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EXO0-200 was a leading double beta decay experiment consisting of a single-phase, enriched liquid
xenon time projection chamber filled with an admixture of 80.672% '3®Xe and 19.098% '3*Xe. The
detector operated at the Waste Isolation Pilot Plant between 2010 and 2018 and was designed to search for
double beta decay of '3°Xe. Data were acquired in two phases separated by a period of detector upgrades.
We report on the search for Ov3f and 2uf decay of '3*Xe with Phase Il EXO-200 data, with median 90%
CL exclusion sensitivity to half-life T?72 > 3.7 x 102 yr and T%72 > 2.6 x 10%! yr, respectively. No
statistically significant signal is observed for either decay mode. We set a world-leading lower limit on the
half-life of the neutrinoless decay mode of '**Xe of 7%, > 8.7 x 10** (90% CL) and the second strongest

constraint on the two-neutrino decay of T%’;Z > 2.9 x 10*' (90% CL), a threefold improvement over the

EX0-200 Phase I measurement. New constraints are also set for the 2z and Ovf3f decays of **Xe to the
lowest excited state of '3*Ba.

DOI: 10.1103/vpny-23wq

Double-beta () decay is a rare, second-order weak transition between even-even nuclei with the same mass number and
a proton number that differs by two units, which is observable only when single f decay is highly suppressed or forbidden
by energy and angular momentum conservation. The 2yff decay in which two neutrinos are emitted alongside two
electrons is allowed in the standard model and has been observed in fourteen isotopes [ 1]. EXO-200 made the first observation
of this decay in '*Xe [2] and precisely measured its half-life as 2.165 + 0.016(statistical) 4- 0.059(systematic) x 10?! yr [3].
An intriguing possibility is that S decay could occur absent the emission of two neutrinos via a process that violates
the lepton number and would indicate that the neutrino is a massive Majorana fermion, i.e., its own antiparticle [4,5]. The
detection of this decay would be an observation of physics beyond the standard model. In 2012, EXO-200 set world-leading
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constraints on the existence of such a decay in '*®Xe [6] and
featured competitive sensitivity with its complete dataset
in 2019 [7]. The current strongest constraint was set by
KamLLAND-Zen [8].

The EXO-200 detector was a single-phase, liquid xenon
time projection chamber (LXe TPC) with a scintillation
light and ionization charge readout. It ran at the Waste
Isolation Pilot Plant (WIPP) in New Mexico using an active
volume consisting of 175 kg of enriched LXe with a
80.672% '3Xe and 19.098% '3*Xe admixture. Detector
hardware and construction are described in [9]. 3*Xe is
expected to be a #f emitter, but no 3 decay mode has been
observed yet for this isotope. The decay

134Xe — 34Batt + 2¢7 + 27, (1)

to the ground state of '**Ba has a Q value of 825.8 &
0.9 keV [10]. PandaX-4T holds the most stringent
experimental limits on this process to date, reporting
half-life lower bounds 77/, >2.8 x 10> yr and 7%, >

3.0 x 10% yr (90% CL) [11], which improve on previous
EXO0-200 constraints [12]. '**Xe can also undergo 3 decay
to a 604.7 keV, 2+ excited state of **Ba [13], which relaxes
to the ground state via prompt y-ray emission. A half-life
lower bound T9,(0% — 2*) > 2.6 x 10 yr (90% CL)
was set by the DAMA-LXe experiment [14].

The half-life of Ovff decay depends on a nuclear matrix
element (NME) M,,, a phase-space factor G,, and an
unknown factor from new physics. With G, proportional
to 0z, T1,("**Xe) is expected to be > 2.3 x 10%° yr,
the current lower bound on 79, ("**Xe) [8]. The 2u/3p

half-life depends on G,, and M,, with no new physics.
M,, is, in general, larger for the '**Xe transition than
for 13Xe, M,,(136)/My,(134) <1 [15,16]. Using
G,,(136)/G,,(134) = 6327 from Refs. [17,18] and
%, ("%e) from Ref. [3], one can estimate 77/,("**Xe) <

1.4 x 10% years,
detectors [19].

The NMEs of the decays to the lowest excited state of
134Ba have been calculated in the interacting boson model
[16]. With Qg = 225 keV, Gy, , are smaller than those
for the decays to the ground state, though their values
have not been reported. Assuming a Q'! scaling for
Gy T%’;z((ﬁ = 27) ~{[0ps(0)"/ Qpp(2) "] % 109} x
T1,(0" — 07) ~10° yr.

EXO-200 detects ionization electrons and scintillation
photons produced through energy deposits in the liquid
xenon [9]. When combined, the anticorrelated nature of
these signals greatly improves energy resolution in LXe by
minimizing the event-by-event fluctuations of the detected
excitation quanta [20]. EXO-200 exploited this powerful
effect to precisely reconstruct events in the few hundred
keV to MeV energy range [21]. By defining an optimal

possibly  within reach of future

“rotated energy” as the best linear combination of charge
and light signals, EXO-200 demonstrated an energy res-
olution ¢/E = (1.35 £0.09)% (Phase I, 2011-2014) and
(1.15 £ 0.02)% (Phase I1, 2016-2018) at 2.615 MeV (>%TI
y-ray peak) [7].

Events in EXO-200 are characterized by a prompt
scintillation signal detected by two arrays of 234 large-
area avalanche photodiodes (LAAPDs) ganged into 37
readout channels and placed at both ends of the cylindrical
TPC. The scintillation signal determines the event time
stamp and provides energy information. For each event,
one or more ionization charge “clusters” are collected on
two sets of anodic crossed wire planes placed at opposite
ends of the TPC, in front of the LAAPD planes. These
provide the two-dimensional position of each cluster in the
plane perpendicular to the detector axis, as well as energy
information complementary to that provided by scintilla-
tion. Two symmetrical electron drift volumes are defined
by the anodes and a central cathode electrode. The “active
volume” of the detector is defined as the region bounded by
the copper field rings as described in Ref. [9]. Ionization
electrons from each cluster drift with known electric field-
dependent velocity for a time measured as the difference
between the scintillation time stamp and when charge is
collected at the anode, thus providing their depth along the
axis of the detector.

The number of charge clusters in an event defines its
multiplicity, which aids discrimination between f3-like and
y-like events, as f decays typically deposit energy in a
single cluster [single-site events (SS)] while MeV-scale y
rays are likely to Compton scatter, depositing their energy
in multiple clusters [multiple-site events (MS)].

In EXO-200, the L.Xe was constantly evaporated and
circulated through commercial heated zirconium getters to
maintain purity. Xenon purity was monitored within the
TPC by measuring the attenuation of the charge signal vs
drift length using y-ray calibration sources. For this
analysis, only runs with electron lifetime >2 ms are
considered. The LXe and TPC were contained within a
thin-walled copper vessel immersed in several metric tons
of HFE-7000, a hydrofluoroether heat transfer fluid that
keeps liquid down to the LXe temperature. The HFE-filled
cryostat was cooled with commercial refrigerators and
enclosed within a low-radioactivity Pb shield [9]. The
experiment was housed inside a clean room at the WIPP
underground facility. A plastic scintillator muon veto sur-
rounded the detector on four sides of the clean room [22].

In Phase II, EXO-200 featured upgraded, lower noise
scintillation readout electronics, the LAAPDs were oper-
ated at a higher gain than in Phase I (~200 versus ~100),
and the TPC drift field was raised by 50% to 567 V/cm
[23]. Combined, these upgrades yielded improved energy
resolution and lower energy threshold, substantially
improving sensitivity. Thus, here we present searches for
134Xe double beta decays with Phase II data only.
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FIG. 1. Source agreement in the single-site energy dimension
for sources positioned near the cathode. Solid bins represent MC
prediction; points represent values from data. Large (>0.5)
residuals occur near endpoint energies, where activity is very
low. Prominent peaks include 667 keV ('*’Cs); 1173 and
1332 keV (°°Co); 351, 609, and 1764 keV (**Ra); and
2615 keV (**Th).

The detector is calibrated by deploying known gamma
emitters ('3’Cs, %%Co, 2*6Ra, and 2?°Th) at various positions
along a guide tube surrounding the detector [3] and
comparing detector response against simulations of these
sources. We include data taken with a '¥’Cs source as a
calibration peak below Qg of '*Xe. The agreement
between the measured single-site energy spectra of the
calibration sources and simulations is shown in Fig. 1. The
LXe purity is monitored through measurements of the 2°%T1
2.6 MeV y peak from the decay chain of 2>*Th.

The analysis procedure is similar to previous EXO-200
searches. After basic quality cuts, selection cuts are
imposed on the raw data to minimize background while
preserving signal efficiency. Events are selected within a
fiducial LXe volume whose boundaries are sufficiently
distant from all detector materials to remove surface @ and
backgrounds. Events are classified by multiplicity and
energy. A likelihood fit to the data that simultaneously
includes the energy, multiplicity, and standoff distance
(i.e., the spatial separation between a reconstructed charge
cluster and the nearest detector surface) is performed
against a background model composed of a mixture of
simulated components to test for the presence of excess
events compatible with the signals.

The selection cuts in the searches for decays to the '3*Ba
ground state are identical to those described in Ref. [7]
except that only events for which the position of all charge
clusters is fully reconstructed are selected, which more
tightly constrains multisite backgrounds. To increase the
detection efficiency of the 0" — 2% decay signal, a mostly
multisite event, we require only a partial 60% three-
dimensional reconstruction as in Refs. [7,22] with a

dedicated calibration built for these events. A muon veto
cut is applied as described in Refs. [3,22]. After muon and
coincidence cuts, the remaining livetime for this analysis is
587.6 days, corresponding to a total fiducial volume of
134Xe exposure of 28.5 kg-yr (212.8 mol-yr).

We opt not to use machine-learning classifiers that were
developed for previous EXO-200 searches [7,24]. These
tools enhance separation between single and multisite
events, which is used to discriminate against y-like back-
grounds. Since the primary backgrounds to the searches
presented here are f like and topologically similar to the
signals, the use of a machine learning discriminator is
not justified.

The fit to data is performed using a maximum likelihood
estimator with probability distribution functions (PDFs)
built from simulated signal and backgrounds. The normali-
zation of the best fit model is allowed to float as a
systematic uncertainty, which is additive to the negative
log likelihood. PDFs are generated using EXO-200 soft-
ware based on Geant4 [25]. The negative log likelihood
(NLL) function, modeling of the detector geometry, and
simulated signal generation are described in Ref. [3].

Rotated energy, standoff distance, and SS fraction are fit
simultaneously. PDFs are constructed by smearing simu-
lated spectra with a resolution model based on calibration
data. In the absence of a statistically significant signal,
half-life lower limits are calculated by profiling the NLL as
a function of signal counts. For 90% confidence level (CL),
ANLL = 1.35.

When the measured signal count is close to a physical
boundary, this can impart a bias on the statistical quantities
by underestimating the confidence interval, as well as from
incorrectly accounting for statistical fluctuations in bins
near the region of interest. To account for biases from being
near a physical limit, we adopt the method of Feldman and
Cousins [26], often used in similar searches [27]. Maximum
likelihood fits are performed on multiple instances of
Monte Carlo resampling of the measured background with
an injection of known amounts of signal. The range of the
signal allowed by the dataset is that defined by including
90% of the results from the toy MC simulations. We find that
this procedure recovers Wilks’s theorem, and our log like-
lihood profiles become y? distributed.

The same five systematic uncertainties that were
included in the Phase I search [12], listed in Table I, are
either calculated or drawn from previous analyses and
added as Gaussian constraints on the NLL fit. Uncertainties
in the background model and discrepancies between data
and simulation affect the signal counts, while uncertainties
in the efficiency of analysis cuts affect the total event rate.
The discrepancy in the fraction of single-site events
[SS/(SS + MS)] is calculated as described in Ref. [12].
(This uncertainty is evaluated separately for the searches
for decays to the ground and excited states due to their
different 3D reconstruction requirement.)
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TABLE I. Summary of constraints added to the fit with
reference to their source. Details of the calculation of the
single-site fraction, event rate normalization, and signal-specific
normalization fraction are discussed in the text. Values in
parentheses refer to decays to the '**Ba excited state.

upp(27)
3.4% (4.4%)
3.4% (3.3%)
a = 18.3% (44.6%)

Oupp(27)
3.4% (4.4%)
3.4% (3.3%)
a=163% (28.2%)

Constraint

Single-site fraction
Event rate normalization

Signal-specific

Normalization b =4411 (514) cts b =16 (57) cts
Neutron capture 10% 10%
fraction [22]

Radon in the LXe [3] 20% 20%

Uncertainties in the background model (detailed in
Ref. [3] and summarized in the caption of Fig. 2) may
affect the signal rate. We quantify the effect on the fit by
changing the location of U, Th, and Co background
components as described in Ref. [23]. The effect of
subdominant components excluded from the background
model is also treated as a systematic uncertainty. These are
Co in the source tube and inner cryostat materials, >'*Bi in
the thin air gap between the cryostat and the lead shield,
232Th and 2*®U in the HFE and the cryostat, as well as the
unlikely presence of 33Y in the LXe. Contamination of the

LXe with ¥Ar and ?'°Bi was considered and estimated to be
negligible; *Ar is efficiently removed by the enrichment
process [28], and the half-life of 2'°Bi is longer than the
purification cycle of the LXe.

The signal-specific normalization measures small
differences between the data and simulation, and is quan-
tified with the same method as in Ref. [12]. We use a
similar reweighting scheme to previous analyses. However,
to more accurately model the low energy range, we include
137Cs source data which has not previously been used.
Other low-energy backgrounds are reweighted using ®Co.

The uncertainties in the signal shape are folded into the
fit as a conditional constraint on the normalization of the
signal PDF. The normalization, which would otherwise be
fixed, is allowed to float around unity in a range defined by

6/N = +/a*> + (b/N)?, where a is the percent error from

the background model uncertainty, b is the bias defined
above, and N is the number of signal counts.

The constraints listed in Table I represent systematic
analysis choices and are added to the likelihood fit as
multiplicative Gaussians which widen the likelihood pro-
file. The impact of each constraint is quantified as a change
on the upper limit and is recorded in Table II.

As noted in Ref. [12], the spectra of the  decay of 3°Kr
and the 07 — 0 2u8p decay of **Xe are highly degen-
erate. Fits with and without constraints were scanned over

6000
8000 H ---- 40K —— 13%Xe Ov (x50)  —— Other 134Xe 2v 136Xe [
....... 85Ky —.— 134X¢" Oy (x50) —— BestFit | 138%6* 2 (x5) 4 Data 5000
7000 2 ‘ : ' ' ‘
= - 2000
g 4]
¢ —
6000 m i 1000
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w [y
(=] o
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1000 1 -
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Energy [keV]

FIG. 2. Best fit to the SS (main panel) and MS (inset) energy spectra, shown over the energy range used for the analysis. The MS
dataset includes events with partial 3D spatial reconstruction; see text for details. The fits to both 2 and Ovff decays to the ground state
(GS) and excited state (ES) of '*Ba all return zero signal counts with y2 ¢ = 1.57 and y2 ;s = 1.09, respectively. The expected
spectra of the ff signals are shown as follows: (i) at the measured half-life lower limit (2v GS mode, shaded), (ii) magnified fivefold
(2v ES mode), and (iii) magnified 50-fold to make them visible (Ov modes, line dotted).
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TABLE II.  Summary of the contributions of each fit constraint
to the reported upper limit on the number of counts of each decay
mode. Values in parentheses are in reference to the decays to the
excited state.

Oupp (27)

15.4% (29.8%)
11.3% (< 1%)
4.1% (32.4%)
1% (< 1%)
13.4% (< 1%)

2upp (27)

SS fraction < 1% (< 1%)
Event rate normalization < 1% (< 1%)
Signal-specific normalization 85.3% (90.2%)
Neutron capture fraction < 1% (< 1%)
Radon in the LXe < 1% (< 1%)

Constraint

8Kr and **Xe counts. After the systematic uncertainties
(dominantly the signal normalization error in this case) are
incorporated, we see no correlation between signal and
background counts in the Supplemental Material [29].

To evaluate the median sensitivity for each of the signals,
we perform a fit to the data assuming a (signal-specific)
background-only hypothesis, i.e., enforcing no signal in the
fit. The resulting background-only fit is then resampled
through bootstrapping to generate a large group of datasets,
each undergoing a fit where the signal is allowed to float as
a measure of the impact of fluctuations in the data on the
best-fit of the signal. The median 90% CL upper limit of all
these fits is taken as the median sensitivity.

The 90% CL median sensitivities for the 07 — 0" decays
are TV, =3.7x10% yr and T3, =2.6 x 10*' yr. The
twofold improvement over the sensitivity for the Ov decay
mode in Phase I [12] is due to better modeled low energy
backgrounds and improved energy resolution. A two-fold
increase in sensitivity is obtained for the 2v decay mode
thanks to a higher signal acceptance allowed by a substan-
tially decreased energy threshold.

The fit to both 0F — 0% B decay modes returns a best
value of zero signal counts after all uncertainties are
accounted for and independently of the chosen energy
threshold. The fit to the dataset is shown in Fig. 2, using the
selected threshold of 320 keV. Absent statistically signifi-
cant signals, lower bounds on the half-life for each decay
mode are computed as

1I1(2) texp € NA
Ny, 0.1339°

Typ2

(2)
where 7., is the exposure in kg - yr, € the event detection
efficiency, N, Avogadro’s number, and Ny the 90% CL
upper limit on the number of signal events. The molar mass
of 13%Xe is 0.1339. The Feldman-Cousins procedure dis-
cussed above yields a 90% CL upper limit of 102 '3*Xe
Ovpp decay events. With a 99.1% event detection effi-
ciency, this translates to a lower limit on the half-life of this
decay of

T(1)72(0+ - 0%)>8.7x 105 yr 90%CL, (3)

a 2.9-fold improvement over existing constraints [11] and a
7.9-fold improvement over the EXO-200 Phase I result
[12]. The large improvement over the Phase I result is due
to a combination of the improved Phase II sensitivity and an
underfluctuation of background in the region of interest as
well as the underperformance of Phase I relative to its
sensitivity.

With an event detection efficiency of 25.5% and a 90%
CL upper limit of 7606 counts, the lower limit on the '3*Xe
2upp decay half-life is

T%jz(O+ - 07)>29x10* yr 90%CL, (4)
a threefold improvement over the EXO-200 Phase I result
[12], but weaker than existing constraints [11].

The '3Xe 2upp decay background is used to check the
reliability of the background model by leaving its spectral
component unconstrained in the fit and comparing the
best-fit result with its known half-life. We measure

Tf’;gﬂ (136Xe) = 2.23 + 0.1(stat) x 10*! yr based on the

fit shown in Fig. 2, in excellent agreement with the previous
EXO-200 result [3].

The fit to both 0% — 2% modes was carried out using a
low energy threshold of 500 keV and returned no signal
counts. The sensitivity for this analysis does not improve
below this threshold. Because the y ray can travel a short
distance, it is possible for decays occurring outside the
fiducial volume to deposit energy inside the volume and
pass analysis cuts. This effectively enhances the detection
efficiency relative to the fiducial volume by a factor of 1.4.
The detection efficiency of 2u3 (OvBp) decays to the 13*Ba
excited state is 70.4% (68%). We calculate a 90%

CL median sensitivity of 77/, >4.7x 10> yr and
T, 23.5x 10 yr. The 90% CL upper limit on the

number of 2uf3f (Ovpp) counts is 1243 (151), respectively,
yielding the following lower bounds on their half-lives:

T2y

172(07 = 2%) > 5.1 x 107 yr

90%CL,  (5)

the first reported measurement of this decay, and

TO!/

1,(07 = 27) > 4.0 x 107 yr

90%CL, (6)
a 15-fold improvement over existing constraints [14].
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