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5 orders of magnitude in ECM in 6 decades (0.2 GeV → 14 TeV)!

Colliders shaped modern particle physics
2309.15960 

https://arxiv.org/abs/2309.15960
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5 orders of magnitude in ECM in 6 decades (0.2 GeV → 14 TeV)!

Development drivers
2309.15960 

Luminosity Maximum 
Energy

Resource 
constraints

Cost∝Energy
Power∝Luminosity

https://arxiv.org/abs/2309.15960
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Why muons?

Historically, we probed shorter 
distances with either precision 
or energy

Muon colliders blur this 
dichotomy

They promise the most cost 
effective and power efficient 
path towards 10 TeV collisions

Muons are elementary particles 
with a mass large enough to 
make radiation negligible

physics/9901022 

https://arxiv.org/abs/physics/9901022
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Why are we excited?

A physics programme that is more than the sum of its parts:
• High available energy for new heavy particle production

𝛽 = 1

𝛽 = 10

2504.21417

https://arxiv.org/abs/2504.21417
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𝛽 = 1

𝛽 = 10

Why are we excited?
2504.21417

A physics programme that is more than the sum of its parts:
• High available energy for new heavy particle production
• High available statistics for precise measurements 
• Can measure processes of very high energy

ENERGY PRECISION

https://arxiv.org/abs/2504.21417
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A brief history of muon colliders
1970/90  Initial proposal
G.I. Budker, Accelerators and colliding beams, 1969
A.N. Skirnsky, Intersecting storage rings at Novosibirsk, 1971
D. Neuffer, Multi-TeV muon colliders, 1986

2019 - MICE 
● Demonstrates 

ionisation cooling

2011 - 2014 US Muon Accelerator 
   Program MAP

● Short- and long-baseline 
neutrino facilities 

● Higgs factory with good 
energy resolution

● TeV-scale muon collider
Muon Accelerators for Particle Physics

European Strategy
for Particle Physics 
Update 2020

● Set up an international 
collaboration

Time

IMCC

2013 - LEMMA
● Propose positron-driven 

scheme

2023 P5 process
● The Muon Shot

ESPPU
2026

https://inspirehep.net/literature?q=a%20G.I.Budker.1
https://inspirehep.net/literature/931295
https://inspirehep.net/literature/69662
https://inspirehep.net/literature/238130
https://arxiv.org/abs/1907.08562
https://iopscience.iop.org/journal/1748-0221/page/extraproc46
https://inspirehep.net/literature/1662268
https://inspirehep.net/literature/1662268
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The Muon Shot
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The Muon Shot



Page 13 | F. Meloni | The Muon Collider | 03/03/2026

European strategy for particle physics
Submitted ESPPU input as large project

Proposed an R&D plan that can make a muon collider reality by 2050

• 400 pages supplementary “backup” document, ~450 authors and supporters

https://indico.cern.ch/event/1439855/contributions/6461618/
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European strategy for particle physics
Submitted ESPPU input as large project

Proposed an R&D plan that can make a muon collider reality by 2050

• 400 pages supplementary “backup” document, ~450 authors and supporters

B. In order to realise the visionary plan presented, the highest priority must be the
development and industrialisation of key technologies: advanced superconducting and
normal-conducting RF structures, efficient RF power sources and accelerator-quality
magnets in the 14–20 T range, including those based on high-temperature superconductors.

D. The longer-term development of advanced technologies, such as high-gradient wakefield 
acceleration and those underpinning bright muon beams, should be supported at an
appropriate level. Synergies with the US initiative on muon collider R&D should be exploited.

https://indico.cern.ch/event/1439855/contributions/6461618/
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Collider overview

Proton-driven scheme
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Collision paradigm
Circulate two bunches and re-fill when they are depleted

Luminosity increases with the 
square of beam energy

1000 times lower collision 
rate than LHC!

For the luminosity experts
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2007.15684
2003.09084 

FCC-ee

ILC

CLIC

Muon 
Collider

LHC
FCC-hh

Cost-effective construction and operation
Possible staging / re-use of existing facilities
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Sustainability

Centre of mass energy [ab-1/TWh]

https://arxiv.org/abs/2007.15684
https://arxiv.org/abs/2003.09084
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Parameters and operation

Plan to operate each stage for 5-10 years



The road to 
the muon collider
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Key challenges

Beam induced
backgrounds

Large neutrino
flux

Beam quality 
and intensity

Muons have a limited lifetime: 2.2 𝝁s at rest

Major technical challenges

• Supported by EU Design Study MuCol

https://mucol.web.cern.ch/
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The 12 miracles challenges
Many thanks to S. Jindariani, 

D. Schulte, and M. Wing for inputs 
and useful discussions
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Key challenges

Beam induced
backgrounds

Large neutrino
flux

Beam quality 
and intensity
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Cooling the beams

Infographic: STFC, Ben Gilliland

1907.08562

Need 106 emittance reduction!

• Demonstrator with RF and more than 
one stage required
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https://arxiv.org/abs/1907.08562
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Cooling chain design

Transverse emittance
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Key challenges

Beam induced
backgrounds

Large neutrino
flux

Beam quality 
and intensity
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Neutrino flux
Legal limit: 1 mSv/year
MAP goal: < 0.1 mSv/year

IMCC goal: arcs below threshold for
legal procedure < 10μSv/year

LHC achieved: < 5 μSv/year

3 TeV, 200m-deep tunnel ~ OK 

Status
• Close to a solution
• Arcs impact similar to 

current CERN impact
• Hottest spot inside 

fence is like sitting in a 
plane
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Neutrino flux mitigation

Need mitigation in collider arcs at 10+ TeV: move collider ring components

Example: vertical bending

Opening angle of ~1 mradian 
makes 14 TeV collider 
comparable to LHC
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Neutrinos are an opportunity!
2407.12450 

See Zhen’s talk!

https://arxiv.org/abs/2407.12450
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Key challenges

Beam induced
backgrounds

Large neutrino
flux

Beam quality 
and intensity

See Tova’s talk!



Demonstrator 
and implementation
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Muon Cooling Demonstrator Programme

1. RF tests

2. One-cell 
module

4. Characterisation 
with beam

3. Five-cell 
module
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Demonstrator with beams
Tests with beam in order to 
demonstrate commissioning and 
operation 

Demonstrator TDR for 2028-2030 
(Infrastructure TRL 7)

Add more modules to optimise 
technologies and performance 

CTF3 @ CERNTT7 @ CERN

BA1-TT10 @ CERN
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Collider implementation
Started studies for siting at CERN and Fermilab

Fermilab
One RCS in Tevatron tunnel,
Three RCSs in one site-filler 
tunnel

CERN
One RCS in SPS and two in LHC
Construct facility on CERN land
• 3.2 and 7.6 TeV, 10 TeV 

maybe possible
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Plans and technically limited timeline

10 years R&D programme to reach the maturity to initiate the approval process

Require: ~300 MCHF material budget and 1800 FTEy for the accelerator 
20 MCHF and 900 FTEy for detectors

This would enable a first muon collider with a start of operation around 2050
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Early career researchers

It is critical to attract young people to HEP 
we are in competition with other fields of 
science

The ECR inputs to ESPP highlighted the 
requirements for a new collider project:

• Drive technology R&D and innovation 
• Ambitious baseline physics programme

Recommendation 4.7: European laboratories 
should assign greater value to innovation in 
preparation for the next generation of particle 
physics facilities

“Innovation in science 
means doing what 
everyone else thinks is 
impossible.”

 - R. Feynman

https://arxiv.org/pdf/2503.19862
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Summary
Why waiting for a muon collider?
We are not waiting, but working on it.

- F. Maltoni

The muon collider presents enormous 
potential for fundamental physics 
research at the energy frontier that justifies 
further investment

The road ahead is filled with challenging and 
interesting R&D, spanning across theory, 
accelerator and experiment!

Join IMCC! 
muon.collider.secretariat@cern.ch



Thank you!

Contact

Federico Meloni 
DESY-FH 
federico.meloni@desy.de 
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Towards resource loading

We have an R&D plan widely recognized 
as a good planning base  

Current focus on establishing an overview of 
available resources, potential resources, 
interested partners for next five years

Processes: 
• IMCC-wide R&D task force refining 

the plan and identifying interested 
partners

• US process to review lab interests 
and capabilities

• EU project possibilities 
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Facility cost range
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Cost estimate details

MCHF
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R&D resources breakdown
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Demonstrator timescales
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Magnet timescales
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CERN-specific implementation

Highest centre of mass energy compatible with LHC tunnel re-use ~10.5 TeV 
(with fast ramping HTS dipoles)
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Proton target
High-field required to 
efficiency collect pions and 
muons

2-4 MW proton beam
● Simulated graphite 

target ok
● Operation at 2000°C 

Large aperture O(1m) to 
allow shielding

● Synergy with ITER
13 T in 1.7 m



Target

46

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 use 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

Slide design: D. Schulte, S. Stapnes
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Magnet R&D plans
Experimental programme is now 
essential 

Technology-driven R&D 
programme

• ReBCO tape identified as 
enabling technology

• Target solenoid - 20 T at 20 K 
model coil (20@20)

• 6D cooling - split solenoid 
integration demonstrator (SOLID)

• Final cooling - UHF solenoid 
demonstrator (UHF-Demo)

• Fast pulsed for RCS - magnet 
string and power systems 
(RCS-String)

• Nb3Sn dipole - wide-aperture, 
steady state Nb3Sn (MBHY)

• HTS dipole for accelerator - 
rectangular aperture (MBHTS)

• HTS dipole for collider - wide 
aperture (MBHTSY)

• HTS IR quadrupole - wide aperture 
(MQHTSY)

ReBCO tape tomography
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Magnets

Main difference with other projects: solenoid R&D is relevant for society!
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Hybrid magnet concept

Ramp magnets to follow Ebeam

• Fast-ramping synchrotron magnets (−2T to 2T in 2 ms)

Need 5 km of 2T magnets per TeV or fast HTS dipoles

 
 

Combine static and 
ramping magnets

2201.07895
Nature Phys. 8 (2012) 243-247

https://arxiv.org/abs/2201.07895
https://doi.org/10.1038/nphys2179


Page 50

Slide 50

2307.04084 

Sustainability

A site reusing existing infrastructure such as CERN for 7.6 TeV center of mass 
would only need 15 km of tunnels primarily limited to the muon source, cooling 
channel and the collider ring

https://arxiv.org/abs/2307.04084
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Detector design targets
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R&D deliverables (magnets)
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R&D deliverables (RF and cooling)
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R&D deliverables (design and other)
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Detection Environment 
2105.09116 

FCC-hh requirements
~1018 1 MeV-neq/cm2 

Total Ionising Dose for 200 days of operation1-MeV-neq/cm2 fluence for 200 days of operation

FLUKA simulation

https://arxiv.org/abs/2105.09116
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Not one, but two detector concepts
Two concepts making different choices, e.g.

• Position of solenoid
• Tracker layouts
• ECal technology

Compare performances to validate findings, quickly iterate and improve

MUSIC - MUon System 
for Interesting Collisions

MAIA - Muon Accelerator 
Instrumented Apparatus
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Readout and DAQ

Instantaneous luminosity of 1034-1035 cm-2s-1

Beam crossings every 10 μs

Streaming approach: availability of the full event data → better trigger decision, 
easier maintenance, simplified design of the detector front-end…

Total data rate similar to HLT at HL-LHC 

• Streaming operation likely feasible 

Table credit: S. Jindariani

2203.07224 

https://arxiv.org/abs/2203.07224


Muon Cooling Technology

58

MAP proved gradient
• Initial RF designs
• More RF design ongoing 

to optimise beamloading

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

6D cooling cell engineering design almost ready

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

prototyping and experimental work, also 
beamdynamics

• Need RF test stands for experimental 
optimization

• First window tests performed with protons
• Use of H2 gas in final absorbers

Slide design: D. Schulte, S. Stapnes



Collider Ring

Key conclusions:
Further improve energy acceptance, but OK 
with energy spread predicted in muon cooling
Mover system OK for beam in regular arcs
Address imperfections next

59

Achieved:
• Magnet shielding design
• Magnet performance model and 

conceptual designs
• Cryogenics conceptual design
• Lattice reaches target 

beta-functions but not yet full 
target energy acceptance

• First studies of mover system 
impact on beam

• Impedance is OK

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)

Magnet Designs

Slide design: D. Schulte, S. Stapnes
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Minimal dark matter
Amazing WIMP or minimal dark matter search programme

Only collider able to discover both Wino and Higgsino thermal targets

2511.03883 
2102.11292
2405.08858

https://arxiv.org/pdf/2511.03883
https://arxiv.org/abs/2102.11292
https://arxiv.org/abs/2405.08858
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Exploring the Higgs potential
Expect ~10x Higgses wrt e+e- Higgs factories, with nearly same S/B conditions

Total inclusive Higgs cross-section potentially accessible via Z-fusion processes
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Direct mass reach

SUSY Scalar 
singlet
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EFT

Warsaw basis operators that grow with the energy and interfere with the SM in 
di-fermion and di-boson production
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Flavour

Sensitivity reach in the effective scale Λ of effective operators containing a quark 
or lepton flavour-violating current, coupled to either a muon current (left panel) or a 
flavour-blind gauge current. 


