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Signature
• 2𝜈2𝛽 (SM): continuous, broad spectrum
• 0𝜈2𝛽 (BSM): peak at Q𝛽𝛽 (electrons energy)
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Physics Implications
• Violation of lepton number
• Nature of neutrinos (Dirac/Majorana)
• Neutrino mass scale & ordering (normal/inverted)
• Matter-antimatter asymmetry in the Universe

Searching for 0ν2β

𝜐 = ҧ𝜐
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GERDA Approach
GERMANIUM,  𝟑𝟐

𝟕𝟔𝐆𝐞 → 𝟑𝟒
𝟕𝟔𝐒𝐞 + 𝟐𝐞− [+𝟐ത𝛎𝐞]

𝑄𝛽𝛽(76Ge) = 2039.061 ± 0.007 keV
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• p+ (implanted B) & n+ (diffused Li), passivated groove
• Fully depleted crystals
• Different geometries: BEGe, coaxials, IC
• Mass: ~0.4-3 kg
• Event topology discrimination: Pulse Shape Discrimination (PSD)

Broad Energy 
Germanium (BEGe)

Inverted 
Coaxial (IC)Coaxial

p+
n+
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Detectors array
(7 strings)

5

Ge-76 enriched 
detectors
(f76~87%)

GERDA Approach
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Detectors array
(7 strings)

5

Ge-76 enriched 
detectors
(f76~87%)

muon flux ~1.25/m2h

GERDA Approach

LAr veto
• SiPMs coupled to WLS fibers

• 9 + 7 PMTs

Gran Sasso Mountains

3500 mwe

LAr cryostat
• 64 m3, Ø 4m, H 5.88m

Ultrapure water tank
• 66 PMTs + plastic scintillators

• 590 m3, Ø 10m, H 8.5 m
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Background Reduction Efficiencies
Analysis Cuts
o Quality cuts (no baselines, test pulses R=0.05 Hz, pile-ups) ~99.9%
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Background Reduction Efficiencies
Analysis Cuts
o Quality cuts (no baselines, test pulses R=0.05 Hz, pile-ups) ~99.9%
o Muon veto ~99%
o LAr veto ~98%
o Multiplicity (M) 1 events ~100%
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Multi-site event (MSE), 
surface events

M=1 events M=2 events
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Background Reduction Efficiencies
Analysis Cuts
o Quality cuts (no baselines, test pulses R=0.05 Hz, pile-ups) ~99.9%
o Muon veto ~99%
o LAr veto ~98%
o Multiplicity (M) 1 events ~100%
o PSD cut for 0𝜈2𝛽 ~69-90%

Det-det 
coincidence

M=2 events
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Exposure

Phase I  (Nov. 2011 – Sep. 2013): 23.5 kg yr 
Phase II (Dec. 2015 – Nov. 2019): 103.7 kg yr

Total: 127.2 kg yr
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Exposure

Upgrade in 
summer 2018
(Phase “II+”)

+ 5 new ICs

+ inner    
    fiber    
    shroud
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Exposure

Upgrade in 
summer 2018
(Phase “II+”)

+ 5 new ICs

+ inner    
    fiber    
    shroud

Reached 
design goal 
of 100 kg yr 

bkg-free
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Phase I  (Nov. 2011 – Sep. 2013): 23.5 kg yr 
Phase II (Dec. 2015 – Nov. 2019): 103.7 kg yr

Total: 127.2 kg yr
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Final 0ν2β Results

PRL 125 (2020) 252502

Blind analysis in 𝑄𝛽𝛽
76Ge ± 25 keV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
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PRL 125 (2020) 252502
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PRL 125 (2020) 252502

Final 0ν2β Results

Goal Results

Background < 10−3 cts/(keV ⋅ kg ⋅ yr) 5.2−1.3
+1.6 ⋅ 10−4 cts/(keV ⋅ kg ⋅ yr)

Exposure > 100 kg yr 103.7 kg yr

T1/2 sensitivity 1026 yr 1.8 × 1026 yr @ 90% CL
𝑚𝛽𝛽 < 79 − 180 meV @ 90% CL
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PRL 125 (2020) 252502

Final 0ν2β Results

Goal Results

Background < 10−3 cts/(keV ⋅ kg ⋅ yr) 5.2−1.3
+1.6 ⋅ 10−4 cts/(keV ⋅ kg ⋅ yr)

Exposure > 100 kg yr 103.7 kg yr

T1/2 sensitivity 1026 yr 1.8 × 1026 yr @ 90% CL
𝑚𝛽𝛽 < 79 − 180 meV @ 90% CL

All design goals were reached and surpassed
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
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Exotic Searches in 2ν2β Decays

JCAP 12 (2022) 012
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𝑇1
2

2𝜈 76Ge = (2.022 ± 0.018stat ± 0.038syst) × 1021 yr

PRL 131 (2023) 142501

https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012/pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.142501
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𝑇1
2

2𝜈 76Ge = (2.022 ± 0.018stat ± 0.038syst) × 1021 yr

PRL 131 (2023) 142501

• Study of 𝛽𝛽 decay modes with different final states: 
2𝑛 → 2𝑝 + 2𝑒− + 𝑋

https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012/pdf
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• Study of 𝛽𝛽 decay modes with different final states: 
2𝑛 → 2𝑝 + 2𝑒− + 𝑋

• Continuous distribution in [0;Q𝛽𝛽]:

2𝑛 → 2𝑝 + 2𝑒− + 2 ഥ𝜈𝑒

• Different distributions depending on the nature of 
the emitted 𝑋 that deviate from the SM prediction
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2𝜈 76Ge = (2.022 ± 0.018stat ± 0.038syst) × 1021 yr
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Exotic Searches in 2ν2β Decays

JCAP 12 (2022) 012
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Measured 2𝜈2𝛽 spectrum 

Measured limits

Results shown as 
90% CL limits

• Majoron emissions
2𝑛 → 2𝑝 + 2𝑒− + 𝐽 (𝐽𝐽)

Phase space factor G~ 𝑄𝛽𝛽 − 𝐸
𝑛

, n=spectral index

J,   n = (1, 2, 3) : T1/2 > (6.4, 2.9, 1.2) × 1023 yr

g𝐽 < (1.8 − 4.4) × 10−5, -, 0.017

JJ, n = (3, 7)     : T1/2 > (1.2, 1.0) × 1023 yr

g𝐽 < 1.2, 1.0

https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012/pdf
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Exotic Searches in 2ν2β Decays

• Majoron emissions
2𝑛 → 2𝑝 + 2𝑒− + 𝐽 (𝐽𝐽)

Phase space factor G~ 𝑄𝛽𝛽 − 𝐸
𝑛

, n=spectral index

J,   n = (1, 2, 3) : T1/2 > (6.4, 2.9, 1.2) × 1023 yr

g𝐽 < (1.8 − 4.4) × 10−5, -, 0.017

JJ, n = (3, 7)     : T1/2 > (1.2, 1.0) × 1023 yr

g𝐽 < 1.2, 1.0

JCAP 12 (2022) 012

✓ Improvement of a factor ~102 compared 
to previous GERDA Phase I result (EPJ C 75 

(2015) 416) 
✓ Results comparable with limits obtained 

with other 𝛽𝛽 decay isotopes (~136Xe, 
100Mo, 116Cd)

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

Measured 2𝜈2𝛽 spectrum 

Measured limits

Results shown as 
90% CL limits

https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012/pdf
https://link.springer.com/article/10.1140/epjc/s10052-015-3627-y
https://link.springer.com/article/10.1140/epjc/s10052-015-3627-y


14

Exotic Searches in 2ν2β Decays

• Z2-odd fermion emission
2𝑛 → 2𝑝 + 2𝑒− + 2𝜒
𝑚𝜒 = 100 keV: T1/2 > 0.18 × 1023 yr

g𝜒 < (1.4 − 3.2) × 10−3 MeV−2

𝑚𝜒 = 700 keV: T1/2 > 0.25 × 1023 yr

g𝜒 < (7.4 − 17) × 10−3 MeV−2

JCAP 12 (2022) 012

✓ First experimental constraints on light 
exotic fermions

✓ First experimental constraints on light 
exotic fermions

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"
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Exotic Searches in 2ν2β Decays

• Sterile neutrino emission
2𝑛 → 2𝑝 + 2𝑒− + ഥ𝜈𝑒 + 𝑁
𝑚𝑁 = 100 keV ⟹ sin2 𝜃 < 0.15
𝑚𝑁 = 900 keV ⟹ sin2 𝜃 < 0.05

JCAP 12 (2022) 012
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• Sterile neutrino emission
2𝑛 → 2𝑝 + 2𝑒− + ഥ𝜈𝑒 + 𝑁
𝑚𝑁 = 100 keV ⟹ sin2 𝜃 < 0.15
𝑚𝑁 = 900 keV ⟹ sin2 𝜃 < 0.05

JCAP 12 (2022) 012

✓ Constraints are not competitive with 
single-𝛽 decay on sterile neutrinos

✓ Potential of 𝛽𝛽 decay experiments to 
search for sterile nutrinos
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Measured limit

Results shown as 
90% CL limits
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Exotic Searches in 2ν2β Decays

• Lorentz violation in neutrino sector
2𝑛 → 2𝑝 + 2𝑒− + 2 ҧ𝜈𝐿𝑉

Coefficient 𝑎𝑜𝑓
3

affecting the kinematics (n=4) 

and regulating the size of the breaking

−2.7 < 𝑎𝑜𝑓
3

< 6.2 × 10−6 GeV

JCAP 12 (2022) 012

✓ First constraint with Ge-76
✓ Results comparable to limits obtained 

with other 𝛽𝛽 decay isotopes (136Xe, 
100Mo, 116Cd, 82Se)

✓ Single-𝛽 decay  experiments ~10-8 GeV

Results shown as 
90% CL limits

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

Measured 2𝜈2𝛽 spectrum 

Measured limit

https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012/pdf
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BSM Decays

EPJ C 83 (2023) 778

Probes of baryon number, charge, lepton number conservation

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-023-11862-8


15

BSM Decays

EPJ C 83 (2023) 778

Probes of baryon number, charge, lepton number conservation

• Inclusive tri-nucleon decays (ppp, ppn, pnn, nnn) of 76Ge
66.7 keV 𝛾 from de-excitation in 73Ge following 𝛽 decay(s)
𝜏𝑝𝑝𝑝,𝑝𝑝𝑛,𝑝𝑛𝑛 > 1.2 × 1026 yr @ 90% CI 

𝜏𝑛𝑛𝑛 > 𝑘 × 1026 yr @ 90% CI 
k = fraction of states decaying 

to the 66.7 keV state
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BSM Decays

EPJ C 83 (2023) 778

Probes of baryon number, charge, lepton number conservation

• Inclusive tri-nucleon decays (ppp, ppn, pnn, nnn) of 76Ge
66.7 keV 𝛾 from de-excitation in 73Ge following 𝛽 decay(s)
𝜏𝑝𝑝𝑝,𝑝𝑝𝑛,𝑝𝑛𝑛 > 1.2 × 1026 yr @ 90% CI 

𝜏𝑛𝑛𝑛 > 𝑘 × 1026 yr @ 90% CI 
k = fraction of states decaying 

to the 66.7 keV state

✓ Improvement of a factor 
~10-103 compared to 
previous tri-nucleon limits 

✓ First limits on the inclusive 
Zn and Ga channels

✓ Most stringent limits on 
inclusive tri-nucleon 
decays using 𝛾 cascade 
de-excitation in 73Ge

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"
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previous GERDA Phase I result (EPJ C 76 (2016) 652)
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BSM Decays

Probes of baryon number, charge, lepton number conservation

• Semi-visible electron decay, 𝑒− → 𝜈𝑒𝛾
Ge&Ar Doppler-broadened 𝛾-line signal at ∼256 keV
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Bosonic Dark Matter Interactions

• Bosonic dark matter candidates
o vector DM (dark photons), ℒ𝑉 = 𝑔𝑉𝑉𝜇
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o pseudoscalar DM (axion-like particles), ℒ𝑎 = 𝑔𝑎𝑎 ത𝜓𝑖𝛾5𝜓

• Mass range 65-1022 keV/c2
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detectors enriched in Ge-76 to search 
for 0𝜈2𝛽
• 𝑇1/2 > 1.8 × 1026 yr @ 90% CL

• 𝑚𝛽𝛽 < 79 − 180 meV @ 90% CL
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• BSM physics: exotic particle emissions 
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• LEGEND: up to 200 kg and 1000 kg of 
HPGe detectors in two stages, 
probing 𝑇1/2(0𝜈2𝛽) sensitivities 

beyond 1027,28 yr
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Energy Resolution

Energy resolution

𝑭𝑾𝑯𝑴 ≃ 𝟐. 𝟑𝟓𝟓 𝒂 + 𝒃 ∙ 𝑬

𝒂 → electronic noise
𝒃 → statistical fluctuations

I

Gaussian mixture models to determine resolution per detector type

EPJ C 81 8 (2021) 682

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-021-09403-2


• Weekly calibrations with 3 Th-228 sources
• Use 𝛾 lines of known energies to pass from ADC to keV 

(physical unit)
• Peak fitting algorithm to extract each detector’s resolution
• 3 terms:

• Signal = gaussian
• Bkg #1= linear + step (flat bkg below/above the peak derived from 

multiple Compton scatterings)
• Bkg #2 = tail at low energies (due to incomplete charge collection 

effects + pile-up events residuals)

EPJ C 81 8 (2021) 682

II

Calibration Procedure

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-021-09403-2


III

Stability Over Time

FWHM 
Energy 
shifts

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"



LAr Instrumentation

• Two barrels in LAr @ ~ 88K
• Ø 590 mm, H 1500 mm
• 15 fiber channels

• Array of 6 SiPMs read in parallel
• Ketek PM33100 3x3 mm2

• 405 WaveLength Shifting (WLS) fibers

• Nylon Mini-shrouds (MS)
• Suppressiond of K-42 ions background
• Transparent to LAr scintillation light (covered with 

TetraPhenyl Butadiene, TPB)
• Nylon: low-background material

• Fiber shroud cylinder
• Ø 1375 mm, H 3000 mm
• Reflected photons reach fibers without any LAr

attenutation
• Help to detect photons produced outside the barrels

IV

EPJ C 83 (2023) 319

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-023-11354-9


LAr Veto Performance

V

EPJ C 83 (2023) 319

Phase II survival fraction
• K-40: 97.3 ± 0.2
• K-42: 19.7 ± 0.4

Efficiency LAr veto cut
• (97.7 ± 0.1)% in Phase II
• (98.2 ± 0.1)% in Phase II+

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-023-11354-9


PSD Performance

VI

Survival fraction of calibration data 
events after applying PSD

(A/E for BEGe/IC, ANN for COAX)

EPJ C 73 (2013) 2583, EPJ C 82 (2022) 284, PRL 125 (2020) 252502

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-013-2583-7
https://link.springer.com/article/10.1140/epjc/s10052-022-10163-w
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502


PSD Performance

VII

EPJ C 73 (2013) 2583, EPJ C 82 (2022) 284, PRL 125 (2020) 252502

Efficiency 𝟎𝝂𝟐𝜷 PSD cut

Phase II (prior upgrade)
• BEGe: (88.2 ± 3.4)%
• COAX:  (69.1 ± 5.6)%

Phase II+ (post upgrade)
• BEGe: (89.0 ± 4.1)%
• COAX:  (68.8 ± 4.1)%
• IC:  (90.0 ± 1.8)%

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-013-2583-7
https://link.springer.com/article/10.1140/epjc/s10052-022-10163-w
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502


GERDA Background Model

VIII

J HEP. 2020, 139 (2020)

• Decomposition of the full-range energy spectrum
• Implementation of the detector array made with MaGe simulation framework
• Fundamental for

• predicting the shape and composition of events in the Q𝛽𝛽 ROI 

• identifying residual impurities and their location
• finding alternative strategies to further reduce the background

𝑸𝜷𝜷(𝟕𝟔𝐆𝐞) = 𝟐𝟎𝟑𝟗. 𝟎𝟔𝟏 ± 𝟎. 𝟎𝟎𝟕 keV 

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1007/JHEP03(2020)139


BSM Datasets

IX

Search Exposure [kg yr] Phase Motivation

Exotic Searches in 2ν2β Decays 32.8 II - BEGe only Minimize the systematic 
uncertainties; LAr instrumentation 

was upgraded but the changes 
were not included in the 

modelling of the LAr veto system

Tri-nucleon decays 61.9 (II,II+) - after 2017 only Use data in which the detectors’ 
trigger threshold was lowered to 

~20 keV

Neutron & proton decays
Electron decay
Bosonic DM interactions

105.5 (II,II+) Use data with LAr veto

0νECEC 36Ar decay 2.81 + 8.401 * I & (II,II+)

(*) Product between the detection efficiency and the simulated mass of the LAr volume.
The value 2.81 kg yr for Phase I has been taken from EPJ C 76 (2016) 652

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://link.springer.com/article/10.1140/epjc/s10052-016-4454-5


X

Comparison for Exotic Emissions

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"
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https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012/pdf


XI

BSM decays

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

EPJ C 83 (2023) 778

FWHM

Preliminary

Comparison for inclusive tri-nucleon decays
Doppler Broadening effect in the electron 

semi-visible decay

https://link.springer.com/article/10.1140/epjc/s10052-023-11862-8


Two dark matter candidates:
• vector DM (dark photons), ℒ𝑉 = 𝑔𝑉𝑉𝜇

ത𝜓𝛾𝜇𝜓

• pseudoscalar DM (axion-like particles), ℒ𝑎 = 𝑔𝑎𝑎 ത𝜓𝑖𝛾5𝜓
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Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"
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arXiv:2202.01787

𝑇1/2
0𝜈 −1
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0ν2β Decay

arXiv: 1209.5722

Phase-space
integral

Nuclear Matrix 
Element

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://arxiv.org/abs/2202.01787
https://arxiv.org/abs/1209.5722


XIV

0ν2β Isotopes

arXiv:2202.01787

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://arxiv.org/abs/2202.01787


• Assumption: 10 yr of data acquisition for all experiments, but for those that 
already finished to operate (*) 

• The colourful-dashed lines correspond to the half-life sensibility requested to 
test the inverted hierarchy with isotopes Mo-100, Te-130, Se-82, Xe-136, Ge-76

Half-life 
sensitivity

XV

0ν2β Experiments
arXiv:2202.01787

LEGEND-200: 𝑇1/2
0𝜈 > 1027 yr @ 90% CL

LEGEND-1000: 𝑇1/2
0𝜈 > 1.6 ⋅ 1028 yr @ 90% CL

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://arxiv.org/abs/2202.01787


• Gray band: range of mββ values for the inverted order (IO) and mlight→0
• mββ=18.4 meV: minimum value allowed for the IO 
• 1σ, 2σ, 3σ uncertainty bands for mββ=18.4 meV are shown in green, orange and yellow, respectively
• Red band at 8-10 meV: future aim for 0νββ next-generation experiments
• NSM (Nuclear Shell Model), QRPA (Quasiparticle Random-Phase Approximation), EDF (Energy-

Density Functional), IBM (Interacting Boson Model): models and nuclear theories used in extracting 
the Nuclear Matrix Elements (NMEs)

XVI

Inverted or Normal Hierarchy?
arXiv:2202.01787

LEGEND-200: 𝑚𝛽𝛽 < 34 − 78 meV

LEGEND-1000: 𝑚𝛽𝛽 < 8.5 − 19.4 meV

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

https://arxiv.org/abs/2202.01787


XVII

The GERDA Collaboration

16 institutions
~110 membersJune 2022

Sofia Calgaro, "Probing New Physics Beyond the Neutrinoless Double-Beta Decay of Ge-76"

GERDA = GERmanium Detector Array
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