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Double beta decay
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2ν mode
is a conventonal 2nd order 
process in Standard Model 
discovered for many 
isotopes

0ν mode
   is a hypothetcal process
  always means New Physics.
This is search for:
   Lepton Number Violaton
   Majorana fermions

To reach high measurement sensitvity 
for 0ν mode one requires, 
●     High energy resoluton
●     Large Isotope mass
●     Low background

Simulated double beta decay spectrum
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Why xenon

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

Monolithic detector.  Xenon can form detecton medium, allow self shielding, 

surface contaminaton minimized. Very good for large scale detectors.

Has high Q value.  Located in a region relatvely free from natural radioactvity.

Isotopic enrichment is easier.  Xe is already a gas & 136Xe is the heaviest isotope.

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

growth). 

Minimal cosmogenic actvaton.  No long lived radioactve isotopes of Xe.

Energy resoluton can be improved.  Using scintllaton light/ionizaton 

correlaton.

Partcle identfcaton.  Slightly limited, but can be used to tag alphas from Rn 

chain.

… admits a novel coincidence technique. Background reducton by Ba daughter 

tagging (M.Moe PRC 44, R931, 1991).
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EXO-200 detector
●  Double Time Projecton Chamber (TPC)
●  110 kg of liquid xenon in actve volume 

enriched to 80.6 in 136Xe
●  Reading both ionizaton and 

scintllaton
●  Drif feld 564 V/cm
●  Comprehensive material screening 

program
●  Massive background shielding (> 50 cm 

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

EXO-200 detector: JINST 7 (2012) P05010
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Event reconstruction
● Signal fnding. Digital flters are used on waveforms from U,V wires and APDs
● Parameters of pulses (t, E) are estmated for both charge and light
● Pulses are combined into clusters producing positon and energy
● Size of cluster is estmated from rise tme and number of wires afected
● Positon is used in form of Standof Distance (SD) that is distance from any cluster to 

the nearest wall

Efficiency to get into SS: 2β0ν ~90%
γ 2.5 МэВ ~30%

But we don’t throw MS events away!
We use them in the ft to help predict background

V-wire signalsV-wire signals

U-wire signalsU-wire signals

APD signalsAPD signals

Charge clustersCharge clusters

Scintillation 
clusters
Scintillation 
clusters

Linked

tu

β

γ

SingleSiteEvents(SS)

tu

γ

MultipleSiteEvents(MS)
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Combining ionization and scintillation

Propertes of xenon cause increased 
scintllaton to be associated with 
decreased ionizaton (and vice-versa)

E. Conti et al. Phys. Rev. B68 (2003) 054201

Mixing angle is chosen to optmize energy 
resoluton at 2615 keV line.

EXO-200 has achieved ~ 1.2% 
energy resolution at the Q value.
nEXO will reach resolution < 1%, 
sufficient to suppress background 
from 2νββ.
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Optimal discrimination

Enhance β/γ discriminaton by use of additonal informaton

Using a boosted decision tree (BDT) to distnguish
    between 0νββ and main γ-backgrounds

Fitng 0νββ discriminators
● Energy
● SS/MS
● BDT

  ⇒ ~15% sensitvity improvement

SS events

Energy

MS events

Energy

SS-fracton

Qββ

226Ra
2νββ

0νββ

~35% γ-rejecton
~90% signal efficiency
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Data collection

Phase-I
• Sep 2011 to Feb 2014

● Total live tme 596.7 days

• Selected physics results
● The most precise 2νββ measurement

● Phys. Rev. C 89, 015502 (2013)

● Stringent 0νββ searches
● Nature 510, 229 (2014)
● Sensitvity T1/2

0νββ > 1.9x1025 yr (90%CL)

Phase-II 
• Access regained 2015 afer stop 

imposed by WIPP accident

• Jan – May 2016
● Hardware upgrades

• Stable data taking since May 2016
● Run to the end in Dec 2018

• About 4 years of data on disks
● Look forward for new results!

Cumulative Livetime

WIPP 
accidents

Data taking restart
-Upgraded electronics
-Deradonator 
-12kV

No access to the detector
enrXe remotely recovered 
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2β0ν measurement

● Total exposure 177.6 kg∙yr

● Background index in ROI (1.5 ± 0.2) × 10-3 /(kg∙yr∙keV)

● Sensitvity 3.7 ∙ 1025 yr (90% CL)

● T1/2(0νββ) > 1.8 ∙ 1025 yr

● 〈mββ〉 < 147–398 meV (90% CL)
Phys. Rev. Let. 120, 072701

Contributons to 
BQ±2σ

Phase I, 
cts

Phase II, 
cts

232Th 15.8 4.8

238U 9.4 4.2

137Xe 4.4 3.6

Total 30.7±6.0 13.2±1.4

Data 43 8
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Search for 134Xe decay
134Xe  → 134Ba + 2e– (+2νe) Q value = 825.8 ± 0.9 keV

● Results from EXO-200 
measurement 

Phys. Rev. D 96, 092001, 2017

● T
1/2

(2β2ν) > 8.7 ∙ 1020 yr
(Theoretcal predictons 

~1024–1025 yr)

● T
1/2

(2β0ν) > 1.1 ∙ 1023 yr

● Improved by factors of 105 
and 2 respectvely 
compared to previous 
measurements.

● Lower scintllaton noise in 
Phase II will improve search 
sensitvity
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Deep neural networks
● Deep neural networks is a method of machine learning
● It found broad use in industry with extremely good results
● Raw waveforms were used in this study to directly extract parameters
● Network was trained using Monte-Carlo data

S. Delaquis et al 2018 JINST 13 P08023

● We were able to reconstruct 
energy and positon

● Energy resoluton is slightly 
beter with DNN than with 
conventonal reconstructon

● We also validated with 
real calibraton data

● Work for event identfcaton 
and classifcaton has already
started

228Th spectra, SS events



Vladimir Belov (ITEP) EXO-200 results 24.10.2018 13 / 14

EXO-200 and beyond
● Operated  a  200  kg  scale  LXe  TPC  for  5  years

● Made the most precise measurement of 136Xe halfife

● Measured residual backgrounds are very low

● Achieved stable electron  lifetme  of  ~3  ms or  beter

● Utlized self-shielding in monolithic detector

● Demonstrated power of β/γ discriminaton (SS/MS)

● Upgraded electronics (get to 1.2% energy resoluton ! )

● It's tme to think about tonne-scale experiment!

● We are entering the “golden era” of ββ decay experiments as detector sizes 
exceed interacton length

● 5000 kg homogenious liquid xenon detector nEXO

● It isn't just 30 EXO-200 experiments

● Our aim is to reach more than ×100 sensitvity

nEXO pCDR

ArXiv: 1805.11142
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Thank you
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2β0ν measurement
● Spectra from Phase-I and Phase-II are fted separately

● Result comes from combinaton of profles

● No statstcally signifcant excess: combined p-value ~1.5σ

Systematcs Phase I (%) Phase II (%)

Detecton efficiency 82.4 ± 3.0 80.8 ± 2.9

Shape diferences ±6.2 ±6.2

SS/MS fracton ±5.0 ±8.8
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EXO-200 progress
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Comparison

EXO-200: this result, arXiv: 1707.08707
GERDA: arXiv:1710.07776
KamLAND-Zen: PRL 117 (2016) 082503
KK&K Claim: Mod. Phys. Let., A21 (2006) 1547

EXO-200: this result, arXiv: 1707.08707
CUORE: talk by O. Cremonesi @ TAUP-2017
Sensitvity in PRL 115 (2015) 102502
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EXO-200 inside
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EXO-200 overview
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Xenon purity and radon level
Непрерывная циркуляция ксенона через высокотемпературные очистители SAES 
с использованием специально сконструированного насоса.

[Neilson et al. (2011) arXiv:1104.5041v1]

Среднее время жизни электрона 
~3 мс обеспечивает на максимальном времени дрейфа 110 мкс уменьшение 
сигнала <3%.

Восстановление после остановок занимает несколько дней
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nEXO Ba tagging
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