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Deep underground
Active shields

High Radio-Purity

0νββ 
nuclei

Huge amount in 
Clean environment

> O(1) ton

Techniques for 
background rejection

0νββ search

High Q, Long T2ν , Natural ab.
Enrichment, Purification, handling & 

safety (chemical stability)

48Ca,  76Ge,  82Se, 96Zr, 100Mo, 116Cd, 
124Sn, 130Te, 136Xe, 150Nd

2νββ 0νββ

Energy/Q-value ( ～a few MeV)

1/2

〈mββ〉~                                O(10)meV

Scalability 
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136Xe Q=2.458MeV, 
Natural Abundance=8.9%
T2ν 1/2 =2.2×1021yr (EXO, KL)

Rare Gas:

Easy to handle and scale up!

Xe + LS combination: 
Excellent strategy with large vol. LS detector 
like KamLAND !

Enrichment, Purification, Chemical stability

High solubility to organic liquids: ~3 wt%  
Not affecting LS, Easy collection & reuse
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KamLAND-Zen Zero neutrino double beta 
decay search experiment

Mini-balloon (MIB, ~3mφ) 
Xe (320~380kg, 91%136Xe)+
LS (Decane+PC+PPO), 13ton

Minor modification of KL
=> Low cost, Quick start 

● Easy Scale up the Xe amount.

● Other physics done in parallel by 
KamLAND (Geoν, SuperNovae,..).

0m

-1.58m

1.5m（バルーン
フィルム直管部)

7.076m
(≈コルゲート管)

4.474m

検出器中心からM５フランジ上面まで
=11750mm, コルゲート管との接続フランジの

当たり面はその200mm下 Rock 
cavern

1000ton Ultra-pure LS

20m

Stainless 
steel tank

Location: Kamioka  mine, 
1000m underground 
(2700mwe)

3200ton purified 
Water + 225 PMTs

Main balloon 
(13mφ)

● Xe ON-OFF run can be done.

● Detector is well understood.

Zen(禅)=Spiritual practice of Buddhism of deep 
quiet meditation to find an enlightenment !  

PMTs (1325 17”+ 554 20”)

Buffer oil
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● Quick start relatively small  cost.



Phase-I
Xe 320kg

Phase-II
Xe 380kg

Xe-LS
Purification

Dataset-1

Dataset-2

Filtration

Xe 750kg

Xe >1000kg

KamLAND-Zen 800

KamLAND2-Zen

Period-1

Period-2

R&D, Construction

NOW !

Take out MIB
Outer detector upgrade, 

New MIB installation

Future

Activity of 
KamLAND-Zen

2017

2018

2016

2015

2014

2013

2012

2011
Oct.

Jun.

Dec.

Oct.

KamLAND-
Zen 400

89.5kg yr 136Xe

504kg yr 136Xe

20XX
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KamLAND-Zen 
Mini-Balloon (MIB)

Welding method 
is the key !

24 gores 

12 nylon 
belts

6.
05

m

3.08m

Corrugated 
Nylon tube
(7m long)

Heat
Additional film

Gore film Welding method

Xe tightness test

Optimization and control of the temperature 
and time for the impulse welding

Tension 
measurement

Light 
transmission

Material Nylon film, 25μm

Cleanliness U,Th: O(10−12)g/g, 
40K: O(10−11)g/g

Mechanical strength >10N/cm

LS compatibility ◎
Xe tightness ◎

Light transparency > 95%@400nm
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R&D of MIB 2009~2011

Jan.2011

PE, Feb.2010

PE, Mar.2010

EVOH, Dec.2009

May.2010

Structure, Handling, 
Deployment, 
Liquid handling

Test in a water pool

Inflation

Final rehearsal

Load cell & 
suspension25μm Nylon test balloon
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Construction of MIB 

Super-Clean room (Class1) in 
Tohoku University
Rinsing Ny film by purified water 
using an ultrasonic machine

Welding by hand

Deployment 
(top of the detector)

Mini-Balloon in the detector

Phase I started Oct.2011

June-july, 2011

leak check with 
helium & repair
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Construction of MIB 

Super-Clean room (Class1) in 
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Rinsing Ny film by purified water 
using an ultrasonic machine

Welding by hand

Deployment 
(top of the detector)
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Phase-I results

A peak in the ROI (2.3-2.7MeV)
110mAg dominant (β-, Q=3.01MeV, τ=360d) !
: Peak position and shape are well reproduced and 
the decreasing rate is consistent with the half life 
of 110mAg. 60Co, 208Bi, 88Y : not well fitted.

Fukushima-1 reactor 
accident in 2011 : 
134Cs/137Cs, 110mAg 
found in the soil 
around in our lab. in 
Tohoku.

Other backgrounds were identified : 214Bi, 10C, 136Xe 2ν

We conducted Xe-LS purification !

PRL 110, 062502 (2013)

Strong limits are provided ;
T0ν1/2 >1.9×1025 yr (90%C.L.)
         > 3.4×1025 yr (90%C.L.) (KLZ+EXO-200)

Ref. [2], contributions from 110mAg (!! decay, " ¼
360 day, Q ¼ 3:01 MeV), 88Y (EC decay, " ¼ 154 day,
Q ¼ 3:62 MeV), 208Bi (EC decay, " ¼ 5:31# 105 yr,
Q ¼ 2:88 MeV), and 60Co (!! decay, " ¼ 7:61 yr, Q ¼
2:82 MeV) are considered as potential background sources
in the 0#!! region of interest. The increased exposure
time of this data set allows for improved constraints on the
identity of the background due to the different lifetimes of
the considered isotopes. Figure 2 shows the event rate time
variation in the energy range 2:2<E< 3:0 MeV, which
exhibits a strong preference for the lifetime of 110mAg, if the
filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the esti-
mated removal efficiency of 110mAg is (1$ 19)%, indicat-
ing that the Xe-LS filtration was not effective in reducing
the background. In the fit to extract the 0#!! limit we
include all candidate sources in the Xe-LS, considering
the possibility of composite contributions and allowing for
independent background rates before and after the filtration.

The best-fit event rate of 136Xe 2#!! decays is
82:9$ 1:1ðstatÞ $ 3:4ðsystÞ ðton ' dayÞ!1 for DS-1, and
80:2$ 1:8ðstatÞ $ 3:3ðsystÞ ðton ' dayÞ!1 for DS-2. 82%
of the 2#!! spectrum falls within the analysis visible
energy window (0:5<E< 4:8 MeV). These results are
consistent within the uncertainties, and both data sets
indicate a uniform distribution of the Xe throughout the
Xe-LS. They are also consistent with EXO-200 [3] and that
obtained with a smaller exposure [4], which requires the
FV cut R< 1:2 m to avoid the large 134Cs backgrounds on
the IB, more appropriate for the 2#!! analysis.

The best-fit 110mAg rates in the Xe-LS are 0:19$ 0:02
and 0:14$ 0:03 ðton ' dayÞ!1 for DS-1 and DS-2,

respectively, indicating a dominant contribution of
110mAg in the 0#!! region. The next largest background
is 214Bi on the IB remaining after the FV cut, while 208Bi,
88Y, and 60Co have at most minor contributions. The
90% C.L. upper limits on the number of 136Xe 0#!!
decays are <16 events and <8:7 events for DS-1 and
DS-2, respectively. Combining the results, we obtain a
90% C.L., upper limit of <0:16 ðkg ' yrÞ!1 in units of
136Xe exposure, or T0#

1=2 > 1:9# 1025 yr (90% C.L.). This

corresponds to a factor of 3.3 improvement over the first
KamLAND-Zen result [2]. The hypothesis that back-
grounds from 88Y, 208Bi, and 60Co are absent marginally
increases the limit to T0#

1=2 > 2:0# 1025 yr (90% C.L.). A

Monte Carlo simulation of an ensemble of experiments
based on the best-fit background spectrum indicates a
sensitivity [7] of 1:0# 1025 yr. The chance of obtaining
a limit equal to or stronger than that reported here is 12%.
A combination of the limits from KamLAND-Zen and

EXO-200, constructed by a $2 test tuned to reproduce the
result in Ref. [3], gives T0#

1=2 > 3:4# 1025 yr (90% C.L.).

The combined measurement has a sensitivity of 1:6#
1025 yr, and the probability of obtaining a stronger limit
is 7%. From the combined half-life limit, we obtain a
90% C.L. upper limit of hm!!i< ð120–250Þ meV consid-
ering various NME calculations [8–11]. The constraint
from this combined result on the detection claim in
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FIG. 2 (color). Event rate variation in the energy region
2:2<E< 3:0 MeV (136Xe 0#!! window) after subtracting
known background contributions. The three fitted curves corre-
spond to the hypotheses that all events in the 0#!! window are
from 110mAg (dashed line), 208Bi (dotted line), or 88Y (double-dot-
dashed line). The gray band indicates the Xe-LS filtration period;
no reduction in the fitted isotope is assumed for the$2 calculation.
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FIG. 3 (color). Experimental results on 0#!! decay half-life
(T0#

1=2) in
76Ge and 136Xe. The 68% C.L. limit from the claim in

Ref. [1] is indicated by the gray band. The limits for KamLAND-
Zen (this work), EXO-200 [3], and their combination are shown
at 90% C.L. The correlation between the 76Ge and 136Xe half-
lives predicted by various NME calculations [8–11] is drawn as
diagonal lines together with the hm!!i ðeVÞ scale. The band for
QRPA and RQRPA represents the range of these NME calcu-
lations under the variation of model parameters.
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
and the 90% C.L. upper limit for 0#!! decays, for the combined
data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
known background contributions.

PRL 110, 062502 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

8 FEBRUARY 2013

062502-3

1 2 3 4

104

103

102

10

1

10−1

105

89.5kg 136Xe exposure
     Event selection : FV (R<1.35m), μ-on cut (<2ms),   
     Delayed coincidence cut (214Bi-Po, reactor ν).

Filtration

88Y

208Bi

110mAg

Q=2.46MeV

Ref. [2], contributions from 110mAg (!! decay, " ¼
360 day, Q ¼ 3:01 MeV), 88Y (EC decay, " ¼ 154 day,
Q ¼ 3:62 MeV), 208Bi (EC decay, " ¼ 5:31# 105 yr,
Q ¼ 2:88 MeV), and 60Co (!! decay, " ¼ 7:61 yr, Q ¼
2:82 MeV) are considered as potential background sources
in the 0#!! region of interest. The increased exposure
time of this data set allows for improved constraints on the
identity of the background due to the different lifetimes of
the considered isotopes. Figure 2 shows the event rate time
variation in the energy range 2:2<E< 3:0 MeV, which
exhibits a strong preference for the lifetime of 110mAg, if the
filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the esti-
mated removal efficiency of 110mAg is (1$ 19)%, indicat-
ing that the Xe-LS filtration was not effective in reducing
the background. In the fit to extract the 0#!! limit we
include all candidate sources in the Xe-LS, considering
the possibility of composite contributions and allowing for
independent background rates before and after the filtration.

The best-fit event rate of 136Xe 2#!! decays is
82:9$ 1:1ðstatÞ $ 3:4ðsystÞ ðton ' dayÞ!1 for DS-1, and
80:2$ 1:8ðstatÞ $ 3:3ðsystÞ ðton ' dayÞ!1 for DS-2. 82%
of the 2#!! spectrum falls within the analysis visible
energy window (0:5<E< 4:8 MeV). These results are
consistent within the uncertainties, and both data sets
indicate a uniform distribution of the Xe throughout the
Xe-LS. They are also consistent with EXO-200 [3] and that
obtained with a smaller exposure [4], which requires the
FV cut R< 1:2 m to avoid the large 134Cs backgrounds on
the IB, more appropriate for the 2#!! analysis.

The best-fit 110mAg rates in the Xe-LS are 0:19$ 0:02
and 0:14$ 0:03 ðton ' dayÞ!1 for DS-1 and DS-2,

respectively, indicating a dominant contribution of
110mAg in the 0#!! region. The next largest background
is 214Bi on the IB remaining after the FV cut, while 208Bi,
88Y, and 60Co have at most minor contributions. The
90% C.L. upper limits on the number of 136Xe 0#!!
decays are <16 events and <8:7 events for DS-1 and
DS-2, respectively. Combining the results, we obtain a
90% C.L., upper limit of <0:16 ðkg ' yrÞ!1 in units of
136Xe exposure, or T0#

1=2 > 1:9# 1025 yr (90% C.L.). This

corresponds to a factor of 3.3 improvement over the first
KamLAND-Zen result [2]. The hypothesis that back-
grounds from 88Y, 208Bi, and 60Co are absent marginally
increases the limit to T0#

1=2 > 2:0# 1025 yr (90% C.L.). A

Monte Carlo simulation of an ensemble of experiments
based on the best-fit background spectrum indicates a
sensitivity [7] of 1:0# 1025 yr. The chance of obtaining
a limit equal to or stronger than that reported here is 12%.
A combination of the limits from KamLAND-Zen and

EXO-200, constructed by a $2 test tuned to reproduce the
result in Ref. [3], gives T0#

1=2 > 3:4# 1025 yr (90% C.L.).

The combined measurement has a sensitivity of 1:6#
1025 yr, and the probability of obtaining a stronger limit
is 7%. From the combined half-life limit, we obtain a
90% C.L. upper limit of hm!!i< ð120–250Þ meV consid-
ering various NME calculations [8–11]. The constraint
from this combined result on the detection claim in
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FIG. 2 (color). Event rate variation in the energy region
2:2<E< 3:0 MeV (136Xe 0#!! window) after subtracting
known background contributions. The three fitted curves corre-
spond to the hypotheses that all events in the 0#!! window are
from 110mAg (dashed line), 208Bi (dotted line), or 88Y (double-dot-
dashed line). The gray band indicates the Xe-LS filtration period;
no reduction in the fitted isotope is assumed for the$2 calculation.
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FIG. 3 (color). Experimental results on 0#!! decay half-life
(T0#

1=2) in
76Ge and 136Xe. The 68% C.L. limit from the claim in

Ref. [1] is indicated by the gray band. The limits for KamLAND-
Zen (this work), EXO-200 [3], and their combination are shown
at 90% C.L. The correlation between the 76Ge and 136Xe half-
lives predicted by various NME calculations [8–11] is drawn as
diagonal lines together with the hm!!i ðeVÞ scale. The band for
QRPA and RQRPA represents the range of these NME calcu-
lations under the variation of model parameters.
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Xe-LS purification
Jun.2012～Nov.2013

Xe system
Xe

LS
Water extraction
+ 3 volumes of 
Distillation

110mAg was dramatically removed to <1/10 !

Start Phase-II 
(Dec.2013~
Oct.2015)

Before (112days) After (115 days)
2.2 < E < 3.0 MeV, R < 1 m

Storage

Xe 380kg

2.2 < E < 3.0 MeV, R < 1 m

Distillation 
+Filtration 
(charcoal, sintered 
metal, 3nm PTFE)
+Getter

Purification
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+ Data
+ MC

Phase-II analysis
Events in 0ν window (2.3<E<2.7MeV)

(R/1.54m)3

Event selection :
R<2m, μ-on cut (<2ms), Delayed coincidence cut 
(214Bi-214Po (<τ=237μs), 212Bi-212Po (<τ=0.4μs), 
Reactor ν), Poorly reconstructed event cut.

214Bi→214Po : MC study for decay 
vertex by Geant4 simulation

Vertex distance (ΔR) is 
well reproduced.

Simultaneous fit of the energy 
spectrum for 20 concentric 
spherical shells of equal-volume 
for upper and lower hemispheres 
each.
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between 214Bi and 214Po sequential decay events from the
initial 222Rn contamination within the Xe-LS.
An enlarged 3.5-m-radius spherical volume was used to

study a high statistics sample of muon spallation products
and better constrain their background contributions. This
included a region outside the IB. We assess a 22%
systematic uncertainty on the calculated spallation yields
in the Xe-LS, taking account of the observed ð20" 2Þ%
increase in the spallation-neutron flux in the Xe-LS relative
to the outer LS. In the 0νββ window, events from 10C

decays (βþ, τ ¼ 27.8 s, Q ¼ 3.65 MeV) dominate the
contribution from muon spallation. A triple-coincidence
tag of a muon, a neutron identified by neutron-capture γ
rays, and the 10C decay [11], reduces the 10C background
with an efficiency of ð64" 4Þ%. Post-muon spallation-
neutron events are recorded by newly introduced
dead-time free electronics. We apply spherical volume cuts
(ΔR < 1.6 m) around the reconstructed neutron vertices
for 180 s after the preceding muon. We estimate that the
remaining 10C background after cuts is ð1.01" 0.26Þ×
10−2 ðton dayÞ−1, where ton is a unit of Xe-LS mass. Other
shorter-lived products, e.g., 6He and 12B, are also reduced
by the triple-coincidence tag and have a minor contribution
to the background. The dead time introduced by all the
spallation cuts is 7%. In the Xe-LS, long-lived 137Xe (β−,
τ ¼ 5.5 min, Q ¼ 4.17 MeV) is a background source
produced by neutron capture on 136Xe. Based on the
spallation-neutron rate and the 136Xe capture cross section
[12], the production yield of 137Xe is estimated to be
ð3.9" 2.0Þ × 10−3 ðton dayÞ−1, which is consistent with
the simulation study in FLUKA [13,14].
We perform the 0νββ decay analysis using a 2-m-radius

fiducial volume (FV) as described above to utilize the
deployed 136Xe mass. However, the sensitivity is domi-
nated by the innermost 1-m-radius spherical volume due to
the background from the IB. The region outside this radius
serves to strongly constrain the tails of the IB background
extending into the innermost region. Further, anticipating
the decay of the 110mAg background identified in phase I,
we divide the phase-II data set into two equal time periods
(period 1 and period 2), each roughly equal to one average
lifetime of the 110mAg decay rate. Table I lists the number of
observed events, and the estimated and best-fit background
contributions in the 0νββ window within a 1-m-radius
spherical volume for each of the two time periods. The fit is
described in detail below. We find a precipitous decrease in
the event rate in the 0νββ window in period 2. The period-2
background components are well constrained near the
values listed in Table I with the exception of 110mAg.
The hypothesis of standard radioactive decay of the 0νββ
window background with the decay rate of 110mAg is
disfavored relative to the hypothesis of a faster reduction
at 96% C.L. The origin of this apparent reduction of 110mAg
is unknown, but we speculate that much of it settled to the
bottom of the IB where only a small fraction of 110mAg
decays is reconstructed in the inner Xe-LS volume. In order
to allow the 0νββ window background the greatest freedom
in the fit, the 0νββ decay analyses are performed
independently for period 1 and period 2.
The 2νββ decay rate can, in principle, be estimated from

the same analysis used to derive the 0νββ decay limits, but
the region outside of 1-m radius contributes negligibly to
the 2νββ decay rate estimate and is dominated by system-
atic uncertainty arising from the IB background. To obtain a
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FIG. 1. (a) Vertex distribution of candidate events (black points)
and reproduced 214Bi background events in a Monte Carlo (MC)
simulation (color histogram) for 2.3 < E < 2.7 MeV (the 0νββ
window). The normalization of the MC event histogram is
arbitrary. The solid and thick dashed lines indicate the shape
of the IB and the 1-m-radius spherical volume, respectively.
The thin dashed lines illustrate the shape of the equal-volume
spherical half shells that compose the 2-m-radius spherical
fiducial volume for the 0νββ analysis. (b) An example of the
energy spectrum in a volume bin with high 214Bi background
events around the lower part of the IB film [shaded region in
(a) at 1.47 < R < 1.53 m, z < 0]. (c) R3 vertex distribution
of candidate events in the 0νββ window. The curves show the
best-fit background model components.
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R<1m

To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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There is no excess in the ROI 
over the background.

To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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8/5-7 Gore welding

5

KamLAND-Zen 800
A new MIB of twice the volume was constructed in much 
improved cleanliness control than Zen400 MIB !

Clean wear

New

Goggles New

Inner suit + outer 
suit (for ultra-clean 
room) 

New

Shoes
(2-stages)

New
Double-
gloves

2-stages; one for ultra-clean 
room for MIB, and the other for 
preparation work. They are 
washed everyday after the work.

Stack 3 films for protection 
against dusts.

protection film

protection film
Balloon film

New welding machine

Check more carefully dusts on the films 
and tools.
Wash every parts and tools more 
thoroughly.

The new MIB was deployed into the KamLAND in the last summer.

~750kg Xe to 
explore IH region !

Last week’s  summary
• Welding machine was moved to Nishizawa center at 6/22 (Mon.) 
• Assembly of stand for welding machine at 6/22 
• Ceiling re-sealing at 6/22 
• Film washing 
    Total number : 30 films (total : 68,  for gore : 18) 
    Remaining films : 16 + 2 (9m film) 
• Emergency evacuation at 6/22 (Wed.) 
(Dichlorosilane escaped to piping line from device because  
 quantity of used dichlorosilane was  
 exceeded to the adsorption capacity. 
 It did not escape to environment.)

Leak check
numbering ;  

[#gore] - [#leak] 
y or z

• cover film remover ×1 
• prober ×1 
• cable holder ×2 
• value checker and recorder on 

log-book ×1 
total 5 (or more) worker

Repair

• repairer ×1 
• assistant ×2

Repair

• repairer ×1 
• assistant ×2

Washing�
NewNew

Leak check with Helium Repair
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Washing�

Gas(bag(produc>on�

Container(produc>on�

Air-tight bag MIB Container

New



After inflated with dummy LS, we found a 
leak (~40ℓ/day) by several phenomena. 
MIB was collected (Nov.) and checked.

We decided to start a new MIB construction. 
The new MIB will be installed in KamLAND this autumn.

We found small holes on the welding lines. 
Film didn’t break, but welding lines break.
Welding done as the same way for the first 
(Zen400) MIB didn’t break. 

New MIB in the detector viewed 
by a fixed-point camera

214Bi→214Po (Delayed Coin.)

(r/R_balloon)^3

238U 232Th
After washed 2 6

Zen800 5.3±0.8 31±7
Zen400-I 14±1 79±3
Zen400-II 46±4 336±2

(Unit=10−12g/g)
(~16 day data after the 
initial Rn decay out)

Welding line

Red: Total
Blue : Film
Pink: Dummy LS

The new MIB deployment (Aug.’16)

Preliminary 
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We didn’t lose any Xenon. 
The data show the MIB film is much cleaner 
than the previous one ; U,Th is 2.5 and ~10 
times cleaner than Zen400-I and II, respectively 

MIB shape (Camera, data 
analysis) and total weight.
Analysis of the MIB-LS sample 
(decane-based) showed the 
outer LS (dodecane-based) 
component.



KamLAND2-Zen
Improve ΔE/E→2.5 times better  to reduce 2νββ. 

Big upgrade of the detector for more photons !

>1000kg Xe to fully 
cover IH region !

R&Ds are 
ongoing ! HQE 20-inch PMT  ×2.1

Metal scavenger (R-Cat-Sil AP)

zíĂ�ŕŸŽƀŨŽƋ

• �ſŴŪƙŕă�AŦ�÷ńķ
zíĂ�Ŧóōŋ

• ÙâƘƛŴƛŦÅĹŏLAB-LSŦÉ!
ŃňķPMTŔ¼a

• Ħ!ƏƕƛŕöÏ�ő�öÏ�ŕ
λŕªŐĦ!ÁŦ[ëņţ

nK!ĩW�:	λ
x = −	 ln zB

zB:	20”	PMTŔƈŽƀńœĽōŋÑÁ

24/30

ă�ńŋ�ſŴŪƙŕĦ!Əƕƛ

/20	/20	

ŶŮƈƖŵƖŲƂƑƋŸř�ē8	
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��	
1.  ĚĢ>È>90%	
2.  �WL1<0.15MPa	
3.  ŤŦĬµĎ	
4.  ŤŦhĘřŶŮƈƖŵƍƘ	

ŶŮƈƖŵƍƘĘ	
µĎ	

�WL1	
ĚĢ>È	

=ŋ1.5cm	
8.9mL/min/cm2	

0.10MPa	
~94%	

KamLANDŕ6ÈÐŘä8ņŕŇŧŤńŘ
ƂƑƋŸũ�ē8	

è¢	

©½ƂƑƋŸ	

¹3ĘƙµĎũU8ŋŐ	
Ģ>ÈƙL1ũ¼`@b»	
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R-Cat-Sil SUS column

9.0cm
6.0cm
4.0cm
2.0cm vacuumed
2.0cm
1.5cm
1.0cm
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0.25cm
0.13cm

R-Cat-Sil SUS column

©½ƂƑƋŸ	

ĽL1<0.15MPa	
ĹL1>0.15MPa	

µĎ[mL/min]	

Ě
Ģ
>
È
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�		

P	
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��	
��
���	

0.15MPa	

New LS (LAB)  ×1.5

Light collection mirror  ×1.8 Remove 210Pb and  
improve optical 

impurities. 

Scintillating balloon
Imaging for β-γ 
discrimination

LS flow (ml/min)

Pb
 re

m
ov

al
 e
ff.

After this collaboration meeting, 
water fill test80cm

98% removal

Improve tagging eff. 
for Bi→Po

Electronics upgrade & new analysis 
method for better 10C removal. 

210Pb removal 
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Prospect

Accelerator/Atmospheric ν experiments (NMH？)

KamLAND-Zen400

KamLAND-Zen800

KamLAND2-Zen

0m

-1.58m

1.5m（バルーン
フィルム直管部)

7.076m
(≈コルゲート管)

4.474m

検出器中心からM５フランジ上面まで
=11750mm, コルゲート管との接続フランジの

当たり面はその200mm下

Xe 750kg

Xe 380kg

Xe 
1000kg

〈mββ〉can be in “IMH-region”.
CMB : Σmν~O(100)meV

Improved sensitivity can make a 
“SURPRISE” at any time ! 

40meV

20meV

61-165 meV
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Summary
● KamLAND-Zen is a unique 0νββ search experiment using a 
Xe+LS with MIB in the ultra-low background facility, KamLAND. 

● The analysis has provided the limit on the half life T0ν1/2 >1.07×1026yr 
(90%C.L.) and constrains〈   mββ〉 < (61-165) meV (90%C.L.), which is the 
most stringent limit and approaching to the IMH region. 

● In the first stage, KamLAND-Zen400, phase-I (320kg Xe) and phase-II 
(380kg Xe) after the Xe+LS purification were performed, whose data 
corresponds to 136Xe exposure of 593.5kg*yr. 

● A new phase KamLAND-Zen800 with ~750kg Xe is under preparation 
for making much cleaner MIB to explore the IMH region. After a trial in 
the last summer the new phase will start this autumn. 

● Our future plan is the KamLAND2-Zen using >1ton Xe. Many R&Ds 
are under way aiming to full coverage of the IMH region. 

20



Thank you !
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