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double beta decay

single B decay possibility of non-standard

10 energetically forbidden OvPp process
-9

electrons carry all of the
kinetic energy

Nucleon binding energy (MeV)

Atomic number (Z) >
2.0 (2% FWHM,
observation of OvBP decay: norm. 10 0.01)
e massive, Majorana neutrinos S |
e |epton number violation § Lol
OvPBp rate os! | ouBB
e absolute neutrino mass (model dependent) (norma\lfzed o) j\
0.0 0.2 0.4 Ke/(;G 0.8 1.0
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EXO-200 Time Projection Chamber

376 V/cm

® Radio-pure, dual TPC (shared
center cathode), filled with ~150
kg LXe, 80.6% '3°Xe)

® Scintillation detected by . \ /A A 77y
APDs at interaction time -4 i
/ 7
® Rotated charge collection and AT
shielding planes give x/y, z from /1
electron drift time W,
shielding/induction charge collection

plane plane
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The EXO-200 detector at WIPP

® Detector installed at WIPP, near
Carlsbad, NM in 2010

HV FILTER AND
FEEDTHROUGH

® Salt mine with relatively low
Th/U and Rn

® TPC surrounded by active and
passive shielding, inside a

clean room ERONT END
ELECTRONICS

SALT STORAGE PILES

EXO-200

&

J V\ JACK AND FOOT

DOUBLE-WALLED
CRYOSTAT

LXe VESSEL

i LEAD SHIELDING
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Energy reconstruction
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Molecular properties of xenon cause increased

scintillation to be associated with decreased

50

ionization (and vice-versa)

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

3500

* Reconstruct “rotated” energy measured
in scintillation versus ionization plane

» Takes into account anti-correlation of
charge and scintillation response to
improve energy resolution

e Calibration performed with ®°Co, 137Cs,
226Ra, and %%8Th

* Denoised LAAPD signals

228Th calibration
source, SS

Scintillation: 5.7%
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Background discrimination and tracking
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Run 2 dataset

* Data analyzed in this work were taken between Oct. 2011 and Sept. 2013

* Total accumulated “Golden” data was 447.60 + 0.01 days, corresponding to a

136X e exposure of 100 kg ‘- yr

Run 2abc data taking vs. time:

- I Goden ivetime

- . Not golden livetime

3

5 5 8
|
§
:

Previous
results

Cumulative live time [days]

0112 0412 0712 1012 12A2 0443 0713
Date

Data taking fraction:

Physics data
Calibration data
No data

6.7 %
8.7 %
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log,(Counts/14 keV)

log,,(Counts/14 keV)

OvBp results - Nature 510, 9 (2014) (arXiv:1402.6956)

| ® Fit energy spectrum in

‘¢ SS OvBp ROI : : 980-9800 keV range

3 \ Single Site

2k Y ® Multi-site (MS) data

] R "'- _ y . constrain backgrounds,
A v WY * } while OVBB ROl in in
N: : v I W AL e __1,  single site (SS) data.

WLE e Fit also includes the

; ° + = ° : — 3 “standoff distance”
it MS: —sen By 3 from nearest TPC

surface to better
constrain backgrounds
(and identify signal)

2500 3000 3500 2000
Energy (keV)

1000 1500 2000
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OvBp results - Nature 510, 9 (2014) (arXiv:1402.6956)

Fit to single site spectrum near Ovgp ROI:
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Th chain 16.0
U chain 8.1
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Total 31.1+3.8
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(mgg) <190 - 450 meV
(90% C.L.)
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Current and projected sensitivity

Final EXO-200:

For the mean values of oscillation parameters (dashed) and for the 3 o errors (full) ® Assume 2 m.ore years with
1 —— ] — Rn suppression around the

cryostat

Effective Majorana mass vs. M
total

e Upgrade of APD electronics

PRL 109 (2012) 032505 (EX0-200) // to lower the noise

Final EXO-200 e Access to WIPP site has
- " partially resumed

0.1

<mBB> (eV)

Next generation:

e Push sensitivity to cover the
inverted neutrino mass
hierarchy

001F

Cosmology
bounds
95%CL

normal
hierarchy ¢ >10 tonne-year exposure

with corresponding
background reduction

000 01 — 0.1 ]
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NnEXO TPC design concept

e Large (5 tonne) homogeneous enriched LXe TPC can allow large exposure and
background suppression

* |nspired by EXO-200 design, and based on its demonstrated technology

 More powerful thanks to self-shielding

130 cm

~ 5000 kg

charge light ;
readout tiles sensors ~150 kg
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Self shielding

A large, monolithic detector provides significant
attenuation of external backgrounds in the central volume

Measured reduction in backgrounds vs. standoff, EXO-200:
—~ 0.2

Bgd cts / (kg "** Xe) / yr / (FWHM ROI

o
-

o o o
= e

o
[

140

B Bgd in total Fid Vol (Nature 2014)-----------
. s
40% Fid Vol
4 :
2 :
0 |
0 20 40 60 80 100 120
Standoff cut (mm)

150 kg

- 2.9MeV y attenuation
length (8.5cm)
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Choice of experimental site

Rock radioactivity:

Have simulated cosmogenic (Ba/ke]
backgrounds for nEXO (cross- gsz-rh. 238).
checked with EXO-200 data)

Gran Sasso (ltaly) 22.3 0.25 5.18
* Problematic backgrounds include SNOLAB (Canada) 0.33 22.7 40.2
B/v emitters from n-capture (e.g. Jinping (China)  ~0.14 <027  1.8+0.2
137 g) (*2°Ra)
Cosmogenic background rate vs. site: EX0-200 veto coincident spectrum:
610‘_:1],”111Y”]v”r[”n]rr"]""]"“l""l"":* >|I?
@\ Gran Sasso 1 £ Capture on H
» [ 1 8 in the HFE7000
s -
10 F 3
E - 1 $» Capture on 136Xe
[T = -
£ [ ] @ b
0 SNOLAB ' T
D 1= s
: - . ' -
c - . 4
g F " 1 -
nH = Jinpi h
%10-':_11 NTETE FET Y FTETE FETE Y T T “:ilpllll?g ;
3 8 95 4& 45 5 65 & 65 7 5 . e me m e
& Depth [km w.e.]
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Conceptual nEXO design at SNOLab

Electronics,

LXe, and HFE v

supply lines \

Water
shield

vV <«

% ’ VEET

b

Vacuum
jacketed >»¥
cryostat

;

TPC: ~1.3mx1.3 m
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NnEXO expected backgrounds and signals

Have developed Geant4 simulation for

nEXO, using experience gained from

EXO-200

Spectra on right show expected

backgrounds in 5 yr exposure, and Ovp3

at discovery threshold

Background calculation assumes
measured activity for detector

materials

This procedure
was verified with
EXO-200 data,
and assumes
several

Improvements
for nEXO

2vpp

W ovpp
¥ inthe TPC
““Th in the TPC
*2Rn in the LXe
%Co in the TPC
"TXe in the LXe
External Background
Sum Spectrum

Events / 20 keV

Events / 20 keV

Simulated nEXO spectrum near single-site ROI:

50,
45
355
30%
25E
20%

15¢

| |Full 4.8
tonnes,
Syr

0‘;': S —t— H";-m"r
2000

1600 1800

2200

2600

2400 2800 3000

Enerqy (keV)

-
4.5¢
4F
3.5
3
255

AAAAAAAAAAA

23"06‘ 2100 2200 2300 2400 2500 2600 2700 2800
Energy (keV)

Central 1 tonne
only, Syr

Ty
1.8:-1027 yr
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nEXO background simulation

e nEXO backgrounds assume measured activities for all detector materials

from EXO-200:
e have compared with EXO-200 data to confirm validity of our assumptions

e Measured background rate from EXO-200 is Bexo-200 = 15119 counts/(ROI t yr)
(ROl = Qgp £ 0.5 FWHM, Nature 510, 9 (2014))

e Agrees with predicted nEXO rate in outer 16.2 cm under the same assumptions

nEXO improvements:
® improved energy resolution (0/Qgg = 0.01)

e improved SS/MS discrimination (wire pitch = 3mm)

e improved Cu activity from more sensitive radio assay (done)

e [ower 136Xe rate at SNOLab

e reduced Rn density (lower surface/volume), longer 214BiPo cut
¢ no kapton cables (cold electronics)

e total nEXO background prediction in outer 16.2 cm = Bngxo = 3.7 counts/(ROI t yr),
a 40x background index improvement with respect to EXO-200

Andrea Pocar - UMass Amherst NOW 2014 - Conca Specchiulla - September 7-14, 2014 19



Energy resolution

® g/Qgpg = 1% requires minimal readout noise in scintillation and charge readout

e Have demonstrated 1.4% resolution in EXO-200; simulations indicate that 1% resolution
is attainable with improved readout electronics for light channels

e This will be tested with EXO-200 upgrades

Simulated rotated resolution vs. readout noise:

()2
% 0.023 | 0 EXO-200 Thorium source Data (non-denoised)
o i EXO0-200 Thorium source Data (denoised)
= —| ——f—— NEST MC (10% L.E, realistic U-wirc noisc level)
= — ? r
5 - -
= EXO-200, nol1 denoised _
D N BN SN BN BN BN SRS BN RS S S e
= ; '
%0.015—EXO-200; denoised - | -~
nEXO target
i i 1 | | l 1 1 1 l 1 1 1 l | 1 1 I 1 1 1 l 1 1 1 I 1 1
0'005.7,() 40 60 X0 100 120 140

Scintillation absolute resolution, ¢

[keV]

photon statistics + nose
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NEXO R&D in progress

e Field Cage and Xe vessel design, electrostatic simulations, light collection simulations

e Characterization of light sensors (Silicon Photo Multipliers)

e Passive optics (reflectors, no PTFE)

® Design and testing of charge readout tiles e High voltage testing and prototyping

® Low radioactivity, in-Xenon readout electronics e Cryostat design

Charge readout

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

SiPMs:

= Cylindrical HV Cable with

PC = RIS Polymer
— T shunts conductor

Teflon
insulator

==
§ electrode
—= Spring lower electrode SS, 1.5¢m

4
Blactro-static simulation "

=
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NEXO sensitivity

Fiducial Mass (kg) 4780 98.5

Enrichment (%) 90 80

Data taking time (yr) 5 5 Effective Majorana mass vs. Mtot ”

Energy resolution @ Qg (keV) 58 88 (58) For the mean values of oscillation parameters (dashed) and for the 3 o errors (full)
Background wthin FWHM of endpoint 6.1-104 0.022 I ' LA A . JI L B
(evts/yr/mol, z6) (0.0073) E

Background within FWHM of endpoint 1.6- 104
inner 3000kg (evts/yr/mol, )

-PRL 109 (2012) 032505 (EXO-2
01 :_Final EXO-200
e Sensitivity computed using 0
background simulations Ao -
o8
e Self shielding gives significantly v nEXO 5yr
lower backgrounds, especially in 001¢
innermost volume '
[ |
® Possible upgrade to include | oty
daughter Ba tagging |
1 1 1 1 L lll 1 I L L L 'l 'l L i 2
O'OO(}.OI 0.1 1
M, .. €V)
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NEXO sensitivity

Parameter nEXO EXO-200
Fiducial Mass (kg) 4780 98.5
Enrichment (%) 90 80 _ .
Data taking time (yr) 5 5 Effective Majorana mass vs. M .,
Energy resolution @ Qg (keV) 58 88 (58) For the mean values of oscillation parameters (dashed) and for the 3 o errors (full)
Background wthin FWHM of endpoint 6.1 -104 0.022 l: ' ' oo T ' d
(evts/yr/mol, 5) (0.0073) E
Background within FWHM of endpoint 1.6 - 10 .
inner 3000kg (evts/yr/mol, ) I
01 _Final EXO-200
e Sensitivity computed using 0 [
background simulations A, -
Q.
e Self shielding gives significantly v nEXO Syr
. . /4 e
lower backgrounds, especially in 0.01 /A
innermost volume - nEXO 10yr w/ Ba tag/ /
. . I 7
® Possible upgrade to include _ : ,/ g‘;?;}ilh_\.
daughter Ba tagging |
OOO 1 1 1 lbll'lll 1 1 i i3 i i3
(}.01 0.1 1
Mg €V)
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stay hungry, my friend

Summary

e

* EXO-200 has been continuously taking data since June 2011, and has
met the design goals

* Announced first observation of 2vBp in 13¢Xe in 2011, most precise one
(3% uncertainty) in 2013 (not covered in this talk)

* Competitive limits on the OvpBB mode with 2011-13 run:
T,,%PP >1.110% yr

* EXO-200 data taking stopped due to WIPP closure, run with upgraded
could resume as early as Fall 2014

* R&D for a5 tonne nEXO experiment well under way

* Design based on EXO-200, but makes full use of self shielding and
EXO-200 experience

Effective Majorana mass vs. M___
For the nyean values of oscallation parameters (dashed) and for the 3 0 erroes (full)

1 Py

0.1 |- Final EXO-200

NCS S~

nEXO 5yr

001} 7 Z
; r s
| - nEXO 10yrw/Batag |/ 7
i / normal
//lu«uch\
/
[}
Ja Ll A

L

:

1 IIIII|
<m”>1cVi

|

¥
ounds

{5%

EXO0-200
Casmolpgy

KamLAND-Zen
1
'—_\
e ——— ]

0 00d

1 1 1 1 1 1 II| 1 1 1 1 1 11
10* 10%® 10%¢

01

0.1
M ., V)

T 136%e (yr)
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Electron Lifetime (Ls)

xenon purity from electronegative species

= :i::é: ' {’ ' i}:%: :%: —{H"{’l=$=|:¥:$ 6
" i i
$
10° |— ; i 3 * :

— . !

— -

— —e— TPC1 (physics) —e— TPCI (recovery)

— —e— TPC2 (physics) —e— TPC2 (recovery)

1 2 1 | 1 | | | 1 g | ] | I | L | | |
Vet 02 Jan 01 Apr 02 Jul 02 Oct 01 Dec 31 Apr 02 Jul 02 Oct 01
2011 2012 2012 2012 2012 2012 2013 2013 2013

Run Time
Xenon gas is forced through At Te=3 ms:

heated Zr getter by a
custom ultraclean pump.

- drift time <110 ps
- loss of charge: 3.6% at full drift length

Ultraclean pump: Rev Scilnstr. 82 (10) 105114
Xenon purity with mass spec: NIM A675 (2012) 40
Gas purity monitors: NIM A659 (2011) 215
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Run 2, standoff distance projection

9000

6000

(b) MS

1000 *

Standoff distance (mm)

0 50 100 150 200

4+ Data
- Best Fit
------- RN

-+= |LXe bgd
n-capture

- “¥Th (far)

Vessel
Ow/33

2u/33
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LAAPD denoising

4 5Tl res. (with denoising)
¢ Tl res. (without denoising)
291 &  Q-value res. (with denoising) .
) 2
5 2.0 \ ¢§ A
3 : ’ » ¢ ¢
< % o y *¢ ¢ &
O 1. Y .
2 1.8 » +:§ (P '“/0, ‘' badde
o @ 1 o
B 4
RS ----ﬁm E g dpa-Lh -
' H"’ui izm:. p 1 m‘i M‘“‘t‘ 33‘1 tl oy Fihugt x" b
1.4} ‘t‘“‘# mﬁf‘. w i & “t .
-l
oSOV oSV oS 9 ?9\2 sz"% 2 2 o
O™ 3™ a7 W o et et T W o

1.53 % in SS at
OvBB Q-value
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alpha decay identification

3500 -

. /
- o /zm .
- cut region / Tl line
3000}~ \/ :
- /
s /7
~ 2500 e N
2 - -/ -
& i / 2
z . / ri = - \
2 2000 T 5 D00l +~*12p00
= : . ' 10 E "
. LI — e
— - . = 10000
L [, = 6000
7 15007 @
: _'x--"'."‘j 4000 -
¥ +* 1800
1000 2 o
: A
& 2000 Lag
qoo llllllllllllllllllllllll ‘llllllllllllllllllllllllllll

TR0 1000 1500 2000 2500 3000 3500
ionization (keV)

2000 4000 6000 8000 10000 12000 14000
ionization (keV)

a diagonal cut (large scintillation, low charge) eliminates:
1) alphas
2) edge events (partial charge collection)
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Radon in EXO-200

APD signals vs time
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Long term study shows a constant source of
222Rn dissolving in *"LXe: 360 + 65 puBq (Fid. vol.)
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or 200 atoms of %22Rn in our Xenon!
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precision measurement of T122vBF (2013)

Run 2a data set (previously
analyzed in PRL 109, 032505
[2012]) reanalyzed with
improvements to event
reconstruction and reduced
fiducial volume uncertainty

T1/,2'88 measured with total relative
uncertainty of 2.85 %

Most precisely measured 2vBp half
life of any isotope to date

Counts / 14 keV

Counts / 14 keV

Norm. Residuals

700

600

500

400

300

200

100

Single-site energy spectrum and fit:

T

T

—— Data

— Best Fit
pp2v

— Rn Bgds

----Vessel Bgds

— LXe Bgds

* Qverflow

Counts / 10 mm

3000

2000

-
o
o
(=]

T

T

bl

Stand-off
distance

50

100 150 500

‘Standoff Distance (mm)

3500
Energy (keV)

PRC 89 (2014) 015502

T1,2BB = (2.165 £ 0.016 % 0.059) x 102! yr
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nEXO sensitivity with Ba tagging

* |n addition, R&D to develop techniques to identify Ba daughter nucleus of OvBp
decay (“Ba tagging”) is continuing

* (Candidate OvBB events would be identified in real time and daughter Ba ion
collected by probe inserted into the TPC at the decay location

* |dentity of Ba daughter can be confirmed spectroscopically

* This technology would Simulated nEXO spectrum near single-site ROI:
eliminate all non-B 50
backgrounds near ROI 457 J { [ l_

* (Could extend ultimate reach - :2 |
of nEXO into the normal 2 4 2448 keV _'[ _ 26202 keV
hierarchy since full 5 tonne § osE- | 214Bi Tl
mass would be background § 20— | LJ‘ 4
free 5 | ~ Full 4.8
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Ba tagging R&D

i ) Fluorescence of Ba in SXe:
* Several techniques are currently being pursued:

o \  Excited by
* Tagging from solid Xe by fluorescence spectrum 25,000 | 558 nm laser
Cold probe 8B <128 atoms
15000 /
Solid Xe Detect singleionor <28 atoms
atom on the probe with 4 <18 atoms
Liquid xe |asel'-lnduced - <6 atoms
fluorescence e
Wavelength (nm)
* Resonance ionization spectroscopy (RIS): Typical time of flight spectrum:
1064 NM £ Y ——
553.5nm S 8 Resonant asers ofr

S04 K] Directly lonized Bat

Ba*

RIS Bat
Twelker et al.,

arXiv:1407.0618

To Time of Flight
Spectrometer

Time of flight (us)

* Also studying ion extraction and tagging from high pressure Xe gas
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