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Introduction: 𝛽-decays for exotic weak interactions

Forbidden 𝛽-decays (tree level)

Summary & Outlook

Radiative Effects (loop level)

Experimental Surge

⟹ Forbidden (and other opportunities)



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:

Experiment: C.S. Wu:
Parity violation in nuclear β-decays

⇒ Weak SM structure: “𝑽 − 𝑨”

Theory: C.N. Yang and T.D. Lee (Nobel 1957)
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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:
Parity violation in nuclear β-decays

⇒ Weak SM structure: “𝑽 − 𝑨”

Theory: C.N. Yang and T.D. Lee (Nobel 1957)
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Nuclear 𝛽-decay

Formalism

electron

anti 
neutrino

neutron

proton

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

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

Low momentum transfer: 𝑞 ∼ 0 − 10 MeV/c
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https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg
https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg


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

• Fermi (0+)

• Gamow-Teller (1+)
“Allowed”

(when 𝑞 → 0)

•All the rest (𝐽Δ𝜋)
“Forbidden” 

(vanish for 𝑞 → 0)
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https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg
https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg


Allowed 𝛽-decay rate:

∝

1) Energy spectrum: Fierz term 𝒃 = 0 ±
𝐶𝑇

+

𝐶𝐴
 Linear in 𝐶𝑇

+

2) Angular correlation: 𝒂 =  −
1

3
1 −

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

 Sensitive to right-handed neutrinos 𝐶𝑇
−

Allowed decays
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Formalism

electron

anti 
neutrino

neutron

proton

Ԧ𝛽Ԧ𝜈 𝐸e

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

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg
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SM

BSM
SM

Forbidden

𝑑Γ ∝ 𝜓𝑓
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2
∝ 1 + 𝒃

𝑚𝑒

𝐸𝑒
+ 𝒂 Ԧ𝛽 ⋅ Ƹ𝜈

https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg
https://cdn.kastatic.org/ka-perseus-images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg
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3) Angular squared correlation: 𝒂𝟐 =
1

5
1 −

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

 Sensitive to right-handed neutrinos 𝐶𝑇
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Unique forbidden decays
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BSM
SM

AGM & Gazit, PRD 2023

4:30 PM @ Nuclear Structure for Neutrino & Astro:
Novel Simplification of tensor interactions

On the technique behind this result &
applications to 𝜷-decay, neutrinos, DM & 𝝁 → 𝒆

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031
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Naïve 

SM

BSM

4:30 PM @ Nuclear Structure for Neutrino & Astro:
Novel Simplification of tensor interactions

On the technique behind this result &
applications to 𝜷-decay, neutrinos, DM & 𝝁 → 𝒆

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031


Unique 1st-forbidden
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Experiments

AGM & Gazit, PRD 2023
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> Experiments:

Naïve 

SM

BSM

4:30 PM @ Nuclear Structure for Neutrino & Astro:
Novel Simplification of tensor interactions

On the technique behind this result &
applications to 𝜷-decay, neutrinos, DM & 𝝁 → 𝒆Searches for deviations from 

the SM “V-A” structure

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031


Unique 1st-forbidden
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unique 1st 

forbidden

allowed

AGM 

Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.2018
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16N: Large energy separation between
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Experiments
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031
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Fig.: Morozov et al. J.Rad.Nuc.Chem.2010
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90Sr, 90Y : forbidden only

AGM & Gazit, PRD 2023

4:30 PM @ Nuclear Structure for Neutrino & Astro:
Novel Simplification of tensor interactions

On the technique behind this result &
applications to 𝜷-decay, neutrinos, DM & 𝝁 → 𝒆

Naïve 

SM

BSM

Searches for deviations from 

the SM “V-A” structure

https://link.springer.com/article/10.1007/s10751-018-1535-x
https://link.springer.com/journal/10967
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031


Shuai, Rasco, et al., PRD 2022

unique 1st 

forbidden

Fig.: Journal of Physics: Conference Series 1390 (2019) 012117

allowed

allowed

144Pr: Mixed

Unique 1st-forbidden
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> Experiments:

AGM & Gazit, PRD 2023

⇒ Development of MTAS @ ORNL

Modular Total Absorption Spectrometer

to distinguish between decay transitions
Searches for deviations from 

the SM “V-A” structure

https://link.springer.com/article/10.1007/s10751-018-1535-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031
https://link.springer.com/article/10.1007/s10751-018-1535-x
https://link.springer.com/journal/10967
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031


⇒ Development of MTAS @ ORNL

Modular Total Absorption Spectrometer

to distinguish between decay transitions
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unique 1st 

forbidden

unique 1st 
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90Sr, 90Y : forbidden only

Searches for deviations from 

the SM “V-A” structure

>> More accurate theory is needed

Naïve 

SM

BSM

SM??

AGM & Gazit, PRD 2023

Shuai, Rasco, et al., PRD 2022

https://link.springer.com/article/10.1007/s10751-018-1535-x
https://link.springer.com/journal/10967
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031
https://link.springer.com/article/10.1007/s10751-018-1535-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031


𝐶𝑇
+(𝐶𝑇

−) Tensor left (right) 

coupling constants

High energy frontier Precision frontier

Mardor et al., Eur. Phys. J. A 54, 91 (2018)Lucas Taylor / CERN - http://cdsweb.cern.ch/record/628469 
© 1997-2022 CERN (License: CC-BY-SA-4.0)

LHC

TeV scale

Nuclear phenomena

𝟏𝟎−𝟑 precision level

Searches for

BSM physics
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Radiative

4:30 PM @ Nuclear Structure for Neutrino & Astro:
Novel Simplification of tensor interactions

On the technique behind forbidden’s rate &
applications to 𝜷-decay, neutrinos, DM & 𝝁 → 𝒆

Requires Precision Theory – two challenges:

➢ Nuclear-structure many-body problem

➢ High-order radiative effects
Now

https://doi.org/10.1140/epja/i2018-12526-2
http://cdsweb.cern.ch/record/628469
http://creativecommons.org/licenses/by-sa/4.0/
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መ𝐶0
𝐴~𝑝𝑓/𝑚𝑁

1st forbidden−

መ𝐶𝐽
𝑉~ 𝑞𝑅 𝐽

෡𝑀𝐽
𝐴~ 𝑞𝑅 𝐽

𝐽th forbidden− 𝐽𝐽 > 0

෠𝐿𝐽
𝐴~ 𝑞𝑅 𝐽−1

መ𝐶𝐽
𝐴~𝑝𝑓/𝑚𝑁 𝑞𝑅 𝐽

෡𝑀𝐽
𝑉~𝑝𝑓/𝑚𝑁 𝑞𝑅 𝐽

Gamow Teller 𝐽 = 1
unique 𝐽 − 1 th forbidden

− 𝐽−1

AGM & Gazit, J.Phys.G 2022

➢ Choose wisely the

intermediate states and operators:

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


Unique 1st-forbidden

𝑑Γ ∝ 0+ ෡𝐻𝑊 2− 2
∝ 1 + 𝒃

𝑚𝑒

𝐸𝑒
+ 𝒂 Ԧ𝛽 ⋅ Ƹ𝜈 + 𝒂𝟐 𝛽2 − መ𝛽 ⋅ Ƹ𝜈

2
0+ ෠𝑂𝐽 2− 2

23

0+ ෠𝑂𝐽
𝑊 ෠𝑄𝐽′

𝐸𝑀 2− = ෍

𝑋

0+ ෠𝑂𝐽
𝑊 𝜓𝑋 𝜓𝑋

෠𝑄𝐽′
𝐸𝑀 2−

No longer limited to 𝐽 = 2 operators

to satisfy the selection rule!

Radiative Corrections:

𝑑Γ ∝ 𝑓0𝑞0 + 𝑓1𝑞1 + 𝑓2𝑞2

interference

𝐽𝑖
𝜋𝑖 → 𝐽

𝑓

𝜋𝑓

𝐽𝑖 − 𝐽𝑓 ≤ 𝐽 ≤ 𝐽𝑖 + 𝐽𝑓

Δ𝜋 = 𝜋𝑖 ⋅ 𝜋𝑓

parityangular 

momentum

Radiative

∝ 𝑞𝐽−1

𝑞→0
0



No decay @ 𝒒 → 𝟎

Ayala Glick-Magid24

Unique Forbidden decays

𝑑Γ ∝ 𝑓0𝑞0 + 𝑓1𝑞1 + 𝑓2𝑞2

90Sr → 90Y 

Forbidden



Ayala Glick-Magid25

Unique Forbidden decays
90Sr → 90Y 

1
– 

𝑑Γ ∝ 𝑓0𝑞0 + 𝑓1𝑞1 + 𝑓2𝑞2

Forbidden



Ayala Glick-Magid26

Unique Forbidden decays

𝑑Γ ∝ 𝑓0𝑞0 + 𝑓1𝑞1 + 𝑓2𝑞2

No decay @ 𝒒 → 𝟎

Experiments
@ ORNL, HUJI, SOREQ (FRIB?)

Spectrum is sensitive to: 
 Exotic weak interactions
 Light New Physics

90Sr → 90Y 

Forbidden



No decay @ 𝒒 → 𝟎

Experiments
@ ORNL, HUJI, SOREQ (FRIB?)

Spectrum is sensitive to: 
 Exotic Weak Interactions
 Light New Physics

Ayala Glick-Magid27

Unique Forbidden decays: Summary

𝑑Γ ∝ 𝑓0𝑞0 + 𝑓1𝑞1 + 𝑓2𝑞2

Summary

90Sr → 90Y 



No decay @ 𝒒 → 𝟎

Experiments
@ ORNL, HUJI, SOREQ (FRIB?)

Spectrum is sensitive to: 
 Exotic Weak Interactions
 Light New Physics

Ayala Glick-Magid28

Unique Forbidden decays: Summary & Outlook

𝑑Γ ∝ 𝑓0𝑞0 + 𝑓1𝑞1 + 𝑓2𝑞2

Summary

90Sr → 90Y 

The new radiative regime:

→ Beyond 𝒒→𝟎 power counting 

→ With nuclear matrix elements

→ Light new physics possibilities



Thanks!

Oscar Naviliat-Cuncic
FRIB & LPC Caen

Mikhail Gorchtein 
Mainz U.

Leendert Hayen
LPC Caen

Charlie Rasco
ORNL

Guy Ron
Hebrew U.

DOE Topical Collaboration “Nuclear Theory for New Physics”

FRIB Theory Alliance

U.S. DOE Office of Science, Office of Nuclear Physics
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