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2B decay with 2 neutrinos :: \ /\ 2 decay with 0 neutrinos
(A.Z)= (A,Z+2) + 26 +27% (A.Z)= (A,Z+2) + &

violates lepton number conservation
allowed and observed P

(Tf}’;) = % - | M™|" - m3, \/0v - nuclear matrix element
Fov - phase space integral
0 2 depends on the Q value

<77‘*1. .,,.;_....3>“ — ‘Z ; Uf,- My

(mpg) - effective neutrino mass

TUTI
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"GERDA |

OvPRR in 7°Ge
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PHYSICAL REVIEW D, VOLUME 65, 092007
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2038.5 keV
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Energy (keV)

IGEX no signal Ti > 1.6x10% yr

HdM no signal T2 =1.9x10%° yr

Klapdor-Kleingrothaus et alii claim
of evidence: T12 =1.9x10%5 yr

Eur. Phys.J. A 12, 147-154 (2001)
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GERDA status
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Goal of Phase I. Re-deploy HAM
and IGEX detectors (18 kg) in LAr
with a background of 0.01 cts/(keV
kg yr), scrutinize the claim

Status of Phase I. data taking
ended with 21.6 kg - y exposure:
from Nov. 2011 to May 2013

Goal of Phase II: background level
of 0.001 cts/(keV kg yr) and 100 kg

yr exposure

Status of Phase II: under
construction: 30 new HPGe
detectors (~20 kg) are ready to be
deployed
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GERDA at Gran Sasso

clean recom with lock

<

A

. Under a 3000 m high mountain,
=1 inside a water tank with 590 m3 of
. ©  water, in a 66 m? LAr cryostat ...

cryostat
with Internal
Cu shield

A
water plant & -
¥ radon monitor %, y o - | SALA A
i i , X Cresst SALAB Luna
Cuore lca us

Borexino
Opera

.. there are some germanium S N N
deteCtorS Dama/Libra
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GERDA milestones

Construction started in 2008

® (ryostat, water tank, clean room
ready in 2009

® Dec. 2009 cryostat filled with LAr

® Water-Cerenkov veto completed in
2010

7 JJ, Sept. 2014 Technische Universitit Mlnchen
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Frianifold adopted design

compensator Stainless steel cryostat with vacuum superinsulation
at inner vessel

! double-walled X6 CrNiMoTi 17-12-2

*1! active cooling

; 64 m3 volume for LN2/LAr
design pressure -1/1.5 barg
operating pressure 0.2 barg
AD2000 design
immersed in water of 8m height
no penetration below water level

6 lateral
fixations
(Torlon)

200W measured thermal loss

active cooling with LN2
no refill since January 2010

1=3/6 cm copper internal copper shield (16 tons)

hi-rel design
detailed risk analysis of cryostat in ‘water bath’

@4.2m

h89m

i

E—

!_ — 6 Iateral fixations (Torlon)

. ‘ | L Hl GERDA cryostat - K.TKnépfle 15
s | [IEWENCENTTE 17 TET 1

8 support pads (Torlon) & INCONEL Belleville springs

Wednesday, October 1, 14



infrastructure

active cooling of LAr

two LN2 evaporators, one in main LAr volume, one in neck

Status date: 2012-03-11 17:43:12
Select group: Water Temperature Level Pressure Vacuum Safety
Help about Temperature

HS330 key

Module Temperature

—== LNGS venlilation

walwve opening m

read back m

LM2

>

FCVOO01

Mode
m read back m
TT TT k exch ouT '§- S
neck exchanger
.IEE_-I IEE-E I'Ig neck exchan r N
oo e | Cryosiat exch. OUT § cryostat exch. IN
1T T neck TOP T T
167-1 167-2 neck BOTTOM 165-1 165-2
[1e2sc [qmazc ~ [1ssc [4s1sc
T TT  at -990mm T T
160-1 160-2 \ 168-1  169-2
T TT  at -11%0mm T
161-1 161-2 170
T TT  at -2120mm cryostat TOP T T
162-1 162-2 R i P | 171-2
TT at -6800mm exch. BOTTOM 7T T
163-2 168-1  168-2

test installation at MPI-K

LN2 expanded from 0.5MPa — 0.15MPa
» large vapour fraction at inlet

» nitrogen will be completely evaporated
» acceptable level of microphony

C.Haberstroh, AIP Conf Proc 985 (2008) 1201

ASPERA@DA 14.3.12

GERDA cryostat - K.T.Knopfle
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® HdM and IGEX detectors
€ lefurbished at Canberra

Mounted in low-mass holders
and deployed in LAr

Commuissioning runs: 2010 -
2011

) Physics run with 9 detectors:
8 €—from 2011 Nov. (+5 BEGe in
July 2012)

)
Wednesday, October 1, 14
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Run history

® Total exposure of 21.6 kg yr between Nov. 2011 and May 2013
® & coax detectors + 5 BEGe detectors added in June 2012

® Weekly callibration runs with 228Th source

® Mean resolution at 2 MeV: coax 4.8 keV, BEGe 3.2 keV FWHM
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Full Spectrum

enriched coaxials, 16.70 kg x yr

counts/(5 keV)
Bi-214 2204 keV

T1-208 2615 ke

GERDA- 1305 ~

enriched BEGes,

GERDA-1305

3 > 1.80 kg x yr
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- Blind analysis, 40 keV

" blinded window

Background model
developed betfore unblinding

PSA cuts defined before

unblinding, PSA methods
compared

Background rate golden

coax:
- 1.8x10-2 cts/(keV kg yr)

,r

kg

s/(keV

N
-

C

Background 10x smaller

“ than in HIM experiment

TUTI

lechnische Universitat Munchen
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13 JJ, oept. 2014 Technische Universitdt Minchen
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Pulse-shape analysis

_.GERDA |

® PSA has to be tuned for each detector, for each run period.

® PSA s tuned to retain 90% of the DEP of the 228Th 2.6 MeV line. (90%
signal efficiency)

® Typical background survival prob. ~60%
® 3 different methods used: ANN, likelihood analysis, pulse-asymmetry cut.

® From the events rejected by one method 90% are rejected by the other
methods as well.
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1 4 [echnische Universitdat Mlinchen
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GERDA results

GERDA 13-07

In 2039 +5 keV we see 7 counts,
. after PSD only 3 remain:

0— 5625 " 2030 2035 5040 2045 2050 2055 2060
58_ LT background imerpolation - ] TOVI/Z S 2 1 x 1025 yr
2 | ||||J||1 HlK L | H h J ” i Phys. Rev. Lett. 111, 122503 (2013)
o LN L BRSSO | II 0] O L
1900 1950 2000 2050. 2100 2150 2200 keV]
From H.V. Klapdor-Kleingrothaus et " —= :
al./ Physics Letters B 586 (2004) we ~ dataset  Ekgyr]  (e) bkg BIT) cts
expect to see 6 signal events without PSD
| | ' ' ' golden 17.9  0.688 = 0.031 76 1842 D
silver 1.3 0.688 £ 0.031 19 63735 1
ol BEGe 2.4 0.72040.018 23 4270° 1
> ] with PSD
2 - /;\ golden 17.9  0.619790% 45 1142 2
= I\ silver 1.3 0.6197)027 9 30t 1
_ 1 BEGe 2.4 0.663 +0.022 3 573 0
5 il I | ) in units of 1072 cts/(keV -kg-yr).
2%00 2010 2020 e 2030. 204;3 2!;50 : 2060 m
15 Energy, keV

lechnische Universitat

Minchen
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http://link.aps.org/doi/10.1103/PhysRevLett.111.122503
http://link.aps.org/doi/10.1103/PhysRevLett.111.122503

Combined results

_.GERDA |

® All /Ge experiments combined give: T12 > 3.0 x 10 yr

® The claim is disfavored also by the 136Xe experiments

Hl: Signal with T1/20V =1.19x% 1025 yr 1026 i T T T TGERDA 13-07
HO: background only [
Isotope |P(H;)/ |Comment =
= |
P(H,) S [ Gecombined [ L .
~
GERDA 76Ge 0.024 Model independent 2y GERDA Phase | i
= :
GERDA+HdM |7¢Ge 0.0002 [Model independent claim (20%3/ i
+IGEX 1025 . i i
KamLAND- |136Xe 0.40 Model dependent: NME, i
Zen* leading term E
—
EXO-200* 136X e 0.23 Model dependent: NME, _
leading term 9 58
o .S
GERDA+KLZ* |7Ge + [0.002 Model dependent: NME, 8<ZE -g
+EXO* 136X e leading term g_l S
E IO
S
1024 . A | \ HEN -
1024 10%° O (131 Iyr] 1026
Matrix elements from: 12 d
.. Hllll[);ll Dev et al.., (2013), arXiv:1305.0056
1Ll
1 6 lfechnische Universitat Minchen
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Phase II = Upgrade

v M -
Tl(}z ™~ B-AtE [?]]

RO (. i

. More mass: From the available 37.5 kg enriched
germanium 30 new detectors were produced (~20 kg)

® 5 of the new BEGe detectors already deployed in
Phase 1.

® [Lower background: the goal is 10x lower background

® New detector holders and new FE electronics

® °‘BEGe’ detectors for better Pulse Shape Analysis

® New lock was built to accommodate the LAr veto
with PMTs and WLS fibers

17 JJ, Sept. 2014 Technische Universitat Minchen
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Phase Il (and Phase I-b) detectors - BEGe

LN

35 5 kg 6N =Ge

e Whole production chain from ***GeO>
to BEGe diode organized by GERDA
and tested with 9PGe (JINST 8 P04018 2013)

e Total gain 30 BEGes with 20.5 kg
(58 % yield)

@ Detector characterization in HADES
underground facility, Belgium

e Exposure to cosmic rays reduced as
much as possible:

e Transport in shielded container

e Storage and testing underground

30 BEGe detectors

Crystal pulhng

m Ml

223 munderground ~L00 m w.e,

aw!rburdq n:

Location of
~ 175 m sand

IRMM's ULGS

Detector characterization

Adopted from: B.Lehnert., Talk at RICAP 13 conf., Rome, 23 May 2013

15
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From raw germanium material to diode production

/

- i

) ‘ fi
., Russia 53.3 kg e 8% Ge76
elsheim, Germany ‘3'5 5 ,kg e, 6N

3] Xtal pulling” inement, Canbertr: ﬁdge USA 9 Xtalg*’g; 30 slices
4] Diode produetion, Canberra, Olen, Belglum 30 eGe diodes ( 20kg )
5] Diode storage and characterization, HADES, Mol, Belgium

1] Germani ent, ECP, Zele

2] Metal red rification, PP

a
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From raw germanium material to diode production

Ge-68 Production in Diode 13150 P2500DD with 0.813 kg

P —

p 701 gctivation with Ge-68 — underground storage at HADES / LNGS
I\
- grinding & diode production |\
> 60 iffs f sl | .
© . | Characterization " Tp=2708d | @
= ‘~ o
- 4 online activation log
S 40| Slice cutting | 1
8 A
HGCED 30 Xtal growth L _
-CEJ Cherokee caverns
[. N L
[ zone|
[ - refinipg

q e e ——

01Aug11 170ct11 03Jani2 20Mar12 06Jun12 22Augi12 07Novi12 24Jan13 11Apri3 28Jun13 13Sepi3

20 lechnische Universitat Munchen
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Pulse Shape Discrimination

Typical SSE (electron) Typical MSE (gamma)

L = T Eaw preampliier antput
15000 - - - v phre] - T
. . : ) 1
] o '\ SSE Q / MSE
N E e L ,-..’ ikl S 1o .‘— -' -
[ =} | '
] ] |
| semi- -g sa0n) | E = -4 E'
7 coaxial
- ) /
~ !
7] | o ¥ | . : : : :
- E'_Iﬂ:%—- *—ﬁ#‘:‘.“- - 1-:;.l.'l- 1:.".15-13 |!JI':‘_I e I.”Jgk] t200 I?II; Lo 1000 1050 1100 L 1150
. Time [10 ns] Time [10 ns]|
i after differentiation:
30 - 7] |:..:|;|!- l:-;u‘n-
£ 20 - 1 BEGe E Lm!. |' 4 m-:-:lzr
= 10 | _ : _'FJ:I:Ii— .II. :I".'q"l:l]
0+ ] g 2000 || m[
1 |
40 -30 20 -10 | PT 0 20 30 [\;cl)“ | ..; ::.l ;.' '| A ::[ "ﬁ| A
= el [ 1 | /| (current
—@—» FADC 7 ! [ | (current [ /\ v e .
@ ot J i ot Ta ) maximum)
o0} e R | maximum) scn| 7 S :
E'u:'____‘:—-: ) T — — — T S0 5 Y000 T R T 1200
Time |10 ns| Time |10 ns|

AE =1 A/E <1

SSE accepted for 0.965 <A/E < 1.07:
Ovp efficiency =92 £ 2 %
2V[3P efficiency =91 £ 5 %

80% of background events rejected EPJ C73 (2013) 2583

TUTI

21 lechnische Universitat Munchen
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new lock

lock within glove box
for handling of
detectors in dry
nitrogen atmosphere

in cleanroom on top of cryostat:
replaces Phase | twin lock

e larger @049 m, h=28m

» space for 7 string array

cryogenic
preamps

N

L

- |
i
Ny
.

=

»
i

fu

W
J-C ,
(AL T g
e
i

<
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rl
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i y
i
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Phase I Front-End

VCC .
> Vout ~2 O m
o G A e —
R _ o 7
F - CF T
* =
preseesuessn e : AD8651
= BF862 1
ey Cdet —
S Nuclear Science Symposium Conference Record (NSS/MIC), 2010 IEEE (2010) 1386
detector

® Works at LN temperature

® (Good spectroscopic performance

TUTI

23 [echnische Universitdat Munchen
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GERDA Phase l: status and first results

Detector calibration (Th-228)

counts

103

’
103

’
103

1
10°

1
103

381 keV| [4.8

4.4 p keV

’
10°

RG2

||||||||||||| L1 I
1500 2000 2500 550 600 2550 2600

energy [kev] GERDA 12-09

1

o
o)
-
o

Energy resolution at Qgg (FWHM, mass weighted average):

» ~ 4.5 keV for coaxials » ~ 3keV for BEGes

Matteo Agostini (E15/TUM)

|

\r inchen
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Phase I DAQ

o Struck SIS3301 14 bit FADC

e Pulse shapes recorded for oft-line analysis

e processed off-line: energy, PSD

Eur. Phys. J. C(2013) 73:2330
arXiv:1212.4067

Read-out and signal structure Digital signal processing to extract amplitude, rise time, etc.

5 L y
-80 -bio -Aio -2|o Io 2|o Aio 6;0 8IO . I\ - :
time [us]
’ FADC 20 10 0 10 20 30 20 -10 0 10 20 30
time [us] time [us] lm
L]
25 lechnische Universitat Munchen

Wednesday, October 1, 14



A
Phase Il Front-End electronics

Resistive feedback circuit of FE electronics
(Very front-end VFE)

« Seperation of Very Front-End and
second stage of FE charge sensitive
amplifier (CC3)

 Advantages

— Minimal mass and radiopure
components for VFE possible

— More radioactive & complex 2nd
stage further (~50 cm) from

detectors
2nd stage (CC3) for
4 channels Ve
G AMNN-EE—— 57,
detector 2
I

26 JJ, Sept. 2014 Technische Universitat Minchen
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Technische Universitat Munchen T H U H H

The Phase Il detector mount

Material in vicinity of detectors to be
reduced

—  Detector mount & Front-end electronics
Reduction of holder mass per kg
detector mass necessary (BEGe

smaller than semi-coax!) f
Replace as much copper as possible _
({,

with intrinsically pure mono crystalline
silicon

Design achieves factor ~1.5 reduction "
copper & PTFE mass per kg detector )
Mass CETv— |
New contacting scheme (wire

bonding) allows holder with reduced
mass & material strength i.e. Si

Material Phase | holder Phase Il holder
[a] [uBq] [a] [uBq]
80 <1.6 <0.5
1
7

DPG-Fruhjahrstagung Mainz 2014
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Technische Universitat Munchen U

The Phase Il detector mount - contacting

Ultrasonic wire bonding identified as

a low-mass, reliable electrical

contact between detector,

amplifying electronics and HV

supply 4
First time large volume Germanium @

diode detectors contacted with wire
bonding

Deposition of Al thin film on
germanium diodes to allow bonding
at manufacturer's site

All 30 BEGe's from enriched Ge
modified

DPG-Friahjahrstagung Mainz 2014

Wednesday, October 1, 14



Technische Universitat Munchen M

Tests of integrated detector pair

Encapsulated JFET

Two test detectors with Al films l
mounted in Phase Il holder

Bonded to make electrical contact

Tests of newly designed Phase Il
electronics; also with JFET in-die

Test of assembly in liquid argon
cryostat (Noise, microphonics,
handling in glove box, stability)

No principal issues with designs of
holder, contacts & electronics found

Th-228 calibrations taken like in
GERDA

Mounting structure

DPG-Fruhjahrstagung Mainz 2014
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LAr veto - The concept

"GERDA |

In the Region of Interest
around 2039 keV

e Nearby 298T]| events can be easily
vetoed with very high efficiency

o 214Bj s less effective

e Does not work well for surface a and 3 ex

e Veto efficiency in GERDA will strongly depend o
background

e origin of the

30 lechnische Universitdt Minchen
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lock system

Ox 8“ PMTs

reflector foil
& wavelength shifter

bare Ge-detector

cryostat with LAr
volume 1000 1

Shield (unfinished)
Cu 15 cm, Pb 10 cm,

Steel 23 cm, PE 20 cm
31

Wednesday, October 1, 14

Location:

Germanium detector lab
LNGS @ 3800 m w.e.

Ref:arXiv:0701001, TAUP20I | proc.

VM2000 + WLS

Ar scintillation




& LArGe test facility

» detector: BEGe

> 228Th source
distance ~7 cm
» DAQ via FADC

Suppression factors
at QBB + 35 keV:

LAr veto ~1200
PSD ~2.4
veto+PSD ~5200

32 JJ, Sept. 2014

counts [#]

counts [#]

106 — .
| without veto  memes
A | with LAr veto
1075 with PSD cut ——
with veto & PSD ———
1074

i

1013 | -
| |
1002 | I||““| -
101 '”I"M‘ u ‘ le ]
1070 H ||”'|||'|'|'||||||”|| i Iiﬂ|\'|i|| “M ’|| |"| “'M NM'
0 1000 1500 2000 2500 3000
eneragy [kev]
1074
1013
1012

1071

AV il e nomd o v ol b o wawmd o mk
1950 2000 2050 2100

eneragy [kev]

Technische Universitdat Minchen
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low-background PMT
- Hamamatsu R11065-xx

HPGe detector array
SiPMs

vie .
‘ S -
.E — In'?
oMt §

.

-y

Copper “shroud” with
Tetratex reflector
coated with TPB

ANV AN 3RAY

Fiber “shroud”
1000 m WLS
fiber coated

with TPB

Technische Universitdat Munchen

33 JJ, Sept. 2014
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The Wavelength shifter

Tetra-Phenyl-Butadiene (TPB)

Detected with PMT

128 nm (VUV) - 430 nm

> Collected with WLS fiber

Emitted by Ar BCF-91A absorption

TPB - emission spectrum

l N
’f\‘ T T T v T v ] - B
: ‘\M-band 30 keV H' 08
3100" f ‘ on 4000 A of Ar -
< P : =
- ! | -
£ , \ 0.6—
- 10F } | 76eV 6.2 eV ‘: i
e I ] ,‘ /M VJJJ'AW, ‘ -
a | N \ !\ﬂ \/ r\\ | | . o4
C f‘ L\\ : ’vﬂ' P :
5 g i i
B S & 02/
1000 1200 1400 1600 1800 2000 2200 2400 B
wavelength (A) c | |
0 SOOLI | L35OLI 400 450 I500 - I550I - 600I
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° O/ b ° I
Inefficient (~60%), but it works TUT
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GERDA

Induced background

|CPMS results: VLS fiber measured at LNGS

Element Conc. Activity Bg/kg | _ ts?;:;%ﬁf;?:ar)
K 15 ppb 4.6x10* -
Th 14.3 ppt 5.8x 105 3.4x10°
U 3.4 ppt 4.2x105 2.3x10

e The whole setup consists of about 1 kg fiber (4 m2 photon

detector)

e Relevant activity: O(>100 uBq)

e (Compatible with the background goal of GERDA Phase Il
(103 cts/(keV kg yr))

35
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Why SiPMs ?

e (Good mach for the size of the
WLS fiber

| PDE vs Bias for single PM3350 in Package |

1

L]

L§

PDE [%]

:M@E@fﬁ

}{

e Small & Silicon = Low 44
e High QE _
e |nexpensive 2]

48:
42
36 -
e Works in LN 0
22

46
background 40
34
26
20

36

Voltage [V]

Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll I
255 260 265 270 275 280 285 29.0 295 300 305

Ketek SiPM purchased in die (3x3 mm 50um)

TUTI

[echnische Universitdat Munchen
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e SiPM delivered in ‘die’, low
background packaging is developed

e O fiber coupledto 1 SiPM

37 JJ, Sept. 2014 Technische Universitit Mlnchen
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S1iPM read-out

+ The usual schema doesn’t work:

},
Tj * Too many cables, too many components ....

————O+V

e How many SiPMs can be connected in parallel ?
e Not limited by the Dark Rate
e Single p.e. preserved?

38 lechnische Universitat MUncher
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Spice model of the SIPM

' I I
R4
10k e Sece for example: NIM A 572 (2007) 416418
C74¥ R1 4¥C2 R2 4¥C3 4¥C4
100&_9** - Vi 3.9245¢e6 1090.212; **10.38-12 . .
) 67.79e-15 -43976e-10 e Model tuned for Ketek SiPMs in LN
27.000 I »
| |
R3
(ZD ::Cl 4¥Cs 50l
1 192.21e-15 **6.91766-10
121
tran 25e-6 " "
< B — PM33inLN : - —— PM33in LN
12— —— PM33in LN x 10 05— —— PM33inLNx 10
— PM33 at RT - PM33 at RT
10— 0.4
8 —
n 0.3 \
6 -
- 0.2
4 n
- 0.1—
2_— :
B of
0 ||'||||||||||||||||||||x10-6 |||||||||||||||||||||||||||||||||||||><10-6
1 1.05 1.1 1.15 1.2 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
T [s] T [s] ]
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ERNA

— Specifications Ketek PM 33 Ketek PM 33 OTI Hamamatsu

Pixel capacity 192 fF 118 fF 92 fF

R, (room temp.) 359 kQ 918 kQ 156 kQ)

R4 (in LN) 3.92 MQ 8.02 MQ 1.81 MQ
Gainat 1V OV*3 1.20 - 106 0.74 - 106 0.58-10¢
Max. gain (in LN)*> 7.68 - 106 2.02-10¢ 1.56 - 106
Max. gain (room temp.)*> 3.18 - 106 3.90 - 10¢ 1.09 - 1096
OV*3 range (room temp.) ~2.7V ~53V ~19V
OV*3 range (in LN) ~64V =27V ~2.7V

Pulse Shapes

Recorded with Charge Amplifier

2s/div

40

500 ns/div

'''''''
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Scintillation light signal

e Vertical™ Timebase Tngger Oisplay Cursors Measure Math  Analysis  Utilbes Help

—— . - » e Y P - - - po. — e~
e TR— -~ - " v . e R - iy

9 SiPM in paralell o

el i g WW oY

3 SiPM "with tranch"

single p.e.

- o
Reflection
A
P1rise(C1) P2 falliC1) P3.penod(C1) P4 freq(C1) PS5 width(C1) P& duty(C1) P7.delay(C1) P8 npoints(C1)
3.706969 us 30247 ns 23616 ns 42 344 MHz 19933 ns 84 40 % 18.085 ns 20.000e+3
R A A A A A

3.3000 mV

S28/2013 9:47:09 AM
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TUM -UGL test tand

B n
- -
Y A
J_'

-, .

C ryostat.
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DN250 setup

8 channels = 42 SiPM + PMT

~
/
/"’

/
/

; /

=

eal data:

LAr scintillation light
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30
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Conclusion

® The Phase I of GERDA was ended after 21.6 kg yr
exposure.

® Background goal of 0.01 cts/(keV kg yr) was achieved

® No indication of Ovp[3 signal = Tin2>2.1 x 102 yr

® Phase II construction started:
® BEGe (point contact like) detectors
® New Front-End was developed

® [ .Ar veto is under construction

44 lechnische Université
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