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Nuclear physics in a high-precision era

Advances in high-precision measurements (atomic, nuclear, particle physics) and
searches for new physics call for nuclear theory with controlled uncertainties.
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Development of nuclear models in the past century

JMYao@YITP, Kyoto 5 / 56



Phenomenological models for nuclear structure: challenges

Excellent description of nuclear structure with data (free parameters)
Divergent description of nuclear structure without data (large model depepdence)
Difficult to quantify the systematic uncertainty (error uncontrollable effective
forces)
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Phenomenological models for weak decays: challenges

Q: how to reduce the ’LARGE’ model dependence (uncertainty)? A nontrivial question!
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From phenomenological to systematically improvable models

Challenging to reduce the discrepancy
among different models (Different
from the beginning!)
Why choosing phenomenological
models? (Non-perturnative nature of
nuclear force and quantum many-body
problem, starting from the simplest.)
Can we choose a model with errors
systematically improvable?
(perturbative, comparable,
convergence pattern) The above expansion converges provided

that the quantity (r/R) << 1.
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Nuclear ab initio methods based on operators from chiral EFT
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Remarkable progress in ab initio studies of atomic nuclei
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Open-shell deformed nuclei: requires a large model space

New challenge: nuclear collective correlations, especially those associated with
deformation, remain a major challenge for many ab initio methods due to the
model-space truncations.
Significance: deformation effect is crucial for understanding atomic nuclei and
the NMEs relevant in the search of new physics, including 0νββ decay and atomic
EDMs.
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Many-body collective correlations in open-shell deformed nuclei

many-particle many-hole excitations

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

An example: IMSRG(3)
Computational scaling O(N9)
memory storage N6

computational challenge!

An example: IMSRG(A)
From a single reference state |Φ⟩ to
exact ground state |Ψ⟩

|Ψ⟩ = eΩ̂|Φ⟩,

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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Nuclear Hamiltonian based on chiral interactions
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Changing the momentum resolution of nuclear forces with SRG

Unitary transformations to decouple the
off-diagonal elements

Hs = UsHU†
s ≡ Trel + Vs

from which one finds the flow equation

dHs
ds = [ηs , Hs ], ηs = [Trel, Hs ] The flow parameter s is usually replaced

with λ = s−1/4 in units of fm−1 (a
measure of the spread of off-diagonal
strength).Evolution of the potential

dVs(k, k ′)
ds = −(k2 − k ′2)2Vs(k, k ′) + 2

π

∫ ∞

0
q2dq(k2 + k ′2 − 2q2)Vs(k, q)Vs(q, k ′)

S. Bogner, R. Furnstahl, and A. Schwenk, PPNP65, 94 (2010)
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Solving many-body problem (decoupling H) with IMSRG

Unitary transformation

Ĥ(s) = Û(s)Ĥ0Û†(s),

leads 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 |Φ⟩ is
decoupled from its excitations.

The time complexity increases polynomially
(instead of exponentially) with nuclear size.
K. Tsukiyama et al., PRL106, 222502 (2011); H. Hergert et al., Phys.

Rep. 621, 165 (2016)
If choosing a HF state as the reference state, one has

Ĥ0
∣∣∣Ψ(0)

Exact

〉
= E0

∣∣∣Ψ(0)
Exact

〉
−→ Ĥ(∞) |ΦHF⟩ = E0 |ΦHF⟩ , Û(s) = eΩ̂(s).
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A multi-reference framework for deformed nuclei

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

|ΨExact⟩ = eΩ̂(1b)+Ω̂(2b)+···+Ω̂(Ab) |ΦHF⟩
≃ eˆ̄Ω(1b)+̂̄Ω(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 opens the door to ab initio calculations of 0νββ decay.
JMY et al., PRL124, 232501 (2020)

Other recently-developed multi-reference methods: IM-NCSM, PGCM-PT,
MR-CC, etc
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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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Nuclear shell structure and the ”magic numbers”

Nuclei with specific neutron or proton numbers—such as 2, 8, 20, 28, 50, 82, and
126—exhibit pronounced discontinuities in binding energies and elevated
excitation energies compared to their neighboring nuclei.
The concept of shell structure was introduced to explain these irregular trends and
the ”magic numbers”.
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Nuclear shell structure and the ”magic numbers”

1949, Goeppert Maye and Jensen independently proposed to add a large spin-orbit
potential ”by hand” to explain the ”magic” numbers.
M. Goeppert Mayer, Phys. Rev. 75, 1969 (1949); O. Haxel.; J.H.D. Jensen, H. E.. Suess, Phys. Rev. 75, 1766 (1949).

Since then, shell structure has become a fundamental concept for understanding
the structure and stability of atomic nuclei.
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Nuclear shell structure and the ”magic numbers”

The study of nuclear shell
structure towards dripline
has become a key frontier
of nuclear physics.
persistence or erosion?
Close relation between
shell structure and
nuclear low-lying states
(e.g., excitation energies,
transition strengths).

Qs: Why there is a ”large” spin-orbit coupling in atomic nuclei? What is the
microscopic origin? How does it change towards dripline nuclei?
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Understand shell structure starting from realistic nuclear forces

Build a connect between realistic nuclear
forces to effective nuclear potentials.
Investigate the evolution of shell structure
with the momentum resolution of nuclear
forces.
Explore the role of three-body nuclear forces
(3NF).

See also: T. Duguet and G. Hagen, PRC85, 034330 (2012); T. Duguet, H. Hergert, J. D. Holt, and V. Soma, PRC92, 034313 (2015).
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SRG: blurring the resolution of the nuclear force

The picture of transition from spin
symmetry to pseudo spin symmetry is
exhibited in the s.p. energy spectrum as
the resolution scale decreases.
Magic numbers beyond 20 emerge
naturally: Z = 28 (Z = 34) shell gap
develops (disappears).

In other words, spin (pseudospin) symmetry
dominates at high (low) resolution, and the
competition between them produces the
observed shell structure.
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Contributions of nuclear forces to shell structure

The 3NF predominantly contributes to the energy splitting of these SO doublets.
The negative contribution of the 2NF to the SO splitting is a result of cancellation
among different terms.
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Contributions of nuclear forces to shell structure

The 2π exchange potential is the dominant contributor to the energy splitting of
SO doublets, in which, the component associated with the LEC c3

W (3N)
c3 = c3g2

A
4f 4

π

∑
i ̸=j ̸=k

τ⃗i · τ⃗j
(σ⃗i · q⃗i)(σ⃗j · q⃗j)

(q2
i + m2

π)(q2
j + m2

π)
q⃗i · q⃗j

gives the major contribution.
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Microscopic origin of the magic numbers
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Mechanism responsible for nuclear cluster in 20Ne

Clustering structure at mean-field level

The 3NF increases significantly the
clustering structure.
The effect of changing momentum
resolution is relatively moderate.

See the talks by M. Kimura and B.N. Lu for more discussions.
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The change of the magic numbers in neutron-rich nuclei?
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Understanding the structure of 32Mg

With the many-body correlations absorbed into the effective H gradually by the
IMSRG, a transition from the spherical to deformed configuration occurs in the ground
state of 32Mg.
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Mg isotopes around 32Mg

Onset of strong collectivity from 30Mg
to 34Mg: increase in B(E2 : 2+

1 → 0+
1 )

and decrease in Ex (2+
1 ).

The weakly prolate and oblate
deformed ground state of 30Mg,
coexisting with strongly prolate
deformed second 0+ state.
The strongly prolate deformed ground
states of 32,34Mg, coexisting with
weakly deformed second 0+ state.

E. F. Zhou, C. R. Ding, JMY et al., Phys.Lett.B 865, 139464 (2025).
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The boundary of the IOI around 32Mg

Nuclei inside the island of inversion (IOI): 30Ne, 29,31,33Na, 31,32,33,34Mg, and 35Al
Nuclei outside: 29F, 29Ne, 30Mg, 31,33Al, 34,35Si, and 35P
More comprehensive conclusion: extenstion to odd-odd nuclei

E. F. Zhou, C. R. Ding, Q. Y. Luo, JMY, H. Hergert, arXiv:2603.07363 [nucl-th] (2026).
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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] > 1.9 · 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
systematic uncertainty.
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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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Determine NMEs with relativistic heavy-ion collisions

See the talk by Xin Zhang for more details.
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Determine NMEs with sub-barrier heavy-ion fusions
Some preliminary results by the CCFULL and MR-CDFT:

JMY, X. Zhang, K. Hagino, in preparation (2026). See the talk by Kouichi Hagino for more details.
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ab initio studies: transition operators
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First-wave ab initio studies of 0νββ decay: 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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A recent study of 0νββ decay in 48Ca
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Promoting the contact transition operator up 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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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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Comparison of IM-GCM and VS-IMSRG for 136Xe
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Effective neutrino mass from current 0νββ-decay experiments

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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Sensitivity of ton-scale 0νββ-decay experiments

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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Summary

The significant model dependence of phenomenological models has become a key
bottleneck for understanding and interpreting experimental observations.
The ab initio methods based on operators from chiral EFT provides a promissing
uncertainty controllable framework. However, there are significant challenges in
describing open-shell nuclei with the strong collective correlations associated with
deformation.
We have developed a novel ab initio method (IM-GCM) for medium-mass
deformed open-shell nuclei, which provids a crucial tool for understanding nuclear
structure, and in particular for the searching of new physics:

− explanation of the origin of magic number, clustering structure, and deformation
− ab initio study of M0ν for candidate neutrinoless double-beta decay with UQ.

These developments pave the way toward a nuclear many-body theory with controlled
uncertainties, enabling high-precision calculations of nuclear structure and key nuclear
matrix elements for new-physics researches.
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Evidence of pseudospin symmetry in nuclear shell structure
1969, Arima, Hecht et al., introduced the concept of pseudospin symmetry (PSS) to
explain the quasi-degeneracy between two single-particle states. Arima et al., PLB30, 517(1969);

Hecht et al., NPA137, 129 (1969)
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Explanation of PSS in a relativistic framework

The pseudo-orbital angular momentum ℓ̃ is the orbital angular momentum of the
lower component of the Dirac spinor. Ginocchio, PRL 78, 436 (1997)

Condition for the PSS: d(S + V )/dr = 0 (shallow MF potential). Meng et al., (1998)

Test of PSS in deformed nuclei and other cases. Liang, Meng, Zhou, Phys. Rep. (2015)

Q: How does the PSS emerge in (low-energy) nuclear shell structure?
JMYao@YITP, Kyoto 56 / 56
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