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Introduction

- Originally my=0 in standard model

Survival Probability

12

—_

<
oo

o
o

<
~

<
)

(=)

. from oscillation experiment

- previous — e KamLAND data
reactor experiments I - Neutrino oscillation with real reactor distribution
o ILL
B B Goesgen T
A Savannah River T° ]
V¥ Palo Verde
B O CHOOZ [
O Bugey
B A Rovno Tr
¢ Krasnoyarsk
| | | | | | | | | ] | |
107 107 10" 1 10 20 30 40 50 60 70 80
L,/E (km/MeV)
_ _ .. 9 ) @-‘ 2 2 2
P(U. — D) ~ 1 —sin”(26) sin o Ami; = m; —m;

[#M Dirac or Majorana particle?

Absolute mass scale?
Mass hierarchy ?
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—\)
e m|2
Vi —_— - m?
= Vr m3?
m3?2 m32
~7%105eV2 | m,2
~2x%1073 eV2
m22 ~2x 103 eV?2 ?
m2 ~7%10-5 eV? m32
? ?
0
Normal Inverted Degenerated
hierarchy hierarchy Mmi=mz2=ms
ms » mi~m; mi~mz » ms > |mi-mj|

Dirac neutrino

vV F£ U

Same mass for right and left-handed
All leptons except for neutrino is Dirac type

Majorana neutrino
V=1V

Lepton number violation (AL = 2)

Can be different mass for right and left-handed neutrino ‘

m Search for neutrinoless double beta (Ov[33) decay



Neutrinoless double beta decay

Observed in (Not yet obsewed) If OVBB decay observed
various isotopes \-

N \ OvBB é —» Majorana particle (v=v)
2vpp deiay v ecay — see-saw mechanism 7 leptogenesis ?
e Lve, s e ¢ — lepton number violation
SSSS Ve e— k

— Neutrino mass hierarchy

— Neutrino effective mass
— hint for neutrino (absolute) mass
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Experimental sensitivity

Decay rate of OvBB <—=> Effective neutrino mass

(Tlo/VQ) — GOV|M0u|2<mV>2

Half life Mass of

1 Past isotopes
: ~100 meV —>  ~1025yr 10~102 kg
— Present
5 107" ~50 meV — ~1026yr  102~103kg
E% Inverted Hierarchy
1072 Future
I ~10 meV orless ~1028yr afew 103kg~
. Normal Hierarchy _
_3 Experiment needs
107F | | | - capacity of large isotope mass

10_4' 10_3 10_2' 0! - low background

- high efficiency
Miighiest (EV) - good energy resolution



Isotopes for double beta decay (a-value > 2mev)

- No perfect isotope for double beta decay experiment

TABLE II Target isotopes currently being pursued by leading Ov33-decay experiments. The reported 2v(53-decay half-life
values are the most precise available in literature. The OvB33-decay half-life values are the most stringent 90% C.L. limits.

Isotope Daughter @Qpg® foat” fenr© T12/”2’8 Ad Tlo/”f Pe
keV] 7] (7] [yr] [yr]
¥Ca  BTi 4 267.98(32) 0.187(21) 16  (6.475 &(stat) g5 (syst)) - 10™° > 5.8 - 10%?
Ge  "Se 2039.061(7) 7.75(12) 92 (1.926 £ 94) - 10** > 1.8 - 10°°
%2Se S2Kr 2997.9(3) 8.82(15) 96.3 (8.60 £ 0.03(stat) {13 (syst)) - 10™ > 3.5-10%
67y Mo  3356.097(86) 2.80(2) 86  (2.354 0.14(stat) £ 0.16(syst)) - 10*? > 9.2.10%!
199\o  '°Ru 3034.40(17) 9.744(65) 99.5 (7.12X71%(stat) £ 0.10(syst)) - 10*® > 1.5 -10**
116cq  116gp 2813.50(13) 7.512(54) 82  2.631%11.101° > 2.2.10%
130Te  139Xe 2527.518(13) [34.08(62)] 92  (7.7115 05 (stat)d 5 (syst)) - 10%° > 2.2 .10
136Xe  13°Ba 2457.83(37) 8.857(72) 90  (2.165 + 0.016(stat) + 0.059(syst)) - 102 [> 1.1 107
1ONd  '*°Sm  3371.38(20) 5.638(28) 91  (9.34 £ 0.22(stat) 702 (syst)) - 10™® > 2.0 - 10%2

2 Values from (Alanssari et al., 2016b; Fink et al., 2012; Kolhinen et al., 2010; Kwiatkowski et al., 2014; Lincoln et al., 2013; Mount
et al., 2010; Rahaman et al., 2008; Rahaman, S. and Elomaa, V. V. and Eronen, T. and Hakala, J. and Jokinen, A. and Kankainen, A.
and Rissanen, J. and Suhonen, J. and Weber, C. and Aysté, J., 2011; Redshaw et al., 2009, 2007).

b Values from (Meija and other, 2016).

¢ Values from (Abgrall et al., 2021; Artusa et al., 2017; Barabash et al., 2014, 2011; Dafinei et al., 2017; Gando et al., 2012; JSC Isotope,
last accessed: Sep. 2020a,l,]l; Kishimoto, 2018). Enrichment is performed via gas centrifuge for all isotopes except for ®Ca, for which
the unpublished report in (Kishimoto, 2018) used electrophoresis (Kishimoto et al., 2015). For 967r, 86% is commercially available
(JSC Isotope, last accessed: Sep. 2020a), however a 91% enrichment was achieved at smaller scale (Finch, 2015). For 16Cd, 82% is
the highest value used in a OvB33-decay experiment(Barabash et al., 2011), however enrichment up to 99.5% is possible(JSC Isotope,
last accessed: Sep. 2020d). For '°9Nd, 91% is the highest value used in a Ov3/3-decay experiment(Barabash et al., 2018), however
enrichment up to 98% is possible(JSC Isotope, last accessed: Sep. 2020c).

d Values from (Agostini et al., 2015; Albert et al., 2014; Alduino et al., 2017b; Argyriades et al., 2010; Armengaud et al., 2019b; Arnold

et al., 2016a,b; Azzolini et al., 2019b; Barabash et al., 2018).
© 90% C.L. limits from (Adams et al., 2021b,c; Agostini et al., 2020b; Argyriades et al., 2010; Armengaud et al., 2021; Arnold et al.,
2016a; Azzolini et al., 2019d; Barabash et al., 2018; Gando et al., 2016; Umehara et al., 2008).

“Toward the discovery of matter creation with neutrinoless double-beta decay”, arXiv:2202.01787v1 [hep-ex]



Ex pe ri men tS from arXiv:2202.01787v1 [hep-ex]
B Recent (++ completed)

Future
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for "®Ge experiments, orange for '*®Xe, blue for *°Te, green for
100Mo, and sepia for ®2Se. Similar exposures are achieved with high mass but poorer energy resolution and efficiency by gas
and liquid detectors, or with small mass but high resolution and efficiency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.



Ex pe ri men tS from arXiv:2202.01787v1 [hep-ex]

TABLE IX Other detector concepts. Existing experiments are marked with a dagger.

Project

Isosope(s)

Detector technology, main features, and references

CANDLES'

B

Array of scintillator crystals suspended in a volume of liquid scintillator.
Possible operation as cryogenic calorimeters.
Ajimura et al. (2021) and Yoshida et al. (2009)

COBRA'

Y
114,116
Cd,

128,130,

CdZnTe semiconductor detector array.
Room temperature; multi-isotope; high granularity.

Arling et al. (2021); Ebert et al. (2016a,b); and Zuber (2001)

Selena

828e

Amorphous “"*Se high resolution, high-granularity CMOS detector array.
3D track reconstruction (O(10um) resolution); room temperature; minimal shielding.
Chavarria et al. (2017)

NvDEx

82Se

High-pressure gaseous ®?SeF¢ ion-imaging TPC.
< 1% energy resolution; precise signal topology; possible multi-isotope.
Mei et al. (2020) and Nygren et al. (2018)

R2D2

13@X€

Spherical TPC.
Single readout channel; inexpensive infrastructure.

Bouet et al. (2021)

AXEL

13QXE

High-pressure TPC operated in proportional scintillation mode.
High energy resolution; possible positive ion detection.

Obara et al. (2020)

JUNO

Isotope loaded liquid scintillator.
20 ktons of scintillator; multi-isotope; multi-purpose.
Abusleme et al. (2021) and Zhao et al. (2017)

NuDot

Liquid scintillator with quantum dots or perovskites as wavelength shifter for Cherenkov light.
Discriminate directional backgrounds; multi-isotope.
Gooding et al. (2018); Graham et al. (2019); Winslow and Simpson (2012); Aberle et al. (2013)

Z21COS

96Zr

Zr-loaded liquid scintillator.
Topology and particle discrimination via Cherenkov light readout.
Fukuda (2016) and Fukuda et al. (2020)

THEIA

Water-based loaded liquid scintillator with Cherenkov light readout.
Topology and particle discrimination; multi-isotope; multi-purpose; 25 ktons of water.
Askins et al. (2020)

LiquidO

Opaque isotope-loaded liquid scintillator with wavelength shifting fibers for event topology.
Room temperature; multi-isotope; multi-purpose.
Buck et al. (2019) and Cabrera et al. (2019)




Expe ri me nts from arXiv:2202.01787v1 [hep-ex]
B Recent (v+ completed)

1 Future
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for "®Ge experiments, orange for '*®Xe, blue for *°Te, green for
100Mo, and sepia for ®2Se. Similar exposures are achieved with high mass but poorer energy resolution and efficiency by gas
and liquid detectors, or with small mass but high resolution and efficiency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.



Germanium detector

- 76Ge (N.A. 7.6%, Q-value 2039 keV). Enriched material is available.
- Excellent energy resolution O(0.1)%@Qvalue
- HPGe detector array

From the Current Generation to the Ton Scale

LEGEND-200: Now in
commissioning

Julieta Gruszko | OvBB in Ge | Neutrino 2022

LEGEND-1000: Conceptual design
development continuing

ey O\l
GERDA: Final Ov[3B results published arXiv: 2107.11462
PRL 125, 252502 (2020)

9

Neutrino2022 Gruszko
*Neutrino2022: —a2— K J /ERT—HFEKRE WERSE. 2FIc—ERE. I XTplenary talk.




G E RDA (GERmanium Detector Array) Completed

- Located at Laboratori Nazionali del Gran Sasso (ltaly), ~3600 m.w.e.
« 44.2 kg of up to 87% enriched 76Ge crystals
- Energy resolution: ~3 keV FWHM @ 2039 keV

Plastic scintillator panels
& ; - \"\\l;\\{
~::.:tf‘ \,,w I RS
A\ |

e fibers :
- 590 m3 Wate curtain {
- Cherenkov !i!l}‘!”
- PMTs \|
detection - 41 detectors
HPGe
detector - [ strings
array
- 64 m3
- cooling
- shielding g
- aCtlve Ve’EO PMTs /

Figure 6. Schematic view of the GERDA setup. Figure published by Nature, 2017 [62].
arXiv:2109.07575v1 [hep-ex] 15 Sep 2021



Latest result of GERDA

- Phase Il: 2015-2021, 103.7 kg-yr exposure

Phys. Rev. Lett. 125, 252502 (2020)

Counts / 15 keV

[ | Prior to analysis cuts
B After analysis cuts

II_IJI IL.IJ| | ||| |

GERDA 2020

2vB B decay (Ty/, = 1.93 x 10! yr)

1000 1500 2000 2500 3000 3500 4000 4500 5000
Energy (keV)
[ |Prior to analysis cuts [l After analysis cuts
10°

T | ) Best value for Ge detector

S i

210"}

g GERDA Phase | + 1

g h | ‘ TR 1 Exposure: 127. 2 kg yr
: 1 I 1 1 | 1 1

01 - 2000 2200 2400 2600 lelt (90% C L )
B § Background best fit and 68% C.L. interval § T
2 | B 90% C.L. T}, lower limit (1.8 x 10?® yr) 5 26
=i @ Tie > 1.8 x 1026 yr
S
I :_
e ‘ Mgg < 79 = 180 meV

i N | assuming ga ~ 1.27
10_4 | | | | | | | | | | | | | | |
1950 2000 2050 2100 2150 R —
Energy (keV)

BIL: 5216 .1 3 x 107 cts/(keV-kg-yr)



MAJORANA Demonstrator oD search

Located at Sanford Underground Research Facility (USA), ~4300 m.w.e.
-« 29.7 kg of 88% enriched 6Ge + 14.4 kg natural Ge detectors
- Energy resolution: 2.5 keV FWHM @ 2039 keV
- Low noise electronics

) , »
Muon Veto Poly Shield
Pancls

Radon (ONy
- ! —— — " — I\J I,
Enclosure

“N B}l
|
/
N 1
Inner Cu
Shield

QOuter Cu
Shield

— [ [

[N. Abgrall et al. Adv. High Energy Phys 2014, 365432 (2014)]

Cryostats




Latest result of MAJORANA Demonstrator

- 2015-2021, 65 kg-yr exposure

Neutrino2022 Gruszko

- g ) 1
> .
6 —— All Cuts -
2 L —— 90% C.L. Limit 8 S
wn . . —_— 1
< Preliminary Background Leve o
§ — 10-'l -
3 i
2 T 4
é : 1072 3
2 - —— observed
B = e median for no signal
I} IlII I 1073 [ 1o probabiliy interval ; =
o L. | ) | - [ ] 20 probability interval Drellmlnary .
2000 2100 2200 2300 I : i
Emrgy[kev} 10-4 lllljllllllllll[llll‘llI‘l‘ll‘llllllll‘
0 002 004 006 008 0.1 0.12 0.14 0.16 0.18 0.2

Background Index: (6.2 + 0.6) x 103 cts/(keV kg yr)
Energy resolution: 2.5 keV FWHM @ Qg
Frequentist Limit:

Median T, Sensitivity: 8.1 x 102> yr (90% C.1.)

65 kg-yr Exposure Limit: Ty, > 8.3 x 102> yr (90% C.1.)
Bayesian Limit: (flat prior on rate)

65 kg-yr Exposure Limit: Ty, > 7.0 x 102 yr (90% C.1.)

/T, [1/(10%yn)]

Mpg < 113 - 269 meV

Julieta Gruszko | OvBB in Ge | Neutrino 2022
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LEGEND Soon / future

Target sensitivity for LEGEND-200: > 1027 yr (10), LEGEND-1000: > 1028 yr (NO)

Neutrino2022 Gruszko

LEGEND Approach: Phased Deployment CEGEINU)

LEGEND-200:

* 200 kg, upgrade of existing GERDA
infrastructure at Gran Sasso

e 2.5keV FWHM resolution
* Background goal

< 0.6 cts/(FWHM t yr)

< 2x10*% cts/(keV kg yr)

 Now in commissioning, physics
data starting in 2022

LEGEND-1000:
e 1000 kg, staged via individual payloads (~400 detectors)

Julieta Gruszko | OvBpB in Ge | Neutrino 2022

 Timeline connected to review process
* Background goal <0.025 cts/(FWHM t yr),<1x10™ cts/(keV kg yr)
e Location to be selected

arXiv: 2107.11462

33
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for "®Ge experiments, orange for '*®Xe, blue for *°Te, green for
100Mo, and sepia for ®2Se. Similar exposures are achieved with high mass but poorer energy resolution and efficiency by gas
and liquid detectors, or with small mass but high resolution and efficiency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.



C U O RE (Cryogenic Underground Observatory for Rare Events )

Voltage [mV]

130Te (N.A. 34.2%, Q-value 2527keV).

Located at LNGS (ltaly), ~3600 m.w.e.

TeO:2 bolometers (988 crystals in 19 towers, 742 kg),
a total mass of 130Te = 206 kg, 188 kg of 128Te
Energy resolution ~8 keV FWHM @ Q-value

heat bath
(~10mK)
weak
thermal
coupling
Thermistor

EE— ——Cu frames

PTFE
supports

Ge-NTD

Absorber —
crystal

TeO2

5x5%x5 cms3

-3200

crystal: E—-AT :
(AT = E/C ~ 0.1 mK/MeV ) :

-3400

-3600

-3800

-4000

-4200

<

4400}

Running

@ Cryogenics 102, 9 (2019)

~ Support
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Internal
N Lead
Shield

Operated at ~10 mK
(7mK as lowest).

T sensor: AT—AV E - Start DAQ in Apr. 2017
] »+ Goal of exposure: 3 t yr of TeO>
(~1 ton yr of 130Te)



Latest result of CUORE

130Te OvP[3 decay search

6

CUORE

I Base cuts
N Base cuts + AC

2100 60Co sum
Base cuts + AC + PSD o 80
Total exposure: e miton g BOU\:”
1038.4 kg yr TeO>, 288 kg yr 130Te 1o Background-onk f 3 L s

2,500 2,520 2,540 2,560

238y

Selection efficiencies: 92.4(2)% T oy 6% Eneray (keV) 210pg
b * | 190pt
L 0 M ‘ 214 2087 232Th

130Te QBB: 2527.5 keV g 10 i, i o
8

i IIIIII|'|| IIIII|T|] TTTI

Reconstructed energy resolution at Qgg:

78(5) ke\/ FWHM | 1 E;1ergy (keV)

fn '
. 230Th+ “ \/ 210R

5,000 6,00C

ROI background index (B)
~ 1.49(4) x 102 c/(keV-kg-yr)

CUORE limit (Te) - Nature 2022

102_—

CUORE ultimate sensitivity (Te)

OVB B a n a | yS i S Inverted hierarchy

10F

Mg (MeV)

Half-life limit for OvBB in 130Te (90%C.1. including syst.)
Tov 172 (130Te) > 2.2 x 1025 yr Normanierarehy

Mg < 90 - 305 meV

10—1 1 I |

.|| Other isotopes
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Mightest (MEV)

ReSU/t ,OUb//Shed on Na ture (2022) 'I Adams D. et al. (CUORE collaboration), Nature 604 (202

Bul https://www.nature.com/articles/s41586-022-04497-4

May 31st, 2022 - Neutrino 2022 - |.Nutini (Milano Bicocca)
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SNO"‘ Phase I ~780 ton LS Soon

Original: Neutrino oscillation experiment with heavy water, SNO. Nobel prize in 2015

- 130Te (N.A. 34.2%, Q-value 2527keV).
- Located at SNOLab (Canada), ~5890 m.w.e.
- 130Te loaded liquid scintillator (LAB/PPO with 0.5% natTe).

- Target sensitivity for Phase I: 10O (~ 4 ton), Phase Il: NO (~20 ton)

ICHEP 2022, Weinheimer

MUNSTER

S N@ is an operating neutrino detector at SNOLab with 780 t
of liquid scintillator (2.2 g/L PPO in LAB)
Water Phase: completed

set world-leading limits on invisible nucleon decay
measured the 8B solar neutrino flux with very low backgrounds

——ww SNO+ £

Pure Scintillator Phase: now
detecting low energy 8B solar neutrinos
detecting reactor (and geo) antineutrinos to independently
measure Am?,

supernova neutrino live
courtesy: Christine Kraus

Double Beta Decay Phase: o (e RFrRCIE o o P
- add up to 4,000 kg of 13°Te to the detector
with sensitivity in the IM Ordering parameter space g i : ? i m
Tellurium systems are built ready for operation: ;a | } E ¢
Full-scale test batches in 2022 and 2023 : i
Goal: Begin loading Te in the detector in 2024
T, x G

Christian Weinheimer — Neutrino Mass and Nature — ICHEP 2022 New Physics Sensitivify: Phase-Space-Weighted Half-life
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1 Future
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for "®Ge experiments, orange for '*®Xe, blue for *°Te, green for
100Mo, and sepia for ®2Se. Similar exposures are achieved with high mass but poorer energy resolution and efficiency by gas
and liquid detectors, or with small mass but high resolution and efficiency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.



C U PI D (Cuore Upgrade with Particle ID)

- CUORE’s BG: from alpha particles (~90%)
- Background rejection with PID -> Scintillating bolometer
- Target sensitivity: 12 - 20 meV

CUPID: past and future

'
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CUPID demonstrators:
a rejection with light

100Mo and 22Se Ov2p

Best limits on

(@

CUORE: first ton-scale
DBD experiment at 10 mK
No particle ID

J

D-O

New demonstrators for
deeper investigations of
normal mass ordering
(CUPID-1T)

Poster 186
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C U PI D -O (First pilot detector for CUPID)

Completed

arXiv:2206.05130 [nucl-ex]

22Se (N.A. 8.7%, Q-value 2998keV) = 't e
95% enriched Zn82Se bolometer 2 r 1 =
0 ; . HEE - pe'ayed Coincidences Veto . ‘é
Operated at LNGS %10_1__ — 0% C.l. Bayesian upper limit + measured background N g
] § —§ 10 ©

: Exposure 16.59 kg yr 5T :

3 2
T12> 4.6 x 1024 yr (90% C.L.) O 1
e . 1 — 105

CUPID-Mo

- A demonstrator for CUPID i

- Target isotope 19%°Mo (Q-value 3034 keV) 5
in Li21%MoOs4 (scintillating bolometer)

- Total of 2.26 kg of 190Mo

W= - Higher energy resolution

(7.4 vs 20 keV)
- Low radioimpurity
" (ZnSe crystals ~30 times higher
® !  U/Th contamination)
#e .
9 ) - Easier crystal growth

2800 2850 2900 2950 3000 3050 3100 3150 3200

Energy [keV]

2.5
| LMO1, Physics data Heat/Light separation
- + Woe/yLY cut
P [+ Withe/y LY cut
B + ;
B j gﬁ% * > 99.9% o separation
15—
- By « >99.9 % B/Y acceptance
| __ +
: o3
B +
05—
B EPJ-C 80:44 (2020)
0 [ i 1 1 | 1 T 1 1 | 1 1 | 1 I 1 1 I 1 | 1 1 1 1 I 1 1 1 1 |
0 1000 2000 3000 4000 5000 6000

Heat signal (keV)

Exposure (190Mo) 1.17 kg yr
TV2> 1.5%x1024 yr,
Mgg < 0.31-0.54 eV

Phys. Rev. Lett. 126, 187802

T —


https://arxiv.org/abs/2206.05130

Ex pe ri men tS from arXiv:2202.01787v1 [hep-ex]
B Recent (++ completed)

Future

Isotope mass (m,,) Total efficiency Energy resolution (o)  Sensitive exposure  Sensitive background Background rate
[mol] act " Eoont  Emwa  Erol [keV] [(mol yr)/yr] [events/(mol yr)] [events/yr]
10 102 10° 10* 0 02 04 06 1 10 10> 1 10 10® 10° 10* 10°10*10°10%10" 10210" 1 10 107
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for "®Ge experiments, orange for '*®Xe, blue for *°Te, green for
100Mo, and sepia for ®2Se. Similar exposures are achieved with high mass but poorer energy resolution and efficiency by gas
and liquid detectors, or with small mass but high resolution and efficiency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.



EXO-200

Completed

- 136Xe (N.A. 9.6%, Q-value 2458 keV). Located at WIPP (U.S.), ~1600 m.w.e.
- ~175 kg of liquid Xe (80.6% enriched) in a time projection chamber
- Energy resolution ~1.2% FWHM after electronic upgrade
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Large area Avalanche Photo Diodes
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Charge collection - 8kV
Example of TPC schematics (EXO-200)

< >

40cm

Scintillation collected by APDs

Amount and position of charge
collected by 2 wire grids

Topological classification of event (single site/multi site) — signal/background discrimination



F i n al resu It Of EXO _200 Phys. Rev. Lett. 123, 161802 (2019)

. Phase | Sep. 2011 -2014 (122 kg yr), Phase Il 2016-2018 (55.6 kg yr).
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EXO-200 Limit (90% C.L.)

TV2> 3.5 x 1025 yr
Mg < 93 - 286 meV




nEXO

- ~5ton of Xenon

- Target energy resolution: ~46 keV FWHM @ Q-value
- Target sensitivity ~ 1.35%1028 yr, 5-20 meV (10yr)

Y Charge
collection
grids

N

175 nm scintillation
light detecting APDs

<130 cm—»

Outer Cryostat /‘

/
Vacuum

Field Rings

Inner Cryostat Cathode

Future

ICHEP 2022, Weinheimer

nEXO: a single phase 13¢Xe-enriched LXe TPC

nEXO: LXe TPC
enriched 13¢Xe:
energy resolution:
background index:

— expected sensitivity (10 yr):
— expected sensitivity (10 yr):

5t
~ 46 keV (FWHM)

B =7-10"° counts/(FWHM kg yr)

T1), > 1.35-10%8 yr (90% C.L.)

G Adhikari et al. (nEXO Coll.) J. Phys. G: 49 (2022) 015104

10°
> 10~ {PRL 123, 161802 (2019) ) /
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courtesy Giorgio Gratta
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EXO-200: | nEXO: Improvements:

Thin-walled Thin-walled Lower background
Vessetl ?nd commercial Cu electroformed
CIyosta WIHFE Cu wHFE
High Max voltage: 25 | Operating Full scale parts tested in LXe prior to installation to
voltage kV (end-of-run) | voltage: 50 kV minimize risk

Cu clad Cu clad Same cable/feedthrough technology, R&D identified
Cables polyimide polyimide 10x lower bkg substrate and demonstrated digital

(analog) (digital) signal transmission

e 5 ms (req.), Minimal plastics (no PTFE reflector), lower surface to
e lifetime 5-5ms 10 ms (goal) volume ratio, detailed materials screening program
Charge c Al Gridless R&D performed to demonstrate charge collection with
collection rossedWires | odular tiles tiles in LXe, detailed simulation developed
Light APDs + PTFE SiPMs around SiPMs avoid readout noise, R&D demonstrated
collection reflector TPC barrel prototypes from two vendors
Energy 1.09 1.2% (req.), Improved resolution due to SiPMs (negligible readout
resolution < 0.8% (goal) noise in light channels)
. Minimize readout noise for light and charge channels,

Electronics Conv?ntlonal Ln LX((; (’148/.0' nEXO prototypes demonstrated in R&D and follow

feom temp S from LAr TPC lineage
Background | Measurementof | Measurement of | RBC program follows successful strategy
control all materials all materials demonstrated in EXO-200

. >2 atten. length | >7 atten. length Exponential attenuation of external gammas and more

Larger size

at center

at center

fully contained Comptons
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Ka m LAN D -Ze n Modification of Kg)r(')T(')] E/nA\LI\SI D (reactor-, geo-, solar-, astro-nu etc)

Double beta decay isotope: 136Xe

 Q-value 2.458 MeV 136Xe loaded
» Dissolved into LS ~3% by weight liquid scintillator
 Enrichment ~90% into KamLAND center
with inner balloon
« Half life of 2vB[3 decay is long (~1021 yr) — —

KamLAND-Zen 800

Kagrzlg_?ﬁor\iD-fien 400 ~750 kg of Xenon KamLAND2-Zen
Data tékini i35011ei] 3?)15 DAQ started in 2019 Bette?etnoenr;; 1r::s)i)elution

iz —— .

— NeZ_\ NS
13} x |

« Double amount of Xe

\ Bigger, cleaner Xe-LS
container

* Improved spallation
rejection method

« Simultaneous fitting of
single event and long-
lived products

1st result
> T12 > 2.0%1026 yr (Feb. 2019 - May 2021)

combined
(next page

Reanalysis



136Xe Half-life limit (KL-Zen 800)

Internal 10 volume bins (1.57-m-radius spherical volume) x 3 time bins

Singles data
(sensitive to Ovpf rate)

Livetime = 523.4 days

Long-lived product data

(used to constrain the LL rate)

Livetime = 49.3 days

(a) Singles Data Total 136Xe Oupp (90% C.L. U.L.) E(b) Long-lived Total 136Xe Oupp (90% C.L. U.L.)
"""" Total (Oupp U.L.) —-— Carbon spallation + '¥"Xe % Data ~+wee+ Total (Oupp U.L.) —-— Carbon spallation + '¥"Xe
> 104 ' 136Xe 2upp Xenon spallation products > 104 B 136Xe 2upp Xenon spallation products
< = Internal RI 0-) = Internal RI
> L=, ~-~-- IB/External RI > i ~-~-- IB/External RI
8 = = T T Solar neutrino ES+CC 8 = Solar neutrino ES+CC
. 102_ a1 1. + D ) 102 M T + b
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) E . T : t O E :
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1 136Xe OvPB[3 decay rate for KamLAND-Zen 800
" Bestfit: 0
" Upper limit (90% C.L.): < 7.9 events/Xe-LS(30.5 m3)

|L° T2 > 2.0%1026 yr (90% C.L.)

(=N e )
—_ = =
[N e

=)
—

o
]
&

Xenon spallation rate
[Events/Day/Xe

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 0.02 0.04 0.06 0.08 0.1 0.12

OvpP rate [Events/Day/Xe-ton]




Limit on the effective neutrino mass
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arXiv:2203.02139v1 [hep-ex]
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Lightest neutrino mass (meV)

Experimental limit for Ge & Te:
(Ge) GERDA: Phys.Lett. 125 252502
(Te) CUORE: arXiv: 2104.06906v1

Theoretical predictions:

(a) Phys. Rev. D 86, 013002
(b) Phys. Lett. B 811, 135956
(c) Euro. Phys. J. C 80, 76

KL-Zen 400 + 800 limit

(90% C.L.)

T12 > 2.3x1026 yr

(15) " = G P (m, )2

NME (M) : 1.11-4.77
assuming gA ~ 1.27

{mgp) < 36-156 meV

First search for inverted
mass ordering

T —

Near future improvement
 Upgraded electronics
* PID with neural networks

v—‘: f


https://arxiv.org/abs/2203.02139

KamLAND2-Zen KamLAND — KamLAND2

Enlarge opening :
General use: accommodate various devices such Ne_w electronics _
as CdWO., Nal, CaF» detectors To improve background suppression.

Tagging long lived isotope from cosmic ray
spallation.

Scintillation inner balloon
BG reduction from Xe-LS container

Winstone cone & High QE PMT

Improve light collection efficiency and
photo coverage

Wy

s B
- L. - ‘~
-

}, .i" ‘ Brighter LS
Q;» 3 ‘1* tbn Qf 136)(3 Current LS ~8,000 photon/MeV
% "1 5 2RaBTs } ’5 Lg g LAB based new LS ~12,000 photon/MeV
'w»o}' " ‘!tf . J ; v
Ae Syt ‘t’&:?‘:":%“f Tt AT )
, 00&&4:4 o« A 2% e \
0 At A i i it a(2.6MeV) = 4% — ~2%

Target <mgg) ~20 meV in 5 yrs




Summary

Neutrinoless double beta decay is a key to search for
physics beyond the Standard Model.

Very active field: various isotopes and technologies.

Present experiment half life limit: 102°-26 yr with a few ten
to hundreds kg of isotopes.

Next target: to explore inverted hierarchy (1026-27 yr).



