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1. Introduction

In the early 2000’s, neutrino oscillation experiments showed conclusively that the neutrino is a
massive particle [1, 2, 3, 4, 5]. Since then we have built a nearly complete picture of the oscillation
parameters [6]. However, as of yet, we still do not know how to incorporate the neutrino mass into
the Standard Model (SM). It is tempting to insert it analogously to all the other fermions in the
SM, using the Higgs mechanism. However, this creates a question as to why the neutrino is some
six orders of magnitude lighter than all of the other particle which get their mass through the same
mechanism. The most elegant solution to this paradox, is to make the neutrino unique among the
fermions in the SM and to give it a Majorana mass.

Majorana mass terms are typically low energy results of high energy physics, and thus the
neutrino becomes light due to a seesaw mechanism. A Majorana mass also would imply that the
neutrino is its own anti-particle, manifestly violating lepton number. This feature opens the possi-
bility that the neutrino played a role in the production of the Baryon Asymmetry of the Universe
and could help explain the abundance of matter in the Universe.

Neutrinoless Double-Beta (0Ovf3 ) Decay, (Z,A) — (Z+2,A)+2e", is an as-yet undiscovered
process, which could only occur if the neutrino were a Majorana fermion. In recent years, the
search for Ov33 decay has garnered a lot of attention, with the largest experiments searching for
the OvB B decay of "%Ge [7], 1*°Te [8, 9] and '*Xe [10, 11].

The OvB B decay rate is typically parameterized as

Tov = In2Goy(Qpp) |- #ov|* | fov]*- (1.1)

Where Goy(Qpp) is a phase-space factor which depends on the full energy of the decay, as o Q% B
My is the nuclear matrix element (NME), which parameterizing the overlap of the new nucleus
(Z+2,A), with the old, (Z,A). All of the beyond the Standard Model physics is contained in the
Jfov term. In the simplest model of light Majorana neutrino exchange, fo, can be parameterized as

1
| fov] = Umpp) _ m—ZUimi : (1.2)

ne

Where (mgg) is called the Effective Majorana Mass, the U,; are terms from the PMNS matrix, m;
are the neutrino masses, and m, is the electron mass. Given the measured oscillation parameters,
the allowed regions of (mgg) are shown in Fig. 5.

The KamLAND-Zen experiment is a search for the 0v3 8 decay of '*°Xe using a large liquid
scintillator detector. The results described here are based on the work presented in [10].

2. KamLAND-Zen Detector

The KamLAND-Zen experiment is a search for the 0v3 8 decay of '3®Xe mounted in the Kam-
LAND detector in the Kamioka mine, Gifu prefecture, Japan. The mine provides an overburden of
1000 m of rock, which attenuates the muon flux by a factor of ~ 10° relative to the surface flux.

The KamLAND detector consists of a 18 m diameter sphere vessel containing a 13 m diameter
outer balloon (OB) filled with ultra-pure liquid scintillator (LS), suspended in a 1.8 m transparent
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layer of mineral oil that acts as a buffer. The walls of the spherical vessel are lined with 1,879 17"

and 20" photomultiplier tubes (PMT), viewing the OB with a total coverage of 34%. The spherical

vessel is mounted in an 3,200 ton water Cherenkov detector that acts as both a muon veto and as a
shield against radiation from the surrounding rock.

The KamLAND-Zen experiment fo-

cuses on a 3.08 m diameter inner balloon

(IB), which has been installed at the center

Tr Rock

4 Q}TE{‘ | of the KamLLAND detector (see Fig 1). This

ey Stainess steel tank balloon is made from a 25 yum thick nylon

=& 5 | film, and contains a volume of LS loaded

; /#/ PMTs with Xe enriched to 91% '*°Xe (Qpp =

. ?{ g‘;zer'lf;:loon 2.458 MeV). The IB was produced in a

] \e—y | (19m diameter) class I clean room at Tohoku University in
f:n:rogg:;r:n Sendai and transported to Kamioka in 2011.

< ‘3'28“;5‘“3’“"‘”’ KamLAND-Zen takes advantage of the
Y e-

KamLAND infrastructure which has been
\ [ | PMTs successfully studying reactor-vV oscillations
¢ T . .
lelelle sde ol & Water since 2002 [4]. The detector provides an

ultra clean environment for a Ovf3f3 search
with a well understood background and de-

. . tector response. Since the IB only occupies
Figure 1: The KamLAND-Zen detector. The IB is a

3 m diameter balloon at the center of the KamLAND ~1.5% of the volume of the KamLAND de-
detector, viewed by 1,879 PMTs. tector, KamLAND-Zen can search for Ov 3

while the rest of the detector continues to
pursue other physics goals, like supernova neutrino and geoneutrino searches [5].

3. Results

3.1 Results of Phase I

Phase I of data taking began in October 2011 with ~320kg of Xe and lasted until June 2012.
This comprised an isotopic exposure of 89.5 kg-yr of '3¢Xe.

This initial data taking phase exhibited a significant and unexpected background contamina-
tion in the region of interest (ROI). The spectral shape of this background, and its time dependence,
were consistent with the decay of ''""™Ag (7 = 360d, Q = 3.01 MeV). We believe that this con-
tamination was introduced when the 1B was transported from Sendai, where it was produced, to
Kamioka. During this time, it was exposed to the fallout from the 2011 Fukushima reactor acci-
dent. This interpretation is further supported by measuring the ratio of '3*Cs to '*’Cs on the IB,
which matches that observed in soil samples around the reactor.

The background from ''"™Ag creates a peak in the ROI, and thus significantly impacts the
sensitivity to Ov3. At the end of Phase I of data taking, we were able to set a limit on the OV 3
half-life of '**Xe at 7/)%) ('**Xe) > 1.9 x 10 yr at 90% C.L. [12].
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3.2 Purification Campaign

In June 2012, we concluded Phase I of data taking and began a purification campaign which
lasted until October 2013. The first step of this process was to remove the Xe from the LS in the IB.
During this time, we collected a Xe-depleted run of data and confirmed that while the '°Xe 2v 33
rate fell precipitously, the contamination in the ROI remained. This was a nice demonstration of a
source-on/off measurement that could be repeated to test a possible Ovf 3 signal detection in the
future.

We then passed the LS through three cycles of vacuum distillation; where each cycle corre-
sponded to a single IB volume exchange. The Xe was purified through distillation, filtration and
finally a heater zirconium getter, before being reintroduced back into the purified LS.

The results of this process were immediately apparent as a factor of ~10 drop in the '''™Ag
rate at the center of the IB in the first 115 days of Phase II [13].

3.3 Results of Phase I1

Phase II of data taking began in Novem-
ber 2013, with a larger mass of 380kg

10’ e—— Data -+~ Spallation ) ) )
o F—"xeavpp Hmag of enriched Xe. Data taking contin-
a [ -IB
2 e T T, ued through October 2015, eventually col-
S a0 lecting 534.5days of livetime. The last
E ot r—
i R = D month of data taking was dedicated to a
0 02 04 06 08 1 12 14 16 18 2
(R/1.54m)’ calibration run, where sources were de-

ployed along the central axis of the detec-
Figure 2: R? distribution of Ov3B candidate events

with 2.3 < E < 2.7MeV. The dashed vertical line on
the left corresponds to R = 1 m.

tor. The observed energy resolution was
6/E =7.3%/+/E(MeV). The observed po-
sition dependent energy and vertex bias was
< 1% and < 1 cm, respectively, for |z| < 1 m in the IB.

The fiducial volume is defined as R < 2 m and includes the full IB plus a ~ 0.5 m buffer of LS
around it. We identify 2!*Bi->'*Po (t = 237 us) and >'?Bi->!>Po (7 = 0.43 us) events using delayed
coincidence and double pulse identification tags. We remove reactor V using the same tags used in
previous analyses. We remove poorly reconstructed events, and add a 2 ms deadtime after muon
events. After all cuts, the final exposure is 504 kg-yr.

We tag the spallation product, '°C, using the triple-coincidence of muon-neutron-'C, with
the condition that the '°C be within 1.6m of the neutron and within 180s of the muon event.
The use of the new dead-time-free MOGURA electronics system has improved the efficiency of
this to (64 4+4)% while maintaining a 93% signal efficiency. The other spallation product '¥7Xe
(B~, T =5.5min, Q = 4.17MeV) is produced mainly by neutron capture on '3®Xe, and its rate is
estimated from the known spallation neutron rate and the capture cross section.

Extracting and reintroducing the Xe loaded LS exposes it to >>’Rn (7 = 5.5 d) which is pulled
into the IB. This contamination decays quickly and provides a period of high rate data that we
use for detector characterization. Most notably, the >'*Bi-2!#Po delayed coincidence events in
the LS can be tagged with 99.95% efficiency. We use these to study the efficiency of our vertex
reconstruction algorithm and compare to Monte Carlo (MC). We also study the tail end of the 2!4Bi
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Figure 3: (a) Energy spectrum of 3 decay candidate events with R < 1 m from period-2 of Phase II of
data taking with the best fit background spectra, 2v3 3 spectrum and the 90% C.L. upper limit on the Ov3 3
signal. (b),(c) Zoom of the measured energy spectrum and best-fit backgrounds between 2.3 < E < 3 MeV
and R < 1 m for period-1 and period-2, respectively.

B-spectrum to search for any distortions of the high-energy tail. We saw no distortion and find that
the tail is consistent with what we expect from a simple gaussian resolution.

Figure 2, shows the radial distribution of the observed events in the ROI. The dominant back-
ground is >'“Bi originating from the IB, but this falls off significantly at R < 1 m where '""Ag
is still present. Assuming the 2!*Bi originates from the IB and assuming secular equilibrium, this
contamination indicates a >3¥U content in the film some 80 times larger than ICP-MS analysis sug-
gests. We interpret this to mean that the majority of this background is introduced by “dust” stuck
to the balloon surface.

We begin the analysis by splitting the fiducial volume into 40 equal volume bins. 20 bins in the
upper hemisphere, 20 in the lower. Each bin covers the full 27 in the azimuth, and fits the the radial
dependence of the data. This analysis uses the full mass of the '*Xe. The energy range considered
in this analysis goes from 0.5 < E < 4.8 MeV. Considering the apparent time dependence of the
background rate, we further split Phase II of the data into two roughly equal periods: Period-1 and
Period-2 which comprise 270.7 d and 263.8 d of livetime, respectively. The background rate in the
ROI appears to fall faster than one would expect from the natural decay of ''®™Ag. Though this is
only a ~ 20 effect, one possible explanation for it is ''°™Ag sinking to the bottom of the IB and
becomes lost in the 2!*Bi background.

In the analysis, we assume several types of backgrounds: those free-floating in the Xe-loaded
LS, those constrained to the balloon surface and those intrinsic to the whole detector (e.g. muon
spallation). Many of these backgrounds are constrained from previous characterizations of the de-
tector, and others can be constrained using tagged events. We perform a simultaneous fit of all
free-floating parameters over all volume bins. Figure 3a shows the full energy spectrum for the
inner most volume bin (R < 1 m) for Period-2 with the best fit background contributions. Fig-
ures 3b & 3c show a zoom of the same volume for Period-1 and 2, respectively. Figure 4 shows the
radial and vertical distribution of events in the ROI for all of Phase II and indicates that a large frac-
tion of the background is attributable to >'Bi on the IB. Table 1 describes the best fit contributions
the ROI background.
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Figure 4: Distribution of Phase II events within the fiducial volume with energy 2.3 < E < 2.7 MeV. The
gray points are the reconstructed event data. The color distribution is a MC simulation of 2!4Bi->!4Po cascade
events originating from the IB surface. The thick black and dotted lines represent the IB surface and R =1 m.
The thin dotted lines represent the surfaces of the 40 equal volume bins.

Our best fit OV 3 B component is consistent with no signal, and using Phase II data alone, we set
a lower limit on the Ov3 8 half-life of '3Xe at T10/V2(136Xe) > 9.2 x 10% yr at 90% C.L. Combining
this with the limit from Phase I [12], we set a combined lower limit on the Ov 3 half-life of
136Xe at Tlo/‘é(BﬁXe) > 1.07 x 10%° yr at 90% C.L. Using the commonly used NME calculations,
the most recent phase space calculation, and assuming g4 ~ 1.27, this translates to a range of 90%
C.L. upper limits on (mgg) of (mgg) < (61 —165) meV. This result and a comparison to other
isotopes is shown in Fig. 5.

We measure the 2vBB half-life of '3*Xe using a modified fiducial volume to maxi-
mize the sensitivity to 2vBf events of R < I m. Performing a similar simultaneous fit to
this reduced volume, yields a measurement of the 2vfBf half-life from Phase Il data of
le/‘é(l%Xe) = (2.2140.02 (stat.) +0.07 (syst.)) x 10! yr. The systematic uncertainty on this
measurement (3.1%) is dominated by the uncertainty on the fiducial volume, consistent with the
radial vertex bias of 1cm. This is consistent with the result of Phase I [14] and previous results

from EXO-200 [15].

4. Future Outlook

Phase II of data taking concluded in October 2015, at which point we shut down the detector
for an upgrade. In Spring 2016, we drained the outer detector and replaced the PMTs to improve
veto efficiency.

We constructed a new IB in the clean room facility at Tohoku University, with improved
cleanliness procedures. The new balloon will have twice the volume and will be filled with
750kg of enriched Xe. The new balloon was transported from Sendai to Kamioka in specially
designed vacuum packaging (to avoid contamination during transport), and as of August 2016 has
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Table 1: Summary of the number of observed events, and the estimated and best-fit back-
grounds in the OvBf window (2.3 < F < 2.7MeV) within R < 1 m for period-1 and

period-2.
Period-1 Period-2
(270.7 days) (263.8 days)
Observed Events 22 11
Background Estimated  Best-fit Estimated Best-fit
136Xe 2vB B - 5.48 - 5.29
Residual (Xe-LS)
214Bj (238U series) 0.23+0.04 025 0.0284+0.005 0.03
20871 (232Th series) - 0.001 - 0.001
10m A o - 8.5 - 0.0
External (IB)
214Bj (238U series) - 2.56 - 2.45
208771 (232Th series) - 0.02 - 0.03
10m A o - 0.003 - 0.002
Spallation Products
e 27407 33 2.6+0.7 2.8
®He 0.07+0.18 0.08 0.07+0.7  0.08
2B 0.154+0.04 0.16 0.144+0.04 0.15
37Xe 054+02 05 0.54+0.2 0.4

arrived at Kamioka. Once installed and characterized, the new phase of data taking will be called
KamLAND-Zen 800, with an expected sensitivity down to (mgg) ~ 40 meV after 5 years of data
taking.

In the future, we plan to upgrade the KamILLAND detector to a new phase called KamLLAND2
and a Ovf 3 search called KamLAND2-Zen. This upgrade would include improving the energy
resolution to 6 /E ~ 2% at the Q-value and further reductions to the background in the ROI. The
goal is to be sensitive to (mgg) = 20meV and probe the full Inverted Hierarchy (IH). R&D into
these upgrades is ongoing and includes studies of LAB-based LS, high quantum-efficiency PMTs
and light collectors, new LS purification techniques, new imaging systems for 3-7y separation, and
scintillating films to reject events on the balloon surface. We are also exploring the possibility of a
pressurized Xe-LS environment to increase the density of Xe.
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Figure 5: Limits on the effective Majorana neutrino mass (mgg) from various isotopes. The allowed regions
given best fit oscillation parameters are highlighted in red (NH) and green (IH). The lighter regions represent
the 30 uncertainties on the oscillation parameters. Horizontal bands indicate 90% C.L. upper limits.
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