
Searching for Majorana Neutrinos at a Same-Sign Muon Collider

Detector performance and MDI meeting 

11/4/2023  

Ruobing Jiang 1 4/11/2023

Qiang Li, Yong Ban, Tianyi Yang, Ruobing Jiang

arXiv:2304.04483 [hep-ph]

https://arxiv.org/abs/2304.04483


Ruobing Jiang 2 4/11/2023

Majorana neutrinos and type-Ι seesaw model

• Dirac mass and Majorana mass are defined by the Lagrangian:

• The two Lagrangians together lead to the neutrino mass matrix:

• The light neutrino masses and mixing element:

• Majorana neutrinos couple to the SM through 
mixing with SM neutrinos:

Type-Ι Seesaw Model

In type-Ι seesaw model, the small masses of SM neutrinos can 

be explained by a suppression due to the high mass of new 

particle (Majorana neutrino).

Recent researches:

at LHC:

[CMS], [arXiv:2206.08956 [hep-ex]]

Electron-positron collider:  

arXiv:1805.09520 [hep-ph].

Electron-electron collider:

arXiv:1610.02618 [hep-ph]

Muon-muon collider:

arXiv:2302.13247 [hep-ph]

arXiv:2301.05177 [hep-ph]

arXiv:2301.07117 [hep-ph]

https://arxiv.org/abs/2206.08956v1
https://arxiv.org/abs/1805.09520
https://arxiv.org/abs/1610.02618v3
https://arxiv.org/abs/2302.13247
https://arxiv.org/abs/2301.05177
https://arxiv.org/abs/2301.07117
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Majorana neutrinos studies at the 𝝁+𝝁+ collider

Signal process: 𝝁+𝝁+ → 𝐖+𝐖+

(a) t-channel

(b) u-channel

• This process is a typical LNV process.

• This process related to the mediation by Majorana neutrinos.

• This t(u)-channel process is less kinematically suppressed.

• The final states of this process are not complicated.

Backgrounds of this process:

• 𝝁+𝝁+ → 𝑾+𝑾+ തν𝝁തν𝝁

• 𝝁+𝝁+ → 𝒁𝑾+𝝁+തν𝝁

• 𝝁+𝝁+ → 𝑾+𝝁+ തν𝝁തν𝝁

• 𝝁+𝝁+ → 𝒁𝝁+𝝁+

• 𝝁+𝝁+ → 𝒁𝒁𝝁+𝝁+

• 𝝁+𝝁+ → 𝑾+𝑾−𝝁+𝝁+

• 𝜸𝜸 → 𝑾+𝑾−
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The results of fast simulation

• Pure-leptonic final states channel: 

• Both signal and backgrounds are simulated with MadGraph5_aMC@NLO.

• Showered and hadronized by 𝐏𝐘𝐓𝐇𝐈𝐀𝟖.

• Use 𝐃𝐄𝐋𝐏𝐇𝐄𝐒 version 3.0 to simulate detector effects with the default card for muon collider detector.

（We are currently using CMS card and will switch to muon collider's card for future researches.）

• Semi-leptonic final states channel: 

Three final states:

• Pure-hadronic final states channel: 

Delphes card

μ+μ+ → W+W+ → 4j/2J

https://github.com/delphes/delphes/blob/master/cards/delphes_card_CMS.tcl
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The distributions of variables through fast simulation
Pure-leptonic channel: 𝐬 = 𝟏𝐓𝐞𝐕, 𝐋 = 𝟏𝟎𝟎𝟎𝐟𝐛−𝟏
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Pure-hadronic channel:

Classify four jets in final states into two reconstructed “bosons” (𝑾𝟏,𝑾𝟐):

• Construct all possible jet pairs candidates: (𝒋𝟏𝒋𝟐, 𝒋𝟑𝒋𝟒), (𝒋𝟏𝒋𝟑, 𝒋𝟐𝒋𝟒), (𝒋𝟏𝒋𝟒, 𝒋𝟐𝒋𝟑),

• Calculate the corresponding mass difference: ∆𝑴𝟐= (𝑴𝟏 −𝑴𝑾)
𝟐+(𝑴𝟐 −𝑴𝑾)

𝟐,

• Choose the minimum ∆𝑴𝟐 as the targeted jet pairs.

A. Hadronic resolved channel: 𝐬 = 𝟏𝐓𝐞𝐕, 𝐋 = 𝟏𝟎𝟎𝟎𝐟𝐛−𝟏
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B. Hadronic merged channel:

When c.m. energy is several TeV, the influence of fatjet should be considered.

𝐬 = 𝟏𝟎𝐓𝐞𝐕, 𝐋 = 𝟏𝟎𝟎𝟎𝐟𝐛−𝟏
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Semi-leptonic channel:

𝐌𝐣𝐣 can be used to reconstruct 𝐖+ boson.

𝐬 = 𝟏𝐓𝐞𝐕, 𝐋 = 𝟏𝟎𝟎𝟎𝐟𝐛−𝟏
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Summary

CL=95% exclusion limit of squared mixing element 𝑽𝝁𝑵
𝟐

as a function of varying Majorana 
neutrino mass 𝑴𝑵.
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The results of full simulation

Research full simulation through Muonc software:

• Generate input particles through MadGraph5_aMC@NLO((MG5_aMC_v3_4_0)) then do parton 

shower through 𝐏𝐘𝐓𝐇𝐈𝐀𝟖.

• The interaction of particles with detector material is simulated by GEANT4 software.

• Both simulation and reconstruction are done within a single framework (such as Marlin framework).

Use signal process and one background in pure-leptonic final states channel:

 Signal: 𝛍+𝛍+ →𝐖+𝐖+,𝐖+ → 𝛍+𝛎𝛍,𝐖
+ → 𝛍+𝛎𝛍.

 Background:  𝛍+𝛍+ → 𝐖+𝐖+ ഥ𝝂𝝁ഥ𝝂𝝁,𝐖
+ → 𝛍+ + 𝛎𝛍,𝐖

+ → 𝛍+𝛎𝛍.

https://mcdwiki.docs.cern.ch/
https://launchpad.net/mg5amcnlo/+download
https://pythia.org/
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• Variables distributions of fast simulation is roughly close to full simulation.

• Select 𝝁+: rctyp==-13&&nrec==2.

Fast vs Full simulation for di-muon channel 
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For the Missing transverse energy MET: we calculated as:

𝑴𝑬𝑻 ∝ σ𝒌𝑷𝑻,𝒌 (the parameter k corresponds to all muons and all photons in final states. ) 

It’s complicate to calculate all 

particles (especially jet) in final 

states to obtain more accurate 

MET in full simulation.

We will discuss more later. 
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Simply using rctyp==-11&&nrec==2 to select 𝒆+. No further ID requirements 

based on the information from tracking and calorimeter. Any suggestion here?

If final states only include positrons:
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Fast vs Full simulation for di-electron channel 
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Conclusions and Outlook

 We have finished a complete fast simulation analysis about searching for 

Majorana neutrinos at 𝝁+𝝁+ collider through 𝝁+𝝁+ → 𝑾+𝑾+ :

• Considered three final states and corresponding backgrounds.

• Obtain variables distributions of different final states for further optimization.

• Our analysis can give the strongest limitation of mixing element 𝑉𝜇𝑁
2

for mass above 10 TeV.

 We performed full vs fast simulation checks for di-muon and di-electron 

channels:

• Several typical distributions show reasonable agreement.

• MET variable to be further examined.
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1. Currently we use two different configuration xml files for 

reconstructions, one with jet and the other not. The resulting 

lctuples contain either jet variables or Pandora reco information 

(e.g. rcxxxx), but not at the same time. This may bring trouble 

to calculate MET or missing energy. Is there any 

recommendated configuration file for more general usage? Our 

steps of full simulation present in Back Up)

Two problems:
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2. How to improve the speed of simulation? It takes me more than 

10 hours to obtain 5000 simulation events in the pure-leptonic 

process. Notice I generate hepmc file first from MadGraph and 

Pythia8, then transfer this single big file to computing farm for 

later steps on simulation and reconstructions. (Now we are trying 

these running on batch systems)
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Thanks for your attention!
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1. Computing setup:

1) singularity run --bind `echo $HOME` --bind /data/pku/home/rjiang/pku/home/rjiang:/data 

/cvmfs/unpack ed.cern.ch/registry.hub.docker.com/infnpd/mucoll-ilc-framework:1.6-centos8

(use pwd to view your own path.)

2) Source /opt/ilcsoft/muonc/init_ilcsoft.sh

3) in singularity: git clone https://github.com/MuonColliderSoft/MuC-Tutorial.git

Back Up
Steps of full simulation:
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1.simulation:

1) Some settings in xxxx.py:

• the path of xml file, the path of input file(xxxx.hepmc).

• set the number of simulation events.

• the output file: xxxx.slcio.

2) ddsim --steeringFile steer_sim_mumu.py > sim.log 2>&1

git clone https://github.com/MuonColliderSoft/MuC-Tutorial.git
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3. Reconstruction: input file is xxxx.slcio.

1) If jet reconstruction is needed:

• /data/MuC-Tutorial/reconstruction/advanced/jet_reco/jet_reco.xml

• Marlin --global.LCIOInputFiles=xxxx.slcio jet_reco.xml

• Output:  Output_REC.slcio , lctuple_jets.root (histograms)

2) If there is no jet reconstruction:

• /data/MuC-Tutorial/reconstruction/steer_reco_mumu.xml( set input file: xxxx.slcio)

• Marlin steer_reco_mumu.xml > reco.log 2>&1

• Output: Output_DST.slcio (it can be used for analysis), Output_REC.000.slcio, 

histograms.root
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4. Analysis：

1) If jet reconstruction is needed:

• /data/MuC-Tutorial/reconstruction/advanced/alternative/lctuple_steer.xml(set input file from 

reconstruction: Output_REC.slcio)

• Marlin lctuple_steer.xml > ntuples.out 2>&1

• Output: xxxx.root(include the variables of jets)
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2) There is no jet reconstruction:

• /data/MuC-Tutorial/MuC-Tutorial/analysis/lctuple/ lctuple_steer.xml

• Marlin --global.LCIOInputFiles=Output_DST.slcio --

MyAIDAProcessor.FileName=lctuple_example lctuple_steer.xml

• Output: xxxx.root (include variables about reconstruction, mc,……)

The meaning of each branch: https://github.com/iLCSoft/LCTuple/tree/master/src

https://github.com/iLCSoft/LCTuple/tree/master/src

