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Introduction

The detector is our interface between collisions and the physics we are after.

Physics

Accelerator 
Design

Detector
Design

Performance
Evaluation

Detector Strudies: Software and Tools

Outline:
● Brief recap of Beam-Induced Backgrounds and Detector layout(s)
● Recent highlights: EU strategy input and beyond

○ looking ahead: technology choices, new ideas
○ towards refined requirements and specifications 2



Beam-Induced Backgrounds (BIB)

e+e- pair productionMuon beam decays

Very high-energy electrons then interact with 
surrounding material; relevant decays for the 
detector can be produced 10s of meters away.

Low-energy e+e- pair production
from beam-beam interactions;
produced at the interaction point.
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Detector shielding (nozzle)
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Dedicated shielding to suppress an otherwise too-large flux of high-energy e+/-

Detailed simulations to study the interplay between:
● accelerator design around interaction region
● shape of shielding

Both updated for latest design
● sim ~1 month / 0.1 bunch-crossing on a cluster

neutron
absorber
inwards

reduced 
size

realistic W alloy



BIB characterization
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[-1, 15] ns time window

Key takeaways at detector volume entrance:
● soft photons/neutrons
● long out-of-time tail
● originate far from interaction point
● not dramatic collider energy dependence
● radiation environment < HL-LHC



10 TeV detector concepts

Test several detector concepts in a realistic 10 TeV environment

arXiv:2502.00181EU Strategy Input
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● Solenoid strength / position / description
● Tracker layout
● EM Calorimeter technology

https://arxiv.org/abs/2502.00181
https://indico.cern.ch/event/1439855/contributions/6461432/attachments/3045800/5381709/MUSIC_ESPP.pdf


Software tools for detector simulation 

Dedicate repository, infrastructure developed and maintained by a few key people
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Taskforce to assess short, medium and long-term evolution 
and priorities (report)
● Integration with the key4hep framework

○ used by many future collider projects)
● Software development best practices and organization
● Software distribution
● Fast simulation development
● Documentation and Tutorials

Taskforce members

github
doc

https://indico.cern.ch/event/1468031/contributions/6181126/attachments/2948061/5181305/IMCC_software_TF_wrapup.pdf
https://github.com/muonColliderSoft/
https://mcd-wiki.web.cern.ch/


Software updates: highlights

Moving from ilc-soft to key4hep
● first step done and in tutorial
● now moving towards full migration
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EDM4Hep

DD4Hep

Gaudi

Spack

Automatic release building from github CI

EDM4Hep

DD4Hep

Gaudi

Spack

Needs: 
● migration of remaining algorithms
● validation (and its automation)
● update tutorial
● new experts

New simplified procedure

3 workflows
• Build-spack
• Build-minimal
• Build-sim

Automatic build of release and containers



Tracking Detectors
Exploring all-silicon tracker layouts.

One of the most sensitive detectors to BIB
● BIB manifests as cloud of hits from

many low-energy particles.
Layout optimization: slight differences
● inner detectors barrel length / position
● endcap positions optimization

4(/5)D Tracking is a requirement!

9

MUSIC MAIA

Pixels

Macro-Pixels

Macro Pixels / Strips

Key handles for BIB discrimination:
● Precision timing 
● Directional information

○ cluster shape, close-by layers
● Energy deposition



Tracking Detector: low-level performance

Improving our understanding of BIB interaction with tracker
● more realistic digitization: sensor and front-end electronics evaluation
● physics list (e.g. low-energy neutron interactions)

Critical ingredients for a sound program of technology R&D and choice!
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BERT_HP physics list
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Tracking Detector: reconstruction algorithms

Tracking performance under control, 
● balance between CPU time and performance
● focused on ~prompt particles and rough

selections to remove hit combinatorics

Explored/-ing
● Track seeding optimization (~manual)
● Parallel tracking
● Dedicated track reconstruction
● Automated optimization
● Alternative reconstruction algorithms

Plenty of opportunities for small or big projects
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Rocky's talk

https://indico.uchicago.edu/event/479/timetable/#9-tracking-software-and-ml-tra


Calorimeters

12

Homogeneous and sampling calorimeters being considered

Key detector characteristics:
● large dynamic range – physics needs
● short integration time
● good time-of-arrival resolution
● longitudinal segmentation
● good radiation hardness
● good energy resolution for physics.

Diffuse Beam-Induced Background energy deposits in both electromagnetic and 
hadronic calorimeters.



Placement of solenoid creates differences in MAIA vs MUSIC energy deposits.
● shielding for soft BIB particles vs energy loss of object of interest

A few recent highlights
● new digitization model for MUSIC, interplay with test-beam results
● high-precision G4 physics list (BERT_HP), neutrons have less penetration power (deposit 

most of their energy in the first layers)

EM Calorimeter
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inner to outer layers

Rose's talk

https://indico.uchicago.edu/event/479/timetable/#66-calibration-challenges-in-t


EM Calorimeter Performance

Performance evaluated with single photons
and realistic backgrounds

● re-optimization of cell timing / energy 
selections

Lots of active work to understand achievable resolution 
and pro/cons of each design / choice.
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John’s talk

https://indico.uchicago.edu/event/479/timetable/#67-ecal-bib-mitigation-studies


Hadronic Calorimeter

Plan to systematically compare three MPGD technologies for hadronic calorimetry
● MicroMegas, µRWELL and RPWELL
● Timing capabilities
● Requirements on front-end electronics
● Prototyping and testbeam campaigns
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Particle Flow Reconstruction

Aim to use at best information from 
all sub-detectors

● Pandora: designed for ILC

Pursuing two main approaches
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arXiv:0907.3577

Piece-by-piece optimization
● jet clustering
● fake-jet removal
● jet direction correction
● jet pT correction

MUSIC MAIA

Construct a Particle Flow algorithm by 
stacking sub-algorithms
● easier to debug
● re-optimize for speed in this 

environment

Greg’s talk

https://indico.uchicago.edu/event/479/timetable/#65-pandora-overview-and-specia


Particle Flow Reconstruction
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arXiv:0907.3577

MUSIC MAIA

Aim to use at best information from 
all sub-detectors

● Pandora: designed for ILC

Pursuing two main approaches



High-energy jets and flavor tagging

Rapid progress in starting to investigate more complex objects
● light, b/c-jets tagging, towards more advanced taggers
● tau reconstruction and ID
● jet substructure

Great area for more people to be involved!
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tau reconstruction flavor tagging
very collimated jets



DAQ and Offline processing

A huge rate of data produced due to BIB
● where should data be reduced?
● what requirements on front-end electronics, DAQ and

offline processing and storage?

Initial discussion and first quantitative estimates!
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Angira’s talk
Kevin’s talk

https://indico.uchicago.edu/event/479/timetable/#69-trigger-and-daq-rate-consid
https://indico.uchicago.edu/event/479/timetable/#11-computing-resources-and-cha


Conclusions

Tremendous progress continues in better understanding how a muon collider 
detector could look like.

● It’s exciting to see many new people bringing new ideas at all career stages!

To design a detector that excels in this unique environment:
● Prove a minimal design that can extract the needed physics
● Identify possible technologies that can evolve to those needs
● Explore different ideas, prove / learn from prototyping needed technologies

○ many more details not covered here: PID, (fwd) muons, luminosity, quantum 
detectors and much more! 

Aim for a fast-loop between simulation, especially low-level, and hardware R&D
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BACKUP
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BIB and Lattice design
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BIB Simulation
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4. Detector Simulation

Geant-4 based detailed
geometry description
based on DD4Hep.
Custom digitization as
needed.



Requirements / Specifications
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Baseline: mostly based on current design/ideas and physics benchmark studies
Aspirational: motivated by significantly better physics results achievable  
Requirements guide the technology we develop, not all are the same

● strict: when they’re absolutely necessary or physics would suffer too much
● soft: when meeting or exceeding them has impact on the accuracy achievable but is far 

from a black&white picture 



Resources

Exercise to evaluate resources required as input for the EU strategy
● focusing on resources to be allocated for a targeted R&D
● assumes a ~equal amount from generic R&D projects
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A few key messages
● small collaborations to 

tackles problems
● horizontal coordination 

across R&D groups and 
performance

● a small contribution can 
go a long way!

more on Nadia’s talk!



… and much more!

Muon detectors
● central: endcap timing, reconstruction algorithms
● forward (within nozzle!): very complex! 

PID detectors presently uncovered
● what technology can work within BIB?

Luminosity monitoring
● online and offline measurements

Towards a more realistic solenoid description

Quantum detectors?! Neutrinos “detector”?

Add your own idea here… 26

arXiv:2203.07224



Full vs Fast simulation

1. Maintain and improve a DELPHES card for the detector(s)
○ very short on person-power!

2. Perform key physics studies using full simulation to validate and assess cases 
where a simplified simulation might not be possible/easy
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track momentum 
resolution

DELPHES card
arXiv:2405.19314

Higgs self-coupling


