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Neutrino Mass & Mixing 

• 2 independent mass differences: Δm2
12, Δm2

23  (measured) 
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:   
• 3 mixing angles: θ12, θ23, θ13  (measured) 
• 1 Dirac-phase (CP violating): δ  (measurement in next decade) 
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Θ23 ≈ 45o 

atmospheric neutrinos, 
neutrino beams 

Θ13 ≈ 9o, δ ? 

reactor neutrinos, 
neutrino beams, 
atm. neutrinos 

Θ12 ≈ 33o 

solar neutrinos, 
reactor neutrinos 

Really maximal? 
Octant? 

Basic features of 3 Neutrino Mixing confirmed in numerous experiments 



Caren Hagner , Strategie Meeting Bonn, 4.5.2018 

What do we know about neutrino masses? 
Δm2

solar ≈ 7.4·10-5eV2,   Δm2
atm ≈ 2.5·10-3eV2  
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Status of Global Fits of Oscillation Parameters 

Slide from Giunti  
LaThuile 2018 



Open Questions 

Oscillation Experiments: 
• Is Θ23 maximal (45°) ? 

If not, which octant (e.g. 41° or 49°)? 
 

• What is the mass ordering (hierarchy)? 
 

• What is the value of δCP ? 
 

• Are there additional light (eV) sterile neutrinos? 
(LSND result, reactor neutrino anomaly) 
 

• Unitarity of mixing matrix? 
 

• Are there sum rules? 
 

Other: 
• Mass of lightest neutrino? 

(KATRIN, cosmology) 
 

• Majorana Neutrinos? 
(Double Beta Decay) 

• … 



Ergebnis Neutrino Strategie Workshop 



Caren Hagner , Strategie Meeting Bonn, 4.5.2018 

How to determine the mass hierarchy: 

Long Baseline Oscillations  
Detectors: Liquid Argon, Water Cerenkov, Liquid Scintillator 
USA: NOvA, LBNF/DUNE, Japan: T2K, HyperK 

1. Disappearance of anti-ve from nuclear reactor (vacuum oscill.) 
China: JUNO @53km with 20kt Liquid Scintillator 

Atmospheric Neutrinos 
Ice: PINGU 
Water: ORCA 

2. Appearance of ve in beam of vμ (matter effects) 
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Determination of Mass Hierarchy  
in a Reactor Neutrino Experiment 

With Δij = 1.27 |Δm2
ji (eV2)| L(m)/E(MeV)  

sin22Θ13 

sin22Θ12 

50 – 60km 
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Expected Reactor Antineutrino Spectrum 



 
Start Data Taking in 2021 

mass hierarchy to 3-4 sigma in 6 years  
 



Expected Reactor Antineutrino Spectrum 

DFG Forschergruppe 
„Neutrino Massenhierarchie mit JUNO“: 

RWTH Aachen, FZ Jülich, U Mainz,  
U Tübingen, TUM, U Hamburg 

Collaboration established in July 2015 
ca. 70 Institutions 

ca. 500 Collaborators 
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Mass Hierarchy with JUNO 
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Precision Physics with JUNO 



Detector Requirements 
(Development of Large Liquid Scintillator Detectors) 



JUNO: Detector Concept 



JUNO Site 

53km 
53km 

by 2020:  26.6 GW 

both reactors have same distance (within 0.5km) 



JUNO Lab @700m Underground 

53km 
53km 

Slope tunnel 
1340m  

Vertical Shaft 
581m  

Underground Lab Space  
5600m2 

Groundbraking on Jan 10, 2015 
civil construction ongoing, 

both Tunnels almost completed 



JUNO PMTs: 
 Quality Control and Characterization ongoing 





Liquid Scintillator Pilot Plant 

Use Pilot Plant @ Daya Bay to test purification system: 
Purification of 20ton LAB (replacement of target LS in one Daya Bay Detector) 



Do we need a Near Detector for JUNO? 

Recent discussion whether (unknown) fine structure of reactor neutrino spectrum 
could worsen systematics. 

If necessary build Near Detector: 
 

Szongoni, Nino, McCutchan, arxiv:1710.00092 



JUNO Milestones & Schedule 

-2015 



Neutrino Telescopes: Physics Overview 

KM3NeT-ORCA, PINGU Antares, Deep Core KM3NeT-ARCA, IceCube 



Mass Hierarchy with Atmospheric 
Neutrinos 



KM3NeT 

11 countries 
> 200 scientists 
> 40 institutions 

Germany: 
Bamberg 
Erlangen 
Tübingen 
Würzburg 
Münster 

Oscillation Research  
with Cosmics in the Abyss 



ORCA detector 



Mass Hierarchy @ ORCA   



Crucial: Flavor Identification in ORCA and PINGU 

very similar results for both experiments 



ORCA Sensitivity 



PINGU: Precision IceCube Next Generation Upgrade 

„A world-class 6 Mton water Cherenkov detector for < 100M US$“ 

Original proposal: 
40 strings, 
each 96 optical modules 
 
New Design: 
26 strings, 
each 192 optical modules 

energy resolution ΔE/E ≈ 20%, angular resolution ≈15° 



PINGU Sensitivity on Mass Hierarchy 

from M.G.Aartsen et al., J. Phys. G. Nucl. Part. Phys. 44 (2017) 054008 



Conclusion 

JUNO construction ongoing. 
Some delays → start data taking in 2021. 
Potential to reach 3 – 4 σ on mass hierarchy  

ORCA construction (deployment of strings) started. 
Start data taking in 2021 
Potential to reach 3 - 5σ on mass hierarchy   
 
PINGU has similar potential for mass hierarchy. 
More than 3σ after 5 years of measurement. 

Status 2018:  Global fits favor normal hierarchy  @ 2σ  

Vacuum oscillation: 
Interference of Δm2

32, Δm2
21  

Matter effects: 
Interference of Δm2

32, √2 GFNe  

highly complementary 
methods 

German groups have made significant contributions (expertise in key technologies) 
to all 3 experiments.   


