
Lecture 4: 
LBL/accelerators

PhD Cycle XXXIV

1



2



3



4



5



L = 180 km
L/E ~ 6 104 m/MeV
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Experimental knowledge (2018)
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 Let’s devote a couple of our lectures to exploring the 
reach, strategy and issues of the current experiments at 

artificial sources

8



 Let’s devote a couple of our lectures to exploring the 
reach, strategy and issues of the current experiments at 

artificial sources

9



•T2K (Tokai-To-Kamioka)
•J-PARC: 50 GeV proton synchrotron @ Tokai (JP)
•High intensity
•beam directed towards Super-Kamiokande
•L=295 Km

•Nova: Fermilab neutrino beam (NuMI)
•L=810 km

•Both experiments are at an angle with respect to the beam 
direction (off-axis experiments)

Current expts of νe  appearance in νμ beam

T2K
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Matter effect

LBL
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T2K
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T2K

Correlation between 
CPV and matter 
effects  present
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T2K
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T2K
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T2K
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T2K
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T2K

NB same accumulated statistics for nu and nu-bar
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NOvA

~2/3 of statistics of T2K overall
nu-bar to nu ~70% 
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Validated using 
cosmic rays

T2K
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NOvA Signal identification is done by CVN (Convolutional Visual Network).
• event classifier in the "image recognition" style.
• The network is trained on two dimensional views of the event's calibrated hits.
• trained separately on neutrinos and anti-neutrinos.

26



T2K

nu
nu-bar

nu nu-bar
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NOvA
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NOvA

T2K
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• No chance to test CPV if it was θ13 = 0 (it’s small but not 0)
• δCP never singled out, ambiguities remain and need to be solved with 
external inputs (e.g. reactor)
• Possible to test also w/o anti-ν, by fitting all parameters together instead of 
only δCP and a or a Δij, but obviously less sensitive

MH
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•Events are separated into two samples, based on imaging techniques
•Otherwise good events that pass either containment/cosmic rej are called 
“peripheral” 

NOvAStrong (> 4σ) evidence of electron antineutrino appearance
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nu-bar
nu

nu+1π

No sound statistical conclusions on nue-bar appearance yet

T2K
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T2K

sin2 θ13= 0.0219 (2016 PDG)

34



NOvA
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NOvA

Systematic uncertainties have been reduced 
in this analysis, however analyses are still 
statistics limited.
• The upcoming test beam program will 
improve the calibration and detector 
response systematics.
• Neutron uncertainty important (and new) 
for ν̅.
• Neutrino cross-sections (MEC,RPA) also 
important.

Both NOvA and T2K have extensive 
upgrade ahead for both ND and FD

T2K: https://zenodo.org/record/
1286758#.XFwZyNF7mi4
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Future LBL experiments
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DUNE

https://zenodo.org/record/1286764#.XFw4L9F7mi4
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https://zenodo.org/record/1286764#.XFw4L9F7mi4
https://zenodo.org/record/1286764#.XFw4L9F7mi4


Hyper-Kamiokande

https://zenodo.org/record/1286768#.XFwb49F7mi4
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https://zenodo.org/record/1286768#.XFwb49F7mi4
https://zenodo.org/record/1286768#.XFwb49F7mi4


Future experiments/DUNE
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HK DUNE
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Additional material
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Matter effect, MSW 
2-flavour, vacuum:

In ordinary matter (e.g. sun or earth) an additional interaction of νe with e occurs, with potential:

Ne = electron density

Therefore, time evolution of 2-flavour, in matter :
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• Effectively this translates into a “revised” mixing angle
• But with a resonance effect, when A’ = cos 2𝜗         (𝜗=mixing angle in vacuum)
• i.e. an electron density

• Correspondingly, new mass difference:

Evolution in the case of slow 
change of matter density along 

the neutrino path
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Quantile with best resolution
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NOvA
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