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jolu Searches for Double Beta Decays NuD@ubt ™

Primary Decay Mode

. Stable . n e- capture

Proton-rich side

- little explored isson 0 v
— three decay modes a g+ W
- only six isotopes can do all three modes B- 28+ [l

2V Ov 4 )
28t [ X ? Ly pE]-'S
ject

Ecg- | X | 7?2 ] U

2EC ? Neutron-rich side
ZA - heavily explored
= — one decay mode
> — many isotopes
c
E 2V Ov
2B ?

Number of neutrons
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I6lu How Can We Measure 23"/ ECB*? NUDGUbt "

Challenges Experimental Opportunity Technology Requirements
- extremely rare - unique signature via - strong background
T2 > 10% years | annihilation gammas | suppression
- low natural abundances v — high signal rates

e’ 3
f\‘j 25\7 — good energy resolution

NMncbma B X3T® 34 (1981) 148
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Hybrid Scintillator NuDgubt

- Water-based: Slow:
SLESEULE bead _, organic micelles — slow fluorophores / slow solvents
suspended in water — Intrinsically slow scintillation pulse form

5 with surfactant interface ~1=>10ns
3 . 1-10% scintillator loading =~ ~ high light yield scintillators
- . . ~ >10000 photons/MeV
~ - Theia/Eos collaborations P
f CHESS s
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jrel Particle ID through C/S Separation NUDGUbt ™

e

discrimination via ratio of: prompt Cherenkov light

delayed scintillation light

e* 2e*
1013- 150
Element and rate per year and tonne - . Kr-85
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sl Opague Scintillator NuD@ubt ™

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

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

- Sscattering length tunable via l J; ! !
- wax type - | _ R@ g.slc - -
~ wax concentration G e e— Blie'- Zﬂ]fnpaath = <
- temperature (in some formulations) - - ' P 3
E ]
— high isotope loading possible P 1a
- relaxed requirement on absorption length = n_
2 o
fluid viscous solid E 1r ; 42<
transparent translucent opaque S ; ¥ £ g
i : - ¥ < a
0.1 ' 1 : = oF
- L
0.01 i i i i UM
0 - 10 15 20 25

wax concentration [%]
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jalu Opadque Scintillators NuDgubt "™

Scattering length can be adjusted >0
- between 300 um and 3 mm 551
. by wax type =
— by blending technique S201 I TR A WRE =i I
B L L
215y BEE s : ; : :
3 - 3 [ DIN G-wax —— Toluene H-wax -——- LAB Q-wax
0.60 | | EJ 1.0 e PXE G-wax Xylene H-wax  ——- DIN U-wax
_____ LAB, 10 wt.% X-wax § | [ DIN H-wax - PXE O-wax ——- LAB U-wax
05501 LAB, 20 wt.% X-wax 057 ~ —— PC H-wax -=~- DIN Q-wax Xylene X-wax -
—— PXE H-wax

o
U
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c ; :
K7 0.454 - LAB, 3 wt.% H-wax, 2 wt.% U-wax, 10 wt.% BaSOQ, 0 USROS SO
o : : : : : G /O |Polyethylene waxes
© 0.40- S R Wt NS p— H/X N-N’ Ethylene-bis-steramid
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v T 5 S T M ——"T T :
0.35 :::':f--——-—--—--‘————-_———--~——---*"“""""*-“"" .~ mmmmm S Q Paraﬁ:ln wax
osol | U Fischer-Tropsch wax
' 400 450 500 550 600 650 700 750 800

wavelength in nm

Stefan Schoppmann ‘ NuDoubt**



http://www.uni-mainz.de/
http://orcid.org/0000-0002-7208-0578
http://orcid.org/0000-0002-7208-0578

Je\u Particle ID through Morphology NuDﬁﬁth

Simulation, 2.8 MeV total energy, 1 cm fibre pitch, 2 mm scattering length, opaque scintillator teChnOIO_gy )
currently explored e.g. by LiquidO /

Eur. Phys. J. C 85 (2025) 121
AntiMatter-OTech / CLOUD / L-PET

: very short ionisation trail
50+ - of electron / positron
s I Compton-scatters
£ ‘ ootk : of gamma-ray .
S0 e ] B St + S T PP PP PPPPER, Y rs PPPPPPPI 3
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ol Combining Hybrid and Opaque NuDGubt"*

Combination allows insights into morphology of scintillation and Cherenkov light

Simulation, 2.8 MeV total energy, 1 cm fibre pitch, 2 mm scattering length,

Eur. Phys. J. C 85 (2025) 121 E g 62’«
very short ionisation trail H,E

of electron / positron : et 2e*
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JGlu

strong background

Technology Requirements
high signal rate
suppression 1

NuDﬁth**

good energy resolution

= [ single positron |

de
®;-.

L] L '.
L
-50 st I

y (cm)
(=]

50 0

50
X (cm)

»
& o

Patents Pending |
EP 25 195 873.2 & EP 25 195 874.0
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sl Isotope Loading NuDgubt"*

Krypton-78

- high AM = 2.8 MeV
— above most backgrounds

— nobel gas _— —
— high enrichment
- pressure loading

— o
- R
= ___—

final concentration of krypton: 179/l
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sl Isotope Loading NuDgubt"*

Krypton-78
- high AM = 2.8 MeV
— above most backgrounds

— nobel gas _— —
— high enrichment D~ —

— pressure loading

final concentration of krypton: 179/l
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J6lu Technology Requirements

strong background
suppression

NuD’O‘ﬁth

high signal rate good energy resolution

5o Lsingle positron |

Patents Pending
EP 25195873.2 & EP 25 195 874.0
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[ Optimised Light Collection NuDgbt "™

Traditional Fibre | em——— SIS Coated Fibre
. . Light . .
near centre emission glugides near surface emission
ETIR = 8% Scintillator err =38%
medium |
Capture cone Incident photon i
S
N\ S no / Loss cone
e i ,,’ ﬂ/“?'ec
N MR SN
Captured ™ N
photon Y il
\/ \
\ R—
Lost photon Capture(\j\“\\

photon

~800 PE/MeV

— | s energy resolution of 2% in region of interest
Wavelength-shifting paint coated on PMMA fibres
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NuD’O‘thH
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JGlu

Technology Requirements
strong background ‘

NuDgubt**
high signal rate
suppression §

good energy resolution

50l | smglq positron |

A
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L] L Y .
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Patents Pending
EP 25195 873.2 & EP 25 195 874.0

; Patent
DE 10 2023 135 496.5
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Prototype Verification NuDgUbt ™

Cherenkov-scintillation separation Pressure Loading Krypton Purity
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ol The NuDoubt™* Detector Concept NuDgubt

;‘
Ll

PMTs
SiPMs

Coated Fibres

Krypton-loaded hybrid-opaque scintillator

150 cm

Unloaded hybrid-opague scintillator

“Transparent scintillator

“
(I
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sl Fibre Background Rejection NuDgUbt

Simulation of a background decay inside:

80
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Expected Sensitivity

I\JuD;fLu:rc++

— Suppression factors up to 10*
— Background-free in region of interest

Two-neutrino decay
50 measurement

Discovery Sensitivity

2VECB+
1026 _ = 0.4% Nat abundance | |
] =+ 50% Enriched N 1 o
] = 90% Enriched I I 1Y
10§ == Expected Half-life [ Ao
% ] —+ 1lbarabs L N
U 10244 ***- 5barover pressure 4«’”% ! N
> I : : To)
c ] . r // 0
— 1 ﬁ/,
@ 1023+ | , | |6 ©
= 3 s N *Oa\! —;Oa\l(’-——-oa\l ———.———— =
o e. oe ¥
© o >
I | | =
S o
I 1 5
_ W
1020-””I ...I I

1022 -

Stefan Schoppmann ‘

I]I_I(I)23 o 1624 o ””1025 I 1626

Number of Kr-78 Atoms per ton LS

NuDoubt**

Neutrinoless decay
1000-fold improved limit

Exclusion Sensitivity

Eur. Phys. J. C 85 (2025) 121

ov2p+
1026 _ —- 0.4% Nat abundance I I M(
1 —- 50% Enriched .
25 ] —+ 90% Enriched !
10 —; _— 1 bar abs
% = 5 bar over pressure
g 1024 4 :
=
£ 1023'§
(U ” 3 ~»=,~»,~~”*">‘
= I
1021_; I
1020 I I II
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Number of Kr-78 Atoms per ton LS
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Conclusion

NuDﬁth**

D |
D)

v

—

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
- first measurement of standard model mode

- 103-fold improved limits on neutrinoless mode

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

Stefan Schoppmann '
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Contact:
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sl NuDgubt**

Appendix
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jalu 2B+ | ECB*versus 2EC NuDGUbt"*

124 g 3124Te

. e . 2863.9
Ei?]zlitrr]on emission breqwlres mdore 2n e ST e
g energy to be release ECB* < 106Cd 106Pd 2775.39 1.245
SEC 26Ry +96Mo 2714.5 5.54
130Bg +130Xe 2618.9 0.11
Kgpr = M(A,Z) = M(A, Z = 2) = 4me, \  13:Ce>'3Ba 2378.55 0.186
Kgrpe = M(A,Z) = M(A,Z - 2) - 2m, — &, ( ssNj »58Fg 1926.4 68.07
112§n >112Cd 1919.8 0.97
Kopc = M(A,Z2) - M(A,Z =2) — €&, — €, BaGr 8Ky 1789.8 0.355
€ < M, 1245 3144Nd 1782.4 3.08
ECPB” y 120Tg 31208 1730 0.09
2EC 22Mg +927r 1650.45 14.64
2 14Sa 374Ge 1209.24 0.86
i S 102pg 3102Ry 1203.3 1.02
i € | 50C 1 350Tj 1169.6 4.34
£ .) £ . 8471 »64Nj 1094.9 49.17
e ), - F o 1sXesiTe 918 0.089
O O_) 132Bg +132Xe 843.9 0.1
% 138Ce +133Ba 691 0.25
e Auger electrons 2EC 3 Bdlke 2534Cr 680.3 5.84
v 108Cq >108Pd 271.8 0.88
\ 20Cg 340Ar 193.51 96.94
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Overview of All Six Double Beta Plus Isotopes — Nubgubt™

Transition AM (MeV)  Abundance (o) PSFs (v~ )
G;‘;w = (4,261 — 4, 850) x 1072, Gg,;w = (107.8-123) x 10~
e — 1HTe 2.86 0.095 G2ipe = (1,235-1,720) x 1072, GOy = (17.1-22.9) x 1071
G2y = (15,096 - 20, 200) x 1072
Gf;:w = (9,159 -13,600) % 10727, Gg‘;ﬁ+ =(243.2-293) x 10720
TEKr — Se 2.85 0.355 G2lpe = (338-464) x 1072, GOY = (6.34-7.11) x 10718
Gy = (410-774) x 107*
Gpige = (1,794-2,000) x 1072, G, = (91.75 - 102) x 1072
Wecd — 19%pg 2.78 1.245 Gplipe = (702-779) x 1072, GE:EC = (13-15.4) x 10~1%
Gare = (4,299 - 6,220) x 1072
Gé‘j g+ = (942.3-1,080) x 1072, (;Eﬁ g+ = (80.98-90.7) x 10° 20
""Ru — **Mo 271 5.54 G2lpe = (372-454) x 107, GOY = (9.62-11.3) x 10719
Gape = (1,450 -2,740) x 107
G;f_;:ﬁ+ = (47.9-110) x 107%, G};‘;ﬁﬁ =(21-25.7)x 1072
130B, — 130X 2.62 0.11 Glpe = (549-740) x 1072, GJY L = (17.6-22.9) x 107'¥
Gy = (14,773 - 16,300) x 10~
Gf;w = (0.205 - 0.559) x 10~%, GEEW =(2.13-3.55) x 10720
#0Ce — 1*Ba 238 0.186 G2lpe = (190-253) x 1072, GIY . = (15.3-21.5) x 10718

G2 = (12,223~ 15,800) x 10-2*

Stefan Schoppmann ‘

V. PaluSova, MEDEX’'25

NuDoubt**

Remark:

There are more than six isotopes that
can undergo 2EC, because it requires

less energy:
Kgpr = M(A,Z) - M(A,Z - 2) — 4m,,

Kﬁ*EC = M(A, Z) - M{A, Z — 2) - 2”’1(, — €p
Kope = M(A,Z) - M(A,Z = 2) — €, — €p,

with |

Ep << M,

124X e >124Te
78Kr >78Se
106Cd >106Pd
96Ru »96Mo
130Bg >130Xe
136Ce >136Bg
SENji=58Ee
112580 >112Cd
845r »84Kr
1445 m >144Nd
120Te >120Sn
92Mg 92Zr
745e »71Ge
102Pd >102Ru
50Cr »50Tj
64Zn >84Ni
126X e >126Te
132Bg >132Xe
138Ceg 2138Bg
54Fe »54Cr
1GBCd >108Pd
40Ca >40Ar

I-IJl o

2863.9
2847.67
2775.39

2714.5

2618.9
2378.55

1926.4

1919.8

1789.8

1782.4

1730

1650.45
1209.24

1203.3

1169.6

1094.9

918
843.9
691
680.3
271.8
193.51

ural

0.095
0.355
1.245
5.54
0.11
0.186
68.07
CLEl
0.355
3.08
0.09
14.64
0.86
1.02
4.34
49.17
0.089
0.1
0.25
5.84
0.88
96.94
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. o i+
JG|u Choice of Isotope NuDPubt
. 2vDBD* to g.s. OvDRBRD* to g.s.
10° :
R EC Predicted Ragnge & Esxperimental | imit B*FC Predicted Rangs &  Fxperimental |imit Remark:
1032 4 e BB+ Predicted Range *  Measurement B | e B+B+ Pradicted Range
2EC Predicted Range 10 Combined Ba-130
107 i | X i " i1 | modes (x) measured
T 107 | Q indirectly through
o = geochemical analysis
=107t 1 S of barite samples
© L * 5 A, A s P
T 102¢ 'y 4 ey > &
abh 5 4 A A
107 & - & A-a
104 4
124y B} 106 96R, 130g4 136c 124yq B, 1064 %6g, 130g, 1360
— Three 2[3*isotopes have Enx-values above TI-208 background
Frnax i~ QE_H' + dm, =~ QEC‘S' + 2m, =~ AM
I[sotope Tv,(2v) / years Tv,(0v) [/ years C.L./ | Enax/ | @nat/
33 ECAT 2EC 6153 ECST 2EC % MeV %
Kr-78 | > 2.0 10** | > 1.1 10%" 9.2 10" | > 2.0 10*' | > 5.1 10* 68 | 2.881 0.4
B+ | Cd-106 | > 1.7102 | >2.1 102! | >3.1102° | >4.0 102! | > 1.2 102! | > 2.9 102! 90 2.775 1.3
Xe-124 | > 10" | > 107 1.110% | > 10® | >  10® 90 | 2.857 0.1
Ge-T6 1.9 10 > 1.8 10°° 90 | 2.039 [ 7.8
B- = Te-130 8.2 1020 > 2.2 10%° 90 2.528 | 34.0
Xe-136 2.3 10%! > 2.3 10%° 90 2.459 8.9
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jrel Decays to Excited States NuDGUbt

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

Or

2

07

1498.60 keV

] +

| -]

8
45 BT 4

07

78
36 KT 49

ECEC: (3.63 — 8.37) x 10%, tEC: (3.47 — 8.19) x 10*

|

1308.64 keV ECEC: (6.74 — 167) x 10%!, 3*EC: (1.55 — 32.9) x 10%
e
613.73 keV ECEC: (1.01 — 8.15) x 10%, B*EC: (9.25 — 71.6) x 10%
il
grpt: (2.49 — 20.7) x 1090
ECEC: (8.60 — 27.5) x 1021, STEC: (1.34 — 4.41) x 1042
i |
TRQ g*at: (4.94 - 15.8) x 10
345€4, ) it

PHYSICAL REVIEW C 86, 024301 (2012)
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alu Why Measuring 23"/ EC*? Nupgubt

Complementary to 2[3-

Probe of intermediate state

""'rr. (AZ)-(AZ4+1)-(A,Z212) B*EC spectra
ﬁ’) 4 T | -
3 virtual
O o)
- - 783SBr
Probe of Majorana Mechanisms v 3
1* ) E, \
j-':: Wt 1 “ E“u
-------- e : : r it X
4 | Branching ratio s
| - 2B/ ECRY TagKr
- . .- )
BLACK BOX 8,,Se
L ”
Ji! 1141 Hjﬁ 1.0 1.5

: E- m, ;:2 (MeV)
e I
___________ |
w
Fe
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. = . Qe ++

JGlu Radioactivity Levels NuDQubt
Scintillator wavelength-shifter Dust on fibres fibres

<10*2g/g (U/Th) |<5puBg/m*(Rn) |<1 ppb (K/U/Th) |Low energy <5 pg/m2 1 ppb (U/Th/K)

(C-14/Bi-210)

- Column — active charcoal | - Water — rinsing of — material
purification filtering of extraction surfaces selection

— Fractional nitrogen blanket

distillation

Stefan Schoppmann ‘

Backgrounds from fibres (1L0mm spacing):

rate / mBq/m?

location isotope | baseline optimistic
OWL-fibre U-238 103 1.03
bulk Th-232 33.7 0.34
(v only) K-40 225 2.25
T1-208 12.1 0.12
OWL-fibre Bi-214 2.1 0.028
surface+dust | Bi-212 0.48 0.014
(B+7) K-40 0.5 0.005

NuDoubt**
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The Wavelength-Shifting Optical Module (WOM) Nubgubt'*

Main features:

m L arge light collection area
» WLS allows circumventing Liouvilles theorem
m Enhanced UV sensitivity

» better matched to Cherenkov fling
matena
m Low noise rate Fd f‘fr";- 4
> for supernova detection ’

LY
/} . [ quarnz tube
wavelength- g
shifter d

Target: *%1% I_ H"

B. Bastian-Querner et al., Sensors 22 (2022) 4, 1385

: e
m build and deploy 12 modules %;-——— matrix
in the IceCube Upgrade T
pressure g
housing . e
Publication: | | ,
— B. Bastian-Querner et al. nel33 1 nal5 1 mm133 | n=l5 | Nl
I8 :quartz: opt. fill : quartz : air

Sensors 22 (2022) 4, 1385
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Cut Efficiencies

NuD’O‘:Jth

Cut efficiencies £,

Scenario Baseline Optimistic

Signal type 2v28% and 2vECS™ ov2p* OvECH™

Discrimination technique All Hybrid Opagque Hybrid Opaque

Event type Kr-85 0.010 —F —1 —1 —F
Po-210 0.010 —T —1 —1 —1
Bi-210 0.010 T = —7 T
B-8§ 0.010 0.001 <107 0.296 0.016
Gamma-rays 0.010 0.030 0.016 0.676 0.477
C-10 0.050* 0.278 0.237 0.439 0.823
C-11 0.100* < 1074 0.237 < 1074 0.823
C-14 0.010 T —¥ — —F
0v2B* 0.900 0.900 0.920 0.001 0.187
21028+ 0.900 0.900 0.920 =104 0.187
OvECB™ 0.900 0.001 0.237 0.900 0.823
2vECH™ 0.900 0.001 0.237 0.900 0.823

Stefan Schoppmann .
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jalu Half-life Measurement and Theory NuD@ubt ™

Experiment Atomic phys. Nuclear phys. Particle phys.
—& 4 2 2
(Tl/g) =G (Y55, 2Z) 194" - M el | - Mgg
Measured Phase space factor Axial Nuclear matrix Effective
half-life coupling elements Majorana

neutrino mass

I ; 2 2 i e ¥ ol 2
mgp = -2_ ﬂl.!;l{»'fk - ‘ml |-U,-71| + o |Uﬁ2| E“::Utz y) + Mg |U{33| e i(c1+26)
k

vy, cvo: Najorana phases

0: Dirac phase
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jelu L obster Plot NuDQubt"*

a1, ao: Majorana phases

Effective Majorana neutrino mass §: Dirac phase

2 24 - 2 _;
s = § :mkak = ‘7”'1 [Uet|” + ma |Uea|” €4®271) 4 my |Ugs|” e~**1+29)
k

~Neutrino Mass Ordering

m? m?
1:: | A -, P
E M Inveried £ im Y
i B Mormal ¢
0.100. = Normal ™= Y; Inverted
f E m,:-- _-m::
; t Nlsananaannan .-_l"" : 3 solar~Tx “]—f'iull,f.'! :
Lok] - Re o i *
~ 0.010. atmospherc
g | ~2x10-%eV?
é:'- f atmospheric
2 Im m.,:__ ~1:¢I:T-1¢V3
: solar~7x 10— V?
0.001. _ il -
1[]_4: L PR L peaii ey M T MR RE {} ”
10°° 1074 0.001 0.010 0.100 1
Mairi [E“U‘} Credit: P. Fernindez, SciPost Phvs, Proc, 1 (259% (200%)
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