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Outline

(1) A brief history of neutrinos

(2) Discovery and status of neutrino oscillations

(3) Sterile neutrinos from short baseline oscillations

(4) Sterile neutrinos as the cosmic neutrino background

(5) Sterile neutrinos as the candidate of warm DM
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Standard Model 

Standard Model of
Elementary Particles:

a) Three generations 
of quarks and leptons

b) Gauge bosons as 
force carriers:

strong interaction
(8 gluons)

Weak interaction
(W & Z)

Electromagnetic 
interaction (γ)

Gravitation 

(Graviton?)

Massive neutrinos are already the Physics beyond the Standard Model
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Neutrino Prehistory: Nuclear Beta Decay

(1) In earlier of 1900s, radioactivity was observed in different 
nucleus, including α, β, γ rays.

(2) Chadwick discovers that electron energy spectrum in Nuclear 
Beta Decay is continuous.

Niels Bohr proposed that energy may be conserved statistically, but 
energy conservation may be violated in individual decays.

However, Wolfgang Pauli had a different idea.

Two-body final state ⇒
Energy-Momentum conservation 
implies that electron has a unique 
energy value.
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Neutrino Birth: Pauli - 4 December 1930

4 December 1930: Wolfgang Pauli sent a Public letter to the group 
of the Radioactive at the district society meeting in Tubingen:
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Neutrino detection, impossible ?

The neutron was discovered by Chadwick in 1932.

1933: Enrico Fermi proposes the name neutrino and formulates the 
theory of Weak Interactions.

(1) 1016 km ≈ 103 light years ≈ 10 times the diameter of our galaxy.

(2) We have this mysterious new particle and we cannot detect it?

How depressing!
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Never Say Never

1951: Clyde Cowan and Frederick Reines start to plan to detect 
neutrinos with the reaction

with a large detector (∼ 1m3) filled with liquid scintillator viewed by 
many photomultipliers.
(1) At that time the largest 
detectors had a volume of 
about a liter! 

(2) But how to find an 
intense source of neutrinos?

(3) 1951: Reines to Fermi: 
neutrino detector near an 
atomic bomb?

(4) Afterwards, neutrinos 
from nuclear reactors:  more 
practical possibility!
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Discovery of neutrinos: 1956
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Milestones of neutrino detection

1956: Cowan and Reines discovered the first neutrino: electron 
antineutrino (from nuclear reactors).

Nobel prize in 1995.

1962: L. Lederman, M. Schwartz and J. Steinberger discovered the 
second neutrino: muon neutrino (in accelerator neutrino beam).

Nobel prize in 1988.

1968: R. Davis discovered the solar neutrinos, and during 1968-
1995, identified the solar neutrino problem.

1987: M. Koshiba observed the supernova neutrinos from SN1987A.
Nobel prize in 2002. 

2000: The DONUT experiment at Fermi Lab discovered the third 
neutrino: tau neutrino (in accelerator neutrino beam).
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Discovery of Neutrino Oscillations

"for the discovery of neutrino oscillations, which shows that neutrinos have mass"
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Atmospheric neutrino anomaly
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Super-Kamiokande (from 1996-now)

50 k-ton water Cherenkov detector with large-area photomultipliers,

powerful discrimination of electrons and muons
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Super-Kamiokande: 1998 discovery

On June 4th, Takaaki Kajita presented at Neutrino 1998:
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Super-Kamiokande: oscillatory evidence

The energy and baseline 
depedence provides the 
oscillatory evidence.

The L/E curve rules out 
neutrino decay and 
decoherence explanations.
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Discovery of solar neutrinos: 1968
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Solar neutrino production
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SNO: Sudbury Neutrino Observatory
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Confirmation

KamLAND 2002

Daya Bay 2012
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Neutrino Oscillation Theory 
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ν oscillation in 3-flavor framework
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Experimental evidence of ν oscillations 
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Unknown issues

Neutrino mass ordering: reactor & atmospheric nus

Lepton CP violation: accelerator nus

Absolute neutrino masses: β decay & ν-less double β decay

Dirac vs. Majorana nature: ν-less double β decay

More Neutrino Species: sterile neutrinos

Origin of Neutrino Masses? seesaw?

Origin of Large Flavor Mixing? flavor symmetry?

Cosmological baryon asymmetry? leptogenesis?
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Unknown mass ordering: JUNO
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Sterile neutrinos in short baseline oscillations
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Beyond 3-ν oscillations: Sterile neutrinos

sterile neutrinos: mass eigenstates of mostly sterile neutrinos

Explanation of short baseline oscillations: eV-scale sterile neutrinos

Topical Review: Gariazzo, Giunti, Laveder, Li, Zavanin, JPG 43 (2016) 033001
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LSND
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MiniBooNE

Purpose: check LSND signal with different L&E, but the same L/E

~3σ excess: Agreement with LSND or not? 
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Reactor antineutrino anomaly
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Gallium anomaly



30

Why sterile neutrinos?
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3+1 schemes 
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Effective SBL oscillations in 3+1 schemes
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Global status of the 3+1 fit
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Near future: νe disappearance  
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Near future: νμ disappearance  
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Near future: νμνe appearance  
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eV Sterile neutrinos as the cosmic neutrino 
background
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Cosmic neutrino background
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Relativistic Neutrino: Effective Number Neff
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Non-Relativistic Neutrino: Effective Mass meff
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Momentum distribution
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Additional radiation
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Free-streaming(1)
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Free-streaming(2)
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Limits on the three neutrino framework
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Limits on Massive Sterile Neutrinos
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Tension between ΔNeff = 1 and ms ≈ 1 eV
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Large lepton asymmetry (0 vs. 10-2) 1204.5861
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keV Sterile neutrinos as Warm Dark Matter
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How dark is the matter ?

All observations at the galactic, galaxy cluster, and cosmological scales 
show the existence of Dark matter. 
Today’s matter & energy densities in the Universe:

Hot dark matter: CνB is guaranteed but not significant.
Cold dark matter: most likely? At present most popular.
Warm dark matter: suppress the small-scale structures. 
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keV sterile neutrino as Warm DM

Compared to Cold DM, warm DM can suppress the 
formation of small-scale structures.

Sterile neutrinos at the keV scale are excellent candidate 
of warm DM. (A white paper: 1602.04816)

(1) Lifetime (the Universe's age ~ 1017 s)

(2) Number density:

(3) Production: 
Active-Sterile Oscillations in the early universe (non-resonant or resonant); 

Decays of neutral scalars; etc.



52

X-ray observation

(1) Radiative decay:

(2) Bound on the parameter space (Abazajian et al, 2007)

(3) Recent indications (1402.2301, 1402.4119) 

XMM-Newton and Chandra observatory

X-ray line at ~3.5 keV (m4 ~ 7.0 keV)
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Direct detection method

Beta-decaying nuclei: targets of low energy neutrinos
(Weinberg, 62, Irvine & Humphs, 83)

(1) no energy threshold on incident neutrinos

(2) mono-energetic outgoing electrons

(3) application to the keV neutrino detection
(Liao 10; Li & Xing 10, 11)

Cocco et al, 07
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Capture on beta-decaying nuclei

Candidate nuclei:(Liao 10; Li & Xing 10, 11)

tiny active-sterile neutrino mixing angles (main problem)

background from solar neutrinos and ES scattering. (Liao, 13)

with and without half-life effects

1.1

1.7
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Summary and Outlook

(1) Understanding intrinsic properties of neutrinos

Most of oscillation phenomena support the standard three neutrino 
framework.

New experiments designed for mass ordering and CP violation.

Problem: short baseline oscillations need light sterile neutrinos, 
future experiments are mandatory to test these anomalies.

(2) Cosmological roles of light sterile neutrinos

eV scale sterile neutrinos contribute to the cosmic neutrino 
background, but their thermal history could be different.

Tension between ΔNeff = 1 and ms ≈ 1 eV

keV scale sterile neutrinos are excellent candidates of warm dark 
matter. Promising prospects in X-ray observation and captures of 
beta-decaying nuclei.
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Thank you
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Backup
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Status of 3-ν oscillations
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2+2 schemes are disfavored



60
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New feature in reactors: 5 MeV bump



62
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MiniBooNE Low-Energy Excess?
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Status of 3+2 fit

Can we include two sterile neutrinos to improve the fit?

(1) It contains more mixing and mass parameters

(2) It allows CP violation between neutrino and antineutrino channels
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secret interactions: hidden gauge boson 1310.5926

The effective 4-point self interaction
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Implications in non-oscillation 
probes
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Beta decay: Mainz and Troitsk Limits

Search for spectra distortion can 
put limits on the heavy neutrino 
component.

Current limits from Mainz and 
Troitsk are rather poor.

Future KATRIN is very competitive.
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Beta decay (2)

Mainz and Troitsk  lower limit:
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Double beta decay
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