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An introduction to 0νββ decay

The two modes of β−β− decay:

(A, Z ) → (A, Z + 2) + 2e− + (2ν̄e)
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Wordwide experiments searching for 0νββ decay
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Most sensitive measurements and limits on neutrino mass

Isotope G0ν M0ν T 0ν
1/2 ⟨mββ⟩ Experiments with best sensitivity

[10−14 yr−1] [min, max] [yr] [meV] References
48Ca 2.48 [0.85, 2.94] > 5.8 · 1022 [2841, 9828] CANDLES: PRC78, 058501 (2008)
76Ge 0.24 [2.38, 6.64] > 1.8 · 1026 [73, 180] GERDA: PRL125, 252502(2020)
82Se 1.01 [2.72, 5.30] > 4.6 · 1024 [277, 540] CUPID-0: PRL129, 111801 (2023)
96Zr 2.06 [2.86, 6.47] > 9.2 · 1021 [3557, 8047] NPA847, 168 (2010)

100Mo 1.59 [3.84, 6.59] > 2.9 · 1024 [210, 610] AMoRE-I: PRL134, 082501 (2025)
116Cd 0.48 [3.29, 5.52] > 2.2 · 1023 [1766, 2963] PRD 98, 092007 (2018)
130Te 1.42 [1.37, 6.41] > 3.5 · 1025 [70, 250] CUORE: Science (2025)
136Xe 1.46 [1.11, 4.77] > 3.8 · 1026 [28, 122] KamLAND-Zen: arXiv:2406.11438v1 (2024)
150Nd 6.30 [1.71, 5.60] > 2.0 · 1022 [1593, 5219] NEMO-3: PRD 94, 072003 (2016)

If 0νββ decay is driven by exchanging light Majorana neutrinos,

⟨mββ⟩ ≡ |
3∑

j=1
U2

ejmj | =
[

m2
e

g4
AG0νT 0ν

1/2 |M0ν |2

]1/2

Accurate values of the NMEs M0ν = ⟨0+
F |Ô0ν |0+

I ⟩ are crucial
for designing and interpreting those experiments, as they link
the observed decay rate to the effective neutrino mass ⟨mββ⟩.

KamLAND-Zen: PRL130, 051801(2023)
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Current and future experimental measurements

Lifetime sensitivity of the future ton-scale experiments: T 0ν
1/2 > 1028yr.

Whether or not the ton-scale experiments are able to cover the entire parameter
space for the IO case depends strongly on the employed NME, with a large
systematic uncertainty.
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Status of studies on nuclear matrix elements
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Ab initio studies of nuclear weak processes
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Transition operators for 0νββ decay
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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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Another ab initio study 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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Convergence of the NMEs with the chiral expansion

The contact term enhances the NME by about 30%
The two parts of the contributions at N2LO (about 5%) almost cancel out.
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Impact of the LO contact transition operator in pheno. models

JMYao (nuPhyR@Zhuhai, 2025) 14 / 26



Convergence of the NMEs with the expansion order in pheno. models

Overall N2LO contribution (exception: 100Mo):
Shell model: around 5% − 10%; pnQRPA: around 10% − 15%
Uncertainties: scale dependence of the ultrasoft NMEs and short-range part of the
loop NMEs.
Caveat: nuclear forces are not derived from the chiral EFT in pheno. models.
Inconsistence between nuclear forces and transition operators.

JMYao (nuPhyR@Zhuhai, 2025) 15 / 26



The impact of the truncation of nuclear forces on the NMEs

The NME converges with the chiral expansion order ν of nuclear forces.
The EFT truncation error is shrinking with the increase of 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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Valence-space IMSRG for 0νββ decay
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Comparison of IM-GCM and VS-IMSRG for 136Xe
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Effective neutrino mass from current 0νββ decay

Using the NMEs from the phenomenological models, current 136Xe exp touches
the parameter region for the IH case.
Using the NMEs from ab initio nuclear models, none of the four candidate nuclei
touches the region.
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Effective neutrino mass from ton-scale 0νββ decay

Using the NMEs from the phenomenological models with the contribution of
short-range transition operator, future 100Mo and 136Xe can cover the IH case.
Using the NMEs from ab initio nuclear models, none of the four candidate nuclei
could fully cover the IH case on the ton-scale exp.
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A strategy to enhance the sensitity of 0νββ decay
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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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Summary

A precise calculation of the NMEs for 0νββ decay is crucial to the design and
intepretation of current and next-generation experiments.

A large uncertainty exists in the NMEs prediced by pheno. nuclear models. The
inclusion of the contact transition operator can increase the NMEs overally by
20%-80%.
Ab initio methods for the NMEs of 0νββ decay: systematically smaller than those
by the pheno. nuclear models.
Even though large uncertainties remain in the NMEs by ab initio methods, there is
in principle a way to reduce them.
A combined analysis of decays to both ground state and excited state was
proposed to enhance the sensitivity of the next-generation Xe exp.
A strategy of using the HI collision exp to reduce the uncertainty in the NMEs
was proposed, though more comprehensive analysis remains to be done.
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