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INTRODUCTION: NEUTRINOS 2

(SOME) OPEN QUESTIONS IN NEUTRINO PHYSICS

» What is the absolute mass of neutrinos?

» Are neutrinos their own antiparticles?

» These can be addressed with an extremely rare nuclear
decay process: the double beta decay

>x + 2@ + 2

Nucleus A Nucleus B Elektrons  (Anti)Neutrinos

S
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THE DOUBLE BETA DECAY

MARIA GOEPPERT MAYER

» Predicted by Maria-Goeppert Mayer in 1935
» The SM decay, with 2 neutrinos, was observed in 14 nuclei

» T4 /9 > 1018 Y; 46Ca, 76Ge, 82Se, %Zr, 190Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd, 238U

N U306
(A, Z+1)

Rate

(A, Z)

\Bé 0v 33

L.

Sum energy of the two electrons

(A, Z+2)



INTRODUCTION: NEUTRINOS 4

THE NEUTRINOLESS DOUBLE BETA DECAY %

» Can only occur if neutrinos have mass and if they are their
own anti-particles; AL = 2

» Expected signature: sharp peak at the Q-value of the decay

2088 Tf/”fﬁ > 10%y

Rate

OvBp

L.

Sum energy of the two electrons




INTRODUCTION: NEUTRINOS

OBSERVABLE DECAY RATE

Phase Axial-

space vector NME
factor cc
Ov 1 Ov 4 ovi2 _ 1{mpp) ‘2
[ = =G X gy X |M™|* X
TOV A m2
1/2 Can be Difficult: €
calculated: ~ Q5 factor 2-3
» With the effective Majorana neutrino mass:
(mpp)| = |UZyma + UZymge 172 4 UZymge’~1720)]

» a coherent sum over mass ES, with potentially CP violating phases

» a mixture of mq, my, ms, proportional to U2



INTRODUCTION: NEUTRINOS

PHASE SPACE AND MATRIX ELEMENTS

1 Imgg|? 1 imgs)”
ov __ _ ~Ov ov21"'B8 ov __ _ ~Ov ov (2188
I - 70 =G (Q72)|M | 9 I - 70v =G (Q?Z)|M | 2
17 m2 T m
1/2 e 1/2 e
=250 8 T m T T ] ]
2 r - NREDF A -
e [ 7 REDF v - -
X 20/— - QRPAJy X " N
5 - Ov 5 - y -
[e]
g r G (Q,Z) X (Z,Q ) 6 —QRPATU T I A4 —
g [ - QRPACH + | I* v i .
8 — v
& 15— S BM2 m gLk V A m
g T > - SMMmi T - K VIV N
@ 3 — =
& [ = “4lsustmMTk @ L K X % -
o 3 [— X [ | |
i - v ©o W bo A B
| I _|
5_ - N N T .
- 1 @ —
0_48 76 82 9% 100y, 1M0n, M6~ 124n 13 136y, 150 0 - | | || | I | -
ca "“Ge ¥se *zr ™Mo "Pd "cd ''sn T "*xe "'Nd ' — T I —— !
48 76 82 96100 116124130136 150
A

Matrix elements: vary by a factor of 2- 3 for a given A

Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301



INTRODUCTION: NEUTRINOS

EMPLOYED NUCLEI

e Even-even nuclei
e Natural abundance is low (except 130Te)

e Must use enriched material

(A, Z+1)

(A, Z)

X

(A, Z+2)

Candidate

48Ca -> 48Ti

76Ge -> 76Se

82Se -> 82Kr

967 -> 96Mo

100Mo -> 100Ry

110Pd -> 110Cd

116Cd -> 116Sn

124Sn -> 124Te

130Te -> 130Xe

136Xe -> 136B3

150Nd -> 150Sm

Q [MeV]
4.271
2.039
2.995
3.350
3.034
2.013
2.802
2.228
2.530
2.479

3.367

Abund [%]
0.187
7.8
9.2
2.8
9.6
11.8
7.5
5.64
34.5
8.9

5.6
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[SOTOPES AND SENSITIVITY TO THE DECAY 75~ ohr 5"

» Isotopes have comparable sensitivities in terms of rates per unit mass

IM|2 uncertainty
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Matrix element squared ga: ~ 0.6 - 1.269 (free
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R. G. H. Robertson, Mod. Phys. Lett. A28 (2013) 1350021
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EXPRIMENTAL REQUIREMENTS

» Experiments measure the half-life, with a sensitivity (in the case
of non-zero background)

M -t
B-AFE 1
(mpg) o

T{%oca-e-

By

Additional tools to distinguish signal from

Minimal requirements:
9 background:

large detector masses
high isotopic abundance

ultra-low background noise
good energy resolution particle identification

event topology
pulse shape discrimination



EXPERIMENTAL TECHNIQUES

CUORE
Heat CUPID

Energy of the
two electrons
GERDA ;
masorana | Charge Light
LEGEND KAMLAND-Zen
SuperNEMO SNO+

nEXO, NEXT
DARWIN
(not a complete list)

10




EXPERIMENTAL TECHNIQUES

11

MAIN CHALLENGES

) Energy resolution (ultimate background from 2vpBpB-decay)
» Backgrounds
» cosmic rays & cosmogenic activation

» radioactivity of detector materials (238U, 232Th, 40K, ¢0Co,
etc: g, B, y-radiation)

» anthropogenic (e.g., 13/Cs, 110mAg)

» neutrinos: Vv+e —v-+e



COSMIC BACKGROUNDS [V

GO UNDERGROUND

» Network of underground
laboratories

10-6
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COSMOGENIC BACKGROUNDS
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AVOID EXPOSURE TO COSMIC RAYS

4

4

—
<
W

—
]
&

107

Differential rate [counts/(keV s)]

1078

Jungfraujoch, 3454 m

Spallation reactions can produce long-
lived isotopes

Activate and compare with predictions
(Activia, Cosmo, etc)

L. Baudis et al., Eur. Phys. J. C75 2015

58

OFHC copper, pre-activation
OFHC copper, post-activation

Co

54
Mn

56
Co (e+e-) 56

Copper - after 1y at
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Co 60 Y
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56

Co

I|3efo re

1500
Energy [keV]




BACKGROUNDS AND SCREENING 14

MATERIAL SCREENING AND SELECTION

Gator HPGe detector at LNGS

> Eatoow P-"'r f T v—-:*. 1.
L G qu :
o A s - 0 st |

. o oy ""'- |

» Ultra-low background,
HPGe detectors

» Mass spectroscopy

» Rn emanation facilities

L. Baudis et al., JINST 6, 2011

:é‘ = . ; v Photosensors
‘E‘ 1?%;\%: vy v 1 226Ra/226Th: ~1 mBq/PMT
Um_l L MWWJM:E‘%WMM L Wrmm M W} H :;nlﬁ\? (:11;;;\;? o {
| Background g ‘ | M |ﬁ| IHMN% P “] HWM l" Mm i llr | W \H ’ I

500 1000 1500 2000 2500
XENON collaboration, EPJ-C 75 (2015) 11 _ » Energy (keV)



DOUBLE BETA DECAY EXPERIMENTS 15

CURRENT STATUS OF THE FIELD

» No observation of this extremely rare nuclear decay (so far)

» Best lower limits on Tq/2: 1.07x102¢6 y (13¢Xe), 0.9x102¢ y (76Ge), 2.7x1024 y (130Te)

(mag)| < (0.07 — 0.16) eV

» Running and upcoming experiments (a selection)
» 130Te: CUORE, SNO+
» 136Xe: KAMLAND-Zen, KAMLAND2-Zen, EXO-200, nEXO, NEXT, DARWIN
» 76Ge: GERDA Phase-Il, Majorana, LEGEND (GERDA & Majorana + new groups)
» 100Mo AMoRE, LUMINEU; 82Se: LUCIFER, CUPID = CUORE with light read-out

» 82Se (150Nd, 48Ca): SuperNEMO



GERDA AND LEGEND
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dN /dE

SEARCH FOR THE NEUTRINOLESS DECAY OF 7¢GE

enriched p-type bulk
(~87% "°Ge)

- —
." ..........

p* read-out

n* electrode (0V)

(3-5 kV)

» HPGe detectors enriched in 76Ge
» Source = detector: high detection efficiency
» High-purity material: no intrinsic backgrounds

» Semiconductor: energy resolution o/E < 0.1% at
Qgp (2039.061 = 0.007 keV)

» High stopping power: [ absorbed within O(1) mm

0.95 — 1
o/E=2.5%

E/Q

o(E)/E=25% |}
Toe/ Top=10° L

1/2

G(E) / E =0.5% 4
T, /T =107°

1/2

O'(E) / E = 0.1"%) OVﬁﬁ
T, /T =10° ”

12
2vpp 2vpp
Ovpp
. ] . /\ . . . ] ) . . } ] \
0.95 1 0.95 1
E/Q E/Q

" o/E=0.5% " o/E=0.1% "



MAJORANA, GERDA AND LEGEND
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EXISTING AND FUTURE GERMANIUM EXPERIMENTS

MAJORANA at SURF

29.7 kg of 88% enriched
76Ge crystals

2.5 keV FWHM at 2039 keV

26 kg y exposure; PRL 120
(2018)

T1/2> 2.7 x 1025y (90% CL)

GERDA at LNGS

35.6 kg of 86% enriched
76Ge crystals

3.0 keV FWHM at 2039 keV

58.9 kg y exposure;
published in Science 2019

Ti/2> 0.9 x 1026 y (90% CL)

LEGEND-1t

Goal: T1/2 ~ 1 x 1028
y (90% CL)

Location: tbd

LEGEND-200 at LNGS

200 kg of 7¢Ge crystals at LNGS
Goal: 1 tonne year exposure
Goal: T1/2 ~1x 1027 y (90% CL)

Startin 2021



SMALL HISTORICAL EXCURSION 18

THE HEIDELBERG-MOSCOW EXPERIMENT

» Detectors in conventional shield: five 76Ge detectors, mass 10.96 kg

» Concept to operate directly in cryogenic liquid: Genius - now GERDA

0.6

B 24 kg y (SSE)
142 kgy

I Mu”

2010 2020 2030 2040 2050 2060 2070 2080
energy [keV]

expected OvBB line

)
i

9000

counts/(kg y keV)

Limits on the Majorana neutrino mass in the 0.1 eV range,
L. Baudis et al., Phys. Rev. Lett. 83, 1999

ooty

A first "bare” HPGe detector

GENIUS background and technical studies: Heidelberg-Moscow detector in SGHSItIVlty Tl/g > 1.6 x 10%° y 90% C.L.
L. Baudis et al, NIM A 426 (1999) conventional shield




GERDA OVERVIEW
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THE GERDA EXPERIMENT

» Liquid Ar (64 m3) as cooling
medium and shielding,
surrounded by 590 m3 of ultra-
pure water as muon Cherenkov

veto
» U/Thin LAr < 7x10-4 uBg/kg

» A minimal amount of
surrounding material

» Phasel: 2011-2014

» Phasell: 2015-2019

GERDA collaboration, EPJ C78 (2018) no.5




GERDA OVERVIEW 20

THE GERDA PHASE Il PROJECT

» Seven string with 40 detectors (30 BEGe*, 7 coaxial, 3 natural coaxial -> enriched IC)
» Liquid argon veto, equipped with optical fibres and SiPMs, plus 2 arrays of 3-inch PMTs
» Science run started in December 2015

» Summer 2018: central string replaced with enriched, inverted coaxial detectors

* GERDA collaboration, Characterisation of 30 76¢Ge enriched Broad Energy Ge detectors for GERDA Phase II; arXiv:1901.0650



16 INSTITUTES, 132 MEMBERS

THE GERDA COLLABORATION
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132 MEMBERS

16 INSTITUTES

THE GERDA COLLABORATION

COLLABORATION MEETING IN ZURICH, JUNE 2019

R
=




DETECTORS

GERDA PHASE-II DETECTORS

e BEGe and coaxial 65.80 mim

Y

e p+ electrodes: BAGE

25-50 mm

® 0.3 ym boron implantation !

p+ electrode \

(read-out) n+ electrode

e n+ electrodes: oV 3-4 kV

e

Coaxial

® 1-2 mm lithium layer
(biased up to +4.5 kV)

¢ | ow-mass detector holders (Si,
Cu, PTFE)

70-110 mm

60-80 mm




DETECTORS

GERDA PHASE-II DETECTORS

» 7 strings, 40 detectors in total:

» 7 semi-coax (15.8 kg), 30 BEGe (20 kg), 3 nat semi-coax (7.6 kg) s

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

1IN

Replaced with

inverted coax in
spring 2018

n o
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PHASE || DATA TAKING

100 kg y, end 2019

[TlI] GERDA Phase Il runs —— exposure physics data B calibration data B weak source data
E I~ - 100 e
= — =
S 0.10[ -t 1 2
2 I 80 2
< 008w T I 7 B L 1 | [ Wl T ] 2
S i - g
) L —160 ©
S oosW 0 (T LTI U | L =l [ §
o
¢ [ 40
S04t AL e FAIEY | | | LA || - (I =
[ £ ]
0.02 g—_ 20
8 1
! | !
0.00 [IINRNARRIRINANINNRNEEI IO
2016/01 2016/07 2016/12 2017/07 201712 2018/07 2018/12 2019/07
date [year/month]
Start Dec 2015 Upgrade 24.9 kgy in

May 2019 blind

58.9 kg y unblind
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BACKGROUND SUPPRESSION

» Event topology + anti-coincidence between HPGe
detectors + pulse shape discrimination + liquid argon veto

detector pulse shape detector-LAr
event topology anti-coincidence discrimination (PSD) anti-coincidence (LAr veto)

differentiate point-like
(single-detector, single-site)
BB topology from:

multi-detector
interactions
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ENERGY CALIBRATION

» Three low neutron-emission 228Th sources in SIS, deployed once every week

» FWHM at Qgg: (3.0 £ 0.1) keV for BEGe, (3.6 = 0.1) keV for coaxial detectors

Custom-made 228Th sources
encapsulated in stainless steel, on
tantalum holders

Two position determination systems

L. Baudis et al., JINST 10 (2015) no. 12
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ENERGY CALIBRATION

» Three low neutron-emission 228Th sources in SIS, deployed once every week

» FWHM at Qgg: (3.0 £ 0.1) keV for BEGe, (3.6 = 0.1) keV for coaxial detectors

% 40 __ GERDA 18-06
=,
S b
T 3.5
<
L i i
B0 T
: ' —— enriched coaxial
25r . —— enr. BEGe
- 5 m @ calibration data
2'O_I . . . . l . . . ‘ ! ‘ . . . |E . . . I .
> g - T - - - T 1 - T T T T T T T T T
) ES >
o 10°F 2 ®
~ 8 > > > 0
w 107 © > 2 2 <_ Q
T g o mo s0 N
3 6l 0 8 B8 N
5L Mt
10 E’% > > > u>
4L N < 2 ¢ £
10" ¢ N8 @ > pol TI-208
i R g B 2y Bi-212
3 = o ©
10 3
Cl I ! I L | L I I | | ) I L I | I L I L | L
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GERDA BACKGROUND DATA

ENERGY SPECTRA

» Intrinsic 2vRp-events, 39Ar, 42Ar (T1/2 = 33 y) and 8Kr in liquid argon

» 60Co, 40K, 232Th, 238U in materials, a-decays (219Po) on the thin p* contact

E; - E 1000 Enriched detectors - 60.2 kg-yr
© 10° & w2y E 800¢ Single-detector events
% -, Ar 40K % 600[
S 0t 400f
8 200} i
B N 1 ! 12100
10° 3 ) ‘ energy [keV]
107
10 |
1E
> S S S Mﬂﬂﬂﬂm
L0% ¢ Two-detector events
= g
210° |
c = 8
3 . | :
S 10 ¢ R
: )
- i
1 - (O]
1000 4000 5000
energy [keV]

GERDA collaboration, arXiv:1909.02522



GERDA BACKGROUND DATA

BACKGROUND MODEL

» Intrinsic 2vRp-events, 39Ar, 42Ar (T1/2 = 33 y) and 8Kr in liquid argon

» 60Co, 40K, 232Th, 238U in materials, a-decays (219Po) on the thin p* contact

>
[0) = |
o 10° F I Enriched detectors - 60.2 kgyr
@ : ' Qﬁﬁ =25 keV 212 208 214 214 228 S
% C | Data == Model =——““Bi+“"T| =<"Bi+“"Pb = ““Ac e
<
§ 103 ;“\‘\\\ | — 2\/66 — 40K — 42K — GOCO 210Po %
o |
102 N — : ) |
n |
|
10 |
1 —---.;.IL J 1 Iu L] I Ay i L l'
Pt I
_q |
107" g |
L |
10—2 = |
N 3 | |
g
0o
P
c
>
Q
(&)

| L L L L |
4000 5000
energy [keV]

GERDA collaboration, arXiv:1909.02522



GERDA BACKGROUND DATA

GERDA collaboration, Nature 544 (2017) 47

PULSE SHAPE DISCRIMINATION

» Cut based on 1 parameter: max of current pulse (A) normalised to total energy (E) (BEGe)
» Tuned on calibration data (90% 298T| DEP acceptance)

» Acceptance at Ov3[3: (87.6+2.5)%

50 a)

(ME-1)/0,,

(@)

Current (A)

GERDA 18-06

i o O M u Iti _S ite S e "w"':‘-“‘3“"""‘"“:':"“--'u,"-“;"t"“".ﬁ'
. [ Jevents after liquid argon (LAr) veto
) |« | events after LAr veto and A/E cut

S PSD parameter: (A/E -1)/oaE

enriched BEGe - 30.8 kg-yr
B aiter LAr veto and A/E cut Mean and resolution corrected for E-dependance

50 keV blinding
A/E normalised to 1

Counts / 15 keV

| Accept events around (A/E -1)/oae =0

5000
Energy (keV)

3000 4000




counts / 2 keV

counts / 2 keV

GERDA BACKGROUND DATA

LIQUID ARGON VETO

» Anti-coincidence with signals in PMTs and SiPMs (0.5 p.e. threshold)

» Acceptance at OvpRP: (97.7+0.1)%

800 enriched detectors - 53.9 kgyr

|:| prior to LAr veto B coincident with LAr veto

DA 18-06

Bi-214

600
400

200

2vpp (T, =1.92 " 107" yr)

400F -
[ [ after LAr veto

300}

200

100

1600
energy [keV]

amplitude [a.u.]

HPGe

||||||||||||||||||||||||||

70 80 90 100 110 12

time [us]



GERDA PHASE || GERDA collaboration, Science 365, Sept 2019

counts / ( keVkgyr)

DOUBLE BETA DECAY RESULTS

» Measured T1/2 of the 2vpBpB-decay: 1.92 x 1021 y
» LAr veto: factor 5 background suppression at 1525 keV (42K line)

» Background level: 5.6 x 10-4 events/(keV kg y) in 230 keV window around Q-value

enriched detectors - 53.9 kg-yr < F enriched coaxial - 23.1 kgyr . ——T,,=0.910°yr limit (90% C.L.) .
, " [ ] prior active background rejection § 107 3 . " N ew constraints on the
10° I o 102k |
g after pulse shape discrimination (PSD) 2 /\ B B 76
- after liquid argon (LAr) veto and PSD E 1072 OV d ecay Of G e
[ ——2vpp (T ,=1.92-10"yr) g —
10 F 8 . [ enriched BEGe -30.8kgyr —~ ~ Q =20
- IE; 107F P Ov 26
i Q /\
i -
1 : 1078 E [

Energy (keV) m55 < O].]. - 0.26 eV (QO%C.L.)

107"

102 Median sensitivity

o L1 | ..

1 I 1 1 1
1000 1500 2000 2500 3000 3500

HININE TY%, > 1.1 x 10°°y (90%C.L.)
1/2

4000 4500 5000
Energy (keV)




GERDA RESULTS GERDA collaboration, Science 365, Sept 2019

MASS 0BSERVABLES

» Constraints in the mgg parameters space in the 3 light v scenario

» GERDA + leading experiments in the field

i’, 1L N _ _ B normal ordering
E% - 3 I inverted ordering
10877
2 )
. p— é E
. = =2 Z
(@] (@] —
10—3 E= N N >
z \ \ \
lll L lllllll[ 1 llllllJl l-I lll § 1 1 1 1 l&ll 1l § L 1 lll
10~ 1072 107" 1 107" 1 1
Miigne (€V) my (eV)
3
. 2 o
mgg = E Uzm; > = g m; |m?2
i=1




NEW DETECTORS IN GERDA

UPGRADE: INVERTED COAXIAL DETECTORS

» Large point-contact detectors with ~ 3 kg mass, excellent PSD performance

» First 5 enriched IC detectors installed in spring 2018; baseline for LEGEND

A enriched coaxial enr. inverted coaxial
4.5 —— enr. BEGe =e. calibraiondata  Q,

FWHM [keV]

4.0F

GERDA preliminary

point contact el

_I | | | | | 1 1 | | | | 1 1 | I E | | 1 | | |
R.J Cooper et al., Detector mass 500 1000 1500 2000 2500

NIM A 665 (2011) 25 increase: 35.6 kg -> energy [keV]
44.2 kg

FWHM at Qgg [keV]: 4.2£0.1 coax; 2.7 = 0.1 BEGe; 2.9+£0.1 IC



BEYOND GERDA —

Large Enriched

THE LEGEND EXPERIMENT N e

» Large enriched germanium experiment for
neutrinoless double beta decay

» Collaboration formed in October 2016

» 2019 members, 48 institutions, 16
countries

» LEGEND-200: 200 kg in existing
(upgraded) infrastructure at LNGS

» Background goal: 0.6 events/(FWHM t y)

» LEGEND-1t: 1000 kg, staged

» Background goal: 0.1 events/(FWHM ty)



BEYOND GERDA —

LEGEND-200 e
» 200 kg HPGe in existing (upgraded)

infrastructure at LNGS

» Ge detectors from Majorana & GERDA &
new inverted coaxials

» Background reduction: factor 5
compared to GERDA (reduce 42K, 214Bi,
208T| background)

» Discovery sensitivity:

TV, > 107"y



BEYOND GERDA |

Large Enriched
LEGEND-200 s
» Existing GERDA infrastructure sufficient (800 mm cryostat neck)

» New lock system, new cabling & feedthroughs

» 19 string, 4 calibration systems with multiple 228Th sources

[
W
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GERDA AND LEGEND

EXPECTED SENSITIVITY

°Ge (88% enr.)

10 g
» LEGEND-200: 1 027y b |
ClecenDt e T ,
4 LEGEND'1 t: 1 028 y 102 1= Predicted range for 17 meV 2w Lo
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.
ot
.
.
N
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case ME = 3.5)
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Abgrall et al., The large enriched germanium GERDA: 3 eventS/( ROI't y)
experiment for neutrinoless double beta decay. AIP LEGEND-200: 0.6 events/( ROI t y)

Conf. Proc. 1894(1), 020027 (2017) LEGEND-1t: 0.1/(ROI t y)



GERDA AND LEGEND

TIME SCALE

12018 12019 12020 |2021 12022 12023 l

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 tyr (~5-7 y)

on-Scale Down-Select Proces:

EGEND-1000 Design/Build, ~6yrs, 2021-202%

Earliest LEGEND-1t Data Start: 2025/6



L. BAUDIS: SEARCH FOR THE NEUTRINOLESS DOUBLE BETA DECAY WITH GERDA AND LEGEND: UNIVERSITY OF TOKYO, OCT 2019

SUMMARY

» Ton-scale experiments are required to probe the IMO scenario
» 76Ge experiments: excellent resolution and very low background levels
» GERDA will reach 100 kg y by the end of 2019

» LEGEND-200 on track to startin 2021; LEGEND-1t being designed
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6. Cocconi & P. Morrison, Nature, 1959



ADDITIONAL MATERIAL



RESULTS

GERDA AND OTHER EXPERIMENTS

Table 1. Comparison of present and prior experiments. Lower half-life limits L(Ty,») and sensitivities S(T1,2), both at 90% C.L., reported by recent Ovpp

decay searches with indicated deployed isotope masses M; and FWHM energy resolutions. Sensitivities S(Ty,2) have been converted into upper limits of
effective Majorana masses mgg using the nuclear matrix elements quoted in (20).

Experiment Isotope M; (kmol) FWHM (keV) L(Ty2) (10° years) S(T1,2) (10% years) my; (meV)
GERDA (this work) 76Ge 041 3.3 9 11 104 to 228
MAJORANA 27) 7Ge 034 025 i@ A8 .. 15710346
CUPID-0(28) .o 228 ] 0.063 23 e 024 e 0.23 394 to 810
CUORE (29) 1307 1.59 74 15 0.7 162 to 757
S g i e e e
KamLAND-zen@D)  MXe . 262 0 270 o dO7 D8 1610234
Combined

66 to 155



GERDA DATA

GERDA BACKGROUNDS

» Background levels
in the 3 detector
types before & after
various cuts
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LEGEND-200 46

GERMANIUM DETECTOR PRODUCTION

» GeO, material from Urenco and ECP

» Reduction/refinement processing at PPM; diode fabrication: Mirion & Ortec

» Detector type: p-type IC detectors [R.J. Cooper et al., NIM A 665 (2011)] Li outer
electrode, B implantation for p* contact

» Large active mass up to 3 kg

» Excellent pulse shape discrimination performance

» Lower surface to volume ratio

» Reduced background due to lower number of channels per mass of 7¢Ge

» Production started early 2019, ~60 detectors expected by fall 2021



LEGEND-200

BACKGROUND EXPECTATION

HV cables
Signal cables

Detector mounts (Cu)

Detector mounts (PTFE)
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Nylon shrouds
Electronics
Optical fibers
2 p-decays
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60 Co
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ALL BACKGROUNDS

1078 1077 N

1 0° 107
Background Index ﬁpper Limit [cnts/(keV kg yr)]
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[ ] Cosmic Rays

[ ] Total

Monte Carlo simulations
based on experimental data
and material assays.
Background rate after anti-
coin., PSD, LAr veto cuts.

Assay limits correspond to
the 90% CL upper limit. Grey
bands indicate uncertainties
in overall background
rejection efficiency

QBB Bl < (0.7-2.)x10-4 events/(keV kg yr) = 0.2-0.5 events/(FWHM t yr)



LEGEND-200

BACKGROUND EXPECTATION

Background Rate [counts / keV / kg / yr]
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Assay limits correspond to
the 90% CL upper limit. Grey
bands indicate uncertainties
in overall background
rejection efficiency

QBB Bl < (0.7-2.)x10-4 events/(keV kg yr) = 0.2-0.5 events/(FWHM t yr)



LEGEND-1T

BACKGROUND GOAL

» LEGEND-200 background: ~ equal contributions of U/Th, 42Ar, surface a
before analysis cuts

» LEGEND-1000: background lower by ~ x6 than LEGEND-200.

» U/Th: reduced by optimising array spacing, minimising opagque materials,
larger detectors, better light collection, cleaner materials, improved active
suppression

» 42Ar: eliminated by using underground sourced Ar

» Surface a: reduced by improved process control (hypothesis Rn in air at
detector fabrication facility)

» Larger detectors have a better surface to volume ratio

» Higher isotope fraction is now cost effective.



DETECTORS

GERDA PHASE-II DETECTORS

BEGe detectors

=

1. cylindrical

2. conical

3. double conical
Em p+ contact

Em n+ contact
B3 active volume

H1

« D3 >

H1

FCCD DL TL AV
=0 O<e<l g=1

GERDA collaboration, arXiv:1901.0650

p+

IC detectors

~60 mm

~80 mm

~60 mm

~80 mm

R.J. Cooper et al.,, NIM A 665 (2011) 25-32



DETECTORS

GERDA PULSE SHAPE DISCRIMINATION

e Signal-like: Single Site Events (SSE)

e Background-like: Multiple Site
Events (MSE)

e BEGe detectors: E-field and
weighting potential has special
shape: pulse-height nearly
independent of position

--------------- anode
— cathode
—— electrons
-------- holes

O  interaction point

—

charge [a.u

current [a.u.]

1500 |-
1200

900

600 |
300

120 |
90 |
60 |
30 |

BB

y ray

0

time [ns]

100 200 300 400 500 600 700 800

¥~ n+ electrode

42K B




DETECTORS

GERDA PULSE SHAPE DISCRIMINATION

e A/E: amplitude of the current pulse over energy
e Multiple energy depositions: multiple peaks in current pulse => decreasing A/E

* p+ surface events: shorter signals => higher A/E
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BACKGROUNDS

COSMOGENIC ACTIVATION FOR LEGEND

» 77Ge production: n-capture by 76Ge
» 77Ge: T1/2=11.3 h; Qg.= 2.7 MeV

» 7/mGe: T12= 53 s; Qp.= 2.86 MeV



