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Why are we here?

 The Standard Model is incomplete (Dark matter, neutrino’s mass)

 Experiments are searching for BSM signatures

 LHC → TeV energy frontier

 Nuclear phenomena are the precision frontier:

 New experiments will have ~0.1% level precision

 Sensitive to new physics at the TeV scale

 The theoretical goal: BSM predictions

vs.

SM corrections

SM

BSM



Introduction: Weak interaction & 𝛽-decay BSM Searches

Summary: We Can Do It (and more)

Theory with Controlled accuracyTheory

New Opportunities and PredictionsExpt.

The Missing Theory for Forbidden Decays (Tensor+)Theory

New Precise Bounds on BSM Interactions (23Ne)Expt.
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Weak interaction

Low energy reaction of

leptons with nucleons

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

Scalar (𝐶𝑆)

PseudoScalar (𝐶𝑃)

Vector (𝐶𝑉)

Axial vector (𝐶𝐴)

Tensor (𝐶𝑇)

෡ℋ𝑊 ~ 𝐶 Ƹ𝑗 Ԧ𝑥 ⋅ መ𝒥 Ԧ𝑥

A-priori:

BSM Searches 

Theory: C.N. Yang and T.D. Lee
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Weak interaction

Low energy reaction of

leptons with nucleons

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

Scalar (𝐶𝑆)

PseudoScalar (𝐶𝑃)

Vector (𝐶𝑉)

Axial vector (𝐶𝐴)

Tensor (𝐶𝑇)

෡ℋ𝑊 ~ 𝐶 Ƹ𝑗 Ԧ𝑥 ⋅ መ𝒥 Ԧ𝑥

A-priori:
The SM is incomplete

>> Ongoing searches for 𝐶𝑆, 𝐶𝑃, 𝐶𝑇
in precision nuclear 𝜷-decay experiments

Experiment: C.S. Wu

Theory: C.N. Yang and T.D. Lee

BSM Searches 



Nuclear 𝛽-decay

parity
angular 

momentum

Formalism

electron

anti 
neutrino

neutron

proton

Beta decay, Khan Academy, cdn.kastatic.org/ka-perseus-

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

Transitions 𝐽Δ𝜋:

Low momentum transfer: 𝑞 ∼ 0 − 10 MeV/c

BSM Searches 
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Transitions 𝐽Δ𝜋:

Low momentum transfer: 𝑞 ∼ 0 − 10 MeV/c

• 0+: Fermi

• 1+: Gamow-Teller
“Allowed”

(when 𝑞 → 0)

• All the rest (𝐽Δ𝜋)
“Forbidden” 

(vanish for 𝑞 → 0)

BSM Searches 
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𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

𝐿0 ⋅ 𝑅 ⋅ 𝑋 ⋅ 𝑟 ⋅ 𝑆 ⋅ 𝐶𝐼 ⋅ 𝑄 ⋅ 𝑈 ⋅ 𝐷FS ⋅ 𝐷𝐶 ⋅ 𝑅𝑁

Nuclear 𝛽-decay formalism

Formalism𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

12

𝑘𝜖 𝜖0 − 𝜖 2

electron’s 

momentum

electron’s 

energy

maximal 

electron’s energy

Hayen et al., RMP 2018
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𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

∝ 1 + 𝑎𝛽𝜈 Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
𝑚𝑒

𝐸

Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −

𝐶𝑇
2
+ 𝐶𝑇

′ 2

2 𝐶𝐴
2

Quadratic in 𝐶𝑇, 𝐶𝑇
′

𝜷 Energy spectrum: term 𝑏F
𝛽∓

= ±
𝐶𝑇+𝐶𝑇

′

𝐶𝐴
~ 10−3

Vanishes for right-handed neutrinos (𝐶𝑇 = −𝐶𝑇
′ )

Formalism

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

allowed

Observables
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𝒒 → 𝟎
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𝒒 → 𝟎



Standard Model:

controlled accuracy 
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Identifying small parameters

 Kinematic parameters – 𝛽-decays have low momentum transfer:

 𝜖𝑞𝑟 ~ 𝑞𝑅 ≈ 0.01𝐴1/3 *

 𝜖recoil ~ 𝑞

𝑚𝑁
≈ 0.002 *

 The nuclear model:

 𝜖NR ~ 𝑃fermi
𝑚𝑁

≈ 0.2

 𝜖EFT ~ 0.1 − 0.3

 The Coulomb force:

 𝜖𝑐 ~ 𝛼𝑍 ≈ 0.007𝑍

 Numeric calculation:

 𝜖solver

* For an endpoint of ~ 2 𝑀𝑒𝑉

AGM & Gazit, J.Phys.G 2022

𝑞 – momentum transfer

𝑅 – nucleus’s radius

𝑚𝑁 – nucleon’s mass

𝑃fermi - Fermi momentum

𝛼 – fine structure constant

𝑍 - final nucleus’s charge

https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta


𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

∝ ෍

𝐽=0

∞

𝑓𝑉 Ԧ𝛽, Ƹ𝜈 𝜓𝑓 ෠𝑂𝐽
𝑉 𝜓𝑖 𝜓𝑓 ෠𝑄𝐽

𝑉 𝜓𝑖
∗

BSM Multipole Expansion

Formalism

෡𝐻𝑊 ~ 𝐶𝑉න𝑑3𝑟 Ƹ𝑗𝜇 Ԧ𝑟 መ𝒥𝜇
𝑉 Ԧ𝑟

Vector nuclear

current

Lepton

current

Observables:

lepton traces 

calculations 

(analytic)

Multipole 

operators:

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

Vector coupling 

constant

𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

Nuclear 

structure

መ𝐶𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 መ𝒥0

𝑉 Ԧ𝑟

෠𝐿𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෠𝐸𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ × 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෡𝑀𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

Vector 

nuclear

current

AGM & Gazit, J.Phys.G 2022

https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta
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https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta


Nuclear 𝛽-decay

SM corrections

For a general 𝛽-decay transition 𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓:

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 = ෍

𝐽= 𝐽𝑖−𝐽𝑓

𝐽𝑖+𝐽𝑓

𝛩𝐽𝛥𝜋 q, റ𝛽 ⋅ Ƹ𝜈

መ𝐶𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 መ𝒥0

𝑉 Ԧ𝑟

෠𝐿𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෠𝐸𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ × 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෡𝑀𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

Vector 

nuclear

current
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• 1+: Gamow-Teller
“Allowed”

(when 𝑞 → 0)

• All the rest (𝐽Δ𝜋)
“Forbidden” 

(vanish for 𝑞 → 0)

𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓

𝐽𝑖 − 𝐽𝑓 ≤ 𝐽 ≤ 𝐽𝑖 + 𝐽𝑓
Δ𝜋 = 𝜋𝑖 ⋅ 𝜋𝑓

parityangular 

momentum

Multipole 

operators:

AGM & Gazit, J.Phys.G 2022

https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta


Nuclear 𝛽-decay

SM corrections

Multipole operatorsTransition𝛥𝜋

መ𝐶0
𝑉~1Fermi+𝐽 = 0

෠𝐿0
𝐴~𝜖𝑞𝑟~𝑞
መ𝐶0
𝐴~𝜖𝑁𝑅~𝑞

1st forbidden−

መ𝐶𝐽
𝑉~𝜖𝑞𝑟

𝐽 ~𝑞𝐽

෡𝑀𝐽
𝐴~𝜖𝑞𝑟

𝐽 ~𝑞𝐽
𝐽th forbidden− 𝐽𝐽 > 0

LO:              ෠𝐿𝐽
𝐴~𝜖𝑞𝑟

𝐽−1~𝑞𝐽−1

NLO: መ𝐶𝐽
𝐴, ෡𝑀𝐽

𝑉~𝜖recoil𝜖𝑞𝑟
𝐽−1 , 𝜖𝑁𝑅𝜖𝑞𝑟

𝐽 ~𝑞𝐽+1

Gamow Teller 𝐽 = 1
unique 𝐽 − 1 th forbidden

− 𝐽−1

𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓

𝐽𝑖 − 𝐽𝑓 ≤ 𝐽 ≤ 𝐽𝑖 + 𝐽𝑓
Δ𝜋 = 𝜋𝑖 ⋅ 𝜋𝑓

parityangular 

momentumFor a general 𝛽-decay transition 𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓:

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 = ෍

𝐽= 𝐽𝑖−𝐽𝑓

𝐽𝑖+𝐽𝑓

𝛩𝐽𝛥𝜋 q, റ𝛽 ⋅ Ƹ𝜈

AGM & Gazit, J.Phys.G 2022

https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta


 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈 Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
𝑚𝑒

𝐸
𝜓𝑓 ෠𝐿𝐽 𝜓𝑖

2

1 + 𝛿1

−
1

3
1 + 𝛿𝑎

0 + 𝛿𝑏

 𝛿1 = 𝑓1
𝜓𝑓 መ𝐶1

𝐴 𝜓𝑖

𝜓𝑓 ෠𝐿1
𝐴 𝜓𝑖

,
𝜓𝑓 ෡𝑀1

𝑉 𝜓𝑖

𝜓𝑓 ෠𝐿1
𝐴 𝜓𝑖

+ 𝒪
𝜖𝑞𝑟
2

15
, 𝜖𝑐

2

𝑑𝜔 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

SM corrections

~ 𝜖NR𝜖𝑞𝑟, 𝜖recoil ~10
−2 ~ 5 ⋅ 10−4

Fierz

term

𝛿𝑎 = 𝑓𝑎𝛿 = 𝑓

Angular 

correlation

SM 

correction

SM 

correction
SM

SMMultipole operator's matrix elements 

between the nuclear states

𝜖NR ~
𝑃fermi
𝑚𝑁

≈ 2 ⋅ 10−1

𝜖EFT ~ 1 ⋅ 10−1

𝜖𝑞𝑟 ~ 𝑞𝑅 ≈ 5 ⋅ 10−2

𝜖𝑐 ~ 𝛼𝑍𝑓 ≈ 2 ⋅ 10−2

𝜖recoil ~
𝑞
𝑚𝑁

≈ 4 ⋅ 10−3

Multipole Expansion

General Theory –

for any nucleus & 

transition

SM corrections

e.g.,

Gamow-Teller

Spectrum 

shape SM 

correction
SM

AGM & Gazit, J.Phys.G 2022

Controlled accuracy!

https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta


𝜓𝑓 𝜓𝑖

Nuclear matrix elements

Shell Model ~𝟏𝟎−𝟏 uncertainty

𝜓𝑓 ෠𝑂𝐽 𝜓𝑖

෠𝑂𝐽
Nuclear wave functions Multipole operators

Nuclear currents
LO (1-body currents)

መ𝒥 Ԧ𝑥

ObservablesΩ corrections

𝛿1, 𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian
USDB (USD)

෡𝐻

23Ne → 23Na

Mishnayot, AGM, et al.

. . .

SARAF: measuring 23Ne’s branching 

ratio with a ~𝟓 ⋅ 𝟏𝟎−𝟑 uncertainty 

23Ne → 23Na

https://arxiv.org/abs/2107.14355v1


𝑎
𝛽
𝜈

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963) 

23Ne → 23Na

Mishnayot, AGM, et al.

SM: measurements

https://arxiv.org/abs/2107.14355v1


𝑎
𝛽
𝜈

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963) 

23Ne → 23Na

Mishnayot, AGM, et al.

SM: measurements

https://arxiv.org/abs/2107.14355v1


Constraining 𝑎𝛽𝜈 & 𝑏𝐹 simultaneously

𝑎𝛽𝜈 = −0.3331 ± 0.0028 ± 0.0004 ± 0.0002

𝑏𝐹 = 0.0007 ± 0.0049 ± 0.0003 ± 0.0001

statistics experiment theory

𝑎𝛽𝜈

𝑏
𝐹

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963) 

23Ne → 23Na

Mishnayot, AGM, et al.

SM: measurements

https://arxiv.org/abs/2107.14355v1


Constraining 𝑎𝛽𝜈 & 𝑏𝐹 simultaneously

𝑎𝛽𝜈 = −0.3331 ± 0.0028 ± 0.0004 ± 0.0002

𝑏𝐹 = 0.0007 ± 0.0049 ± 0.0003 ± 0.0001

statistics experiment theory

𝑎𝛽𝜈

𝑏
𝐹

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963) 

23Ne → 23Na

Mishnayot, AGM, et al.

SM: measurements

https://arxiv.org/abs/2107.14355v1


New constraints on the existence of exotic Tensor interactions

𝐶𝑇
+

𝐶𝐴
= 0.0007 ± 0.0049

𝐶𝑇
−

𝐶𝐴
= 0.0001 ± 0.0823

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963) 

𝐶𝑇
+/𝐶𝐴

𝐶
𝑇−
/𝐶

𝐴

23Ne → 23Na

Mishnayot, AGM, et al.

SM: measurements

https://arxiv.org/abs/2107.14355v1


𝐶
𝑇+
/𝐶

𝐴

𝐶𝑆
+/𝐶𝑉Falkowski et al., J.High Energ.Phys.2021

AGT

~

SM: measurements

https://doi.org/10.1007/JHEP04(2021)126


𝐶
𝑇+
/𝐶

𝐴

𝐶𝑆
+/𝐶𝑉

aGT

AGT

~

Mishnayot, AGM, et al.

Falkowski et al., J.High Energ.Phys.2021

SM: measurements

https://arxiv.org/abs/2107.14355v1
https://doi.org/10.1007/JHEP04(2021)126


BSM missing theory:

forbidden decays (tensor+)



𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

∝ ෍

𝐽=0

∞

𝑓𝑉 Ԧ𝛽, Ƹ𝜈 𝜓𝑓 ෠𝑂𝐽
𝑉 𝜓𝑖 𝜓𝑓 ෠𝑄𝐽

𝑉 𝜓𝑖
∗

BSM Multipole Expansion

Formalism

෡𝐻𝑊 ~ 𝐶𝑉න𝑑3𝑟 Ƹ𝑗𝜇 Ԧ𝑟 መ𝒥𝜇
𝑉 Ԧ𝑟

Vector nuclear

current
Vector Lepton

current

Observables:

lepton traces 

calculations 

(analytic)

Multipole 

operators:

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

Vector coupling 

constant

𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

Nuclear 

structure

መ𝐶𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 መ𝒥0

𝑉 Ԧ𝑟

෠𝐿𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෠𝐸𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ × 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෡𝑀𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

Vector 

nuclear

current



𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

∝ ෍

𝐽=0

∞

𝑓𝑇 Ԧ𝛽, Ƹ𝜈 𝜓𝑓 ෠𝑂𝐽
𝑇 𝜓𝑖 𝜓𝑓 ෠𝑄𝐽

𝑇 𝜓𝑖
∗

BSM Multipole Expansion

Formalism

෡𝐻𝑊 ~ 𝐶𝑇න𝑑3𝑟 Ƹ𝑗𝜇𝜈 Ԧ𝑟 መ𝒥𝜇𝜈
𝑇 Ԧ𝑟

Tensor nuclear

current
Tensor Lepton

current

Observables:

lepton traces 

calculations 

(analytic)

Multipole 

operators:

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

Tensor coupling 

constant

𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

Nuclear 

structure

We want to have the same for the Tensor coupling

➢ The currents are tensors: Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

The SM multipoles are defined for vector (axial) currents

➢ with vector spherical harmonics 𝑌𝐽𝐽1
𝑀 Ƹ𝑟

መ𝐶𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 መ𝒥0

𝑉 Ԧ𝑟

෠𝐿𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ 𝑗𝐽 𝑞𝑟 𝑌𝐽𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෠𝐸𝐽𝑀
𝑉 =

𝑖

𝑞
න𝑑3𝑟 ∇ × 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

෡𝑀𝐽𝑀
𝑉 = න𝑑3𝑟 𝑗𝐽 𝑞𝑟 𝑌𝐽𝐽1

𝑀 Ƹ𝑟 ⋅ റ𝒥𝑉 Ԧ𝑟

Vector 

nuclear

current

AGM & Gazit, PRD 2023



Tensor

෡ℋ𝑊 ~ 𝐶T Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

BSM missing theory

AGM & Gazit, PRD 2023



Tensor

Tensor interactions

 Symmetric: 

 A space-time-metric and the stress-energy tensor

 Antisymmetric

 Fermionic probes

⟹ 𝑙00 = 0

෡ℋ𝑊 ~ 𝐶T Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

BSM missing theory

AGM & Gazit, PRD 2023



Tensor

Tensor interactions

 Symmetric: 

 A space-time-metric and the stress-energy tensor

 Antisymmetric

 Fermionic probes

⟹ 𝑙00 = 0

෡ℋ𝑊 ~ 𝐶T Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

BSM missing theory

AGM & Gazit, PRD 2023



Tensor

Tensor interactions

 Symmetric: 

 A space-time-metric and the stress-energy tensor

 Antisymmetric

 Fermionic probes

⟹ 𝑙00 = 0

⟹ 𝑙⋅0 = −𝑙0⋅

෡ℋ𝑊 ~ 𝐶T Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

BSM missing theory

AGM & Gazit, PRD 2023



Tensor

Ÿ vector-like objects

Tensor interactions

 Symmetric: 

 A space-time-metric and the stress-energy tensor

 Antisymmetric

 Fermionic probes

⟹ 𝑙00 = 0

⟹ 𝑙⋅0 = −𝑙0⋅

⟹ 𝑙𝑖𝑗⟶ 𝑙𝑖𝑗
1

෡ℋ𝑊 ~ 𝐶T Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

BSM missing theory

AGM & Gazit, PRD 2023



Tensor → vector-like objects

 Tensor “vector-like” multipole operators with an identified parity

 𝛥𝜋 = − 𝐽−1: “Axial (vector)-like” tensor operators:

෠𝐿𝐽
𝑇 = −

𝑖

2

𝑔𝑇
𝑔𝐴

෠𝐿𝐽
𝐴 + 𝒪 𝜖NR

2 ~
𝑃fermi
2

𝑚𝑁
2 ~0.04

 𝛥𝜋 = − 𝐽: “Vector” like tensor operators:

Ƹ𝐿𝐽
𝑇′ ∝ 𝜖𝑞𝑟~

𝑞

𝑚𝑁
~ 0.002 (for an end point of ~2MeV)

No Coulomb multipole መ𝐶𝐽
𝑇 (associated with the charge 𝑙00 = 0)

መ𝐶𝐽
𝑆 = −

𝑖

2

𝑔𝑆
𝑔𝑉

መ𝐶𝐽
𝑉 + 𝒪 𝜖NR

2 ~
𝑃fermi
2

𝑚𝑁
2 ~0.04

BSM missing theory

𝑔𝑆

𝑔𝑉
,
𝑔𝑇

𝑔𝐴
~1 nuclear charges

 Predictions & Observables 

for forbidden decays

for the first time
BSM 

operator
Well known 

SM operator

AGM & Gazit, PRD 2023



Tensor → vector-like objects

 Tensor “vector-like” multipole operators with an identified parity

 𝛥𝜋 = − 𝐽−1: “Axial (vector)-like” tensor operators:

෠𝐿𝐽
𝑇 = −

𝑖

2

𝑔𝑇
𝑔𝐴

෠𝐿𝐽
𝐴 + 𝒪 𝜖NR

2 ~
𝑃fermi
2

𝑚𝑁
2 ~0.04

 𝛥𝜋 = − 𝐽: “Vector” like tensor operators:

Ƹ𝐿𝐽
𝑇′ ∝ 𝜖𝑞𝑟~

𝑞

𝑚𝑁
~ 0.002 (for an end point of ~2MeV)

 No Coulomb multipole መ𝐶𝐽
𝑇 (associated with the charge 𝑙00 = 0)

መ𝐶𝐽
𝑆 = −

𝑖

2

𝑔𝑆
𝑔𝑉

መ𝐶𝐽
𝑉 + 𝒪 𝜖NR

2 ~
𝑃fermi
2

𝑚𝑁
2 ~0.04

BSM missing theory

𝑔𝑆

𝑔𝑉
,
𝑔𝑇

𝑔𝐴
~1 nuclear charges

 Predictions & Observables 

for forbidden decays

for the first time
BSM 

operator
Well known 

SM operator

AGM & Gazit, PRD 2023



 Tensor “vector-like” multipole operators with an identified parity

“Axial (vector)-like” tensor operators:

෠𝐿𝐽
𝑇 ≈ −

𝑖

2

𝑔𝑇
𝑔𝐴

෠𝐿𝐽
𝐴

No tensor multipole መ𝐶𝐽
𝑇 (𝑙00 = 0)

associated with the charge → Scalar: 

መ𝐶𝐽
𝑆 ≈ −

𝑖

2

𝑔𝑆
𝑔𝑉

መ𝐶𝐽
𝑉

Tensor Ÿ vector-like objects

BSM missing theory

BSM 

operators

Well known 

SM operators

 Predictions & Observables 

for forbidden decays

for the first time

𝑔𝑆

𝑔𝑉
,
𝑔𝑇

𝑔𝐴
~1 nuclear charges

AGM & Gazit, PRD 2023



Tensor Ÿ vector-like objects

 Tensor “vector-like” multipole operators with an identified parity

“Axial (vector)-like” tensor operators:

෠𝐿𝐽
𝑇 ≈ −

𝑖

2

𝑔𝑇
𝑔𝐴

෠𝐿𝐽
𝐴

No tensor multipole መ𝐶𝐽
𝑇 (𝑙00 = 0)

associated with the charge → Scalar: 

መ𝐶𝐽
𝑆 ≈ −

𝑖

2

𝑔𝑆
𝑔𝑉

መ𝐶𝐽
𝑉

መ𝐶𝐽
𝑃 ≈

𝑞

2𝑚𝑁

𝑔𝑃
𝑔𝐴

෠𝐿𝐽
𝐴

BSM missing theory

BSM 

operators

Well known 

SM operators

M. Gonzalez-Alonso et al., PPNP 2019

(Accidental relation)

 Predictions & Observables 

for forbidden decays

for the first time

𝑔𝑆

𝑔𝑉
,
𝑔𝑇

𝑔𝐴
~1 nuclear charges

AGM & Gazit, PRD 2023



Nuclear 𝛽-decay

BSM Searches 

𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓

𝐽𝑖 − 𝐽𝑓 ≤ 𝐽 ≤ 𝐽𝑖 + 𝐽𝑓
Δ𝜋 = 𝜋𝑖 ⋅ 𝜋𝑓

parityangular 

momentumFor a general 𝛽-decay transition 𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓:

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 = ෍

𝐽= 𝐽𝑖−𝐽𝑓

𝐽𝑖+𝐽𝑓

𝛩𝐽𝛥𝜋 q, റ𝛽 ⋅ Ƹ𝜈

BSMmultipolestransition𝛥𝜋

መ𝐶0
𝑆 ≈ 𝑔𝑆

𝑔𝑉
መ𝐶0
𝑉መ𝐶0

𝑉~1Fermi+𝐽 = 0

෠𝐿0
𝑇 ≈ − 𝑖

√2

𝑔𝑇
𝑔𝐴
෠𝐿0
𝐴

መ𝐶0
𝑃 ≈ 𝑞

2𝑚𝑁

𝑔𝑃
𝑔𝐴
෠𝐿0
𝐴

෠𝐿0
𝐴~𝜖𝑞𝑟~𝑞
መ𝐶0
𝐴~𝜖𝑁𝑅~𝑞

1st forbidden−

መ𝐶𝐽
𝑆 ≈ 𝑔𝑆

𝑔𝑉
መ𝐶𝐽
𝑉

෡𝑀𝐽
𝑇 ≈ − 𝑖

√2

𝑔𝑇
𝑔𝐴
෡𝑀𝐽
𝐴

መ𝐶𝐽
𝑉~𝜖𝑞𝑟

𝐽 ~𝑞𝐽

෡𝑀𝐽
𝐴~𝜖𝑞𝑟

𝐽 ~𝑞𝐽
𝐽th forbidden− 𝐽𝐽 > 0

෠𝐿𝐽
𝑇 ≈ − 𝑖

√2

𝑔𝑇
𝑔𝐴
෠𝐿𝐽
𝐴

መ𝐶𝐽
𝑃 ≈ 𝑞

2𝑚𝑁

𝑔𝑃
𝑔𝐴
෠𝐿𝐽
𝐴

LO:               ෠𝐿𝐽
𝐴~𝜖𝑞𝑟

𝐽−1~𝑞𝐽−1

NLO:  መ𝐶𝐽
𝐴, ෡𝑀𝐽

𝑉~𝜖recoil𝜖𝑞𝑟
𝐽−1, 𝜖𝑁𝑅𝜖𝑞𝑟

𝐽 ~𝑞𝐽+1

Gamow Teller 𝐽 = 1
unique 𝐽 − 1 th forbidden

− 𝐽−1

AGM & Gazit, PRD 2023



Multipole operator's matrix elements

𝜓𝑓 𝜓𝑖

SM Nuclear matrix elements

𝜓𝑓 ෠𝑂𝐽 𝜓𝑖

෠𝑂𝐽
Nuclear wave functions SM Multipole operators

SM Nuclear currents

መ𝒥𝜇 Ԧ𝑥

SM corrections

𝛿1, 𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian

෡𝐻

BSM missing theory

AGM & Gazit, PRD 2023



Multipole operator's matrix elements

𝜓𝑓 𝜓𝑖

SM Nuclear matrix elements

𝜓𝑓 ෠𝑂𝐽 𝜓𝑖

෠𝑂𝐽
Nuclear wave functions SM Multipole operators

SM Nuclear currents

መ𝒥𝜇 Ԧ𝑥

SM corrections

𝛿1, 𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian

෡𝐻

BSM predictions

BSM nuclear currents

መ𝒥𝜇𝜈 Ԧ𝑥

BSM missing theory

AGM & Gazit, PRD 2023



Experimental status over the world

Energy spectrum - 𝑏𝐹

Angular correlation - 𝑎𝛽𝜈

Measurements

Cirigliano et al., 2019

https://arxiv.org/abs/1907.02164v2


𝜓𝑓 𝜓𝑖

Nuclear matrix elements
Ab initio No-Core Shell Model (NCSM)  

𝜓𝑓 ෠𝑂𝐽 𝜓𝑖

෠𝑂𝐽
Nuclear wave functions Multipole operators

Nuclear currents
LO (1-body currents)

መ𝒥 Ԧ𝑥

ObservablesΩ corrections

𝛿1, 𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian
χEFT @ N2LOopt (sat)

෡𝐻

Ab initio calculations of 6He
𝛽− 6Li

6He → 6Li

Gamow-Teller

2
6He4

3
6Li3

0+

1+
3.5 MeV

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, PLB 2022 ➢ Petr Navrátil’s talk

https://www.sciencedirect.com/science/article/pii/S0370269322003938?via%3Dihub


6He → 6Li 𝛽-energy spectrum

 Experiments are aiming a 10−3 accuracy

 The spectrum is used to find Fierz term:

 𝑏F = 0 + 𝛿𝑏 +
𝐶𝑇
+

𝐶𝐴

 Looking for  
𝐶𝑇
+

𝐶𝐴
~ 10−3

 𝛿𝑏 = −1.52 18 ⋅ 10−3

 Uncertainty < 2 ⋅ 10−4

BSM
SM 

correctionSM

𝛿
Measurements

Naïve 

SM

BSM

SM 

corrections

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, PLB 2022 ➢ Doron Gazit’s talk

https://www.sciencedirect.com/science/article/pii/S0370269322003938?via%3Dihub


AGM & Gazit, PRD 2023

6He → 6Li

BSM missing theory



BSM predictions: unique 1st-forbidden decay

𝑑𝜔 ∝ 1 + 𝑎𝛽𝜈 1 − መ𝛽 ⋅ Ƹ𝜈
2
+ 𝑏𝐹

𝑚𝑒

𝜖

AGM et al, PLB 2017

BSM missing theory

 Predictions & Observables 

for forbidden decays

for the first time

PhysLettB, 767,285-288


BSM predictions: unique 1st-forbidden decay

𝑑𝜔 ∝ 1 + 𝑎𝛽𝜈 1 − መ𝛽 ⋅ Ƹ𝜈
2
+ 𝑏𝐹

𝑚𝑒

𝜖

The 𝜷-energy spectrum is sensitive to both 𝑎𝛽𝜈 & 𝑏𝐹

 Allows simultaneous extraction of 𝐶𝑇 and 𝐶𝑇
′

 Increases the accuracy level

No BSM coupling Left-handed coupling Right-handed coupling

BSM missing theory

Formalism is nice, but applications are nicer... 

 Predictions & Observables 

for forbidden decays

for the first time

AGM et al, PLB 2017

PhysLettB, 767,285-288


Unique 1st-forbidden experiments

AGM 

Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.2018

BSM missing theory

unique 1st

forbidden

GT (Fermi)

GT

16N: Large energy separation between 

the forbidden and allowed branches

unique 1st

forbidden

Fig.: Morozov et al. J.Rad.Nuc.Chem.2010

90Sr: forbidden only

➢ Doron Gazit’s talk

➢ Petr Navrátil’s talk

https://link.springer.com/article/10.1007%2Fs10751-018-1535-x
https://link.springer.com/journal/10967


Unique 1st-forbidden experiments

BSM missing theory

unique 1st

forbidden

GT (Fermi)

GT

16N: Large energy separation between 

the forbidden and allowed branches

unique 1st

forbidden

Fig.: Morozov et al. J.Rad.Nuc.Chem.2010

90Sr: forbidden only

AGM 

Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.2018

➢ Charlie Rasco’s talk

➢ Doron Gazit’s talk

➢ Petr Navrátil’s talk

https://link.springer.com/journal/10967
https://link.springer.com/article/10.1007%2Fs10751-018-1535-x


 𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 = ෍

𝐽= 𝐽𝑖−𝐽𝑓

𝐽𝑖+𝐽𝑓

𝛩𝐽𝛥𝜋 q, റ𝛽 ⋅ Ƹ𝜈

Summary

𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓

𝐽𝑖 − 𝐽𝑓 ≤ 𝐽 ≤ 𝐽𝑖 + 𝐽𝑓
Δ𝜋 = 𝜋𝑖 ⋅ 𝜋𝑓

Required:BSM predictions
vs.

SM corrections

SM: controlled accuracy

 Identifying small parameters

 Corrections to observables

 Theory with controlled level of accuracy


6He: corrections with 10−4 uncertainty 


23Ne: new bounds on BSM Tensor interactions

BSM: new opportunities

 Tensor forbidden’s observables for the first time

 Uses the already-known SM matrix elements

 No need for new matrix elements calculations

 Forbidden decays – BSM sensitivity

 Experiments @SARAF, @ORNL

SM corrections

Gives significant constraints even for the naivest nuclear calculations

Can be done for any nucleus & decay (allowed/forbidden)

Paving the way for new, even higher precision experiments and discoveries
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Estimating the multipoles’ EFT error

(2b currents)Electro-magnetic transitions

Pastore et al., PRC87 035503 (2013)

Friman-Gayer et al., PRL126 102501 (2021)

6Li 0+ → 1+ 𝐵 𝑀1 =
1

3
෡𝑀1
𝑉 2

𝐺𝑇 6He =
12𝜋

𝑔𝐴
෠𝐿1
𝐴 2

2b: ෠𝐿1
𝐴 , መ𝐶1

𝐴 ~ 1.6% ~ 𝒪 𝜖𝐸𝐹𝑇
2

62

2b: ෡𝑀1
𝑉 ~ 10% ~ 𝒪 𝜖𝐸𝐹𝑇

6He → 6Li



6He → 6Li angular correlation
 Experiments are aiming a 10−3 accuracy

 𝑎𝛽𝜈 = −
1

3
1 + ሚ𝛿𝑎 +

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

63

GT BSM
SM 

correction

𝐶𝑇
+ 𝐶𝑇

− ~ 10−3

ሚ𝛿𝑎 = −2.54 68 ⋅ 10−3

𝛿
𝑎

𝑎
𝛽
𝜈

Measurements

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, PLB 2022

https://www.sciencedirect.com/science/article/pii/S0370269322003938?via%3Dihub


6He → 6Li angular correlation
 Experiments are aiming a 10−3 accuracy

 𝑎𝛽𝜈 = −
1

3
1 + ሚ𝛿𝑎 +

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

 Looking for  
𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2 ~𝟏𝟎−𝟔 ???
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GT

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E-04 1.E-03 1.E-02

|
B
S
M

/
δ
-S

M
|

C_T(')/C_A(')

b
a
experimental sensitivity

Sensitivity

B
S
M

S
M
c
o
rr
e
c
ti
o
n

𝐶𝑇
𝐶𝐴

BSM
SM 

correction

𝐶𝑇
+ 𝐶𝑇

− ~ 10−3

ሚ𝛿𝑎 = −2.54 68 ⋅ 10−3

𝛿
𝑎

𝑎
𝛽
𝜈

Measurements

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, PLB 2022

https://www.sciencedirect.com/science/article/pii/S0370269322003938?via%3Dihub


6He → 6Li angular correlation
 Experiments are aiming a 10−3 accuracy

 𝑎𝛽𝜈 = −
1

3
1 + ሚ𝛿𝑎 +

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

 Looking for  
𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2 ~𝟏𝟎−𝟔 ???
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GT

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E-04 1.E-03 1.E-02

|
B
S
M

/
δ
-S

M
|

C_T(')/C_A(')

b
a measured
a

Sensitivity

B
S
M

S
M
c
o
rr
e
c
ti
o
n

𝐶𝑇
𝐶𝐴

BSM

𝒂𝜷𝝂
𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝 ∝ ⋯− 𝟎. 𝟏𝒃𝑭 ~ 𝟎. 𝟏

𝑪𝑻
+

𝑪𝑨
~ 𝟏𝟎−𝟒 !!!

Future experiments aim at < 10−3

𝐶𝑇
+ 𝐶𝑇

− ~ 10−3

ሚ𝛿𝑎 = −2.54 68 ⋅ 10−3

𝛿
𝑎

𝑎
𝛽
𝜈SM 

correction

Measurements

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, PLB 2022

https://www.sciencedirect.com/science/article/pii/S0370269322003938?via%3Dihub
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 𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

∝ 1 + 𝑎𝛽𝜈 Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
𝑚𝑒

𝐸

Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −

𝐶𝑇
2
+ 𝐶𝑇

′ 2

2 𝐶𝐴
2

 Quadratic in 𝐶𝑇, 𝐶𝑇
′

𝜷 Energy spectrum: Fierz term 𝑏F
𝛽∓

= ±
𝐶𝑇+𝐶𝑇

′

𝐶𝐴
 Vanishes for right-handed neutrinos (𝐶𝑇 = −𝐶𝑇

′ )

Formalism

67

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

allowed

Observables

𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇 , 𝐶𝑇
′ ≲ 10−3 Tensor coupling constants (BSM), unknown

Nuclear 𝛽-decay formalism

𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

BSMGT

Naïve

SM

BSM

Searches for deviations from the SM “V-A” structure

Required:BSM predictions



 𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈
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𝐸

Angular correlation: 𝑎𝛽𝜈 = −
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3
1 −

𝐶𝑇
2
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′ 2
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2

 Quadratic in 𝐶𝑇, 𝐶𝑇
′

𝜷 Energy spectrum: Fierz term 𝑏F
𝛽∓

= ±
𝐶𝑇+𝐶𝑇

′

𝐶𝐴
 Vanishes for right-handed neutrinos (𝐶𝑇 = −𝐶𝑇

′ )

Formalism

68

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

allowed

Observables

𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇 , 𝐶𝑇
′ ≲ 10−3 Tensor coupling constants (BSM), unknown

Nuclear 𝛽-decay formalism

𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

BSMGT

Searches for deviations from the SM “V-A” structure

Naïve

SM

BSM

𝒒 → 𝟎

Required:BSM predictions



 𝛽-decay rate:   𝑑𝜔 ∝ 𝑘𝐸 𝐸0 − 𝐸 2𝐹0𝐶corr 𝛩 q, റ𝛽 ⋅ Ƹ𝜈

∝ 1 + 𝑎𝛽𝜈 Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
𝑚𝑒

𝐸

Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −

𝐶𝑇
2
+ 𝐶𝑇

′ 2

2 𝐶𝐴
2

 Quadratic in 𝐶𝑇, 𝐶𝑇
′

𝜷 Energy spectrum: Fierz term 𝑏F
𝛽∓

= ±
𝐶𝑇+𝐶𝑇

′

𝐶𝐴
 Vanishes for right-handed neutrinos (𝐶𝑇 = −𝐶𝑇

′ )

Formalism

69

𝛩 q, റ𝛽 ⋅ Ƹ𝜈 ∝ 𝜓𝑓 ෡𝐻𝑊 𝜓𝑖
2

allowed

Observables

𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇 , 𝐶𝑇
′ ≲ 10−3 Tensor coupling constants (BSM), unknown

Nuclear 𝛽-decay formalism

𝑞 – momentum transfer

Ԧ𝛽 ≡ 𝑘

𝜖
- electron’s normalized momentum

Ƹ𝜈 ≡ 𝜈

𝜈
- neutrino’s normalized momentum

BSMGT

Searches for deviations from the SM “V-A” structure

𝒒 → 𝟎
Naïve 

SM

BSM

SM??

Required:BSM predictions
vs.

SM corrections



OPT

𝑁
𝜋

𝜒𝐸𝐹𝑇
(𝑁𝑁) (3𝑁)

෡𝐻 = 1
𝐴 ෍

𝑖<𝑗=1

𝐴
റ𝑝𝑖− റ𝑝𝑗

2

2𝑚𝑁
+ ෍

𝑖<𝑗=1

𝐴

𝑉𝑖𝑗
𝑁𝑁 + ෍

𝑖<𝑗<𝑘=1

𝐴

𝑉𝑖𝑗𝑘
3𝑁 χEFT @ N2LO

interactions

Calculations

70

Required:SM high 

accuracy predictions



SAT

𝑁
𝜋

𝜒𝐸𝐹𝑇
(𝑁𝑁) (3𝑁)

෡𝐻 = 1
𝐴 ෍

𝑖<𝑗=1

𝐴
റ𝑝𝑖− റ𝑝𝑗

2

2𝑚𝑁
+ ෍

𝑖<𝑗=1

𝐴

𝑉𝑖𝑗
𝑁𝑁 + ෍

𝑖<𝑗<𝑘=1

𝐴

𝑉𝑖𝑗𝑘
3𝑁 χEFT @ N2LO

interactions

Calculations

71

Required:SM high 

accuracy predictions



Ab initio No-Core Shell Model

෡𝐻 = 1
𝐴 ෍

𝑖<𝑗=1

𝐴
റ𝑝𝑖− റ𝑝𝑗

2

2𝑚𝑁
+ ෍

𝑖<𝑗=1

𝐴

𝑉𝑖𝑗
𝑁𝑁 + ෍

𝑖<𝑗<𝑘=1

𝐴

𝑉𝑖𝑗𝑘
3𝑁

෡𝐻| ۧ𝛼 = 𝐸𝜆𝑇𝑧
𝐼𝜋𝑇| ۧ𝛼

(depend on single-particle coordinates റ𝑟)
single-particle harmonic-oscillator base states 

Schrodinger equation:

χEFT @ N2LO
interactions

Calculations

72

Required:SM high 

accuracy predictions



Ab initio No-Core Shell Model

෡𝐻 = 1
𝐴 ෍

𝑖<𝑗=1

𝐴
റ𝑝𝑖− റ𝑝𝑗

2

2𝑚𝑁
+ ෍

𝑖<𝑗=1

𝐴

𝑉𝑖𝑗
𝑁𝑁 + ෍

𝑖<𝑗<𝑘=1

𝐴

𝑉𝑖𝑗𝑘
3𝑁

෡𝐻| ۧ𝛼 = 𝐸𝜆𝑇𝑧
𝐼𝜋𝑇| ۧ𝛼

ቛۦ𝜓𝑓 ෍

𝑗=1

𝐴

ฮ෠𝑂𝐽 റ𝑟𝑗 ۧ𝜓𝑖 =
−1

2𝐽 + 1
෍

𝛼 , 𝛽

ۦ 𝛼 ෠𝑂𝐽 റ𝑟 ۧ𝛽 𝜓𝑓ۦ 𝑎 𝛼
+ ෤𝑎 𝛽 𝐽

ۧ𝜓𝑖

single-particle harmonic-oscillator base states 

(depend on single-particle coordinates റ𝑟)

Schrodinger equation:

Calculations

73

Required:SM high 

accuracy predictions

χEFT @ N2LO
interactions



Translational-invariant 1-body density matrices

෡𝐻 = 1
𝐴 ෍

𝑖<𝑗=1

𝐴
റ𝑝𝑖− റ𝑝𝑗

2

2𝑚𝑁
+ ෍

𝑖<𝑗=1

𝐴

𝑉𝑖𝑗
𝑁𝑁 + ෍

𝑖<𝑗<𝑘=1

𝐴

𝑉𝑖𝑗𝑘
3𝑁

෡𝐻| ۧ𝛼 = 𝐸𝜆𝑇𝑧
𝐼𝜋𝑇| ۧ𝛼

ቛۦ𝜓𝑓 ෍

𝑗=1

𝐴

ฮ෠𝑂𝐽 റ𝑟𝑗 ۧ𝜓𝑖 =
−1

2𝐽 + 1
෍

𝛼 , 𝛽

ۦ 𝛼 ෠𝑂𝐽 റ𝑟 ۧ𝛽 𝜓𝑓ۦ 𝑎 𝛼
+ ෤𝑎 𝛽 𝐽

ۧ𝜓𝑖

single-particle harmonic-oscillator base states 

ቛۦ𝜓𝑓 ෍

𝑗=1

𝐴

ฮ෠𝑂𝐽 റ𝜉𝑗 ۧ𝜓𝑖 =
−1

2𝐽 + 1
෍

𝛼 , 𝛽

𝑎 , 𝑏

ۦ 𝑎 ෠𝑂𝐽 റ𝜉 ۧ𝑏 𝑀𝐽
𝑎 𝑏 𝛼 𝛽
−1 𝜓𝑓ۦ 𝑎 𝛼

+ ෤𝑎 𝛽 𝐽
ۧ𝜓𝑖

depend on single-particle Jacobi coordinates റ𝜉 ∝ റ𝑟 − 𝑅CM

transformation matrix

𝑎 𝑏 → 𝛼 𝛽

(depend on single-particle coordinates റ𝑟)

Schrodinger equation:

Calculations

74 Navrátil, Phys. Rev. C104, 064322 (2021)

Required:SM high 

accuracy predictions

χEFT @ N2LO
interactions

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.064322
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𝜓𝑓 𝜓𝑖

Nuclear matrix elements
Ab initio No-Core Shell Model (NCSM)  

𝜓𝑓 ෠𝑂𝐽 𝜓𝑖

෠𝑂𝐽
Nuclear wave functions Multipole operators

Nuclear currents
LO (1-body currents)

መ𝒥 Ԧ𝑥

ObservablesΩ corrections

𝛿1, 𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian
χEFT @ N2LOopt (sat)

෡𝐻

Calculations

Required:SM high 

accuracy predictions



 Low momentum transfer: 𝑞 ∼ 0 − 10 MeV/c

 Transitions (different ∆𝐽𝜋):

 Allowed:

 Fermi (F, ∆𝐽𝜋 = 0+)

 Gamow-Teller (GT, ∆𝐽𝜋 = 1+)

 Forbidden - all the rest

 Vanish for 𝑞 → 0

 Recent experiments: Deviations from the V-A structure (Scalar & Tensor)

 Missing precise theory for forbidden Tensor interactions

Nuclear 𝛽-decay

76

parity

Total 

angular 

momentum

electron

anti 
neutrino

neutron

proton

Beta decay, Khan Academy, cdn.kastatic.org/ka-perseus-

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg
https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg


Unique 1st

forbidden

GT (Fermi)

GT

AGM, Mishnayot, et al., PLB767 285-288 (2017)

Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.239,57 (2018)

Djärv, Ekström, Forssén, Johansson, arXiv:2108.13313 (2021)

16N→ 16O experiment @ SARAF 
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 Unique 1st forbidden
sensitivity to
BSM signatures

 Energy separation

 Ideal case study

 BSM & SM predictions

 Ab initio NCSM & eigenvector continuation emulators with 
Christian Forssén (Chalmers)

 Theoretical & Experimental constrains on the measured 
observables

What is next?

https://www.sciencedirect.com/science/article/pii/S0370269317301132
https://link.springer.com/article/10.1007%2Fs10751-018-1535-x
https://arxiv.org/abs/2108.13313


 Usually considered by approximations treating the nucleus with simple models

 Only for specific transitions

 We are already calculating the nuclear

structure using NCSM / shell model

 Ab-initio computable way

 For all transitions

Coulomb corrections

Electromagnetic effects

Static distortion of the 

electron wave function

Other electromagnetic corrections (e.g., 

bremsstrahlung, hadronic photon exchange…) 

Radiative 

corrections

Spectrum 

corrections

Recoil form factors 

corrections

Fermi 

function

Transition dependent 

corrections ℴ 𝑞𝑅 ⋅ 𝑍𝛼, 𝑍𝛼 2 ℴ
𝑞

𝑚𝑁
⋅ 𝑞𝑅 ⋅ 𝑍𝛼

Electron energy 

correction 𝒪
𝑍𝛼

𝑚𝑁𝑅
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What is next?

Holstein, Phy.Rev.C.19.4 (1979)



Calculating 2b currents

Electro-magnetic transitions

Pastore et al., PRC87 035503 (2013)

Friman-Gayer et al., PRL126 102501 (2021)

6Li 0+ → 1+ 𝐵 𝑀1 =
1

3
෡𝑀1
𝑉 2

𝐺𝑇 6He =
12𝜋

𝑔𝐴
෠𝐿1
𝐴 2

2b: ෠𝐿1
𝐴 , መ𝐶1

𝐴 ~ 1.57% ~ 𝒪 𝜖𝐸𝐹𝑇
2
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2b: ෡𝑀1
𝑉 ~ 10% ~ 𝒪 𝜖𝐸𝐹𝑇

 Significant improvement 

in accuracy:

Nuclear matrix elements 

𝜓𝑓 ෠𝑂𝐽 𝜓𝑖

෠𝑂𝐽
Multipole operators

Nuclear currents

መ𝒥 Ԧ𝑥

ObservablesΩ corrections

What is next?

𝛿1, 𝛿𝑎, 𝛿𝑏



Recoil ion spectrum

 𝛽 spectrum: 𝑎𝛽𝜈 =
𝑎𝛽𝜈
measured

1+
𝑚𝑒
𝜖

𝑏𝐹

 Recoil ion spectrum: 𝑎𝛽𝜈 has a 
non-trivial dependence on 𝑏𝐹

 Case study: 23Na ion 
measurements @ SARAF

 Coupled-Cluster calculations 
with Sonia Bacca (Mainz)

Gonzalez-Alonso & Naviliat-Cuncic, Phys.Rev.C94

What is next?
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E.g., GT   &   unique 𝐽 − 1 th forbidden

𝛩𝐽 − 𝐽−1

q, റ𝛽 ⋅ Ƹ𝜈 = 2𝐽+1

𝐽
1 + 𝛿1

𝐽 − 𝐽−1

1 + 𝑎𝛽𝜈 Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
𝑚𝑒

𝜖
+ csquared Ԧ𝛽2 − Ԧ𝛽 ⋅ Ƹ𝜈

2
𝜓𝑓 ෠𝐿𝐽 𝜓𝑖

2

 𝑎𝛽𝜈 = −
1

2𝐽+1
1 + ሚ𝛿𝑎

𝐽 − 𝐽−1

 𝑏F = 𝛿𝑏
𝐽 − 𝐽−1

 csquared =
1

2𝐽+1

𝜖 𝜖0−𝜖

𝑞2
1 − 𝛿1

𝐽 − 𝐽−1

 𝛿1 =
2

2𝐽+1
ℜ𝔢 −J𝜖0

መ𝐶𝐽
𝐴/𝑞

෠𝐿𝐽
𝐴

± 𝐽 𝐽 + 1 𝜖0 − 2𝜖
෡𝑀J
𝑉/𝑞

෠𝐿J
𝐴

+ 𝒪
𝜖𝑞𝑟
2

15
, 𝜖𝑐

2

 ሚ𝛿𝑎 =
4

2𝐽+1
ℜ𝔢 𝐽 + 1 𝜖0

መ𝐶𝐽
𝐴/𝑞

෠𝐿𝐽
𝐴

± 𝐽 𝐽 + 1 𝜖0 − 2𝜖
෡𝑀J
𝑉/𝑞

෠𝐿J
𝐴

+ 𝒪
𝜖𝑞𝑟
2

15
, 𝜖𝑐

2

 𝛿𝑏 =
2

2𝐽+1
𝑚𝑒ℜ𝔢 𝐽

መ𝐶𝐽
𝐴/𝑞

෠𝐿𝐽
𝐴

± 𝐽 𝐽 + 1
෡𝑀J
𝑉/𝑞

෠𝐿J
𝐴

+ 𝒪
𝜖

𝑚𝑒

𝜖𝑞𝑟
2

15
,
𝜖

𝑚𝑒
𝜖𝑐
2

AGM & DG, arXiv:2107.10588 (2021)

SM corrections

81

https://arxiv.org/abs/2107.10588v1


Nuclear Currents

Vector:

Axial:

መ𝐶𝐽𝑀 = න𝑑3𝑥 𝑗𝐽 𝑞𝑥 𝑌𝐽𝑀 ො𝑥 መ𝒥0 Ԧ𝑥

෠𝐿𝐽𝑀 =
𝑖

𝑞
න𝑑3𝑥 ∇ 𝑗𝐽 𝑞𝑥 𝑌𝐽𝑀 ො𝑥 ⋅ റ𝒥 Ԧ𝑥

෠𝐸𝐽𝑀 =
𝑖

𝑞
න𝑑3𝑥 ∇ × 𝑗𝐽 𝑞𝑥 𝑌𝐽𝐽1

𝑀 ො𝑥 ⋅ റ𝒥 Ԧ𝑥

෡𝑀𝐽𝑀 =
𝑖

𝑞
න𝑑3𝑥 𝑗𝐽 𝑞𝑥 𝑌𝐽𝐽1

𝑀 ො𝑥 ⋅ റ𝒥 Ԧ𝑥
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