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Introduction

Three basic questions:

What’s our goal?

Understand Standard Model & Go Beyond

Where to look for it?

Quirky weak interaction!

How?

Nuclear β decay, because

• Small-medium scale experiments

• Wealth of different transitions

• Many available observables
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Introduction

General Hamiltonian
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j=V ,A,S ,P,T

〈f | Oj |i〉 〈e| Oj [Cj + C ‘
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Introduction

General Hamiltonian

H =
∑

j=V ,A,S ,P,T

〈f | Oj |i〉 〈e| Oj [Cj + C ‘
j γ5] |ν〉+ h.c .

Questions:

In Standard Model only V -A → where are the others?

Could there be right-handed currents? Search for V+A

components
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Search for exotic currents

Analysis in model-independent Effective Field Theory

Low and high energy experiments are competitive &

complementary!

Naviliat-Cuncic & González-Alonso, Ann. Phys. 525 (2013) 600
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BSM Observables in β decay

Typical BSM searches through correlations

dΓ

dEedΩedΩν
∝ 1 + aβν

~pe · ~pν
EeEν

+ bF
me

Ee
+ A

~pe
Ee

〈~I 〉+ . . .
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BSM Observables in β decay

Typical BSM searches through correlations

dΓ

dEedΩedΩν
∝ 1 + aβν

~pe · ~pν
EeEν

+ bF
me

Ee
+ A

~pe
Ee

〈~I 〉+ . . .

Sensitivity comes from bF

bF = ±
1

1 + ρ2

[

Re

(

CS + C ′

S

CV

)

+ ρ2Re

(

CT + C ′

T

CA

)]

because it’s linear in coupling constants

→ measure β spectrum directly & fit for 1/Ee
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Beta spectrum shape



Generalized weak Hamiltonian

Active participation of QED, QCD & WI → Complicated system

Weak Hamiltonian is modified

1. Emitted β particle immersed in Coulomb field: radiative

corrections

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

Active participation of QED, QCD & WI → Complicated system

Weak Hamiltonian is modified

1. Emitted β particle immersed in Coulomb field: radiative

corrections

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

Relevant to this talk:

Vµ(q
2) → i〈ūp|gV γµ −

κp − κn
2M

σµνq
ν |un〉 (+ weak magnetism)

Aµ(q
2) → i〈ūp|gAγ5γµ + i

gP
2M

γ5qµ|un〉 (+ induced pseudoscalar)

Induced pseudoscalar is typically ignored.
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Beta Spectrum Shape

Exploring the Standard Model and Beyond via the allowed β

spectrum shape:

dN

dEe
∝ 1 + bFierzγ

me

Ee
+ bWMEe

bFierz: Proportional to scalar (Fermi) and tensor (Gamow-Teller)

couplings

bWM : Weak Magnetism (main induced current), poorly known for

A > 60, forbidden decays
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Beta Spectrum Shape

Exploring the Standard Model and Beyond via the allowed β

spectrum shape:

dN

dEe
∝ 1 + bFierzγ

me

Ee
+ bWMEe

bFierz: Proportional to scalar (Fermi) and tensor (Gamow-Teller)

couplings

bWM : Weak Magnetism (main induced current), poorly known for

A > 60, forbidden decays

This requires knowledge of the theoretical spectrum shape to

≤ 10−3 level!
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Analytical beta spectrum shape

Recently accomplished: Fully analytical description

N(W )dW =
G 2
VV

2
ud

2π3
F0(Z ,W ) L0(Z ,W ) U(Z ,W ) RN(W ,W0,M)

× Q(Z ,W ,M) R(W ,W0) S(Z ,W ) X (Z ,W ) r(Z ,W )

× C (Z ,W ) DC (Z ,W , β2) DFS(Z ,W , β2)

× pW (W0 −W )2 dW
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Analytical beta spectrum shape

Recently accomplished: Fully analytical description

N(W )dW =
G 2
VV

2
ud

2π3
F0(Z ,W ) L0(Z ,W ) U(Z ,W ) RN(W ,W0,M)

× Q(Z ,W ,M) R(W ,W0) S(Z, W) X(Z, W) r(Z, W)

× C(Z, W) DC (Z, W, β2) DFS(Z, W, β2)

× pW (W0 −W )2 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
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Atomic exchange

Exchange: Probability of decaying into bound state with emission

of bound e−

X (E ) = 1 +
∑

n

ηnsex (E )

where

ηnsex (E ) ∝ 〈Es ′|ns〉

spatial overlap between continuum and bound wave functions
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Atomic exchange

Exchange: Probability of decaying into bound state with emission

of bound e−

X (E ) = 1 +
∑

n

ηnsex (E )

where

ηnsex (E ) ∝ 〈Es ′|ns〉

spatial overlap between continuum and bound wave functions

Need accurate wave functions for arbitrary potentials over the

entire space → numerical!
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Induced Pseudoscalar: Validity of neglect

Induced pseudoscalar is typically neglected because O(gPW0/M
2).

Applying nucleon PCAC gives

gP(q
2) = −gA(q

2)
(2Mn)

2

m2
π − q2

,

so for neutrons gP(0) ≈ −229, not negligible.
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Induced Pseudoscalar: Validity of neglect

Induced pseudoscalar is typically neglected because O(gPW0/M
2).

Applying nucleon PCAC gives

gP(q
2) = −gA(q

2)
(2Mn)

2

m2
π − q2

,

so for neutrons gP(0) ≈ −229, not negligible.

However, in nuclear medium gP is modified through meson

exchange and is quenched, but value uncertain.
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Retaining induced pseudoscalar

Keeping gP corresponds to

C (Z ,W ) → C (Z ,W ) + ΦP(Z ,W )

with

Φ =
gP
gA

1

(2MnR)2
. 0.1

with relative differences O(10−3) (unquenched), similar to

experimental σ!
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Retaining induced pseudoscalar

Keeping gP corresponds to

C (Z ,W ) → C (Z ,W ) + ΦP(Z ,W )

with

Φ =
gP
gA

1

(2MnR)2
. 0.1

with relative differences O(10−3) (unquenched), similar to

experimental σ!

Knowledge of gP becomes crucial for increasing precision & Vud

extraction from mirrors
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Outlook

New results from UCNA, aCORN

Several experiments ongoing

• 6He, 20F @ MSU

• 8Li @ Argonne

• Nab @ ORNL

• 32Ar @ ISOLDE

• . . .

Exciting times!
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Reactor antineutrino anomaly



Anomaly Introduction

What’s it about in 3 steps:

Where is the anomaly?

Antineutrino’s from β− decay of reactor fission fragments
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Anomaly Introduction

What’s it about in 3 steps:

Where is the anomaly?

Antineutrino’s from β− decay of reactor fission fragments

What goes wrong?

Measured # ν̄e < predicted from β decay

How should we interpret this?

Prediction error (mean, σ) or sterile neutrino’s, something else

When new physics lurks, look out for quirks!
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Extrapolation & Virtual branches

Huber (extrapolation) model has many issues:

• Estimated average b/Ac from spherical mirrors, but highly

transition and deformation dependent

• Incorrectly estimates (αZ )2 effects, RNA(〈Z 〉2) 6=

〈RNA(Z 2)〉!

• 239Pu cross section does not agree with experiment

• Only allowed transitions (dominant 0+ ↔ 0− transitions)

• Quenching of gA is absent

• . . .

Predictions are dubious
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Planned improvements

Central idea is more realistic uncertainty by assessing 3 main

sources of error

• Fission yields

• Proper (forbidden) spectral shapes

• Database extrapolation
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Planned improvements

Central idea is more realistic uncertainty by assessing 3 main

sources of error

• Fission yields

• Proper (forbidden) spectral shapes

• Database extrapolation

Collaboration with SCK-CEN for FY uncertainties, Jyvaskyla for

forbidden shape factors

41



Forbidden shape factors

Out of thousands of β− decays, many dominant are forbidden

Nuclide Jπgs → Jπgs Contr. GS β2

(%)
96Y 0− → 0+ 6.3 0.308
92Rb 0− → 0+ 6.1 0.240
100Nb 1+ → 0+ 5.5 0.412
135Te (7/2−) → 7/2+ 3.7 -0.011
142Cs 0− → 0+ 3.5 0.141
140Cs 1− → 0+ 3.4 0.097
90Rb 0− → 0+ 3.4 -0.105
95Sr 1/2+ → 1/2− 3.0 0.308
88Rb 2− → 0+ 2.9 -0.073

Sonzogni et al., PRC 91 (2015) 011301(R)
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Clustering & Machine Learning

Nuclear β decays live in high-dimensional vector spaces

• Z , A

• Branching Ratio, E0, daughter excitation

• ∆J∆π (forbiddenness, unique)

• Initial and final deformation

• . . .
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Clustering & Machine Learning

Nuclear β decays live in high-dimensional vector spaces

• Z , A

• Branching Ratio, E0, daughter excitation

• ∆J∆π (forbiddenness, unique)

• Initial and final deformation

• . . .

Clusters in high dimensions are smeared in 2D projections

45









Monte Carlo sampling

How to combine these results?

Instead of a single Z (E0) fit, use Monte Carlo to sample

• Clusters

• Fission yields

• Other known or estimated errors
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Monte Carlo sampling

How to combine these results?

Instead of a single Z (E0) fit, use Monte Carlo to sample

• Clusters

• Fission yields

• Other known or estimated errors

Build a distribution of anomaly → better uncertainty estimate
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Anomaly Summary

Current anomaly analysis has shaky foundation
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Anomaly Summary

Current anomaly analysis has shaky foundation

Triple-pronged approach to better assess (mean, σ)

Nuclear β decays live in high-dimensional clusters, use of Machine

Learning to investigate

50



Summary & Outlook



Summary

β decay remains an incredible tool for BSM searches
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Summary

β decay remains an incredible tool for BSM searches

Theory is under control to allow BSM extraction

Experimental field is blossoming, interesting prospects

Reactor anomaly most likely artefact from oversimplified β

spectrum analysis → to be fixed, new techniques!
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