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Outline

1. Beta spectrum modeling to probe into oscillations

2. The basis: Fermi Theory

3. Corrections to Fermi theory

4. Application

5. Model checking

6. Conclusion
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Losc(m)=2.5
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Δm2(eV 2)

sin2
(2θ)

Distance

N(ν)

  Independent squared mass differences

Different oscillation regimes:

Oscillometry in the liquid scintillator detector

● Oscillation probability depends on L/E

2 ways for sterile ν oscillation detection

Testing for neutrinos oscillations

N(ν)

L(m) E(MeV)

Oscillation detection methods: ● Spatial oscillation pattern
● Spectrum distortion
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Utility of β spectrum modeling to search for oscillations

Precise spectrum prediction is necessary for neutrino oscillation 
pattern observation.

L/E(m/MeV)

Oscillated spectrum

Non-oscillated spectrum with error bars

L/E expected spectra
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Fermi modeling of Beta spectrum

● From Fermi's Theory, β spectrum:

–               Reduced electron energy            : maximal energy 

– F: Fermi function: influence of Coulomb field from point-like nucleus

– C: Shape factor from nature of the transition (phase space factor) 
and small corrections

N (W )=KpW (W−W 0)
2F (Z ,W )C(Z ,W )

Parity change = 0 1 2

No Allowed Allowed 2nd forbidden

Yes 1st forbidden 1st forbidden 1st forbidden

Transition categorized according to: 
●  Branching ratio, 
●  Change in nucleus state
●  Ratio between weak axial and vector currents



February, 06. 2014 6

Cerium Source

Two transitions from Praseodymium 
above IBD threshold

Nine allowed or 1st forbidden transitions

Three negligible transitions from excited states

● beta decay pair 144Ce-144Pr

144Ce-144Pr decay scheme

For using with spectroscopic measurements, eight major 144Pr 
transitions are modeled.
Cerium is taken into account (possible impurity even if chemical 
purification of 144Pr is attempted)

● Theoretical conversion procedure by 
energy conservation: symmetry Eν≈E0−E e
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Corrections to Fermi Theory

Fermi Theory accounts only for point-like nucleus 
Coulomb field.

Various corrective possible corrective terms with order of 
magnitude of 1%.
● Nucleus finite-size effects
● Atomic electrons effects (screening)
● Radiative QED corrections
● “Weak magnetism” effect
● Recoils and mass effects
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Finite-size corrections
● Electromagnetic effect: correction to Fermi function

– Uniformly charged sphere, as opposed to point-like Fermi's approach  

– Large term

– Small error (<  )

● Weak interaction analogous: 

– Smaller term

– Depends on transition vector/axial type

– Stronger uncertainty (<0.05)

Neutrinos

Neutrinos kinetic energy
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Radiative corrections

● Emission of real and virtual photons
● First order             for terms which affect spectrum shape
● Smaller for neutrinos than for electrons

Feynman diagrams for 1st order corrections

144 Pr Neutrinos

Electrons

Electron kinetic energyNeutrino kinetic energy
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Screening effect

● Atomic electron influence on the beta particle emission

● Fermi function shift by screening potential

● Different models for atomic electron distribution (Thomas-Fermi 
statistical model, Hartree-Fock method, etc):

● Error propagated by Taylor expansion of the correction term. 

● Second biggest error source with conservative hypothesis.
144 Pr Neutrinos

Neutrinos kinetic energy
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Accuracy killer: weak magnetism

● Modeled as a linear correction                 1+δWMW

Usual evaluation of        : consider nucleus as a system of free 
nucleons: no interaction between them
                  Neutron decay case

● Analogous of the electromagnetic induced currents for a 
moving Coulomb field, for the weak interaction 

Praseodymium weak magnetism error

● Weakest corrective term
● But largest uncertainty

(arbitrary fixed)
of neutrino spectrum
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Corrections evaluation for 144Pr

Correction Amplitude in 
neutrino spectrum %

Error in %

Recoils and neutrino mass 0.013 -

Finite-size for electromagnetism 4.68 < 0.00005

Finite-size for weak interaction 2.53 < 0.1

Radiative QED correction 1.56 ≈ 0.07

Screening term 2.94 0.25

Weak magnetism 1.34 1.34

● Dismiss recoil right now
● Obvious domination 

from weak magnetism

● Summary

Neutrinos kinetic energy
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Cerium source spectra

Cerium
3 transitions
considered axial

Praseodymium
8 transitions

Combined spectrum 
(without errors)

Spectrum x
Including uncertainties on 

Ce
Pr
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Comparison with BESTIOLE

● Good agreement with 
BESTIOLE prediction

● An older implementation of 
corrected Fermi Theory

● Used to predict reactor 
spectra

● Already compared to 
experimental data

● Finite-size, radiative and 
impulse approximation weak 
magnetism terms

144Pr spectra from BESTIOLE in red and our model in blue
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Comparison with old data
(0- to 0+ Beta Transition 144Pr → 144Nd, Fred T. Porter and Paul P. Day,

Physical Review 114, 1959)

● 1st forbidden branch
        phase space factor
● Tabulated data should allow to 

constrain corrections 
uncertainties.

Shape factor C for 144Pr second branch (2.3 MeV)

pe
2
+ pν

2

C=
N

pW (W 0−W )
2 F

Promising preliminary test with Porter's data

Main final purpose:
Improving weak magnetism model

25 degrees of freedom
χ² = 40.08572
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Comparison with old data
(0- to 2+ Beta Transition 144Pr → 144Nd, Fred T. Porter and Paul P. Day,

Physical Review 114, 1959)

● Work needed on the main 
phase space term

● Possible instrumental 
effects (e.g. detector 
resolution) to be taken into 
account.

● Study of higher order 
effects (e.g. radiative)

Shape factor C for 144Pr first branch (3 MeV)

C=
N

pW (W 0−W )
2 F

1st forbidden branch

46 degrees of freedom
χ² = 107.1824
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Next steps

● Improving the model robustness and precision

● Beta spectroscopic measurements at LNHB (Saclay):

100 kBq cerium nitrate solution samples on their way

Liquid chromatography separation

Spectroscopy with liquid scintillator for both nuclei
● Taking advantage of already available data.
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Backup slides
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Cerium-Praseodymium Source

Three more negligible transitions from excited states

144 Pr
Z=59
N=85

Two transitions from Praseodymium above IBD threshold

144 Ce
Z=58
N=86
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IBD Cross section
● Corrected cross section with radiative correction, recoil terms 

and weak magnetism, as described in Radiative corrections 
and recoil effects in the reaction at low 
energies, Fayans, S. A., Sov. J. Nucl. Phys. 1985.

● Valid approximation in the 0-3 MeV range.

● Uncertainty dominated by the cross section prefactor, so 
depending on neutron lifetime.
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