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Disclaimer
• I speak (too) fast in English… sorry… 

• Please! ask me to repeat or slow down  

• It is OK to raise your hand or interrupt with a question
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Feedback? Comments? mahn@pa.msu.edu

mailto:mahn@pa.msu.edu


Outline

Neutrinos as probes: neutrino 
astrophysics, coherent neutrino 

scattering

What do we know about 
neutrino mass?

 3

How do we study neutrino 
oscillation? Is our 

understanding of neutrino 
mixing complete?
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How do we study neutrino 
oscillation? Is our 

understanding of neutrino 
mixing complete?
Sterile neutrinos



• Neutrinos are massive because we observe oscillation
• Dirac mass terms imply a right handed particle…
• … which doesn’t interact via the weak force - sterile
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The enigma of neutrino mass
The oscillation probability, P, for νµ to oscillate is sinusoidal and depends on 
the distance L (km) the neutrinos travel and their energy E (GeV):  
 

Tokai To Kamioka (T2K) experiment:  
Off-axis, Eν(peak) ~0.6GeV, L=295km 

MINOS experiment: On-axis 
Eν(peak) ~3 GeV, L=735km 
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The enigma of neutrino mass
• Neutrinos are massive because we observe oscillation
• Dirac mass terms imply a right handed particle…
• … which doesn’t interact via the weak force - sterile
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Sterile neutrino oscillation
• Neutrinos are massive because we observe oscillation
• Dirac mass terms imply a right handed particle…
• … which doesn’t interact via the weak force - sterile
• Mixing matrix would be modified: as follows; and 

additional mass splittings would be observed
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• Neutrinos are massive because we observe oscillation
• Dirac mass terms imply a right handed particle…
• … which doesn’t interact via the weak force - sterile
• Mixing matrix would be modified:
• Additional mass splittings would be observed

Sterile neutrino oscillation
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Sterile neutrino oscillation
• “3+1” oscillation looks much like regular two flavor oscillation

disappearance                appearance
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Evidence
For steriles! What steriles?

Reactor antineutrino anomaly

Gallium anomaly

LSND appearance

MiniBooNE appearance MiniBooNE, SciBooNE, 
IceCube disappearance

MINOS, T2K NC 

Reactor disappearance, flux 
modelling

Cosmology
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Evidence

Reactor antineutrino anomaly

Gallium anomaly

LSND appearance

MiniBooNE appearance MiniBooNE, SciBooNE, 
IceCube disappearance

MINOS, T2K NC 

Reactor disappearance, flux 
modelling

Cosmology
Above list is eV scale sterile

keV sterile neutrino // dark matter candidate:  
White paper: arxiv1602.04816  

and new measurements: Phys. Rev. D 95, 
123002 (2017)

For steriles! What steriles?
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Evidence

Reactor antineutrino anomaly

Gallium anomaly

LSND appearance

MiniBooNE appearance MiniBooNE, SciBooNE, 
IceCube disappearance

MINOS, T2K NC 

Reactor disappearance, flux 
modelling

Cosmology

More steriles == heavy neutral leptons
Often tested at collider or fixed target 

experiments 
No confluence, nor tension

For steriles! What steriles?
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T2K exotics: Heavy Neutral Lepton search

Production of heavy neutral 
leptons (N) from kaon decay 

• Uses large volume, low mass 
TPCs for signal selection 

• Best high-mass limits on 
coupling to N to μ, e 

T2K preliminary

T2K preliminary

U2e

U2μ

T2K preliminary

https://arxiv.org/abs/1902.07598
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Phys. Rev. D 64 (2001) 112007

For steriles!
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What steriles?

Similar Karmen experiment saw no evidence; but not fully excluded

Phys. Rev. D 65 (2002) 112001
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What steriles? Circa 2013

PRL 110, 161801 (2013)
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For steriles!

M. Maltoni, Talk at XXVIII International Conference on Neutrino Physics and Astrophysics, 4-9 
June 2018 DOI:10.5281/zenodo.1287014
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For steriles!

M. Maltoni, Talk at XXVIII International Conference on Neutrino Physics and Astrophysics, 4-9 
June 2018 DOI:10.5281/zenodo.1287014
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What steriles? Circa 2012
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What steriles? Circa 2012
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Search for sterile 
neutrinos… with the T2K 
far detector 

• 3+1 model including 
muon, electron and neutral 
current samples 
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Phys. Rev. D 99, 071103 (2019)

What steriles?
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Search for sterile neutrinos… 
with the T2K far detector  

• 3+1 model including 
muon, electron and neutral 
current samples 
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MINOS/MINOS+
IceCube
SK

 modeνSciBooNE/MiniBooNE 
 modeνSciBooNE/MiniBooNE 

What steriles?

No steriles in IceCube data 
either…

Phys.Rev.Lett. 117 (2016) no.7, 071801

Nor MINOS/MINOS+ 
improved analyses
Phys. Rev. Lett. 122, 091803 (2019)
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Sterile neutrino oscillation
• νμ disappearance (and neutral current) is at odds with νe  appearance
• Doesn’t improve with 3+2 models

M. Maltoni, Talk at XXVIII 
International Conference on 
Neutrino Physics and Astrophysics, 
4-9 June 2018 DOI:10.5281/
zenodo.1287014
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Sterile neutrino oscillation
• What about νe disappearance?

M. Maltoni, Talk at XXVIII 
International Conference on 
Neutrino Physics and Astrophysics, 
4-9 June 2018 DOI:10.5281/
zenodo.1287014
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For steriles!

M. Maltoni, Talk at XXVIII International Conference on Neutrino Physics and Astrophysics, 4-9 
June 2018 DOI:10.5281/zenodo.1287014
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For steriles!

M. Maltoni, Talk at XXVIII International Conference on Neutrino Physics and Astrophysics, 4-9 
June 2018 DOI:10.5281/zenodo.1287014
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What steriles?

Daya Bay results call into 
question flux modeling

As do nuclear theory groups

Phys. Rev. Lett.  118 251801 (2017)

Phys. Rev. Lett. 120, 022503 (2018)
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Sterile neutrino oscillation
• νμ disappearance (and neutral current) is at odds with νe  appearance
• And, νe disappearance needs more study

M. Maltoni, Talk at XXVIII 
International Conference on 
Neutrino Physics and Astrophysics, 
4-9 June 2018 DOI:10.5281/
zenodo.1287014



Ongoing sterile searches
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PROSPECT experiment  
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T. Langford, Talk at XXVIII 
International Conference on 
Neutrino Physics and Astrophysics, 
4-9 June 2018 DOI:10.5281/
zenodo.1286999



PROSPECT experiment  
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Phys. Rev. Lett. 121, 251802 (2018)



Short Baseline Neutrino Program (SBN)

 34
R. Guenette, Talk at XXVIII International Conference on Neutrino Physics and Astrophysics, 4-9 
June 2018 DOI: 10.5281/zenodo.1294113

SBN proposal: https://arxiv.org/abs/1503.01520



Liquid Argon TPCs
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Liquid Argon TPCs
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Short Baseline Neutrino Program (SBN)

 37
R. Guenette, Talk at XXVIII International Conference on Neutrino Physics and Astrophysics, 4-9 
June 2018 DOI: 10.5281/zenodo.1294113



Outline

What do we know about 
neutrino mass?
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Direct mass searches
Neutrino-less double beta decay
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Neutrino mass

Neutrinos have mass unlike the other particles
• Neutral lepton - Majorana particle?

Credit: H. Murayama
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Neutrino mass

See-saw mechanism (Gell-Mann, Ramond, Slansky and Yanagida, 1979)

Credit: H. Murayama
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How do we measure neutrino mass?

Constraints from:
• Cosmology - large scale structure 

evolution (CMB, galaxy surveys)

ν
www.istockphoto.com
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How do we measure neutrino mass?

Constraints from:
• Cosmology - large scale structure 

evolution (CMB, galaxy surveys)

ν
www.istockphoto.com

J. Lesgourgues, Talk at XXVIII International Conference 
on Neutrino Physics and Astrophysics, 4-9 June 2018 
DOI: 10.5281/zenodo.1287028

What steriles?
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How do we measure neutrino mass?

Constraints from:
• Cosmology
• Searches for neutrino-less double beta decay (rare process)
• Kinematics of beta decay 

ν
www.istockphoto.com
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Neutrino-less and double beta decay

This process can only occur if neutrinos are Majorana particles*
• Only possible in certain nuclei
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Neutrino-less and double beta decay

This process can only occur if neutrinos are Majorana particles*
• Only possible in certain nuclei
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May be other mechanisms? Example: JHEP 1106:091, 2011  
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How do you measure neutrino less double 
beta decay?  0ν𝛃𝛃
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How do you measure neutrino less double beta decay?  
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How do you measure neutrino less double beta decay?  
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Measured half-life corresponds to a measurement of neutrino mass
• Needs: nuclear theory
• Needs: Suitable nuclei
• Needs: oscillation parameters
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How do you measure neutrino less double beta decay?  
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State of 0ν𝛃𝛃 results 
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And future searches for 0ν𝛃𝛃
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Extremely challenging experiments
Radiopurity Noise Backgrounds
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EXO experiment - principle 
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EXO experiment - results 

Phys. Rev. Lett. 120 (2018) 072701

Limits also set by many other experiments on different target 
materials - no observation yet
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How do we measure neutrino mass?

Constraints from:
• Cosmology
• Searches for neutrino-less double beta decay (rare process)
• Kinematics of beta decay “direct mass”

ν
www.istockphoto.com



 58

cr
ed

it:
 S

. M
er

te
ns

, A
PS

20
19

All ongoing experiments
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KATRIN experiment

Tritum source decays…
electrons are channeled to a high resolution spectrometer

www.katrin.kit.edu

http://phys.org
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KATRIN experiment

Tritum source decays…
electrons are channeled to a high resolution spectrometer

… endpoint energy is measured

D. Parno, Talk at XXVIII International 
Conference on Neutrino Physics and 
Astrophysics, 4-9 June 2018 DOI: 10.5281/
zenodo.1287639

http://phys.org
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KATRIN experiment

Tritum source decays…
electrons are channeled to a high resolution spectrometer

… endpoint energy is measured

D. Parno, Talk at XXVIII International 
Conference on Neutrino Physics and 
Astrophysics, 4-9 June 2018 DOI: 10.5281/
zenodo.1287639

Experiments can also search for keV scale steriles

http://phys.org


Outline

Neutrinos as probes: neutrino 
astrophysics, coherent neutrino 

scattering
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 63

D. Grant, TeVPA 2018
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Active Galactic Nuclei

Gamma Ray Bursts

Starburst galaxies

Pulsars
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Astrophysics with neutrinos
Neutrinos are: 

Undeflected by magnetic fields 

Not absorbed or rescattered by dust
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Astrophysics with neutrinos
Neutrinos are: 

Undeflected by magnetic fields 

Not absorbed or rescattered by dust

Big questions 

• Where do the highest energy cosmic rays come from? 

• Do we understand various astrophysical sources and signals? 
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D. Grant, TeVPA 2018
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antares.in2p3.fr

https://icecube.wisc.edu/

http://antares.in2p3.fr/
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Example: IceCube
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Example: IceCube



IceCube diffuse astrophysical neutrinos

 71

Excess of highest energy events above background 
• Era of neutrino astronomy 

Science 342 (2013) 1242856

Phys.Rev.Lett. 113 (2014) 101101



ANTARES point source search
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• Searched for 106 source candidates and 13 IceCube very high energy 
candidates; no significant excess found

• Complementary to IceCube search (northern sky vs. southern sky 
sensitivity)

Phys. Rev. D 96, 
082001 (2017)
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Astrophys.J. 848 (2017) no.2, L12

New multimessenger era: 
• Do signals correlate across time? 
• Between gravitational waves/x-rays/gamma-rays/radio/neutrino/etc?
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 “No ultra-high-energy gamma-rays and no neutrino candidates consistent 
with the source were found in follow-up searches”

Astrophys.J. 848 (2017) no.2, L12

 But now these searches are possible!



Future of neutrino telescopes

 75U. Katz, Talk at XXVIII International Conference on Neutrino Physics and 
Astrophysics, 4-9 June 2018 DOI: 10.5281/zenodo.1287685



Baikal GVD
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https://arxiv.org/abs/1808.10353

Commissioning: 3 clusters operational; eventual goal is 27 clusters
First neutrinos observed
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U. Katz, Talk at XXVIII International Conference on Neutrino Physics and 
Astrophysics, 4-9 June 2018 DOI: 10.5281/zenodo.1287685

Near term: IceCube Upgrade; increased density in clear ice region

https://arxiv.org/abs/1412.5106



KM3NeT 2.0

 78
JPhyG Nuclear and Particle Physics, 43 (8), 084001 - letter of intent



Supernova neutrinos
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Kepler’s Supernova 
wikipedia

• 1058 neutrinos are emitted
• 99% of the energy is carried by 

neutrinos
• Neutrinos arrive early!
• Neutrinos are a key probe of 

how core collapse supernovas 
occur 

flavor time energy

Astropart.Phys. 31 (2009) 163-176
Ann.Rev.Nucl.Part.Sci. 62 (2012) 81-103



Supernova 1987A

 80
http://www-sk.icrr.u-tokyo.ac.jp/sk/sk/supernova-e.html

Kamiokande detected 11 events; 
IMB and Bakusan detectors also 

observed events

Timing relative to light signature 
and burst structure were very 

useful



Supernova 1987A
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http://www-sk.icrr.u-tokyo.ac.jp/sk/sk/supernova-e.html

Kamiokande detected 11 events; 
IMB and Bakusan detectors also 

observed events

Timing relative to light signature 
and burst structure were very 

useful

Development of SNEWS (Supernova 
Early Warning System) 

Notify astronomers, coordinate/unify 
information collection
https://snews.bnl.gov/



Outline

Neutrinos as probes: neutrino 
astrophysics, coherent neutrino 

scattering
 82



What is CEvNS?
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Coherent elastic scattering of a neutrino on a nucleus 
• But, small nuclear recoil (~keV is difficult to detect)
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Definitions of CEvNS

 84
K. Scholberg



Observation of CEvNS by COHERENT

 85

Science 357 (2017) no.6356, 1123-1126

Pion decay at rest beam 
produced from intense 
Spallation Neutron Source
• Low threshold (6.5keV) 

CsI crystal
• Additional detectors 

located along “neutrino 
alley” to measure N 
dependance



Observation of CEvNS by COHERENT
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Science 357 (2017) no.6356, 1123-1126

Pion decay at rest beam 
produced from intense 
Spallation Neutron Source
• Low threshold (6.5keV) 

CsI crystal
• Additional detectors 

located along “neutrino 
alley” to measure N 
dependance



Worldwide program of CEvNS

 87K. Scholberg - IPA2018



New physics probe: CEvNS
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Sterile neutrinos
Supernova neutrino measurements?

Nuclear form factors

Non-standard interactions 

Neutrino charge radius, magnetic moment

G. Rich, Talk at XXVIII International Conference on Neutrino Physics 
and Astrophysics, 4-9 June 2018 DOI: 10.5281/zenodo.1286967



Summary for lecture 2
a view from Japan of the global program
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Hints that our understanding is not 
complete - sterile neutrinos



Summary for lecture 2
a view from Japan of the global program
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Tests of sterile neutrinos are possible 
with a wide variety of dedicated and 

multipurpose experiments

Not even remotely a complete list 



Summary for lecture 2
a view from Japan of the global program
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Direct mass and neutrino-less double 
decay experiments are being realized



Summary for lecture 2
a view from Japan of the global program
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And, what do we learn in the era of neutrino 
astronomy? And new probes like coherent 

elastic neutrino scattering? 



Thank you for your time, attention
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Thank you to the organizers for the invitation 
and support



Bonus material

 94
Encore from lecture 1
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 96
T. DeYoung, Talk at XXVIII International Conference on Neutrino Physics 
and Astrophysics, 4-9 June 2018 DOI: 10.5281/zenodo.1286851



Accelerator-produced neutrino beams
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Tunable energy!
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Accelerator-produced neutrino beams
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DUNE fluxes (optimized)

DUNE PRISM
Precision Reaction 

Independent Spectrum 
Measurement 



Dark matter searches at 
neutrino beams
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https://arxiv.org/abs/1903.10505
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