First results from the GERDA
experiment
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®» Double beta decay: 2vBpB and Ovf3
» The GERDA experiment
» First results: The 2vBp half-life of °Ge

» A look into the future



\

Majorana
V=D

If OvBP is observed:

Lepton number violation AL=2
Neutrino has a Majorana mass term
Sheds light on absolute neutrino mass scale
Sheds light on neutrino mass hierarchy
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® allowed by SM

® AL=0

® observed in many isotopes
y T2"1/2~1019-1021yr

D 1=N2v . »|2
o (T, )1=G> (Q,,Z): |M?'

! AN

Phase space nuclear matrix element
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Lightest neutrino mass

® Forbidden process in SM, needs Majorana neutrino
® AL=2
y (T""llz)'1 = G (QBB,Z)- IM%|?2: <m_ >

/ BB
Phase space (~Qﬁﬂ5) <m, >’=[3 |U [e“m [
nuclear matrix Ma]orana neutrino mass

element
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Mt
S ~~ E . f .
BI'AE
S: sensitivity t _: measurement time
g: efficiency . BI: background index
f: abundance of Ovpp isotope  AE: energy resolution at Qg

M: detector mass

Advantages of Germanium:

9 High €: Source = Detector

9 Small instrinsic BI: High purity Ge
2 Excellent AE: FWHM ~ (0.1-0.2)%
9 Well-established technology

Germanium detector

Disadvantages of Germanium:

® High external BI: QBB=2039keV

® Small f of "°Ge:
7.8% — Enrichment needed!
® Limited sources of crystal &

detector manufacturers
® Small G» (QBB,Z)



HdM IGEX
Location INGS Homeétake, Baksan,
anfranc
Exposure [kg-yr] 71.1 8.9
Bg [cts/(keV-kg-yr)] = 0.11 0.17
T,, limit (90% CL) [yr] 1.9-10% [1] 1.6-10% [2]

[1] Eur. Phys. J. A12, 147-154 (2001)
[2] Phys. Rev. D 65, 092007 (2002)

Claim of signal from part of HdM:
T ("°Ge) = (0.69 - 4.18)-10%yr (30) (Best fit: T, ("°Ge) = 1.19-10%yr)

1/2

Phys. Lett. B 586, 198-212 (2004)
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tor Array (GERDA)

The GERDA collaboration

11 members, 19 institutes, 7 countries

b

® Bare “*Ge array in liquid Argon

® Shield: high-purity liquid Argon / H O

® Phase I: 18 kg enriched coaxial detectors (~86%)(HdM/IGEX)
® Phase II: add ~20 kg new enriched BEGe detectors

® For future ton scale experiment: Merge with Majorana collaboration
(already open exchange of knowledge and technologies)
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Phase I: @ reach sensitivity of T

RDA pnysics goal

= 2-10%° yr at 90% C.L.

1/2

®<m > < 0.23-0.39 eV
® - check claim!

Phase II: © reach background of 102 cts/(keV-kg-yr)
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90% prob. lower limit T [10*y]
o

» Exposure of 100 kg-yr - T, > 1.35-10*°yr
v <m > =< 0.09-0.15 eV
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Phys. Rev. D 092003 (2006) F. Feruglio, A. Strumia, F. Vissani, NPB 659
| === No background 1 A
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Low background rate
Seefor Etrun
BI AE
PN

Possible backgrounds:

External:
® vy from Th and U chain
® neutrons
® 1 from cosmic rays (prompt and delayed)

Internal:
® cosmogenic °°Co (T,,=5.3 y1)

® cosmogenic **Ge (T,, =271 d)
® Radioactive surface contamination

Chyr 100000 caamis ray paricles
fram sgpce pass thrauwgh yeu

eery lvour.

b

g x';-.". TR
ou breathe in _.-1'J‘ T Thi Toeod sy gal
radlcact=e atoms, Ak ) “H._ canlains radioaetive
and ahaud 30,000 C.___h'! {7 atoms. About
decay in your lings /1y 15 million petassium
each hour. i y atoms decay cvery
hiowr inside you

"

Matural radioactivity in the earth and in
bullding materials sends ower 200 million
gamma rays throwgh you cvery hour.
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GERDA situtated in gadie = ~#080Q mw, ex ; Ny
LNGS underground S o h I N e U
laboratories B “ AR SR NN = X

=) suppression of
cosmic ray muons by
factor 10° by overlaying
rock

== hadronic
components of cosmic
rays removed



Background reduction

® Graded shielding against ambient radiation
® Rigorous material selection, avoid exposure above ground for detectors

Phase I array:

Foamal detectors

Ultrap water /_‘g{ |
(580m%): n moderator, 'qgh 7 —
Cheren medlum for n ' b
veto v
. E N | :
i'i:‘r:
b

B

and coolant
Option: active veto

arXiv: 1212.4067



MSE

Point-like (single-site) Multi-site energy deposition
energy deposition inside one inside HP-Ge diode (Compton

HP-Ge diode (Range: ~ 1 mm)

Signal analysis:

® anti-coincidence between detectors
® pulse shape analysis (PSA)

scattering)

Example of charge pulse
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Glove-box for Ge-detector handling and mounting into

)mmissioning lock under N, atmosphere installed in clean room

Unloading of vacuum cryostat
(6 March 08)

Produced from selected

low-background austenitic steel




Data taking

9 November 2011: Start of Phase I
All 8 °Ge + 3 "*'Ge coaxial detectors deployed in GERDA
(2 ®Ge detectors cannot be used for analysis due to high leakage current)

7 July 2012: Insert 5 **Ge BEGe detectors
(Remove 2 ™'Ge detectors)

9 Nov 2011 - 5 Jan 2013:
341 live days / 15.16 kg-yr enr exposure
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Average|duty
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Tempegrature instability
Temperature instability
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Calibration spectra for °Ge detectors with 228Th source
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Stability of the resolution
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energy resolution for Z*Th @ 2614.5 keV
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Energy resolution and PSA properties

Detector

Agamennone (GD32B)
Andromeda (GD32C
Anubis (GD32D)
Achilles(GD35B)
Aristoteles(GD35C)

E resolution
[keV]
2.88+0.02
2.84%0.02
2.96+0.04
3.671+0.05
3.09 + 0.06

A/E res.

1.5%
1.7%
1.7%
1.9%
1.7%

AJ/E res. HADES

0.8%
1.3%
1.6%
0.6%
1.7%
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scaled to exposure of enr. coax

GERDA 13-01
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Data blinded between 2019 keV and 2059 keV



counts/kg-d-keV

10

10

10

10

natGe (3.17kgyr)

enrGe (6.10 kg-yr) %

HoM (TL7keyr)R gte HdM:I
[cts/(kgyr)] ©BTCO aXla]'

isotope energy | tot/bck rate tot/bck rate rate
[keV] [cts] [cts/(kg-yr)] [cts] [cts/ (kg yr)]
40K 14608 | 85/15 21738 125 / 42 155182 181 + 2
60Co  1173.2 | 43/ 38 < 5.8 182 / 152 gt 55+ 1
1332.3 | 31/33 <38 93 / 101 <31 5141
37Cs  661.6 46 / 62 2330 335 / 348 <59 282 + 2
228Ac 9108 | 54 /38 51+%8 294 / 303 <58 20.8 & 1.6
968.9 | 64 /42 6.9732 247 / 230 2. 7hEE 17.6 £ 1.1
20871 5832 | 56 /51 < 6.5 333 / 327 <76 36 + 3
2614.5 9/2 AR 10/0 15502 16.5 £ 0.5
24php 352 | 740 /630 3411124 B 1770 /1688 125190 | 138.7 £ 4.8
214Bi  609.3 | 99 /51 15:113:2 351 / 311 gigtst 105 + 1
11203 | 71/ 44 gD 194 / 186 <6.1 26.9 + 1.2
17645 | 23/5 . i 24 /1 i1 g 0.7 £ 0.7
22042 | 5/2 0.8407 6/3 0.410-4 8105
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00

taken from Eur. Phys. J. A12, 147-154 (2001)
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IAr s otem Lo |
® 1.01 Bq/kg, T, ;=269 yr ;zzzé:
® pure P emitter, Q-value=565 keV o
— below region of interest wwof |
1000%— \M' e
12Ar R ]

energy (keV)

GERDA proposal: “*Ar/"Ar < 3 x 10! (Barabash et al. 2002)
GERDA measurement: Count rate at 1525 keV ~ 2 times expectation

o+ 329y

a7 W = 12.360 h > . . 3
18Ar B 42K B\ % B enriched coaxials, 13.65 kgxyr —| 2
19 = = B :
5250 enriched BEGes, 1.51 kgx yr e
Q,,_600 8 L
¥ Q; 3525.4 keV - scaled to exposure of enr. coaxial
200—
CE— : 3 3
= X~ X
20Ca 150}— - 0
B (o] o
12.360 h B S 2
—} |
o N
15K - 1001~ N N
Qy =3525.4 o R = X 4
007% 50, 3 ; v 3446.96 55 1, B
R . - - 50—
IR RIE £ g :
0.34% 997 o* :2" 's) 1837.3 m
st Y o ; ; ol s |
17.64% 1400 1450 1500 1550 1600
190w gt 0 y L energy (keV)

81.9% 35Ca




Reglion of Interest

Background rate in ROI (QBBi 100 keV, blinded window excluded)
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5

MWL‘LM‘WMJH ]l mn_nﬂ'w_nﬂﬁ hﬂﬂﬁnﬁ%ﬂﬂnﬂnnﬂlﬁﬂﬂnﬂﬂ 0.

0
1600 1800 2000 2200 2400 energy (keV) 2600

Enriched coaxials: 0.022+0.003 cts/(keV-kg-yr)
(0.017%0.003 cts/(keV-kg-yr) excluding 1.30 kg-yr period with higher
background following detector substitutions in July)
=) factor ~6-8 lower than previous experiments (HdM, IGEX)

10

| enriched BEGes, 1.51 kgxyr |

[{=]

counts/(5 keV)

Jé HHNHHNM“THHHH.HHHHH.[ [ WHHHN.HH 1
1600 1800 2000 2200 2400 gnergy (keV) 2600
3 . 0.015 Jka-
Enriched BEGes: 0.041° 0.012 cts/(keV-kg-yr)

(No pulse shape analysis applied yet)
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Sum energy spectrum
Fit range: [600,1800] keV | =

I - Detector anti-coincidence _ 8
— % cut applied o
- 5 8796 events E 3
= % Probability § =l——
= 2VBB ~63.5% “| [Probability
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Binned maximum likelihood approach

Ingredients:

® 6 energy spectra from *Ge detectors (30 keV bins)

Single detector
energy spectrum:

Counts/(30 keV)

j | L L L I
EIJO 800 1000 1200 1400 1600 1800
Energy (keV)

® Model: Simulated spectra of 2vpp, 4°K, *°K, for each detector

o 20BB in « 22K in LAT

- active " (uniform) i

= vOmET Y 2uppin - oK (close|| 1

. deadlayer= | source) .
S Bo a0 en e 1222@”.@13“ Energy (keV)
*Distribution from

T TR IN N N ST T SO S T N ST T IR B Y
DECAYO (V I Tretyak) Qo s0o " foo0 1200 1400 1600 1800 bo 800 1000 1200 1400 1222@,(;(51800

ergy (keV)




Wleagurement ol

Binned maximum likelihood approach

Ingredients:

® Information on active masses and enrichment fractions:

detector | total mass actlve mass ®Ge isotopic
() (g) abundance (%)
ANG2 2833 2468+121+89 86.6+2.5
ANGS3 2391 2070118477 88.31+2.6
ANG4 2372 2136+116+79 86.3+1.3
ANGH 2746 2281+109+82 80.6+1.3
RG1 2110 1908+109+72 89.012.0
RG2 2166 180099165 89.012.0
v

uncorrelated correlated

Average active mass fraction: (86.7+4.6(uncorr.)x3.2(corr.))%

Average enrichment fraction: (86.3+2)%



h
N
C

Wleagurement ol

Binned maximum likelihood approach

Tool:

® Bayesian Analysis Toolkit BAT
Caldwell A., Kollar D., and Kroninger K. 2009 Comput. Phys. Comm. 180 2197

Directions:

® Define the parameters:
® Active detector masses (6+1)
® Fraction of enrichment in 7°Ge (06)
® Background contributions (3x6)
B (1)

nuisance
parameters

® Run the fit

e Integrate over all nuisance parameters to derive posterior for T ,



T, ,= (1.84%%9 ;) - 10?' yr (smallest interval 68%)

-0.08

Uncertainty includes uncertainties on nuisance parameters,
especially on active masses and enrichment fractions

p(t21|data)

4.5

Posterior
probability

3.5

2.5

Prior
probability

1.5

0.5

To2 (107yn)

Crosscheck:
Fit each detector separately — results mutually consistent (y?/v=3.02/5)



events/(30 keV)

events/(30 keV)

data/model ratio

500

400

300

200

100

e experimental energy spectrum E
model  ---- 2vpp =
] 68% e 2K &
4DK a
R 214Bi
. [l
_'..: ?\!L‘l.-‘ g
|__.--l-l N i

2.5 I L] datafmlodel I
[ 68%
2.0 ) 95% Jl.
1.5 [ 99.9%
o ——C ol
. . "
05 "
600 800 1000 1200 1400 1600 1800

energy (keV)

Data: 8796 events

Best fit model: 8797.0 events

2vPBp: 80%
2K: 14%
214Bj: 4%
WOK: 2%

p-value: 0.77



i\~ (= 'r r A 12' 2 g -~ r - Pl <
Measurement or 1-*, ,: Systematics
Source of uncertainty Uncertainty on
. T2  [%]
Source positions 1/2
\ Energy spectra from “2K, 4°K, 2!*Bi +2.1
De(éla% distribution | . ghape of the 2vpp decay spectrum +1
mode
Precision of the Monte Carlo geometry =*1
model
Dimensions, Accuracy of the Monte Carlo tracking +7
materials, ... Data acquisition and selection +0.5
Total +6.2

Validation of GEANT4 -3.3

processes




Wleagurement ol : Result

- - — 1/2
Final result:
+0.09 +0.11 o 21 —_ +0.14 o 21
(1'84 -0.08 fit -0.06 syst) 10 YT (1'84 -0.10) 10 yr
=220 5
a0 2 :
= E g o = -
T8 2 % k. .} }
: T E + g } this work
16F g s
- |z B }
1'4—_ & Barabash
- '—T [
1.2 > |8
: E [ ] E‘
1.0— - il
E } NNDC
0.8 —
1 1 I 1 1 1 | 1 1 L 1 1 1 1 1 1 1 1 1 | 1
1990 1995 2000 2005 2010

publication year

® Superior signal-to-background ratio
— uncertainty comparable to previous measurements despite much
smaller exposure

® Good agreement with re-analysis of HdM data
HdM-K: Nucl. Instrum. Methods A 513, 596 (2003)
HdM-B: Phys. Part. Nucl. Lett. 2, 77 / Pisma Fiz. Elem. Chast. Atom. Yadra 2, 21 (2005)
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76 o II]I]NIU 4

Calculate M?® |
(With phase Space faCtor from [1] ): TI“:_ —— Olevelsms. [ == 13 levels m.s.z
I — 21 levels : 21 levels m.s.

6.0 —

experimen

0.133+0-:004 MeV-!

-0.005 [
5.0 -

WP

W

— decrease by 11% compared to /2] oo
'Eaml—

— well consistent with M?’derived from (d,?He) ;
and (°He,t) charge exchange reactions e

al: 2 o

\ 3 B\ i
\ i |
\ =L \ B

1.0 - \

Relation between M2 and M° /2;/:
— Decreasing M?” == decreasing M [ N7 ]
[]{[’Jﬁ {34 Ul"’ (Y XH] 1}7 E]J ””IEI]!%IHI'UA” 0 ”:EI].IJ
M> [MeV')

M> [MeV']

Relation between M?2» and M%»
(taken from /2))

[1] Kotila J., and Iachello F. 2012 Phys. Rev. C 85 034316
[2] Rodin V. A., Fassler A., Simkovic F. and Vogel P. 2006 Nucl. Phys. A 766 107,

erratum: 793 (2007) 213



Phagse 1T detector production

Production of 30 new **Ge BEGe detectors (~20 kg):

% Crystal pulling at Canberra: Oak Ridge, TN, USA

BEGe acceptance tests: Hades, Belgium
(Tests of detector performance and properties)

X Electrical contacting : Olen, Belgium



LArGe: Low-background
test facility at LNGS

Detection of coincident LAr
scintillation light to discriminate
background

lock
for Ge-detector deployment

copper cryostat

inmer & = 90 cm, height = 205 cm
LAr volume = 1 m3 (1.4 t)

coated with WLS mirror foil

PMTs
9« 8" ETL 9357
coated with WLS

LAr

detector strings
up to 3 strings
(0 Ge-detectors)

photons
graded shield

15 cm copper

10 cm lead

23 cm steel

20 cm polyethylene
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without veto mmmsm |
with LAr veto ]
with PSD cut — 3
with veto & PSD — |

10° | Wm ‘W‘h‘ll.l'l IIHI_Imhlthl_‘J‘liwllhlIM%H'II I| I|'|I| '*"\'H'IW‘ fi
energy [keV]

Operation of Phase II proto-type detector in LArGe:
Combining PSD of BEGe detector and LAr veto:
Measured suppression factor for a ***Th source at G = 5-10°

Also other designs using SiPM's investigated
— avoid additional background!



® GERDA Phase I collected about 15 kg-yr of enr data so far

® Background in ROI about factor 1/10 compared to previous
experiments

® First result using 5 kg-yr of data: T**, ,= (1.84*%" ) - 10*'yr
The GERDA Collaboration, J. Phys. G: Nucl. Part. Phys. 40 (2013) 035110

® Phase II detectors produced and tested



Additional material



Data acquisition and analysis of the "°Ge double beta
cxpcrimcnt in Gran Sasso 1990-2003

Phys. Lett B 586 1 98 212 (2004)
.11 ¢ts / (keV- k *yT)

87 evey gc%:~60)
\ 7_ & \\ ]
TOATATITETT ,}- S-.._
2%00 2010' : 2020 ’2030 2050 ‘ JO;‘D

Energy, keV

Fig. 17. The total sum spectrum of all five detectors (in total
10.96 kg enriched in 7Ge), for the period November 1990 May

2003 (71.7 kg vear) in the range 20002060 keV and its fit (sce
Section 3.2).

Comparison: IGEX

116.75 mole. years - 8.87 kgy in 76Ge

1,2(0\,) >1. 57x1025 yr (90% CL)
<m > < (0.3-1.1) eV

2038*.5 keV

Counts /2 keV

2030 2040 2050 2060
Energy (keV)

® Nov 1990 - May 2003
® 71.7 kg-yr
® 4.20/60 evidence for Ovpp

® (0.69 -4.18)-10% yr (30)
Best fit: 1.19-102> yr
Phys. Lett. B 586, 198-212 (2004)

2.23+O.44 .1025 yr

-0.31

Mod. Phys. Lett. A 21, 1547-1566 (2006)
Criticism in arXiv: 1210.7432

om = (0.24-0.58) eV

(best fit 0.44 eV) /
0.32+0.03 eV

Note: statistical significance
depends on background model!



detector | total mass  active mass "6Ge isotopic Tf;’z
(2) (2) abundance (%) | (10%* yr)
ANG2 2833 2468+121+89 86.6+2.5 1.9975 75
ANG3 2391 2070+£118+77 88.3+2.6 169
ANGA4 2372 2136+116=79 86.3+1.3 1.047 o2
ANG5 2746 22814109482 85.6+1.3 1,997 053
RG1 2110 19084109472 85.54-2.0 194t =
RG2 2166 18009965 85.542.0 (B2 i

v2/v=3.02/5



From arXiv:1211.3863v1 [hep-ex] (2012):

10%°F T ey
i % ] “Combined result for 3¢Xe
I / 1 refutes the OvBp detection
vl claim in 7°Ge at > 97.5%”
By
v 4 |4 . .
D 10°F e - Comparison depends on matrix
L | ] L ] calculations
2 — GERDA will check claim
3 independently from calculations
1024 ! I Lol | ! L1
10% 10% 10%°

136

T,, "~ Xe (yr)



Neutrino Mixings

Weakly interacting and mass eigenstates are independant basis ’fg — ’fz
-,
ve) Uet Uer Ues |my) -V,
‘V,u> = Um U)ug Uﬂ-3 ‘m2> mi
‘ vr > UT1 UT2 UTS ‘ m3 > atmospheric
By atmospheric
—is m?l ~2X10~%eV?
C12€13 - 512613 . sjge” 13 solar~7x10"eV2
Um' = | —s12023 — 012523513"?:"‘3 C12Co3 — 5125235138"",13 533013 o
S12Cp3 — C120p35138'°13 —C1285p3 — S12023513¢ 013 %3613
0
What we know: What we do not know:
y m22-m 12=Amsun2 ® Absolute mass scale
° mzz_m12= Amatmz ® Mass hierarchy
0 —o ® Phases (613, o, (x31)
) B
12 sun ® Nature of the neutrino mass
2 e23=eatm

(Dirac or Majorana)
00,



charge [a.u.]

current [a.u.]

»s  Shockley-Ramo
*  Theorem:
4 Q)=-q® (X))
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Adq140_mini-shroud (MS):
;:_mf_ before MS (0.59 kg-yr)
“F after MS (0,37 kg-yr)
1‘5.0 1 B T B T B T
Energy (keV)
~70cm
b " =140
MS i/ 21200
S gmof VS—MS=+7OOV (0.19 kg'yr)
60—
Sirva @i}
hroud (alréady 20 V=400V (0.37 kg-yr)
installed to prevent 1‘53@]@@#%“15'0&' "'1|'5|£ﬂ5' 600 LAl 7650
222Rn concentration) Energy (keV)
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