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

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U 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 ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 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.

window are illustrated in Fig. 1(b). The exposure of
136Xe for SD in this volume is 0.510 ton yr. The best-
fit background contributions are summarized in Table I.
We found no event excess over the background expecta-
tion. We obtained a 90% confidence level (C.L.) upper
limit on the number of 136Xe 0⌫�� decays of < 7.9 events
(< 6.2 events in the range 2.35 < E < 2.70MeV), which
corresponds to a limit of < 15.5 (ton yr)�1 in units of
136Xe exposure, or T 0⌫��

1/2 > 2.0⇥1026 yr (90% C.L.). An

analysis based on the Feldman-Cousins procedure [26]
gives a slightly stronger limit of 2.3⇥1026 yr (90% C.L.),
indicating a limited impact of the physical boundary on
the 0⌫�� rate in low statistics. An MC simulation of
an ensemble of experiments assuming the best-fit back-
ground spectrum and including the high-background-
period identification scheme indicates a median sensitiv-
ity of 1.3⇥ 1026 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 framework, as-
suming a flat prior for 1/T 0⌫��

1/2 . The Bayesian limit and

sensitivity are 2.1⇥ 1026 yr and 1.5⇥ 1026 yr (90% C.L.),
respectively.
We investigated the stability of the results by com-

paring the limits with di↵erent analysis conditions and
background models. Alternatively, we also performed
the analysis including the high-background period in the
data with floated background contributions from 60Co
and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

FIG. 3: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), 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 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [27, 28] and
commonly used nuclear matrix element estimates: energy-
density functional (EDF) theory [29–31] (solid lines), inter-
acting boson model (IBM) [32, 33] (dashed lines), shell model
(SM) [34–36] (dot-dashed lines), and quasiparticle random-
phase approximation (QRPA) [37–41] (dotted lines). The side
panel shows the corresponding limits for 136Xe, 76Ge [44], and
130Te [45], and theoretical model predictions on hm��i, (a)
Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the
IO region.

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4⇥ 1026 yr (90% C.L.) for the background models with
60Co and 214Bi, respectively.
The combined fit of the KamLAND-Zen 400 and 800

datasets with the frequentist analyses gives a limit of
2.3 ⇥ 1026 yr (90% C.L.) (see the Supplemental Mate-
rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
the IO band, and realizes the partial exclusion of several


