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Neutrino Oscillations
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Neutrino oscillations only possible if 
neutrinos have mass!
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Neutrino Mass Generation
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Seesaw Mechanism

Neutrino masses inversely 
proportional to Majorana mass
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“Here is an impressionist version of the seesaw mechanism with an abstract seesaw. The contrast 
between the heavy and light sides is represented through expressive brushstrokes and vibrant 

colors, capturing the essence of the mechanism in a serene, dreamlike setting.”



Neutrino Mass Generation
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Seesaw Mechanism

Neutrino masses inversely 
proportional to Majorana mass
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Inverse Seesaw Mechanism
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Neutrino Mass Generation
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Seesaw Mechanism
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Neutrino masses inversely 
proportional to Majorana mass
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Heavy Neutral Lepton Landscape
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• We don’t know the scale of neutrino mass mechanism 

• Adapted from M. Shaposhnikov “Sterile Neutrinos as Dark Matter”

HNL Mass [GeV]
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Heavy Neutral Lepton Landscape
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Heavy Neutral Lepton Mass
eV keV MeV GeV TeV

Oscillation  
Anomalies Sterile  DMν LeptogenesisDark Sectors, LLPs, Colliders

• We don’t know the scale of neutrino mass mechanism 

• But we know the testable range of HNL masses

Focus of this talk: keV - TeV range



• Also called sterile neutrinos. Can 
potentially make up all of the dark matter 

• 4th neutrino eigenstate 

• Relic abundance via Dodelson-Widrow 
Mechanism  

• Decay to monochromatic X-ray photons 

keV-scale Heavy Neutral Leptons
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keV-scale Heavy Neutral Leptons
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• Also called sterile neutrinos. Can 
potentially make up all of the dark matter 

• 4th neutrino eigenstate 

• Relic abundance via Dodelson-Widrow 
Mechanism  

• Decay to monochromatic X-ray photons 
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• Also called sterile neutrinos. Can 
potentially make up all of the dark matter 

• 4th neutrino eigenstate 

• Relic abundance via Dodelson-Widrow 
Mechanism  

• Decay to monochromatic X-ray photons 
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keV-scale Heavy Neutral Leptons
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Can we save Dodelson-Widrow?

• Also called sterile neutrinos. Can 
potentially make up all of the dark matter 

• 4th neutrino eigenstate 

• Relic abundance via Dodelson-Widrow 
Mechanism  

• Decay to monochromatic X-ray photons 
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• Schematically, the sterile neutrino relic abundance is 

•   large angle is required  X-ray constraints. 

• Smaller mixing angle by increasing the interaction rate? Yes! Introduce a scalar field  of 
mass  that mediates new self interactions among SM neutrinos.

Γ = ΓW → →

ϕ
mϕ

Neutrino Self Interactions
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Larger rate than the weak interactions keeps SM neutrinos in contact 
for a longer period of time to build up the DM abundance!

A. de Gouvêa, M. Sen,  
W. Tangarife, Y. Zhang  
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Neutrinophilic Scalar
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• New production mode  don’t have to live on DW line!→

BM1

BM2

Any point in this parameter space can be 
mapped to a curve in the  vs  planeλ mϕ
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Sterile  DM still alive! Testable at neutrino facilities
See Vera’s talk however.

ν
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• The neutrinophilic scalar can also be a mediator to thermal DM

Thermal Dark Matter
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GeV-Scale Heavy Neutral Leptons
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• MeV - GeV scale HNLs are long-lived.  



• MeV - GeV scale HNLs are long-lived.  

GeV-Scale Heavy Neutral Leptons
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Constraints from BBN force minimal GeV-scale HNLs to be 
above 100 MeV if they thermalize in the early universe∼

Yu-Ming Cheng and Yue Zhang arXiv:2410.07343
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• Long-lived particles  high-intensity experiments 
• Beam dump experiments (e.g SHiP, DarkQuest); far forward or transverse detectors (e.g FASER, 

MATHUSLA) 
• Large number protons-on-target  high flux of BSM particles 
• Long decay volumes  small couplings

→

→
→
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HNLs @ Intensity Frontier
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HNLs @ Intensity Frontier
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Good coverage by SHiP, MATHUSLA, and LHC

Existing bounds from:  M. Hostert - Heavy Neutrino Limits
P. Bolton - Sterile Neutrino Constraints

https://github.com/mhostert/Heavy-Neutrino-Limits
https://www.hep.ucl.ac.uk/~pbolton/index.html


Future Linear Colliders
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Best of both worlds!

https://agenda.linearcollider.org/event/9211/timetable/?view=standard_numbered


Advantages of Future Electron Colliders
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• Large beam energies compared to past/current experiments 
•  100 GeV - few TeV 
• Staged energy approach. No need to build a new facility for higher energy beams! 

• High intensity -  electrons-on-target/year 

• New production modes: 
•  beam  charged current scattering production of heavy neutral leptons 
•  beam  pair annihilation production of dark photons/ALPs

Ee ∼

∼ 1021

e− →
e+ →
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Fig. from 2206.13523

High-Energy Lepton Beam Dumps
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Sensitivity: Electron-Mixed HNL
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P. Giffin, S. Gori, Y.D-Tasi, and DT 
arXiv:2206.13745

Meson Decays CC Production

Importance of  
higher energy!

https://arxiv.org/pdf/2206.13745.pdf
https://arxiv.org/pdf/2206.13745.pdf


Sensitivity: Muon and Tau Mixed HNLs
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Muon-mixed HNL Tau-mixed HNL
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Sensitivity: Muon and Tau Mixed HNLs
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Muon-mixed HNL Tau-mixed HNL
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Far, far future: CC production @ TeV muon 
beam dump exp??
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Reach beyond HL-LHC projections!

HNLs @ Muon Beam Dump
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• Direct production of muon-mixed HNL via charged-current scattering is 
now available!

17/28
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`dump = 10m, `sh = 70m

`dec = 50m, rdet = 2m

Might be too optimistic but we  
want a direct comparison with ILC beam dump

Work in progress DT
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Are neutrinos Dirac or Majorana? Lepton 
number is an approximate symmetry of the 

SM. Violated by Majorana mass terms.

HNLs and Lepton Number Violation
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EWSB

<latexit sha1_base64="xTTuB20ct/odDOxfwCmOQEZdNwQ="></latexit>

L � Y L̄H̃NR +
1

2
MN N̄RNR

! mD⌫̄LNR +MN N̄RNR

Violates Lepton  
Number!

Neutrinoless Double Beta Decay is a smoking gun signature of Majorana HNLs



Neutrinoless Double Beta Decay
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Probe of electron-
mixed HNLs beyond 

the TeV-scale!

F. Deppisch arXiv:2206.01140

Electron-Mixed HNL

arXiv:1912.03058
Only for electron-mixing. What about 

muon- or tau-mixed HNLs?

https://arxiv.org/pdf/2206.01140
https://arxiv.org/pdf/1912.03058


Same-sign final state leptons probe Majorana HNLs at the LHC

Same-Sign Leptons @ LHC
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ATLAS arXiv:2305.14931

CMS arXiv:2206.08956

Muon-Mixed HNL

https://arxiv.org/abs/2305.14931
https://arxiv.org/pdf/2206.08956


Same-Sign Lepton Colliders

D. Tuckler (he/him) 21/28Dark Interactions 2024 - Heavy Neutral Leptons

time

<latexit sha1_base64="B1ef+emzBbLiQzYfyMI01xFAPv8="></latexit>

0⌫��
<latexit sha1_base64="DRxYvu9gg/qkvpt7E2giDdakYo8="></latexit>

W±

<latexit sha1_base64="DRxYvu9gg/qkvpt7E2giDdakYo8="></latexit>

W±

time

Same-Sign Lepton Colliders



Same-Sign Lepton Colliders

D. Tuckler (he/him) Dark Interactions 2024 - Heavy Neutral Leptons

time

<latexit sha1_base64="B1ef+emzBbLiQzYfyMI01xFAPv8="></latexit>

0⌫��
<latexit sha1_base64="DRxYvu9gg/qkvpt7E2giDdakYo8="></latexit>

W±

<latexit sha1_base64="DRxYvu9gg/qkvpt7E2giDdakYo8="></latexit>

W±

time

Same-Sign Lepton Colliders

TRISTANμ

Compact Linear Collider

CLIC Note 512 (2002)

arXiv:2201.06664

21/28

https://cds.cern.ch/record/555155
https://arxiv.org/pdf/2201.06664


Same-Sign Lepton Colliders
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Probe HNLs with a different flavor initial state lepton!

Muon-Mixed HNL

Work in progress C. H. de Lima, J. Ng,  
D. McKeen, M. Shamma, and DT

Reach beyond 
LHC already 

with 250 GeV!
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Probe HNLs with a different flavor initial state lepton!

Muon-Mixed HNL

Work in progress C. H. de Lima, J. Ng,  
D. McKeen, M. Shamma, and DT

Reach beyond 
100 TeV pp 

collider with 1 
TeV !μ+μ+
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Probe HNLs with a different flavor initial state lepton!

Muon-Mixed HNL

Beyond   
Colliders! 

μ+μ−

Work in progress C. H. de Lima, J. Ng,  
D. McKeen, M. Shamma, and DT
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HNL Dark Sector Portal

D. Tuckler (he/him) 24/28Dark Interactions 2024 - Heavy Neutral Leptons

Dark 
Sector

Visible 
Sector

<latexit sha1_base64="hSPH3h02imue3SIJ6GAP5Brd/uw="></latexit>

HNL

time
DM-neutrino scattering

DM 
Annihilation

DM Portal

<latexit sha1_base64="IdeoDUc5DIW1R3acuHieyw+TBAo="></latexit>

L � m��̄�+ �`L̄`H̃NR + y���̄NR

arXiv:1412.3113
arXiv:1709.07001

Tau-Mixed HNL

See B. Batell, T. Han, Dave McKeen, and B. S. Es 
Haghi arXiv:1709.07001 for more details 

(Or ask Dave…)

https://arxiv.org/pdf/1412.3113
https://arxiv.org/pdf/1709.07001
https://arxiv.org/pdf/1709.07001
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Too much DM

Tau-Mixed HNL
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Parameter Space

See B. Batell, T. Han, Dave McKeen, and B. S. Es 
Haghi arXiv:1709.07001 for more details 

(Or ask Dave…)
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A lot of unexplored parameter space!

Invisibly decaying Tau-Mixed HNL
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Invisible HNL@BaBar
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BaBar search for invisible HNLs 
using phase space strategy
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BaBar limits from arXiv:2207.09575
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Really, really good bound….
BaBar arXiv:2207.09575
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Scrutinizing BaBar Bound
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How many HNLs should you expect?
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Less than 1 HNL above 1 GeV…?
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Less than 1 HNL above 1 GeV…? Can Belle II confirm the BaBar bound? 

How many HNLs should you expect?
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Belle II: Missing Mass Strategy
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Peak around mN

above SM neutrino bkg.

Work in progress W. Altmannshofer, A. Ghalsasi, D. McKeen, and DT



HNL Connections
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