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中⼭山⼤大学-珠海海校区
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中⼭山⼤大学-珠海海校区

天琴中⼼心
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中⼭山⼤大学-物理理与天⽂文学院
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中⼭山⼤大学-物理理与天⽂文学院

团队 专任教师 专职+博后 团队主要研究⽅方向

天琴 26 15
引⼒力力波科学与数据处理理分析、空间引⼒力力波探测⽅方案
概念性研究、惯性基准及⽆无拖曳控制技术、星间激
光⼲干涉测量量技术、科学卫星及编队、地⽉月/地卫激光
测距技术、空间科学仪器器与技术、测量量数据的科学

天⽂文 27 15
恒星与⾏行行星物理理、星系与宇宙学、⾼高能天体物理理、
引⼒力力波多信使天⽂文学、天体测量量和天体⼒力力学、天⽂文
观测技术与⽅方法、微重⼒力力流体、空间科学仪器器和技
术

理理论物理理 10 2 宇宙学、引⼒力力理理论、量量⼦子场论、弦论、粒⼦子物理理与
核物理理、粒⼦子天体物理理、量量⼦子物理理

量量⼦子物理理 18 9
⼈人⼯工量量⼦子体系及其调控、原⼦子分⼦子光物理理、冷原⼦子
物理理、量量⼦子光学、精密光谱学、量量⼦子精密测量量与传
感、量量⼦子计算、量量⼦子模拟、量量⼦子通信等

总计 81 41
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中⼭山⼤大学-天琴计划团队

u ��
�����	��� ~2035

“天琴⼀一号”卫星2019年年12⽉月20⽇日 

激光测量量地⽉月距离 
（2016-2019）

“天琴⼆二号”试验卫星 
(2025)

“天琴⼀一号”试验卫星 
(2019)
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天琴将打开0.1mHz~1Hz频段的引⼒力力波的探测
窗⼝口，主要探测对象包括了了 
• ⼏几倍太阳质量量的恒星级⿊黑洞洞； 
• 上千万倍太阳质量量的⼤大质量量⿊黑洞洞； 
• 致密双星以及源于早期宇宙的引⼒力力波等。

中⼭山⼤大学-天琴计划团队

天琴计划
9
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中⼭山⼤大学-巡天中⼼心

�������
��	���
�
������

0

2

�����

���

10



南开⼤大学物理理科学学院      尧江明

中⼭山⼤大学-量量⼦子物理理团队
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中⼭山⼤大学-理理论物理理团队
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师资（5+5+2）相对薄弱，
需要更更多优秀⼈人才加⼊入。
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中⼭山⼤大学-国际⻘青年年学者论坛

欢迎推荐优秀的博⼠士后、博⼠士毕业⽣生！
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江⻄西师范⼤大学尧江明

Outline

✦ Introduction to 0𝜈𝛽𝛽 decay

14

✦ Advances in (ab initio) modeling NME of 0𝜈𝛽𝛽 decay

‣ Challenges 

‣ Achievements 

✦ Summary and Outlook

‣ Significance  

‣ Status
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https://nldbd-china.github.io

Contents can be found in the talks …
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Sum of 2e energy

What is 0𝜈𝛽𝛽 decay?

• Maria Goeppert-Mayer(1935): 2𝜈𝛽𝛽 decay 

• Ettore Majorana (1937): neutrino=anti-neutrino

• Wendell Furry(1939): 0𝜈𝛽𝛽 decay

16
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Why 0𝜈𝛽𝛽 decay?

Schechter-Valle Theorem (1982):  
If the 0νββ decay happens, there must exist an effective Majorana neutrino mass term.

‣ Nature of neutrinos: Majorana or Dirac

‣ Lepton-number-violation process (implication for matter-antimatter asymmetry)

‣ Effective neutrino mass

Even though this mass is too small to 
explain neutrino oscillation data.

Flavor

(e,mu,tau)

Mass

(1,2,3)

17

Significance 
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Why 0𝜈𝛽𝛽 decay?

Current information on neutrino parameters from 
neutrino oscillation measurements

Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix

Two potential mass orderings of neutrinos: normal ordering or inverted ordering?

Stephen F.King,PLB(2016)

NO IO

18
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Why 0𝜈𝛽𝛽 decay important for neutrino physics?

If the 0νββ decay is observed, the neutrino mass (hierarchy) can be determined, 
assuming the “standard” mechanism of exchange light Majorana neutrino,

19

“standard” mechanism

(Z,A) (Z+2,A)

NO

IO

Current Exp.
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Race to 0𝜈𝛽𝛽 decay

US DOE has scheduled a portfolio review of DBD in July 2021
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‣ 76Ge （CDEX-300）

‣ 82Se （N𝜈DEx）

‣ 100Mo (CUPID-China)

‣ 136Xe （PandaX-4T）

‣ 136Xe或130Te (JUNO-0𝜈𝛽𝛽)

国内正在/计划开展的相关实验

国内实验合作组

图⽚片来⾃自温良剑报告

(2020)
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Current status of experimental searches

N𝜈DEx

CUPID 
LEGEND

CUPID-China

★

JUNO
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Current status of experimental searches

Slide from M. Dolinski T1/2>1026 yr mββ<0.1 eV
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Next-generation tonne-scale experiments

10 meV
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Why the NME of 0𝜈𝛽𝛽 decay?

Large uncertainty due to the discrepancy 
in the NMEs by diff. nuclear models.

• Nuclear many-body calculations (challenge)

• Lepton-number-violating (LNV) mechanism

“Low-energy” effective operators in 
the “standard” mechanism

(Z,A) (Z+2,A)
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multi-faceted nuclei 

How to modeling atomic nuclei?

26

• Nuclear many-body calculations (challenge)

✓ Ab initio methods

✓ Configuration-interaction shell-models

✓ Nuclear energy density functionals

✓ Collective models

✓…

The Frontiers of Nuclear Science: A Long-Range Plan, 2007.
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Nuclear Matrix Elements of 0𝜈𝛽𝛽 in phenomenological models

27

• Different effective interactions  
• Different many-body truncations (approximation)

Current situation:

‣Differ by a factor up to 3 
‣Difficult to trace the origin of the discrepancies 

Ongoing efforts :

• Same interactions, different many-body methods  
• Same many-body methods, different interactions

‣Understand/Reduce the discrepancy among 
various phenomenological models
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Understanding the existing discrepancy

28

‣Identify relevant degrees of freedom for 0νββ decay

J. Menéndez et al., PRC (2014)

• higher seniority components  
• Iso-scalar pairing  
• Shape mismatching

C.F. Jiao, J. Engel, and 
J.D. Holt, PRC (2017)

-> quenches NME

L.S. Song, JMY, P. Ring, J. Meng, PRC(2014)J. Menéndez et al., PRC (2016)
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Recent progresses in phenom. studies

‣ Correlation between diff. quantities

N. Shimizu, J. Menéndez and K. Yako, PRL(2018) B. Romeo, J. Menéndez, C. Peña (2021)

DGT:
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Recent progresses in phenom. studies

‣ Impact of higher-order deformation (triaxial)

Y.K. Wang, P.W. Zhao, J. Meng (2021)

‣ Ongoing efforts…

• Variation after projection (VAP)  (Z.C. Gao, etc)
• QRPA (D.L. Fang, C.L. Bai, Y.F. Niu, etc)  
• Nucleon-pairing-approximation (NPA) (B.C. He, S.Y. Zhang, Y. A. Luo, etc)
• …

Comparing apples to oranges?
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Nuclear Matrix Elements of 0𝜈𝛽𝛽 at the Crossroads
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Modeling atomic nuclei from first principles?

• Construction of nuclear force directly from QCD (difficult)

• Nuclear force from Lattice QCD (infancy)

Quark and gluons:

Non-perturbative nature of 
strong interaction in the 
low-energy regime relevant 
to nuclear physics

32

Computation challenge at physical pion mass

HAL QCD collaboration
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Ab initio modeling of nuclear 0𝜈𝛽𝛽 decays

Our goal is to provide ab initio calculations of the NMEs (personally):  
• in nuclear many-body methods with controllable approximations  
• using nuclear interactions and weak transition operators 

derived consistently from an (chiral) EFT 
• with the feature of order-by-order convergence.

Clarifications (Three Not Necessaries):  
• Nuclear many-body methods not necessary to be full configuration-

interaction  
• Nuclear force not necessary to be derived directly from QCD in terms of (q,g) 
• LNV transition operator not necessary to be derived directly from a  

fundamental theory (if any)

Figure 2: A localized charge distribution generates an electrostatic potential which can be described
in terms of the multipole expansion.

3 Chiral perturbation theory: An elementary introduction

Effective field theories have proved to be an important and very useful tool in nuclear and particle
physics. One understands under an effective (field) theory an approximate theory whose scope is to
describe phenomena which occur at a chosen length (or energy) range. The main idea of this method
can be illustrated with the following example from classical electrodynamics. Consider a localized
charge distribution in space of a size a. The resulting electrostatic potential at any given position R⃗
can be calculated by integrating over the elementary charges and using the familiar expression for the
Coulomb potential generated by a point charge:

V (R⃗) ∝
∫
d3r

ρ(r⃗ )
|R⃗− r⃗ |

(3.11)

Expanding 1/|R⃗− r⃗ | for r ≪ R,

1
|R⃗− r⃗ |

=
1
R

+
∑

i

ri
Ri
R3

+
1
2
∑

ij

rirj
3RiRj − δijR2

R5
+ . . . , (3.12)

with i, j denoting the Cartesian components allows to rewrite the integral as
∫
d3r

ρ(r⃗ )
|R⃗− r⃗ |

=
q

R
+

1
R3

∑

i

RiPi +
1

6R5

∑

ij

(3RiRj − δijR2)Qij + . . . (3.13)

8

Figure 2: A localized charge distribution generates an electrostatic potential which can be described
in terms of the multipole expansion.
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How to determine the potential V(R) if the charge distribution is unknown?

The result is systematically improvablewhere the total charge q, dipole moment Pi and quadrupole moment Qij are defined via

q =
∫
d3r ρ(r⃗ ), Pi =

∫
d3r ρ(r⃗ ) ri, Qij =

∫
d3r ρ(r⃗ )(3rirj − δijr2) . (3.14)

The expression in Eq. (3.13) represents the well-known multipole expansion for the electrostatic po-
tential. When truncated, it provides an approximation to the “underlying theory” given by the exact
expression (3.11). The multipoles entering every term in this expansion contain certain amount of
information about the charge distribution and can, of course, be calculated provided ρ(r⃗ ) is known.
The multipole expansion is, however, particularly useful if ρ(r⃗ ) is unknown (except for the fact that
it is localized). It then allows to describe the electrostatic potential at every point in space far from
the charge distribution with, in principle, an arbitrarily high accuracy provided one has enough data
(e.g. experimentally measured values of the electrostatic potential at some points) to determine the
desired number of the multipoles.
Chiral Perturbation Theory (CHPT) is the effective theory of QCD (more generally, of the Standard
Model) which was formulated by Weinberg [19] and developed in to a systematic tool for analyzing
low-energy hadronic observables by Gasser and Leutwyler [20, 21]. In this section, I give a brief
overview of the foundations of this approach. My main purpose here is to outline the logical steps
which are needed in order to set up this theoretical framework. I will also give references to the existing
extensive literature on this subject which is suitable for further reading.

3.1 Chiral symmetry of QCD

Symmetries provide powerful constraints on effective interactions and thus play the crucial role for
effective field theories. In the following, I will discuss the symmetries of QCD which are relevant in the
context of ChPT. Consider the QCD Lagrangian in the two-flavor case of the light up and down quarks

LQCD = q̄ (iγµDµ −M)q − 1
4
GaµνG

aµν , (3.15)

where Dµ = ∂µ − igsGaµT a with T a, (with a = 1 . . . 8) are the SU(3)color Gell-Mann matrices and q the
quark fields. Further, Gaµν are the gluon field strength tensors, and the quark mass matrix is given by
M = diag(mu, md). I do not show in Eq. (3.15) the θ- and gauge fixing terms which are not relevant
for our consideration. It is instructive to write the QCD Lagrangian in terms of the left- and right-handed
quark field components defined by qR = (1/2)(1 + γ5)q, qL = (1/2)(1− γ5)q:

LQCD = q̄LiD/ qL + q̄RiD/ qR − q̄LMqR − q̄RMqL −
1
4
GαµνG

α,µν . (3.16)

We see that the left- and right-handed quark fields are only connected through the mass term. Given
the smallness of the light quark masses [22] 1,

mu ≃ 1.5 . . . 3.3 MeV, md ≃ 3.5 . . . 6.0 MeV, (3.17)
1The following values correspond to the MS scheme at scale µ = 2 GeV.

9
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chiral-symmetry-breaking 
hard scale (~700 MeV)

soft scale associated with external 
momenta, pion mass  (~140 MeV)

Weinberg’s power counting: 

S.Weinberg, PLB251, 288 (1990)

S. Weinberg, NPB 363, 3 (1991)

~1 fm

• Nuclear force from the chiral EFT

d.o.f.: nucleons and pions

K. Hebeler, Phys. Rep. 890, 1 (2020)

LO

Nuclear force from chiral EFT
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Nuclear force from chiral EFT

35

Ordonez, 
van Kolck

Weinberg

Ordonez, 
van Kolck

Weinberg 
van Kolck 
Epelbaum 
…

Kaiser

K. Hebeler, Phys. Rep. 890, 1 (2020)
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ab initio many-body frameworks

36

Variational Monte Carlo (VMC) 

Green’s function Monte Carlo (GFMC) 

Auxiliary-field diffusion Monte Carlo (AFDMC) 

H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016)

Pieper, S.C.; Wiringa, R.B. (2001)

• Quantum Monte Carlo methods

• Lattice effective field theory (LEFT)

credit: D. Lonardoni

D. Lee, Prog. Part. Nucl. Phys. 63, 117 (2009)

Barrett, Navrátil, Vary, Prog. Part. Nucl. Phys. 69, 131 (2013)

• Coupled cluster (CC)
G. Hagen, T. Papenbrock, M. Hjorth-Jensen, and D. J. Dean, Rep. Prog. Phys. 77, 096302 (2014)

• In-medium similarity renormalization group (IM-SRG)

•  No-core shell model (NCSM)

J. Carlson et al., RMP 87, 1067 (2015)

• MBPT, (R)BHF,…

• Self-consistent Green's function (SCGF) 
V. Somà, Frontiers in Physics 8, 340 (2020)

孟杰、许甫荣、胡⾦金金⽜牛、申时⾏行行等
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Realistic nuclear force: challenge

A~R3

37
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Realistic nuclear force: SRG

38
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Realistic nuclear force: SRG

39
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NCSM: exponential growth of the model space

Computation challenge

40
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In-medium similarity renormalization group (IMSRG)

41
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Achievements of ab initio calculations for nuclei

42H. Hergert, Front. Phys. 8, 379 (2020)

With the implementation of the SRG and IMSRG,
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ab initio calculations of nuclear single-beta decay

43

Two-body currents+ 
many-body correlations

• charge-changing axial-vector current

2B currents
Park, T.-S. et al. Phys. Rev. C 67, 055206 (2003)

• GT transition operator

gA  quenching in GT transition

• The half-life of single-beta decay

43
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ab initio calculations of nuclear single-beta decay

44

Two-body currents+ 
many-body correlations

gA  quenching in GT transition

Normal-ordering the 2BC w.r.t nuclear 
matter of two diff. density rho.

• Intuitive picture • Ab initio calculations

44
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Advances in ab initio modeling of 0𝜈𝛽𝛽-decay NME

45

JMY, Science Bulletin (2021)

Ab initio calculations of 0𝜈𝛽𝛽-decay 
candidate nuclei and corresponding 
NME of the decays
✓ In-medium similarity renormalization 

group (IMSRG)+Generator coordinate 
method (GCM) 

✓ Valence-space IMSRG+ interacting-shell-
model (ISM) 

✓ Coupled cluster (CC)

JMY et al., PRL124, 232501 (2020)

A. Belley et al., PRL126, 042502 (2021) 

S. Novario et al., PRL126, 182502 (2021) 

The NMEs by the three ab-initio 
methods consistently smaller 
than other phenomenological 
methods.  
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Benchmark calculations for light nuclei for 
which (quasi)-exact solution is possible

✓ Quantum Monte Carlo vs shell model 


✓NCSM vs IMSRG


✓ NCSM vs CC 


✓ NCSM vs IT-NCSM vs CC vs VS-IMSRG vs IM-GCM
JMY et al., PRC103, 014315 (2021)

S. Novario et al., PRL126, 182502 (2021) 

X. Wang et al., PLB 798, 134974 (2019) 

R. A. M. Basili et al., PRC102, 014302 (2020).

cross-checking among different models
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LO

The 0𝜈𝛽𝛽-decay in chiral EFT based on the “standard” mechanism 
of light Majorana neutrino exchange

✓ Chiral expansion of neutrino potentials

V. Cirigliano et al., PRC97, 065501 (2018)

Pions integrated out
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• N2LO contributions to single-nucleon 
currents are usually taken into account 
by introducing dipole form factors,

✓ Chiral expansion of neutrino potentials

V. Cirigliano et al., PRC97, 065501 (2018)

• Genuine N2LO contributions from loops 
corrections to the LO diagram (induce 
short-range neutrino potential) are NOT 
considered yet

N2LO

CT at N2LO
dipole form factors
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‣  Transition amplitude of the process (LO)

V. Cirigliano et al., PRL120, 202001 (2018); PRC97,065501 (2019)

The contact nuclear potential is regularized as

The LEC C(R) is adjusted to reproduce 
the np-scattering length for a given Rs.

Rs independent
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‣  Transition amplitude of the process (LO)

V. Cirigliano et al., PRL120, 202001 (2018); PRC97,065501 (2019)

Lines fitted to
logarithmic dependence on Rs

The transition amplitude is regulator dependent! 
Needs a counter term (contact operator) at LO in 
order to ensure renormalizability.

Violation of power counting?
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‣Necessary of introducing a contact term at LO

V. Cirigliano et al., PRL120, 202001 (2018); PRC97,065501 (2019)

+

Total transition amplitude

LEC

independent of the cutoff value

Fitted to an 
arbitrary value

A missing piece 

Small spread
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Determination of the leading-order contact operator
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✦ The LEC should be fitted to data or the LD+SD amplitude by Lattice QCD

LQCD:

Chiral EFT(LO):

Providing a framework to match the total transition amplitude of the nn→ppe-e-  
process from the calculations of both lattice QCD and chiral effective field theory.

• lattice artifacts and finite-volume effects
• LO chiral expansion error

discrepancy might be from
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‣Determination of the LEC for the contact term

The amplitude is observable and thus scheme independent.

• Synthetic datum

• Cottingham formula 

Uncertainty from the estimate of the inelastic contributions

W.N. Cottingham, Ann. Phys. 25, 424 (1963)

Operator product 
expansion applicable

pionless and 
chiral EFT

forward Compton amplitude
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‣Contribution of the contact term to the NME of finite nuclei

R. Wirth, JMY, H. Hergert, arXiv:2105.05415 [nucl-th]

synthetic datum

logarithmic scale dependence

- Chiral expansion order of the nuclear 
interaction (not transition operator)


- LO and N2LO (partial)  neutrino potential
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- The contact term enhances the NME for 48Ca by 43(7)%, the uncertainty is 
propagated only from the synthetic datum. 


- An important positive message for planning and interpreting future experiments.

‣The contribution of the contact term to the NME

\R. Wirth, JMY, H. Hergert, arXiv:2105.05415 [nucl-th]
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‣The contribution of the contact term to the NME

JMY et al., in preparation

The contact term enhances 
the NME for 76Ge by 29(5)% !

(Prel
im

inary
 re

su
lts

)

Extension to heavier 0𝜈𝛽𝛽 candidates



• Significant advances in ab initio modeling of atomic nuclei.


• Ab initio calculation of the NMEs of candidate nuclei with both long-
and short-range operators are within reach.

• Experimental searches of 0𝜈𝛽𝛽 decay are pushing up to tonne-
scale detectors with the half-life sensitivity up to 1028 years. 
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Summary and outlook

From light to medium-mass nuclei,  close-shell to open-shell nuclei,  spherical to deformed nuclei.

58

✦ Take-away messages

✓The leading-order short-range operator generally enhances the NME in the ab 
initio calculations using a chiral nuclear force with low-energy scale regulator. 

✓Ready to compute the NME of heavier candidate nuclei.

• The NMEs by phenomenological models differ by a factor up to 
three. It is a challenge to reduce the discrepancy. 
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Summary and outlook
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✦ Outlook (TODO LIST) 
• Standard mechanism: trans. operators derived consist. from EFT)
• Other mechanisms: heavy-particle exch., Left-Right mixing, etc.
• Uncertainty Quantification: Truncation error in both nuclear 

interactions and many-body methods, IMSRG(3) 
• Building an emulator for the NME: Machine learning?  

Fortunately, we are hitting the road …
Missing many pieces?



Peking University尧江明

Collaborators and acknowledgement 

• N. Li, C.F. Jiao, Sun Yat-sen University, China  
• Z.P.Li, L. J. Wang, Southwest University, China 
• X.Y. Wu, Jiangxi Normal University, China 
• J. Meng, L. S. Song, Peking University, China   
• P. Ring,Technical University of Munich, Germany 
• K. Hagino, Kyoto University, Japan 
• R. Wirth, H. Hergert, Michigan State University, USA  
• J. Engel, A. Marquez Romero, UNC-CH, USA 
• A. Belley, T. Miyagi, C. G. Payne, J. D. Holt,TRIUMF, Canada 
• B. Bally, Tomás R. Rodríguez, Universidad Autónoma de Madrid, Spain 
• and more in the near future …

Thank you for your attention!

Collaborators
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Generator coordinate method (GCM) in a nutshell

61



Workshop on neutrinoless double beta decay尧江明

Optimization of GCM
“dimensionality curse” in GCM
N dimensional collective space Q=(q1,q2,…,qN)

• energy-transition-orthogonality procedure (ENTROP) 

A.M. Romero, J. Engel, JMY,  arXiv:2105.03471 [nucl-th] 

JMY, L. S. Song, K. Hagino, P. Ring, 
and J. Meng PRC91, 024316 (2015)

L: a measure if the model 
space is complete or not.
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Optimization of GCM
“dimensionality curse” in GCM
N dimensional collective space Q=(q1,q2,…,qN)

• energy-transition-orthogonality procedure (ENTROP) 

A.M. Romero, J. Engel, JMY,  arXiv:2105.03471 [nucl-th] 

GCM with shell-model interaction GCN2850 IM-GCM with a chiral nuclear force

(eMax=6)
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Lattice QCD for nuclear structure

data
LQCD
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Advances in the studies of 0𝜈𝛽𝛽 decay

http://www.nu.to.infn.it/Neutrino_Double_Beta_Decay/
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What is 0𝜈𝛽𝛽 decay?

Left-right symmetric model, etc

top-down: Integrate out and matching/running


