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Ov[3[3 decay
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e Forbidden in Standard Model
» L and B-L violated: AL=2  A(B-L)=-2

» Matter creation in LAB: the physics that matters but doesn’t antimatter :)

e Different BSM diagrams can contribute

» If discovered v has a Majorana mass component

» Dim-5 operator model: exchange light-mass Majorana neutrinos

o TOvyp =1025/:26yr

See Wednesday morning session



Experimental aspects

(A,Z) = (A,Z+2) + 2¢e-

e Experimental signature
» One daughter ionized isotope + 2 e

» e summed kinetic energy = monochromatic line at Qgg (~2-3 MeV)

Single Beta decay must be forbidden
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Experimental aspects
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» e summed kinetic energy = monochromatic line at Qgg (~2-3 MeV)

(A,Z) = (A,Z+2) + 2¢e-

e Experimental signature

» One daughter ionized isotope + 2 e

Irreducible background

(AZ) = (A Z+2) + 2e+ 2V BB summed e~ energy spectrum
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» 2nd order weak process in SM T 0vBR
» measured at a few % precision 02~
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OvB[ < v mass

Assume exchange of light Majorana v
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- 1 Ov Ov 2 pp’
= (T = GHQ 2t I

see J. Holt’s talk
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Phase space \( Nuclear Matrix Element \( Effective Majorana Mass
(accurately calculated): (significant theory uncertainty): (assumes “standard” mechanism):
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Phys. Rev. C 85, 034316 (2012) /

\_ LNV physics also possible! )
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The parameter space
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The parameter space

1034 Best limits mgg < 28-122 meV
] KamLAND-Zen 800
arXiv:2406.11438

=

o
N
]

10.4 ITIEeV

(mgg) LMeV|

=

o
=
1

i Normal
1 ordering (NO)

10° E

1071 10° 10! 102 103
Lightest v mass, mmin [MmeV]


https://arxiv.org/abs/2406.11438

The parameter space

(mgz) e (T15)~

o Bkgd free operation mode — T « &m. 't (sensitivity exposure)
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https://arxiv.org/abs/2406.11438

The parameter space

(mgz) e (T15)~

o Bkgd free operation mode — T « &m. 't (sensitivity exposure)
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e CUORE: Ton-yr scale sen. exp. but bkgd dominated
e |LEGEND-200: bkgd free mode, will reach Ton scale sen. exp. in 5 yr
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The parameter space
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e CUORE: Ton-yr scale sen. exp. but bkgd dominated
e |LEGEND-200: bkgd free mode, will reach Ton scale sen. exp. in 5 yr

Next experiments designed for discovery in |.O. region — need 10 Ton - yr
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Adapted from
Rev. Mod. Phys. 95, 025002, 2023

Crystal embedded source
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Synopsis
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Rev. Mod. Phys. 95, 025002, 2023

Fluid embedded source

Synopsis
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LEGEND-200 LNGS

Bare HPGe detectors ~90%-enr. 76Ge in LAr instrumented as active veto
Upgraded GERDA infrastructure + 200 kg 76Ge (75 new 2kg Inverted Coaxial Point Contact HPGe)
Outstanding AEFwHv @ Qpp~0.1%

Almost zero background regime: 2 - 104 ckky (cts/keV-kg-yr)
Goal: in 5 year TOv42>1.9 1027 yr mgg: [34-78] meV
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LEGEND-200: first results

First year with 142 kg 76Ge installed (130 kg operational due to hardware issues)
76.2 kg - yr for bkgd and performance characterisation + 48.3 kg - yr for physics data
Performances as expected, overall efficiency ~60%

Preliminary results from Neutrino 2024

104

¥202-90 - 002-AN3931

All detectors [48.3 kg-yr] g
After muon veto and multiplicity cut o
> 10° After Pulse Shape Discrimination (PSD) S
g‘ Il After PSD and argon anti-coincidence §
< 102 X
2
5
@]
(@] 101
10° it |
1000 2000 3000 o . T
Energy [keV] Before analysis cuts B After cuts [48.3 kg-yr]
102 :
> >
q) I3 . . .
Bkgd — (53122) . 1 0-4 Ckky x background f::stlmaétlon wm:dow 1930 - 2190 ke V]
: 2 101 ! Lol
(GERDA world-leading level) 5 A |
o I : i
228Th contribution higher then expected 100 ||H| | | M | | ‘ | 1|
1600 1800 20I00 22I00 24IOO 2600

Combined fit with GERDA: T0%,»>1.9 1026 yr (90 C.L.)
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LEGEND-1000 LNGS

1Ton HPGe detectors, ~90% enr 76Ge in underground LAr in new infrastructure

I
EFCu S

MO
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ICPC // Inverted Coaxial Point Contact
EFCu // Electro-Formed Copper

WLS // Wavelength-Shifting

PEN // Polyethylene Naphthalate
ASIC /] Application-Specific Integrated Circuit

bkgd goal: 10-5 ckky In 10 yr  TOv4o~1028 yr mgg: [9-21] meV arXiv:2107.11462 6


https://arxiv.org/abs/2107.11462

CUORE

e Larger bolometric detector ever built

» 988 natTeOq2 crystals at 10 mK
» 742 kg of TeO2, 206 kg '30Te

Detector
suspension

Pulse Tube |

4K plate

40K plate (IVC)
Roman Pb
shields Mixing
Chamber

Detector

4

LNGS

K—Ieat Sink —» ~«— Copper Hob

Weak Thermal
Coupling
Absorber NTD Ge Sensor
Crystal ———p (Thermometer)
(TeO,) =

Incident
Radiation

o /

AErFwHm @ Qgg ~0.2/0.3 %

Continuous physics data taking with high duty

cycle and stable performances since 2019

Exposure (kg-yr)

CUORE exposure accumulation
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Collected 130Te exposure ~750 kg - yr

B0Te Exposure (kg-yr)
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CUORE Results
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ArXiv:2404.04453
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https://arxiv.org/abs/2404.04453

CUPID

e Builds on CUORE and CUPIDO/CUPID-Mo success
e Re-use CUORE infrastructure + 1600 Li2'%°MoOQO4 (240 kg 1°°Mo)

arXiv:1907.09376
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Data driven background model: 104 ckky  in 10 yr TOv, , ~1027 yr mpgg: [12-20] meV o


https://arxiv.org/pdf/1907.09376

Fluid embedded
source



KamLAND-Zen 800 «miox

o 745 Kg 90% enr. 136Xe diluted in liquid scintillator in IB deployed in KamLAND

Final Results: arXiv:2406.11438

AEFwHm @Qgg: 250 keV (10%)

E-NE- - 1206rtorvpur;e"
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107!

o

. 23 4
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Main bkgd: 2vBp3, long lived u induced Xe spallation

Combined with KamLAND-Zen 400
Total exposure ~2.5 Ton yr

TOv42>3.8 1026 yr (90% C.L.) mge<28-122 meV
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https://arxiv.org/abs/2406.11438

KamLAND2-Zen

A major upgrade: larger source x 5 brighter = x 2 better AE

Kamland2-Zen

Ultimate bkgd: 8B solar v elastic scattering

In 10 yr TOVy2 ~ 1027 yr,
mgg: [17-71] meV

1000 kg of enriched Xe

100% photo coverage:
Winston cone (x 1.8)
new PMT (x1.9)

new LS (x 1.4)

» improve energy resolution

oL

Z N
AEFwHv @Qgp: 120 keV 14 mirrors + PMTs

=~ \

e Pen scintillation balloon film

» identify BiPo events in the balloon tagging a
with scintillator film

e Improve tagging for long lived isotopes (new
electronics)

Aggressive time schedule: start data taking in 2027
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S N O + SNOLAB

Re-use SNO light readout system + acrylic vessel filled 780 Ton natTe loaded liquid scintillator

e}
» Scintillation purification system (a few 10-17 g/g U/Th) + novel metal loading technique
» Phase 1: 0.5% mass loading —1.3 Ton of 130Te, AErwnm @Qgp: 190 keV
» Phase 2: 0.5% —3%
» Residual bkgd: solar v and 2v[3[3
Water Phase Partial Fill Sci:'tlgitor Te;:lu;;:m
Acrylic Vessel (AV) G ‘
12 m diam., 5 cm thick "
. AL A ")c Support Structure

with ~9400 PMTs

2025-
905 tonnes of 365 tonnes LAB 792 tonnes LAB

{
> 2017-2019
|

|
¥

, ‘ 1o adli : ultrapure water + 0.6 g/L PPO + 2.2 g/L PPO + 2.2 g/L PPO + BHT
N a8 <O + bis-MSB + DDA
Fr + 3.9 tonnes "Te
| Ay,

"; “ Kl .
\1 \ Great advantage to study backgrounds without the target
.

F ‘.h
A — _ b Phase Ton 130Te Tovy Mgp
8l Light water (H,O) shielding - K

~ Norite /Rock SNO+ | 1.3 21026 yr in 3yr 31-144
-

SNO+ I 6.6 5.7 1027 yr in 10yr 17-81




n EXO SNOLAB

e Builds on successful EXO-200 predecessor Phys. Rev. Let. 123 (2019) 16, 161802
e 5 Ton (90% enr. 136Xe) LXe single-phase TPC with double read-out
» 3D topology for multi/single-site discrimination + AEFwnm @ Qgg: 2%

» Self shielding: dominant external bkgds exponentially attenuated in central region

Major upgrade wrt EX0-200 m ote ST
o X 25 mass isotope ; o T

o Improvement in light sensor (APD— SiPM) i g !

e Increased light collection e \i/ AR

e |Improvement in radiopurity (electroformed Cu) le"\\\ 71\9"”

e Cold electronics o

Reduced by 103 wrt EXO-200

Bkgd: 2 10-6 ckky
Tagging of individual 136Ba++ daughter

J.Phys.G 49 (2022) 1, 015104 demonstrated by fluorescent in solid Xe

In 10 yr TOV4o~7 1027 yr, mgg: [6-27] meV arXiv:2407.00285 ”


https://arxiv.org/abs/2407.00285
https://arxiv.org/pdf/2106.16243

NEXT-100

LSC

4

4

Detector under commissioning with Ar since May 2024
bkgd: 4 10-4ckky TO4~7 1025 yr mpgg: [66-281] meV
demonstrator for future stages

Field cage

95 kg 90% enr. 136Xe High Pressure (15 bar) gas TPC with Electroluminescence amplification:

Primary scintillation z coordinate + EL for tracking (SiPM) and energy resolution (PMT)
AEFwHv @ Qpg ~1% + topological separation

HY,

Tracking plane

Tracking plane

NEXT-HD: 1 Ton central cathod symmetric + SiPM readout+barrel fiber detector
bkgd: 5 10-5 ckky + AEFwHM~0.5% in 10 yr T4 ~2 1027 yr mpgg: [12-50] meV

NEXT-BOLD(Barium iOn Light Detector): NEXT-HD + Ba++ tag. Fluorescence Imaging of Individual lons and
Molecules in Pressurized Noble Gases (arXiv: 2406.15422) in 10 yr TV ~8 1027 yr, mpg: [6-27] meV
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https://arxiv.org/abs/2406.15422

Summary

e Worldwide experimental effort pursuing a number of technologies at ton scale

e Fully explore the Inverted Ordering in the next 15 yr
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.033008

Backup |



Accessing Normal Ordering

e The problem could be the signal rather than the background

Phys.Rev.D 87 (2013) 7, 071301

Q |percent |element GO MO Tf”z for ﬂons (}]I equivalent | annual world | natural |enriched| Ov/2v
Isotope | (MeV) | natural | cost [5] [ (10~ /yr) | (avg) | 2.5meV| fotope fi natural |production [5]|elem. cost|at $20/g|rate [2][8]

abund. | ($/kg) [6] [7] ﬁOngrg 1ev/yr tons (tons/yr) ($M) ($M) (10~8)

48Ca | 4.27 0.19 0.16 6.06 1.6 2.70 31.1 16380 2.4x108 2.6 622 0.016
6Ge | 2.04 7.8 1650 0.57 4.8 3.18 58.2 746 118 1221 1164 0.55
825e 3.00 9.2 174 2.48 4.0 1.05 20.8 225 2000 39 416 0.092
967y 3.35 2.8 36 5.02 3.0 0.93 214 763 1.4x106 27 427 0.025
100Mo | 3.04 | 9.6 35 3.89 4.6 0.51 12.2 127 2.5x10° 4.4 244 0.014
H0pq | 2.00 11.8 23000 1.18 6.0 0.98 26.0 221 207 5078 521 0.16
H6Cd | 2.81 7.6 2.8 4.08 3.6 0.79 22.1 290 2.2x10% 0.81 441 0.035
1248n | 2.29 | 5.6 30 2.21 3.7 1.38 41.2 736 2.5x10° 22 825 0.072
130Te | 2.53 34.5 360 3.47 4.0 0.75 23.6 68 ~150 24 471 0.92
136Xe | 2.46 | 8.9 1000 3.56 2.9 1.40 45.7 513 50 513 914 1.51
150Nd | 3.37 5.6 42 15.4 2.7 0.37 |\ 13.4 J 240 ~ 104 11 269 0.024

e Need dedicated enrichment international facility or new enrichment technologies

e Underground lab facilities for radio purity assays and low bkgd instrumentation development—
synergy with DM experiments

e Currently negligible bkgd matter: 2v3p spillover + pile-up, 8B v from sun, neutron, cosmogenic

e Extension of present technologies and/or new ones need adequate R&D
28



Accessing Normal Ordering

The problem could be the signal rather than the background
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Need dedicated enrichment international facility or new enrichment technologies

Underground lab facilities for radio purity assays and low bkgd instrumentation development—
synergy with DM experiments

Currently negligible bkgd matter: 2vB3 spillover + pile-up, 8B v from sun, neutron, cosmogenic

Extension of present technologies and/or new ones need adequate R&D
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