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Muon Collider Concept
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Short, intense 
proton bunch

Protons produce 
pions which decay 

into muons which are 
captured

Ionisation cooling of 
muon in matter

Acceleration to 
collision energy

Collision

The main challenge is the short muon lifetime τ = γ x 2.2 μs
Up to 100 ms at collision energy
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IMCC
International Muon Collider Collaboration
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Develop high-energy muon collider as option for particle physics:
• Implement globally defined accelerator R&D roadmap to 

justify CDR phase
• Mid-term roadmap review found 75% of goal achieved

Provided ESPPU with
• Assessment of muon collider
• An R&D plan for the next 10 years
• Implementation considerations (including site, timeline, …)

• Back-up document (406p, 450 signatories)

In US the National Lab Accelerator Study Group for the Muon 
Collider identifies how the US labs can best engage 

Focus on feasibility of 10 TeV with 10 ab-1 (site independent)
• Explore initial stage by around 2050, maybe with 3 TeV with 

1 ab-1 or lower luminosity 10 TeV
Explore implementation at specific sites reusing infrastructure

Param. Unit 3 TeV 10 TeV

L/IP 1034 cm-2s-1 1.8 17.5

N 1012 2.2 1.8

fr Hz 5 5

C km 4.5 11.4

Bdipole T 11 14

Collider techn. Nb3Sn HTS
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Physics Case for Leptons at 10 TeV

M. Spiropulu (Co-Chair), M. S. Turner (Co-
Chair), N. Arkani-Hamed, B. C. Barish, J. F. 
Beacom, PH. H. Bucksbaum, M. Carena, B. 
Fleming, F. Gianotti, D. J. Gross, S. Habib, 
Y.-K. Kim, P. J. Oddone, J. R. Patterson, F. 
Pilat, C. Prescod-Weinstein, N. Roe, T. M.P. 
Tait,
Staff: T. Konchady, D. Nagasawa, L. Walker, 
D. Wise, C. N. Hartman, A. Mozhi

National Academy of Science

A collider with approximately 10 times the energy of the Large Hadron Collider 
(LHC) is crucial for addressing the big questions of particle physics and making 
discoveries.

A 10-TeV muon collider on the Fermi National Accelerator Laboratory 
(Fermilab) site would have similar discovery reach as a 100-TeV proton collider. 

A muon collider combines the physics advantages of an electron-positron and 
a proton-proton collider, with a much smaller size.

Strong physics case complementary to FCC-ee + FCC-hh exists, see for example 
Snowmass and NAS report

Physics case is pointed out in many places, just one example from last year:
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Muon Collider Target Parameters
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Requires emittance preservation and advanced lattice design

High field in 
collider ring Dense beam

High energy

High beam power
Large energy 
acceptance

Param. Unit Site independent

Sqrt(s) TeV 3 10

Int L ab-1 1 10

L/IP 1034 cm-2s-1 1.8 17.5

Acc. time years 2+2.8 2+2.9
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Muon Beam Production and Transmission
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Need to produce many muons

Efficient muon transport is key to the 
luminosity
• Need to have compact cooling system
• Need fast acceleration

Need some improvement in muon 
production or in transport
• Being studied
Note: + can be 30% higher
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Muon Collider CTEs
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Short, intense 
proton bunch

Protons produce 
pions which decay 

into muons which are 
captured

Ionisation cooling of 
muon in matter

Acceleration to 
collision energy Collision

- Proton pulse 
accumulation and  
compression

- Graphite target
- Target solenoid

- Muon cooling design
- 6D cooling solenoids
- 6D cooling RF cavities
- Final cooling solenoids

- Pulsed magnets and
power converters

- RCS RF system

- Collider ring dipoles
- Final focus quadrupoles
- Machine-detector interface
- Neutrino flux

Identified and prioritized with community
Other areas need now also to be addressed
(some work started)
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Physics and Detector Concepts
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Two detector concepts are being developed 

MUSIC
(MUon Smasher for Interesting Collisions)

MAIA
(Muon Accelerator Instrumented Aperatus)

9

Challenges:
Muon decay can give important 
background
• 40 000 muons/m/bunch 

crossing
• 1/3 of energy in electrons and 

positrons



Beam-induced Background
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Conclusions:
• Can do the physics

• Also thanks to HL-LHC technology
• But room for improvement
• Radiation level similar to HL-LHC

Achievements:
• Two conceptual detector designs
• Simulation studies with background also 

from machine
• Studies of different lattices
• Reconstruction algorithms
• Physics studies

10

Detailed studies 
with FLUKA



Proton Complex
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Challenge:
• 2 MW, 5 GeV, 5 Hz, 
• 5 x 1014 protons/pulse 
• Proton pulse accumulator and 

compressor rings

Achieved:
• Accumulator and combiner 

ring lattices
• First collective effects studies 

promising
• One or two bunches in 

compressor, to be decided

Key conclusions:
• Can compress 2 MW, 5 GeV proton beam 

to two 2 ns bunches, then merge them
• Optimisation in compressor ring 

for collective effects ongoing
• For 4 MW need 10 GeV beam
• Cool beamline to avoid ion loss from 

black body radiation
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Target
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Achieved:
• Initial 2 MW graphite target conceptual 

design, pion yield optimised
• HTS solenoid and shielding concept 

developed
• Study of proton removal ongoing

Challenges:
• 2 MW, 5 Hz, 400 MJ/pulse  target
• Can we replace mercury with graphite?

Key conclusions:
• Yield, magnet shielding, target stress, 

cooling, radiation are OK
• Components survive 2 MW beam
• Higher power alternatives to study:

• Graphite
• Liquid metal

12



Note: High-field Magnet Technology
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NbTi (niob-titanium, operating at 2-4 k)
• is standard, used in LHC
• Expect 5 T in MC

Nb3Sn (niobium-tin, operating at 2-4 K)
• Expect O(11 T) in MC
• Stil not mature
• Used in some points for HL-LHC
• Foreseen for FCC-hh also in arcs

HTS (high-temperature superconductor, 
operating up to 20 K)
• Different options exist, e.g. REBCO
• In solenoids > 30 T demonstrated
• Still expensive and technology 

challenges
• Applications in other fields, e.g. 

medical, fusion reactors, power 
generators for wind energy, engines, 
…

REBCO Tape

Nb3Sn cost slowly increasing
We may be the only users
Industry would have to ramp
up just for us

HTS cost is coming down
How much depends on the
overall use of HTS

13



Muon Cooling Lattice Design
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b
et

te
r

better

Previous design (MAP)

Goal

Achieved

Challenge:
Novel, complex lattice with cavities and 
absorbers in solenoids

Achieved:
Much improved lattice design
Improved simulation tools: BDSIM and RFtrack

Key conclusions:
• Can in principle reach or exceed performance target
• Much improved longitudinal, may be useful for collider ring
• Study of collective effects important

14



Muon Cooling Technology
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• MAP proved gradient
• Initial RF designs
• More RF design ongoing

Challenges:
• NC RF cavities in magnetic field (30 MV/m)
• HTS magnets (up to 40 T in final cooling)
• Bright beam hard on absorbers and windows

• Can evaporise liquid hydrogen

MuCool demonstrated >50 
MV/m in 5 T
H2-filled copper
Be end caps

• First window tests 
performed with protons

• Use of H2 gas where 
required

Key conclusions:
• Ready to ramp-up effort, in particular 

prototyping and experimental work, also 
beamdynamics

15



RCS Designs
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Key conclusions:
• 1.3 GHz TESLA-type cavities work
• Emittance transport is OK
• Cost and power is OK
• Need to connect to initial linacs

Achieved:
• Lattices for all site independent RCSs
• Beam propagation through complex
• Conceptual design of magnets and 

power converters
• Optimised design together with RF

Challenge:
• Uses fast-pulsed normal magnets
• 5 Hz pulses of O(1-10ms)
• 6-35 km circumference
• Cost
• Recover energy from magnetic field
• High bunch charge
• Maintain beam quality

RCS E [J/m] Loss [%] P [MW]

SPS 1 5447 1.1 1.9

LHC 1 5678 1.6 12.8

LHC 2 5752 6.3/2 26.6

16



Collider Ring

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026

Key conclusions:
• Should improve energy acceptance should 

somewhat
• OK with energy spread predicted in muon 

cooling
• Mover system does not compromise 

beam in regular arcs

Achieved:
• Magnet shielding design
• Magnet conceptual designs
• Cryogenics concept
• Lattice reaches target beta-

functions but not yet full target 
energy acceptance

• First studies of mover system 
impact on beam

Challenges:
500 W/m loss, magnet strength, 
lattice design with beta 1.5-5 mm, 
0.1% beam energy spread

Cryogenic loads at different temperatures

Shielding (30-40 mm)

17



Placement
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Challenge:
Obtain negligible neutrino flux
Similar impact as LHC

Achieved:
• Detailed modelling
• First good orientation found
• Mover system concept

FLUKA and RP studies

Arc mitigation concept

Site study at CERN for experimental insertion

Key conclusions:
• Close to a solution
• Arcs impact similar to current CERN impact
• Hottest spot inside fence is like sitting in a plane
• More work to be done
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Site Specific Designs
Started studies for concrete site at CERN and Fermilab, looks very promising

Fermilab:
One RCS in Tevatron tunnel,
three RCS in one site-filler tunnel

CERN:
One RCS in SPS and two in LHC
Construct facility on CERN land
• Adjusted parameters (3.2 and 7.6 TeV, 10 TeV maybe possible)

19



Summary of Cost Scale and Power Estimate
Bottom up cost estimate
• Component level
• Conceptual designs
• Detailed scaling from other 

projects
Good agreement with cost scaling 
by US Snowmass process

Main cost drivers: RF and magnets

Main power driver: RCSs

MCHF
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R&D Programme
Accelerator design
• Complete start-to-end design to validate and 

optimize performance, cost, power and risk

Muon cooling technology
• Implementation in steps important for timeline
• Need hardware, in particular RF test stands
• New detector technologies useful for 

instrumentation
• Cooling RF requires urgent test infrastructure

Detector
• Strong potential for further improve physics 

potential with technologies, AI and ML

Magnet programme
• Have conceptual designs, need hardware
• HTS solenoids have important synergy with society 

(e.g. fusion, power generators for windmills, …)
• Industry is ready to invest
• Must not miss the opportunity

Ideal for early career experts 
since innovation is essential

21



Muon Cooling Demonstrator
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Key conclusions:
• Installation of demonstrator at CERN 

appears possible with limited cost 
(O(10kW)) proton beam

• Expensive solution with O(80 kW) 
would allow future upgrade

• Fermilab has approved a study
• RF test stands are critical and urgent
• Consistent with implementation 

timeline

Achieved:
• Defined the scope and concept, made initial 

cost estimate, investigated three promising 
locations at CERN

• Staged timeline to implement demonstrator
• SLAC is moving forward building a 3/1.3 GHz 

test stand

Challenge:
Demonstrate muon cooling technology in stages
Critical for timeline

ConstructionProject
preparation

R&D plan

22
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R&D Plan – Towards Resource Loading 
R&D plan widely recognized as a good planning base  

R&D task force is establishing an overview of available 
resources, potential resources, interested partners 
- Focus on next five years
- Priorities being defined to maximize the impacts of 

the resources available 
- Contact Federico Meloni, Emilio Nanni, or me

23

National Academies Recommendation 1: The United 
States should host the world’s highest-energy 
elementary particle collider around the middle of the 
century. This requires the immediate creation of a 
national muon collider research and development 
program to enable the construction of a demonstrator 

of the key new technologies and their integration.
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Synergy Examples
HTS solenoids have strong synergy with fusion 
reactors
• Can potentially contribute to huge impact on 

climate change

HTS is also useful for wind power generators, 
motors, material science, health applications

Efficient power converter for different applications
• Interest of collaboration by Infinion, …

…

Design of 10 MW HTS wind generator

Early career experts are very motivated by the 
required and possible innovations
Excellent training ground

Collaboration on target solenoid/fusion with 
Fusion for Energy, ERUOFusion, GaussFusion, ENI 
is key example
• Have agreements that can lead to resources
• An opportunity for particle physics to make an 

important impact on society
https://indico.cern.ch/event/1439855/contributions/6461515/

24
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Conclusion

Many thanks to the collaborators for 
all the work

Our web page: 
http://muoncollider.web.cern.ch
If you want to join: 
muon.collider.secretariat@cern.ch

A muon collider is disruptive
• US Particle Physics Projects Prioritization Panel (P5) called it

• “This is our muon shot”
• It will push beyond the current boundaries
• It will be the first of its kind
• High-risk, high-benefit

Important innovation is required
• Not all issues have been solved
• This means uncertainty and risk
• But also the potential to be creative and invent

Strong synergy with societal applications

https://www.facebook.com/cern/videos/
the-future-of-particle-physics-david-
gross-cern70/509915295164473/

Excellent technical progress has been made, in spite of resource limitations
• Supported by review committees from LDG, MuCol, and IAC reviews

Have global R&D programme proposal that needs to be funded
• Strong interest in different regions hopefully translates into resources

To the younger: You will have to make it work
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Reserve
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Key Parameters
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Param. Unit Site independent CERN 2 tunnels CERN 1 tunnel

Sqrt(s) TeV 3 10 3.2 7.6 3.2 7.6

L/IP 1034 cm-2s-1 1.8 17.5 2 10 0.9 7.9

Int L ab-1 1 10 1 10 1 10

Accumulation 
time 

years 2+2.8 2+2.9 2+2.5 2+5 2+5.6 2+6.3

C km 4.5 11.4 4.8 8.7 11 11

Bdipole T 11 14 11 14 4.8 11

Collider dipole technology Nb3Sn HTS Nb3Sn HTS NbTi Nb3Sn
or HTS

Accumulation time: Time to obtain the integrated luminosity with two IPs.
Ramp-up over the first three years 5%, 25%, 70% of nominal.
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R&D Plan Deliverables and Resources

Totals:
Duration 10 years

Accelerator: 300 MCHF material, 1800 FTEy
Detector:        20 MCHF material,   900 FTEy

28
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Timeline and R&D Programme Proposal

Timeline is driven by R&D
Most ambitious example to define R&D programme priorities
• Muon collider next flagship after HL-LHC
Other options
• In Europe after a higgs factory
• In the US to become leader at the energy frontier

R&D timeline drivers
• Superconducting magnets

• Collider ring with no HTS dipoles for first 
stage

• Muon cooling demonstration
• RF cavities, solenoids, absorbers, 

integration, demonstration with beam

Decision on demonstrator

Initial                     final demonstrator

29
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Magnet R&D Impact

L. Bottura

30
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Practical Examples

• Fusion for Energy (ITER EU Domestic Agency) 
• Framework agreement and first addendum in final negotiation 
• Contribution to the design of the HTS target solenoid, relevant to the central solenoid of DTT

• EUROFusion (next step European fusion reactor)
• Framework agreement signed in 2023, first addendum signed in 2024
• Contribution to the design of the HTS target solenoid, relevant to the magnets of a Volumetric 

Neutron Source proposed as next step in the European fusion strategy
• Gauss Fusion (one of the leading EU fusion start-ups)

• Consultancy agreement signed in 2023
• CERN contribution to the design of the LTS/HTS GIGA stellarator magnets, based on advances in 

the HTS target solenoid
• ENI (oil and gas energy giant)

• Framework agreement and first addendum signed in 2024
• Collaboration on the conceptual design and project proposal for the CERN construction of a 

large bore HTS solenoid (20@20 model coil) relevant to the muon collider and fusion
• IFAST-2 proposal to INFRA-2025-TECH-01-02 (CERN, INFINEON, PSI)

• Proposal of fast pulsed power cell + magnet system sent to IFAST-2 coordination for ranking at 
TIARA

• Industrial interest in rapidly pulsed and large energy/power supplies L. Bottura
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European Accelerator R&D Roadmap
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http://arxiv.org/abs/2201.07895

Reviews in Europe and the US found muon collider promising
• Requires important innovation

European Strategy for Particle Physics Update (ESPPU) 
supported muon collider R&D in 2020

CERN Council charged Laboratory Directors Group (LDG) to  
develop Accelerator R&D Roadmap
• Directors of institutes, e.g. INFN Frascati, PSI, DESY, RAL, 

CERN, …

LDG formed five panels, one on Muon Collider

Muon Collider panel developed an R&D Roadmap with the 
help of the global community until end of 2021

32
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Muon Collider Roadmap CT
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Short, intense 
proton bunch

Protons produce 
pions which decay 

into muons which are 
captured

Ionisation cooling of 
muon in matter

Acceleration to 
collision energy Collision

- Proton driver
bunch compression

- Graphite target
- Target solenoid

- Muon cooling design
- 6D cooling solenoids
- 6D cooling RF cavities
- Final cooling solenoids

- Pulsed magnets and
power converters

- RCS RF system

- Collider ring dipoles
- Final focus quadrupoles
- Machine-detector interface

Identified and prioritized with community
Other areas need now also to be addressed
(some work started)
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MuCol Timeline

D. Schulte                        Muon Collider Collaboration, FNAL, June 2023 

EU Design Study Timeline

Initial parametric study

Develop tentative concept

Develop preliminary concept

Documentation of preliminary concept

Establish tentative parameters

Establish preliminary parameters

Establish consolidated parameters

Preliminary assessment report
Study consolidated concept

Final adjustment and review
Consolidated assessment report

Finalization

2023                                  2024                                   2025                                   2026

Representative of overall workplan

33

Tentative concept Preliminary concept Consolidated concept

LDG anticipated input to next ESPPU by 2026
The ESPPU has been advanced to early 2025

20262024 20252023 2027

ESPPU submission ESPPU recommendation
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Muon Cooling Challenges
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Energy loss = cooling Multiple scattering = heating

High field solenoids minimise beta-
function and impact of multiple 
scattering

35



D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026

ESPPU Submission March 2025

Collaboration produced ESPPU input:

• Short, ten-page report (10p)

• Addendum to answers specific 
questions from ESPPU (18p)

• Back-up document (406p, 450 
signatories)
• Assessment of collider status 

based on progress of R&D
• R&D Plan
• Final polishing is ongoing, you 

Urgently sign up to support

36



IMCC
International Muon Collider Collaboration
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Roadmap: 
http://arxiv.org/abs/2201.07895

Develop high-energy muon collider as option for particle physics:
• Implement globally defined accelerator R&D roadmap (2022) 

to justify CDR phase
• Mid-term roadmap review found 75% of goal achieved

Provided ESPPU with
• Assessment of muon collider concept, technologies and 

work progress 
• An R&D plan for the next 10 years
• Implementation considerations (including site, timeline, …)
• Back-up document (406p, 450 signatories)

Will inform other strategy processes

Focus on feasibility of 10 TeV with 10 ab-1 (site independent)
• Explore initial stage by 2050, maybe around 3 TeV with 1 ab-1

or lower luminosity 10 TeV
Explore implementation at specific sites reusing infrastructure

Param. Unit 3 TeV 10 TeV

L/IP 1034 cm-2s-1 1.8 17.5

Int L Ab-1 2.2 1.8

fr Hz 5 5

C km 4.5 11.4

Bdipole T 11 14

Collider techn. Nb3Sn HTS
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Muon Cooling Technology
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704 MHz cavity for the Muon Cooling (MC) Demonstrator
RF d esig n  a nd  coup ler RF-therm o -m echan ica l sim ulations

§ RF-thermo-mechanical simulations in 

COMSOL Multiphysics®

§ Thermally-induced stress-strain state and 

frequency detuning

§ Mechanical stress and deformations and 

Lorentz Force Detuning (LFD) analysis

§ RF simulations in CST Studio Suite®

§ Calculation of the pulse shape

§ Computation of the main RF figure of merits

§ Optimization of the cavity shape

Temperature [K] Total displacement [mm]
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• MAP proved gradient
• Initial RF designs
• More RF design ongoing

Challenges:
• NC RF cavities in magnetic field (30 MV/m)
• HTS magnets (up to 40 T in final cooling)
• Bright beam hard on absorbers and windows

• Can evaporise liquid hydrogen

MuCool demonstrated >50 
MV/m in 5 T
H2-filled copper
Be end caps

• 40 T final cooling solenoid 
conceptual designs exist

• 55 T might be possible

Key conclusions:
• Ready to ramp-up effort, in particular 

prototyping and experimental work, also 
beamdynamics

• First window tests performed with protons
• Use of H2 gas where required
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Muon 6D Cooling Cell
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Key conclusions:
• Key challenge is force from magnetic field
• Concept to connect flanges developed
• Iterations to improve overall and components 

design also considering beam dynamics is 
required/ongoing

• Conceptual design ready in a few months

Achieved:
• Cooling cell engineering design 

almost ready
• Solenoid models for use in 

beamdynamics optimisation

Challenge:
• Integrated 6D cooling cell
• HTS solenoid designs

STEP 6: Connect 6x Coils with pins (half Cold Mass)

L. Rossi et al.
L Bottura et al.

39



RCS Designs
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Key conclusions:
• 1.3 GHz TESLA-type cavities work
• Emittance transport is OK
• Need to connect to initial linacs

Achieved:
• Lattices for all site independent RCSs

• Strong synchrotron motion
• Including hardware specifications

• Beam propagation through complex 
works

Challenge:
• Uses fast-pulsed normal magnets
• 5 Hz pulses of O(1-10ms)
• 6-35 km circumference
• Cost and power efficient acceleration
• High bunch charge
• Maintain beam quality

Lattice: A. Chance et al.
Long. dynamics: H. Damerell et al.
RF: Alexej Grudiev et al.
Power converter: F. Boattini et al.
Magnets: L. Bottura et al.
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Fast-ramping RCD Dipoles
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Key conclusions:
• High recovery efficiency for RCSs (98-99%)
• Ready for experimental 

optimization/models/protoypes

Achieved:
• Conceptual design of magnets and 

power converters
• Optimised design together with RF
• Power converters can switch sign of 

magnets without changing direction of 
voltage on capacitors

Challenge:
Fast ramping normal magnets (1-10 ms) 
with efficient energy recovery in power 
converter (200 MJ stored in magnets)

RCS E [J/m] Eiron [J/m] Ecopper [J/m] Loss [%] P [MW]

SPS 1 5447 10 52 1.1 1.9

LHC 1 5678 9.2 80.6 1.6 12.8

LHC 2 5752 63.4 298 6.3/2 26.6

Energy in magnets, losses per cycle and total power at 5 Hz including cooling

Power converter: F. 
Boattini et al.
Magnets: L. Bottura
et al.
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Collective Effects
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Key conclusions:
• Impedances in RCSs and collider ring can be taken 

care of by design
• Beam-beam can be handled by 20 turn feedback
• Resistive wall in muon cooling is OK
• Further key detailed studies: beam loading, 

longitudinal and transverse space charge in 6D 
cooling, impedance of cooling absorbers

Achieved:
• Initial studies for proton complex
• Assessed impedances (beam 

screen and RF cavities) in RCSs 
and collider ring

• Studying counter-rotating 
beam impedance

• Studies started on muon cooling

Goal:
Identify collective effects intensity 
bottlenecks
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Lattice Designs
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Lattice design is progressing well
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Collider Ring Magnets
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Challenge:
High-field collider ring magnets with large aperture

Key conclusions:
• Dipoles appear feasible:

• NbTi at 4 K, 4.8 T, 16 cm aperture
• Nb3Sn at 4 K, 11 T, 16 cm aperture
• HTS at 20 K, 14 T, 14 cm aperture

• Quad in dipole best combined solution
• Experimental programme is now essential 

Achieved:
• New method developed to identify field limit, depending on 

technology, temperature, cost, aperture, considering current, 
stress and protection (quadrupoles, dipoles, combined function 
magnets)

• Different conceptual dipole designs (block coil, cos-theta)
• Combined function design ongoing
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