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Neutrinos: glories in the past 

century



Flavor physics in leptons

PMNS matrix

CKM matrix



Neutrino mixing
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m2
sol ~ 7.610-5 eV2

m2
atm = 2.410-3 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



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



Open questions

 What’s the last mixing angle 13?

 What is the mass ordering of neutrinos?

 What’s the absolute energy scale of the neutrinos?

 Is neutrino Majorana particle?

 Is there CP violation in the lepton sector?

 Are neutrino flavor > 3?



Open questions

 What’s the last mixing angle 13?

 What is the mass ordering of neutrinos?

 What’s the absolute energy scale of the neutrinos?

 Is neutrino Majorana particle?

 Is there CP violation in the lepton sector?

 Are neutrino flavor > 3?



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?



Connection with flavor models



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)



Atmospheric neutrino 

experiments

 Wide range of baselines and energy

 Oscillation pattern altered by the 

matter effects

 Tracking and energy reconstruction 

important



Atmospheric neutrino 

experiments

INO



Atmospheric neutrino 

experiments

INO



Open questions

 What’s the last mixing angle 13?

 What is the mass ordering of neutrinos?

 What’s the absolute energy scale of the neutrinos?

 Is neutrino Majorana particle?

 Is there CP violation in the lepton sector?

 Are neutrino flavor > 3?



Effective electron neutrino mass

Even the lightest mass 

eigenstate is zero, the 

effective flavor mass is 

non-zero 𝑚 > 58 𝑚𝑉 𝑚 > 100 𝑚𝑉



KATRIN experiment

1500 m3 UHV spectrometer

MAC-E-Filter



MAC-E-Filter



KATRIN Experiment



Projection



Interplay with cosmology

arXiv: 1309.5383

Future cosmology 

combing number of 

surveys leading to 

uncertainty of 16 

meV!

• Gravitational 

lensing in CMB

• Baryon acoustic 

oscillation

• Weak lensing of 

the galaxy



Open questions

 What’s the last mixing angle 13?

 What is the mass ordering of neutrinos?

 What’s the absolute energy scale of the neutrinos?

 Is neutrino Majorana particle?

 Is there CP violation in the lepton sector?

 Are neutrino flavor > 3?



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



Open questions

 What’s the last mixing angle 13?

 What is the mass ordering of neutrinos?

 What’s the absolute energy scale of the neutrinos?

 Is neutrino Majorana particle?

 Is there CP violation in the lepton sector?

 Are neutrino flavor > 3?



Long baseline neutrino 

experiments



T2K



NOvA



CP violation angle



Hints from global fits

A. Marrone, Neutrino 2016



Next generation of mega 

detectors moving fast

500kton 

water 

detector

4x17kT LAr detectors



Open questions

 What’s the last mixing angle 13?

 What is the mass ordering of neutrinos?

 What’s the absolute energy scale of the neutrinos?

 Is neutrino Majorana particle?

 Is there CP violation in the lepton sector?

 Are neutrino flavor > 3?



Number of active neutrino 

flavors

 A heavier type which can 

be heavier than Z

 Or a type of neutrino that 

DOES NOT participate in 

weak interactions (“sterile”)

 However, they can still 

“mix” with regular ones 

(quantum mechanics still 

works)



Anomalies



Anomalies

arXiv:1607.05378



Anomalies

“Reactor anomaly”

arXiv:1607.05378

Reactor flux model might be unreliable …



Global situation

3+1 model

Kopp et al., arXiv: 1303.3011

• Large m2 > 0.1 eV2  

• Already in conflict 

with combination 

with all null results

Planck 2013



Global situation

3+1 model

Kopp et al., arXiv: 1303.3011

• Large m2 > 0.1 eV2  

• Already in conflict 

with combination 

with all null results

Planck 2013

Light sterile neutrino also challenged by 

cosmological survey data



New null results

Phys. Rev. Lett. 117, 071801 (2016)Phys. Rev. Lett. 117, 151801 (2016)

Combination of e and  disappearance 

to lead to an unambiguous constraint on 

electron appearance

Icecube 320 GeV – 20 TeV 

disappearance



A zoo of new sterile hunters

• Strong neutrino 

source @ 

Borexino

• Short baseline 

reactors

• Short baseline 

accelerator

• Definitive to the 

parameter 

space m2 ~ 0.1 

eV2 & above



Summary and outlook

 Multiple experimental probes are strategically answering the 

key questions in neutrino physics

 A somewhat surprise: first implication of leptonic CP violating 

from world data

 In the next ten years, 

 Precision unitarity tests up to 1% precision

 firm answer on CP

 mass hierarchy determined

 absolute mass to <0.2 eV

 Majorana neutrino may be discovered if neutrino mass order is 

inverted

 Unexpected surprise may still be ahead!


