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Dark Matter & Energy

The Neutrino has mass, even though 

according to the SM it should not

Beyond Standard Model (BSM)

7 𝜎

W boson mass

4.2 𝜎

Deviations from the SM at high precision: muon g-2, W mass
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direct detection

Dark Matter
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Dark Matter Direct Detection

Promising candidates – WIMPs:

Weakly-Interacting Massive Particles

Challenge – Direct detection:

Measuring WIMP scattering off nuclei on detectors

Nuclear matrix elements & structure factors

Detection capabilities: 𝑞~100 𝑀𝑒𝑉/𝑐

The structure of the coupling is determined

only by symmetry considerations

8

𝑞 - momentum transfer

N. Anand, A. L. Fitzpatrick, W. C. Haxton, Phys.Rev.C89:065501 (2014)

A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, Y. Xu, J.Cosmol.Astropart.Phys2013(02):004 (2013)



WIMPs scattering off nuclei

Low energy reaction of

leptons with nucleons

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMPs 

current

WIMP
Non-Relativistic

Nuclear Reduction:

contact interaction 

between

WIMP’s & Nucleon’s

currents

ℒ𝑖𝑛𝑡~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁



Scalar

Pseudoscalar

Vector

Axial Vector

ഥ𝑁𝑁
ഥ𝑁𝛾5𝑁

2 × 2 = 4

ഥ𝑁
𝑃𝜇

𝑚𝑁
𝑁

ഥ𝑁𝜎𝜇𝜈
𝑞𝜈

𝑚𝑁
𝑁

ഥ𝑁
𝑃𝜇

𝑚𝑁
𝛾5𝑁

ഥ𝑁𝛾𝜇𝛾5𝑁

4 × 4 = 16

And similar terms for the WIMPs

Non-Relativistic Nuclear Reduction

WIMPs scattering off nuclei

ℒ𝑖𝑛𝑡~ ҧ𝜒𝑂𝜒𝜒 ഥ𝑁𝑂𝑁𝑁



WIMPs scattering off nuclei

𝑂𝑖 𝑖=1
16 – 16 non-relativistic operators

built of 4 three-vectors:


𝑖𝑞

𝑚𝑁

 𝑣⊥≡
𝑃

2𝑚𝜒
−

𝐾

2𝑚𝑁

 Ԧ𝑆𝜒, Ԧ𝑆𝑁

Non-Relativistic Nuclear Reduction

A. L. Fitzpatrick, W. Haxton et al., J.Cosmol.Astropart.Phys 2013(02):004 (2013)

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

Missing tensor couplings



Why do we need the tensor?

We already have 16 operator basis
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:

Weak interaction:

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



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:

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

Weak interaction:

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

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

⇒ Weak SM structure: “𝑽 − 𝑨”



How do we find the tensor NR EFT?

Low energy reaction of

leptons with nucleons

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMPs 

current

ℋ𝑊 ~ 𝐶 Ƹ𝑗 Ԧ𝑥 ⋅ መ𝒥 Ԧ𝑥

WIMP

ഥ𝑁𝜎𝜇𝜈𝑁
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𝛾𝜇𝑁

ഥ𝑁
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𝐾𝜈

𝑚𝑁
𝑁

ഥ𝑁𝛾𝜇

𝑞
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𝛾𝜈𝑁

4 × 4 = 16



ℒ𝑖𝑛𝑡~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMPs 

current

AGM & Gazit, PRD 2023

Tensor

→ vector-like objects

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


Tensor

→ 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

BSM missing theory

AGM & Gazit, PRD 2023

ℒ𝑖𝑛𝑡~ Ƹ𝑗𝜇𝜈 Ԧ𝑥  መ𝒥𝜇𝜈 Ԧ𝑥

መ𝒥 Ԧ𝑥Ƹ𝑗 Ԧ𝑥
nuclear 

current

WIMPs 

current

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


To identify the interaction’s nature

we need to know the operators & symmetries 

involved in each of S, P, V, A, T AGM, arXiv:2312.08339

DM Tensor Interactions



𝜇→𝑒 conversion

Lepton Flavor Violation

18



Beyond Standard Model (BSM)

Elementary Particles

BSM Searches 

Charged Lepton Flavor Violation



Beyond Standard Model (BSM)

Elementary Particles

BSM Searches 

Charged Lepton Flavor Violation



Beyond Standard Model (BSM)

Elementary Particles

BSM Searches 

with nuclei…

(Credit: symmetry magazine)

Charged Lepton Flavor Violation



Beyond Standard Model (BSM)

Elementary Particles

BSM Searches 

(Credit: symmetry magazine)

𝜇 → 𝑒 conversion

Charged Lepton Flavor Violation

with nuclei…



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

(Credit: symmetry magazine)

(Credit: symmetry magazine)

branching ratio with respect to muon capture 

in the same nucleus

𝜇 → 𝑒 conversion



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

(Credit: symmetry magazine)

(Credit: symmetry magazine)

branching ratio with respect to muon capture 

in the same nucleus

𝜇 → 𝑒 conversion

NREFT Missing tensor couplings

 𝑞~𝑚𝜇

 The electron is “fully relativistic”

W. C. Haxton, E. Rule, K. McElvain, M. J. Ramsey-Musolf. Phys.Rev.C, 107:035504 (2023)



𝜇 → 𝑒 Tensor Interactions

Non-relativistic EFT for the tensor coupling:

AGM, arXiv:2312.08339

New operators!

Easier for identifying the 

nature of the CLFV

Matching data

⟹ Must be Tensor



Nuclear 𝛽-decay

New weak interactions

26



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”

BSM Searches 

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



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:
Parity violation in nuclear β-decays

⇒ Weak SM structure: “𝑽 − 𝑨”

BSM Searches 

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



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 

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

parity
angular 

momentum

Formalism

electron

anti 
neutrino

neutron

proton

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

electron

anti 
neutrino

neutron

proton

Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F

𝑚𝑒

𝐸
𝜓𝑓

𝐿𝐽 𝜓𝑖
2

𝑑𝜔 ∝ 𝜓𝑓
𝐻𝑊 𝜓𝑖

2

Observables

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

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

allowed

BSM Searches 
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Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F

𝑚𝑒

𝐸
𝜓𝑓

𝐿𝐽 𝜓𝑖
2

 Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

Quadratic in the tensor coupling constants 

-energy spectrum:
Vanishes for right-handed neutrinos (𝐶𝑇 = −𝐶𝑇

′ )

𝑑𝜔 ∝ 𝜓𝑓
𝐻𝑊 𝜓𝑖

2

𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇
+(𝐶𝑇

−) ≲ 10−3 Tensor left (right) coupling constants (BSM), unknown

BSMSM

Formalism

electron

anti 
neutrino

neutron

proton

𝜖𝑇

Observables

Ԧ𝛽Ԧ𝜈

𝜃

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

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

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

allowed

BSM Searches 

 Quadratic in 𝐶𝑇
+, 𝐶𝑇

−
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Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
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 Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

Quadratic in the tensor coupling constants 

 Energy spectrum: Fierz term 𝑏F
𝛽∓

= 0 ±
𝐶𝑇

+

𝐶𝐴
 Vanishes for right-handed neutrinos (𝐶𝑇

+ = 0)

𝑑𝜔 ∝ 𝜓𝑓
𝐻𝑊 𝜓𝑖

2

𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇
+(𝐶𝑇

−) ≲ 10−3 Tensor left (right) coupling constants (BSM), unknown

BSM

Formalism

electron

anti 
neutrino

neutron

proton

𝜖𝑇

Observables

SM

BSM
SM

Ԧ𝛽Ԧ𝜈

𝜃

𝐸

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

images/8d978444f15f9bbc3bcadb0549816bc7e264b977.svg

electron’s 

mass,

energy

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

allowed

BSM Searches 

 Quadratic in 𝐶𝑇
+, 𝐶𝑇

−
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Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F
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𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇
+(𝐶𝑇

−) ≲ 10−3 Tensor left (right) coupling constants (BSM), unknown
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Observables

SM

BSM
SM

electron’s 

mass,

energy

 Quadratic in 𝐶𝑇
+, 𝐶𝑇

−

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

allowed

BSM Searches 

Naïve 

SM

BSM

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



Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F

𝑚𝑒

𝐸
𝜓𝑓

𝐿𝐽 𝜓𝑖
2

 Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −
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+ 𝐶𝑇
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Quadratic in the tensor coupling constants 

 Energy spectrum: Fierz term 𝑏F
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𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇
+(𝐶𝑇

−) ≲ 10−3 Tensor left (right) coupling constants (BSM), unknown
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Observables

SM

BSM
SM

electron’s 
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 Quadratic in 𝐶𝑇
+, 𝐶𝑇

−

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

allowed

BSM Searches 

Naïve 

SM

BSM

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

𝒒 → 𝟎



Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
Ԧ𝛽 ⋅ Ƹ𝜈 + 𝑏F

𝑚𝑒

𝐸
𝜓𝑓

𝐿𝐽 𝜓𝑖
2

 Angular correlation: 𝑎𝛽𝜈 = −
1

3
1 −

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

Quadratic in the tensor coupling constants 

 Energy spectrum: Fierz term 𝑏F
𝛽∓

= 0 ±
𝐶𝑇

+

𝐶𝐴
 Vanishes for right-handed neutrinos (𝐶𝑇

+ = 0)

𝑑𝜔 ∝ 𝜓𝑓
𝐻𝑊 𝜓𝑖

2

𝐶𝐴 = 1.27 Axial vector coupling constant (SM)

𝐶𝑇
+(𝐶𝑇

−) ≲ 10−3 Tensor left (right) coupling constants (BSM), unknown

BSM

𝜖𝑇

Observables

SM

BSM
SM

electron’s 

mass,

energy

 Quadratic in 𝐶𝑇
+, 𝐶𝑇

−

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

allowed

BSM Searches 

Naïve 

SM

BSM

SM??

𝒒 → 𝟎

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



Nuclear 𝛽-decay

 𝛽-decay rate:

∝ 1 + 𝑎𝛽𝜈
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Quadratic in the tensor coupling constants 
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Observables

SM

BSM
SM

electron’s 

mass,

energy

 Quadratic in 𝐶𝑇
+, 𝐶𝑇

−

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



AGM 

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

Unique 1st-forbidden decays

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

AGM et al, PLB 2017

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

https://link.springer.com/article/10.1007/s10751-018-1535-x
PhysLettB, 767,285-288
https://link.springer.com/journal/10967


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

Observables’ corrections

Nuclear Hamiltonian
χEFT @ N2LOopt (sat)

𝐻

Ab initio calculations of 16N
𝛽−

16O forbidden decay 

Lotta Jokiniemi
Petr Navrátil
Daniel Gazda

Christian Forssén
𝛿𝑎, 𝛿𝑏



16N → 16O forbidden spectrum

BSM
SM 

correctionSM

Naïve 

SM

BSM

SM??

unique 1st forbidden

16N: Large energy separation between

the forbidden and allowed branches

 Experiments are aiming a 10−3 accuracy

 The spectrum can be used to extract 𝑏F & 𝑎𝛽𝜈

 𝑏F = 0 + 𝛿𝑏 +
𝐶𝑇

+

𝐶𝐴

 Looking for  
𝐶𝑇

+

𝐶𝐴
~ 10−3

 𝛿𝑏 = −1.04 13 ⋅ 10−3



16N → 16O forbidden spectrum

BSM
SM 

correctionSM

unique 1st forbidden

16N: Large energy separation between

the forbidden and allowed branches

 Experiments are aiming a 10−3 accuracy

 The spectrum can be used to extract 𝑏F & 𝑎𝛽𝜈

 𝑏F = 0 + 𝛿𝑏 +
𝐶𝑇

+

𝐶𝐴

 Looking for  
𝐶𝑇

+

𝐶𝐴
~ 10−3

 𝛿𝑏 = −1.07 13 ⋅ 10−3

 Uncertainty ~ 10−4

Naïve 

SM

BSM

SM 

corrections



16N → 16O forbidden angular correlation

 Experiments are aiming a 10−3 accuracy

 𝑎𝛽𝜈 = −
2

5
1 + ሚ𝛿𝑎 +

𝐶𝑇
+ 2

+ 𝐶𝑇
− 2

4 𝐶𝐴
2

 ሚ𝛿𝑎 = −0.609 15

SM BSM

𝐶𝑇
+ 𝐶𝑇

−  ~ 10−3

𝛿
𝑎

𝑎
𝛽

𝜈

SM 

correction



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

➢ Dark Matter

direct detection

Lucas Taylor / CERN - http://cdsweb.cern.ch/record/628469
© 1997-2022 CERN (License: CC-BY-SA-4.0)

➢ Lepton Flavor Violation

 with 𝜇 → 𝑒 conversion

Astronomy Particles Physics

Mardor et al., Eur. Phys. J. A 54, 91 (2018)

➢ New Weak Interactions

            with β-decays

Nuclear Physics

Precision Frontier

with nuclei…Summary: BSM Searches

27Al
Ti 23Ne

63Cuand many more…

19F 23Na
16N

90Sr

6He
23Ne

https://www.esa.int/ESA_Multimedia/Images/2013/03/Planck_CMB
http://creativecommons.org/licenses/by-sa/4.0/
http://cdsweb.cern.ch/record/628469
http://creativecommons.org/licenses/by-sa/4.0/
https://doi.org/10.1140/epja/i2018-12526-2
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