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(BYoetadecay

a second-order process only
detectable

if first order beta decay is ~
energetically forbidden

Atomic number (Z)
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2vBp spectrum
(normalized to 1)
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Table of 2v halflives and matrix elements with references

82 Se
%7

100Mo
16¢d
128 Te*

130T¢

136X e

150N d

238 y**

AU, Tpounx

PIEYETaTecay

Ti2 (y)
(4.3+24,,+14)E19

(1.74 + 0.01+018 , YE21
(9.6 + 0.3 + 1.0)E19
(2.35+0.14 + 0.16)E19

(7.11+0.02 + 0.54)E18
(2.9+94 ;5 3)E19
(1.9+0.1+0.3)E24
(7.0+0.9 +1.1)E20

(21+0.04 +0.21)E21
(9.11+025 , ,,+0.6 3)E18

(2.2 + 0.6)E21

M2 (MeV-1)
0.05+0.02

0.13:0.01
0.10+0.01
0.12+0.01

0.23+0.01
0.13+0.01
0.05+0.005
0.033+0.003

0.019+0.001
0.06x0.003
0.05+0.01

*from geochemical ratio 28Te/130Te; **radiochemical result

Balysh, PRL77,5186(1996)
Doerr NIMAB13,596(2003)
Arnold,PRL95,182302(2005)
Argyriades NPA847,168(2010)

Arnold,PRL95,182302(2005)
Danevich,PRC68,035501(2003)
Lin NPA481,477(1988)

Arnold PRL107,062504(2011)

Ackerman,arxiv:1108.4193(2011)
Argyriades PRC80,032501R(2009)
Turkevich PRL67,3211(1991)
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Enrichecd XenoiNOIIAVE 1R

EXO is a multi-phase progran
double beta decay of 1]3?6Xe.

EXO-200 (first phase):
A 200 kg liquid xenon detector ¢
Probe Majorana neutrino mass at 100
Demonstrate technical ity of ton sc

Full EXO (second phe
A proposed 1- 10 to
Probe Majorana neu

R&D work for nove
energy resol ny
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Xenon isotopic enrichment is easier. Xe is already a gas & Xe**¢isthe
heaviest isotope.

Xenon 1s “reusable”. Can be repurified & recycled into new detector (no
crystal growth).

Monolithic detector. LXe Is self shielding, surface contamination
minimized.

Minimal cosmogenic activation. No long lived radioactive isotopes of Xe.

Energy resolution in LXe can be improved. Scintillation light/ionization
correlation.

... admits a novel coincidence technique. Background reduction by Ba
daughter tagging.
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and 178 nm , each with:

The EXO_ZOO TPC Two almost identical halves reading

[ 38 U triplet wire channels (charge)

38 V triplet wire channels, crossed at 60° (induction)

234 large area avalanche photodiodes (APDs, light in
groups of 7)

Wire pitch 3 mm (9 mm per channel)

Wire planes 6 mm apart and 6 mm from APD plane
® Allsignals digitized at 1 MS/s, 1024S around trigger
Drift field 376 V/cm

(SPURNESS

®Field shaping rings: copper
®Supports: acrylic
®Light reflectors/diffusers: Teflon

® APD support plane: copper; Au (Al) coated
for contact (light reflection)

®Central cathode, U+V wires: photo-etched
phosphor bronze

®Flex cables for bias/readout: copper on
kapton, no glue

® Comprehensive material screening

A0cm ——— 40cm , program
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£0-200 TEC As33ale
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Copper vessel 1.37 mm thick
175 kg LXe, 80.6% enr. in 135Xe
Copper conduits (6) for:

®APD bias and readout cables

®U+V wires bias and readout

®|_Xe supply and return

Epoxy feedthroughs at cold and warm | : : 9'200 @ete_’Ef(f: JINST 7 (2012) P05010
. : Charagterization of APDs: *NIM A608 68-75 (2009)
AoerS = ’15 screening: NIM A591, 490-509
8

Dedicated HV bias line ’ ' s 2e08)

~

T - N 3
29 Ht”i“i“i -”l-



Underground laezitjogy
Waste Isalation Pilae PEGe (U2
Carlseziel, NV

- » ~1600 meter water equivalent

\ flat overburden
* Relatively low levels
of U and Th
(<100 ppb in EXO-200 drift)
* Low levels of Rn (~20 Bq/m3)

* Rather convenient access
*with large conveyance

.'-'1' Sl i’\\"? amb L|:'~":"‘:
Tméal't""ion Lt
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KO-200) eJaraenes

HV FILTER AND
FEEDTHROUGH

| 2 -' - | 4 DOUBLE-WALLED
FRONTEND | AR | e | ’ CRYOSTAT
ELECTRONICS e PSSR TN = (High purity HFE7000 fills
¥ : the cryostat
> 50 cm shielding)

. ' , N T LXe VESSEL
VACUUM PUMPS el ErrTxe: 80.6% 136Xe

T=167 K
P =147 kPa
p=3.0g/cm3

LEAD SHIELDING

'\JACK FOOT
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i

Muon veto
50 mm thick plastic scintillator panels
surrounding TPC on four sides.

95.5 + 0.6 % efficiency

Veto cuts (8.6% combined dead time)
® 25 ms after muon veto hit

® 60 s after muon track in TPC
® 1 s after every TPC event

-
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Data taking

T 5CS

Run 2 (this analysis)

Anad xXenon

Run |
Period May 21, 11 = Jul 9, 11 | Sep 22, 11 —Apr 15,12
Live Time 752.7 hr 2,896.6 hr
Exposure (13¢Xe) 4.4 kg-yr 26.3 kg-yr

P PRL 107 (2011) 212501 |  arXiv:1205:5608
10° £ 3
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Sep 2011 — Hardware upgrades

Runl Run 2 (this analysis) *APD gain increase by factor 2
: _ _ *improved U-wire shaping
Period May 21, 11 = Jul 9, 11 | Sep 22, 11 —Apr 15,12 «added outer lead shield
Live Time 752 7 hr 2 896 6 hr
Expos
Publ Run | Results: h
10° T1,22"BB(135Xe) =(2.11 £ 0.04 stat £ 0.21 sys)-10%1 yr
mined
In disagreement with previously reported limits by ?nncﬁgn
brption
R. Bernabei et al. Phys. Lett. B 546 (2002) 23, and Sp I
2103 Yu. M. Gavriljuk et al. , Phys. Atom Nucl. 69 (2006) ulation
= Ll
i This was also a measurement of a nuclear matrix element times
of 0.019 MeV-!, the smallest measured among the 2vBp emitters

—
oTR

llw IIIII]]III

flow (slpm)
=

MR N S P~ S B N N, S SR
2011-07-02 2011-09-01 2011-11-01 2011-12-31 2012-03-01

Date

TTTCAA,. ATITU LITITG v o

*|loss of charge is 3.6% at full drift
length

Ultraclean pump:
Rev Sci Instrum. 82(10):105114
Xenon purity with mas spectroscopy:
NIM A675 (2012) 40-46
Gas purity monitors:
NIM A659 (2011) 215-228



e Signal finding - matched filters applied on U,V and APDs waveforms
e Signal parameter estimation (t, E) for charge and light

e Cluster finding - assignment to Single Site (SS) or Multiple Site (MS):
resolution 18mm in X and Y and 6 mm in Z

Amplitudes corrected by channel for gain variation

Signal fitting functions use individual parameters for each channel
Optimized light correction using charge position

Charge corrected for inefficiency on small drift

Require events to be fully reconstructed in 3D

Reconstruction efficiency for Ovpp is 71% - estimated by
MC and verified by comparing the 2vpp MC efficiency with
low background data, over a broad range in energy

SS and MS spectra are fitted simultaneously with MC-generated
probability density functions
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r'gmmn]u, 10T Za 10N and
ation

3000 1m erfect charge'--*"‘-
2500;¢

2000}

scintillation (keV)

-
a
(=

1000}
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- and events with.- / o SOUI‘CG

counts [ 20 keV]

500
500 1000 1500 2000 2500 3000

ionization (kaV)
Rotat ?le chosen to optimize
energy resolution at 2615 keV

AU, Tpounx

3

Properties of xenon cause increased
scintillation to be associated with
decreased ionization (and vice-versa)

E. Conti et al. Phys. Rev. B 68 (2003) 054201
Use projection onto a rotated

axis to determine event energy

scintillation
ionization

60 Scintillation: 6.8% rotated
s Ionization: 3.4%

Rotated: 1.6%
4000 (at 2615 keV gamma line)

1100 1500 1900 2300 2700 3100 3500

energy (keV)
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y b4 ) " P
Callarzitians
Miniaturized sources " Source | WeakikBa) | Strong(kBa) |

60-Co 3.0 15.0
137-Cs 0.5 7.2
228-Th 1.5 38.0

0.7 mm dia.
epoxy coated

F
Stainless steel
capsule
\ A\
6m long, low Y\ ANS.
l friction.cabl 50 A0 S0 0 s f00 50

1. Tool 26 Hosiops 2012



counts/20keV

counts/20keV

O R0 O0TTCe Shape

228Th %9Co

} MS

MS

counts / 20keV
I R T
E 8 8

)
g

0 PN o
250 — SS
400 > 200 -
=%}
2 F
300f S 150
; ;
200 S100F
- S
100— 50—
0000 1500 2000 2500 3000 35( 0——T000 1300 000 3500 3000

energy (keV)

energy (keV)

Multi site (MS) and single site (SS) data (black points) are compared
to model (blue curve)

« Single site fraction agrees to within 8.5%
Can measure source activities to within 9.4%
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yy Callarieiag

1
- Using quadratic model
0 :{::::::::::::::: CoCIWSIIIIIIIIIIIIIIIIIIIIIIIIIICIIIIIIIIII Ml ITTITTTTT fOI' energy Calibration/
s ’ single- and multi-site
= I residual are < 0.1%
= Cs
= 1r
o Energy resolution
i — — : model:
-I - | | L L L 1 " L L L | " " L L
- B —— single cluster )
§ 6 R \‘{ ---- multiple cluster ReSO.luthn
2 N dominated
£ . by constant (noise)
é - term p,
2 L,
S0 1000 100 2000 2800 3000 | ol EREEa )
energy (keV) o/E=1.67 % (SS)

o/E = 1.84 % (MS)
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Low background 28) 55 30detgiii
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counts /20keV

BB2v
BBOV (90% CL Limit)
----------------- %K LXe Vessel
----------------- %Mn LXe Vessel
----------------- %Co LXe Vessel
----------------- %Zn LXe Vessel
----------------- %2Th LXe Vessel
----------------- 238y LXe Vessel
———— 135¥e Active LXe
———— 22pp Active LXe
----------------- 222Rn Inactive LXe
— - 2gj cathode Surface
———— 222pp Ajr Gap

. Data
Total
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» B i

. Trigger fully efficient above 700
keV

3
10 E MS . Low background run livetime:
i 7™\ 120 7 davs

T,,2"PP (136 Xe) = (2.23 + 0.017 stat + 0.22 sys)-102" yr
In agreement with previously reported value by
EXO-200 Phys.Rev.Lett. 107 (2011) 212501
and

KamLAND-ZEN Phys.Rev.C85:045504,2012)

""""""""" TIT CXE vesser...... .
T ————————————————— *%J LXe Vessel
———— 13xe Active LXe
———— 222Bj Active LXe
2228n Inactive LXe
214Bj cathode Surface
222Rn Air Gap
Data
Total

count
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Low Backeagrauned Saseidiin

Profile likelihood fit to
MS entire SS and MS

> 25 I spectra to extract limits
S for T1/20vB8

. PBB2v
——— BBOv (90% CL Limit)
“““““““““ 0K LXe Vessel
“““““““““ 5‘Mn LXe Vessel
""""""""" 80co LXe Vessel
“““““““““ Zn LXe Vessel
""""""""" 2321 LXe Vessel
“““““““““ 238 LXe Vessel
———— 13%xe Active LXe
———— 222mp Active LXe
""""""""" 222pn Inactive LXe
- 2gj cathode Surface
~—— 22Rn Air Gap

: Data
Total
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AU, Tpounx

Y Heidelberg-
Moscow
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KamLAND-Zen Collaboration
Phys. Rev. C 85 (2012) 045504]
[H.V. Klapdor-Kleingrothaus et al.
Eur. Phys. J. A12 (2001) 147]

[H.V. Klapdor-Kleingrothaus and
I.V. Krivosheina

Mod. Phys. Lett., A21 (2006) 1547]
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Conellifsieliks

EXO-200 is taking low backgr
Detector working well, met
Energy resolution: 1.67% at C
Background: 1.5 x 10 kg-'ke
1 (5) counts in 10 (20) OvBR ROI

counts /20keV

T1120VBB > 1.6'1025 yl"
{mgp) < 140-380 meV
(90% C.L.)
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arXiv:1205.5608 — Subm. to PRL

EXO0-200 (this work)
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Limlt on | Pmllnoip Serbecay of

""" T,,2PF>1.9:10% yr
combined
T,,0%8 > 3.4-10%5 yr
<Mgg> < 120 — 250 mV
(90% C.L.)

89.5 kg-yr of 136Xe
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