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Neutrinoless double-5 decay

Double-/3 decays

’Second order nuclear transitions — decay of two neutrons into two protons‘

2-neutrino double-3 decay (2v33):

o (A Z)— (A Z+2)+2e +20 WQ e
® allowed in the Standard Model v
® measured in several isotopes

v
® T2 inth 1010 — 102 Wg E ‘
12 in the range - yr
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Neutrinoless double-5 decay

Double-/3 decays

’Second order nuclear transitions — decay of two neutrons into two protons‘

2-neutrino double-3 decay (2v33):

(A, Z) = (A, Z+42)+2e™ + 20
allowed in the Standard Model
measured in several isotopes

T12/’§ in the range 101° — 10%* yr

Neutrinoless double-3 decay (0v3p3):

o (AZ) > (AZ+2)+2e
® lepton number violation (AL = 2)

® physics beyond the Standard Model (e.g. light
Majorana v, R-handed weak currents, SUSY particles)

® » Majorana mass component (Schechter-Valle theorem)
° Tl% limits in the range 102! — 1026 yr (10%° yr for "°Ge)
® claim for a signal (subgroup of HdM experiment)
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Neutrinoless double-5 decay
Neutrinoless double-3 decay & neutrino physics

Assuming light-Majorana neutrino exchange as dominant Ov3$ channel: n p
* (1) = Gou(Qss, 2)|Mow (A, 2)*(mgs)® U
o effective Majorana mass: ) ] v

(mgg) = [32; UZmi| = [cfy cfy mu + si, cfy mp € + 573 m3 &7 w e

® 1 mass spectrum (inverted/normal hierarchy, absolute mass scale) n
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Neutrinoless double-5 decay

State of the art of 0v3/3 search with "°Ge and 3Xe

HdM Collaboration

Typ> 1.9 10%° yr (90% CL
[Eur.Phys.J. A12, 147 (2001)] 2> yr (80% CL)

IGEX Collaboration

25
Ty > 1.6 102 yr (90% CL
[Phys.Rev.D65,092007 (2002)] 112> yr ( )

Klapdor-Kleingrothaus et al.

_ +0.37 4 125
[Phys.Lett. B586, 198 (2004)] Ti2=119925 107 yr

25 3 3.5 4 4.5
T3 (Ge™) [10%y1

EXO Collaboration

Tijp> 1.6 10%° yr (90% CL;
[PRL 109 (2012)] 112> yr (90% CL)

KamLAND-Zen Collaboration

Typ > 1.9 10% yr (90% CL)
[PRL 110, 062502 (2013)]

EXO + KamLAND-Zen
[PRL 110, 062502 (2013)]

KK claim 2004 [Phys.Lett. B586 198]
o 71.7kg-yr
o 28.7546.86 signal events
o T4 = 11974355 - 10 yr
KK claim 2006 [Mod Phys Lett A21]

Claim strengthened with pulse shape
analysis but many inconsistencies in
the analysis summarized in:

Ann. Phys. 525 (2013) 269
In particular:
® missing efficiency corrections

® uncertanty on signal cts smaller
than Poisson error

Tlo/’é central value and errors incorrect

Matteo Agostini (TU Munich)
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The GERDA experiment
Institutions

http://www.mpi-hd.mpg.de/gerda/
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The GERDA experiment
Sensitivity and background goals

[Phys.Rev.D75, 092003 (2006)]

S 30 [ —— No background
10 [ e 40
Phasel (Nov 2011 - May 2013): S 10 counts/tkg-y-keV)
- 25F—" 10 counts/(kg- y- keV)
® 15 — 20kg of target mass (87% 79Ge) —
N -

® bkg ~ 102 cts/(keV-kg-yr) at Qgp

N
o

® exposure 21.6 kg-yr

® sensitivity to scrutinize KK claim

-
E—
E
T 15
[
Phase Il (migration ongoing): %
® new custom-produced BEGe detectors = 10 r /,,”'
(additional 20 kg, 87% "°Ge) S | -
® bkg <10 ~3cts/(keV- kg: yr) at Qgp s 5
(active techniques for bkg suppression) R [ KK claim
® exposure > 100 kg-yr 8 oLl L1 C

® start exploring Tlo/”2 in the 10%® yr range E 100 1[5;(0 20?
Xposure |Kg-years
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The GERDA experiment
Detectors

60-80 mm

2vBB: *Ge -> "5Se +2e +2v
V. — v | OvBp: °Ge -> *Se +2e

— L >

o HPGe detectors from material
e _J<——— n+electrode

: i 76 870 \
enriched in "°Ge (~87%) g ﬂ*_%e §s 34 KV
o detectors well established technology = — \ 65-80 mm
e optimal spectroscopy performance: R p-type 53
o long-term stability @ G 4
-type e IS
o AE ~ 0.1% at Qg ot w8 @h =
o radio purity _ — 3
b 1| L —
Coaxial-type\ BEGe-type
p+ electrode
. (read-out)
0003 2vpp Ge-76: oV
o 0T Qp=2039 keV
c
i 0.002 - Calorimeter detectors:
E Ovpp e source=detector
£ 000! e high detection efficiency
© e peak at Q-value (Qgg)
0
0 500 1000 1500 2000
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The GERDA experiment
Shielding strategy and apparatus

e bare Ge detectors in liquid Argon (LAr) e radio-pure material selection
e shield: high-purity LAr/H>0 e deep underground (LNGS, 3800 m.w.e.)

Cleanroom
Lock system

Steel cryostat
(64 m’ of LAr)

Copper shield
m :
Water tank

] =
Ge detector
1 array

EPJ C 73 (2013) 2330]
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The GERDA experiment
Backgrounds and mitigation techniques

LAr

Background sources:

e natural radioactivity (232Th and 238U chains): p+ electrode
. DL ~ 0.3um
o y-rays (e.g. 208TI, 214Bi) ( um)

Po-210

o a-emitting isotopes from surface contamination <
(e.g. 21°Po) or 2?2Rn in LAr
e cosmogenic isotopes in Ge decaying inside the Ar-42 {i‘
detectors (%8Ge, 9°Co) |
+ electrod,
o long-lived cosmogenic Ar isotopes (3°Ar,*?Ar) ?DLe_,e; ,:,?m? =
Co-60
Mitigation strategy: g( Ge-68
e detector anti-coincidence | /
o time-coincidence (Bi-Po or %Ge) | -
e pulse shape analysis (bulk localized energy deposition) /ﬁ:‘\ U-238
o LAr-scintillation (in Phasell) &
Ovbb
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Outline

e GERDA Phasel — prior to data unblinding
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GERDA Phasel — prior to data unblinding
Detector array assembly

® 3+ 1 strings

e 8 ®""Ge coaxial detectors (2 not considered in the analysis)
e 5 °""Ge BEGe detectors (1 not considered in the analysis)
e 1 "¥Ge coaxial detectors

e"Ge mass for physics analysis: 14.6 kg (coaxial) + 3.0 kg (BEGe) |

Matteo Agostini (TU Munich) 13/25



GERDA Phasel — prior to data unblinding

Overview of the data taking

e data taking Nov1l - May13 (492 d)
e average duty cycle 88%
e total exposure 21.6 kg-yr

o (bi)weekly calibration with Th-228
(blue spikes)

o BEGe detectors from Jull2

e 3 data sets:

dataset exposure
coaxial (golden)  17.9kg-yr
coaxial (silver) 1.3kg-yr
BEGe 2.4kg-yr

Matteo Agostini (TU Munich)
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GERDA Phasel — prior to data unblinding
Calibration of the energy scale (**®Th)

10° F e, [ 4.2 keV| F4.8 keV
[ N B ! ! F, ™L L b
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Energy resolution at 2.6 MeV (FWHM):

» 4 — 5keV for coaxial data sets » ~ 3keV for BEGe data set
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GERDA Phasel — prior to data unblinding
Stability of the energy scale and resolution

shift of 2614.5 keV position

CERDAT0T

Calibration runs: 53;_ . relative to previous calibration
= F i ¢
. . 21—
o calibration every one/two weeks £ e, +0.05%
= + :
. . 1= H B *
e off-line energy reconstruction E i b . N i é; g
(semi-Gaussian filter) of : T PR 3 Y T
E . " LTI
. F Y ! e, e s § g¥ : 904
e energy resolution stable - &’l L)
E EE T 0506 t
e energy shift between successive 2k
calibrations < 1keV @ Qgg E
i =i I | Ll 1 I I 21 0 tonit 2fev)

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

GERDA 1307
100

OvBp data set:

[ all coaxial detectors *

80

counts

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

e peak position within 0.3 keV at correct position
e resolution 4% larger than in calibration runs 601
e mean FWHM at Qgg (mass/exposure weighted): 40

coax —> 4.8+0.2 keV 20

BEGe —> 3.2+0.2keV o b

A e St ofit, ¢ o
1515 1520 1525 1530 1535
energy [keV]
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GERDA Phasel — prior to data unblinding
Prominent structures in the energy spectrum

> n =
= Q] enriched coaxials, 19.20 kg x yr | GEreAts0 =
S 32 | | 0%
x> o
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GERDA Phasel — prior to data unblinding
Background modeling

* data
— model

T T
—2vpp
—K42
--- K40
Ac228
Th228

T T
--- Alphas
Co60H

— Co60inGe

— Bi214H
— Bi214P

GERDA 1306

events/(30 keV)

Contribution at Qgg:

e v-rays (close sources):
Bi-214, TI-208, K-42

e - and (-rays (surface decays):
Ra-226 daugheter, Po-210, K-42

more details in [arXiv:1306.5084]

MC simulation

-2

g 5 o data/model

8 4 D68%

— 09! %u

s

§ e B S
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energy (keV)
@ no line expected in the blinded window

background flat between 1930-2190 keV
(excluding peaks at 2104 and 2119 keV)

: . +0.26
o coaxial (golden): 1.7570%

o BEGe:
Matteo Agostini (TU Munich)
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extrapolated background at Qg before pulse
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GERDA Phasel — prior to data unblinding E i
Pulse shape discrimination 3

GERDA 13.06

Coaxial detectors:
e artificial neural network TMIpANN
o cut defined using 228Th calibration data
cut fixed to 90% acceptance of 2.6 MeV DEP
® cross checks:
0 2vp3p acc. = (85+2)%
0 2.6 MeV ~4-line compton-edge acc. = 85-94% s
0 Co-56 DEP (1576 & 2231 keV) acc. = 83-95%

15 1.6
energy [MeV]

[ Jwopsp

0vB3j acceptance = 9075%

counts/(5 keV:
=

background acc at Qgg= ~45%

1 1 0l puot I 11 1 1 11

1800 1900 2000 2100 2200

7 energy [keV]
| BEGe detectors:

e A/E method (mono-parametric PSD)

[ Jworsp
B v Psp

2

counts/(5 keV)

counts/(50 keV)

e 0v3p acc (DEP and simulations) (92+2)%
A0 50 B0 e 2 2
ceayievl | @ 2p383 acc (91+5)%

® background acc at Qgg<20%

= — more details in [Eur.Phys.J C73 (2013) 2583]
energyfkeV]
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Outline

o GERDA Phasel — Qv 33 analysis
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GERDA Phasel — 0v33 analysis
Energy spectrum around Qgg

> 3[—[PRL 111, 122503 (2013)] g
& - 0 w/o PSD Analysis cuts applied:
0
- [} . .
g 2 = o 1) signals quality cuts
< - . .
© & 2) detector anti-coincidence
1— 3) muon-veto
1o anti-coincidence
05025 2030 2035 2040 2045 2050 2055 260  4) single-detectors time
= \ background interpolation inci i
Ssl g o ground interpolation _ > s coincidence (BiPo cut)
2L e gl 2 I 5) PSD
S8 g|o g |8
'® = . .
I i~ o NN Survival fraction at Qgg:
S 4 ; & B8
8 I ‘ z 1 ~99%
WTJ} jH 243 ~60%
2100 2150 200 - 4 ~100%
energy [keV] 5 ~50%
exposure background expected cts observed cts

data set [kg-yr] 1072 cts/(keV- kg yr)  (QpsL5keV) (QppE5keV)

PSD
golden 17.3 1.8 3.3 5
w/ PSD silver 13 6.3 0.8 1

BEGe 2.4 4.2 1.0 1
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GERDA Phasel — 0v33 analysis
Energy spectrum around Qgg

> 3[—[PRL 111, 122503 (2013)] g
& - 0 w/o PSD Analysis cuts applied:
2 3| . B w/ PSD ional i
5 2 > |2 1) signals quality cuts
524 . . .
© & 2) detector anti-coincidence
1— 3) muon-veto
anti-coincidence
05025 2030 2035 2040 2045 2050 2055 260  4) single-detectors time
= I \ background interpolation . n coincidence (BiPo cut
%8— g__-——_____——; _____________________ > ’1 > ( )
< L 2 L2l 2 2|2 5) PSD
S i 8|o Ik
'® = . .
I i~ o o Survival fraction at Qgg:
24— H 1 ) BB
8 I : P 1 ~99%
2 243 ~60%
oll 4 ~100%
1900 1950 2000 2050 2100 2150 2200 5 ~50%
energy [keV] °
exposure background expected cts observed cts

data set [kg-yr] 1072 cts/(keV- kg yr)  (QpsL5keV) (QppE5keV)

w/o PSD
golden 17.3 1.8 1.1 3.3 2.0 5 2
w/ PSD silver 13 6.3 3.0 0.8 0.4 1 1
BEGe

2.4 4.2 0.5 1.0 0.1 1 0
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GERDA Phasel — 0v33 analysis
Statistical analysis

> 2.1% 107 yr

e
7

Sun
I
&
o
=

1 12
Ti (107 yr)

1=

sf—
D

0.5

8 2
T 1107 yr1]

Baseline analysis (profile likelihood):

e maximum likelihood spectral fit
(constant+Gauss in 1930-2190 keV range)
e multiple data sets (common T10/U2)

. Tlo/”2 > 0 (coverage tested)

e systematic uncertainties in the fit

Results (GERDA only):

e best fit for No, g3 = 0 signal cts
® No,gp < 3.5 cts at 90% C.L.

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

o MC Median sensitivity (for no signal):
T >2.4-10%yr (90% C.L.)

Results (GERDA + IGEX [1] + HdM [2]):

e best fit for Ny, gg = 0 signal cts

o 7.9 >3.0-10% yr (90% C.L.)

PRL 111, 122503 (2013); [1] Phys.Rev. D65, 092007 (2002); [2] Eur.Phys.J. A12, 147 (2001)

Matteo Agostini (TU Munich)
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GERDA Phasel — 0v33 analysis
Comparison with Phys.Lett. B586 198 (2004)

Hypothesis test:

Ho (bkg only) | vs| Hy (T2 =1.197937 .10 yr + bkg)

1/2 —0.23

(assuming H1)

e observed 3 cts

In Qgg + 20 (after PSD):
e expected 2.0+0.3 bkg cts

e expected 5.9+1.4 signal cts

[PRL 111, 122503 (2013)]

> 3 T, = 1.19x10% yr
Q

< Ty = 2.1x10* yr Hy
0 (90% C.L. lower limit)

c2—

=]

(o]

o

GERDA 13-07)

GERDA only:

GERDA + IGEX + HdM:

Matteo Agostini (TU Munich)

2050 2055 2060
energy (keV)

» Frequentist p-value (Ng, g3 = O|H1) = 0.01
» Bayes factor P(H;)/P(Ho)=2.4-102

» Bayes factor P(H1)/P(Ho)=2-10"*

Long standing
claim strongly

disfavoured!
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Outline

e Conclusions and outlook on GERDA Phasell
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Conclusions

e GERDA Phasel collected 21.6 kg-yr of exposure

e background order of magnitude lower than previous Ge experiments:
~0.01cts/(keV- kg-yr) at Qg (after PSD)

e blind analysis —> no positive 0v 30 signal:

T10/u2 > 2.1-10%°yr at 90% C.L. (GERDA only)

T, >3.0-10% yr at 90% C.L. (GERDA+IGEX+HdM)

e Long standing claim excluded at 99% C.L. (model-independent result)

Matteo Agostini (TU Munich) 25 /25



Outlook on Phasell

Transition to Phase Il ongoing. Major
upgrade of many components:
® increase of target mass (+20kg)

® new hardware to detect the LAr
scintillation light (anti-coincidence
veto)

® new custom made BEGe detectors
providing enhanced pulse shape
discrimination performance

Expectations:
® ~35kg of Ge detectors
® background < 1073 cts/(keV- kg- yr)
at Qgpp
® start the exploration of Tlo/”2 values in
the 1020 yr range

Matteo Agostini (TU Munich)

Distribution of T, ,-limits assuming:

S1) baseline detector assembly

S2) deployment of new detector

S

— S1: median value

[ S1:68% prob central interval

— S2: median value

S2: 68% prob central interval

>

Phase |
beginning
beginning
Phase | Y )

- possible
déployment of
new detectors

1 I
-2 -1 0 1 2 3 4
live time [yr]

2.8
2.6
24
22

1.8
16
14
12

0.8
0.6
0.4

0.2

[A G501 (10 %086) hui &/ L
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State of the art of 0v3/3 search with "°Ge and 3Xe

Ty > 1.9 102 yr (90% CL)

HdM Collaboration
[Eur. Phys. J. A 12, 147 (2001)]

IGEX Collaboration

Typ> 1.6 10%% yr (90% CL)
[Phys.Rev.D65,092007 (2002)]

Klapdor-Kleingrothaus et al.

Ty =1197930 105 yr
[Phys.Lett. B586, 198 (2004)] 12 -0.23 y

Klapdor-Kleingrothaus et al. recomputed epgp=1
o o Ty =223 044102 yr

[Mod Phys Lett A21 (2006)]

assuming epgp=0.62

GERDA Collaboration

Ty > 2.1 10%% yr (90% CL
PRL 111, 122503 (2013) 112> yr (90% CL)

GERDA + HdM + IGEX

Ty >3.0 102 yr (90% CL)
s

‘ ‘
0.9 12 15 1.8 21 24 27 3 33 36 39
T2 (Ge™) [10%° yr]

EXO Collaboration 25
Typ> 1.6 10%° yr (90% CL)

[PRL 109 (2012)]

KamLAND-Zen Collaboration

[PRL 110, 062502 (2013)] Tiro > 1.0 10 yr (90% CL)

EXO + KamLAND-Zen
[PRL 110, 062502 (2013)]

0.9 1.2 1.5 1.8 241 2.4 2.7 3 3.3 3.6 3.9
Matteo Agostini (TU Munich) TOv xe'36y 1102°yA9 / 25



Comparison between "°Ge and 3°Xe experiments

1024

10% A7 1 ) e )
/
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= /// 7% 7/
/ / /
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a 7
claim (20 / // //
10% 68°//Cl/ % // / J
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&Q/ /// y /
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/& ] 5]
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£ 1 S
0

Matteo Agostini (TU Munich)

ov (136 1078
Ti2 (T Xe) [yr]

o GERDA provides a model-independent
test of the signal claim

e comparison with 136Xe experiments
possible only through:

O assumptions on the leading channel (e.g.
exchange of light Majorana neutrinos)

O matrix element computations (selection
used in the plot is taken from
arXiv:1305.0056)

GERDA+EXO+KamLAND-Zen:

Bayes factor P(H;)/P(Ho) = 2.2 - 1073

(computed for the smallest NME ratio Xe/Ge)
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Sterile v: 3 +1

1+3, Normal, SN 1+3, Inverted, ST

T T T

— 3 v (best-fit)

---3v(20)

Bl 143 v (best-fit)
B 1+3 v (20) B 143 v (20)

0.1 0.001
(eV)

Mo

[arXiv:1106.1334]
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Sterile v: 3 + 2

2+3, Normal, SSN

0
T

2+3, Inverted, SST

T T

10 F—7 T
— 3 v (best-fit)
---3v(20)

B 2+3 v (best-fit)
B 2+3 v (20)

0.1

Mo

Matteo Agostini (TU Munich)

T T

— 3 v (best-fit)
---3v(20)

I 2+3 v (best-fit)
B 2+3 v (20)

0.001

(eV)

[arXiv:1106.1334]
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Background model — 2v33 half-life

< [ T T T T T -
E 500 = e experimental energy spectrum 3
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Matteo Agostini (TU Munich)

energy (keV)

» Binned maximum likelihood (5 kg-yr)

» Nuisance parameters:

® Active detector masses (6+1)
® Ge-76 fractions (6)
® Background contributions (3x6)

le/lé common to all detectors

» After marginalizing:

2w _ 4+0.09  40.11 21
Tl/y2 = (1847505 it —0.06 syst) -10

[J.Phys.G 40 (2013) 035110]
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Background model — 2v33 half-life
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» Binned maximum likelihood (5 kg-yr)

» Nuisance parameters:

»

® Active detector masses (6+1)
® Ge-76 fractions (6)
® Background contributions (3x6)

T.,2Y common to all detectors

1/2
» After marginalizing:
2u +0.09 +0.11 21
Tl/lé - (1'84—0.08 fit —0.06 syst) -10
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Background

model — a-emitting isotopes
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energy (keV)

Phys. J. Plus 127 24 (2012)]

» fit window 3500-7500 keV
»p-value of the fit: 0.7

» 80 bins of width 50 keV:
79% in the green band
98% in the yellow band
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Phase Il detector design and performance

» Broad Energy Ge (BEGe) detectors:
> commercial product (Canberra)
> excellent spectroscopic performance
(resolution, low threshold, low noise)
> pulse shape discrimination (PSD)

» >30 BEGe detectors produced and tested
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Charge collection and signal formation

» Charge collection:

> electrons —> n+ electrode

> holes —> detector center —> p+ electrode
f m 1

» Signal formation:
> electron contribution usually irrelevant

> narrow current peak induced by hole drift

current [a.u]

> peak features independent from interaction site

B> single site interactions (0v/33-like)

n w S
potential [kV]

ererrr T

0 100 200 300 400 500 600 700 800
time [ns]

> multiple-site interactions (typically y-induced)

1+ éingle interaction Site B
A Multiple Interaction Site
— 08| |
=]
A/E method: S 06 g
5 04 A
E: integral of the current signal (energy) s T 1
. . o - .
A: maximum of the current signal 02
0 f— -
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Charge collection and signal formation

4
» Charge collection: 8
D> electrons —> n+ electrode 2§
o
> holes —> detector center —> p+ electrode 18
| ; 1
0
» Signal formation:
> electron contribution usually irrelevant =1
Ex:
> narrow current peak induced by hole drift S
> peak features independent from interaction site é 32 P )
2) 1;10 2‘00 3;)(! 4;)0 5‘00 Sé)(l 7:)0 800
time [ns]
3500
> single site interactions (03 3-like) 2000 DEP 228Th
> multiple-site interactions (typically y-induced)
2500
" 1621 keV
€ 2000
. o
A/E method: O 1500
E: integral of the current signal (energy) 1000
A: maximum of the current signal 500

(Budjas et al. JINST 4 P10007, Agostini et al. JINST 6 P03005) Y570 1580 ﬁé‘;;?m [ES]WU 16301640
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Signal identification and background reduction

Background expected in Phasell:

» 7-rays from 298 T| and 214Bi > measured with many ~-sources
» internal decays (Ov38 and cosmogenic isotopes) -> pulse shape simulation
» a-rays on the p+ electrode —> experimental scan with collimated 2! Am source

» (-rays on the n+ electrode —> experimental measurements with %Sr and 1%Ru

e
Bi

P+ elec ft L

T s

0 0.2 0.4 0.6 0.8 1
survival probability at QBB
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Detection of LAr scintillation

LAr-scintillation (combined design):

» low-background photo-multipliers » WLS fibers read-out with Si photo-multipliers

“ Central cylinder:

SiPM/Fiber readout

Top/bottom: PMTs

Matteo Agostini (TU Munich)
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Phase |l detectors and liquid argon scintillation

BEGe detectors: LAr-scintillation (combined design):

e excellent energy resolution (1.6 keV @ 1.3 MeV) o low-background photo-multipliers

e enhanced pulse shape discrimination performance e WLS fibers with Si photo-multipliers
® 30 new °""Ge detectors ready at LNGS (20 kg)

106 .

without veto mmmm
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10° ¢ with PSD cut —— 4
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energy [keV]  [J. Phys.: Conf. Ser. 375 042009]

Pulse shape analysis combined with LAr-scintillation (in LArGe setup):
measured suppression factor of (5.2 4 1.3) - 103 at Qgg for close Th-228

Matteo Agostini (TU Munich) 39 /25
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