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Je me présente

® 2010: PhD at Universita degli Studi dell’Aquila - INFN.
Title of the thesis: Search for anisotropies in the arrival directions of UHECRs
detected by the Pierre Auger Observatory.
Study of anisotropy patterns in the arrival directions of Auger data.

® 2010-2012: Postdoc (CDD chercheur) at LPNHE-Paris, working in the Pierre
Auger experiment.
Study of the mass composition and radio detection of UHECRs (EASIER R&D).

® 2012-2014: Postdoc at LNGS (INFN), working in the GERDA experiment for the
search for Ov38 decay.

® 2014-today: Postdoc at GSSI and LNGS (INFN), working in the GERDA
experiment for the search for Ov33 decay.
Search for Ov33 decay, 2v30 decay to excited states, OvECEC of 3°Ar, data
reconstruction, study of GERDA background.

In total: 8 years of research activities in neutrino and astroparticle physics
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Outline

® Probing the nature of neutrino with neutrinoless double-beta decay
® The GERDA experiment
® The GERDA energy spectra

e The GERDA physics results from Phase I:

e The background model for GERDA Phase |

o Half-life of 2v33 decay

o Half-life of Ov 33 decay with Majorons

e The Pulse Shape Discrimination of GERDA events
e Half-life of Ov33 decay

® On the way to GERDA Phase Il

® Future perspectives for Ov53 decay search
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Investigate existence of Ov 33

e Ovp3pB decay probes fundamental questions:
o Neutrino properties: the only practical technique to determine if
neutrinos are their own anti-particles (Majorana or Dirac neutrino)
o Lepton number violation: might leptogenesis be the explanation for
the observed matter - antimatter asymmetry?
o Smallness of neutrino mass could be naturally explained by requiring
physics beyond Standard Model: see-saw mechanism,...

"Because, you see, in the world there are various categories
of scientists: people of a secondary or tertiary standing, who
do their best but do not go very far. There are also those of
high standing, who come to discoveries of great importance,
fundamental for the development of science.

But then there are geniuses like Galileo and Newton.
Well, Ettore was one of them. Majorana had what no one
else in the world had"

E ’mej
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Investigate existence of Ov 33

e |f O34 is observed:

o Measurements in a series of different isotopes can reveal the
interaction process

o It is possible determine the absolute neutrino mass complementary
to other techniques

o It is possible to shed lights on the neutrino mass hierarchy

o It is possible to probe beyond Standard Model theories
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Investigate existence of Ov 33
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Search for Ov(35 decay
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Search for Ov(35 decay

There are many possible underlying mechanisms for Ov33 decay and in general:
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Search for Ov(35 decay

Clear experimental signature in the energy spectrum of the two emitted electrons

counts / bin

(GSSI-LNGS)

| exp. signature

ovBB

2vBB searched
observed for

500 " 1000 1500 2000
e
sum of kinetic energies Ge-76 : Qgz=2039 keV

For ®Ge Qpg = 2039 keV

Observe the monochromatic line at Qgg
Reduce background as much as possible
Estimate half-life of the decay (> 10% yr)

What is the mechanism beyond ? (light Majorana neutrino exchange or other?)
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The GERDA collaboration

http://www.mpi-hd.mpg.de/gerda/
¢
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GERDA @ LNGS

Construction completed in 2009 - Inauguration 9 Nov. 2010
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GERDA @ LNGS

- GERDA Building
T 7 plastic muon veto

clean room »

cryogeny & |
‘elec‘rronics ‘

\—»‘\-ﬂo Sla/‘l' - .

water plant ||@]" R \ B w
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The GERDA collaboration, Eur. Phys. Journ. C 73 (2013)
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GERDA @ LNGS

® Hall A of Gran Sasso Laboratory (INFN)
® 3800 m.w.e.
Background from:

External:
® ~'s from Th and Ra chain
® neutrons
® cosmic-ray muons

Internal:

® cosmogenic %°Co (T1/2=5.3 yr)

® cosmogenic %Ge (T;/,=271 d)
® Radioactive surface contaminations

Background reduction and events identification

Gran Sasso suppression of u flux (10°%) - Muon veto
Material selection - Detector anticoincidence
Passive or active shield (H,O - LAr - Cu) - Pulse-shape analysis
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The GERDA detectors in Phase |

3 + 1 strings
8 enriched High Purity Ge detectors (coaxials): working mass 14.6 kg
(2 of them are not working due to high leakage current)

GTF112 natural Ge: 3.0 kg

5 enriched Broad Energy Ge detectors (BEGe): working mass 3.0 kg
(testing Phase Il concept in the real environment)
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Experimental Sensitivity

Sensitivity Ty oce- 7 - % and Ty/p o m%ﬁ

€ detection efficiency > 85%

€ enrichment fraction high natural or enrichment

M active target mass increase mass

T measuring time increase time

b background rate minimize &

(cts/(keV kg yr)) select radio-pure material

AE energy resolution use high resolution spectroscopy

Requirements:

high enrichment of isotope material

Additional tools to distinguish from

background:

M and T large

very good energy resolution
For GERDA AE < 0.2%

very good detection efficiency because

GERDA detector = source, e ~ 1

high-purity detectors — low background

For GERDA b < 1072 cts/(keV kg yr)

higher M% w.r.t. other isotopes

(GSSI-LNGS)
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Angular distribution
Single electron spectrum

Decay to excited states
(gamma-rays)

Identification of daughter nucleus
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Ge isotope w.r.t. other isotopes
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plot corresponding to Ov3f3 rate of 1 count/(ton-yr)
no clear golden candidate
similar specific rates within a factor of 2

76Ge important for historical reasons too
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Data processing and Energy calibrations

Analysis
® Processing: diode — amplifier — FADC — digital filter — energy/pulse shape/etc...

® Selection: anti-coincidence muon/2nd Ge (20% rejected at Qgg), quality cuts (9% rej.),
pulse-shape discrimination (~ 50% rej.)

® Calibration: ?2Th (bi)weekly and pulser every 20 seconds for short term drifts
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Data processing and Energy calibrations

()

[N

shift [keV]

N

shifts are small compared to FWHM ~ 0.2% Qpg

SEL L z

shift of 2614.5 keV position
relative to previous calibration

CERDATIOT

FWHM1 29 keV.
mean=0.11 keV/

¥

0

Tsnift_2[koV]

Nov/11 Jan/12 Mar/12 May/12 Jul/12 Aug/12 Oct/12 Dec/12 Mar/13 May/13

Results

GERDA 1307

[ all coaxial detectors

FWHM:
4.47+0.12 keV
42K (1525 keV)

Lo
1520 1525 1530

1535
energy [keV]

e peak pos. within 0.3 keV at correct position (from *K peak)

® FWHM ~ 4% larger than expected from calibration data

® exposure-weighted FWHM at Qg is:

4.8 keV for coaxials (0.23%)
3.2 keV for BEGes (0.16%)

(GSSI-LNGS)
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GERDA spectrum in fast motion
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Energy spectra

coaxial diodes, E: 1550-3000 keV ] Cutout because of
background [line

I | } |
X ol i i

counts/(kg day)

s

o.1o$ ﬁ
o.osi E (keV)
000" T AW"‘E e oo Do 2 A""'m date Background analysis window

Phase | data divided in

three subsets: ® Events in Qgst 20 keV kept
o Golden coax: 17.9 kg yr BLINDED to not bias analysis and

o cuts

® Silver coax: 1.3 kg yr
e BEGe: 2.4 kg yr ® Background level before PSD at

Silver coax: data from coaxial detectors during Q35 for Golden coax:

BEGe deployment (higher Bl) 0.018-£0.002 cts/(keV kg yr)
Golden coax: data from coaxial detectors
except Silver coax ° _
BEGe: data from BEGe detectors previous Ge experiments!!

Background ~10x lower than
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The Background Model of GERDA Phase |

events/(30 keV)

™

data/model ratio

Main contribution from close sources:
228Th and **Ra in holders, **Ar
« on detector surface

-

o

The GERDA collaboration, Eur. Phys. J. C 74 (2014) 2764
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® Simulation of known and observed

background

® Fit combination of MC spectra to data
from 570 keV to 7500 keV

® Different combinations of positions and

contributions tested
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energy (keV)

events/(50 keV)

95%
90.9%

o_data/model
=68%

T T T T 7
- data E
—model
%o on surface
- - "Ra & daughters on surface|
---™Ra & daughters in LAr

data/model ratio

L
e T

4000

Recherche de 0v 33 par GERDA

5000 6000

7000
energy (keV)

LAL-Orsay 20.01.2015

21/ 43



The Background Model of GERDA Phase |

Minimum model fit

events/keV
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® No line expected in the
blinded window

® Background flat between
1930 and 2190 keV

® 210445 keV and 211945 keV
excluded

® Partial unblinding after fixing
calibration and background
model
In 30 keV window:
expected events:

8.6 (minimum model) or
10.3 (maximum model)

observed events: 13
Golden coax:

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

Bl = 3.6f11"% - 1072 cts/(keV kg yr)
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Half-life of 2033 decay of "°Ge

Consider the minimum background model to estimate
the 2030 half-life of °Ge

2u (In2) Ny i fit
1/2 = [ Z Mt fre,i [fAVz EAVZ (1= favi) €pr.]
Menr Noy 525
detectors t M fr6 fav
[days]  [kg] [%] [%]
enriched coaxial detectors
ANG2 485.5 2833 86.6+2.5 87.1+43+28 ° Id ial dat
ANG3 485.5 2391 883426 86.6+49+28 golden coaxial data
ANG4 485.5 2372 86.3+1.3 90.1+49+29 e Fit range: 570-7500 keV
ANG5 485.5 2.746 85.6+1.3 83.1+4.0+2.7 '
RG1 485.5 2.110 855415 90.4+52+29 e 179 kg~yr exposure
RG2 384.8 2.166 85.5+1.5 83.1+4.6+2.7 .
enriched BEGe detectors © 30 keV energy bin
GD32B 280.0 0.717 87.7+1.3 89.0 + 2.7
GD32C 304.6 0.743 87.7+1.3 91.1+£3.0
GD32D 282.7 0.723 87.7+1.3 923+ 2.6
GD35B 301.2 0.812 8&7.7+1.3 91.4+29
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Half-life of 2033 decay of "°Ge

events/(30 keV)

data/model ratio

o data —2vfpp ----alpha
— K42 LAr Co60 H
— model K40 H — Co60 Ge
Ac228 H —Bi214 H
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e ——
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e SS 000 crerens H
107
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E . . o q
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(GSSI-LNGS)
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Binned maximum likelihood

Best fit result:
Nft = 256901310

2w _ +0.025 +0.092 21
T1/2 = (1-926—0.0225tat—0.0925yst) -10% yr

Signal to background ratio 3:1
between 570 and 2039 keV.

The GERDA collaboration
J. Phys. G: Nucl. Part. Phys. 40 (2013)

The GERDA collaboration
submitted to Eur. Phys. J. C
arXiv:1501.02345
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Ov By decays

Search for Majoron accompanied 0v34 decay of °Ge

Model n Mode Goldstone L
E oote £ 2vBe ovpp boson

Eoo1a n=7 1B 1 X no 0

£ o012 £ 1c 1 X yes 0

T F D 3 XX no 0

oo 1E 3 XX yes 0

0.008 IF 2 X bulk field 0
0.006 1B 1 X o 2
0.004 £ IIC 3 X yes -2

0002 11D 3 XX no -1

o L L L L 1) E 7 XX yes -1

250 500 750 1000 1250 1500 1750 2000 1F 3 auge boson Y

energy [keV] : X gauge bos
dan n
Gk ~ G~ (Qss — K)
Naet Naet
a,0vx (1112) NA a ,0vx a,0vx
Aj = Mo f76,0 | fav,a E €%y Paviig +(1 = favia) E ti€DLiPori
Menr L4 /2 j=1
Naer
Ovx __ a,0vyx
a=1

Golden coax + BEGe: total exposure 20.3 kg
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Ov By decays

o dat — - background 5
ata weee 2| Model n Mode Goldstone L laves
- o
— model (background + 2vB) &E% E:;;; 880/2 8:; boson [10%y1)
o 0vppy (n=3) (90% C.I.) B 1 X no 0 >4.2
[ se% intervel = OVBBY, (n=7) (90% C.1) 1 1x yes 0 > 42
< = 0 D :
E C golden data set (1 7.9 kgyr) ' ' H B g iiﬁ ;:b g ; 3 :
810° i 2 X bulk field 0 > 1.8
2 1B 1 X no -2 >4.2
< r 1IC 3 X yes -2 > 0.8
° 2 L
10 11D 3 XX no -1 >0.8
E IE 7 XX yes -1 >0.3
r IIF 3 X gauge boson -2 >0.8

T

3 e data sot (2.4 kgy 3 . - .

2 sebulobitg i Most stringest limits obtained for “Ge
% ‘‘‘‘‘ e for n=1 and n=3 limits improved by
g a factor 6

e for n=7 limit improved by a factor 5

e for n=2 limit reported for the first

1500

2000 .

energy (keV) time

The GERDA collaboration, submitted to Eur. Phys. J. C
arXiv:1501.02345
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Ov By decays

0.
T =

and

1/Tf/”2x =

Results from GERDA Phase |

)l - G™X(Qpp, 2) - | M X|?

[{g)|* - G*X(Qgp, Z) - [ MO XXP?

Model n Mode Goldstone L Tln;';‘ MOV GOvx (9)

boson [1023yr] [yr=1]
1B 1 X no 0 >4.2 (2.30 — 5.82) 5.86 - 1017 (3.4-8.7)-107°
c 1 X yes 0 >4.2 (2.30 — 5.82) 5.86- 1017 (34787) =5
D 3 XX no 0 >0.8 10-3+1 6.32-10719 <21t ;
IE 3 XX yes 0 >0.8 10-3+1 6.32-10719 <21t4]
IF 2 X bulk field 0 > 1.8 - - -
1B 1 X no -2 >4.2 (2.30 — 5.82) 5.86- 1017 < (34-87)-1075
jite] 3 X yes -2 >0.8 0.16 2.07-10719 <47-1072
11D 3 XX no -1 > 0.8 10-3+1 6.32-101° <2175
1IE 7 XX yes -1 >0.3 10341 1.21-10718 <2279
1IF 3 X gauge boson -2 >0.8 0.16 2.07-1071° <47-1072

The coupling constants allow a comparison with other isotopes

The GERDA collaboration, submitted to Eur. Phys. J. C
arXiv:1501.02345

(GSSI-LNGS)
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Pulse shape discrimination of GERDA Phase | data

SSE: 38, DEP
__SSE .

~40 -30 -20 -10

0 10 20 30 40
FADC

Current signal = q - v - Ad
g=charge, v=velocity
(Schockley-Ramo theorem)

(GSSI-LNGS)

MSE Compton

+ signal:

Pulse-shape analysis

e signal: single site energy deposition

multiple site energy deposition

F8sE L 2EMSE e
° £ Jlr — Charge £ /
£ A — Current E /’
P
T e o o
‘ IX :
b I b /
ok [T\ : A\
: SN E = N\

2000
tns]

57200 7400 57600 5600

52000
tins)

57200 57400 57600 57800

0v(33 events: 1 MeV electrons in Ge ~ 1mm range
one drift of electrons and holes SINGLE SITE EVENTS

(SSE)

Background from +’s: MeV « in Ge ~ cm range
several electron/holes drifts MULTI SITE EVENTS

(MSE)

Surface events: only electron or hole drift

Recherche de 0v 33 par GERDA
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Pulse shape discrimination of GERDA Phase | data

The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

PSD for BEGe detectors:

® A over E parameter (A/E) between 0.965 and 1.07

® Double Escape Peak of 2615 keV v in 22Th from calibrations (1593 keV) — SSE
for Ovss

® FEP at 1621 keV or SEP at 2104 keV are MSE

® 80% background rejection at Qg

® 0.92+0.02 efficiency for Ov33 - 7/40 events kept in 400 keV window

e iy i
= before AJE cut 3 &
s @ I atter AE cut % "
3 I biinded region ER
- s
107 ° €
P - 3
T 0965 8 gk iso0" 1650 2000 200" 308" 215 200"
LI . 10 energy [keV]
AJE cut
= data
[ blinded region |
00 - — L EE—
. 000 2000 3000 2000 5000 1000 6000 7000 8000
energy [keV] energy [keV]
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Pulse shape discrimination of GERDA Phase | data

The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

PSD for coaxial detectors:

® Artificial Neural Network ANN

® ANN analysis of 50 rise-time info (1,3,5,...,99%) with TMVA/TMIpANN
® trained on signal SSE: 2%8T| (2614 keV) DEP at 1592 keV

® MSE training with background-like 212Bi FEP at 1621 keV

H
S ANG3 %
O
]
N = —— without PSD
= F I I 1308 E with PSD
s r | / ]
0.
8 [
Soof Ll
&0.6/— 17 single site event SSE
s L 1.605 1.640
© 04l [ mult site event MSE 10 energy [MeV] J
o 25 A se(A) 108 : A nA ;__—/\J
20 NUYN (WY E |
o i i 107 =
X time E M
0= 1 b b e Ly
1.4 1.6 18 20 22

2.4 ’ 26
energy [MeV]
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Results on 033 decay

® Summed exposure: 21.6 kg yr

e Unblinding after calibration
finished, data selection frozen,
analysis method fixed and PSD
selection fixed

e Consider the 3 data sets
separately in the analysis

® Bl = 0.01 cts/(keV kg yr) after
PSD

e No events in og after PSD
® 3 events in +20g after PSD

counts/keV

counts/(2 keV)

data set  Ekg-yr] (€) bkg BIT) cts
without PSD
golden 179 0.688+0.031 76 18+2 5
silver 1.3 0.688+0.031 19 637515 1
BEGe 24 072040018 23 42F)° 1
with PSD
golden 179 0.61970:0%8 45 1142 2
silver 1.3 0.61970010 9 30%y 1
BEGe 2.4 0.663+0.022 3 5% 0

1) in units of 107% cts/(keV-kg-yr).

2040

GERDA 1507

2045 2050 2055 2060

background interpolation- - ,;

2204 keV

214,

1 [l (I [T, IR
1950 2000 2050 2100 2150 2200
energy [keV]
data set  detector energy date PSD
[keV] passed
golden ANG 5 2041.8  18-Nov-2011 22:52 no
silver ANG 5 2036.9  23-Jun-2012 23:02 yes
golden RG 2 2041.3  16-Dec-2012 00:09 yes
BEGe GD32B  2036.6 28-Dec-2012 09:50 no
golden RG 1 2035.5  29-Jan-2013 03:35 yes
golden ANG 3 2037.4  02-Mar-2013 08:08 no
golden RG 1 2041.7  27-Apr-2013 22:21 no

No peak in spectrum observed, number of events consistent with expectation

from background — GERDA sets a limit on the half-life of the decay!
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Results on 033 decay

The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503
e Frequentist analysis

Median sensitivity:
Typ>2.1% 105 yr T1/2 >2.4.10%° yr at 90% C.L.

® Maximum likelihood spectral fit
(3 subsets, 1/T;/, common)

-log (A)
© w N
w b e b
A LA A L L s L

n

° Profile likelihood result:
: * ‘ - * - 1/2 >2.1 - 10%® yr at 90% C.L.

0.2 04 0.6 08 1 WI_
11075

e
[y

S

o N%<3.5 Best fit: N%'=0 )
E s > Gl Cilih 01 ) VG
. %, >3.0 - 10% yr at 90% C.L.
£ " e independent of NME and physical
£ 7 mechanism for 0v 383
“E. L Effective neutrino mass: upper limit
R between 0.2 eV and 0.4 eV

v
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Results on 033 decay

Bayesian analysis based on Bayes theorem:

P(H|D) = 7P(D\Ff(’g;’(”)

1= X+ v Background () + Signal(v)
n; = number of observed events in dataset i, D = total number of measured events

@ H = data fully explained by background processes
Q H = data explained by background plus signal

e~ N ()P

P(Dlxv T1/27FI):H,‘ n;!

Power of Bayesian statistical method

the limit at 90% Credibility Interval, statistically means that Ty ,» is greater than T, with
90% probability.

In the frequentist approach one can only state that, assuming 033 exists, the value of
Tjim derived will cover the true value of Ty 5 in 90% of repetitions of similar experiment.

® Counting number of signal events

® Fitting signal + background
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Comparison

e Bayesian result (GERDA only)
Tlo}’z > 1.9-10% yr at 90% C.redibility Interval
Best fit N®=0

with claim from

&

Phys. Lett. B 586 198 (2004)

455

Posterior pdf

11 9+O.37-O.23. 1 025 yr

= i

:90% prob
05 PIO) | N\ >N__GERDAonly .

S 2 LTl
% 0.8 1 1.2 14

TS, (107 yr)

MC Median Sensitivity: Tlo/”2 > 2.0-10% yr at 90% C.I.

(GSSI-LNGS)
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Systematical uncertainties

Influence of the systematical uncertainty
on the estimation of the 90% C.I. limit on the half-life.

5

p(invTidata)
p(invTidata)

=== =

Wi |
1 2 3 4
invT invT

I”II‘ | ‘ |
K 2 25

® Uncertainty on energy resolution (FWHM at Qgs)

® Uncertainty on the total efficiency

® Error on the optimal window

® Uncertainty on €.s: this is the effciency for a signal event to fall within the
energy window

® Systematic shift of the energy scale

® Uncertainty on PSD efficiency

The limit is weakened by a factor < 1.5%
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Comparison with claim from Phys. Lett. B 586 198 (2004)

Compare two hypotheses:
® Hi: T, = 1.197430. 10 yr
® Hy: background only

Bayes factor:
P(signal+background|n, T, ,)

BF(n, Ty/2) = P(background)

_ 1 Vmax exp( l/) (A+u)

Vmax JO

Bayes factor for GERDA only
P(H1)/P(Ho) = 0.0002

GERDA T307)

counts/keV

50 2055 2060
“Claim”, PLB586 (2004)

T, = 1.19 x 10% yr

Compatible with no signal events
T9,>2.1:10% yr

N.B.: T(I"/’2 from Mod. Phys. Lett. A 21 (2006) 157 not considered because of inconsistencies
(missing efficiency factors) pointed out in Ann. Phys. 525 (2013) 259 by B. Schwingenheuer.

(GSSI-LNGS)
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Combining with Ge and Xe previous results

The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503
C. Macolino and the GERDA collab., Mod. Phys. Lett. A29 (2014) 1430001
Comparison with previous half-life limits from Ge and Xe experiments

10%

)

O)
©
N~

~

T TGERDA 13-07]

=

|_

clait

Q |GERDA Phase |

im (2004)

68% C.L.
1 025 |-€

EX0-200

L

Kamland-Zen

2
|><
T TR

(GSSI-LNGS)

26
T, (Xe) 10

Recherche de 0v 33 par GERDA

e GERDA+HAM+IGEX:

° T?72 >3.0 - 10 yr at
90% C.I.

e Bayes factor
P(H1)/P(Ho) = 0.0002

e best fit: N%=0

1 e GERDA+KamLAND+EXO:

e Bayes factor
P(H1)/P(Ho) = 0.0022

LAL-Orsay 20.01.2015 37 /43



On the way to GERDA Phase Il

How to get a higher sensitivity for the Phase Il:
® reduce radiation sources and understand background sources
® improve background rejection
® increase mass and improve energy resolution

Strategy:

Phase | ended on Sept. 30th 2013. Phase Il transition currently ongoing at LNGS
® increase mass: additional 30 enriched BEGe detectors (about 20 kg)
® reduce background by a factor of 10 w.r.t. GERDA Phase I:

@ make things cleaner:

o use lower background Signal and HV cables w.r.t. Phase |
e reduce material for holders and special care in crystal production

@ reject residual background radiation:

e by Pulse Shape Analysis for high background recognition efficiency
e by LAr scintillation light for background recognition and rejection

e First data in these days

(GSSI-LNGS) Recherche de 0v 33 par GERDA LAL-Orsay 20.01.2015 38 /43



Liquid Argon instrumentation for Phase Il

LAr scintillation veto in GERDA Phase Il
e SiPM fiber curtain
e PMTs on top and bottom of the array

Central cylinder:
SiPM/Fiber readout

LAr veto + PSA allows a strong reduction of the background at Q!
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Experimental scenario

W
o

12

10

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

o

o

‘GERDA Phase | result

GERDA Phase Il goal

>
| —— No background o
- === 10 counts/(kg- keV-y) = 1=
[ ===- 10 counts/(kg: keV-y) £ £
[ —= 102 counts/(kg- keV-y)
- — Claim
L /" Phase JJ.:*"
~ Bl=6:001 10"
4" _””’
. -
/" PhaseT
¢ ~BI=0.01 KKDC
L 1 1 1
0 50 100 150 200

Exposure [kgyears]

Myghe (€V)

® Phase | result: Bl ~ 1072 cts/(keV kg yr) and ~ 20 kg-yr exposure
Claim from Phys. Lett. B 586 (2004) 198 rejected with high probability

e Phase Il goal: Bl ~ 1072 cts/(keV kg yr) and 100 kg-yr exposure
sensitivity on Ttl)‘/’2 ~ 1.4-10% yr (factor 7 better than Phase I)

e GERDA + Majorana: discussion on possible 200 kg (1 ton) experiment

(GSSI-LNGS)
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Latest results

Most stringent limits on Ov(35 decay

Isotope Experiment T%, at 90% CL [yr] | (msg) [eV] | Ref.
6Ge | GERDA Phase | 2110 yr 025-042 [ (1)
136X EXO 1.1-10% yr 0.19-0.45 | (2)
1%6Xe | KamLAND-Zen 1.9 - 10% yr 0.14-0.34 | (3)
130Te CUORICINO 2.8 - 107 yr 0.31-0.76 | (4)
100\ NEMO-3 1.1-10% yr 0.34-087 | (5)

(1): Phys. Rev. Lett 111 (2013), 122503
(2): Nature 510 (2014), 229-234

(3): Phys. Rev. Lett. 110 (2013), 062502
(4): Astropart. Phys. 34 (2011) 822-831
(5): Phys. Rev. D 89, 111101 (2014)

In summary: (mgg) < 0.4 eV (90% CL)
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Experimental scenario

Exciting time with running and upcoming experiments!!!

Experiment Isotope Mass of Sensitivity Sensitivity Status
Isotope [kg] T?"z [yr] mgg [eV]
GERDA °Ge 18 3 x 10%° 0.2 - 0.4 running
40 2 x 10% 0.1 in progress
1000 6 x 10%7 0.03 R&D
CUORE 130Te 200 1 x 10% 0.04 =~ 0.1 | in progress
MAJORANA 6Ge 40 2 x 10% 0.1 in progress
1000 6 x 10%7 0.03 R&D
EXO 136Xe 200 5 x 10%° 0.08 — 0.3 | in progress
1000 8 x 10% | 0.01 +~ 0.03 R&D
SuperNEMO 82Se 7 6.6 x 10% 0.2 +-05 in progress
100 1 x 10% | 0.04 = 0.11 R&D
KamLAND-Zen | T3%Xe 400 4 x 10% 0.06 in progress
1000 1 x 10% 0.02 R&D
NEXT 136X e 1000 5 x 10%® | 0.03 = 0.07 | in progress
SNO+ 130Te 200 1 x 10% 0.06 — 0.1 | in progress
800 1x 10%7 0.02 = 0.06 R&D
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Conclusions

o Phase | data taking successful! Phase Il ongoing

o total exposure of GERDA Phase | is 21.6 kg yr

o very low background 0.01 cts/(keV kg yr) after PSD

o half-life of OvB3: T9, > 2.1 - 10% yr (90% C.L.) for "°Ge

o this translates in a limit on the effective neutrino mass:
mpgg between 0.2 eV and 0.4 eV

o probability that the signal from the previous claim produces the
GERDA outcome is 1%

o starting Phase Il with improved sensitivity

o exciting results to come from different experiments!
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Systematic uncertainties on T%72

Table 2 Contributions to the systematic uncertainty on le/”2 taken into account in this work. The total systematic uncertainty

is obtained by combining the individual contributions in quadrature.

Item Uncertainty on le/"z
(%]

Active "®Ge exposure +4

Background model components R

Binning +0.5

Shape of the 2v88 spectrum <0.1

Subtotal fit model +4.3
Precision of the Monte Carlo geometry model +1

Accuracy of the Monte Carlo tracking +2

Subtotal Monte Carlo simulation +2.2
Data acquisition and handling <0.1
Total +4.8
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Systematic uncertainties on Majoron accompanied
emissions

e Detector parameters and fit model

minimum number of events expected from 2**Bi and 2?6Th decays
energy binning (from 10 to 50 keV)

uncertainties on the active volume fractions

uncertainties on enrichment in "%Ge

uncertainty on exact position of medium and near sources

e uncertainty on transition layer thickness in BEGes

e MC simulation: total 2.2% uncertainty on Monte Carlo due to effects related to
geometry implementation and particle tracking, weakly affecting the limit

e Data acquisition and selection: estimated to be below 0.1%, it does not affect
the limit
In total, limit is weakened by:
® 2.8% (n=1)
e 58% (n=2)
e 10.6% (n=3)
® 57% (n=7)
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Expected sensitivity

;' 0.5

L 045

I\& -

Efﬁ- 0.4 F \ — No background
S 10 counts/(kg: y- keV)

..! 0.35 - .\\ -=== 10" counts/(kg: y- keV)
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~ 025F
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Number of counts Vs. Effective Mass

Number of GERDA events versus effective mass for 200 kg-yr exposure

0.05

10 15 20 25 30 35 40
OvPp events/(200 kg*yr)

NME comparisons as described in A. Smolnikov and P. Grabmayr, Phys. Rev. C 81, 028502.
(2010).
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Number of counts Vs. Effective Mass

Number of decays versus effective mass for 1 ton-yr exposure

0.15

0.1]

0.05

o Lo b b b b b b by v Ly

10 20 30 40 50 60 70 80 90 100

Ovp decays/(ton*yr)

NME comparisons as described in A. Smolnikov and P. Grabmayr, Phys. Rev. C 81, 028502.
(2010).
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Background lines

in GERDA Phase |

GERDA Heidelberg-Moscow
arXiv: 1306.5084v1  O. Chvorets, PhD thesis
Energy
(keV) counts/(kg yr) counts/(kg yr)
9K | 14608 |  139[128.150] 418142
“9Co 1173.2 3422 5.2 55+1
1332.3 2.3 [1.5, 3.1 51 + 1
22EA ¢ 9108 2.3 [0.5, 4.6] 29.8+1.6
963.9 <3.9 17.6+£1.1
20877 583.2 6.3 [4.5, 8.4] 363
2614.5 1.1 [0.8, 1.4] 165+ 0.5
214Pb 352 17.6 [13.8,21.4] 138.7+4.8
214m; 609.3 13.7 [9.6, 178 105 +1
1120.3 <1.9 269+1.2
1764.5 3.3 [2.8, 3.8] 307407
2204.2 0.8 [0.5, 1.1] 81+05
212Bj 727 <4.0 8.1+12
187Cs 662 <48 2822
e+ 511 913 303
42K 1525 60.5 + 2.1 N.A.
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From counts to half-life

n2.N Na = Avogado Number
Tor _ ne-Na e E Exposure
1/2 Menr - NO¥ € Exposure averaged efficiency
€= Fre - Fay - & e Menr =  Molar mass of enriched Ge
767 TAV T EFEP T =PSD N® = Signal counts /limit
Dataset Exposure [kg-yr] fz.s = Enrichment fraction
Golden-coax 17.9 far = Active Volume detector fraction
Silver-coax 1.3 erep =  Full Energy Peak efficiency for 0023
BEGe 24 epsp =  Signal acceptance
| (fe) | (fav) | (erer) | (epsp) 3
Coax | 0.86 | 0.87 | 0.92 | 0.90%%% 0.61919%%
BEGe | 0.88 | 0.92 0.90 | 0.92+0.02 | 0.663 + 0.022
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The Heidelberg-Moscow claim

HPGe detectors enriched at 86% in "°Ge

Exposure: 71.7 kg yr
Background: 0.11 counts/(keV kg yr) (without pulse shape)

2 Q Bi-214 ° T/, =1.2(0.69 — 4.18) x 10% yr
e ] Phys. Lett. B 586, 198 (2004)
M 30 range

\ 4.20 C.L. evidence for Ov383

1 o T, =223(1.92 —2.67) x 10% yr
N Mod. Phys. Lett. A 21, 1547 (2006)

Critized in arXiv:1210.7432
)i } ; o mps=(0.24-0.58) eV / (0.20-0.35) eV
. i i IGEX: Ty}, = 1.57 x 10% yr (90% C.L.)

2000 2010 2020 2030 2040 2050 2060

Energy, keV

N
S

Counts/keV
@
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Why GERDA does not use KK 2006 result?

a) 2004 publications: NIM A522 371 & PL B586 198

Counts/keV
>

71.7 kg-yr
Q

pp

2000 2010 2020

SSE/Full

Ratio

i

2030
Energy, keV

DEP

. Suppression

2040

2050

entire data set: 71.7 kg-yr (active mass)

28.75 + 6.86 signal events
T95=(1.19"33,)-10" yr

data for PSD analysis: 51.4 kg-yr

2060

PSD surviva! fractions

Normal 7 - lines

19.58 + 5.41 signal events
T'9,=(1.25%3)- 10" yr
with PSD applied:

12.36 + 3.72 events

DEP survival fraction ~ 62%
- T9,=1.23-10"yr

Without efficiency correction:
T9,=1.98-10"yr

No efficiency correction is
applied in any publication!

see B. Schwingenheuer, Ann. Phys. 525, 269 (2013) arXiv:1210.7432
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Why GERDA does not use KK 2006 result?

b) 2006 publication: Mod Phys Lett A21 p. 1547-1566

/] ' ' PSD based on 3 previous methods
(2 neural networks + pulse boardness)
spectrum after PSD 1 & library of SSE pulses:

Event accepted IF pulse in library OR

44 1 found by neural network of Ref. 16 but
3 ] not by the other two neural networks
»] _ _ -

I NO event overlap between the 2 sets!?
7 el np mlnA
O 11 O statement of publication:
2000 2010 2"2"“:::“”2““ 2050 280 _“multi site events are suppressed

by 100%”,

fit gives 11.32+1.75 signal events .
g 9 — 0vpp efficiency = 1 used for T9),

- Th,=(2.23%3)-10% yr
error on signal count not correct | €fficiency factor not considered
since smaller than Poisson error | — calculation of T1/2 not correct
— GERDA does not use this result

see B. Schwingenheuer, Ann. Phys. 525, 269 (2013) arXiv:1210.7432
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Comparison with claim from Mod. Phys. Lett. A 21 1547
(2006)

Compare two hypotheses
H,: T,,0v = 2.23%044 . .-10%5 yr vs. H,: background only

Expected Signal (w/ PSD): (3.1 + 0.8) cts in +20
Expected Bckgd (w/ PSD): (2.0 + 0.3) cts in +2¢

Observed: 3.0 in+20 (0 in x10)
GERDA only: Bayesian posterior pdf (flat prior on 1/T,,,
Profile likelihood: _ . Dbetween 0 and 1024 yr")
P (N0V=0|H2)=5% éa_nge combined ”"_‘\\2_23+0.4470.31.1025 yr
Bayes factor £ 4k
P(H,)/P(H,)=0.052 a5t
3 7\‘-4.\E
GERDA+HdM+IGEX: 250
Bayes factor P(H,)/ 2 -
— 155
P(H,)=0.027 £ . GERDA
05:-90% prob.” . only
Still disfavoured R

.8 1
TS, [10% yr]
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Pulse shape discrimination of GERDA Phase | data

The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

PSD for Coaxials

600
F [ without PsD §

3

< data HIS
2 cut with ANN fla = i
O 500[ e background model (BM) s £t W win pso
7L ..o~ predicted ANN cut on BM S 230
2 r © 3
S - 8

S

©

s

400

\\‘\I\ll\mo 0 i im el R b ul
1 1800 1900 2000 2100 2200

4 15 1.6
energy [MeV] energy [keV]

Good agreement between model and data for 2v3(3

2v3[3 survival fraction: 0.8540.02

Estimated survival fraction for Ov3/ events: 0.907%%

Other 2 methods for PSD considered for cross-check: 90% of the events rejected

by ANN are also rejected by the others 2 methods
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Liquid Argon instrumentation for Phase Il

Background

rate
without cuts
(1073 cts/(keV-kg-yr)

*®Th (near) <5
**Th (1m away) <3
**Th (distant) <3
*“Bi (holder/MS) <5
*“Bi (near p') <6
TR (n") <7
*Bi (Im away) <3
®Co (near) 1
®Co (in Ge) <0.3
®Ga (in Ge) <23
**Ra (a near p*) 1.5
“K (B onn™) ~20
7

unknown (n?)

(GSSI-LNGS)

Recherche de 0v 33 par GERDA

Phase Il background based on Phase |

background decomposition from
coaxial detectors compatible with
BEGe spectral decomposition

“2K dominant background source
K with Cu MS

226Ra contamination dominated by
226Ra in LAr near p*

S - A=

g 5
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PS

D and K mitigation

Experimental evidence of efficient “*K rejection by PSD on GERDA Phase | data
The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

cts (a.u.)
e =
=] o

AE cut

= ®Kn+ surface events, simulation
*Co, simulation

+ Compton 1.8 - 2.2 MeV, calibration
FEP @ 1.6 MeV, calibration
Qy, +200 keV, physics data

N
physics data
normalized counts
T

S cermnraas

o
o

o
o
[

o
T

02—

AJE cut

—— K n+ surface events, sim

0vBB simulation

075 08

0.85

0.9

A/E

® surface 3 rejection can be traded against O3 acceptance

e final cut level will be optimised for optimal sensitivity

e better signal noise/stability directly translates in better rejection

(GSSI-LNGS)
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Background mitigation

Expected background contributions from MC simulations
with background rejection from PSD and LAr veto

Background without cuts after PSD
+ Veto
(1073 cts/(keV-kg-yr) (1073 cts/(keV-kg-yr)
ZTh (near) <5 <0.01
ZTh (1m away) <3 <0.01
BTh (distant) <3 <0.1
2B (holder/MS) <5 <0.13
ZBj (near p™) <6 <0.03
Bi (n7) <7 <0.15
ZBj (1m away) <3 <0.08
®Co (near) 1 0.001
%Co (in Ge) <0.3 <0.0004
%Ga (in Ge) <23 <0.04
"®Ra (a near p) 1.5 <0.03
K (Bonn") ~20 <0.86
unknown (n?) ? ?

We are confident to reach 0.001 cts/(keV kg yr) given

NO additional background components
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Phase |l hardware status

Simulations for LAr instrumentations

Simulated suppression factors:

| GERDA

Super- Nylon- MMS-I Hybrid SMS-
Background
Hybrid Hybrid Hybrid (wo MS) Hybrid
2.38 £0.08
2UB; Holders 816 <043 986 +038 2L =E0 el 2E0.2 ey
(Numo, Febl3p7)|  (Numo, Beb13 p7) 24401
(Nuzo, Rebl3 p.7)
214R; Surface 33440094 338 +018 — | AT T
(Nuno, Oct12 p.23) (SH wo SiPM)
’ZM.B-

! 2486 :i:2.1]1 38.20 +2.73 — i I
Homogeneous {Nuno, Oct12 p.23) (5H wo SiPM)
“K Surface 113 :i:0.0]I — — 103 =ED O

(SH wo SiPM)
K Homogeneous | 3.61 028 956 £4.92 — 531 +060| 116006
(SH wo SiPM)

Choice of configuration for Phase Il decoupled from remaining hardware

(GSSI-LNGS)

Recherche de 0v 33 par GERDA

LAL-Orsay 20.01.2015

43 / 43



Phase |l hardware status

2K suppression measurements in LArGe
with different possible configurations for the Mini-Shroud

Experimental condition Date 1510-1540 1540-3000 Suppression PMT veto
dd/mm/yy keV?! keV?! to bare BEGe | acceptances
cts/(kg d) cts/(kg d) 1540-3000
keV?!
Bare BEGe, PMTs off 17.02.2013 216(11) 514(18) 1 -
MMS, HV = 0, PMTs off 15.12.2012 481(15) 552(16) 09 -
MMS, HV = 0, PMTs on 24.12.2012 225(11) 154(9) 33 0.75
MMS, HV = +4kV, PMTs on 01.01.2013 57(8) 58(8) 8.9 0.76
Nylon MS, PMTs off 22.02.2013 168(9) 203(10) 25 -
Nylon MS, PMTs on 01.03.2013 90(3) 64(3) 8.0 0.73(5)
Nylon MS, PMTs on? 21.03.2013 94(7) 60(6) 8.6 0.63(9)
Nylon MS, PMTs off 25.03.2013 75(5) 58(4) 8.9 =
Foil MS + SiPM, PMTs off 16.04.2013 50(3) 69(4) 75 -
Foil MS + SiPM, PMTs off 07.05.2013 46(3) 61(3) 84 -
Foil MS + SiPM, PMTs on 17.05.2013 85(4) 49(4) 105 0.30(5)
LAr refilling 29.05.2013
Foil MS + SiPM, PMTs off 10.06.2013 k3*45(3) k*81(4) = 33 =
Glued Nylon MS, PMTs off 13.07.2013 k*40(3) K*28(2) ~17 -
1 Only statistical error is taken into account, no correction 3 k is the correction factor on the evaporation of the LAr
on the evaporation of the LAr during runs. during refilling
2 After irradiation for 6 days with 226Th source (rude estimation ~ 1.1)
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Phase |l hardware status

ardware status of LAr instrumentations
B

Test SiPM fibre setup:
Spectrum recorded using
contaminated LAr (low light yield)

_—Pe peaks
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Phase |l hardware status

' Hardware status of LAr instrumentations -

Test PMT setup :
Spectra recorded

Low background PMTs being
commissioned

by
— 24l ——
preliminary 228 fi

o 2000 000 6000 8000 10000 12000 14000 16000
Elau)
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Phase |l hardware status

Status of hardware preparations:
integration including front end

6TZAS 134

VFE 50 pm Cuflon Integratlon tests of VFE Bonding of VFE

cables (3g) and preamps electronics holder system electronics to detectors
being down selected ongoing. without problem
(GSSI-LNGS) Recherche de 0v 33 par GERDA
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PSD for Phase Il

PSD in Phase I1

g A/E_MWAS0ns 21000
é Entries 16748 § E
Mean 0.04681 900
RMS 0.0004464 E
»0 B411£95 E
v 0.0469 £ 0.0000 700
2 0.0001897 £ 0.0000016 E
» 1318213 600f—
[ 3125+ 473.9 E
500F—
400
300
200
k aaanlal g PR Y Ladas
E ey . Y
E 4 L > % -
0.044 0.045 0.046 0.047 0.048 0049 0.0 5550 5600 5650 5700 5750 5800
NE energy (FADC chn)

A/E resolution (FWHM): < 1%
Acceptance: ~90% at DEP of 2614 keV 2%8T] line
~11% at 1620 keV 212Bi line
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Energy calibration - ?®Th sources

30 L
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GERDA draft.

Coaxials: Exposure-weighted average for FWHM at Qps ~ 4.8+0.2 keV
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Energy calibration - ?®Th sources

-
3.0 keV

0 500 1000 1500 2000 2500

0 500 1000 1500 2000 2500
e
3.6 keV'
0 500 1000 1500 2000 2500

0 500 1000 1500 2000 2500 Enarm; flea\/\

BEGe: Exposure weighted average for FWHM at Qs ~ 3.2+0.2 keV
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The Background Model of GERDA Phase |
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The Background Model of GERDA Phase |

events/(2 keV)

data/model ratio

events/(5 keV)

data/model ratio

data — Alphas

— model — Kaz CoboH
40 — Cob0inGe

— — B214H

Thazs — B214P

2

. dam — v --~ Alphas
— model — ka2 —— CoBOH
K40 — CoslinGe
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energy (keV)
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events/(5 keV)

data/model ratio

10° * data —— 2vpp == Alphas
— modol — ka2

950 bins in total:

3 bins outside red  (>99.9%) bands
37 bins outside yellow (>95%) bands
200 bins outside green (>68%) bands

no hint for additional (strong) peaks
Note: bands are for integer valued intervals
of the model with coverage at least as large

as indicated — over-coverage especially for
the green band & low counts
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The Background Model of GERDA Phase |: BEGEs
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Minimum model fit with the addition of ®®Ge in Ge and **K decays on the n* surface
Dominant background source is *K on n* surface
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Background from Argon

7= 269y o PAr
39 Published activity of (1.01 & 0.08) Bq/kg

18AT -
_ (Benetti et al., NIM A547 (2007) 83) fully
i2F compatible with our data

?gK Not relevant for Bl at Qgp

e 12.360h
2- %
‘%Al‘ B- %K [ 81.9% > gs w
17.6% > 1525 °® “Ar
Lower limit of 41 uBq/kg (90% C.L.)
2 1525 (Ashitkov et al., arXiv:nucl-ex:0309001)
v Count rate at 1525 keV about 2 times
oV expectation
42
55Ca

Convincing evidence that charged **K ions drift in the E field of Ge-diodes

— thin Cu foil (mini-shroud) as electrostatic and physical shield
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Radioactivity in Argon

~,269yr, Q=565keV
394, 7 yr eV 39,

Expected, clearly visible, and not a background for GERDA!
42, BT 3291, Q=600keV 4 5T 12.36h,Q=3525keV 4

The 1524.7keV line arises from the 2K decay (BR 17.6%).
Rate 2x than expected! These photons are not a concern,
but the B emitted in the decay of 2Kisa possible
background!

Treating the 2K problem

® The initial decay 2par 5 2K produces the daughter
in a charged state, which can drift close to the
detectors under the action of electric fields.

® Background source only if 42K comes very close to
the detectors.

® A string of detetors can be surrounded by a Cu
shield, the minishroud, (¢ = 11.5cm) to limit the
drift of ions

Enriched detectors inside the minishrouds
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The mini-shroud

counts/{keV x kg x year)

20
oo before MS
C ¥
80»—
ool after MS
20— suppression
F factor: ~4.5
20—
it e AN st il s Pl 4
0 8 1450 i 1500 150 1600 1650

Treating the Argon problem

The initial decay 2ar — 22K produces the daughter
in a charged state, which can drift close to the
detectors under the action of electric fields.

Background source only if 42K comes very close to the
detectors.

A string of detetors can be surrounded by a Cu shield,
the mini-shroud, (¢ = 11.5cm) to limit the drift of
ions

Energy (keV)

Enriched detectors inside the mini-shrouds
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