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3 What do we know about neutrinos?
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• Known 
✓ 𝜃12, 𝜃23, 𝜃13 , Δm21

2 , |Δm32
2 |

• Unknown
o CP Phase, mass hierarchy, 𝑚1, 𝑚2, 𝑚3, 𝛼1, 𝛼2

PMNS matrix

Mass eigenstates

Flavor eigenstates With no Oscillation 

Reactor anomaly

Atmospheric 
Oscillation

Solar 
Oscillation

New 
Oscillation 
to Sterile 𝝂?



4 How can we understand 𝝂?

Questions Methods/Experiments Key parameters Sources

Do neutrinos have mass ? Oscillations Δ𝑚2 and 𝜃𝑖𝑗 Accelerators, 

Reactors, Sun

What is absolute mass? KATRIN / Cosmology 𝑚𝜈 (kinematics) / 

σ𝑚𝜈

3H, CMB

Majorana or Dirac/ 

absolute mass?

0𝜈𝛽𝛽 / 0𝜈2EC LNV and 𝑚𝛽𝛽 𝛽𝛽 isotopes; 136Xe,
76Ge, 100Mo, 40Ca etc.

CP violation? DUNE / T2K 𝛿𝐶𝑃 (CP phase) Accelerator beams

New physics? CE𝜈NS / sterile 𝜈 Cross-section / BSM Spallation sources, 

Reactors

Astrophysical role? Supernova / IceCube Flavor ratios / Energy 

flux

GRBs, Galactic SN

• Different experimental approaches answer different fundamental questions about 𝜈’s



5 Double electron capture (2EC)

• Double electron capture 𝟐𝐄𝐂 : rare decay where a nucleus (A, Z) captures two electrons from the inner atomic shells.

• Two modes of the decay: 𝟐𝒗𝟐𝐄𝐂 & 𝟎𝒗𝟐𝐄𝐂

• 𝟐𝒗𝟐𝐄𝐂 : 

[1] Phys. Rev. C 64, 035205 (2001). 

[2] Phys. Rev. C 87, 035501 (2013).

[3] XENON Collaboration, Nature 568, 532–535 (2019). 

[4] LZ Collaboration, J. Phys. G 52, 015103 (2025). 

[5] PandaX Collaboration, arXiv:2411.14355 [nucl-ex].
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• Observed for only 130Ba [1] in geochemical experiment, 78Kr [2] 

proportional counter, and for 124Xe [3, 4, 5] by XENON1T (First 

observation with half-life 1.8 × 1022 y), LZ & PandaX Collaboration

• 34 nuclei undergo 2EC capture.



6 Neutrinoless double electron capture (0𝝂2EC)

eb
− + eb

− + A, Z → A, Z − 2 ∗∗ + 𝛾/IC• 𝟎𝝂2EC : 

𝑒−

𝑒−

𝑛

𝑛

𝑊

𝑊

m𝑙 𝜈

𝑝

𝑝

• Emission of different particles are considered like 𝑒+𝑒− pairs, one or two photons, or one 

IC electron to conserve energy and momentum (T. Doi & A. Kotani, Prog. Theor. Phys. 89, 

139 (1993)).

• Observable energy is 𝑸-value of the decay 

• Estimates show that the sensitivity of the 0𝑣2EC process to the Majorana neutrino mass 

is many orders of magnitude lower than that of the 0𝑣𝛽𝛽 decay due to :

• Phase space suppression

• Smaller matrix element

• Lower detection efficiency

• Lower 𝑄-value than 0𝑣𝛽𝛽 processes

• The highest up-to-date sensitivity to the 0𝑣2EC decay is of approximately T1
2

~ 1021 − 1022 y for different isotopes. 

• First discussed by Winter in 1955

• Motivation of study is similar to 0𝑣𝛽β



7 Resonance enhancement of 0𝝂2EC

for 𝛥~ 10 𝑘𝑒𝑉, 𝛤𝑓 ~ 10 𝑒𝑉, enhances the decay by ~106

• Degeneracy parameter ∆ < 𝑜𝑟 ≈ Γ𝑓 gives 𝑇1
2

0𝑣2𝐸𝐶 comparable to 𝑇1
2

0𝑣𝛽𝛽

Γ𝑓

(Δ2 +
Γ𝑓
2

4 )

Δ = 𝑀𝐴,𝑍 −𝑀𝐴,𝑍−2
∗∗

Γ𝑓 = electromagnetic decay width  

• Possible if  the energy of the parent A, Z and daughter atom A, Z − 2 ∗∗ is nearly identical

• Mass degeneracy (∆) can amplify the transition rate, making 0𝑣2EC as sensitivity as 0𝜈𝛽𝛽

• The decay probability is proportional to the Breit-Wigner factor 

• Presently, 152Gd is the most favorable case of resonant enhancement, with theoritical half life ~ 1028 − 1030 y for m𝛽𝛽 =

100 meV)

• Eliseev et al (PRL 106, 052504 (2011)) found 𝑄-value = 55.70(18) keV with Δ = 0.91(18) keV

• Experimental status:
• First search at Gran Sasso using 198 g Gd2O3 (64.8 d, exposure 12.6 kg∙d) reported half life of > 4.2 × 1012 y 

EPJC 83, 1114 (2023)

Rev. Mod. Phys. 92, 045007 (2020)



8 0𝝂𝜷𝜷 / 0𝝂2EC search sensitivity

𝑆 = 𝜖 𝑁𝑖𝑠𝑜 Γ
0𝜈 𝑡 = 𝜖

𝑎𝑖𝑠𝑜 𝑁𝐴 𝑀 𝑡 ln 2

𝐴 𝑇1
2

0𝜈

𝐵 = 𝑏 Δ𝐸𝑅𝑂𝐼 𝑀𝑡

• Background free

• With Background

𝑇1
2
∝
𝜖 𝑎𝑖𝑠𝑜 𝑁𝐴𝑀𝑡

𝐴
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𝜖 𝑎𝑖𝑠𝑜 𝑁𝐴

𝐴

𝑀𝑡

𝑏 Δ𝐸𝑅𝑂𝐼

Detection 
efficiency

Decay 
rate

Isotopic concentration mass⋅time exposure

Half-life

Background 
index

Energy 
resolution at 
ROI

Searching for these extremely rare processes require :
• Large mass detector
• Long measurement time
• High efficiency
• Low background
• High energy resolution 



9 AMoRE Phases

AMoRE-Pilot (2015-2018) AMoRE-I (2020-2023) AMoRE-II

• 6 48deplCa100MoO4 (CMO)

• 1.9 (0.88) kg of CMO 

(100Mo) Yangyang

Underground Lab (Y2L, 

700 m depth)

• Live exposure ~0.32 

kg100Mo ·yr

• 13 CMOs + 5 Li2
100MoO4

• 6.2 (3.0) kg of CMO + LMO 

(100Mo), Y2L

• Live exposure: 

• ~4 kg100Mo ·yr

• Background at ROI ~0.025 ckky

• T Τ1 2

0𝜈 > 2.9 × 1024 year (90% C.L.)

• World’s best limit for 0𝜈𝛽𝛽 of 100Mo

PRL 134 082501 (2025)
Astropart. Phys. 162 102991 (2024)

EPJC 79:791 (2019)

• Background at ROI ~0.5 

counts/keV/kg/year (ckky)

• T Τ1 2

0𝜈 > 3.0 × 1023 year (90% C.L.)

• 85 kg of 100Mo

• Yemilab, 1000 m depth

• Exposure > 500 kg100Mo ·yr

• T Τ1 2

0𝜈 > 4.5 × 1026 year

EPJC 85 (1), 9 (2025)



10 Physics spectrum 
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• All 13 CMO crystals

• Total exposure: 7.32 kg·yr

• 40Ca exposure: 1.39 kg·yr

• FWHM ER at ROI: 2.5 to 4 keV 

• Background level: ~3535 counts/keV/kg/year 

(ckky)

• Peak ~186 keV is due to 235U (185.7 keV) and 
226Ra (186.2 keV)

185.7 & 186.2 keV 𝛾

40Ca:

- 2𝜈2𝐾: 2eb
− + 40Ca → 40Ar + 2𝜈𝑒 + 6.4 keV

− 0𝜈2EC: 2eb
− + 40Ca → 40Ar + 𝑄 (193.51 keV)



11 Detection efficiency

Based on the CRESST study using CAPTURAT, the 2EC capture probabilities in 40Ca is:

• KK capture: 85%

• LL capture: 1%

• KL capture: about 14% (most likely) 

• Emission of one real photon is forbidden for the 0+ → 0+ transition because of the conservation of angular 

momentum. (DOI & KOTANI, Prog. Theor. Phys. 89, 1, 1993)

• However, we can consider the following scenario.

▪ KK capture:  eb
− + eb

− + A, Z + 2 → (A, Z) + e− int

▪ KL capture: eb
− + eb

− + A, Z + 2 → A, Z + 𝛾 or

eb
− + eb

− + A, Z + 2 → (A, Z) + e− int

J. Phys. G: Nucl. Part. Phys. 43 095202

• Considering capture probability and detection efficiency from the simulation 

• Weighted efficiency: 𝝐𝒕𝒐𝒕𝒂𝒍 = 𝒇𝑲𝑲 × 𝒆𝒇𝒇𝑲𝑲 + 𝒇𝑲𝑳 × 𝒆𝒇𝒇 𝑲𝑳 𝜸

• 𝝐𝒕𝒐𝒕𝒂𝒍 =  92 to 93% for all CMO crystals 

Weighted detection efficiency



12 25 datasets (depending on detector performance) are fitted individually and then used for combined half life estimation 

▪ Fitting model has 3 terms :

• 40Ca 0𝑣2EC peak  

• ~186 keV, 𝛾 & Linear background 

Energy /keV

C
o
u
n
ts

 /
0
.5

 k
eV

 
90% C.L.

Uncertainty terms

• Systematic uncertainty on 𝑄-value, sigma, detection efficiency, shape parameters etc..

• Trigger efficiency, anti-coincidence & muon veto survival efficiencies are considered 
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Best fit
90% C.L.

Combining whole datasets



14 40Ca 𝟎𝝂2EC limit from AMoRE

Calculated half life: 1.7 × 𝟏𝟎𝟐𝟐 yr

Median exclusion sensitivity: 

2.0 × 𝟏𝟎𝟐𝟐 yr

▪ Half life limit: 𝑇 Τ1 2

0𝜈 > 1.7 × 1022 year at 90% C.L. [~8 ckkd (BPO, 240 days) & 6 ckkd (APO, 370 days)], ~2.5 keV 

FWHM, ~7.4 kg·yr)

▪ CRESST-II: 𝑇 Τ1 2

0𝜈> 1.4 × 1022 year at 90% C.L. (~3.8 ckkd, ~1.2 keV FWHM (best case), ~2 kg·yr)

J. Phys. G: Nucl. Part. Phys. 43 095202



15 40Ca 0𝝂𝟐EC sensitivity study of AMoRE-II

Median exclusion sensitivity = 9.1 × 𝟏𝟎𝟐𝟐 yr

• Based on radioassay measurement and background simulation 

(EPJC 85 (1), 9 (2025)) .

• Energy resolution: 2.54 keV FWHM

• Detector mass: 4.6 kg using same 13 crystals

• Live time: 5 years

• Detection efficiency: 92%

Assumption for AMoRE-II experiment

❑ Based on peudo-experiments with AMoRE-II background level gives median expected sensitivity of 9.1 × 𝟏𝟎𝟐𝟐 yr 

❑ About 5 times lower background and 3 times larger exposure yield approximately 5 times better sensitivity than 

current AMoRE-I result



16 Summary and Conclusions

• AMoRE-I took a data of ~29 months 

• A thorough study of  0𝜈2EC of 40Ca is conducted

• Energy resolution: 2.5 ~ 4 keV FWHM is obtained for most of the crystal detector at ROI

• Exposure: 7.32 kg·yr total, 1.39 kg·yr of 40Ca

• Result: 

• 𝑇 Τ1 2

0𝜈 > 1.7 × 1022 year (90% C.L) world’s best limit for 40Ca

• Sensitivity study of AMoRE-II experiment shows about factor of 5 improvement than current results.

• Results highlights the broader physics potential of the AMoRE program, extending few-keV rare event search 

to MeV-scale probes of physics BSM.  

• We are hopeful to study 2𝜈2K (~6.4 keV) study of 40Ca in AMoRE-II experiment
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19 AMoRE Detector module

❖ Metallic magnetic calorimeter (MMC) 

• Fast signal timing: few ms rise-time for phonon at mK

• Good energy resolution ~10 keV @2.6 MeV

• Wide dynamic range

• High linearity

Heat channel Light channel

Sc
in

ti
lla

ti
o

n

2.6 MeV
Phonon
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Drift correction: Baseline 

𝑆: event signal

𝐴: template signal

𝐽: noise power spectrum density 

𝑎 =
σ𝑣 𝑆

∗ 𝑣 𝐴(𝑣)/𝐽(𝑣)

σ𝑣 𝐴 𝑣 2/𝐽(𝑣)

Phys. Rev. D 109, 043035

Amplitude estimation: Optimal filter

Assumptions : 

• Signal shape is known 

• Noise is stationary

CUBES Workshop, 2026

Baseline

Baseline => Base temperature ~17.9 keV @2.6 MeV 

~6.6 keV @2.6 MeV 

Typical example of a waveform

Time bins

*FWHM: full width at half maximum 

4/25/2026



Energy calibration  

• Calibration source: 232Th-rich welding rods

• Calibration function: Linear + exponential function

• Slight non-linearity between signal amplitude and 

energy. 7
5

 k
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 k
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• Bukin function instead of gaussian: better fit to the 

asymmetry peak shape.

Calibration curve

https://root.cern.ch/doc/master/classRooBukinPdf.html

21CUBES Workshop, 2026

75 keV
583 keV 911 & 969 keV 2615 keV

4/25/2026

https://root.cern.ch/doc/master/classRooBukinPdf.html


Region of Interest (ROI) estimation

• Energy resolution is modeled by using: 

• FWHM(𝐸) = 𝑎 × 𝐸2 + 𝑏 × 𝐸 + 𝑐
1

2

• Each crystal’s data is divided into 2 groups (detector 

performance) :

• Dec. 2020 – Nov. 2021 (Before power outage)

• Jan. 2022 – May 2023 (After power outage)

• Energy resolution is improved after power outage. 

• Approximately 2.5 ~ 4 keV FWHM is obtained for most 

of the crystal detectors.   

22

Energy resolution @ ROI

CUBES Workshop, 20264/25/2026



Shape parameters at ROI

• Bukin shape parameters:

▪ asymmetry (𝜉), left tail (𝜌𝐿) & right tail (𝜌𝑅) are interpolated using exponential and linear function 

of energy

23CUBES Workshop, 20264/25/2026



46Ca, 48Ca, 70Zn, 76Ge, 80Se, 82Se, 86Kr, 94Zr, 96Zr, 98Mo, 100Mo, 104Ru, 110Pd, 
114Cd, 116Cd, 122Sn, 124Sn, 128Te, 130Te, 134Xe, 136Xe, 142Ce, 146Nd, 148Nd, 
150Nd, 154Sm, 160Gd, 170Er, 176Yb, 186W, 192Os, 198Pt, 204Hg, 216Po, 220Rn, 
222Rn, 226Ra, 232Th, 238U, 244Pu, 248Cm, 254Cf, 256Cf, 260Fm

The following known nuclides with A ≤ 260 are theoretically capable of double beta decay, 
where the red color is the isotopes in which the double beta rate has been measured
experimentally, and the black color has yet to be measured experimentally:

The following known nuclides with A ≤ 260 are theoretically capable of double electron
capture, where the red color is the isotopes for which the double electron capture rate has
been measured, and the black color has not yet been measured experimentally: 

36Ar, 40Ca, 50Cr, 54Fe, 58Ni, 64Zn, 74Se, 78Kr, 84Sr, 92Mo, 96Ru, 102Pd, 106Cd, 108Cd, 
112Sn, 120Te, 124Xe, 126Xe, 130Ba, 132Ba, 136Ce, 138Ce, 144Sm, 148Gd, 150Gd, 152Gd, 
154Dy, 156Dy, 158Dy, 162Er, 164Er, 168Yb, 174Hf, 180W, 184Os, 190Pt, 196Hg, 212Rn, 
214Rn, 218Ra, 224Th, 230U, 236Pu, 242Cm, 252Fm, 258No

NDBDecayers

ECEC

Slide courtesy of Alexander A. Klimenko DLNP, JINR, Feb 24, 2021



25 Why 𝟎𝒗𝜷𝜷 / 0𝝂2EC ?

• Revealing unknown properties of neutrinos 
• Majorana nature of neutrinos
• Absolute mass scale of neutrinos

• Lepton number non-conserving process 
• Beyond the standard model 
• Explanation for matter-antimatter asymmetry

2
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Phys. Sci. Forum 8, 7 (2023) 
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Benchmark 

4/25/2026 27

• An experiment for dark matter direct detection using cryogenic detector. 

• Target material : 𝑪𝒂𝑾𝑶𝟒 𝟒 𝒄𝒎 × 𝟒 𝒄𝒎 ,𝟑𝟎𝟎 𝒈

• 2 kg.yr net exposure 

• Background level : ~7 ckkd (at 6.4 keV), ~3.8 ckkd (at 193.5 keV)

• Resolution : 1-sigma resolution is 0.53 keV at 122 keV

• Detection efficiency : 
• 𝑜𝑣2𝐸𝐶 ∶ 0.877, 2𝑣2𝐾 ∶ 1.0

• AMoRE-I :  exposure : larger by a factor of > 3
bkg : larger by factor of 1.5 
resolution : worse by a factor of 6 

Isotope Abundance         

(%)

Process Observable 

energy (keV)

𝑻𝟏
𝟐

𝒆𝒙𝒑
𝒚 (𝟗𝟎% 𝑪𝑳)

40Ca 96.94(16)

0𝑣2𝐸𝐶 193.51(2) > 1.4 × 1022

2𝑣2𝐾 6.4 > 9.9 × 1021

180W 0.12(1)

0𝑣2𝐸𝐶 143.27(20) > 9.4 × 1018

2𝑣2𝐾 130.7 > 3.1 × 1019

G Angloher et al 2016 J. Phys. G: Nucl. Part. Phys. 43 095202

𝑻𝟏
𝟐

𝒕𝒉 𝒚

− −

1.2 × 1033

(1.3 − 1.8) × 1031

~2.5 × 1028

40𝐶𝑎 + 𝑒𝑏
− + 𝑒𝑏

− → 40𝐴𝑟 + 2𝜈𝑒 + (𝑋 − 𝑟𝑎𝑦𝑠 & 𝐴. 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠)2𝑣2𝐾 :

0𝑣2𝐸𝐶 ∶ 40𝐶𝑎 + 𝑒𝑏
− + 𝑒𝑏

− → 40𝐴𝑟 + 𝛾 − 𝑟𝑎𝑦𝑠
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• 𝑨: normalization factor, 𝝁 and 𝝈 are the Gaussian mean and standard deviation. 𝝉, 𝝆𝟏 and 𝝆𝟐 are the unit less 
shape parameters which describes the asymmetry of the distribution.  

• For 𝝉 = 0 and 𝝆𝟏 = 𝝆𝟐 = −𝒍𝒏𝟐, Bukin function becomes the same as the Gaussian. 

https://root.cern.ch/doc/master/classRooBukinPdf.html

29CUBES Workshop, 20264/25/2026

https://root.cern.ch/doc/master/classRooBukinPdf.html
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Cryostat, Shielding & Underground

• Cryogen-free dilution refrigerator for AMoRE-pilot (2016~2018) 
and AMoRE-I.

• ~1 μW cooling power.

• Pb (γ), boron, and polyethylene (n).

• Plastic scintillator muon counters.

• Yangyang Underground Laboratory (Y2L) at 700 m depth.

Yangyang Pumped Storage Power Station

700 m

overburden

CUBES Workshop, 20264/25/2026
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• Dec. 2020 – Nov. 2021 (Before power outage)

• Jan. 2022 – May 2023 (After power outage)

4/25/2026


