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What is the Mass of Neutrinos? 

   1)   Tritium Beta Decay 

   2)   Neutrinoless Double Beta Decay 



Neutrinoless Double Beta Decay 
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G     = phase space factors (easy) 
|M|   = nuclear matrix elements (hard) 
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are neutrinos Majorana particles ? 

ΔL=2 lepton number violation? 

neutrino mass scale 

neutrino mass hierarchy 

mββ = |∑i Uei ²  mi | 



Double Beta Decay Isotopes 

Isotope Natural 
Abundance (%) 

Q-value 
(MeV) 

Ca 48 0.19 4.27 
Ge 76 7.8 2.04 
Se 82 9.2 3.00 
Zr 96 2.8 3.35 
Mo 100 9.6 3.03 
Pd 110 11.8 2.01 
Cd 116 7.5 2.80 
Sn 124 5.6 2.29 
Te 130 35. 2.53 
Nd 150 5.6 3.37 

Xe 136 8.9 2.48 



Year 2000: ‘Start’ of the Program 
M. Danilov (Moscow, ITEP) , R. DeVoe (IBM, Almaden Res. Ctr.) , A. Dolgolenko 
( Moscow, ITEP) , G. Giannini (Trieste U.) , G. Gratta (Stanford U., Phys. Dept.) 
 P. Picchi (Frascati & Turin, Cosmo-Geofisica Lab & Turin U.) , A. Piepke  
(Alabama U.) , F. Pietropaolo (INFN, Padua) , P. Vogel (Caltech) ,  
J.L. Vuilleumier (Neuchatel U.) Y.F. Wang (Stanford U., Phys. Dept.) , O. Zeldovich  
(Moscow, ITEP) 

Detection of very small neutrino masses in double-beta decay using laser tagging 
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Fig. 2. Conceptual layout of the ββ detector. The active volume of 136Xe is contained by
a transparent acrylic cylinder. An inert buffer gas transfers the pressure to an outer steel
vessel and insulates the high voltage sections of the TPC. The central cathode plane is
held at a potential of ≈250 kV while the electron multiplication and readout is achieved
with micro-pattern gas amplifier [22] planes. An array of photomultiplier tubes detects the
scintillation light from the xenon and the fluorescence from the Ba-ions. All the materials
inside the pressure vessel are selected for low activity.

More serious are the γ-ray backgrounds from natural radioactivity, either produced
outside the TPC (mainly by the rock or concrete), or inside (mainly 222Rn and, pos-
sibly, 85Kr and 42Ar). External γ-ray backgrounds from the rock and concrete can be
attenuated by a ∼25 cm thick lead or steel enclosure and by the 1 cm thick pressure
vessel that will be built out of low-activity steel. Additionally, cleaner shielding could
be provided, if needed. In the following we conservatively assume that the TPC itself
(without Ba-tagging system) will have the same specific rate of mis-identified back-
ground as the Gotthard experiment, and we rely on Ba-tagging for the final step of
reduction. This hypothesis is conservative since the larger volume of our TPC provides
better self shielding for the radiation produced externally.
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then be individually detected through its laser-induced fluorescence. Single Ba+ ions
were first observed in 1978 [12] using a radio frequency quadrupole trap and laser
cooling.
The level structure of the alkali-like Ba+ ion is shown in Figure 1. Due to the strong
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Fig. 1. Atomic level scheme for Ba+ ions.

493 nm allowed transition ground-state ions can be optically excited to the 62P1/2

state from where they have substantial branching ratio (30%) to decay into the meta-
stable 54D3/2 state. Specific Ba+ detection is then achieved by exciting the system
back into the 62P1/2 state with 650 nm radiation and observing the blue photon
from the decay to the ground state (70% branching ratio). This transition has a
spontaneous lifetime of 8 ns and when saturated will radiate 6 × 107 photons/s. A
pair of lasers tuned onto the appropriate frequencies and simultaneously steered to
the place where the ββ-decay candidate event is found can provide a very selective
validation, effectively providing a new independent constraint to be used in ββ-decay
background subtraction. The light from the P to S transition conveniently lays in
the region of maximum quantum efficiency of bialkali photocathodes so that an array
of conventional large-area photomultipliers can be used for the detection. The very
large saturation rate makes the experiment possible even with modest photocathode
angular coverage. While it is possible in principle to steer the lasers anywhere inside
the TPC, the very large volume and the need for light baffling may favor a scheme in
which the Ba+ drift in the large electric field is used to bring the ion in specific laser
detection regions.

The primary difference between the single atom work done previously and this ex-
periment is that here the Ba+ ion is not in vacuum but rather in a buffer gas (Xe)
at a pressure of several atmospheres. The high pressure xenon has two effects: first,
it effectively traps the barium since diffusion in the dense gas is sufficient to confine
the atoms for long enough time to obtain a signal; second, it pressure broadens the
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Funding commences ~2001 



136Xe Procurement 

•  order placed Oct 8, 2001 
•  enriched xenon delivered summer 2002 (2003)  



Detector Design 



Year 2005: Design Finalized 
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Schedule Revisions 



Year 2004: Cleanrooms Received at 
Stanford 

P5 FNAL Apr 18, 2006 G.Gratta -EXO- 30

EXO-200 installation at HEPL (Stanford campus)

7ft thick concrete roof

EXO-200 clearooms

Pre-assembly soft clean room

HFE storage dewar

Lead cradle



Year 2004: Cleanrooms at Stanford 

P5 FNAL Apr 18, 2006 G.Gratta -EXO- 31

EXO-200 installation at HEPL (Stanford campus)

Mod 1

Xe compressor

HFE7000

Mod 2
Mod 3 Mod 4 Mod 5

Mod 6



Years 2004-2006: Testing and Building 

P5 FNAL Apr 18, 2006 G.Gratta -EXO- 22

One readout pancake

Bare LAAPD from Advanced Photonix

QE > 1 at 175nm

Gain set at 100-150

V~1500V
¨V < ±0.5V 
¨T < ±1K   APD is the driver

for temperature stability
Leakage current OK cold

APDs are ideal for our
application: 

- very clean & light-weight, 
- very sensitive to VUV

APDs ordered: 
• pre-delivery (20ea) in hand
• monthly deliveries
• 600ea by Summer 2006

charge collection system light collection system 

 
Detection Tools 

 

    
 

    

 
Xe handling and Refrigeration 
x Xe purification is essential to maintaining high 

electron lifetimes 
x A Xe purification and chemical qualification system 

has been built and run at SLAC. 
x Methods for Xe purification have been tested and 

proven 
x Final Xe handling and purification system built and 

ready 
x Refrigeration system has been designed and is in 

production 

    

xenon handling system 



Component Assays 
Systematic study of trace radioactive impurities in candidate construction materials for 

EXO-200  Nucl.Instrum.Meth. A591 (2008) 490-509 

Table 3: Measurement results for K, Th, and U concentrations in a variety of materials. Manufacturer production lot numbers or arbitrary identifiers are indicated
for materials where multiple lots were studied. Uncertainties are quoted at 68% C.L. and limits are 95% C.L. Results which are less than than 3-σ above zero (not
including systematic scaling uncertainties) are reported as upper limits. GD-MS measurements have a factor of two uncertainty. In the “method” column, “A.G. Ge”
refers to above ground germanium counting. Measurements with methods of “Balazs Analytical Services” or “Shiva Inc.” were performed by the commercial services
of the respective companies. Entries 31 and 38 list data taken from Refs. [18] and [19] respectively as indicated. Where available, germanium counting results for 60Co
and 137Cs activities are given within the sample descriptions.
∗ Indicated NAA results may be affected by a neutron flux calibration discrepancy described in Sec. 5. The tabulated results do not include systematic uncertainties
arising from this discrepancy.

# Material Method K conc. [10−9g/g] Th conc.
[10−12g/g]

U conc. [10−12g/g]

Bulk Copper

1 Norddeutsche Affinerie, NOSV copper made May 2002. Shiva Inc.
GD-MS

0.4 <5 <5

2 Norddeutsche Affinerie, NOSV copper made May 2002. Ge <120 <35 <63

3 Norddeutsche Affinerie OFRP copper made May 2006, batch E263/2E1. ICP-MS <55 <2.4 <2.9

4 Norddeutsche Affinerie OFRP copper made May 2006 batch E262/3E1. ICP-MS <50 <2.4 <2.9

5 Rolled Norddeutsche Affinerie OFRP copper, May 2006 production. Rolled by
Carl-Schreiber GmbH.

ICP-MS - <3.1 <3.8

6 TIG welded Norddeutsche Affinerie OFRP copper made May 2002. No cleaning
after welding. Result are normalized to length of weld.

ICP-MS - <9.8 pg/cm 10.2±3.4”pg/cm

7 Valcool VNT 700 metal working lubricant, concentrate. A.G. Ge 38000±11000 <10000 <3700

8 Water alcohol mixture, lubricant for machining of Cu parts. A.G. Ge <44000 <18000 <3800

Lead

9 JL Goslar cutting oil. Used for cutting 98% distilled water, 2% cutting oil.
60Co: <1.8 mBq/kg, 137Cs: <12 mBq/kg.

Ge 93500±1000 <790 3650±510

10 Paint for lead bricks, JL Goslar, type: Glasurit MS-Klarlack. Proportions: 2
paint, 1 hardener, 0.1 solvent.

Ge 720±170 <170 790±90

11 EXO Pb, JL Goslar smelting lot 3-706. ICP-MS - <1 <1

12 EXO Pb, JL Goslar smelting lot 3-706. GD-MS <15 <6 <6

19

>300 components tested (also update JINST paper) 



Detector Construction 



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-

– 3 –

cathode 

APDs charge collection  



Year 2006: Cleanrooms installed at WIPP 



EXO-200 Detector 

VETO PANELS

DOUBLE-WALLED 

CRYOSTAT

LXe VESSEL

LEAD SHIELDING

JACK AND FOOT

VACUUM PUMPS

FRONT END 

ELECTRONICS

HV FILTER AND 

FEEDTHROUGH

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.

– 5 –



Year 2010: TPC Deployment 



Calibration System 

x-y distribution of events 

Sources: 
137Cs, 60Co, 228Th 

Custom designed, 
miniature source 
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Detector Operation •   initial operation solely from WIPP/Carlsbad 
•   now each group has a remote control station 

UMass SLAC Laurentian 

Illinois ITEP BERN 
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Year*2010:**Commissioning*8*Single*Site*Event*in*EXO8200*



228Th Calibration 
single - cluster multiple - cluster 

γ& γ&

granularity from 
9 mm wire spacing 

720!720!

Year 2011: June 1 start of physics 

spatial calibration: separate single-site signal from multi-site gammas 
energy calibration: narrow energy window for 0nbb search 



Year 2011, August: 2νββ observation"

Single"cluster" Mul3ple"cluster"

720!720!

2νββ"

•  31 live-days of data"
•  63 kg active mass "
•  Signal to background 
ratio of 10:1 

" " " "2νββ   T1/2 = (2.11 ± 0.04 stat ± 0.21 sys) x 1021 yr "

720!

Observation of two-neutrino double-beta decay in Xe-136 with EXO-200  
Phys. Rev. Lett. 107 (2011) 212501  



Year 2012: First 0νββ Search Paper 

•  T1/2
0νββ(136Xe)>1.6×1025  yr (90% C.L.),  

•  effective Majorana masses of less than 140–380 meV, 
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FIG. 4: MS (top) and SS (bottom) energy spectra. The
best fit line (solid blue) is shown. The background com-
ponents 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). The last bin on
the right includes overflows (none in the SS spectrum).
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FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring 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 combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC simulation predicts that
82.5% of 0νββ events are SS. Using a maximum like-
lihood estimator, the SS and MS spectra are simultane-
ously fit with PDFs of the 2νββ and 0νββ of 136Xe along
with PDFs of various backgrounds. Background models
were developed for various components of the detector.
Results of the material screen campaign, conducted dur-
ing construction, provide the normalization for the mod-
els. The contributions of the various background com-
ponents to the 0νββ and 2νββ signal regions were esti-
mated using a previous generation of the detector simula-
tion [8]. For the reported exposure, components found to
contribute < 0.2 counts (0νββ) and < 50 counts (2νββ),
respectively, were not included in the fit. For the current
exposure, the background 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 exter-
nal to the cryostat, because of their degenerate spectral
shapes and/or small contributions. A possible energy off-
set and the resolution of the γ-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 γ-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 spectra. The SS fractions for β- and
ββ-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 2νββ SS fraction is released in a sep-
arate 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 ββ energy scale is a free parameter in the fit, so

that it is constrained by the 2νββ spectrum. The fit re-
ports 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 energy scale differences between γ- and ββ-
like energy deposits. The 2νββ PDF is produced using
the Fermi function calculation given in [16]. Tests using
a slightly different spectral form [17] were performed and
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FIG. 6: Relation between the T 0νββ
1/2 in 76Ge and 136Xe for

different matrix element calculations (GCM [20], NSM [21],
IBM-2 [22], RQRPA-1 [23] and QRPA-2 [5]). For each matrix
element 〈m〉ββ is also shown (eV). The claim [4] is represented
by the grey band, along with the best limit for 76Ge [19]. The
result reported here is shown along with that from [7].

found to contribute <0.001% to the predicted location
of Qββ. Finally, the stability of this energy scale cor-
rection was verified by repeating the fit with increasing
thresholds up to 1200keV.

For the best-fit energy scale and resolution the ±1σ
and ±2σ regions around Qββ are shown in Figure 5. The
number of events observed in the SS spectrum are 1 and
5, respectively, with the 5 events in the ±2σ region ac-
cumulating at both edges of the interval. Therefore, no
evidence for 0νββ decay is found in the present data set.
The lower limit on T 0νββ

1/2 is obtained by the profile likeli-
hood fit to the entire SS and MS spectra. Systematic un-
certainties are incorporated as constrained nuisance pa-
rameters. The fit yields an estimate of 4.1 ± 0.3 back-
ground counts in the ±1σ region, giving an expected
background rate of (1.5 ± 0.1) × 10−3 kg−1yr−1keV−1.
It also reports 0νββ decay limits of < 2.8 counts at
90% C.L. (< 1.1 at 68% C.L.). This corresponds to a
T 0νββ
1/2 > 1.6× 1025 yr at 90% C.L. (T 0νββ

1/2 > 4.6× 1025 yr

at 68% C.L.). Toy MC studies confirm the coverage of
this method as suggested by [18]. The same fit also re-
ports T 2νββ

1/2 = (2.23 ± 0.017 stat. ± 0.22 sys.) × 1021 yr,

in agreement with [6] and [7]. The levels of contamina-
tion from γ-emitting nuclides are found to be consistent
with material screening estimates [12]. The addition to
the fit of a PDF for 137Xe produces a 13% higher limit
on T 0νββ

1/2 at 90% C.L.. In the absence of an independent

constraint on this cosmogenic background, the smaller
limit is reported.

The result from the likelihood fit is shown in Figure 6,
along with the recent constraint for 136Xe [7] and the
best limit [19] and claimed detection [4] for 76Ge. The
present result contradicts [4] at 68% C.L. (90% C.L.) for
the nominal values of all (most) matrix element calcula-
tions considered [5, 20–23] and provides upper bounds to
Majorana neutrino masses between 140 and 380meV at
90% C.L..
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Year 2013: 2νββ Update Paper 

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



Publications 

•  An improved measurement of the 2 half-life of 136Xe with EXO-200, submitted to PRC 
•  Search for Neutrinoless Double-Beta Decay in 136Xe with EXO-200 

Phys. Rev. Lett. 109 (2012) 032505  
•  The EXO-200 detector, part I: Detector design and construction JINST 7 (2012) P05010  
•  Xenon purity analysis for EXO-200 via mass spectrometry Nucl .Instrum. Meth. A675 (2012) 40-46  
•  Observation of two-neutrino double-beta decay in Xe-136 with EXO-20 Phys. Rev. Lett. 107 (2011) 212501  
•  A xenon gas purity monitor for EXO Nucl. Instrum. Meth. A659 (2011) 215-228  
•  A magnetically-driven piston pump for ultra-clean applications Rev. Sci. Instrum. 82 (2011) 105114  
•  A simple radionuclide-driven single-ion source Rev. Sci. Instrum. 81 113301 (2010)  
•  Characterization of large area APDs for the EXO-200 detector Nucl.Instrum.Meth.A608 (2009)  
•  A microfabricated sensor for thin dielectric layers Rev. Sci. Instrum. 79, 045101 (2008)  
•  Systematic study of trace radioactive impurities in candidate construction materials for EXO-200 

Nucl.Instrum.Meth.A591 (2008)  
•  A liquid xenon ionization chamber in an all-fluoropolymer vessel Nucl.Instrum.Meth.A578 (2007)  
•  A linear RFQ ion trap for the Enriched Xenon Observatory Nucl.Instrum.Meth.A578 (2007)  
•  Observation of single collisionally cooled trapped ions in a buffer gas. Phys. Rev. A 76, 023404 (2007)  
•  Mobility of thorium ions in liquid xenon Nucl.Instrum.Meth.A555 (2005)  
•  Correlated Fluctuations between Luminescence and Ionization in Liquid Xenon Phys. Rev. B 68 (2003)  
•  Detection of very small Neutrino Masses in double-beta decay using laser tagging 

Phys. Lett. B 480, 12 (2000)  



Summary 
–  EXO200, from inception to operation, has (mostly) gone 

smoothly 
–  many challenges were overcome (including site logistics) 
–  now in ‘steady state’ operating mode with remote control 

–  first measurement of 2νββ for 136Xe 
–  0νββ results competing with world’s best 
–  updated 2νββ submitted for publication 
–  new 0νββ result with latest exposure very soon 

–  will continue to optimize analysis for further improvements 
–  additional physics might be pursued 
–  potential upgrades to detector being considered 
–  physics running until ~2015  
–  additional R&D operation for nEXO possible beyond that 


