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 2vf3 B decay of 136Xe to the 07 Excited State of 136Ba
* Sensitivity and unblind data result
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EXO-200 Detector

 Search Neutrinoless Double Beta Decay (Ov3 ) of 136Xe

« ALiquid Xenon Time Projection Chamber (TPC)
« ~175kg Liquid Xenon (LXe) with EnrichXe (80.6%)
« Two identical back-to-back TPCs made from radio-pure copper

* Energy measured using two signals
 lonization signal drifted to crossed wire planes
« Shielding plane (\V-wires)
« Collection plane (U-wires)

 Scintillation light (178nm) readout by arrays of large area avalanche
photodiodes (LAAPD:S)




EXO-200 Timeline
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* Phase | from Sep 2011 to Feb 2014

* Most precise 2vB S measurement, PRC. 89, 015502 (2013)
« Stringent limit for 0vg S search, Nature 510, 229 (2014)

* Phase Il from Jan 2016 to Dec 2018

 First results with Phase Il data from upgraded detector, PRL. 120, 072701 (2018)
« Final OvBp results with full dataset, PRL. 123, 161802 (2019)

« Atotal of 1181.3 days of livetime



Energy reconstruction

« Anti-correlation between signals from scintillation light

and ionization charge

« Linear combination of Light/Charge energy gives optimal

event energy (“Rotated” energy)

* Energy resolution (o /E) at Qgp
« Software De-noising to optimize energy calibration
* Phase | (Phase 11): 1.35 + 0.09% (1.15 £ 0.02%)
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Vertex reconstruction and SS/MS classification

5000 =

Single Site Events (SS)

Data
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Monte Carlo

SS-Fraction: ~15%
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 \ertex reconstruction
e X/Y position: Determined by the signals in cross wire planes % ok 15
« Z position: Time delay between light signal and collection 2
signals in wires X T B
« TPC allows for 3D reconstruction of energy deposits g ':K,L col. ~ ind
PY Event type .5 1000 1500
* [P decay mostly deposits energy (cluster) at single location g
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EXO-200 OvpBp decay results

No statistical significant signal observed

Phase I+11: 234.1 kg - yr 136Xe exposure

Limit: T))2F > 3.5 x 1025 yr (90% C.L.)

(mgg) < (93 - 286) meV
Sensitivity: 5.0 x 10%° yr (90% C.L.)

EXO-200 OvpBp search results
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2012: Phys.Rev.Lett. 109 (2012) 032505
2014: Nature 510 (2014) 229-234

2018: Phys. Rev. Lett. 120, 072701 (2018)
2019: arXiv 1906.02723



Bp decays to the Excited state

/ 136Cg
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Level scheme of the BB decay of 136Xe

Phys. Rev. C 93 (2016), 035501

* B decays to the Excited State

The nuclear matrix elements (NMEs) of the transition to the
ground state (GS) and to the excited state (ES) may have

common uncertainties

Measuring the decays to the ES offers additional

experimental input to the calculation of 2v55 NMEs

Contributing to the precise determination of the effective

Majorana neutrino mass from OvS S half-life measurements

Theoretically predicted half-life 1023726 yrl1.2]

[1] arXiv:2211.03764
[2] Phys. Rev. C 91, 054309 (2015)
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Highlights in this new analysis

The 2016 paper :

: : : » Total exposure 100kg yr. in Phase-I
 Refined cluster energy calibration . p _g o
» Using cluster energy of SS events to * Sensitivity study using E+BDT

calibrate cluster energy of MS events * Sensitivity 1.7 x10%% yr. (90% CL)
« Lower limit >6.9 x1022 yr. (90% CL)
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« Event selection optimization . New ML techniques

« Signal efficiency doubled



Event selection optimization

Signal efficiency vs 3D fraction

e — e . 2016 paper This work
10k — — 600keV | Cut condition (P1/P2) (P1/P2)
0.9l A 1000keV | Event coincident 0.930 0.995
> - -
208 k 3D fraction 0.420 (0.443) 0.946 (0.957)
= ., 600KeV: (0.6,0.945) FV & Energy 0.627 (0.617) 0.617 (0.616)
= i
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2061 \
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« Partial 3D events due to small energy may deposit without (63,20, -2.1)
“V-wires signals” B ¥

» Require > 60% of energy deposits to be 3D reconstructed

* Doubles the 3D efficiency to ~95%

Full 3D event

Partial 3D event



Cluster energy Calibration
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Cali_cluster_energy

Cluster energy, important inputs to ML
In MC, no charge yield dependence on energy, while it is clear non-

linear in data

Cali_cluster_energy

Obtain cluster energy calibration curve using SS event samples
Significantly improved the data/MC agreement, with any residual
properly taken into account in the shape error evaluation later
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Background separation improvement

« BDT used several derived event-level variables (2016)
« No information on spatial correlation among clusters
« Maybe incomplete information on energy correlation among clusters

* Lower level information retains more intrinsic correlations
« Realistic technical difficulties if using waveforms

« Choose Cluster (e, X, Yy, z) as ML input (this work)
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Phys. Rev. C 93 (2016), 035501

Event 1

Event 2

Event 3

11



ML algorithm for background discrimination

+ activation function

L‘“‘"’”+ 1-max softmax function
H regularization
Y pooling regu
y in this layer
h 3 region sizes: (2,3,4) 2 feature A 1 L
Sentence matrix 2 filters for.each region maps for 6 univariate @I
7x5 size each tors
totally 6 filters g
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Event input

Schematic diagram of TextCNN

« ML input: cluster (e, x,, 2)
« TextCNN usually for natural language processing, suitable for input of cluster (e, X, vy, 2)
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Network training
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Distributions of the input variables in Phase 11 ROC curves of CNN discriminators in Phase | and Phase 11

« Training dataset
« 1.8M events for training, with equal stats for
signal and background
« Background fractions determined by the e-
only fit to the low background data 13

» The network performance of the two phases is very similar
» Performance on partial 3D events is comparable to full 3D
events, though slightly worse



ML shape agreement

« Binning method: equal signal counts in CNN
output bins (3 bins)

« Discrepancies In the shape agreement between
data/MC are checked with calibration sources

e agreement within ~15%
« Phase-1l agrees better than Phase-1 over the
full spectrum

» Residuals are taken into account as systematic
uncertainties on normalization of signals

Normalized events

(Data-MC)/MC
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Shape agreement plots for CNN
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Signal specific error

Signal specific deviation
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Summary of systematic errors

Excited state event number in toy MC

The signal specific error vs excited state event

Signal specific error dominant by shape error

Phase-I Phase-I1
Common normalization 3.1% 2.9%
SS fraction 5.8% 4.6%
nCap fractions 20% 20%
222Rn 10% 10%
Signal-specific normalization a=30.7 a=17.9

The signal-specific error is fit with the expression: og;gnq/N = a/N ,where N is signal counts
Other systematic error as in the final OvgB g paper: 2019 OvfsAnNalysis

Get spectral shape error by weighted toy dataset observed data/MC ratio based on the calibration data
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.161802

Unblinded data fit
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« SS, MS relative contributions constrained by SS fraction
» Background model + data — maximum likelihood fit



Unblinded data fit

» The combined profile obtained by profiling each phase
over n/eL , then adding the profiles together

* No statistical significant signal observed

+ Limit: )PP > 1.4 x102% yr (90% C.L.)

e Sensitivity: 2.9 x1023 yr (90% C.L.)

« 1.7 improvement over the current world’s best constraint
(KL-Z 2016)

 In tension with the values predicted by QRPA

Unblinded data fit results

Data limit(x 10%*yr)
P1 P2 Combined

E + CNN 0.93 1.38 1.36
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Summary

« EXO-200 has concluded its successful operation as of December 2018

* New results highlighted in this talk:

« The 136Xe (0t — 0F) process is searched : Tf}fﬂws) > 1.4 X 10%*yr (90% C.L.)

* The next generation 5-ton nEXO will improve the search capability for this process
(with lower backgrounds and more exposure) in addition to the 1048 yr sensitivity

to OV
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Sensitivity study

Combined sensitivity results

Asimov dataset = ~1k toy datasets Sensitivity(x 10%*yr)
Phases P1 P2 P1 P2 P1 P2 Combined
E + CNN 1038 871 1056 948 @ 2.0731 2.2*13 2.9

« 2-dimension fit in both SS and MS: E + DNN
« SS, MS relative contributions constrained by SS fraction
« The Phase I sensitivity is improved by 15% from the BDT-based approach in 2016 paper.
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