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Anomaly Introduction

What's it about in 3 steps:

Where is the anomaly?
Antineutrino’s from S~ decay of reactor fission fragments

What goes wrong?
Measured # v, < predicted from S decay

How should we interpret this?
Prediction error (mean, o) or sterile neutrino’s, something else

When new physics lurks, look out for quirks!



Antineutrino origin

Fission fragments from 23°U, 238U, 23°Py and ?*'Pu have many 3~

branches, but can only measure cumulative spectrum.
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Conversion of all 5 branches is tremendous challenge
A. A. Sonzogni et al., PRC 91 (2015) 011301(R) 3



Deficiency and particle physics proposal

Current deficiency in neutrino count rate at 94% (2-30)
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Deficiency and particle physics proposal

Current deficiency in neutrino count rate at 94% (2-30)
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Very exciting, but...it is real?

Understanding of all corrections & nuclear structure is crucial!

An et al. (Daya Bay Collab.), PRL 118 (2017) 251801 & J. Kopp et al., JHEP 05 4



Generalized weak Hamiltonian

Active participation of QED, QCD & WI — Complicated system

Weak Hamiltonian is modified

1. Emitted 3 particle immersed in Coulomb field: radiative
corrections

2. QCD adds extra terms in weak vertex: induced currents



Generalized weak Hamiltonian

Active participation of QED, QCD & WI — Complicated system

Weak Hamiltonian is modified
1. Emitted 3 particle immersed in Coulomb field: radiative
corrections

2. QCD adds extra terms in weak vertex: induced currents

Relevant to this talk:

o Kp— K 5
Vu(qz) — i{Tp|gvyu — piMnUWq |un)

‘Weak magnetism’



Analytical beta spectrum shape

Recently accomplished: Fully analytical description (hydra)
Gy Viga
273
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N(W)dW =

Fo(Z,W) Lo(Z,W) U(Z, W) Ry(W, Wy, M)



Analytical beta spectrum shape

Recently accomplished: Fully analytical description (hydra)
G V2
N(W)dW = =Y

Fo(Z, W) Lo(Z, W) [U(Z, W) Ry(W, Wy, M)
X Q(Z, W, M) R(W, W) (S(Z, W) X(Z, W) r(Z, W))

x (C(Z, W) Dc(Z, W, 52) Drs(Z, W, o))
x pW(Wo — W)? dW

Main corrections and improvements:

Atomic effects: Screening, exchange, atomic mismatch
molecular effects
Nuclear effects: Spatial variation of wave functions, nuclear

structure & deformation

L. H. et al., Accepted for Rev. Mod. Phys.; arXiv: 1709.07530



Performance check

Initial test for 07 — 0% superallowed decays, minor influence from
nuclear structure.

Comparison of f values for superallowed Fermi decay
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Performance check

Initial test for 07 — 0% superallowed decays, minor influence from

nuclear structure.

Comparison of f values for superallowed Fermi decay
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of f values
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I. Towner & Hardy, PRC 91 (2015) 025501



Performance check

Comparison to Towner et al. mirror calculations, sensititive to 3
matrix elements

Comparison of fy/ fx values for mirror decays
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Excellent agreement within uncertainties 9

|. Towner & Hardy, PRC 91 (2015) 025501



Weak magnetism in T = 1/2 mirrors

Main nuclear structure influence in allowed decays

Evolution of weak magnetism for mirror decays
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Oblate deformation for 33Cl, 35Ar changes sign & magnitude!
Level mixing for high Z, N is non-trivial 10



[ participant sketch

Nuclear 8 decay is complicated

Forbiddenness profile
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[ participant sketch

Nuclear 8 decay is complicated

Forbiddenness profile .
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Both greatly influence the spectrum shape!

Additional lower order effects: Atomic, electrostatic, kinematic. . .

Méller et al., ADNDT 109-110 (2016) 1; L.H. et al., arXiv: 1709.07530
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Reactor bump
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Clearly something is not well understood, possibilities are plentiful
Hayes & Vogel, ARNPS 66 (2016) 219 e
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Approaches split up in 2:

1. Huber method: virtual 8 branch fits
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State of the art

Approaches split up in 2:

1. Huber method: virtual 8 branch fits
2. Summation method: Build from databases & extrapolate a la
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Extrapolation & Virtual branches

How to construct these fictitious 3 branches?

70

60 H
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40888

30

20—+

E [MeV]

Parametrised Z(Ep) fit with simple polynomial

P. Huber, PRC 84 (2011) 024617

14



Extrapolation & Virtual branches

Typical procedure
1. Make grid for Eg in [2,12] MeV
2. Every gridpoint Eg j, choose Z(Ep ;)

3. Assume allowed shape, extrapolate average nuclear matrix

elements

4. Fit VB intensities to cumulative exp. spectrum

S(E.) = Z ¢iS(Ee, Z(Eo,i), Eo,i)

1

5. Invert spectra using E, = Ey — E.

15



Extrapolation & Virtual branches

Huber (conversion) method has many issues:

e Estimated average b/Ac from spherical mirrors, but highly
transition and deformation dependent

Incorrectly estimates (aZ)™! effects, RNA((Z)">1) #
(RNA(ZN>1))1

Fixed endpoints on grid

239py /235U is wrong

Only allowed transitions (dominant 0 <+ 0~ transitions)

Quenching of ga is absent

Predictions are dubious

An et al. (Daya Bay Collab.), PRL 118 (2017) 251801 & Hayes et al.,

arXiv:1707.07728 16
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Planned improvements

Central idea is more realistic uncertainty by assessing 3 main
sources of error

e Fission yields
e Proper (forbidden) spectral shapes

e Database extrapolation

17



Planned improvements

Central idea is more realistic uncertainty by assessing 3 main

sources of error

e Fission yields
e Proper (forbidden) spectral shapes

e Database extrapolation

Collaboration with SCK-CEN for FY uncertainties, Jyvaskyla for
forbidden shape factors

17



Forbidden shape factors

Out of thousands of 5~ decays, many dominant are forbidden

Nuclide S = GS />

sy 0~ — 07 0.308
92Rb 0~ — 0t 0.240
100N 1t =0t 0.412
135Te  (7/2-) —» 7/2t -0.011
e 0~ — 0t 0.141
T 1- = 0" 0.097
9ORb 0~ — 07 -0.105
%Sy 1/2% —1/2=  0.308
88Rb 2= =07 -0.073

Sonzogni et al., PRC 91 (2015) 011301(R)
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Forbidden shape factors

Differences can be dramatic
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Database extrapolation

Database contains much more information to use

Trivial extension 65 -
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Database extrapolation

Database contains much more information to use
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Clustering & Machine Learning

Nuclear 3 decays live in high-dimensional vector spaces

e /, A

Branching Ratio, Ep, daughter excitation
AJAT (forbiddenness, unique)

Initial and final deformation
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Clustering & Machine Learning

Nuclear 3 decays live in high-dimensional vector spaces

e /, A

Branching Ratio, Ep, daughter excitation
AJAT (forbiddenness, unique)

Initial and final deformation

Clusters in high dimensions are smeared in 2D projections

21



Data visualization
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Data visualization - Clustering
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Clustering visualisation

Use dimensional reduction (t-SNE) to visualise results
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Clear clusters, intercluster distance irrelevant here
24



Intercluster comparison

Example comparison for 2 clusters
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Check how many fall out of clusters
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Almost all points belong firmly to a cluster! 26



Monte Carlo sampling

How to combine these results?

Instead of a single Z(Ep) fit, use
Multidimensional Cluster Markov Chain Monte Carlo (MC3)
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Monte Carlo sampling

How to combine these results?

Instead of a single Z(Ep) fit, use
Multidimensional Cluster Markov Chain Monte Carlo (MC3)

Build a distribution of anomaly — better uncertainty estimate

27



Virtual 5 branch creation

Procedure:

For each Ej bin, for each cluster, build sampling distribution

28



Virtual 5 branch creation

Procedure:
For each Ej bin, for each cluster, build sampling distribution

Bayes' theorem:
P(0)P(d|0)

POId) = 5y
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Virtual 5 branch creation

Procedure:
For each Ej bin, for each cluster, build sampling distribution

Bayes' theorem:
P(0)P(d|0)

PUOI) = =55

Prior (P(#)): intrinsic probability for a 5 branch,
fission yield x BR
Likelihood (P(d|0)): probability for point to belong to cluster

Continue with affine-invariant MCMC (shape-insensitive)

28



Weighted

visualization
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Virtual 5 branch creation
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Electron Schreckenbach fits are typically well below 1% with
limited # branches =



Statistical Conditions

After
conversion to 7, spectrum,

obtain ratio R; (i = 5,8,9,1)

Ratio Mueller/conversion

Ratio vs Mueller for Pu239

0.6
2000 3000 4000 5000 6000 7000
Antineutrino energy
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Statistical Conditions

After Ratio vs Mueller for Pu239

conversion to 7, spectrum, 13
obtain ratio R; (i = 5,8,9,1) 12

o
o

Traditionally

Ratio Mueller/conversion
I
)

o
®

use fit results & uncertainty

e
N

from x2 minimization

0.6
2000 3000 4000 5000 6000 7000
Antineutrino energy

Only
correct when underlying pdf

e Symmetric
e Unimodal

e Gaussian 31



Proof of concept results

90 Ratio distribution for Pu241
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Proof of concept results

120 , vRatlo dIS'tI'IbUtIOn'fOr U235,

Counts (a.u.)

0.85 0.90
Ratio versus Mueller
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Proof of concept results

250 i Batlo dlsFrlbutlon for Pu239

Counts (a.u.)

0.95 1.00
Ratio versus Mueller
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Statistical validity

Results are very much preliminary, prepare salt
However, interesting trends appear to

e violate previously used statistical inference methods

e increase uncertainties significantly
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Statistical validity

Results are very much preliminary, prepare salt
However, interesting trends appear to

e violate previously used statistical inference methods

e increase uncertainties significantly

Still simplest case, haven't even used cluster information, or

nuclear structure!

85



Sensitivity to weak magnetism

Main allowed correction matrix element

b_1[ oM
Ac  ga &M gVMGT

From low-Z mirror systems, b/Ac ~ 5, however

e For /| +1/2 — [+ 1/2 transitions, b/Ac o £/
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Sensitivity to weak magnetism

Main allowed correction matrix element

b_1[ oM
Ac  ga &M gVMGT

From low-Z mirror systems, b/Ac ~ 5, however

e For /| +1/2 — [+ 1/2 transitions, b/Ac o £/
e /| +1/2 — | F1/2 = constant, but deformation mixes
oscillator shells

e Strong ga quenching in heavy systems

Pretty easily see this going upward, subject of further study

36



Sensitivity to weak magnetism

250 Ratio comparison for Pu239
[ b/Ac =10
[0 b/Ac=5
200
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v
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Doubling of weak magnetism produces shift ~ anomaly, however
prepare salt! =



Summary




Current anomaly analysis has shaky foundation
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Current anomaly analysis has shaky foundation

Triple-pronged approach to better assess (mean, o)
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Current anomaly analysis has shaky foundation
Triple-pronged approach to better assess (mean, o)
Nuclear § decays live in high-dimensional clusters, use of Machine

Learning to investigate

38



