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Detector challenges for future 
colliders
Basic research instrumentation needs and R&D goals

q Some themes for discussion and identification of broad synergies with other fields in experimental 
particle-physics, nuclear physics, and broader applied physics fields

q Illustrations of approaches to address these challenges (not comprehensive) – apologies if details are 
not included of your favorite solution; much more information in the parallel sessions
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High luminosity colliders span the precision frontier (Higgs, flavor, EW) and 
the unknown

The physics landscape

Unknown physics can manifest itself through unexpected 
signatures: weird tracks, long-lived particles

Studies of Standard Model features 
allow for a more in-depth view at 
the micro-word through precision 
measurements
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key goals   of the energy frontier detectors 
qPrecision Standard Model tests:

• Higgs physics:

• Sub-percent precision measurement on the Higgs coupling to SM particles

• 5% measurement of Higgs self-coupling

• Flavor physics (b,c,𝜏) at the Z pole: new physics that is flavor-specific

• Precision electroweak physics

qDirect searches for new particles:

• Validation of specific top-down models (leptoquark, Z’…)

• Dark sector, long lived particles (direct evidence of feebly interacting particles)
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https://arxiv.org/pdf/2211.11084.pdf
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The facilities currently being considered

https://arxiv.org/pdf/2211.11084.pdf


Marina Artuso CPAD workshop SLAC November 2023

To achieve the physics goals:
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All these R&D streams can happen only with a 
concerted effort to train and retain skilled work 
force & share design tools and basic designs

Detector subsystem e+e- colliders Hadron colliders
Tracking Precise vertex topology

High pT resolution: 
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Granularity 25x50 µm2

5 µm single hit resolution

e+e- requirements+
5 ps per track timing except

pT resolution: 
!!"
""

=0.5% for central tracks with 
pT<100 GeV

Rad tolerant to 300 MGy and 8x1017 neq/cm2

Calorimeters High jet energy resolution (4%): Improve jet energy resolution 
using spectral separation of scintillation and Cherenkov signals and 
timing, and provide segmentation to match with incident tracks
High EM energy resolution

PID: hadron ID (TOF, Cherenkov, dN/dx in gaseous detectors)

5d reconstruction 
High radiation 4(5000)MGy

3x1016(5x1018)neq/cm2

Per shower time resolution of 5 ps

Trigger DAQ Data volumes intelligent tracking High data volume – Real-time trigger algorithms
Throughput of 1 exabyte/s

Logic and transmitters wit rad tol
300 MGy

8x1017 neq/cm2

 

BRN Report

https://www.osti.gov/biblio/1659761
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State of the art at the HL-LHC phase
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Fabiola Gianotti – Snowmass CSS 
July 2023



Different detector concepts 
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Large high-granularity high-hermeticity system featuring excellent spatial and 
energy resolution 

High-energy hadron colliders (e.g. FCChh) have the 
additional requirement of precise time-stamp to reduce pile-
up and unprecedented  levels of integrated doses

The ILD detector

Muon collider detector concept

Noble-liquid e-cal
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FCC-hh: the ultimate challenge
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Tracker Rad tolerant to 300 MGy and 8x1017 neq/cm2

Calorimeter High radiation 4(5000)MGy
3x1016(5x1018)neq/cm2

4d tracking, 5d calorimeter
Trigger aad DAQ challeenge
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• Challenges for e+e- high-luminosity colliders: position & energy measurements with excellent resolution for all basic signatures 
(electrons, photons, muon and tau leptons, hadronic jets and missing energy) in a broad range of energies and in very large 
detectors.  “Particle flow method” needed         information from calorimeter and charged particle tracking needs to be combined.

• Charged particle reconstruction: 

• excellent resolution at low pT over a large momentum range            low mass, large radius detectors with excellent single-hit 
resolution.

• Calorimetry:

• Excellent energy resolution for electromagnetic particles

• Hadron identification:

• If time of flight is used, excellent time resolution is needed

• Detector trigger and readout: 

• high-granularity         high-data rates   

• Broad range for new physics searches             distributed intelligence for data reduction, with efficacious use of machine-
learning techniques

• Hadron colliders add high radiation tolerance, fast time stamp for pileup mitigation, and unprecedented data rate and trigger 
requirements.

Key technical requirements
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A detector R&D timeline
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Tracking detectors – solid state
qHigh granularity is needed to achieve high spatial resolution & high radiation resistance. Lepton 

colliders require high granularity and small pixel size in the innermost region, and a broader area 
covered with pixel devices. 

• Pixel size ~10 𝜇m

• Large distributed system:

• Low noise, low power electronics

• Low mass integration (mechanics and cooling)

• Large volume of data transmission (interconnection, data processing →intelligent tracker) 

qHadron colliders: all of the above + O(1ps timing) and radiation resistance up to fluences of the 
order of 10!"𝑛#$/𝑐𝑚%
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Priority research directions
qAdapt new materials and fabrication/integration techniques for 

particle tracking:

• New materials (diamond, large-bandgap semiconductors, thin 
film materials…) essential to develop new industrial partners

• Sensor-detector integration with novel hybridization 
techniques [e.g. wafer bonding, vertical 3D integration]

qDevelopment of scalable, irreducible mass trackers: 

• Low mass trackers with small pixel sizes covering large areas:

• Thinned monolithic sensors 

• System aspects (pulsed power, gas cooling)
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Synergy with EIC, LHCb upgrade II
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Ultrafast Si detectors

qHigh spatial resolution [O(10 µm)] with precision time stamp (O(1ps)) to resolve 
individual interactions in a high-collision-density environments, with new level of rad-
hard technologies

qA time stamp of O(10ps) is suitable for TOF applications
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From BRN report  
3D silicon detectors



Marina Artuso CPAD workshop SLAC November 2023

Calorimetry
qA paradigm shift, already occurred in the world of calorimetry, is the way in which information from the tracker and 

calorimeters are combined in a “particle flow” processing

qKey design drivers:

• High-fidelity high-resolution particle-flow reconstruction for precise jet reconstruction

• Lateral and depth segmentation

• Timing information (moderate ~ 1ns can distinguish E&M and hadronic showers)

• High resolution reconstruction of photons, p0 and electrons

qApproaches to achieve these goals:

• using spectral separation of scintillation and Cherenkov signals (dual-readout calorimeters)

• Improvement of E&M energy resolution using either multi-anode liquid noble elements (Ar, Kr, or Xe) 
[stochastic resolution of 6%/ 𝐸 obtained with LKr]

• Imaging calorimeters [get Si to fulfill its potential for imaging calorimeters]

qFor pp machines: time stamp to mitigate pileup & radiation hard materials

qImportant thrust: new materials, especially for ultrafast applications
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RaDiCAL

https://arxiv.org/ftp/arxiv/papers/2203/2203.12806.pdf


Marina Artuso CPAD workshop SLAC November 2023

A variety of approaches
qFor particle-flow algorithms:

• Silicon for imaging calorimeters (e.g. digital calorimeters 
with MAPS)

• Dual readout calorimeters to track fluctuations in hadronic 
showers and achieve better jet energy reconstruction

• Ultrafast calorimeter media for background rejection, may 
be useful for particle identification

qFor electromagnetic energy resolution:

• noble-liquid calorimeters with higher segmentation (x12 wrt 
x4 ATLAS), SNR increased by a factor of 5 wrt ATLAS using 
cold electronics

qStructural material/system aspects:

• Integrated design with higher segmentation: data 
transmission, power distribution, cooling
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Si-based calorimeters
• From Si pads to Si MAPs
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CMS HGCAL made of approximately 27,000 silicon detector modules: 
(a) shows a model (b)  6” module on a carrier plate (c) seven modules 
mounted on the copper support for test beam studies, cell size 0.5-1.2 
cm2

Challenges: Large systems with fully embedded electronics 
with high dynamic range, low noise, low power and 
maximum compactness, with suitable interconnect 
technologies between Sensor, electronics and carrier boards + 
signal transmission to the periphery
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Dual readout calorimeter 
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Scintillating and 
Cherenkov fibers

Reduced segmentation with respect to SiW 
calorimeter compensated by higher energy resolution
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Photon detectors
qGoals:

• Extend wavelength range

• Adapt photodetectors for extreme 
environments

• Allow picosecond timing

• New optical coupling paradigms for 
enhanced light detection

qNeeded for calorimetry & PID
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MaPMT
MCP-PMT

Bare SiPM

SiPM with 
light quartz 
collectors

Superconducting 
nanowires single 
photon collectors
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Materials for calorimetry
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Material type Material properties Application
Inorganic scintillators Bright and fast crystals (e.g. Cerium 

doped LYSO)
Break the sub-ns time barrier, useful 
also for ps TOF systems & ultrafast 
total absorption ECAL

Radiation tolerance up to 1016 neq/cm2

dense, UV-transparent, and cost-
effective inorganic scintillators for 
homogeneous hadron calorimeter 
(HHCAL) detector concept

Barrel hadronic calorimeters

Organic scintillators Suited for doses limited to 10 kGy and 
3x1014 neq/cm2. 

Barrel hadronic calorimeters

Cherenkov radiators clear and high refractive-index
Cherenkov radiators will be needed to 
support advances in calorimetry

As the radiation levels increase by 
factors of ten or hundred at future 
hadron colliders

Structural material Electrical transmission components 
and mechanical support

Validate radiation performance at 
hadron machines
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Hadron identification

• Hadron identification

qTime resolution of 10 ps allows 3s 
separation of p-K up to 5 GeV for 1 m TOF
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Example: momentum range relevant to an iconic  hadronic B decay

,compact RICH or novel approaches based on gaseous detectors 
allow full momentum coverage

Basso et al Gaseous RICH

Compact through the use of SiPM 
to use time difference between 

track and Cherenkov photons to 
reduce SiPM nois

https://arxiv.org/pdf/2307.01929.pdf
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Gas Detectors
qGaseous detectors as components of the 

tracking system (e.g. IDEA detector), novel 
ideas on cluster-counting algorithms for 
hadron-identification

qMuon detectors:

• Fast timing and high spatial resolution 
+ time resolution <1ns

• High-rate capability (10KHz/cm2)

• Large area + low cost
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Readout and ASICs

qHigh-granularity detectors covering large areas need front-end ASICs that must fulfill challenging 
requirements:

• Environmental and operating conditions (low power requirements, cryogenic operation, 
radiation exposure)

• Performance (low noise, high-dynamic range operating at low bias-voltage, high 
occupancy, requirement of extensive on-chip processing, precision timing with 
distributed clocks, deep analog pipelines

• Ever-evolving technologies (moving towards lower and lower feature size, each time 
increasing development cost)

• Adopt Artificial Intelligence and Machine Learning techniques
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Technology evolution and development cost
• For some perspective
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FEI4 chip 65 nm

Need to optimize the development 
process with shared design tools 
and IPs
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Trigger and DAQ
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Goal Implementation

Achieve on detector real-time continuous data processing to reach 
the exa-scale (FCC-hh) / muon collider to suppress beam induced 

background

1. High-bandwidth, rad-hard low-power data 
links

2. Real-time processing hardware
3. On-line data processing on heterogenous 

hardware 
4. Advanced feature extraction for trigger

5. Triggerless readout

Develop technologies for autonomous detector systems Autonomous operations; self-calibration and 
alignment

Develop timing distribution with picosecond synchronization Clock distribution, stable DAQ control system

The challenge: large amount data to be processed in real-time, data compression, real-time trigger (especially challenging for FCC-hh)
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Optimization of processing with distributed intelligence 
and heterogeneous computing resources
qData reduction with ”smart-detectors” [system-on-chip ASICs, FPGAs..]

qDeployment of machine learning at the first processing stages
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An even more challenging world – the FCC-hh environment
qdata at a rate of 1 exabyte/s 

• Challenges to the data link technologies & data synchronization in a radiation hard environment

• Huge data movement challenge, is wireless transmission a viable option?
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Opportunities in novel approaches

qQuantum dots to manipulate the properties of materials:

• Low-dimensional materials for tracking and calorimetry 

• tunable Cherenkov radiation

• Low-mass fast timing & tracking Michael Edges CPAD 2021
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file:///Users/martuso/Downloads/fphy-10-887738-1.pdf
https://www.degruyter.com/document/doi/10.1515/nanoph-2020-0081/html
https://indico.fnal.gov/event/46746/contributions/210252/attachments/141314/177892/mth-cpad-2021.pdf
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Themes connecting all the detector elements

qNovel materials for sensors, electronics, mechanics and cooling infrastructure

qTowards “irreducible mass detectors”

qNovel cooling approaches

qPower distribution 

qLarge-volume data transmission

qdistributed intelligence & heterogeneous computing methodologies
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Conclusions
qFuture colliders support our quest for a deeper understanding of fundamental particles 

and their interactions

qOur physics goals demand a vibrant R&D on several different detector technologies

qBroad targeted R&D programs have been proposed. It is important to investigate 
connections with other HEP fields, applicability to non-HEP development & examine 
blue-sky initiatives that are paradigm-transforming.
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Ian Shipsey, CPAD Workshop 2021

https://indico.fnal.gov/event/46746/contributions/203537/attachments/141144/177640/DOE_BR


The end
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expected performance of calorimeter approaches for FCCee

https://link.springer.com/article/10.1140/epjp/s13360-021-02034-2

