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Short intro in OvBB-decay
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energetically . 2"d order allowed
forbidden @ - 2039 kev 76Q @ weak process
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v" In 1936 Maria Goppert-Mayer noted, that in some even-even nuclei the single
B-decay is energetically forbidden whereas the simultaneous but independent
B-decay of two nucleons (so-called double beta decay) is allowed
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Short intro

Why (Ov)BB-decay?
2vBP OvBp

* violates lepton number? NO * violates lepton number? YES!
e forbidden in SM? NO * forbidden in SM? YES!

New Physics! ¢=l

* but half life is 10 longer * v has Majorana mass component
than the age of the universe,
however already observed!

76Ge: T}y = 1.92 x 10%1yr



Short intro

Why (Ov)BB-decay?
2vBP OvBp
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* violates lepton number? NO * violates lepton number? YES!
e forbidden in SM? NO * forbidden in SM? YES!

New Physics! =l

* but half life is 101° longer * v has Majorana mass component
than the age of the universe, * |F light neutrino exchange
however already observed! Access to v mass scale j

6Ge: Ti), = 1.92 x 10%tyr
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Short intro
What are we measuring?

Summed electron spectrum (76Ge):
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Short intro
What about mass?

Effective Majorana neutrino mass contributes in the decay rate:

Phase space factor

1]
OvpBp decay rate
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Short intro

NME
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Short intro
How to measure?

Isotope Q(keV) | Nat. ab.
Experimental sensitivity: 0-14yr) (%)

» Zero background: **Ca 4273.7  0.187
76Ge 0.63 2039.1 7.8
T < M t
825e 2.7 29955 9.2
* Non-zero background: 10000 a4 30350 9.6
Mt - exposure(kgyr) — 10Te 471 2530.3  34.5
T X M t AE - energy resolution 136Xe 4.3 24619 8.9
1/2 (keV)
\ AE Bl BI - backgroundindex  ~°Nd 19.2 33673 5.6

(counts/keV kg yr)
enrichment required except for 13%Te,

not (yet) possible for all, costs differ

v’ Target mass and detector efficiency as high as possible
v’ “Zero-background” to have linear increase of sensitivity vs exposure
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Short intro
Two experimental approaches

Source = Detector

e GERDA, Majorana, + High detection efficiency
gi) CUORE, EXO, + Large target mass possible
Detect e

Kamland-Zen, ...
+ Reconstruction of event topologies

— Restricted number of isotopes

Source # Detector

Particle individual
energy and TOF

Charged particle
trajectory

SuperNEMO + Reconstruction of event topologies
+ Coincidence scheme
-> zero background
+ No restriction on isotopes

— Difficult to obtain large masses

More about OvBB searches on Aug 26t & ICNFP17

in B. Schwingenheuer’s talk
K. Gusev | ICNFP 2017
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GERDA approach

60-80 mm

70-110 mm
[PIXROD)

' / - \
+ + 1 a ™ » -]
p* electrode n* electrode

(read-out) i
0V \ 3-4 kV

25-50 mm

65-80 mm
K. Gusev | ICNFP 2017

HPGe detectors enriched in 76Ge

v’ detector-grade germanium is
high-purity material
— low background

v’ established detector technology
= industrial support

v' very good energy resolution
~0.1% at QBB

v" high detection efficiency
source = detector



GERDA approach

enriched HPGe detectors in cryogenic liquid

v’ detector-grade germanium is
high-purity material
— low background

v’ established detector technology
= industrial support

v' very good energy resolution
~0.1% at Qgp

v" high detection efficiency
source = detector

v’ bare detectors in liquid argon
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GERDA

the Collaboration

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

the Collaboration
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GERDA

Sensitivity
30

- === NO background

L s 1074 counts/(keV-kg- yr)
| e 1073 counts/(keV-kg- yr)
[ e 102 counts/(keV-kg- yr)

N
Ul

Phase |l (Dec 2015 — ongoing):
Add new BEGe detectors (20 kg)
Bl = 0.001 cts / (keV kg yr)
.................. ... Sensitivity after 100 kg yr

N
o
I I l 1 |

=
o
3

Phase | (Nov 2011 — May 2013):

Use refurbished HAM & IGEX (18 kg)
Bl = 0.01 cts / (keV kg yr)
Y LR PR - Sensitivity after 20 kg yr

T L o [ L L P I 5 11 | Oov 25

T% > 2.1 % 10 909

0 50 100 150 200 1/2 yr (90% CL)
(PRL 111 (2013) 122503)

exposure [kg-yr]

90% prob. lower limit Ty, [ 10%° yr]
=
(9 (9
| PR I g5k I
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GERDA

location
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v deep underground — Hall A of LNGS, Italy
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GERmanium Detector Array

HPGe detectors

Phase |

Coaxials:
* from HdM and IGEX

L

* reprocessed by Canberra [

* total mass ~ 18 kg
. Y

n'(+34kv) p >

h

BEGes:

* novel Ge detectors

* produced by Canberra
* total mass ~ 20 kg

* better PSD and FWHM

K. Gusev | ICNFP 2017

v' 8 enriched coaxials -
[ v 1 natural coaxial
v 5Phase Il BEGes  _

LU

Bare Ge detectors in LAr — first time ever

Pulse shape discrimination (PSD)
+ active veto (in Phase Il)

Blind analysis — first time in the field

[ _ ]

= M 0

Phase Il
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plastic scintillator panels
muon veto

Ll y,
7 il -
‘\Q—_é 2 64 m? LAr cryostat

590 m3 ultra-pure wategl.‘ T2 B coolant, shielding

neutron moderator/absorber
muon Cherenkov veto

a) overview
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plastic scintillator panels
muon veto

~Jow acitivity

1h

N
clean room '

wavelength
hifting fibers with
SiPM read-out

low acitivity
PMTs

g !
o BRI °
. e - >
1 l*:é_‘r 64 m? LAr cryostat
: : coolant, shielding
1

590 m? ultra-pure wate_iuf ._u__‘.'.'l -
neutron moderator/absorber
muon Cherenkov veto

a) overview
b) liquid argon (LAr)
veto instrumentation
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plastic scintillator panels
muon veto

\ 3

t
1

clean room

|
A

low acitivity
PMTs

O ‘. i =
BE g
= “ 64 m® LAr cryostat
: coolant, shielding

590 m3 ultra-pure water §

neutron moderator/absorber il
muon Cherenkov veto

a) overview c) detector array
b) liquid argon (LAr)
veto instrumentation
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~Jow acitivity
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wavelength
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| SiPM read-out
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plastic scintillator panels
muon veto

~Jow acitivity

\ 3

N

lpass, low-

ivity electronics
3

)
1A

wavelength
shifting fibers with
| SiPM read-out

| low acitivity
PMTs

) R

o BRI} |

1 ‘\!264m3LArcryostat g 6
! Ll e B e

coolant, shielding

| . lowmass
detector holder

590 m? ultra-pure water  jguJee )
neutron moderator/absorber
muon Cherenkov veto

a) overview c) detector array
b) liquid argon (LAr) d) detector module
veto instrumentation

K. Gusev | ICNFP 2017 15

BEGe detector
» ]
1™ 7




GERDA Phase Il
Final integration (Dec 2015)

All 40 chat

K. Gusev | ICNFP 2017



GERDA Phase Il
Final integration (Dec 2015)

All 40 chat
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GERDA

Background rejection

|

ae

Signal Background

HPGe HPGe LAr scintillation

@ g‘ o

SINGLE SITE EVENT (SSE) MULTI SITE EVENT (MSE)

BEGes

[«2}
o

C=(NE-1)/c
S

N
o

=F Mse

[ e S Pulse shape parameter for BEGes is
" . bed-like (MSE v's)

_ amplitude of Current pulse ! ! | X
~ amplitude of Charge pulse 0 . 3 LA %o ST T

Ty

Background:
Multi-site energy deposition: 3 § . . !
* 1HPGe — Pulse Shape Discrimination (PSD) 60 —

| | events after LAr veto
[« | events after LAr veto and PSD

* > 1 HPGe — anti-coincidence (AC) 3 10° enriched BEGe - 16.2 kayr

* HPGe + LAr — LAr veto S B after LArveto
2] 2 a

Surface events — PSD c 10 B rter LA veto and PSD i
8 50 keV blur?dlng

-
o

v PSD and LAr complementary
v All a-s cut by PSD!

1000 5000
energy [keV]
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GERDA

Performance

é 107 I Duty cycle Jman 135 g % - enriched coaxial FWHM vs E n
g i . % ; — —— enriched BEGe E}J = (;-_?
g 030 3 T B m @ calibration data é
£ os g 235 8
2 - X L ~ 0 O physics data
= b — 25 B -
0.6
| -~ 120 3.0—
04| 15 :
B —10 250
0.2— ] B
— ] [ 5
- 5 B 3 310
| GERDA17-07 20— - [ -
0.0 P R IRt N A RS T BRI B - ~ 400" S 104k
Jan/16  Mar/16 May/16 Jul/16  Aug/16 Oct/16 Dec/16 Mar/17 ~ b= &
date = § L < 10°E
15— 200~ 3
- 10?
) 0 B 0%=9460 7280 1500 1520 1540 2600 2610 2620
* Dec 2015 to April 2017, 93% duty cycle [ | eneroyleV] energy [keV]
. [ | ] | L1 | | [ | ] | L1 1
» Weekly calibrations with 228Th sources 500 1000 1500 2000 2500

energy [keV]

* Energy reconstruction with ZAC filter FWHM at Qgy;

Coaxial: 3.90(7) keV
BEGe: 2.93(6) keV

K. Gusev | ICNFP 2017 18
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GERDA

Performance
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GERDA

Previous Phase Il results (Phase lla)
£ u‘mm[l:r M Jos
g | ! : ARTICLE Nature 544 (2017) 47
-.E 08— i H 3 é doi:10.1038/nature21717
N s 4.3
0sl = ] Background-free search for neutrinoless
. S Ei double - decay of "°Ge with GERDA
l].4_— +l _515 The GERDA Collabor.
ol Ph“‘j’;"// ,m\_gm Phase lla exposure: n: “1” ¢
i/ i e g\ Coaxials: 5 kg yr mus‘sn WoNDER
00016 Marns May16 Jul16 AuglE Oct16 Deci18 Mar17 BEGe: 58 kg yr :

* New Tl/zﬂﬁ limit from Phase | & Phase lla data:
v’ Sensitivity: T/, 1/2 > 4 x 10%5yr (90% CL)

v Limit: Ty, > 5.3 X 102%yr (90% CL) E i
* Background index (Bl) for BEGe: 0.77}% x 107 3cts/(keV kg yr)
4

< 1 count in ROl up to design exposure (100 kg yr)

background free!

K. Gusev | ICNFP 2017 20



GERDA

Current data takin

-
o

o
o)
L L B ==

34.4 kg yr
23.3 kg yr
(unblinded in June 2017)

live time fraction

0.6

analysis

0.4 exposure -

10.8 kg yr 7
(unblinded in June 2016) 5

GERDA 1707
00 Il L | L 1 ‘ 1= | L 1 | 1 1 ‘ 1 L | L 1
Jan/16 Mar/16 May/16 Jul/16 Aug/16 Oct/16 Dec/16 Man’1g

& > a

0.2

te

o
»

< »

P
e

Phase lla Phase llb

+ Only BEGe dataset unblinded (12.4 kg yr)
« New coaxial data (11.2 kg yr) still blinded:
« Background similar to Phase lla

exposure [kg-yr]

Data taking is ongoing

Phase Il exposure increased by x3 with
respect to Nature paper (Phase lla)

Valid exposure accumulated 34.4 kg yr up to
Apr 15t (Phase Ilb)

e 18.2 kg-yr of BEGe data
* 16.2 kg-yr of Coaxial data
A few more kg-yr already available (Apr-Aug)

- Can be improved further by better rejection of a-s from the groove

« Work on better a cut is ongoing
- Total unblinded exposure: 23.3 kg yr

K. Gusev | ICNFP 2017
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GERDA
Spectra

After LAr veto:

> :

210 enriched coaxial - 16.2 kgyr [ 1 priorliquid argon (LAr) veto

& I after LAr veto

T 3

2 10 ——— Monte Carlo 2vBp (T, =1.92-10%'yr)
g 50 keV blinding

8 102

T T T I T T T T T T T T T T T T | T T T T I T T T T T T T T T T T
>
1] 4 = - 45
> 10 ) K ~
0 = 400\ “K z
S ST = e :
B 10 -g EC o
= B 5 200 5
=} <]
o L&
o 1p° .

1460 1480 1500 1520 1540
energy [keV]

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

After LAr veto + PSD:
= :
g . . :
o 10* enriched coaxial - 16.2 kg-yr ; [ 1 priorliquid argon (LAr) veto
P [ after LAr veto
3 .
§ 10 ; I  =iter LAr veto and PSD
2 - 50 keV blinding
10 |
1 |
} T T T T T I T T T T | T T T T : T T T T T T T T I T T T T I T T T T T T T T T T T T I T T T
2 . : > C
w 10 enriched BEGe - 18.2 kg-yr ' E s
. K K i £ B K 42 5
c 10 'Q c K =
= L Bp 3 200 H
° 10° 0_ . . 210
1460 1480 1500 1520 1540 Po

energy [keV]

1
BEGe PSD removes all a-s!
1500 4000 4500 5000 '
energy [keV]
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GERDA
New unblinding (Cracow, 30tof June 2017)

‘ - after all cuts 50 keV blinding v lines ‘

1E !
E Phase | 'a 23.5 kgyr
- i BB

5
=
<
[=}
i
w
(o

107

BEGe dataset (18.2 kg yr)

102§

counts / ( keVkgyr)

10°

1 E_ T T : T T T
E Phase |l - enriched coaxial 5.0 kgyr

Counts | Bl at QBB

in ROl | x103cts/ (keV kg yr)

Before 2 0.579:3

counts / ( keVkgyr )

E Phase Il - enriched BEGe | 18.2 kgyr

107" 3

counts / ( keV-kgyr)

1950 5000 2050 2100 5150
energy [keV]
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GERDA

New unblinding

1

1072

counts / ( keVkgyr )

107°
1

107"

107°

counts / ( keVkgyr )

10° g

counts / ( keV-kgyr)

107

K. Gusev |

107"k

107" E

102

| - after all cuts 50 keV blinding vy lines
?Phaﬁe | a 235kgyr B
B - [
_ 2
@
; Phase Il - enriched coaxial 5.0 kgyr
e :
- Phase Il - enriched BEGe 18.2 kgyr
1950 2000 2050 2100 2150

energy [keV]

ICNFP 2017

BEGe dataset (18.2 kg yr)

Counts | Bl at QBB

in ROl | x103cts/ (keV kg yr)

Before 2 0.579:3

After 4 L
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GERDA

New result

Full exposure (46.7 kg yr)

B afteralicuts  —— T, =8.040% yrlimit (90% C.L.) |

1= |
o L | ;
3 0 | :  Phase | (4 sets) 23.5
£ 107 Phase lla — coaxials 5.0
8

103k Phase llb — BeGe 58+12.4=18.2
_ = B == ‘ .
S - Phase Il - enriched coaxial | 5.0 kgyr
2 1 u | Profile Bayesian
3 0 | likelihood flat prior on
g C I 2-side test stat. cts
g7 | :
§ E | OvBBlcts best fit 0 0

10° - : value (cts)
. 1; T ; T : ] :i : T ; . 1‘ ] OVﬁﬁ L.
s - Phase Il - enriched BEGe | 18.2 kgyr T1/2 lower limit > 8.0 (90% CL) >5.1(90% CL)
3 : (x 10%°yr)
5 107 |
= i T10/1;Bﬁ median
8 | (x 10%3yr) \

107 - I

1950 2000 2050 2100 2150
energy [keV] Best in Ovfp field!
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GERDA
First background free OvBp search

* Phase Il is successfully taking data since December 2015

2

. GERDA Phase I+l sensitivity
* Background design goal reached: 18 I (limit setting analys

allalyciS)
v Blin ROI for BEGe ~ 103 counts/(keV kg yr) M median

. . 1.6 Lo I 68% prob.
I best Bl in ROl ever achieved! 20% prob.
95% praob.
1.4 o 99% prob.

data release
2017

* GERDA will stay background free up to 100 kg yr
* Sensitivity goal (~ 1026 yr):
v’ should be reached in 2018

1.2

1 |-

os | datarelease | /.
2016

New Tlo/gﬂﬁ limit from Phase | & Phase Il data:

0.6

90% C.L. lower limit on Ty, [10% yr]

4 i A

v’ Sensitivity: Tlo/v2 > 5.8 X 102°yr (90% CL) |
(best in the field) >

2 |- -

l

0 i y o
2012 2013 2016 2017 2018 2019 2020

v Limit: Ty, > 8.0 X 102°yr (90% CL) ime by
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Beyond GERDA
LEGEND project

LEGEND (Large Enriched Germanium Experiment for Neutrinoless B Decay):

v’ Collaboration formed in Oct 2016
v" First stage with 200 kg of 76Ge in modified GERDA cryostat at LNGS

1
107"
— IH (Amy3°<0 ]
% (Am3y3°<0) Toy > 1027-1028 y
— 102} =
bt P ; ///
S —— i
NH (Amj3°>0) / Tonne size detector(s)
10-3) Zero Background
\\\
10—4 . . M| . I . . L . . .
1074 1073 1072 1071 1

M lightest [ eV]

More about LEGEND in my talk on Aug 29t & ICNFP17
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Additional slides
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Phase Il upgrade
LAr veto

E} E 25Th calibration run (pilot string)
: o - I orior liquid argon (LAr) veto E
s T Z10°s o I after LAr veto =
energy chain -E’- g after pulse shape discrimination (PSD) 5
2 10° e I after LAr veto and PSD o

© 1650
energy [keV] I
10*

glove box

i~ Cu cylinder
with tyvek foil

ol amplifier

z 1000 1200 1600 1800 2000 2200 2400 2600
SiPM 00 0f 60 80 00 0f Of 60

energy [keV]

fibers
Ez E ***Ra calibration run (pilot string) .
a5 o o~ I prior liquid argon (LAr) veto 2
germanium A P I after LAr veto g
detectors ."E" g after pulse shape discrimination (PSD) 5
g o I after LAr veto and PSD ©
]

2100
energy [keV]

S
e

1400 1600 1800 2000 2200 2400 2600
energy [keV]

v works well
v’ suppression factors depend on isotope, location and detector configuration
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Phase |l

detector array

2
(@) e 7 strings of detectors
g * 30 BEGe detectors
e 10 semi-coaxial (Phase |) detectors: 7 enriched + 3 non-enriched

v Dense packing of detectors allows
better anti-coincidence cut

v’ Each string enclosed by transparent
nylon mini-shroud against 4?K-ions:

"
C ‘- 4 [ Bare BEGe (scaled)
10" = R \Vith nyion MS
‘ > = HEE PMT cuts
Y X Q = I 89% PSD + PMT cuts
" - f I 73% PSD + PMT cuts
|
. ’g_ 10° =
% =
LA * 8
‘ b’ ,k:" ; © 02 Ill 1 |
= 2 154
RG]
N7~

S

byt

A

ksl
Vs ol it o e i 5

o

"

o

-1 1 L
! Q1 400 1600 1800 2000 2200 2400 2600 2800 3000

A

energy [keV]
Suppression factor > 1000 for 4?K bkg has been demonstrated

in LArGe test facility (nylon mini-shroud + PSD + LAr veto)

~—
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