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Introduc@on	
  
•  Nuclei	
  for	
  which	
  β-­‐decay	
  is	
  energe@cally	
  

forbidden	
  can	
  decay	
  through	
  a	
  second-­‐order	
  
transi@on	
  (“double-­‐beta	
  decay”)	
  

•  If	
  ν	
  is	
  a	
  Majorana	
  par@cle	
  (	
  ν	
  =	
  ν	
  ),	
  then	
  decay	
  
can	
  proceed	
  with	
  no	
  emiPed	
  neutrinos	
  

	
  
•  Observa@on	
  of	
  0νββ	
  would	
  provide:	
  

•  A	
  beyond	
  the	
  Standard	
  Model,	
  lepton-­‐
number	
  viola@ng	
  process	
  	
  

•  Imply	
  neutrinos	
  are	
  Majorana	
  par@cles	
  
•  Constrain	
  neutrino	
  mass	
  scale	
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ββ energy spectrum: 

Decays	
  for	
  A	
  =	
  136	
  isotopes: 

2νββ 0νββ 
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EXO-­‐200	
  TPC	
  
•  EXO-­‐200	
  consists	
  of	
  radiopure,	
  dual	
  @me	
  projec@on	
  chambers	
  (TPCs)	
  sharing	
  a	
  

central	
  cathode	
  (filled	
  with	
  ~150	
  kg	
  LXe,	
  enriched	
  to	
  80.6%	
  136Xe)	
  
•  Scin@lla@on	
  collected	
  by	
  avalanche	
  photo-­‐diodes	
  (APDs)	
  at	
  interac@on	
  @me	
  
•  Charge	
  collec@on	
  and	
  shielding	
  planes	
  rotated	
  to	
  give	
  X/Y	
  posi@on,	
  Z	
  from	
  charge	
  

drig	
  @me	
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APDs	
  Cathode	
  	
  
(-­‐8	
  kV)	
  

CollecCon	
  
plane	
  

TPC1	
   TPC2	
  

Shielding	
  
plane	
  

induction (v) wires

collection (u) wires

APD plane

6 mm

6 mm

3 mm

ionization drift 
trajectories

event
20.4 cm

to cathode

triplets

2D	
  cross-­‐secCon	
  of	
  collecCon	
  grid:	
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EXO-­‐200	
  detector	
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Jack	
  and	
  foot	
  

Lead	
  
shield	
  

High	
  voltage	
  filter	
  
and	
  feedthrough	
  

LXe	
  
vessel	
  

Cryostat	
  

Veto	
  
panels	
  

Front-­‐end	
  
electronics	
  

Vacuum	
  
pumps	
  

Detector schematic: 

WIPP Facility: 

EXO-­‐200	
  
2150	
  T	
  
(655	
  m)	
  

Veto	
  
panels	
  

•  Detector	
  installed	
  at	
  WIPP	
  
facility	
  near	
  Carlsbad,	
  NM	
  
(~1600	
  mwe)	
  

•  Salt	
  mine	
  with	
  rela@vely	
  low	
  
levels	
  of	
  U/Th	
  and	
  Rn	
  

•  TPC	
  addi@onally	
  surrounded	
  
by	
  ac@ve	
  and	
  passive	
  shielding	
  



Energy	
  reconstruc@on	
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•  Reconstruct	
  “rotated”	
  energy	
  measured	
  in	
  scin@lla@on	
  versus	
  ioniza@on	
  plane	
  
•  Takes	
  into	
  account	
  an@-­‐correla@on	
  of	
  charge	
  and	
  scin@lla@on	
  response	
  to	
  

improve	
  energy	
  resolu@on	
  
•  Calibra@on	
  performed	
  with	
  60Co,	
  137Cs,	
  226Ra,	
  and	
  228Th	
  

Reconstructed energy, 228Th calibration data: 

Q
ββ

= 
24

58
 k

eV
 

Scintillation vs. Ionization, 228Th calibration data: 



Background	
  discrimina@on	
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•  Most	
  backgrounds	
  deposit	
  energy	
  at	
  
mul@ple	
  loca@ons	
  (mul@-­‐site,	
  MS),	
  while	
  
signals	
  deposited	
  at	
  single	
  loca@on	
  
(single-­‐site,	
  SS)	
  

•  Channel	
  pitch	
  is	
  9	
  mm	
  in	
  X/Y,	
  Z	
  resolu@on	
  
from	
  @ming	
  is	
  ~6	
  mm	
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Energy spectrum, 228Th calibration data: 
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Single-site fraction, 228Th calibration data: 

Phys. Rev. C 89, 015502, arXiv:1306.6106 (2013) 
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  data	
  set	
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•  Data	
  analyzed	
  in	
  this	
  work	
  were	
  taken	
  between	
  Oct.	
  2011	
  and	
  Sept.	
  2013	
  
•  Total	
  accumulated	
  “Golden”	
  data	
  was	
  447.60	
  ±	
  0.01	
  days,	
  corresponding	
  to	
  a	
  

136Xe	
  exposure	
  of	
  100	
  kg⋅yr	
  

84.6 %
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No Data
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Single site 

Multi site 

0νββ 
ROI •  Perform	
  fit	
  of	
  observed	
  

spectrum	
  from	
  
980-­‐9800	
  keV	
  	
  	
  

•  Mul@-­‐site	
  data	
  
constrain	
  backgrounds,	
  
while	
  0νββ	
  ROI	
  is	
  in	
  
single-­‐site	
  data	
  	
  

•  Fit	
  also	
  includes	
  
“standoff	
  distance”	
  
from	
  nearest	
  TPC	
  
surface	
  to	
  bePer	
  
constrain	
  backgrounds	
  
(suppressed	
  here	
  for	
  
clarity)	
  

Nature 510, 229 (2014), arXiv:1402.6956  
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Fit to single site spectrum near 0νββ ROI:  

Backgrounds	
  in	
  ±	
  2σ	
  ROI:	
  

Th	
  chain	
   16.0	
  

U	
  chain	
   8.1	
  

Xe-­‐137	
   7.0	
  

Total	
   31.1	
  ±	
  3.8	
  

Nature 510, 229 (2014), arXiv:1402.6956  

T1/2
0νββ > 1.1·1025 yr 

〈mββ〉 < 190 - 450 meV 
(90% C.L.) 
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EXO-200: 
Nature 510, 229 (2014) 
 
GERDA Phase 1:  
PRL 111 (2013) 122503 
 
KamLAND-Zen: 
PRL 110 (2013) 062502 
  
KK&K Claim: 
Mod. Phys. Lett., A21 (2006) 
1547 
 

0νββ	
  status	
  

References:!
!

GERDA: PRL 111, 
122503 (2013)!
KLZ: PRL 110, 
062502 (2013)!
!

Comparison between 0νββ results: 



Current	
  and	
  projected	
  sensi@vity	
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Final EXO-200 

Nature 2014 (EXO-200) 

	
  
Final	
  EXO-­‐200:	
  	
  	
  
Assumes	
  2	
  years	
  
addi@onal	
  live@me	
  with	
  
Rn	
  removal	
  
	
  
Upgrades	
  to	
  electronics	
  
to	
  reduce	
  APD	
  noise	
  
are	
  also	
  planned	
  
	
  
Data	
  taking	
  has	
  
stopped	
  due	
  to	
  WIPP	
  
closure.	
  Planned	
  access	
  
to	
  experimental	
  site	
  in	
  
Fall	
  2014.	
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•  EXO-­‐200	
  took	
  2	
  years	
  of	
  data	
  between	
  Oct.	
  2011	
  and	
  Sept.	
  2013	
  

•  Search	
  for	
  0νββ	
  in	
  full	
  2	
  year	
  data	
  set	
  gave	
  T1/20νββ	
  >	
  1.1·∙1025	
  yr	
  (90%	
  CL),	
  
and	
  provides	
  one	
  of	
  the	
  most	
  sensi@ve	
  searches	
  to	
  date	
  

•  Data	
  taking	
  is	
  currently	
  stopped	
  due	
  to	
  WIPP	
  closure,	
  but	
  plan	
  to	
  upgrade	
  
the	
  experiment	
  and	
  resume	
  data	
  taking	
  in	
  Fall	
  2014	
  

•  R&D	
  for	
  mul@-­‐tonne	
  nEXO	
  underway	
  (see	
  following	
  talk)	
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Event	
  topology	
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Single 
site: 

Multi 
site: 



Calibra@on	
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•  Calibrate	
  in	
  situ	
  with	
  4	
  γ	
  sources	
  spread	
  over	
  
energy	
  range	
  from	
  662-­‐2615	
  keV	
  (60Co,	
  137Cs,	
  
226Ra,	
  and	
  228Th)	
  

•  Calibra@ons	
  taken	
  2-­‐3	
  @mes	
  per	
  week	
  with	
  
228Th	
  posi@on	
  near	
  cathode	
  (S5),	
  every	
  few	
  
months	
  with	
  addi@onal	
  sources/loca@ons	
  

Calibration locations: 

Residual between reconstructed and true energy: 

Relative resolution vs. energy: 



2νββ	
  half	
  life	
  (2013)	
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•  Run	
  2a	
  data	
  set	
  (previously	
  analyzed	
  in	
  PRL	
  109,	
  032505	
  [2012])	
  reanalyzed	
  with	
  
improvements	
  to	
  event	
  reconstruc@on	
  and	
  reduced	
  fiducial	
  volume	
  uncertainty	
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FIG. 26. (Color online) Fit results. Data and PDFs for SS energy spectra shown in linear (top), log (middle), with residuals
(bottom). The residuals have been normalized by the bin error. To improve visualization of the fit results, the energy bin
widths in the plot are 14 keV instead of the 20 keV bin size used during fitting. SS stando↵ distribution is also shown (inset).
Backgrounds have been grouped together according to Rn components, components in the LXe, and components in or near
the TPC vessel. The best-fit counts and errors for each PDF are given in table VII. There are fewer events in the 0⌫��
region-of-interest than in [8] because of the stricter fiducial volume cut.

energy-only (without SD) fit was performed, producing
a best-fit 2⌫�� counts value 2.4% less than the reported
result. As expected, since the stando↵ distance dimen-
sion improves the estimates of the backgrounds, the cor-
responding contribution from the backgrounds on the to-
tal error increased from 0.83% (table VIII) to 1.2% for
the energy-only fit.

In addition to the studies performed in section IXC4,
further investigations were undertaken to test the pos-
sibility that an unknown or unconsidered background is
a↵ecting the results of the fit. It is important to note
that the measured goodness-of-fit is already an indica-
tion that the chosen fit model describes the data well.
This suggests that, for an unknown background to af-
fect the 2⌫�� measurement, it would need to exhibit an
energy spectrum and stando↵ distance distribution sim-
ilar to 2⌫�� decay. As in [3] we consider two candidates
satisfying these requirements, 90Y and 188Re, supported
by 90Sr and 188W, which have half-lives of 28.90 yr and
69.78 d, respectively. It is important to note that the

presence of these isotopes in the LXe is considered a

priori unlikely as no indication of more common con-
taminants (e.g. metallic components from the U and Th
chains) has been seen and the LXe is being continuously
purified.
A ML fit to the Run 2a dataset with an added time

dimension was performed, including a PDF from 188Re
with an exponentially decaying time component corre-
sponding to the 188W half-life. The results of this fit
found the number of counts of 188Re to be consistent
with zero and produced a best-fit value of 2⌫�� within
0.8% of the quoted value. To investigate any e↵ect due to
90Y, a ML fit was performed by adding a 90Y PDF to the
standard set of PDFs. The results of this fit produced a
best-fit value of 2⌫�� within 3% of the quoted value.
A final cross-check consisted in performing the fit with

increasing energy thresholds. The purpose of this cross-
check is to investigate the possible presence of other unex-
pected backgrounds from �-decays under the 2⌫�� spec-
trum. Increasing the energy threshold would change the

Single-site energy spectrum and fit: 
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Stand-off 
distance 

T1/2
2νββ = 2.172 ± 0.017 ± 0.060 ·1021 yr  

 (stat.) (syst.) 





    

  

 

 

Measurements of T1/2
2νββ for 136Xe:  

•  T1/22νββ	
  measured	
  with	
  total	
  
rela@ve	
  uncertainty	
  of	
  2.85	
  %	
  

•  Most	
  precisely	
  measured	
  
2νββ	
  half	
  life	
  of	
  any	
  
isotope	
  to	
  date	
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Source rate agreement: Source shape agreement: 

•  Excellent	
  spectral	
  shape	
  agreement	
  
between	
  data	
  and	
  MC	
  for	
  calibra@on	
  with	
  
external	
  Th	
  and	
  Co	
  sources	
  

•  Absolute	
  rate	
  agreement	
  with	
  known	
  
source	
  ac@vi@es	
  bePer	
  than	
  ~4%	
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•  Signal	
  detec@on	
  efficiency:	
  

	
  

•  ROI	
  backgrounds:	
  

	
  

•  Loca@on	
  of	
  0νββ	
  ROI:	
  
Devia@ons	
  between	
  β	
  and	
  γ	
  energy	
  scale:	
  	
  Eβ	
  =	
  B*Eγ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  B	
  =	
  0.999	
  ±0.002	
  

•  Single-­‐site	
  frac@on	
  error:	
  
	
  Maximum	
  devia@on	
  between	
  data	
  and	
  simula@on,	
  averaged	
  over	
  all	
  calibra@on	
  sources:	
  	
  	
  
(Data	
  –	
  MC)/Data	
  =	
  9.6%	
  
	
  

Source:	
   Signal	
  efficiency	
  [%]:	
   RelaCve	
  error	
  [%]:	
  

Summary	
  from	
  PRC	
  89,	
  015502	
  (2014)	
   93.1	
   0.9	
  

Par@al	
  reconstruc@on	
   90.9	
   7.8	
  

Fiducial	
  volume/rate	
  agreement	
   3.4	
  

Total:	
   84.6	
   8.6	
  

)

Source:	
   RelaCve	
  error	
  [%]:	
  

Background	
  shape	
  distor@on	
   9.2	
  

Choice	
  of	
  background	
  model	
  components	
   5.7	
  

Varia@on	
  of	
  energy	
  resolu@on	
  over	
  @me	
   1.5	
  

Total:	
   10.9	
  



•  Estimation based upon data from 228Th source runs 
•  Purity strongly correlated with circulation pump speed 
•  At τe = 3 ms: drift time <110 µs, loss of charge: 3.6% at 
full drift length 

Xe Purity over Run 2 
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APD Denoising 

1.53 % in SS at 
0νββ Q-value 
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