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Two-Neutrino Double Beta Decay

* Double beta decay
— Energetically allowed
— 2vff conserves lepton number

— Continuous beta spectrum up to Qg
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Two-Neutrino Double Beta Decay

* Double beta decay
— Energetically allowed
— 2vff conserves lepton number
— Continuous beta spectrum up to Qpp

 But what if the neutrino was its own
antiparticle?
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The Case for Neutrinoless Double Beta Decay

* Thediscovery of 0Ovf s would completely change our
understanding of the laws of our Universe
— Lepton number is not conserved N
— Neutrinos are Majorana particles
— Explains the matter-antimatter asymmetry via leptogenesis
— Provides a mechanism for neutrino mass generation

 The LEGEND Collaboration is searching for this process N
in a ton-scale experiment with the °Ge isotope
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LEGEND Concept

* Large Enriched Germanium Experiment for Neutrinoless 55 Decay

* Merger of two successful programs: GERDA and MAJORANA
— Each based on high-purity Ge detectors enriched in °Ge

MAJORANA GERDA

- Radiopurity of nearby parts
- Low noise electronics improves PSD
- Low energy threshold

- LArveto
- Low-A shield, no Pb

Phased
approach

Both

- Clean fabrication techniques
- Control of surface exposure

- Development of large point-contact detectors L&
- Lowest background and best resolution OvS experiments (i G£/VD
? des;, 100p
3’)}

‘@ LosAlamos T ) Samuel L. Watkins | SNvD 2023@LNGS



High-Purity Germanium Detectors

* Awell-established detector concept
— Point-contact detection scheme

* Used in MAJORANA and GERDA
— lonization detectors
— Low background
— Enriched in "®Ge for OvB searches
— Can be directly immersed in LAr

well —

n* contact

Bulk (p-type)

groove

p+ contact
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LEGEND-200: Experimental Design

e 200 kg of HPGe detectors
— Taking data now!

* Using existing GERDA infrastructure at LNGS
— Atmospheric liquid argon
— Anticipated exposure of 1 t-yr
— 2.5 keV FWHM resolution at Qgp
— Mix of Ge detector geometries (PPC, BEGe, ICPC)

 Background goal: < 2x10~* cts/(keV kg yr)
— Improved electronics
— Improved pulse shape discrimination methods

o
— Improved LAr veto
Person for scale: '
Al
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LEGEND-1000: Experimental Design

« 1000 kg of HPGe detectors UGLAT

— Operated in a bath of
underground-sourced LAr

— Anticipated exposure: 10 t-yr
— Site to be selected
— ~400 ICPC HPGe detectors

« Background goal: Atmospheric Ar
- < 107> cts/(keV kg yr)

See: LEGEND-1000 pCDR, arXiv:2107.11462

Person for scale: w
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“Low” Energy Background Model for L-1000

Tritium
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Simulation of background
over all energies via Geant4
framework

Uses L-1000 geometry

Assumes underground-
sourced LAr

Includes detector surface
effects

No analysis cuts included in
this comparison



Presupernova and Supernova Neutrino Flux

* Could be sensitive to both phenomena originating from supernovae

Presupernova Neutrino Flux Supernova Neutrino Flux
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Presupernova and Supernova Neutrino Flux

* Could be sensitive to both phenomena originating from supernovae

Presupernova Neutrino Flux Supernova Neutrino Flux
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Neutrino-Electron Elastic Scattering (veES)

v, (Up)+e” =, () +e

* Contributions to rate originate from both

neUtral and Charged Current veES Differential Cross Section
— Different cross section for different neutrino 1047
types -
>
S
5
s —
© —_—y,
107 IU/Z, Uz
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Assuming: m = 20M, d = 200 pc, t = 20 s

Supernova veES in LEGEND-1000

* PreSN: * SN:
— Background is well above the PreSN rate — Expect ~2 evts/burst/ton from background
for most energies — Expect ~25 evts/burst/ton for both Ge and
Ar over spectrum
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Charged-Current Neutrino-Nucleus Scattering (VN CC)

 Interaction changes proton number Ve (Te) + 5X — , AY + €T
* |n Germanium-76:

- v, + "°Ge - "°As* + e~

- 7, + "°Ge » "°Ga* + e*
* In Argon-40:

- v, + *Ar - *K* + "

- 7, + *°Ar - *°Cl* + e”

_ GFcos® 0,
T

B(F), + (g—A)2B(GT)k

EepeF(Z, Ee) X
av

Ok
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Assuming: m = 20M, d = 200 pc, t = 20 s

Supernova VNCC in LEGEND-1000

G2 cos? 0 "t
or = T B F(Z, E) x | B(F)i+ z— B(GT)x
. 1%
 What event chains could LEGEND observe?
*
Ge — As* Ar — K
Ve + 76Ge 76As" + e Ve + “OAr YK te
prompt
relg;(a)?;): vs relaxation ys
Expect:
76As +y 0K +y P
R . <1 274 evts/burst/ton
QS\'&'\?’Q‘\ 2o o
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765e" + e 40Ca’ + e 40Ar" + v,
t t
relg;(a)?:r: vs relg)ZZ?opn Ys rels)zggopn vs
OCa+y 40Ar +y
Sery tsf%/e
N fofe
%2
Expect ~2 evts/burst/ton from background ” prompt
relaxation ys
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Coherent elastic neutrino-nucleus scattering (CEVNS) Plots byt Nave (UW)
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Assuming: m = 20M, d = 200 pc, t = 20 s

Supernova CEVNS in LEGEND-1000

 PreSN: SN between 1 keV and 10 keV:
— Background is higher than SN rate until - Expect ~0.1 evts/burst/ton from
perhaps ~1 ms before core collapse background
— Expect > 103 evts/burst/ton in Ge and Ar
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Assuming: m = 20M, d = 200 pc, t = 20's
Supernova Inverse Beta Decay (IBD)

e LEGEND-1000 will have a kiloton-scale water =
shield instrumented with PMTs 8
— Designed as a muon veto o =

AN

 Electron antineutrinos incident on water will
result in a high rate of IBD

NN

Z:

2 /

Vet+p—nt+et o= Crbiepe 17 12 (1+3¢%) %r -
7

* Expect4. 3x10° evts/burst in L-1000 Z

— Expected background: 1.2 evts/burst %- .
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7
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Assuming: m = 20Mg, t = 20s
Supernova Neutrinos: Counts vs. Distance

« We have been assuming 200 pc (imagine Betelgeuse)
— What about farther distances?

— Counts scale as ~1/1?
108

IBD
veES

vNCC .
CEUNS y * IBDisourstrongest channel

» Distances up to O(1) kpc, also expect
significant counts for the other
interactions

=
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Summary and Outlook

 LEGEND-1000 is uniquely sensitive to many neutrino
interaction channels
— veES,vNCC, CEVNS, IBD
— Thanks to the combination of Ge, LAr, and water shield

* May observe some effects of presupernova neutrinos
as an increasing rate

* Expect significant counts of supernova neutrinos
over background

 Complementary to other experiments searching for
supernova neutrinos
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LEGEND Collaboration for 0OvSf

* Largeinternational collaboration
— ~55institutions, ~280 members @ % s
— MAJORANA + GERDA + more!
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LEGEND Overview

Mission: “The collaboration aims to develop a phased, Ge-76 based double-beta decay experimental
program with discovery potential at a half-life beyond 10?8 years, using existing resources as appropriate
to expedite physics results.”

Select best technologies, based on what has been learned from GERDA and the MAJORANA DEMONSTRATOR,
as well as contributions from other groups and experiments.

MAJORANA GERDA Both

- Radiopurity of nearby parts (FETs, cables, Cu LAr vet - Clean fabrication techniques
mounts, etc.) ) L rvi Oh' d oh - Control of surface exposure
- Low noise electronics improves PSD - -ow-Ashield, ho - Development of large point-contact detectors

- Low energy threshold (helps reject cosmogenic - Lowest background and best resolution OvSf
background) experiments
Y,
First phase: Subsequent stages:
* Deploy 200 kg in upgrade of .+ 1000 kg, staged via individual payloads
existing infrastructure at -« Timeline connected to review process

LNGS
* BG goal: <0.6 cts/(FWHM t yr)
» Discovery sensitivity at a
half-life of 10?7 years |
* Currently taking data

* BG goal <0.03 cts/(FWHM t yr)
* Location to be selected

N
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High-Purity Germanium Detectors

* Most detectors will be of ICPC type

— Large mass, good drift time, high surface
area to volume ratio

well —

n* contact

Bulk (p-type)

groove

p+ contact

R. J. Cooper et al., NIMA 629 (2011), 303-310
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Source Funnels

LEGEND-1000: Module Schematic N | wia

Bird’s Nest

* 1000 kg of HPGe detectors |
— Operated in a bath of _— i
underground-sourced LAr = |
— Anticipated exposure: 10 t-yr

(Preliminary)

Optical Fibers

HPGe Detectors

UGLAr

Atmospheric Ar

[ ]
Person for scale: ﬂ
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“Low” Energy Background Model for L-1000 With Cuts

e 2vpp 39A
Tri
tlum - T b l T I m— Summed Spectrum
s - : ; : e AT-39
x 10 g SETEITETTEITERIEEE SRRCITLETLRRILEETRRLEETSY STCETILTRLTILIRIERLITIRTERTEE (I L EE T L L LR CETLERTEREE eeenaes Ar-42
o> : : . . — Kr-85
g (Preliminary) |=— ke
< y — Pb-210
> g . — 2VBB
g — Ge-68
= - Tritium
_‘(L) 10 — Nil-g;j?a
S e
_ o
3 10 s 71165
: : ' : Combined U, Th, K
10—3 - R o - ............................. ............................. ......... ol =
R T e TE e e = '1[' — R el T ] ‘IH" e
50 100 150 200 250

Energy [keV]

Jackson Waters Master’s Thesis (UNC)

i Los Alamos ALEGEND, Samuel L. Watkins | SNvD 2023@LNGS

Simulation of background
over all energies via Geant4
framework

Uses L-1000 geometry

Assumes underground-
sourced LAr

Includes detector surface
effects

With analysis cuts on:

— Detector surface events
— Multiplicity

— LAr scintillation



LEGEND-200 with water shield

(Preliminary Design for LEGEND-1000 at LNGS)
%@ Los Alamos Samuel L. Watkins | SNvD 2023@LNGS
‘9 NATIONAL LABORATORY \\A




