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Why search for Ov[3?
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An observation would violate Lepton number conservation!
 What is the absolute mass scale? How heavy is the neutrino?
 Why is the neutrino mass so small?
* Why are we living in matter-dominated universe?
 What is the nature of the v: Dirac or Majorana?
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Searching for Ovpf in 13°Xe with EXO
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Natural radiation decay rates

A banana ~10 decays/s
A bicycle tire ~0.3 decays/s
1 | outdoor air ~1 decay/min

100 kg of 13%Xe (2v) ~1 decay/10 min

OvBp decay >10000 x rarer than 2v[3f3
Age of universe 1.4 x 10%° years

. — Liquid-Xe Time Projection Chamber

Liquid Xe at 168K
Cryogenic electronics in LXe
Detection of scintillation light and secondary charges
2D read out of secondary charges at segmented anode
Full 3D event reconstruction:

1. Energy reconstruction

2. Position reconstruction

3. Event Multiplicity

T,,," > 10% years !!
—~>Need:

o high target mass
high exposure
low background rate
Very good understanding of BGND
good energy resolution




EXO- Enriched Xenon Observatory

Phased approach:

The virtues of 136Xe in a large TPC
1. EXO-200: 200kg liquid-Xe TPC

* Easy to enrich: 8.9% natural
abundance but can be enriched
relatively easily

e Can be purified continuously,
and reused

* High Qgg (2458 keV): hlgher
than most naturally occurring

backgrounds
* Minimal cosmogenic activation: 2. nEXO: 5-ton liquid Xe TPC with Ba tagging
no long-life radioactive isotopes option (SNO lab cryopit)

* Energy resolution: improves W
using scintillation and charge
anti-correlation

e LXe self shielding

* Background can be potentially
reduced by Ba™* tagging e
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Scintillation energy [keV]

Detector Energy Resolution
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Combining lonization and

Scintillation energy to enhance

energy resolution

Anticorrelation between scintillation
and ionization in LXe known since

early EXO R&D

(E.Conti et al. Phys Rev B 68 (2003) 054201)

—— Scintillation: 5.0%

— |onization: 3.0% ]
— Rotated: 1.2% l

800 1000 1500 2000 2500 3000

Energy [keV]



Topological Event Information
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TPC allows the rejection of gamma backgrounds because Compton scattering
results in multiple energy deposits.

SS/MS discrimination is a powerful tool not only for background rejection, but
also for signal discovery.



EXO-200 (0Ov)[3]3 search

2011  First measurement of 2vBp in 13®Xe [PRL 107, 212501 (2011)]
2012 First Ovp3p result, best mgg limit [PRL 109, 032505 (2012)]

2013  Most precisely measured 2vpBp rate — and the lowest
—>slowest process ever directly measured in nature! [PRC 89, 015502 (2014)]

2014 Improved sensitivity to mgs [Nature 510, 229 (2014)]
T/ 2vBB =2,165 + 0.016(stat) + 0.059(syst) x10% yr Tis OvBB > 1.1x10%° yr @ 90% C.L.




2011
2012
2013

2014

EXO-200 (0Ov)[3]3 search

First measurement of 2vppB in 3Xe [PRL 107, 212501 (2011)]
First Ovpp result, best mgg limit [PRL 109, 032505 (2012)]

Most precisely measured 2vBp rate — and the lowest
—>slowest process ever directly measured in nature! [PRC 89, 015502 (2014)]

Improved sensitivity to Mg [Nature 510, 229 (2014)]

T/, 2PP=2.165 # 0.016(stat) + 0.059(syst) x10?* yr

T/, %8> 1.1x10% yr @ 90% C.L.
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Assuming light neutrino
exchange mechanism
G% phase-space factor

MY matrix element



Ov[3[3 search with EXO

Multi-phase program : 10"
 EXO-200 - operational at WIPP mine

— ~175kg xenon enriched at ~80%
EXO-200 projected

— Current limit on OvpB: S (U ppcpreemy s & < E
1.1 x 10%° years (EXO-200) 3, g T - ]
— Continue data taking for 5 ! !
S r
2 more years v 10 ;
— Sensitivity: 100-200 meV NH
* nEXO - R&D underway: 10~ B= SRV SV R R
— 5T xenon enriched at ~90% 104 107 102 10" 10 10= 10 10" 10°
° M pin [eV] M pin [eV]

— Sensitivity: 5-30 meV
— Improved techniques for

background suppression and ]
possibly Ba tagging - Development of nEXO is

well advanced

November 23, 2016 Thomas Brunner



Monolithic Detectors

EXO-200
5kg .
150kg
5000 130
150 40
5 13 2.5MeV gamma ray attenuation

length 8.5cm = —

Monolithic detector is essential for background rejection:
« Rejection of surface background

« Outer volume precisely measures background contribution
-> detailed knowledge of BGND contributions to Ovpp search

* Inner fiducial volume extremely clean 10



The role of the standoff distance
in background identification and suppression

Example: nEXO, 5 yr data, OvBB @ T,,,=6.6x10% yr,
projected backgrounds from subsets of the total volume

Fid. LXe Mass=  4780kg 3000kg 1000kg 500kg —

SS

Counts / 20keV
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MS § Summed Backgrounds
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(&]

— TPC Backgrounds

External Backgrounds
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Energy (keV) Energy (keV) Energy (keV)

The fit gets to see all this information and use it in the optimal way

November 22, 2016 Thomas Brunner



Searching for Ov[3[3 with nEXO

R“er SIPMs « Next-generation neutrinoless double beta decay
| ; detector
= * 5tliquid xenon TPC similar to EXO-200 (50x the size)
* Possible location in SNOLab Cryo Pit (6010 mwe)
» SiPM for light detection
2 ] * Tiles for charge read out
DR B RR RE AL 3D event reconstruction
F 3 3 ' * Required o/E of 1% at Q-value
' Possible addition of Ba-tagging after 5 years

e W

‘iilre;faflfoli

EXO-200 for size
comparison

Hovember 23, 2016 nEXO TPC nEXO at the SNOIab Cryopit



Analog SiPMs - baseline solution for nEXO

F. Retiere L2 manager for photon sensors
Canadian CFI proposal for SiPM development

e High gain (low noise)

* Large manufacturing =7
capabilities

e But efficiency and
radioactivity need work

o Requirements:
3 o * High gain = negligible electronics
S 3 noise
c ‘; * Efficiency at 175nm > 15%
. * Correlated avalanche rate < 20%
|7 e Dark noise rate < 50Hz/mm?2

8 * 238 and %3?Th content < 0.1 and

tlme -

13
S$10362-11-050U (M=7.50E+5) 1nBg/cm?

wwy
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NEXO Sensitivity & Discovery Potential
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Thomas Brunner

Methodology:

3860 kg fiducial Xe
90% enrichment
1% oE/E resolution

Realistic background
projections based on
measurements

EXO200-like analysis

14
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NEXO Sensitivity & Discovery Potential
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1 Can we do better than this?

| If we see a Ov[3p-like signal with nEXO
| (or any other Ov(3[3 detector),

oo how can we be sure it really is Ov[33?
i |=—— nEXO S
L ioos or | o nEXO D . .
- T o Exo-20 The answer might be Ba-tagging.

Nature 510, 229 {2014)
| |
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Ba-ion extraction and identification —
the Canadian approach

nEXO 2.0 '
. | Red, 650 r
([ XeTPC | QMS, QMS, Light le e
b ol [elect Ba™*  Select Ba' 57 detection me'r.
e [
T linearion | -[ -
Py RF-Funnel Collision Ce“, earton E i Blue
( ) Ba**-> Ba* b : e
J 1 493nm laser
vl L e :
A 1 Y r.l,"} - :
QTRIUMFE T L |
W Multi-reflection
TOF spectrometer

>
S TRIUMF 4

* Extract Ba*™) from liquid Xe TPC into a Xe gas environment

* Extract Ba*™ with a Xe gas jet into a low pressure chamber

* After nozzle, pump Xe gas away and guide Ba*™* to identification
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NEXO Sensitivity & Discovery Potential
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Methodology:

e 90% enrichment

* 1% oE/E resolution

.'"':::fffé * Realistic background
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NEXO based on successful EXO-200 concept
nEXO is an exciting experiment to further push the search for ‘new physics’
nEXO may answer the question if the neutrino is a Majorana particle
Strong Canadian contribution to nEXO photon sensor and calibration
developments; and development of advanced low background techniques

projections based on
measurements

1 ¢ EX0200-like analysis
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Charge Readout Tiles

 EXO-200 used wires for charge-readout

* Produced by IHEP/IME; functional testing in
LXe in the US.

* 10 x 10cm? Prototype Tile

* Metallized strips on fused silica substrate
* 60 orthogonal channels (30 x 30)

* 3mm strip pitch

* Strip intersections isolated with SiO, layer

* Currently testing in LXe with a 2%/Bi source

Counts/6keV

10 : : -
' ' /%
% . MCscaled to match T P
104 % : % MC Smearing Energy Dependent

ME‘tTI'E’anode,
unted to
—underside 'of cell lid .
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Energy[keV]



Ba ion detection & identification (Carleton)

Ba-II

s T~ 8 ns
| nghf Red, 650nm G-Pl'l , :

| , laser /. 649.869 nm
¥ detection [ . o
Using a relatively J\/\/\/\ (\/\M

o simple and well 493.545 nm /
Linear ion understood (73%) | . 1

; 5°D =
Blue, fluorescing system i35,

493nm laser y

trap

Demonstrated ion cloud imaging Demonstrated single ion sensitivity using
and accurate position control intermodulation technique (background control)
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RF funnel concept

RF-funnel concept:

Aperture 1 . Converging-diverging nozzle

lons from
10n source
in 10 bar

| |

Nozzle v v v ‘ ‘ '

2 Stacks total 301 electrodes
RF-field applied to electrodes
P, = 10 bar, P; = 1 mbar

Vre =120V, f=10 MHz
Simulated Ba* transmission

Tl ~95%

) [ i LSS R 9

vV V VvV V

Gas pumped between electrodes

Vrr = 25V, f=2.6 MHz

: N ..
_ Chamber A T Chamber B T Chamber C__ Simulated Ba Eransmlssmn
" P, up to 10 bar P, ~ 1 mbar P.~ 10° mbar ~72%
electrode //_;\-.;A\\\ ) /? (;4_\\
N\ ' (i
W N £ >
> <
» <
Y A R e S SETER PP P PP PPPPPRPE . B T
I\ N/ A\
N 7 7 > t > t
v LN NA ] N
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RFE-funnel development

5 MHZ 5 MHz
®50 Vie 50V,,
Source | J . : T, B
Target / | / | | \/ [ \ ‘/( / CEJD
4 [
Xenon gas I ( _ ! ] OOOO00
= > w : .7"—-—~ e =t = = S o o (MOIOIMIOOIO :
., e %
W Ist nozzg\ 2nd nozzle |\ 3rd nozzle$ U Laser
Ablation
Lager Ion Detector 1
P,=10 bar P,=3 mbar P,=0.6 mbar P,=3x10" mbar P,=6x10” mbar P.<1x10” mbar
Gas Handling 2nd funnel ’3rd funnel ’ ‘ Linear Paul Trap ‘ ‘Time-of-Flight Mass Spectrometer‘
T Ion Production and Extraction H Ion Identification T

* Development of an improved ion-extraction system in Canada (McGill,
TRIUMF, Carleton)

* Laser-ablation ion source in high pressure Xe gas

* Double (triple) RF funnel for improved operation = improved pumping

* Ba*-ion identification through laser-fluorescence spectroscopy

* lon identification via time-of-flight mass spectrometry

5/30/2017 Thomas Brunner 24



lon extraction in Xxenon gas

Spectra of ions extracted from 2.1 bar Xe

2000 — 2000 —
¢ Xe Preliminary ;¢ XeXe
¢ HXeOH

— 1500 I{)( — 1500

S " ¥ HXe S

- 1 sum ~

N N

L 1000 252Cf source L 1000

n n

o o

@) @)

500 | :
®e
0
120 125 130 135 140 145 150 155 160

Mass [u]

* |lons extracted up to 10 bar! .
 Gd-148 and Cf-252 ion sources used
* |ons extracted from Ar, Kr, and Xe

5/30/2017 Thomas Brunner
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Ba-ions not identified!
Fission products not
identified!

lon extraction efficiency
unknown!
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