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Disclaimer
* Many exciting developments: impossible to cover all
* Will focus on the future

2 My apologies for any omissions !

Many thanks: S. Biller, G. Benato, M. Dolinski, C. Grant. G. Gratta, J. Gruszko, K. Han, A. McDonald, Y. Mei, H. Ma,
G.D. Oreb1 Gann, M. Sorel, N. Xu and others
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Neutrino Physics Landscape

Neutrino mass hierarchy

. . 2 2
o m m
Compelling evidence for ! — ¢
0 Neutrino flavor-changing oscillations -,
0 (therefore) finite neutrino masses -V,
0 Mixing angles are well measured my® | L — Lo,
: : : solar~5x1079eV?
* Open questions in v Physics: . E -+
. atmospheric
0 How many neutrinos? ~3x10%eV? S
Almospneric
&= Sterile neutrinos ? ,,,22__ ~3x|0i')“3e\/2
0 What is absolute scale of v mass ? m2l solar~5x10-eV? . i
0 How are masses arranged ?
. . . 9
0 Are neutrinos responsible for matter-antimatter Il
0 0

()
asymmetry Normal ordering  Inverted ordering

Q2 Majorana or Dirac neutrinos ?

0 9
Is Lepton Number conserved At least one v has m > 55 meV
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Dirac vs Majorana Neutrinos

* Dirac * Majorana
A Requires new fundamental global 0 Cannot be explained by “standard” Higgs
symmetry U(1)iepton number Yukawa coupling
&~ New physics ? & Lepton number violated: New Physics !
¥~ Matter and antimatter are & Potentially sensitive to very high mass
fundamentally different scales (see-saw mechanism)

&~ Can generate matter&antimatter transitions
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Neutrinoless Double-Beta Decay
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Neutrinoless Double-Beta Decay
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» Observation of Ovpp would mean

0 Lepton number violation
0 Neutrinos are Majorana particles
0 Rate related to (effective) electron neutrino mass

mpgp = ’Zm’b ' Uz'Qe‘
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Constraints on mgg
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Constraints on mgg
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NB: simplest interpretation (3 light neutrinos). Sterile neutrinos or heavy new physics could change the
interpretation dramatically !
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Opportunities for the fundamental discovery
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Opportunities for the fundamental discovery
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Opportunities for the fundamental discovery
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Opportunities for the fundamental discovery
4‘"5 T12>1027 - 1028y

v = T l0%- 107y If the neutrino hierarchy is inverted, .
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dominant.
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Opportunities for the fundamental discovery
4‘"5 T12>1027 - 1028y

Tipl0%8 - 107y <= ¢ ==+ Ti>10%- 1077y If the neutrino hierarchy is inverted,
: [Bo Gom Bt 111 ] tho light moutrino cxchange i
§ L AN s dominant.
% - n - Next-generation experiments with
s { i sensitivity T1,>102%7 years have a .

definite target

107"

—

O
o))

cumulative probability
o
(0 0]

ormal

~ brdering
0 T V- R A I
1073 102 107"

M. Agostini, G. Benato, J. Detwiler,

Phys. Rev. D96, 053001 (2017)

_________________________________________________________________________________________________________________________________________________________________________________________________________________________________
06/07/2024 Yury Kolomensky: Ovp3[3



Opportunities for the fundamental discovery
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Opportunities for the fundamental discovery
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Connecting Half—hfe to mgg:

Isotope Choice
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Connecting Half—hfe to mgg: Isotope Choice
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Connecting Half—hfe to mgg: Isotope Choice
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Diverse Worldwide Experimental Program

( . . )
lonization
Tracking & Cal: ~ Crystals:
SuperNEMO GERDA
SELENA MAJORANA
NvDEX LEGEND

J/

Diagram by
J.F. Wilkerson

Scintillation Phonons
Liquid:
KamLAND ZEN CUPID (LUCIFER Bolometer:
SNO+, JUNO, Theia, ... LUMINEV, ....) CUORE
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10

Diverse Worldwide Experimental Program
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Convincing discovery requires

lonization
rackin al:  Crystals: . .
e GiRon Multiple isotopes
SELENA AJORANA .
NMPDEX _ LEGEND Technological tradeoffs

Diagram by . .
T F. Wilkenon Different systematics

Next generation (ton-scale):

Scintillation Phonons 3-4 experiments worldwide
Liquid:
KamLA?ND ZEN CUPID (LUCIFER Bolometer:
SNO+, JUNO, Theia, ... LUMINEU, ...) CUORE
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Challenges

Practical challenge: very rare process !
Half-life Expected Signal (counts/tonne-year)

1026 years current gen
1027 years next gen

1028 years . next-next gen

Experimental challenge -- sensitivity scaling:
Non-zero backgrounds (most current experiments):

Mass - Time
Bkeg - AE

Ov
{Tl/g} X e Iabundance )
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Challenges

Practical challenge: very rare process !
Half-life Expected Signal (counts/tonne-year)

1026 years current gen
1027 years next gen

1028 years . next-next gen

Experimental challenge -- sensitivity scaling:
Non-zero backgrounds (most current experiments):

yl'ixd '

H&a M =
Mass - Time X
Bkg - AE

{Tl/Q} X e - Iabundance )

[Tl /2} X € * Iyhundance * Mass - Time

(background-free, next generation)
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12 130Te

Recent Results: CUORE

Array of 988 TeO, crystals [~ Pulse tubes

Dilution unit

v
R [ T
= 19 towers suspended in a cylindrical structure (13 levels, 4 crystals each) ﬁ d w

= 5x5x5 cm3 (750g each); 130Te: 34.1% natural isotope abundance

300K >
750 kg TeO, => 206 kg 3'Te 40K ——>
= Pulse tube refrigerator and cryostat 4K —>
= Radio-purity techniques and high resolution: low backgrounds N
= Joint venture between Italy (INFN) and US (DOE, NSF) at LNGS in Italy 50mK —>
= Data taking since 2017, now >2.5 ton-years of TeO2 exposure collected e
" . . E — Il\élggern
éo 2500 __ ................... — 700 )
g B . g ‘ ; A
g i New Roleasel ] 8 "t 1400 m -1+
3 2000-:_ “““““““““““““““““““““““““““““““““““ 5600 g | 3800 m.w.e. -5-
_ CUORE Preliminary ||| —; 5003[,_‘ im s Detector
1500 __ .............................................................................................................................. ‘ gl H" ‘ __:— 400 B
1000 :_ ....................................................................................... itk II _; 300 Roman
: N e
5001— Lo — WL ]
- g’y | _: 100 Dell'Oro S etal, Cryogenics 102, 9, (2019)
L2018 v 7] \ https://doi.org/10.1016/j.cryogenics.2019.06.011
K= | . l . o o 0108 o 205 0B oY 128 (20221 100002

1 1 ) 1 1 il
Dec-2017 Dec-2018 Jan- 2020 Dec-2020 Dec- 2021 Dec 2022 Jan-2024
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130Te

CUORE results with 2 ton-year of exposure

B Base cuts .
102 B s cuts + AC e No evidence for Ov[ decay
Base cuts + AC + PSD
5 102 vy K CUORE Preliminary v T > 3.8 x 10% years (90 % CI)
50 = 1y 190_Pt | ¥
= = | .. :
> MNNH' " . o v * Interpretation in context of light
4 — ! I|226 o) . .
2  E N‘ %] O Majorana neutrino exchange
3 — B | III
S 107 /\‘ Jf Wl '| mgp < 70 — 240 meV
= | arXiv:2404.04453
1072 = : T P - -
10|00 20|00 3000 4000 5000 6000
Energy (keV)
ﬁ/)/ and 2vBB backgrounds 9 a backgrounds X
200
—— Best fit ) 0'045_ N
T 90% C.Llimiton Ty, | 8 0% Detector Performance Parameters
oo CUORE Preliminary Eé 0-035; CUORE Preliminary
g 140 R Background Index
3 120 0.025E
oo oozt [1.42 +£0.02] x 1072 cts/kg/keV/yr
80 Oz: Characteristic FWHM AE at Qpg
60 I I I I I 0-005§ +1 45
2480 2500 2520 2540 2560 £ L 7. 53—1 15 keV
Energy (keV) b 1 ? ? o
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Recent Results: KamILLAND-Zen

KamLAND-Zen 800

— [ T T | ¢

KamLAND-Zen 400

7]
i

E

Now, 745kg deployed
> 2.3 x 10?0 yr

PRL130, 051801 (2023)

380kg deployed
Ty, > 1.07 x 10% yr

PRL117, 082503 (2016)

Further improvements going on;
better neutron tagging
machine learning (ML) for long-lived tagging
ML for beta/gamma discrimination
muon-bundle tracking, and so on

C. Grant

Kam LN 2-Zen

i bl N

Mirror x5
HQE-PMT p.e.
new LS

full volume effective
w/ scintillation film

1 ton planned (scalable)

> 2 x 1027

< 12 ~ 53 meV

yr (target sensitivity)

(corresponding mass limit)

Further technologies being developed
imaging sensor (1/10 reduction of long-lived BG)
high-p xenon deployment (2 times more xenon)

N. Kawada: Neutrino 2022
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136X e

KamLAND-Zen Results with ~1 ton-year of 136Xe exposure

Total Livetime = 523 days Exposure = 970 kg-yr

10°
Long Lived Spallation 2B+ B Kr+40K
, [B/External RI 136Xe 2083
10 Solar v ES4+CC = Total (OvBS Best Fit)
--------- Internal RI == B%Xe 0rpgp (90% C.L.)
103 Carbon Spallation + "Xe ¢ Data
% Phys.Rev.Lett. 130, 051801 (2023)
=
g 107
-
~~
% [0 L R S ST W o o
O
s
10V - 11
el I il
...................................................... '-l I‘
1074 I I
J i
: 1=
| I
10_2 ' ' . |'l . | -: , : T T
1.0 1.5 2.0 2.0 3.0 3.0 4.0 4.5
Em' S [MGV]
TOF > 2.0 x 10%°yr 90% C.L.

N. Kawada: Neutrino 2022

172

Intensity [a.u.]

0.6

0.5 4

0.4 1

0.3 1

0.2

0.1

0.0

C. Grant

—— Bayesian Median Sensitivity
—— Frequentist Median Sensitivity
—-—=- Bayesian Data Fit

-=-=- Frequentist Data Fit

0 1 2 3 = 5 6

Rate [event/day/kton]

Median Sensitivity:

T/ > 1.5x10%yr (90% C.1)

Combination of KLZ-400 and KLLZ-800

Ovpp 26
T,," >23x10%yr

(mgp) < 36 — 156 meV
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Constraints on mgg
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Constraints on mgg
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Constraints on mgg
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mpapgp — | mg; - U,,. M. Agostini, G. Benato, J. Detwiler,
i Phys. Rev. D96, 053001 (2017)
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‘ Next-Generation Program, AKA ton-scale (US view)

Goal: OvSp discovery if mgg is above ~10-20 meV in the next decade
- =

K

= S

Access tunnel '/

CUPID LEGEND-1000

Complemented by a world-wide suite of efforts developing technologies for ton-scale
and beyond, with comparable scientific sensitivities

06/07/2024 Yury Kolomensky: Ovp3[3
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Next Generation: LEGEND (LNGS)

Large Enriched Germanium Experiment for Neutrinoless 33 Decay

Phased 76Ge-based Ovf33 program with discovery potential at a half-life beyond 1028 years

Enriched 76Ge diodes (HPGe detectors): best energy resolution = =

LEGEND combines the best aspects of GERDA and MJ D
« Ultra-low background materials, FEE (MJ) \
« Low-Z active veto (GERDA)

Majorana
Demonstrator

LEGEND 200 LEGEND-1000

g Use existing GERDA » LNGS or SNOLab

o infrastructure at LNGS » UG LAr

L » Up to 200 kg » Phased implementation

O » BG goal: 1/5 of GERDA » BG goal: 1/100 of GERDA
» Started in 2021 (0.025 c/FWHM ty)

06/07/2024 Yury Kolomensky: Ovp3[3
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76(Ge

LEGEND-200 (LNGS)

142 kg of enriched HPGe detectors submerged in LAr

Mesh shroud around detector towers to protect from 42K

Science data taking since 2023; expect new results at Neutrino 2024
x 10~* counts/kg/keV/year

Low background index 4.1

+11.4
—1.5

+
n" electrode p-type bulk

p" electrode 7 |mage: C. Wiesinger

6

"
Projected limits (5 years):
7% > 1.5 x 10 years

Mgp < 34 — 78 meV

Counts / 2 keV
i

N
1

After PSD

B After PSD + LAr

Bl window

CEGEN UL

Preliminary

(1930-2190 keV)

€20z bny - 0021

0
1900

1950

From: K von Sturm - TAUP23

2000

2050

2100 2150 2200

Energy (keV)

2250

M. Willers TAUP2023
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CUORE Upgrade with Particle ID (CUPID): LNGS

R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)

Next-generation bolometric ton-scale experiment at LNGS
Mission: Discover 0vS3g if mgg > 10 meV (half-life in 100Mo>1027 years)
* 1500 enriched Li,MoOQs crystals (~240 kg of 190Mo)

* Demonstrated radio-purity, active background rejection

* Energy resolution ~5 keV

e Total background of <0.1 counts/(ton*kev*year)

* Phased deployment optlons up to 1 ton of 100Mo (CUPID-1T)

pre-CDR: arXiv:1907.09376

100Mo

= 107 ¢ - . , - B— N
BT s Inverted Hlerarchy Probes i

= - CUPID: Baseline, Technically ready Lightmww Thermal
£ o - CUPID-reach: Same Cryostat really mitigate | ) s Light
.l CE ¢ background to 1x10-° - B .
>‘ : = i+ CUPID-1T: 1000 kg of %Mo, new cryostat, Bl | E a4k W scnsor

) @Q\Q | Q&@I \Q\& | Absorber IE{relleergz e

Q@Q &

06/07/2024
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nEXO (SNOLab) e

Large monolithic LXe TPC
Charge T?Ies 5000 kg Of liqU.ld 136X6
e e sueper (90% enrichment)

- Underground Lab Wall

SiPMs

—— Support Structure e ReSOhltiOIl O-E/E ~ O .8 %

o SiPM Staves . . .
~ = N Self-shielding, active
" Inner Vessel n Field Shaping Rings ) . ] )

5 Support Rods background discrimination
— TPC Vessel d_"_ and Spacers

5 p (topology, vertex

i Cathode reconstruction)
pecessTumne Multi-dimensional fit to
e i T e o Lo mas b constrain backgrounds
(a) (b) 1o —— - (c)

102_
103' 100_

[N
o
=

Discovery sensitivity (30): Ti2 = 7.4x102%7 years

| '1_| mgg discovery sensitivity: 5-27 meV

Counts / keV
-
o
Counts / unit

H
o
N

- h |
Counts / mm
S =
ISy o
L L
N

=
lJ{I
J

!

| =

o (arX1v:2106.16243; J.Phys.G 49,015104 (2022)

,d
S)
&

10—2_

1
2000 2200 2400 2600 2800 . 0 200 400 600
Energy (keV) DNN Standoff (mm)
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NLDBD Beyond Ton-Scale Experiments

<-- T12>1027 - 1028y
* Long-term world-wide experimental ezgl e L M s S —

{Wlio [Jo 8;PI4=n<;k' 10 & m=0
effort

_[lino .L__Ir\.losfpla'ngkl | I-NOE&rrf,=0 | **
* Discovery reach of the next-generation
experiments covers 10 region of (light)
neutrino masses

-
o

—

probability density [eV”

—
<

- ordering

—

* Next-next generation:

0 In case of discovery: precision measurements
of NLDBD mechanism

0 If no discovery: probe NO region

o
o

cumulative probability
o
(00]

o
~

0.2 .......-.........:.............i-... ...:-..... -

* Vibrant R&D towards next-next of SEREL

i i il 1 ] ] ] ot
10—3 10_2 10—1

. . M. Agostini, G. Benato, J. Detwiler, My [€V]
generatlon eXperlmentS Phys. Rev. D96, 053001 (2017)
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Going Beyond the Inverted Hierarchy

Half-life Expected Signal (counts/tonne-year)

1026 years current gen
1027 years next gen

1028 years . next-next gen

Detectors need to be:
* Bigger (more 1sotope)

* Better (lower backgrounds, higher resolution, topological info)

06/07/2024 Yury Kolomensky: Ovp3[3



‘ Large Bolometric Detector: CUPID-1T

CUPID Baseline ~ CUPID-1T

" [eV]

—
Q

3 o discovery sensitivity on m

1072

Li1oMoOs4 crystals
250 kg of 199Mo
CUORE cryostat

Sensitivity: Li2>MoOs4 crystals

Ti2> 1.5%1027 years (IH) 1000 kg of 100Mo

New cryostat or 4 CUORE-sized
Sensitivity:

T12> 9.2x102%7 years (NH)

100Mo

06/07/2024
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100Mo and other 1sotopes

Possible Multi-Site Deployment

—

-
<

* China JinPing Underground Laboratory (CJPL) —
Jinping, China

» Gran Sasso National Laboratories (LNGS)* —
Assergi, AQ, Italy

* Kamioka Observatory — Hida, Japan

* Sanford Underground Research Facility (SURF)
— Lead, SD, USA

e SNOLAB — Sudbury, Canada

» Stawell Underground Physics Laboratory (SUPL)
— Stawell, Australia

* Yangyang Underground Laboratory (Y2L) —
South Korea

= Danielle Speller, CUPID-1T Quantum Calorimetry, RF4 Town Hall
*Home of CUQORE/CUPID

- . -
— -

Leverage worldwide interest in NLDBD physics, R&D opportunities, and complementarity with QIS
Multi-i1sotope deployment possible: key in case of a discovery

06/07/2024 Yury Kolomensky: Ovp3[3



25

100Mo and other 1sotopes

Possible Multi-Site Deployment
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* Sanford Underground Research Facility (SURF)
— Lead, SD, USA
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» Stawell Underground Physics Laboratory (SUPL)
— Stawell, Australia

* Yangyang Underground Laboratory (Y2L) —
South Korea

= Danielle Speller, CUPID-1T Quantum Calorimetry, RF4 Town Hall
*Home of CUQORE/CUPID

- . —

—

Leverage worldwide interest in NLDBD physics, R&D opportunities, and complementarity with QIS
Multi-i1sotope deployment possible: key in case of a discovery
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136X e

Next Idea: High-Pressure 136Xe TPC

NEXT (Spain): Electro-luminescence HPXe TPC

Q : TPB coated surfaces e
O - xenon g | Key features:
Sl 985 1 [E | ghieding
s= |8 e Event topology (background
= . . .
35| | 3 | Gathode suppression, kinematics)
- -, " Tonizatan O .
5L N ¢ e Energy resolution: 0.5% FWHM
LZU C] ! alactroluminescance [S2)  } o 5() Reflector
B T UL |E | penes e Background: 4x10-3 counts/
() catiope. . - ANODE | | + Sryogeni (ton*keV*year)

vessel

Water
tank

Demonstrator (NEXT-100): ~2024 at Canfranc
Ton-scale: NEXT-HD. Projected sensitivity (90% C.L.):
T12>2.7x1027 years (mgg=8-435 meV)

NEXT-BOLD concept with barium tagging

BB Signal e- Track Background

06/07/2024 Yury Kolomensky: Ovp3[3
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Barium Tagging 136Xe Decays 136Xe

Tagging 136Xe — 136Ba++ transition with high efficiency would eliminate all non-DBD backgrounds

Significant improvement in sensitivity
Vibrant R&D effort for over 20 years, major recent breakthroughs
Demonstrated tagging single atoms in both LXe and GXe

Next steps: Ba capture and transport, scalability J. Gruszko
g 1,800 1,800 I 1,800 1,800
E
3
g ° T e T o

x pixel X pixel x pixel x pixel

Fluorescent molecule-based ID for NEXT,
ACS Sens. 2021, 6, 1, 192-202 (2021)

Cryoprobe-based

extraction for nEXO /v\

== e mm == == == == == RFcarpet-based transport for NEXT,
—  arXiv:2111.11091 (2021)

0° RF 90° RF 180° RF 270° RF
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130Te 136X e

Large Hybrid Detector: Theia

70m

G.D. Orebi Gann

® Hybrid Cherenkov / scintillation detector Balloon for Ovpp

. . ) ) Te or isotope loaded

improves background rejection via PID and event " liquid scintillator

topo|ogy e 18m ;;

=
S THEIA25 60m

® Scalable, ultra-clean liquid detector | o
® Potential to deploy a 25-kton THEIA module at SNO+ Collaboration

LBNF, in a Module of Opportunit '

PP 4 Background 7 By ES

® Mass sensitivity of ~4—22 meV reduction via * " (S 60m

event iImaging:  exemay
PID, multi-site,
direCtion aht)’ . Internal Th chain

® Broad program of other physics

THelA 100

Internal U chain \4

R&D into next-gen LS detectors

Ty > 1.5 x 1028 yrs (Te)

ANNIE: 365 kg NuDot: | ton

BNL: |- and 30-ton

Front Veto

T2 > 2.7 x 1028 yrs (Xe)
(90% CL)
mgg < 5.4 (4.8) meV Te (Xe) P

bLS vessel | FEFFEY |
" 2 Muon Range

2| Detector
&

Y (mm)

Pphotosensors NN

73 =30 -n » 5 ™ i 2 T
e

AR
Builds on critical developments by KLZ & SNO+ collaborations
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Future Ov@/s Discovery Potential

[eV]

76Ge 1001\/[0: 130Te 136Xe 136Xe 136Xe 136X .100Mo 130Te  136Xe | 136Xe

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

m
I
<

|

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

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

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

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

3 o discovery sensitivity on
o

777e
17T

G. Benato, YGK
Methodology from Phys. Rev. D96, 053001 (2017)

Inverted
Ordering

NEX 7: BO he[a~ l\'e
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Conclusions and Outlook
* Neutrinoless Double Beta Decay: discovery science

0 Lepton Number Violation from low to high mass scales

0 Current generation of experiments are approaching Inverted Ordering
region.
& More results this decade: AMoRE, CUORE, KamLAND-Zen, LEGEND-200, SNO+

0 Next-generation (ton-scale) projects will improve half-life sensitivity by 1-2
orders, probe 10 region mgg ~ 10 meV

0 Active R&D for beyond ton-scale experiments

Exciting future ahead !

C HARLETSTT ON
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Backup

_________________________________________________________________________________________________________________________________________________________________________________________________________________________________
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Future Experiments: Discovery Probability

Bayesian probability for 3o 0v3( discovery, folding current prior on mgg

Phys. Rev. D96, 053001 (2017)
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