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Big questions
• Neutrino masses

• Asymmetry between matter and anti-matter

• Dark matter

• Dark energy

• … … 

are not explained by the Standard Model of particle physics.
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http://pdg.lbl.gov/2019/reviews/rpp2018-rev-neutrino-mixing.pdf
http://sci.esa.int/planck/51557-planck-new-cosmic-recipe/
https://en.wikipedia.org/wiki/Big_Bang


Neutrino Minimal Standard Model
• Neutrino masses

• Asymmetry between matter and anti-matter

• Dark matter

• Models with addition of three right-handed neutrinos to the 
Standard Model can explain the big three questions.
• arXiv:hep-ph/0505013
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Standard Model (SM) Neutrino Minimal Standard Model (nMSM)

Please see Eijima-san’s presentation on Wednesday

https://arxiv.org/abs/1704.08635
https://arxiv.org/abs/hep-ph/0505013


Right-handed neutrinos in nMSM
• Also known as Heavy Neutral Leptons (HNLs).
• N1: Dark matter 

• 1 keV < M1 < 50 keV

• N2, N3: Sources of matter-antimatter asymmetry and neutrino 
masses by Seesaw mechanism
• 0.1 GeV < M2, M3 < 80 GeV
• Reach of accelerator experiments

• Mixing with left-handed neutrinos 
• arXiv:1208.4607 [hep-ph]
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𝜏𝑁 = (4 ∙ 10−12s) 𝑈 −2 𝑚𝑁/1GeV
−5.19

𝑚𝑁~10 GeV, 𝑈 2~10−5→ 𝑐𝜏𝑁~1 mm
→ long lived neutral leptons

𝑁1 𝑁2,3

https://arxiv.org/abs/1208.4607


Old experimental limits
• Limits on right handed neutrino mass 𝑚4 and mixing 𝑉ℓ4
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• arXiv:0901.3589 [hep-ph]

• DELPHI results (Z. Phys. C74 (1997) 57-71) give the best 
limits for m4>2 GeV. 
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Mixing with electron neutrino Mixing with muon neutrino

https://arxiv.org/abs/0901.3589
https://doi.org/10.1007/s002880050370


Latest ATLAS search (1)
• arXiv:1905.09787 [hep-ex], EXOT-2017-26
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Displaced signature not assuming 
lepton number violation

Prompt signature assuming 
lepton number violation

https://arxiv.org/abs/1905.09787
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/


Latest ATLAS search (2)7/13

𝜇±
𝜇∓ Τ𝜇± 𝑒± 𝜈

𝑁

• Large mixing → short lifetime and 
large branching fraction
• Prompt signature is better.

• Small mixing → long lifetime and 
small branching fraction
• Displaced signature is better.
• Limited by ATLAS detector volumes.

Displaced
Vertex



Latest ATLAS search (3)8/13

Displaced signature Prompt signature

Displaced 
signature

Prompt 
signature

No observed
events



Compilation of latest results9/13

Jan Hajer at Blois 2019

https://indico.cern.ch/event/767069/contributions/3410942/


Importance of this study
• The limit plots repeatedly appeared in summary talks of 

the European Strategy Open Symposium in Granada in May.

• mN>5 GeV is accessible only by experiments at the LHC for 
now.

• Why don’t you continue this search at the LHC? Yes!
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Neutrino Dark matter
BSM 

at colliders

https://cafpe.ugr.es/eppsu2019/
https://indico.cern.ch/event/808335/contributions/3365086/attachments/1845291/3027624/nu-app-summary.pdf
https://indico.cern.ch/event/808335/contributions/3365089/attachments/1845345/3027396/Summary-DM-DS-Granada.pdf
https://indico.cern.ch/event/808335/contributions/3365085/attachments/1845363/3027428/PPG-BSM-Summary-final.pdf
https://indico.cern.ch/event/808335/contributions/3365085/attachments/1845363/3027428/PPG-BSM-Summary-final.pdf


Possible improvements of displaced signature (1)

• More integrated luminosity.
• 32.9 fb-1 (only 2016) → 140 fb-1 (2015-2018)

• Use prompt electrons as well.
• 𝑊± → 𝜇±𝜇∓ℓ±𝜈ℓ
• 𝑊± → 𝑒±𝑒∓ℓ±𝜈ℓ

• Tracking dedicated to this analysis 
• A displaced vertex with two leptons with opposite signs
• Since background is limited, we can relax selection criteria to increase 

efficiency and sensitivity.

• Backgrounds
• Random track crossing
→ (a modified) ABCD method

• Hadron interaction
• Meta stable particles
• Cosmic ray muons
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Num. of 
leptons

Same 
sign

Opposite 
sign

2 𝑁 1− 𝜀𝑂𝑆 𝜀ℓ
2 𝑁𝜀𝑂𝑆𝜀ℓ
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1 2𝑁 1 − 𝜀𝑂𝑆 𝜀ℓ(1 − 𝜀ℓ) 2𝑁𝜀𝑂𝑆𝜀ℓ(1 − 𝜀ℓ)

0 𝑁 1 − 𝜀𝑂𝑆 1 − 𝜀ℓ
2 𝑁𝜀𝑂𝑆 1 − 𝜀ℓ

2



Possible improvements of displaced signature (2) 

• Use of transverse mass 𝑚𝑇
• A prompt lepton + two displaced leptons + missing ET

(displaced neutrino)
• Jacobian peak of W boson for background rejection

• Systematics evaluation
• Tracking and vertexing

• 𝐾𝑆
0 → 𝜋+𝜋−

• 𝐵± → 𝐾± Τ𝐽 𝜓 → 𝜇+𝜇−

• Displaced electrons
• 𝛾 → 𝑒+𝑒−

• Displaced muons
• Cosmic ray muons

• I naively expect limits will be 𝑚𝑁 < 15 GeV and 𝑉ℓ𝑁
2 > 10−7.
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Summary
• Neutrino Minimal Standard Model (nMSM) can explain 

neutrino masses, asymmetry between matter and anti-
matter, dark matter. 

• Right-handed neutrinos of nMSM have long lifetimes. 

• Searches of right-handed neutrinos of nMSM are high 
profile.

• LHC experiments have a unique opportunity to search right-
handed neutrinos (N2 and N3) with mN>5 GeV. 

• Latest ATLAS search set the best limit around mN~8 GeV.
• arXiv:1905.09787 [hep-ex]

• We should be able to largely improve the limit (or discover 
signals) with more statistics and tuned analysis.
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https://arxiv.org/abs/1905.09787


Backup slides14/13



Displace vertex mass distributions15/13

EXOT-2017-26

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/


Background estimation

No. of leptons Same charge Opposite charge

2 B A

1 B’ A’

0 D C
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𝐴est = 𝐵 ∙ (𝐶/𝐷)

𝐴est
′ = 𝐵′ ∙ (𝐶/𝐷)

arXiv:1905.09787 [hep-ex]

https://arxiv.org/abs/1905.09787


Mixing with electron neutrino

• CMS : arXiv:1802.02965 [hep-ex]
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EXOT-2017-26

Excluded 

https://arxiv.org/abs/1802.02965
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/


Mixing with muon neutrino18/13

EXOT-2017-26

Excluded 

Excluded 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/


Systematic uncertainties19/13

arXiv:1905.09787 [hep-ex]

https://arxiv.org/abs/1905.09787

