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Double Beta Decay

m(A,Z)

odd-odd

even-even

z—l3 z—'2 z—ll Z' 24'-1 z-;-2

Victoria Wagner
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Double beta decay (2v[3[3)

 single B decay energetically forbidden

* (A)Z) - (A,Z+2) + 2e + 2V

- e.g. 7BGe’ 136Xe, 130-|-e’ 116C

* half-life of 2v(3[3 decay of °Ge measured by
GERDA (most recent and precise measurement):

T:,=(1.926+0.095)-10* yr

arXiv:1501.02345v1
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Double Beta Decay

odzadd Double beta decay (2v[3[3)
 single B decay energetically forbidden
cveneven ® (AZ) = (AZ+2) + 2e + 2V
. e.g. 76Ge’ 136Xe, 13o-|-e’ 116C(
* half-life of 2v(3[3 decay of °Ge measured by
GERDA (most recent and precise measurement):

m(A,Z)

T:,=(1.926 = 0.095) x 10*yr

arXiv:1501.02345v1

i } } } } } =
z-3 z-2 z-1 z z+1 z+2 7

Neutrinoless double beta decay (0Ov[3[3) n 2 p
¢ (AZ) - (A Z+2) + 2¢ e
 |lepton number violated by AL = 2

-~ physics beyond SM — &
 proof of Majorana mass component of L : P

neutrinos
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OvpB3 Observable

 Measure sum energy of electrons
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OvpB3 Observable

Measure sum energy of electrons

A

Number of events

2vBpB

Observable:

(T(l)/vz)_loC N,

Vv

 bupp
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Need to achieve

e zero background regime

T oc M-t

1/2

» background, i.e. statistical fluctuation
limited scenario

TOVOC Mt
V2V AE-BI

M-t: exposure [kg yr], AE: energy resolution,
Bl: background index [counts/(keV kg yr)]

e <1 bck eventin ROI :
.« excellent energy resolution :

GERDA Phase Il results APC Paris, 23.10.2017 6



. . . E p
Effective Majorana Neutrino Mass " i
B
vV
Measure sum energy of electrons W}’ % ©
A n : p
g
E 2vBp « Assuming light Majorana neutrino
% exchange
5 Ov \—1 2__ 2 |2
8 (T3)5) OC‘mBB‘ :‘Zi Ueimi‘
OvBp
SO E
0 isfavored by Ovp3 (2001)
Q Ermergy A Disfavored by OVBp (2016) _
()] [eplge RN R
= R
~ <v____
0.01
Access to Am3; >0

* absolute neutrino mass scale

e mass hierarchy

0.001

EDisfavored by cosmology

0.001 001 0.1 m][eV]
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Ovpp Candidates

2
* no favored Ovf3p isotope L ov | 0v|2 Mgy
0v =G (Q’Z)'M '(m )
» experimental considerations more important 172 ¢
. 104_5' T I”1IOIIFneV — IIE_
* many different approaches to Ovpp search -«
Zi‘oa‘;\ Nd 3
- multi-layer 2 | 1oome ]
§ 10% 3 / _
.. g X :
- scintillators 2 \ Lo i
i i i if_J 1o Iy \ ]
- time projection chambers 5 1 e -
- (scintillating) bolometers i
- semi-conductors o letcelement squarsd

figure taken from Mod. Phys. Lett., A28:1350021, 2013
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Germanium Detectors

Measure sum energy of electrons
A

2
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o
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>
Q  Energy

High Purity Germanium (HPGe) Detectors
» 3-4 keV FWHM at Q, = 2039 keV (0.2%)

 HPGe detectors isotopically enriched in "°Ge (~87%)
 high detection efficiency of [3[3: source = detector
* “n0” intrinsic background [Astropart.Phys. 91 (2017) 15-21]

« discrimination of signal- from background like events using pulse shape analysis
Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017



The GERDA HPGe

BEGe Detectors K 65-80 mm
« enhanced energy resolution E BEGE

and pulse shape discrimination 5
* low mass (~700 g) ot lecrade ;\elecmde

oV 3-4 kV
T Coaxial \ /

Semi-coaxial Detectors
 former HdM and IGEX §

experiment g
* high mass (2-3 kg)

60-80 mm

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017 10



GERDA @ LNGS

i

cosmic muon flux
reduced by a factor
~10° - 1 p/m?/h

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017 11



The Germanium Detector Array

concept:

operate bare HPGe detectors in LAr
which serves as coolant &

(active) shielding

GERDA Phase | (Nov 2011- May 2013)
« 17.8 kg enriched semi-coaxial +
3.6 kg enriched BEGe
e exposure 21.6 kg-yr
e Bl ~ 102 counts/(keV-kg-yr)

e T >2.1-10% yr (90% C.L.)

1/2

PRL 111, 122503 (2013) .|

GERDA Phase Il (Dec 2015 - ongoing)
« 30 enriched BEGe (= 20.0 kg)

+ 7 enriched semi-coaxial (= 15.6 kg)
 LAr instrumentation
« goal: Bl ~ 103 counts/(keV-kg-yr)

Victoria Wagner

GERDA Phase Il results

590m3 pure water
muon veto &
neutron absorber

|-
i

HPGe

detectors

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

APC Paris, 23.10.2017 12



GERDA Phase |l Array

wire bonding for contacting

low radioactivity
electronics

new low mass holders
with reduced mass
and Cu - Si

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017 13




Discriminating Signal from Background Events

BP event

* |local energy deposition (SSE) <.
In single detector

background event
* energy deposition in multiple

locations (MSE) in single detector

or on detector surface (o/p)

- pulse shape discrimination
e coincident energy deposition in

more than one detector

— detector anti-coincindence

 additional energy deposition in LAr

— LAYr veto

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017 14



LAr Instrumentation — Hybrid Design

810 wavelength

16 photomultiplier tubes (PMTs)

______ 1505 3 shifting fibers
AR = coupled to SiPMs

100cm

Cu cylinder with wavelength shifting
reflector foil

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017



“2K Background

0+ 329y

- 12.360 h
2p, W 2
WK
Q, 600 o T,
. /\ Q, 3525.4 )

(charged) #°K driftin & —
field of Ge detectors zoCa

e solution:
transparent nylon cylinder
coated with wave length
shifter

 tested in test cryostat LArGe

e nylon from BOREXINO

Victoria Wagner GERDA Phase Il results APC Paris, 23



Start of GERDA Phase I

Victoria Wagner

Full Integration of Phase Il Array

finished in December 2015

* all Ge and LAr detector channels
working

GERDA Phase Il results APC Paris, 23.10.2017
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Start of GERDA Phase I

Victoria Wagner

Full Integration of Phase Il Array

finished in December 2015

* all Ge and LAr detector channels
working

» 35 out of 37 detectors used for
analysis

« blinded region: Qg; £ 25 keV
« quality cuts (phys. acc. > 99.9%)

e events in coincidence with muon
veto ( phys. Acc.~ 99.9 %)

 first data release in June 2016

o 2nd data release in June 2017

GERDA Phase Il results APC Paris, 23.10.2017
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First Phase |l Data Release

[ ] priorcuts B after all cuts
after LAr veto (Phase II) —— limit (90% C.L.)
~ 1 - H
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Nature 544 (2017) 47

doi:10.1038/nature21717

ARTICLE

Background-free search for neutrinoless
double-3 decay of "°Ge with GERDA

The GERDA Collaboration*

Background:

e coax: 3.5 - 103 counts/(keV-kg-yr)
« BEGe: 7 - 104 counts/(keV-kg-yr)
— expect < 1 bck count in ROI

during full exposure of 100 kg-yr

New limit on "°Ge

v 0V

T,,>53-10%yr .
with median sensitivity of
4.0 - 10% yr (90 % C.L.)

APC Paris, 23.10.2017 19



Second Phase |l Data Release

« Phase Il exposure until April 2017: FWHM @ Qg;:
34.4 kgjyr e BEGe's:  Coax:
— additional 12.4 kg-yr (11.2 kg-yr) 2.93(6) keV 3.90(7) keV

iIn BEGe (coax) data set with
respect to Nature publication

% L - enriched coaxial -
= — enriched BEGe [{] s
— . F = L e ~® g
.‘-E:J 1.5:— ®  enriched coaxial R é 35— W callbrl'atlon data e :
> = & enriched BEGe £l - [ 0o physiesdata
£ 1.0— 3 L
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> - = L
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© 0.5 H é -
o — L i T i ; L
S oo F" % ’ %ﬁﬁ ﬁ H ﬁ -
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Performance of the LAr Veto

o 2vPP:bck =96:4 (1.0-1.3 Mev)

> 5
= sniched coaxel - 162 kgyr i 7 prioriquid argon (LAY velo
X | W after LAr veto
e 3 I
"g 10 i —— Monte Carlo2vpp (T =1.92- 10" yr)
8 ! 50 keV blinding
8 102 i
10
! i
| | | | 0 T T T T | | I I
2 q
£ 10* & enriched BEGe - 18.2 kgyr 5 3 ]
« LA i = 400 5
— 5 — =
10° i :
-E ° ; Qﬂﬂ g 200 @
o 2 0 3
QA U

1540
energy [keV]

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
energy [keV]

2vBB MC with T_, = 1.9 - 10** yr from Phase | EPJC 75 (2015) 416
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Performance of the LAr Veto

 random coincidences: 2.3%

» 42K line suppressed by factor 5-6

200

= - Phase Il - 34.5 kgyr .
>~ 1000~ [ ] prior liquid argon (LAr) veto <
P - after LAr veto 1 3
% B o 2K _ 92Ca
e — © 800 . +y(@5MeV)inGe
YK - PAr (EC) 40y /i ] : 5
| - + B (€2 MeV) inLAr
. no energy In LAr T / g
-------------------------------------------------- 600 — 4EK
| 4-|}Ar B — I ////
400 ’
- e
- 4EGE

| -

]
1460 1480 1500 1520 1540
energy [keV]
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Signals of BEGe's

weighting potential q)

T
0

1
0.2 0.4 0.6 0.8 1

o SilOHE « final drift paths of holes T T T T T T T 1
—— cathode nearly independent of 0 i
— electrons ) . .

-------- holes Interaction point 20 7
0] interaction point E
=10 | s
 high gradient of weighting 0 - L WS LS -
potential 40 30 20 -10 |0 10 20 30 40
[mm]
— single site events (SSE) FADC

have similar pulse shape

| current signal =q - v - Vo
figures taken from JINST 6 PO3005, 2011

g: charge, v: velocity

— SSE
0.8

0.6
0.4
0.2

current[a.u.]

81000 | | 8500 | | 82000
time[ns]
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Signals of BEGe's

5
)
S 08
=
S 06
0.4

0.2

anode
cathode
electrons
holes
interaction point

weighting potential q)

T
0

1
0.2 0.4 0.6 0.8 1

« final drift paths of holes T T T T T T T 1

nearly independent of 30 - .
interaction point Em - -
=10 | .

 high gradient of weighting o |

potentlal | 1 1 I | l 1 I 1

-40 -30 -20 -10 [0 10 20 30 40
[mm]

— single site events (SSE)

D FADC
have similar pulse shape

current signal=q-v- Vo

g: charge, v: velocity

— SSE

— MSE = superposition of SSE

e ——
1

Victoria Wagner

81000

81500 | | 82000
time[ns]
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SSE vs MSE

n* electrode

« A/E = maximum amplitude of 3-4 kV
current signal over deposited /
energy

&

» AJE to suppress external y-rays of 0
214Bj, 28T and ®°Co (detector
assembly)

ER| =S
S, = —SSE A/E=1
§ 08— — MSE A/E <1
S 0.6

04—

02—

0_ 1 X X X X 1 : : : ———
81000 81500 82000
time[ng]
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Surface Events: 3-Decays

. 0+ 329 n" electrode
ﬁzm %, S 3-4 kV
i /
Q 5_6{]0 \ dl}-gﬁés 4
. jd .
e
(charged) *°K driftin & p—[t;},efp E

field of Ge detectors ggCa

» decays on the detector surface (n*)
typically produce slow pulses with low A/E

— SSE A/E=1

current[a.u.]

08— —n*event A/E <1
0.6—
04—
02—
0_ 1 \ , \ \ | \ \ : : —
81000 81500 82000
time[ng]
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Surface Events: a-Decays

p* electrode n' electrode
(read-out) \ 3-4 kV

/

e o/'s cannot penetrate n*, only p* contact

« decays on the detector p*-contact and -

- - p-type 55
groove typically produce fast pulses with Ge a3
high A/E b

3 14
g 12 —SSE AE=1
1= — ptevent AIE > 1
o 0.8
0.6
04
02
OE= : . . ] . . o ——
81000 81500 82000
time[ns]
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228Th Calibrations

Regular 228Th calibrations:
 single Compton events = SSE band
« prominent DEP = signal proxy

1.4

- p*events.

A/E (a.u.)

0.8

0.6
MSE / n* events __ . | {10

0.4

3
rE@;

S50 I

e BHAY NN
600 800 1000 1200 1400 1600 1800 2000 2200

;:A."I o l. |- 11
2400 2600 2800
energy (keV)
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228Th Calibrations

Regular 228Th calibrations:

 adjust 2-sided cut
- MSE/n* cut at 90% DEP acceptance
- p* cut twice the distance to SSE band

10*

- p*events

A/E (a.u.)

10°

‘ I|

102

0.6

MSE / n* events . . . 10
0.4 '

I L G RS & || : | 1 |l |‘. | | |V L1
1600 1800 2000 2200 2400 2600 2800
energy (keV)

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017
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OvBB Signal Efficiency

« signal efficiency given by DEP acceptance:

€,op = (87.4 £ 0.2(stat) £ 2.6 (sys))%

2 {0l ¢ DEP = Compton (Q_ +35keV) + FEP 2614 keV v FEP 1620 keV o SEP
3 i 5 | : : 2
2 - e e ® e o 8 g 0 B @ & e e <
2 EECER. . o L N R § . . . . L # e, T
5 ol - < - :
g L i | | | |
= i : : : : :
@ : : : : :
i L] L n
L m' ! ! m ! ] ]
4olm ™ - u . el " .i. n mEg . . " .
IS S A E UL 5 & I [N B vy
B & 0O i : ¥ & L L L 4 ! :
5 3085° 5 psitietyraolds & prlsde
_l ] 1 ] | I; |E| 1 ] ] | ] ] Iil | ] ] ] ] | Ii ] Iil 1 ] ] ] | L ] ] |
0 5 10 15 20 25 30 35 40

Victoria Wagner
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detector number
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A/E In Physics Data

2vBp survival fraction?:

(85.4 £ 0.4 (stat) + 1.4 (sys))%

good agreement with signal
efficiency

FEP highly suppressed

all events at high energies
rejected by high A/E cut

enriched BEGe - 18.2 kgyr

I after LAr veto

I =iter LAr veto and PSD

~80% of bck-events
rejected by PSD

counts / 25 keV

GERDA 1707

—
=

1000 2000 3000 4000 5000
energy [keV]
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Phase Il Spectra

=
& [ after LAr veto
~ a3
« 10 I  =iter LAr veto and PSD
c
=] 50 keV blinding
S 102

10

1
T T T T T T T T T T
= 2
L 10t k s enriched BEGe - 18.2 kgyr B =
w Ar w0 3
K <
- 3 — =]
w 10 i
g (o]
8 10° :
0 7460 7280 7560 1520 1540 “Po
energy [keV]
10
1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

energy [keV]

« PSD for coaxial detectors to be further optimized to reject a-decays on
detector groove

« PSD for BEGe cuts all a-events

Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017 32



Opening the Box

Spectra after LAr veto and PSD around Q
background region

Sl Expected: 1.2 £ 0.4 ] + coax data set:
< - 5 kg-yr unblinded +
5 08 11.2 kg-yr still blinded
S Zj Coax
O .
B + _3 counts

© oz L BI=2.7";2-10"°

0 “fes0 2000 2o 2150 2200 . keV-kg-yr
o~ 14— I
E 1'2;_ 2018 keV i 2056 keV e BEGe data set:
8 LE ' L 5.8 + 12.4 kg-yr unblinded
2 o5 . 1 BEGe
= | K
o %E | . B +0.6 ;-3 Counts

2F | 8 BI=1.0_,-10
© ozi. b e o4 keV -kg-yr

1950 2000 2050 2100 2150 2200

Energy (keV)

« PSD for coaxial detectors to be further optimized to reject a-decays on
detector groove

« PSD for BEGe cuts all a-events
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Statistical Analysis

I after all cuts —— T,, = 8.0-10% yr limit (90% C.L.)

6 data sets in total according to Bl
and FWHM:

Phase | i 23.5 kgyr
H Qﬁﬁ

107"

GERDA 17-07

— Phase | (4 sets)
23.5 kg -yr

1072

counts / { keV-kgyr )

—
S
w
1

same as

Phase |l - enriched coaxial 5.0 kgyr Natu re

— Phase Il - coax
5.0 kg -yr

counts / ( keV-kgyr )

Phase Il - enriched BEGe E 18.2 kgyr

| - Phase Il - BEGe
A (5.8 + 12.4) kg -yr

counts / { keV-kgyr )

107°

UL | T IIIIIII| T IIIIIII| T IIIIIII| IIIII| T IIIIIII| T IIIIIII| T ||||||||

1950 2000 2050 2100 2150
energy [keV]
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Statistical Analysis

I after all cuts —— T,, = 8.0-10% yr limit (90% C.L.)
~ e g s o EXtended unbinned profile likehood:
= SR P Qg a2
S 0E ¢ < flat background in 1930-2190 keV
£10° « signal = Gaussian with mean at Qg
e | and standard deviation o,
= ' EPhasell-emicnedcomial | sokoyr . 7 parameters: 6 Bl + common T,
Em_é_ « systematics folded in by pull terms
£'e A p Ce/,;h. ...........
S0l - best . i
n1;:::::,:::::E::""::::::::: 5 beStfltforNO\’ O h&r
_Z: EPhase Il - enriched BEGe 18.2 kg-yr i o |OW€I‘ Ilmlt T1/2 > 80 . 1025 yr
3 107E :
S : My, < (120 — 270) meV
_.UEG 10-25_ . E . e .
2 A . with T sensitivity 5.8 - 10% yr

107° i 5
E'19'5& T 00 2050 2100 2150 : (90 % C.L.)

energy [keV]
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The Frequentist Method

test statistics

2T s « recipe according to Cowan et al.,
10— 0% G treshol EPJC 71 (2011) 1554
8- T e 90% Ot « see also Nature 544 (2017) 47,
e Extended "Methods" Section
o e threshold for 90% CL coverage
- calculated by toy MC
2_
) :  actual limit stronger than median
J I I I I []II‘] [ I ] []II2 I I I I 0|'3 I I I I 0|'4 I ] ] I 35 SenSitIVIty (30% Chance)
1T, [10% yr]
[ observe % - ; toy MG (no signal) -
‘_E 1 E— e:pecteg for no signal § 102 = W median sensitivity (no signal) 2
= (median + 68% prob interval) @ ; s My, - observed limit @ 90% C.L. %
1071 = ——— expected for no signal % - o
B (median + 90% prob interval) = B
- 10°
1072 = ;
E 107 =
100 -
10 5= o1 '5'0.2' — s o o5 0.6 10_55_ .
1T, 1107 y1] Code b b b b b b Lo oo
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9
1T 0%y

12
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GERDA within OvBB Field

« KamLAND-Zen sets current best limiton * GERDA sets current best limit on

OvpBf decay of **Xe: OvBp decay of "°Ge:
T:',>10.7-10° yr@90 C. L. T.'>8.0-10" yr @90 C.L.
mgp<165 meV mgs<270 meV
- median sensitivity 5.6 - 10> yr - median sensitivity 5.8 - 10> yr
- exposure: 504 kg - yr - exposure: 47 kg - yr

Victoria Wagner
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Next Steps

1.8 I I median

- excellent energy resolution (FWHM) of
2.9 keV (3.9 keV) BEGe (Coax) at Qg

« mid 2018 a sensitivity on T, of 102 yr will be 1.6 | T 68% prob.
1/2 _ 90% prob.
reached 5 14|  95%prob.
S 15 99% prob.
. . . = iz [ f
» all ingredients for discovery: s |
% 08
[$)

- flat background in ROI

- lowest background at Qg (within FWHM):
103 counts/ (keV-kg-yr)

3.5<NME < 5.8

« final sensitivity at design exposure 100 kg yr:

- will stay background-free
- 1.3 :10%° yr (for limit)
- 0.8 -:10%° yr (50% for 3o discovery)

90% C.L. limiton [mgg| [eV]

2012 2013 2016 2017 2018 2019 2020
time [yr]
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Beyond GERDA

1.8 I I median
16 I 68% prob.

« LEGEND (Large Enriched Germanium y | ov%pron
Experiment for Neutrinoless Double Beta | RO,
Decay)

99% prob.
12 | kil

 new collaboration formed in Oct 2016
(=GERDA+Majorana+new groups)

0.8 |

90% C.L. limiton Ty, [yr]

e goals:
- 1 t enriched Ge

- first phase: 200 kg in existing _ 3.5<NME <5.8
Infrastructure @ LNGS \,

- reduce background with respect to
GERDA - remain background-free

—

- best discovery potential

90% C.L. limiton [mgg| [eV]

o
-k

2012 2013 2016 2017 2018 2019 2020
time [yr]
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Conclusions

« GERDA proved to be a true high
resolution and background free

experiment

e sets a new limit on the half-life of

OvBp decay of °Ge

T.">8.0-10”° yr @90 C. L.

mpe<270 meV

e next generation Ge experiment
LEGEND has best discovery

potential

Victoria Wagner

GERDA Phase Il results

APC Paris, 23.10.2017
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GERDA Spectra

anti-coincidence (AC)

QBB * SkeV SEP FEP

AC +PSD + LAr veto

Phase I, 23.6 kg-yr

“Coax, 5.0 kg-yr

I

» background in ROl assumed to be 5 'E
flat ST
2107
T
« + Gaussian signal centered at Qg |
» pdf for single data set: 10° |
T e
1 1 NOV _(E_QBB)z &0 E Phase II -
E|b = b+ > T
fE| ’T(1)/Vz) 240 keV-b+NOV( 2mo b 20° ) 2107
§10—2
« extended unbinned likelihood )
function jol__;
;‘sﬁ EPhaseH
1 _Mk N § N
L(b’ Ov ):H Hf |bk: ) ?10_1?"
Ty, k = T1/2 g r
81072 =1
b,: Bl for given data set, E
o energy resolution in given data set, N
u, =b- 240 keV + N, number of expected events 107 E] ,
1950

Victoria Wagner

"BEGe, 5.8 kg'yr
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2050 2100
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Phase | + || Data Sets (June 2016)

N,: Avogadro’s constant, m_.: molar mass of "°Ge

Ov \—1 In2- NA M-t M-t: exposure [kg yr], T,,: half-life of OvBp decay,
( T1/2) oC NO v — o € €pp€rar g, LAr efficiency, e, : PSD efficiency,
m76 T1/2 €: exposure averaged efficiency incl. active volume,

enrichement, FEP

data set exposure signal eff Energy resolution Background index
[kg yr] (keV, FWHM)  0.001 cnts/(keV kg yr)

Phase | gold 17.9 0.57 (3) 4.3 (1) 11 £ 2

Phase | silver 1.3 0.57 (3) 4.3 (1) 3010

Phase | BEGe 2.4 0.66 (2) 2.7 (2) 5*‘;

Phase | extra 1.9 0.58 (4) 4.2 (2) 5*‘2‘

Phase Il coax 5.0 0.53 (4) 4.0 (2) 343
Phase Il BEGe 5.8 0.60 (1) 3.0 (2) 0.7+43
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Comparison of Searches

Victoria Wagner

Ty “Ge (yr)

=

1 v v
70 =G"(Q,Z)-m° |2'(

S

H=
1)
N

N

GERDA Limit

GER
sitivity

KK&K 68% CL

AN

\\Q
N
1

KamLAND-Zen
Limit (Phase 1+11)

>

EXO-200 Limit

KamLAND-Zen Sensitivity

EX0-200 Sensitivity
(Phase Il only)

EX0-200 Projected
Sensitivity (Phase 1+11)

Ty P Xe (yr)
figure taken from L. Yang, talk at Neutrino 2016, London
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=
o |
N
o
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Duty Cycle

live time fraction

|

0.8— ]
0.6— N
D.4 — :
0.2 | -
: GERDA 17-0% PRELIMIMARY :
L | || ! | ! | | ! | ! ! | ! ! | ! ! | L
an/16 Mar/16 May/16 Jul/16 Aug/16 Oct/16 Dec/16

Date

Victoria Wagner

GERDA Phase Il results

]
-

exposure (kg yr]

[\
n

20

15

10

APC Paris, 23.10.2017
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A/E Cut

Detector based A/E cut

* energy dependent cut following A/E broadening
« MSE/ n* cut set to 90% acceptance in DEP

e p* cut twice the distance to A/E =1

GDOOC - bck after AC ° LAr vetoed— 90% DEP ach 2.6 6,, (99% SSE) D blinded region

1.1
1.08
1.06 =
1045

1.02 fee 2

A/E_, [a.u.]

p* events

0.98
0.96
0.94

0.92

| ? | Iy | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
09 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

energy [keV]
Victoria Wagner GERDA Phase Il results APC Paris, 23.10.2017
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Survival Efficiencies vs Cut Position

o DEP, cal ®  SEP.cal * FEP 2614 keV, cal ¥ FEP 1620 keV, cal
O FEP K, phy & 1.-1.3 MeV, phy “ 1.-1.3 MeV (LArVeto), phy
=}
E_;: 100 _— Eggggggggmgpn9999999ﬁﬁgzxﬁzgxxzmzxxzzzu99999999935993899easee339399333%335%933889338995333
| |
g — ¢¢5EE....I. MMMMMQA&&&MMM&MM&QM 883.
'g — dis u???i?ﬁﬂ%ﬂ MMM‘Q‘MMMMM {}3
= 80 | LY Y'Y ﬁﬂﬂﬁ“ﬁ ﬂﬂ‘ﬂﬂﬂgﬂ -
5 B @ﬁﬁﬁﬁﬁ'ﬁﬁ By 0,
TC—‘“ I..... ﬁi@i@ ﬂﬂ T
2 B ...l. ﬁé@@ﬁ ™
;:: — l-.... %ﬁ% Fi) 5
=2 60— lll... %ﬁ@ A e
- ...... %@ &§
|
: llllll... ﬁlﬁgﬁl@ A
- "ng
40 e, g "
||
- ., I ;
— l.l.... ;@ﬁ%@
20— g
— |
B .....???T?
|
_I | | ] | | ] ] ] | ] ] | ] ] | ] ] ] | ] | | ]
=30 =25 =20 —-15 -10 -5 0

cut position [G, ]
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OvBB Signal Efficiency

« signal efficiency given by DEP acceptance
e final signal efficiency:

(87.4 £ 0.2(stat) £ 2.6 (sys))%

uncertainty [%0]
statistics 0.21
diff. phy and cal 0.80
energy dep. cut 0.24
energy scale of A/E 0.06
geometrical distribution 1.03

Instability A/E scale 1.0
topology of Ovp[ events 2.03

Victoria Wagner GERDA Phase Il results

APC Paris, 23.10.2017
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PSD with Coaxial HPGe

weighting potential ()

-40 -30 -20 -10 |0 10 20 30

currentsignal=q-v-A¢d

g: charge, v: velocity

40
[mm]

—‘——&» FADC

Victoria Wagner

o

o

&
|

radius 6 mm

current [a.u.]
(=]
o
w

A
200

Al | |
300

400 500 600 700
time [s]

« To identify signal like events artificial neural network
algorithm TMIpANN from TMVA is used
 Input variables: times when charge pulse reach
1%, 3%, ..., 99% of maximum amplitude
 DEP events of at 1503 keV serve as signal sample
 FEP events at 1621 keV as multi site event sample

:. T
0005 100

» second training on 2vBB and a events

« combined OvfBp signal efficiency is (79%5) %

GERDA Phase Il results APC Paris, 23.10.2017 49



Coax PSD

relative intensity [%] / (0.01 a.u.)

0
0.5

4100 3
i =
- qv]
o = =
- — e
- 5 =
1% E
] & >
40 F Z
] 3 15
] g E
—_20 @ E
g kT
1 L : v/
| | _0 ~
|
0 0.5 1 1.5
ANN Response [a.u.]

2v 33 [1000 keV,1300 ke V]

12°5TI DEP
— 212Bi FEP

2K FEP

Victoria Wagner

— « [3500 keV,4500 ke V]

GERDA Phase Il results
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O

0.5 0 0.5 1 1.5
ANN Response [a.u.]

1 295T| DEP
<] 20571 SEP

APC Paris, 23.10.2017
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Background Model

IMin
d
Oefore pa¥ resujs
Background Model BEGe SD & LA
é :\"‘\_IHLL-_ data Alphas =2vbb
@ :_\\H"‘-LI_L == Model =Bi212 ==Bi214
@ 10° == K42 LAr =K40
= = ' —Ac228
o
10 |
, & TR
= > data/model '
g 4
E 2
3 _
©
o 0
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Background Composition at Qg

Monte Carlo Simulation of BEGe Background

o 0’ = 7 data P
: ~[binded — mode relimy
s [ %%/é alphas bef Inal‘y I
> | T
w10 0 — Bi214 Pb214 Ore PS eSU/tS
= 7 K42 LAr D L
! T — Bi212 TI208 Ary,
1= Clo
= 7000000
- 1L i
- 77 1§
10 ) i, expect flat background in ROI
] /0 P °
e et Y o
102 = ERINTE
= A A A
= 77 Y
N 777
10—3 | | | | | | | | | | | AV AV AN /f/ | | | | | | | | | | | | | | | | | |
1900 1950 2000 2050 2100 2150 2200 2250
Energy (keV)
“"BEGe erCoax
o ~1/3 ~1/3
214Bj and 2°8T| ~1/3 ~1/3
2K LAY ~1/3 ~1/3
Bl counts/(keV kg yr) 0.014 0.015
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Results from GERDA Phase |

21.6 kg - y exposure

BI=1.0(1)-10

_p counts

keV kg yr

10 times better Bl than previous experiments
Q,, = 2039 keV

]

1|||r[1||r[1||r[

counts/keV

blind analysis: events in ROI not available for analysis

background index (BIl) after pulse shape discrimination

ROI: Q_+ 5keV Tt [ e
O || before PSD
(blinded window) '
W after PSD

P L M I I
2035 2040

T 2045 2050

2085

2060

number of events in
Q,pt20,. after cuts (gray):
* 2.0 £ 0.3 expected

from background
* 3 observed

no signal observed at Q,

profile likelihood: best fit

for NOvBB =0

— limit on the half-life

T).,>2.1-10%yr
(90% C.L.)

— claim rejected with
99% probability

— GERDA: 90% lower limit (T ) (Phys. Rev. Lett. 111 (2013) 122503]

" Claim: le; =1.19X10% yr [Phys. Lett. B 586 198(2004)]

Victoria Wagner

GERDA Phase Il results
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