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XZ
A → 𝑌𝑍+2

𝐴 + 𝑒− + 𝑒−

• Two neutrons decay into two protons,  only two electrons emit

• Lepton number violation (𝐿𝑁𝑉 = 2) weak-interaction process

➢ What is 𝟎𝝂𝜷𝜷？

Introduction of Neutrinoless double beta decay

➢ Why is 𝟎𝝂𝜷𝜷？

• Discover new physics 

beyond Standard Model

• Understand the 

nature of neutrinos

Absolute 
masses? Majorana 

particle?

Ordering 
of masses? Ultraviolet 

resonances?

A complete 
fundamental 
particle model?
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Experimental researches of 𝟎𝝂𝜷𝜷 decay

KamLAND-Zen (136𝑋𝑒)

𝑇1/2
0𝜈 > 2.3 × 1026yrs

Phys.Rev.Lett.130(2023)051801

EXO-200 (136𝑋𝑒)

𝑇1/2
0𝜈 > 3.5 × 1025yrs

Phys.Rev.Lett.123(2019)161802

MAJORANA (76𝐺𝑒)

𝑇1/2
0𝜈 > 8.3 × 1025yrs

Phys.Rev.Lett.130(2023)062501

GERDA (76𝐺𝑒)

𝑇1/2
0𝜈 > 1.8 × 1026yrs

Phys.Rev.Lett.125(2020)252502
GUORE (130𝑇𝑒)

𝑇1/2
0𝜈 > 2.2 × 1025yrs

Nature 604(2022)53
CUPID-0 (82𝑆𝑒)

𝑇1/2
0𝜈 > 2.4 × 1024yrs

Phys.Rev.Lett.120(2018)232502 CUPID (100𝑀𝑜)

𝑇1/2
0𝜈 > 1.5 × 1024yrs

Phys.Rev.Lett.126(2021)181802

NEMO-3

SNO+ N𝝂Dex, PandaX, 
CDEX, CUPID-China

JUNO
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Nuclear matrix element of 𝟎𝝂𝜷𝜷 decay

⚫ Effective mass of neutrinos

𝑚𝛽𝛽 = 

𝑗=1

3

𝑈𝑒𝑗
2 𝑚𝑗 =

𝑚𝑒
2

𝑔𝐴
4𝐺0𝜈𝑇1/2

0𝜈 |𝑀0𝜈|2

1/2

Phys.Rev.Lett.130(2023)051801J. M. Yao et al., PPNP 126(2022)103965

𝑀0𝜈 = ⟨Ψ𝐹
𝑂0𝜈 Ψ𝐼⟩
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The RMF+BCS theory

 The point-coupling Lagrangian density

 Relativistic energy density functional

𝐸 = ⟨Φ0
𝐻0 Φ0⟩

Here Φ0 = ς𝑖=1
𝐴 ො𝑎𝑖

†|0⟩ is Slater determinant 

 Single particle Dirac equation

𝜶 ⋅ 𝒑 − 𝑽 + 𝑉0 + 𝛽 𝑚 + 𝑆 𝜑𝑘 = 𝜖𝑘𝜑𝑘

Here 𝜖𝑘 is single particle energy 
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The RMF+BCS theory

 The mean-field wave function |Φ 𝒒 ⟩ are generated from the relativistic 

mean-field + Bardeen-Cooper-Schrieffer (RMF+BCS) theory with constraint 

on the mass quadrupole moment

Φ 𝐻 Φ = Φ 𝐻0 − 

𝜏=𝑛,𝑝

𝜆𝜏
𝑁 Φ −

1

2
𝜆𝑄 Φ 𝑄20 Φ − 𝑞20

2

and Φ  is the BCS state Φ = ෑ

𝑘>0

(𝑢𝑘 + 𝑣𝑘𝑐𝑘
†𝑐ത𝑘

†)|0⟩

Φ 𝐻0 − 

𝜏=𝑛,𝑝

𝜆𝜏
𝑁 Φ

= 

𝑘>0

2𝜖𝑘 − 

𝜏=𝑛,𝑝

2𝜆𝜏 𝑣𝑘
2 − ∫ 𝑑𝒓 

𝜏=𝑛,𝑝

𝑉𝜏 

𝑘′>0

𝑓𝑘𝑓𝑘′𝑢𝑘𝑣𝑘𝑢𝑘′𝑣𝑘′ 𝜑𝑘 𝒓 2 𝜑𝑘′ 𝒓 2

Here 𝑉𝜏 is the pairing strengths. Solving the BCS equation 

2 𝜖𝑘 − 𝜆𝜏 𝑣𝑘𝑢𝑘 + 𝑓𝑘Δ𝑘 𝑣𝑘
2 − 𝑢𝑘

2 = 0.

The BCS wave function is obtained. 
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The RMF+BCS theory

 The mean-field wave function |Φ 𝒒 ⟩ are generated from the relativistic 

mean-field + Bardeen-Cooper-Schrieffer (RMF+BCS) theory with constraint 

on the mass quadrupole moment

Φ 𝐻 Φ = Φ 𝐻0 − 

𝜏=𝑛,𝑝

𝜆𝜏
𝑁 Φ −

1

2
𝜆𝑄 Φ 𝑄20 Φ − 𝑞20

2

The second term generates mean-field states with different quadrupole 

deformations 𝑞20
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Generator coordinate method

 The angular momentum projected 

and particle number projected 

basis function is constructed as

𝐽𝑀𝑁𝑍, 𝒒 = 𝑃𝑀0
𝐽

 𝑃𝑁 𝑃𝑍|Φ 𝒒 ⟩

 The collective wave functions of 

nuclear low-lying states within the 

generator coordinate method (GCM)

|Ψ𝜎
𝐽𝑀𝑁𝑍

⟩ = 

𝒒

𝑓𝜎
𝐽
(𝒒) 𝐽𝑀𝑁𝑍, 𝒒

 Through solving the Hill-Wheeler-Griffin (HWG) equation

P. Ring et al., The nuclear many-body problem, 1980.



𝒒

𝐻00
𝐽

𝒒, 𝒒′ − 𝐸𝜎
𝐽
𝑁00

𝐽
𝒒, 𝒒′ 𝑓𝜎

𝐽
(𝒒′) = 0

𝐻00
𝐽 𝒒, 𝒒′ = ⟨Φ(𝒒)| 𝐻 𝑃00

𝐽  𝑃𝑁 𝑃𝑍|Φ 𝒒′ ⟩

𝑁00
𝐽 𝒒, 𝒒′ = ⟨Φ(𝒒)| 𝑃00

𝐽  𝑃𝑁 𝑃𝑍|Φ 𝒒′ ⟩

The weight functions 𝑓𝜎
𝐽

𝒒′  and the energies of low-lying states 𝐸𝜎
𝐽

 are obtained. 
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Multireference covariant density functional theory

✓ MR-CDFT has been applied to nuclei of all mass regions. The properties 

of nuclear low-lying states can be described well.

2006

2009 2010 2014

2015 2023

2022

…
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The NME calculation of 𝟎𝝂𝜷𝜷 decay

L. S. Song et al., Phys.Rev.C.90(2014)054309

J. M. Yao et al., Phys.Rev.C.91(2015)024316

✓ The nuclear collective wave function in MR-CDFT can be applied in the 

calculations of the NMEs of 𝟎𝝂𝜷𝜷 decay.

L. S. Song et al., Phys.Rev.C.95(2017)024305

 The 0𝜈𝛽𝛽 decay NME for 150𝑁𝑑 of standard mechanism (light neutrino 

exchange) 

J. M. Yao et al., Phys.Rev.C.94(2016)014306

 Systematic study of the 0𝜈𝛽𝛽 decay NME for several candidate nuclei

 The impact of Octupole correlations on the 0𝜈𝛽𝛽 decay NME for 150𝑁𝑑  

 The 0𝜈𝛽𝛽 decay NME by assuming the mechanism of exchanging heavy 

neutrinos 

Nonstandard decay mechanisms
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Nonstandard mechanisms in EFT framework 
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Framework of Effective field theory 

V. Cirigliano et al., JHEP12(2018)097

Low-energy EFT (SM-EFT’):

After the electroweak symmetry 

breaking, match the LNV operators 

in SMEFT to the low energy scale. 

= + + 



• Dim-3 (𝑚𝛽𝛽)

• Dim-6 (𝐶𝑆𝐿
(6)

, 𝐶𝑆𝑅
(6)

, 𝐶𝑉𝐿
(6)

, 𝐶𝑉𝑅
(6)

, 𝐶𝑇
(6)

)

• Dim-7 (𝐶𝑉𝐿
(7)

, 𝐶𝑉𝑅
(7)

)

• Dim-9 (𝐶𝑖𝐿
(9)

, 𝐶𝑖𝑅
(9)

, 𝐶𝑖
(9)

)
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Low-energy effective field theory 

V. Cirigliano et al., JHEP12(2018)097

Wilson coefficients

LEFT operators

𝟎𝝂𝜷𝜷 mechanisms
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Half-life master formula in EFT framework  

The sub-amplitudes        contain various WCs, low-energy constants(LECs), and 

nuclear matrix elements(NMEs). 

Unknown, power 
counting estimates.

Nuclear physics input

𝑴𝑭
𝑽𝑽, 𝑴𝑮𝑻

𝑨𝑨, 𝑴𝑮𝑻
𝑨𝑷, 𝑴𝑮𝑻

𝑷𝑷, 𝑴𝑮𝑻
𝑴𝑴, 𝑴𝑻

𝑨𝑨, 𝑴𝑻
𝑨𝑷, 𝑴𝑻

𝑷𝑷, 𝑴𝑻
𝑴𝑴

𝑴𝑭,𝒔𝒅
𝑽𝑽 , 𝑴𝑮𝑻,𝒔𝒅

𝑨𝑨 , 𝑴𝑮𝑻,𝒔𝒅
𝑨𝑷 , 𝑴𝑮𝑻,𝒔𝒅

𝑷𝑷 , 𝑴𝑻,𝒔𝒅
𝑨𝑨 , 𝑴𝑻,𝒔𝒅

𝑨𝑷

9 long-range NMEs:

6 short-range NMEs:

In our work, we performed separate calculations of NMEs for the exchange of light 
Majorana neutrinos and heavy neutrinos based on MR-CDFT method. 

We decompose them into the 15 components, as the nuclear physics inputs, and 
conduct analyses on various decay mechanisms using the Master formula.

V. Cirigliano et al., JHEP12(2018)097
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Results of NMEs and comparisons    

The decomposed NMEs calculated by MR-CDFT method

Comparison of the decomposed NMEs in 136𝑋𝑒 that calculated by SM⋆, QRPA†, 

IBM2‡ and MR-CDFT. J. Menéndez et al., JPG45.014003(2017)⋆ † J. Hyvärinen et al., PRC 91.024613(2015)

‡ F. F. Deppisch et al., PRD102.095016(2020)

CRD, et al., in preparation
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Constraints on Wilson coefficients    

➢ Only consider the standard mechanism and single nonstandard mechanism

*The half-life 𝑇1/2
0𝜈 > 2.3 × 1026yrs results from KamLAND-Zen Phys.Rev.Lett.130(2023)051801

CRD, et al., in preparation
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Constraints on Wilson coefficients    

➢ Only consider the standard mechanism and single nonstandard mechanism

*The half-life 𝑇1/2
0𝜈 > 2.3 × 1026yrs results from KamLAND-Zen Phys.Rev.Lett.130(2023)051801

CRD, et al., in preparation

 The related 
sub-amplitudes

 The NMEs combination

* 𝐶𝑉
(9)

= 𝐶6
(9)

,  ሚ𝐶𝑉
(9)

= 𝐶7
(9)
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Impact of isovector pairing correlations on NMEs 

CRD, X. Zhang, J. M. Yao, P. Ring, J. Meng, Phys.Rev.C.108(2023)054304
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Nuclear pairing correlations   

Isovector pairing Isoscalar pairing

➢ Properly addressing pairing correlation is important in NMEs calculation

W.-L. Lv et al., PRC 108.L051304(2023)
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Readjust the isovector pairing strengths   

➢ In MR-CDFT calculations, we find a linear correlation between the excitation 

energies of 21
+ and 41

+ states and the scaling factor 𝜒, which multiplies the 

strength of isovector pairing field

𝑉𝜏
𝑝𝑝

𝒓𝟏, 𝒓𝟐 = 𝜒𝑉𝜏
𝑝𝑝

𝛿(𝒓𝟏 − 𝒓𝟐)

Using the data of excitation energies, we 
readjust the isovector pairing strengths

CRD, et al., Phys.Rev.C.108(2023)054304
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Isovector pairing fluctuation   

K. Sieja, et al., Eur.Phys,J.A 20(2004)413

 The mean-field wave function |Φ 𝒒 ⟩ are generated from the relativistic 

mean-field + Bardeen-Cooper-Schrieffer (RMF+BCS) theory with constraints 

on the mass quadrupole moment and isovector pairing amplitude

Φ 𝐻 Φ = Φ 𝐻0 − 

𝜏=𝑛,𝑝

𝜆𝜏
𝑁 Φ −

1

2
𝜆𝑄 Φ 𝑄20 Φ − 𝑞20

2
− 𝜉𝑝 Φ 𝑃𝑇=1 Φ − 𝑃1

The last constraint term generates mean-field states with different isovector 

pairing amplitudes by introducing the operator

𝑃𝑇=1 =
1

2


𝑘>0

𝑐𝑘
†𝑐ത𝑘

† + 𝑐𝑘𝑐ത𝑘 .

With the new constraint, the BCS equation

2 𝜖𝑘 − 𝜆𝜏 𝑣𝑘𝑢𝑘 + 𝑓𝑘Δ𝑘 + 𝜉𝑝 𝑣𝑘
2 − 𝑢𝑘

2 = 0.

And the pairing gap 𝑓𝑘Δ𝑘 is replaced by 𝑓𝑘Δ𝑘 + 𝜉𝑝. We can vary 𝜉𝑝 and the 

pairing gap becomes a new generator coordinate. 
N. L. Vaquero, et al., Phys.Rev.Lett.111(2013)142501
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Isovector pairing fluctuation   

Potential energy surfaces 
(mean-field level)

1DAMP

PNP

𝐽 = 0 potential 
energy surfaces

Collective ground 
state wave functions

CRD, et al., Phys.Rev.C.108(2023)054304
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Comparison of nuclear matrix elements

CRD, et al., Phys.Rev.C.108(2023)054304[21] L. S. Song, et al., Phys.Rev.C. 95(2017)024305

By readjusting pairing strengths, NMEs are 

reduced by approximately 12% − 62%.

By adding isovector pairing gap as an 

additional generator coordinate, NMEs 

increase by approximately 56% − 218%.
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Summary and outlook

Thank you for your attention!

➢ Summary

➢ Outlook

1. The NMEs from different model calculations vary from each other, which leads 
to significant differences in the constraints on the Wilson coefficients.

2. In MR-CDFT, readjusting isovector pairing strengths reduces the NMEs by about 
12% − 62%.

3. In MR-CDFT, additionally including isovector pairing fluctuations enhances the 
NMEs by about 56% − 218%.

1. Including the cranking states and the isoscalar pairing in MR-CDFT?

2. If the uncertainty in NMEs decreases, one can use the NMEs and experimental 
half-life results to constrain the Wilson coefficients, thus explore the complete 
particle model?
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