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Why search for Neutrinoless Double Beta (0v3/3) decay

Powerful method to study the unknown neutrino properties
Observation of 0v33 decay implies: 2033 decay 0v3j3 decay
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@ neutrino v has Majorana nature W wh,
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o lepton number violation (AL = 2)

o determination of v absolute mass
(nuclear model dependent) d_» - d s -
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Half life of 0v353 (in case of light Majorana neutrino exchange):
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Half life of 0v353 (in case of light Majorana neutrino exchange):
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o Phase Space Integral: well known quantity
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o Phase Space Integral: well known quantity

o Nuclear Matrix Element: most critical ingredient, produces uncertainty in
the determination of mgg (quenching problem)
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o Phase Space Integral: well known quantity

o Nuclear Matrix Element: most critical ingredient, produces uncertainty in
the determination of mgg (quenching problem)

@ Neutrino Effective Mass: by measuring Tlo/”Q, mgg can be estimate
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Search for Ov(5 decay

signature: sharp peak at Q-value of the decay
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Status of neutrinoless double beta decay search

most recent limits on the half-life, sensitivity and mgg (at 90% C.L.)

isotope 77}, [10% yr]  SP7, [10% yr]  mgg [meV]

experiment
0Ge 9 11 104-228 GERDA
°Ge 2.7 4.8 157-346 MAJORANA
130Te 1.5 0.7 162-757 CUORE
136Xe 1.8 3.7 93-287 EX0-200
136Xe 10.7 5.6 76-234 KamLAND-Zen
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Status of neutrinoless double beta decay search

most recent limits on the half-life, sensitivity and mgg (at 90% C.L.)

isotope  T% [10%° yr] S%

1/ /(10 1] mgg [meV] experiment
0Ge 9 11 104-228 GERDA
°Ge 2.7 4.8 157-346 MAJORANA
130Te 1.5 0.7 162-757 CUORE
136Xe 1.8 3.7 93-287 EXO-200
136Xe 10.7 5.6 76-234 KamLAND-Zen

I

the future goal is reach sensitivities of Sf}’Q ~ 10%"-10%8 yr and
improve the limit on the effective Majorana neutrino mass to mgg ~ 10 meV
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The GERDA Collaboration
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Design of the GERDA experiment

@ location: Laboratori Nazionali del Gran Sasso, ~ 1500 m of rock — 3500 m.w.e.
O bare HPGe detectors enriched in ®Ge (86%) in LAr
@ water tank to shield against external radiation with Cherenkov muon veto

@ program with 2 phases: Phase | from 2011 to 2013, Phase Il started in December 2015

,

EtiimRhys=dnC (2013)73:2330
[arXiv:1212.4067]
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GERDA detectors

Semi-Coaxial detectors 65-80 mm
@ from previous experiments (HdM, IGEX) — | —
@ total mass 17.7 kg E BEGe
O energy resolution: 3.6 keV (FWHM) at Qgg E
BEGe detectors -
@ produced for Phase Il p+ ele/ctrode \
O energy resolution: 3.0 keV (FWHM) at Qgp (read-out) nr §_12C1§\‘}°de
O better Pulse Shape Discrimination with A/E ratio \ . — /
(= current-amplitude/energy) Corsal

Coaxial

70-110 mm

——  ptype
Ge

60-80 mm
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Upgrade to GERDA Phase Il [EPJC 78 (2018) 388]

o 30 BEGe detectors produced and tested

@ increase the exposure to 100 kg-yr

o more active mass (35.8 kg of " Ge)
o longer data acquisition (~ 3 yr)

o background to ~ 10~3 /(keV-kg-yr)
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Upgrade to GERDA Phase Il [EPJC 78 (2018) 388]

o 30 BEGe detectors produced and tested
. nine 3" PMTs (R11065-20)
@ increase the exposure to 100 kg-yr top plate (2 49 cm)

calibration source entering

© more active mass (35.8 kg of ¢""Ge) it

o longer data acquisition (~ 3 yr)

o background to ~ 1073 /(keV-kg-yr)

o new low-mass holder and detector contacts
o new low-activity electronics and FE
o liquid Ar readout to veto external background

60 cm

copper cylinder
(wall thickness 0.1 mm)

SiPMs

fiber curtain coated with
wave length shifting TPB

100 cm

Ge detector array

Tetratex lining
soaked in TPB

copper cylinder

60 cm

bottom plate with
seven 3" PMTs

CrRr JFET
L./ BF862
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Upgrade to GERDA Phase Il [EPJC 78 (2018) 388]

o 30 BEGe detectors produced and tested
. nine 3" PMTs (R11065-20)
@ increase the exposure to 100 kg-yr top plate (2 49 cm)

calibration source entering

© more active mass (35.8 kg of ¢""Ge) it

o longer data acquisition (~ 3 yr)

o background to ~ 1073 /(keV-kg-yr)

new low-mass holder and detector contacts

new low-activity electronics and FE

liquid Ar readout to veto external background
improved pulse shape discrimination with BEGes
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GERDA Phase Il Configuration

40 detectors arranged in 7 strings:
o 30 ©"Ge BEGes (20 kg)
0 7 " Ge coaxials (15.6 kg)
o 3 natural coaxials (7.6 kg)

= 35.6 kg of “"Ge

String 1 String 2 String 3 String 4 String 5 String 6 String 7

=D NN
-

e 0 e
REpNEI

==

M ABEEp
= = =

strings surronded by a nylon shroud,
prevent *?K from reaching Ge
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Phase Il Data Taking

c L~
o L GERDA 18-06 - 70 [S
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g J60 3
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0,215 b g
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2016/01  2016/04  2016/07  2016/10 ~ 2016/12  2017/04 ~ 2017/07 ~ 2017710  2017/12  2018/04
Date (year/month)

Phase Il release:
o June 2016: 10.8 kg-yr [Nature 554 (2017) 47|
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Phase Il Data Taking
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2016/01  2016/04  2016/07  2016/10  2016/12  2017/04 ~ 2017/07 ~ 2017710 2017712  2018/04
Date (year/month)

Phase Il release:
o June 2016: 10.8 kg-yr [Nature 554 (2017) 47|
o June 2017 +12.4 kg-yr (BEGe data) [PRL 120 (2018) 132503]
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Phase Il Data Taking

Exposure (kgiyr)

c [ GERDA 18-06 |
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B [Nature 544 (2017) 47] —= 10
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2016/01  2016/04  2016/07  2016/10  2016/12  2017/04  2017/07  2017/10  2017/12  2018/04

Date (year/month)

Phase Il release:
o June 2016: 10.8 kg-yr [Nature 554 (2017) 47|
o June 2017 +12.4 kg-yr (BEGe data) [PRL 120 (2018) 132503]
o June 2018 +35.7 kg-yr (BEGe and Coax data) 58.9 kg-yr exposure
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Phase Il Background Spectra
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o after muon veto and detector anti-coincidence cuts
o peaks from %K, “°K and Th/Ra chains
o « from ?1%Po at high energies
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Background suppression: LAr veto + PSD

veto
Monte Carlo 209 - T,, fom [EPIC 75 (2015) 9]
50 eV binding

0 49K /42K Compton continua
completely suppressed

O ~-rays survival fractions: 0K
(EC) =100 %, K (B87)
~20 %

@ LAr veto cut signal acceptance
97.7+1%

5000
Energy (keV)
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Background suppression: LAr veto + PSD

Active suppression by detection of LAr scintillation light

entched comal 231 kgt [ defcton
veo

Monte Carlo 206 T, fom (EPIC 75 (2015) 5]

S0kev binding

0 49K /42K Compton continua
completely suppressed

O ~-rays survival fractions: 40K
(EC) =100 %, K (B87)
~20 %

@ LAr veto cut signal acceptance
97.7+1%

5000
Energy (keV)

Pulse Shape Discrimination
Coaxial detectors: 2 methods

@ Multiple site event suppression with
Artificial Neural Network

@ cut on the charge collection time for the
a surface contamination

Combined 0v3/ acceptance:
PSD — gMSE . co = (71.2+4.3)%

€ coax coax coax
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Background suppression: LAr veto + PSD

Active suppression by detection of LAr scintillation light

Coaxial detectors: 2 methods

@ Multiple site event suppression with
Artificial Neural Network

@ cut on the charge collection time for the

« surface contamination

Combined 0v3/ acceptance:
el = (71.2+4.3)%

PSD MSE

€coax = Ecoax

Valerio D'Andrea (Universita dell’Aquila)

] enviched coasial - 231 kg | —

o0
Monte Carlo 209 - T,, fom [EPIC 75 (2015) 9]

 ejection
vei

5000
Energy (keV)

0 49K /42K Compton continua
completely suppressed

O ~-rays survival fractions: 40K
(EC) =100 %, K (B87)
~20 %

@ LAr veto cut signal acceptance
97.7+1%

Pulse Shape Discrimination

BEGe detectors: based on the A/E ratio

O high A/E: events on p* electrode (e.g.

as from 210Po)

O low A/E: events on nT electrode,

multiple scattering

Ov BB decay search with GERDA

OvB3 acceptance (?Th calibrations):

ehel = (87.6£2.5)%
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Background spectra after LAr veto and PSD

] prior active background rejection

[ after liquid argon (LAr) veto

I after LAr veto and PSD

Monte Carlo 2vff - T from [EPJC 75 (2015) 9]
50 keV blinding

Counts / 15 keV
»
ou

40,
500 K
a2

Counts / 15 keV
=
<
GERDA 18.06

Counts / 1 keV

1480 1520 1540

Energy (keV)

5000
Energy (keV)

Both K-lines and high energy a-events strongly suppressed
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GERDA Phase |l resul

Background in Phase II:

evaluated in the region 1930-2190 keV,
excluding known ~y-lines +5 keV around 2 and

around Qgg:
Coax: 5.77%1 - 107* cts/(keV-kg-yr)
BEGe: 5.6f§"i -10™* cts/(keV-kg-yr

Best value in the 0v3p3 field, GERD.
background-free condition

ts

3 E  enriched coaxial - 23.1 kgir s
v H
§ 7k
by L I}
2107
25 F
s F
2 F
o 10—3 E
< T : . L .
§ F enriched BEGe - 30.8 kgyir Qpt2o
S 107
d
]
2
. 3 £
A is in the & o[
E L 1 L L
1950 2000 2050 2100 2150

Energy (keV)

Blinded analysis: events with energy Qgg & 25 keV not processed until all analysis cuts finalized
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GERDA Phase |l results

5 omchedcoadal- 23,1 kgyr —T=0910%r@0%CL) 4

Background in Phase II: 20k hed condal- 221y g
evaluated in the region 1930-2190 keV, 2 . 3
excluding known v-lines 5 keV around 2 and %10 E
around Qgg: 8 107° ;— background level
Coax: 57t‘;16 .10~ cts/(keV~kg~yr) é ) enrichedBEGe—aO.‘Bkgyr amizo

i S0k —T=0.910"r (90%C.L)

. +3. —4 =

BEGe: 5675 - 107* cts/(keV-kg-yr) S 0tk
Best value in the Ovj3[3 field, GERDA is in the 3 109k background level
background-free condition g 550 - 5

Energy (keV)

Blinded analysis: events with energy Qgg £ 25 keV not processed until all analysis cuts finalized

Results: Phase | 4+ Phase |l total exposure 82.4 kg-yr
Median Sensitivity: SP7) = 1.1-10% yr (90% C.L.)

Limit on 0v33 decay: Tf/”2 > 0.9-10% yr (90% C.L.)

Sensitivity on the effective mass: mgg < 104 — 228 meV

probability of stronger limit 63%
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Conclusions and Outlook

GERDA reached important milestones in the 0v35 decay search:
o energy resolution ~ 0.15% at Qgs

o lowest background ever achieved: 6 - 10~* cts/(keV-kg-yr)

o exploration of the 0v33 decay at the 10%° yr scale

the search for 0v33 decay in "®Ge will be continued by LEGEND-200
in order to reach a sensitivity of 1027 yr

The experiment is fully funded and now is in preparation

Ongoing efforts to start in 2021!
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Background model

3 10'E

£ E enriched detectors - 60.2 kgiyr
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Single-detector energy (keV)

o fit various sources at different locations to spectra based on screening
measurements

o take into account events with energy in two detectors
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Background model

> F
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L = Model —AC 212 + 20T
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expected flat background in the ROI, main components:
o f from #2K
@ « for 2!°Po and ??2Ra
o ~ from 212Bi and 28T

o ~ from 2*Bi and ?'*Pb
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Pulse Shape Discrimination for Coaxial detectors

[=] events after liquid argon (LAr) veto

Multiple site event
[+ events after LAr veto and ANN cut

suppression with Artificial
Neural Network (ANN)
[EPJC 73 (2013) 2583]

ANN response
GERDA 18-06

Suppression of the o surface
contamination

@ ANN rejects events around
the bore-hole of coaxial
detectors

10° , )
enriched coaxial - 23.1 kglyr

I after LAr veto and ANN cut
50 keV blinding

10?

Counts / 15 keV

@ cut on the charge
collection time (10-90%)
rejects fast surface events

5000

Energy (keV)
Combined 0v3/3 acceptance:
ePSD — MSE o — (7124 4.3)% J
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Pulse Shape Discrimination for Coaxial detectors

Multiple site event
suppression with Artificial
Neural Network (ANN)
[EPJC 73 (2013) 2583]

Suppression of the « surface
contamination

@ ANN rejects events around
the bore-hole of coaxial
detectors

o cut on the charge
collection time (10-90%)

Risetime (ns)

Counts / 15 keV

[~ events after LAr veto and ANN cut
[+ ] events after LAr veto, ANN and risetime cut

GERDA 18-06

enriched coaxial - 23.1 kgiyr
[ after LAr veto, ANN and risetime cut
50 keV blinding

rejects fast surface events 00 S0
nergy (ke
Combined 0v (5 acceptance:
PSD _ _MSE _ 0
€coax = €coax Egéoax - (71'2 + 4'3)/0
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Pulse Shape Discrimination for BEGe detectors

02
=
. '\ 50[
Based on the selection of the u
A/E parameter (A=current
mpi E=energy):
ampitude, E=energy) N o
; : + 2
o high A/E: events on p | 3
electrode (eg as from i [ ] events after liquid argon (LAr) veto &
210 PO) _soF [C¢ ] events after LAr veto and A/E cut
L 1 L L L L | L L L L | L L L L 1
5 ‘ ‘ ‘ ‘
o low A/E events on n+ E 10 enriched BEGe - 30.8 kgijr
electrode multlple v 102 Il after LAr veto and A/E cut
o = 50 keV blinding
scattering S 10 |
g ‘
1
il 1
1000 2000 3000 4000 000

Energy (keV)

Ov33 acceptance from 2?6Th calibrations (DEP):

eb2l = (87.6 £2.5)%
(double check at low energy with 2383 events)
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GERDA data sets

data sets esposure FWHM efficiency background
[kg-yr] [keV] [cts/(keV -kg-yr)]
Phase | golden 179 43 (1) 057 11+2-1073

30+10-1073
4 _
5731073

) (3)
Phase | silver 1.3 4.3 (1) (3)
) (2)
2) 057 (3) 5t3.1073
) (4)
) (4)
) (2)

Phase | BEGe 2.4 2.7 E

Phase | extra 1.9 4.2 (

Phase Il Coax-1 5.0 3.6 (
(

(

3.5721.1073
0.6793-1073
0.6793-1073

Phase Il Coax-2 23.1 3.6
Phase || BEGe 30.8 3.0

TOTAL EXPOSURE: 82.4 kg yr
the efficiency includes active volume fraction, enrichment, reconstruction
of Ov35, PSD efficiency, LAr veto loss
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GERDA Ovf3[ decay results

Profile Likelihood  Bayesian
2-side test-stat flat prior

OvpBp cts best fit value 0 0
T[1372 lower limit 0.9-10% yr 0.8-10% yr
(90% CL) (90% ClI)
T(1’72 median sensitivity 1.1-10% yr 0.8-10%° yr
(90% CL) (90% ClI)
Probability of stronger limit 63% 59%

o unbinned profile likelihood: flat background (1930-2190 keV) +
Gaussian signal

o frequentist test-statistics and methods [EPJC 71 (2011) 1554]
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https://arxiv.org/abs/1007.1727

Status of Ov 33 decay search

Constraints on the effective Majorana neutrino mass

I’ normal ordering
B inverted ordering

GERDA 18-06

global sensitivity

in.

%, Cosmolog

2 % Cosmology (extd.)

0 KATRIN (5 yr)

o
A

Mgy (€V)

™
T
S

mg (eV)

o as function of the lightest neutrino mass myg; with GERDA 2018
and combined sensitivities

o as function of the sum of neutrino masses ¥~ with limits from
cosmology

o as function of the effective neutrino mass mg with the 5 yr sensitivity
of the KATRIN experiment
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%Ge based 0v33 decay experiments

HPGe detectors enriched up to ~ 88% in the "°Ge 33 emitter
source = detector — high detection efficiency

excellent energy resolution (FWHM ~ 0.1% at Qgg)
background-free experiments (Npgg < 1) = S oc M - t

© ©0 0 o

RUNNING

M ~ 40 kg

0
T /Vz

> 102 yr
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%Ge based 0v33 decay experiments

source = detector — high detection efficiency

© 06 0 o

RUNNING
(’)‘f ~ 402"6% MID TERM
T/, 2107 yr M ~ 200 kg
T{)/l‘z pe 1027 yr
LEGEND-200

Valerio D'Andrea (Universita dell’Aquila) 0v 33 decay search with GERDA

excellent energy resolution (FWHM ~ 0.1% at Qsg)
background-free experiments (Npgg < 1) = S oc M - t

HPGe detectors enriched up to ~ 88% in the "°Ge 33 emitter
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%Ge based 0v33 decay experiments

© 06 0 o

RUNNING

M ~ 40 kg

TPl 2 10% yr

Valerio D'Andrea (Universita dell’Aquila)

MID TERM
M ~ 200 kg

T{)/l‘z > 10%7 yr

LEGEND-200

Ov BB decay search with GERDA

HPGe detectors enriched up to ~ 88% in the "°Ge 33 emitter
source = detector — high detection efficiency
excellent energy resolution (FWHM ~ 0.1% at Qgg)

background-free experiments (Npgg < 1) = S oc M - t

LONG TERM
M ~ 1 ton

T{)/”2 > 1028 yr

LEGEND-1000
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The LEGEND Experiment

The goal is develop a phased, "°Ge based 33 decay experimental program

with discovery potential at a half-life beyond 1

028

resources as appropriate to expedite physics results

o 53 institutions, ~ 250 members
o from GERDA and MAJORANA and

external contributors

Univ. New Mexico

L'Aquila University and INFN
Gran Sasso Science Inst.

Lab. Naz. Gran Sasso
University Texas, Austin
Tsinghua University
Lawrence Berkeley Natl. Lab.
University California, Berkeley
Leibniz Inst. Crystal Growth
Comenius University

MIT

University of North Carolina
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
Chalmers University Tech.
Max Planck Institute, Heidelberg
Dokuz Eylul University
Queens University

Valerio D'Andrea (Universita dell’Aquila)

University Tennessee
Lancaster University

University Liverpool

University College London

Los Alamos National Lab.

Lund University

INFN Milano Bicocca

Milano University and Milano INFN
Institute Nuclear Research Russ.
National Research Center Kurchatov
Lab. Exper. Nucl. Phy. MEPhI
Max Planck Institute, Munich
Technical University Munich

Oak Ridge National Laboratory
Padova University

Padova INFN

Czech Technical University Prague
Princeton University

North Carolina State University
South Dakota School Mines Tech.
University Washington

Academia Sinica

University Tbingen

Banaras Hindu University
University South Dakota

University Zurich

LEGEND Collabora g
Knoxville 1-5 Dicembre 2018

Ov BB decay search with GERDA

years, using existing

IFAE 2019 - Napoli

9/12



LEGEND: 30 discovery sensitivity projection

°Ge (88% enr.)

10%° g
10% -7
28 |
7 107
< =
o E
> r
B 107 E
(o] =
el E
o L
= L 10 mig" range
E (=} (=}
E g 8 § —— Background free
- 5 [a)] Al - - 0.1 counts/FWHM-t-y
=
o L Z|---- 1.0 count/FWHM-t-y
< [G] w
o o ] 10 counts/FWHM-t-y
= -
1024 coovvl vl By Lainn ool e
10° 102 107 10°

1
Exposure [ton-years]

30 discovery Level to cover inverted ordering,
given matrix element uncertainty
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The LEGEND Experiment [arXiv:1709.01980]

Ny 94 ' ~ First Stage
& i LEGEND-200

O up to 200 kg of ©Ge

@ modification of existing GERDA
infrastructure at LNGS

@ improved background,
0.6 cts/(FWHM-t-yr)

@ start in ~ 2021

Subsequent Stage
LEGEND-1000

@ 1000 kg of "0Ge

@ location tbd, required depth under investigation
O background goal < 0.1 cts/(FWHM:-t-yr)
Qo

timeline connected to review process
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https://arxiv.org/abs/1709.01980

Hardware improvements of LEGEND-200
New Inverted Coaxial Point-Contact Ge detector
O first design proposed in 2011 [Cooper et al., NIMA 665 (2011)]
O large active mass up to 3 kg (also larger)
O excellent Pulse Shape Discrimination (PSD)
Qo

reduced background due to smaller number of channels

Low Mass Front End (LMFE) electronics
@ reduce the signal noise w.r.t. GERDA situation
@ experience from Majorana Demonstrator
@ use of underground electroformed copper for nearby parts

@ ongoing test in LAr

@ better energy resolution + pulse shape discrimination
Improvement of the LAr veto

@ take advantage of GERDA experience

@ design studies ongoing

@ optimization of light collection

@ compromise between background and cuts
efficiency
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https://www.sciencedirect.com/science/article/pii/S0168900211018985
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