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Neutrinoless Double Beta Decay
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Double Beta Decay of 136Xe

136Xe — Ba*t + 2e + (2v)

- search for excess of events at sum energy of the electrons ~2.5 MeV
- key is to have extremely low backgrounds in that energy range
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EXO Program

« EXO-200
— liquid phase time projection chamber at WIPP
— a number of published and submitted results
— status and plans at WIPP (renew running with upgrades)

« nEXO
— developing next generation 5-tonne detector
— liquid-phase with improved detector response
— sensitivity to inverted hierarchy

« Barium tagging
— continuing to pursue both gas and liquid phase options
— laser spectroscopic tag suitable for either case



Canadian Contingent Growing

Carleton University

— Razvan Gornea (joint TRIUMF...joining this summer), Kevin
Graham, Thomas Koffas, David Sinclair

— 2 RAs, 4 graduate students, undergrads, and technical staff

Laurentian University
— J. Farine, U. Wichoski, B. Cleveland (SNOLAB Sen. RS),
— 1 RA, 1 graduate student, undergrads, and technical staff

McGill University
— Thomas Brunner (joint TRIUMF...joining this summer)

TRIUMF
— Jens Dilling, Reiner Kreuken, Fabrice Retiere
— students and technical staff



Canadians Playing Lead Roles

« EXO-200

analysis coordinator for first physics results (K Graham)

shift coordinator (B Mong)

energy calibration group coordinator (C Liccardi)

fitting group coordinator (C Liccardi)

chair of Scientific Board (J Farine)

shift experts (Carleton student contributed ‘most shifts’ in a recent year)

« nEXO

light detector systems coordinator (F Retiere)

simulation group coordinator (K Graham)

radon measurement and control (J Farine)

chair of Scientific Board (D Sinclair)

members of Executive Committee (F Retiere, D Sinclair)

« Ba Tagging

T Brunner, J Dilling, R Gornea, T Koffas, D Sinclair



The EXO-200
Collaboration
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University of Alabama, Tuscaloosa AL, USA - D. Auty, T. Didberidze, M. Hughes, A. Piepke, R. Tsang

University of Bern, Switzerland - S. Delaquis, R. Gornea, T. Tolba, J-L. Vuilleumier

California Institute of Technology, Pasadena CA, USA - P. Vogel

Carleton University, Ottawa ON, Canada - V. Basque, M. Dunford, K. Graham, C. Hargrove, R. Killick, T. Koffas, C. Licciardi, D. Sinclair
Colorado State University, Fort Collins CO, USA - C. Chambers, A. Craycraft, W. Fairbank, Jr., T. Walton

Drexel University, Philadelphia PA, USA - M.J. Dolinski, Y.H. Lin, E. Smith, Y.-R Yen

Duke University, Durham NC, USA - P.S. Barbeau

IHEP Beijing, People’ s Republic of China - G. Cao, X. Jiang, L. Wen

University of lllinois, Urbana-Champaign IL, USA - D. Beck, M. Coon, S. Homiller, J. Ling, J. Walton, L. Yang

Indiana University, Bloomington IN, USA - J. Albert, S. Daugherty, T.Johnson, L.J. Kaufman, T. O’Conner

University of California, Irvine, Irvine CA, USA - M. Moe

ITEP Moscow, Russia - D. Akimov, |. Alexandrov, V. Belov, A. Burenkov, M. Danilov, A. Dolgolenko, A. Karelin, A. Kovalenko, A. Kuchenkov, V. Stekhanov, O. Zeldovich
Laurentian University, Sudbury ON, Canada - B. Cleveland, A. Der Mesrobian-Kabakian, J. Farine, B. Mong, U. Wichoski

University of Maryland, College Park MD, USA - C. Davis, C. Hall

University of Massachusetts, Amherst MA, USA - J. Abdollahi, S. Johnston, K. Kumar, A. Pocar, D. Shy

IBS Center for Underground Physics, Daejeon, South Korea - D.S. Leonard

SLAC National Accelerator Laboratory, Menlo Park CA, USA - M. Breidenbach, R. Conley, T. Daniels, J. Davis, A. Dragone, K. Fouts, R. Herbst, A. Johnson, K. Nishimura, A.
Odian, C.Y. Prescott, A. Rivas, P.C. Rowson, J.J. Russell, K. Skarpaas, M. Swift, A. Waite, M. Wittgen

University of South Dakota, Vermillion SD, USA, — R. MacLellan

Stanford University, Stanford CA, USA - T. Brunner, J. Chaves, R. DeVoe, D. Fudenberg, G. Gratta, M. Jewell, S.Kravitz, D. Moore, |. Ostrovskiy, A. Schubert, K. Twelker, M.
Weber

Stony Brook University, SUNY, Stony Brook, NY, USA — K. Kumar, O. Njoya, M. Tarka
Technical University of Munich, Garching, Germany - W. Feldmeier, P. Fierlinger, M. Marino
TRIUMF, Vancouver BC, Canada — J. Dilling, R. Kriicken, F. Retiére, V. Strickland



EXO-200 at WIPP
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EXO200: Liguid Xenon (~200 kg) Time Projection Chamber

TPC modules
Avalanche
photodiode (APD) Scintillatio
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Measure both 1onization (wires) and scintillation (APDs)

* Event energy from the combination of 1onization and scintillation

* reject some gamma backgrounds because Compton scattering results in multiple
energy deposits



cathode

Detector Construction
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Calibration System - Laurentian

Calibration source locations

Sources:
137Cg, 60Co, 228Th

Custom designed,
miniature source




Background Rejection
Single Site (SS) Multiple Site (MS)
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Counts/ 14 keV

Counts / 14 keV

Norm. Residuals

2vpp Update Paper (2013)

2vpp T,, =(2.165 * 0.016 stat + 0.059 sys) x 10%' yr
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Updated Ovpp Dataset

Live-time VS day for Physics data

nature o
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Accumulation of “Golden” data
447.60 + 0.01 days livetime
(100 kg-yr, 736 mol-yr 136Xe

exposure)
(6 Oct 2011- 1 Sep 2013)



Ovpp Search Update (2014)
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Ton Studies Using Alpha Decays

(Brian Mong -

e 218pg and 214Bi created from %22Rn
decays can be neutral or charged.

® By measuring drift velocity, the
fractions of charged 2'8Po and 214Bi
were estimated.®

218 pot: 50.3 + 3.0%

® j
214Bjt: 76.4 + 5.7%
214PO
720" / .
213PO
~2
22Qp E 5
\%\

B

Scintillation C
L

surface - A
alphas R 2 — '
/‘0—0 100 200 300 400 500 600

Charge Energy (keV)

betas and gammas

5
xenon using EXO-200”, to be submitted to PRX, arxiv:1506.00317

_aurentian)

214Pb 218P0 P 222Rn
26.8 min 5'2222"9:\[ 3.098 min ‘S';:(;;‘;:V 3.824 day
100%
214Bi a
19.9 min i
99.98%
S
210p}, 214p N g
22.20yr \7'5579;::" 163.8 s
180
=1 0] P SNSRI S . T ]
1A0E o R 4
120F oeeeoenrbeeen 2 i
100} g
L)
4

- . S e o a TMRET,
H - . (W -
BOE oo A, .
* L] -
rf oY
- . h"I|I_.
: b 0 P
e
. L - F *a ¥ y
- - . 5% -
3
o, -

20 ”_”J”_ﬂ_”_”_“}nai_J'-'

L

]
—150

=100

218Po drift distance vs time
J.B. Albert, et al.,"Measurements of the ion fraction and mobility of alpha and beta decay products in liquid

L.
=50

0 50
Az (mm)

100

150



EXO-200/WIPP Update

Feb. 5 2014: - Fire in WIPP underground
Feb. 14 2014: - Airborne radiological event

Feb. 2014: - Xe was successfully recovered (with remote access as
designed), followed by controlled warm up of TPC/Cryostat.

Sept. 2014: lost underground power but regained access.
Feb. 2015: power restored in

Sample salt near the experiment shows virtually zero contamination
from the radiological event

Ongoing cleanup and equipment repair/replacement underway

Aim to cool and fill TPC with LXe in the summer 2015

Implement upgrades (electronics, air gap radon reduction, analysis)
Data taking in the fall 2015

3-year run plan improved Onbb sensitivity



Sensitivity vs. time

« For each of the toy MC distributions, also calculate the combined Phase |
and Phase Il sensitivity

Combined Phase | + Phase Il sensitivity vs. data taking period:

+ I I I I

Phasel Phase II

Median after 3 yr:
T,», > 5.7x10%° yr

Ty [10% yr]

— Median sensitivity

Median with no :
analysis : 68% conf. int.
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0.0 0.5 1.0 1.5 2.0 2.5 3.0
Phase Il data taking period [yr]




y
\

The nEXO
Collaboration
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University of Alabama, Tuscaloosa AL, USA - T. Didberidze, M. Hughes, A. Piepke, R. Tsang

University of Bern, Switzerland - S. Delaquis, R. Gornea, T. Tolba, J-L. Vuilleumier

Brookhaven National Laboratory, Upton NY, USA — M. Chiu, G. De Geronimo, S. Li, V. Radeka, T. Rao, G. Smith, T. Tsang, B. Yu
California Institute of Technology, Pasadena CA, USA - P. Vogel

Carleton University, Ottawa ON, Canada - Y. Baribeau, V. Basque, M. Bowcock, M. Dunford, K. Graham, P. Gravelle, R. Killick, T. Koffas, C. Licciardi, E. Mane, K. McFarlane,
R. Schnarr, D. Sinclair

Colorado State University, Fort Collins CO, USA - C. Chambers, A. Craycraft, W. Fairbank, Jr., T. Walton

Drexel University, Philadelphia PA, USA - M.J. Dolinski, Y.H. Lin, E. Smith, Y.-R Yen

Duke University, Durham NC, USA - P.S. Barbeau, G. Swift

University of Erlangen-Nuremberg, Erlangen Center for Astroparticle Physics, Erlangen, Germany — G. Anton, J. Hoessl, T. Michel

IHEP Beijing, People’ s Republic of China - G. Cao, X. Jiang, H. Li, Z. Ning, X. Sun, N. Wang, W. Wei, L. Wen, W. Wu

University of lllinois, Urbana-Champaign IL, USA - D. Beck, M. Coon, S. Homiller, J. Ling, J. Walton, L. Yang

Indiana University, Bloomington IN, USA - J. Albert, S. Daugherty, T.Johnson, L.J. Kaufman, G. Visser, J. Zettlemoyer

University of California, Irvine, Irvine CA, USA - M. Moe

ITEP Moscow, Russia - D. Akimov, I. Alexandrov, V. Belov, A. Burenkov, M. Danilov, A. Dolgolenko, A. Karelin, A. Kovalenko, A. Kuchenkov, V. Stekhanov, O. Zeldovich
Laurentian University, Sudbury ON, Canada - B. Cleveland, A. Der Mesrobian-Kabakian, J. Farine, B. Mong, U. Wichoski

Lawrence Livermore National Laboratory, Livermore, CA, USA — M. Heffner, A. House, S. Sangiorgio

University of Massachusetts, Amherst MA, USA - J. Dalmasson, S. Johnston, A. Pocar

Oak Ridge National Laboratory, Oak Ridge TN, USA — L. Fabris, D. Hornback, R.J. Newby, K. Ziock

IBS Center for Underground Physics, Daejeon, South Korea - D.S. Leonard

SLAC National Accelerator Laboratory, Menlo Park CA, USA - T. Daniels, K. Fouts, G. Haller, R. Herbst, K. Nishimura, A. Odian, P.C. Rowson, K. Skarpaas
University of South Dakota, Vermillion SD, USA — R. Maclellan

Stanford University, Stanford CA, USA - T. Brunner, J. Chaves, R. DeVoe, D. Fudenberg, G. Gratta, M. Jewell, S.Kravitz, D. Moore, |. Ostrovskiy, A. Schubert,
K. Twelker, M. Weber

Stony Brook University, SUNY, Stony Brook, NY, USA — K. Kumar, O. Njoya, M. Tarka
Technical University of Munich, Garching, Germany - P. Fierlinger, M. Marino
TRIUMF, Vancouver BC, Canada — J. Dilling, P. Gumplinger, R. Kriicken, F. Retiere, V. Strickland



nEXO Detector Concept

- follow success of EXO-200 with key detector improvements
- reduced electronics noise
- improved energy resolution (~1%) (improved light coverage)
- finer charge readout granularity (better multi-site ID)
- increased self-shielding (very low backgrounds in central region)




R&D towards nEXO

 examples of R&D in progress for several detector components:
* Field cage design and electrostatic simulations
* High voltage testing and prototyping
e Characterization of light detectors (Silicon Photo Multipliers)

* Design and testing of charge readout tiles

Charge readout LXe

TPC E-field simulations: test cell:
—— HV testing setup:

E Cylindrical HV Cable with

= Pol

= TPC &, mi coﬁglﬂfgr

Teflon

insulator I\ , ’ Upper

" electrode
Spring lower electrode " (SS, 1.5cm

%\\\wmm




Photo-detector development for nEXO
TRIUMF - Fabrice Retiere

* Goals: >3% overall photon

detection efficiency

— Guarantee less than 1%
energy resolution at 36Xe

OvpPR energy
* Need photo-detector
efficiency >15%
— And very efficient mirrors

— Dark noise and correlated
noise should also be very

small

* Need 4m? photo-detector
dared
— Electronics challenge

e (Canadian contribution

Leading photo-detector group

Investigating 3D integrated
technology with
U.Sherbrooke and Dalsa

Photo-detector test at
TRIUMF

* Focusing on rapid turn around
characterization

 Identify possible viable
solutions

Then move to large area

photo-detector investigation
 First in gas/vacuum (next year)
e Eventually in liquid Xenon



Photo-detector test setup at TRIUMF

\ . / d _ cooling system
Ampllf ers
N2 inout MPPC bottom
P \ detector
MPPC top detector

Xenon Flash lamp

N2 output

2 |



o(E)/E

NnEXO photo-detector approaching the
required efficiency

0.04 , ; ; .
- | —e= EX0-200 APD (pre-2015)
0.035 s — .
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0025\ ™\ | nEXOSiPM, cold elec.
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Better than 1% energy resolution required
Expected collection efficiency ~30%
Required photo-detector efficiency >15%

Photo-detection efficiency %]

20

15

10

llllllllllllllllllllll

Hamamatsu MEG MPPC FBK SiPM

i S

Efficiency at 175
Measured at Stanlford and TRIUMF

T

Over-voltage [V]

lllllllllll lllllllll_l_lll
1 2 3 4 5 6



Calibration Tools and Radon
Control for nEXO

Laurentian - Jacques Farine

continued calibration hardware development
R+D for external sources (g/n) + deployment system
sources fab now 100% at LU, deployment system @ UdeM

radon mitigation
material screening:
— sensitivity at 5-10 ARn/day, A=222, 220, 219

array of 6 counters @ SNOLAB, 1 @ WIPP

nEXO R+D:

in-line Rn trap for Xe (atm. p; high flow); built a copy of the
EXO-200 recirc. pump for stability during tests
Rn counters with improved sensitivity:
 larger detectors (10 > 80 L) with lower BGND (0.1 cpd)
e full physical model of Rn detector to support design
e aggressive campaign to further reduce backgrounds
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NEXO MC Simulation
Carleton - Kevin Graham

Assume measured activities for all detector materials (JINST 7 (2012) P05010)

Have compared to EXO-200 data to confirm validity of these assumptions

Measured background rate from EXO-200 is Bgyp._500 = 151 + 19 ROI"* ton! yr?,

(ROl = Qpg + 0.5-FWHM)  Nature 510, 229 (2014),
arXiv:1402.6956

Agrees with predicted nEXO rate in outer 16.2 cm for same assumptions

The following improvements over EXO-200 are assumed:

Improved energy resolution (cs/QBB =0.01) (light collection + reduced noise)
Improved SS/MS discrimination ( finer charge collection pitch)
Cu activity from improved sensitivity radio assay

Reduced 13’Xe rate at SNOLAB

Reduced 222Rn density, longer time window in 2*Bi-?4Po coincidence cut

Total nEXO background prediction in outer 16.2 cm: B, ¢, = 3.7 ROl ton™! yr!

Improvements give reduction of ~40x in background in this background index
relative to EXO-200



single-
site

multi-
site

Counts / 20keV

Counts / 20keV

NEXO MC Simulations

- extensive GEANT4 simulations are being carried out to optimize nEXO
- reject backgrounds with: 1) multiplicity 2) self-shielding 3) energy spectrum

- use a multi-dimensional fit to optimize information use
LXe Mass = 4780 kg

LXe Mass = 3000 kg
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NEXO Sensitivity

Effective Majorana mass vs. M
total

For the mean values of oscillation parameters (dashed) and for the 3 o errors (full)
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Ba*™ Tagging in Xe gas
Carleton and McGill (Brunner, Koffas, Sinclair)

* Guide Ba** in high pressure Xe inside the TPC (10 bar) to a nozzle
* Extract Ba*™ with a Xe gas jet into a low pressure chamber

* After nozzle, pump Xe gas away and guide Ba** to identification

eBa
o Buffer gas

Potential [\]

Goal: 10°®* mbar

Xe TPC Supersonic RFQion  Charge Ba+ trapping and
10 bar nozzle guide exchange laser spectroscopy

Volts



Barium tagging

Double beta decay
produces Ba++

Requires Ba+ ion:
hydrogen-like levels
- [aser spectoscopy

3/2

metastable 80s







Trapping potential defined by the two 5mm
segments at -10V
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Not calibrated
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Summary

Canadians playing lead roles on EXO-200 and nEXO

have met original EXO-200 operational/sensitivity goals
generated a number of physics and technical publications
two accidents at WIPP...now have ‘normal’ access

aim for 3 additional years of running with upgrades

NEXO design development and R&D well underway
follow EXO-200 success with key improvements

aim to build a detector with discovery potential to bottom of
iInverted hierarchy region

Ba tagging developments continue
key is to measure single atom tagging efficiency
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Search for Majoron-emitting Modes

222R3g Calibration Data
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Decay mode  Spectral index, n ~ Model types Ti)2, yr [ (g21)]
0vBx0 1 IB, IC, 1IB >1.2:10*  <(0.8-1.7)-10°
OvBLBxo 2 “Bulk” >2.5-10% —
OvBBxo0Xo 3 ID, IE, IID >2.7-10% <(O.6-5.5)
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nEXO TPC concept

* maximize ‘clean’ volume with all components at edges...self-shielding
» proof-of-principle demonstrated with EXO-200

» large reduction in backgrounds at centre for nEXO...detailed
measurement of background from outer portions

£
(&)
S
- EXO-200
Charge readout Light Field shaping ~5000 kg |
tiles sensors rings



Stanford’s Prototype (to McGill)
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Ion extraction in xenon gas

Calculation
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* General shape well reproduced
* |on extraction up to 10 bar!

Measurement
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* |lons not identified!
* |on extraction efficiency
unknown!
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