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The KamLAND-Zen experiment has provided stringent constraints on the neutrinoless double-beta
(OuBp) decay half-life in 36Xe using a xenon-loaded liquid scintillator. We report an improved search using
an upgraded detector with almost double the amount of xenon and an ultralow radioactivity container,
corresponding to an exposure of 970 kg yr of '3Xe. These new data provide valuable insight into
backgrounds, especially from cosmic muon spallation of xenon, and have required the use of novel
background rejection techniques. We obtain a lower limit for the Oypf decay half-life of T(1)72 >
2.3 x 10% yr at 90% C.L., corresponding to upper limits on the effective Majorana neutrino mass
of 36-156 meV using commonly adopted nuclear matrix element calculations.
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The search for neutrinoless double-beta (Ovf3) decay is
the most practical way to probe the Majorana nature of
neutrinos. In the context of light Majorana neutrino
exchange between two nucleons, the decay rate is propor-
tional to the square of the effective Majorana neutrino mass
(mgp) = |%,U%m, |, providing information on the absolute
neutrino mass scale and mass eigenstate ordering. To date,
KamLAND-Zen has provided the most stringent constraint
on (mgs) of 2100 meV in the quasidegenerate neutrino
mass region [1]. An improved search probing (m) below
50 meV would provide a first test of the Majorana nature of
neutrinos in the inverted mass ordering (I0) region beyond
the quasidegenerate mass region. Such searches also test
theoretical models predicting (mg) in this range [2—4].

KamLAND-Zen [1,5-9] is a double-beta decay experi-
ment that exploits the existing KamLLAND neutrino detec-
tor. The ff decay source is a Xe-loaded liquid scintillator
(Xe-LS) contained in a spherical inner balloon (IB) at the
center of the detector. The IB is surrounded by 1 kton of LS
(Outer LS) contained in a 13-m-diam spherical outer
balloon made of 135-pm-thick nylon/EVOH compo-
site film. To detect scintillation light, 1325 17-in. and
554 20-in. photomultiplier tubes (PMTs) are mounted on
the inner surface of the stainless-steel containment tank
(SST), providing 34% solid-angle coverage. The SST is
surrounded by a 3.2 kton water-Cherenkov outer detector.

The previous search in KamLAND-Zen used 381 kg of
enriched xenon (referred to as KamLAND-Zen 400) and
probed Ovpp just above the 10 region [1]. To further
improve this limit, the KamLAND-Zen collaboration
upgraded the experiment to 745 kg of enriched xenon
(referred to as KamLAND-Zen 800), nearly twice the target
mass of the previous experiment. To hold the additional
xenon, a larger and cleaner 3.80-m-diam IB was cons-
tructed with better mitigation measures to avoid dust attach-
ment to the balloon surface [10]. The Xe-LS consists of 82%
decane and 18% pseudocumene (1,2,4-trimethylbenzene)
by volume, 2.4 g/1 of the fluor PPO (2,5-diphenyloxazole),
and (3.13 £ 0.01)% by weight of enriched xenon gas. The
isotopic abundances in the enriched xenon were measured
by a residual gas analyzer to be (90.85 & 0.13)% '3%Xe,
(8.82 £ 0.01)% '**Xe.

Science data-taking started on January 2, 2019. The
initial data contained ?*’Rn (z = 5.5 day), introduced by
radon emanation from storage tanks and pipelines during
Xe-LS filling, and was used for detector calibration. Event
positions and energies are reconstructed based on the
timing and charge distributions of photoelectrons recorded
by the PMTs. The detector Monte Carlo (MC) simulation is
based on GEANT4 [11,12] and is tuned to reproduce the
timing and charge distributions observed in the data. The
optical parameters related to the position dependence of the
light yield are corrected based on monochromatic 2'*Po a
decays in the *?’Rn decay chain. The parameters of the
detector energy nonlinear response model describing

effects from scintillator quenching and Cherenkov light
production are constrained to reproduce the measured
spectral shape of 2!“Bi # + y decays. The estimated energy

and vertex resolutions in the Xe-LS are 6.7%/+/E(MeV)

and 13.7 cm/+/E(MeV), respectively. Using the
2.225 MeV y rays from the muon-induced neutron captures
on protons, the position- and time-dependent fluctuations
of the absolute energy scale in the Xe-LS are determined to
be less than 1%. We considered this deviation as a
systematic uncertainty on the energy scale conservatively,
while its impact is mitigated by the spectral fit for 2v/p,
as discussed later. The outer LS is 1.1 times brighter
than the Xe-LS. The tuned MC reproduces the observed
vertex distances between sequential 2'“Bi-?'“Po decays
(r = 237 ps) coming from ?>’Rn in the Xe-LS; the average
distances are 38.0 cm and 38.1 cm with the data and MC,
respectively. It also reproduces the energy spectrum of 2!“Bi
decays including the high energy tail, indicating that the
background contribution from energy reconstruction failure
in 2upp decays is negligible.

We use data collected between February 5, 2019, and
May 8, 2021. Candidate events are selected by performing
the following series of first-level cuts: (i) the events must be
reconstructed within 2.5 m of the detector center and 0.7 m
away from the bottom hot spot on the IB, which is outlined
in Fig. 1(a). (i1) Muons and events within 2 ms after muons
are rejected. (iii) Sequential radioactive decays are elimi-
nated by a delayed coincidence tag, requiring time and
distance between the prompt and delayed events to be less
than 1.9 ms and 1.7 m, respectively, and a double pulse
identification inside a single event acquisition window.
Those cuts remove (99.89 + 0.03)% of 2'“Bi-2!*Po events,
and (97.7 +£0.5)% of 2'2Bi->'?Po. (iv) Reactor 7, inter-
actions identified by delayed coincidence are rejected.
(v) Poorly reconstructed events are rejected to suppress
electronic noise and accidental pileup. Real singles events
are produced by isotropic scintillation from a single site. In
this case, there are correlations between the vertex-to-PMT
distance and photon travel time, and between the distance
and charge, which can be approximated by simple func-
tions. We define a discriminator based on y? tests to assess
the agreement with those approximate functions, and
identify tag events with high discriminator values as poorly
reconstructed events. The overall selection inefficiency is
less than 0.1%.

Background sources for the Ovf3f search are divided into
four categories: (i) radioactive impurities (RI) in the Xe-LS;
(ii) external to the Xe-LS, mainly from the IB material;
(iii) neutrino interactions; and (iv) cosmogenic spallation
products. The inferred contamination of 238U and 3?Th in
the Xe-LS is (1.5+£0.4) x 1077 g/g and (3.0 £0.4)x
10716 g/g, respectively, based on delayed coincidence
measurements of 2'“Bi->!“Po and 2'?Bi->'?Po decays.
Those reference calculations for 2*%U and 2*’Th assume
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FIG. 1. (a) Vertex distribution of candidate SD events (black

points) overlaid on 2'“Bi background events from the MC
simulation (color histogram) in the energy region 2.35 < E <
2.70 MeV (Ovpp window), with arbitrary normalization. The
solid and thick dashed lines indicate the shape of the IB and the
1.57-m-radius spherical volume, respectively. The dot-dashed
line indicates the nylon belt suspending the IB. The thin dashed
lines illustrate the shape of the equal-volume spherical
half-shells, which compose the 2.5-m-radius spherical fiducial
volume. The high-count region at the IB bottom indicates the hot
spot and is vetoed. (b) R* vertex distribution of candidate SD
events in the Oyfp window. The curves show the best-fit back-
ground model components.

secular equilibrium for comparison with the previously
reported values, and are not used for background estima-
tions. We did not find the background peak from ''""Ag -
decays (r =360 day, Q =3.01 MeV) observed previ-
ously in KamLLAND-Zen 400, caused by contamination
from Fukushima-I fallout [7]. We conclude that ''”Ag was
significantly reduced due to radioactive decay, continued
purification, and cleaner fabrication of the IB. The primary
background sources external to the Xe-LS are 23U and
232Th in the IB. The contamination levels of 23U and 2*’Th
are (34 1) x 10712 g/g and (3.8 +0.2) x 107! g/g, res-
pectively, and are roughly a factor of 10 smaller compared
to those measured on the previous IB [1]. The backgrounds
from the outer LS and surrounding detector materials are
negligibly small.

In the later period of the dataset, we found an increase in
the background rate at the IB bottom, possibly due to the
settling of dust particles containing radioactive impurities.

We performed a search for clusters of y-like events using a
newly developed spatiotemporal deep neural network
model, referred to as KamNet [13], which is capable of
resolving y cascades from the resulting nonisotropic event
topology due to multisite energy deposits. The search
identified such an event cluster in the inner volume of
the Xe-LS (R < 1.57 m) that is inconsistent with the
average background rate, with a p value of only 0.06%
(including the trials penalty). Considering the limited
likelihood of contamination during the construction phase,
credible sources of time-varying backgrounds are ®*Co in
stainless-steel shavings or 2'“Bi in thick dust. To avoid this
ambiguity in our background modeling, we remove this
high-background period from the dataset. The boundaries
of the period were defined from the times of the first and
last events in the cluster, with an added period on either side
corresponding to the average interevent time in the cluster,
corresponding to a total of 30.4 days. However, we also
performed the analysis with the high-background period
included and report the impact on the final result, as
discussed later.

Solar neutrinos are an intrinsic background source for the
Ovpp search. The oscillated neutrino flux can be calculated
based on the standard solar model prediction [14] with
three-flavor mixing. The contribution from the elastic
scattering (ES) of 3B solar neutrinos on electrons is
estimated to be (4.9+£0.2)x 1073 (tonday)~! in the
Xe-LS. In addition, '3®Xe captures v, through charged-
current (CC) interactions, primarily from 'Be solar neu-
trinos, producing e~, 13Cs, and y’s from the excited states.
The subsequent +y decays of '*®Cs (r = 19.0 day,
0 =2.548 MeV) produce a background peak around
2.0 MeV in visible energy, mostly overlapping with the
resolution tail of 2uff decays. The interaction rate is
expected to be (0.8 +0.1) x 107 (tonday)~' based on
the cross section calculated in Refs. [15,16].

Radioactive isotopes produced through cosmic muon
spallation of carbon and xenon represent the dominant
backgrounds in this analysis. To suppress the spallation
backgrounds, second-level cuts are performed with the
discrimination parameters based on time intervals (AT)
from preceding muons, space correlations with vertices of
neutron capture y rays (neutron vertices) induced by those
muons, and reconstructed muon tracks and shower profiles
[1,17-21]. We apply the following four rejection criteria:
(a) events within 150 ms after muons passing through the
LS are rejected. This cut removes 99.4% of '’B (z = 29.1 ms,
Q = 13.4 MeV). (b) To reduce short-lived carbon spallation
backgrounds, mainly from '°C (r = 27.8 s, Q = 3.65 MeV)
and °He (r = 1.16 s, Q = 3.51 MeV), we remove events
reconstructed within 1.6 m of neutron vertices with
AT < 180 s. (c) Events likely to be spallation backgrounds,
which have space and time correlations with the preceding
muon-induced showers, are rejected. The muon track
reconstructed from the timing of the first-arriving photons
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atthe PMTs provides the transverse distance between muons
and spallation backgrounds (/i,,,). We apply a newly
developed muon shower reconstruction to calculate light
intensity profiles along the muon track based on the timing
of all the photons. The light profile (Qgower) 1S represented
by a function of the longitudinal distance between muon
entry and spallation backgrounds (/j,,). We performed the
cuts with a new likelihood discriminator, L; = fpan/ facc-
Here, fpq1 and f.. are the probability density functions
(PDFs) for muon-spallation pairs and accidental pairs,
respectively; both PDFs are functions of the three para-
meters: AT, lians, and Qgower- The cut value of L; was
optimized based on the PDFs created from '’B. The overall
rejection efficiencies for '°C and ®He by cuts (a)—(c) are
> 99.3% and (97.6 + 1.7)%, respectively, including the
uncertainties from the isotope dependence of the PDFs.
(d) To reduce the ¥’Xe (r =5.5 min, QO = 4.17 MeV)
background, we remove events reconstructed within
1.6 m of the vertices identified as neutron captures on
136Xe producing high energy y’s (Q = 4.03 MeV) with
AT < 27 min. This cut removes (74 4 7)% of '¥’Xe. The
dead time introduced by the cuts (a)—(d) is (14.6 + 0.1)%.

The second-level cuts effectively reject carbon spallation
backgrounds; however, most xenon spallation backgrounds
remain after the cuts because their lifetimes are long
(typically several hours). Xenon spallation can be charac-
terized by detecting multiple neutrons emitted via the
nucleon evaporation process in neutron-rich isotopes
(136Xe primarily). To tag the long-lived products effectively,
we define another likelihood discriminator, L, = f}/ f ace-
Here f} and f,. are the PDFs for long-lived muon-
spallation pairs and accidental pairs, respectively, con-
structed from three parameters: neutron multiplicity,
distance to neutron vertices, and AT. The cut value on
the L, parameter is optimized using an MC simulation
discussed later. Events that are not classified as coming
from long-lived backgrounds are referred to as “singles
data” (SD), and the others are referred to as “long-lived
data” (LD). The total live time for SD and LD is 523.4 days
and 49.3 days, respectively. The exposure of SD, sensitive
to Oupp signal, is 970 kg yr of *Xe.

The production yields for individual carbon spallation
isotopes are well estimated with fits to the AT curves within
10° s for each isotope using the high statistics data in the
large outer-LS volume. On the other hand, the same fit does
not work for xenon spallation in the Xe-LS volume because
there are many candidate long-lived isotopes whose indi-
vidual yields are too small to be decomposed. To assess the
total yields of all isotopes, we performed an MC simulation
of muon-induced spallation using FLUKA [22,23] and of the
subsequent radioactive decays by GEANT4. The expected
AT curve within 10° s and energy spectrum are calculated
by adding the contributions of all produced isotopes as well
as their daughters. The primary contributions are from '37I,

130p, 1247 1221 118G 1101 and 38Y. Considering potentially
large uncertainties in the MC-based total yields, we
introduced a parameter to scale the long-lived spallation
background rate (apg) in the fit to Ouvff decay discussed
later. The systematic uncertainties on the relative yields are
estimated from isotopic production cross sections for '3Xe
spallation by protons at incident energies of 500 MeV
and 1 GeV per nucleon [24,25], giving an estimate of the
energy spectral distortion from those errors. The MC study
shows (42.0 £ 8.8)% of long-lived spallation backgrounds
are classified as LD, whereas only 8.6% of uncorrelated
events are misclassified. This indicates that the LD analysis
is useful for constraining apg.

The Ovpf decay rate is estimated from a simultaneous
likelihood fit to the binned energy spectra of SD and LD
between 0.5 and 4.8 MeV in hemispherical-shell volumes.
The volumes are made by dividing the 2.5-m-radius
fiducial volume into 20 equal-volume bins each in the
upper and lower hemispheres. The contributions from
major backgrounds in the Xe-LS, such as ®Kr, K,
2I0B; . the 22%Th-29Pb subchain of the 232Th series, and
long-lived spallation products, are free parameters and are
left unconstrained in the spectral fit. The contributions from
the 22’Rn-2!%Pb subchain of the 238U series and short-lived
spallation products can vary but are constrained by their
independent measurements. The parameters of the detector
energy response model common to SD and LD are floated
but are constrained by the >*Rn-induced 2'“Bi data. The
energy spectral distortion parameter changing the relative
contributions of the long-lived spallation isotopes is
allowed to float freely. The uncertainty on the energy scale
parameter is stringently constrained by the fit to the high
statistics 2uff events, so its impact on the background
estimate is negligible.

To visualize the fit to the Oyfp signal and long-lived
spallation backgrounds, the energy spectra of selected
candidate SD and LD events within a 1.57-m-radius
spherical volume [inner 10 equal-volume bins illustrated
in Fig. 1(a)], together with the best-fit curves, are shown in
Fig. 2. The radial dependences of candidate SD events and
best-fit background contributions in the Oyff window are
illustrated in Fig. 1(b). The exposure of '*°Xe for SD in this
volume is 0.510 ton yr. The best-fit background contribu-
tions are summarized in Table I. We found no event excess
over the background expectation. We obtained a 90% con-
fidence level (C.L.) upper limit on the number of '3®Xe
Ovpp decays of < 7.9 events (< 6.2 events in the range

2.35 < E < 2.70 MeV), which corresponds to a limit of

< 15.5 (tonyr)~! in units of '3®Xe exposure, or T??/;/f >

2.0x 10% yr (90% C.L.). An analysis based on the
Feldman-Cousins procedure [26] gives a slightly stronger
limit of 2.3 x 10%® yr (90% C.L.), indicating a limited
impact of the physical boundary on the Ouvff rate in low
statistics. An MC simulation of an ensemble of experiments
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FIG. 2. Energy spectra of selected ff candidates within a
1.57-m-radius spherical volume drawn together with best-fit
backgrounds, the 2vff decay spectrum, and the 90% C.L. upper
limit for Ovpf decay of (a) singles data (SD), and (b) long-lived
data (LD). The LD exposure is about 10% of the SD exposure.

TABLE I. Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70 MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Best fit
Background Estimated Frequentist Bayesian
136Xe 2upp 11.98 11.95
Residual radioactivity in Xe-LS
28U series 0.14 £0.04 0.14 0.09
232Th series 0.85 0.87
External (radioactivity in IB)
238U series 3.05 3.46
232Th series 0.01 0.01
Neutrino interactions
8B solar ve~ ES 1.65 £ 0.04 1.65 1.65
Spallation products
Long-lived 7.75 £ 0.57° 12.52 11.80
e 0.00 £+ 0.05 0.00 0.00
SHe 0.20 £0.13 0.22 0.21
137Xe 0.33+£0.28 0.34 0.34

*Estimation based on the spallation MC study. This event rate

constraint is not applied to the spectrum fit.

assuming the best-fit background spectrum and including
the high-background-period identification scheme indi-
cates a median sensitivity of 1.3 x 10?° yr. The probability
of obtaining a limit stronger than that reported here is 24%.
In addition to the frequentist analyses above, we also

performed a statistical analysis within the Bayesian frame-

Oupp

work, assuming a flat prior for 1/7T /- The Bayesian

limit and sensitivity are 2.1 x 10% yr and 1.5 x 10% yr
(90% C.L.), respectively.

We investigated the stability of the results by comparing
the limits with different analysis conditions and background
models. Alternatively, we also performed the analysis
including the high-background period in the data with
floated background contributions from ®Co and 2'Bi.
This data is separated into pg-like and y-like events,
using particle identification provided by KamNet, and
simultaneously fit to provide slightly improved half-life

limits of 714" > 2.7 x 102 yr and T/ > 2.4 x 10% yr

(90% C.L.) for the background models with %%Co and >'“Bi,
respectively.

200 KamLAND-Zen upper limits Te
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~ L L Xe
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R _
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FIG. 3. Effective Majorana neutrino mass (n4) as a function of
the lightest neutrino mass. The dark shaded regions are predictions
based on best-fit values of neutrino oscillation parameters for the
normal ordering (NO) and the inverted ordering (I0), and the light
shaded regions indicate the 3¢ ranges calculated from oscillation
parameter uncertainties [42,43]. The regions below the horizontal
lines are allowed at 90% C.L. with !36Xe from KamLAND-Zen
(this Letter) considering an improved phase space factor calcu-
lation [27,28] and commonly used nuclear matrix element esti-
mates: energy-density functional (EDF) theory [29-31] (solid
lines), interacting boson model (IBM) [32,33] (dashed lines), shell
model (SM) [34-36] (dot-dashed lines), quasiparticle random-
phase approximation (QRPA) [37-41] (dotted lines). The side
panel shows the corresponding limits for '3%Xe, 7°Ge [44], and
130Te [45], and theoretical model predictions on (), (a) Ref. [2],
(b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the IO region.
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The combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses gives a limit of 2.3 x
10%6 yr (90% C.L.) (see the Supplemental Material [46]).
The best-fit scaling parameter for the long-lived spallation
background rate is apg = 1.35 +0.23, indicating good
consistency between the MC-based prediction and the
LD analysis. This combined analysis has a sensitivity of
1.5 x 10% yr, and the probability of obtaining a stronger
limit is 23%. From the combined half-life limits, we obtain
a 90% C.L. upper limit of (m4z) < (36 — 156) meV using
the phase space factor calculation from [27,28] and
commonly used nuclear matrix element estimates [29-
41] assuming the axial coupling constant ¢, ~ 1.27.
Figure 3 illustrates the allowed range of (mg) as a function
of the lightest neutrino mass. For the first time, this search
with 3Xe begins to test the IO band, and realizes the
partial exclusion of several theoretical models [2—4], that
estimate (mg;) based on predictions of the Majorana CP
phases.

This Letter reported the first 1*°Xe Oy search, at 1 ton
yr exposure, in KamLLAND-Zen 800 using almost double
the amount of enriched xenon and a cleaner nylon balloon
relative to KamLAND-Zen 400. Our improved sensitivity
provides a limit that reaches below 50 meV for the first time
with certain nuclear matrix element calculations [29-31],
and is the first search for Ovff in the inverted mass ordering
region. Even though extensive efforts were made to
analytically reject muon spallation, the sensitivity is limited
mainly by long-lived spallation backgrounds. In the future,
we plan to upgrade to dead-time-free electronics to detect
muon-induced neutrons more effectively and enhance the
rejection performance for xenon spallation backgrounds.
Such improvements and continued observation in
KamLLAND-Zen will provide more stringent tests of the
neutrino mass scale in the inverted mass ordering region.
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