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Outline

*Neutrinoless Double Beta Decay
e Current Experiments
Near Future Experiments

e Far Future Experiments
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https://doi.org/10.1393/ncr/i2012-10074-9

e Key experimental
signature for Ov@R is a
peak in visible energy at
the Q-value of the
nucleus, smeared by
detector resolution.

e EXperiments are designed
to minimize backgrounds
around the Q-value.

Double Beta Decay
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Double Beta Decay Isotopes
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There is no scenario in which observing Ovf3f3 SNoAR
decay would not be a great discovery:

e Majorana neutrinos
e Lepton number violation 01
e Probe new mass mechanism up to the GUT scale

e Probe key ingredients in generating cosmic baryon
asymmetry
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e The connection with the effective v mass also means that the observation of OvBp decay can provide
information on the v mass scale, provided that:

e The mechanism producing the decay is understood
7

Phys. Rev. D90, 033005 (2014)

e The nuclear matrix element is calculated with sufficiently small uncertainty



Nuclear Matrix Element Results SNoLAB
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[Rev. Mod. Phys. 95, 025002 (2023)]


https://doi.org/10.1103/RevModPhys.95.025002
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Canadian Subatomic Physics 2 OZ 2

Important to International Communities

/" European
\
i Astroparticle Physics
arPpEC  Strategy 2017-2026

RECOMMENDATIONS:

LONG-RANGE PLAN

2020

SCIENCE RECOMMENDATION 3

2023 | VERSION 1.5

RECOMMENDATION 2

APPEC strongly supports the ... double-beta
decay experiments selected in the US-
European process. The search for neutrino
less double beta decay will primarily test the
particle nature of neutrinos since this Beyond
the Standard Model and lepton-number-
violating process is only possible in the
neutrinos are of Majorana-type. Its
observation would additionally give
information about the generation mechanism
and neutrino mass spectrum. Confirmation of
discovery will require results from several
Isotopes and measurement technologies.

As the highest priority for new

experiment construction, we recommend
that the United States lead an
international consortium that will
undertake a neutrinoless double beta
decay campaign, featuring the
expeditious construction of ton-scale
experiments, using different isotopes and
complementary techniques. [...]
Neutrinoless double beta decay
experiments have the potential to
dramatically change our understanding of
the physical laws governing the universe.

A broad experimental program is
required to address the scientific
drivers of subatomic physics
research. We recommend pursuit of
the following high-priority scientific
directions: The future program
should include the further
exploration of neutrino properties
via neutrinoless double-beta decay
experiments, long baseline
experiments and neutrino
observatories.
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A healthy neutrinoless double-beta decay
program requires more than one isotope.

e Nuclear matrix elements are not very well known and any given isotope
could come with unknown liabilities

e Different isotopes correspond to vastly different experimental techniques

e 2 neutrino background is different for various isotopes

e Understanding the mechanism producing the decay requires the analysis
of more than one isotope

10



Currently Running Experiments
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Cryogenic Underground Observatory for Rare Events

e 988 TeO; crystals in 19 towers

e 10 mK cryostat in LNGS (1400m, 3800 mwe)
e 206 kg of 130Te, 188kg 128Te

e Operating temperature: ~10 mK

e Energy Resolution ~0.3% (7.8 keV) @ Qgp

) b | s00f ]

| 3 2 3400 - Crystal absorber: f — AT -

,E8 ! o ]

/) ) e—mT e — : - Biased T sensor: AT — AV 1

I =2 | | - % 3600} -
10 :

CE - — [ |

| 5 o -3800F < -

| J N N Y : AFE :

thermistor > i C ]

| \ -4200}- :

| PTFE ; !

TeO holders -4400E v .

crystal - ]

G: thermal coupling constant
AT: ~0.1-1 mK/MeV, 1: ~0.1-1 s

Te-130, Qpp= 2528 keV, 34% NA] 13
Nature 604 (2022) 7904, 53-58; arXiv:2205.03132; PRL 126, 171801 (2021)
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May 2017 to April 2023:
2039.0 kg -yr TeO3 (567.0 kg - yr 130Te)

Nature 604 (2022) 7904, 53-58;
. T2y — 9.323+O.052 % 1020 yr Phys. Rev. Lett. 129, 222501 (2022);
1/2 —0.037 PRL 126, 171801 (2021);
arXiv:2404:04453

o T7% > 3.8 X 10% yr (90%CL)
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e <Mpgp> < (10-240) meV [Te-130, QR = 2528 keV, 34% NA|]
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[Te-128, Qpg = 866 keV, 31.75% NA]






LEGEND uses sophisticated large enriched Ge-76

detectors building on work by Majorana and GERDA

LEGEND IC

e Ge Crystals >
90% enriched In
76Ge

e 140 kg

e ENnergy
Resolution:
0.1% @ Qgp

e Qpp = 2039 keV

e /.8% NA

17



roof of clean room

plastic muon veto

lock

glove box

floor of clean room

cryostat

(D 4m, 64m3)

Ge detector array &
LAr veto system

\. PMT of muon veto

water tank
(& 10m, 590m3)

e Instrumented water tank
*Liquid argon shielding
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*Supplies an active veto / multi-site suppression & cools crystals

arXiv:2107.1146:
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Before analysis cuts

B After cuts [48.3 kg-yr]
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e Ko0mLAND Detector, Kamioka Mine
¢1.000m, 2,700 mwe

e 1 kton Liquid Scintillator in 13-m-diameter

transparent balloon
e 1,879 photomultiplier tubes
e Energy Resolution: 6.7%//E(MeV)
e Vertex Resolution: 13.7cm/\/E(MeV)
e \Water Cherenkov outer detector (for tagging muons)
e L MA Solution to Solar Neutrino Problem: [PRL 100,
221803 (2008)]

e First Observation of Geoneutrinos:

[Nature 436, 499-5035 (2005) ]
e Inner Balloon: 745 kg Xe-loaded liquid scintillator

(91% enrichment)

21
[Xe-136, Qpp = 2458 keV, 8.9% NA]



Events[/0.05 MeV]

iRO; e OVBPB search : Feb. 5, 2019 - Jan. 12, 2024

e 745 kg Xe

e Rn Veto

e Long Lived Spallation (137Xe)

e 1131 days of OvBB Candidates

e 30 events/Xe-ton/year of long lived BG
rate in ROI

05 1 15 2 25 3 35 4 45 e T74>38x10%yr
Energy[MeV]
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Effective Majorana mass (m y ) (meV)

[W—
N
-

100

N
-

" (a) NO
-~ Shell Model
o QRPA
—— EDF
-- IBM
llll | IlIIIIl' | llllllll | | Ly lllll | lIllllll | llllllll | 1 LLLLL
1 10 10° 1 10

m lightest (meV)

10° T

Xe is leading!

Events / 0.05 MeV

10°

10°

10

107!

Ref MO
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1]  2.28, 2.45

59.4, 55.3
Shell model 2]  1.63,1.76 83.1, 77.0
[3,4] 239 56.7
5 1.55 87.4
6] 2.91 46.6
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8] 1.11,1.18 122,115
9] 3.38 40.1
10] 4.20 32.3
EDF theory  [11; 4.77 28.4
12)] 4.24 32.0
_— 13 3.25 41.7
14] 3.40 39.9

o T4 >3.8x 1026 yr
e <Mpgp> < (28-122) meV

® Mliightest <84 - 353 meV
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Near Future Experiments

supernemao
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supernem?o

collaboration

25



supernemao

e Tracking Calorimeter
e Foil: 6kg solid 82Se
e Tracker: 2034 Geiger Cells

collaboration

e |dentification of e-, e*, vy, Q, BP
kinematics & topology

e Calorimeter: 712 optical modules of
plastic scintillator & PMTs

e Individual e- & y energies

Deca Charged Individual _ _ _
[Ven&J { ertide {pargg{,esggrgv] e Shielding: Iron, Water, Polyethylene, in a
p / \ Rn tent

\\\*..._j.g// e Laboratoire Souterraine de Modane

A s T P 1700m, 4800 mwe

_/ \00 TB -\&\Q QJ&Z\Q}
@600 B =

[Se-82, QBB = 2998 keV, 8.8% NA]
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Counts per 50 keV

Simulated SuperNEMO background; 17.5 kg.yr

W23  BMradon 101035 ROI

internal M external 10~
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107

2700 3200

Qss
s & & & s 0S8
Y Sy y y D 2o

Summed 2-electron energy [keV]

supernemao

ROS

collaboration

e From Sept. 2024: physics data taking
e Expected duration: 3 years
e Estimated 2v[3p events: ~104-10°

e Expected bkg. in Ov[33 ROI:
10-4 counts/keV/kg/yr

e Expected sensitivity to Ov3[3:
T, > 4.6x1024 yr

27
[Se-82, QBB = 2998 keV, 8.8% NA]






ENERGY PLANE (PMTs)

TPB coated surfaces

CATHODE ANODE |

oo0000";'066000000000000

Background 2vBB Candidate

TRACKING PLANE (SiPMs)

.

-»

NEXT-100

Under Commissioning at the Laboratorio
Subterrdneo Canfranc

Xe-136 Gas Time Projection Chamber with
Electroluminescence

60 PMTs, 3584 SiPMs, 80kg Xe @ 15 bar

[Xe-136, QB = 2458 keV, 8.9% NA]
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B T

NEXT-100

Under Commissioning at the Laboratorio
Subterrdneo Canfranc

Xe-136 Gas Time Projection Chamber with
Electroluminescence

60 PMTs, 3584 SiPMs, 80kg Xe @ 15 bar
TPC gives topological event identification
Goals: demonstration of nearly background-
free conditions for OvB search, technology
demonstrator for ton scale

[Xe-136, Qpp = 2458 keV, 8.9% NA]



EP 05 (2016) 159]

—1 500

: 400

exposure (kg year)

* Target background rate: 4 x 10-4
counts/(keV-kg-yr), or ~1 count/(ROI-yr)

* NEXT-100 sensitivity: 6.0 x 102> yr
* Ar gas runs in May 2024

e Xenon runs to start shortly

30
[Xe-136, QB = 2458 keV, 8.9% NA]






Multi-purpose Physics Detector S N@

e Measurement of 8B solar neutrinos with full water
phase: [arXiv:2407.17595]

e World-leading limits in invisible nucleon decay
[Phys.Rev.D 105 (2022) 11, 112012]

e High efficiency neutron detection in ultra pure water
[Phys. Rev. C 102 014002 (2020)]

e Evidence of Antineutrinos from Distant Reactors

using Pure Water at SNO+: [P.R.L. 130 (2023) 9,
091801]

e Scintillator Characterization: [JINST 16 PO5009
(2021)]

e Event-by-Event Directionality in Scintillator: [Phys.
e Rev. D 109, 072002]

° e Initial measurement of reactor antineutrino 37

oscillation at SNO+: [arXiv:2405.19700]

e 2 km rock
overburden

e Acrylic Vessel &
12 m

e /80 tonnes LAB
e 2.29/L PPO
e bis-MSB, BHT

e 9300 photo-
multiplier tubes

e /000 tonnes
water shielding

e [JINST 16 POS059]



https://arxiv.org/abs/2407.17595

Tellurium Phase

0.5% by weight of Natural
Tellurium: 3.9 tonnes

e 1,330 kg of 130Te
e Qpp=2b27 keV

Mix Te into ButaneDiol, soluble 5% 7
. stable with high
with DDA light yield

Scalable to higher loading
without changing the detector

Low Backgrounds

e 5x 107 cts/yr/keV/kg

Measured most backgrounds
before Te is added

Upgrades planned for 1.5%, 3%

Telluric AcidS"t@'KAB

Purification Plant
Commissioned
Purify Telluric Acid in
pH and temperature
based reaction

DDA Purified on
Surface

Synthesize
ButaneDiol to
combine purified
Telluric Acid In
scintillator

Tellurium Diol Plant
Commissioning 33

[Te-130, QBg = 2528 keV, 34% NA]



e 5years of 0.5% loading T , > 2.1 X 10%° yr (90% CL)

Ov33 decay of 130Te in SNO+ S

=N
S

]
N

Counts/5y/20keV bin
e
o

(S
n

20

15

10

3.2 2.3 24 2.5

Fiducial Radius: 3.3m

Cosmogenic B v ES
B Ovpp (100 meV)
—p: 2VpP
B (a,n)
B U chain
B Th chain (a, n)
" External
B °B VES
B Cosmogenic External Y

Internal U chain

Internal Th chain

<m,.> (ev)

)
=

2.6 2.7 2.8 2.9 3

Reconstructed Energy (MeV) 102k

10°E

<mpgp> < (37- 89) meV

10

[Te-130, Qg = 2528 keV, 34% NA] 1o 0 07 mgadEev
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Farther Future Experiments
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KamLAND?2
Prototype

New Liquid Scintillator
o @ Q-value = 2%
2V BG Reduction: ~ 1/100

PMT + Mirror
100% coverage

~ _é | ~ x’
New HQE PMTs  Mirror Concentrat Xe-136 ; £ 5
ew HQ S irror Concentrators 135.90721 2 %\:
NA: 8.857% A
BUYISOTOPE.COM SR
1 tonne

of isotope 37
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CUPID: Cuore Upgrade with Particle ID

e 1596 Li100M00Q4 crystals (45x45x45 mm3)
assembled in 57 towers of 28 crystals each
e 240 kg of 100Mo (>95% enrichment)
e Each crystal has top and bottom Ge light
detectors with Neganov-Luke amplification
e SIO anti-reflective coating to maximise
light collection
e Enhance the S/N ratio to reach pileup
rejection capability through PSD.
e Will use CUORE cryostat at LNGS
e Adding Muon Veto
e Upgrading Pulse Tubes & coupling to
Cryostat

arXiv:1907.09376

Light detector

\

Light i

Energy
release

= $ 51001/1 Qgp
- YA
S Y
7 '\%
5 # A
= RCA
Q-
le” >
I Heat signal

Thermometers
LioMoQO4
crystal
40

[Mo-100, Qgg = 3034 keV, 9.7% NA]



e 100Mo: Qppg = 3034 keV
e Operate at 10-30 mK
e Sensitiveto AT~ 0.1 mK
 High energy resolution:
e ~5keV (0.2%) @ Qgp
e BG level of ~10-4 count/
keV/kglyr
<- Baseline Design

Prototype Tower

e Discovery sensitivity:

. T{)/’“z > 1.1 x 10727 with 10 yr of live time

e <Mppp>< (12 -20) meV

Parameters from NuFIT 5.0
o IH: Best fit - NH: Best fit
IH: 30 band NH: 3¢ band

10
CUORE sensitivity (Te)

10—
10—+ 10°

Myiightest (me\/)
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18.7 m tall including installation lock

\ 4

10 m tall cryostat

h 4

i 1|BRY

|

|

|

|

|

‘
1 M

ne LEGEND-1000 design for LNGS Hall C

e To be Located at LNGS
e Horizontal access reduces cost and schedule risk JA
e Lower overburden increases background only slightly

e BG: 10->cts/ (keV kg yr)

e Acrylic moderator in argon and veto/tag with small loss in livetime

Single string

Ll e L-1000 will include 30t of
Underground Liquid Argon (UGAr)
iInstrumented as an active veto with

@1.9 m reentrant tube
0.1 m thick PMMA moderator

@5.5 m inner cryostat vessel _
3615 m outer vacitn vessel WLS and SiPMs, and used as Ge

@12 m water tank
containing 8 inch
PMTs

semiconductor cooling

e | -1000 will re-deploy 130 kg of L-200
ICPC detectors and fabricate 870 kg of
new detectors.
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Observed counts / 1 keV
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2023 = 2024 = 2025 = 2026 - 2027 = 2028 = 2029 = 2030 = 2031 = 2032 = 2033 = 2034 = 2035 = 2036

Design & Reviews - »
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Construction, Detector Production & Installation “Technically driven schedule







nEX®

Storage
T e Continuation of EXO-200 program
S::r: { "E I] e NEXO: 5 tonne Liquid Xenon TPC,
' 0
/;.,.\:v_" = ‘ enriched 90%
Equipment N\ /7 I\ AN /%ﬁ
Deck \ — o\ ‘igf

e To be located in SNOLAB's Cryopit
(6000 mwe)
e Combined Light and Charge readout

NG

Cryostat | A+ || . e Active Outer Detector to veto muons
Water
Tank e Low Intrinsic background in Xenon

* 4 12.3m

e Qpp=2457 keV

arXiv:1805.11142 46
[Xe-136, QeB = 2458 keV, 8.9% NA]



e SiPM for 175nm scintillation light detection, ~4.5 m2 array in LXe

e Tiles for charge read-out in LXe

Zoom in on strip design

I
i
-

B B A A A A A A A A A A A A A A A A A A A A A A A A A A & 4

| ]
10 cm

Wire bonds Pigtail cable with

ASIC dies crimp connection
S Daughter\board / / \ /
N | e i

SiPMs

Tile module X 480

118.3 cm

rift length

charge cloud

detections
(delayed)

scintillation

light burst
(prompt)

nEX®

— Charge Tiles
Charge Tiles Support

SiPMs

SiPM Staves
Field Shaping Rings

Support Rods
and Spacers

Cathode

47



e Monolithic design
means self-shielding

3500

from external

3000}

backgrounds

N
U
o
o

—

150kg

(~EXO-200)

*Rotated energy scale
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2.5 MeV y attenuation . 3 e .
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parameter Analysis

Energy: Signal like Standoﬂ: Topology:

Bkg. like i i < > Bkg. like : Signal like
Distance from ik} ;
nearest detector % . . ;
surface Signal Bkag. ;
like  like : : :
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1.35 x 1028 yr

0.74 x 10%8 yr
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Summary of Experiments s

Isotope Current Projected
~Mass [kg] nsitivity [y] Sensitivity [y]

206  Bolometer  >3.8x10%5

..........................................................................................................................................................................................................................................................................................................................................................................................

146 Pomt Contact > 19 x 1026
Detectors

..........................................................................................................................................................................................................................................................................................................................................................................................

745 I._iq.uid > 2.6 X 1026
___Scintillator |

Experiment Isotope Timeline

Technology Se

supernemo Se-82 100 Tracking > 4.6 x 1024 3 years of

collaboration

Calorimeter data

..........................................................................................................................................................................................................................................................................................................................................................................................

..........................................................................................................................................................................................................................................................................................................................................................................................

1300  Haud >21x10,  Syearsof

1000 | Liquid  >qp2r  Oyearsof
__Scintillator data

240 Scintillating S 1027 10 years of

__________________________________________________________________________________________________________________________ Bolometer .. . . ... Cata

1000 ~ Point Contact o028 10yearsof
Detectors data

5000  Liquid TPC >1.35x 1028 10yearsof
data




SNgLAB

Summary

e Neutrinoless double beta decay is a window to beyond the
standard model physics

e There are many experiments with many technologies searching for
this decay

e Multiple experiments are needed to disentangle nuclear
uncertainties

e Jechnological upgrades are needed to probe the entire phase space

e The future is bright! Thank youl! -



Where to Site your Experiment?

Muon Flux in Underground Laboratories
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Adapted from Chin. Phys. C 45 (2021) 2, 025001
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2ND INTERNATIONAL SUMMIT ON ' THE FUTURE SNzLAB
OF NEUTRINOLESS DOUBLE-BETA DECAY

Held in Sudbury, Canada in April, 2023

* The international stakeholders in neutrinoless double beta decay research who attended this summit (agencies
representing Canada, France, Germany, ltaly, UK, and USA) agree in principle the best chance for an
unambiguous discovery is an international campaign with multiple isotopes and more than one large tonne-scale
experiment implemented in the next decade.

*These stakeholders agree on the need for a coordinated effort to efficiently and cost-effectively advance the
field for the proposed double beta decay experiments, as well as the future of the field. To that purpose,
these stakeholders agree that a structure for international collaboration on this research should be explored.
(e.g., an international virtual observatory for neutrinoless double beta decay).
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