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1. Heavy Majorana Neutrino at CMS   PRL 2023,  editors’ suggestions

2. Heavey Majorana Neutrino at Same-Sign MuC    PRD2024 
3. Neutrino-neutrino Collisions    JPG2024     

http://indico-cdex.ep.tsinghua.edu.cn/event/162/registrations/participants
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.011803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.035020
https://iopscience.iop.org/article/10.1088/1361-6471/ad2b7d
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From current to future colliders:  muon path
recent US P5 report

https://www.nytimes.com/2023/12/07/science/particle-physics-muon-collider.html?searchResultPosition=1
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Neutrino Portal to BSM  

Sitian Qian

● Neutrino mass confirmed by Neutrino Oscillation experiments
○ Requiring beyond the Standard Model (BSM) description

■ In the context of SM, neutrinos have to be massless because:
● Only left handed neutrinos: Dirac mass term is forbidden
● Only one neutral Higgs doublet: Majorana mass is forbidden

● Effective field theory and UV completion model
○ Dimension-5 Weinberg Operator → See-Saw models 
○ Heavy Majorana Neutrino →  Heavy Neutral leptons

Flip Tanedo

https://indico.fnal.gov/event/53004/contributions/243125/attachments/158622/208165/NuFact2022_SQ_ver3.pdf
https://twitter.com/FlipTanedo
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LHC Searches:  Heavy Majorana and Weinberg Operator

~23TeV!
CMS focus on μμ,         ATLAS results on μμ, ee, eμ 

0vμμ-like
experiment

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.011803
https://doi.org/10.1140/epjc/s10052-023-11915-y
https://arxiv.org/abs/2403.15016


CMS Searches:  Heavy Majorana and Weinberg Operator
Jie Xiao, Sitian Qian (PKU PhD students)   Phys. Rev. Lett. 131 (2023) 011803

0vμμ-like 
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.011803


Heavy Majorana at Muon Colliders
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Signal Background Analysis with Fast Simulation

Tsz Hong Kwok, Lingfeng Li, Tao Liu, Ariel Rock    arXiv:2301.05177
Peiran Li, Zhen Liu, Kun-Feng Lyu      JHEP03(2023)231 

https://arxiv.org/abs/2301.05177
https://doi.org/10.1007/JHEP03(2023)231
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  Same-Sign Muon Colliders
Jin-Lei Yang, Chao-Hsi Chang, Tai-Fu Feng   CPC 48, no.4,043101 (2024)
Ruobing jiang,  QL, et.al.  PRD 109 (2024) 3, 035020

● Pure-leptonic channel
● Semi-leptonic channel
● Hadronic resolved channel
● Hadronic merged channel

Fast Simulation:    MadGraph+Pythia8+Delphes
Full Simulation:     Muon software toolkit

https://iopscience.iop.org/article/10.1088/1674-1137/ad17b0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.035020
https://mcdwiki.docs.cern.ch/tutorial/
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  Same-Sign Muon Colliders
Hadronic merged channel
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Fast vs Full Simulations  Pure leptonic channel
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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

Can confirm result in previous slide.

 

dN1 ∝ N1*dx/L
dN2 ∝ N2*dx/L
d[area]∝2πxtan2(Θ)dx
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Neutrino Collision Processes
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● vvbar->Z:
 large cross section    
      >100pb
can be observed in 
short time!   
~days to weeks  

● May loosen 
requirement on beam 
quality!

SM and BSM (Heavy Majorana)



Committee on Elementary Particle Physics: Progress and Promise - Meeting No. 6
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André de Gouvêa  April 3-4, 2023 

https://www.nationalacademies.org/event/04-03-2023/committee-on-elementary-particle-physics-progress-and-promise-meeting-no-6
https://physics.northwestern.edu/people/faculty/core-faculty/andre-de-gouvea.html


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!   

🌟



Summary
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❏ Large Hadron Collider and Future Muon Colliders
❏ Searches for Heavy neutral leptons
❏ 0vμμ-like experiment

❏ Neutrino beam for collisions
❏ Neutrino-neutrino collider
❏ Neutrino-lepton collider  
 

https://www.worldscientific.com/doi/10.1142/S0217751X22450014


21

Backup
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Bright future bright Colliders

arXiv: 1705.02011

● Fruits produced from LHC and HL-LHC
● An electron-positron Higgs factory as the highest-priority.
● O(10) TeV Muon Collider has also clear advantage
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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/


Dream Bigger:   muon complex
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Muon 
Collisions 

Muon 
Electron
Collisions 

Neutrino
Collisions 

Others:   Material Science,  
Dedicated Muon experiments…
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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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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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Neutrino Profile from Muon Decay

5-7 GeV In average


