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Abstract. The Enriched Xenon Observatory (EXO) is an experimental program search-
ing for neutrinoless double-beta decay using 136Xe. Such a search can shed light on the
Majorana nature of the neutrino (whether the neutrino is its own anti-particle), the ab-
solute mass scale of neutrinos, and beyond standard model processes that violate lepton
number conservation. The first phase of the experiment, EXO-200, uses 200 kg of xenon
with 80% enrichment in 136Xe in a single-phase liquid xenon time projection chamber
(TPC). The double-beta decay of xenon is detected in the ultra-low background TPC by
collecting both the scintillation light and the ionization charge. The detector has been tak-
ing low background physics data with enriched xenon at the Waste Isolation Pilot Plant
(WIPP) in New Mexico since early May 2011. The results produced from the collab-
oration include the first observation of two-neutrino double-beta decay of 136Xe, and a
neutrinoless double-beta decay search result that places one of the most stringent limits
on the effective Majorana neutrino mass. Building on the success of EXO-200, the col-
laboration is performing feasibility studies and R&D work for a future multi-tonne scale
experiment named nEXO. During the talk, I will discuss the latest results from EXO-200
and prospects of neutrinoless double-beta decay search with both EXO-200 and nEXO.

1 Introduction

Neutrinos are some of the most difficult known particles to study. Their mass is presently unknown
(although we know they do have mass from oscillation experiments), as is their potential to undergo
CP-violating transformations. Their extremely low mass is one of the challenges to the standard
model. Possibly even more fundamentally, we do not know whether neutrinos are Dirac or Majorana
particles. Dirac particles (such as electrons and quarks) are distinct from their anti-particles (positrons
and anti-quarks). Majorana particles are not distinct from their anti-particles. Photons and pi-zero
particles are like this, though neither is a fundamental fermion. It is currently unknown whether any
Majorana fermions exist. Neutrinos, with their lack of electric charge, could be Majorana in nature,
in which case the only real difference between a neutrino and an anti-neutrino (as we have observed
them) would be the particle spin.

The most promising avenue to get an answer to this question is through a search for neutrino-
less double-beta decay (0νββ). In certain nuclei with an even number of both protons and neutrons,
ordinary beta decay may be energetically forbidden,

n→ p + e− + νe, (1)
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but double-beta decay (2νββ) may be allowed,

2n→ 2p + 2e− + 2νe. (2)

This second-order weak interaction is rare, but has been observed for some isotopes, including 136Xe.
If neutrinos are Majorana particles, it should be possible for one of the two anti-neutrinos in the

2νββ decay to act as a neutrino, and cancel out the other anti-neutrino. This interaction (Figure 1)
is neutrinoless double-beta decay. The signature to observe this interaction is that the two emitted
electrons will have the full Q-value energy, as none of it is lost to the anti-neutrinos, as it is in 2νββ.

Neutrino-Less Double-Beta Decay

• Possible only if neutrinos are 
massive (yes) and Majorana (?).

• Majorana particles: are their own 
antiparticles.

• Requires lepton number violation 
(implies new physics).

• Appears as peak at Q-value
3

Elliot, S. et al., Annu. Rev. Nucl. Part. Sci. 2002. 52:115–51

not to scale
5% energy res.
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observed.Figure 1. Diagram of a simple mechanism for neutrinoless double-beta decay. Note that the neutrino can only

be produced if it is equivalent to the anti-neutrino, that is, a Majorana fermion.

If observed, 0νββ would be a lepton-number violating process, and require physics beyond the
standard model. Observation would clearly indicate that neutrinos are Majorana particles, and, if
the mass of the neutrino were known and sufficiently large, non-observation of 0νββ would clearly
indicate that neutrinos are Dirac particles. The lifetime for 0νββ is related to the neutrino mass by

1
t0ν
1/2

= G0ν
∣∣∣M0ν

∣∣∣2 m2
ββ, (3)

where G0ν is a phase space factor, M0ν is a nuclear matrix element, and mββ is given by

mββ =

∣∣∣∣∣∣∣
3∑

i=1

miU2
ei

∣∣∣∣∣∣∣ (4)

and is the effective mass of the electron neutrino. Thus, observation of 0νββ and measurement of its
rate would also be a measurement of the neutrino mass.

2 EXO-200 Detector

The Enriched Xenon Observatory (EXO) collaboration is searching for 0νββ in 136Xe. This isotope
was chosen for several reasons:

• It is relatively easy to enrich, as it is the heaviest long-lived isotope of xenon.

• It can be both the source and detection medium (based on scintillation light and ionization of liquid
xenon), yielding a monolithic detector.
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• It can be continuously circulated and purified.

• It has a reasonably high Q-value (2457.8 keV), well above the energies of most background gam-
mas.

• It may be possible to tag the resulting 136Ba++ daughter.

The EXO-200 detector is a liquid xenon time projection chamber (TPC), enriched to 80.6% 136Xe.
A voltage gradient of 376 V/cm between the central cathode and the anode planes near the endcaps
serve to drift charge from ionization to the induction and collection wire-planes. Avalanche photo-
diodes (APDs) on the endcaps of the cylindrical TPC collect scintillation light. The combined infor-
mation of the crossed induction and charge collection wire-planes, along with the scintillation light,
and the timing difference between scintillation and charge collection, allows 3-D reconstruction of
events in the TPC. More information on the EXO-200 TPC can be found in [1]. A photograph of the
inside of the TPC (during assembly) is shown in Figure 2.

Figure 2. Photograph of the inside of the EXO-200 TPC, taken during assembly. This is one half of the TPC.
The crossed induction wire plane and collection wire plane are visible above the APD plane. The copper field
rings surround the cylindrical TPC, with white teflon reflector just inside of their radius.

The EXO-200 detector is installed underground (1600 meters water equivalent depth) at the Waste
Isolation Pilot Plant (WIPP), near Carlsbad, NM. The TPC is enclosed in a cryostat (for temperature
regulation as well as shielding), which is surrounded by further lead shielding. A drawing of the
detector and shielding setup is in Figure 3.

A big feature of the TPC is that the scintillation and ionization channels can be combined to get
an improved energy resolution [2]. This effect is demonstrated in the thorium source calibration data,
shown in Figure 4. The calibration sources are fed into the cryostat through a copper source tube that
passes through the shielding and enters the cryostat, winding around the TPC. The gamma lines from
228Th, 137Cs, and 60Co sources are used to map out detector response.

Another useful feature of the TPC is that gamma backgrounds can largely be rejected by a mul-
tiplicity cut. Gammas tend to Compton scatter and deposit charge at multiple positions in the TPC
(known as multi-site, MS, events). Sometimes the clusters are too close together to resolve, resulting
in a single-site (SS) event, but we can reduce gamma backgrounds at the Q-value by near a factor of
5 by rejecting MS events. Double-beta decays at the Q-value are expected to be 82.5% SS.
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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 be beyond reach. 0nbb 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.

– 5 –

Figure 3. A drawing of the EXO-200 detector and shielding setup at WIPP.

3 EXO-200 Results

In 2011, the EXO collaboration published the first results from EXO-200, measuring 2νββ in 136Xe
for the first time [4]. With just 31 live-days of data, the decay was measured with a half-life of (2.11±
0.04 stat ± 0.21 sys) × 1021years. This is the longest directly measured half-life of any radioisotope.

In 2012, the EXO collaboration published the first results for their 0νββ search [5]. With 120.7
days livetime and a 98.5 kg fiducial volume, a maximum likelihood fit was performed simultaneously
on the SS and MS spectra. The fitted spectra are shown in Figure 5, with the right plot zoomed into
the region of interest. In the 1σ (2σ) region of interest (ROI), 1 (5) events were observed, with a
fitted expected background of 4.1 ± 0.3 (7.5 ± 0.5) events. This corresponds to a 90% C.L. limit of
T 0νββ

1/2 > 1.6 × 1025 years.
The fitted background corresponds to ∼ 60 counts/ ± 2σ ROI/140 kg/2 yr. This is not far from

the design goal of 40 counts. The limit set on the 0νββ half-life corresponds to a Majorana neutrino
mass of mββ < 140 − 380 meV, depending on which nuclear matrix element is assumed.

4 Looking Ahead

There are two main efforts for the future of EXO. First is improvements to EXO-200 analysis. There
is now considerably more data available, and an improved analysis is being developed to analyze it.
The second effort is towards the next generation detector, called nEXO.

Research and development work is underway for nEXO. This includes technology efforts, such
as development of barium tagging technologies, and simulation and design efforts to measure and
optimize sensitivity to 0νββ. A diagram of a proposed nEXO design is shown in Figure 6. The refer-
ence design is a scale-up of the EXO-200 detector, with 5 tons of enriched liquid xenon (compared to
under 200 kg for EXO-200). The lessons learned from EXO-200 will be applied to the design. Also,
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U-dimension and 6 mm in z (drift time). The event sharing
between SS and MS energy spectra is demonstrated for a
228Th source in Fig. 3. The SS and MS spectra are com-
pared to probability density functions (PDFs) generated by
GEANT4 [15] simulations (MC). Simulated charge deposi-

tions are transported to the wires where signals are gen-
erated using a model of the readout electronics. Noise is
added and signals are reconstructed in the same manner as
for the data. After events are designated as either SS or MS,
the total collected energy is convolved with the energy
resolution function shown in Fig. 2. This procedure repro-
duces the shape of the 60Co and 228Th source spectra (see
Fig. 3 for 228Th). The MC reproduces the fraction of SS
events, defined as NSS=!NSS " NMS#, to $8:5%. In addi-
tion, for 228Th (0!"") events the simulation predicts a
70% (71%) efficiency for the requirement that events are
fully reconstructed in 3D. The simulation predicts the
absolute, NIST-traceable, activity of all sources to within
$9:4%. These variations are used as measures for the
systematic uncertainties in the final fit. The 71% MC
estimate for the 0!"" efficiency is further verified over
a broad energy range by comparing the 2!"" MC effi-
ciency with low-background data. Although the 2!""
spectrum has vanishing statistical power at Q"", the effi-

ciency is found to be a smooth function of the energy and
agrees with the simulated efficiency to within the $9:4%
overall scale uncertainty mentioned above.
The fiducial volume used in this analysis contains 79.4 kg

of 136Xe (3:52% 1026 atoms), corresponding to 98.5 kg of
active enrLXe. The trigger is fully efficient above 700 keV.
The cut represented by the dashed diagonal line in Fig. 1
eliminates a population of events due to interactions in the
enrLXe region for which the charge collection efficiency is

FIG. 2. Top: systematic uncertainty bands on the energy cali-
bration residuals, using the full energy reconstruction described
for the three # sources. For both SS (solid line) and MS (dashed
line) the position of the four # lines is consistent with the
calibration model within & 0:1%. Bottom: energy resolution
for various sources along with a fit to the empirical model (see
text).

FIG. 3 (color online). MS (top) and SS (bottom) energy spec-
tra from a 228Th calibration run. The PDF generated from
simulation (line) is fit to the data floating the normalization of
the MS and SS spectra independently to illustrate the agreement
with the rendered spectral shape. The limited ability of the model
to reproduce the absolute source rate is quantified in the text and
is not illustrated by the figure.

FIG. 1 (color). Correlation between ionization and scintillation
for SS events from a 228Th source. The energy resolution is
considerably improved by forming the linear combination of
both measurements. Events in the top-left quadrant are due to
incomplete charge collection and are rejected by the cut (dashed
line), removing only 0.5% of the total.
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Figure 4. Plot of Thorium calibration data. The main peak at 2614 keV from 208Tl decay can be seen, and
it makes the anticorrelation between scintillation and ionization clear. We choose a “rotated” energy, a linear
combination of the measured scintillation and ionization energies, which gives an improved energy resolution.
The ionization-only and scintillation-only energy resolutions (σE/E) at the 208Tl peak are (for SS events) 3.5%
and 6.0%, respectively [3], but this is improved to better than 1.8% with the “rotated” energy. The scintilla-
tion/ionization ratio can also be used to reject backgrounds such as alphas, which have a much larger scintillation
fraction (the alpha events would be in the cut-off region above and to the left of this plot).

the necessary infrastructure for a barium tagging option will be included, even if barium tagging isn’t
ready when the data taking begins.

Figure 7 shows the projected sensitivity for EXO-200 and nEXO, as a function of the lightest
neutrino mass. The present EXO-200 limit band is based on the published limit [5], and the “ultimate”
sensitivity assumes radon removal (from the lead-cryostat air gap), improved analysis, and no signal
in 4 years livetime. The “initial nEXO” band refers to a detector directly scaled from EXO-200,
including its measured background and 10 year livetime. The “final nEXO” band refers to the same
detector, but with no backgrounds other than 2νββ, as would be the case with barium tagging in use.
The width of the horizontal bands is due to the uncertainty in nuclear matrix elements. The blue bands
are 68% CL intervals from oscillation experiments for the normal and inverted hierarchies. Note that
nEXO, with barium tagging, should be able to completely exclude the Majorana neutrino case for the
inverted hierarchy.
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low, leading to an anomalous light-to-charge ratio. This cut
also eliminates! decays from the low-background data, but
causes only a negligible loss of efficiency for "- and#-like
events. Cosmic-ray induced backgrounds are removed us-
ing three time-based cuts. Events preceded by a veto hit
within 25ms are removed (0.58%dead time). Events occur-
ring within 60 s after a muon track in the TPC are also
eliminated (5.0% dead time). Finally, any two events that
occur within 1 s of each other are removed (3.3% dead
time). The combination of all three cuts incurs a total
dead time of 8.6%. The last cut, combined with the require-
ment that only one scintillation event per frame is observed,
removes#-! decay coincidences due to the time correlated
decay of the 222Rn daughters 214Bi and 214Po. Alpha spec-
troscopic analysis finds 360! 65 $Bq of 222Rn in the
enrLXe, that is constant in time.

The SS and MS low-background spectra are shown in
Fig. 4. Primarily due to bremsstrahlung, a fraction of ##
events are MS. The MC simulation predicts that 82.5% of
0%## events are SS. Using a maximum likelihood estima-
tor, the SS and MS spectra are simultaneously fit with
PDFs of the 2%## and 0%## of 136Xe along with PDFs
of various backgrounds. Background models were devel-
oped for various components of the detector. Results of the
material screen campaign, conducted during construction,

provide the normalization for the models. The contribu-
tions of the various background components to the 0%##
and 2%## signal regions were estimated using a previous
generation of the detector simulation [8]. For the reported
exposure, components found to contribute <0:2 counts
(0%##) and <50 counts (2%##), respectively, were not
included in the fit. For the current exposure, the back-
ground model treats the activity of the 222Rn in the air-
gap between the cryostat and the lead shielding as a
surrogate for all 238U-like activities external to the cryostat,
because of their degenerate spectral shapes and/or small
contributions. A possible energy offset and the resolution
of the "-like spectra are parameters in the fit and are
constrained by the results of the source calibrations. The
fraction of events that are classified as SS for each of the
"-like PDFs is constrained within !8:5% of the value
predicted by MC. This uncertainty is set by the largest
such deviation measured with the source calibration spec-
tra. The SS fractions for #- and ##-like events are also
constrained in the fit to within!8:5% of the MC predicted
value. As a cross-check, the constraint on the 2%## SS
fraction is released in a separate fit of the low-background
data. The SS fraction is found to agree within 5.8% of the
value predicted by the MC simulation.
The## energy scale is a free parameter in the fit, so that

it is constrained by the 2%## spectrum. The fit reports a
scale factor of 0:995! 0:004. The uncertainty is inflated to
!0:006 as a result of an independent study of the possible

FIG. 4 (color). MS (top) and SS (bottom) energy spectra. The
best-fit line (solid blue) is shown. The background components
are 2%## (grey region), 40K (dotted orange), 60Co (dotted dark
blue), 222Rn in the cryostat-lead air-gap (long-dashed green),
238U in the TPC vessel (dotted black), 232Th in the TPC vessel
(dotted magenta), 214Bi on the cathode (long-dashed cyan),
222Rn outside of the field cage (dotted dark cyan), 222Rn in
active xenon (long-dashed brown), 135Xe (long-dashed blue)
and 54Mn (dotted brown). The last bin on the right includes
overflows (none in the SS spectrum).

FIG. 5 (color). Energy spectra in the 136Xe Q## region for MS
(top) and SS (bottom) events. The 1 "2#& regions aroundQ## are
shown by solid (dashed) vertical lines. The 0%## PDF from the
fit is not visible. The fit results have the same meaning as in
Fig. 4.
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FIG. 4 (color). MS (top) and SS (bottom) energy spectra. The
best-fit line (solid blue) is shown. The background components
are 2%## (grey region), 40K (dotted orange), 60Co (dotted dark
blue), 222Rn in the cryostat-lead air-gap (long-dashed green),
238U in the TPC vessel (dotted black), 232Th in the TPC vessel
(dotted magenta), 214Bi on the cathode (long-dashed cyan),
222Rn outside of the field cage (dotted dark cyan), 222Rn in
active xenon (long-dashed brown), 135Xe (long-dashed blue)
and 54Mn (dotted brown). The last bin on the right includes
overflows (none in the SS spectrum).

FIG. 5 (color). Energy spectra in the 136Xe Q## region for MS
(top) and SS (bottom) events. The 1 "2#& regions aroundQ## are
shown by solid (dashed) vertical lines. The 0%## PDF from the
fit is not visible. The fit results have the same meaning as in
Fig. 4.
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Figure 5. Fits to the low background data from 120.7 days livetime on EXO-200. The left plot shows the full
fitted spectrum on a logarithmic scale, and the right plot shows the spectra zoomed in near the region of interest.
The 1σ (2σ) region of interest around the Q-value are marked by vertical solid (dashed) red lines. The MS (top)
and SS (bottom) spectra are fit to simultaneously. Background components are 2νββ (grey region), 40K (dotted
orange), 60Co (dotted dark blue), 222Rn in the cryostat-lead air-gap (long-dashed green), 238U in the TPC vessel
(dotted black), 232Th in the TPC vessel (dotted magenta), 214Bi on the cathode (long-dashed cyan), 222Rn outside
of the field cage (dotted dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe (long-dashed blue) and
54Mn (dotted brown).

Figure 6. Drawing of a nEXO detector design. A water tank serves both as passive shielding from gamma rays,
and as an active water Cherenkov muon veto. An area for barium tagging equipment is maintained above the
water shield.
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Figure 7. Sensitivities for EXO-200 and nEXO, in terms of the Majorana neutrino mass, as a function of the
lightest neutrino mass.
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