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Apéritif: recent history of muon colliders
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• Strong basis thanks to very 
advanced MAP studies in the 
US (2011-2014, studies and 
hardware), abruptly interrupted 
by DoE in 2014  

• Revived interest in Europe in 
the last years 

• Mention of muon colliders in 
European Strategy document 
and in CERN Medium-Term 
Plan (MTP) 

• New budget line 2M CHF/
year in 2021, increased to 
3M CHF/year over 
2023-2026, + 1.8 MCHF 
over 2025-2027

• Considered as an alternative option for future accelerators at CERN in case there is no FCC 
• International muon collider collaboration (IMCC) strongly established with several working 

groups and also European funding (Mucol project)
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IMCC
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• Can be joined by signing Memorandum of 
Cooperation (58 signed) 

• Main goals: 
•  Assess and develop the muon collider 

concept for a O(10 TeV) facility 
• Muon collider promises sustainable 

approach to the energy frontier 
• Technology and design advances in 

past years 
• Reviews in Europe and US found no 

unsurmountable obstacle
• Identify potential sites to implement the 

collider 
• Develop initial muon collider stage that 

can start operation around 2050
• Develop an R&D roadmap toward the 

collider
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US plans
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• Muon colliders explicitly mentioned in P5 report end of last year 
• US Muon Collider Inauguration Meeting beginning of August at FNAL 

showed a strong interest (again) ! 
• Full integration of IMCC with US planned and started 
• CERN-DoE agreement in preparation

https://indico.fnal.gov/event/64493/#:~:text=Inaugural%20US%20Muon%20Collider%20Community,%C2%B7%20INDICO-FNAL%20(Indico)
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Physics case in a nutshell
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• Well known fact : hard interactions in lepton colliders 
benefit from the full beam energy (contrary to hadron 
colliders where proton constituents interact) 

• ~10 TeV muon collider competes with 100 TeV pp 
collider in this respect 

• VBF: primary production mechanism for most 
processes (muon colliders at high energy qualify as 
Higgs factories) 

• Allows to “scan” centre of mass  energies 

• High cross-section for most processes 

• Muon collider is a W/Z/gamma collider 

• Sensitivity to BSM physics 

• More studies still need to be performed to assess the 
full physics potential 

• Lots of room for contributions
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Physics case: Higgs
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• Bread and butter of muon colliders 

• In comparison, 250 GeV Higgs factories (FCC-ee/ILC/CEPC) produce ≈ 106 Higgses 

• Higgs couplings determined with similar or better precision in the multi TeV regime 

• Can measure trilinear coupling with a precision <5% through di-Higgs 
measurements

ECM (TeV) 1,5 3 10 30
N(Higgs)/107 s 37,500 200,000 107 108

arXiv:2008.12204

• The only machine giving access to 
quartic coupling via triple Higgs 
production

BSM:

arXiv:2003.13628v2

https://arxiv.org/abs/2008.12204
https://arxiv.org/abs/2003.13628
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Physics case: BSM
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• Outstanding physics 
reach for pair production 
of new particles, mass 
reach being the kinematic 
limit of the collider

Solid: HL-LHC 
Shaded: FCC-hh 
Grey lines: muon 

collider (10, 14, 30 TeV)

• Best possible mass/coupling reach in 
case of a Composite Higgs scenario 
(‘Others’ dotted line includes all other 
future projects) 

• Due to falling parton luminosities of 
100 TeV pp collider, or to tiny effect 
of high scale new physics at 100 
GeV (e+e-)
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Sustainability: Luminosity per wall plug power
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• Very attractive option for very high energy : in particular linear e+e- is limited by the wall plug 
power 

• —> Focus on high energy scenarios : 3, 10, 14 TeV (maybe 30) 

• Low-energy staging at the top threshold is in principle very appealing: the collider ring would 
be tens of meters and all the acceleration components would be quite cheap and easy to build
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Muon production and acceleration chain: overview
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Need to do it quickly as 
muons decay ! 

Lifetime is τ = γ x 2.2 μs

Short, intense 
proton bunch

Protons produce pions 
which decay into muons 
muons are then captured

Ionisation cooling of 
muon in matter

Acceleration to 
collision energy Collision
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Muon Ionisation Cooling
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• During the US MAP-era a complete design of a Muon 
Collider cooling system was developed, was further 
improved by the IMCC 

• Comprises a series of solenoids, which focus the beam 
onto energy absorbers to reduce the momentum 

• Momentum is restored longitudinally using RF cavities  

• Rectilinear A initially reduces the beam emittance 
sufficiently and the many initial bunches can be 
merged into one single bunch.  

• Then cooled down using Rectilinear B, followed by a 
sequence of high field solenoids operated ultimately 
with a low momentum (non-relativistic) beam. 

• Needs for solenoids as strong as possible for the last 
phase (> 30 T) 

• Strong R&D on HTS superconductor solenoids Several sites at CERN and FNAL can 
host a future demonstrator



F.Balli — Muon colliders — IRN Terascale @ IP2I Lyon, Nov 13-15 2024

Neutrino radiation
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R : distance between ring and exit 
point~36 km
N𝜇 : number of muons per 1013 

second
E𝜇 : muon beam energy in TeV

• Neutrinos are emitted along the beam line and emerge at the 
surface 

• regenerate muons in the last 100's of m before exiting Earth 

• Dose from muons at Earth's surface (mS/year) ~  

• Aiming for a negligible dose 

• Becomes problematic beyond ~10 TeV (grows as E3) 

• Solutions need to be investigated 

• beam wobbling in the z direction 

• Adjustement on collider location and inclination with Geoprofiler

1.5
NμE3

μ

R2
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Quick detector overview
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• Two different baselines, but sharing the same 
genealogy, derived from CLIC and adapted to 
the muon collider conditions: 

• MUSIC (Muon Smasher for Interesting 
Collisions) 

• High field solenoid between ECal and 
HCal (2.4m radius, 4-5T) 

• MAIA (Muon Accelerator Instrumented 
Apparatus) 

• Solenoid before calorimeters (1.7m, 5T) 

• High occupancy (10x HL-LHC) 

• Total ionizing dose/year is comparable to HL-
LHC and orders of magnitude less than FCC-
hh 

• Extensive studies ongoing, with software 
based on key4hep

14

MAIA Detector Concept

Images from C Bell, LL

Muon Accelerator Instrumented Apparatus 
(Work in Progress)
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CERN: D. Calzolari 
Chicago: K. DiPetrillo, B. Rosser,  

L. Rozanov, I. Hirsch, N. Virani 
DESY: F. Meloni, T. Madlener, P. Pani 

FNAL: S. Jindariani, K. Pedro 
LBNL: S. Pagan Griso 

Tennessee: T. Holmes, LL, B. Johnson,  
M. Hillman, A. Vendrasco, A. Tuna 

Princeton: I. Ojalvo, K. Kennedy, J. Zhang, E. Sledge 
Yale: S. Demers, R. Powers 
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Beam-induced background (BIB)
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• BIB is critical for 

• Magnets (need shielding) 

• Detector : performance depends on the rate of background 
particles arriving to each subdetector 

• Full simulation of BIB at 10 TeV with FLUKA 

• Rate is ~2x103 e/meter/ns, however collimated within an 
average angle of 10-3 rad  

• Electromagnetic showers induced by electrons and photons 
interacting with the machine components generate hadrons, 
secondary muons and electrons and photons 

• Two tungsten nozzles play a crucial role in background 
mitigation inside the detector 

• Tracking crucial to reject BIB with a timing resolution ~30ps for 
the innermost layers 

• Hbb study proves that this background is manageable 

• Further studies ongoing
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• Collaboration very mature, extending to the US 
• Muon test facility hosted at CERN or FNAL to have a 

demonstrator for ionization cooling is under serious 
discussion (https://indico.fnal.gov/event/64984/) 

• Thanks for your attention ! 14

Digestif: concluding remarks
• The muon-collider is a very attractive 

possibility for the very high energy, 
even in terms of timeline 

• Compelling physics case! 
• A precise study of having it as the next 

collider, e.g. reusing the LHC 
accelerator chain, is ongoing 

• There are plenty of interesting studies 
to be performed on the machine, 
detector and physics sides, and 
combined optimisations 

• Strong synergy with neutrino 
factories (not mentioned in this talk) 

• Synergies with other domains: 
neutron spallation, nuclear fusion, 
etc.

https://indico.fnal.gov/event/64984/
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https://link.springer.com/article/10.1140/epjc/s10052-023-11889-x
https://arxiv.org/abs/2008.12204
https://arxiv.org/abs/2203.17197
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Backup
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Higgsino/Wino reach
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Synergies with other domains
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Tentative target beam parameters
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Cooling magnets
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