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Searches for Double Beta Decays

N
um

ber of protons

Number of neutrons

Proton-rich side
→ little explored
→ three decay modes
→ only six isotopes can do all three modes

2ν 0ν

2β+ ❌ ❓
ECβ+ ❌ ❓
2EC ✅ ❓

This
Project

Neutron-rich side
→ heavily explored
→ one decay mode
→ many isotopes

2ν 0ν

2β- ✅ ❓
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2β+ / ECβ+ versus 2EC

Positron emission requires more 
binding energy to be released 2β+

ECβ+

2EC

ECβ+

2EC

2EC
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Why Measuring 2β+ / ECβ+ ?

78
36Kr

78
35Br

78
34Se

Probe of intermediate state

Probe of Majorana Mechanisms

  Branching ratio  
2β+ / ECβ+

Complementary to 2β-
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Experimental Opportunity

→ unique signature via
annihilation gammas

How Can We Measure 2β+ / ECβ+ ?
Challenges

→ extremely rare
T1/2 > 1022 years

→ low natural abundances

Technology Requirements

→ strong background
suppression

→ high signal rates

→ good energy resolution

5     5     
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Particle ID through C/S Separation
→ ratio between Cherenkov and scintillation light at certain energy depends on:

→ particle type
→ event type

→ discrimination power based on separation of event populations in
Cherenkov-scintillation-plane

→ hybrid scintillator technology currently explored by e.g. Theia / Eos / NuDot / ANNIE
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Particle ID through Morphology

Simulation, 2.8 MeV total energy, 1 cm fibre pitch, 2 mm scattering length,
Eur. Phys. J. C 85 (2025) 121

gamma-rayelectron

double positron

Compton-scatters
of gamma-ray

very short ionisation trail
of electron / positron

single positron

opaque scintillator technology 
currently explored e.g. by LiquidO / 
AntiMatter-OTech / CLOUD / L-PET
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Decays to Excited States

Experimental signature:
→ additional gamma-ray visible

→ in lower C/S ratio and
→ by more blobs

Branching ratios between
→ decay modes and
→ decay states
provide sensitive probe of nuclear matrix elements

PHYSICAL REVIEW C 86, 024301 (2012)
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Technology Requirements

 ✅ strong background 
suppression

Patents Pending
EP 25 195 873.2 & EP 25 195 874.0

high signal rate good energy resolution
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Choice of Isotope

→ Three 2β+ isotopes have Emax-values above Tl-208 background

V
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D
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X
’2

5

>        1014      >        1017         >        1018       >        1018     90

Remark:

Combined Ba-130 
modes (⋆) measured 
indirectly through 
geochemical analysis
of barite samples

β+

β-
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Isotope Loading

final concentration of krypton: 17g/l

Krypton-78
→ high ΔM = 2.8 MeV

→ above most backgrounds
→ nobel gas

→ high enrichment
→ pressure loading
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Isotope Loading

final concentration of krypton: 17g/l

Krypton-78
→ high ΔM = 2.8 MeV

→ above most backgrounds
→ nobel gas

→ high enrichment
→ pressure loading
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 ✅ strong background 
suppression

Patents Pending
EP 25 195 873.2 & EP 25 195 874.0

Technology Requirements

 ✅ high signal rate good energy resolution
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Coated Fibre
near surface emission

εTIR =38%

Optimised Light Collection

~800PE/MeV

energy resolution of 2% in region of interest

n2

n1

θC

Incident photon

Lost photon

Captured 
photon

Loss cone

Traditional Fibre
near centre emission

εTIR = 8%

π/2-θC

n2

n1

Incident photon

Lost photon

Captured 
photon

Capture cone
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 ✅ strong background 
suppression

Patents Pending
EP 25 195 873.2 & EP 25 195 874.0

Technology Requirements

 ✅ high signal rate  ✅ good energy resolution

Patent
DE 10 2023 135 496.5

n2

n1

θC
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Prototype Verification

     Fibre Coating Station  Scintillator Light Yield Scintillator-Fibre Coupling

Cherenkov-scintillation separation    Pressure Loading    Krypton Purity
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The NuDoubt++ Detector Concept

15
0 

cm

PMTs
SiPMs

Coated Fibres

Krypton-loaded hybrid-opaque scintillator

Unloaded hybrid-opaque scintillator

Transparent scintillator
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Sensitivity
→ Suppression factors up to 10-4  

→ Background-free in region of interest

Two-neutrino decay Neutrinoless decay
5σ measurement 1000-fold improved limit

          Discovery Sensitivity         Exclusion Sensitivity
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Conclusion

→ search for double beta plus decays

→ coated light guides (OWLs)
→ ~ 800 PE / MeV
→ energy resolution of 2% in ROI

→ hybrid-opaque scintillator
→ background discrimination

→ pressure loading of krypton-78

→ sensitivity
→ measurement of 2vECβ+

→ 103-fold improved limits on neutrinoless decay

→ more details: Eur. Phys. J. C 85 (2025) 121
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The Collaboration

Contact:
nudoubt@lists.uni-mainz.de

Webpage:
https://nudoubt.uni-mainz.dePhoto: C. Girard-Carillo
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Appendix
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Overview of All Six Double Beta Plus Isotopes
Remark:
There are more than six isotopes that 
can undergo 2EC, because it requires 
less energy:

with

V. Palušová, MEDEX’25
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Hybrid Scintillator

CHESS-Setup
5% LS-loading
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Water-based:
→ organic micelles

suspended in water
with surfactant interface

→ 1 – 10% scintillator loading
→ Theia/Eos collaborations
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Slow:
→ slow fluorophores / slow solvents
→ intrinsically slow scintillation pulse form

→ τ = >10 ns
→ high light yield scintillators 

→ >10000 photons/MeV
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CHESS
→ spatial separation of 
Cherenkov and 
scintillation light
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@ 23°C
Red: 1cm path
Blue: 2mm path

NoWaSH: wax-based opaque scintillator

→ transparent solvent + O(1-10 wt.%) wax + fluorophore(s)
JINST 14 (2019) P11007, Patent applications EP 25 195 873.2 & EP 25 195 874.0

→ opaqueness through scattering without absorption (Mie-Lorentz scattering, scattering length of millimetres)

→ scattering length tunable via
→ wax type
→ wax concentration
→ temperature (in some formulations)

→ high isotope loading possible
→ relaxed requirement on absorption length

Opaque Scintillator

fluid
transparent

viscous
translucent

solid
opaque

X wt.% paraffin wax @ 30°C
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Particle ID through Morphology

Simulation, 2.8 MeV total energy, 1 cm fibre pitch, 2 mm scattering length,
Eur. Phys. J. C 85 (2025) 121

gamma-rayelectron

double positron

Compton-scatters
of gamma-ray

very short ionisation trail
of electron / positron

single positron
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Combining Hybrid and Opaque

Simulation, 2.8 MeV total energy, 1 cm fibre pitch, 2 mm scattering length,
Eur. Phys. J. C 85 (2025) 121

gamma-rayelectron

double positron

Compton-scatters
of gamma-ray

very short ionisation trail
of electron / positron

single positron

Combination allows insights into morphology of scintillation and Cherenkov light
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Moving the Emission Point
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Radioactivity Levels
Scintillator wavelength-shifter Dust on fibres fibres

<10-12g/g (U/Th) < 5 μBq/m3 (Rn) < 1 ppb (K/U/Th) Low energy 
(C-14/Bi-210)

<5 μg/m² 1 ppb (U/Th/K)

→ Column 
purification
→ Fractional 
distillation

→ active charcoal 
filtering of 
nitrogen blanket

→ Water 
extraction

→ rinsing of 
surfaces

→ material 
selection

Backgrounds from fibres (10mm spacing):
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Fibre Background Rejection

Fibre Scintillator
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The Wavelength-Shifting Optical Module (WOM)

Publication:
→ B. Bastian-Querner et al.

Sensors 22 (2022) 4, 1385
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Cut Efficiencies
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Half-life Measurement and Theory
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Lobster Plot
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