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• Introduction: Fermi decay, CVC hupothesis and Vud  matrix element of 
the CKM matrix

• Isospin-symmetry breaking correction to Superallowed Fermi beta 
decay δC  within the valence-space shell model  with realistic radial 
wave functions and within the ab-initio no-core shell model

     - current status and results obtained by our collaborations

• Towards further refining calculations of isospin-symmetry breaking 
correction δC - present project VUD-NUCLEAR

• Conclusions and perspectives

Nuclear structure correction for low-energy precision 
tests of the Standard Model via nuclear beta decay



Tests of the Standard Model in nuclear decays

Nuclear Matrix 
elements are 

needed !



|Vud| from pion, nucleon and nuclear beta decay

▪ Superallowed nuclear 0+ -> 0+ beta decay     (nuclear structure effects)

▪ Mirror T=1/2 transitions (F/GT ratio, nuclear structure effects)

▪ Neutron decay                                          (Lifetime)

▪ Pion decay 𝜋+ → 𝜋0 + 𝑒+ + 𝜈𝑒 (Branching ratio)

|𝑉𝑢𝑑| = 𝐺𝑉/𝐺𝐹

Current status: 

J.C. Hardy, I. S. Towner, PRC102. 045501 (2020) ;

M. Gonzalez-Alonzo, O. Navillat-Cuncic, N. Severijns, 

PPNP104, 165 (2019) 

𝑛 → 𝑝 + 𝑒− + ҧ𝜈𝑒



Superallowed 0+ → 0+ beta decay

Sirlin, Marciano, Jaus, Rasche, ..
Seng, Gorchtein, Cirigliano,…
+ talks by  Misha, Emanuele, Garrett, etc

Towner, Hardy (1973 – 2020)
and many others (next slide)

Many-body 
approach with 

charge-dependent 
forces

Much recent 
interest ! 



Isospin-symmetry breaking correction – divergence of model predictions 

SM-WS : Shell-model + WS, Towner, Hardy (2015, 2020)
SM-HF : Shell-model + HF Ormand, Brown (1989, 1995)
SV/SHZ2-DFT : J- , T-projected DFT,  Satula et al (2012)
RHF-RPA : Relativistic RPA, Liang, Giai, Meng (2009)
Damgaard : Harmonic-oscillator model, Damgaard (1969), Towner (1977)
IVMR : Isovector Monopole Resonance, Auerbach (2009)

CVC test

Towner, Hardy 

PRC82 (2010)

SM+HF

SM+WS

Diagonalization
+ experimentally 

constrained

Variational 
+ global EDF

“gross”

DFT

IVMR



Hardy, Towner (2020)

Further revisions of radiative corrections 

are ongoing since 2018: for review see

Gorchtein, Seng, ARNPS 74 (2024)

Superallowed 0+ → 0+ beta decay: status by 2020

ℱ𝑡 = 1 + 𝛿𝑅
′ 1 + δ𝑁𝑆 − δ𝐶 𝑓𝑡 =

𝐾

𝑀0
2𝐺𝐹

2|𝑉𝑢𝑑|2 1 + ∆𝑅

𝑉𝑢𝑑 = 0.97373(31)

𝑉𝑢𝑑
2 + 𝑉𝑢𝑠

2 + 𝑉𝑢𝑏
2 = 0.9985(5)

The purpose of our work:  to revise the shell-model 
computation δ𝐶   of  in large-scaled calculations

With realistic WS or HF wave functions

ℱ𝑡 = 3072.24 ± 0.57 𝑠𝑒𝑐 χ2/ν= 0.47



No-Core Shell model - configuration-interaction approach

Ab-initio No-Core Shell Model : sufficiently large model space so that the results for A nucleons do not 
depend on the  basis parameters (hw and Nmax)

Advantages : Conservation of symmetries of the Hamiltonian, use of bare NN+3N forces, exact separation of 
the COM, detailed information on low-energy states and transitions
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Harmonic Oscillator Basis



Valence-space shell model  for heavier nuclei

Restricted model space: valence space beyond an inert core

•   

• Current status : 
❑ Excellent description with empirical (phenomenological) interactions 
❑ Microscopic interactions -> recent progress and challenges

Effective operators

𝐻𝑒𝑓𝑓 = σ𝛼 𝜀𝛼𝑎𝛼
† 𝑎𝛼 +

1

4
σ𝛼𝛽𝛾𝛿 𝛼𝛽 𝑉𝑟𝑒𝑠 𝛿𝛾 𝑎𝛼

† 𝑎𝛽
† 𝑎𝛾 𝑎𝛿

Microscopic
derived from
NN potential via
MBPT, IMSRG, …

Phenomenological
(constrained by the data)

𝐻 ۧ|Ψ𝑛 = 𝐸𝑛 ۧ|Ψ𝑛 𝐻𝑒𝑓𝑓 ۧ|Ψ𝑛
𝑀 = (𝐸𝑛−𝐸𝐶) ۧ|Ψ𝑛

𝑀

Empirical

Core energy



Fermi matrix element within the shell model

Miller, Schwenk 
PRC78,80 
(2009,2010):
Radial excitations !

One-body transition 
Density evaluated 
between initial and 
final nuclear states

Single-particle matrix 
element (radial overlap)

𝛿𝐶1

𝛿𝐶2



Shell-model evaluation of δC1

Xayavong, Smirnova, Nowacki, PRC112 (2025)

Towner and Hardy: 
- Local parametrization of the CD term
- A few (?) non-analogue states considered

𝛼𝑖
2~

𝑉𝐶𝐷
2

∆𝐸2 𝑀𝐹𝑖
2 ~

∆𝐸𝑡ℎ
2

∆𝐸𝑒𝑥𝑝
2



Shell-model evaluation of δC2 beyond the closure approximation

Experimental information on
Relevant spectroscopic
Factors is highly desirable !



Shell-model + Woods-Saxon evaluation of δC2 and δC

Preliminary, since no well adjusted INC 
interaction for psd and ZBM2 model spaces !

Xayavong, Smirnova, Nowacki, PRC112, 055503 (2025)



• Isospin-symmetry breaking correction to Superallowed Fermi beta 
decay δC  within shell model  with WS or Hartree-Fock wave functions

• Higher-order terms in δC

• Isospin symmetry breaking in mirror Gamow-Teller transitions

• Towards ab-initio no-core shell-model calculation of isospin-
symmetry breaking correction δC

• Land Y. Lim, Phys. Rev. C 111, 015501 (2025); ibid 112, 014313 (2025).

L. Xayavong, N. Smirnova,  PRC109, 014317 (2024)

L. Xayavong, N. Smirnova,  PRC105, 044308 (2022)

L. Xayavong, N. Smirnova, F. Nowacki, PRC112, 055503 (2025)

L. Xayavong, N. Smirnova,  PRC97, 024324 (2018)

L. Xayavong, Y. Lim, N. Smirnova, C. Johnson PRC113, 034317 (2026)

Results obtained by our collaboration

L. Xayavong, Y. Lim,  PRC111, 015501 (2025)

L. Xayavong, Y. Lim,  PRC112, 014313 (2025)

included in the evaluation by 
Towner and Hardy, 2020 



FKPPN Project 2026 – goal (1)

Construction of precise isospin-nonconserving interactions for psd, ZBM2 
and pfg model spaces for more precision calculation of the δC1  correction 

within the large-scale shell model

Only Coulomb
Is currently 

Used !



Valence-space isospin non-conserving (INC) Shell Model

Include Coulomb + empirical effective charge-dependent term perturbatively

                                                                 with

   

RMS errors (theory & experiment) :     

𝐻𝐼𝑁𝐶 = 𝐻0
𝑝𝑛

+ 𝑉𝑟𝑒𝑠 + 𝑉𝐶𝐷

𝑉𝐶𝐷 = 𝑉𝐶 + 𝑉𝐶𝑆𝐵
(1)

+ 𝑉𝐶𝐼𝐵
(2)

𝜂𝑇𝑇𝑧 𝐻𝐼𝑁𝐶 𝜂𝑇𝑇𝑧 = 𝑎𝑡ℎ 𝜂, 𝑇 + 𝑏𝑡ℎ 𝜂, 𝑇 𝑇𝑧 + 𝑐𝑡ℎ 𝜂, 𝑇 𝑇𝑧
2

b (keV) c (keV) N data (b) N data (c)

sd shell 32 11 81 (all T) 51 (T=1,3/2,2)

pf shell 50 20 g.s. (T=1/2,1) g.s. (T=1)



FKKPN Project 2026 – goal (2)
Refining Woods-Saxon potential parameters from global systematics for 

more precise calculation of δC2  correction within the large-scale shell model

+ Vas + Vsurf



Conclusions and Prospects

Conclusions :
❑ Superallowed 0+ -> 0+ beta decay provides the most precise way to test the CVC hypothesis and to 

derive the |Vud| matrix element of the CKM matrix for its unitarity tests => numerous experimental 
programs at RIB facilities throughout the world

❑ Phenomenological shell model provides a robust framework in the description of isospin symmetry 
breaking and currently assures the most precise value of the nuclear structure correction 

❑ Our projects VUD-NUCLEAR aims at further improving of the shell-model + WS precision : construction 
of new effective charge-dependent interactions and constraining further the WS potential

Perspectives and further plans :

❑ The issue of the exact Fermi operator 
❑ Mirror transitions (between T=1/2 states)
❑ High-dimensions and heavier nuclei (up to A=100)

GOAL : Towards high precision tests of the Standard Model and 
stringent constraints on the possible physics beyond it



BACK-UP SLIDES



Nuclear beta decay

For 0+ -> 0+ beta decay:

Total decay rate:

Should be constant (for fixed T) – a consequence
of the Conserved Vector Current (CVC) hypothesis

gV=1, gA≈ 1.27



Superallowed 0+ → 0+ beta decay

Experimental data on t½ , BR, QEC



Many-body approaches to isospin-symmetry breaking

Diagonalization
+ experimentally 

constrained

Variational 
+ global energy-

density functional

“gross”



Theoretical description of isospin-symmetry breaking

Sources of isospin symmetry breaking (nucleon level): 

❑ Coulomb interaction between protons

❑ Charge-dependent (CD) nuclear forces and Mp and Mn differences

➢ Ab-initio calculations: use CD NN potentials V (CD-Bonn, chiral EFT NnLO potentials)
➢ Phenomenological approach: constrain effective CD forces from experiment to add to V 

Fit to experimental b and c coefficients through the valence space !



Nuclei along N=Z line:  isospin-symmetry breaking 

Isospin non-conserving Hamiltonian

(Coulomb + effective charge-dependent components)
𝐻𝐼𝑁𝐶 = 𝐻0 + 𝑉𝑟𝑒𝑠 + 𝑉𝐼𝑁𝐶

𝑀 𝜂, 𝑇, 𝑀𝑇  = 𝑎 𝜂, 𝑇 + 𝑏 𝜂, 𝑇 𝑇𝑧 + 𝑐 𝜂, 𝑇 𝑇𝑧
2

IMSRG: Martin et al, PRC104, 014324 (2021) – A=10,14,18,22,…,74

sd shell : rms(b) = 30 keV,  rms(c ) = 10 keV

Ormand, Brown (1989), Lam, Smirnova, Caurier (2013); Magilligan, Brown (2020)



Applications of isospin-symmetry breaking



Isospin-forbidden decays and isospin mixing

Current status : 

❑ Reliable prediction of isospin-forbidden decay rates and of isospin mixing on
theoretical grounds is challenging, because of poorly determined ∆E

❑ Safe predictions of Coulomb mixing matrix elements

❑ Efficient way: combination of theory and experiment !

❑ Lack of precision for the search of higher-order terms in IMME in quartets and quintets

𝛼2~
𝑉𝐶𝐷

2

∆𝐸2

𝑀 𝜂, 𝑇, 𝑇𝑧 = 𝑎 𝜂, 𝑇 + 𝑏 𝜂, 𝑇 𝑇𝑧 + 𝑐 𝜂, 𝑇 𝑇𝑧
2 + 𝑑 𝜂, 𝑇 𝑇𝑧

3 +𝑒 𝜂, 𝑇 𝑇𝑧
4



Isospin-symmetry breaking: NN interaction and light nuclei

Sources of isospin-symmetry breaking : mu ≠ md and electromagnetic interactions between quarks

𝑎𝑛𝑛 − 𝑎𝑝𝑝 = 1.65 ± 0.60 𝑓𝑚

Experimental evidence on charge-dependent components of NN forces

𝑀𝑝 − 𝑀𝑛 ≈ 1.3 𝑀𝑒𝑉

𝑽𝒑𝒑 − 𝑽𝒏𝒏 ≠ 𝟎
Charge-symmetry breaking (CSB) 

2) Nolen-Schiffer anomaly (1969): mirror binding energy differences (3H – 3He , …)

❑ Coulomb interaction between protons

❑                                        and charge-dependent forces of nuclear origin

1

2
𝑎𝑛𝑛 + 𝑎𝑝𝑝  −  𝑎𝑛𝑝 = 5.6 ± 0.6 𝑓𝑚 Charge-independence breaking (CIB) 𝑽𝒑𝒏

𝑻=𝟏 −
𝟏

𝟐
𝑽𝒑𝒑 + 𝑽𝒏𝒏 ≠ 𝟎

1) NN scattering length in the 1S0 channel:

Light nuclei in ab-initio approaches : 

A = 3,7,8: GFMC with CD interactions
Wiringa, Pastore, Pieper, Miller, PRC88  (2013)

Class I   :  1, 𝒕(𝑗)  ∙ 𝒕(𝑘)
Class II  :   𝑡𝑧 𝑗 𝑡𝑧 𝑘
Class III :   𝑡𝑧 𝑗 +𝑡𝑧 𝑘
Class IV :   𝑡𝑧 𝑗 −𝑡𝑧 𝑘 , 𝒕 𝑗 × 𝒕 𝑘 𝑧

Henley, Miller, 1979

Ab-initio approaches

G.A. Miller et al PR194, 1 (1990); χEFT : U. van Kolck, J.L. Friar, E.Epelbaum, … 𝑽𝑰 > 𝑽𝑰𝑰 > 𝑽𝑰𝑰𝑰 > 𝑽𝑰𝑽





Nuclei along N=Z line:  isospin-symmetry breaking 

𝑀 𝜂, 𝑇, 𝑀𝑇  = 𝑎 𝜂, 𝑇 + 𝑏 𝜂, 𝑇 𝑇𝑧 + 𝑐 𝜂, 𝑇 𝑇𝑧
2

IMSRG: Martin et al, PRC104, 014324 (2021) – A=10,14,18,22,…,74

b (keV) c (keV) N data (b) N data (c)

sd shell 32 11 81 (all T) 51 (T=1,3/2,2)

pf shell 50 20 g.s. (T=1/2,1) g.s. (T=1)



Theoretical description of isospin-symmetry breaking

Lam, 
Smirnova, 
Caurier (2013)



IMME b and c coefficients of lowest and excited multiplets
Importance for mass and excitation energies

predictions

❑ Prediction of masses and excited levels
      in proton-rich nuclei, e.g. if Tz>0 :

❑ Particular case of triplets :

𝑀𝑇𝑧
= 𝑎 + 𝑏𝑇𝑧 + 𝑐𝑇𝑧

2

𝑀−𝑇𝑧
= 𝑀𝑇𝑧

𝑒𝑥𝑝
+ 2𝑏𝑡ℎ𝑇𝑧

𝑀−1 = 2𝑀0
𝑒𝑥𝑝

− 𝑀1
𝑒𝑥𝑝

+ 2𝑐𝑡ℎ

Important for nuclear astrophysics applications!

Experiment

TheoryExperiment

Theory

Brown, Richter (from 2011); Kaneko et al (2013)

T=1

T=1 T=1



Isospin-forbidden decays and isospin mixing (?)

𝐻𝐼𝑁𝐶 = 𝐻0 + 𝑉 + 𝑉𝐶𝐷

𝛼2~
𝑉𝐶𝐷

2

∆𝐸2

Isospin-forbidden 
Fermi beta decay

Isospin-forbidden 
E-M transitions

Isospin-forbidden proton emission

Isospin mixing !

∆𝐸
𝑉𝐶𝐷 = 𝑇 𝑉𝐶𝐷 𝑇′

How reliable can these phenomena be described 
theoretically?

Reliable (at low energies) 

Challenging…

p-shell        < 150(40) keV
sd-shell       < 100(40) keV
pf-shell        <  40(20) keV



Fermi matrix element within the shell model



WS Non-adjusted !



WS Adjusted !



WS and HF  Non-adjusted ! WS and HF Adjusted !
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