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Observation of 0𝝂𝛽𝛽 to confirm neutrinos majorana nature
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2𝝂𝛽𝛽 : 0𝝂𝛽𝛽
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2𝝂𝛽𝛽 exceptionally slow nuclear process, T1/2 ~ 1019-21 years, so how do we detect 
0𝝂𝛽𝛽?



Experimental design criteria for 0𝝂𝛽𝛽
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Direct searches: kinematic parameters of the two electrons 
➔ Total energy and individual electron paths

● High isotopic abundance 
● Deployment in large quantity 
● High-E resolution detector  
● Low-background conditions

Detector and isotope choice depending on:

a
M
ΔE
Nbkg

2𝝂𝛽𝛽

0𝝂𝛽𝛽



Experimental design criteria for 0𝝂𝛽𝛽
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There are 35 isotopes capable of 𝛽𝛽 decay, but not all suitable

High-sensitive low-background detector necessary.
World-leading experiment: KamLAND-Zen!

→ Isotopic abundance 
→ Quantity   
→ Energy resolution
→ Backgrounds 

Isotope a (%) Q𝛽𝛽 (MeV)

48Ca 0.187 4.263

76Ge 7.8 2.039

82Se 8.7 2.998

130Te 34.08 2.527

136Xe 8.9 2.459

Q𝛽𝛽 influence on:
Background

Energy resolution



KamLAND Collaboration 
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Solar neutrinos

Geo and reactor 
neutrinos

Accelerator neutrinos

Astrophysical 
neutrinos

Neutrinoless double 
beta decay
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General purpose detector



Kamioka Liquid Scintillator Antineutrino 
Detector
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Outer Cherenkov detector

Inner Scintillation detector

Spherical tank, ⌀18m

● 3.2kt pure water

Experimental design | KamLAND detector | Backgrounds & Analysis |  0𝝂𝛽𝛽 Results | Future detectors
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Outer Cherenkov detector

Outer PMTs

Inner PMTs

Inner Scintillation detector

Buffer oil

Liquid Scintillator balloon

Kamioka Liquid Scintillator Antineutrino 
Detector

Spherical tank, ⌀18m

● 3.2kt pure water

Non-scintillation oil 1.8m

KamLAND-LS, ⌀13m, 1.2kt

● Dodecane 80.2%

● Pseudocumene 19.8%

● PPO 1.36g/L 

~1800 17- & 20-inch PMTs
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Kamioka Liquid Scintillator Antineutrino 
Detector
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Inner detector
● ~ 1300 17-inch PMTs

● ~ 550 20-inch PMTs

Charge & Timing

Energy & Vertex

Experimental design | KamLAND detector | Backgrounds & Analysis |  0𝝂𝛽𝛽 Results | Future detectors



KamLAND-Zen: Zero Neutrino Double Beta
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Inner Balloon Xe-LS

Xe-LS balloon, ⌀3.8m, 24t

● 3.13% enriched xenon

➔ 745 kg 136Xe

➔ 970 kg yr Exposure

Q𝛽𝛽 = 2.458 MeV

Experimental design | KamLAND detector | Backgrounds & Analysis |  0𝝂𝛽𝛽 Results | Future detectors
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Primary backgrounds and analysis cuts 
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➢ 2𝝂𝛽𝛽 decay

➢ Cosmogenic spallation products

➢ Solar neutrino interactions

➢ Radioactive contamination

➔ Short-lived: triple coincidence tagging

➔ Long-lived: problem



Abe, S., et al. Physical Review C 81.2 (2010): 025807.

Primary backgrounds and analysis cuts 
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➢ 2𝝂𝛽𝛽 decay

➢ Cosmogenic spallation products

➢ Solar neutrino interactions

➢ Radioactive contamination

➔ Short-lived: triple coincidence tagging

➔ Long-lived: problem

2. Neutron     
d  capture1. muon

3. 10C decay
t ~ 27.8 sec
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Long-lived isotope production from xenon spallation

➢ Muon spallation on xenon results in long-lived isotopes T1/2 ~ (sec - months)

Simulation of spallation products 
necessary to find correlations

Abe, S., et al. Physical Review C 107.5 (2023): 054612.

𝞵

136Xe

n



Primary backgrounds and analysis cuts 
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➢ 2𝝂𝛽𝛽 decay

➢ Cosmogenic spallation products

➢ Solar neutrino interactions

➢ Radioactive contamination

➔ Short-lived: triple coincidence tagging

➔ Long-lived: problem

➔ In Xe-LS

➔ External to Xe-LS: IB material



Xe-LS Inner balloon

Primary backgrounds and analysis cuts 
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➢ 2𝝂𝛽𝛽 decay

➢ Cosmogenic spallation products

➢ Solar neutrino interactions

➢ Radioactive contamination

➔ Short-lived: triple coincidence tagging

➔ Long-lived: problem

➔ In Xe-LS

➔ External to Xe-LS: IB material

2.35 < E < 2.70 MeV



Fiducial Volume

Primary backgrounds and analysis cuts 
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➢ 2𝝂𝛽𝛽 decay

➢ Cosmogenic spallation products

➢ Solar neutrino interactions

➢ Radioactive contamination

➔ Short-lived: triple coincidence tagging

➔ Long-lived: problem

➔ In Xe-LS

➔ External to Xe-LS: IB material

2.35 < E < 2.70 MeV



Most stringent limit on the half-life of 0𝝂𝛽𝛽
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Energy resolution
Zen Collaboration. (2022). First Search for the Majorana Nature of Neutrinos in the 
Inverted Mass Ordering Region with KamLAND-Zen. arXiv preprint arXiv:2203.02139.

Q𝛽𝛽 = 2.458 MeV
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First test of the Majorana nature in the IO region

Nuclear Matrix Element

S. Elliot, M
od. Phys. Lett. A 27, 1230009 (2012)



Towards the bottom of the IO region
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Most promising isotope candidates: 76Ge | 82Se | 100Mo | 130Te | 136Xe

Leading next-generation ton-scale experiments:

➢ CUPID 100Mo bolometer ← upgrade of CUORE 130Te Bolometer 

➢ nEXO 5 ton 136Xe TPC ← upgrade of EXO-200 200kg 136Xe TPC 

➢ LEGEND-1000 1 ton 76Ge ← upgrade of LEGEND-200 76Ge semiconductor

Started data taking very recently
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Towards the bottom of the IO region

100Mo | 130Te | 82Se | 136Xe | 
76Ge

Agostini, Matteo, et al. Rev. Mod. Phys. 95, 025002 (2023)



ab initio data from PC A. Belley

XENONnT + LUX-ZEPLIN + DARWIN = XLZD
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Future DM detector 
possibly functioning 
as  high sensitive 
0𝝂𝛽𝛽 experiment



Future perspectives
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➢ Current most stringent limit is at T1/2 > 2.3 x 1026 yr → m𝛽𝛽 < (36 - 156)meV

Next-generation detectors reach the bottom of IO and a significant part of NO

➢ LEGEND-1000, nEXO and XLZD explore the NO

✓ 0𝝂𝛽𝛽 is discovered in the IO region → identify LNV physics 
⛌ 0𝝂𝛽𝛽 is not discovered in IO region → increase scale and sensitivity of experiments

! Next-next-generation experiments ready by time ton-scale experiments complete !



Thank you for your attention!
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Backup slides
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KamLAND-Zen upgrade
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➢ KamLAND2-Zen

➔ 1000 kg enriched Xenon

➔ Improved energy resolution: 2𝝂𝛽𝛽 background reduced

➔ Scintillating inner balloon



Towards the bottom of the IO region
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Most promising isotope candidates: 76Ge | 82Se | 100Mo | 130Te | 136Xe

Examples of running experiments:

➢ CUORE: 130Te Bolometer

➢ EXO-200: 136Xe TPC

➢ LEGEND-200: 76Ge semiconductor

➢ SNO+: 130Te doped LS

Agostini, Matteo, et al. Rev. Mod. Phys. 95, 025002 (2023)

Next-generation ton-scale experiments:

CUPID 100Mo bolometer | LEGEND-1000 | nEXO TPC 5ton 90% 136Xe
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Agostini, Matteo, et al. Rev. Mod. Phys. 95, 025002 
(2023)

Possible detector locations and muon flux
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0𝝂𝛽𝛽 detectors and laboratory specifications
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Agostini, M
atteo, et al. Rev. M

od. Phys. 95, 025002 
(2023)

Radioactive and Solar Backgrounds



0𝝂𝛽𝛽 detector limits
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Adams, C., et al. "Neutrinoless Double Beta Decay." arXiv preprint arXiv:2212.11099 (2022).
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76Ge
136Xe
130Te
100Mo
82Se

Agostini, M
atteo, et al. Rev. M

od. Phys. 95, 025002 
(2023)

0𝝂𝛽𝛽 detector limits
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Future and current detector limits



Sensitive background and exposure for recent and future 
experiments
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Agostini, Matteo, et al. "Toward the discovery of matter creation with 
neutrinoless double-beta decay." arXiv preprint arXiv:2202.01787 (2022)

76Ge
136Xe
130Te
100Mo
82Se

Agostini, M
atteo, et al. Rev. M

od. Phys. 95, 025002 
(2023)
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KamLAND-Zen background visualisation at IB region
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Rate dominated by 2vbb in 1.0 < E < 2.3

KamLAND-Zen data visualization 



Which isotope is the best choice for detecting 0𝝂𝛽𝛽

37Majorana neutrinos | KamLAND-Zen experiment | muon spallation | FLUKA



Other isotopes and muon spallation products

38Backup slides
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Xenon spallation FLUKA simulations



High energetic muons flying through the detector 
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S. W. Li and J. F. Beacom, “Spallation backgrounds in super-
kamiokande are made in muon-induced showers,” Physical 
Review D, vol. 91, no. 10, p. 105005, 2015

Muon track reconstruction and induced showers

O. Hideyoshi, High Sensitivity Search for Neutrinoless 
Double-Beta Decay in KamLAND-Zen with Double 
Amount of 136Xe. PhD thesis, Tohoku University, 2020.

Majorana neutrinos | KamLAND-Zen experiment | muon spallation | FLUKA



High energetic muons flying through the detector 

Triple coincidence tagging of muon spallation products

41

O. Hideyoshi, High Sensitivity Search for Neutrinoless Double-Beta Decay in 
KamLAND-Zen with Double Amount of 136Xe. PhD thesis, Tohoku University, 2020.

Majorana neutrinos | KamLAND-Zen experiment | muon spallation | FLUKA
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Agostini, M
atteo, et al. Rev. M

od. Phys. 95, 025002 
(2023)
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s, C

., et al. "N
eutrinoless D

ouble Beta D
ecay." arXiv preprint arXiv:2212.11099 (2022).



Experimental design criteria for 0𝝂𝛽𝛽
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Direct searches: kinematic parameters of the two electrons 
➔ Total energy and individual electron paths

● High isotopic abundance 
● Deployment in large quantity 
● High-resolution detector  
● Low-background conditions

Detector and isotope choice depending on:

a
M
ΔE
Nbkg

2𝝂𝛽𝛽

0𝝂𝛽𝛽


