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EXO Program 
•  EXO-200 

–  what’s happening at WIPP 
–  upgrade electronics and install de-radonator 
–  continue physics for ~2 years 
–  update 0νββ analysis and complete other physics searches 

•  nEXO 
–  developing next generation 5-tonne detector 
–  liquid-phase with improved detector response 
–  sensitivity to inverted hierarchy 

•  Barium tagging 
–  continuing to pursue both gas and liquid phase options 
–  laser spectroscopic tag suitable for either case 



EXO-200 at WIPP 
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Figure 2. Cutaway view of the EXO-200 setup, with the primary subassemblies identified.

The outermost shielding layer, outside the outer vessel of the cryostat, consists of 25 cm of
lead. The low-noise front end electronics are located outside of the lead shielding and are connected
to the detector through thin polyimide cables. This choice trades some increased noise for the
simplicity and accessibility of room temperature, conventional construction electronics.

A cosmic-ray veto counter made of plastic scintillators surrounds the cleanroom housing the
rest of the detector. EXO-200 is located at a depth of 1585 m water equivalent [21] in the Waste
Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico (32�22’30”N 103�47’34”W).

2.2 Design sensitivity and estimated backgrounds

While the measured performance of EXO-200 utilizing substantial low-background and calibration
data sets will be the subject of a future paper, here we provide sensitivity figures assuming design
parameters for the detector performance and background. Initial data taking roughly confirms the
validity of such parameters. Using the expected energy resolution of sE/E = 1.6% at the 136Xe
end point, EXO-200 was designed to reach a sensitivity of T 0nbb

1/2 = 6.4⇥ 1025 yr (90% C.L.) in
two years of live time, should the 0nbb decay be beyond reach. 0nbb decay is defined by a
±2s window around the end-point and 40 background events are expected to accumulate in such
a window in two years. This estimate was made using a fiducial mass of 140 kg (200 kg with 70%
efficiency), while the final detector design has 110 kg of active Xe, requiring a longer time to reach
the same sensitivity. The T1/2 limit above corresponds to a 90% C.L. Majorana mass sensitivity of
109 meV (135 meV) using the QRPA [22] (NSM [23]) matrix element calculation.
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•  Measure both ionization (wires) and scintillation (APDs) 
•  Event energy from the combination of ionization and scintillation 
•  reject some gamma backgrounds because Compton scattering results in multiple 

energy deposits 
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Detector Construction                                 

Figure 1. Cutaway view of the EXO-200 TPC with the main components identified.

EXO-200 uses the xenon as both source and detector in a homogeneous, liquid phase TPC [11]. At
the operating temperature (167 K) and pressure (147 kPa) the liquid xenon (LXe) has a density of
3.0 g/cm3 [12]. The xenon for EXO-200 is enriched to 80.6% in the isotope 136Xe.

In order to minimize the surface-to-volume ratio while maintaining a practical geometry, the
detector is a double TPC, having the shape of a square cylinder with a cathode grid held at negative
high voltage at the mid plane. The signal readout is performed at each base of the cylinder, near
ground potential. Of the 200 kg of enriched xenon available, 175 kg are in liquid phase, and 110 kg
are in the active volume of the detector. A cutaway view of the TPC is shown in Figure 1.

Two considerations were central in designing the detector: the need for good energy resolution
at the double beta decay decay Q-value of 2457.8 keV [13], and the requirement to achieve exceed-
ingly low backgrounds. Early R&D performed by the EXO collaboration [14] showed that the
energy resolution in LXe can be substantially improved by using an appropriate linear combination
of ionization and scintillation as the energy estimator. This technique was subsequently used in
other contexts [15]. In EXO-200 both the ionization and the scintillation signals are recorded.
Charge is collected at each end of the TPC by wire planes, held at virtual ground, while the
178 nm-wavelength scintillation light is collected by two arrays of large area avalanche photo-
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Background Rejection 
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Tracking: 
an essential tool to identify and suppress backgrounds 

G.Gratta, 9 Jun 2014 DoE Briefing, nEXO 



2νββ Update Paper 

" " " "2νββ   T1/2 = (2.165 ± 0.016 stat ± 0.059 sys) x 1021 yr "



Updated 0νββ Dataset 

" " " "2νββ   T1/2 = (2.172 ± 0.017 stat ± 0.06 sys) x 1021 yr "

M.G. Marino 6 June 2014, Nu 201412

Accumulation of “Golden” data  
447.60 ± 0.01 days livetime 
(100 kg⋅yr, 736 mol⋅yr 136Xe 

exposure) 
(6 Oct 2011- 1 Sep 2013)

(12 June 2014, online 4 June)!
doi:10.1038/nature13432

Recent results (Run 2)



0νββ Search Update 

M.G. Marino 6 June 2014, Nu 201421

From profile likelihood:!
!

T1/2
0νββ > 1.1·1025 yr 

�mββ�< 190 – 450 meV  . 
(90% C.L.) 

!
Nature (2014) !

doi:10.1038/nature13432

Looking for 0νββ
Backgrounds in ± 2σ 

ROI
Th-228 chain 16.0

U-232 chain 8.1

Xe-137 7.0

Total 31.1 ± 3.8



Search for Majoron-emitting Modes 
4

III. EXPERIMENTAL DATA AND ANALYSIS

The data set and event selection criteria used in this
work are the same as in the recent search for the neu-
trino mediated 0νββ decay [3]. The data were collected
between September 22, 2011 and September 1, 2013 re-
sulting in the total of 477.60±0.01 live days. The fiducial
volume is described by a hexagon with an apothem of
162 mm and absolute length coordinate values between
10 and 182 mm (with Z = 0 corresponding to the cath-
ode location). This translates into a 136Xe mass of 76.5
kg, or 3.39·1026 atoms of 136Xe, and an exposure of 100
kg·yr (736 mol·yr).
The calibrated energy E is obtained as E = p0 +

p1Er + p2E
2
r , where Er is the measured energy and p0,

p1 and p2 are empirical constants. The measured en-
ergy is assumed to follow a conditional Gaussian distri-
bution, with the following energy-dependent resolution:
σ2(E) = σ2

elec + bE + cE2, where σelec is interpreted as
the electronic noise contribution, bE represents statisti-
cal fluctuations in the ionization and scintillation, and
cE2 is assumed to be a position- and time-dependent
broadening. In this analysis, both the energy scale and
resolution are determined by fitting the full shape of true
energy spectra, as generated by MC, to the correspond-
ing calibration data. This minimizes potential biases
caused by determining peak positions and widths using
simplified analytical fit models. It allows one to con-
strain the calibration parameters by utilizing all mono-
energetic gamma lines simultaneously in the presence of
complex backgrounds due to Compton scatters, summa-
tion peaks, and passive detector materials. Before the fit,
the MC energy spectrum does not include effects of the
energy smearing observed with the detector (Figure 2).
In the fitting process, the simulated energy spectra from
MC are folded with the measured detector response. The
resolution and calibration parameters are fitted simulta-
neously using a maximum likelihood fit. Similar proce-
dures were used in our previous analyses( [1, 3]) to calcu-
late only the resolution parameters. The available source
calibration data allows the above fit to be performed on
a weekly basis under the assumption of c = 0 and p2 =
0. However, comprehensive calibration data acquired less
frequently, but with increased statistics, is used to pro-
vide a time-averaged quadratic correction to the weekly
calibration parameters. This correction is measured at
the sub-percent level. The correction, as well as the
time-averaged resolution parameters used in this anal-
ysis, is determined by maximizing a likelihood function
that takes into account the livetime of physics runs.
Probability density functions (PDFs) for signal and

background components are created using a Monte Carlo
simulation. Compared to the previous analyses, the MC
was improved by substituting simplified modeling of the
noise in the signal waveforms with real noise traces sam-
pled from the data and by adjusting the amplitude of
simulated signals to better match the data. This re-
sulted in improved agreement between data and MC of

FIG. 2. (Color online) Example of an energy spectrum fit
using 226Ra data (black points) and corresponding MC simu-
lation. The dotted line shows the MC energy spectrum before
the fit, without the detector effects of energy smearing and at
the correct energy scale (indicated by the upper scale in red).
The continuous line depicts the resulting MC energy spectrum
after the fit to the data points. Only SS events are considered
in this example. The inset shows the ratio of calibrated data
to the smeared MC with the linear fit superimposed (black
line).

the energy threshold for full position reconstruction and
improved agreement in average SS fraction. A ∼5% dis-
crepancy in the shapes of the energy distributions, how-
ever, remained. This discrepancy, which is included as
a systematic error, manifests itself as an excess of SS
events in the data over MC at energies around 1 MeV
that gradually and linearly decreases with energy, even-
tually turning into a deficit (Figure 2). The PDFs are
functions of the two observables: energy and standoff
distance (SD). SD is defined as the distance between a
charge deposit and the closest material that is not liq-
uid xenon, other than the cathode, emphasizing separa-
tion between events originating outside and inside of the
chamber. For a multi-site event, the smallest standoff
distance among multiple charge clusters is used to define
SD for the event. Components comprising the overall
PDF model are the same as in [3] with the neutrino-
mediated 0νββ signal replaced by a Majoron-emitting
decay. The parameters of the overall model are the event
counts and SS fractions of individual components, and
three variables representing normalization terms. The
first normalization term is common to all components
and is subject to uncertainty due to event reconstruction
and selection efficiencies. The second normalization term
is specific to the Majoron-emitting decay component and
incorporates uncertainty due to discrepancy in shapes of
Monte Carlo and data distributions. The third normal-
ization term incorporates uncertainty due to background
model incompleteness and applies to background compo-
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FIG. 3. (Color online) SS dataset and the best-fit model for the case of the n=1 Majoron fit in both the linear (top) and log
(bottom) scales. SS energy is predominantly populated by β-like events. The most abundant fit component - the 2νββ decay
- is shown in hatched gray. The upper 90% C.L. limits on the number of decays for each of the four Majoron emitting modes
are plotted on the figure all at once, as an illustration.

Decay mode Spectral index, n Model types T1/2, yr |〈gMee 〉|
0νββχ0 1 IB, IC, IIB >1.2·1024 <(0.8-1.7)·10−5

0νββχ0 2 “Bulk” >2.5·1023 –
0νββχ0χ0 3 ID, IE, IID >2.7·1022 <(0.6-5.5)
0νββχ0 3 IIC, IIF >2.7·1022 <0.06
0νββχ0χ0 7 IIE >6.1·1021 <(0.5-4.7)

TABLE III. 90% C.L. limits on half-lives and coupling constants for different Majoron decay models. Spread in coupling
constants is due to uncertainty in matrix elements (taken from [25, 26] for n=1 and from [13] for other modes). Phase space
factors taken from Table II.
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WIPP Update 

•  fire underground stopped access 
•  radiation warning 

•  EXO remotely recovered the high-pressure xenon into bottles 
     and was safely warmed up 
•  placed detector in ‘standby’ mode 
•  limited access has resumed 
•  no major external-to-cleanroom difficulties 
•  continue process of evaluating situation and hopefully prepare 

for re-start 

•  de-radonator installed before incidents 
•  ready with initial electronics upgrade boards…relatively quick to 

do complete upgrade when possible 



nEXO Plan 

G.Gratta, 9 Jun 2014 11 

Upgrade with 
Ba tagging 

or 
buy more Xe 

Run nEXO for 
5yrs 

Build nEXO 
Procure 5tons 

of enrXe 

Discover 
ɴɴ decay? 

Yes No 

Run longer 
with better 
sensitivity 

Replace natlXe 
or deplXe 

Confirm 
discovery

? 

Yes No 

Build GXe TPC 
for same enrXe 

Think! 

Study electron 
correlations 

Flexible program based on  the initial nEXO investment 

DoE Briefing, nEXO 

•  develop 5-tonne TPC with single drift volume…learn from EXO-200 
•  improve energy resolution and background rejection 
•  ‘upgrade’ light detection, charge readout, and electronics 
•  move to dedicated facility 

•  growing collaboration 
  some recent additions 
  include: 

   BNL 
   Duke 
   IHEP Bejing 
   LLNL 
   ORNL 
   South Dakota 
   Stony Brook 
   TRIUMF 
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nEXO Detector Concept 
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Preliminary artist view of nEXO in the SNOlab Cryopit
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Detail of the cryostat concept

-  follow success of EXO-200 with key detector improvements 
-  reduced electronics noise 
-  improved energy resolution (~1%) (improved light coverage) 
-  finer charge readout granularity  (better multi-site ID) 
-  increased self-shielding (very low backgrounds in central region) 



TPC concept 
•  maximize ‘clean’ volume with all components at edges…self-shielding 

•  proof-of-principle demonstrated with EXO-200  

•  large reduction in backgrounds at centre for nEXO…detailed 
measurement of background from outer portions 

nEXO 
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EXO-200 

40
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Charge readout 
tiles 

Light 
sensors 

Field shaping 
rings 

~150 kg ~5000 kg 



Energy	  resoluNon	  
•  Require	  σE/E	  <	  1%	  at	  Qββ	  (30	  keV	  FWHM),	  which	  requires	  measuring	  both	  charge	  

and	  light	  with	  minimal	  readout	  noise	  
•  Have	  demonstrated	  1.4%	  resoluNon	  in	  EXO-‐200,	  simulaNons	  indicate	  that	  1%	  

resoluNon	  is	  aPainable	  with	  improved	  readout	  electronics	  for	  light	  sensors	  

•  Planned	  upgrades	  to	  EXO-‐200	  	  electronics	  should	  also	  achieve	  1%	  resoluNon	  

Scintillation vs. Ionization, EXO-200 data: Simulated rotated resolution vs. readout noise: 

EXO-200, not denoised 

EXO-200, denoised 

nEXO target 



R&D	  
•  R&D	  is	  in	  progress	  for	  several	  detector	  components:	  

•  Field	  cage	  design	  and	  electrostaNc	  simulaNons	  

•  High	  voltage	  tesNng	  and	  prototyping	  

•  CharacterizaNon	  of	  light	  detectors	  (Silicon	  Photo	  MulNpliers)	  

•  Design	  and	  tesNng	  of	  charge	  readout	  Nles	  

TPC E-field simulations: 
SiPMs: HV testing setup: 

Charge readout LXe 
test cell: 



nEXO	  MC	  SimulaNon	  
•  Assume	  measured	  acNviNes	  for	  all	  detector	  materials	  (JINST	  7	  (2012)	  P05010)	  

•  Have	  compared	  to	  EXO-‐200	  data	  to	  confirm	  validity	  of	  these	  assumpNons	  

•  Measured	  background	  rate	  from	  EXO-‐200	  is	  BEXO-‐200	  =	  151	  ±	  19	  ROI-‐1	  ton-‐1	  yr-‐1,	  	  	  	  	  	  	  	  	  	  	  	  
	   	   	   	   	   	   	   	   	   	  (ROI	  =	  Qββ	  ±	  0.5·∙FWHM)	  

•  Agrees	  with	  predicted	  nEXO	  rate	  in	  outer	  16.2	  cm	  for	  same	  assumpNons	  

•  The	  following	  improvements	  over	  EXO-‐200	  are	  assumed:	  

•  Improved	  energy	  resoluNon	  (σ/Qββ	  =	  0.01)	  	  	  	  (light	  collecNon	  +	  reduced	  noise)	  
•  Improved	  SS/MS	  discriminaNon	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (	  finer	  charge	  collecNon	  pitch)	  
•  Cu	  acNvity	  from	  improved	  sensiNvity	  radio	  assay	  
•  Reduced	  137Xe	  rate	  at	  SNOLAB	  
•  Reduced	  222Rn	  density,	  longer	  Nme	  window	  in	  214Bi-‐214Po	  coincidence	  cut	  

•  Total	  nEXO	  background	  predicNon	  in	  outer	  16.2	  cm:	  BnEXO	  =	  3.7	  ROI-‐1	  ton-‐1	  yr-‐1	  

•  Improvements	  give	  reducNon	  of	  ~40x	  in	  background	  in	  background	  index	  relaNve	  
to	  EXO-‐200	  

Nature 510, 229 (2014), 
arXiv:1402.6956  



nEXO MC Simulations 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5	  years	  exposure	  	  	  	  	  	  	  0νββ	  counts	  corresponding	  to	  T1/2=6.6·∙1027	  yr	  	  	  

single- 
site 

multi- 
site 

- extensive GEANT4 simulations are being carried out to optimize nEXO 
-  reject backgrounds with: 1) multiplicity  2) self-shielding 3) energy spectrum 
-  use a multi-dimensional fit to optimize information use 



Le>:	  The	  distribuNons	  of	  the	  90%	  UL	  on	  the	  number	  of	  0νββ	  counts	  in	  5	  yrs	  for	  the	  
energy-‐only	  (red),	  and	  energy	  +	  standoff-‐distance	  (blue)	  analyses.	  Right:	  The	  distribuNons	  
of	  the	  90%	  LL	  on	  the	  bb0n	  half-‐life	  aPained	  using	  the	  energy-‐only	  (red),	  and	  energy	  +	  
standoff-‐distance	  (blue)	  analyses.	  

Using	  standoff	  
distance	  has	  an	  
equivalent	  effect	  
on	  sensiNvity	  as	  
a	  4	  Nmes	  
reducNon	  in	  
background!	  
(For	  a	  
background-‐
limited	  
experiment).	  

The	  distribuNons	  of	  the	  90%	  UL	  (LL)	  on	  the	  0νββ	  counts	  (half-‐life)	  for	  5	  yr	  exposure	  using	  an	  energy-‐only	  
analysis,	  and	  energy	  +	  posiNon	  (standoff-‐distance)	  analysis.	  The	  limits	  were	  produced	  by	  generaNng	  and	  
fizng	  simulated	  datasets	  according	  to	  the	  background	  model.	  The	  median	  of	  the	  distribuNons	  (the	  
sensiNvity)	  is	  indicated,	  as	  well	  as	  the	  68%	  intervals	  containing	  the	  medians.	  	  
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nEXO	  SensiNvity	  

nEXO, No Ba-tagging 

nEXO, With Ba-tagging 

Final EXO-200 

EXO-200 (Nature 2014) 



Ba Tagging 

•  liquid xenon detector 
–  insert probe into detector to capture barium ion 
–  retract probe and 

•  release Ba into gas: RIS  
•  keep frozen to probe: fluorescence 

•  high-pressure gaseous xenon detector 
–  steer ion to nozzle with EM fields 
–  extract through RF-funnel to lower pressure 
–  charge exchange if necessary and transport to trap 

(under vacuum) 
–  laser spectroscopy 



Tagging	  from	  Liquid	  

1.  Detect	  and	  localize	  decay	  (like	  in	  
EXO-‐200)	  

2.  Send	  probe	  in	  to	  region	  	  
of	  decay	  

3.  Confine	  the	  Ba+	  on	  probe	  

4.  Remove	  the	  probe	  

5.  IdenNfy	  the	  barium	  

IdenNficaNon"

Probe"

136Xe  136Ba++ + 2e- 

InvesNgated	  at	  Stanford,	  Colorado	  State	  U.,	  U.	  of	  Illinois,	  Technical	  University	  Munich,	  U.	  Bern	  	  



Concept:	  
RIS	  -‐	  selecNve	  ionizaNon	  of	  only	  one	  element	  with	  lasers	  
•  Move	  probe	  close	  to	  Ba+	  ion	  in	  LXe	  
•  APach	  Ba+	  ion	  to	  probe	  
•  Move	  probe	  out	  of	  LXe	  
•  Laser-‐ablate	  Ba	  atom	  from	  probe	  
•  Laser-‐ionize	  Ba+	  by	  RIS	  
•  Accelerate	  Ba+	  ions	  and	  idenNfy	  by	  TOF	  	  

Ba+	  tagging	  by	  Resonance	  IonizaNon	  

TransiNon	  to	  
auto-‐ionizing	  
state	  389.6	  nm	  

Rev.Sci.Instrum. 85 (2014) 095114 



Image of ≤104 Ba 
atoms in a focused 
laser beam from a 
deposit of 104 Ba+ 
ions in solid xenon. 

2. Image single Ba+ or Ba on 
probe by fluorescence 



General Concept of Ba++ Tagging in gas 

• Guide Ba++ in high pressure Xe inside the TPC (10 bar) to a nozzle	

• Extract Ba++ with a Xe gas jet into a low pressure chamber	

• After nozzle, pump Xe gas away and guide Ba++ to identification  

Stanford’s	  prototype	  

Goal:	  10-‐6	  mbar	  

RF-funnel 

Nucl.Instrum.Meth. B317 (2013) 473-475 



Summary 

–  EXO200 has been a tremendous success 
–  many physics and technical publications 
–  two accidents at WIPP…now have limited access 
–  aim for ~2 additional years of livetime with upgrades 
–  additional R&D operation for nEXO possible beyond that 

–  nEXO design development and R&D well underway 
–  follow EXO-200 success and make key improvements 
–  aim to build a detector with discovery potential to bottom of 

inverted hierarchy region 

–  Ba tagging developments continue 
–  ultimately need to measure single atom efficiencies 


