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The Fundamental Symmetries approach

How to describe interactions with
Nuclei @Low Energy?

QCD is nonperturbative @Low Energies

 Effective Theories

The structure of the coupling
 is determined only by
symmetry considerations
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Something’s 

current

Low energy interaction of

something with nuclei

Tensor decomposition

The Fundamental Symmetries approach

ℋ𝑊 ~ 𝐶 Ƹ𝑗 Ԧ𝑥 ⋅ መ𝒥 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

Scalar  

PseudoScalar 

Vector  

Axial vector 

Tensor  

Nuclear current

=> bilinear covariants

And similar terms 

for the something
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something with nuclei

Tensor decomposition

The Fundamental Symmetries approach

ℋ𝑊 ~ 𝐶 Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
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current

Scalar  

PseudoScalar 

Vector  

Axial vector 

Tensor  

Nuclear current

=> bilinear covariants

And similar terms 

for the something



Tensor

Tensor interactions

 Symmetric: 

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

 Antisymmetric

 Fermionic probes

 ⟹ 𝑙00 = 0
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ℋ𝑊 ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
Nuclear 

current

Something’s 

current

Tensor decomposition
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Tensor

Tensor interactions
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Space-only

Time-only

mixed 

space-time
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current
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Tensor decomposition
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Tensor

Tensor interactions

 Symmetric: 

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

 Antisymmetric

 Fermionic probes

 ⟹ 𝐽00 = 0

 ⟹ 𝐽⋅0 = −𝐽0⋅

 
Space-only

mixed 

space-time

Time-only

mixed 

space-time

AGM & Gazit, PRD 2023

𝑇′
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መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
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current

Something’s 
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Tensor decomposition
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Tensor interactions

 Symmetric: 

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

 Antisymmetric

 Fermionic probes

 ⟹ 𝐽00 = 0

 ⟹ 𝐽⋅0 = −𝐽0⋅

 ⟹ 𝐽𝑖𝑗⟶ 𝐽𝑖𝑗
1

𝑇

Space-only
mixed 

space-time

Time-only

mixed 

space-time

𝑇′

Tensor 

→ vector-like objects

AGM & Gazit, PRD 2023

= − Ԧ𝑗𝑇 ⋅ Ԧ𝐽𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝐽𝑇′

ℋ𝑊 ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
Nuclear 

current

Something’s 

current

Tensor decomposition

𝑇
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Tensor → vector-like objects
Tensor “vector-like” nuclear currents with an identified parity

AGM & Gazit, PRD 2023

BSM currents 

identify with 

the well-known 

SM currents!

Tensor decomposition

13

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


Tensor → vector-like objects
Tensor “vector-like” nuclear currents with an identified parity

 Mixed space-time “Vector−like” tensor current:

റ𝒥𝑇′
∝ −

1

2

∇ + റ𝜎 × 𝑃

2𝑚𝑁
𝑔𝑇𝜏𝑖

Space-only “Axial-vector-like” tensor current: 

റ𝒥𝑇 = −
𝑖

2

𝑔𝑇

𝑔𝐴

റ𝒥𝐴 + 𝒪
𝑝2

𝑚𝑁
2

No time-only tensor current (the scalar 𝑙00 = 0)

𝒥𝑆  = −
𝑖

2

𝑔𝑆

𝑔𝑉
𝒥0

𝑉 + 𝒪
𝑝2

𝑚𝑁
2

𝒥𝑃 = −
𝑔𝑃

𝑔𝐴

റ𝒥𝐴 ⋅
𝑖∇

2𝑚𝑁
+ 𝒪

𝑝2

𝑚𝑁
2

AGM & Gazit, PRD 2023

Tensor decomposition
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Tensor → vector-like objects
Tensor “vector-like” nuclear currents with an identified parity

 Mixed space-time “Vector−like” tensor current:
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BSM 

current
Well known 

SM current
𝑔𝑆

𝑔𝑉
,
𝑔𝑇

𝑔𝐴
~1 nuclear

charges

(lattice)
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Tensor decomposition

BSM currents 
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the well-known 

SM currents!
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𝛽-decays

Weak interaction
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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:

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)

𝛽-decay 
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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:

>> Ongoing searches for 𝐶𝑆, 𝐶𝑃, 𝐶𝑇

in precision nuclear 𝜷-decay experiments

Theory: C.N. Yang and T.D. Lee (Nobel 1957)The SM is incomplete

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

⇒ Weak SM structure:

“𝑽 − 𝑨”

𝛽-decay 
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Nuclear 𝛽-decay

Formalism

electron

anti 
neutrino

neutron

proton

Low momentum transfer: 𝑞 ∼ 0 − 10 MeV/c
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Beta decay, Khan Academy, cdn.kastatic.org/ka-perseus-
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𝛽-decay 
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Beta decay, Khan Academy, cdn.kastatic.org/ka-perseus-
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Nuclear 𝛽-decay

parity
angular 

momentum

Formalism

electron

anti 
neutrino

neutron

proton

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)

𝛽-decay 
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BSM Formalism

 𝛽-decay rate:

   𝑑Γ ∝ 𝜓𝑓
𝐻𝑊 𝜓𝑖

2
 ∝

4 Multipole Operators መ𝐶𝐽𝑀
𝑉 , 𝐿𝐽𝑀

𝑉 , 𝐸𝐽𝑀
𝑉 , 𝑀𝐽𝑀

𝑉 :

and the same for the Axial-vector (𝐴) symmetry

𝛽-decay 

ℋ𝑊 ~ 𝐶𝑉 Ƹ𝑗𝜇 Ԧ𝑥 መ𝒥𝜇 Ԧ𝑥

Vector 

nuclear

current

Vector 

lepton

current

Vector 

coupling 

constant

Observables

𝑓𝑉 Ԧ𝛽, Ƹ𝜈 𝜓𝑓
𝑂𝐽

𝑉 𝜓𝑖 𝜓𝑓
𝑄𝐽

𝑉 𝜓𝑖
∗

Multipole 

operators



𝐽=0

∞

ℋ𝑊 ~ 𝐶𝑉 Ƹ𝑗𝜇 Ԧ𝑥 መ𝒥𝜇 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

መ𝐶𝐽𝑀
𝑉 = න 𝑑3𝑥 𝑗𝐽 𝑞𝑥 𝑌𝐽𝑀 ො𝑥 መ𝒥0

𝑉 Ԧ𝑥

𝐿𝐽𝑀
𝑉 =

𝑖

𝑞
න 𝑑3𝑥 ∇ 𝑗𝐽 𝑞𝑥 𝑌𝐽𝑀 ො𝑥 ⋅ റ𝒥𝑉 Ԧ𝑥

𝐸𝐽𝑀
𝑉 =

𝑖

𝑞
න 𝑑3𝑥 ∇ × 𝑗𝐽 𝑞𝑥 𝑌𝐽𝐽1

𝑀 ො𝑥 ⋅ റ𝒥𝑉 Ԧ𝑥

𝑀𝐽𝑀
𝑉 = න 𝑑3𝑥 𝑗𝐽 𝑞𝑥 𝑌𝐽𝐽1

𝑀 ො𝑥 ⋅ റ𝒥𝑉 Ԧ𝑥

Vector 

nuclear

current

Vector 

spherical 

harmonics

26



BSM Formalism

 𝛽-decay rate:

   𝑑Γ ∝ 𝜓𝑓
𝐻𝑊 𝜓𝑖

2
 ∝

4 Multipole Operators መ𝐶𝐽𝑀
𝑇 , 𝐿𝐽𝑀

𝑇 , 𝐸𝐽𝑀
𝑇 , 𝑀𝐽𝑀

𝑇 :

The currents are tensors: Ƹ𝑗𝜇𝜈  መ𝒥𝜇𝜈

𝛽-decay 

ℋ𝑊 ~ 𝐶𝑇  Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

Tensor 

nuclear

current

Tensor 

lepton

current

Tensor 

coupling 

constant

Observables

𝑓𝑇 Ԧ𝛽, Ƹ𝜈 𝜓𝑓
𝑂𝐽

𝑇 𝜓𝑖 𝜓𝑓
𝑄𝐽

𝑇 𝜓𝑖
∗

Multipole 

operators



𝐽=0

∞

ℋ𝑊 ~ 𝐶𝑇  Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

መ𝐶𝐽𝑀
𝑇 = න 𝑑3𝑥 𝑗𝐽 𝑞𝑥 𝑌𝐽𝑀 ො𝑥 𝒥𝜇𝜈 Ԧ𝑥

𝐿𝐽𝑀
𝑇 =

𝑖

𝑞
න 𝑑3𝑥 ∇ 𝑗𝐽 𝑞𝑥 𝑌𝐽𝑀 ො𝑥 ⋅ 𝒥𝜇𝜈 Ԧ𝑥

𝐸𝐽𝑀
𝑇 =

𝑖

𝑞
න 𝑑3𝑥 ∇ × 𝑗𝐽 𝑞𝑥 𝑌𝐽𝐽1

𝑀 ො𝑥 ⋅ 𝒥𝜇𝜈 Ԧ𝑥

𝑀𝐽𝑀
𝑇 = න 𝑑3𝑥 𝑗𝐽 𝑞𝑥 𝑌𝐽𝐽1

𝑀 ො𝑥 ⋅ 𝒥𝜇𝜈 Ԧ𝑥

Tensor 

nuclear

current

Vector 

spherical 

harmonics

antisymmetric

27



Tensor interactions

 Symmetric: 

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

 Antisymmetric

 Fermionic probes

 ⟹ 𝐽00 = 0

 ⟹ 𝐽⋅0 = −𝐽0⋅

 ⟹ 𝐽𝑖𝑗⟶ 𝐽𝑖𝑗
1

𝑇

Space-only
mixed 

space-time

Time-only

mixed 

space-time

𝑇′

Tensor 

→ vector-like objects

AGM & Gazit, PRD 2023

𝑇

ℋ𝑊 ~ 𝐶𝑇  Ƹ𝑗𝜇𝜈 Ԧ𝑥 መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

lepton 

current

= −𝐶𝑇 Ԧ𝑗𝑇 ⋅ Ԧ𝐽𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝐽𝑇′

𝛽-decay 

28

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


Tensor → vector-like objects

 Tensor “vector-like” Multipole Operators with an identified parity

“Axial (vector)-like” tensor operators:

𝐿𝑇 , 𝐸𝑇 , 𝑀𝑇 ≈ −
𝑖

2

𝑔𝑇

𝑔𝐴

𝐿𝐴 , 𝐸𝐴, 𝑀𝐴

No tensor multipole መ𝐶𝐽
𝑇 (𝑙00 = 0)

መ𝐶𝑇  (𝑙00 = 0)

መ𝐶𝑆 ≈ −
𝑖

2

𝑔𝑆

𝑔𝑉

መ𝐶𝑉

መ𝐶𝑃 ≈
𝑞

2𝑚𝑁

𝑔𝑃

𝑔𝐴

𝐿𝐴

BSM 

operators

Well known 

SM operators

AGM & Gazit, PRD 2023

𝑔𝑆

𝑔𝑉
,
𝑔𝑇

𝑔𝐴
~1

Scalar

Pseudoscalar
𝑔𝑃

𝑔𝐴
~300

nuclear

charges

(lattice)

Tensor

𝛽-decay 

BSM operators 

identify with 

the well-known 

SM operators

29

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


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

SM corrections

𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian

𝐻

AGM & Gazit, PRD 2023

𝛽-decay 

BSM operators 

identify with 

the well-known 

SM operators

30

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


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

SM corrections

𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian

𝐻
BSM nuclear currents

መ𝒥𝜇𝜈
𝑇 , መ𝒥𝑆, መ𝒥𝑃

AGM & Gazit, PRD 2023

BSM operators 

identify with 

the well-known 

SM operators

𝛽-decay 

31

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


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

SM corrections

𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian

𝐻
BSM nuclear currents

መ𝒥𝜇𝜈
𝑇 , መ𝒥𝑆, መ𝒥𝑃

AGM & Gazit, PRD 2023

𝛽-decay 

BSM
predictions

BSM operators 

identify with 

the well-known 

SM operators

 Predictions & Observables 

for forbidden decays

for the first time

32

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


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

SM corrections

𝛿𝑎, 𝛿𝑏

Nuclear Hamiltonian

𝐻

BSM
predictions

BSM nuclear currents

መ𝒥𝜇𝜈
𝑇 , መ𝒥𝑆, መ𝒥𝑃

AGM & Gazit, PRD 2023

BSM operators 

identify with 

the well-known 

SM operators

 Predictions & Observables 

for forbidden decays

for the first time

𝛽-decay 

Experiments 
@ ORNL,

    HUJI,

    SOREQ

➢ 5:00 PM @ Tests of Symmetries & EW:
Unique forbidden 𝜷-decays
at zero momentum transfer

Seng, AGM, Cirigliano, PRL 2025

Forbidden decays are not forbidden
33
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Nucleus Scattering

Neutrino-

34



Neutrino-nucleus scattering

 Used the Tensor → vector-like decomposition:

 The mixed space-time (𝑇′) ∝
1

𝑚𝑁

 The space-only (𝑇) response functions identify with 

the Axial-vector ones in leading order!

35
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Neutrino-nucleus scattering

 Used the Tensor → vector-like decomposition:

 The mixed space-time (𝑇′) ∝
1

𝑚𝑁

 The space-only (𝑇) response functions identify with 

the Axial-vector ones in leading order!

36
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direct detection

Dark Matter

37



Dark matter direct detection

38

A major puzzle in Astrophysics and Cosmology

Leading candidates – WIMPs:

Weakly-Interacting Massive Particles

Direct detection:

Measuring WIMP scattering off nuclei on detectors

Detection capabilities: 𝑞~100 MeV/c

𝑞 - momentum transfer



WIMPs scattering off nuclei

39

ഥ𝑁𝑂𝑁𝑁ҧ𝜒𝑂𝜒𝜒
nuclear 

current

WIMP 

current

ℒ~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁 → 

𝑖=1

16

𝑐𝑖𝑂𝑖 ҧ𝜒𝜒 ഥ𝑁𝑁

Low energy interaction of

WIMPs with nucleons

Dark Matter



WIMPs scattering off nuclei

40

ഥ𝑁𝑂𝑁𝑁ҧ𝜒𝑂𝜒𝜒
nuclear 

current

WIMP 

current

ℒ~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁 → 

𝑖=1

16

𝑐𝑖𝑂𝑖 ҧ𝜒𝜒 ഥ𝑁𝑁

Low energy interaction of

WIMPs with nucleons

Scalar

PseudoScalar

Vector

Axial vector

Tensor

Nuclear current:

And similar terms 

for the WIMP

Anand, Fitzpatrick, Haxton, PRC 2014

Fitzpatrick, Haxton, Katz, Lubbers, Xu, JCAP 2013

Dark Matter
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ഥ𝑁𝑂𝑁𝑁ҧ𝜒𝑂𝜒𝜒

ℒ~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁 → 

𝑖=1

16

𝑐𝑖𝑂𝑖 ҧ𝜒𝜒 ഥ𝑁𝑁

Low energy interaction of

WIMPs with nucleons

Scalar

PseudoScalar

Vector

Axial vector

Tensor

Nuclear current:

→  

𝑖=1

16

𝑐𝑖𝑂𝑖

Anand, Fitzpatrick, Haxton, PRC 2014

Fitzpatrick, Haxton, Katz, Lubbers, Xu, JCAP 2013

WIMPs scattering off nuclei

Non-Relativistic 

Effective Field Theory

And similar terms 

for the WIMP

nuclear 

current

WIMP 

current

Dark Matter
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ഥ𝑁𝑂𝑁𝑁ҧ𝜒𝑂𝜒𝜒

ℒ~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁 → 

𝑖=1

16

𝑐𝑖𝑂𝑖 ҧ𝜒𝜒 ഥ𝑁𝑁

Low energy interaction of

WIMPs with nucleons

Scalar

PseudoScalar

Vector

Axial vector

Tensor

Nuclear current:

→  

𝑖=1

16

𝑐𝑖𝑂𝑖

Anand, Fitzpatrick, Haxton, PRC 2014

Fitzpatrick, Haxton, Katz, Lubbers, Xu, JCAP 2013

𝑂𝑖 𝑖=1
16  

non-relativistic 
operators 

built of 4 vectors:
𝑖𝑞

𝑚𝑁

𝑣⊥≡
𝑃

2𝑚𝜒
−

𝐾

2𝑚𝑁
 

Ԧ𝑆𝜒      Ԧ𝑆𝑁

WIMPs scattering off nuclei

Non-Relativistic 

Effective Field Theory

And similar terms 

for the WIMP

nuclear 

current

WIMP 

current
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ഥ𝑁𝑂𝑁𝑁ҧ𝜒𝑂𝜒𝜒

ℒ~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁 → 

𝑖=1

16

𝑐𝑖𝑂𝑖 ҧ𝜒𝜒 ഥ𝑁𝑁

Low energy interaction of

WIMPs with nucleons

Scalar

PseudoScalar

Vector

Axial vector

Tensor

Nuclear current:

→  

𝑖=1

16

𝑐𝑖𝑂𝑖

Anand, Fitzpatrick, Haxton, PRC 2014

Fitzpatrick, Haxton, Katz, Lubbers, Xu, JCAP 2013

𝑂𝑖 𝑖=1
16  

non-relativistic 
operators 

built of 4 vectors:
𝑖𝑞

𝑚𝑁

𝑣⊥≡
𝑃

2𝑚𝜒
−

𝐾

2𝑚𝑁
 

Ԧ𝑆𝜒      Ԧ𝑆𝑁

WIMPs scattering off nuclei

Missing tensor couplings

Non-Relativistic 

Effective Field Theory

And similar terms 

for the WIMP

nuclear 

current

WIMP 

current



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:

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

Why do we need the Tensor?

We already have 16-operator basis

Weak interaction:

44

Low energy interaction of

WIMPs with nucleonslepton

Dark Matter

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

⇒ Weak SM structure: “𝑽 − 𝑨”



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:

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

Why do we need the Tensor?

We already have 16-operator basis

To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T

Weak interaction:

45

Low energy interaction of

WIMPs with nucleonslepton

Dark Matter

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

⇒ Weak SM structure: “𝑽 − 𝑨”



How can we find the Tensor NREFT?

 ℒ~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁 ≈ σ𝑖=1
16 𝑐𝑖𝑂𝑖 ҧ𝜒𝜒 ഥ𝑁𝑁

And similar terms for the WIMPs ҧ𝜒𝑂𝜒𝜒

𝜎𝜇𝜈
𝑞𝜇

𝑚𝑁
𝛾𝜈

𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁

𝛾𝜇

𝑞

𝑚𝑁
𝛾𝜈

𝛾5 variations 

4 × 4 × 2 = 24
12

46

Non-Relativistic 

Effective Field Theory

ഥ𝑁𝑂𝑁𝑁ҧ𝜒𝑂𝜒𝜒

Low energy interaction of

WIMPs with nucleons

nuclear 

current

WIMP 

current

Dark Matter

Nuclear 

current:



Tensor 

→ vector-like objects

Tensor interactions

 Symmetric: 

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

 Antisymmetric

 Fermionic probes

 ⟹ 𝑗00 = 0

 ⟹ 𝑗𝑖0 = −𝑗0𝑖

 ⟹ 𝑗𝑖𝑗⟶ 𝑗𝑖𝑗
1

AGM & Gazit, PRD 202347

Dark Matter

መℒ ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMP’s 

current

= − Ԧ𝑗𝑇 ⋅ Ԧ𝐽𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝐽𝑇′

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


Tensor

AGM, PRD letter 2024

ҧ𝜒𝜎𝜇𝜈𝜒 ഥ𝑁
𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁
−

𝑞𝜈

𝑚𝑁

𝐾𝜇

𝑚𝑁
𝛾5𝑁

48

To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T

Dark Matter

𝜎𝜇𝜈
𝑞𝜇

𝑚𝑁
𝛾𝜈

𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁

𝛾𝜇

𝑞

𝑚𝑁
𝛾𝜈

𝛾5 variations 

4 × 4 × 2 = 24
12

መℒ ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMP’s 

current

20 couplings were known 

from Scalar & Vector, 

24 new Tensor couplings! 

E.g.,

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


Tensor

AGM, PRD letter 2024

ҧ𝜒𝜎𝜇𝜈𝜒 ഥ𝑁
𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁
−

𝑞𝜈

𝑚𝑁

𝐾𝜇

𝑚𝑁
𝛾5𝑁

49

Tensor

decomposition

vector-like 

objects

To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T

Dark Matter

𝜎𝜇𝜈
𝑞𝜇

𝑚𝑁
𝛾𝜈

𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁

𝛾𝜇

𝑞

𝑚𝑁
𝛾𝜈

𝛾5 variations 

4 × 4 × 2 = 24
12

= − Ԧ𝑗𝑇 ⋅ Ԧ𝐽𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝐽𝑇′

መℒ ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMP’s 

current

20 couplings were known 

from Scalar & Vector, 

24 new Tensor couplings! 

E.g.,

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701
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To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T

Dark Matter

AGM, PRD letter 2024

Tensor

Tensor

decomposition

vector-like 

objects

ҧ𝜒𝜎𝜇𝜈𝜒 ഥ𝑁
𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁
−

𝑞𝜈

𝑚𝑁

𝐾𝜇

𝑚𝑁
𝛾5𝑁

𝜎𝜇𝜈
𝑞𝜇

𝑚𝑁
𝛾𝜈

𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁

𝛾𝜇

𝑞

𝑚𝑁
𝛾𝜈

𝛾5 variations 

4 × 4 × 2 = 24
12

= − Ԧ𝑗𝑇 ⋅ Ԧ𝐽𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝐽𝑇′

መℒ ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMP’s 

current

NREFT −𝑖
𝑞2

𝑚𝑁
2

Ԧ𝑞

𝑚𝜒
⋅ Ԧ𝜎𝑁 + 2 Ԧ𝜎𝜒 × Ԧ𝑣⊥ ⋅

Ԧ𝑞

𝑚𝑁
Ԧ𝜎𝑁 ⋅

Ԧ𝑞

𝑚𝑁
+ 𝑂

1

𝑚5

20 couplings were known 

from Scalar & Vector, 

24 new Tensor couplings! 

E.g.,

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


operators

NREFT

−2
𝑞2

𝑚𝜒𝑚𝑁
𝑂10 − 8𝑂16

−𝑖
𝑞2

𝑚𝑁
2

Ԧ𝑞

𝑚𝜒
⋅ Ԧ𝜎𝑁 + 2 Ԧ𝜎𝜒 × Ԧ𝑣⊥ ⋅

Ԧ𝑞

𝑚𝑁
Ԧ𝜎𝑁 ⋅

Ԧ𝑞

𝑚𝑁
+ 𝑂

1

𝑚5

51

To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T
Now we know all operators 

involved in Tensor couplings

Dark Matter

AGM, PRD letter 2024

Tensor

Tensor

decomposition

vector-like 

objects

ҧ𝜒𝜎𝜇𝜈𝜒 ഥ𝑁
𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁
−

𝑞𝜈

𝑚𝑁

𝐾𝜇

𝑚𝑁
𝛾5𝑁

𝜎𝜇𝜈
𝑞𝜇

𝑚𝑁
𝛾𝜈

𝑞𝜇

𝑚𝑁

𝐾𝜈

𝑚𝑁

𝛾𝜇

𝑞

𝑚𝑁
𝛾𝜈

𝛾5 variations 

4 × 4 × 2 = 24
12

= − Ԧ𝑗𝑇 ⋅ Ԧ𝐽𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝐽𝑇′

መℒ ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMP’s 

current

20 couplings were known 

from Scalar & Vector, 

24 new Tensor couplings! 

E.g.,

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


𝜇→𝑒 conversion

Lepton Flavor Violation
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Relevant also for…



Beyond Standard Model (BSM)

Elementary Particles

Charged Lepton Flavor Violation
(Credit: Wikipedia)53

Flavor Violation



Beyond Standard Model (BSM)

Elementary Particles

Charged Lepton Flavor Violation (CLFV)
54

Flavor Violation



Beyond Standard Model (BSM)

Elementary Particles

Charged Lepton Flavor Violation (CLFV)
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Flavor Violation

e.g.,

CLFV can occur through neutrino mixing, 

but is suppressed by 𝐁𝐑 ~
𝒎𝝂

𝒎𝑾
≾ 𝟏𝟎−𝟓𝟎

⟹ Anything above it 

is New Physics!



Beyond Standard Model (BSM)

Elementary Particles
with nuclei…

(Credit: symmetry magazine)

Charged Lepton Flavor Violation (CLFV)
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Flavor Violation

e.g.,

CLFV can occur through neutrino mixing, 

but is suppressed by 𝐁𝐑 ~
𝒎𝝂

𝒎𝑾
≾ 𝟏𝟎−𝟓𝟎

⟹ Anything above it 

is New Physics!



Beyond Standard Model (BSM)

Elementary Particles

(Credit: symmetry magazine)

𝜇 → 𝑒 conversion

with nuclei…
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Charged Lepton Flavor Violation (CLFV)

e.g.,

CLFV can occur through neutrino mixing, 

but is suppressed by 𝐁𝐑 ~
𝒎𝝂

𝒎𝑾
≾ 𝟏𝟎−𝟓𝟎

⟹ Anything above it 

is New Physics!

Flavor Violation



 Future experiments: mu2e @ Fermilab, COMET @ J-PARC 
27Al  ~ 𝟏𝟎−𝟏𝟕

(Credit: symmetry magazine)

(Credit: symmetry magazine)

𝜇 → 𝑒 conversion

Haxton, Rule, McElvain, Ramsey-Musolf, PRC 2023

Beyond Standard Model (BSM)
with nuclei…

58

CLFV can occur through neutrino mixing, 

but is suppressed by 𝐁𝐑 ~
𝒎𝝂

𝒎𝑾
≾ 𝟏𝟎−𝟓𝟎

⟹ Observation of CLFV is New Physics

beyond 𝝂SM (SM + neutrino mass)

Flavor Violation



NREFT – Similar, but different

 𝑞~𝑚𝜇

 The electron is “fully relativistic”

Rule, Haxton, McElvain, PRL 2023

Haxton, Rule, McElvain, Ramsey-Musolf, PRC 2023

ℒ ~ ҧ𝑒𝑂𝐿𝜇 ഥ𝑁𝑂𝑁𝑁 →  

𝑖=1

15

𝑐𝑖𝑂𝑖 

Non-Relativistic 

Effective Field Theory

Flavor Violation

15 NREFT 

operators

only 11 were 

obtained
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NREFT – Similar, but different

 𝑞~𝑚𝜇

 The electron is “fully relativistic”

Missing tensor couplings

Rule, Haxton, McElvain, PRL 2023

Haxton, Rule, McElvain, Ramsey-Musolf, PRC 2023

ℒ ~ ҧ𝑒𝑂𝐿𝜇 ഥ𝑁𝑂𝑁𝑁 →  

𝑖=1

15

𝑐𝑖𝑂𝑖 
15 NREFT 

operators

only 11 were 

obtained

Non-Relativistic 

Effective Field Theory

Flavor Violation

60



operators

NREFT

61

Tensor 𝜇→𝑒 conversion: NREFT Non-Relativistic 

Effective Field Theory

Tensor

decomposition
vector-like 

objects

To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T
Now we know all operators 

involved in Tensor couplings

Flavor Violation

AGM, PRD letter 2024

E.g.,

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


4 New operators!
Easier for identifying the 

nature of the CLFV

operators

NREFT

62

Tensor 𝜇→𝑒 conversion: NREFT Non-Relativistic 

Effective Field Theory

Tensor

decomposition
vector-like 

objects

To identify the interaction’s nature, we

need to know the operators & symmetries 

involved in each of S, P, V, A, T
Now we know all operators 

involved in Tensor couplings

Matching data

⟹ Must be Tensor

Flavor Violation

AGM, PRD letter 2024

E.g.,

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


Tensor 𝜇→𝑒 conversion: SMEFT Standard Model 

Effective Field Theory

ℒSMEFT ~ℒSM +
1

𝑀2


𝑖

ǁ𝑐𝑖𝑂6𝑖 +
1

𝑀4


𝑖

ሚ𝑑𝑖𝑂8𝑖 + ⋯

Flavor Violation

AGM, PRD letter 202463

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


Tensor 𝜇→𝑒 conversion: SMEFT Standard Model 

Effective Field Theory

ℒSMEFT ~ℒSM +
1

𝑀2


𝑖

ǁ𝑐𝑖𝑂6𝑖 +
1

𝑀4


𝑖

ሚ𝑑𝑖𝑂8𝑖 + ⋯

=

Flavor Violation

AGM, PRD letter 202464

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


E.g., β-decay

Tensor 𝜇→𝑒 conversion: SMEFT Standard Model 

Effective Field Theory

ℒSMEFT ~ℒSM +
1

𝑀2


𝑖

ǁ𝑐𝑖𝑂6𝑖 +
1

𝑀4


𝑖

ሚ𝑑𝑖𝑂8𝑖 + ⋯

=

Flavor Violation

AGM, PRD letter 202465

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


E.g., β-decay

⟹ can only occur with up, charm, or top quarks (𝑚, 𝑛 = 1, 2, 3)

Tensor 𝜇→𝑒 conversion: SMEFT Standard Model 

Effective Field Theory

ℒSMEFT ~ℒSM +
1

𝑀2


𝑖

ǁ𝑐𝑖𝑂6𝑖 +
1

𝑀4


𝑖

ሚ𝑑𝑖𝑂8𝑖 + ⋯

=

Flavor Violation

AGM, PRD letter 202466

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L051701


Summary

AGM & Gazit, PRD 2023

AGM, PRD letter 2024

➢ 5:00 PM @ Tests of Symmetries & EW:
Unique forbidden 𝜷-decays
at zero momentum transfer

Seng, AGM, Cirigliano, PRL 2025

Forbidden decays are not forbidden

BSM Tensor missing theory:

 𝜷-decays

 BSM matrix elements identify
with the well-known SM ones

 Predictions & Observables for
forbidden decays for the first time

New experiments @ ORNL, HUJI, 
SOREQ

 Dark Matter (WIMPs)

 New terms

 Identification of the tensor 
symmetry involved is now possible

 𝜇→𝑒

 New Operators

 Matching data ⟹ Must be Tensor!

Fermionic Tensor → vector-like objects

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075031
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BSM Tensor missing theory:

 𝜷-decays

 BSM matrix elements identify
with the well-known SM ones

 Predictions & Observables for
forbidden decays for the first time

New experiments @ ORNL, HUJI, SOREQ

 Dark Matter (WIMPs)

 New terms

 Identification of the tensor symmetry 
involved is now possible

 𝜇→𝑒

 New Operators

 Matching data ⟹ Must be Tensor!

Glick-Magid & Gazit, PRD 2023

Glick-Magid, PRD letter 2024

= − Ԧ𝑗𝑇 ⋅ Ԧ𝒥𝑇 + Ԧ𝑗𝑇′
⋅ Ԧ𝒥𝑇′

ℋ𝑊 ~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
Nuclear 

current

Something’s 

current

𝑇

Space-only
mixed 

space-time

Time-only

mixed 
space-time

𝑇′ 𝑇

Fermionic Tensor → vector-like objects

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