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The world’s OvfH programme

Experiment Isotope Mass Technique Present Status| Location
CANDLES-III “8Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 °Ge 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v 0Ge 225 kg °""(Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg “n"Ge semicond. det. Commissioning| LNGS
LEGEND-1000 °Ge 1 ton °""(Ge semicond. det. Proposal
CUPID-0 82Ge 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 52Ge 7 kg “""Se foils/tracking Operation Modane
Selena 52Ge “""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils /tracking Proposal Modane
ZICOS 67y 865 kg (@ 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 0Cal®®MoO4 bolometers Operation |YangYang
AMoRE-II 1000\ o 200 kg 10Ca'MoO4 bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Liz'°°MoOy, surf. coat bolom. Prototype Canfranc
CUPID 100Mo 450 kg Li“""MoQy,scint. bolom. Proposal LNGS
BINGO Mo and Te Li“""MoQOg4, TeO- Development | Modane
China-Europe 116Cq “""CdWOyq scint. crystals Development CJPL
COBRA-XDEM 11604 0.32 kg netCd CZT semicond. det. Operation LNGS
Nano-Tracking 116Cq netCdTe. det. Development
TIN.TIN 1249y Tin bolometers Development INO
CUORE 130T 1 ton TeO2 bolometers Operating LNGS
SNO+ 130Te 3.9t 0.5-3% ™*'Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Lig. “""Xe TPC/scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| **°Xe 745 kg “""Xe disolved in lig. scint. Operating Kamioka
KamLAND2-Zen 136X e “""Xe disolved in liq. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONNT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liq. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099
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The world’s OvfH programme

Experiment Isotope Mass Technique Present Status| Location
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LEGEND-1000 6Ge 1 ton “""Ge semicond. det. Proposal
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SuperNEMO-Dem 52Ge 7 kg “""Se foils/tracking Operation Modane
Selena 52Ge “""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils /tracking Proposal Modane
ZICOS A, 865 kg (@ 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 10Cal%MoO4 bolometers Operation |YangYang
AMoRE-II 1000\ o 200 kg 10Cal®®MoO, bolometers Construction | Yemilab
CROSS 100Mo 5 kg Liz'°“MoOy, surf. coat bolom. Prototype Canfranc
CUPID 100Mo 450 kg Li“""MoQy,scint. bolom. Proposal LNGS
BINGO Mo and Te Li""MoQg4, TeO- Development | Modane
China-Europe 11604 “""CdWOyq scint. crystals Development CJPL
COBRA-XDEM 11604 0.32 kg "etCd CZT semicond. det. Operation LNGS
Nano-Tracking 116Cq netCdTe. det. Development
TIN.TIN 124G Tin bolometers Development INO
CUORE 130Te 1 ton TeO2 bolometers Operating LNGS
SNO-+ 130 3.9t 0.5-3% ™*'Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Lig. “""Xe TPC/scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| **°Xe 745 kg “""Xe disolved in lig. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in liq. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONNT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liq. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development
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The world’s OvfH programme

Experiment Isotope Mass Technique Present Status| Location
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CDEX-300v 0Ge 225 kg °""(Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg °nT(Ge semicond. det. Commissioning| LNGS
LEGEND-1000 6Ge 1 ton “""Ge semicond. det. Proposal
CUPID-0 82Ge 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 52Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge “""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
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KamLAND-Zen-800| **°Xe 745 kg “""Xe disolved in lig. scint. Operating Kamioka
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PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONNT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
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Neutrinoless double-beta decay - a reminder
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Neutrinoless double-beta decay - a reminder
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Reduce backgrounds
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Ovpp and neutrino mass
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Ovpp and neutrino mass
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Ovpp and neutrino mass
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The state of the art
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The state of the art
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Designing a Ovp[ detector: the physics

Shorter half life = shorter run time!
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Designing a Ovp[ detector: the physics
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Designing a Ovp[ detector: the physics
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4500
e Ca
Shorter half life = shorter run time! 2000l

1 . A Al e <m55>2 3500} R S SR

p— 9 o . i

TOVBB oV (Qﬁﬁ 7 )gA | oV | m2 P 3000k ‘Se _g”Mo .
1 2 e = i | 16
/ 'T>'c o Cd
| O 2500} IBXe ' Te g
. NREDF A ] e 'Sn |
- Q:F;itjz v : 20001 _...’T’Ge e 'Pd
:— QRPA Tu i , _
| QRPA CH+Ts + i |
— BM2 W - 15000 2 4 §) 8 10 12 14
- I\j’;" :"k' 'T' Natural Abundance (%)
Z— : T2 Q-
A :
- =
e » High O-value
B | » Large atomic number

96100 116124130136 150 » Larger matrix element
A Long 2vff half-life to reduce background

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Designing a Ov3/3 detector: the economics

How expensive is your isotope?

Raw element cost

Xe/ Ge ~ £1000/kg s >
Se, Te, Ca, Mo ~ few £10 /kg £

BUT real cost is from extracting the isotope: o
can be > £100k [ kg

How abundant is your isotope?
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How hard is it to enrich?
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The world’s Ovpp programme: by isotope

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 0Ge 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v 0Ge 225 kg “""(Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg “""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 °Ge 1 ton °""Ge semicond. det. Proposal
CUPID-0 52Ge 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 52Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge °""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SekFs TPC Development CJPL
SuperNEMO Any solid 100 kg Foils /tracking Proposal Modane
ZICOS o7t 865 kg (@ 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li“""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 10Cat®"MoO4 bolometers Operation |YangYang
AMoRE-II 100Mo 200 kg 10Cat*"MoOy bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 1000V o 450 kg Li“""MoQy,scint. bolom. Proposal LNGS
BINGO Mo and Te ' Li*""MoQO4, TeO2 | Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd netCdTe. det. Development
TIN.TIN 1249 Tin bolometers Development INO
CUORE 130T 1 ton TeOs bolometers Operating LNGS
SNO+ 130 3.9t 0.5-3% "**Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Lig. “""Xe TPC/scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| **°Xe 745 kg “""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in lig. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONnT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or/ Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liq. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

Cheryl Patrick, University of Edinburgh

Neutrinoless double-beta decay, NuPhys 2023
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The world’s Ovpp programme: by isotope

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 0Ge 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v 0Ge 225 kg “""(Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg “""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 0Ge 1 ton “""Ge semicond. det. Proposal
CUPID-0 52Ge 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 82Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge °""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils/tracking Proposal Modane
Z1COS S 865 kg (@ 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li“""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 10Cat®"MoO4 bolometers Operation |YangYang
AMoRE-II 100Mo 200 kg 10Cat*"MoOy bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 1000V o 450 kg Li“""MoQy,scint. bolom. Proposal LNGS
BINGO Mo and Te ' |  Li*""MoOQy, TeOqy | Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd netCdTe. det. Development
TIN.TIN 1249 Tin bolometers Development INO
CUORE 130T 1 ton TeOs bolometers Operating LNGS
SNO+ 130 3.9t 0.5-3% ™**Te loaded liq. scint. |Commissioning| SNOLab
nEXO 135Xe 5t Lig. “""Xe TPC/scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| **°Xe 745 kg “""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in lig. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONnT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or/ Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liq. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

48Ca

76Ge

967y
100Mo

116Cd

124Sn
130Te

136X @

DOE strategy

supernemo

collaboration

APPEC roadmap UK core strategy

Cheryl Patrick, University of Edinburgh

Neutrinoless double-beta decay, NuPhys 2023



Can you re-use a detector?

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 °Ge 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v °Ge 225 kg “""Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg “""(Ge semicond. det. Commissioning| LNGS
LEGEND-1000 CGe 1 ton “""(Ge semicond. det. Proposal
CUPID-0 52Ge 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 82Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge ""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils/tracking Proposal Modane
Z1COS 07y 865 kg (@Q 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000 o 6 kg 10Ca*"MoOy4 bolometers Operation |YangYang
AMoRE-II 1000 o 200 kg 10Cal®Mo0O4 bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 1000\ o 450 kg Li“""MoQy,scint. bolom. Proposal LNGS
BINGO Mo and Te Li“""MoOQ4, TeO2 Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd natCdTe. det. Development
TIN.TIN 124G Tin bolometers Development INO
CUORE 130T 1 ton TeOs bolometers Operating LNGS
SNO+ 130e 3.9t 0.5-3% "*“*Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Liq. ©""Xe TPC /scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| **°Xe 745 kg “""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in lig. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONnT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liq. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

Cheryl Patrick, University of Edinburgh

SNO (solar
neutrinos) > SNO+

Neutrinoless double-beta decay, NuPhys 2023

KamLAND,

JUNO (Reactor

neutrinos)

Dark matter




The world’s OvpH programme: by technology

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 CGe 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v 0Ge 225 kg “""(Ge semicond. det. Construction CJPL
LEGEND-200 Ge 200 kg “""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 CGe 1 ton “""(Ge semicond. det. Proposal
CUPID-0 52Ge 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 82Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge ""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils/tracking Proposal Modane
Z1COS 07y 865 kg (@Q 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000 o 6 kg 10Ca*"MoOy4 bolometers Operation |YangYang
AMoRE-II 1000 o 200 kg 10Cal®Mo0O4 bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 100Mo 450 kg Li“""MoQy4,scint. bolom. Proposal LNGS
BINGO Mo and Te Li“""MoOQ4, TeO2 Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd netCdTe. det. Development
TIN.TIN 124G Tin bolometers Development INO
CUORE 130T 1 ton TeO2 bolometers Operating LNGS
SNO+ 130T 3.9t 0.5-3% ™**Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Liq. ©""Xe TPC /scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| '%%Xe 745 kg °""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in liq. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONNT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liqg. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

Cheryl Patrick, University of Edinburgh

Neutrinoless double-beta decay, NuPhys 2023




The world’s OvpH programme: by technology

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 CGe 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v 0Ge 225 kg “""(Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg “""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 0Ge 1 ton “""Ge semicond. det. Proposal
CUPID-0 52Se 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 82Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge ""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils/tracking Proposal Modane
Z1COS 07y 865 kg (@ 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 10Cat®"MoO4 bolometers Operation |YangYang
AMoRE-II 1000\ o 200 kg 10Cal®Mo0O4 bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 199Mo 450 kg Li“""MoQy4,scint. bolom. Proposal LNGS
BINGO Mo and Te Li*""MoQO,, TeO2 Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd netCdTe. det. Development
TIN.TIN 124G Tin bolometers Development INO
CUORE 130T 1 ton TeOs bolometers Operating LNGS
SNO+ 130Te 3.9t 0.5-3% ™**Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Liq. ©""Xe TPC /scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| '%%Xe 745 kg °""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in liq. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONNT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liqg. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

Cheryl Patrick, University of Edinburgh

Homogenous detectors:
Source = detector

Crystals

Neutrinoless double-beta decay, NuPhys 2023

High efficiency and
resolution

Less passive
material



The world’s OvpH programme: by technology

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 CGe 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v 0Ge 225 kg “""Ge semicond. det. Construction CJPL
LEGEND-200 °Ge 200 kg “""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 0Ge 1 ton “""Ge semicond. det. Proposal
CUPID-0 52Se 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 82Ge 7 kg “""Se foils/tracking Operation Modane
Selena 82Ge ""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 82Ge High-pressure SeFg TPC Development CJPL
SuperNEMO Any solid 100 kg Foils/tracking Proposal Modane
Z1COS 07y 865 kg (@ 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 10Cat®"MoO4 bolometers Operation |YangYang
AMoRE-II 1000\ o 200 kg 10Cal®Mo0O4 bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 1000 o 450 kg Li“""MoQOy,scint. bolom. Proposal LNGS
BINGO Mo and Te Li*""MoQO,, TeO2 Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd natCdTe. det. Development
TIN.TIN 124G Tin bolometers Development INO
CUORE 130T 1 ton TeOs bolometers Operating LNGS
SNO+ 130Te 3.9t 0.5-3% ™**Te loaded liq. scint. |Commissioning| SNOLab
nEXO 136X e 5t Liq. ©""Xe TPC /scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800| '%%Xe 745 kg °""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in liq. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONnT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liqg. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

Homogenous detectors:
Source = detector

Crystals

Semiconductors

Tracking detectors:
Source separate from
detector

Tracking

Isotope flexibility
Topological reconstruction

Cheryl Patrick, University of Edinburgh

Neutrinoless double-beta decay, NuPhys 2023



The world’s OvpH programme: by technology

Experiment Isotope Mass Technique Present Status | Location
CANDLES-III *®Ca 305 kg natCaF, scint. crystals Operating Kamioka
CDEX-1 CGe 1 kg “""Ge semicond. det. Prototype CJPL H omo ge nous d ete Cto rs:
CDEX-300v 0Ge 225 kg “""(Ge semicond. det. Construction CJPL )
LEGEND-200 °Ge 200 kg “""Ge semicond. det. Commissioning| LNGS —
LEGEND-1000 0Ge 1 ton “""Ge semicond. det. Proposal SO urce d eteCtO r
CUPID-0 52Se 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem 82Ge 7 kg “""Se foils/tracking Operation Modane
Selena, 82Ge “""Se, CMOS Development
IFC 82Ge ion drift SeFg TPC Development
NvDEX 52Ge High-pressure SeFg TPC Development | CJPL C rySta IS
SuperNEMO Any solid 100 kg Foils /tracking Proposal Modane
ZICOS i 865 kg (@Q 50%) | Cherenkov and scint. in lig. scint.| Development | Kamioka
CUPID-Mo 100Mo 4 kg Li""MoQy,scint. bolom. Prototype LNGS
AMoRE-I 1000\ o 6 kg 10Cat®"MoO4 bolometers Operation |YangYang
AMoRE-II 1000\ o 200 kg 10Cal®Mo0O4 bolometers Construction | Yemilab
CROSS 1000\ o 5 kg Lis'%“MoQy, surf. coat bolom. Prototype Canfranc
CUPID 199Mo 450 kg Li“""MoQy4,scint. bolom. Proposal LNGS
BINGO Mo and Te Li*""MoQO,, TeO2 Development | Modane
China-Europe 116Cq “""CdWOy4 scint. crystals Development CJPL
COBRA-XDEM 1160y 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking 16Cd netCdTe. det. Development
TIN.TIN 124G Tin bolometers Development INO
CUORE 130T 1 ton TeOs bolometers Operating LNGS
SNO+ 130Te 3.9t 0.5-3% ™**Te loaded liq. scint. |Commissioning| SNOLab
nEXO 135Xe 5t Lig. “""Xe TPC/scint. Proposal
NEXT-100 136X e 100 kg gas TPC Construction | Canfranc
NEXT-HD 136X e 1 ton gas TPC Proposal Canfranc
AXEL 136X e gas TPC Prototype
KamLAND-Zen-800 136X e 745 kg °""Xe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen 136X e °""Xe disolved in lig. scint. Development | Kamioka
LZ 136X e 600 kg Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T 136X e 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONnT 136X e 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN 136X e 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 136X e Spherical Xe TPC Development
LAr TPC 136X e kton Xe-doped LR TPC Development
NuDot Various Cherenkov and scint. in liq. scint.| Development
THEIA Xe or Te Cherenkov and scint. in liq. scint.| Development
JUNO Xe or Te Doped liqg. scint. Development
Slow-Fluor Xe or Te Slow Fluor Scint. Development

Table adapted from arXiv:2212.11099

Combination

Liquid scintillator

Tracking detectors:
Source separate from
detector

Trackmg
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Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



The following contributions come from:

AMORE
Aurora
BINGO
CANDLES
CDEX-300v
CZC crystal R&D
KamlandZen
LEGEND
nEXO

NEXT

NvDEX
ORIGIN-X
PandaX
Selena
SNO+

ZI1COS

Jeewon Seo & Yoomin Oh (Institute for Basic Science)
Fedor Danevich (Institute for Nuclear Research, Kyiv)
Claudia Nones (CEA Saclay)

S. Umehara (Osaka University)

Hao Ma (Tsinghua University)

Serge Nagorny (Queen's University)

Azusa Gando (Tohoku University)

Matteo Agostini (UCL)

Samuele Sangiorgio (Lawrence Livermore National Lab)
Roxanne Guenette (University of Manchester)

Emilio Ciuffoli (Institute of Modern Physics, Lanzhou)
Samuele Sangiorgio (Lawrence Livermore National Lab)
Ke Han (Shanghai Jiao Tong University)

Alvaro Chavarria (Washington)

Jeanne Wilson (King’s College, London)

Yoshiyuki Fukuda (Miyagi University of Education)




Heat and light signals from decays in ultra-cold crystals

See next talk!
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Cheryl Patrick, University of Edinburgh




AMOoRE: 100Mo with photons and phonons

Light detector

, MMC/SQUID (Si)
AMORE I 157 kg of Li,190MoO4 crystals for light
LioMoQO4
crystal
: J«" Phonon
: j » | Light : collector
R ! reflector MMC/SQUID
; j 0 ) for heat

o AMORE-I complete: T1 1»>3.3x1024 years
o AMORE-II starts 5-year data taking in 2024:
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e 30 OV sensitivity: T1 ™~ 4x1026 years

Energy (MeVee)

< 2x10-4 counts/keV/kg/year in Ov

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



BINGO: Bi-Isotope Ovf3[3 Next Generation Observatory N

BINGO aims to dramatically reduce the background in the region of interest, through:

Compact assembly:
« Reduce surface radioactivity
« Anti-coincidence cuts

BGO active shield

Neganov-Luke light detectors:

« Amplify the tiny Cherenkov signal (TeO;) > suppress a’s
« Higher sensitivity, lower energy threshold

Li,Mo0, Or Te0,

An active shield based on BGO scintillators::

« Suppress the external gamma background

Light detector

Bi-Isotopic approach: observation in 2 candidates - discovery + confirmation

Mini-BINGO:
12 of each crystal type
Test all detector elements
in 1 year of data-taking

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Enriched HPGe semiconducting detectors

-300v

CDEX

Semiconductor HPGe detectors

mm-scale event topology

solid state TPC
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calorimetric energy measurement
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Cheryl Patrick, University of Edinburgh




LEGEND-200 - taking data at LNGS

Initial dataset

Backgrounds after cuts

Pulse-shape discrimination (PSD)

- PSD plus liquid-argon veto
6

BEGe - 2.1 kg yr ICPC - 8.0 kg yr

Broad Energy Inverted Coaxial After PSD

Germanium Point Contact B After PSD + LAr LEGEND, |2
9] . S
. . . Preliminar
Preliminary background model before analysis cuts N ‘
: -~ (1930 - 2190 keV)

- BEGe detectors after QC _ 2088 401 Model |8 % 41 i ) >
- - | e | |
> 102k —— Thorium —— #%K Data |2 .y i i
< 5 — Uranium o = 5 i 2031 keV far from |
O L _ & = | QBB ~ 2039 keV |
o -|O 1, | 1 8 E o i
% é ‘-..,_L1|_|-IJ111\JL- - O 2_ i ~ . i
g ﬂlﬁﬂ Mﬂ | \ 5
1' BEGe me% [ 1. N
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. F—L : PRELIMINARY [WIP] CEGENUL 0 ' '

L [

“\\\ Phaliorinamy 1900 1950 2000 2050 2100 2150 2200 2250
107 >\ . Energy (keV)

Counts / 15 keV

10 \ Background index compatible with design goal
L 1cpc iﬁ% 2 x 10“4cts/(keV kg yr)
7000 1500 2000 2500 0.48 counts expected; probability to observe #cts >0 ~38%
Energy (keV)

Well described by expected contributions - now accumulating exposure

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



LEGEND-1000: planned for LNGS

E i 2vB5 (102! yr) —— Ge cosmogenics
o0 10-2 ; 232Th 42Ar/42K in LAr
= E 260 away from 23817 Surface o
= s E_I_I—I_l; Eealzest siggificalft Total model WM Ov38 (1028 yr)
—3 L ackground pea ,
, - - ° g OvBp Signal J
1 +~ -
() -

=

: BG budget
1075 - - - ———% -------- e R e etk
- Il .

e

,
i

o O=
~ == = TR TR B
o —— — ——— -
I\ ‘y\ .\' —
) | i 2 v Y
\] & v
1 0] ] B -

AR
e

es 11

(ypp—————

B \ \ \ \ \ \ \ \ \
1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300
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Design & Reviews _ Full Data Taking

Construction, Detector Production & Installation

336 detectors
3kg average mass

*Technically driven schedule

|ICPC
Ge Detector

Funding for isotope procurement starts

CD1 review with DOE

pre-CDR: arXiv:2107.11462

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



CDEX-300v pre-conceptual design

LAr veto tube 200 Ge detectors in 19 strings

2024:
« Operate LAr test facility
« Experimental setup at CJPL
« First batch of Ge detector
installation and test

=

CJPL-II
Hall C1

_

1725 m? Liquid Nitrogen LAr tube Enriched Ge array

n:aaeee e
MEAARRMEEERHR

™
OO AR BB
a s s s s asaenseEnhn

LN, tank shared with CDEX-50 dark matter experiment

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023
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nEXQO: Tonne-scale OvpS with a LXe TPC nEX

nEXO

Conceptual design in progress,
projected 3o discovery sensitivity

EXO-200 (mpp) = 6-27 meV (T2 = 0.74 x 1028 yr)

Sensitivity vs exposure

Background-free central

region = ; 1.35 x 10%® yr
— _ ‘N
150 kg o 10% - — o
3 0.74 x 1028 yr
Detector £ 027
- 5000 kg = 10775
cross-section. o
A S
B 1026 _
= o 1073 150x10% yr
E j —— Median Sensitivity, 90% C.L.
3 o s == Median Discovery Potential, 3o
o T 102%° 3 O EXO0-200 Sensitivity, 90% C.L.
m - ] ] ] ]
. 0.0 2.5 5.0 7.5 10.0
2.5 MeV y attenuation o
Livetime [yr]
length = 8.5 cm o
nEXQO Sensitivity arXiv:2106.16243
\ 4

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023


https://arxiv.org/abs/2106.16243

NEXT-100 (2023-2026)

TPC
100 kg fiducial
00 kg fiducial mass 3584 SiPMs (TP)
60 PMTs (EP) at 15 bar 15.55 mm pitch
30 % coverage . .

Traditional cut-based

analysis

~T0% efficiency

~20% bkg contamination
NEXT Collaboration, JHEP 10

Lead castle Inner copper shielding (2019) 052
20 cm thick 12 cm of ultra-pure copper
NEXT-100 detector fully i P Improvement with DNNs

~5% bkg contamination

NEXT Collaboration, JHEP 01
(2021) 189

assembled at LSC

Commissioning starting in January 2024!

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



(Mnext

NEXT ton-scale and beyond

NEXT-HD: 7» > 1027 yr OvS[5 sensitivity with 4 ton.yr exposure For1028-year sensitivity: barium tagging (NEXT-BOLD)

l l PMT

Tracking Plane (TP)

Tt EL {Anode oY) Barium Tagging
€ o o Gate (-HV) Detector (BTD)
...........
| m
- o
(Optical Fibers) | e _ ,
R 3..... = E—)l Single
RN , - detected >
Y — v € | % ion 2 _
= £ 2
e Cathode (-HHV) - O £ 2
; | o 2 5
Q s "
) T
| ﬂ 1410600(?o
Y
L agelo/a
A Cathode (0V) EL (+HV) ) o0
o®e® .:
e'.e' ee
........................................................................ ey {Gte CHY
........................................................................ Anode (OV)

Tracking Plane (TP)

Next-HD with symmetric TPC design

Neutrinoless double-beta decay, NuPhys 2023

Cheryl Patrick, University of Edinburgh



PandaX

« PandaX-4T 3.7 -tons dual-phase natural Xe TPC at CJPL (>300kg 13¢Xe)
« Measured 2vpP T % =2.27 + 0.03(stat.) £ 0.09(syst.) x 102! year
« Running since late 2020 (95+154 days)

« Future : PandaX-xT: 4 tons of 136Xe
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ORIGIN-X - the ultimate Ov/ [ experiment?

*Observing Rare Interactions with a GlaNt Xenon i 6Ge
. . > 3 = SO “O\ N :
(ORIGIN-X) experiment: a ktonne Xe experiment for E 107 SUTE S < 2S¢
) Lravy v K Ko M
01/[8[8. : i I <9<</ | ~ > \ Ox \ 33\ %QQ 1 %()Teo
o — : - X Q 36
5 102 E %%‘0@06: > (;\Ox O e
N 3 Vv \\ > QQ
A. Avasthi, et al, Phys. Rev. D 104, 112007 (2021) g 1 . o éo’\; Q\%-,\@ \
- ¢ H R | SRS
GL) ‘*f\ N\ LI EE ) EEEE i-:
% I v &' ,{\;&h T ‘»1\0\\\’
| mmm completed 54 7 1C
*Xenon is present in the atmosphere at 87 ppb (~0.2 Gt total) = | == Rl‘j:‘n‘i’nze R L
: : " : : o 107 5 - & I
*Current production is a parasitic process in steel industry « ] 3 Upcoming !
- 50-100 tons/year globally, subject to high volatility S | =--+ Beyond Ton Scale

Can we produce more xenon? 163 o 1(l)4 o ””1'05 - ””106 o ””1'07
sensitive exposure [mol yr]

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023
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KamLAND-Zen: KamLAND detector modified for (33 decay

KamLAND-Zen 400 KamLAND-Zen 800 KamLAND2-Zen
« 2011-2015 scheduled 2027-8

 320-380 kg of Xe
¢ ~90% enriched

« ~750 kg of Xe

 DAQ started 2019 High QE PMT &

Winstone cone

New electronics

Scintillation inner
balloon

\ U EERRNN
| L
1 1T

| 1]

-+
o S L

b\ VL T R EEEES

WEEE
177777
1777777

[ 7 4 /
| | [ L /L.

R&D paper: PTEP. Volume 2019, Issue 7, 073H01

KL-Zen 400 & 800 combined limit (90% CL)
Ty >2.3x 1026 yr
(mpp) <36 - 156 meV

0(2.6MeV) =4% — ~2%
Target (mgp) ~ 20 meV 1n S years

First search for inverted mass ordering! Phys. Rev. Lett. 130, 051801 (2023)

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



SNQ

Diol Loading of 130Te in Liquid

natTe-loaded

§ liquid scintillator I ) D I Scintillator
| (LAB based) | o Hsc\/‘:i/?ij/\%
' T e ST

Cost-effective
» Bp isotope has high (34%) natural abundance

e Liquid scintillator is also economical

Scalable X—i
 Detector design can be scaled up dramatically

« UK-developed techniques can increase tellurium loading

Sensitive 'Y
» Single- vs multi-site discrimination keeps backgrounds low

NIM, 943, 162420 (2019)

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



SNO+ scintillator performance (pre-Te addition)

ok
)

« Detector now loaded with scintillator: 780t LAB+PPO E 'F  — Data
« At0.6 g/L of PPO: first directional solar neutrino measurement E s MC

7
6 Solar background
5 suppression for Ovp[3?
’ SNO+ Preliminary
3 Partial Fill Phase (365 t)
2
b 3-F——__
0—1. . —OI8 . —OI6 —()l4 . —(;2 .O. . .012. . .O 4. . .OI6. .C.8°S8(BSU.1)1

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



SNO+ scintillator performance (pre-Te addition) SNQ

: Lok . 1 | FV=4m
« Detector now loadec} W|th scmtﬂlator. 780t LA[B+PPO Alo Lo 238 chain = (5.3+0.1)x10-17g/g
» At0.6 g/L of PPO: first directional solar neutrino measurement 3 1
« At2.2g/L-excellentlightyield, optical purity § 107 5 *+H
 Uranium and thorium chain backgrounds low enough for Ovf33 : ; ”**fﬂ gy L] {
measurement 10710 - M\W WW i l‘ ’W : ‘H ﬁ##! / i
5 | ‘ H \” (i ‘|| | “ ) || HH
1.2 ]
I 10-17 : SNO+ Preliminary H ” H ‘ ”
1.0 &= 10715 | | | | | | | |

0.8

232Th chain = (5.7+0.3)x10-17g/g

—— Two-exponential fit
¢ LAB+PPO
Deploved SNO+ Scintillator
¢  External Measurements of LAB + PPO -

1016 .

Relative Light Yield
Concentration Th232 (g/g)

1 SNO+ Preliminary

02F -
| SNO+ Preliminary | 107 | | | | | |
- I | ‘ ay June July August September October  November
L | AL | | | | L l | | A A L l | | L L l | A L L l ;| A L | l : | L L | l A | | | l
00556 0.3 X L3 2.0 25 3.0 33 3.0 Months 2022

PPO Concentration (g/L)

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



SNO+ tellurium addition SNQ

2024
» Test batch of telluric acid (TeA) planned for early January

» 200 kg test will prove large-scale TeA production is viable

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



SNO+ tellurium addition S NQ

Initial 3% Te
In
loading 1.5% Te
i i 2024
1000 » Test batch of telluric acid (TeA) planned for early January
G T e g, I — °§ﬁf§i . « 200 kg test will prove large-scale TeA production is viable
<) T — SQREA-
; o) “ 3 OQRPA-JY
3} & c; B QRPA-Tu 2025
7z A 7
72 7 OQRPA-NC
; 3 | xiBM2 e Initial loading of 0.5% natTe by mass (3.9 tonnes)
100 R ' : AISM-Tk
) | = <§> : AISM-INFN
L. 2| 88 s 2 | eccm Longer-term:
55 4| gl £ o 3 1 : . . .
- iE g & 2 B : - @  Proposal in preparation for higher loading (1.5 — 3% natTe)
1 B [ | q
10 - | -2
‘ :
l M
'
| :
- - ' §
=5 B By |2 " b =
2E0A B | Pl 1 RS
l (- 2 Lo Il | P o i1 Ks - y—
10]1 1012 1013

Tl/z()v X G'Ov

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Tracking detectors: SuperNEMO
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Almost) isotope agnostic
« Excellent background rejection
 Nuclear structure effects
 Decays to excited states
« Exotic decay searches

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



supernem?o

The NEMO principle 1©—

collaboration

The power of NEMO - 150Nd [3[3 decays to excited states at NEMO-3

B source High-granularity Segmented
tracker calorimeter NEMO-3 eey '*°Nd, 36.6 g, 5.25 y

—— Data 571 Events
208T|+2128i+228AC
214Bi
207Bi

152 154
- 234nE1|L::; Eu
Neighbours
I Radon
Ext Bkg
B 2vBp — g.s.
NEL 2vBp — 07

50

40

30

20

10

’ Al | ] | | 1 | | | | l
0.2 0.4 0.6 0.8

- BDT score

0

BDT inputs: e- &y energies and angles

TP (0F) = (111501 (stat) P 1T (syst)| x 102 yr

Eur Phys J C 83, 1117 (2023)

World’s-first observation, using eey and eeyy data

(27

Limits also set on decay to ) & Ovfp to excited states

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



supernem?o

detectors

proof of concept for future tracking

SuperNEMO Demonstrator

collaboration

AVIS

99% of tracker channels |

)

ing background and calibration data at LSM

Tak

RUN 1051 // TRIGGER 1187719+1187720+1187721
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Selena: 82Se deposited on CMOS imagers

Snowmass White Paper: arXiv:2203.08779

Imaging electron tracks for background discrimination

Goal:
mes = 4 to 8 meV (30)

(10 tons, 10 years)
Or study mechanism!
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Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Low-background measurements of Cs,ZrCls at LNGS (Italy)

CSzZFCleI
a novel crystal
scintillator

J21.5x60 mm, about 60 g

23.95¢g

10.62 g

221.1x21.2 mm g J20.5x14 mm

Cylindrical part
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Pulse-shape discrimination and a event selection

Cheryl Patrick, University of Edinburgh

3500

Experimental limits in both 94Zr & 96Zr

Dominant background - external vy from PMTs

D (il
2 10%¢ —— Beta spectrum
9 = —— Background model
(2R CO n e —— %Zr 0v2pB (9.5.59.5.)
S 10 g ‘ %Zr 2v2B (g.s.—g.s.)
i - vt ——— %Zr 0v2p (9.5.—9.5.)

10° = N %Zr 2v2P (9.5.—0.5.)

10 = A ! ' .

F n S
1: N \ I \\\
10— TR
2 | i
10—2 PP I I .1 — ] o : "."‘//’ —a
500 1000 1500 2000 2500 3000 3500
Energy (keV)

> =
_9‘) 4 —— Beta spectrum
= 10 ——— Background model
I . —— %Zr 0v2B (9.5.—9.5.)
= o6 ,
3 10° , Cyll n d e r : er 2v2p (g.5.—0.5.)
L - —— TZr 0v2p (g.s.—g.s.)

10?

#Zr 2v2B (g9.5.—g.s.)

10 = ,‘(\\,
L 'f n| i }
10 [ ! LI
- | \| .
10°" / “t |
- |
10—2? . | [\, L. . N . ] - _—
500 1000 1500 2000 2500 3000 3500
Energy (keV)
9471 9671

Ovpp

Neutrinoless double-beta decay, NuPhys 2023

OvBp

Run 1: 456.5 days
+

Run 2: 65 days

Final state of

Transition daughter

nucleus, keV
230v g.s.
2.+, 778
232v g.s.
2,*, 778

%67Zr —» %Mo

%Zr > %Mo  2B0v g.s.
2,*, 871
232v g.s.

2,*, 871

Experimental
limitonT,,, at
90%C.L., yr

> 1.5x10%°
> 1.5x10%°
> 7.4x10%Y7
> 3.8x10%
> 1.0x10Y

> 2.6x10%°
> 3.8x1018
> 2.4x1018
> 1.9x10%7

Eur. Phys. J. A 59 (2023) 176
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ZICOS (9%6Zr at Kamioka)

Conceptual design of ZICOS detector

%Zrin liquid
scintillator

inner balloon  _.-="""1 "~
':' total volujne : 180ton

y fiducial v¢l. : 113ton
4.0m

-
=
-
=
. -
-
=

Zr{iprac), 10wt.%
PPO 5wt.%

1n Anisole

d -
ﬁ. -
------'

pure water

207 PMD with QE~0.4 and TTS <Ins @ 1pe
Total PMT : 650 Photo coverage : 64%
Scintillation (energy) + Cherenkov (BG reduction)

Targets:
45kg nat Zr: T, >4 x 1025 yr

863 kg (50% enriched): T > 2 x 1026 yr
20x background reduction: 7 > 2 x 1027 yr

Phys.Rev.Lett. 117 (2016) 082503

Discrimination of signal and BG

Reconstructed vertex by
scintillation light

-

26MeVy "

Reconstructed vertex
by Cherenkov light

Balloon or
surface of
detector

e First 2v[3[3 observations next summer: 1l of scintillator and 0.4g of %Zr

100 events expected

Cheryl Patrick, University of Edinburgh

Neutrinoless double-beta decay, NuPhys 2023



NvDEX at CJPL: 828eF¢ high-pressure TPC

*HP 82SeFs TPC: topology to reject background > WUW“&!!Q!EQ@Q@QQW%W&
82SeFs electronegative: Topmetal-S sensor being developed to detect negative ions drifting Bane g e e f

*Good energy resolution expected without electron avalanche multiplication: FWHM 1%@3 MeV
*Q-value: 2.996 MeV, higher than most of the background
*To be placed at CJPL: 2400 m rock overburden

Very low background: 0.05 events/year for 100kg gas, excellent prospects for scalability =t
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Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Aurora: 116Cd p5 decay at Gran Sasso

Two 116CdWO;4 scintillating
crystals (1.16 kg) enriched to 82%

Liquid scintillator

Cheryl Patrick, University of Edinburgh

Counts / 20 keV

Counts /20 keV

Energy resolution FWHM

= 6%,

BG ~ 0.15 counts/(keV x yr x kg) at Qpp
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Neutrinoless double-beta decay, NuPhys 2023

[1] JINST 06 (2011) p08011
[2] PRD 98 (2018) 092007
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T’ >2.2x10% yr,

O < (1.8-22) x 106
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Qarameter, B to excited states [2]
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48Ca: CANDLES-III at Kamioka Lab Phys. Rev. D103, (2021, 092008

High-purity CaF, 53 sources

S — 10° '
Liquid scintillator > 93 crystals logarithmic scale
S 10 Pk
P
= T
-
Z Tt
2
g 1
D 10 :|:|_
= I
2

10 —
36 38 40 42 44 46 48 50 52 54

Energy(MeV)

Background rate < 10-3 events/keV/year/kg of natCa
- comparable to lowest background level

0 events observed (expected background 1.02)

OvBp Ty, > 5.6 x 1022 years for 48Ca
Sensitivity: 2.8 x 1022 years

Lead and boron shield for
PMTs photons and neutrons

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



CANDLES: future development for < 10meV sensitivity

48Ca enrichment using LIS CaF; scintillating bolometer

Light sensor...

Laser

4.__----

1 h‘
= — laser off
Collimator =3 == %0.8 Ia 400y —laseron , - B-a pile-up
c 48 Scintillation  eyents
2056 “ca - o1 ovBBjregion
Calcium sample = g d 9/
o l
Beam oven |
New system: 24 80mW lasers 0.9 6'I:(73F[u219 | ...plus heat sensor 4.27MeEV Heat

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Future prospects



Probing the inverted hierarchy

PRC 104, L042501

l l

v » Tonne-scale experiments have designs ready to go to probe inverted

hierarchy in 3 different isotopes

45—~ v NSM (mB’";“)IO (PDG 2021)
- QRPA —— mean* Io

40 :— ¢ EDF —— mean t 20
= |BM —— mean *+ 30

35—

llll|llll‘llll|llll|Jlll|l

Mg 99.7% CL discovery sensitivity [meV]

Different
nuclear models o If nature chose inverted hierarchy and neutrinos are Majorana - they’ll
- see Ovpf!
20} - | » If nature chose inverted hierarchy and they don’t - neutrinos are Dirac?
| l - e If nature chose normal hierarchy - we may see it anyway
- e If not...
o i
O & |
$ -
| =
nEX®
136X @

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Probing the inverted hierarchy

Parameter space vs. mass of lightest v: Sensitivity of upcoming experiments:
76
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Plot adapted from arXiv:2212.11099 by D Moore for TAUP 2023
https://indico.cern.ch/event/1199289/contributions/5262783

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



... and beyond?

Parameter space vs. mass of lightest v: Sensitivity of proposed beyond ton scale experiments:
— QS 76Ge
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Will we get what we want for Christmas this year?

Pear sSanta,

For Christmas we want:
Effictent Light/charge collection
Cheaper isotope production
Excellent energy resolution

Clever background reduction and
Ldentification

To understand wuelear matrix
elements
A Ma ljorana neutrino W ve \beew
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Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023



Will we get what we want for Christmas this year?

‘iget o+
Dear Santa, % |
o+ o+

For Chrilstmias we want:

Effictent Light/charge collection
Cheaper isotope production
Excellent energy resolution

Clever background reduction and
Ldentification

To understand wuelear matrix
elements

A Majorana neutritno 7 nave veew

: v
ook EALE yet
very 9

Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, NuPhys 2023
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AMOoRE: OvDBD of 100Mo

 Phonon and photon signals from Li219%MoQ4 (48deriCa00MoQ4) crystal using MMC and SQUID at T~10 mK.
e Discrimination of 3/y and a events.
« AMoRE-pilot and AMoRE-I completed: T?/”2>3.3x1024 years (AMoRE-I| preliminary, soon to be published).
* Preparing AMoRE-II to start its data taking in 2024.
* Place: YemilLab, Jeongseon, Korea, 1000 m underground.

* AMoRE-Il: 157 kg of Li219%MoQ4 crystals, 5+ year data taking.
* Background level at ROI (Qgs=3034 keV) goal: less than 2x10-4 counts/keV/kg/year.

« Projected sensitivity for the evident (30) OvDBD signature: T?/”2~ 4x1026 years.

AMOoRE-Il detector module

Light detector LMO detector for R&D at surface laboratory

MMC/SQUID (Si)
for light s00 B
’:";400‘ /u
) //
LioMoO4 -(%300_ g
crystal =
O
< 200~
=) |
| : Phonon =~ 100. E‘Li(n,t)“ﬂe
Light : collector ' =
reflector .
MMC/SQUID 0, : . . ; : .

AMOoRE-Il detector towers

for heat Energy (MeV,)



Two 8CdWO, scintillators (1.16 kg) enriched to 82% [1] at the Gran Sasso UL
Energy resolution FWHM = 6%, BG = 0.15 counts/(keV - yr - kg) at Q,p

Aurora: 2[3 decay of 1!eCd

Half-life (xl()” yr)

41~ 40
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BINGO:
Bi-1sotope 0v2[3 Next Generation Observatory




The goal of BINGO

 BINGO will set the grounds for a large scale bolometric experiment searching for neutrinoless
double-beta decay (Ov2B) using revolutionary technologies

* |t aims to reduce dramatically the background in the region of interest, through:

A revolutionary detector assembly:

* Reduce the Cu material seen by the main absorber - reduction of the total surface radioactivity contribution
 Having a compact assembly - anticoincidence cuts

Neganov-Luke light detectors:
 Amplification of the tiny Cherenkov signal (TeO,) - suppress alphas

* Higher sensitivity, lower energy threshold - suppress external y background using the active shield

BGO active shield

An active shield based on BGO scintillators: =
* Suppress the external gamma background (specifically essential for TeO,)

Li,Mo0, Or TeO,

Light detector

Bi-Isotopic approach: observation in 2 candidates - discovery + confirmation




The first step: MINI-BINGO undergrounad

MINI-BINGO is the demonstrator of the BINGO technology in a dedicated underground cryostat at LSM

Small-scale validation of all the BINGO elements

2 isotopes: 199Mo and 139Te
2 towers of 12 crystals each

Crystals will see nothing else that is not active

BGO crystals for an active cryogenic veto
Neganov-Luke light detectors

DO 000

Scale high enough to demonstrate

b<10%in 1y data taking
Pave the way to BINGO




Prototype tests

First cryogenic veto test with BGO

Te0, energy specirum of evenls in
coincidence with B60
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P e "L’*’Z’:’Vr‘w .u....m,
860 energy spectrum of events in

coincidence with Te0,

" BGO veto

New nylon-wire assembly

Operated two detector modules (4 Li2MoOg4 + 4 Ge LDs) at the
Canfranc underground laboratory (CROSS)

o'-'.'

| - H
"1..[:.1\:?‘*,:.‘"*'.:‘ “a '
Ewostas Require: 50 keV threshold in BGO veto
CROSS (RUNS) | comar) BGO light yield: ~ 7 keV/MeV for beta/gamma
: —> Target a 0.3 keV threshold: well in range for NTL light detectors o

LMO21.1 (418 with
small broken

corer) + LD21.1
LMO26+ LD56b

Validated stability against thermal cycling,
energy resolution ~2 keV Baseline, O(5) keV at 2615 keV
and light yield 0.25 keV/MeV for alpha discrimination



I CANDLES III

CANDLES lll @ Kamioka Lab. Energy spectrum and

BG simulation _
‘ 21 crystals

High purity CaF,
Veto system by liquid scintillator
- Shielding system for vy, n

 PMTs

s | 4l

High purity CaF,
noon | <1lEG

Counts(/0.1Me

4

10 F

10 2 sl alatalasalasialasalasrs :1===
3600 3800 4000 4200 4400 4600 4800 5000 5200 5400
Energy(keV)

—
o
N

Liguid scintillator = ——
AN § logarithmic scale

S 10 93 crystals
3. 1t

Num. of eve. 0 g .

Expected BG  1.02 *Achieved background rate I RN

Half life of 48Ca >5.6x1022y < 107 events/keV/year/(kg of "'Ca) " “Energy(MeV)

Sensitivity 2.8 x 1022y comparable to lowest background level

Ref : Phys. Rev. D103, (2021), 092008
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I Development for next detector system

48Ca enrichment by LIS

For sensitivity

principle experiment
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o
collimator = = 0.4
Ca 0.2 It Ry
Beam oven 61 63 65 6.7 6.9
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CDEX-300v pre-Conceptual Design %_5‘

Overview

* LN, tank shared with CDEX-50 (Dark Matter detection)
* Reentrant tube containing LAr submerged in LN,

* Ge detector array immersed in LAr (veto) tube
* Ge detectors divided into 19 strings (10-11 det/string, 200 in total)

— e o epr————

l E 1 :m?;m $1.2m

CJPL-II
Hall C1

1725 m?3 Liquid Nitrogen " LArtube Enriched Ge array



Ge detectors o

Enriched BEGe (Baseline)

— Mass: 1-1.2 kg; Ge-76 > 86%
— Si1ze: ¢80 X40 mm -

— Dead layer: 0.6 mm BEGe: Broad Energy Germanlum
— FWHM : <0.15% @2MeV (~2.5keV) * -
— Commercial / Home-made

ICPC: Inverted Coaxial Point Contact

ICPC (optional)

— Mass: ~2 kg
— Si1ze: @80 X 80 mm
— Dead layer: 0.6 mm
— Home-made
— Bigger Detector = Less Electronics (background)




CDEX-300v Plan

Enr-Ge detectors test started in 2022 @ CJPL-I

Test and operate LAr test facility in early 2024

Hall C1 expected to be ready for experiment this Dec.
Experimental setup in 2024

First batch of Ge detector installation and test in 2024

Hall C1 of CJPL-II



Low-background measurements of Cs,ZrCl, at LNGS (Italy)

DAMA/CRYS low-background setup at LNGS Cs,ZrClg: a novel crystal scintillator

3
’

16%ofZr %

o

J21.5x60 mm, about 60 g

23.95¢ 10.62 g
221.1x21.2 mm g J20.5x14 mm
| Ty — Cylindrical part Conical part
e OFHCCu (15cm) e HDPE (5 cm)
* Lowe-activity Pb (20 cm)  Borated HDPE (5cm)

Run 1: 456.5 days of data taking (time-window 80 pis), June 2021 - June 2022
Run 2: 65 days of data taking (extended time-window for t-A analysis, 2 ms), Oct-Dec 2022




Cs,ZrCl.: Pulse-shape discrimination and o event selection
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FoM=7.8
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—~ 10000 >
£ ad
[0 ' =
£ 9000 1 S
= o
@® >
@
L 8000 T
7000 . —
6000 3
; e o pry
5000 o N
i 08000 ~ 8000 10000
] Mean time (ns)
4000....I....l....l....l....l....l....l....
0 500 1000 1500 2000 2500 3000 3500 4000
Energy (keV)
— 10000 >
c X
~ o
€ 9000 =
= =
- C
L
g 8000
6000
a A, Bry
5000f . ‘ ‘
z 4900 6000 8000 10000
- _ Mean time (ns)
400 1 Y T T N TN TN NN TN N WO TONE W WO NN YN TN TN U NN YN YN WO YN NN WO TN MO MO N NN NN NNN A NN N NN
00 500 1000 1500 2000 2500 3000 3500 4000

Energy (keV)

10

L lllllll

I llllll|

B

I

IHII

‘(ﬂ‘www |

.

— B(y) events
— o events

Qgpg (*°Zr)

i

Selection efficiency is
99.7% in [0.1-3.5] MeV

=
;

1 1 l | | | | I |
500 1000

1 l 1 | | | I | |
1500 2000

2500

3000 3500
Energy (keV)

| |

| |

— B(y) events
— o. events

Counting rate at ROI
is 0.09 counts/(kg-keV-yr)

Qg (*°Zr)

|

T 500 1000 1500 2000 2500

3000 3500
Energy (keV)



Events/10 keV

Events/10 keV

Cs,ZrCl,: Background model

Alpha events Beta/gamma events

Internal contamination,

mBq/kg

10° E — Alpha spectrum | > N —— Beta spectrum Cone Cylind er
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B 238754 = W — Ext.y's 232 232
102 E_ —— 234 )_,230TH % 103 \% N, | - — Int BBy Th Th 0-07(2) 0.28(7)
E e 20TH_,226R4 > ™ - — Int. **Ra—?"%Pb
— h . 225R:—>2'°‘:’b - 102 | N M TR " ~— Int. *"°Pph—s205pp 228Th 0.05(2) 0.44(4)
) | .' | - 210y 205pp T T > , - = Int. **Ra—***Th
= 1 o [ - eI, BTy 235 235 0.29(4) 3.0(1)
’ lil — #*Th5%8pp 1 “:-: i -:3‘?\‘ ‘?: ANy o dj:: »
| -me- BBy 237pg l' \".‘ T e - ' \‘,‘\l . "\.\.\ . | o :n: 227:_) ’\::b 231Pa 2100(3) 33.9(3)
r [ | |—=Pasac 10 - -\\\*“» "i . '_ \\ N ; nt. - c—?
z /\/\ /\ LI o | B I | 2Ac 0.70(3) 1.08(3)
2500 3000 1074 e e '
1000 2000 3000
Energy (keV) Energy (keV) ===l 2381 0.53(4) 1.17(5)
10 E C l‘ d = Alpha spectrum % — Beta spectrum 234U 0'2( 1) 3'8( 1)
- INAGI | — Mmodel spectrum | = 4 I I — Model spectrum
oL f\ Y oy |2 UR Cylinder |- oce s 230Th 0.23(7) <0.02
= o \ n 0 ’
: ' » —’“u-&”fTh ‘g 10° 1 ~~ Int. FoU-BY 226R
= AN -~ PTh25Rg T =5 B PN - — Int. **Ra—?"%b d 0.03(3) 0.12(3)
10° = | 7 —— 226R5_,210pp 10 J.‘ - - ;; N - = Int. **Pb—2%Pb
by ! - == - #1%pp_,206pp -'-:"\-5\ ..... :f\ \\ o ! AL -~ Int. **Ra—??"Th 210Pb 2-2(2) 6'7(3)
[\'. :' \ | - m-- W27 28R4 10 . n---- “Le N\ ol Y - ==+ Int. 25 Th—2%%pp
10 7 | P 1 l N '\‘\‘ TS u u"n -~ Int K
1E '-t } o e 10~ RN b e t ________ | \\ :nt. 2272c—>2°7pb
'L _ : Nt T | T — Int. "*Cs 134
;| . | gy | RO | Cs 36(4 42(2
Y500 2000 2500 :/ao'oo' — 1072 b | E R— * ?
Energy (keV) Energy (keV) 135Cs 267(4) 289(2)
/B ratio: Contribution of external gammas * Comply with measurements on HPGe
Cone: 0.2113(14) + 0.02607(27) x E, ([MeV . . . . .
(14) (27) x E; [MeV] from PMT’s is dominant * High contamination by 23°U daughters

Cylinder: 0.2109(19) + 0.02491(20) x E, [MeV] » Segregation of impurities is observed
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Experimental limits on various decay modes in °*%°Zr isotopes
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(Big & low BG neutrino detector)

Kam LAN D'Zen Modification of KamLAND for double beta decay

Double beta decay isotope: 136Xe

. Q-value 2.458 MeV 136X e loaded
- Dissolved into LS ~3% by weight liquid scintillator
« Enrichment ~90% into the detector center

with inner balloon

» Half life of 2v[3[3 decay is long (~1021 yr)

S — B

KamLAND-Zen 800

KamLAND-Zen 400 ~750 kg of Xenon
520-380 kg of Xenon DAQ started in 2019

Data taking in 2011 - 2015

Double amount of Xe

Bigger, cleaner Xe-LS container
Improved spallation rejection method
Simultaneous fitting of single event and
long-lived products

e —
f—

KL-Zen 400 + 800 limit (90% C.L.)
TV2 > 2.3%x1026 yr

{mgp) < 36-156 meV
combined 1st result Phys. Rev. Lett. 130, 051801 (2023)
Reanalysis > T12>2.0x102¢ yr First search for inverted mass ordering!

(Feb. 2019 - May 2021)
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KamLAND2-Zen «amLanp — kamLAND?

New electronics

To improve long lived
iIsotope background
suppression. More
neutron tagging.

Scintillation
inner balloon

BG reduction from Xe-LS
container

R&D paper: PTEP. Volume 2019, Issue 7, 073H01

High QE PMT
& Winstone cone

Improve photo coverage and
light collection efficiency

Brighter LS

5(2.6MeV) = 4% — ~2%
Target <imgg, ~20 meV
In 5yrs

Prototype detector

L_
<«— stainless tank

water

+— Tyvec sheet
50 m3 y

4m acrylic vessel [ 4—LS

PMT with light collection mirror

[
>

e Solid angle dependence

o Stability (<~5%) for
about 1 month

 Energy resolution

o =3.9% @1MeV
e Data taking ongoing
for background analysis



NnEXO: Tonne-scale OvPBP with a LXe TPC

* Experiment designed for discovery of Ovp in 136Xe

e Builds on the completed EXO-200 experiment

« Homogeneous, liquid ¢""Xe time projection chamber (TPC) scaled to 5 tonne total mass

 Dominant external backgrounds exponentially attenuated, leads to background-free central region

* Status: conceptual design in progress, projected 3c discovery sensitivity mgg = 6-27 meV (T;;, = 0.74 X 1028 yr)

nEXO

EXO-200

150 kg

Detector
cross-section:

EI‘
o
<
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length = 8.5 cm
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1.35 x 10 yr

0.74 x 1028 yr

5.0 x 10%° yr
=== Median Sensitivity, 90% C.L.
=== Median Discovery Potential, 3o
O EXO0-200 Sensitivity, 90% C.L.
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Livetime [yr]
nEXO Sensitivity arXiv:2106.16243

nEXO Simulated spectrum (10 yr)

5
Signal
Background
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Ty =7.4x10%7 yr
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— ]
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Combination of Energy, Location, Topology (arb. units)
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NEXT technology demonstration

Live Kr calibration Energy resolution better than 1% FWHM
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Traditional cut-base analysis Improvement with DNNs

~70% efficiency / ~5% bkg contamination
~20% bkg contamination NEXT Collaboration, JHEP 01 (2021) 189 ‘0 12 14 16 18 20 22 24 26 28
NEXT Collaboration, JHEP 10 (2019) 052 Event energy (MeV)

v e e el I [ T120v > 0.6-1.3x1024 yr J

at 90% CL

NEXT Collaboration, JHEP 09 (2023) 190




NEXT-100 (2023-20206)

TPC
100 kg fiducial mass
3584 SiPMs (TP)
60 PMTs (EP) at15 bar 15.55 mm pitch

30 % coverage

Lead castle Inner copper shielding
20 cm thick 12 cm of ultra-pure copper

Ne” ®
AN\e

NEXT-100 detector fully assembled at LSC
Commissioning starting in January 2024!




Sensitivity [yr]

NEXT ton-scale and beyond

1028 i

1027 i

| == NEXT-HD
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NEXT-HD with symmetric TPC design

0 2 4 6 8 10 12 14
Exposure [ton yr]
PMT
Tracking Plane (TP)
Anode (0V)
L {Gate (-HV)
(Optical Fibers)
Cathode (-HHV)
Gate (-HV)
EL {Anode (av)

Tracking Plane (TP)

NEXT-HD first module can reach 1027 yr
sensitivity with 4 ton-yr exposure.

To explore 1028 yr sensitivity, further
pbackground reduction and higher signal
efficiency are essential.

Both may be achieved with NEXT-BOLD,
Implementing Barium Tagging.

Sing/e T~

Mucrwoence m."m,
pe Fheol (a2

Barium Tagging
Detector (BTD)

(a.13) s010830Q Bunjor) - ABieusz

Cathode (0V) EL (+HV)

J.Phys.Conf.Ser. 850 (2015) 1, 012002; JINST 11 (2078) 12, F1X111; Phys. Hev.
Lett. 120 (2018) 13, 132504. Sci.Reo. 8 (2019) 1. 15027, Nature £83 (2020) 7814,
48-64; ACS Gens. (2021) 6, 1, 192-202; arXiv:2201 08039, arXiv:2108.02902



NvDEXx: ®2SeF, HP TPC

* HP 82SeF, TPC: topology to reject background

» 82SeF. electronegative: Topmetal-S sensor being developed
to detect negative ions drifting

—

* Good energy resolution expected without electron G D R Sy

avalanche multiplication: FWHM 1%@3 MeV ' -:r“a'.'\““f{""’?”4"*’9—93.*399?::-3"???*’?‘?{‘ =
 Q-value: 2.996 MeV, higher than most of the background .
* To be placed at CJPL: 2400 m rock overburden

* Verylow background: 0.05 events/year for 100kg gas,
excellent prospects for scalability
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PandaX-4T

* A dual-phase TPC with 3.7 tons of xenon at China Jinping Underground Laboratory

 More than 300 kg of 13%Xe in the sensitive volume

 Commissioned since late 2020: Run 0 (~95d); Run1 (~ 154 d live time)

- =y A S




136Xe DBD half-life measurement

o 135Xe DBD half-life measured by PandaX-4T: 2.27 + 0.03(stat.) £ 0.09(syst.) x 10%! year
e 440 keV — 2800 keV range is the widest ROI
 Comparable precision with leading results

 First such measurement from a natural xenon TPC

200 N
.- 2/NDF =1.10 — Dat — Best Fit u
}—+—{ PandaX-4T, 2022 S X ey gy .
2 150 — Top Zggro — Top :;I;( ]
T h T U .
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NEXT. 2021 O -
I l | ) . ) - .Y e ’ ’]
| | | % 5F -
20 22 24 26 2.8 3.0 3.2 G O A A o e A e SR “?‘é

Half-life (104! year o A R — o
(10°" year) 9500 1000 1500 2000 2500

Research, 9798721 (2022) Energy [keV]



PandaX-xT: Multi-ten-tonne Liquid Xenon Observatory

* Active target: 43 ton of Xenon

* Decisive test to the WIMP paradigm
* Explore the Dirac/Majorana nature of neutrino

* Search for astrophysical or terrestrial neutrinos and
other ultra-rare interactions

* Improved PMT, veto, vessel radiopurity, etc

» Staged upgrade utilizing isotopic separation on

natural xenon.

Outer
Vessel

IVETO

Inner Cu
Vessel

Top PMT
Array

Active
Volume

Bottom
PMT Array




PandaX-xT for NLDBD

* 4 ton of 136Xe: one of the largest DBD experiments

* Effective self-shielding: Xenon-related background dominates

—

Inverted MO

Normal MO
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s e I e n a Snowmass White Paper: arXiv:2203.08779

» 10-ton 825e active target with exquisite spatial resolution for signal identification.
» Large-area hybrid CMOS imagers with ~5-mm thick layers of amorphous 82Se.
» Leverages existing industrial capabilities for CMOS fabrication and aSe deposition for scalability.

» Neutrinoless g decay sensitivity of m;; =4 to 8 meV (30) in 100-ton year.

» Currently in R&D stage with small pixelated devices.
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Demonstration of ~MeV electron tracks!
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suppression of single electron background, with 50%
sighal acceptance.

> Bulk backgrounds suppressed by a/f3 particle ID,
spatial correlations.

Events / [t x yr x 5 keV]

10 Simulated Experimental Data
E """ Expected OVv@f3 Peak, 0=33 keV T1/2=1028 yr
e T 2vff Background
B 2vBp Background + OvPp Excess
1
- 0 —
- 1% RMS res. Qﬂﬂ— 3 MeV
1071
i LI
10—2 — -1-[_ -+
B L1 ] ] | ] ] ] ] | ] ] | ] | ] L!_Li 4 J o o o o
2900 2950 3000 3050 3100 3150
E [keV]

100 ton-year simulation

Selena 43/

> By identification of Bragg peaks, can achieve 10-3

Background rate <6 x 10-° /keV/ton/year!

3o discovery for T12=2 x 1028 y in 825e

Or study Ovpp mechanism after ton-scale

discovery!
Simulation:
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SNO+ Detector

Papers

* Detector paper: JINST 16 (2021) 08, P08059 and
https://arxiv.org/abs/2104.11687

" hitos:/ T ore/10.1088/174, 0921 16/05/205009 and
PS. Ol.0r o - an

https://arxiv.org/abs .

* Te loading paper: NIMA 1051 (2023) 168294 and
https://arxiv.org/abs/2011.12924

* Scintillator flow: NIMA 1055 (2023) 168430
https://www.sciencedirect.com/science/article/pii/S016890022300420
5 and https://arxiv.org/abs/ .

Posters

Cosmogenic Neutron Multiplicity in Water at SNO+
Measuring Solar Neutrino Oscillations in the SNO+ Detector

Muon track reconstruction in the scintillator phase of SNO+
Calibration of the Scintillation Timing in SNO+ using In-Situ Backgrounds

The SNO+ journey towards Ov33
Measuring SNO+ Scintillator Optics with SMELLIE

(maybe one more coming by Cal Hewitt)
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20 July 2023

Detector now loaded with 780t LAB+PPO
 Data taken at 0.6g/L PPO and 2.2g/L PPO
* High light yield and Excellent optical purity (2.2g/L plots below)
* First event-by-event directional reconstruction of solar neutrinos
demonstrated with 0.6g/L PPO
* Exciting potential for solar background suppression for OvSf
 Adding BisMSB to increase light yield further, evaluating light yield as
we go
* Plot shows 0.5kg added from bottom of detector and starting to
miX, tracked through 21%Po decays




Scintillator Performance

Uranium and Thorium chain backgrounds in 2.2g/L LAB-PPO measured through BiPos:

* 238 chain = (5.3 £ 0.1)x1077g/g * 2Th chain = (5.7 £ 0.3)x107""g/g

Both below 0vfSf requirements
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Tellurium Addition

* |nitial loading of 0.5% "3Te by mass (3.9tonnes) in 2025

* Proposal in preparation for higher loading (1.5 — 3% "3tTe)
future phases

* Test-batch of purified Telluric-Acid (TeA) in early January TeA plant
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We are preparing to do a full scale run, purifying 200kg of TeA in the CoE allE |2 | 2: g
. . . 1 oo | | ) N, e T~ : —
underground plant very soon. If successful (fingers crossed) this will prove that  ,u 1012 1013

the plant is fully operation and that we can purify the TeA on a large scale. Tl/()v x GOV
2



