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Double	
  Beta	
  Decay	
  
  (A,Z) → (A,Z+2) + 2 e- + 2νe 
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•  Only	
  Observed	
  if	
  Majorana	
  Neutrinos	
  
•  GUTs	
  and	
  leptogenesis	
  

•  Rate	
  proporMonal	
  to	
  absolute	
  Neutrino	
  
Mass	
  Scale	
  

	
  

  (A,Z) → (A,Z+2) + 2 e-
 



Neutrinoless	
  Double	
  Beta	
  Decay	
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(T1/2
0ν )−1 =G0ν ⋅ M 0ν 2

⋅ mββ

2

Phase	
  space	
   Nuclear	
  Matrix	
  Element	
  

Experiment	
  opMons	
  
•  Select	
  isotopes	
  with	
  favourable	
  

phase	
  space	
  
•  Select	
  isotopes	
  with	
  favourable	
  

matrix	
  elements	
  
•  Beware	
  large	
  uncertainty	
  /	
  

differences	
  between	
  models	
  
•  Select	
  isotopes	
  with	
  large	
  

abundance	
  or	
  good	
  enrichment	
  
opportunity	
  

•  Good	
  energy	
  resoluMon	
  
•  Low	
  Backgrounds	
  in	
  region	
  of	
  

interest	
  (ROI)	
  



Experimental	
  SensiMvity	
  

~10kg	
  
	
  
~100kg	
  
	
  
~1000kg	
  
	
  
~10000+kg!	
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Degenerate	
  

Inverted	
  

Normal	
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SNO+	
  

Massive	
  detector	
  provides	
  self	
  shielding	
  from	
  external	
  backgrounds	
  
	
  
130Te	
  

	
  :	
  Large	
  natural	
  isotopic	
  abundance	
  (34%),	
  so	
  no	
  enrichment	
  needed	
  to	
  deploy	
  
tonne-­‐scale	
  of	
  isotope	
  	
  

	
  :	
  	
  High	
  half-­‐life	
  of	
  2ν	
  mode	
  (7.0x1020yr)	
  relaMve	
  to	
  possible	
  0ν	
  transiMon	
  compared	
  
	
   	
  to	
  other	
  isotopes	
  

Liquid	
  scinMllator	
  
	
  :	
  Can	
  be	
  purified	
  on-­‐line	
  	
  
	
  :	
  Loading	
  can	
  be	
  changed,	
  scalable	
  	
  
	
  :	
  Fast	
  Mming	
  allows	
  rejecMon	
  of	
  several	
  Mme-­‐correlated	
  radioacMvity	
  backgrounds	
  	
  

	
  



SNO+	
  Detector	
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•  12m	
  diameter	
  Acrylic	
  Vessel	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Hold	
  down	
  rope	
  net	
  
•  780	
  tonnes	
  scinMllator	
  

•  +	
  Telluric	
  acid	
  
+	
  H20	
  +	
  surfactant	
  +	
  WLS	
  

•  7ktonnes	
  water	
  shielding	
  
•  ~9300	
  8inch	
  PMT	
  array	
  



90	
  members,	
  6	
  countries,	
  23	
  insMtuMons	
  

8	
  

Lancaster	
  
Liverpool	
  
Oxford	
  
QMUL	
  
Sussex	
  

Analysis	
  Co-­‐coordinator	
  
Processing	
  coordinators	
  CalibraMon	
  coordinator	
  

Backgrounds	
  co-­‐coordinator	
   ScinMllator	
  Development	
  	
  
coordinator	
  

Sonware	
  co-­‐cordinator	
  



SNO+	
  Status	
  
•  Milestones	
  

–  ScinMllator	
  plant	
  main	
  installaMon	
  complete	
  
–  Helium	
  Leak	
  checking	
  complete	
  
–  Cleaning	
  and	
  passivaMon	
  ~done	
  
–  Successfully	
  tested	
  loading	
  on	
  AV	
  hold-­‐down	
  ropes	
  
–  Electronics	
  upgrades	
  and	
  PMT	
  repairs	
  
–  In-­‐situ	
  opMcal	
  fibres	
  for	
  calibraMon	
  (LED	
  and	
  laser)	
  	
  

JINST	
  Vol.	
  10,	
  P03002	
  (2015)	
  
–  Te	
  loading	
  and	
  purificaMon	
  methods	
  developed,	
  can	
  now	
  all	
  be	
  
accomplished	
  underground	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  

	
  S.	
  Hans	
  et	
  al.,	
  NIMA795	
  (2015)	
  
–  First	
  tonne	
  Te	
  purchased,	
  “cooling	
  down”	
  in	
  SNOLAB	
  (0.13%	
  loading)	
  
–  AddiMonal	
  Canadian	
  funding	
  will	
  now	
  allow	
  us	
  to	
  go	
  up	
  to	
  0.5%	
  
loading	
  in	
  Phase	
  I	
  

–  New	
  loading	
  approach	
  developed	
  at	
  Oxford	
  is	
  now	
  being	
  seriously	
  
considered	
  -­‐	
  promises	
  higher	
  light	
  yield,	
  lower	
  backgrounds,	
  likely	
  
easier	
  to	
  implement.	
  	
  

•  Possible	
  route	
  to	
  Phase	
  II	
  with	
  PMT	
  upgrade.	
   9	
  



SNO+	
  Status	
  	
  
•  Set-­‐backs	
  

–  Significant	
  cavity	
  water	
  leak	
  –	
  currently	
  lowering	
  water	
  
level	
  to	
  idenMfy	
  and	
  fix	
  problem	
  

•  Next	
  Steps:	
  
–  Commissioning	
  detector	
  with	
  water	
  

•  OpMcs,	
  detector	
  backgrounds	
  
•  Nucleon	
  decay,	
  solar	
  axions,	
  anM-­‐ν	
  

–  ScinMllator	
  plant	
  safety	
  review	
  and	
  commissioning	
  
! 	
  ScinMllator	
  fill	
  ~1	
  year	
  from	
  now	
  
•  CalibraMons,	
  Background	
  studies	
  
•  Solar	
  neutrino	
  sensiMvity,	
  Supernova,	
  Reactor,	
  Geoneutrinos	
  

–  Start	
  Te	
  deployment	
  early	
  2017	
  
•  0νββ,	
  Supernova,	
  Reactor,	
  Geoneutrinos	
   10	
  



CalibraMons	
  
•  ELLIE	
  light	
  injecMon	
  system	
  (UK	
  +	
  Portugal)	
  

–  PMT	
  Mming	
  calibraMon	
  (TELLIE)	
  LEDs	
  
–  In-­‐situ	
  scaqering	
  measurement	
  (SMELLIE)	
  Lasers	
  
– AqenuaMon	
  monitoring	
  (AMELLIE)	
  LEDs	
  

•  >100	
  fibres	
  mounted	
  on	
  PMT	
  support	
  structure	
  allows	
  
regular,	
  non-­‐invasive	
  calibraMon	
  (2/3	
  installed	
  by	
  boat)	
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SNO+	
  (130Te)	
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8
B ⌫ ES

2⌫��

External �

Internal U chain

Internal Th chain

Cosmogenic

(↵, n)

hqp://arxiv.org/abs/1508.05759	
  	
  
	
  

T½	
  >	
  3.9	
  ×	
  1025	
  y	
  (1	
  year,0.3%)	
  
T½	
  >	
  9.0	
  ×	
  1025	
  y	
  (5	
  year,0.3%)	
  



Diol	
  Complexes	
  

13	
  
•  Promises	
  higher	
  light	
  yield,	
  lower	
  backgrounds,	
  likely	
  easier	
  to	
  implement.	
  	
  
•  Quenching	
  at	
  ~%	
  level	
  but	
  possible	
  route	
  to	
  Phase	
  II	
  with	
  PMT	
  upgrade.	
  



SNO+	
  future	
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T½0ν	
  sensi-vity	
  
0.3%	
  Te,	
  1	
  yr	
   3.9	
  ×	
  1025	
  yr	
  

0.3%	
  Te,	
  5	
  yr	
   9	
  ×	
  1025	
  yr	
  

3%	
  Te,	
  HQE	
  
PMTs	
  

7	
  ×	
  1026	
  yr	
  

•  R&D	
  into	
  surfactant	
  +	
  Cocktail	
  
developments	
  to	
  increase	
  light	
  
yield,	
  new	
  surfactants,	
  diols	
  …	
  

•  InvesMgate	
  bag	
  to	
  contain	
  Te-­‐
loading	
  to	
  fiducial	
  volume	
  

•  Upgrade	
  to	
  High	
  QE	
  PMT	
  array	
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SuperNEMO 

The goals of SuperNEMO : 

1.  Build on the experience of the extremely successful NEMO-3 experiment. 

2.  Use the power of the tracking-calorimeter approach to identify and suppress backgrounds. 
This will yield a zero-background experiment in the first (Demonstrator Module) phase. 

3.  Prove that a 100 kg scale experiment can reach the inverted mass hierarchy (~50 meV) 
domain.  

4.  In the event of a discovery by any of the next-generation experiments, demonstrate that 
the tracking-calorimeter approach is by far the best one for characterising the mechanism 
of 0νββ decay. 

Imperial, Manchester, UCL, 
UCL-MSSL, Warwick 
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NEMO-3 Overview 
•  Tracking-­‐calorimeter	
  
detector.	
  

•  Situated	
  in	
  Laboratoire	
  
Souterrain	
  de	
  Modane	
  
(LSM)	
  :	
  4800	
  M.W.E.	
  

•  Ran	
  from	
  2003	
  –	
  2011	
  
•  Decommissioned	
  to	
  make	
  
space	
  for	
  the	
  Demonstrator	
  
Module	
  

B

β−

β−
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Recent NEMO-3 Results: All Have Major           Involvement 

Final result with 100Mo – 7kg  

mν < 0.3− 0.6 eV
"  For the Majorana mass mechanism : 

"  Also limits on RHC, RP SUSY etc. 

T1/2
0νββ >1.1×1024  yr (90% C.L.)

(MeV)TOT E
1 2 3 4 5

 E
ve

nt
s 

/ 0
.1

 M
eV

-110

1

10

210

Ca - 7 g, 5.25 y48NEMO-3 - 

Data 1368 Entries

ββνCa 248 Y90Sr/90

External Radon

ββνOther 2 Other internal

〉
ββ

m〈  < 2.68obsN

〉η〈  < 2.70obsN

〉λ〈  < 2.65obsN

n = 1
0χ  < 9.35obsN

Phys.Rev.	
  D89	
  (2014)	
  11,	
  111101	
  	
  	
  	
  

arXiv:1506.05825	
  	
  

9

larger and smaller energy electrons divided by their sum641

shown in Fig. 7(d). The opening angle between the two642

electrons is also shown in Fig. 7(c). There is good agree-643

ment between data and the simulation for all of these dis-644

tributions, which provides confidence in both the overall645

background model and the modelling of these decays and646

the detector response.647

As described in Sec. III, the normalizations of all sig-648

nal and background contributions are obtained using a649

binned likelihood fit to the observables from each de-650

cay channel listed in Table I. The only constraints in651

the fit are associated with the internal 214Bi background,652

which is constrained to the average activity measured in653

the 1e1↵ and 1e1� channels, and the 152Eu background,654

which is constrained to the rate measured by the HPGe655

detector. The contribution from radioactive decays in the656

source foils on either side of the 150Nd foil are fixed using657

the rates measured in dedicated analyses of these foils.658

Allowing their total contribution to float with all other659

contributions fixed results in a reduction of the neighbor-660

ing foil activity by 23%. This is translates into a 0.5%661

e↵ect on the 2⌫�� decay rate.662

All other background rates and the 2⌫�� decay rate are663

fitted freely. The best fit activities and expected num-664

bers of events in the signal channel from each background665

source are listed in Table II. The best fit expected num-666

ber of events in the 2e channel for 150Nd is 2232.2 ± 52.5667

(stat.) evts, where the uncertainty is propagated from the668

likelihood fit. Given the 2⌫�� decay selection e�ciency669

of 3.87% and an exposure of 0.19 kg·yr, the 2⌫�� decay670

half-life for 150Nd is measured to be671

T 2⌫
1/2 = [9.27± 0.22 (stat.) +0.60

�0.58 (syst.)]⇥ 1018yrs, (3)672

using Eq. 2, with a signal-to-background ratio of673

S/B = 3.94.674

B. Systematic uncertainties675

Several sources of systematic uncertainty for the mea-676

surement of the 2⌫�� decay half-life are investigated.677

The largest source of uncertainty is associated with the678

absolute normalization of the 2e reconstruction e�ciency.679

This uncertainty is estimated through the comparison680

of 207Bi calibration source activities measured with the681

NEMO-3 detector and an HPGe detector. Using the682

2e(N)� channel to measure these sources yields activi-683

ties that are in agreement with the HPGe measurements684

to within ±5.6%. Therefore, we are confident in our over-685

all normalization of ��-decay events to within this same686

±5.6%.687

Additional sources of uncertainty on the 2e reconstruc-688

tion e�ciency are also considered, such as the e↵ects in-689

correct simulation of energy loss in the source foil and690

bremsstrahlung radiation. New MC simulations are pro-691

duced with these various parameters altered within their692

expected uncertainty, and the resulting e↵ects on the693

2⌫�� decay half-life are found to be on the order of 1%694
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FIG. 6. The total energy distribution from the two electrons
in the signal channel. The data are compared to simulation,
where the normalization of simulated events reflects the best
fit activity for each component of the background model listed
in Table II. Figure (b) shows the high energy tail of the
2⌫�� spectrum in more detail. The signal shapes for the mass
mechanism and RHC are shown with arbitrary normalizations
to highlight the region of interest, where the main background
comes from the decay of 208Tl.

or less for each of the individual sources of uncertainty695

(See Table III).696

The 150Nd source foil was the thinnest foil produced697

for the NEMO-3 experiment, and the composite powder698

itself was of very good quality with fine granularity. Nev-699

ertheless, there remains some level of uncertainty about700

the homogeneity of the source foil density. The e↵ects701

of these uncertainties are assessed by varying the thick-702

ness of the source foil within the simulation, and through703

numerical calculations given the particulate size in the704

powder. The e↵ects from these uncertainties are found705

48Ca 150Nd 

"  Final analyses of NEMO-3 
data currently being 
published : more than 50% 
are UK led. 

"  Two PhDs completed since 
the last PPAP meeting in 
2014. 
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World’s Best Limits 
EXO-200 
80 kg 136Xe (fiducial) 
[141 kg total] 

GERDA 
18 kg 76Ge 

NEMO-3 
7 kg 100Mo 

mν     [eV]

INVERTED 
MASS 
HIERARCHY 

Sensitivity vs. Isotope 
Mass (area of rectangle) 

[ KamLAND-Zen ] 
290 kg 136Xe total (off-scale) 

Width due to uNclear Matrix Elements 

inner calorimeter

outer calorimeter

source foil

50 cm

5
0

 c
m

X

Y

832 keV

1256 keV

NEMO-­‐3	
  :	
  
"  CompeMMve	
  with	
  small	
  Misotope	
  
"  Best	
  for	
  probing	
  signal	
  
mechanism	
  in	
  event	
  of	
  
discovery.	
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SuperNEMO Demonstrator Module: Overview 

  
  

Tracker Prototype 
Prove Mass Production  

Calorimeter R&D 
Demonstrate 
FWHM~7% @ 1 MeV 

2000 tracker cells 

~700 calorimeter channels 

6-7 kg source foil 

Demonstrator Module 

"  Change	
  isotope	
  
100Mo	
  	
  	
  	
  	
  	
  	
  	
  	
  82Se	
  
(longer	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  

"  214Bi	
  and	
  radon	
  
reduced	
  by	
  a	
  factor	
  
of	
  30.	
  

"  208Tl	
  reduced	
  by	
  a	
  
factor	
  of	
  50.	
  

"  Halve	
  the	
  
calorimeter	
  
resoluMon	
  to	
  4%	
  at	
  
Qββ.	
  

"  Improved	
  efficiency,	
  
calibraMon	
  etc.	
  

T1/2
2νββ

UK	
  R&D	
  



SuperNEMO	
  ConstrucMon	
  Status	
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"  First	
  tracker	
  module	
  completed	
  October	
  2014.	
  

"  Fully	
  tested	
  and	
  commissioned	
  with	
  cosmics	
  :	
  >	
  98%	
  good	
  channels.	
  

"  Meets	
  background	
  (radon)	
  requirements.	
  

Figure 13: Two reconstructed tracks through the detector.

2016. Over the next two years the full demonstrator module will be commissioned in-situ
using electronics, software and slow control systems that are still under development. The
cosmic ray, and eventually 82Se double beta decay data collected during the commissioning
and initial operation of the detector will be analysed to assess detector performance and
stability.

Concurrently, a further analysis of data from the NEMO3 experiment is planned, in-
volving a search for distortions in the energy spectra indicative of a Lorentz violation. The
vast NEMO3 data, and imminent SuperNEMO data, will provide the capability for testing
not only the existence Majorana neutrinos, but a wide range of models with sensitivities
to the double beta decay process.

16
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New ! 

SuperNEMO	
  ConstrucMon	
  Status	
  

Calorimeter	
  Module	
  Produc-on	
  

Full	
  Size	
  Source	
  
Foil	
  Mock-­‐up	
  

Support	
  Structure	
  &	
  Clean-­‐Tent	
  at	
  LSM	
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SuperNEMO	
  ConstrucMon	
  Status	
  

"  Second	
  module	
  completed	
  June	
  2015,	
  	
  3rd	
  /	
  4	
  underway	
  	
  

-­‐>	
  construcMon	
  of	
  trackers	
  for	
  demonstrator	
  more	
  than	
  50%	
  complete.	
  

"  The	
  first	
  module	
  is	
  leaving	
  for	
  the	
  LSM	
  tomorrow	
  	
  !	
  

"  On	
  track	
  to	
  complete	
  the	
  Demonstrator	
  Module	
  construcMon	
  &	
  assembly	
  in	
  2016.	
  

Transport	
  Container	
  

Transport	
  Clean	
  Bag	
  



Timescales	
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2012 2013 2014 2015 2016 2017 2018 2019 2020 2020+ 



Other	
  Experiments	
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130Te	
  
CUORE:	
  

TeO	
  crystal	
  Bolometers	
  
	
  (Cuoricino	
  -­‐>	
  CUORE-­‐0	
  -­‐>	
  CUORE	
  -­‐>	
  

CUPID)	
   136Xe	
  
KamLAND-­‐Zen:	
  	
  

Enriched	
  136Xe	
  loaded	
  LS	
  in	
  Bag	
  
EXO:	
  

136Xe	
  liquid	
  TPC	
  (EXO-­‐200	
  -­‐>	
  nEXO)	
  
	
  

76Ge	
  
GERDA:	
  

HPGe	
  array,	
  Lar	
  	
  cryogenic	
  shield	
  
Majorana:	
  

HPGe,	
  high	
  purity	
  Cu	
  shield	
  
	
  



Summary	
  Table	
  
Experiment	
   Isotope/Method	
   T½0νLimits	
  

(90%	
  CL)	
  
Predicted	
  /	
  	
  
Solo	
  /	
  combined	
  

Future	
  	
   Predicted	
  
Sensi-vity	
  
(5	
  years)*	
  

SNO+	
   130Te	
  liquid	
  
scinMllator	
  	
  

3.9	
  ×	
  1025	
  y	
  (0.3%	
  
loading,	
  1	
  year)	
  

SNO++	
  	
  
(3%	
  loading,	
  HQE	
  
PMTs)	
  

7	
  ×	
  1026	
  y	
  

NEMO-­‐3	
  
SuperNEMO	
  

100Mo	
  
82Se	
  Source	
  foils	
  
and	
  tracking	
  

1.1	
  ×	
  1024	
  y	
  
6.5	
  ×	
  1024	
  y	
  (7kg	
  
demonstrator)	
  

	
  
Full	
  100kg	
  

	
  
1	
  ×	
  1026	
  y	
  

GERDA	
   68Ge	
  HPGe	
   2.1	
  ×	
  1025	
  y	
  
3.0	
  ×	
  1025	
  y	
  

Future	
  76Ge	
   3.2	
  ×	
  1027	
  y	
  

Majorana	
   68Ge	
  HPGe	
   1	
  ×	
  1025	
  y	
  (30kg.y)	
   “	
   “	
  

Cuoricino	
  
CUORE-­‐0	
  
CUORE	
  

130Te	
  bolometers	
   2.8	
  ×	
  1024	
  y	
  
2.7	
  ×	
  1024	
  y	
  
4.0	
  ×	
  1025	
  y	
  

CUPID	
   (2-­‐5)	
  ×	
  1027	
  y	
  
(*10	
  years)	
  

KamLAND-­‐Zen	
   136Xe	
  liquid	
  
scinMllator	
  	
  

2.6	
  ×	
  1025	
  y	
   KamLAND2-­‐Zen	
   1026-­‐	
  1027	
  y	
  	
  
(*20meV)	
  

EXO200	
   136Xe	
  TPC	
   1.1	
  ×	
  1025	
  y	
   nEXO	
   6.6	
  ×	
  1025	
  y	
   25	
  



Combining	
  Results	
  
•  Phys	
  Rev	
  D	
  92,	
  012002,	
  	
  &	
  P	
  Guzowski,	
  TAUP2015	
  
•  Experiments	
  measure	
  half-­‐life	
  
•  Combined	
  limits	
  on	
  mββ	
  dependent	
  on	
  NME	
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Combining	
  Results	
  
•  Phys	
  Rev	
  D	
  92,	
  012002,	
  	
  &	
  P	
  Guzowski,	
  TAUP2015	
  
•  Experiments	
  measure	
  half-­‐life	
  
•  Combined	
  limits	
  on	
  mββ	
  dependent	
  on	
  NME	
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Timescales	
  &	
  SensiMvity	
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Lightest Neutrino Mass  (eV)	



KKDC Claim (76Ge)	



Inverted 	


Hierarchy  	



Normal	


Hierarchy	



Best	
  Current	
  Limits	
  
(EXO,	
  KLZ,	
  Gerda,	
  NEMO-­‐3)	
  

Current	
  Target	
  Level	
  
(SNO+	
  Phase	
  1,	
  CUORE,	
  EXO+,	
  
GERDA+,	
  KLZ+,	
  Full	
  SuperNEMO)	
  

Inverted	
  Hierarchy	
  Explorers	
  
(SNO+	
  Phase	
  2/3	
  (?)	
  nEXO	
  (?),	
  
Super-­‐KLZ	
  (?))	
  

There	
  Be	
  Dragons	
  …	
  
Or	
  maybe	
  enormous	
  LS	
  or	
  
bolometer	
  detectors.	
  

There	
  Be	
  Dragons…..	
  
Biller,	
  Physical	
  Review	
  D,	
  	
  

071301R	
  



Summary	
  
•  UK	
  heavily	
  involved	
  in	
  two	
  major	
  0νββ	
  
experiments	
  

•  Different	
  isotopes,	
  Different	
  methodologies	
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Enriched	
  82Se	
  
Tracking	
  -­‐>	
  Zero	
  Background	
  

Probe	
  Mechanism	
  

	
  
	
  

Large	
  Mass	
  -­‐>	
  Scalability	
  
natural	
  Te	
  loading	
  

(130Te)	
  



Backups	
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76	
  Germanium	
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  GERDA	
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Phys.	
  Rev.	
  Leq	
  111	
  (2013)	
  122503	
  
arXiv:1307.4720	
  
•  Enriched	
  HPGe	
  array	
  
•  LAr	
  acMve	
  cryogenic	
  shield	
  
•  18	
  kg	
  of	
  enriched	
  76Ge	
  (Phase	
  I)	
  	
  
•  40	
  kg	
  of	
  enriched	
  76Ge	
  (Phase	
  II)	
  	
  
	
  

Phase	
  1	
  results	
  
21.6	
  kg·∙yr	
  exposure	
  
	
  
0.01	
  cts/(keV·∙kg·∙yr)	
  aner	
  pulse	
  shape	
  
discriminaMon	
  	
  
	
  
T½0ν	
  >	
  2.1	
  ·∙	
  1025	
  yr	
  (90	
  %	
  CL)	
  	
  
+IGEX+HM	
  =	
  T½0ν	
  >	
  3.0·∙1025	
  yr	
  (90	
  %	
  CL)	
  	
  
	
  



Majorana	
  
Demonstrator:	
  	
  
•  30kg	
  (87%)enriched	
  76Ge	
  	
  
•  15kg	
  natural	
  Germanium	
  
•  Sandford	
  lab	
  
•  High-­‐purity	
  electroformed	
  	
  
Cu	
  shield	
  (compact)	
  	
  
•  arXiv:1501.03089	
  
	
  

•  Require	
  <3	
  count/tonne/year	
  in	
  4meV	
  ROI	
  	
  	
  
•  #<1count/tonne	
  year	
  in	
  ROI	
  for	
  tonne-­‐scale	
  experiment	
  

•  Need	
  30	
  kg.y	
  exposure	
  to	
  test	
  HM	
  claim	
  
33	
  



Future	
  76Ge	
  
•  Majorana	
  +	
  GERDA	
  #single	
  internaMonal	
  76Ge	
  
0νββ	
  CollaboraMon	
  

•  TentaMve	
  down-­‐select	
  2017	
  
•  Stepwise	
  implementaMon	
  towards	
  1000kg	
  
•  5	
  year	
  90%	
  CL	
  sensiMvity	
  T½0ν	
  >	
  3.2×1027	
  yr	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
hqp://science.energy.gov/~/media/np/nsac/pdf/docs/2014/NLDBD_Report_2014_Final.pdf	
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130	
  Tellurium	
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CUORE-­‐0	
  

T½0ν>2.7	
  ×	
  1024	
  yr	
  (90	
  %	
  CL)	
  arXiv:1504.02454	
  (PRL)	
  
•  11kg	
  130Te	
  operaMng	
  2013-­‐2015	
  TeO2	
  Cryogenic	
  bolometers	
  
•  Energy	
  resoluMon	
  =	
  5.1	
  ±	
  0.3	
  keV	
  (FWHM)	
  
•  Background	
  =	
  0.058	
  ±	
  0.004	
  (stat.)	
  ±	
  0.002(syst.)	
  counts/(keV·∙kg·∙yr)	
  
•  In	
  combinaMon	
  with	
  Cuoricino:	
  T½0ν	
  >	
  4.0×1024	
  yr	
  (90%	
  CL)	
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1	
  tower	
  
52	
  crystals	
  
10.9kg	
  130Te	
  



CUORE	
  future	
  
•  2015	
  –	
  2020,	
  206kg	
  130Te	
  in	
  array	
  of	
  988	
  

crystal	
  bolometers.	
  
•  All	
  towers	
  assembled	
  and	
  underground	
  
•  Cryostat	
  and	
  diluMon	
  unit	
  under	
  

commissioning	
  (reached	
  6mK	
  base	
  T)	
  
•  Expect	
  to	
  start	
  operaMons	
  by	
  end	
  of	
  

year	
  
•  5	
  year	
  sensiMvity:	
  T½0ν>9.5×1025yr	
  	
  
	
  
2020++:	
  CUPID	
  (Eur.Phys.J.	
  C74,	
  3096	
  
(2014))	
  	
  
•  CUORE	
  with	
  PID	
  
•  10	
  year	
  sensiMvity	
  
	
  T½0ν>2-­‐5×1027yr	
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136	
  Xenon	
  

38	
  



KamLAND-­‐Zen	
  
arXiv:	
  1409.0077	
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114.8	
  live	
  days	
  #27.6	
  136Xe	
  kg-­‐yr	
  
110mAg	
  reduced	
  >	
  factor	
  of	
  10	
  
T½0ν	
  >	
  2.6	
  ×	
  1025	
  years	
  (90%CL)	
  



KamLAND-­‐Zen	
  next	
  generaMon	
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Increase	
  light	
  yield	
  	
  #Energy	
  ResoluMon	
  <2.5%	
  at	
  Q-­‐val	
  (from	
  4.0%)	
  
•  Iight	
  collecMve	
  mirrors	
  (×1.8	
  light	
  yield)	
  
•  Brighter	
  LS	
  (×1.4	
  light	
  yield)	
  
•  High	
  QE	
  PMTs	
  (×1.9	
  light	
  yield)	
  

Increase	
  mass	
  #	
  1000kg	
  136Xe	
  
•  Enriched	
  Xe	
  	
  

	
  

….to	
  reach	
  <mββ>	
  ~20meV	
  in	
  
5	
  years	
  running	
  #	
  
KamLAND2-­‐Zen	
  



EXO-­‐200	
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Nature	
  510,	
  229-­‐234,	
  arXiv:	
  1402.6956	
  
	
  T½0ν	
  >	
  1.1	
  ×	
  1025	
  yr	
  (90%	
  CL)	
  
	
  
	
  
200kg	
  Single	
  phase	
  liquid	
  Xenon	
  Detector	
  (enriched	
  80.6%	
  136Xe)	
  
100kg-­‐yr	
  136Xe	
  exposure	
  	
  	
  
Energy	
  resoluMon	
  =	
  σ/E	
  =	
  1.53%	
  
	
  

Single	
  site	
  

MulM	
  site	
  



EXO	
  next	
  GeneraMon	
  
•  5	
  tonnes	
  enriched	
  136Xe	
  
•  nEXO	
  5yr	
  90%	
  CL	
  sensiMvity:	
  T½0ν>	
  6.6×1027yr	
  	
  
•  LXe	
  homogeneous	
  imaging	
  TPC	
  similar	
  to	
  
EXO200:	
  	
  	
  
–  baseline:	
  install	
  at	
  SNOLAB	
  (cosmogenic	
  background	
  
reduced	
  wrt	
  EXO200)	
  	
  	
  

–  simultaneous	
  measurement:	
  	
  energy,	
  spaMal	
  extent,	
  
locaMon,	
  parMcle	
  ID	
  	
  	
  	
  

– MulM-­‐parameter	
  approach	
  improves	
  sensiMvity:	
  
strengthens	
  proof	
  in	
  case	
  of	
  discovery	
  	
  	
  

–  inverted	
  hierarchy	
  covered	
  with	
  a	
  well	
  proven	
  
detector	
  concept	
  	
  	
  

–  possible	
  later	
  upgrade	
  for	
  Ba	
  retrieval/tagging:	
  start	
  
accessing	
  normal	
  hierarchy	
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Next	
  GeneraMon	
  136Xe	
  
•  NEXT:	
  electroluminescent	
  high-­‐pressure	
  xenon	
  
gas	
  TPC	
  filled	
  with	
  100	
  kg	
  of	
  enriched	
  Xe	
  	
  

•  Energy	
  resoluMon	
  beqer	
  than	
  1%	
  at	
  Qββ	
  

•  Topological	
  informaMon	
  gives	
  signal:	
  background	
  
rejecMon	
  

•  NEXT	
  (Spain)	
  
– 100kg	
  detector	
  ~2017	
  

•  PANDA-­‐X	
  III	
  (China)	
  
–  	
  200kg	
  detector	
  ~2017	
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SNO+	
  Water	
  Leak	
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SNO+:	
  What	
  if	
  we	
  see	
  a	
  Bump?	
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Global	
  Landscape	
  (USA	
  PerspecMve)	
  

46	
  


