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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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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] > 1.9 · 1026 [75, 200] LEGEND-200: PRL136, 022701 (2026)
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: PRL135, 262501 (2025)
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⟩.
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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 model
dependence (uncertainty of each model is not quantified!).
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Nuclear models for 0νββ decay
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A brief introduction to the MR-CDFT

MR-CDFT: a relativistic EDF based quantum-number projected generator coordinate
method (PGCM)
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A brief introduction to the MR-CDFT

The GCM wave function is expanded in a set of nonorthogonal basis states for a
given energy density functional (EDF): P. Ring and P. Schuck, The Nuclear Many-Body Problem (1980)∣∣∣ΨJ

ν

〉
=

∑
a,K

f JK
ν (a) |JK ; a⟩ , |JK ; a⟩ ≡ P̂J

MK P̂N P̂Z |Φ(a)⟩

The variational principle leads to the Hill–Wheeler–Griffin (HWG) equation:∑
a′,K ′

[
HJ

KK ′(a, a′) − E J
ν N J

KK ′(a, a′)
]

f JK ′
ν (a′) = 0.

The Hamiltonian and norm kernels are given by

HJ
KK ′(a, a′) =

〈
JK ; a

∣∣∣Ĥ∣∣∣ JK ′; a′
〉

, N J
KK ′(a, a′) =

〈
JK ; a

∣∣ JK ′; a′〉 .

JMY, Meng, Ring, Vretenar, PRC 81, 044311 (2010); JMY, Hagino, Li, Meng, Ring, PRC 89, 054306 (2014)
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MR-CDFT to 0νββ decay: relativistic effect
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MR-CDFT to 0νββ decay: quadrupole deformation

The NMEs are generally large if both initial and final nuclei are spherical.
The NMEs are generally small if the deformations of both nuclei are different.
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MR-CDFT to 0νββ decay: octupole deformation

The M0ν(0+
1 → 0+

1 ) from the PHFB calculation drops from 6.4 to 2.2 as β3
increases from zero to 0.3.
The M0ν(0+

1 → 0+
1 ) from the PGCM calculation drops only from 5.6 to 5.2, and

M0ν(0+
1 → 0+

2 ) from 1.48 to 0.70 after considering the β3 fluctuation.
JMY, J. Engel, PRC 94, 014306 (2016)
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MR-CDFT for 0νββ decay: combined analysis

Improving sensitivity of 136Xe from a combined analysis: precise knowledge of the
NMEs for different decay channels is key to this strategy.
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MR-CDFT for 0νββ decay: correlation analysis

106 samples of EDF parameter sets.
The correlations of M0ν with nuclear
matter properties are generally weak.
The M0ν is generally strongly
correlated with the Ex (2+

1 ) and
B(E2 : 0+

1 → 2+
1 ), even though

correlation relations are different for
150Nd and 136Xe. The corresponding
Pearson coefficients for 150Nd are 0.93
and −0.93, respectively. For 136Xe,
the Pearson coefficients become −0.91
and 0.67, respectively.
X. Zhang, C.C. Wang, C.R. Ding, JMY, PRC 112, L021302 (2025)
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MR-CDFT for 0νββ decay: statistical uncertainty

Around PC-PK1: the M0ν
L are

4.34+0.09
−0.10 for 136Xe and 5.51+0.24

−0.26 for
150Nd.
Around PC-F1: the M0ν

L are 4.21+0.07
−0.10

for 136Xe and 6.07+0.30
−0.32 for 150Nd.

Statistical uncertainties are much
smaller than the potentially dominant
systematic uncertainties, which remain
challenging to quantify.
Ab initio nuclear theory is essential for
reliably quantifying the systematic
uncertainties in M0ν .

X. Zhang, C.C. Wang, C.R. Ding, JMY, PRC 112, L021302 (2025)
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Ab Initio Nuclear Theory

Nuclear forces: derived fundamentally
from QCD or from chiral EFT in terms
of N(∆) and π degrees of freedom, with
the LECs fitted to NN scattering data
and few-body systems; the uncertainty
is controlled by the power counting
(Q, mπ/Λχ)ν .
Many-body solvers: exact or with
systematically improvable errors.
Uncertainty quantification: essential
for searching new physics (0νββ, Schiff
moments) at the high-precision frontier.
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The roadmap of our studies

Develop ab initio nuclear theory with controllable uncertainties for nuclear structure
studies and searches for new physics.

Strategy for advancing nuclear
theory: Combine the ab initio
in-medium similarity renormalization
group (IMSRG) with traditional
nuclear many-body approaches.
Applications: Benchmark the
framework against nuclear-structure
observables and apply it to nuclear
matrix elements relevant to searches
for new physics.

See the talk by Heiko Hergert

J.M. Yao@INT, Seattle, 2026 16 / 40



Shifting many-body correlations into mean fields with IMSRG
IMSRG: embedding particle-hole
correlations into the many-body
Hamiltonian through a set of continous
unitary transformation.

Apply unitary transformations to H in
the configuration space

Ĥ(s) = Û(s)Ĥ0Û†(s)

Leading to the flow equation

dĤ(s)
ds = [η̂(s), Ĥ(s)]

Generator η(s) is chosen in such a way
that a given reference state is
decoupled from its excitations.

If choosing a HF state as the reference state, one has

Ĥ0
∣∣∣Ψ(0)

Exact

〉
= E0

∣∣∣Ψ(0)
Exact

〉
−→ Ĥ(∞) |ΦHF⟩ = E0 |ΦHF⟩

The Ĥ(∞) serves as an effective Hamiltonian for MF-based approaches.
The time complexity increases polynomially (instead of exponentially) with nuclear size.
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Open-shell nuclei: challenge for single-reference frameworks

many-particle many-hole excitations

important for deformed nuclei, but
challenge for most ab initio methods!

IMSRG(3)
Computational scaling O(N9)
memory storage N6

IMSRG(A)
From a single reference state |ΦHF⟩ to
exact ground state |Ψ⟩

|Ψ⟩ = eΩ̂|ΦHF⟩,

where many-body correlations are

built into the correlation operator Ω̂,

Ω̂ = Ω̂(1b) +Ω̂(2b) +Ω̂(3b) + · · ·+Ω̂(Ab)

determined from the IMSRG.

How to overcome this challenge?
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From single-reference to multi-reference framework

Basic idea of MR-IMSRG
Build correlations into the reference state

|ΨExact⟩ = eΩ̂(1b)+Ω̂(2b)+···+Ω̂(Ab) |ΦHF⟩

≃ eΩ̂(1b)+Ω̂(2b)+···|ΦCor⟩

many-particle many-hole configurations

The correlated reference state |ΦCor⟩ is chosen as a state with many-particle
many-hole excitations relevant for nuclear collective excitations.
Based on this idea, we have developed a novel IM-GCM for open-shell deformed
nuclei, which enables the ab initio calculations of candidate 0νββ decay.
JMY, Bally, Engel, Wirth, Rodŕıguez, Hergert, PRL124, 232501 (2020)
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The in-medium generator coordinate method (IM-GCM)

In-medium similarity renormalization group (IMSRG): capture dynamic
correlations associated with high-energy few-particle, few- hole excitations
Projected generator coordinate method (PGCM): include the collective
(static) correlations associated with pairing and deformation.

JMY et al., PRC98, 054311 (2018); PRL124, 232501(2020); arXiv:2603.07363 [nucl-th]
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Transition operators for 0νββ decay
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First-wave 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)

New: cross-checks among different
many-body methods.
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Determination of the LEC for the contact transition operator

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)

The synthetic data for the process 2n → 2p + 2e− V. Cirigliano et al., PRL126, 172002 (2021);

JHEP05, 289(2021)

Aν
(
p = 25, p′ = 30

)
= −0.0195(5) MeV−2.

The gNN
ν is determined consistent with the employed

chiral interaction, based on the synthetic data

V
1S0

ν,S = −2gNN
ν VS(r , r ′)τ (1)+τ (2)+

VS(r , r ′) ≡
(

mNg2
A

4f 2
π

)2

f nexp
Λ (r)f nexp

Λ (r ′)

f nexp
Λ (r) = 1

2π2

∫ ∞

0
dq q2 exp

[
−

( q
Λ

)2nexp
]

j0(qr)

R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021)
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Contribution of the contact transition operator to NMEs

The contact term turns out to enhance
the NME for 48Ca by 43(7)%.
R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021)

0 1 2 3 4 5 6 7 8
M0ν

EM(1.8/2.0)

6He →6Be

EMN(2.0)
LNL(2.0)
ΔN2LOGO(2.0)
ΔN2LOGO(∞)

EM(1.8/2.0)
EMN(2.0)
LNL(2.0)
ΔN2LOGO(2.0)
ΔN2LOGO(∞)

8He →8Be

EM(1.8/2.0)(eMax =6)
EM(1.8/2.0)(eMax =8)
EM(1.8/2.0)(eMax =10)
EM(1.8/2.0)(ext a.)

48Ca →48Ti
IT-NCSM
IM-GCM

L
LΔS
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IM-GCM for 76Ge and 76Se
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Errors from the truncation in chiral expansion orders

The NME for 76Ge converges
rapidly with respect to the chiral
expansion order of transition
operators.
The contact term is iabout 30%,
while the N2LO contributions are
about 10%.
See the talks by L. Jokiniemi and A. Belley
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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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Preliminary IM-GCM results for the NME of 136Xe

LO N2LO N3LO

Interaction long-range contact FNS residual TBC Total

EM1.8–2.0 1.07 0.42(8) −0.07 0.17 −0.32(3) 1.27(11)
N2LOGO(394) 0.88 0.39(7) −0.07 0.17 −0.09(1) 1.28(8)

The LO contact term enhances the NME by more than 30%.
The net N2LO correction increases the NME by about 10%.
The two-body current is included with the DD1B current approximation.
Two different chiral interactions give consistent NMEs, M0ν ≈ 1.3.

Results of VS-IMSRG with eMax = 14, E3Max = 24, ℏω = 12 MeV
EM1.8-2.0: M0ν

LR = 1.05, M0ν
Tot = 1.72

N2LOGO(394): M0ν
LR = 1.11, M0ν

Tot = 1.60
A. Belley, priviate communication (2026)J.M. Yao@INT, Seattle, 2026 28 / 40



Preliminary IM-GCM results for the NME of 136Xe

Table: The recommended value for the total NME of 0νββ decay
in 136Xe, together with the uncertainties from different sources,
based on the N2LOGO(394) interaction.

M0ν ϵLEC ϵχEFT ϵMBT ϵOP ϵEM

1.44 − 0.38 0.45 0.10 −

The many-body truncation error needs to be updated:
comparing the results of IM-GCM and
VS-IMSRG(3f2)?
The statistical errors are to be estimated.
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Strategies to reduce the uncertainty in NMEs

Identify correlations with other quantities
Add constraints on the NME using available data
Bayesian model average (BMA) with weights determined by the performance of
each model, better starting from the same inputs.
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Correlations between M0ν and M2ν in 48Ca

IM-NCCI: a combination of IMSRG with no-core configuration interaction method
Applications to GT transiton strengths, 2ν and 0ν double-beta decay in 48Ca

X. Lian, C. R. Ding, C. L. Bai, JMY, arXiv:2605.19479 (2026)
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Correlations between M0ν and MDGT

Correlation relation including
different isotopes (introducing A
dependence)
Correlation relation including
different interactions for the same
isotope.

A strong linear correlation is shown
between M0ν and MDGT in the ab
initio calcualtions for 48Ca.
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Correlation analysis of NMEs: ultra-relativistic HI collisions

Y. Li, X. Zhang, G. Giacalone, JMY, PRL135, 022301 (2025)

URHIC: see the talks by Matthew Luzum and Giuliano Giacalone
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Correlation analysis of NMEs: Ultra-Relativistic HI collisions

The anisotropy coefficients in momentum space, vn (particle flow in final state),
are linearly correlated with the anisotropies in coordinate space εn (entropy in
initial state). Sousa,Noronha, Luzum, PRC110, 044909 (2024)

The anisotropic flow is related to the expectation value of the squared eccentricity
(two-body) operator in nuclear ground state T. Duguet et al., PRL135, 182301 (2025)

E (2)
2 ≡ E (1)

2 E (1)
−2 , E (1)

±2(r⊥) ≡ r2
⊥e±i2ϕ

The normalized variance of the eccentricity

⟨ϵ2
ℓ=2⟩ ≡ 1

2
⟨E (2)

2 ⟩ − ⟨E (1)
2 ⟩2

⟨R(1)
2 ⟩2

≡ ⟨ϵ2
2⟩(1b) + ⟨ϵ2

2⟩(2b) → 1
A + 3

4π
β2

2 (rigid rotor approx.)
See the talk by Giuliano Giacalone
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Correlation analysis of NMEs: subbarrier nuclear fusion

fusion cross section: CCFULL with inputs from MR-CDFT calculation
correlation between σfusion of 16O+150Nd and the M0ν of 150Nd

JMY, X. Zhang, K. Hagino, in preparation (2026)
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Summary and outlook

Phenomenological models (ISM, QRPA, EDF, etc.) face difficulties in quantifying
systematic uncertainties in 0νββ NMEs, but remain valuable for identifying
potential correlations.
Ab initio nuclear theory based on operators derived from chiral EFT provides a
systematically improvable framework with quantifiable uncertainties.
Combining the IMSRG with established many-body approaches, such as PGCM
and NCCI, offers a powerful framework for calculating 0νββ NMEs and exploring
their correlations with other observables.

Outlook
Identify robust correlations between 0νββ NMEs and other nuclear observables.
Improve the precision and uncertainty quantification of ab initio calculations.
Constrain and reduce theoretical uncertainties using available data and Bayesian
model averaging (BMA).
Extend ab initio calculations to NMEs for other decay channels and mechanisms.
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The NMEs in different mechanisms at the hadronic level

C.R. Ding, G. Li, JMY, PLB856, 138896(2024)

The inverse of half-life with the consideration of
different mechanisms, V. Cirigliano et al., JHEP12, 097 (2018)(

T 0ν
1/2

)−1
=g4

A

{
G01

(
|AL|2 + |AR |2

)
− 2 (G01 − G04) Re A∗

LAR

+ 4G02 |AE |2 + 2G04

[
|Ame |

2 + Re
(
A∗

me
(AL + AR)

)]
− 2G03 Re [(AL + AR) A∗

E + 2Ame A∗
E ]

+G09 |AM |2 + G06 Re [(AL − AR) A∗
M ]

}
The transition amplitude is defined by

Ai
4πRA

=
∑

a

〈
0+

F

∣∣∣ ∑
m,n

∫ d3q
(2π)3 eiq·rmnV a

i (q2)
(
τ+

m τ+
n

) ∣∣∣0+
I

〉
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The NMEs in different mechanisms at the hadronic level

The upper limits of the coefficients C derived from the half-life and the
assumption that NMEs depend on only one of the Cs.
The constraint from the 136Xe on mββ/me is the most stringent, while that on CII

3
is weakest.

The analysis was based on νDoBe package: O. Scholer, J. de Vries, L. Gráf, J. High Energy Phys. 08 (2023) 043, arXiv:2304.05415 [hep-ph].
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The NMEs in different mechanisms at the hadronic level

In general, the sizes of the NMEs from the type-I and type-III mechanisms are
overall larger than those from the type-II mechanism.

C.R. Ding, G. Li, JMY, PLB856, 138896(2024)
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