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Abstract

A search for double-beta decays of *Xe to excited states of *Ba has been
performed with the first phase data set of the KamLAND-Zen experiment.
The 07, 2{ and 25 transitions of Ov33 decay were evaluated in an exposure
of 89.5kg-yr of 13Xe, while the same transitions of 2033 decay were eval-
uated in an exposure of 61.8kg-yr. No excess over background was found
for all decay modes. The lower half-life limits of the 2] state transitions of
Ovf3f and 2v833 decay were improved to Tlo/”z(OJr — 27) > 2.6 x 10% yr and
TP5(0% — 21) > 4.6 x 10% yr (90% C.L.), respectively. We report on the
first experimental lower half-life limits for the transitions to the 0] state of
136Xe for OvBB and 2v38 decay. They are Tlo/VQ(OJr — 0f) > 2.4 x 10% yr
and T7/,(0% — 0F) > 8.3 x 10% yr (90% C.L.). The transitions to the 23
states are also evaluated for the first time to be 77}, (0% — 23) > 2.6 x 10%

yr and T12/1/2(0+ — 25) > 9.0 x 102 yr (90% C.L.).
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1. Introduction

Double-beta decay is a rare nuclear process with fundamental connections
to particle physics, nuclear physics and possibly cosmology. Double-beta de-
cay can be a leading process in the decay of a nucleus if the first order decay
is energetically forbidden or highly suppressed. Two neutrino double-beta
(2vpB) decay, (A,Z) — (A, Z42) + 2~ + 21, is an established second
order process in the standard model of the electroweak interaction. 2v33
decay to the ground state has been observed in eleven nuclei with half-lives
in the range from 10 to 10** yr [1, 2, 3]. The 2v33 transition to the
07 excited state of the daughter nucleus was also measured for two nuclei
(%Mo and '*Nd) [1, 4], although it is strongly suppressed in comparison
with the transition to the ground state due to the smaller transition energies.
The measured half-life of 2053 decay can experimentally constrain the rel-
evant nuclear matrix element (NME). Measurement of different transitions
provides useful information for the development of theoretical schemes to
calculate NMEs. The understanding of 2v55 decay NMEs is important for
investigations of nuclear structure and of nuclear interactions associated with
neutrinoless double-beta (0v33) decay [5].

Neutrino oscillation experiments demonstrated that neutrinos have non-
zero mass and therefore the question arises whether neutrinos are Majorana
or Dirac particles. Ovgf decay is possible if the neutrino is a massive Ma-
jorana particle [6]. Various experimental efforts exist to search for this lep-
ton number violating process since it implies physics beyond the standard
model. In addition, if the decay is mediated by light Majorana neutrino ex-
change, the Ovf( decay rate can translate into an effective neutrino mass,
(mgg) = |X;U%m,,|, via the NME and a phase-space factor, where U; is
the corresponding element of the Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix. It would constrain the absolute mass scale, and could provide in-
formation on the neutrino mass ordering. To obtain the effective neutrino
mass, detailed knowledge of the NME for O3/ decay is essential. The decay
can proceed to the ground state as well as through transitions to excited
states. Studies of these transitions provide additional information on the
double-beta decay and associated NME calculations. Once OvS3 decay is
observed, the measurement of the branching ratios of the Ovf3 decay to
the ground and excited states allow the possibility to distinguish between
different Ov3/ mechanisms, such as those mediated through light or heavy
Majorana neutrinos, or the R-parity breaking mechanism [7].



In this article, we report limits on the double-beta decay of '3Xe to
the 07, 2{ and 2 excited states of ¥°Ba for both the 2v33 and 0vj3p3
decay modes. These limits were obtained with the first phase data set of the
KamLAND-Zen (KamLAND ZEro-Neutrino double-beta decay) experiment.
The decay scheme of 3¢Xe to *%Ba is shown in Fig. 1. The @ value of 13Xe
double-beta decay is 2458 keV [8].
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Figure 1: Decay scheme of '*6Xe to '36Ba. The energy levels and the branching ratios
for the de-excitations are taken from Ref. [9]. Only the investigated 0% and 2% levels are
shown. In the 0 — 0% transition, conversion electron emission is dominant.

2. The KamLAND-Zen experiment

The KamLLAND-Zen experiment is a modification of the existing neu-
trino detector KamLAND [10] located in the Kamioka mine, Gifu, Japan.
A schematic diagram of the detector is shown in Fig. 2. The initial phase
of the KamLAND-Zen experiment uses 13 tons of Xe-loaded liquid scintil-
lator (Xe-LS) contained in a 3.08-m-diameter spherical inner balloon (IB),
suspended at the center of the detector, as the double-beta decay source
and detection medium. The IB is constructed from heat-welded 25-pm-thick
transparent clean nylon film. Outside of the IB is 1kton of liquid scintilla-
tor (LS), which acts as an active shield for external 7’s and as a detector
for internal radiation from the Xe-LS and/or IB. The LS is contained in a
13-m-diameter spherical outer balloon, made of 135-pm-thick nylon/EVOH!

Lethylene vinyl alcohol copolymer
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Figure 2: Schematic diagram of the KamLAND-Zen detector.

composite film. The density difference between Xe-LS and KamLAND LS is
carefully controlled within 0.04% to reduce the load on the IB. The Xe-LS
consists of 82% of decane and 18% pseudocumene (1,2,4-trimethylbenzene)
by volume, 2.7 g/liter of the fluor PPO (2,5-diphenyloxazole), and 2.44 or
2.48% by weight of enriched xenon gas for data set 1 and 2, respectively (see
Section 3). The isotopic abundances in the enriched xenon were measured by
a residual gas analyzer to be (90.9340.05)% '6Xe and (8.8940.01)% '**Xe;
the amount of other xenon isotopes is negligible. The scintillation light due
to energy deposits in the detector is monitored by 1,325 17-inch and 554 20-
inch photomultiplier tubes (PMTs) mounted on the 18-m-diameter spherical
stainless-steel tank. The total photo-cathode coverage is 34%. The stainless-
steel tank is surrounded by the outer detector (OD) filled with 3.2kton of
pure water. It shields the LS from external radiation and acts as Cherenkov
veto for identifying cosmic ray muons using 225 20-inch PMTs.

The data-acquisition system is triggered when the number of 17-inch
PMTs hit is more than 70 within a 125 nsec window, the so-called primary
trigger. This corresponds to a threshold of ~0.4 MeV. After each primary
trigger, the threshold is lowered to ~0.25MeV for 1 ms to study sequential
decays. The event energy (visible energy) and position are reconstructed



based on the photon hit-time and charge distribution. The energy response
is calibrated with three kinds of sources; (i) 2°*T1 2.614 MeV 7’s from an
artificial ThOo-W calibration source [11], (ii) 2.225MeV +’s from spalla-
tion neutrons capturing on protons, and (iii) 2'Bi (8 + v) from **?Rn (7 =
5.5 days) introduced during the initial filling of the liquid scintillator. The
energy resolution is estimated to be o = (6.6 + 0.3)%/+/F(MeV) from the
energy distribution of (i). The systematic variation of the energy recon-
struction with position or time is monitored by (ii), and is less than 1.0%.
Energy nonlinearity effects caused by scintillator quenching and Cherenkov
light production are constrained by the gamma peak of (i) and the spectral
shape of (iii). The vertex resolution is estimated from the radial distribution
of radioactive contaminants to be o ~15cm/+/E(MeV) [11].

In KamLAND-Zen, the scintillation light of two coincident electrons gen-
erated from 1%Xe double-beta decay cannot be separated, only their summed
energy is observed. 2v/3( decay to the ground state has a continuous energy
spectrum spanning from zero to the Q-value of 3%Xe. Decays to the excited
states have similar spectra, but they begin at different values of visible energy
spectra depending on the energies of the de-excitation emissions. In contrast
to 2vfBB decay, Ovf[ decay produces a mono-energetic peak at the Q-value
with width determined by the energy resolution. The peak position is shifted
for different decay modes since quenching effects of the liquid scintillator de-
pend on the identities of the emitted particles (electron or v ray) and their
energies. Fig. 3 shows the predicted energy spectra of *Xe double-beta
decay to various excited states as well as to the ground state. The spectra
have been convolved with the KamLAND-Zen detector response function, in-
cluding energy resolution and particle-dependent energy scale non-linearities.

3. Data sets and event selection

The analysis is based on data collected from October 12, 2011 to June 14,
2012, the same period used in Ref. [12]. This corresponds to the first phase
data set. The data set is divided into two sets separated by detector mainte-
nance work done in February 2012 aiming to remove radioactive impurities.
In the earlier analysis [12], 119" Ag was identified as a likely background in
the Ov33 decay search. During the maintenance, a total of 37 m?, or 2.3 full
volume exchanges, of Xe-LS were passed through a 50 nm filter. The Xe-LS
was circulated with two Teflon tubes placed at the bottom of a corrugated
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Figure 3: Visible energy spectra of 136Xe double-beta decay to various excited states of
136Ba. The upper figure shows 2033 decays and the lower figure shows 0v3f decays. The
2vB6 and OvBB decays to the ground state are also shown for reference. All decays are
shown on a linear scale.



tube and the IB, which was inserted just before the filtration started and
remained there until the second data taking period finished. During the fil-
tration, 4.3 £ 0.5 kg of Xe is added to Xe-LS. The data-set period before
the filtration is denoted as DS-1 and the data-set period after filtration is
denoted as DS-2.

Double-beta decay candidate events are selected by performing the fol-
lowing series of cuts: (i) The reconstructed vertices of events are within the
fiducial volume (FV) defined for each data set and transition. (ii) Muons and
post-muon events within a time window of 2msec are rejected. Muons are
identified by events which leave more than 10,000 p.e.~in the LS or produce
more than 5 OD hits. (iii) Time and space correlated events which occurred
within 3msec and 300 cm are eliminated to avoid backgrounds from sequen-
tial Bi-Po decays. The dead time introduced by this coincidence cut is less
than 0.1%. (iv) A background mainly from reactor 7.’s is eliminated by
vetoing delayed coincidence of positrons (prompt signals) and neutron cap-
ture v’s (delayed signals). (v) After applying the above selection criteria,
any remaining noise events are rejected by a vertex-time-charge (VTQ) test.
This test compares the observed charge and hit-time distribution with the
expectation based on the reconstructed vertex, filtering unphysical events.
This cut reduces the selection efficiency by less than 0.1%.

The 2v46 and Ov 55 analyses use different fiducial volume cuts to optimize
the signal-to-background for the given energy region of interest. For 2v/3(
decay, the main background is **Cs (see Section 4), predominantly found
on the surface of the IB, so a reduction of the fiducial volume suppresses
this background. On the other hand, the main backgrounds for the 0vj3(
decay analysis are 2'*Bi on the IB and '°"Ag in the Xe-LS. For DS-1, 1.2-
m-radius and 1.35-m-radius cuts are found to be optimal for the 2v33 and
Ov (S decay analysis, respectively. For DS-2, the fiducial radii are the same as
DS-1, but additional cuts were made to avoid backgrounds from Teflon tubes
inserted into the IB between DS-1 and DS-2. The additional cuts are a 0.2-
m-radius cylindrical cut along the central vertical axis and a 1.2-m-radius
spherical cut around the stainless steel inlet tip of the Teflon tube. The
total livetime after removing periods of high background rate due to ???Rn
daughters introduced during filtration is 213.4 days. The total 13¢Xe exposure
is 61.8kg-yr and 89.5kg-yr for the search of 2v54 and OvfSS decays to the
excited states, respectively. The livetime, Xe concentration, fiducial Xe-LS

mass, **Xe mass, and ¥%Xe exposure for each data set are summarized in
Table 1.



Table 1: Data sets used for the analysis of '3Xe double-beta decay to excited states.
Ri.20m (Ri.3sm) refers to the R < 1.20 m (R < 1.35 m) cut. R} 50, (RY 35,,) refers to the
radius cut and the Teflon tube cuts that were introduced to avoid potential backgrounds
due to that tube.

DS-1 DS-2 Total
livetime (days) 112.3 101.1 2134
Xe concentration (% by weight) 2.44 2.48 -
2vp[ decay R1.20m 1.20m
fiducial Xe-LS mass (ton) 5.65 3.73 -
136X e mass (kg) 125 84.0 -
136X e exposure (kg-yr) 38.6 23.2 61.8
OvBf decay Ri1.35m 1.35m
fiducial Xe-LS mass (ton) 8.04 5.55 -
136X e mass (kg) 179 125 -
136X e exposure (kg-yr) 54.9 34.6 89.5

4. Background estimation

The main backgrounds to the double-beta decay study can be divided
into three categories: (i) radioactive impurities from and external to the IB,
(ii) those within the Xe-LS and (iii) spallation products generated by cosmic-
ray muons. As reported in Ref. [11], the external background is dominated
by 131Cs (8 + +'s) in the energy region 1.2 < E < 2.0 MeV (the 2v303
energy window), most likely due to balloon film contamination by fallout
from the Fukushima I reactor accident in March, 2011. The existence of '37Cs
(0.662MeV +) on the IB surface is also confirmed. The IB was fabricated 100
km from the Fukushima reactor site a few months after the accident. In the
energy region 2.2 < E < 3.0 MeV (the Ov3/ energy window), the dominant
external contaminant is ?'Bi (8 + 7’s) from the ?3*U chain.

The main radioactivity in the Xe-LS comes from the U and Th decay
chains. Their contaminations are investigated using 2'*Bi-?'“Po (3-a) and
212Bi-212Pg (S-a) decays. Assuming secular equilibrium, the ?**U and ?**Th
concentrations are estimated to be (1.3 +0.2) x 107 g/g and (1.8 £0.1) x
10712 g/g, respectively [12]. To allow for the possibility of decay chain non-
equilibrium, however, the Bi-Po measurements are used to constrain only the
rates for the 222Rn-21°Pb sub-chain of the 233U series and the ?**Th-2%Pb sub-
chain of the 232Th series, while other background rates in both series are left

9



unconstrained.

Neutrons produced by muons are captured on the main components of
the liquid scintillator, protons (2.225MeV ~) and 2C (4.946 MeV). In addi-
tion, neutrons may be captured on ¥Xe (4.026 MeV) or **Xe (6.364 MeV).
The expected neutron capture fractions on protons, 2C, ¥%Xe and **Xe
are 0.994, 0.006, 9.5 x 107%, and 9.4 x 1075, respectively. The neutron
capture product *"Xe (87, 7 = 5.5min, Q = 4.17MeV) may be produced
by 136Xe as a potential background for O35 decay, but its expected rate
is negligible. Event rates of carbon spallation products at KamLAND-Zen
were obtained in Ref. [10]. They are 1.11 4 0.18 (ton-day)™' and (2.11 +
0.18) x 1072 (ton-day)~! for " C (8F, 7 = 29.4min, Q = 1.98MeV) and °C
(BT, 7 =27.8s,Q = 3.65 MeV), respectively. For the muon induced products
from xenon, we have no past experimental data. Spallation products from
136X e whose half-live are less than 100 sec, are studied with the present data.
This is done by searching for time-correlations of events within a distance
of 1.50m from track-reconstructed muons depositing more than ~3 GeV of
energy (so-called showering muons). Events in a time window of 0-500sec
after muon passage are assumed to be potentially the decays of muon spal-
lation products, while events in a time window of 500-5,000 sec are used to
estimate the accidental background. No correlated events are found in the
energy range 1.2 < £ < 2.0 MeV and 2.2 < E < 3.0 MeV.

In addition to the three categories of background, a peak was found in the
Ovff3 energy window. As extensively discussed in Ref. [11, 12], we concluded
that it is most likely due to a background from "°"Ag (3=, 7 = 360 days,
@ = 3.01 MeV) in Xe-LS. Only four nuclei can give a possible background
in this energy window: %°Co (87,7 =7.61yrs, Q = 2.82MeV), %Y (elec-
tron capture (EC), 7 = 154days, Q = 3.62MeV), 19" Ag and 2Bi (EC,
7 =15.31 x 10°yrs, Q = 2.88MeV). Due to their different lifetimes and the
increased exposure time of this data set, the event rate time variation in
the energy range 2.2 < E < 3.0 MeV exhibits a strong preference for the
lifetime of 1" Ag [12]. In addition, the combined data set of DS-1 and DS-2
indicates that 19" Ag is also distributed on the IB. This activity is estimated
from two-dimensional fits in radius and energy, assuming that the only con-
tributions on the IB are from 2"Bi and """ Ag [12]. The fit results for the
214Bj and 11" Ag event rates on the IB are given in Table 2 for the two data
sets. The 2Bi rates are estimated after removing 2“Bi-?'4Po sequential
decays and are consistent between DS-1 and DS-2, while the 19" Ag rates
are consistent with the decay time of this isotope. The rejection efficiencies

10



Table 2: Fitted event rates of 2'*Bi and 11" Ag on the IB.

DS-1 DS-2
Bi (day ')  19.0£1.8 152+23
HomAg (day™!) 33+04 22404

(OvBB window) of the FV cut R < 1.35m against 21“Bi and 9" Ag on the
IB are (96.8 £0.3)% and (93.8 £0.7)%, respectively, where the uncertainties

include the uncertainty in the absolute IB position. For R < 1.20m, they
are both (99.2 + 0.1)%.

5. Systematic uncertainties

Systematic uncertainties are summarized in Table 3 for the two data
sets. The dominant contribution comes from the fiducial volume uncertainty.
For DS-1, the Xe-LS volume in the 1.2-m-radius and 1.35-m-radius is 7.24
and 10.3m?, respectively. The volume ratio of the fiducial volume to the
total volume is 0.438 + 0.005 and 0.624 + 0.006, where the total volume was
measured by the flow meter to be (16.51 4+ 0.17) m? during Xe-LS filling. The
FV fraction is also estimated from the ratio of ?'*Bi events which pass the
FV cuts to the total number in the entire Xe-LS volume after subtraction of
the IB surface contribution. The results for DS-1 are 0.421 4 0.007(stat) £
0.001(syst) and 0.620 £ 0.007(stat) £ 0.021(syst) for 1.2-m-radius and 1.35-
m-radius, respectively. The difference in these values is taken as a measure of
the systematic uncertainty on the vertex-defined FV. Combining the errors,
we obtain 5.6% and 3.9% systematic uncertainties on the 1.20-m-radius and
1.35-m-radius for DS-1. Similarly, the error for DS-2 is estimated to be 6.3%
and 4.1%. The uncertainty for DS-1 at 1.20-m-radius is slightly different from
Ref. [2] due to improved energy/vertex reconstruction. The total systematic
uncertainties for the double-beta decay half-life measurements for DS-1/DS-
2 are 5.6%/6.3% and 3.9%/4.1% [12], obtained by adding all uncertainties
listed in Table 3 in quadrature.

6. Results

The upper limits of the 3¢Xe 2038 and 0vS3 decay rates to the excited
states studied in the present work are estimated from a likelihood fit to the

11



Table 3: Estimated systematic uncertainties used for the **Xe double-beta decay half-life
measurement.

Source Systematic Uncertainty (%)

2v [ decay OvB6 decay Ref.

DS-1 DS-2 DS-1 DS-2
R1.20m RT.QOm R1.35m RTABE)m

Fiducial volume 5.6 6.3 3.9 4.1 [12]7
Enrichment factor of '*Xe  0.05 0.05 0.05 0.05 [11]
Xenon concentration 0.34 0.37 0.34 0.37 [12]
Detector energy scale 0.3 0.3 0.3 0.3 [11]
Detection efficiency 0.2 0.2 0.2 0.2 [12]
Total 5.6 6.3 3.9 4.1

T Only for OvB3 decay.

binned energy distribution between 0.5 and 4.8 MeV for each data set except
for 2v83 decays to 0 and 23 excited states. The fit range of these two
decays is between 1.2 and 2.3 MeV. The 2v33 decay spectra were calculated
based on the approximated differential rate [13] and Fermi function [14].
Backgrounds from decay chains of ?*?Rn-'Pb and ?*Th-2"*Pb in the Xe-
LS, the spallation products '°C and ' C, contributions from the IB including
the decay chains of ??2Rn-?'"Pb and 22Th-208Pb, 134Cs, ¥3"Cs and 19mAg
are allowed to vary in the fit, but are constrained by their estimated rates.
In addition, the event rates of 3Xe, Ov33, 19 Ag, 298Bi, external 1" Ag
and #2Rn-2'Pb are constrained by the time variation of the observed event
rate in 2.2 < F < 3.0 MeV considering their half-lives. The uncertainties of
the energy scale parameters are constrained from the 2°*T1 calibration and
radon-induced 2'4Bi data. Other events, such as 2v33 decays to the ground
state and contributions from the Xe-LS such as 2!°Bi, 8Kr, and 19mAg,
are unconstrained in the fit. The energy spectra of selected events for the
combined data from DS-1 and DS-2 are shown in Fig. 4.

To estimate the limits on decay to the 0], 2] and 25 excited states of
136Ba, each branch was individually fitted simultaneously with the dominant
contribution from 2v33 decay to the ground state. The 90% C.L. upper limits
on the number of events in each transition are estimated from the single rate

12



that gives Ax?=2.71 compared with the best-fit spectrum for each data set
(DS-1 and DS-2). The resulting upper limits for each transition are drawn

10°
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Figure 4: Energy spectrum of selected double-beta decay candidates (data points) with
best-fit backgrounds (gray dashed curve) and total (red curve). Data of DS-1 and DS-2
are combined. The 90% upper limits for 36Xe double-beta decay to the excited states of
136Ba are shown in blue for 2v34 (top figure) and OvB3 (bottom figure).

in Fig. 4, and the corresponding half-life limits are summarized in Table 4.
The limits of the 2v33 and 0v33 decays to the 2] excited state of 3°Ba are
improved by a factor 49 and 4.0x 103, respectively, relative to previous results
in Ref. [15, 16]. The limits on the 2033 and 0v33 decays to the 0] and 23
excited states are estimated for the first time. From the limit on the '36Xe
OvB38 decay (0T — 07) half-life, we obtain a 90% C.L. upper limit of (mggs)
< 0.36-0.84 eV using nuclear matrix elements evaluated in Ref. [17, 18].
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Table 4: Half-life lower limits for '35Xe double-beta decay to excited states of 13%Ba at
90% C.L.

Ti/2 (yr, 90% C.L.)

Transition This work Previous work
2v35 decay
0t — 0f 8.3 x 10?3 -
0t — 2/ 4.6 x 10 9.4 x 10%* [15]
0t — 25 9.0 x 10% -
OvBB decay
0t — 0f 2.4 x 10% -
0t — 2f 2.6 x 10% 6.5 x 102 [16]
0t — 25 2.6 x 10 -

7. Summary and conclusion

We used the KamLAND-Zen first phase data set to search for 2v55 and
Ov33 decays of 1¥6Xe to the 07, 21 and 2] excited states of **Ba. No signal
was observed and half-life limits at 90% C.L. were obtained as summarized
in Table 4. The lower limits on 0T — 0] for 2v33 and OvBf decay were
improved by a factor of 49 and 4.0x103, respectively, from previous mea-
surements. The decays of 07 — 0f and 07 — 25 for 2v33 and Ov383 decay
were investigated for the first time.

The current results for the corresponding Ov/f transitions are mainly
limited by the background from 19" Ag and ?!4Bi. Distillation of the LS to
remove the 11" Ag and replacement of the IB to reduce 2“Bi should improve
the sensitivity.
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