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Neutrinoless double beta decay (0vSf)

« Searches for Ovp B are a powerful experimental probe of lepton number violation (LNV) and
other beyond-the-SM physics _
Schematic of S decay processes:

« QObservation of OvS S would provide key input to
explaining the nature and origin of neutrino mass

» Detection of this rare decay would:

« Demonstrate that neutrinos are Majorana
fermions

* Provide a process where matter particles
are created without antimatter (LNV) https://physics.aps.org/articles/v11/30

 Complement information from other 2vpB: (AZ) -> (A, Z+2) + 2e™ + 2V,
measurements of the v mass scale OvBB: (A,Z) -> (A, Z+2) + 2e~

Rapid experimental and theoretical progress may put observation of this beyond the
Standard Model process within reach in the coming years!

D. Moore, Yale TAUP - August 29, 2023
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Sensitivity vs. time:

Laboratory searches for Qv versus time:
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“Standard Mechanism” (light
Majorana v mediates decay):

" Nuclear Matrix Element

(significant theory uncertainty):
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(" Effective Majorana Mass )

(assumes “standard” mechanism):

(mas) =D 10l mi]
= ‘C%2C%3m1 + S%QC%3m2 + s%3m3‘

a, f are unknown Majorana
phases

Not measurable in
oscillation experiments

This is only one model -- other

\_ LNV physics also possible!
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Allowed parameter space

Parameter space vs. mass of lightest v:
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Allowed parameter space

Parameter space vs. mass of lightest v:
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Allowed parameter space

Parameter space vs. mass of lightest v:

Parameter space vs. sum of masses:

OvBp (ton scale)
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Allowed parameter space

Parameter space vs. mass of lightest v: 100 Parameter space vs. sum of masses:
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See also constraints from -decay endpoint (previous talk by Thierry Lasserre): mg < 0.8 eV (KATRIN, 2022)
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Current sensitivity

Parameter space vs. mass of lightest v:
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Sensitivity of completed and

running experiments:
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Upcoming experiments

Parameter space vs. mass of lightest v: Sensitivity of upcoming experiments:
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Presentations at TAUP

Session: Title: Presenter: Posters: Presenter:
Synergy between neutrinoless double-beta decay and cosmology towards the 64. Denoising Signals from a High-Purity Germanium Detector using Generative Adversarial
Aug 28, 2023 Neutrino and cosmology 1 discovery of Majorana neutrinos Stefano Dell'Oro Networks with Convolutional Autoencoders Tianai Ye
Aug 29, 2023 Dark matter and Neutrino 1 Exploring New Physics up to the MeV energy scale with XENONNT Maxime Pierre ke S O vl G JIEECs I SRS eIl (e T Sle ARSI 05 .
o 1000 Moritz Neuberger
Progress of double-weak decays and solar pp neutrinos in PandaX-4T
experiment Xiang Xiao o ) ) ) ) . .
. . 118. Projections of discovery potentials for future neutrinoless double beta decay experiments Manoj Kumar Singh
XLZD beyond WIMPs: Neutrino-less double beta-decay and More! Kimberly Palladino 152. The LEGEND-200 Liquid Argon Instrumentation: From a simple veto to a full-fledged
Neutrino physics 3A Latest results from the CUORE experiment Krystal Alfonso detector Rosanna Deckert
. . , 155. Enhancing Performance for AMoRE-Il Detectors Using Lithium Molybdate Crystal
Final results of the CUPID-Mo 0 experiment Léonard Imbert Absorber Jungho So
Liquid argon light collection and veto modeling in GERDA Phase I Luigi Pertoldi 168. Studies on a deep convolutional autoencoder for denoising pulses from a p-type point
. . . contact germanium detector Mark Anderson
Neutrinoless double-beta decay search with SNO+ Valentina Lozza : ; .
o i 170. Background simulation for AMoRE-II experiment Jeewon Seo
A New 8250 detector for Neutrinless Double Beta Decay Searches _____ Erilfs S 181. Muon Veto of the LEGEND Experiment Gina Griinauer
emonstration of TI- ackground reduction using topological information o I , . :
Cherenkov light and observation of Zr-96 2vbb Yoshiyuki Fukuda 182. Purification of 100MoO3 powder for AMoRE-II crystals’ synthesis O.Iga C-.Elleva
Neutri hvsics 4A ) Stefano Ghislandi 183. Backgrounds and sensitivity of the CUPID experiment Pia Loiaza
SIS [ NETEE EirstirestltsiromithelCUOREbackgroundimods| T 216. Denoising Algorithms for the CUORE Experiment Kenny Vetter
LEGEND-200: From Construction to Physics Data Taking TeinteX=l] RALLETS
LEGEND-200: First glance at the background in physics data Katharina von Sturm 233. Impact of marine macroseisms on the response of the CUORE cryogenic calorimeters Simone Quitadamo
T — Yoomin Oh 317. Event Reconstruction in the SNO+ Experiment Tereza Kroupova
AED@IAENS ! 323. Optimizing Energy Reconstruction for nEXO Clarke Hardy
R&D status of the Selena Neutrino Experiment Alvaro Chavarria
New prospects in the search for neutrinoless double beta decay of $*(96)$Zr Serge Nagorny 346. SNO+ Tellurium Purification and Loading for Neutrinoless Double Beta Decay Search :zycri‘nog Manecki
) ) i 347. LEGEND-200 Data Acquisition, Monitoring and Calibration ra oS
Aug 30, 2023 Neutrino physics 5A CUPID the next generation OvBB bolometric experiment Claudia Nones 372 Devel Dorarr d e aeot i CUPID et Viad yslav Berest
Final Results of the MAJORANA DEMONSTRATOR and Improvements in its - Development of enhanced fight detectors for experimen Y
Background Model Christopher Haufe 380. Background Modeling for LEGEND-200 Rushabh Gala
The MAJORANA DEMONSTRATOR's Search for Double-Beta Decay of lan Guinn . . .
$776)$Ge to Excited States of $7{76}$Se 394. Ge Detectors of LEGEND experiment: Production, Characterization, Performance Valentina Biancacci
LEGEND-1000: A Ton-Scale Search for Neutrinoless Double-Beta Decay in Ge- 446. OvBB Target Out Analysis for the SNO+ Experiment Benjamin Tam
76 Vincente Guiseppe 457. Neutron Veto Instrumentation for LEGEND-1000 Michele Morella
Discovering the origin of matter with liquid xenon neutrinoless double-beta decay o 485. Development of cryogenic CMOS ASICs for HPGe detectors for dark matter and neutrino
detectors: nEXO and beyond Samuele Sangiorgio detection experiments Zhi Deng
Neutrino physics 6A Final results of the CUPID-0 combined background model Emanuela Celi .
SR SRR Han Beom Kim 515. First Energy Calibration of SuperNEMO’s Calorimeter using its Tracko-Calo Technology Cheryl Patrick
SSUR O GRS Sl . : 517. Radon contamination measurement in the SuperNEMO demonstrator Yegor Vereshchaka
NEXT: first neutrino-less double beta decay searches in gaseous Xe and 557 Analysis techni for th h of trinol double-beta d £ Te-130 with
roadmap towards a ton-scale detector Pau Novella Garijo 2 (RIEIEB IS ES I UND EEIE C1F NSRS C LRI H IR C L G SR
CUORE Krystal Alfonso
Status of SuperNEMO and Analysis of First Data Cheryl Patrick
BINGO: investigation of the Majorana nature of neutrinos at a few meV level of 564. Discovery possibility of new physics beyond the two-neutrinos double-beta decay Emanuela Celi
the neutrino mass scale Vladyslav Berest 628. The Progress of Superconducting Transition Edge Sensor (TES) for Photothermal
CDEX-300v program for Ge-76 neutrinoless double beta decay search Prof. Hao Ma Detection System in Cupid-China Ovpp Experiment Shasha Lv

Neutrinoless double beta decay: interplay between nuclear matrix elements and
Neutrino physics 6B neutrino exchange mechanisms Antonio Marrone

Neutrino and Cosmology 3 Low Energy Neutrino Physics with THEIA and EOS Hans Th. J. Steiger >5 O ta | ks an d p osters re | ate d to Ov ﬁ ﬁ |
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Tonne scale program

* Inthe last 2 years, North American and European agencies have made progress towards
coordinating the next-generation “tonne scale” experiments:

North America - Europe Workshop on Future of Double Beta Decay

September 29, 2021 to October 1, 2021
Gran Sasso National Laboratory (LNGS) I N F N
Europe/Rome timezone LNGS

https://agenda.infn.it/event/27143/

SNaLAB

2ND INTERNATIONAL SUMMIT ON THE FUTURE
OF NEUTRINOLESS DOUBLE-BETA DECAY

Apr 27 -28, 2023
SNOLAB

https://indico.cern.ch/event/1242655/

D. Moore, Yale TAUP - August 29, 2023
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Tonne scale program

* Inthe last 2 years, North American and European agencies have made progress towards
coordinating the next-generation “tonne scale” experiments:

North America

September 29, 2021 to Octq
Gran Sasso National Labora
Europe/Rome timezone

https://agenda.infn.it/ev

Apr 27 -28, 2023
SNOLAB

https://indico.cern.ch/d

Readout from In Camera Sessions SNOLAB, April 2023

The international stakeholders in neutrinoless double beta decay research who attended this summit (agencies
representing Canada, France, Germany, Italy, 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 discussed a scenario that could accomplish the goals of the first bullet by deploying CUPID,
LEGEND-1000, and nEXO with one tonne-scale experiment in Europe and one tonne-scale experiment in North
America.

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).

These funding agencies intend to create a working group to explore how such an international effort could be
coordinated. The stakeholders welcome additional international partnerships.

D. Moore, Yale

TAUP - August 29, 2023  https://indico.cern.ch/event/1242655/contributions/5384886/ 13
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Tonne scale program (CUPID)

CUPID (1%Mo):

» Builds on CUORE (currently operating), reusing existing infrastructure

« Upgrade detector array with Li-MoQ, scintillating bolometers
* Rejection of a backgrounds and pileup through light signals
« Higher Q-value of Mo avoids y backgrounds in U/Th chain

e Status:

Presentations at TAUP:

Léonard Imbert

Claudia Nones

Emanuela Celi

Pia Loiaza

Vladyslav Berest

Final results of the CUPID-Mo 0
experiment

CUPID the next generation Ov(3f
bolometric experiment

Final results of the CUPID-0
combined background model

183. Backgrounds and sensitivity of
the CUPID experiment

372. Development of enhanced light
detectors for CUPID experiment

Nu Phys 3A
Nu Phys 5A
| Nu Phys 6A |

Posters |

« CUPID-Mo demonstrator complete: Eur. Phys. J. C 82, 1033 (2022)
 Conceptual design in progress, projected 3o discovery sensitivity mgz =12-20 meV (T12=1 x 1027 yr)
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Presentations at TAUP:

Tonne scale program (LEGEND) |uesmes iszezommommne furmem]

Katharina von LEGEND-200: First glance at the

26 Sturm background in physics data
LEGEND ( Ge): Vincente LEGEND-1000: A Ton-Scale Search | Nu Phys 5A|
. . Guiseppe for Ovbb in Ge-76
* Builds on the completed MJD and GERDA experiments o
«  Each stage is designed to increase target mass while decreasing backgrounds | &2 Grinauer st muonvetoofthe LeseND periment | Posters |
. Status' Rosanna Deckert 152. The LEGEND-200 LAr Instrumentation
. Valentina
° LEG E N D-200 : Biancacci 394. Ge Detectors of LEGEND experiment
. . Rushabh I . Backgroun odeling for -
« Began stable data taking March 2023 (140 kg), with complete e abh ala __1eeD. beckground Modelng or LESEND 200
rady Bos 347. LEGEND-200 Data Acquisition
200 kg array planned early 2024 Michele Morella 457. Neutron Veto for LEGEND-1000

« LEGEND-1000:
Conceptual design in progress, projected 3o discovery sensitivity mgg = 9-21 meV (T;,,= 1.3 x 1028 yr)

Underground LAr i Discovery sensitivity vs exposure: LEGEND-1000 simulated spectrum:
. J— 3 . 10% 6
Atmospheric LAr LEGEND-1000 bkg goal 10° cts/(keV kg yr), B .
10% 50x lower than GERDA 5 0vA3B (10% yr)
2uBB (102! yr)

Other background

Enriched
HPGe

Observed counts / 1 keV

-h
T IIIIIH! T llllm] T Illllll] T TTTI

10% — 10 m( range 2
E — Background free
S o 0.1 counts/FWHM-t-y

109 3 ==== 1,0 count/FWHM-t-y 1
E 10 counts/FWHM-t-y

1024_ 1 L Illllll 1 L lllllll 1 L lllllll 1 1 lllllll 1 ' llell[ 1 Ll L LLLL 0

® 10° 102 10 1 10 102 10° 1940 1960 1980 2000 2020 2040 2060 2080
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Presentations at TAUP:

Tonne scale program (n EXO) Same e ercmeoe e soen [N Phys 5A]

detectors: nEXO and beyond

nEXO (136xe): Clarke Hardy ;302r3r;EO)?(t)imizing Energy Reconstruction | Posters |
» Builds on the completed EXO-200 experiment
 Homogeneous, liquid e""Xe time projection chamber scaled to 5 tonne total mass
« Dominant external backgrounds exponentially attenuated in central region
« Status:
- Conceptual design in progress, projected 3o discovery sensitivity mgp = 6-27 meV (Ty,=0.74 x 1028 yr)
nEXO
EX0-200 Sensitivity vs exposure: : nEXO simulated spectrum (10 yr):
i | 1.35 x 1028 yr Signal
) 1028 - —0 Background
;fé ] —® 19 — Total
, 3 0.74 x 10%® yr 6.2 tonne yr,
150 kg 8 127 w 3 0.5 bkg evts
= 10°" 5 E —
Detector 5000 kg EN 3,
cross-section: o
A S 1026 - 25
o = — ) = Median Sensitivity, 90% C.L. 1 -
g ‘ o % === Median Discovery Potential, 3o
S 1025 E O EXO0-200 Sensitivity, 90% C.L. 0
2.5 MeV y attenuation ¥~ 0.0 9.5 5.0 75 10.0 094 095 096 097 098 099  1.00

length = 8.5 cm Combination of Energy, Location, Topology (arb. units)

Livetime [yr]

0 — Background-like
D. Moore, Yale TAUP - August 29, 2023 16



Operating/upcoming experiments (cont’d

* In parallel to the tonne scale program, there is a vibrant worldwide effort exploring other

techniques with a variety of isotopes

Summary of 0vSS experiments and present status:

[ Experiment [/Isotope | Mass [ Technique | Present Status| Location |
CANDLES-III [124] BCa [305 kg "e!CaF, scint. crystals Operating | Kamioka 48Ca
CDEX-1 [125] Ge | lkg “""Ge semicond. det. Prototype CJPL
CDEX-300v [125] Ge |225 kg “""Ge semicond. det. Construction CJPL 76Ge
LEGEND-200 [16] Ge | 200 kg “""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 [16] Ge | 1ton “""Ge semicond. det. Proposal
CUPID-0 [19] 82Se | 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem [126] | *2Se 7 kg “""Se foils/tracking Operation Modane
SuperNEMO [126] 82Ge | 100 kg “""Se foils, tracking Proposal Modane
Selena [127] 82Ge “nrSe, CMOS Development
IFC [128] 825e ion drift SeFg TPC Development
CUPID-Mo [17] 00 | 4 kg Li“""MoOa scint. bolom. Prototype LNGS
AMoRE-I [129] Mo | 6 kg 0Ca'™Mo04 bolometers Operation | YangYang
AMOoRE-II [129] 10\ o | 200 kg ““Ca'™Mo0, bolometers Construction | Yemilab
CROSS [130] 10Mo | 5kg | Liz'°"MoOy,, surf. coat bolom. Prototype | Canfranc
BINGO [131] 10\ o Li*""MoO4 Development | LNGS
CUPID [28] 100\ o | 450 kg Li“""MoOa scint. bolom. Proposal LNGS
China-Europe [132] 18cd “TCdWO4 scint. crystals Development CJPL
COBRA-XDEM [133] | '®Cd [0.32kg| ™*'Cd CZT semicond. det. Operation | LNGs | 116(C(d
Nano-Tracking [134] aed matCdTe. det. Development
TIN.TIN [135] 124gn Tin bolometers Development INO 124Sn
CUORE |10] 199Te | 1 ton TeO2 bolometers Operating LNGS | 439
SNO+ [136] 0Te | 39¢ | 0.5-3% ™*'Te loaded lig. scint. |Commissioning| SNOLab Te
nEXO [29] ¥0%e | 5t Lig. “""Xe TPC/scint. Proposal
NEXT-100 [137] 136Xe |100 kg gas TPC Construction | Canfranc
NEXT-HD |[137] 1%6X%e | 1 ton gas TPC Proposal | Canfranc
AXEL [138] 136X e gas TPC Prototype
KamLAND-Zen-800 [13]| '*°Xe | 745 kg “""Xe disolved in lig. scint. Operating Kamioka
KamLAND2-Zen [41] | *%Xe “""Xe disolved in lig. scint. Development | Kamioka 136
LZ [139] 136Xe | 600 kg |Dual phase Xe TPC, nat_/enr. Xe| Operation SURF e
PandaX-4T [119) 136¥e (3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONDT [140] 136Xe |5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN [141] 138Xe | 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 [142] 136xe Spherical Xe TPC Development
LAr TPC [143] 136Xe | kton Xe-doped LR TPC Development
NuDot [144] Various Cherenkov and scint. in lig. scint.| Development
THEIA [145] Xe or Te Cherenkov and scint. in lig. scint.| Development
JUNO [146] Xe or Te Doped lig. scint. Development Te or Xe
Slow-Fluor [147] Xe or Te Slow Fluor Scint. Development

Labs hosting current/future OvgBf experiments:

" " callio Lab huth

Norway

Kazshistan
Baksan
-
Mgeda  p, ot Paristan
Merco Saadn Aradn, Infia
Thalsnd
Mab  Niger Swdan
Chad
Veneruela Ngena Ethopa
Colombia INO
= e -
- AR e Pagus e
~ B
.....
9 Namiie (
Madazascar
ANDES N Bottmana a
f tia
A SUPL o

https://indico.fnal.gov/event/43209/contributions/187839/attachments/129296/159530/Heise-UGLabs_Worldwide-Neutrino2020-2020_07_01.pdf

More than 38 experiments in operation,
development, or proposed in coming years!

D. Moore, Yale arXivi2212.11099  TAUP - August 29, 2023 17



Operating/upcoming experiments (cont’d)

Liquid scintillator detectors:

" KamLAND-Zen (136Xe):

Event/0 05 MeV

Most sensitive search to date for
OvBp (myz < 36—156 meV):.
Phys. Rev. Lett. 130, 051801 (2023)
KLZ-800:
*  Mini-balloon with 745 kg of
enrXe, currently in operation
KamLAND2-Zen:

«  Proposed to improve energy
resolution, 1t e""Xe mass

KLZ-800 observed spectrum:

Total —— 136Xe Oupp (90% C.L. U.L.
B Total (0ypp U.L.) —-— Carbon spallation + '37Xe
104 B36Xe 2upp Xenon spallation products
Internal RI
---- IB/External RI
- ' ——— Solar neutrino ES+CC
. :

Visible Energy (MeV)  pri 130, 051801 (2023))

D. Moore, Yale

" SNO+ (130Te):
»  Currently operating with 780 t liquid
scintillator, to be loaded with natTe

« Status:
«  Water phase complete
*  Pure scintillator phase in progress
 Phase | Te loading to start 2025:
0.5% natTe — 1.3t 130Te
* Planned Phase Il with 3% Te to

SNO+ prolected sensmwty:

1000 76Ge 130Te 136Xe N T
2 127 5: -5 g:
S gt
21 wE g
z! i &t
{ .
100 ) §<§ g Presentations at TAUP:
E  [rg 35 B =5 = .
~ [E2 4l g5 B R § o, Valentina Lozza Nu Phys 3A
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= 5l g8 F £ e.E Tanner Kaptanoglu Nu Phys 7B
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+ 3 . .
o - O Benjamin Tam Posters
Z | =
| 7 ; : Tereza Kroupova
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\Phase space weighted half-life sensitivity, T}, xG

Plots courtesy M. Chen /
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Operating/upcoming experiments (cont’d)

Gas Xe TPCs:

LXe DM detectors:

[ NEXT (136Xe):
« Energy resolution (0.7% FWHM)
« Topological separation (88 vs )
« Status:
+ NEXT-White (10 kg) completed
« NEXT-100 (100 kg) construction
underway at Canfranc
* NEXT-HD proposed to extend to 1t
+ R&D towards tagging '3¢Ba
daughter (NEXT-BOLD)

NEXT-100 detector schematic:

See talk by Pau Novella Garijo

\_ Plots courtesy J. Gomez-Cadenas

Reconstruction of g event:

-20

Photo of NEXT-1 00 TPC

\

NEXT-White| | fs

20 40 60 80 100 120 140
X (mm)

Phys. Rev. C 105, 055501 (2022)

\_

Dual phase LXe TPCs ("2Xg):

Multi-ton liquid Xenon TPCs designed for dark matter

detection can also search for OvgfS
« Sub-percent energy resolution
demonstrated at MeV energies
Currently operating experiments:
 LZ, XENONNT, PandaX-4T
Future detectors (e.g. XLZD, Darwin)

could reach >10%"yr T, , sensitivity

See talks by:
Maxime Pierre
Xiang Xiao
Kimberly Palladino

DM and nu
Inter-track 1

Slmulated LZ Ovﬂﬂ spectrum (1 1 X 1026 yr)

104 T T T

T

103

Detector
Components

= 2458 keV

Qgp

ml T TTTI

10-6

Cavern

107

1078

Rate [counts/(kg day keV)]

T
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| |||||_|_|| | |||||_u] ] ||||uﬂ

I

I

10-° *B !

3 \!
v b s by by LN b

.l....\

2000 2100 2200 2300 2400 2500 2600 2700
Energy [keV]

Phys. Rev. C 102, 014602 (2020) /
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Operating/upcoming experiments (cont’d)

Scintillating Bolometers:

Tracking detectors:

4 N . )
AMoRE ('°°Mo): SuperNEMO (82Se, or other isotopes):
« Scintillating bolometers with ®"Mo « High granularity tracker + calorimeter
« Sensitivity goal (AMORE-Il): mgg =16-30 meV « Full topological reconstruction
(T,,, = 6x1028 yr) « Background rejection
. Status: « Unique 2vBB measurements (nuclear effects, new physics)
' . « Ability to probe OvBB mechanism if discovered
*  AMoRE-I (currently operating, 6.2 kQ)
: « Status:
* AMoRE-II (under construction, ~180 kg) » Demonstrator currently taking data (~6 kg 82Se)
« Over 100 kg of enriched '®MoQO; powder has | y J J
been purified at CUP 8p High- Segmented
granularity calorimeter
souree tracker
AMORE-I tower: AMOoRE-IlI concept: ]
AT Presentations at TAUP:
Yoomin Oh (\ B-—
Han Beom Kim -
Jeewon Seo TB’ B
‘C];ngrz_lso Presentations at TAUP: &
R Cheryl Patrick Any Angle betwegn Indiviglual
e * i+ e
AN Cheryl Patrick Plots courtesy C. Patrick /

D. Moore, Yale
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Nuclear Matrix Elements (NMESs) JAT L L m2
« NMEs with quantifiable uncertainties are required to accurately plan experiments and interpret results
« Historically, phenomenological models give 2-3x scatter
» Leads to nearly an order-of-magnitude variation in half-life for a given (mgg)
« Errors are difficult to quantify, and no guarantees true NME lies in range of models
« This is a challenging theory problem, but efforts now underway are starting to move beyond the limitations
f phenomenological models! . i
of phenomenological models Compilation of recent NME calculations:
. EDF & A
7 1w T -
- QRPA [+ e 4 . A
6 Nsm T T x { ° -
i T &
sh oo T- |3 o 1 | Scatter of
o I % Lo r A o ¢ { ] 2-3x
>5 X .
S 4r . - - | between
i N T » T 1 | models!
S :,E X - < ) o -
o [ —‘ x . T ® v
B - N
.
1+ = _
:I"
: - | I | | | | ] | |
0 480a 7GGe 8288 1OOM0 116Cd 130-]-e 136)(e 150Nd
D. Moore, Yale TAUP - August 29, 2023 Rev. Mod. Phys. 95, 025002 (2023) 21



Nuclear Matrix Elements (NMESs)

(Tlo/y2)_1 — GOI/

« NMEs with quantifiable uncertainties are required to accurately plan experiments and interpret results

« Historically, phenomenological models give 2-3x scatter

Leads to nearly an order-of-magnitude variation in half-life for a given (mgg)
Errors are difficult to quantify, and no guarantees true NME lies in range of models

« This is a challenging theory problem, but efforts now underway are starting to move beyond the limitations
of phenomenological models!

Updated strategy for NMEs:
1.

Quantify the form of the relevant decay
operators in EFT

Lattice QCD and modeling to constrain
coefficients

Ab initio nuclear structure calculations to

solve the many-body problem

Builds on success resolving “ga quenching” for
phenomenological models of § decay

Develop reliable uncertainty estimates for

computed NMEs

See J. Phys. G: Nucl. Part. Phys. 49, 120502 (2022)
[arXiv:2207.01085] for recent roadmap

long

D. Moore, Yale

Compilati}on of recept NME caI\cuIatlions:l

. EDF @ A
— BM T ]
- QRPA e = R
— NSM ITI % :[ > _
-IMSRG * .
e T : ¢ 1 | Scatter of
: A L’ r . 2-3x
N . 71 | between
- I I 1| models!
— T - B
" z +
- 4 * v
A
z,
- | I | | | |
485, Bge 8250 10y, 11604 15074
Rev. Mod. Phys. 95, 025002 (2023) 22
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ADb Initio calculations

D. Moore, Yale

+ Initial results from this overall strategy are promising:

Phenomepo/ogical Ab initio
[ | [ |
3.0 1 l 48Ca—>48Ti
2.5 Error bars represent sensitivity to calculation
- parameters, not yet full theory uncertainty!
82.0- -
E 1.5 A1
|
1.0 A l
. |
0.5 - = l B = - I I
f LS T LS EES TS LS £
s & 8 & & & g £ 3 & ;
Q & s N S y ¥ & < S O £ 6 Q
27 5 5 3 s € g %

arXiv:2212.11099, adapted from J. Phys. G: Nucl. Part. Phys. 49, 120502 (2022)

 Recent work has also extended first ab initio calculations to:
76Ge, 82Se: Belley et al., Phys. Rev. Lett. 126, 042502 (2021)
130Te, 136Xe: Belley et al., arXiv:2307.15156 (2023)

TAUP - August 29, 2023

Comparison of ab initio to phenomenological
NMEs (Te and Xe):

130Te 136Xe
Phenom. —e— Ab initio (this work)
U T —&— QRPA
—4¢— NSM
v —— IBM
6F Phen. - —¥— EDF
I —o— GCF
8- EFT
v
5
¥ v
Q * < \
Q 4r >
a Ab 2 >
. .. A<
= |initio 1 >
3F >
> =
| P
i I A<
L s 1
[ I I 3
| = .
1L ¢ + | 4
2 * 8
M, M +Ms YoM, M, +Ms T M, M +Ms M, M, + Ms
Ab inito Nuclear Models Ab inito Nuclear Models

arXiv:2307.15156

23



ADb initio calculations (cont’d)

* In general, ab initio calculations are coming out near the lower edge of the phenomenological
range for isotopes considered

* Nonetheless, may disfavor dramatically lower values (e.g. from naive extrapolation of “g,
quenching”)

* More work is required:

D. Moore, Yale

Continue to refine calculations and

improve accuracy of approximations

Work towards quantified uncertainty
estimates

Include short-range contributions
(likely enhance ab initio NME)

Compilation of recent NME calculations:

T | T T T T ]
- EDF & A -
7L BM T Ranges assumed in sensitivity summary plots in this talk _]
L QRPA T + e ® o
6 - Nsv T T [ x t ° g
- IMSRG l‘ ¥ | ]
5 cc : .
. - I [ A .L> A ® g ]
C -
S 4L ‘ T x -
I . |
- : T N T il
3r k * = L ° J R
2 [ 4 ‘ ) 3 *
- T = A
B . JL i
u Te .. i
i 5l T Ab initio
0 i * T ! ! ! | ! |

4BC a
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| |
76Ge 8289 100Mo 1160d 1301-e 136)(e 150Nd

Adapted from Rev. Mod. Phys. 95, 025002 (2023) and arXiv:2307.15156
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ADb initio calculations (cont’d)

* In general, ab initio calculations are coming out near the lower edge of the phenomenological
range for isotopes considered

* Nonetheless, may disfavor dramatically lower values (e.g. from naive extrapolation of “g,

quenching’) Compilation of recent NME calculations:

« More work is required: w l l u l l

EDF & A
» Continue to refine calculations and - BM T Ranges assumed in sensitivity summary plots in this talk
improve accuracy of approximations

QRPA e T — o
«  Work towards quantified uncertainty 8| NsM L L [ J‘
+
[
A

IITTIIII

Ill|lll|ll|

L o
i -IMSRG
estimates sL co T ¢ A -
. . { A L
* Include short-range contributions 2 | -L I ° ) ]
. . agn (o] 0 4 N
(likely enhance ab initio NME) T 4 . T ]
[ I :
- ; T " T ]
3 B E T I T % +:|: ]
2 |- 4 ‘ ) - ¢
I 1 -
- / I+VJ A i
1 = = II N
L & \ ., . i
i . T1 Contact term Ab Initio  Including contact term
ol _TBD | | ] | |

|
4BCa 76Ge 82Se 100Mo 1160d 1301-e 136)(e 150Nd

D. Moore, Yale TAUP - August 29, 2023 adapted from Rev. Mod. Phys. 95, 025002 (2023) and arXiv:2307.15156 25



ADb initio calculations (cont’d)

 In general, ab initio calculations are coming out near the lower edge of the phenomenological | I'
range for isotopes considered i ' l’

* Nonetheless, may disfavor dramatically lower values (e.g. from naive extrapolation of “g,

quenching’) Compilation of recent NME calculations:

* More work is required: o e a w | l l l l ]
» Continue to refine calculations and 2L BM T Ranges assumed in sensitivity summary plots in this talk ]
improve accuracy of approximations - QRPA +o . ® N .
. Work towards quantified uncertainty =~ 8| NsM LI [ l‘ ° B
. -IMSRG ¥ ]
estimates 50 cc T 3 N A . N
* Include short-range contributions 2 | 4 | ‘ J 1
(likely enhance ab initio NME) S 4 . L .
i - T i
3 L T T ; S +I N
: . I 3 be X * -
Still too early to draw definitive 2 - = _ T
. . B S
conclusions, but a path to reliable NMEs : A f :
. . 1 = |
| i ~e 1
may belin'sight; i » Com:la_zgtDter m Including contact term
| | | I

0 \ | |
48Ca 76Ge 82Se 100Mo 1160d 1301-e 136)(e 150Nd

D. Moore, Yale TAUP - August 29, 2023 adapted from Rev. Mod. Phys. 95, 025002 (2023) and arXiv:2307.15156 26



LNV phenomenology

« Searches for Ovp B are among the most general probes of LNV for new physics beyond the SM

« There is a vibrant and ongoing theory effort exploring these models and implications for
upcoming experiments

Effective field theory for BSM models

beyond light-v exchange:
e N
Effective energy scale sensitivity (dim 7):

900
76Ge
> 8001 “se
|:. 100M0
.;‘700' 130T¢ H
b= 136y |:|
] 2
£ 600 , % s,
0 & (SR Q‘f_
Pl 500 o (e} ‘9% ®
(0]
3 Y, kel <.
2 400 »Of s %
- [ 55 % o,
m |:| %6\0 ~ // o
% 300 g, %,
a ' S SO O ]
I~ I & I<<\ é/ﬁo n, % o
R
_E 29 ‘7001%,/ 90000”70 /‘eo EEE completed
= 100 o taking data
arXiv:2212.11099 1 future
0 .

103 104 10°% 108
sensitive exposure [mol yr]

Significant complementarity with collider
\_ searches! )

See e.g., Rev. Mod. Phys. 95, 025002 (2023) or arXiv:2203.12169 for recent reviews
D. Moore, Yale TAUP - August 29, 2023




LNV phenomenology

« Searches for Ovp B are among the most general probes of LNV for new physics beyond the SM
« There is a vibrant and ongoing theory effort exploring these models and implications for

upcoming experiments

Effective field theory for BSM models
beyond light-v exchange:

Implications of specific BSM models for Ovpp:

Ve

Effective energy scale sensitivity (dim 7):
900

76Ge
SZSe

y [TeV]
~
o o
o o

IOUMO
>
= 1360
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0 0((‘ Q. /Q‘f‘
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arXiv:2212.11099 3 future

164 165 '
sensitive exposure [mol yr]
Significant complementarity with collider
S searches!

103 10°

~

J

qz‘xamples:

OvS B param space in left-right

1

symmetric model:

NH

mLAND-Zen 90% C

Future ton-scale

.

M, = 500 GeV experiments
Vr=V_"
104 0.001 0.010 0.100 1
my,., ineVv

Lietal, PRL 126, 151801 (2021)

OvBpB constraints on mixing with sterile v:

[ cMB -

X-ray \ CMB+BAO+H, . Seesaw

S
wi ,/CMS
I

,,,,,,,,,,,,,,

EWPD

| 1073 1
my [GeV]

Bolton et al., PRD 103, 055019 (2021) )

10°

See e.g., Rev. Mod. Phys. 95, 025002 (2023) or arXiv:2203.12169 for recent reviews
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Beyond the ton scale

« While there is significant discovery potential in upcoming experiments, extensions beyond the
tonne scale may ultimately be required

Parameter space vs. mass of lightest v: Sensitivity of upcoming experiments:
— S 6Ge
: £ : Q\\O%Qgp « <<;\/~\” % ooé;g 100Mo
> ] A N O\’,\/’(bx\ 5190 130T
£ ] S tﬁo o R 136y
= 102 = \3’0 %e QQQ
= 102+ a 107 S
v 0 : o
£ 2 S L&
£ 4 & H %
"o G>J o&? PN
E 1 O ] ®O PR
< 10" 4 Normal L ] v &
] ordering (NO) ©
] ~ EEl Completed
R 100- Running
0 2 1 1 Upcoming
10 E S 1 =-Z! Beyond Ton Scale
! L L | b | ! UL | ! L L ! ! AL ! ! AL ! ! UL | ! ! L |
101 10° 10? 102 103 10° 10* 10° 10° 107

Lightest v mass, mmin [meV] sensitive exposure [mol yr]

Plot adapted from arXiv:2212.11099,

https.//indico.cern.ch/event/1242655/contributions/5377665/
D. Moore, Yale TAUP - August 29, 2023 R. Saldanha (private comm.) 29



Beyond the ton scale

« While there is significant discovery potential in upcoming experiments, extensions beyond the
tonne scale may ultimately be required

Parameter space vs. mass of lightest v: Sensitivity of proposed beyond ton scale experiments:
76
107 5 > 107: N 05190 S G:e
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Plot adapted from arXiv:2212.11099,

https.//indico.cern.ch/event/1242655/contributions/5377665/
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Beyond the ton scale

103 3

Presentations at TAUP:

D. Moore, Yale

Emilio Ciuffoli A New 82Se detector for Neutrinoless Double Beta | Nu Phys 3A |
Decay Searches
Alvaro Chavarria R&D status of the Selena Neutrino Experiment | Nu Phys 4A |
. . . .ps . . . f : XLZD beyond WIMPs: Neutrino-less double beta- DM and nu 1
While there is significant discovery potential in upcon| Kimberly Palladino o,y ana More
! : Discovering the origin of matter with liquid xenon
tOnne SCa|e may UItlmately be reqU|red Samuele Sangiorgio neutrinoless double-beta decay detectors: nEXO | Nu Phys 5A |
and beyond
: . Q BINGO: investigation of the Majorana nature of
Parameter Space vs. mass of IlghteSt v: Sens Vladyslav Berest neutrinos at a few meV level of the neutrino mass Nu Phys 6A
scale
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Summary

« Searches for Ovp s are a powerful probe of LNV in nature and the most sensitive
experimental test of whether neutrinos are Majorana particles

* More than 80 years after Ovgf was first proposed, upcoming experiments are
now approaching the minimal masses expected from oscillation experiments

« There is a vibrant world wide experimental effort pursuing a number of
technologies at the ton scale and beyond

« Significant theoretical progress is being made on determining accurate NMEs
and LNV phenomenology for OvSf

 If neutrinos are Majorana particles, these efforts have substantial potential to
discover this beyond the Standard Model process in the coming years!

D. Moore, Yale TAUP - August 29, 2023 32
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Experimental signature

« Experimental techniques have been developed to identify the rare OvSf events amidst
backgrounds (natural and cosmogenic radioactivity, 2vSS, ...) based on several parameters

Energy: Signal

Bkg. like i’/ i

D. Moore, Yale

HPGe detectors Pixel detectors Tracking detectors Topology:
(MJD, ...) ( . ( ) Bkg. like i Signal like
-
Bolometers Gas Xe TPCs ®j§
(CUORE/CUPID, (NEXT, PANDA-X-II,...)
AMORE) {é&

HPGe + LAr veto
(Gerda, LEGEND)

(KamLAND-Zen, SNO+, THEIA,...)

Liquid Xe TPCs
(EXO-200, nEXO, XLZD,...)

Liquid scintillator

Distance from
nearest detector
surface

Active shielding:

Signal Bkg.

N
N

like like

N
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