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GERDA: OvppB-decay experiment

GERDA aims to search
for the half-life of
Ovpp decay of 7¢Ge

Germanium detectors:

e ultra high purity material

e excellent energy resolution
e enrichmentin 7cGe ~86%
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OvBp-decay search using ¢Ge

Germanium detectors: o g
historically most sensitive Ovpp probe =« i RN
%15— M ] A o
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IGEX: >1.6 (0% C.L.) it il
Heidelberg-Moscow: >1.9 (90% C.L.) : [ A A T H
Klapdor-Kleingrothaus claim:  1.1970-37_ oo e e e s
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Eur. J. Phys. C73 (2013) 2330 Design of GERDA

Clean room, data acquisition systems

Lock for detector insertion

floor of clean room

S

64ms3 LAr cryostat

Cu shield
|

Radon shroud —  |§

| am |
Detector array =

r sm_
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Low background challenge

Samples of all materials measured
and selected for low radioactivity.

Variety of ultra-sensitive methods: ool 2
Ge-detector spectrometry

Mass spectrometry
neutron activation analysis

radon emanation detection via
proportional gas counters

YV V V V

proportional gas counter,
GALLEX/GNO heritage

GeMPI spectrometer, e R o
evolution of - e
Heidelberg-Moscow :
detector design
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Low background challenge

42Ar concentration in natural argon
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. | a2
found much higher than expected. A
L] L] L] . f(z
= solved by installing protective Cu-fall wi ez _epgn &
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GERDA Phase | detectors

Enriched coaxial (17.67 kQ):

5 from Heidelberg-Moscow Nd'S | ,
3 from IGEX RG 1 4 GTF112 w

\ y

» -~ -

Enriched BEGe (3.63 kQ):
5 new (Phase Il design)

1 non-enriched coaxial

Deployment: November 2011
BEGe: July 2012
Data taking until: May 2013

Total exposure for Ovpp analysis: 21.6 kg-yr
3 data-sets: 17.9 kg-yr “golden”, 1.3 kg-yr “silver”, 2.4 kg-yr “BEGe”

ANG 1 and RG 3 stopped soon after deployment, RG 2 near the end.
GD35C excluded from analysis due to system instability
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GERDA Phase | data analysis

Background data:
blinded until all analysis procedures fixed

S 1ot _ | enriched coaxials, 16.70 kg x yr | cerenres 3 <
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Analysis cuts:

muon-veto and Ge-array
anti-coincidence: ~40% cut

signal quality: ~9% cut
Periodic calibration with
228Th sources.
Stability cross-check in final
summed physics data on
42K background line:
m1°°: all coaxial detectors .
g 80| FWHM:
L 4.47+0.12 keV
50:
20;_
0;""“"'?.5‘15 19201525 1580 oo
energy [keV]

FWHM only ~4% larger

than expected 13



Background level improvement

GERDA Heidelberg-Moscow

< - L L EEL L = 12000
£ 500 = e experimental energy spectrum by %
- el model  ----- 2vBp % [HdM, EPJA12 (2001) 147]
< - - L— i2K A
S 400 40 © ”
§ = A 8000 |- 47.7 kgy
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HE . " T ,
1600 1800 - ) energ_',r_[ke\"]
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2u +0.09 +0.11 21
T1/2 - (1'84—0.08 fit —0.06 syst) -10

[J.Phys.G 40 (2013) 035110]

"
600 800 1000 1200 140

Average background at QBp:
HAM: 0.16 cts/(keV-kg-y)
GERDA “golden”: 0.02 cts/(keV-kg-y)

Background y-lines typically ~10x lower than HdAM (except for 42K).
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events/(30 keV)

data/model ratio
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Before unblinding: background model

o data!model' '
068% ‘
C1959%
£99.9% #-
o Y o 5 o — s _— o 1 — L]
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“Gold” data allow good-statistics fit

M
>
>

>

ain background sources:
42K
Th and U(or Ra) contamination in
materials near detectors

Ra and Po contamination of detector
surfaces (including o decays)

Background near Qg flat (no lines).
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Before unblinding: pulse-shape discrimination /:

external vy

Signals recorded via FADC with 50 ns to 80 ns

multi site time resolution — analyse time-structure
event 10 | .
— = I I i ’ i EGEIIDA‘I!-DB
(MSE) 3 f -~
3 8k [ 1
< £ r || i
FADC H H $0.6— TV T single site event SSE
Bp single site 5 r | I I | | ’
= event ° o0 _ /] _ —— multi site event MSE
( ) . tuselA) . wse(A) |
0.2; tjsss'?*“‘g) Locel(A)
0.0 A R | P I I I i

time

PSD for coaxial detectors:
» measure 50 rise time variables (1,3,5,...99%) _¢ o

=y = flll energy peak FEP
> Neurdl Network (TMVA/TM'DANN) é{ double escape peak DEP
discriminates events 3
= 81% risetime
Trained on 228Th calibration data: E distribution —
> MSE fraining sample: 1621 keV y-line (22Bi)  E oo
> SSE fraining sample: 1592 keV DEP of 3 \
2.6 MeV line (208Tl) 3 j}
DEP (double escape peak) events have R

time

similar spatial structure like 0vpp
Dus$an Budjas (TUM) arXiv:1307.2610 16



Before unblinding: pulse-shape discrimination

PSD for coaxial detectors

Neural Network response

i 228 i i :
qualifier distribution: PSD applied to #4Th calibration spectrum:

10°E T | g
= =~ E = ANG3 z
4.0~ ANG5 = compton edge (CE) g—,l E} T < | DEP 16.21 keV
- £ | e multi site region (MCS) g :10 §_ %’ Y'Ime = without PSD
B3 5 calibration DEP & a2 [ © with PSD
S L —— SSE part of CE 108 FI
- - 3
€ [~ 90% efficiency - 10°F
3.0 -
s 10°E
‘E : g L L I . ! L I . |
@ = = 1.570 1.605 1.640
©2.51 10° energy [MeV] J
2.0 10° T - #\.ﬁ
1.5 107 L
:_ 10 ;_ | L L | L L L ‘ L L L | L L L ‘ L L L | L L L ‘
1.0¢ 1.4 16 18 2.0 2.2 2.4 2.6
B : energy [MeV]
0.5 SH]
= Lh
= i . .
S, | B Cut is adjusted for each detector
| EI_ | | | | | | | | | | | | | | | | | | | | | | | | h
00 02 04 06 08 10 to 90% DEP survival.

ANN response
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Before unblinding: pulse-shape discrimination /.
PSD for coaxial detectors

Determined Neural Network Validity is cross-checked on
survival efficiency for Ovpp: 2vpp data:
0.90 *995 _g 5

600 g
= < B data < 8—9
-~ f i - 8 [ cut with ANN Bl
E 35H] phySICS dOTO El Without PSD g ool e background model (BM) =
o f P vineso S predicted ANN cut on BM g
£ 30 ° T : . S
g |f| background at Qg s00f- 2vBP survival: | g
201 0.018(2) cts/(keV-kg-y) B 0.85£0.02 g
sofL 300 4100
1| = 0.011(2) cts/(keV-kg-y) i i
15{] (“golden’ set) 200k :
B [ -_60
100} 140
[ 120
1800 1900 2000 2100 2200 ?-OI (. |1 | 1| |1 |1 .2| (. I1 .3| L1 I1 .4| |1 |1 .5| (I I.1 - | 0

6
energy [keV] energy [MeV]

Furthermore, 2 alternative PSD methods were developed and their results
support the validity of the Neural Network method.

Dugan Budjas (TUM) arXiv:1307.2610 18



Before unblinding: pulse-shape discrimination

Separate analysis based on a single parameter used
for BEGe detectors (more later).

survival efficiency for Ovpp: 0.92 * 0.02

A/E parameter distribution:

000 | GERDA 13-08

n
I
06

= :]
mﬁ = before A/E cut E) 2
L) —_— ) ]
5 SSE + MSE 2 - after A/E cut B
6000 ) blinded region 3 1
--- 88SE
40001 Ofgst 1900 1950 2000 2050 2700° 2150 3200
: energy [keV]
rejected
2000—
L
ob—— et I
0.92 0.94 0.96 0.98 1.00 1.02 NE1.04 | | |
2000 3000 4000 5000

000 7000 8000
/’ energy [keV]
2vpp survival: 0.91 + 0.05 background at Qg

0.042(*10_g) cts/(keV-kg-y)

= 0.005(*4_;) cts/(keV-kg-y)

Du$an Budjas (TUM) arXiv:1307.2610 19



Unblinding

14 June 2013, in Dubna, Russia

T Whhout PSD
With PSD

2 —
0 L L 1

2025 2030 2035

counts/keV

PR | 1 I _I I
2040 2045 2050 2055 2060
energy [keV]

evt cntin +5 keV golden silver BEGe total

expt. w/o PSD 3.3 0.8 10 /51 _eventcountconsistent

obs. w/o PSD 5 1 . 7 7 with background

expt. w/ PSD 2.0 0.4 0.1 | 25 | Bestfit: Nov=0

obs w/ PSD 2 1 0 3/ profile likelihood upper limit:

NOv< 3.5 cts @ 90% C.L.

Phys. Rev. Lett 111 (2013) 122503
“Neutrinoless Decays Are a No Show Again”
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Limit on 7¢Ge half life

past claim T, ,%v=1.2 1025 yr| |
present upper limit \

2 —
O L L 1

2025 2030 2035

counts/keV

P | 1 I —I I
2040 2045 2050 2055 2060
energy [keV]

Bfy= o € ¢  =T,%>21105yr@90%C.L

J76 - fav - €fep - Epsa | Combined with HAM and IGEX:
T1/20V > 3.0 '1 025 Yl'

o
|

data set  E[kgyr]  (e)

< > < -
data ot Mee> < 0.2-0.4 €V
golden 17.9  0.61975 0%

silver 1.3 0.61970 03¢

BEGe 2.4 0.663 £0.022

Du$an Budjas (TUM) Phys. Rev. Lett 111 (2013) 122503 21



Past claim strongly disfavoured

H1: signal with T, ,,% =1.19x10% yr
HO: background only
Isotop | P(H,)/ | Comment

1026_ T T T LI B B N B |

- e P(H,)
| Ge combined ____1 :
N / GERDA °Ge 0.024 | Model independent
ase
= ' KM’)/ | | GERDA+H |[7%Ge | 0.0002 | Model independent
g claim (20 dM+IGEX
& : 7 | KamLAND- | *¢Xe | 0.40 Model dependent:
SE 1 | Zen* NME, leading term
. — EX0O-200* 136Xe |0.23 Model dependent:
. NME, leading term
LA N i3 GERDA+K | 78Ge + | 0.002 | Model dependent:
I AS = = * * 136 i
.%QOYQ)OO@? %% = LZ*+EXO Xe NME, leading term
2RV & V5 5
0;&‘ 2| E o * with conservative (smallest) NME ratio
1024 — i - Moy (13¢Xe) /M, (7¢Ge) =0.4 from:
102 10%° 107 P .
F. Simkovic, V. Rodin, A. Faessler, and P. Vogel, Phys.
T (**¢Xe) [yr] Rev. C. 87, 045501 (2013).

M. T. Mustonen and J. Engel, (2013), arXiv:1301.6997
[nucl-th].

P. S. Bhupal Dev et al., (2013), arXiv:1305.0056 [hep-
phl.

T,,,°" claim from Mod. Phys. Lett. A 21 (2006) 1547 not considered because of the
inconsistencies (efficiency factors not taken into account = T,,,°¥ calculation incorrect)
Ann. Phys. 525 (2013) 269

Du$an Budjas (TUM) Phys. Rev. Lett 111 (2013) 122503 22



Physics goals of GERDA

(0 background approximation)

°Ge Ovpp decay T,,

. . §1028
. 8 :
detection limit goals: o neutrino mass scale:
2-10%7y * G ‘t> <24-41meV t
o 1027
S
2:10%6y* g 1> <75-129meV t
51026
3105y * T IMed
_ — assuming |M%'|=2.99-8.99
Claim = 1p2s. [Smolnikov & Grabmayr
(Klapdor Kleingrothaus) i PRC 81 (2010) 028502]
f GERDA | GERDA |GERDA 3 &
Phase 1| Phase 2. |Majorana#
10 107 103
exposure (kg-y)
Background requirement (in ~6 keV wide ROI): 6Ge exposure:
state-of-art (HdM) 0.16 counts/(kg-y-keV) 72 kg-y (HdM)
GERDA Phase 1 <0.01 counts/(kg-y-keV) 21 kg-y (HAM+IGEX+new detectors)
GERDA Phase 2 <0.001 counts/(kg-y-keV) 100 kg-y (old + new detectors)

GERDA 3 & Majorana ¥ <0.0001 counts/(kg-y-keV) 1000 kg-y #

* GERDA-Majorana Lol: intention to merge for a 1 t experiment, not yet funded
Dusan Budjas (TUM) 23



GERDA Phase li

> |ncrease mass:
additional 30 enriched BEGe detectors (~ 20 kQ)

> new front end readout in close proximity (2 cm) to
detectors (noise reduction)

> radiopurity improvements (new cables, detector
supports)

> PSA discrimination with the BEGe's
> Liquid argon veto instrumentation

Dugan Budjas (TUM) 24



Phase Il tools: Modified Broad-Energy Ge detectors

: n* electrode
GERDA. Phosg : p-type Ge < thick GERDA Phase 2:
semi-coaxial «— (&mm thick) —, dified BEG
Ge detector 9 (HV contact p-type Ge moditie e
2 detectors
® «_ |  p*electrode =
3 (<um thick)

read-out contact
BEGe advantages:

1) smaller p+ electrode = less capacitance = less noise = better energy resolution

2) favourable internal electric field distribution = powerful PSD capability

0.1 !

T 1 T 1 T = ]
----- exp data

= i 0 mm ‘ 7t

2 5 0.08 - 5 mm )/ ﬁ/\ .
O = - —— 10mm /o \ y
o = 0.06 15 mm Pl -
2 5 - 20 mm A7

g £ 004 | — 25mm 7 X s
c o s 30 mm Lo

2 0.02 F — 34 mm R -
) A P! .

= | N I e e L I \— ]

10 20 30 40 50 60 70 80
mm

0 100 200 300 400 500 600 700 800

time [ns]

» narrow peak in current signal
» signal shape independent of interaction position (same final trajectory)
» current amplitude depends only on energy of interaction (~95% of volume)

Dugan Budjas (TUM) [D. Budjas et al., JINST 4:P10007,2009] [M. Agostini et al., JINST 6:P03005, 2011] 25



PMT option (@500 mm)

<— new big lock

low-background
PMTs on top &
bottom

copper shroud

reflector foil coated
with wavelength shifter

» approach validated in LArGe*

» PMTs available

» on-going testing in LAr

» mechanical mock-up in
preparation

Phase Il tools: LAr instrumentation

SiPM & scintillating fiber option

scintillating fibers St
form cylinder |
around Ge array
(light detection

inside & outside)

read-out by
KETEK SiPMs

» approach tested on small scale
» fibers and SiPMs available
» test set-up in preparation

Dusan Budjas (TUM) *[M. Heisel, Dissertation, University of Heidelberg (2011)]
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Phase Il tools: Background identification

» identification and discrimination of events by PSD and LAr veto:

BB-decay: B range in Ge ~mm

y-ray backgrounds: range in Ge ~cm

a0 %00 — 120 —
- single-site event _i mulfi-site event

a0p SSE p‘ - MSE — B w0 L AT

2”";_ Ge mz_ E wlveto ‘.e‘\ec .

“t constant | “ reduced E : ,Lsignal

100 'max/E max 1002— 'MOX/E =

soE— sof- 'max 10 _—_J i
;- . | v- L 20 1 1

sgﬂm 52500 83000 §3500 54000 84500 tlan?lm 82000 82500 B3000 83500 B4000 84500 85000 14 T 1 20 2 1 ¢

"t n+ surface pulse ]
e o : NSP ‘
o RS .
c . reye’
§ mo;_ reduced E
/ o so;— ,rnax/E "max
x r\- ! PRI RS N S P —
2 % 82000 82500 B3000 83500 84000 84500 t[IES;(PCID
K B g “Fp+ contact
“Fpulse —
O s . aCh]
S~ PCP cele®
= 150
> . amplified | | |lmex E
mé—lmax/s
DUéan BUdJa’é (TUM) agi)o 50 Ba000 83600 I 700 2000 27



Performance studies: PSD and LAr veto in LArGe

10~7
Low background test
facility GERDA-LArGe

at LNGS:

counts

1073

1042

10M

1040

1047

106

100

counts

1043

102

10M

10~0

reflecting foil with wavelength shifter

Dugan Budjas (TUM)

1046
1005 |

1004 |

1085 |-

Without Cut  mems

PSD Cut mmm
LAr Veto Cut
PSD + LAr Veto Cut s

' 228Th near

1000 1500 2000 2500
Energy [keV]

' ' Without Cut  mss

' 225Ra near  psp Gut e

LAr Veto Cut
PSD + LAr Veto Cut 1IN

1000

1500 2000
Energy [keV]

2500

[M. Heisel, Dissertation, University of Heidelberg (2011)]

4 10*6

4 10”5

10"‘? T T T T
228 Without Cut
1086 L Th fqr PSD Cut mE
LAr Veto Cut
1075 | PSD + LAr Veto Cut I |
1
1004 | &
1073 3
1042 &
10M 3
1040 !
1000 1500 2000 2500
Energy [keV]

1047

0Co near "2t CU —

LAr Veto Cut
PSD + LAr Veto Cut I ]

1004

1043

1002

10M

1040

1000

1500 2000
Energy [keV]

2500
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Performance studies: 24'Am p+ contact a events /

L
[GERDA’
1.6 Foroo oo I --------------------- I Cnmbinéd AIphaSpectlrum .
Sum of CI§|| runs § Residual Spectrum
14 r(without.areaorrun g, s T
o 1.2 --’rlme-welg-h-hng-) ------ = PCPcut .
S R . ~ tuned to 99% 1
2 o8t e § 2 = survival of |
= .
5 06 [
=
04
0.2
0
2500 3000 3500 4000 4500 5000
Energy [keV]

* 90% confidence-level upper limits
results limited by background in test setup; improved measurement analysis under way
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Performance studies: surface 42K with BEGe in LArGe

1005 [ - orooooooooreeenes

Without Cut s |
PSD Cut
PSD + LAr Veto Cut I

10+4 | .
w 1003 B
02 malla
1001 [
1000
500 1000 1500 2000 2500 3000 3500
Energy [keV]
' ' L. ' Without Cut
105 42K measurement in LArGe "PSD Cut
o | (A1 from irradiated Ar gas) "R HArVelocul e
o 10°3
3

1042

1041

1040

500 1000

Dugan Budjas (TUM)

1500 2000 2500 3000 3500
Energy [keV]

09

MC cut set to 0.1% survival of
B-like events and 20% survival
of y-like events. LAr veto with
100 keV threshold.

expexted survival at Qgg:
PSD only: 1.2-103
PSD+LAr veto: 0.8-103

Veto + “standard” PSD cut :

Ovpp survival: 85%

42K survival at Qg (2 events):
<11-103 (90% c.l.)

(noise limiting PSD performance)

Veto + “strong” PSD cut:

Ovpp survival: 71%

42K survival at Qg (0 events):
<5-103 (90% c.l.)

(limited by avaliable statistics)
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Production of €"Ge Phase |l detectors

Wransports in o
Db <5 o “shielded

r—!' HAUNTED Ak container,

x'—-’zocvomul
b
= 122/ 28-20-31 4oy

= storage
underground

© 2012 CﬂeSJSDOt Image
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Phase Il background summary: Qg;

Background goal: < 102 cts/(keV-kg: yr) PRELIMINARY

background without cuts LAr veto after cuts
[cts/(keV-kg-yn)] surv|val survival [cts/(keV-kg-yn)]

208T]| <0.01 4.10-3 <1.6-10°
214B;j < 0.01 0.25 0.3 <7.510%
60Co <4.10% 0.01 0.02 <8-108
%0Co (in Ge) <4.10% 0.01 0.02 <8108
68Ga (in Ge) <0.015 0.05 0.2 <3.10°
226Ra (o on p+) <1.5.103 < 0.03 — <3.10°
42K (B on n+) ~0.2 < 0.05 0.68 < 0.86-10°3

PSD and veto combined acceptance of Ov[3-decay events is ~86%



