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Favorite double beta decay channels
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AB=0 Baryon number conserving
AL=0 Lepton number conserving
A(B—-L)=0 Baryon — lepton number conserving

Standard model second order weak process
Dominant decay mode for some even-even nuclei
Directly observed for 48Ca, 7°Ge, 82Se, 9°Zr, 139Te, 136Xe, and °°Nd

With )5 = 7% 102 x 10* yr



AB=0 Baryon number conserving
AL=2 Lepton number violating
A(B—L)=-2 Baryon — lepton number violation

Neutrinos are Majorana in nature

Majorana mass given by: o \ ! 0 0 2 9
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Distinguishing 13¢Xe decay
channels

Only by electron energy sum.

On the left: experimental limit on 2vBB

rate + OvBP claim with 1.5% energy
resolution.

On the right: leakage of 2v3B events
into the OvBB peak increases with
resolution to the 6t power!



BB-decay experiments
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BB-decay experiments: Candles Il

currently performance testing detectors



BB-decay experiments: CUORE

fully operation in 2014



BB-decay experiments: GERDA

Bare H-M 7Ge enriched
crystals suspended in
liquid argon
shielding/cooling

First results confirm 2vBf
observations

Next phase new BEGe
detectors with better
pulse shape
discrimination and LAr
veto

Very careful to avoid
surface activation of 8Ge

Lifted from PBElaNIajorovits




BB-decay experiments: GERDA

Bare H-M 7Ge enriched
crystals suspended in
liquid argon
shielding/cooling

First results confirm 2vBf
observations

Next phase new BEGe
detectors with better
pulse shape
discrimination and LAr
veto

Very careful to avoid
surface activation of ®8Ge

Lifted from PBElaNIajorovits




BB-decay experiments: Majorana

 Enriched germanium being
processed into detector
grade

e PPC Ge detectors that lead
into next phase of GERDA

 Moving things into the
underground lab this month
(prototype module)

e Growing electroformed
copper underground since
last July “EXO-200 copper
not good enough for

. ”
Ma]orana Courtesy Ryan Martin



Neutrinoless BpB-decay

BB-decay signal for 0.1% Nd

loaded scintillator —

esignal at the level of Klapdor
[Phys. Lett. B 586 (2004) 198]

e~2 years live time

214Bj can be tagged and removed

e constrain 2%T| with ?1?Bi-Po
delayed coincidence

* 3 min alpha tag of 2%%T| under study

Neutrino mass sensitivity for
0.3% Nd loading.

* [BM-2 [Phys. Rev. C 79 (2009) 044301]
NME values were used (includes
deformation)
* radioactivity backgrounds at the levels
achieved by Borexino

Number of events

Courtesy Mark Chen
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Courtesy Mark Chen

SNO+ Status and Schedule

Acrylic Vessel Hold Down

Net installed

New SNO+ Electronics
and DAQ being tested

Water fill and detector
commissioning starting
mid-2012

Scintillator purification

and process systems
installed: end of 2012

Scintillator fill and data
taking in early 2013

addition of Nd to the
scintillator soon
thereafter



EXO suite of experiments

136Xe as both target and detector

First phase: currently operating
EX0—200 on the 200 kg scale

e Liquid xenon enriched to 80%
in 136Xe

e Demonstrate feasibility of ton-
scale xenon BB-decay
experiment

e Test KKDC claim

 Probe Majorana mass down to
100 meV scale

13630 5130 Bt 4 9¢~ (+2ve)



EXO suite of experiments

136Xe as both target and detector

Second phase: EXO—full (or full—
EXO) at the 1-10 ton scale

e Liquid or gaseous xenon
enriched in 13°Xe OvBp

 Probe Majorana mass down to
the 5-20 meV scale

e Tag barium, daughter nucleus
to eliminate all backgrounds
other than that from 2v3f3
decay of 136Xe

e QObserve OvBf

13630 5130 Bt 4 9¢~ (+2ve)



Making the case for xenon

Generically, the case for studying another [33-decay candidate:
e Nuclear matrix elements are not well known

 Mechanism that facilitates B0v may require analysis of more than
one isotope

e Many unknown y—ray transitions that could be confused with a
BROv signal

Specifically for xenon:

e Relatively easy to enrich

e Nobel gas can be continuously purified during the experiment
e No long-lived xenon isotopes

« BP2v background is relatively low

 Potential to tag 13®Ba daughter nucleus



The EXO—-200 sighal collection

Dual channel: ionization (charge) and scintillation (light)

lonization
electrons

o Xe*and Xe*

o I36pa+




arXiv:1202.2192v1 [physics.ins-det] 10 Feb 2012

The EXO—-200 detector

X 29

5cm total thickness

only 1.37mm thick

minimum 25cm

30cm cryogenic fluid
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arXiv:1202.2192v1 [physics.ins-det] 10 Feb 2012

The EXO—-200 detector

e situated 2150ft (1600 mwe)
underground for cosmic ray
shielding

* muon veto system outside clean
rooms: ~4mn x 4/6 coverage
equates to ~96% efficiency for u
traversing TPC

e TPC surrounded by 50 cm (4
tonnes) HFE7000 cryogenic
shielding fluid

e 5cm low-radioactivity Cu cryostat
and 25 cm Doe Run Pb



arXiv:1202.2192v1 [physics.ins-det] 10 Feb 2012

The EXO—-200 detector

e 175 kg xenon enriched to 80.6%

HV FEEDTHROUGH - 136
COPPER VESSEL in =*Xe

CATHODE . .
VUV TEFLON * liquid phase xenon at a

REFLECTOR TILES

U AND V temperature of 167.0£0.1 K

"'§’,\: ;Q\MRE PLANES .
2 [N e xenon is both source of OvBB and

detector

e continuous Xe recirculation

through commertial purifier
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arXiv:1202.2192v1 [physics.ins-det] 10 Feb 2012

The EXO—-200 detector

e 1.37mm thin walled TPC

e cathode spider plane centered
between two sides of TPC

e 468 avalanche photodiodes
(LAAPDs) detect scintillation light

e APDs ganged in groups of 7 for a
total of 67 channels



arXiv:1202.2192v1 [physics.ins-det] 10 Feb 2012

The EXO—-200 detector

 38x38 crossed U/V wire channels
per side of TPC detect ionization
charge for a total of 152 channels

e each wire channel consists of
three wires with 3mm spacing

e to improve charge collection

e wires channels are spaced at 9
mm intervals

* |ow background custom readout
cables



Nielson, R. et al., NIM A 608, 1 (2009)
The EXO—-200 APDs

e Made by Advanced Photonix

* Low radioactivity construction
using EXO supplied chemicals and
metals

e mass~ 0.5g/LAAPD

e 16mm active diameter per LAAPD
e PEvyield per photon>1at 175 nm
* (Capacitance ~ 200 pF at 1400 V

e V~1500V, Gain~ 200

e AV<+/-0.5V

e AT <+/-0.1K (requirement for
temperature stability)

e |eakage current of array < 1pA



APD signals vs time

APD Channel

Wire Channel

U/V charge signal and relative timing between
charge and light give 3 coordinates of event
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EXO—-200 calibration

Calibration source locations

Sources:

137CS, GOCO, 228Th

Custom designed,
miniature source



EXO-200 calibration

Calibration source locations

Sources:

137CS, GOCO, 228Th

Custom designed,
miniature source
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EXO-200 enriched low-background
run in 2011

e EXO-200 filled with Enriched Xe; data
taking began in spring 2011

e Driftfield: E=-376 V/cm

e 31 live days

e Source calibration ~ 2 hrs each day to

monitor purity, resolution, calibration,
other detector effects

e Continuous xenon recirculation through
commercial SAES purifiers at ~ 5 SLPM
producing liquid xenon purity 210-280 us

e Conservative fiducial volume ~ 63 kg
chosen to reduce external low energy
backgrounds

e Data collected were used for immediate
measurement of the 2vBp t, , of 1**Xe and

to begin energy resolution studies
e Scintillation light for position
reconstruction and PID only

Also still missing part of front lead enclosure



electron lifetime and recirculation rate

Xenon purity
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Energy Calibration

Calibration source agreement
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Constraints from alpha spectroscopy

look for alpha spectrum
of 238U in scintillation

calibrate spectrum with =~z  =heseectroscopy from scintilaton

alphas from radon chain i S

constrain 238U in bulk 3::2? i e

liquid by searching for o3 1Ll

4.5 MeV alphas j ++ +

* <0.3 counts per day in Z;o_“““"&o'oa”‘j*‘;ﬁoaolooﬁffaﬁ%‘*‘g‘aoo """ 75000
fiducial volume energy (keV)

e thesame limit applies to
its daughter 234mpa



31 live-days of data 63 kg active mass Signal/Background 10:1

2VBP observation
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Comments about OvBp

Preliminarily see about 4x10-3 counts/(kg yr keV)
This is already very competitive in the field

This is not the lowest background configuration of
EXO-200

Projections based on assays and background impact
studies of all components a factor of 4 lower

See our most recent paper on the archive
arXiv:1202.2192v1 [physics.ins-det] 10 Feb 2012



Event distributions

self shielding of xenon
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EXO-200 summary

 Low background physics data taking with enriched xenon
has begun and already producing results!

* T,,=2.11-10%"yr (£ 0.04 stat) yr (+ 0.21 sys)

e Backgrounds already very low (4-103 counts kg keV-* yrtin
0vBp region) without full lead wall or full 3D reconstruction

e Stay tuned: improved energy resolution using charge AND
scintillation signals and upgraded pattern recognition,
event selection, ...

e Multi-tonne concept under development-next prototype
just around the corner
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Facilities
DUSEL-4850L

EXO support SNOLAB-6800L

building

EXO detector
assembly

EXO support
building

EXO detector
assembly



Gaseous xenon detector In
SNOLAB cryopit



Side1l Side?2

cC < C <

Single Site Event in EXO-200

Top display is charge readout (V are
induction wires and U are collection wires).

Left display is light readout. APD map
refers to the sample with max signal.

Scintillation light is seen from both sides,
although more intense and localized on side
2, where the event occurred.

Small depositions produce induction
signals on more than one V wires but are
collected by a single U wire. V signal always
comes before U.

Light signals precede in time the charge
ones
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The scintillation light is brighter
and more localized on Side 1

All scintillation light arrives at
where the scattering occurs

the same time, indicating that
the two energy depositions

are simultaneous.
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Muon track in EXO-200

One of the two TPC modules

Cat{ode

U and V wires

A track from a cosmic-ray muon in EXO-200. The horizontal axis represents time
(uncalibrated for now) while the vertical is the wire position (see sketch). V wires see
inductive signals while U wires collects the charge.

The muon in the present event traverses the cathode grid, leaving a long track in one
TPC module and a shorter one in the other.



3D reconstruction threshold

100 keV well above charge
trigger and reconstruction
thresholds

3D reconstruction still requires
determination of t, from
scintillation signal

compare ratio of fully
reconstructed events to
triggered events to determine
reconstruction efficiency

early software threshold of
about 700 keV

recent dramatic decrease with G:....l....l....l....l....l....l....|....l....|....
increase in APD bias voltages, 0100 200 300 400 500 600 700 800 900 1000
to about 300 keV

=]
=]
|
—_—

« LAAPD gain 100

« LAAPD gain 200

0.6 /

APD Reconstruction efficiency
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