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SM (Unitarity): |Vud|2 + |Vus|2 + |Vub|2 = 1± 10−3 ?

|Vud| ≈ 0.97±?? from: Neutron Decay, Mirror Beta Decay, Pion Beta Decay,

or Superallowed Beta Decay?
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Neutron Decay: Well-known Q-value and BR, no nuclear-structure or isospin corrections.
Needs precise T1/2 and correlation measurements. Hard to handle.

Mirror Decay: Easy-to-handle generalization of Neutron Decay.
Needs additional isospin and nuclear-structure corrections.

Pion Decay: π+ → π0e+νe, Pure vector transition without nuclear-structure corrections.
Extremely rare with BR of ∼ 10−8.

Superallowed Decay: 0+ → 0+, Pure vector transition with easily handled isotopes.
Requires isospin and nuclear-structure corrections.
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Needs precise T1/2 and correlation measurements. Hard to handle.

Mirror Decay: Easy-to-handle generalization of Neutron Decay.
Needs additional isospin and nuclear-structure corrections.

Pion Decay: π+ → π0e+νe, Pure vector transition without nuclear-structure corrections.
Extremely rare with BR of ∼ 10−8.

Superallowed Decay: 0+ → 0+, Pure vector transition with easily handled isotopes.
Requires isospin and nuclear-structure corrections.

Hardy and Towner, 2018.
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Single-Nucleon: Short-distance electroweak loop effects,
universal to all decays

Outer-Correction: QED correction depending on electron energy
and nuclear charge

Isospin: Accounts for imperfect isospin symmetry in real nuclei

Nucleus-Dependent: Radiative correction sensitive to internal
nuclear structure



Vud from Superallowed β-Decays

Samuel J. Novario FRIB-TA, September 17, 2025

Single-Nucleon

Outer-Correction

Isospin

Nucleus-Dependent

1

ft
=

G2
F |Vud|2 m5

e

π3 log 2

(
1 + ∆V

R

)
(1 + δ′R) (1− δC + δNS)

1

Ft =
G2

F |Vud|2 m5
e

π3 log 2

Hardy and Towner, PRC 91, 2015.



Vud from Superallowed β-Decays

Samuel J. Novario FRIB-TA, September 17, 2025

Single-Nucleon

Outer-Correction

Isospin

Nucleus-Dependent

1

ft
=

G2
F |Vud|2 m5

e

π3 log 2

(
1 + ∆V

R

)
(1 + δ′R) (1− δC + δNS)

1

Ft =
G2

F |Vud|2 m5
e

π3 log 2

Hardy and Towner, PRC 91, 2015.

Improve Vud from superallowed β-decays by calculating δNS for various nuclei.

We need an ab initio method and an effective EW theory for higher-order interactions.
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Q≪Mπ ≪MN ≪MW

Exploit different separation of scales to write correction as expansion in α and Q/Λχ
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Leading-order EM and Weak interactions, O(αqex/Mπ)

Energy-dependent, proportional to external momentum

Replaces charge-radius corrections, grows with A
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NLO EW interactions, O(αMπ/Λχ)

Energy-independent, Long-range

Corrections from magnetic moments and recoil

Induces UV sensitivity and cutoff dependence
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Cutoff dependence absorbed by contact terms, O(F−2
π Λ−1

χ )

LECs could be extracted from LQCD or other models

Can also be used as free parameters for a global Vud fit
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Include corrections to Fermi function

Soft photons also induce three-body terms (excluded for now)
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Mixed-scale photons important for required precision, O(α2)

Include corrections to Fermi function

Soft photons also induce three-body terms (excluded for now)

MO
β,k=p,n =

∫
dr⃗ij⟨F|

∑
i<j

ĥO
β,k=p,n(rij)

[
τ+i P̂ k

j + (i↔ j)
]
|I⟩, β = F,GT,T,SO
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1) Nuclear Interaction

Chiral Effective Field Theory:
(Q
Λ )−−−−−−→

2) Many-body Quantum Mechanics

Direct Diagonalization (NCSM):

Ĥ|Ψ⟩=E|Ψ⟩

Stochastic Methods (AFDMC):

|Ψ⟩=e(Ĥ−E)τ∞

Approximate Methods (MBPT,Coupled Cluster Theory):

|Ψ⟩ = + T̂

 , , , · · ·


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1) Nuclear Interaction

Chiral Effective Field Theory:
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W.G. Jiang, et al. 2020. Phys. Rev. C 102, 054301.
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1) Nuclear Interaction

Chiral Effective Field Theory:

(
Q
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)
−−−−−−−→

Q ∼ mπ ≈ 135 MeV

Λχ ∼ mN ≈ 1GeV

Fit to Data
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Exponential Ansatz: |Ψ⟩ = eT̂ |Φ0⟩
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CC Hamiltonian: H ≡ e−T̂ Ĥ eT̂

Decouple excitations: ⟨Φ′ |H |Φ0⟩ → 0

Correlated ground state: ⟨Φ0|H |Φ0⟩ → Egs

Scales polynomially
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Ĵz is good quantum number
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Now, all nuclei can be reached with minimal error from the broken symmetry.



Odd-Odd State: Equation-of-motion method
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EOM method builds biorthogonal eigenvectors of H
on the closed-shell ground state,
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⟨Φ0|L̂µH = ⟨Φ0|L̂µEµ

⟨Φ0|L̂µR̂µ |Φ0⟩ = 1

R̂,L̂ target appropriate quantum numbers, τ±

for charge-exchange.

O ≡ e−T̂ Ô eT̂ |Mβ |2 = ⟨Φ0|L̂0O
†R̂k |Φ0⟩⟨Φ0|L̂kO |Φ0⟩



CC Theory: Success and Progress
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Energies and Radii

G. Hagen et al 2016 Phys. Scr. 91 063006.

Infinite Matter

A. Ekström et al. Phys. Rev. C 91, 051301(R) (2015).

Distributions

G. Hagen et al. Nat. Phys. 12, 186 (2016).

Transitions and Spectra

S. Giraud et al. Phys. Rev. Lett. 130, 232301 (2023).

Hu, B et al. Nat. Phys. 18, 1196–1200 (2022).



Experiment: Charge-Exchange Reaction 14O(d,2He)
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dσ
dΩ

(q = 0) = σ̂B (GT )

Charge-exchange experiment with the AT-TPC and S800 Spectrograph (FRIB)

Calculations match experiment by including effective 2BCs

Gamow-Teller strength function reveals nuclear structure of 14N

Method to study Gamow-Teller distributions in unstable nuclei



Experiment: β-Delayed Spectrum from 24O
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β-delayed neutron spectrum with VANDLE and CALRION (NSCL)

Calculations match experiment only at low energies

High-order proton correlations and continuum coupling missing



2νββ decay of 48Ca
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Two-body currents decreases NME, but still too large,

likely due to deformation of 48Ti.



Beyond Standard Model: 0νββ Decay of 48Ca
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APS/Alan Stonebraker
C. Adams et al. 2022 (R. Stroberg).

0νββ MEs for 48Ca smaller with ab initio methods

First estimation of unknown contact interaction

Coupled cluster calculations in spherical and deformed bases

2νββ calculation agrees with experiment



0νββ Decays: New Models
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Superallowed Target Nuclei
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6Be −→ 6Li
6Li −→ 6He
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Results: Binding Energies
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6Be→6Li 6Li→6He 10C→10B 14O→14N 26Al→26Mg 34Ar→34Cl 34Cl→34S 38Ca→38K 38K→38Ar 42Sc→42Ca 46V→46Ti 50Mn→50Cr 54Co→54Fe
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Binding energies for parent and daughter from CC

Requires triples correlations (CCSDT-1)

Deformed CC BE results improve with A



Deformed Transition Target State
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Superallowed: 14O→ 14N
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Gamow-Teller componenets dominate over tensor.

Short-range behavior doesn’t agree likely due to interaction regulation.

Preliminary
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Superallowed: 10C→ 10B
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Deformation probably causes disagreements. Add triples correlations?

Qualitative agreement promising given different methods and interactions.

Preliminary
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Spin-Orbit Correction to δNS
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ÔSO,p = τ+i P̂ p
j

(
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(
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· σ⃗j + (i↔ j)



Fermi Correction to δNS
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ÔF+,p = − log (r/RA)
[
τ+i P̂ p

j + (i↔ j)
]
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Extracting Vud

Samuel J. Novario FRIB-TA, September 17, 2025

14O→ 14N : Vud = 0.97364(10)exp(12)∆V
R
(22)out(12)δC(43)δctNS(20)δNS

Vud = 0.97364(56)tot, Vud = 0.97405(37)tot(Towner,Hardy)

Need consistent δC, Need uncertainty quantification, Need SO validation,
Fit contact terms to check accuracy and precision of Vud



Summary and Outlook

Samuel J. Novario FRIB-TA, September 17, 2025

Extended r-space EW operators to HO-space.

Computed EW transition densities for superallowed β-decays.

Expanded transition denities to CC and compared to VMC.

Utilized results to calculate δNS and |Vud|2.

Calculate δNS for medium-mass superallowed candidates.

Study convergence, additional interactions and correlations.

Apply transition density machinery to 0νββ models.



Thank You!
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Superallowed: 6Be→ 6Li
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Superallowed: 6Li← 6He
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