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The case for a new discovery machine
One can gain a wealth of information from 
precision measurements at low(er) energy…

• as I hope the preceding presentation illustrated


But nothing beats a direct discovery!

• an excellent example: the Higgs boson


However, there are many who are not appealed by the prospect of 
having to wait for this for over 40 years

• are there alternatives?
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https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf


Colliding heavy elementary particles
Using muons has the potential to offer the same energy reach with a much 
smaller circumference collider


•  are elementary particles ➠  
collisions offer sensitivity to physics at 
energy scales up to full CM energy


•  ➠ synchrotron radiation 
(~ ) is not a limiting factor


Focus on 10 TeV, but anticipate 
initial stage (e.g. 3 TeV)


• higher  helps (Liouville’s theorem)!
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http://arxiv.org/abs/1901.06150
https://www.slac.stanford.edu/econf/C210711/SnowmassBook.pdf


Direct BSM reach
Benefit of having high  is most clear in the case of pair production 
of new particles: access to particles with mass 


• “straightforward” if  decay yields 
multiple visible decay products


• more detailed studies have been 
carried out to assess sensitivity to 
e.g. displaced tracks (as relevant 
in compressed SUSY WIMP DM 
scenarios)

ECM
mX ≲ ECM/2

X
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(from EPJC 2023)

 multipletSU(3)c ⊗ SU(2)L ⊗ U(1)Y

thermal freeze-out limit

https://doi.org/10.1140/epjc/s10052-023-11889-x


Direct BSM reach
Absent clear evidence for specific BSM physics scenarios, study 
benchmark pair production of BSM particles

• production through gauge couplings relatively model-independent; mass 

reach for multiple production processes ( , , ) may exceed that of a 
100 TeV FCC-hh

• clearly conclusions change if new particles have strong couplings


T χ±
1 τ̃
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HL-LHC reach

FCC-hh reach



(Single-)Higgs Physics
Despite the muons’ elementary nature, the Higgs production cross section 
is dominated by much lower energy scales: VBF ( )


• expect ~ 107 single-  events in 
10 ab-1 of 10 TeV data


• interpretation in terms of 
coupling constants: 

         , 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precision comparable to that 
obtainable with (other) Higgs factories



Higgs self-couplings
10 ab-1 of 10 TeV data ➠ also ~ 3 104 VBF-produced  events 
expected according to SM: wealth of data to study the Higgs potential 

                 


• in tree level EFT formulation:  (coefficients of ,  
operators): , 


Expect ~ 5% uncertainty on , somewhat dependent on angular 
acceptance


• lift degeneracy between ,  by considering high-  tail specifically 
(  sensitive to compositeness)

⋅ HH

V = m2
H

2 H2+ m2
H

2v (1 + δκ3) H3+ m2
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3
3 CH) 𝒪6 𝒪H
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https://doi.org/10.1007/JHEP05(2021)219


Challenge:  productionμ±

s ➠ need a high muon production rate


Baseline: production from , with  produced in 
proton-nucleus collisions

• premium on high-power (2—4 MW) target (Hg jet) and efficient capture of 

 ( 20 T solenoid) to produce ~ 1011  / s


• alternative Low-EMittance Muon Accelerator (LEMMA) scheme: 
start with ~ 45 GeV  beam impinging on  at rest ➠  
threshold for  production (fully collimated in lab system)

• limitation:  production (1015/s)

τμ ≈ 2.2 μ

π± → μ±νμ(ν̄μ) π±

π± B ≲ μ

e+ e−

e+e− → μ+μ−

e+ 𝒪
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https://pos.sissa.it/367/047


Challenge:  coolingμ±

In the baseline production scenario, rapid cooling is needed before 
acceleration is possible: ionisation cooling

• minimise multiple Coulomb 

scattering by having  loss 
occur in low-  material: LH2


• all in a strong solenoidal field


Physics of  loss by charged particles 
in matter is well understood, but 
technical challenges are significant

• demonstration (w/o 

RF re-acceleration): 
MICE, Nature 578 
(2020) 53

• more quantitative  

emittance evaluation: 
arXiv:2310.05669

E
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9

energy loss re-acceleration

https://www.nature.com/articles/s41586-020-1958-9
https://www.nature.com/articles/s41586-020-1958-9
https://www.nature.com/articles/s41586-020-1958-9
https://arxiv.org/abs/2310.05669


Challenges: acceleration,  radiationν
Short  also means that acceleration needs to be done very rapidly 

(perhaps 100 s) ➠ cost efficiency: combination of recirculating linacs + 
rapid-cycling synchrotron

• different CM energies require different RCS


 interaction cross section  ➠

 radiation from the collider is a concern


• plan: time-dependent 
deformation of the  trajectory 
to spread radiation over a 
larger area

• at 5 TeV beam energy, it may be 

necessary to place beam line 
components on movers


Also need to shield magnets from decay 

τμ

μ

ν − N ∝ Eν

ν

μ

e±
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Beam-induced background
For 5 TeV : 2.4 104 ➠ decay length in lab frame is ~ 1.6 107 m. 
With 2 1012  / bunch: ~ 105  decays / m: challenging background!


• direct decay  but also secondary particles from interactions with 
upstream accelerator elements ➠ shielding is an important consideration

• in particular, tungsten nozzle limiting acceptance in , likely by 10

μ γ =
μ μ

e±

θ ∘
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Tracking & vertex detectors
Beam-induced background remaining after shielding is still a problem

• fine granularity to reduce 

occupancy

• precise timing (30 ps for vertexing, 

60 ps for tracking assumed)

• challenge for the vertex detector, 

especially for small pixel size 
(25 m  25 m)


• need for “4D tracking”
μ × μ
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Calorimeters
Goal: resolve jet substructure in highly collimated high-momentum jets 


• high granularity needed (5 mm  5 mm in ECAL: Si + W)


• performance studies to date mainly focus on jets with 200 GeV


Beam-induced background is an issue especially in the ECAL

• good timing again should help to suppress this (aiming at 300 ps window)

• aided further by fine longitudinal sampling (ECAL: 40 layers)

×
pT <
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Technically limited timeline
Ignoring funding issues and assuming good progress
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Technically limited timeline
Ignoring funding issues and assuming good progress
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Report from the Particle Physics Project Prioritisation Panel: 



Summary & outlook
A Muon Collider offers a promising (even if challenging) avenue to 
probe the high-energy frontier on a manageable timescale


There is still significant work to be done to

• assess its physics capabilities

• optimise its accelerator parameters and detector configuration

You are very welcome to join the effort!
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http://arxiv.org/abs/2103.14043
https://arxiv.org/abs/2012.11555


Physics capabilities
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