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Nuclear weak processes in different places

Nuclear weak processes are essential for understanding nuclear stability,
nucleosynthesis, and new physics beyond the Standard Model.
Nuclear matrix elements are crucial for the interpretation of exprimental sginals.
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Theoretical studies of nuclear weak processes
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Theoretical studies of nuclear weak processes
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Ab initio studies of nuclear weak processes
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gA quenching problem: 2BC and many-body correlation
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The 2BC effect in the QMC
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β-decay half-lives and 2BC effect
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The 2BC effect in the Lattice EFT
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Superallowed Fermi transitions and CKM matrix
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Superallowed Fermi transitions and CKM matrix
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Radiative correction in superallowed Fermi transitions
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Superallowed Fermi transitions: isospin breaking correction δc
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Superallowed Fermi transitions in EFT
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Lepton-number violation and 0νββ decay
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0νββ decay and effective neutrino mass

The 0νββ decay rate in the standard mechanism:

⟨mββ⟩ ≡ |
3∑

j=1
U2

ejmj | =
[
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e
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AG0νT 0ν

1/2 |M0ν |2
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Whether or not the ton-scale experiments are able to cover the entire parameter
space for the IO case depends strongly on the accuracy of the NME.
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A strategy to enhance the sensitity of 0νββ decay
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A proposal to reduce the uncertainty of the NMEs
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The 2BC effect on the NME of 0νββ decay

JMYao (nuSTEP@Beijing, 2025) 23 / 39



The 2BC effect on the NME of 0νββ decay
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The first-wave of ab initio studies of 0νββ decay in 48Ca
Multi-reference in-medium generator
coordinate method (IM-GCM)
JMY et al., PRL124, 232501 (2020)

Valence-space shell model+IMSRG
(VS-IMSRG)
A. Belley et al., PRL126, 042502 (2021)

Coupled-cluster with singlets, doublets, and
partial triplets (CCSDT1) .
S. Novario et al., PRL126, 182502 (2021)
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The first-wave of ab initio studies of 0νββ decay in 48Ca
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Promoting the contact transition operator to LO

A contact transition operator which could
either enhance or quench the 0νββ decay, is
needed to be promoted to LO to ensure
renormalizibility. V. Cirigliano et al., PRL120, 202001 (2018)

We determine the unknown LEC gNN
ν of the

contact operator, consistent with the
employed chiral interaction (EM1.8/2.0),
based on the synthetic data for the process
2n → 2p + 2e−. V. Cirigliano et al., PRL126, 172002 (2021)

The contact term turns out to enhance the
NME for 48Ca by 43(7)%, thus reducing the
half-life T 0ν

1/2 significantly.
R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021)
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The error of EFT truncation on nuclear forces

The NME converges with respect to the chiral expansion order χ of nuclear forces
for candidate nuclei 48Ca and 76Ge.
The EFT truncation error is shrinking with the increase of χ expansion order ν.
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Quantification of the uncertainty in the NME of 76Ge

Our recommended value M0ν = 2.60+1.28
−1.36.

Together with the best half-life limit: > 1.8 × 1026 yr, it sets the upper limit
⟨mββ⟩ = 187+205

−62 meV, and the sensitivity of the next-generation experiment
⟨mββ⟩ = 22+24

−7 meV, covering almost the entire range of IO hierarchy.
A. Belley, JMY et al., PRL132, 182502 (2024)
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Extension to the 0νββ decay of 136Xe
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Summary and outlook

Precision study of nuclear weak processes (single and double-beta decay) is important
for understanding physics both within and beyond the standard model.

The ab initio framework based on the operators derived from chiral EFT allows to
determine the NMEs of nuclear weak processes and their uncertainties.
This ab initio framework has already been applied to compute the NMEs of both
single and double-beta decay, where the contributions of higher-order operators
have been examined. These studies are of importance for understanding nuclear
weak processes with quantified undercertainties in the prediced NMEs.

Next
Ab initio study of two-body current effect on 0νββ decay.
Consideration of contributions from higher-order operators.
More benchmark studies among different ab initio nuclear models.
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Nuclear weak interactions in EFT
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Nuclear beta decay in EFT
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The QMC method
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The 2BC effect
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Towards accurate calculations of single-β decay
The Lagrangian density for weak interaction at nuclear-energy scale,

L =
∑

i=V ,A,S,T ,P
(p̄Oin)ēOi(Ci − C ′

i γ5)ν

where the operator Oi specifies different types (standard and non-standard) of weak

interactions, Ci , C ′
i are couplings of dimension [mass]−2, indicating the mass scale of

particles mediating the interaction.
Significance

Impact of nuclear β-decay rates on the abundances of r -process elements.
Kelsey A. Lund et al., Astrophys.J. 944, 144 (2023); Y. W. Hao et al., Phys. Rev. C 108, L062802 (2023)

Matrix element of superallowed Fermi transition: test of the unitality of CKM
matrix. V. Cirigliano et al., PRL133, 211801 (2024); PRC110, 055502(2024)

Constraints on the non-standard weak interaction with β decay:
Ci , C ′

i ∝ (MW /ΛBSM)n≥2 with i = S, P, T . L. Hayen, Annu. Rev. Nucl. Part. Sci. 74, 1 (2024)
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Towards accurate calculations of single-β decay

Remaining problems
Improvements in EDF-based QRPA?: systematic studies of nuclear β decay,
interplay bewteen many-body correlations (PVC, 2p-2h, deformation, etc) and
phenomenological parameters (gA, V T=0,1

pp , etc) E.M. Ney et al., Phys.Rev.C 102, 034326 (2020)

Significant discrepancies (by an order of magnitude or more) between theory and
experiment: MGT and Q value.
gA quenching problem: ab initio studies restricted to light and near closed-shell
nuclei. P. Gysbers et al., Nature Physics 15, 428 (2019); G.B. King et al. PRC107, 015503 (2023)

Recommendation
Development of state-of-the-art models (VS-IMSRG, IM-GCM, pn-QRPA guided by or
based on chiral nuclear forces) for nuclear single-β decay and superallowed Fermi
transition, considering two-body currents and radiative corrections, and examining
convergence of matrix elements with respect to the chiral expansion orders.
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