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Probing the Origin of Neutrino Mass 
with the Enriched Xenon Observatory

Carter Hall, SLAC
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A simple Dirac mass for the neutrino requires a Higgs coupling of 10-13.

Neutrino mass is fundamentally different from the other fermions....
we need new physics to understand it.



3

..
2
1

,.
2
1

,.

chmL

chmL

chmL

R
C

RRM

L
c

LLM

LRDD

R

L

+=

+=

+=

νν

νν

νν

Charged fermions can only have a Dirac mass

neutral fermions can also have 
two types of Majorana masses

Pure Dirac fermions carry charge: e-, µ-, τ-, ect.
Majorana fermions are their own antiparticles... maybe neutrinos? 

Is lepton number conserved or not?

Fermion mass is closely tied to particle/antiparticle nature.

Higgs only generates Dirac masses
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We need a process which violates total lepton number:

Need both helicities,
so νe must be massive

must not carry
lepton number

Observation of this process at an e-e- ILC
 would indicate the existence of TeV-scale Majorana neutrinos.

To get information on the known light neutrinos, 
we need  a low energy equivalent process.
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ββ0ν is the same physics at low Q2

N(Z,A)
N(Z+2,A)

amplitude ~ m(ν)/E(ν), 
E(ν) ~ 100 MeV

“Neutrino mass mechanism” for double beta decay
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Theββ0ν half-life depends directly 
on the absolute neutrino masses:
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1) we must have a reliable calculation of the nuclear matrix element
2) the neutrino mass mechanism must dominate the decay

Majorana
phases

Two caveats to ββ0ν as a mass measurement:
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ββ0ν strategy: search for a peak in the energy 
spectrum at the known Q value

ββ2ν spectrum
(normalized to 1)

ββ0ν signal 
(5% FWHM)

(normalized to 10-2)

0νββ peak (5% FWHM)
(normalized to 10-6)

Summed electron energy in units of the kinematic endpoint (Q)
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The most sensitive ββ0ν experiments
to date are based on Germanium-76. 

Half-life limit: 1.9 x 1025 years
Majorana neutrinos ruled out for masses greater than ~0.35-1.0 eV.

Heidelberg-Moscow (76Ge) energy spectrum 

Q value
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A liquid xenon TPC as a ββ0ν detector 

•Monolithic TPC design has optimal surface area to volume ratio
•Full three dimensional event reconstruction
•Fluid can be purified in situ 
•Noble gas isotope enrichment relatively easy and safe
•No crystal growth
•No long-lived xenon isotopes to activate

but

•Energy resolution modest compared to 76Ge & 130Te

•Experimental technique less mature
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Two gamma lines
from 207Bi

Xenon can be continuously purified 
of chemical and radioactive contaminants

Fluids often have
extraordinarily low
radioactivity, and noble 
gases are particularly
simple to purify.
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Liquid xenon calorimetry

Measure the event energy by collecting the ionization on the anode 
and/or observing the scintillation.
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1 kV/cm

Data show an anti-correlation 
between ionization and scintillation

~570 keV~570 keV

Ionization & Scintillation energy resolution = 3.0% @ 570 keV or 1.4% @ Qββ

(twice as good as most recent xenon ββ0ν experiment)
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The crown jewels of EXO

200 kg of xenon enriched to 80% in 136Xe:
the most isotope in possession by any ββ0ν collaboration.



14

EXO-200: fully funded and under construction  

A liquid xenon TPC contained in low background vessel, 
surrounded by 50 cm of ultra pure cryofluid inside a 

copper cryostat and shielded by 25 cm of lead.

plastic xenon vessel

HFE-7000 cryofluid copper cryostat
lead shielding
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Crossed wire planes and APD array 
measure event energy and position

APD plane below wire grids

y-position given by induction signal on shielding grid.
x-position and energy given by charge collection grid.
APD array observes prompt scintillation to measure drift time.
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EXO-200 will be housed in a 100 class clean room

three of six 
modular clean rooms

EXO clean rooms assembled at Stanford
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EXO-200

Case

(0.53)0.18

Majorana mass
(eV)

QRPA  (NSM)
40

Radioactive
Background
(events)

6.4*10251.6*2700.2

T1/2
0ν

(yr, 90%
CL)

σE/E @ 
2.5MeV

(%)

Run 
Time
(yr)

Eff.
(%)

Mass
(ton)

Sensitivity of EXO-200 

Improves on previous 136Xe experiments by one order-of-magnitude,
and competitive with the best ββ0ν experiments in the world.
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The Future of EXO:

Ton-scale Liquid Xenon TPC with
Barium tagging
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Xe offers a new tool to reduce background:
136Xe       136Ba++  final state can be identified 

using optical spectroscopy  (M.Moe PRC44 (1991) 931)

Ba+ system best studied
(Neuhauser, Hohenstatt,
Toshek, Dehmelt 1980)
Very specific signature

“shelving”
Single ions can be detected
from a photon rate of 107/s

Barium tagging would 
eliminate all radioactive 
backgrounds, leaving 
only 2νββ.
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EXO spectroscopy  lab

e-gun

Ba Oven

650 nm:  External Cavity
    Diode Laser (ECDL) 

493 nm: Frequency doubled 986 nm

both lasers cavity stabilized

RF trap
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Vacuum single ion pictures

From imaging PMT

850 µm

H
z/bin 

H
z/bin 

150:1 Signal to noise
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Prototype electrostatic probe to study 
ion grabbing and release

Th+ source

Probe tip

Liquid xenon cell

Probe collects Th+ in liquid xenon, 
then we observe them with an α counter above the liquid surface.
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α decay lifetimes on probe tip agree 
with expectation for 226Th and 222Ra 

Ion grabbing in Liquid Xe works 

α spectrum of ion 
source

Observed α 
spectrum on 

probe tip

Also: Th ion mobility in LXe measured:

skV
cm

⋅
±=

2

02.024.0µ
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Ion release from probe tip is challenging

Xe ice 
for ion
release

“cold probe prototype”

One possibility: trap ion in xenon ice, then melt ice to release.
Early results promising: ions are released, but need to show that
ions can be delivered efficiently to a trap. Work in progress! 
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Aggressi
ve

Conserva
tive

Case

(21)

(95)

7.3

33

Majorana mass
(meV)

QRPA‡ (NSM)#

0.7 (use 1)

0.5 (use 1)

2νββ
Background
(events)

4.1*10281†107010

2*10271.6*5701

T1/2
0ν

(yr, 90%
CL)

σE/E @ 
2.5MeV

(%)

Run 
Time
(yr)

Eff.
(%)

Mass
(ton)

Sensitivity of ton-scale EXO
with barium tagging

One-ton scenario sensitive to inverted hierarchy
Ten-ton scenario sensitive to normal hierarchy.
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ββ0ν discovery claim

HV. Klapdor-Kleingothaus, et. al, 
Nuclear Instruments and Methods A 553 (2004) 371-406
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ββ0ν discovery claim

Fit model:
6 gaussians + linear background.

Mean, width and intensity of 
each gaussian floats in the fit.

Total of 20 free parameters.

Fit intensity @ Qββ = 28.75 ± 6.86.

Authors claim significance of 4.2 σ.

Mean value of ββ0ν candidate line
displaced from Qββ by 2.1 σ. 

214Bi intensity from fit is 2 – 2.5 σ
larger than MC prediction.

Q value

???

214Bi

214Bi


