
 Federico Meloni 
 DESY and University of Bern 

 IFIC Seminar
 03/02/2026

Views and opinions expressed are those of the author(s) 
only and do not necessarily reflect those of the EU or 
European Research Executive Agency (REA). Neither the 
EU nor the REA can be held responsible for them.

  Towards a muon collider 



Page 2 | F. Meloni | Towards a muon collider | 03/02/2026

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 
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Resources

Maximum 
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Why muons?

Historically, we probed shorter 
distances with either precision 
or energy

Muon colliders blur this 
dichotomy

Muons are elementary particles 
with a mass (105.7 MeV/c2, 207 
x 𝒆± mass) large enough to make 
radiation negligible

physics/9901022 

https://arxiv.org/abs/physics/9901022
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Leptons are the ideal probes of short-distance physics

• High-energy physics probed with much smaller collider energy 

Why muons?
2203.07256
2103.14043 

𝛽 = 1

𝛽 = 10

https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2103.14043


Page 8 | F. Meloni | Towards a muon collider | 03/02/2026

Why are we excited?

A physics programme that is more than the sum of its parts:
• High available energy for new heavy particle production
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Why are we excited?
Direct searches for new particles

µµ annihilation
EW-charged particles up to Ecm/2

Vector Bosons Fusion
EW-neutral Higgs-Portal particles



Page 10 | F. Meloni | Towards a muon collider | 03/02/2026

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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Why are we excited?
2203.07256
2103.14043 

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
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Why are we excited?
High precision indirect probes 

The Higgs is revolutionary!

Is it the SM Higgs Particle? What is it made of?
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do a little better

𝜿𝜆

https://indico.cern.ch/event/1439855/contributions/6461580/
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Why are we excited?
High precision indirect probes 

The Higgs is revolutionary!

Is it the SM Higgs Particle? What is it made of?
P

ic
to

ria
l v

ie
w

 o
f 3

-li
ne

ar
 

H
ig

gs
 p

re
ci

si
on

 [N
at

ha
ni

el
 C

ra
ig

]

𝜿𝜆



Page 15 | F. Meloni | Towards a muon collider | 03/02/2026

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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Why are we excited?
2203.07256
2103.14043 

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
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Why are we excited?
Energy helps accuracy 

Many discoveries came neither from new 
particle detection, nor from extreme 
precision, but needed energy

R. Hofstadter Nobel Lecture, 1961 

https://www.nobelprize.org/uploads/2018/06/hofstadter-lecture.pdf
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Heavy resonances
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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
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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

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

ROUGH RULE 
OF THUMB

Cost ∝ Energy

Power ∝ Luminosity
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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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Target parameters

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



Page 32 | F. Meloni | Towards a muon collider | 03/02/2026

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 

Sketch credit: D. Schulte



Page 36 | F. Meloni | Towards a muon collider | 03/02/2026

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 

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

Beam induced
backgrounds

Large neutrino
flux

Beam quality 
and intensity
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The beam-induced backgrounds (BIB)

Huge number of particles from muon decays 
(4×105 per metre of lattice) and their 
byproducts

• Shielding with tungsten nozzles with 
borated polyethylene (BCH2) coating 

Unique challenge of Muon Colliders 

Shower from single muon decay, 25m from IP 
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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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Previous achievements: 3 TeV detector
“LHC-level” performance without using dedicated techniques

• Huge potential to improve further

2303.08533 

Jets

Muons

https://arxiv.org/abs/2303.08533
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10 TeV: from sketch (March ‘23) …

No need for 
a Yoke

Simplified 
muon system

Toroidal field

Calorimeter 
depth optimised 
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… to concept (October ‘23) 
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… to concept (October ‘23) 
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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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Photon reconstruction
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Photon reconstruction

With BIB, improved

We can solve 
algorithmic problems!

Detector R&D 
becomes key
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R&D and HL-LHC “technology transfer”

Crilin calorimeter

Semi-homogeneous calorimeter based on 
Lead Fluoride (PbF2) crystals

CMS High-granularity Calorimeter

Mix of silicon and scintillator-based 
high-granularity cells (6.5M channels)

• Large-scale particle flow demonstration

2206.05838 

https://arxiv.org/abs/2206.05838


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

FNAL site also being investigated
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SPS and LHC tunnel re-use 

LHC could host up to 3.8 TeV beams, with hybrid RCS
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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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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

Background image credit: L. Lee



Background image credit: L. Lee

Thank you!

Contact

Federico Meloni 
DESY-FH 
federico.meloni@desy.de 
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Detailed collider complex overview
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Facility cost range
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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
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Magnets

Main difference with other projects: solenoid R&D is relevant for society!
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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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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
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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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BIB properties
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Detector design targets
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Impact of nozzles
2105.09116

High-energy component absorbed

Increase in neutron flux

Y: with nozzle
N: w/o nozzle BIB rates in 

detector 
volume 
~constant 
wrt ⎷s

https://arxiv.org/abs/2105.09116
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R&D: 4D tracking detectors

R&D efforts crucial

Promising technologies exist

Example: Advanced hybrid 
bonding tech can give < 5 μm 
pitch and low input capacitance

• 20-30 ps time resolution

2203.07224
PoS Vertex2014 (2015) 045 

https://arxiv.org/abs/2203.07224
https://pos.sissa.it/227/045
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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
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Direct mass reach

SUSY Scalar 
singlet
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Soft tracks
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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. 
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FNAL Siting

Preliminary 
Fermilab siting 
study
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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)


