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Neutrino Oscillations

ν l

e-

π

µ-

π

Atm. Shower

doi:10.1140/epjc/s10052-019-7259-5

Cosmic Rays

https://doi.org/10.1140/epjc/s10052-019-7259-5
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Neutrino Oscillations – The math fun

How it always starts:

PMNS matrix: mass basis  flavour basis↔

Transition probability:
α,β  Flavour basis→
K,l  Mass basis→
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Neutrino Oscillations – The math fun

Ok and what’s the 
problem now … seem 

pretty straight forward
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Neutrino Oscillations – The math fun

Mhmmmmmmm
Matter Hamiltonian:

… which leads to new PMNS for every electron density

so depending on the resolution of matter composition: 
 → many eigenvalues to find
 … → and matrix multiplications to do

Feasible problem, but annoying problem: 
You want a package to do it for you
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What you need to know about

GitHub

● Neutrino oscillation probability calculator
 → n-Flavour modelling

● Includes Preliminary Reference Earth Model

https://github.com/KM3NeT/Neurthino.jl
https://github.com/KM3NeT/Neurthino.jl
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Example

julia> using Neurthino

julia> osc = OscillationParameters(3);

julia> setθ!(osc, 1=>2, 0.59);

julia> setθ!(osc, 1=>3, 0.15);

julia> setθ!(osc, 2=>3, 0.84);

julia> setδ!(osc, 1=>3, 3.86);

julia> setΔm²!(osc, 2=>3, -2.511e-3);

julia> setΔm²!(osc, 1=>2, -7.41e-5);

Set Oscillation Parameters (e.g. from NuFIT):
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Simple Example

julia> p = Pνν(osc, 1, 10000)

4-dimensional AxisArray{Float64,4,...} with axes:

    :Energy, [1.0]

    :Baseline, [10000.0]

    :InitFlav, NeutrinoFlavour[Electron, Muon, Tau]

    :FinalFlav, NeutrinoFlavour[Electron, Muon, Tau]

…

julia> p[Energy=1, Baseline=1, InitFlav=Muon, FinalFlav=Tau]

0.2592655682779296

For a single case you are pretty much done:
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The "Full" Example

julia> U = PMNSMatrix(osc)

3×3 Array{Complex{Float64},2}:

   0.82161+0.0im         0.550114+0.0im        -0.112505+0.0983582im

 -0.301737+0.0608595im   0.601232+0.0407488im   0.736282+0.0im

  0.476688+0.0545516im  -0.576975+0.0365253im   0.659968+0.0im

julia> H = Hamiltonian(osc)

3-element Array{Complex{Float64},1}:

 -0.0008902666666666667 + 0.0im

 -0.0008163666666666667 + 0.0im

  0.0017066333333333333 + 0.0im

First: Create PMNS matrix and Hamiltonian
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The "Full" Example

julia> U_mat, H_mat = MatterOscillationMatrices(U, H, 1, 13);

julia> H_mat

3-element Array{Complex{Float64},1}:

 -0.0008404901318507502 - 2.5459232191294903e-20im

   9.078126149399635e-5 - 1.75151351027943e-20im

  0.0017419062876598283 - 1.8741859435908039e-19im

julia> U_mat

3×3 Array{Complex{Float64},2}:

  0.0358018-0.000158113im  0.970863+0.0im       -0.178275+0.156083im

 -0.662778+0.00661213im    0.157174+0.116074im   0.722845+0.0im

  0.74793+0.0im            0.0917808+0.104043im  0.649115-0.00104331im

Now one can determine the U and H for a density and energy:
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The "Full" Example

julia> zenith = acos.(range(-1,stop=0,length=200));

julia> paths = Neurthino.prempath(zenith, 2.5, samples=100, 

discrete_densities=0:0.1:14);

julia> energies = 10 .^ range(0, stop=2, length=200);

julia> prob = Pνν(U, H, energies, paths);

Second: create paths

Third: Calculate probabilities
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The "Full" Example

What does it look like ... P(νe  → νe)
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Summary

● Working package for neutrino oscillations
 → out of the box n-Flavour without any optimizations yet
 → Includes earth matter density model (PREM) 

… open to new ones if you have one ;)
 →

● Outlook / ToDo:
 → Use Liouville-von Neumann formulation 
 some effects (e.g. decoherence not fully covered)
 → Interpolation of oscillation parameters in matter
 → GPU option for determining eigenvalues

3 Flavour Benchmark



Thank You
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Backup

● Matter Oscillation Parameters Interpolation:
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