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0νββ

possibility of non-standard 
0νββ process

electrons carry all of the 
kinetic energy

double	
  beta	
  decay

observation of 0νββ decay:
• massive, Majorana neutrinos
• lepton number violation

0νββ rate
• absolute neutrino mass (model dependent)

(2% FWHM,
norm. to 0.01)
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• Radio-pure, dual TPC (shared 
center cathode), filled with ~150 
kg LXe, 80.6% 136Xe) 

• Scintillation detected by
APDs at interaction time

• Rotated charge collection and 
shielding planes give x/y, z from 
electron drift time

5

376 V/cm
(-8 kV)

shielding/induction
plane

charge collection
plane

EXO-­‐200	
  Time	
  ProjecIon	
  Chamber

~40	
  cm
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The	
  EXO-­‐200	
  detector	
  at	
  WIPP

• Detector installed at WIPP, near 
Carlsbad, NM in 2010

• Salt mine with relatively low 
Th/U and Rn

• TPC surrounded by active and 
passive shielding, inside a 
clean room

EXO-200
650 m

pumps
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EXO-200 @ WIPP
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Qββ
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cutting this region 
removes α particles 
and events with 
imperfect charge 
collection

228Th calibration 
source, SS

Qββ

[E. Conti et al. Phys. Rev. B 68 (2003) 054201]

Molecular properties of xenon cause increased 
scintillation to be associated with decreased 
ionization (and vice-versa)

•	
  Reconstruct	
  “rotated”	
  energy	
  measured	
  
in	
  scin4lla4on	
  versus	
  ioniza4on	
  plane

•	
  Takes	
  into	
  account	
  an4-­‐correla4on	
  of	
  
charge	
  and	
  scin4lla4on	
  response	
  to	
  
improve	
  energy	
  resolu4on

•	
  Calibra4on	
  performed	
  with	
  60Co,	
  137Cs,	
  
226Ra,	
  and	
  228Th

•	
  Denoised	
  LAAPD	
  signals

Energy	
  reconstrucIon

228Th calibration 
source, SS
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Background	
  discriminaIon	
  and	
  tracking

mostly 
background
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0νββ	
  results	
  	
  	
  -­‐	
  	
  	
  Nature	
  510,	
  9	
  (2014)	
  	
  (arXiv:1402.6956)
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0νββ ROISS

MS

Single Site

Multi Site

• Fit energy spectrum in 
980-9800 keV range

• Multi-site (MS) data 
constrain backgrounds, 
while 0νββ ROI in in 
single site (SS) data.

• Fit also includes the 
“standoff distance” 
from nearest TPC 
surface to better 
constrain backgrounds 
(and identify signal)
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(1.7± 0.2)⇥ 10�3

cts/(keV · kg · y)
�

E
(Q) = 1.53

energy resolution

0νββ	
  results	
  	
  	
  -­‐	
  	
  	
  Nature	
  510,	
  9	
  (2014)	
  	
  (arXiv:1402.6956)

background index
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Final	
  EXO-­‐200

PRL	
  109	
  (2012)	
  032505	
  (EXO-­‐200)
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Current	
  and	
  projected	
  sensi0vity
Final EXO-200: 

• Assume 2 more years with 
Rn suppression around the 
cryostat

• Upgrade of APD electronics 
to lower the noise 

• Access to WIPP site has 
partially resumed 

Next generation: 

• Push sensitivity to cover the 
inverted neutrino mass 
hierarchy 

• >10 tonne-year exposure 
with corresponding 
background reduction
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46 cm

EXO-200

nEXO

• Large	
  (5	
  tonne)	
  homogeneous	
  enriched	
  LXe	
  TPC	
  can	
  allow	
  large	
  exposure	
  and	
  
background	
  suppression	
  

• Inspired	
  by	
  EXO-­‐200	
  design,	
  and	
  based	
  on	
  its	
  demonstrated	
  technology
• More	
  powerful	
  thanks	
  to	
  self-­‐shielding

nEXO	
  TPC	
  design	
  concept

~150 kg
~ 5000 kg

13
0 

cm

charge 
readout tiles

light 
sensors
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Self	
  shielding
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Choice	
  of	
  experimental	
  site
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Conceptual	
  nEXO	
  design	
  at	
  SNOLab
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14
 m

13 m

TPC: ~ 1.3 m x 1.3 m
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nEXO	
  expected	
  backgrounds	
  and	
  signals
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nEXO	
  background	
  simulaIon
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• nEXO backgrounds assume measured activities for all detector materials

from EXO-200: 

• have compared with EXO-200 data to confirm validity of our assumptions

• Measured background rate from EXO-200 is BEXO-200 = 151±19 counts/(ROI t yr)
(ROI = Qββ ± 0.5 FWHM, Nature 510, 9 (2014))

• Agrees with predicted nEXO rate in outer 16.2 cm under the same assumptions

nEXO improvements: 

• improved energy resolution (σ/Qββ = 0.01)

• improved SS/MS discrimination (wire pitch = 3mm)

• improved Cu activity from more sensitive radio assay (done)

• lower 136Xe rate at SNOLab

• reduced Rn density (lower surface/volume), longer 214BiPo cut

• no kapton cables (cold electronics)

• total nEXO background prediction in outer 16.2 cm = BnEXO = 3.7 counts/(ROI t yr), 
a 40x background index improvement with respect to EXO-200
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Energy	
  resoluIon
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• σ/Qββ = 1% requires minimal readout noise in scintillation and charge readout

• Have demonstrated 1.4% resolution in EXO-200;  simulations indicate that 1% resolution 
is attainable with improved readout electronics for light channels

• This will be tested with EXO-200 upgrades 
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nEXO	
  R&D	
  in	
  progress
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• Field Cage and Xe vessel design, electrostatic simulations, light collection simulations

• Characterization of light sensors (Silicon Photo Multipliers)

• Passive optics (reflectors, no PTFE)

• Design and testing of charge readout tiles

• Low radioactivity, in-Xenon readout electronics

• High voltage testing and prototyping 

• Cryostat design
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nEXO	
  5yr

Final	
  EXO-­‐200

PRL	
  109	
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nEXO	
  sensi0vity

• Sensitivity computed using 
background simulations

• Self shielding gives significantly 
lower backgrounds, especially in 
innermost volume

• Possible upgrade to include 
daughter Ba tagging
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nEXO	
  5yr

nEXO	
  10yr	
  w/	
  Ba	
  tag

Final	
  EXO-­‐200

PRL	
  109	
  (2012)	
  032505	
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nEXO	
  sensi0vity

• Sensitivity computed using 
background simulations

• Self shielding gives significantly 
lower backgrounds, especially in 
innermost volume

• Possible upgrade to include 
daughter Ba tagging
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Summary

• EXO-­‐200	
  has	
  been	
  con0nuously	
  taking	
  data	
  since	
  June	
  2011,	
  and	
  has	
  
met	
  the	
  design	
  goals

• Announced	
  first	
  observa0on	
  of	
  2νββ	
  in	
  136Xe	
  in	
  2011,	
  most	
  precise	
  one	
  
(3%	
  uncertainty)	
  in	
  2013	
  	
  (not	
  covered	
  in	
  this	
  talk)

• Compe00ve	
  limits	
  on	
  the	
  0νββ	
  mode	
  with	
  2011-­‐13	
  run:	
  	
  
T1/20νββ	
  >	
  1.1	
  1025	
  yr

• EXO-­‐200	
  data	
  taking	
  stopped	
  due	
  to	
  WIPP	
  closure,	
  run	
  with	
  upgraded	
  
could	
  resume	
  as	
  early	
  as	
  Fall	
  2014

• R&D	
  for	
  a	
  5	
  tonne	
  nEXO	
  experiment	
  well	
  under	
  way
• Design	
  based	
  on	
  EXO-­‐200,	
  but	
  makes	
  full	
  use	
  of	
  self	
  shielding	
  and	
  

EXO-­‐200	
  experience

nEXO	
  5yr

nEXO	
  10yr	
  w/	
  Ba	
  tag

Final	
  EXO-­‐200

PRL	
  109	
  (2012)	
  032505	
  (EXO-­‐200)

C
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stay hungry, my friend
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xenon	
  purity	
  from	
  electronegaIve	
  species
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Xenon	
  gas	
  is	
  forced	
  through	
  
heated	
  Zr	
  geOer	
  by	
  a	
  
custom	
  ultraclean	
  pump.	
  

At	
  τe	
  =	
  3	
  ms:	
  
-­‐	
  driT	
  4me	
  <110	
  μs	
  
-­‐	
  loss	
  of	
  charge:	
  3.6%	
  at	
  full	
  driT	
  length	
  

Ultraclean	
  pump:	
  Rev	
  SciInstr.	
  82	
  (10)	
  105114	
  
Xenon	
  purity	
  with	
  mass	
  spec:	
  NIM	
  A675	
  (2012)	
  40
Gas	
  purity	
  monitors:	
  NIM	
  A659	
  (2011)	
  215
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Run	
  2,	
  standoff	
  distance	
  projecIon
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LAAPD	
  denoising
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1.53 % in SS at
0νββ Q-value
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alpha	
  decay	
  idenIficaIon
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a	
  diagonal	
  cut	
  (large	
  scin0lla0on,	
  low	
  charge)	
  eliminates:
1)	
  alphas
2)	
  edge	
  events	
  	
  (par0al	
  charge	
  collec0on)	
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Radon	
  in	
  EXO-­‐200
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precision measurement of T1/22νββ   (2013)
30
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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: 

arXiv:1306.6106 (2013), submitted to Phys. Rev. C 
 

  

Stand-off 
distance 

PRC	
  89	
  (2014)	
  015502

Run	
  2a	
  data	
  set	
  (previously	
  
analyzed	
  in	
  PRL	
  109,	
  032505	
  
[2012])	
  reanalyzed	
  with	
  
improvements	
  to	
  event	
  
reconstruc0on	
  and	
  reduced	
  
fiducial	
  volume	
  uncertainty	
  

T1/22νββ	
  measured	
  with	
  total	
  rela0ve	
  
uncertainty	
  of	
  2.85	
  %

Most	
  precisely	
  measured	
  2νββ	
  half	
  
life	
  of	
  any	
  isotope	
  to	
  date

T1/22νββ = (2.165 ± 0.016 ± 0.059) × 1021 yr
(stat..)     (syst.)
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