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Also Matter!



Introduction: BSM exotic weak interactions

SM: uncertainties

Measurements: new bounds on BSM

Summary: we can do it (and more)

Theory 

Expt. 

BSM opportunities: new opportunitiesTheory 
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Fundamental Forces

Beyond Standard Model (BSM)

Elementary Particles

BSM Searches 



Fundamental Forces

Beyond Standard Model (BSM)

Dark Matter 
& Energy

The Neutrino has mass, even though 
according to the SM it should not

(interacts only through the Weak interaction)

BSM Searches 



BSM Searches 

Beyond Standard Model (BSM)

 

7

4.2 𝜎 7 𝜎 

W boson mass 

Deviations from the SM at high precision: 

SM 



Searches for BSM physics

Nuclear structure challenge?

Doron: Nuclear theory can do that

High energy frontier Precision frontier 

LHC
TeV scale

Nuclear phenomena
ିଷ precision level

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) 

https://www.esa.int/ESA_Multimedia/Images/2013/03/Planck_CMB
© ESA and the Planck Collaboration (License: CC-BY-SA-4.0) 

BSM Searches 

Astronomical frontier 



Weak interaction

𝑞ఓ 

Low energy reaction of
leptons with nucleons

𝑔ఓఔ +
𝑞ఓ𝑞ఔ

𝑀ௐ
ଶ

𝑞ଶ + 𝑀ௐ
ଶ  →  

𝑔ఓఔ

𝑀ௐ
ଶ  

W Propagator:

 

BSM Searches 



Weak interaction
Low energy reaction of
leptons with nucleons

𝒥መ 𝑥⃗  𝚥̂ 𝑥⃗  nuclear 
current

lepton 
current

Scalar ( ௌ)

PseudoScalar ( ௉)

Vector ( ௏)

Axial vector ( ஺)

Tensor ( ்)

ௐ

A-priori:
The SM is incompleteThe SM is incomplete

ௌ ௉ ்>> Ongoing searches for ௌ ௉ ்

in precision nuclear -decay experiments

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

Weak SM structure: “ ”

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

Weak SM structure: “ ”

BSM Searches 

Theory: C.N. Yang and T.D. Lee (Nobel 1957)Theory: C.N. Yang and T.D. Lee (Nobel 1957)



Fig.: Beta decay, Khan Academy, cdn.kastatic.org/ka-perseus-
images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

Nuclear -decay

parity 
angular 

momentum 

Formalism 

electron
anti 

neutrino

neutron

proton

Transitions : 

Low momentum transfer:  

: Fermi 
: Gamow-Teller 

“Allowed”
(when ) 

• All the rest  
• Missing theory for BSM tensor 

“Forbidden” 
(vanish for ) 

BSM Searches 



Nuclear -decay

 -decay rate:

ఉఔ ୊
௘

௙ ௃ ௜
ଶ

 Angular correlation: ఉఔ
ଵ

ଷ

಴೅
శ మ

శ ಴೅
ష మ

ర ಴ಲ
మ

ି଺

Quadratic in the tensor coupling constants 

 Energy spectrum: Fierz term ୊
ఉ∓ ஼೅

శ

஼ಲ
 ିଷ

 Vanishes for right-handed neutrinos ( ்
ା )

௙ ௐ ௜
ଶ
 

𝐶஺ = 1.27 Axial vector coupling constant (SM)
𝐶்

ା(𝐶்
ି) ≲ 10ିଷ Tensor left (right) coupling constants (BSM), unknown

BSM

𝜖் 

Observables 

SM

BSM
SM

electron’s 
mass, 

energy 

 Quadratic in ்
ା, ்

ି

Measurements (e.g., Gamow-Teller):  

allowed

Assuming a 
TeV scale 

BSM Searches 



Nuclear -decay

 -decay rate:

ఉఔ ୊
௘

௙ ௃ ௜
ଶ

 Angular correlation: ఉఔ
ଵ

ଷ

಴೅
శ మ

శ ಴೅
ష మ

ర ಴ಲ
మ

Quadratic in the tensor coupling constants 

 Energy spectrum: Fierz term ୊
ఉ∓ ஼೅

శ

஼ಲ
 Vanishes for right-handed neutrinos ( ்

ା )

௙ ௐ ௜
ଶ
 

BSM

Observables 

SM

BSM
SM

electron’s 
mass, 

energy 

 Quadratic in ்
ା, ்

ି

Measurements (e.g., Gamow-Teller):  

allowed

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

BSM Searches 

Naïve 
SM 

BSM 

SM?? 

𝒒 → 𝟎

>> More accurate theory is needed



Standard Model
high order corrections



Identifying small parameters

 Kinematic parameters – -decays have low momentum transfer:

 ௤௥
ଵ/ଷ *

 ୰ୣୡ୭୧୪
೜

೘ಿ
*

 The Coulomb force:

 ௖

 The nuclear model:

 ୒ୖ
ು౜౛౨ౣ౟

೘ಿ

 𝐄𝐅𝐓

 Numeric calculation:

 𝐬𝐨𝐥𝐯𝐞𝐫

* For an endpoint of ~ 2 𝑀𝑒𝑉

AGM & Gazit, J.Phys.G 49 105105 (2022)

𝑞
𝑅

𝛼
𝑍

𝑞 – momentum transfer
𝑅 – nucleus’s radius
𝑚ே – nucleon’s mass
𝑃୤ୣ୰୫୧ - Fermi momentum
𝛼 – fine structure constant
𝑍 - final nucleus’s charge



 -decay rate:

ఉఔ ୊
௘

௙ ௃ ௜
ଶ

ଵ

ଵ

ଷ ௔

௕

 ଵ ଵ
ట೑ ஼መె

ಲ ట೔

ట೑ ௅෠ె
ಲ ట೔

ట೑ ெ෡ె
ೇ ట೔

ట೑ ௅෠ె
ಲ ట೔

ച೜ೝ
మ

భఱ ௖
ଶ

௙ ௐ ௜
ଶ
 

SM corrections

Fierz
term 

௔ ௔ 

Angular 
correlation 

SM 
correction

SM 
correction

SM

SMMultipole operator's matrix elements 
between the nuclear states

𝜖୒ୖ ~ ௉౜౛౨ౣ౟
௠

≈ 2 ⋅ 10ିଵ

𝜖୰ୣୡ୭୧୪ ~ ௤
௠ಿ

≈ 4 ⋅ 10ିଷ

𝜖୒ୖ ~ ௉౜౛౨ౣ౟
௠ಿ

≈ 2 ⋅ 10ିଵ

𝜖୉୊୘ ~ 1 ⋅ 10ିଵ

𝜖௤௥ ~ 𝑞𝑅 ≈ 5 ⋅ 10ିଶ

𝜖௖ ~ 𝛼𝑍௙ ≈ 2 ⋅ 10ିଶ

𝜖୰ୣୡ୭୧୪ ~ ௤
௠ಿ

≈ 4 ⋅ 10ିଷ

General Theory –
for any nucleus & 

transition

SM corrections 

e.g.,
Gamow-Teller

AGM & Gazit, J.Phys.G 49 105105 (2022)

Multipole Expansion

௕ ௕ 

~ 𝜖୒ୖ𝜖௤௥, 𝜖୰ୣୡ୭୧୪ ~10ିଶ ~ 5 ⋅ 10ିସ 



Measurements



Experimental status over the world
Energy spectrum - 𝑏ி

Angular correlation - 𝑎ఉఔ

Measurements 

Cirigliano et al., arXiv:1907.02164v2 (2019) 



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

Nuclear wave functions Multipole operators

Nuclear currents
LO (1-body currents)

Observables’ corrections

Nuclear Hamiltonian
χEFT @ NଶLO୭୮୲ (ୱୟ୲)

Ab initio calculations of 
He଺ → Li଺  

Gamow-Teller

Heସଶ
଺  

Liଷଷ
଺  

0ା 

1ା 
3.5 MeV 

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, Phys.Lett.B 832 137259 (2022)



-energy spectrum
 Experiments are aiming a ିଷ accuracy 

 The spectrum is used to find Fierz term:

 ୊ ௕
஼೅

శ

஼ಲ

 Looking for  
஼೅

శ

஼ಲ

ିଷ

 ௕
ିଷ

 Uncertainty ିସ

BSM
SM 

correctionSM

𝛿
 Naïve 

SM 

BSM 

SM 
corrections 

Measurements 

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, Phys.Lett.B 832 137259 (2022)



angular correlation
 Experiments are aiming a ିଷ accuracy

 ఉఔ
ଵ

ଷ ௔
಴೅

శ మ
శ ಴೅

ష మ

ర ಴ಲ
మ

 Looking for  
஼೅

శ మ
ା ஼೅

ష మ

ସ ஼ಲ
మ

ି𝟔 ???

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
SM

/δ
-S

M
|

C_T(')/C_A(')

b
a measured
a

Sensitivity

BS
M

ୗ
୑

 ୡ
୭

୰୰
ୣ

ୡ
୲୧

୭
୬

𝐶்

𝐶஺
 

BSM

𝜷𝝂
𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝

𝑭
𝑪𝑻

శ

𝑪𝑨

ି𝟒 !!!

Future experiments aim at < 10ିଷ 

𝐶்
ା 𝐶்

ି  ~ 10ିଷ 

𝛿ሚ௔ = −2.54 68 ⋅ 10ିଷ 

𝛿
௔
 

𝑎
ఉ

ఔ
 

SM 
correction

Measurements 

AGM, Forssén, Gazda, Gazit, Gysbers & Navrátil, Phys.Lett.B 832 137259 (2022)
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Experimental status over the world
Energy spectrum - 𝑏ி

Angular correlation - 𝑎ఉఔ

Measurements 

Cirigliano et al., arXiv:1907.02164v2 (2019) 



Nuclear matrix elements
Shell Model ~𝟏𝟎ି𝟏 uncertainty

Nuclear wave functions Multipole operators

Nuclear currents
LO (1-body currents)

Observables’ corrections

Nuclear Hamiltonian
USDB (USD)

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navrátil, et al., arXiv:2107.14355

. . . 

SARAF: measuring ଶଷ ’s branching 
ratio with a ି𝟑 uncertainty 

Neଶଷ → Na ଶଷ  



Neଶଷ → Na ଶଷ  

𝑎
ఉ

ఔ
 

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

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navrátil, et al., arXiv:2107.14355



Neଶଷ → Na ଶଷ  

Constraining ఉఔ ி simultaneously

𝑎ఉఔ = −0.3331 ± 0.0028 ± 0.0004 ± 0.0002

𝑏ி   =    0.0007 ± 0.0049 ± 0.0003 ± 0.0001 

statistics experiment theory 

𝑎ఉఔ 

𝑏
ி
 

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

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navrátil, et al., arXiv:2107.14355
Not final 



Neଶଷ → Na ଶଷ  

New constraints on the existence of exotic Tensor interactions

𝐶்
ା

𝐶஺
= 0.0007 ± 0.0049         

𝐶்
ି

𝐶஺
= 0.0001 ± 0.0823 

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

𝐶்
ା/𝐶஺ 

𝐶
்ି

/𝐶
஺
 

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navrátil, et al., arXiv:2107.14355
Not final 



𝐶
்ା

/𝐶
஺
 

𝐶ௌ
ା/𝐶௏ 

aGT

AGT
~

Fig: Falkowski et al., J.High Energ.Phys. 2021, 126 (2021)

Not final 



New opportunity: 
BSM missing theory



 -decay rate:

ఉఔ ୊
௘

௙ ௃ ௜
ଶ

Vanishes for right-handed neutrinos ( ் ்
ᇱ )

4 multipole operators: , , , 

e.g., ௃ெ
஺ ଷ

௃ ௃௃ଵ
ெ

and the same for the Vector (V) symmetry

௙ ௐ ௜
ଶ
 

Observables 

BSM multipole expansion

஺
௙ ௃

஺
௜ ௙ ௃

஺
௜

∗
෍

ஶ

௃ୀ଴

 

ℋ෡ௐ ~ 𝐶஺ 𝚥̂ఓ 𝑥⃗ 𝒥መఓ 𝑥⃗

Axial nuclear
current

Axial Lepton
current

Multipole 
operators 

Axial nuclear
current

Axial coupling 
constant

BSM missing theory 



 -decay rate:

ఉఔ ୊
௘

௙ ௃ ௜
ଶ

Vanishes for right-handed neutrinos ( ் ்
ᇱ )

4 multipole operators: , , , 

e.g., ௃ெ
் ଷ

௃ ௃௃ଵ
ெ

ఓఔ

The currents are tensors: ఓఔ
ఓఔ

௙ ௐ ௜
ଶ
 

Observables 

BSM multipole expansion

்
௙ ௃

்
௜ ௙ ௃

்
௜

∗
෍

ஶ

௃ୀ଴

 

Multipole 
operators 

Tensor coupling 
constant

Tensor nuclear
current

ℋ෡ௐ ~ 𝐶் 𝚥̂ఓఔ 𝑥⃗ 𝒥መఓఔ 𝑥⃗

Tensor nuclear
current

Tensor Lepton
current

AGM & Gazit, arXiv:2207.01357, in press. Phys. Rev. D (2023)

BSM missing theory 



Tensor → vector-like objects

Tensor interactions

 Symmetric: 

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

 Antisymmetric

 Fermionic probes

⟹ 𝑙଴଴ = 0

⟹ 𝑙⋅଴ = −𝑙଴⋅

⟹ 𝑙௜௝⟶ 𝑙௜௝
ଵ

 

ௐ ୘
ఓఔ

ఓఔ
்

Nuclear
current

Lepton
current

BSM missing theory 

AGM & Gazit, arXiv:2207.01357, in press. Phys. Rev. D (2023)



Tensor → vector-like objects

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

“Axial (vector)-like” tensor operators:

௃
் ்

஺
௃
஺

No tensor multipole ௃
் ( ଴଴ )

associated with the charge → Scalar: 

௃
ௌ ௌ

௏
௃
௏

௃
௉

ே

௉

஺
௃
஺

BSM missing theory 

 Predictions & Observables 
for forbidden decays

for the first time

BSM 
operators 

Well known 
SM operators 

General Theory –
for any nucleus & 

transition

Multipole Expansion

AGM & Gazit, arXiv:2207.01357, accepted to Phys. Rev. D (2023)

M. Gonzalez-Alonso et al., PPNP 104 165-223 (2019)
௚ೄ

௚ೇ
,

௚೅

௚ಲ
~1 nuclear charges



Multipole operator's matrix elements

SM Nuclear matrix elements

Nuclear wave functions SM Multipole operators

SM Nuclear currents

SM Observables’ corrections

Nuclear Hamiltonian

BSM predictions

BSM nuclear currents

BSM missing theory 

AGM & Gazit, arXiv:2207.01357, in press. Phys. Rev. D (2023)



BSM predictions: unique 1st-forbidden decay
ఉఔ

ଶ
ி

௠೐

ఢ

The -energy spectrum is sensitive to both ఉఔ ி

 Allows simultaneous extraction of ்
ା and ்

ି

 Increases the accuracy level

No BSM coupling Left-handed coupling Right-handed coupling

AGM et al., Phys.Lett.B 767 285-288 (2017)

BSM missing theory 

𝐶்
ା/𝐶஺ 

𝐶
்ି

/𝐶
஺
 

𝐶்
ା/𝐶஺ 𝐶்

ା/𝐶஺ 

𝐶
்ି

/𝐶
஺
 

𝐶
்ି

/𝐶
஺
 

Formalism is nice, but applications are nicer...  



Unique 1st-forbidden experiments

AGM 
Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.239,57 (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.284,221 (2010)

90Sr: forbidden only 



 Experiments are aiming an accuracy of ିଷ

 SM: Theory with controlled level of accuracy

 Experiments become useful!

 6He - Corrections with an uncertainty of ିସ

 23Ne with experimental results

 New bounds on BSM Tensor interactions

 The BSM missing theory

 Uses the already-known SM matrix elements

 Unique 1st Forbidden decays as a new opportunity

Gives significant constraints even for 
the naivest nuclear calculations

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

Paving the way for new, even higher precision

experiments and discoveries 

 Ongoing 1st Forbidden experiments 
@SARAF (16N, 90Sr), @ORNL (88Rb)

 Ab initio NCSM Calculations for 16N

 Beyond the impulse approximation

 Calculating 2-body currents and 
increasing the theory accuracy

Summary
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