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Neutrinos: glories in the past 

century



Historically: solar neutrino 

puzzle

John Bahcall’s standard solar model

p + p + p + p   + e+ + e+ + ve + ve



Pioneers on solar neutrinos

1968, Ray Davis in 

Homestake mine 

detected 

significant deficit of 
8B solar neutrino 

flux (only ~1/3 
detected!)

1963, John Bahcall predicted 
8B solar neutrino flux (SSM)

Theory is wrong? Experiment is wrong? Or Both 

are wrong?



Davis’s experiment

615 T of C2Cl2
tetrachloroethylene



Heavy water experiment

1942-1987



Solar neutrino on D2O

Charge current：电荷流

Elastic scattering: 弹性散射

Neutral current: 中性流

CC = e

ES = 1 e + 1/7 x

NC = 1 e + 1 x





SNO’s discovery paper

CC = e

ES =  1 e + 1/7 x

NC = 1 e + 1 x
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Neutrino mixing
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: CP Violation Phase 
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m2
sol ~ 7.610-5 eV2

m2
atm = 2.410-3 eV2

Solar: 12~32o Atmospheric: 23~45o

Transformation from mass to weak eigenstates

13~9o



The last mixing angles 13
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m31
2 = 2.4×10-3 eV2, 

reactor neutrino E ~ 4 

MeV, L = 2 km

Daya Bay Double Chooz RENO



All three experiments with 

multiple detector

Daya Bay (arXiv:1610.04802) RENO (arXiv:1610.04326)

Double-Chooz

CERN seminar, 

Sep. 2016



Impressive world data on 13

A. Cabrera, DC release talk, 09-20-2016

Daya Bay, RENO, 

and Double Chooz

are now sitting 

together (first 

meeting Oct 2016) 

and discussing 

combined analysis
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Nuclear reactors

1 Fission  200 MeV

=Z

=N

238U
235U
239Pu
241Pu

Beta decay



Reactor neutrinos

So 1 GWth (typical power reactor) 21020 νe /s

e



Beta spectrum measurement 

from fission fuels

 E.g. recent measurement by Haag et al. 

Phys.Rev.Lett. 112, 202501 (2014)



Beta conversion method

Starting from highest slide n, 

fit to get the v spectrum 

highest  branch

Subtract highest fitted 

branch from the  spectrum

Divide electron spectrum 

into n equal slides

Continue to n-1 slide



“ab initio” method

 Based on ENDF database for all possible decay 

branches (4000 branches): e.g. Dwyer & Langford, 

Phys. Rev. Lett. 114, 012502 (2015)

 Up to 10% branches may still be missing



Experimental measurement of 

beta spectrum



Reactor anomaly

arXiv:1607.05378



Sterile neutrino?



Uncertainty to flux prediction

 Flux very uncertain due to 

forbidden decays, even under 

identical beta spectrum

 Uncertainty as large as the 

“anomaly”

A. C. Hayes, et al.

Phys. Rev. Lett. 112, 202501



“5 MeV” bump

• All three reactor neutrino experiments observed a bump at 5 MeV

• No oscillation interpretation



Cause of the bump

Dwyer and 

Langford

“A spectral bump 

due to prominent 

beta decay 

branches in the 

5–7 MeV region is 

similar to that 

seen in recent 

measurements.”

High precision 

reactor spectrum 

can help!
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Back to Fermi’s  spectrum

 However, emitted electron neutrino is a mixture of mass states. In 

two-flavor model

 The spectrum now becomes



Kink in  spectrum



Observation of a kink in 1985!


3H implanted Si(Li) detector

Consistent with a 17.1 

keV neutrinos with 3% 

mixing sin2 with v1

Tritium implanted in Si(Li) 

detector



Situation at 1991: Peak of the 

Controversy

Wietfeldt & Norman, Physics 

Report 237, 149 (1996)
Morrison, Nature 336, 29 (1993)



1993: Bugs found!

 Hime’s reanalysis taking into account the scattering 

effects

 Berkeley 14C experiment: events in the guard ring of 

HPGe with insufficient energy deposition

Phys.Lett. B299 (1993) 165-173



1994: 17 keV Neutrino Dead



Experiment-theory sociology

• 17 keV neutrinos are in conflict with LEP, Cosmology 

constraints, and SN1987A, but still there are numbers of 

viable (but contrived)  theoretical models derived.

• At least in this case, nature chooses to be “pretty”
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Mass hierarchy?

 |m31
2|= 2.4×10-3 eV2, m21

2 = 7.5×10-5 eV2

 Mass hierarchy: 

Is m1 the lightest (normal) or m3 the lightest (inverted)?

 Can loosely translate to: is electron neutrino the 

lightest?



JUNO experiment

 20k-ton multi-purpose LS detector

 Construction phase: 2013-2020 

 66 institutes, 444 collaborators



JUNO experiment

• 27-36 GW reactor power, 20k ton LS 

detector

• 3%/√E energy resolution, <1% energy 

scale uncertainty

• >3 (4) 6-years MH determination 

JUNO-alone (JUNO+accelerator exps)



Supernovae neutrino in JUNO

10 kpc glactic SN
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Majorana particles

• Majorana, 1937

• Can be tested via neutrinoless double  decay, W.

Furry, 1939



Neutrinoless double beta 

decay



Front runners



Front runners

GERDA, 76Ge KamLAND-Zen, 136Xe



Constraints from non-discovery

GERDA Phase-I

KamLAND-Zen

Phys. Rev. Lett. 117, 082503 (2016)

0.1ton

1ton

10ton



Gaseous 136Xe

Tracking: smoking guy for discovery



Gaseous 136Xe

Tracking: smoking guy for discovery

arXiv:1610.08883


