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GERDA at Gran Sasso

Underground site to
reduce cosmic muon
flux by ~1,000,000
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Motivation for Ov[3 decay searches

2 neutrino O neutrino
double beta decay double beta decay

4
p @
allowed by SM, AL=0 forbidden in SM, AL = 2
Ovf3B decay: » Majorana nature of neutrino
n P
|
W, . » lepton number violation AL=2 !
Ve Vel Ve o » effective v mass: <mee>:\zl_ Usm,
W :
n — D » access to v mass hierachy

exchange of majorana neutrino
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Double Beta Decay detection in "°Ge

2 neutrino O neutrino
double beta decay double beta decay

;
s @

a.u.

search for Ov[33 peak at
0.003

Q,, = 2039 keV ("°Ge)

0.002

0.001 Expected decay rate:

(T%)" =G¥(Q,Z) M ™| (m,,)’
¢ / y (..

0

0 500 1000 1500 2000 b\
Energy hase space nuclear effective
half life  P12S€ SP _
electron-energy spectrum integral matrix element VvV mass

07/10/2014 Mark Heisel, Upgrades for GERDA Phase I



Double Beta Decay detection in GERDA

Sensitivity: Detector = Source

TOV - M-t
1/2 Eeff AE-B
M-t = exposure

e . = detection efficiency

AE = energy resolution
B = background index

a.u.

0.003 |- 2vBp

detectors enriched
to 86% "°Ge

Ovf3p

0.002
Phase | |
0.001
Exposure [Kg -yr] 15 100
D 0 500 1000 1500 _ 2000 Bg [counts/(keVkg-yr)] 1072 1079
Energy Upper limit mgz[eV]  0.23-0.39 0.09-0.15
electron-energy spectrum A. Smolnikov, P Grabmayr PRC 81 028502(2010)
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Germanium Detector Array
e

§ LAr cryostat

hmﬂ o=

M Ge detector array
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GERDA Phase | result (Ov[3p)

— GERDA: 90% lower limit (T2) [Phys. Rev. Lett. 111 (2013) 122503]
=== Claim: T, =1.19x10® yr ~ [Phys. Lett. B 586 198(2004)]

> 31— ROLI: Q + BkeV - - GERDA 13-06 E )
g o (blin.degB;vindow) ] before PSD e
2 B after PSD 21.6 kg-yr
o 2
© [ Background events
B (after PSD):
= u u u 2.5 expected
B 3 observed
05025 "~ 2030 Y5035 2040 2045 2050 2055 2060 Expected signal
< | - — - — = background interpolation--- % ] .
>8— N = g P >t || Events (after PSD):
i o | 2 2| = 2|8 < 3 from our limit
=~ 6/— & 3O S | S 5.9 + 1.4 from claim
3 | :2 S SNS
5 ' v :
3 [ ‘ @ - claim is rejected
‘ “” ”1 J ‘ H ‘ ‘ F‘ h Id & ” with 99% prob.
0 900 1950 2000 2050 2100 2150 2200

energy [keV]

Frequentist: profile likelihood fit — best fit NOv=0, T(I),V2> 2.1-10°yr (90% C.L.)
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GERDA Phase | result (2v3p)
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=1 + data 2vpp
— model 40§
400 [ ] 68% Prob 2145
300(— A
200
100
e L
S = U ) PO,
600 800 1000 1200 1400 1600 1800
energy (keV)
- +0.09  +0.11 21 _ +0.14 21
(1.8470'05 6t —0.06 Syst) 107 yr = (1.84757,) - 107 yr

[J. Phys. G: Nucl. Part. Phys. 40 (2013) 035110]
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GERDA sensitivity

L]
o

- === NO background
| —— 1074 counts /(kg-y-keV)
[ e 1073 counts /(kg-y-keV)
1072 counts /(kg-y-keV)

Sensitivity:
a-e¢-M-t if M-t-BI-AE <« |

Hl ton“

N
a1

Tijp e | M-t l.e. “no | = claim
a-£- \/’f BI.AE background* 20 |-
: Phase Il
- 1.4-10% yr
a = enrichment fraction 15 ek 4

e . = detection efficiency

el
o
LA

M-t = exposure
AE = energy resolution
Bl = background index

4]
e
100\kg-yr

‘ L L L L I

0 50 100 150 200
Exposure [kgyears]

90% prob. lower limit T [10% y]

o

Phase |l upgrade strategy:

» to collect total exposure: 100 kg-yr within 3 years
— produce ~20 kg more detectors
» to reach background index: 1 x 10° cts/(keV-kg-yr)

— use improved detector support & electronics
— use active background suppression (PSD & LAr veto)
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New lock

New lock for Phase Il in GERDA
cleanroom on top of cryostat:

» replaces Phase | twin lock
» larger @ =0.52m,h=2.8m

» placed in glovebox to handle
detectors in GN atmosphere
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New lock for Phase Il in GERDA
cleanroom on top of cryostat:

¢
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P

Lo e = P

» space to deploy 7 detector strings
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New lock

New lock for Phase Il in GERDA
cleanroom on top of cryostat:

» deploy retractable LAr light
Instrumentation for active veto

=049 m
h=2.6m
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Detectors in Phase | & Il

| 60-80 mm . Phase I:
2-2.8 kg > use 8 refurbished semi-coaxial
diodes from HdM & IGEX
(total mass 17.67 kQ)
é Q » use pulse shape discrimination
= % (PSD) based on artificial neural
S - network
s » also use 5 *“"BEGe detectors
Ge (3.63 kg)
oy ' electrode  Phase |l
oV \ / » use 30 *"BEGe detectors (20.5 kQg)

(in addition to semi-coaxial ones)

» small 'point-like' contact allows for
superiour PSD & AE

» already tested in Phase |

. 25-50 mm .
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Detectors In Phase | & Il

weighting potential Phase I
L ' T _ : :
0 o0z 04 06 08 i » use 8 refurbished semi-coaxial
T ] diodes from HdM & IGEX
.% o L | (total mass 17.67 kQ)
S o[ ] » use pulse shape discrimination
= S0 - PSD) based on artificial neural
E 30 -
Bl | network
el ] » also use 5 *"BEGe detectors
T (3.63 kg)
&
(D 'E20 -
Wl = 10 |
m L
-40 -30 -20 -10 |0 10 20 30 [40] M
L 451 enoe » use 30 °"BEGe detectors (20.5 kg)
(in addition to semi-coaxial ones)
current signal=gq-v-V ® » small 'point-like' contact allows for
g= charge, v = velocity Superiour PSD & AE
(Shockley-Ramo theorem) » already tested in Phase |
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BEGe pulse shape discrimination

single site events: BB, DEP multi site events: Compton
(S|gnal I|I_<¢) (background like)

0]

0.0
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i 1 i 1 i i 1 i i 1 i i 1 i i 1 i i 1 i i 1 i i 1 i i i 1
81200 81400 81600 81800 82000 81200 81400 81600 81800 82000
t [ng] t [ns]

well established cut parameter A/E = current pulse / charge pulse

OvBp efficiency = 92+2 % determined from DEP efficiency & simulation
2vPP efficiency = 9115 % in good agreement to DEP efficiency

reject > 80% of background events
[EPJ C73 (2013) 2583]
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New detectors: from raw material to diode production

o

ent, ECP, Zele

sk ussla 53.3 kg' ‘ 0,,.88% *Ge
Metal red rif_icatieﬁ;;PP -l“ olsheim, Germany 355kg e, 6N
Xtal pulling” ement, -Cﬁnbe ddge USA 9 Xtal slices

30 e"Ge

Diode prod 1
charactenzatlon HADES Mol Belgium

5 kg)

OB W N =
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New detectors: from raw material to diode production
o e

Ge-68 Production in Diode 13150_P2500DD wih.81 3 kg

1 1 1 l L
Full exposure tracking on web interfaced database

grinding & diode production |\ cosmogenic activation
" I\ with ®Ge
Ship y T,,=270.8d

characterization

slice cutting

o
7
@
&
S
@
e
E
2
oz

xtal growth

.

zone R =

reflnergx_\R - underground storage
= ! and detector characterization &
B |p i% Cherokee caverns - at HADES / LNGS
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New detectors: from raw material to diode production
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New detector strings

Phase | Phase I
- — — ~ — - ~
3 strings /w 1 string /w 4 strings /w BEGe det
BEGe det +3 strings coaxial det

coaxial det
! [ i -

ol
LR Ty Ay,

detector
module /w
BEGe pair
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Detector holders

Phase | Phase Il
A — A
-~ N - N
cable cable
PTFE cobber
silicon PP
material per 2.3 kg detector mass per 1.3 kg detector mass
copper 8l4¢g 25.89
PTFE 11.3 g 219
bronze - 10g
silicon 0.3¢ 40.3 g

» significant amount of copper & PTFE replaced by intrinsically radio-pure silicon

07/10/2014
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Front end electronics

Phase Il:  very front end electronics signal cable to

are very close to detector! cryogenic preamp HV cable
> 50 cm away

Phase I: distance was > 30 cm

wire bonds
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Front end electronics

10 m long coaxial cables to
feedthrough flange

CC3: 4 Channel Charge Sensitive Preamplifier
— upgrade of CC2 preamplifier of GERDA Phase |,
based on commercially available op-amps

= [ow-noise:
- 0.7 keV FWHM pulser resolution
- 2.6 keV FWHM at 2.6 MeV with BEGe detector
— 20 MHz bandwidth allows PSD (A/E)
= cryogenic:
— suitable for operation in liquid Argon (50 mW/channel)
= radio-pure electronics:
- = 50 puBg/channel (including pins) expected

CC3
cryogenic preamp

d=>50cm _
prototype version

(FR4 laminate)

4x 0.5-1 m flex cables to
VFE and detectors
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Principle of liquid argon scintillation veto

Veto on events that deposit energy in liquid argon (40,000 y/keV)

LAr scintillator

MSE
(e.g. Compton sc)

SSE (BB)

128 M jetect scintillation

light of LAr
— anticoincidence of Ge
with PMT/SiPM
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LArGe test bench

e.g. close-by Th-228 source

1016 __ .
without veto s
N with LAr veto
1075 ¢ with PSD cut ——|
1074 with veto & PSD ——
3
o 1003 |
S 10 |
1071
1010 |
LArGe test bench 0 500 1000 1500 2000 2500 3000
at Gran Sasso energy [keV]
cuen i e SUpprSSIOﬂ at reglon Of Interest
LAr veto P50 total 104
%o int 2717 76+87 39001300 g -
o ext 32+02 44+04 18£3 £ 10%
int 46 02 4102 45 + § o 1M
mpy O 2512 28x01 129%15 10°0

int 1180 £ 250 2.4 £ 0.1 5200 + 1300
energy [keV]
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GERDA

ox 3“ PMT = (&siSe—) 4 PMTs and SIPMs & fibers are
T deployed together with detector array

th h Ph Il lock LA '
Cu shroud & 600 roug ase Il lock w/o LAr drainage

wavelength-shifter

Ge detectors
1000

scintillating fibres
& SiPM read-out

Cu shroud &
wavelength-shifter

7x 3" PMT
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Liquid argon light instrumentation

9x 3“ PMT

PMT top plate: low bg PMTs:
Ham RG11065-10/20 MOD

Cu shroud &
wavelength-shifter

slot for cable chain

Ge detectors

scintillating fibres
& SiPM read-out

Cu shroud &
wavelength-shifter

7x 3" PMT
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Liquid argon light instrumentation

9x 3“ PMT

Cu shroud &
wavelength-shifter

Ge detectors

scintillating fibres
& SiPM read-out

Cu shroud &
wavelength-shifter

7x 3" PMT

07/10/2014

Cu shroud with Tetratex + WLS:

100 pm copper foil welded to 2 mm flanges




Liquid argon light instrumentation

9x 3“ PMT

Cu shroud &
wavelength-shifter

Ge detectors

scintillating fibres
& SiPM read-out

Cu shroud &
wavelength-shifter

7x 3" PMT

07/10/2014

Wy
dense fibre ‘
curtain
mounted on
low mass
copper
support
structure
(not shown)

- " A

- i
3 SiPMs mounted on cuflon
for 3x9 fibres




Liquid argon |

9x 3“ PMT

Cu shroud &
wavelength-shifter

Ge detectors

scintillating fibres
& SiPM read-out

Cu shroud &
wavelength-shifter

7x 3" PMT

07/10/2014

Ight instrumentation

Fy

Monte Carlo (MC) campaign

to optimize veto geometry:

» good agreement between data & MC

10’
10°

10°

104

10°

10°

10

10"

IlIII| | IrI|III|

- LArGe data (no veto)

»—m————- MC data (no veto)

LArGe data (after veto)

MC data (after veto)

0.5_......_..

Energy [MeV]




Liquid argon light instrumentation

9x 3“ PMT

Cu shroud &
wavelength-shifter

Ge detectors

scintillating fibres
& SiPM read-out

Cu shroud &
wavelength-shifter

7x 3" PMT

07/10/2014

Monte Carlo (MC) campaign

to optimize veto geometry:
» good agreement between data & MC
» MC prediction around Qg = 2039 keV:

suppression factors:
228Th — up to ~370
214Bi - up to ~10

(depending on source location: e.g. detector
holders, electronics ..., — the closer the better)




LAr veto installation o

' —
- * L i
, . &< K
: -k .ﬁ}'. }-4’
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LAr veto installation %

Copper shrouds with Tetratex foill

2 e
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LAr veto installation

> g
sl
/ i< \s
8
E

re_in‘lock

central shroud support structu
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LAr veto installation %
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LAr veto installation %

1st successful deployment of full LAr veto structure into GERDA cryostat
(view from top through cryostat neck)
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First PMT signals in cryostat

File | Edit | “ertical | Horizitcy | Trig | Display | Cursors | hlessure | hask | hath | MyScope | Anakyze | Ltiities | Help |n

|' I I I I 1 1 1 1 1 1 1 1 I I I I | I I I I

——
— 10mV/}IV

ile | Edit | Vertical | Horiziscg | Trig | Display | Curzars | Messure | Mask | Math | MyScope | Analyze | Utities | Help |n

1 | 1 1 1 1 | ' 1 1 1 | 1 1 1 1 | 1 1 1 1

e

scintillation signal

= 100 mV/DIV
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'Mini-shroud' against “°K 3-background

Phase | copper mini-shrouds

07/10/2014

Phase I:

» copper mini-shrouds needed to
prevent 2K ions (progenies of
“2Ar) reach the detectors
— shield E-field of detectors
— shield against convection

» avoid crucial B-background
(EB < 3.5 MeV) from %K

il

42
1gAr

Qﬁ_=600

100% 931 2 0 12.360 h

42
19K
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'Mini-shroud' against “°K 3-background

Phase ll:

» need transparent or optically active mini-shroud to detect
scintillation emitted close-by detectors

Several options were tested:

copper mesh on HV SiPM nylon shroud coated with TPB/PS
iIn non-transparent shroud
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'Mini-shroud' against “°K 3-background

Phase ll:

suppression of 2K background by three orders of magnitude

at Qg using LAr veto /w nylon mini-shroud and PSD:

4 [  Bare BEGe (scaled)
> 10" = B \Vith nylon MS
v — I PMT cuts
e} — I 89% PSD + PMT cuts
o) - e 73% PSD + PMT cuts
o ? ?
3 - - for bare BEGe
O ;

2

10

1 I |
1Q1400 1600 1800 2000 2200 2400 2600 2800 3000
Energy, keV

measurement in LArGe test bench spiked with “?Ar
statistics corresponding to ~17 kgxyr in natural argon.
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nylon mini-shroud
coated with TPB/PS




» exposure: 100 kg-yr within 3 years
: M = T% > 1.4 X102 yr

12

» background index: 1 x 107 cts/(keV-kg-yr)

» successfully deploy new detectors & use LAr veto

» new lock installed and ready to use

» 20.5 kg of new *"BEGe detectors procured, tested & stored at LNGS
» new detector holders & front end electronics available

» LAr instrumentation beeing installed in GERDA
» test of first BEGe string with LAr veto starting this month!

s N, 1 Iy
L '3 b ) i v\' ““ \ \ i “'
AR e A 3 BN Rl
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GERDA Phase | full energy spectrum

= i ; GERDA 13-06 =
S0 - }| enriched coaxials, 19.20 kg x yr j .
v 212 3 = g
g 2 |3 =
2 10° g1 & —gl‘f’E
’ T lE 8 =
107 g g g Moy E=1
**Ra -
10 ™ —10
“Rn zidp =
‘ "LLUJJIIIII TR =Lk
3 z 3 | enriched BEGes, 2.40 kg x yr | s S g
o x X ..o
= — — 1F=
2 28 ROl at Q (2039 £ 20) keV =
. 2 g blinded since Jan 2012 o
x‘ x § L&
10 —21
1 | — 100
[V R 1 N1 T O AN

[ natural GTF 112, 3.98kgxyr |=™*=

c

10"

_, counts{5 keV)
- > =3 = =
[l Il ||||
——
(]
0
=
=
-
K-40 1461 kel
K-42 1525 kel
— [}
— |
i il
(=]
cts/{keV = k;i’x yr} =

— IIIIII|| i | | |
0 1000 2000 3000 4000 5000 6000

7000
energy (kel)

Dominant background sources: 42Ar, 228Th & 226Ra in holder, o on detector surface
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events/keV

events/keV

Background model at QBB

Minimal model

E g
=~ Wl data 2vpp Th228 H Co60 H
102 = UBdata  ==-Alphas Ac228H  — Co60 Ge
= — model —Bi214 H — K42 LAr
10 & —Bi214p+ ---K40H
1
10 . oy

- Ll

102 ! N W] T RSt | -

1.0 i : . | _ _ _
0 blinded fLﬂ

1940 1960 1980 2000 2020 2040 2060 2080 2100 2120 2140 2160 2180
. energy (keV)
Maximum model

E g8
=  Wldata 2vBpB Th228 H Co60 H Bi214 LAr
10° == UB data === Alphas Ac228H —Co60 Ge —Bi214S 8
= —model —Bi214H  — K42 LAr K42p+  —Th228 HE
10 = —Bi214 p+ ---K40 H - -K42 n+ Th228 S
= Ac228 S
T
|
107 | i| ! 1R N A | 1| .'Ill I .
Tt e P s [ Ul B oo i B T E i i 8 el - e BBl L
o BN R Ty EY ~ = o ey
10 By e e I e e Y e R

1.0
0.5

blinded it
L Y i -

1940 1960 1980 2000 2020 2040 2060 2080 2100 2120 2140 2160 2180
energy (keV)

> no background peak at QBI3

» background is flat
in 1930-2190 keV
—  excluding known peaks
at 2104 and 2119 keV
- expect <<1 event in other
weak 214Bi lines
(e.g. 2017, 2053 keV)

»  partial unblinding
after fixing calibration
& background model

Background index:

Golden coax:
Bl = 1.757%% - 1072 cts/(keV kg yr)
BEGe:

Bl = 3.6i11'_% - 1072 cts/(keV kg yr)

44
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*K background

“Ar activity used for proposal:

measured in GERDA;

<41 pBg/kg @90% CL
(93.0 £ 6.4) uBg/kg

[Barabash et al.,2002]
(preliminary result)

oo Ml
1550

without
mini-shroud

with mini-shroud

LTI i d
1600 1650
Energy (keV)

329y » background enhanced by collection of “K ions via E-field
0+ 0 - - - - - 1 - - 1
42 o » therefore: E-field & convection free configuration in 'mini-shroud
T 18Ar
Q, =600
F120 421 :
100% 93, Z 0 12360 h >t “Kline
42K 2100 @1525 keV
19 2 L
5 o
& E T
2_12.360h ) QE\&? S 60—
42 BAF 2 C
19K I Wé& 40—
Q, =3525.4 A RS -
> e S0 Swe -
007% 50_ 3 Foos n;.}:&?;g%:& 3446.96 20—
Q -
4+ rqc;ﬂ;goé%&&:(gi Q?;'E@ 2752.41 B Mo,
005% 90, 2* ) :Qgios"\??’@@. 2424.17 900 L o
034% 997 o* _ i 1837.3
17.64% 7.6, 2% 3 R 1524.73
81.90% 951 0% 3 0
42
spCa

07/10/2014
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total mass: 3.6 kg
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GERDA 0v[3[3 sensitivity projection

[—

<
)
=

Phase Il commencing
mid 2014
0°

Ti/2 90% lower limit (yr)
-
)

O Current BI, 10 keV Window, 3.5kg BEGe 1,/5/2012

Claim (central value), Phys. Lett. B586 (2004) 198.

HM 90 % CL Limit, Eur. Phys. J A12 (2001) 147
| |

0

20 40 60

Months of Running

Phase Il goal: T% > 1.5 x10% yr

07/10/2014
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GERDA Phase |
limit (90% C.L.)

Heidelberg-Moscow
claim (2004)




€0
o

- === NO background

e 107* counts /(kg-y-keV)
| 1073 counts /(kg-y-keV)
i — 102 counts I(kg-y-keV)
- = Claim

> [eV]

N
a

el N
4] o
ee

wda
o
T—— T

1

9]

90% prob. lower limit T [10% y]

90% prob. upper limit <m

o

Exposure [kgyears]
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0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

GERDA 0v[3[3 sensitivity projection

— no background
— 10~*counts /(kg -y - keV)
—— 10 2counts /(kg -y - keV)
—— 10~2counts /(kg - y - keV)

Assuming <M o, =3.92 [ Erratum: Nucl.Phys.A 766 (2006) 107 ]
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: ~disfavored by Ovff g
I.GERDA Phase | limit____________........
10—1 Sttt
o
e o
E 10_2 C 2
3 : =
S 2
o
<
0
107 | @
F 3
o
o |
Q
< 1 Nucl Phys B659
10-4 | || (2003) 359

10~* 1073 1072 107! 1
lightest neutrino mass in eV
effective electron neutrino mass:

[Mee| = {Z Ui. m@| — ||UE,1|2 my + ‘Ueg‘z Mo €24 | IUE,3|2 s €28

m=masses of n mass eigenstates, U_=elements of neutrino mixing matrix, e”*P = Majorana CP phases
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"°Ge 0V search before GERDA

T T T

Bl 35.5 kg y (SSE)
sl [C153.9kqy
[ expected Ovgg line

counts/(kg y keV)

energy [keV]

12

Counts / 2keV

2020 2030 2040 2050 2060
Energy (keV)
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Heidelberg-Moscow
[H.V. Klapdor-Kleingrothaus et al.,
(Eur. Phys. J. A12, 147-154 (2001)]

Exposure Result T_
53.9 kg-yr > 1.3 x 10%® yr (no PSD)
35.5 kg yr > 1.9 x 10®° yr (with PSD)
(90% C.L.)
IGEX
[Aalseth et al.,
Phys. Rev. D 65 (2002) 092007]
Ov
Exposure Result T
8.8 kg-yr: > 1.6 x 10 yr
(90%C.L.)
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"°Ge 0vpp: the claim

KIapdo.r—KIeingrlothaus elt al.
=8 NIM A 522 (2004)
PLB 586 (2004)
20 \
_‘%15
§ =
5"
2000
Klapdor-Kleingrothaus et al. (2004) Klapdor-Kleingrothaus et al. (2006)
[NIM A522 371 (2004), PLB 586 198 (2004)] [Mod. Phys. Lett. A 21, 1547 (2006)]
» Claim: 4.2c evidence for Ovpp » Claim: T =223x 10% yr (~60)
T =1.19x10®yr - .
112 » not considered by us, because:
» Exposure: 71.7 kg-yr, (1) reported half-life can be reconstructed* only
Background: 0.17 / (kg-yr-keV) with € o™ 1 (previous similar analysis € o~ 0.6)
» Events: 28.75+6.87 (bgd: ~60) (2) ¢_=1(alsoused in result from 2004),

GERDA value for same detectors is afep: 0.9

* B. Schwingenheuer in Ann. Phys. 525, 269 (2013)
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