECAL studies 

Daniele Calzolari - ICHEP 2024 



Detector requirements: @ 10 TeV
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STRONG INTEREST IN DEVELOPING:  
• 4D vertex and tracker sensors 
• new calorimeters 4D or 5D ideas
• sustainable muon detector 
• front-end electronics with on-board intelligence
• powerful reconstruction algorithm
• AI simulation and analysis tool

ESPPU Muon Collider Report – INTERFACE – March 31, 2025

Table 3.2.1: Maximum values of the ionizing dose and the 1 MeV neutron-equivalent fluence (Si) for
the two detector options. All values are per year of operation (10 TeV) and include only the contribution
of muon decay.

Component Dose [kGy]
1 MeV neutron-equivalent

fluence (Si) [1014 n/cm2]
MAIA MUSIC MAIA MUSIC

Vertex (barrel) 1000 2.3
Vertex (endcaps) 2000 8

Inner trackers (barrel) 70 4.5 4

Inner trackers (endcaps) 30 11.5 10

ECAL 0.58 1.4 0.15 1

55

Maximum values 
ionizing dose 1 MeV neutron-eq fluence 
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Other future projects requirements - vertexing

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 - IDEA detector 
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On-going R&D on tracking sensors – DRD3

Sinergy with timing sensors development for HL-LHC

Monolithic devices (CMOS):
Good timing and spacial resolution, but 
radiation hardness to be improved

Low Gain Avalanche Detectors (LGAD):
Large and fast signal (20-30 ps resolution), 
moderate radiation hardness

Hybrid small pixel devices:
No gain but fast timing (20-30 ps resolution) 
and good position resolution. Intrinsically 
radiation hard

Promising technologies

Silicon LGAD sensors for 4D tracking
up to very high fluence:

V. Sola et al., Nucl. Instrum.
Meth. A 1040 (2022) 167232.



LGAD: timing resolution for high radiation environments 
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Marco Ferrero – IMCC 2025



LGAD: timing resolution for irradiated sensors
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Marco Ferrero – TREDI 2025

𝟏𝟐.𝟐 𝒑𝒔

28.3 𝒑𝒔



3D sensors for 4D tracking 
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Marco Ferrero – IMCC 2025



Calorimeters - DRD6
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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 



Calorimeters
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Gregory Penn

USMCC talkRECONSTRUCTION
Particle Flow @ 𝜇𝜇 environment
Pandora Algorithm excellent starting tool, but 
needs to operate under BIB environment 

Rose Powers

USMCC talk

ECAL:
- Silicon and Tungsten
- 5x5 mm2 cells
- 50 layers 

HCAL:
- Iron and scintillator
- 30x30 mm2 cells
- 75 layersCALIBRATION - MAIA

Particle behavior in the solenoid

MAIA

MUSIC design @ 10 TeV

MUSIC
moving the solenoid between

the calorimeters
Donatella Lucchesi et al. – IMCC 



On-going R&D in e.m. calorimeters – DRD6
Crilin – CRystal calorImeter with Longitudinal InformatioN –
semi-homogeneous electromagnetic calorimeter based on Lead Fluoride Crystals (PbF2)
matrices where each crystal is readout by 2 series of 2 UV-extended surface mount SiPMs

High-density crystal: 
need for increased layer numbers with space constraints
Speed response: 
Cherenkov crystals, ensuring accurate and timely particle detection
Semi-homogeneous: 
strategically between homogeneous and sampling calorimeters 
Flexibility: 
able to modulate energy deposition for each cell and adjust crystal size 
Compactness:
Unlike segmented or high granularity calorimeters it can optimize energy detection while staying compact

2-layer 3x3-crystal
Crilin prototype

Crilin, JINST 17 P09033
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● O(100-1000) particles/cm2 at ECAL surface
● >200 TeV deposited energy per event
● >1 kGy/year TID, 1014 neq(1 MeV)/cm2 year 

https://iopscience.iop.org/article/10.1088/1748-0221/17/09/P09033/pdf
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matrix cases made of ABS plastic

Locking plates

Seal

Hydraulic 
connectors

IRRADIATION STUDIES
• PbF2: 

Ø after a TID > 350 kGy
no significant decrease in   
transmittance observed

Ø Transmittance after neutron 
irradiation showed no deterioration 

• PbWO4-UF: for first layer
Ø after a TID > 2 MGy

no significant decrease in 
transmittance observed

For the expected radiation level the choice for SiPMs was
10 µm Hamamatsu SMD for minor dark current contribution

Results from a 3 layers prototype of test beams

• Time resolution: < 40 ps for single crystals, for Edep > 1 GeV  
• Radiation resistance:  

PbF2(PWO-UF) robust to > 35(200) Mrad
SiPMs validated up to 1014 n1MeV/cm2

displacement-damage eq. fluence



CRILIN: 2025 test beam and 2026 plans
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Report Attività 2025
• Test Beam @ CERN SPS 17-24 Settembre 2025
9 Misureremo 3 set di cristalli:
    - Vernice TiO2 (Biossido di Titanio)  
    - BaSO4 (solfato di Bario)
    - Nudi
    - Simuleremo la risposta del layer 1, 2 e 3 aggiungendo layer di cristalli

e- 

[40 ± 150 GeV]

AstronavePbF2 Crystals 
Fake Layers

CRILIN 3x3

 T0
Scint. + fast PMT

3x3x13 cm3 PF2 + PMT 
to stop the beam

3 crystals set: 
- TiO2 painted
- BaSO4
- without coating

FINAL PROTOTYPE
5 layers, 7x7 crystals, ~ 250 channels 
• slightly wider crystals (PbF2 1.3x1.3 cm2 with 0.1mm tolerance) 
• 100 μm printing per side 
• Aluminum matrix support 

→ max 200 μm inter-crystal thickness 
→ max 2mm external envelope thickness 
→ max 5mm between layers 

• 0.2 P.E./MeV per crystal 
• gaussian noise σ = 10 MeV 
• 30 MeV energy threshold per crystal Simulation: Energy Resolution ~ 7.5%/√E 



On-going R&D in hadronic calorimeters – DRD6
MPGD-HCAL
based on resistive Micro-Pattern Gaseous Detectors 
as readout layers for a sampling hadronic calorimeter

MPGD features:
● cost-effectiveness for large area instrumentation
● radiation hardness up to several C/cm2

● discharge rate not impeding operations
● rate capability O (MHz/cm2)
● high granularity
● time resolution of few ns

Past work:

● CALICE collaboration: a sampling calorimeter using gaseous detectors (RPC) but also tested MicroMegas

● SCREAM collaboration: a sampling calorimeter combining RPWELL and resistive MicroMegas

R&D plan → systematically compare three MPGD technologies for hadronic calorimetry: resistive MicroMegas, 
µRWELL and RPWELL, while also investigating timing
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MPGD-based hadronic calorimeter, Nucl. Instrum.Meth. A 1047 (2023) 167731
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choose the best technology for 
calorimetry @ Muon Collider

https://iopscience.iop.org/article/10.1088/1748-0221/11/07/P07007
https://iopscience.iop.org/article/10.1088/1742-6596/1498/1/012040
https://www.sciencedirect.com/science/article/abs/pii/S0168900222010233?via%3Dihub
https://iopscience.iop.org/article/10.1088/1742-6596/1498/1/012028/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08009/pdf


Hadronic calorimeter 
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testbeam

Simulation - 10 TeV
Evaluated the impact of the MUSIC detector concept 
on a MPGDHCAL 
Solenoid between ECAL and HCAL 



Muon systems - DRD1
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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 



Mechanics and Integration - DRD8
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TRIGGER and DATA ACQUISITION
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 

Electronics, Trigger and Data Acquisition - DRD7

23

ELECTRONICS
Requirements: 
• Dedicated chips (ASICs) and programmable logic (FPGAs) on 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) 

Angira RastogiUSMCC talk

Is triggerless streaming 
possible at μ-collider? 



ECFA Detector R&D Roadmap
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Thomas Bergauer - ESPPU

IMPLEMENTATION PHASE since 2022 - COLLABORATIONS APPROVAL on-going since 2024



DRD international collaborations
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Thomas Bergauer - ESPPU



US R&D Collaborations – RDCs  
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CPAD – Coordinating Panel for Advanced Detectors
RDC Topic

1 Noble Element Detectors
2 Photodetectors
3 Solid State Tracking
4 Readout and ASICs
5 Trigger and DAQ
6 Gaseous Detectors
7 Low-Background Detectors
8 Quantum and Superconducting Detectors
9 Calorimetry

10 Detector Mechanics
11 Fast Timing

Instrumentation R&D is inherently necessary to our scientific future

RDCs initiated after Snowmass recommendation

https://cpad-dpf.org/
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Roadmap implementation plan: Strategic vs Blue-Sky
• Strategic R&D bridges the gap between the idea

(so-called Blue Sky, TRL 1-3) and the deployment and                  
use in a HEP experiments (TRL 8-9) 
• Detector R&D Collaboration should address Strategic R&D 

(TRL 3-6), before experiment-specific engineering takes over 
• Covers the development and maturing of technologies, e.g.

•Improving radiation hardness
•Speeding up readout
•Simplification of designs
•Iterating different options

• Backed up by strategic funding, agreed with funding agencies  
(MoUs)

• DRD collaborations should also contain a small Blue Sky
section
• Allow new developments to emerge
• Possibly financed by common fund + institute contributions

(RD50/51 scheme)

Ex
pe
rim

en
ts

St
ra
te
gi
c

Bl
ue

Sk
y

Technology Readiness Levels (TRLs) defined by NASA: 
Method for estimating the maturity of technologies



Final remarks and next steps 

• A key message ALWAYS is to sustain the careers of R&D experts: 
“Attract, nurture, recognise and sustain the careers of R&D experts”

No instrumentation  à no “Physics” reach 

• To get people engaged, in particular the Early career scientists, it is important also to get intermediate 
experimental setups/goals and synergies where the new technologies in their infant status may be tested 

è Muon Collider Demonstrator with physics cases

MORE in the following:
• Deep Dive on Timing Detectors
• Detector and Accelerator Synergies
• Bluesky R&D 
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Sridhara DasuUSMCC talkCristian PenaUSMCC talk

Murtaza Safdari

USMCC talk

Advances in detector and accelerator pair with the opportunities of the physics case 
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47. From ECFA Detector Roadmap to DRD Collaborations and beyond 
Thomas Bergauer (HEPHY Vienna)
and many others….

From Requirements to Construction: R&D for Detectors at Future Colliders 
Lorenzo Sestini (INFN-FI) 
@ Physics At The Highest Energies With Colliders - GGI Florence 
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https://agenda.infn.it/event/44943/contributions/263376/
https://agenda.infn.it/event/44943/contributions/263377/
https://agenda.infn.it/event/47981/contributions/271643/
https://agenda.infn.it/event/47981/


Thanks for the attention! 
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• Synergies for enabling technologies opens new opportunities in the coming years 

• Level of complexity requires to plan ahead evaluating needs with an open mind

• Detector field is a great playground to deeply understand Nature and benefit Society
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Focus on the technical aspects 
of R&D requirements given 
the EPPSU list of 
“High-priority future initiatives” 
and “Other essential scientific 
activities for particle physics”

Facility →

- Must happen or main physics goals
cannot be met 

- Important to meet physics goals
- Desirable to enhance physics reach
- R&D need being met

Detector Readiness matrix → 𝐷𝑅𝐷
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HEP projects for Detector Research & Development
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*  Technology Readiness Level defined by NASA, low TRL < 3 also often referred as “blue sky” , TRL > 6 are experiment specific engineering
** Planning of projects is for physics start at the time of the roadmap, end of strategic R&D must consider project engin., constr. and instal. time

upgrades and future large 
accelerators projects

small accelerators, nuclear reactors, cosmic rays
second and third generation of experiments

Strategic DRD programmes cover evolving TRLs* between 3 to 6

DRD7 electronics and on-detector processing - DRD8 integration (?) - Training Panel

DRD1
gaseous

DRD3
solid state 

DRD4
photon & PID

DRD6
calorimeter

DRD2
liquid

DRD5
quantum & emerging techno.

Didier Contardo @ ICFA Seminar 2023 

https://www.nasa.gov/directorates/heo/scan/engineering/technology/technology_readiness_level
https://indico.desy.de/event/38293/contributions/152142/
https://indico.desy.de/event/38293


DRD collaborations hosted at CERN (framework)
follows general conditions for execution of experiments at CERN
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DRDC wep page, presentations of DRDs at open sessions

* approvals cover a period of three years – to be renewed

DRD1
Gaseous 
Detector

M. Titov
E. Oliveri

DRD2
Liquid 

Detector

R. Guenette
G. Fiorillo

DRD3
Solid State 
Detector

G. Kramberger
G. Pellegrini

DRD4
Photon det.

and PID

M.Fiorini
G. Wilkinson

DRD5
Quantum, 
emerging 

techno. 
M. Demarteau

M. Doser

DRD6

Calorimetry

R. Poeschl
R. Ferrari

DRD7
Electronics 

on-detector 
processing

F. Simon
F. Vasey

DRD8
Mechanics 

and 
Integration
B. Schmidt

A. Mussgiller

ü Approved by CERN RB*,  

ü ü ü ü ü ü ü ü

EDP/DRD 
Managers Forum 

mandate
• common issues

ü DRD8 LoI submitted to DRDC, proposal aims end-2024

EDP web page 
• contact point for 

the community

Didier Contardo @ PECFA July 2024

https://indico.cern.ch/event/1197445/contributions/5034860/attachments/2517863/4329123/spc-e-1190-c-e-3679-Implementation_Detector_Roadmap.pdf
https://cds.cern.ch/record/2728154/files/General-Conditions_CERN_experiments.pdf
https://committees.web.cern.ch/drdc
https://indico.cern.ch/category/17132/
https://drd1.web.cern.ch/
https://cds.cern.ch/record/2886644
https://drd3.web.cern.ch/
https://drd4.web.cern.ch/
https://doser.web.cern.ch/
https://cds.cern.ch/record/2886494?ln=en
https://indico.cern.ch/event/1406007/
https://indico.cern.ch/event/1336746/
https://ecfa-dp.desy.de/sites/sites_desygroups/sites_extern/site_ecfa-dp/content/e279752/e272466/Draft_DRD_Collaboration_Managers_Forum_080324_nomembers.pdf
https://ecfa-dp.desy.de/
https://indico.cern.ch/event/1361605/

