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HPGe Detectors

* Single-crystal diodes operated r
under reverse bias, at 77-90K

e Best energy resolution among
OvBPB candidate technologies:
approaching 0.1% at 2039 keV
(~2.5 keV FWHM)

* Energy scale linear to ~0.01%,
stable long-term operation
with minimal maintenance

 Compact non-volatile solid, 2- ,i ,
3 kg detectors :

80.1 x95.5

e Commercial-scale production
by several companies




HPGe Detectors for Ov(33

e Able to enrich from 7.75% to 292% 76Ge

e Total natural mass required for ton scale
<10% yearly world production

* Enrichment costs stable; large, reliable global
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Fiducialization and Event Topology in HPGe

* Point-contact geometry allows for

multi-site event rejection based on ) g
pulse shapes g
>
« Compton continuum gamma 3 15419 Single-Site =
backgrounds reduced by 50% g (OvBB-like) <
Wt vBp-h
* New ICPC geometry keeps event | accepted )
topology while increasing mass x2-3 )
* Distinctive pulse shapes near surfaces T Mmerns
allow for fiducialization
e Surface a and B events reduced > 99% 2510
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Fiducialization and Event Topology in HPGe

* Point-contact geometry allows for
multi-site event rejection based on [
pulse shapes

* Compton continuum gamma
backgrounds reduced by 50%

Single-Site
(OvpBp-like)

* New ICPC geometry keeps event
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Background Reduction in HPGe Experiments

BB decay signal:
single energy

deposition in / Pure wateN

a 1 mm3 volume e Liquid Ar "\
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Background Reduction in HPGe Experiments

BB decay signal:

single energy \
deposition in \ Pure water
a 1 mm3 volume / 4 \ Liquid Ar "\ \

!
.
isen.-uE

‘w il W \\ l ” —

|

4 []

lll ] -

il "

] g e |1 o

I (] ortical | %

H H \ fibers/ Muon veto based on G';A;B'A
.[;\;] H k >< Cherenkov light and/or LEGENE’)

p ™ plastic scintillator

=



Background Reduction in HPGe Experiments

BB decay signal:

single energy \
deposition in / \ Pure wateN
a 1 mm3 volume e \ Liquid Ar "\
14 o=
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Background Reduction in HPGe Experiments

BB decay signal:

single energy \
deposition in / \ Pure wateN
a 1 mm3 volume a ) Liquid Ar "\
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holder (under test)
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Background Reduction in HPGe Experiments

BB decay signal:

single energy \
deposition in / \ Pure wateN
a 1 mm3 volume e '\\ Liquid Ar "\
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- Ge detector GERDA,
anti-coincidence LEGEND
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Background Reduction in HPGe Experiments

PP decay signal: Pulse shape G
single energy \ discrimination (PSD) GERDA
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Current-Generation Experiments: MJD and GERDA
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The MAJORANA DEMONSTRATOR

Searching for neutrinoless double-beta decay of °Ge in HPGe
detectors and additional physics beyond the standard model

Source & Detector: Array of p-type, point contact (PPC) detectors
29.7 kg of 88% enriched ®Ge crystals

Best Energy resolution: 2.5 keV FWHM @ 2039 keV

Low Background: 2 modules within a compact graded shield and active muon veto using
ultra-clean materials like UGEFCu

Muon Veto
Panels

Operating underground at the 4850’ Radon — ‘ T

Enclosure [~
level of the Sanford Underground
.ﬁi :
m ! Vacuum and
0| Cryogenics

Sanford

Underground

Research
Facility a

U.S. DEPARTMENT OF Office of

EN ERGY Science

Research Facility since 2015
Wt

é
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Novel configuration: bare crystals in
LAr active veto
Located at LNGS: 3000 m.w.e of rock
Water Cherenkov veto, 64 m3 of LAr
(diameter 4m) with SIPM and PMT
readout
Ge detector array

* 30 BeGe (20kg), 7 Coax (15.6kg), 3

nat (7.6kg)

* +ICPCstring as of May 2018
103.7 kg yr Phase Il exposure
(Neutrino 2020)

[Nature 544 (2017) 47,
Eur.Phys.). C78 (2018) no.5, 388

low mass

btector
1

Wiesinger, TAUP19

See Y. Kermaidic, Neutrino 2020 for more details
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MJD Detector Upgrade and Status

Upgrade

* 5 p-type point contact (PPC) ®""Ge detectors removed and
shipped to LNGS for LEGEND-200 tests in LAr

* Improved connectors and cabling: new ultra-clean, low mass
signal conn.; improved HV conn.; NASA spec cable bundling

* Installed extra cross-arm shielding

* Installed 4 ORTEC inverted coaxial point contact (ICPC) ®"Ge
detectors for LEGEND-200 for low background vacuum testing

_ Before Upgrade After Upgrade
Working signal conn. 24/29 (82%) 27/27 (100%)
Reliable HV conn. 19/24 (79%) 27/27 (100%)

Operational 18/29 (62%)* 27/27 (100%)*
*Used for final *Final selection
analysis not yet made

Status and Next Steps

* Run for ~¥6+ months to measure performance and background
e Ultimate integrated exposure: ~65 kg y

e ICPC performance will inform LEGEND-200

» Stop as-late-as-possible to install enriched det. in LEGEND-200
* Continue background studies with natural detectors

cable *

%"bundles |
W{h S AW 18




Counts/(2.5 keV kg yr)

Operating in a low background regime and benefiting from excellent energy resolution

1 02 = Data Cleaning, Muon, & Multiplicity Cuts ;;;0.14 N B 90% G.L. Limit é
— After DCR Cut 3 o12f =
— After DCR & AvsE Cuts g oip :Z:
3 S
10 g
S e
1 26 kg-yr exposure
o | "' |
MIIIWH [N N1
1000 2000 3000 4000 5000 6000
Energy [keV]

A new result, with a combined total of ~50 kg-yr and
analysis improvements, is to be released this Fall

Initial Release:
9.95 kg-yr open data
[PRL 120 132502 (2018)]

Latest Release:
First unblinding of data
26 kg-yr exposure
[PRC 100 025501 (2019)]

Median T1/2 Sensitivity:
4.8 x 10%° yr

Full Exposure Limit:
T1/2> 2.7 x 10%° yr (90% CL)

Background Index at 2039 keV in
lowest background config:

11.9 £ 2.0 cts/(FWHM t yr)
19



Counts / ( keVkgyr)

GERDA Full Exposure

10
.... o5t 25 keV
1
0]
o
X
10~ F
102 ol A |
1072

|

All detectors - 103.7 kg-yr

|:| Prior to analysis cuts

- After LAr veto and PSD cuts
— 2vfBp decay

L L

| ’i “Jr e “-J‘\; \H AF‘_ T WJH el

I
1000 1500 2000 2500

« [600 -1900] keV — Almost

* [1450 - 1530] keV — Strong suppression of 4°K and 42K gamma lines (LAr veto + MSE)
* [1900 - 2620] keV — Strong suppression of 214Bi and 22Th gamma lines + Compton

« >3500 keV — Suppression of almost all @ events (p+ contact)

3000 3500 4000

pure 2vB B decays sample

4500

5000

GERDA 20-06

Energy (keV)

* Multiplicity, event topology,
fiducial, and LAr cuts are
highly complementary:
factor of 30 reduction in Bl

* Bl analysis window: [1930-
2190] keV, excluding 298T| SEP,
214Bi FEP, and Qpg * 25 keV

e After all cuts:

Bl = 5.2%16x107* cnts/(keV-kg-yr)

OvBp record

20



GERDA Full Exposure

Counts / ( keV-kgyr)

1072

1072

107" &

BP

e e

|
1900

e i ,

. All detectors - 103.7 kgyr
[ After LAr veto and PSD

—— 2vpBp decay MC

. ——— Background level

214 o 2281 gamma lines .::l

—— T%,=1.8 - 10% yr (90% C.L. lower limit)

GERDA 20-06

|| . Kk
2000 2100

Frequentist analysis*:

2200

Median sensitivity for limit setting:
1.8 x 10%¢ yr (90% C.L.)

* Best fit = no signal

90% C. L. lower limit:
T1), > 1.8 x 10%¢ yr

d1 A I NN NN L
2300 2400 2500 2600
Energy (keV)

Bayesian analysis with uniform prior*:
* Median sensitivity for limit setting:
1.4 x 10%° yr (90% C.1.)

« Ty >1.4x10%°yr (90% C.1.)

*Statistical treatment found in [Nature 544, 47-52 (2017)]
+ includes 23.5 kg-yr phase | exposure



Forces: LEGEND
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Large Enriched Germanium Experiment for Neutrinoless B3 Decay — LEGEND

LEGEND mission: “The collaboration aims
to develop a phased, 7°Ge based double-
beta decay experimental program with
discovery potential at a half-life beyond
1028 years, using existing resources as
appropriate to expedite physics results.”

Univ. New Mexico

L'Aquila University and INFN
Lab. Naz. Gran Sasso
University Texas, Austin
Tsinghua University
Lawrence Berkeley Natl. Lab.
University California, Berkeley
Leibniz Inst. Crystal Growth
Comenius University

University of North Carolina
University of Warwick
Sichuan University
University of South Carolina
Tennessee Tech University
Jagiellonian University
University of Dortmund
Technical University Dresden
Joint Inst. Nucl. Res.

Duke University

Triangle Univ. Nuclear. Lab.

Joint Research Centre, Geel
Max Planck Institute, Heidelberg
Queens University

University Tennessee

Lancaster University

University Liverpool

University College London

48 institutions, About 240 scientists

Los Alamos National Lab.

INFN Milano Bicocca

Milano University and Milano INFN
Institute Nuclear Research Russ. Acad. Sci.
National Research Center Kurchatov Inst.
Lab. Exper. Nucl. Phy. MEPhI

Max Planck Institute, Munich

Technical University Munich

Oak Ridge National Laboratory

Padova University

Padova INFN

Czech Technical University Prague
North Carolina State University
South Dakota School Mines Tech.
University Washington

Academia Sinica

University Tubingen

University South Dakota

University Zurich
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GERDA achieved the lowest background
index: 5x10 cts/(keV kg yr)
LEGEND-200 needs only x3 better

Water tank/
muon veto
,

SHO |
B/ ;

BuiaRhysadaC (2013)73:2330
arXiv:1212.4067)

Combine the best of GERDA:

LAr active veto and instrumentation
Low-A shielding, no Pb

MAJORANA achieved best energy
resolution: 2.5 keV FWHM at Qgg

Inner Cu

Shield

Outer Cu
Shield

... With the best of MAJORANA:

Radiopurity of near-detector parts
Low-noise electronics improves PSD
Low energy threshold

and techniques developed in both experiments:

* Clean fabrication techniques
e Control of surface exposure

* Development of large point-contact detectors

e
: i

I| || _Cryostats Oy

S e e e e e = = = = e iymeyitymany
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See arXiv:1709.01980

' LEGEND-200:

e 200 kg in upgrade of existing
GERDA infrastructure at
Gran Sasso

. . 2.5 keV FWHM resolution

* Background goal
<0.6 cts/(FWHM t yr)
<2x10* cts/(keV kg yr)

 Data start ~2021

LEGEND-1000:

e 1000 kg, staged via individual payloads (300-500 detectors)
 Timeline connected to review process
e Background goal <0.03 cts/(FWHM t yr),<1x10~ cts/(keV kg yr)

 Location to be selected

v

a

/
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Ge Sensitivity

76 o
Ge (88% enr.) >10%8 yr or Mge=17 meV for worst

case matrix element of 3.5 and
unquenched g,.

—

(@)
W
o

-

o
N
©

3-o discovery level to cover inverted
ordering, given matrix element
uncertainty.

LEGEND-1000

AT TTIT

LEGEND-200

min

IO mg," range

GERDA/MID "

Background free

—— 0.03 counts/FWHM-t-y

1025 = = = 0.1 counts/FWHM-t-y
==+ 1.0 count/FWHM-t-y

l l -------- 10 counts/FWHM-t-y
1024 1 lllIIIII 1 L L rittl 1 L L1ttt 1 L L1ttt | lllIlIII | L L 1Litll
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o

N

[e)]
L "”'# T TTTI
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Ge Discovery Potential

76 o
Ge (88% enr.) >10%8 yr or mgg=17 meV for worst

30
10 = case matrix element of 3.5 and
T unquenched g,.
107 -
ELEGEND 1000 3-o discovery level to cover inverted
i _

ordering, given matrix element
uncertainty.

—

o
N
©

T,,, 3o DS [years]
<

LEGEND-200 :
Note: background requirement for

GERDA/MJD gt — dlscc?\{ery more stringent than for
Background free sens |t|V|ty.

S —— 0.03 counts/FWHM-t-y
“““ = = = 0.1 counts/FWHM-t-y

—
o
N
c>

251 A o7
107 e == 1.0 count/FWHM-t-y
e l l -------- 10 counts/FWHM-t-y
1024 | | IIIIII| | L 1L iitil | L 11l | L L1l 1 1 IIIIII| | Lttt
107 1072 10" 1 10 10? 10°

Exposure [ton-years]
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Ge Discovery Potential

°Ge (88% enr.)

10%°

10%°

LEGEND-1000

10?6 4¢=

10%°

CR)
(o]
[ IIIII|‘I IIIIIII|

T,, 30 DS [years]
hY
| ‘

LEGEND-200

GERDA/MJD gotas

e
.
.
.
.
.
.
.
.
.
.

.
ot
.
.
.
.

10 m"“n range

Background free

—— 0.03 counts/[FWHM-t-y
= = = 0.1 counts/FWHM-t-y
==+ 1.0 count/FWHM-t-y
10 counts/FWHM-t-y

10%

107

1072

10 1
Exposure [ton-years]

10

10°

10°

>10%8 yr or mgg=17 meV for worst
case matrix element of 3.5 and
unquenched g,.

3-o discovery level to cover inverted

ordering, given matrix element
uncertainty.

While a limit can be set independent
of the energy resolution or
background index, a convincing
discovery requires good energy
resolution and its significance
strongly depends on the uncertainty
of the background level and shape.
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LEGEND-200 Background Projections LEGEND,

Ge Internal

Detector Mounts
Front Ends & Mounts
Cables

Nylon Shrouds
Optical Fibers
Preamplifiers

2K p-decays

GBGe

60
Co

a-emitters

B U, Th Chains
[ Atmospheric Ar
] Ge Cosmogenics
[] Surface o

[ ] Cosmic Rays

[ ] Total

p-induced (3400 mwe)

ALL BACKGROUNDS

108 10”7 10°® 10°

LEGEND-200 background Goal

—

-4

1 10
[counts/TeV kg y)]

-3

Improvements from GERDA/MJD:

Larger detectors (2x2)

Improved LAr light collection: higher
purity Ar and improved readout

Cleaner, lower mass cables
Lower noise electronics

UGEFCu and self-vetoing PEN plated
for detector mounts

Background contributions near Qgg after
all cuts

Monte Carlo + data-driven projections
of Ge U/Th, 42K, a based on GERDA,
MJD data

All others: Monte Carlo + assay-based
projections

Grey bands indicate uncertainties in
assays and background rejection

29



LEGEND-200 Status

Fully funded

GERDA experimental infrastructure now operated by
LEGEND : Feb. 17, 2020

Installation of hardware for Post-Gerda tests (PGT) : Feb. 23,
2020

Screening, assays, and electroformed Cu: all on schedule
Enriched 7°Ge: 176 kg from two vendors

New Detectors: 155 kg of ICPC detectors (~2 kg/det) from
two vendors

Lock: assembled and tested at MPIK

Active shield system: production of fiber shroud and SiPM
array progressing

Characterization, Simulations, Analysis Software: In
preparation

Schedule : Ready for data taking in 2021 (pending COVID-19
Impacts)

30




Post-GERDA Test: Start of DAQ Commissioning

Test with 20 GERDA, MID, and new detectors
* 4 new LEGEND-200 ICPC (Mirion)
* 9 existing GERDA detectors
5 MIJD PPC detectors
« 2 new LEGEND-200 ICPC (ORTEC)

PEN based detector unit parts
Full electronics chain (cables, LMFE, CC4, Head)

LEGEND-200 DAQ System using FlashCam
digitizers

LEGEND-200 Analysis stream
Lab access has resumed following COVID closures

PGT Strings

S2 S3

14 detectors operating starting in July

L



Post-GERDA Test: Data LEGEND)

10°

? oo Example ICPC Peak Shape:
i ]

— Trap Maximum

Events / 4 keV

Events / 0.25 keV

2580 2585 2590 2595 2600 2605 2610 2615 2620 2625
Energy (keV)

Charge trapping
g present but
g correctable
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LEGEND-1000 Background Projections LEGEND,

@ U, Th Chains Reductions for LEGEND-1000:
[ Underground /_-\r U/Th: optimized array spacing, minimize
(B Ge Cosmogenics | ;54ue materials, larger detectors,

[ Surface o . . .
[ Cosmic Rays better light collection, cleaner materials

[ ] Total

Ge Internal

Detector Mounts

Front-Ends & Mounts

Cables

Optical Fibers

p-induced: Improved shielding, SNOLab
depth assumed

Preamplifiers

2K B-decays
Surface a's: assumes achieved UL for
BEGes and ICPCs in GERDA

68
Ge

60
Co

o-emitters

2Ar: reduce by using underground
sourced Ar

p-induced (6000 mwe)

ALL BACKGROUNDS

10°® 1077 10°° 1T > 107 10°
[counts/(keV kg y)]
LEGEND-1000 background Goal
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Recent Progress for L1000

 First phase (LEGEND-200) has already shown: LAr Hit Map
¢ >92% enriched 7°Ge from two vendors with good throughput T Wy
e 2-3 kg ICPC detectors from two vendors
* Viable string geometry, payloads, electronics chain, DAQ

* Design / alternatives analysis / R&D

* Background modeling PEN
* Lab-specific infrastructure and crystal
cyrostats design underway capsule

* |larger detectors (>4 kg)

* additional PEN-based components
* ASIC electronics

* improvements to light readout

* Documenting pre-conceptual design
e US Lead Lab selected: ORNL
* Awaiting US downselect process

Il = N
E s -

o, v Bl Bk

) < 4 ﬂ'
N, o 4 s O
| iy

w

I
I
[
Il
M -

- SNOLAB

i cryoth

,-; cohcept
¢.‘

/
ol e q

—

Fi i

i
-
W

ICPCs up to 6kg
under development
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Schedules

2018 2019 2020 2021 2022 2023

GERDA (100 kg yr)

MAJORANA (75 kg yr)

LEGEND-200 Purchase Isotope

Develop/Install New Lock,
Experimental Apparatus
Integration/Commissioning

LEGEND-200 Data Runs, Goal: 1 t yr (~5-7 years)

Scale Down-Select Proc

LEGEND-1000 Design/Build, ~6yrs, 2021-2027 -

Earliest, and optimistic, LEGEND-1000 Data Start 2025/6
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Ssummary

e 75Ge is a clear leading choice for a tonne-scale
experiment

 World-leading backgrounds, energy resolution,
and sensitivity have been demonstrated by
Majorana and GERDA

 LEGEND combines the best techniques of
Majorana and GERDA to achieve the highest
discovery sensitivity with the lowest risk

* First phase LEGEND-200 will be the first to probe
the next ~order of magnitude of half-life
sensitivity starting next year

* We continue to make progress toward following
phases in LEGEND-1000 while funding is pending
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History of Ge and Double Beta Decay

ultra-pure materials

Heidelberg—Moscow MAJORANA: electronics, PPCs
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GERDA Detector and LAr Performance

Energy Estimation Event Topology and Fiducialization
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Improvements to y and a Rejection

A vs. E: multi-site y event rejection

PRC 99 065501 (2019)

* Retains 90% of known single-site events, 5
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Residual

Improved Energy Estimation

Record FWHM for OvBpB searches: 2.5 keV at Q-value, approaching 0.1%
Record energy linearity for OvBp searches: better than 0.2 keV up to 3 MeV
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MJD Background Modeling

* Investigating observed background 100 —
near Qgp: 11.9 ¢/(FWHM t y) measured . owackground Dasets 2
after all cuts DCR CutOnly

* Preliminary background model fits to 104
data perform well

* Background at Qg clearly due
primarily to 232Th chain

* Fits indicate a preference for Lot ]

— K
—— Co
— 3H
68Ge
—— 65Zn
--- 54Mn

103 4

c/(t-y-keV)

102 4
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Il data
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* Extensive simulation campaign oo,
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GERDA Background Modeling

> E | .
% 10* & [ Enriched detectors - 60.2 kgyr S|ng|e'detect0r events
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| [JHEP 2020, 139 (2020)]
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energy [keV]

(e) (0

K. Von Sturm poster

MaGe (Geant4) modelling
of GERDA

Fine modelling of all individual parts:

Priors: Constraints from screening
measurements

Weakness: Fairly high spatial degeneracy
of some components (K, 214Bi)

Main outcome: no full energy peak or other structures close to Qzp

ROI Backgrounds
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Underground LAr

e UAr for detector volumes would be low in
42K, reducing B backgrounds

 Removes mini-shrouds, geometry can be
optimized for light collection efficiency

* Estimated UAr needed: 21 tons, 15 m3

* URANIA expected to produce 100 kg/d of
low-background UGLAr

* ARIA purification plant under construction

* Planned to process ~1 ton/day

NYID/UEPIO [

e Discussions underway with DarkSide, NSF, INFN, and SNOLAB
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BB Addresses Key Physics Regardless of Mass Ordering

1000

0
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An example: PRD92, 093001 (2015) From J. HEP 10, 077 (2015)

Many physics possibilities alter the 3v paradigm conclusions.
Necessary measurement regardless of upcoming conclusions on ordering.
* Additional neutrinos
* Heavy neutrino exchange

If B3 is seen, the qualitative conclusions

« Right handed currents are profoundf bl.,lt observa.tlons in
* R-parity violating susy several nuclei will be required to fully
* Various heavy particle proposals (short-range physics) understand the underlying physics.
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B3 discovery pot

0.9
0.8
0.7
0.6
0.5
0.4

Even for the case of normal
ordering of neutrino masses in a 3-
v paradigm, the discovery potential
is high because the phases and
lightest neutrino mass value have
no a priori preferred values.

This qualitative conclusion is not
changed due to cosmological
constraints or if g, quenching is
included.

Date

discovery probability for NO

discovery probability for 10

0.3
0.2
0.1

0.9
0.8F
0.7
0.6
0.5
0.4f
0.3
0.2

I

0.1F

_ B nexo

live time [yr] live time [yr]

NEXT 1.5k
KamLAND2-Zen

- KamLAND-Zen 800

live time [yr]

Example analysis from PRD 96, 053001 (2017)

Meeting, Speaker's Name
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GERDA-II

Discovery

Sensiti

vity Comparison
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