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 Richness out of smallness 
● Rich phenomena from colliders?  
● More at the microscope scale?
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Bright future bright Colliders

arXiv: 1705.02011

● An electron-positron Higgs factory as the highest-priority.
● O(10) TeV Muon Collider has also clear advantage
● ……
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Rich Physics at Muon Collider

arXiv:2201.07808
Tau at TeV scale, flying several 
cms, sensitive to tau g-2

arXiv:2107.13581
LL Polarized ZZ scattering
>5σ with 3/ab at 14 TeV MC

Displaced Tau 
reconstruction: tracker

Closer Z decay products: 
finer calorimeter 

arXiv:2109.01265
Leptoquark searches
B anomaly

Flavor tagging:
Tracker, vertex

https://arxiv.org/abs/2201.07808
https://arxiv.org/abs/2107.13581
https://arxiv.org/abs/2109.01265
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and more funs
See e.g. recent talk from Dr. Keping Xie, and many talks at the workshop 

https://indico.ihep.ac.cn/event/16750/material/slides/1.pdf
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Muon Collider:  challenges ECFA Workshop on e+e- Higgs/EW/Top 
Factories October 5-7, 2022, in Hamburg

https://indico.desy.de/event/33640/timetable/?view=standard
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Muon Collider:  beam and background
1) Muon Source 2)   Muon Beam Induced background

3)   Neutrino Flux Mitigation: 
 move collider ring components, e.g. 
vertical bending with 1% of main field

https://arxiv.org/abs/1905.03725
https://indico.cern.ch/event/855372/contributions/4456520/attachments/2303915/3919730/neutrino.pdf
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● “...enough intermediate physics goals (e.g. neutrino beams)”  
● neutrino mass …“This is certainly the most likely new physics 

there is…”

Muon Collider: intermediate steps?

Seattle Snowmass Summer Meeting 2022

link

https://indico.fnal.gov/event/22303/timetable/?view=standard_numbered
https://profmattstrassler.com/2022/06/09/a-big-think-made-of-straw-bad-arguments-against-future-colliders/
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ECFA Workshop on e+e- Higgs/EW/Top 
Factories October 5-7, 2022, in Hamburg

Also in:  Snowmass Physics Drivers

https://indico.desy.de/event/33640/timetable/?view=standard
https://indico.fnal.gov/event/22303/contributions/246087/attachments/158149/207438/Cushman_Distillation.pdf
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Neutrino Portal to BSM  

Sitian Qian Weinberg Operator:  ννHH interaction!

https://indico.fnal.gov/event/53004/contributions/243125/attachments/158622/208165/NuFact2022_SQ_ver3.pdf
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Neutrino Portal to BSM  

coupling ∝  
heavy neutrino mass 
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Neutrino Beam:  long ago
B. J. King    hep-ex/0005007

NuTeV
Neutrino-Nucleon Scattering
NuMAX
NuSOnG
Neutrino Scattering on Glass
nuSTORM
"Neutrinos from STORed 
Muons," …for neutrino oscillation 
searches  Head-on collisions at TeV scale?

Straight Section

https://arxiv.org/abs/hep-ex/0005007
http://arxiv.org/abs/hep-ex/0110059
http://arxiv.org/abs/1803.07431
http://arxiv.org/abs/0803.0354
http://arxiv.org/abs/1206.0294
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Neutrino Beam from 1TeV Muon beam

Highly collimated in angle, yet widely distributed in Energy

“Parton Distribution Function” 
Included in MadGaph



Neutrino Collider?

A small modulation of the muon decay 
angle through vertical bending, symbolized 
by the squiggly line, may be used to focus 
the neutrino beam.
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Question:    ?/fb in 1-10 years

Straight Section

Neutrino (anti-)neutrino collisions



Very Crude Luminosity Estimation
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On top of muon collider luminosity projection, suppressed by:
1. (Flat over ARC)^2                        ~ ( 1/10)^2~1/100
2. Wide Beam, e.g. 1000 microns   ~ (1/100)^2~1/10^4 

https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.luminosity


Crude Luminosity Estimation
Approximating neutrino emitted along 
 muon beam lines with a fixed cone angle
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Can confirm result in previous slide.

 

dN1 ∝ N1*dx/L
dN2 ∝ N2*dx/L
d[area]∝2πxtan2(Θ)dx



Neutrino Collision Processes
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SM and BSM (Heavy Majorana)

● vvbar->Z:
 large cross section    
      >100pb
can be observed in 
short time!   
~days to weeks  

● May loosen 
requirement on beam 
quality!



Neutrino antineutrino Annihilation
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Neutrino antineutrino annihilation has large cross section, can 
be observed in short time!

Outgoing muon energy 
distributions for neutrino 
antineutrino annihilation 
into Z and SM-like Z’ bosons, 
with Z’ mass set as 150 GeV 
with narrow width.

First probe on di-neutrino resonances!



Heavy Majorana Neutrino
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Weinberg Operator,  UV completion with 
See-Saw models

With 1/fb of data,  the sensitivity on mixing 
elements for a  10 TeV scale Heavy Majorana can 
already surpass LHC by 2 orders of magnitudes!   

🌟



Neutrino lepton Collider
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Similar design, but with only 
one sided neutrino beam,   
0.1-1/fb in 10 years?

Inspired by 
recent CDF W 
mass anomaly 
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Single W production
Kink Structure from W threshold in convolution with Beam PDF
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Single W production

Larger MW   →
Higher incoming neutrino Energy   →
Larger outgoing Muon Energy (More boosted)

If  pT(outgoing muon) > 40 GeV 
the cross sections with MW = 80.4 (80.41) 
are 166.2 (167.6) pb. 

Based on a simple counting experiment, 
a 10 MeV accuracy on MW can be achieved 
with an integrated luminosity of 
only 0.1 fb−1. 
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Robustness on W mass precision
We varied the incoming muon and electron
beam energy by 0.5 GeV and 10 MeV, 
respectively, which are quite conservative 
following previous refs. 

We found that the cross sections changed 
by about 0.6 pb for both variations. 

This uncertainty could be mitigated by
using the shape of the outgoing muon 
energy, by scanning different incoming beam 
energies, or by calibrating
the incoming muon beam energy with the 
electron decay products.
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More Physics from neutrino-lepton collisions

Anomalous Zνν couplings

⇚
leptoquark
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electron-muon collider

Flexibility to extend to various options!

● A novel kind of collider from 0 -> 1
○ low to high collision energy
○ linear/circular/hybrid 
○ various beam combinations: 

      e−μ+, e+μ−, e+μ+,e-μ−, polarization

● An important intermediate step 
○ between e-e and mu-mu
○ Robust under muon beam induced background

● Rich physics with economical budget
○ Charged Lepton Flavor violation
○ Higgs precision measurement
○ majorana neutrino, heavy lepton
○ ~ 1-2 billion $  in total
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electron-muon collider:  ~26 years ago

hep-ph/9709265

hep-ph/9605204

We found these papers after we submitted ours to 
arXiv.  These focused mostly on LFV though. 
We here for the first time connect low energy collision 
with high energy collision for both LFV and Higgs.

https://arxiv.org/abs/hep-ph/9709265
https://arxiv.org/pdf/hep-ph/9605204.pdf
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Higgs Pair

Single Higgs

bkg: em>vvz

bkg: em>vvw+w-

emu collider processes

mu-mu collider

A vector boson scattering/fusion machine
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Benchmark collision energy
(Benchmark\GeV) e- mu+ COM Comments

A 10 10 20 Lepton Flavor Violation

B 50 50 100 Lepton Flavor Violation

C 20 200 126.5 H->emu

D 50 1000 447.21 LFV, Higgs, Top           H ~60fb

E 100 1000 632.46 LFV, Higgs, Top           H ~115fb      

F 100 3000 1095.4 Higgs  Top                   H ~300fb

Mostly background free, or at most from VBS processes, e.g. e mu > v v Z.

Higgs xsec~210fb at CEPC@250GeV. 



Higgs property measurement 
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● Take 50-1000/100-3000 GeV benchmark as examples
● Higgs produced through VBS, ~60fb
● Main background is VBS Z production
● Using MG+Pythia+Delphes (Muon Collider Card)

Larger Nozzle to suppress 
more beam background, 
without much loss on signal 
acceptance.

https://indico.cern.ch/event/957299/contributions/4023467/attachments/2106044/3541874/delphes_card_mucol_mdi_.pdf
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The measured precision of gHbb in the 
electron-muon collider can reach to a few 
percent level with order ab−1 of data and is 
dominated by the uncertainty on gHWW.

Higgs property measurement 



Dream Bigger:   muon complex
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Muon 
Collisions 

Muon 
Electron
Collisions 

Neutrino
Collisions 

Others:   Material Science,  
Dedicated Muon experiments…



Summary
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● An neutrino-neutrino collider is quite sensitive to neutrino physics
○ Several days of run to observe neutrino annihilation

● An neutrino-lepton collider is quite sensitive to W mass
○ 10MeV accuracy with 0.1/fb!

● An electron-muon collider is sensitive to CLFV and Higgs Physics

● These colliders are both novel ideas in themselves, and may also 
be useful intermediate steps, with less muon cooling required, 
towards the final muon-muon collider.
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Backup
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Muon colliders have suppressed synchrotron radiation. 
● Clean events as in e+e- colliders
● High collision energy as in hadron colliders

But lifetime at rest only 2.2 μs.

Muon Collider interest Revived upon Muon Anomalies

link

http://hst-archive.web.cern.ch/archiv/HST2000/teaching/expt/muoncalc/lifecalc.htm
https://indico.cern.ch/event/867138/attachments/1954116/3245303/Muon_Collider_European_Strategy.pdf
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https://ipac2022.vrws.de/talks/tuizsp2_talk.pdf

https://ipac2022.vrws.de/talks/tuizsp2_talk.pdf
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B. J. King    hep-ex/0005007

https://arxiv.org/abs/hep-ex/0005007
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Lepton Flavor Violation
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Lepton Flavor Violation

https://arxiv.org/abs/1801.04688

Discovery of Charged Lepton Flavor Violation is New 
Physics! violation of a (so-far) conservation law.

CLFV2019

https://arxiv.org/abs/1801.04688
https://conference-indico.kek.jp/event/70/timetable/?view=standard


Lepton Flavor Violation  arXiv:2003.03997

● Many specific and well motivated BSM models including LFV can be found in literature.
● A simple model where LFV transitions are mediated by a generic heavy neutral boson (Z’)

○ Z’ as a gauge singlet,  SU(2)L invariance
○ No assumption on the couplings of the Z’ with quarks

Low energy bounds on Z’ couplings

SINDRUM Collaboration 39

Upper bound from muon decay 

e+mu@500 GeV 

e+mu@1000 GeV 

e+ mu-   > e- mu+   double LFV

https://arxiv.org/pdf/2003.03997.pdf
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Current best limit from ATLAS:
CEPC Projection:
                    

Model implemented in 
MG, w or wo ISR;

Signal at peak ~ 5.3pb, 
while bkg ~0.1fb

A simple estimation
gives 100 times better 
limit than ATLAS, with 
only 1/fb.

Lepton Flavor Violation  arXiv:2010.15144

https://github.com/qliphy/MGISR/tree/mg266emu
https://arxiv.org/pdf/2010.15144.pdf


             Crude cost estimation
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LFV, Higgs, majorana neutrino ....      
~10-20 billion RMB in total to reach physics hopefully  ~ CEPC + half-SPPC

O(10)GeV 
ele mu collision O(50-100)GeV ele

O(1) TeV mu O(50-100)GeV ele
O(1-3) TeV mu

<1 km size;  
1 billion RMB

2-3 km size; 
5 billion RMB

  6 km size;  
~10 billion RMB

6 km size;  
10-20 billion RMB

O(1-3) TeV mu
O(1-3) TeV mu

New World/Virgin land from the low energy collision  

μ−μ+eμeμlinear eμ

6TeV ~ 40TeV pp

Total Project Cost (TPC) model 

https://arxiv.org/pdf/1705.02011.pdf


Facility and cost estimation
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1TeV Muon beam:
2B$*(4km/10km)^0.5+2B$*(2)^0.5+2B$*(100MW/100MW)^0.5~6B$

(3TeV Muon ~8B $)
If 3 times larger

2B$  in total
Note:  

● electron part cost is relatively small
● O(100)GeV e-mu collider cost much less

Physics Today 51, 3, 48 (1998)
"But  the result  might  well be a 
machine that  is less  expensive  
than an  ee linear  collider  with  the  
same  final  energy,  though a  TeV 
muon  collider  would  still  be  a  
billion-dollar  undertaking."

Total Project Cost (TPC) model in US accounting  (EU accounting might be 2-3 times lower): 
     “civil construction”, “accelerator components”, “site power infrastructure”

https://physicstoday.scitation.org/doi/pdf/10.1063/1.882185
https://arxiv.org/pdf/1705.02011.pdf


Facility and cost estimation

43

Total Project Cost (TPC) model in US accounting  (EU accounting might be 2-3 times lower): 
     “civil construction”, “accelerator components”, “site power infrastructure”

https://www.nature.com/articles/d41586-018-07492-w

3 times larger

CEPC:
2B$*(50km/10km)^0.5+2B$*(0.25)^0.5+2B$*(500MW/100MW)^0.5~10B$
or     
2B$*(100km/10km)^0.5+2B$*(0.25)^0.5+2B$*(500MW/100MW)^0.5~12B$

https://arxiv.org/pdf/1705.02011.pdf
https://www.nature.com/articles/d41586-018-07492-w

