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1. Baryon-Number Violation 

2. CP-Violation 

3. Thermal Non-Equilibrium 

theoretical ideas 

understood 

not enough ! 



Baryon to Photon Ratio: 

𝜼𝜼 =
𝒏𝒏𝑩𝑩 − 𝒏𝒏𝑩𝑩�
𝒏𝒏𝜸𝜸

≈ 𝟓𝟓 ⋅ 𝟏𝟏𝟎𝟎−𝟏𝟏𝟎𝟎 

𝒏𝒏𝜸𝜸 ≈ 𝟎𝟎.𝟒𝟒/𝒎𝒎𝒎𝒎𝟑𝟑  
𝒏𝒏𝑩𝑩 ≈ 𝟎𝟎.𝟐𝟐/𝒎𝒎𝟑𝟑  
𝒏𝒏𝑩𝑩� ≈ 𝟎𝟎  



antimatter 
disappeared 

antimatter 
separated 

More CP-violation needed ! 

baryo-genesis 

JEDI - EDM 

lepto-genesis 

JUNO neutrinos 
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Electric Dipole Moments 
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Electric Dipole Moments 
 Violate P- and T-Symmetry 
 CPT-Theorem: violate CP-Symmetry 

Spin EDM 

T + 
− 

+ 
− 
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frozen spin @ pp = 700.740 MeV/c  (magic momentum) 

EDM turns spin out of accelerator plane 



Achim Stahl - September 27th, 2017 14 

Jülich 
Electric 
Dipole moment 
Investigation 

magnetic ring 
RF-Wien filters  
introduce f-Field 





Neutrinos-Oscillations 
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Flavour 
Eigenstates 

Mass 
Eigenstates 

𝐞𝐞 𝛍𝛍 𝛕𝛕 1 𝟐𝟐 𝟑𝟑 

|𝜈𝜈𝛼𝛼〉 = �𝑈𝑈𝛼𝛼,𝑖𝑖|𝜈𝜈𝑖𝑖〉
3

𝑖𝑖=1

 

How neutrinos 
interact 

How neutrinos 
propagate 
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Vorführender
Präsentationsnotizen
Neutrino-Oscillations: The PMNS-Matrix



Flavour 
Eigenstates 

Mass 
Eigenstates 

𝐞𝐞 𝛍𝛍 𝛕𝛕 1 𝟐𝟐 𝟑𝟑 

How neutrinos 
interact 

How neutrinos 
propagate 

|𝜈𝜈𝛼𝛼〉 = �𝑈𝑈𝛼𝛼,𝑖𝑖|𝜈𝜈𝑖𝑖〉
3

𝑖𝑖=1

 

1 0 0
0 cos𝜃𝜃23 sin𝜃𝜃23
0 − sin𝜃𝜃23 cos𝜃𝜃23

 
cos𝜃𝜃13 0 sin𝜃𝜃13 𝑒𝑒−𝑖𝑖𝑖𝑖

0 1 0
− sin𝜃𝜃13 𝑒𝑒𝑖𝑖𝑖𝑖 0 cos𝜃𝜃13

 
cos𝜃𝜃12 sin𝜃𝜃12 0
− sin𝜃𝜃12 cos𝜃𝜃12 0

0 0 1
 

Pontecorvo Maki Nakagawa Sakata - matrix 
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Vorführender
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Neutrino-Oscillations: The PMNS-Matrix



Flavour 
Eigenstates 

Mass 
Eigenstates 

𝐞𝐞 𝛍𝛍 𝛕𝛕 1 𝟐𝟐 𝟑𝟑 

How neutrinos 
interact 

How neutrinos 
propagate 

1 0 0
0 cos𝜃𝜃23 sin𝜃𝜃23
0 − sin𝜃𝜃23 cos𝜃𝜃23

 
cos𝜃𝜃13 0 sin𝜃𝜃13 𝑒𝑒−𝑖𝑖𝑖𝑖

0 1 0
− sin𝜃𝜃13 𝑒𝑒𝑖𝑖𝑖𝑖 0 cos𝜃𝜃13

 
cos𝜃𝜃12 sin𝜃𝜃12 0
− sin𝜃𝜃12 cos𝜃𝜃12 0

0 0 1
 

Pontecorvo Maki Nakagawa Sakata - matrix 

1 0 0
0 cos 𝜃𝜃23 sin𝜃𝜃23
0 − sin𝜃𝜃23 cos 𝜃𝜃23

 

Δ𝑚𝑚2 ≈ 2.4 10−3 𝑒𝑒𝑉𝑉2 
𝜃𝜃23 ≈ 45° 

Atmospheric Oscillations 
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Neutrino-Oscillations: The PMNS-Matrix



Flavour 
Eigenstates 

Mass 
Eigenstates 

𝐞𝐞 𝛍𝛍 𝛕𝛕 1 𝟐𝟐 𝟑𝟑 

How neutrinos 
interact 

How neutrinos 
propagate 

1 0 0
0 cos𝜃𝜃23 sin𝜃𝜃23
0 − sin𝜃𝜃23 cos𝜃𝜃23

 
cos𝜃𝜃13 0 sin𝜃𝜃13 𝑒𝑒−𝑖𝑖𝑖𝑖

0 1 0
− sin𝜃𝜃13 𝑒𝑒𝑖𝑖𝑖𝑖 0 cos𝜃𝜃13

 
cos𝜃𝜃12 sin𝜃𝜃12 0
− sin𝜃𝜃12 cos𝜃𝜃12 0

0 0 1
 

Pontecorvo Maki Nakagawa Sakata - matrix 

cos 𝜃𝜃12 sin𝜃𝜃12 0
− sin𝜃𝜃12 cos 𝜃𝜃12 0

0 0 1
 

Δ𝑚𝑚2 ≈ 7.6 10−5 𝑒𝑒𝑉𝑉2 
𝜃𝜃23 ≈ 35° 

Solar Oscillations 
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Neutrino-Oscillations: The PMNS-Matrix



Flavour 
Eigenstates 

Mass 
Eigenstates 

𝐞𝐞 𝛍𝛍 𝛕𝛕 1 𝟐𝟐 𝟑𝟑 

How neutrinos 
interact 

How neutrinos 
propagate 

1 0 0
0 cos𝜃𝜃23 sin𝜃𝜃23
0 − sin𝜃𝜃23 cos𝜃𝜃23

 
cos𝜃𝜃13 0 sin𝜃𝜃13 𝑒𝑒−𝑖𝑖𝑖𝑖

0 1 0
− sin𝜃𝜃13 𝑒𝑒𝑖𝑖𝑖𝑖 0 cos𝜃𝜃13

 
cos𝜃𝜃12 sin𝜃𝜃12 0
− sin𝜃𝜃12 cos𝜃𝜃12 0

0 0 1
 

Pontecorvo Maki Nakagawa Sakata - matrix 

cos 𝜃𝜃13 0 sin𝜃𝜃13 𝑒𝑒−𝑖𝑖𝑖𝑖
0 1 0

− sin𝜃𝜃13 𝑒𝑒𝑖𝑖𝑖𝑖 0 cos 𝜃𝜃13
 

Δ𝑚𝑚2 ≈ 2.4 10−3 𝑒𝑒𝑉𝑉2 
𝜃𝜃13 ≈ 9° 

Reactor Oscillations 
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Neutrino-Oscillations: The PMNS-Matrix



Special case: 2 flavours only 

𝜈𝜈𝑒𝑒
𝜈𝜈𝜇𝜇 = cos𝜃𝜃 sin𝜃𝜃

− sin𝜃𝜃 cos𝜃𝜃
𝜈𝜈1
𝜈𝜈2  

Disappearance: 𝑃𝑃 𝜈𝜈𝛼𝛼 → 𝜈𝜈𝛼𝛼 = 1 − sin2 2𝜃𝜃 sin2 Δ𝑚𝑚
2𝐿𝐿

4 𝐸𝐸𝜈𝜈
 

Appearance: 𝑃𝑃 𝜈𝜈𝛼𝛼 → 𝜈𝜈𝛽𝛽 =     sin2 2𝜃𝜃 sin2 Δ𝑚𝑚
2𝐿𝐿

4 𝐸𝐸𝜈𝜈
 

Mass difference Δ𝑚𝑚2 = 𝑚𝑚2
2 − 𝑚𝑚1

2 

Mixing anlge 𝜃𝜃 

Oscillation length: 
4𝜋𝜋 𝐸𝐸𝜈𝜈
Δ𝑚𝑚2 ≈ 2.48 m 

𝐸𝐸𝜈𝜈 𝑀𝑀𝑒𝑒𝑉𝑉
Δ𝑚𝑚2 𝑒𝑒𝑉𝑉2  

𝐿𝐿/𝐸𝐸 

𝜈𝜈1 

𝜈𝜈2 

𝜈𝜈𝑒𝑒 

𝜈𝜈𝜇𝜇 

𝜃𝜃 
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𝑃𝑃𝛼𝛼→𝛽𝛽 = 𝛿𝛿𝛼𝛼𝛽𝛽  − 4 �𝑅𝑅𝑒𝑒 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin2
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
4𝐸𝐸

𝑖𝑖>𝛼𝛼

 

                          +2 �𝐼𝐼𝑚𝑚 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
2𝐸𝐸

𝑖𝑖>𝛼𝛼

 

 

𝝂𝝂𝒆𝒆 
𝝂𝝂𝝁𝝁 
𝝂𝝂𝝉𝝉 

Oscillations 
require some 
𝑚𝑚𝑖𝑖 ≠ 0 
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Vorführender
Präsentationsnotizen
A typical oscillation pattern



Normal or inverted hierarchy ? 
Only 3 generations ? 
Majorana or Dirac neutrinos ? 
CP-violation ? 
Absolute mass scale ? 

 Osc.: reactor, atmos., beam 
 Osc.: precision measurements 
 2𝛽𝛽𝛽𝜈𝜈-experiments 
 Osc.: beam 
 KATRIN, but beyond ? 
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Reactor: 
𝑛𝑛 → 𝑝𝑝+ 𝑒𝑒− �̅�𝜈𝑒𝑒 

(Gd) Szintillator+Target 

Szintillator+Target 

𝑛𝑛 
𝑒𝑒+ 

𝝂𝝂�𝒆𝒆 + 𝒑𝒑 → 𝒏𝒏 + 𝒆𝒆+ 
inverse β-decay (IBD) 

1. prompt event:   𝒆𝒆+ → 𝜸𝜸𝜸𝜸 
2. delayed event:   𝒏𝒏 thermalization 

+ capture on Gd 

Energy Measurement: 
1. prompt event 

scintillation from positron 
gammas from annihilation 
𝐸𝐸 �̅�𝜈𝑒𝑒 = 𝐸𝐸prompt + 𝑄𝑄 − 2𝑚𝑚𝑒𝑒 

2. delayed event 
Gd: 30 𝜇𝜇𝜇𝜇𝑒𝑒𝜇𝜇 delay, 8 𝑀𝑀𝑒𝑒𝑉𝑉 
H: 200 𝜇𝜇𝜇𝜇𝑒𝑒𝜇𝜇 delay, 2.2 𝑀𝑀𝑒𝑒𝑉𝑉 
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Vorführender
Präsentationsnotizen
Inverse beta-decay



4. Veto: Water or Scintillator 

3. Buffer: Oil 

2. γ-catcher: Scintillator  

1. Target: Scintillator + 0.1 % Gd 

5. Muon Tracker 

RENO far detector 
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A modern reactor neutrino detector



𝑃𝑃𝛼𝛼→𝛽𝛽 = 𝛿𝛿𝛼𝛼𝛽𝛽  − 4 �𝑅𝑅𝑒𝑒 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin2
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
4𝐸𝐸

𝑖𝑖>𝛼𝛼

 

                          +2 �𝐼𝐼𝑚𝑚 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
2𝐸𝐸

𝑖𝑖>𝛼𝛼

 

 

𝝂𝝂𝒆𝒆 

Reactor Experiment 
𝝂𝝂�𝒆𝒆-disappearance 

atmospheric 
frequency 

solar frequency 

𝜽𝜽𝟏𝟏𝟑𝟑 𝜽𝜽𝟏𝟏𝟐𝟐 
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Sources and oscillation lengths



𝑃𝑃𝛼𝛼→𝛽𝛽 = 𝛿𝛿𝛼𝛼𝛽𝛽  − 4 �𝑅𝑅𝑒𝑒 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin2
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
4𝐸𝐸

𝑖𝑖>𝛼𝛼

 

                          +2 �𝐼𝐼𝑚𝑚 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
2𝐸𝐸

𝑖𝑖>𝛼𝛼

 

 

𝝂𝝂𝒆𝒆 

Reactor Experiment 
𝝂𝝂�𝒆𝒆-disappearance 

near far 

current experiments 

next generation 

KamLAND 
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Sources and oscillation lengths



𝑃𝑃𝜈𝜈�𝑒𝑒→𝜈𝜈�𝑒𝑒 = 1 − 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝟐𝟐𝜽𝜽𝟏𝟏𝟑𝟑 sin2
Δ𝑚𝑚𝑒𝑒𝑒𝑒

2 𝐿𝐿
4𝐸𝐸 − cos4 𝜃𝜃13 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝟐𝟐𝜽𝜽𝟏𝟏𝟐𝟐 sin2

Δ𝑚𝑚21
2 𝐿𝐿

4𝐸𝐸 
 

𝝂𝝂𝒆𝒆 

Reactor Experiment 
𝝂𝝂�𝒆𝒆-disappearance 

near far 

current experiments 

next generation 

KamLAND 

leading terms: 

sin2 Δ𝑚𝑚𝑒𝑒𝑒𝑒
2 𝐿𝐿

4𝐸𝐸
= cos2 𝜃𝜃12 sin2 Δ𝑚𝑚31

2 𝐿𝐿
4𝐸𝐸

+ sin2 𝜃𝜃12 sin2 Δ𝑚𝑚32
2 𝐿𝐿

4𝐸𝐸
,  Δ𝑚𝑚𝑖𝑖𝛼𝛼

2 = 𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 
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Sources and oscillation lengths
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Double Chooz 

Daya Bay 

Reno 
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Introduction of the 3 experiments



reactor cores 
detectors 

Double Chooz 

Daya Bay 

Reno 

8.5 GWth 

8t 

8t 

290 m 1380 m 

16t 16t 

16.8 GWth 

energy res. 6% (1 MeV) 
overburden: 300m 
statistics: 40 000 IBD 

energy res. 7% (1 MeV) 
overburden: 450m 
statistics: 60 000 IBD 

energy res. 8% (1 MeV) 
overburden: 860m 
statistics: 150 000 IBD 

far detector 

far detector 

far detector 

40t 

40t 
80t 

365 m 

490 m 17.4 GWth 
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Introduction of the 3 experiments



F.P. An et al.  
arXiv 1505.03456 
May, 2015 

⟹ sin2 2𝜃𝜃13from fit 
sin2 2𝜃𝜃13 = 0.084 ± 0.005 
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S.-H. Seo (for the RENO) collab.; arXiv 1410.7987 
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The problem with the spectrum at 4 MeV



sin2 2𝜃𝜃13 = 0.084 ± 0.005 

sin2 2𝜃𝜃13 = 0.119 ± 0.016 

𝜃𝜃13 = 8.4° ± 0.3° 

sin2 2𝜃𝜃13 = 0.086 ± 0.008 
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CP-Violation 

Matter                =         Anti-Matter? 
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𝑃𝑃𝛼𝛼→𝛽𝛽 = 𝛿𝛿𝛼𝛼𝛽𝛽  − 4 �𝑅𝑅𝑒𝑒 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin2
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
4𝐸𝐸

𝑖𝑖>𝛼𝛼

 

                          +2 �𝐼𝐼𝑚𝑚 𝑈𝑈𝛼𝛼𝑖𝑖∗ 𝑈𝑈𝛽𝛽𝑖𝑖𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛼𝛼∗ sin
𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 𝐿𝐿
2𝐸𝐸

𝑖𝑖>𝛼𝛼

 

 

Numerically relevant terms only 

+ 

+ 

Jarlskog‘s Determinant for neutrinos: 0.28 sin 𝛿𝛿   (quarks: 4 ⋅ 10−5 ) 

Example: 
Neutrino Beams 
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+ 

+ 
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+ 

+ 
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+ 

+ 

reactor 

T2K (run 1-8) T2K + reactor exp. 
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Run 1-7: 
𝜈𝜈:  7.48 × 1020 𝑝𝑝𝑝𝑝𝑝𝑝 
�̅�𝜈:  7.53 × 1020𝑝𝑝𝑝𝑝𝑝𝑝 

Run 8:  
𝜈𝜈: 7.48 × 1020𝑝𝑝𝑝𝑝𝑝𝑝 
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No CP-violation 
„excluded“ 
at 90% c.l. 
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arXiv:1506.07917 

„theorist‘s plot“ 
• No experimental  

uncertainties 
• No uncertainties  

of external  
parameters 

T2K 
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arXiv:1506.07917 

„theorist‘s plot“ 
• No experimental  

uncertainties 
• No uncertainties  

of external  
parameters 

NOVA 
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arXiv:1506.07917 

„theorist‘s plot“ 
• No experimental  

uncertainties 
• No uncertainties  

of external  
parameters 

DUNE 
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CP Violation Majorana Neutrinos 



Achim Stahl, Sept. 2017 60 

Chirality Structures in the Standard Model 

Ψ�𝜈𝜈|Ψ𝜈𝜈  

𝐻𝐻0 

𝜈𝜈𝑒𝑒 𝜈𝜈𝑒𝑒 

ΨL𝜈𝜈 1 ΨR𝜈𝜈   

= 1 − 𝛾𝛾5 Ψ𝜈𝜈 1 (1 + 𝛾𝛾5)Ψ𝜈𝜈   

= Ψ�𝜈𝜈 1 + 𝛾𝛾5 | 1 + 𝛾𝛾5 Ψ𝜈𝜈   
= Ψ�𝜈𝜈| 1 + 𝛾𝛾5 1 + 𝛾𝛾5 Ψ𝜈𝜈   
= Ψ�𝜈𝜈 1 1 + 𝛾𝛾5 Ψ𝜈𝜈   
 
 

𝐻𝐻0 

𝜈𝜈𝐿𝐿− 𝜈𝜈𝑅𝑅− 

chirality flipping 

Does not exist 
in the S.M. 

It‘s a sterile  
component 

Neutrino Masses 
Are Neutrino Masses generated by the 

Higgs Mechanism? 
Why are they so small? 

Is there something on top of the Higgs 
Mechanism? 

Do they have the same hierarchy as the 
other ferminons? 



Achim Stahl - September 27th, 2017 61 



ν ν 

e- e- 

Z0 

ν ν 

e- e- 

Z0 

all neutrinos 

νe 

νe e- 

e- 

W 

νe νe 

e- e- 

W- 

νe only 
𝑃𝑃𝜈𝜈�𝜇𝜇→𝜈𝜈�𝑒𝑒 =  … … … … … …

             
             + … … … … … …

           −  …
𝑎𝑎𝐿𝐿
4 𝐸𝐸

cos
Δ𝑚𝑚23

2 𝐿𝐿
4 𝐸𝐸

sin Δ𝑚𝑚13
2 𝐿𝐿

4𝐸𝐸               
                    

 

νe 

Hierarchy of ν1 and ν2 
Determined from matter 

effects in the sun. 
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Resonant transition (MSW) near the core of the earth 
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65 

Matter Effect is proportional to L! 

Long baseline Beams 
• T2K (295 km)    too short 
• Noνa (810 km)    2σ 
• LBNE/DUNE (1300 km) 

                         excellent 
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MINOS 
Soudan 

Nova 
Ash River 

810 km 
735 km 

1300 km 

DUNE 
Sanford 

1…4 Liquid Argon TPCs; 10 kt each 
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SP DP 

ICARUS:         600 t 
MicroBooNE: 170 t 
⁞ 
Prototypes 
⁞ 
DUNE:       10 000 t 

CERN: Neutrino Platform 
600t prototypes DUNE SP/DP 



𝝂𝝂𝟑𝟑 

𝝂𝝂𝟐𝟐 

𝝂𝝂𝟏𝟏 𝚫𝚫𝚫𝚫𝟐𝟐𝟏𝟏 

𝚫𝚫𝚫𝚫𝟑𝟑𝟐𝟐 

𝝂𝝂𝟑𝟑 

𝝂𝝂𝟐𝟐 

𝝂𝝂𝟏𝟏 𝚫𝚫𝚫𝚫𝟐𝟐𝟏𝟏 

𝚫𝚫𝚫𝚫𝟑𝟑𝟐𝟐 

𝚫𝚫𝚫𝚫𝟑𝟑𝟏𝟏 

𝚫𝚫𝚫𝚫𝟑𝟑𝟏𝟏 

normal hierarchy inverted hierarchy 

Δ𝑚𝑚31,normal > Δ𝑚𝑚31,inverted 
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Vorführender
Präsentationsnotizen
Introduction of the physics concept; Factor of 30 between the two mass splittings! Error on Delta32 is 2/3 Delta21, but error on Delta31 is 3 times Delta21.



𝑃𝑃𝜈𝜈�𝑒𝑒→𝜈𝜈�𝑒𝑒 = 1 − 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝟐𝟐𝜽𝜽𝟏𝟏𝟑𝟑 sin2
Δ𝑚𝑚𝑒𝑒𝑒𝑒

2 𝐿𝐿
4𝐸𝐸 − cos4 𝜃𝜃13 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝟐𝟐𝜽𝜽𝟏𝟏𝟐𝟐 sin2

Δ𝑚𝑚21
2 𝐿𝐿

4𝐸𝐸 
 

𝝂𝝂𝒆𝒆 

Reactor Experiment 
𝝂𝝂�𝒆𝒆-disappearance 

near far 

current experiments 

next generation 

KamLAND 

leading terms: 

sin2 Δ𝑚𝑚𝑒𝑒𝑒𝑒
2 𝐿𝐿

4𝐸𝐸
= cos2 𝜃𝜃12 sin2 Δ𝑚𝑚31

2 𝐿𝐿
4𝐸𝐸

+ sin2 𝜃𝜃12 sin2 Δ𝑚𝑚32
2 𝐿𝐿

4𝐸𝐸
,  Δ𝑚𝑚𝑖𝑖𝛼𝛼

2 = 𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 
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Vorführender
Präsentationsnotizen
Sources and oscillation lengths



𝑃𝑃𝜈𝜈�𝑒𝑒→𝜈𝜈�𝑒𝑒 = 1 − 𝜇𝜇𝑝𝑝𝜇𝜇2𝜃𝜃12 sin2 2𝜃𝜃13 𝜇𝜇𝑠𝑠𝑛𝑛2
Δ𝑚𝑚31

2 𝐿𝐿
4𝐸𝐸

                       − sin2 𝜃𝜃12 sin2 2𝜃𝜃13 𝜇𝜇𝑠𝑠𝑛𝑛2
𝛥𝛥𝑚𝑚32

2 𝐿𝐿
4𝐸𝐸

                       − cos4 𝜃𝜃13 sin2 2𝜃𝜃12 sin2
Δ𝑚𝑚21

2 𝐿𝐿
4𝐸𝐸 

 

leading terms: 

← high frequency 

← high frequency 

← low frequency 

Yu-Feng Li et al., 
Phys.Rev. D88 (2013) 013008 

Yu-Feng Li et al., 
Phys.Rev. D88 (2013) 013008 Δ𝑚𝑚31

2 = Δ𝑚𝑚23
2 + Δ𝑚𝑚12

2  Δ𝑚𝑚31
2 = Δ𝑚𝑚23

2 − Δ𝑚𝑚12
2  

Δ𝑚𝑚𝑖𝑖𝛼𝛼 = 𝑚𝑚𝑖𝑖
2 − 𝑚𝑚𝛼𝛼

2 

Achim Stahl - September 27th, 2017 70 

Vorführender
Präsentationsnotizen
Sources and oscillation lengths



𝑃𝑃𝜈𝜈�𝑒𝑒→𝜈𝜈�𝑒𝑒 = 1 − 𝜇𝜇𝑝𝑝𝜇𝜇2𝜃𝜃12 sin2 2𝜃𝜃13 𝜇𝜇𝑠𝑠𝑛𝑛2
Δ𝑚𝑚31

2 𝐿𝐿
4𝐸𝐸

                       − sin2 𝜃𝜃12 sin2 2𝜃𝜃13 𝜇𝜇𝑠𝑠𝑛𝑛2
𝛥𝛥𝑚𝑚32

2 𝐿𝐿
4𝐸𝐸

                       − cos4 𝜃𝜃13 sin2 2𝜃𝜃12 sin2
Δ𝑚𝑚21

2 𝐿𝐿
4𝐸𝐸 

 

leading terms: 

← high frequency 

← high frequency 

← low frequency 

Yu-Feng Li et al., 
Phys.Rev. D88 (2013) 013008 

typ. ν-energy: 5 MeV 
good L: 50 … 60 km different frequencies 
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Vorführender
Präsentationsnotizen
Sources and oscillation lengths



3-Flavour Interference: 
 

Matter-Effects: 
1. atmospheric neutrinos 

 
 

2. beam neutrinos 
 

PINGU 
ORCA 
INO 

Noνa 
DUNE/LBNE 

JUNO 
RENO50 

approval  
status 

 
 
 

 
 

 
 

4 σ 
4 σ 
2 σ 

2 σ 
>5 σ 

3-4 σ 
  ? 
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Vorführender
Präsentationsnotizen
Approaches to mass hierarchy: Intereference (JUNO) / Matter effects: Beam or atmospheric
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Armenia, Belgium, Brazil, Chili, Chinese Republic, Czech 
Republic, Germany, Finland, France, Italy, Latvia, Pakistan, 
Russia, Slovakia, Thailand, Taiwan, and the United States 

550 scientists, 70 institutions, 1/3 from Europe  

supported by 
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OPERA: Target Tracker 

Liquid Scintillator 

Ultra-high purity 
(BOREXINO technology) 

20.000 t fiducial volume 

acrylic sphere (Ø35.5 m) 

2m water buffer 

20.000 PMTs (20“) 

embedded in a water 
Čerenkov veto 

Muon tracker on top 
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Resolution 

LENA:  7%/√E 
KamLand: 5%/√E 
JUNO:  3 %/√E 
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Excellent Energy Resolution (3% @ 1 MeV) 

& 

Photonstatistics 
• high lightyield 

• good transparency 

• PMT-coverage 

• PMT-DE 

Calibration 
• α/β/γ sources  

(in all positions) 

• light pulsers 
(in all positions) 

• UV-laser 
(in many positions) 

• e+ beam 
(along axis) 
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Photo dection in the cathode 

Detection efficiency =  
     quantum efficiency 
 x  collection efficiency 
 x  area coverage 

Typ. 27% 
Spec. > 24% 

Hamamatsu R12860 (20“PMT) 
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Detection efficiency =  
     quantum efficiency 
 x  collection efficiency 
 x  area coverage 

Typ. 27% 
Spec. > 24% 

Multi Channel Plate 
+HV 

MCP-PMT 8“ prototype 

Night Vision / China 
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Detection efficiency =  
     quantum efficiency 
 x  collection efficiency 
 x  area coverage 

Typ. 27% 
Spec. > 24% 

Multi Channel Plate 
+HV 

MCP-PMT 8“ prototype 

Night Vision / China 
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Guangdong province 
Jiangmen prefecture 

Kaiping city 
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Taishan 
18.4 GW 

Yangjiang 
17.4 GW 

JUNO 

Jiangmen 

Macao 

Hongkong 

Kaiping 
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Taishan 
18.4 GW 

Yangjiang 
17.4 GW 

JUNO 

Jiangmen 

Macao 

Hongkong 

Kaiping 
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surface lab. 
entrance tunnel 

January 2014 

road to site 

January 2014 

January 2016 

power line 
for JUNO 

January 2016 

Future: 2018 
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Vertical shaft 
581m 

 
Groundbreaking on Jan 10, 2015 
• Slopped tunnel: 1032m done 
• Vertical shaft:      485m done 

Slope tunnel 
1340m 

Underground 
lab space: 
~5600 m2 

Civil engineering: Completion July 2018 
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Vertical shaft 
581m 

 
Groundbreaking on Jan 10, 2015 
• Slopped tunnel: ~490m already 
• Vertical shaft: ~75m already 

Slope tunnel 
1340m 

Underground 
lab space: 
~5600 m2 start datataking in 2020 

mass hierarchy to 3…4 sigma in 6 years 
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ν-oscillations with reactor neutrinos: 
Mass hierarchy 

Precision Measurements 

Super Nova 
- Direct observation 
- Diffuse Super Nova background 
Solar Neutrinos 
- Oscillation parameters 
- Metallicity 
Atmospheric Neutrinos 
- Oscillations 
- Mass hierarchy ? 
Geo Neutrinos 
- Models of the earth‘s interior 
- Heat production  climate 
Nucleon Decay 
- i.e. p  K+ ν 
Dark Matter 
- χ  νν 
Sterile Neutrinos 
- With radioactive sources 

Mass Hierarchy Others 

MC-studies: 

>3 sigma in 4 years 
(3% resolution @ 1 MeV) 
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ν-oscillations with reactor neutrinos: 
Mass hierarchy 

Precision Measurements 

Others Others 
LENA @ Phyäsalmi JUNO @ Jiangmen 

LENA 
50 kt LS 

1400 m overburden 
> 200 km to next reactor 
7% resolution @ 1 MeV 

JUNO 
20 kt LS 

700 m overburden 
35 GW at 55 km 

3% resolution @ 1 MeV 
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What will we detect? 
What can we learn about super novae? 



p n + νe 

- 2 - 



p n + νe 

- 3 - 
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�̅�𝜈𝑒𝑒 𝜈𝜈𝑒𝑒 

Type IIa; standard paramters; 10 kpc J.-S. Lu et al., Phys.Rev. D94 023006 
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�̅�𝜈𝑒𝑒 𝜈𝜈𝑒𝑒 

Type IIa; standard paramters; 10 kpc J.-S. Lu et al., Phys.Rev. D94 023006 
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Averaged neutrino signal from all supernovae in the universe 

spectrum flux 
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Type IIa; standard paramters; 10 kpc 

• Sensitivity ~ 1 eV 
• Independent of distance 
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• Neutrino Physics is a very active field 
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T2K running with 
anti-neutrinos 

Noνa just started 

2𝛽𝛽𝛽𝜈𝜈: GERDA with 
strong German 
constribution 

Waiting for first 
results from KATRIN 

Many activities on 
sterile 𝜈𝜈: SOX, Soliδ, …  

US longe baseline 
approaching approval 

IceCube: cosmic 𝜈𝜈 
and more 

Will PINGU/ORCA 
come? 

Japan: 
HyperK? 

LENA: not 
forgotten! 
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• Neutrino Physics is a very active field 

• JUNO has been approved.  
Construction started Jan. 2015 

• Mass hierarchy is the next step 

• The precision on 𝜃𝜃13 is still improving 

• Oscillation parameters reaching % region 
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Thanks 
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www.nu-fit.org 
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Neutrinos 

Quarks 

www.nu-fit.org 

PDG 2017 
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