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Future muon collider
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Why muon collider:

1) Muon produced in high energy collisions    

naturally by collision of cosmic rays to Earth atmosphere,

artificially by particle accelerators.

2) Clean environment  as

elementary particle, unlike proton collider (LHC),

no strong interaction (as lepton)

3) Easy to accelerate to higher energy than electron

less synchrotron radiation in (high energy) future circular collider,

rather long lifetime, compared to other elementary particles
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Future muon collider
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Synchrotron radiation: Power carried by the radiation  (relativistic Larmor formula)

If  ( ) ( ),   ( ) 210 ( )E e E e   =  

Cyclotron radiation

Synchrotron radiation



Future electron-muon collider
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Why e-mu collider:

1) observing cLFV (at high energy), which is beyond the SM.

2) Comparing w/ usual cLFV experiments.

3) We will consider 
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charged Lepton Flavor Violation (cLFV)
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lepton flavor number:

lepton number:

➔ SM conserves (total) lepton number   ➔ LNC and cLFC

➔ neutrino oscillation,                , violate  → (neutral) LFV

➔ cLFV only bSM,  

1 :     1 :  
e e
L e L e

− +
= = − 1 :     1 :  

e
L L  − +

= = − 1 :     1 :  L L  − +
= = −

e
L L L L = + +

e     

_

ee   − −
→ + +

e − −
→ +     e W W e e  + −  

→ →




Why heavy sterile neutrinos ?
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Neutrinos in (minimal) SM massless  only left-handed

However, neutrinos have mass  neutrino oscillation

➔ existence of (sterile) right-handed AND/OR   sub-eV active neutrinos are Majorana

Neutrinos in SM have tiny-tiny mass

➔ possibly existence suppressive high scale

seesaw mechanism with massive right-handed neutrino 

➔➔ heavy sterile (Majorana) neutrino

possible LNV observable

0m = L


0m 



Major unresolved problems in SM – requiring BSM

Neutrino oscillation and (tiny) masses → heavy sterile (Majorana) neutrino   w/ seesaw

Dark mater (DM)   → renormalizable BSM  w/  heavy  and/or  weakly  interacting particles

vector portal, scalar portal          → Neutrino portal w/          

→ require right-handed (sterile) neutrino N

+                 if Majorana particle

 at scale  <  m(N),   as Weinberg operator

➔ heavy sterile N = DM

most imminent minimal extension of the SM
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  Mixing  (Oscillation)   and Box DiagramB B−

Inami-Lim Function,                 ,  i=u,c,t

ARGUS exp. (1987) observed large mixing, 
predicted large top-quark (>100 GeV) mass. 
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Now considering PMNS & heavy-light mixings:

Due to Unitarity of neutrino mixing matrix
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Heavy-light mixing  (in type I seesaw)

So we assumed

In type-I seesaw, SM + heavy Majorana neutrinos N_R  (n_H=2).

N_R couples to SM neutrinos and Higgs via Yukawa couplings Y_nu, and generate Dim=5 Weinberg operator at low scale.

After e-w symmetry breaking, Weinberg operator give tiny Majorana masses to active SM neutrinos,

Now adopting Casa-Ibarra parametrization (to ensure PMNS and neutrino masses consistent to oscillation data) :

Then, we get 
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LFV  ➔

LNV + LFV  ➔

W/o observing final nu, no way to distinguish LNV/LFV, neither intermediate nu from nu or N
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Instead, we observe on-shell W+, W-, which decays leptonically or hadronically.
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We get very NICE relation, due to Unitarity of Neutrino Mixing Matrix.

Considering only 3 light nu  ➔

Considering 3 light nu + heavy N ➔

With one heavy N ➔

Due to Unitarity of 3X3 PMNS

→ if only 3 nu of SM   ➔ 0
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Due to Unitarity
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With one heavy N ➔

With 2 heavy N (type 1 seesaw) &

M(N1)=M(N2)=M_N ➔

M(N2)=5M(N1) ➔

e W W− + + −
+ → +



Summary
1. e-mu collider, as application of possible future mu-mu collider,

is the best place to test charged Lepton Flavor Violation (cLFV), 
and to discover “heavy sterile (Majorana?) neutrino (HSN)”.

2. HSN can be a candidate of DM, can give light neutrinos masses,

tiny-tiny mass through (type 1) seesaw mechanism. 

3. We investigated the discovery limit of heavy sterile neutrino via

for                   and  

for               .
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