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How can high-precision neutrino experiments 
constrain physics beyond the SM?



“With great precision comes great responsibility.” 
Tim Linden, WIN 2021
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SM lepton doublet

the only renormalizable coupling of the SM to a 
singlet fermion (aka “sterile neutrino” or “heavy neutral lepton”)

SM Higgs doublet SM singlet fermion 
(sterile neutrino)



Very generic extension of SM 
can be leftover of extended gauge multiplet 

Useful phenomenological tool 
can explain ν masses (seesaw mechanism, m ~ TeV…MPl) 
can explain cosmic baryon asymmetry  
(thermal leptogenesis at m≫100 GeV, ARS leptogenesis at m<100 GeV) 
can explain dark matter (m ~ keV) 

can act a mediator to a dark sector (any mass) 
can explain oscillation anomalies (m ~ eV)  
➠ Georgia Karagiorgi’s talk
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Sterile Neutrinos

Joachim Kopp — Neutrinos as a Window to New Physics

Definition: sterile neutrino = SM singlet fermion
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Neutrino Portal Phenomenology
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leads to mass mixing between ν and N 
 ➠ active–sterile neutrino oscillations  
 ➠ N production in neutrino interactions  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3-flavor mixing matrix:  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3-flavor mixing matrix:  
 
 
 
 
 

generalization to 4 flavors straightforward
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Oscillation Example: νμ Disappearance
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Use intense flux of νμ from pion decay  
in accelerator experiment or in the upper atmosphere

Look for “missing” νμ after propagation

Accelerator 
Experiments

Atmospheric 
Neutrinos

Dentler et al. 2018

Combined Fit

not shown here: 
short-baseline oscillation anomalies 

➠ see Georgia Karagiorgi’s talk

https://arxiv.org/abs/1803.10661


for sufficiently heavy N: multitude of decay modes
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Sterile Neutrino Decay Example
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Sterile Neutrino Decay Example
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… and multitude of constraints
Abdullahi et al. 2022

Liquid Argon

Gaseous Argon

https://arxiv.org/abs/2203.08039


Long-baseline oscillation experiments are 
multi-purpose intensity frontier observatories





➠
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Advanced Sterile Neutrino Models

Joachim Kopp — Neutrinos as a Window to New Physics

Vector Portal 
(kinetic mixing with 

“dark photon”)

Higgs Portal 
(scalar mixing)

Neutrino Portal 
(fermion mixing)

Abdullahi Hostert Pascoli 2020

https://arxiv.org/abs/2007.11813
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Outlook

Joachim Kopp — Neutrinos as a Window to New Physics

dim-4: the Neutrino Portal

dim-5: Neutrino Magnetic Moments

dim-6: Neutrinos in SMEFT

one of the main portals to the dark sector 
superior sensitivity at future experiments (near & far detectors!)
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Magnetic Moment Operator 
 
 

In the SM: generated by loop diagrams 
 
 
 
 
 

Numerically tiny: < 10−19 μB

21

Neutrino Magnetic Moments in the SM

Joachim Kopp — Neutrinos as a Window to New Physics

<latexit sha1_base64="9q+IeI+porvp4+QMS0YzUCPaQCQ="></latexit>

L � 1

2
µ↵�
⌫ ⌫̄↵L�

µ⌫⌫�RFµ⌫

Petcov 1977 
Fujikawa Shrock 1980

https://inspirehep.net/literature/109011
https://inspirehep.net/literature/9503
https://inspirehep.net/literature/109011
https://inspirehep.net/literature/9503


Can be significantly enhanced in BSM theories 
new loop diagrams, and/or 

new “sterile” neutrino states NR 
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Neutrino Magnetic Moments Beyond the SM
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leptoquark model, inspired by 
B physics anomalies

Brdar Greljo JK Opferkuch 
2007.15563
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ν–e scattering in  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leptoquark model, inspired by 
flavor anomalies
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Schwetz Zhou Zhu 2021 

https://arxiv.org/abs/2105.09699
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SMEFT (Standard Model Effective Theory)  
= most general parameterization of UV-scale new physics  
➠ Zahra Tabrizi’s talk

For neutrino experiments:  
map onto EFT below the electroweak scale  
 
 
 
 
 

Replaces partially inconsistent “non-standard neutrino 
interactions” formalism with modern EFT
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Neutral Current (NC): new matter effects in oscillations 

Charged Current (CC): modified ν production & detection
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New Neutrino Interaction

Joachim Kopp — Neutrinos as a Window to New Physics

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109  
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097
https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097
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Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109

sensitivity to interactions 
similar in strength to  

SM weak interactions

https://arxiv.org/abs/1911.09109


Significant improvement with DUNE  
➠ probing new physics at the few 100 GeV scale
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DUNE FD TDR – Vol II – Physics

https://arxiv.org/abs/2002.03005


Modified neutrino production and detection processes 

not independent of NC operators 
➠ consistent EFT essential 

Interesting new opportunities at FASERν, SND@LHC, etc. 

see Zahra Tabrizi’s talk
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BSM contributions possible  
in both cases 

for 2ν2β:
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Deppisch Graf Simkovic 2020

https://arxiv.org/abs/2003.11836


BSM contributions possible  
in both cases 

for 0ν2β:
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slide by Eligio Lisi (Nu2018) 
Schechter Valle 1982 
Duerr Lindner Merle 2011

https://zenodo.org/record/1286745
https://inspirehep.net/literature/171180
https://arxiv.org/abs/1105.0901
https://zenodo.org/record/1286745
https://inspirehep.net/literature/171180
https://arxiv.org/abs/1105.0901
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dim-4: the Neutrino Portal

dim-5: Neutrino Magnetic Moments

dim-6: Neutrinos in SMEFT

model-independent formalism for high-scale new physics 
easy comparison between experiments

starting probe TeV–scale new physics 
strong synergies between different searches

one of the main portals to the dark sector 
superior sensitivity at future experiments (near & far detectors!)




