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Past high energy physics

Towards higher energy

Bigger, more expensive, more power 
hungry (LHC performance already 
limited by electricity cost)

Limit?

What next?
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The Future of Particle Physics

 E�ort to explore phenomena at higher and higher energies
 Corresponds to smaller scales
 Higher energy → bigger, more expensive, more power hungry

 Electricity cost is limiting LHC performance right now

 What should come next?

LEP-II

LHC-I

Tevatron

SppS

ISR
LEP

SLC
TRISTAN

PETRA

PEP

DORISSPEAR

CESR

LHC-II

?
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Linear colliders

ILC:

20 — 31 km 

250 — 500 GeV e+e- 

CLIC: 

11 — 50 km

380 — 3000 GeV e+e- 
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E.g. linear colliders

SLAC

ILC

 SLAC (California)
 3 km length
 90 GeV e+e-

 ILC (proposed)
 31 km
 500 GeV e+e-

 CLIC (proposed)
 380 GeV e+e-

 11 km

( )
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Circular colliders

FCC / CEPC

90-100 km circumference 

90 – 350 GeV e+e- 

50 – 100 TeV proton-proton
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What next?

Electrons?

Protons?

Muons?

FCC

ILC

muC
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Conventional approach 
limitations

e+e-:

Synchrotron radiation (ring)

Available RF acceleration (linear)

Proton-proton:

Not a fundamental particle, need to go to higher energies (~x10) for the same physics reach
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Muons
Fundamental particle

207 times electron mass

But… Not a primary particle, and 2.2 𝜇s life time
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Muon collider concept
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Muons – Disruptive Technology
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 MW-class proton driver → target
 Pions produced; decay to muons
 Muon capture and cooling
 Acceleration to TeV & Collisions
 Critical Challenge:

 Can we make a high intensity muon beam?

 ISIS is in charge of the facility design in international 
collaboration

MW-class proton driver sent to a target 

Pions produced that decay into muons 

Muon capture and cooling 

Acceleration to TeV & Collisions 

Linac, RLA or FFA, RCS
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UK collaboration
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Parameters
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Parameters
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Proton driver & Target
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Protons on target → pions → muons 

Challenges: 

Short bunch (few ns)

Energy deposition in high field solenoid at target

Target window life time

5

Lay-out overview
▪ Based on magnetic design inputs
▪ 19m length

Length ≈ 19 m

Ø4 m

C. Accettura et al., IMCC Annual meeting 2023
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nuSTORM
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100 GeV protons from SPS into ~250 kW target

Pion transport line with charge selection

Stochastic muon injection into storage ring

Precise neutrino scattering measurement & study of sterile neutrinos

nuSTORM siting at CERN

• Extraction from SPS through existing tunnel
• Siting of storage ring:

– Allows measurements to be made ‘on or off axis’
– Preserves sterile-neutrino search option
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CLFV: COMET & mu2e

Muon-to-electron conversion 
experiments

Strong synergy with MC

Similar target station

Build collaboration
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Synergy with mu2e

protons  Muon-to-electron 
conversion experiments

 Look for rare decay 
processes

 Under construction now
 R&D for phase II in progress
 Target station similar to MC 

target
 But lower power, lower Celd

 Excellent opportunity to 
test ideas on target station

 Build collaboration

Protons
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Muon cooling
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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 e0ect
 Mitigate with tight focussing
 Mitigate with low-Z materials
 Equilibrium emittance where MCS completely cancels the 

cooling

Ionisation Cooling

MUONSRF

Ionisation cooling:

Energy loss in absorber, reaccelerating in RF cavity

Multiple Coulomb Scattering mitigated with tight focusing and low-Z 
absorber

6D cooling can be done with emittance exchange   

 Initial beam is narrow with some momentum spread
 Low transverse emittance and high longitudinal emittance

 Beam follows curved trajectory in dipole
 Higher momentum particles have higher radius trajectory
 Beam leaves dipole wider with energy-position correlation

 Beam goes through wedge shaped absorber
 Beam leaves wider without energy-position correlation
 High transverse emittance and low longitudinal emittance

Emittance exchange

Dipole
Wedge 
shaped 
absorber
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MICE
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Muon Ionisation Cooling Experiment 
(MICE)

  31

   

Muon Ionisation Cooling Experiment 
(MICE)

Built at RAL, UK
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Muon cooling goal

Challenges:

Very tight focusing in 
final cooling

Chromatic aberrations
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Final cooling

 Challenge is to get very tight focussing
 Go to high Celds (~30+ T) and lower momenta

 Causes longitudinal emittance growth
 Chromatic aberrations introduce challenges

 Elaborate phase rotation required to keep energy spread small
 Move to low RF frequency to manage time spread

H. Sayed et al., High field – low energy muon ionization cooling channel, Phys. Rev. ST Accel. Beams 18, 2015
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Muon acceleration

Linac and RLA at low energy 
(highest energy gradient)

Synchrotrons at higher energies

Very fast ramp RCS or FFAs
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 At higher energy, can use synchrotrons
 Ramp magnets in synchronisation with increasing beam energy
 Need extremely fast ramp < few ms
 To keep ring compact, use combination of

 Fixed superconducting and 
 Pulsed normal conducting magnets

 Shielding components from decay losses

Pulsed Synchrotrons
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Collider ring

Luminosity increases for shorter 
ring and with tight focusing

Challenges:

Very high mean dipole field

Very short bunches

Chromatic abberations

Neutron showering from 
neutrinos
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10TeV Muon Collider - Extended Final Focusing

δ*Wx,y < 1

v0.5

δ*Wx,y < 0.02

Colour code for lattice 
elements: 
• Red dipoles 
• Blue quadrupoles 
• Hashed blue dipole-

quadrupoles 
• Red + Gold  

dipole-sextupoles 
(all 1m long)

9

Final 
Focusing 

with L*=6m

Chromatic 
Correction with 2 set 
of dipole-sextuples

Matching 
CC-ARC

10TeV Muon Collider - Extended Final Focusing

βx

βy

Dx

K. Skoufaris et al., IMCC Annual meeting 2023
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Collider detectors

Standard detector arrangement

Based on e+e- detector

Challenges:

Beam induced background 
arising due to muon decays 
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Muon Collider Detector

 Muon collider 
 Rather standard detector arrangement
 Based on e+e- detector
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Timeline
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Muon Collider - Timeline
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Conclusion
Muon collider can go to much higher energy than e+e- colliders, and much 
smaller footprint than equivalent proton-proton colliders

Many technical challenges, but no show-stopper with current technologies

Physics opportunities at each stage of R&D 

CLFV 

Neutrinos 

Top & Higgs factories

Energy frontier
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Thank you for your 
attention
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Questions?



JB Lagrange

International collaboration
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