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Neutrino mass: non-SM effect?

possible neutrino mass terms (v has no electric charge): not only Dirac

Ly, =mpV, va+m, v, (v) +mg. (v, ve+h.c.

H: H  /H

G ———— -
VR v (vpe v VR (VR)©
AL=0 AL=2 AL=2

v, couples to Standard Model W,Z bosons, vy does not (SM singlet)
Mp ~ normal Dirac mass term

m, mg new physics

eigen vector N~vgp+ (VR)¢ v ~v +(v)C Majorana particles
mass (m, ~0) Mg mp? / My

In general: expect Lepton number violation & neutrino = Majorana
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How to observe AL=2: 0vpBp

Look for a process which can (only) occur if neutrino is Majorana particle

3
coupling strength ~ mﬁﬁzz Uzel.mi
i=1
function of
- neutrino mixing parameters
- lightest neutrino mass
- 2 Majorana phases

also possible: heavy N exchange

3
~ coupling strength ~ Z Vi./M.

I
i=1
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{Mggl [EV]

LHC vs OvBB: other mechanisms

extensions of SM — other contributions to OvB[3 possible, example LRSM
LHC might find Wy and/or AL=2 process
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vl -1 |
10+ | 1071y LHC
5 S 1072 f
S SHIP
il S 1077 ——
.:'f: 10—_1 : .,
. = current Ovpp_—
102 F T iz 0 10725 s
- 3o Range - Prior —— E E ‘:‘!sf ] IID_{J , .
| Posterior ; |. 1{]-]‘ A . ] i ] ] ] ] ] | | | | 1 ] |
W% e x R — 1 2 3 456 7 8 9 10111213 14 15 16 1
1075 104 1073 1072 101 109
my 5 [eV] H""L-FH(TE V)
AL=2 at LHC

o=

==

LNGS, 29 June 2016

best case: find s.th. at LHC and Ovfp and
lepton flavor violation u — ey
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Neutrinoless double beta decay

masses of A=76 nuclei -

E . 76Rb
TBZn B_ B+
765 ;
Ga EC —
. — ¥ 15Ky
L 7By
P
%Ge .. 1P
Q=2039keV ‘Togg
30 31 32 33 34 35 36 372

"single” beta decay not allowed
—» only "double beta decay”

(AZ) —»(AZ+2) +2e +2v AL=0
(A,Z) "(AZ+2) +2¢e AL=2

OvBp: search for a line at Q value of decay

experimental signature for f

5 i
BpRoOv
0.6 — //" \\\ \ 7
Vs
. N _
£ /’ ,\ AN
: 04} / BB2v N\ -
, N\
2 I/ \\ ]
/
02+ [/ \\ N
/ \
/ \\ |
»-I/ \\
/ 1 1 . ¢ | 1 - 1 ﬁ\ P
0.5 1

sum electron energies / QBB

Note: similar process in principle also
observable at accelerator or reactor or ...
For light Majorana neutrino:

- background too high

- flux too low compared to Avogadro N,
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GERDA: Ge in LAr @ Gran Sasso

lock & glove box iy — basic idea: use clean &
for string insertion A s | low Z liquids for shielding,

T S active veto (no dead mat.)

= Ge detectors
i | ("°Ge ~ 86%)
& {1 3ﬁ ]

I'

EPJ C73 (2013) 2330 based on idea of G. Heusser (1995)
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GERDA Phase | result for OvBp

counts/keV

T fit 90% C.L.limit ] L] without PSD events +20 keV blinded

2 B with pulse - -
shape disc. after calibration+selection finished
o — unblinding at meeting

[y

in Dubna in June 2013

2025 2030 2035

no
(=)
o
o

=]

L . L
2040 2045 2050

21.6 k
sl Moo background interpolation - - - » exposure .0 Kg yr
e B 3| . 3 |3 backgr. 0.01 cnt/(keV kg yr)
S o = B|o 8 || after pulse shape cut
g r = & RIS
° L &

T1,>2.1-10”yr (90% C.L.)

na

e o5
1950 2000 2050 2100 2150 energy. [keV] (SenSItIVIty =2410 yr)
PRL 111 (2013) 122503.

Klapdor-Kleingrothaus et al -

PhysLett B586 (2004) 198
= Mg Qpg 5 | claimed signal: GERDA should see 5.9+1.4 Ovpp events in
/ MY f /\ - +26 interval above background of 2.0+0.3
& 1] U BINAUN, N probability p(N%=0 | H,=signal+bkg) = 1%, claim ruled out @ 99%
{ 1 il T i H (GERDA best fit signal count NO = 0)

0 4 L
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Transition to Phase |l

goals: 2x detector mass & factor 10 lower background
~ factor ~7 higher sensitivity of ~1.5 10%° yr (90% C.L.) limit

all hardware modified except for cryostat, water tank and clean room

8 (semi-)coaxial detectors 30 Broad Energy Ge det. (BEGe)
Heidelberg-Moscow + IGEX new detectors made by Canberra
17 kg total mass 20 kg total mass

¢
o

Phase | background: 208Tl, 214Bj, 42K, surface alpha
— measure all energy depositions (LAr veto) &
better detector pulse shape discrimination (BEGe)

LNGS, 29 June 2016 first data release GERDA Phase II 9



LAr veto of Phase Il

ST -y
7 strings in ‘
nylon cylinder |\, 4#

JY ¥~ T

Vet | | g

e, 810 fibers read out

m= == py 90 SiPM - 15 ch
L ¢ . | f' ‘

o =l
g

h=2200 mm
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Nylon mini shroud: 42Ar background

0+ 329
T—=2) 5, 12360h
2Ar Tk % LArGe test stand result
ol 1 ton LAr doped with 4?Ar, ~200x abundance of nat. Ar
Q. 600 s BEGe det. in nylon cylinder covered with TPB,
‘ =) LAr veto with PMTs
- — background suppression factor SF = 15 from nylon,
(charged) 2K drift in D'T limit volume from which 42K can be collected
fold of Ge detectors 2D(,“,a — LAr veto + Ge det. pulse shape SF ~ 70
> 10° s — e
e - —
g 10° =
3
10 |

10

o . 19%00 1600 1800 2000 2200 2400 2600 2800 3000
nylon from Borexino: thanks!!! Energy, keV
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counts/ 5 keV

Argon veto commissioning performance

10®

10

10°

10°

10*

226Ra calibration source 228Th calibration source

> - s ¢ E
= > ) 2 GERDA preliminary May 2015 3 10°E 28Th calibrat
I— GERDA preliminary June 2015 Ra calibration run w107 o J
\é anti-coincidence cut (AC) 2 = 3 E - L
= g X E - s F
= — AC+PSD 2 6l I'E
- Qo 10 = E ve
- AC + LAr veto E deteciors: r
= [ . "y | AC +LAr veto + PSD
= detectors: AC + LAr veto + PSD < 4/C, 1/D, 79C, 02B, 35B E ) . )
[~ 4/C, 1/D, 79C, 02B, 35B 107 =
= T . 1
= energy [keV]
- 10 .
=
10°
107
10
1 vl \ | l

1 1 1 1 1 1 1 1 L1 1 , S I =i i
L ‘ 1000 1400 1600 1800 2000 2200 2400 2600

600 800 1200

1 l 1 l 1 1
1400 1600 2000 2200 2400

energy [keV] energy [keV]

veto suppression factor 8513
combined with pulse shape

& anti-coincidence

veto suppression factor 5.1£0.2

combined with pulse shape

& anti-coincidence 390128

25+2.2

factors depend on isotope, location & detector configuration
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Detector holder & electronics

R

\ goal: pure materials like mono-crystalline Si
80 g Cu/detector - ~15 g Cu/detector
11 g PTFE/detector - ~3 g PTFE/det
1 g Si/detector — 40 g Si/detector
reliable electrical contact — bonding

original goal: JFET at detector
problems with feedback R and JFET, ...

— went back to 'Phase I' like readout:
entire charge sensitive amplifier
~ 35 cm above string

amplifier radioactivity reduced by x3to P |
38 uBg/ch 226Ra, 13 uBg/ch 228Th
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Phase Il start December 2015
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LNGS, 29 June 2016

»; ;j .1 l“” Wf pl \

‘il;“‘
|

first data release GERDA Phase 11

7 enriched coax (15.7 kg)
30 BEGe (20.0 kg)
3 natural coax (7.6 kg)

all channels working!!!
(2 BEGe not used for T,)
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LAr veto pulse height spectrum

200
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Pe re Pe Pe

i 1 read out all channel if Ge triggers

| - — offline veto
5 i 15 7 75 . 5 1 5 7 75 . i i TS5 > 75 :‘PE ik T 5 > 75 z‘PE
8o 800 -
. - all channels working
400 4001 400 . . -
- - gain stable with time
o 05 1 15 2 25 ZPE o 05 1 1.5 2 25 PE o 05 1 1.5 2 25 ZFE ot 05 1 1.5 2 2.5 ZPE

low noise —veto cut ~0.5p.e.

reject ~ 2.3% of pulser events

T E] g O o T z 3 3 o T 2 3 4
PE PE
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LAr veto
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Muon veto (ErJc 76 (2016) 298)

correlation CNGS beam & muon veto rate (arXiv:1601.06007)

ﬁ 40 ‘:_ . GEHDA“S-—L_— 40
E — ".:"l.' L] - -
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since 2010: 5 PMTs in water tank dead (no effect on eff.), >99% u identification, ~0.1% dead time
very reliable and stable
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Data quality

g example trace,'discharge event'
- ~50% of triggered events '‘unphysical’
62000 "WAAAA Easily identified by
wrong polarity, VYV - wrong polarity
0% fast risetime T - position of the rising edge
— Sa - rise time of edge
ringing _ .
56000 Applying to pulser events & vy lines
= — no loss of physical events
’ 0 20 40 &0 80 100 120 140 z _16::: =
= 800[+
- "
NGOk e ) without cuts.
Eqﬂﬂ-.--.-------.j--------..--.E ............ i. ............. 0 . H 40 42
5 : 5 5 with cuts ~100 % events remain in K, 42K peaks
! - - ; of physics data
u E'D'D':" ....................................................
1%00 1450 1500 1550 1600
Energy [keV]
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voltage [FADG reading]

Ge energy calibration: ZAC filter

digital filter constants convoluted trace

digitized input trace zero area cusp (ZAC) max = uncalibrated energy

ERDA 151

10000 = T '; ———————— finite length cusp — an [
= [} i =
B 2 20— Zero-Area constraint «©
B Zero-Area finite length Cus o 15F
8000 |- 3 " P T F
C a 15 £
: a = 10
68000 — @ g 5 e
- 1.0 E
= D =
4000 — E
B in 05 -5 F
2000 |— » 10 1 /
- Y] I S
B 15 :
. total filter !
Evoooo b b by e b b by | L | | 20 — | | 1 | 1 | 1
0 20 40 60 80 100 120 140 160 050 1wy v v b b
0 20 40 &0 80 100 120 140 160 0 20 40 60 80 100 120 140 160

time [us] .
time [us] time [us]

EPJC 75 (2015) 255: ZAC improves E resolution in case of low frequency noise (microphonics),
Phase |: average FWHM coax detectors 4.8 keV (gaussian) — 4.25 keV (ZAC) at Qgg

procedure: weekly 228Th calibrations — calibration curves
combined calibrations — expected peak position and FWHM
compare to 42K and 40K peaks in physics data — systematic
between calibrations: every 20 sec pulser injected into front-end
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Ge energy calibration: stability

shifts of reconstructed 42K peak position during Phase Il
all detectors combined

coax

- 1525 kel

1::- _.
tn - tn [
—_—

it
——
P E—

energy deviation [keV]
=

|
-

|
—
L ]

S
(4]
=] IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
e
- —
——
—

|
o

energy deviation [keV]
| = =] =
— o = o — o (%]
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_ BEGe R,
”}H”*}H}

shifts within £1 keV - 'small' compared to energy resolution of 3-4 keV FWHM
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Ge energy: combined data

Peak @ 583.2 keV/

« o Misan = 553351 +- 0001
*§ - ] sigema = 1007+ oo
© | Siep Heighi = 12255645+ - TH 308

FHM = 2357 o 0002 eV
Gaamsian Amp = 1016217754k 1705.4

Tadl Ampl = 158350562 »- 100E4.208
Tall Sigma = 1.450 +- 0043
Flal Bl = 34230443 « B2
Minu it HOT CONVERGED
ChZindof = 360797

combined calibration data

Peak @ 1620.7 keV

----------------------------

______________________________

FVHM = TE2 « 0L00S eV

"1 a=nossn07 2 2v RS

Gaussian Amp = 35734 525 ) 118257

Bean = 1620827 « 0004

Sigma = 1187 + 0004

B =-11587 & 1551
it COM VERGED

Cnzindot = 1.320
STy

Peak @ 2614.5 keV

1 | Baussian Amp = 552241 208
+ | Moan = 214,519 4 Lo

| sigma= 137 41 000

! | Biep Height = 1779445 o 5845
o | Tadt el = 40454 527 4. 524
o | 7am Sigma = 1230 s 00es

. | Fist kg = 232 208 o 1.3

* | MarwnNOT CONVERGED

Chizindod = 31572

- T14838

counts

...............................................

energy

) | PO

£ 240 . £

3 foc) =]

8 omE physics data BEGe 8 180
200 160
WE 40K 42K
1 Py

= 120
140 =
120 — el
100 80
80— 60
60— 40
40—
" E_ FWHM = 2.66 + 0.08 20

= o .
Tha 1560 1440

energy [keV] energy [keV]
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Ge energy calibration

FWHM resolution curves from calibration & physics data

> [ = '
gsz_— %33_— ‘\‘ K lines
z | BEGe =
- = coax
33— 3.6_—
na _ il
2_6:_ J{ K lines physics data 32
i - FWHM=sqgrt(a+bE)
i 31—
2.4/ — i
wil L1 L1 L T R -
500 1000 1500 2000 Eg%grgy[keﬂ 28 5[|)[) 'mloo' I15|tmI Iztnlt:ut:uI | Igiéir;y[lke\:q
FWHM @ Qgg 3.0£0.2 keV FWHM @ Qgg 4.0£0.2 keV

(add correction due to difference calib-physics)

comparison peak positions from literature value
— peak position uncertainty at Qgg ~ 0.2 keV
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Pulse shape discr. (EpJc 73 (2013) 2583)

Ovpp events: range 1 MeV electrons in Ge ~1 mm
— one drift of electrons & holes, single site event (SSE)

proxy: double escape peak (DEP) of 2.6 MeV y and 2vBp **°

background from y's: range of MeV yin Ge >10x larger
— often sum of several electron/hole drifts,
multi site events (MSE)

surface events: only electrons or holes drift

— pulse shape discrimination (PSD) to select Ovf33 events

'§20
e
— 10

LNGS, 29 June 2016 first data release GERDA Phase II

weighting potential &

1 semi-
| coaxial

n* contact
@ +4 kV

1 BEGe

-40 -30 -20 -10

p+
[

J 20 30 40

m]

current signal=q-v-V @
g= charge, v = velocity
(Shockley-Ramo theorem)
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PSD for BEGe

single parameter: o e el j
max of current A/ energy E " o :
normalize to A/E of DEP ewt i owf
comparison to physics 2vp

0 100 200 snﬁmeﬁ; 500 600 FOO BO0
{a) Trajectories {b) Charge and current pulses
calibration * hck, after LA//AC - bilnded region 16*1.3 MeV .l'.‘il Dln'k

70

counts calibration

60

A/E_, la.u]

50

1 1 IIIIIII
counts bar keround

40

()

'I'TTTTTI'T'I'T"’TI'I'I'I'I"IT'I'ITT'I'I-ITTTT'I'T

- Ll I .- .. l-l.. |..! -l-.l..l I.] L_L l Ll l Ll L l Ll 1 l L1 L
LD ((5'”“ 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 280 [(l].?]' 0.95 1 |._|].'FI 1.1 24
enerev [keV] A/E , [a.u.]




PSD for BEGe

228Th calibration: A/E versus energy for one detector
_AoE vs Energy GD32B

norm A/E |a.u.|

800 1000 1200 1400 1600 1800 2000 2200 2400 2600
energy [keV]

A/E lower cut (1-a) at 90% DEP efficiency, A/E high cut at 1+2a
single Compton scattered y — energy dependence of cut
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PSD for BEGe

3.

LNGS, 2

FWHM [%]

survival efficiency [%]
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A/E resolution of DEP events versus detector
a : : : : :
A
i ; A i -
AAA '_ i o 5 g g A
z : AA z 3
i AA @ ]
. A A 4 -~ . A
B A i
top in strirg (a) :
L L I | L ik ILJ I l 1 1 :7 1 | I Il 1;[ L1 L L l Ll L
b 10 15 20 25 30 35
channel number
« pDEp = Compton(Q. *35keV) + FEP2614keV v FEP1620keV  © SEP
** 4 g a0 ¥ s ! s F a0 3. ¢ @ - o ® 49,
survival fractions
- ] L = |
m = " a " g n® = . m m B “asmas m g " W
f ; ‘ # T ‘I ¥ E i ¥ Y i ¥ ¥ ; :
s32328 @& sk 2= i Nl i i 2EE R
T S N T T [N SN SO S S 1 l. I I N T B | L e T U WO 00
0 5 10 15 20 25 30 35

channel number

strong dependence
on position in string

Phase I:

FWHM 1.5-2%
little dependence
on position in string

DEP events

Compton at Qgg

1621 keV v
SEP
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PSD for BEGe: physics events

AC=det. anti-coincidence

all channels bek after AC * LAr vetoed blinded region
'; lf](): -
; zm;
5 60F ; . ., ; o
2 abuAiyladte, , : .= | efficiency
R A ° 'Y | DEP (87.3+0.2+0.8) %
< : (R .e. Laids i . 2vPP (85.410.8+1.7) %
keep between -1.50 & +3.0c | 1N Qpgg * 200 keV (blinded)
| after PSD: 8/45 events
- 100 1000 1500 2000 2500 3000 3500 4000) 4500 |JI:\‘[I.IL}:\'I“wv] after LAr & PSD
3/45 events
after AC + LAr Veto after AC + LAr Veto + AoE Cut H blinded region
in fit energy window: 1 evt
% 10°

o 2vpp o

o WM NEmERE esnmeir

[
i | i i i L A L | i
500 1000 1500 2000 2500 000

.| A 1 1 i i
4000 4500 5000

energy [keV] 27
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PSD for coax detectors

—— current pulses for SSE

: 7
Ehes 5 el L | different shapes — no simple parameter
SOSE o [ AN, — neural network:
S .08 SN N\ 2 methods using different inputs
aibsE- | \ ) & training samples
= o mm
::‘:.02;— 1 ———
0.01 5 | x "w.\ d #/
S R e s 08 L/
time [s] f
50 time stamps when charge reaches < 0o A, —_ single sitc
1%, 3%, ... 99% of maximum £ T
= (.4 |
training with -
DEP (1593 keV) = signal & W T )
and 1621 keV line from 212Bj = bkg 0.2 A=
(all calibrations combined) s
cut at 90% survival of DEP peak B9 o1 ) G, S SRR0 T AEA R PYeE o
2300 -200-100 0 100 200 300 400

Time [ns]
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PSD for coax detectors

ch28 - RG2 ! :
calibration data

_ hysics
- — ZVBB 1100 DEP fixed @ 90 % p y
5 3F \_} DEP : CCQQs *?BIiFEP *®TISEP 2TIFEP  2u3j 2K FEP
i 4 ANG5 | 6214+ 0.3 353+07 37.0+04 380401 78.2+2.6 38.0+ 45
< =180 <=
= ’ =~ RGl | 650+03 432408 475+05 445+01 77.7+2.7 475+ 85
— - i g
p = —160 ‘2 ANG3 | 639+03 400+07 457+04 451+01 77.8+24 40.8 +6.1
- | . =
= ! =
= \ 1 “= ANG2 | 627 +03 384406 426+04 401401 756+24 38.1+4.8
Z -140 =
2 7 E RG2 | 622+0.3 364+08 405+04 411+01 748 +2.6 42.7+5.9
= i o
= . -
) —2() # ANG4 | 64.6+02 408+07 442+04 434+01 73.0+25 40.9+5.3
> 1621 vy "
—: \ g ] ANG1 | 69.7+0.3 49.0+12 508+06 51.0+0.1 87.0+2.8 58.6+ 0.6
= 0 ' 0
| | ! y avg /7x1 %
0.5 0 0.5 1 1.5

ANN Response [a.u.]

in Phase |: exact same method 2v[f efficiency of (85+2)% for data, (831£3)% for MC
— for now take preliminary OvBf efficiency of 80+9 % (enlarged uncertainty)

performing more cross checks and simulations - T, limit might change a little
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PSD for coax detectors: stability

ch08 - ANGS ¢h09 - RG1 ch10 - ANG3
[ ' [ T
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PSD for coax detectors: alpha

expect sizable a background not rejected by MSE/SSE PSD - 2nd method

o8 - ANGS chid - R

training: signal = 1-1.3 MeV physics
(~75% 2v[3p events)
background = 3.5-4.5 MeV physics
(100% «)
cut at 10% survival for o

AN Kespoms

. - keep 90-98 % DEP in calibration
91-98 % 2vpp (ANG1 87%)
" el clear separation o versus signal
B avg 2vpp efficiency (95.8+0.5)%
& : event count 1930-2190 keV physics data (blinded)

1 - '.;
' | LAr+ +
w/o | LAr | MSE « MSE o

-
NN Response |a.uw)

— — .48 16 10 13 10 8 3
color = calibration, black dots = physics
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PSD for coax: comparison methods

Event > ANN Cut -+ MV Cut ) Alpha Cut

Energy [keV]

2600 M e X ol ‘
2500 — ‘ | MV = 2nd method

= * *
2000, . x ! check ANN & MV
2300 — © . « ~ 32 evt both

= * " . 15 ANN only
2200§ it r:nge * . . (5clI\J/Ri/ng rlnore)
2100; . ¥ . . & only
2000— . ® X * @ X @ Alpha cut removes

= * @ o ¥ K additional events
1900— + e v ¥ @ *

— ¥
1800 Yk, @ .

- oESx k @ gxt 0 L0 " e
K . *3-5.(@.' IR ST

=t ] ] ] ] ] ] ] o [ ] ] | g ) ] ] ] ] ]

31/12/15 30/01/16  29/02/16  30/03/16  29/04/16  29/05/16
dd/mm/yy (UTC)
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Background spectrum: coax

data/model ratio

103 JE_A. LANNLEN I L L L L L L R L L L L L L L L R L L L L R L L L L L LB BB A ic:]: 1:'2. E ' data I 2 'I:'F‘.;] an E__I
: - due ot Apnes |2 TR G et Enonp
B Bi212 E — - Ra & “Rn in LAs
” B 3 10
10° & , © =
= p-value of fit 0.28 =
: 1=F - - -
10 == /\1\ lllﬂ -
- 1'1;7:- nnn o H et T
i ‘ "]|LUL[| % 4:_ Oesw  [Joese  Deoessw
L ‘IUIL,. '_; . + data/modsl
1 | w2
LA i LS I T R e E C
- odata/model  []68% []95%  [199.9% 3 o=t 2090 2500 5000
- energy [keV]
S o
§ e o e T preliminary results:
0 . = """“"“". "'" o : %?
1000 2000 3000 4000 5000 ) T.., = (1.84+0.05) 102 vr
c tkov) VBB Ty = ( _ )_ y
_ _ o only statistical error
fit [570:5300] keV with 30 keV binning
before LAr veto and PSD 2vBP half-life consistent with our

published value of (1.930.09) 102" yr
EPJC 75 (2015) 416.

same components like Phase |
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Background spectrum: BEGe

Counts/(30 keV)

data/model ratio

data —model —Alphas 2nu2b
Bi214 —K40 K42 in LAr — Ac228
Bi212
102 E_
" p-value of fit 0.56
10 H
: i
1
[ odata/model []68% []95% []99.9%
o o

preliminary result:
2VBP Ty, = (2.00+0.05) 102% yr
statistical error only

LNGS, 29 June 2016

Counts/[50 keV)

data/model ratio

T T T T
10 data “%g on pe
= — madel «== ¥0a & "FRnon ps ——
— = BRa & ZFRnin LA =
1 = _'___._‘_.—-—-—'_'_._’_._
— — TR T e o - =g (T e R S |
1E "y
1 =
:-::'"l ----- 1 J 1 1 PR EPEN S POP
al= Oeegse [Josn Moot
B = data/mods
al
__ E
E'__ 1 il -I. 1 bl |
3500 4000 4500 5000
energy [keV]

first data release GERDA Phase 11

fewer 210Po events than on coax detectors,
flat energy component extends to Qgg

effectively removed by A/E high side cut
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Background spectrum at Qgg

BEGe coax

3'"F dat 3'E dat
- = . ata 2 = . ata
s [ [lvlinded — mode s [ Illblinded —— mode
S L alphas s I alphas
woE — Bi214 Pb214 i@ 10 Bi214 Pb214
- K42 LAr = K42 LAr
- fit range — Bi212 TI208 - —— Bi212 TI208
'E 157
- =l
= : I
] !
10 g-uJ 107
1072 B
"4‘,‘-, \"\_... 10_2—
% -
10*3 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 :
1900 1950 2000 2050 2100 2150 2200 2250 oSl Lyl | N T T I
Energy (keV) 1900 1950 2000 2050 2100 2150 2200 2250
Energy (keV)

flat background spectrum before LAr veto and PSD selection
suppression for 228Th and 226Ra calibration data flat — final background flat
fit range 1930 — 2160 keV minus 2x10 keV intervals around 2004 keV and 2119 keV

226Ra and 228Th contamination levels consistent with screening results

~0.015 cnt/(keV kg yr) for BEGe and coax, Phase | coax/BEGe ~0.018/0.04 cnt/(keV kg yr)
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Unblinding at Ringberg castle

GERDA collaboration meeting at Ringberg
17 June: unblinding of + 25 keV around Qgg

iTerm2 Shell Edit View Profiles Toolbelt Window Help

® OB A axm M3 Q-
Load PhaseII data

Time stomp of first event: UTC Fri Dec 2! 145
Time stomp of last event: UTC Wed
Non-Blinded data: 990316 events

Blinded data: 989979 events

Searching for blinded events...

EnrBEGe n

LNGS, 29 June 2016

first data release GERDA Phase 11



Data sets

exposure

[kg*yr]
Pl golden 17.9
Pl silver 1.3
Pl BEGe 2.4
Pl extra 1.9
Pll BEGe 5.8
Pll coax 5.0

Notes:

FWHM
[keV]

4.27+0.13
4.27+0.13
2.74+0.20
4.17+0.19
3.0+0.2
4.0+0.2

efficiency

0.57+0.03
0.57+0.03
0.66+0.02
0.58+0.04
0.60+0.02
0.51+0.07

final background
0.001cnt/(keV kg yr)

11+2
30+10
+4
e
4 ,
+1.
L 075
3.

Pl golden/silver: Phase | PSD efficiency reduced from (90£9) % (for PRL in 2013) to (83%13) %
at same time bug in ROOFIT caused reduction limit - 90% CL of 2013 still valid,
use ZAC energy reconstruction now — energy shift with c~1 keV

Pl extra: 2 runs taken after the PRL data set in 2013

P2 coax: PSD efficiency is preliminary

exposure: calculated using total mass

efficiency: includes active volume fraction, enrichment, reconstruction of Ovpp3, PSD efficiency,

LAr veto loss

background: evaluated in energy range used for the fit (240 keV), normalized to total mass

LNGS, 29 June 2016

first data release GERDA Phase 11 37



Event list Phase I

event list (time stamp & energy) from Phase Il

1455109448 1995.1585 ph2_coax
1457844153 1967.97775 ph2_coax
1457847659 1958.61056 ph2_bege
1459180818 2063.55544 ph2_coax
1463917480 2060.51564 ph2_coax

1 event in blinded energy window +25 keV, closest event 21 keV from Qgg
expect about 0.2 events within 15 keV of Qgg, see 0 events
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Spectrum at Qgg

> 3 ' BEGe, 5.826 kg yr 3 o
o E Phase || BEGe 5.8 kg yr  JveforePsD+LAr | 3
*\; — Il after LAr % 2
g C B after LAr + PSD ©
S 21— - 1 u a
- fit window
= - > 0 2025 2035 2040 2045 2050 2055 2060
| - Eu; 8 __ % ---------------- % - - - background interpolation- - %F >
-% 4—_ — o o ;
| | | | | | 1 | | | | | | | | | | 1 | | | | 1 | 02_ E
0 1850 1900 1950 2000 2050 2100 2150 2200 |
energy [keV] 0™ 900 1950 2000 2050 2100 2150 2200
— = energy [keV]
> 3= Coax, 5.019 k
2 F Phase Il coax 5.0 Kg VI [uefore PSD + LAr Fit:
-; — Il after LAr )
g E I after LAr + PSD - 7 parameters: 1/T, 6 backgrounds
o __ - -
S 2E - some systematic (peak pos, ...)
- - > additional nuisance parameter in fit
= - some systematics (active volume, ...)
! handled by randoms sampling
& averaging the fit limits
0 1 | 1 1

1850 1900 1950 2000 2050 2100 2150 enizg;}'[ke'vj systematics — limit worsens by ~1%
1 BEGe & 4 coax events in 240 keV
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Result Bayesian fit

posterior distribution 1/T

© F
A —
o 7
o
= 6f —— Phasell
- — Phase ll
n_ |
o= —— Phase I+l
45
3
2
1=
:I 1 1 | | 1 | | 1 L IR i o S ERET L | [ | | |
0 0.2 0.4 0.6 0.8 1 1.2 -23-4

1T, 107 yr]

flat prior in 1/T from 0 to 107%* 1/yr:
Nsignal < 3-1 = Ty, > 3.5 1025 yr (90% credible interval)

median sensitivity 3.1 1025 yr, systematic error included
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Frequentist: profile likelihood fit

o

90% C.L. threshold (2-side test statistics)
. median profile likelihood for null hypothesis
profile likelihood for data

3.

=

@

E 0 O
73]

2

~2.5

sensitivity

| | | I I | I I |
0.05 0.1 0.15 0.2 025 03
1/T,, [10° yr]

ﬁ.

T(I),V2> 5.3-10% yr (90% C.L.) sensitivity 4.0 1025 yr
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Summary

strong prejudice: OvpP exists, AL=2 process, possibly only observable AL,
(reminder: from cosmology we know B Is violated — at least in early univ.)

GERDA Phase Il started in December 2015
- all Ge detectors and LAr channels are working

(2 BEGe not used for T4,)

- reached goal of background level 0.72)'.25-10‘3 cnt/(keV kg yr)
for BEGe (0.003 cnt/(keV kg yr for coax, factor 3 lower than in Phase 1)
- lowest bkg (~10x) in ROl compared to exp. using other isotopes

T4/ limits 5.3 1025 yr (90% CL, frequentist) and
3.5 1025 yr (90% credible, Bayesian), will improve with time

This result suggests future Ge experiments with 200 kg and beyond
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