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Introduction to the Muon Collider
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Particle Colliders

 Particle collider energy grew exponentially in 20th century
 E.g. proton collider energy grew by factor 210 in last 50 years
 Proton collider energy set to grow by factor 6.3 in next 50 years

 Despite requirement of massive budget uplift
 Is high energy physics sustainable?

 Can muons help?

Factor 210

Factor 
6
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Muon collider motivation

 Muons  fundamental particle→
 Full energy available at collision

 Muons  much more massive than electrons→
 Synchrotron radiation is suppressed

Energy at which 
cross-section is equal
     

Assuming equal  
Feynman amplitude
(EW)

    
Assuming factor 10 

   enhancement in pp 
(EW+QCD)

Delahaye et al, arXiv:1901.06150; very rough approx!

Muons & protons are 
complementary
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Muon Collider

4

 MW-class proton driver  target→
 Pions produced; decay to muons
 Muon capture and cooling
 Acceleration to TeV & Collisions
 Designed for high energy while maximising luminosity

 Luminosity is key
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MuC Target

 Protons on target  pions  muons→ →
 Graphite target takes proton beam to produce pions
 Heavily shielded, very high field solenoid captures π+ and π -

 Baseline graphite target similar to T2HK/Dune Phase 2
 UK developing alternative fluidised powder target to manage higher heat load

 Possible application for neutron production
 Warwick, RAL



 

Absorber

 Beam loses energy in absorbing material
 Absorber removes momentum in all directions
 RF cavity replaces momentum only in longitudinal direction
 End up with beam that is more straight

 Multiple Coulomb scattering from nucleus ruins the effect
 Mitigate with tight focussing
 Mitigate with low-Z materials
 Equilibrium emittance where MCS completely cancels the cooling

Ionisation Cooling

MUONSRF



 

Rectilinear Cooling

 6D Cooling (RAL, Imperial)
 Combined function dipole-solenoid magnets
 Compact lattice – RF integrated into magnet cryostat
 Lithium Hydride or lH2 absorbers
 Careful field shaping to control position of stop-bands

Beam



 

Magnet Design

 Challenging magnets
 Non-insulated coils  improved ramp properties→
 Insulated coils  less sensitive to delamination→

 Coil tested in 10 T magnet (Southampton)
 Quench tests
 Developing quench model

OI 10T  Cryo-free 
Magnet 120mm bore 

Helium vapour 
cooled VTI

Helium vapour 
cooled current leads

HTS insert coils 
up to 110mm OD

Helium vapour at 
controlled flow rate and 
temperature (5K-100K)
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Integration

 Integration of such a compact lattice is tough
 Overlapping magnet & RF fields  breakdown →

(Strathclyde)
 Significant peak RF power required (Lancaster)

 Plan to demonstrate the cooling performance
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Cooling Demonstrator
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Muon Cooling

4D Final 
cooling

Rectilinear
cooling

Stratakis et al, PRSTAB 18, 2015
Zhu et al, PRAB 28, 2025

Sayed et al, PRSTAB 18, 2015
Fol et al, IPAC22 
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Low Energy Muon Cooling
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 Acceleration using linacs, recirculating linacs and synchrotrons
 Collision in dedicated collider ring
 Can FFAs help here?

 RAL, Huddersfield

Pulsed Synchrotrons
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Muon Collider Detector (3 TeV)

 Two detector proposals (analogous to CMS and ATLAS)
 MUSIC
 MAIA
 UK: Warwick, Birmingham, Cambridge, RAL
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Muon Collider – Facility Parameters
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Technology applications
 High field solenoids have many important application

 Developing collaboration with fusion experts
 MRI magnets

 Muon beam techniques have application in many other fields
 Muon spin resonance (muSR)
 Muon tomography

 Delivery of such a muon beam is a unique achievement – we 
don’t know what is the impact!
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2026 European Strategy for Particle Physics 
Update
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P5 Report (2023)
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P5 Report – Muon Shot
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US National Academy of Sciences

From Elementary Particle Physics: The Higgs and Beyond (2025)
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Time scale

 “Technically Limited Timeline”
 Needs full support of major lab
 Until that time, expect slip
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Cost
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Final Word

 The muon collider
 Far higher energy than e+e- colliders
 Far smaller footprint than equivalent proton colliders

 Many technical challenges
 All are manageable with current or near-to-current technologies
 Must demonstrate practical solutions

 Muon collider has potential to advance particle physics by many 
decades

 We must now deliver it



Backup

C. T. Rogers
Rutherford Appleton Laboratory
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Cavity R&D
 Cooling requires strong B-field overlapping RF

 B-field  sparking in RF cavities→

 Two technologies have demonstrated mitigation

High 
Pressure
gas

E-field

Changeable Cu/Be walls

Double vs
Cu cavity 
in 0 T

Bowring et al, PRAB 23 072001, 2020

Freemire et al, JINST 13 P01029, 2018
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Luminosity

1) Luminosity increases with the square of muon energy/beam power
 Beam size decreases as energy increases (geometric emittance)

2) High field, low circumference collider ring  more luminosity→
 Shorter path length, more collisions before muon decay

3) Low repetition rate, few bunches is best
 Assume that the bottleneck is in the number of protons
 Fewer collisions, but each collision is more intense

4) High quality muon source is essential
 Low emittance, good capture efficiency

5) Good efficiency acceleration is essential
 High voltage systems

 The whole muon collider is designed to maximise luminosity!

1
2

34

4 5



 27

Accelerators in Physics

 First accelerators built in 1920s/30s
 Accelerating protons, ions and electrons

 Antiproton acceleration in 1980s
 Made possible by stochastic cooling

 Accelerators were originally a tool for 
fundamental physics

 Now many uses
 Hadron colliders

 E.g. LHC
 “Discovery machines”

 Lepton colliders
 E.g. Large Electron Positron Collider (LEP)
 “Precision machines”

 Secondary+ particle production
 Muons, pions, kaons, neutrinos ...
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Buncher/Phase Rotator

 E.g. longitudinal bunch capture
 Drift to develop energy-time relation 
 Buncher adiabatically ramp RF voltages
 Phase rotator misphase RF

 High energy bunches decelerated
 Low energy bunches accelerated

 Challenge: Control of losses

time
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BIB Characteristics

 Beam induced background (BIB) arising due to muon decays
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BIB Rejection

 Beam induced background (BIB) arising due to muon decays
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