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Introduction
• IMCC Detector and MDI Workshop [Indico]


• 2-day workshop on June 25-26, 2024 at CERN


• Aim to establish a configuration for a 10 TeV muon collider


• Participants


• 47 registered, ~half in-person


• Variety of research backgrounds: engineers, accelerator 
physicists, particle physicists


• Scope of Talk


• KK: Overview of workshop goals, results, and discussion


• D. Calzolari (next talk): details of implementation
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https://indico.cern.ch/event/1402725/
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Outline

• Part I: Workshop Motivation + Goals


• Part II: Interaction Region + Machine-Detector Interface


• Part III: Detector Concepts


• Part IV: Workshop Outcomes, Outlook + Conclusions
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Context: European Strategy
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Context: European Strategy
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March 2025: Deadline for submission of community input

Must “freeze” 10 TeV reference configurations now to complete studies by submission deadline
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Overview of Interaction Region
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Overview of Machine-Detector Interface
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Customized Interaction Region Lattice

Designed to reduce the loss of decay products near the IP 

Interaction Region Masks + Liners

Shield the detector from particles lost in final focus region
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Customized Interaction Region Lattice

Designed to reduce the loss of decay products near the IP 

Interaction Region Masks + Liners

Shield the detector from particles lost in final focus region


Overview of Machine-Detector Interface
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Nozzles: Conical Absorber Inside Detector

Shield detector from high-energy decay products and halo losses 

Detector

Measure and discriminate collision products from background
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Workshop Goals: IR + MDI

• Define Reference IR and MDI Configuration

• IR lattice and magnet apertures


• Shielding inserts in magnets


• Nozzle configuration

11

Is the radiation damage in magnets acceptable?


Are the assumed magnet apertures realistic? 


Can we “freeze” the present IR layout for the 
ESPPU studies or do we need a further iteration?
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Workshop Goals: IR + MDI

• Define Reference IR and MDI Configuration

• IR lattice and magnet apertures


• Shielding inserts in magnets


• Nozzle configuration

11

Is the radiation damage in magnets acceptable?


Are the assumed magnet apertures realistic? 


Can we “freeze” the present IR layout for the 
ESPPU studies or do we need a further iteration?

Are we ready to produce a high statistics 
reference sample for the detector studies?

• Further Understand Beam-Induced Background

• Decay-induced background


• Incoherent pair production
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Workshop Goals: Detector
• Define Detector Configurations


• Proceed with one vs. two configurations
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Workshop Goals: Detector
• Define Detector Configurations


• Proceed with one vs. two configurations

12

Do we proceed with one or two configurations?


Do we have enough people to perform relevant studies? 

• Define Sub-detectors

• Configuration and technology for tracker


• ECAL and HCAL technology

• Position of the magnet and return yoke

• Muon detector

• Define Detector Configurations

• Proceed with one vs. two configurations

• Define Software Version(s)

• Converge on software version to be used for the studies



Interaction Region and 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Collider Lattice + IR Design: Key Challenges

14

More details in D. Calzolari’s talk

10 TeV Muon Collider Beam Requirements

https://indico.fnal.gov/event/64493/timetable/?view=standard#24-machine-detector-interface
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Collider Lattice + IR Design: Key Challenges
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More details in D. Calzolari’s talk

Large relative energy spread

10 TeV Muon Collider Beam Requirements

Short bunch length

https://indico.fnal.gov/event/64493/timetable/?view=standard#24-machine-detector-interface


K. Kennedy August 7, 2024

Collider Lattice + IR Design: Key Challenges

14

More details in D. Calzolari’s talk

Very small β*
Large relative energy spread

10 TeV Muon Collider Beam Requirements

Short bunch length

https://indico.fnal.gov/event/64493/timetable/?view=standard#24-machine-detector-interface


K. Kennedy August 7, 2024

Collider Lattice + IR Design: Key Challenges

14

More details in D. Calzolari’s talk
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Collider Lattice + IR Design: Key Challenges

14

More details in D. Calzolari’s talk

Very small β*
Large relative energy spread

10 TeV Muon Collider Beam Requirements Requirements due to Muon Decay

• Neutrino flux → limit straight sections


• Radiation from BIB → magnet shielding

Short bunch length

Relatively large aperture

https://indico.fnal.gov/event/64493/timetable/?view=standard#24-machine-detector-interface
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Collider Lattice + IR Design: Current Status

• Several iterations over the past couple of years


• More recently, added chicane for longitudinal bunch 
compression

15

Evolution of IR Lattice Design

Dipoles     Quadrupoles

More details in D. Calzolari’s talk
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Collider Lattice + IR Design: Current Status

• Several iterations over the past couple of years


• More recently, added chicane for longitudinal bunch 
compression

15

Evolution of IR Lattice Design

Dipoles     Quadrupoles

More details in D. Calzolari’s talk

• Radiation load and impact of tungsten shielding:


• Key metric is total ionizing dose (TID)


• Dipoles significantly benefit from more shielding:  
4 → 6 cm reduces TID by x10


• With current configuration, collider lifetime ~5-10 
years (more details in D. Calzolari’s talk)

https://indico.fnal.gov/event/64493/timetable/?view=standard#24-machine-detector-interface
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Nozzle Design: Materials

16

Tungsten (W)

Mitigate high-energy EM showers 


• Critical metrics: mechanical data at low T, 
machinability, magnetic permeability, cost


• A number of commercially available alloys, but 
many have limited data


• (Another potential option: depleted uranium…)

A. Bersani

https://indico.cern.ch/event/1402725/timetable/?view=standard#17-material-considerations-for
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16

Tungsten (W)

Mitigate high-energy EM showers 


• Critical metrics: mechanical data at low T, 
machinability, magnetic permeability, cost


• A number of commercially available alloys, but 
many have limited data


• (Another potential option: depleted uranium…)

Borated Polyethylene

Capture the neutronic component 


• Both boron and polyethylene are both 
highly effective neutron absorbers


• Commercially available material specially 
designed for nuclear shielding applications

A. Bersani

https://indico.cern.ch/event/1402725/timetable/?view=standard#17-material-considerations-for
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Nozzle Design: Distance Optimization

17

Nozzle Tip 
at 2 cm

Nozzle Tip 
at 6 cm

Ongoing studies to optimize nozzle tip distance from IP


D. Calzolari

https://indico.cern.ch/event/1402725/timetable/?view=standard#16-beam-induced-background-at


K. Kennedy August 7, 2024

Nozzle Design: Distance Optimization

17

Nozzle Tip 
at 2 cm

Nozzle Tip 
at 6 cm

Ongoing studies to optimize nozzle tip distance from IP


Off the chart

D. Calzolari

https://indico.cern.ch/event/1402725/timetable/?view=standard#16-beam-induced-background-at
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Nozzle Design: Shape Optimization

18

Baseline Configuration

From U.S. Muon Accelerator Program, 

optimized for for 1.5 TeV

Ongoing studies to optimize nozzle tip shape


L. Castelli, D. Lucchesi,  
D. Calzolari, F. Collamati

https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at


K. Kennedy August 7, 2024

Nozzle Design: Shape Optimization

18

Baseline Configuration

From U.S. Muon Accelerator Program, 

optimized for for 1.5 TeV

Ongoing studies to optimize nozzle tip shape


L. Castelli, D. Lucchesi,  
D. Calzolari, F. Collamati

More Sophisticated Configurations


https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at


Detector Concepts:  
MAIA + MUSIC
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Overview of 10 TeV Detector Concepts

20

Starting Point: 3 TeV Detector

Solenoid outside Calorimeters

Introduced in L. Lee’s talk

Nothing is to scale

https://indico.fnal.gov/event/64493/timetable/?view=standard#5-overview-of-the-experiment
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Overview of 10 TeV Detector Concepts

20

Starting Point: 3 TeV Detector

Solenoid outside Calorimeters

Introduced in L. Lee’s talk

10 TeV MUSIC Detector

Solenoid between ECAL and HCAL

10 TeV MAIA Detector

Solenoid inside Calorimeters

Nothing is to scale

https://indico.fnal.gov/event/64493/timetable/?view=standard#5-overview-of-the-experiment
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Tracker Design

21

• Both 10 TeV detectors share a similar design


• Emphasis on excellent spatial + timing precision, 
acceptance


• Vertex Detector — Pixels (σt ~ 30 ps)


• Removed most of the doublet layers for stubs in the 3 TeV 
detector concept (improved tracking with ACTS)


• Inner Tracker — Macropixels (σt ~ 60 ps)


• Outer Tracker — Macropixels or Microstrips (σt ~ 60 ps)


• Considerations: strip timing; strip availability in  
~20+ years; decreasing costs of macropixels


• Further study: layer optimization, especially endcap
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Magnetic Field

• B-field simulation: 


• Currently assumes constant B-field


• Ongoing: 2D map of magnetic field


• BIB tracker occupancies vary with B-field and 
radius from the beam line


• B ≥ 5 T seems desirable with current config


• Lower B fields may require layer re-optimization


• To evaluate: flavor tagging dependence on  
B-field strength

22

Tracker Occupancies vs. B-Field

MAIA Detector Concept 


Shown for incoherent pair-production BIB

F. Meloni

Fewer curlers More bending

https://indico.cern.ch/event/1402725/timetable/?view=standard#4-detector-effects-of-inchoere
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Calorimeter Design

23

ECAL Technology Comparison

arXiv:2206.05838• Challenging BIB environment due to relatively large 

cell sizes and integration times


• 5D Calorimetry: high-granularity (eta/phi/depth), 
excellent timing, good energy resolution


• ECAL: Different technologies for 10 TeV detectors


• MAIA: W-Si sampling calorimeter


• MUSIC: Crilin — lead fluoride crystal


• HCAL: Iron+Scintillator (both 10 TeV detectors)


• Iron as solenoid return yoke


• To evaluate: make first layer of iron thicker (e.g. 2→20 cm 
for MAIA) for mechanical stability in B-field

https://arxiv.org/abs/2206.05838
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Muon Spectrometer

24

L. Castelli, D. Lucchesi,  
D. Calzolari, F. Collamati

• Barrel and Endcap: least impacted by BIB given 
shielding from calorimeters


• Simplified, Air + RPC (both 10 TeV detectors)


• To potentially replace with scintillator (CERN rule)


• Forward Region: challenging given position of nozzle


• Important physics (VBF) — e.g. Higgs boson width


• Dedicated forward muon detector candidates

https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
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Muon Spectrometer

24

Silicon Layers in the Nozzle

Small detector, high BIB background

L. Castelli, D. Lucchesi,  
D. Calzolari, F. Collamati

• Barrel and Endcap: least impacted by BIB given 
shielding from calorimeters


• Simplified, Air + RPC (both 10 TeV detectors)


• To potentially replace with scintillator (CERN rule)


• Forward Region: challenging given position of nozzle


• Important physics (VBF) — e.g. Higgs boson width


• Dedicated forward muon detector candidates

https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
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Muon Spectrometer

24

Silicon Layers in the Nozzle

Small detector, high BIB background

IP
μ

Beamline

Dedicated 
cavern

Separate Forward Cavern

Large detector, low background

L. Castelli, D. Lucchesi,  
D. Calzolari, F. Collamati

• Barrel and Endcap: least impacted by BIB given 
shielding from calorimeters


• Simplified, Air + RPC (both 10 TeV detectors)


• To potentially replace with scintillator (CERN rule)


• Forward Region: challenging given position of nozzle


• Important physics (VBF) — e.g. Higgs boson width


• Dedicated forward muon detector candidates

https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
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Detector Concepts: Further Considerations
• Mechanical Requirements


• Room for services, cooling, and support infrastructure


• Physical support for the nozzle 

25

Is the nozzle connected to or independent 
from detector? How to access the detector?
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• Software Advancements and Current Status

• ACTS tracking software significantly improved performance


• Recent transition from MARS to FLUKA for BIB simulation


• Latest SW release built on key4hep stack


• Delphes cards available for 3 TeV and 10 TeV
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Detector Concepts: Further Considerations
• Mechanical Requirements


• Room for services, cooling, and support infrastructure


• Physical support for the nozzle 

25

Is the nozzle connected to or independent 
from detector? How to access the detector?

• Software Advancements and Current Status

• ACTS tracking software significantly improved performance


• Recent transition from MARS to FLUKA for BIB simulation


• Latest SW release built on key4hep stack


• Delphes cards available for 3 TeV and 10 TeV

• Physics Goals

• Target benchmarks include Higgs performance, high energy 

NP (e.g. Z’), exotic BSM (e.g. LLP)



Workshop Outcomes, Outlook, 
and Conclusions
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Workshop Goals, Revisited: IR + MDI

• Define Reference IR and MDI Configuration

• IR lattice and magnet apertures


• Shielding inserts in magnets


• Nozzle configuration


• Further Understand Beam-Induced Background

• Decay-induced background


• Incoherent pair production
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magnet aperture, shielding


New nozzle optimized for 10 TeV 
shows improved performance
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Workshop Goals, Revisited: IR + MDI

• Define Reference IR and MDI Configuration

• IR lattice and magnet apertures


• Shielding inserts in magnets


• Nozzle configuration


• Further Understand Beam-Induced Background

• Decay-induced background


• Incoherent pair production

27

Some additional work needed on 
magnet aperture, shielding


New nozzle optimized for 10 TeV 
shows improved performance

Studies presented on BIB from both muon 
decay and incoherent pair-production


Some work needed before production of 
high-statistics reference sample
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Workshop Goals, Revisited: Detector
• Define Detector Configurations


• Proceed with one vs. two configurations


• Define Sub-detectors

• Configuration and technology for tracker


• ECAL and HCAL technology

• Position of the magnet and return yoke

• Muon detector


• Define Software Version(s)

• Converge on software version for additional studies
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Workshop Goals, Revisited: Detector
• Define Detector Configurations


• Proceed with one vs. two configurations


• Define Sub-detectors

• Configuration and technology for tracker


• ECAL and HCAL technology

• Position of the magnet and return yoke

• Muon detector


• Define Software Version(s)

• Converge on software version for additional studies

28

Two configurations

Well defined for both detector 
concepts, with some optimization 
studies needed in the future

All SW finalized or close to being 
finalized
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Conclusions + Outlook
• Conclusions


• Workshop established an initial configuration of a 10 TeV muon collider IR and two detector concepts


• Progress is the result of continuous, iterative changes and improvements by many talented students, 
engineers, accelerator physicists, particle physicists, and more!
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engineers, accelerator physicists, particle physicists, and more!
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• Outlook


• Current configurations in very good shape, though there is still room for improvement + optimization


• Many exciting physics studies to be done by the European Strategy deadline on March 31, 2025!


• Please reach out if you are interested in getting involved!



Kiley Kennedy, Princeton University

On behalf of many people

Inaugural US Muon Collider Meeting

August 7, 2024

Thank You!
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Magnet Aperture Limitations

32

M. Vanwelde, K. Skoufaris and C. Carli D. Calzolari

https://indico.cern.ch/event/1402725/contributions/6013054/attachments/2884042/5053934/MDI_workshop_Muon_collider_lattice_June_2024.pdf
https://indico.cern.ch/event/1402725/contributions/6013056/attachments/2883747/5054157/MDI_workshop_magnet_load.pdf
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Impact of Chicane

33

D. Calzolari

https://indico.cern.ch/event/1402725/contributions/6013059/attachments/2883748/5054162/MDI_workshop_BIB_10TeV.pdf
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Beam-Induced Background (BIB): Sources
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BIB Simulation Workflow
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Nozzle Shape Optimization
L. Castelli, D. Lucchesi,  

D. Calzolari, F. Collamati

https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
https://indico.cern.ch/event/1402725/timetable/?view=standard#15-beam-induced-background-at
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BIB Particle Fluence Measurements
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D.  Calzolari
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Forward Muon Reconstruction:  
Silicon in the Nozzle

38



K. Kennedy August 7, 2024

Detector Radiation Damage
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MAIA Detector Configuration
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MUSIC Detector Concept Schematic
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3 TeV Detector Concept
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Tungsten Alloy Considerations

43

A. Bersani

https://indico.cern.ch/event/1402725/timetable/?view=standard#17-material-considerations-for

