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Oscillation experiments have provided the mass differences between the 3 types of
neutrinos, we don’t know the overall mass scale or the mass ordering.

Neutrinoless double
beta decay can:

Measure the mass
scale
Establish that the
neutrino is its own
antiparticle
Rule out the inverted
hierarchy
Find new physics,
such as lepton
number violation

Current Neutrino Mass Limits
Technique Limit (eV)

Double Beta Decay 〈mββ〉<0.22 - 0.41
Tritium Endpoint mνe<2
CMB+LLS+SN1A Σmν<0.66

WMAP+SDSS Σmν<1.3
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Standard Model process, second order:

(A, Z)→ (A, Z + 2) + 2e− + 2ν̄

The half life is given by:[
T2ν

1/2

]−1
= G2ν (E, Z)

∣∣∣M2ν
GT

∣∣∣2
where

G2ν (E, Z) is a phase space dependence that is accurately calculable∣∣∣M2ν
GT

∣∣∣2 is the Nuclear Matrix Element, a unitless number of order
1 that is derived from nuclear theory

EXO-200 will be
the first experi-
ment to measure
2νββ in 136Xe.

Current 2νmeasurements
Isotope 2ν Half life (yrs) Q (MeV)
48Ca 4.3× 1019 4.27
76Ge 1.5× 1021 2.04
82Se 0.9× 1020 3.00
100Mo 7.1× 1018 3.03
116Cd 3.0× 1019 2.81
130Te 0.9× 1021 2.53
136Xe > 1× 1022 2.46
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Similar to ’normal’ double beta decay, except no neutrinos are
emitted:

(A, Z)→ (A, Z + 2) + 2e−

Only occurs if:
ν = ν̄ Neutrinos are their own antiparticle
mν , 0 Neutrinos are massive
∆Le = 2 Lepton number is not conserved

The half life is given by:[
T0ν

1/2

]−1
= G0ν (E0, Z)
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where〈
mββ
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is the effective neutrino mass∣∣∣M0ν
∣∣∣2 includes more than the Gamow-Teller term that is in the 2ν

equation.

The difference between 2νββ and 0νββ is seen in the energy spectrum of the 2
electrons. Since the rate of 0νββ is anticipated to be much smaller than 2νββ and
our energy resolution is finite, we will search for a small bump at the tail of the
2νββ spectrum.

The sensitivity to neutrinoless double beta decay is given by:

S0ν
1/2 ∝ ε

a
A

[
MT
BΓ

]1/2

ε=efficiency, a=isotopic abundance, M=source mass
A=atomic mass, T=running time, B=background
Γ= resolution.

The goal of the experiment is to maximize the time,
enrichment, and mass while minimizing the back-
ground and improving resolution.

Top view of half of the TPC showing the electric field shaping rings and cathode plane. The
inside has teflon reflectors to improve light collection.

There is a vacuum layer between the two large
cryostats, the main volume is filled with HFE,
and the small cylindrical vessel contains the
liquid xenon. The HFE acts as a cryogenic
buffer fluid and blocks neutrons.

The vessel containing the TPC inserted into the
cryostat. The copper ’legs’ circulate LXe and
contain the readout cables. All of our copper
is tested for high radiopurity and is stored un-
derground to minimize cosmogenics.

The experimental set-up has passed initial commissioning and is currently filled with
xenon. The copper boxes contain the readout electronics.

The avalanche photodiodes (APDs) are read
out in gangs of 7. The platinum-plated “spi-
der” makes electrical contact with the APDs
and readout circuit while holding the APDs in
place.

The readout side of the APDs showing most
of the cables installed. All of the circuits are
thin kapton with copper traces. In order to not
introduce impurities we did not use solder, so
all electrical contacts are made with springs.

The detection side of the APDs and the charge collection wires. The two wire planes are oriented
at 60◦ to each other.

Cleanrooms and support equipment in WIPP. The TPC in the mine, about to enter the clean
room.

EXO
EXO-200

Diagram of the concept of our TPC. The scintillation provides the time the event
occurred, the drift time is used to determine the distance of the event along the
axis, and the wires the electrons are collected on determine the r, θ position.

200 kg Liquid xenon, enriched to 80%
in 136Xe.
Time Projection Chamber (TPC)
Design
Constructed with ultrapure materials
in a clean room
LXe temp (170K) maintained in double
cryostat
Resolution improved through
anti-correlation of light and charge.

Measuring both scintillation
and ionization energies sig-
nificantly improve our en-
ergy resolution.

The predicted EXO-200 sensitivity to neutrinoless double beta decay, based upon
nominal experimental parameters and recent nuclear matrix element calculations.

Mass
(ton)

Eff.
(%)

Run
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(yr)

σE/E
@2.5
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(%)
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T0ν
1/2 (yr)

90%CL
Majorana

Mass (meV)
QRPA NSM

0.2 70 2 1.6 40 6.4×1025 109 135
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WIPP
The Waste Isolation Pilot Plant (WIPP) is a facility in southeastern
New Mexico to demonstrate the permanent disposal of transuranic
waste in underground salt.

2150 ft (655m) underground
Salt overburden provides 1500 m.w.e. muon stopping power
Salt is naturally low in radioactivity

Underground 6 clean room modules are installed, with 10 support
’buildings’

Clean rooms moved from Stanford to WIPP with cryostat inside
Cryostat in class-100 clean environment
UPS provides 2 days of critical electrical power
Dedicated underground machine shop

T F  EXO
EXO-200 is part of a larger effort to develop a ton-scale xenon
detector for double beta decay:

EXO-200: A LXe prototype using radiopure materials
A Gaseous xenon detector with multiple detection systems
Methods of purifying xenon
Understanding barium ion behavior
Identification of single barium ions.

Ton-Scale EXO sensitivities to neutrinoless double beta decay in two possible cases.
These assume barium-tagging removes all radioactive backgrounds but has a 70%
detection efficiency. The aggressive estimate assumes we are successful in improv-
ing our resolution.

Mass
(ton)

Eff.
(%)

Run
Time
(yr)

σE/E
@2.5
MeV (%)

2νββ
BG
(events)

T0ν
1/2 (yr)

90%CL
Majorana

Mass (meV)
QRPA NSM

1 70 5 1.6 0.5 2×1027 19 24
10 70 10 1 0.7 4.1×1028 4.3 5.3
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Small numbers of barium ions can be identified due to their unique fluorescence
(right). The data on the left shows our ability to identify barium ions in a quadrupole
RF trap.

A major focus of R& D is on methods to identify single ions of
136Ba, enabling the rejection of all radioactive backgrounds.

Projects Underway to Develop Barium Tagging
Tagging Technique Institution Summary
Resonant Ionization
Spectroscopy

Stanford Desorb and resonantly ionize Ba
from probe tip.

Surface Ionization
(hot probe)

SLAC & Stanford Thermal desorption and surface
ionization.

Xenon Ice (cold)
Probe

Stanford & TUM Release Ba+ from xenon ice
through sublimation.

Direct Detection in
Solid Xe

Colorado State
University

Storage and spectroscopy of Ba+

in Xe ice
Direct Detection in
Liquid Xe

Colorado State
University

Fluorescence spectroscopy in liq-
uid xenon.

Ion extraction from
Gas Detector

Carleton & Stan-
ford

Guide ions from high pressure
(10 bar) Xe to low pressure trap-
ping region, detection with laser
spectroscopy.

EXO is: University of Alabama, Bern, Caltech, Carleton Univerity, Colorado State University, UC
Irvine, ITEP, Laurentian Univeristy, University of Maryland, UMass-Amherst, SLAC, Stanford
University, TU Munich


