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no new physics found at the LHC so far, SM could be valid up to Planck scale
BUT
- no dark matter candidate
- baryon asymmetry of the universe not explained
- dark energy not understood
- origin of (tiny) neutrino mass unknown
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Neutrino mass:
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non-SM effect?
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weak interactions: W/Z bosons couple only to left-handed fermions
mass generation: Higgs couples to left- and right-handed fermions

v oscillations (Nobel prize 2015) — v| have (tiny) mass (< m,/ 106)
same mass mechanism like for other fermions?
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Neutrino mass: non-SM effect?

possible neutrino mass terms (v has no electric charge)

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

H H ..““.‘ :.": H
G ———— -
VR VL (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~vp+ (VR)¢ v ~v +(v)C Majorana particles
mass (m, ~0) Mg mp? / Mg
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N mass range

possible N mass ranges (little guidance on scale available!)

109 — 1014 GeV: motivated by GUT, can explain baryon asymmetry (lepton
asymmetry by CP violation converted via sphaleron to BAU),
see-saw: light neutrino mass ~ mp2 / My

0.1-few TeV: can explain baryon asymmetry, no hierarchy problem (see below),
accessible by LHC

GeV: can explain baryon asymmetry
if <5 GeV observatione.g. D - Nu Xwith N - pun by SHIP (200 MCHF)

10 keV: (warm+cold) dark matter candidate, N - yv decay ~ U mR5
hint for 3.5 keV line ?? (arXiv:1402.2301, arXiv:1402.4119)
eV range: LSND oscillation signal, reactor anomaly, ... — SOX, Stereo, ...

contribute to number of relativistic neutrinos measured by PLANCK

neutrino minimal SM (vVMSM): 1x 10 keV N for DM and 2x ~GeV N for baryon asymmetry,
minimal extension of SM
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SHIP proposal @ SPS

: : Hidden Sector
production of N, hidden scalar, decay volume

dark photons, ..
by D,B - u N X

arXiv:1504.04956
arXiv:1504.04855

Spectrometer
. Particle ID _
uses CNGS beam line,
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How to observe AL=2: 0vpBp

Look for a process which can only occur if neutrino is Majorana patrticle

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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Neutrinoless double beta decay

masses of A=76 nuclei -

E 76Rb
6Zn . g- B*: experimental signature for Bf
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"single” beta decay not allowed

—» only "double beta decay”
Note: similar process in principle also

(AZ) —»(AZ+2) +2e +2v AL=0 observable at accelerator or reactor or ...
\ ; but for light Majorana neutrino:
(A,Z) (AZ+2) +2 e AL=2 - background too high

- flux too low compared to Avogadro N,

OvBp: search for a line at Q value of decay
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Light Majorana neutrino exchange
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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

{Mggl [EV]
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y AL=2 at LHC

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

==
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From T,,, to mgg

selected Ovp isotopes from PRD 83 (2011) 113010
1 g° GO |mo” 2{my;)* Isotope GY [101%y] QlkeV] nat. abund.[%)
ov JA 2
T m, 48Ca 2.5 42737  0.187

. 5Ge 0.23 2039.1 7.8
T3, =measured experimentally 82gg 1.0 2905 5 9.2
gan = axial vector coupl. = 1.25 100Mo 1.6 3035.0 9.6
G% = phase space factor ~ Q5 1307e 1.4 2530.3 345
P P 136X 1.5 24619 8.9
M"" = nuclear matrix element 150Ng 6.6 3367.3 5.6

m, = electron mass enrichment required except for 130Te,

not (yet) possible for all, costs differ
need M% to understand physics mechanism

N
Experiment observes N®'=In2—2.aeM-t/T,, and N"=MtB-AE

A
Experlmental sen5|t|V|ty M = mass of detector

t = measurement time

In2 & a-e-M-t for kag_o A = isotope mass per mole
23 A - N,= Avogadro constant

T1/2 (90 %CL) = . N T o a = fraction of Ovpp isotope
In2 N4 € \/ﬂ for large N° e = detection efficiency

1.64 A B-AE B = background index in units cnt/(keV kg y)

AE = energy resolution = energy window size
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Expected T,,, for different matrix elements

sin2(0,) = 0.318 (best-fit) Tue ———.

Jy - ---

arXiv:1411.1667 NSM 2.8 — 3.5 75Ge — scale by 2/3 cem
1 H PHFB - - —- -
z T :
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o .| R W 1 D N | Loolit Yty .
= I I I 'L I
= 1 ! H
Ll L -
o gA—l 25, mgg = 17.5 meV, bars from variation of nucl matrix element calc. _
B & +3c vari. of U, Am2
" *number = signal rate per 1000 kg yr exposure & for middle of "Tue” band

48&1 ?EGE‘ SZSe Qﬁzr 'IOOMO 110Pd 116Cd 124Sn 130Te 136xe 150Nd

|sotope
taken from DOE Nuclear Science Advisory Cgmmittee report on OvBP (24 April 2014)

adopted from A. Dueck, W. Rodejohann and K. Zuber, Phys. Rev. D83 (2011) 113010

No clearly favored isotope if spread of NME considered
expect only ~1 event/year for 1000 kg isotope mass
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How to reduce background

sources: cosmic rays (p,n,u,y) — underground like LNGS
neutrons from (o,n) and spallation induced by u
o,P,y from radioactive decay chains 238U, 232Th

— avold contamination — screen & select materials like cables, holders

— shield (external) radioactivity — example 232Th activities [uBg/kg]
1000 - steel, <1 - Cu, <1 - water, ~0 liquid argon / org. scintillator

— Identify background events (multi-dim. selection) —
localize interactions (surface events, multiple interactions)

identify particle type (o versus B/Y)
'measure’ all energy depositions (active veto)
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GERDA: Ge in LAr @ Gran Sasso

lock & glove box iy
for string insertion | = & ¢

il 0

Phase | (2011-13):
T1),>2.1:10yr (90% C.L.)
— 5Ge Ovpp decay, PRL 111 122503

%ng Eteggcf/s 7 I P Phase II:
( .:. 6%) ?4 ! 2x Ge mass (30 BEGe det.)
| m r
|
64 m3 LAr

LAr scint. light readout

"-"

90 ms pure Water | Cherenkov veto |

started end 2015

EPJ C73 (2013) 2330
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Phase Il start December 2015

ST -
7 strings in &
nylon cylinder |i;,4#

LT R,
@ 3510 fibers read out
&= = by 90 SiPM - 15 ch
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4 TR |
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- |
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all Ge + LAr veto ch. 'working' !!!
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counts / 25 keV

counts f 25 keV

Background reduction: argon veto

107 g Lo N 5
= enriched Coax - 5.0 kg y [ ] prior liquid argon (LAr) veto <
10° ;_ after LAT veto é
= Monte Carlo 2vBf (T =1.92-10% yr) S
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10 = energy [keV]
: 1 I 1 1 1 1 I 1 1 1 1 I 1 1 | 1 H H 1 1 I 1
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line at 1525 keV from 42K: deposits up to 2 MeV in LAr — factor ~5 suppression
600-1300 keV: ~97% of events are 2vBp after LAr veto — almost clean sample

at Qgg ~ factor ~2 background reduction (depends on bkg composition, location,

Freiburg, 26 October 2016 Schwingenheuer, Ovp with 76Ge

energy [keV]

)

16




Background red.: det. pulse shape

pulse shape parameter 4,

) e — — BEGe detectors ——————— =+

T ] ......................................... ......................................... ...........

20TEEEE O — ST S S—.

use time profile of detector signal to

60 2 _________________________________________ R ____________ - identify signal-like evt, proxies = 2vBp &

Double Escape Peak of 2615 keV vy
(y+A- et e with 2x511 keV escape)

all o (surface) events removed

“w.; ....................... e ......................................... ............ rY ||nes Suppressed by factor ~6

efficiency

40— e Euumanu}‘%l_}un ........ ‘f_ . DEP (873i02i08) %

2vBP (85.410.841.7) %

counts / 25 keV

' Phase 11 - enrichéd BEGe 5.8 kgyr |

in fit energy window 1930-2190 keV:

after Lf‘:u' veto

B aficr L:‘;Lr veto and PSD 1 evt remains

bkg ~ O.7ié‘_§ x 10-3 cnt/(keV kg yr)

~10x lower than other exp.
reach our background goal!

|
1000 2000

Freiburg, 26 October 2016
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New limit (blind analysis)

[ ] prior cuts B after all cuts
after LAr veto (Phase 11) — limit (90% C.L.)

= 1 ! 5
E‘- Phase [ ' Q 236 kgyr &
4 A 5
= 107 -
— g
~ ]
%1077
5
o
&

10 K
L 1 : : : T T T T L T T T T T T T
:ﬁa E Phase II - enriched coaxial ; 5.0 kgyr
Z 10 | e T°,>5.2:10% yr (90% C.L.)
o i 1/2 . . .
2107 A sensitivity = 4.0 10 y
s I eventually >1 102° yr

1077 o
~ 1 — e — =4 — : . ) . "
~ ' Phase Il - enriched BEGe | 5.8 keyr first bac_kground free_expe_rlment in field
2 : _ (<1 evt in FWHM until design exposure
E 107 1 T n | for Phase Il coaxial + BEGe detectors)
2107 &
= E
= —
= -
3 B

1077 - .

1950 2000 2050 2100 2150

energy [keV] 76Ge 18



Majorana Demonstrator @ SURF

el pe - P:_""I - 29Kkg 76Ge detectors (87% enr) in
Enciusute S Fanes = R Sleic ' 1" conventional copper/lead shield

: \‘_ = = e THE L (+15 kg natGe detectors)
" Eead Ericks | point-contact detectors —

—=p e + o

Cu = = 13 | rejection surface evt + multiple int.
Shield == L35S DA T B ] ultra-clean copper ("home made”)

| . 3 S :

= - | {1 o + cables + ...

Outer [ 1 ﬁf i—g.w
Cu ! o = ' e r..._.' .

Shield

proto-type module:
10 detectors, 2014-2015

Module 1
29 detectors, 2015 first installation

running since Jan 2016

Module 2:
29 detectors, in few months complete 3
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default: 0.5% loading — 3900 kg "atTe / 1300 kg 130Te

Future
phase

T
=——— =" B SN

N '
h—

A 780 ton LAB+PPO in
1= @12 m acryllc vessel
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B OV (200 meV)

5 50 —pobas 0.5% Te loading
E B8 U Chain FV:R<3.5m (20% VO|)
S 40 B== Th Chain 390 p.e./MeV light yield
S B (a.n)
e &= External sensitivity 90% limit
2 3 B= B vES Tq/o > 2 1026 after 5 yr
= #== Cosmogenic
&

208

Status:

10 - found water leak in cavity early 2016
- underground scintillator plant build

— commissioning

(5.2 23 24 285 2% 27 28 29 3 — fill acrylic vessel end of 2016
TSE. (MeV) - new Te loading of scintillator
— more light

- Te loading system design in 2016
- loading Te end 2017
— start physics data taking
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Kamland-Zen

s arXiv:1605.02889
I
E i ] & 1{]4 - {u} Fc[ind-z —— Data L 1{im Ag
TT Il 5 e Total B804 The? OB
i il R 10° i ----- Total +210po+ ¥ Kr+"K
4 5\ . - E L (OvBp U.L.) IB/External
//) ' \ C - Y Xe 2vpp Spallation
q / : . F : S a E 103 B I?h‘:{ﬂ {]‘L'ﬁﬁ
o 4 i | Inner Balloon = F ol (90% C.L. U.L)
45\ / (3.08 m diameter) Iz [
Xels (11X 5 10k "
383kg L mar o F P
Xe loaded -
: 0 LEr -
Outer-LS \\% 5 ¥
1 | | 1 1 1 1 1 I
1 kton 5 10~ I > 3 1
. S O < f w o3 Visible Energy (MeV)

start 2011 (phase |): fall out of 110mAg from Fukushima on inner balloon
2012-13: purifications of scintillator and Xe

Dec 2013 — Oct 2015: phase Il —» 110mAg bkg factor 10 reduced, Xe loading 2.44% --> 2.96%
now: larger & cleaner balloon, loading 380 kg — 750 kg, restart now, sensitivity T,,, > 2 1026 yr

current limit for OvBp of 136Xe: T'%>10.7-10° yr (90% C.L.) sensitivity ~5.6 102° yr
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EXO-200 @ WIPP

LXe TPC + scintillation readout

Tl. T ;
] —h _4f @ss Phase II‘ ‘ fil e I 1' J e
( Wl g 5 ":wrj” T‘ H 11 ]
' £ 2} C [ ; oy it b e e
@ I 200 kg é " e 50 2350 erl:u_ ﬁc:\fﬁ' 2500 2550 26007
ion Liquid : - b
lonization -9 I R : :
@@ - EPN e (Wismw? -V -1 i -\ e | * k
9 &8 e b
1 Sps A . % = 3E
990 e S P i i e |
0 | o . —-3&
@ D g : < E + Data Th ifar) =
@@@ /\/T/\v _af bBMs — iés‘t-rit =5 V“*"_‘_'._‘:,L'" o
@/~ > '
@ ,>Scintilla1ion g’
| &,’: 1
g,
1

Ground 75KV

-8 kV per side

- RSN, N NS SIS g e e
|Ight+|0nlzat|0n FWHM for OVBB ~88 keV @ QﬁB 1000 1500 2000 2500 3000 3500 3000

Energy (keV)

Phase Il Nature 510 (2014) 229-234

total/fiducial mass 160/100 kg, 136Xe fraction 80.6% _
find/expect 39/31.1 evt @ Qgg +20

start physics data May 2011, 0 -
fire & radiation problem at WIPP - interrupt 2014-15 T,>>1.1-10” yr(@ 90 C.L.)

(sensitivity 1.9 102° yr)
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EXO-200 restart

T
' Alt=0) = 189.9 + 2.1 uBafkg,
s i —  t,=3.82 d (fixed)
3000 - * 9
H - == Run rate (~4.2 uBgrkg)
1 1 ' “y - - 4
N P B B
® ﬁif + s e —> Low background
£ 2000 P : - e - data
= : I_y Optimal energy 3 'ndn -
5 1500 4 ! response 5 ¥
= ¥ i € 10 1&*
] o 1 = *
w 1000f 1 o [ t'ﬂ-____
F ; A e P R Lt i - j_ e, ShS— .T.._
s00] P i i f |
: |
nl | . . " . ¥ il . . . L i . . i
0 5 10 15 20 25 s Ll 5 10 15 20 25 £l ] 35 40 45
Timé since pump restart [days) Time since pump restart (days)
22

Xenon purity’ since January 31 °Rn level in TPC since January 31

lower noise electronics - FWHM improves to ~60 keV
lower Rn level - expect lower background

025

after 3 yr running: sensitivity for 90% limit T, > 5.7 10> yr
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Cuore: 130Te

Detector
Suspension

—m

Calibraton . .
System Dilution Unit
Motion Box
Pulse Tube

Refrigerator (5) 988 MaTeO, crystals

206 kg 130Te,
Cold Lead Plate _ _
(Top) calorimeter with Ge NTD readout,

3.|mC|dR AT ~ 0.1 mK / MeV
o oman i
Lead (Side) 5 keV FWHM
D all towers are assembled!
eftector

test cool down of cryostat ok,

next: step mount towers +
commissioning

physics run start end 2016,

sensitivity 90% limit ~ 1 10%° i
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CUPID proposal

idea: use CUORE cryostat, enriched isotopes and light + phonon detection for surface bkg rej.

Al Film Sensitivity _ _
Surface e to surface combination of all
N— Scm?".;atmg alphas / betas | pholometer efforts and
ROI 0l .
<2615 keV technologies,
several R&D efforts,
e, Luke effect choose best technique
in 2017-18
TES
| Cherenkov
CUPID MKID
MMC
ZnSe
NO TeO, Zﬂhﬁf{ﬁ‘; { Scintillation
2 4 - I
ROI
> 2615 keV cdwo,
Enrichment )
arXiv:1504.03612

goal: bkg < 0.1 cnt/(ROI kg yr), tonne scale mass — T, > ~5 1027 yr
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NEXT @ Canfranc

@ TPB coated surfaces ) . - 100 kg gas Xe TPC @ 15 bar
1) . xenon ||.|@ -Measure _scintillqtion light _
S () . gas |is £ - measure ionization w/ Electro Luminescence
= ) - . |2 - energy resolution FWHM <1% demonstrated
% X % - reconstruction of event topology
2| . |o — background reduction
% [:] .. clect Minescence [S2) : %
|_|J @ - : s V| .‘ P_:
- | CATHODE, ™. ANODE | | »
: DEMO (1N 0E1\<N -5 [?F(;g ;Q())
tracking of electrons (1kg) J 9
. @ MC simulated PBOv event 150 ! - — ‘J
“f signal . |~  background = (2010-2014) (2015-2017) (N2§Jt8r;qi?e2£s)
1 - o | o Demonstration of  Test underground,
s o _-},_",; 014 d . .’ double beta decay
; \) etector concept radiopure operation
. o searches
J .
'J. U' Z XE 38 HEV N-RHA¥ i
: ! 0.04 cre s .. .
)\ oc2 sensitivity for 90% limit T,, > 5 10%°in 3 yr
X-y position -
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76Ge sensitivity limit + discovery

1 029

1000Kg

Ty}, limit

_.
=
(=]

200kg

_.
=
o

T, 90% Sensitivity [years]
=,

<,
| IIIIIII| I IIIIIII|

GERDA Phase Il /"""

[ ] 10m; range
—— Background free
- = - 0.1 counts/ROI-t-y
==- 1.0 count/ROI-t-y
s 10 counts/ROI-t-y

2

107°

1072

107
Exposure [ton-years]

for discovery:

10 10°

factor 10 in background
— factor ~6 in exposure

"background free” very important
(for all isotopes)

Freiburg, 26 October 2016

Schwingenheuer, Ovp with 76Ge

10°

plots by Jason Detwiler based on
Mee = 18 meV, current matrix element calc.

GERDA numbers for efficiency & enrichment

GERDA Phase | ~ 30 cnt/(ROI t yr) - achieved
Phase Il ~ 3 cnt/(ROI t yr) - goal
"200 kg” ~ 0.5 cnt/(ROI t yr)

”1000 kg” ~ 0.1 cnt/(ROI t yr)

discovery: 50% chance for a 3c signal discovery

future

1030§

1025_ discovery B

1023_ 1000kg ”" .‘ '—_1 _-f
200kg S g

T,,, 30 DL [years]
%
I IIIIIII| T TTTTTT

%

] 10 m" range

. —— Background free
" - - - 0.1 counts/ROI-t-y
==+ 1.0 count/ROI-t-y
10 counts/ROI-t-y

—_
CRJ
t

AL L

~"GERDA phase Il

- II|III|
107

10°

102

10" 1 10
Exposure [ton-years]

10%4
107
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200 kg in GERDA

- Cryostat large enough: current @ 500 can be enlarge to @ 630

- more cables and feedthroughs

- Improve detection of LAr scintillation light

- bigger Ge detectors — few channel ?
Background reduction by ~5 relative to Phase Il should be possible:
- Intrinsic bkg: Th/U not found in Ge detectors,

cosmogenic 68Ge/60Co: limit time above GND, PSD - ok

- external Th/U: cleaner materials (levels like for Majorana are ok),
LAr veto powerful (>90% rejection in comb. w/ PSD)

- surface events: alpha on p* contact rejected by PSD
beta from 42K most critical, on n™ contact

- muon induced: prompt events rejected by muon veto
delayed by decay chain (- dead time),
simulation — ok for 200 kg setup

cost ~ 15M Euro — mainly depending on price for enrichment
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comparison experiments

mass [kg]* FWHM  background& T1o limit Mge limit
(total/FV) [keV] [cnt/t yr FWHM] [1025 yr] [meV]
after 4 yr
Gerda |l Ge 35/27 3 5 15 80-190
MajoranaD Ge 30/24 3 5 15 80-190
EXO-200 Xe 170/80 88 220 6 80-220
Kamland-Z Xe 383/88 250 40 20 44-120
750/?7? ?

Cuore Te 600/206 5 300 9 50-200
NEXT-100 Xe 100/80 17 30 6 80-220
SNO+ Te 2340/260 190 60 17 36-150
nEXO Xe 5000/4300 58 5 600 8-22
Ge-200 Ge 200/155 3 1 O\ 100 35-75

Ge-1000 Ge 1000/780 3 02 1000 10-23

* total= element mass, FV= 0vp isotope mass in fiducial volume (incl enrichment fraction)
& kg of OvBp isotope in active volume and divided by Ovpp efficiency

Note: values are design numbers except for GERDA, EXO-200 and Kamland-Zen
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Bernhard Schwingheuer, 04/16/2016
sno+: bkg ~ 8 cnt/(100 keV yr), FV 20%, 390 pe/MeV --> FWHM=190 keV, 0.5% loading=260 kg in FV

gerda P2: 35 kg, 86% enrichment, 0.92*0.9 eff, 3 keV FWHM, FV=0.9,

cuore: BI=0.02

next: FWHM=0.7%, BI=4E-4 cnt/(keV kg yr), eff =0.28,

Kamland: 1 evt/50 keV in 89.5+27.6 kg*yr, FWHM=250

exo: 39 bkg evt in +-2 sigma , 100 kg*yr of 136Xe in active volume,  

Bernhard Schwingheuer, 06/21/2016
KamlandZen period 2: 1 event/50 keV,
exposure 504 kg yr * (264 d / 534 d), 250 keV, 1.5 m / 1 m --> 


Summary

strong prejudice: Ovpp exists, AL=2 process, possibly our only observable AL,
(reminder: from cosmology we know B is violated)
T,,, unknown (no real guidance from theory), discovery can be around the corner,

experimental input is desperately needed (Ovf3B3, LFV, LHC, ...)
4 Nobel Prices in last 30 years for neutrino physics, | expect more to come

"®Ge detector features:
- well known technology (enrichment + diode production)
- best energy resolution
- lowest bkg in ROI
- flat background at Q value
— all are important features for discovery

GERDA Phase Il & Majorana Demonstrator are taking first data,
GERDA meets specifications
— next step new collaboration for 200 kg” and 1000 kg” Ge

In US: OvBB highest priority of any new projects for DOE nuclear physics
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