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Neutrino mixing angles

Is the lepton mixing matrix 
related to the quark mixing 

matrix?

PMNS(*) Lepton Mixing Matrix CKM Quark Mixing Matrix
flavour basis mass basis weak int. basis strong int. basis

(*) Pontecorvo, Maki, Nakagawa, Sakata





Neutrino oscillations



Two ways to measure 𝜃13

At reactors:

• Clean signal, no cross talk with 𝛿 and matter effects

• Relatively cheap compared to accelerator-based experiments

• They have provided the direction to the future of  neutrino physics

Reactor experiments:
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Long baseline accelerator experiments:
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Search for θ13 at reactors Before 2012

Best result before 2012:

•Chooz (1999): sin2 2𝜃13 < 0.15

❑Palo Verde and Chooz: no signal

sin2 2𝜃13 < 0.15 (90% CL) if  Δ𝑚23
2 = 0.0024 eV2

❑T2K: 2.5𝜎 over bckg

0.03 < sin2 2𝜃13 < 0.28 (90% CL) for NH

0.04 < sin2 2𝜃13 < 0.34 (90% CL) for IH

❑Minos: 1.7𝜎 over bckg

0 < sin2 2𝜃13 < 0.12 (90% CL) for NH

0 < sin2 2𝜃13 < 0.19 (90% CL) for IH

❑Double Chooz: 1.7𝜎
sin2 2𝜃13 = 0.086 ± 0.041(𝑠𝑡𝑎𝑡) ± 0.030(𝑠𝑦𝑠𝑡)













Reactor Experiments: comparing 

observed/expected neutrinos

To measure θ13 a 0.4% precision is needed



Δm2=10-5 eV2

Eν=3 MeV

L=180 km

→ 1.27Δm2L/Eν=0.8

KAMLAND: reactor 

anti-neutrino do 

oscillate!

Terrestrial “Solar Neutrinos”
Can we convincingly verify oscillation 

with man-made neutrinos?     



Measuring θ13 with Reactor Experiments



Measuring θ13 with Reactor Experiments





Daya Bay (China)



Daya Bay Antineutrino Detectors



Daya Bay Antineutrino Detection





Summary
• Electron anti-neutrino disappearance is observed at Daya Bay:

  R = 0.940 ± 0.011(stat) ± 0.004(syst) 

➢ sin2 2𝜃13 = 0.092 ± 0.016(𝑠𝑡𝑎𝑡) ±0.005 𝑠𝑦𝑠𝑡    

(𝜒2/𝑑𝑜𝑓= 4.26/4)

➢ 5.2 𝜎 for non-zero 𝜃13

➢ sin2 2𝜃13 = 0.0851 ± 0.0024

➢ Δ𝑚32
2 = 2.466 ± 0.060 × 10−3 eV2 for NO

➢ Δ𝑚32
2 = − 2.571 ± 0.060 × 10−3 eV2 for 

IO

Final results on the full data set (2020)

• The spectral distortion is 

observed too

• A new type of  neutrino 

oscillation is thus discovered



The three reactor experiments







RENO



Experimental Results at that time (2012)

𝜈e appearance 

on 𝜈𝜇 beam

ҧ𝜈𝑒 disappearance 

on ҧ𝜈𝑒 from reactors



Spectral information
Not used in the fit



(2020)



Summary of θ13 results
Computed for ∆m23

2 = 2.4 · 10−3 eV2



Before 2011: hints about a non null θ13



Results on θ13 by neutrino beams





T2K: νe appearance to search for θ13



T2K result
PRL 107 (2011) 041801

Results on 2013: measured 

28 events (bck:4.64±0.53) 



The latest T2K results (2020)
• Two-dimensional confidence intervals at the 68.27% confidence 

level for δCP versus sin2θ13 in the preferred normal ordering. 

• The T2K intervals indicate the measurement obtained without using 

the external constraint on sin2θ13

• T2K + reactor intervals do use the external constraint.

• We note that there are no values in the inverted ordering 

inside the 68.27% interval.

𝜈-beam mode

ҧ𝜈-beam mode



Critical Questions for Future Neutrino Physics Program

1) Are neutrinos their own anti-particles? Dirac or Majorana neutrinos (0)

2) What are the scale of neutrino masses and the hierarchy of the neutrino mass 

ordering? (Oscillations indicate m2 ≠ 0, but unable to determine m). 

• Pure oscillation effects in νe disappearance: 

Juno 

• Matter effects in νμ disappearance: INO, 

Pingu, Orca, HyperKamiokande 

• Matter effects in νe appearance: NOνA, Dune, 

T2HK 

3) Do neutrinos violate the CP symmetry and 

contribute to the matter-antimatter asymmetry?  

Mainly two players: Dune and HyperKamiokande



Is all discovered? 
✓ A few experiments show (weak/not-strong) deviations (anomalies) from the 3 

flavor -osc paradigma:

• LSND at Los Alamos observed excess of  ҧ𝜈𝑒 events in the ҧ𝜈𝜇 beam

• Mini-Boone confirmed anomaly at low energy in anti-neutrino mode but 

not in neutrino mode

• Gallium anomalies: events from calibration sources in GALLEX and 

SAGE are less than expected (2.8) 

• Reactor anomalies: reanalysis of reactor expts show a (small) deficit of e

• Neutrino-4: antineutrinos from reactor; pattern of L/E oscillation

✓ It is too early to claim new physics. 

The only picture consistent with all 

data is the existence of sterile 

neutrinos.

✓ A short-term program includes MCi 

neutrino sources (sources in 

𝜈 expts?); SBL (short-baseline) 

expt probing GeV e appearance at 

short distances (100m – 1 km)



LSND experiment
LSND experiment at Los Alamos 

observed excess of anti-electron 

neutrino events in the anti-muon 

neutrino beam.

87.9 ± 22.4 ± 6.0  (3.8)  
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PRD 64, 112007

L/E~30m/30MeV~1



3 types of neutrino oscillations are found:

LSND neutrino oscillation:           m2~1eV2

Atmospheric neutrino oscillation: m2~10-3eV2

Solar neutrino oscillation :           m2~10-5eV2

But we cannot have so many m2!

LSND experiment

m13
2  =   m12

2  +  m23
2

We need to test LSND signal!

MiniBooNE experiment is designed to have same L/E~500m/500MeV~1  
to test LSND m2~1eV2

New physics?

 - sterile neutrino

 - Lorentz violation

 - CPT violation

 - extra dimension
 - etc



Mini-Boone PRL 102 (2009) 101802

PRL 105 (2010) 181801

❑ Liquid mineral oil detector (scintillation and 

Cerenkov) used to detect 𝜈𝑒 ( ҧ𝜈𝑒) in a 

predominantly 𝜈𝜇 ( ҧ𝜈𝜇) beam.

❑ Designed and built to check the LSND result



The Gallium data



Reactor antineutrino anomaly
Phys. Rev. D83 (2011) 073006
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