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Double beta decay
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process in Standard Model always means New Physics.
discovered for many This is search for: L 22y 2p0v
isotopes Lepton Number Violation 2Bx
Majorana fermions 0.8~

To reach high measurement sensitivity
for Ov mode one requires, 04k
* High energy resolution
* Large Isotope mass
*  Low background 0 R
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Why xenon

Energy resolution is poorer than the crystalline devices (~ factor 10), but...

Monolithic detector. Xenon can form detection medium, allow self shielding,
surface contamination minimized. Very good for large scale detectors.

Has high Q value. Located in a region relatively free from natural radioactivity.

Isotopic enrichment is easier. Xe is already a gas & “°Xe is the heaviest isotope.

Xenon is “reusable”. Can be purified & recycled into new detector (no crystal
growth).

Minimal cosmogenic activation. No long lived radioactive isotopes of Xe.
Energy resolution can be improved. Using scintillation light/ionization
correlation.

Particle identification. Slightly limited, but can be used to tag alphas from Rn
chain.

... admits a novel coincidence technique. Background reduction by Ba daughter
tagging (M.Moe PRC 44, R931, 1991).

Vladimir Belov (ITEP) 24.10.2018 4/14



EXO-200 detector

e Double Time Projection Chamber (TPC)
e 110 kg of liquid xenon in active volume

enriched to 80.6 in “**Xe

scintillation

(175 nm) §
« Reading both ionization and N 5 o
scintillation ‘ 4%1
e Drift field 564 V/cm ionization
e« Comprehensive material screening ) —— €
program Cathode )
e Massive background shielding (> 50 cm vWirgsw"eS

of HFE, 5 cm of copper, 25 cm of lead)
e Located in salt mine at 1600 m.w.e.

HV FILTER AND
FEEDTHROUGH

DOUBLE-WALLED

FRONT END CRYQSTAT

ELECTRONICS

LXe VESSEL

VACUUM PUMPS
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Event reconstruction

Signal finding. Digital filters are used on waveforms from U,V wires and APDs
Parameters of pulses (t, E) are estimated for both charge and light

Pulses are combined into clusters producing position and energy

Size of cluster is estimated from rise time and number of wires affected

Position is used in form of Standof Distance (SD) that is distance from any cluster to
the nearest wall

V-wire signals

U-wire signals
| iy Rk}
Linked ~ 7T 5%
B % "
Scintillation |

Efficiency to getinto SS: 20V ~90%
y 2.5 M3aB ~30%

But we don’t throw MS events away!
We use them in the fit to help predict background
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Combining ionization and scintillation

3500 —
C Properties of xenon cause increased
I P . scintillation to be associated with
3000 s, - A .
o 5 % decreased ionization (and vice-versa)
2 sooF E. Conti et al. Phys. Rev. B68 (2003) 054201
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Optimal discrimination

Enhance B/y discrimination by use of additional information

Using a boosted decision tree (BDT) to distinguish
between OvBB and main y-backgrounds
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= ~15% sensitivity improvement
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Data collection

Phase-I Phase-lII
* Sep 2011 to Feb 2014 * Access regained 2015 after stop
* Total live time 596.7 days imposed by WIPP accident
* Selected physics results * Jan—May 2016
* The most precise 2vBp measurement * Hardware upgrades

* Phys. Rev. C 89, 015502 (2013) Stable data taking since May 2016
* Stringent OvBp searches * Run to the end in Dec 2018

* Nature 510, 229 (2014) ) About 4 years of data on disks
* Sensitivity T, ,** > 1.9x107 yr (90%CL) * Look forward for new results!

Cumulative Livetime
1,600

= Other

WIPP Data taking restart —— Golden
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230v measurement
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Ov discriminator

e Total exposure 177.6 kg-yr

Contributionsto Phasel, Phasell,

BQt20 cts cts
232Th 15.8 4.8
238 9.4 4.2
137Xe 4.4 3.6
Total 30.7+6.0 13.2+1.4
Data 43 8

e Background indexin ROI (1.5 £ 0.2) x 103 /(kg-yr-keV)

o Sensitivity 3.7 - 1025 yr (90% CL)
e T,,(0vBB)>1.8-102%yr
{mgs) <147-398 meV (90% CL)

Phys. Rev. Lett. 120, 072701
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Search for **Xe decay

14Xe —» *Ba + 2e (+2v) Qvalue = 825.8 + 0.9 keV
+ Data _-- OtherBkgds  --- Xe 2u35 e Results from EXO-200
4000 — ?;S;EFI;UB’B --------- BKrginlxe - 13 Xe Ovﬁﬁ* measurement
3
< Phys. Rev. D 96, 092001, 2017
3 3000 -
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o _ | Tl,z(ZBOV) >1.1-10%yr

0 Mkt TN . I O i ettt R P

00 ey ey 000 e Improved by factors of 10°
;2500— T oem | omerorss e 2y and 2 respectIVE|y_
%000l — BestFit . SKrginlXe mmm *Xe Ougd compared to previous
S measurements.
£ 1500[
S ol  Lower scintillation noise in
5 Phase Il will improve search
; 500F sensitivity

0 Lo — ! +* +  Yowy |

460 600 800 1000 1200 1400 1600

Energy (keV)

Vladimir Belov (ITEP) 24.10.2018 11/14



Deep neural networks

e Deep neural networks is a method of machine learning

e |t found broad use in industry with extremely good results

e Raw waveforms were used in this study to directly extract parameters
e Network was trained using Monte-Carlo data
S. Delaquis et al 2018 JINST 13 P08023

28Th spectra, SS events

e We were able to reconstruct
energy and position

e Energy resolution is slightly 102
better with DNN than with

conventional reconstruction 2
» We also validated with E:
. . Q -3
real calibration data o 10

e Work for event identification
and classification has already |
started — DNN .::I " i

10*H — EXO Recon | S é::“'ﬂ; """"""

1000 1500 2000 2500

Energy [keV]
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EX0-200 and beyond

e Operated a 200 kg scale LXe TPC for 5 years

« Made the most precise measurement of 136Xe halflife

 Measured residual backgrounds are very low

e Achieved stable electron lifetime of ~3 ms or better
o Utilized self-shielding in monolithic detector

« Demonstrated power of B/y discrimination (SS/MS)

e Upgraded electronics (get to 1.2% energy resolution ! )

e |t's time to think about tonne-scale experiment!

« We are entering the “golden era” of BP decay experiments as detector sizes
exceed interaction length

e 5000 kg homogenious liquid xenon detector nEXO

e [tisn'tjust 30 EXO-200 experiments nEXO pCDR
ArXiv: 1805.11142

e Quraimis to reach more than x100 sensitivity
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nEX®

Thank you

{ fnr duuhle beta decay
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230v measurement

Counts/bin

Resid.

Counts/bin

Resid.
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e Spectra from Phase-l and Phase-ll are fitted separately

e Result comes from combination of profiles

e No statistically significant excess: combined p-value ~1.50
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EXO-200 progress
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Comparison
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EXO-200: this result, arXiv: 1707.08707 EXO-200: this result, arXiv: 1707.08707
GERDA: arXiv:1710.07776 CUORE: talk by O. Cremonesi @ TAUP-2017
KamLAND-Zen: PRL 117 (2016) 082503 Sensitivity in PRL 115 (2015) 102502

KK&K Claim: Mod. Phys. Lett., A21 (2006) 1547
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EXO-200 inside
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EXO0-200 overview

VIEW INSIDE EXO-200 PRIMARY CLEANROOM MODULE
(without front Pb walls)
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Xenon purity and radon level

HenpepbiBHaA LMPKyNALMA KCEHOHA Yepe3 BbiICOKOTemnepaTypHble ounctutenm SAES
C NICNONb30BaHMEM CrneLnasibHO CKOHCTPYUPOBAHHOIO Hacoca.
[Neilson et al. (2011) arXiv:1104.5041v1]

CpeaHee BpeMA *MU3HU 3/IEKTPOHA
~3 mc obecneymBaeT Ha MaKCMManbHOM BpemeHu gperda 110 MKC ymeHblueHUE

curHana <3%.

BoccTtaHOB1eHME NOC/ie OCTaHOBOK 3aHMMAET HEeCKO/1bKO LI,HEVI
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nEXO Ba tagging

Goal of barium tagging:
® Recover and identify xenon decay daughter barium if present
® Suppress background to almost background free

Several concepts are being investigated:

Conducting Probe Cold probe 3
liquid Xe liquid Xe
TPC TPC
f;;;:" - Ba' ion
obean Baion captured Ba* io
prrf ovBp insolidXe . [ “" "7
surface - decay on probe. d:cg f

_—

Probe removed to vacuum: Ba™
identified by (1) laser
ablation/resonance ionization or (2)
thermal desorption/ionization

= -

Probe removed to vacuum; Ba/Ba™
identified laser fluorescence single
atom imaging in SXe

Capillary extraction 4

mcuumj“ g
( gas Xe

liquid Xe -
TPC

—

Ba* ion
# ovfp

decay

liquid Xe

Ba™ “sucked” out of LXe through
capillary into ion trap and identified
laser fluorescence and MRTOF
spectroscopy

38. Mong et al., “Spectroscopy of Ba and Ba™ deposits in solid xenon for barium tagging in nEXO”, Phys. Rev. A 91, (2015)

022505

4T. Brunner et al., “An RF-only ion-funnel for extraction from high-pressure gases”, Int J. Mass Spec., 379, 110-120 (2015)
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