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Isotope Enrichment 
Purification

High chemical stability

136Xe is excellent ! 

Xe: Noble gas
Longest T2νββ 

2.2×1021yr

48Ca 76Ge 82Se 96Zr 100Mo 116Cd 130Te 136Xe 150Nd
4.271 2.04 2.995 3.35 3.03 2.80 2.53 2.458 3.367
0.189 7.44 8.73 2.80 9.67 7.49 34.1 8.9 5.6

136Xe
2.458
8.9%

Xe + Large volume LS 
Unique strategy for the search !

Nat.Ab.(%)
Q-val.(MeV)

Excellent scalability !

Highly soluble in LS ～ 3.5wt%
Easy collection

Repeated purification
Blank run

Ca
Zr Mo XeTe

SeGe
Cd

Nd

Safety
handling

Repeated purification High solubility to 
LS (~3.5wt%) 

easily purged out 
by flushing.
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Large Mass + Low B.G. + Technique0νββ :



Location :
2,700m w.e. underground in 

Kamioka mine in Gifu prefecture
Cosmic ray flux : 1/100,000 of the 

above ground Tokyo
Osaka

Sendai

Kamioka
Kyoto

KamLAND

KamLAND
Detector

KamLAND

Control 
room

Water purification 
system

Oil purification system

Mt Ikenoyama

●Huge & ultra-clean facility for 0νββ search !

1000ton ultra-pure LS
 (Dodecane+PC+PPO)

20m

1879 PMT (17”+20”)
34% of 4π

3200ton water 
Cherenkov detector

(225 20” PMTs)

Reactor νe oscillation Geo νe detection

e+
p n

d
p

γ

νe

Stainless steel tank
(18mφ）
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Kamioka Liquid scintillator 
Anti-Neutrino Detector

Precise determination of 
oscillation parameters !

2 cycles of oscillation

Radiogenic heat 
measurement and 

constrain earth models.

●Successfully operated since 2002.
●Detector performance is well 

understood ! 

13mφ balloon

Buffer oil

γ

γ
e-



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

KamLAND-Zen

Xenon purification & 
handling system

LS purification  
system

Xe-LS :
Xe 383kg

(91%136Xe)
+ Decane- based 

LS

Xe distillation/control/storage 
+LS purification plant

Mini-balloon
●Nylon film: 25μ-thick
●U,Th~10−12, 40K~10−11g/g
●Xe tightness
●>95% transparent @400nm

Mini-balloon
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Zero neutrino 
double beta decay 

experiment

Xenon 
storage

●Quick start with relatively low cost !
●Flexible operation :
  blank run, repeated Xe-LS purification 
●Easy to scale up!
●Other physics (geo-ν, SN, etc.) in parallel !

24 nylon gores

12 nylon fbelts

Corrugated 
nylon tubes 

(7m)
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KamLAND-Zen history

Phase1 (320kg enriched Xe)
89.5kg yr 136Xe 

Oct.2011 ~ Jun. 2012

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

KK claim on 76Ge was refuted (97.5%C.L.).

May-Aug. 2011
 Mini-balloon construction, 
 installed into the detector. 

Phase2 (383kg enriched Xe)
504kg yr 136Xe
Calibration

Nov.2013 ~ Oct.2015

New !
Oct.2015～

Preparation for a new phase

Xe-LS Purification
Jul. 2012 ~Oct.2013
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*KamLAND-Zen
Limits from Phase1+Early Phase2(115d)

T0ν1/2> 2.6×1025 yr (90%C.L.)
〈mββ〉<140~280meV (QRPA)

 (ν2014)

Mini-balloon in KamLAND

Ref. [2], contributions from 110mAg (!! decay, " "
360 day, Q " 3:01 MeV), 88Y (EC decay, " " 154 day,
Q " 3:62 MeV), 208Bi (EC decay, " " 5:31# 105 yr,
Q " 2:88 MeV), and 60Co (!! decay, " " 7:61 yr, Q "
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$ 1:1%stat& $ 3:4%syst& %ton ' day&!1 for DS-1, and
80:2$ 1:8%stat& $ 3:3%syst& %ton ' day&!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 %ton ' day&!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 %kg ' yr&!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< %120–250& 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 %eV& 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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0ν region (2.3-2.7MeV) is dominated 
by 110mAg (Q=3.01MeV, T1/2=260d)

Fallout from the Fukushima reactor accident in Mar.2011 
when mini-balloon was constructed in Tohoku Univ.

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 !1:3" 0:2# $ 10%16 g=g and !1:8" 0:1# $
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 (!%, " &
5:5 min , Q & 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 !ton ' day#%1 and !2:11" 0:44# $
10%2 !ton ' day#%1 from 11C (!(, " & 29:4 min , Q &
1:98 MeV) and 10C (!(, " & 27:8 s, Q & 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 (!( $’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 (!( $’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.
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110mAg

PRL 110 062502 (2013)
Phase1 (before purification)

2ν region (1.2~2.0MeV) : 134Cs (τ=2.06yr, 2.06MeV)

Purified LS 
110mAg remained

LS distillation 
3 ×( full volumes) 

Purified 
Xe (383kg)+LS

Xe+LS 
110mAg

Xe distillation +
filtration (charcoal, 

sintered metal, 3nm 
PTFE)+ getter

LS vac. distillation
(+Water extraction, 

N2 purge)

Stop Phase1
Jun.2012

Start Phase2
Nov.2013

Xe-LS Purification

214Bi (mini-
balloon)

10C (spallation) 2νββ

134Cs
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Extract Xe 
and purify Dissolve Xe

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 !1:3" 0:2# $ 10%16 g=g and !1:8" 0:1# $
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 (!%, " &
5:5 min , Q & 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 !ton ' day#%1 and !2:11" 0:44# $
10%2 !ton ' day#%1 from 11C (!(, " & 29:4 min , Q &
1:98 MeV) and 10C (!(, " & 27:8 s, Q & 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 (!( $’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 (!( $’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.
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spectrum shape time variation

Ref. [2], contributions from 110mAg (!! decay, " "
360 day, Q " 3:01 MeV), 88Y (EC decay, " " 154 day,
Q " 3:62 MeV), 208Bi (EC decay, " " 5:31# 105 yr,
Q " 2:88 MeV), and 60Co (!! decay, " " 7:61 yr, Q "
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$ 1:1%stat& $ 3:4%syst& %ton ' day&!1 for DS-1, and
80:2$ 1:8%stat& $ 3:3%syst& %ton ' day&!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 %ton ' day&!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 %kg ' yr&!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< %120–250& meV consid-
ering various NME calculations [8–11]. The constraint
from this combined result on the detection claim in
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Replace the mini-balloon with a 
clean one (Next phase), 

now in preparation.
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TABLE I: Summary of the number of observed events, and the es-
timated and best-fit background contributions in the energy region
2.3 < E < 2.7MeV (0!"" window) within the 1-m-radius spheri-
cal volume for each of the two time periods.

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2!"" - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23± 0.04 0.25 0.028± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.5 - 0.0
External (Radioactivity in IB)

214Bi (238U series) - 2.56 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.003 - 0.002
Spallation products

10C 2.7± 0.7 3.3 2.6± 0.7 2.8
6He 0.07± 0.18 0.08 0.07± 0.18 0.08
12B 0.15± 0.04 0.16 0.14± 0.04 0.15

137Xe 0.5± 0.2 0.5 0.5± 0.2 0.4

rium, while the ex situ measurement by ICP-MS yielded 2 ppt.
The non-uniform 214Bi event distribution observed on the IB
indicates that this discrepancy is caused by dust contamination
rather than decay chain non-equilibrium. Figure 1 (a) shows
the vertex distribution of candidate events, and the predicted
214Bi background events from a Monte Carlo (MC) simula-
tion in the 0!"" window. The z-distribution of 214Bi decays
on the IB is evaluated from the data, and used for the ra-
dioactive decay model in the MC. For the 214Bi background,
the vertex dispersion model was constructed from a full MC
simulation based on Geant4 [9, 10] including decay-particle
tracking, scintillation photon processes, and finite PMT tim-
ing resolution. This MC reproduces the observed vertex dis-
tance 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 uncer-
tainty on the calculated spallation yields in the Xe-LS, tak-
ing account of the observed (20 ± 2)% increase in the spal-
lation neutron flux in the Xe-LS relative to the outer LS. In
the 0!"" window, events from 10C decays ("+, # = 27.8 s,
Q = 3.65MeV) dominate the contribution from muon spalla-
tion. A triple-coincidence tag of a muon, a neutron identified
by neutron-capture $-rays, and the 10C decay [11], reduces
the 10C background with an efficiency of (64 ± 4)%. Post-
muon spallation-neutron events are recorded by newly intro-
duced dead-time free electronics. We apply spherical volume
cuts (!R < 1.6m) around the reconstructed neutron ver-

tices for 180 s after the preceding muon. We estimate that
the remaining 10C background after cuts is (1.01 ± 0.26) !
10!2 (ton·day)!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 ("!, # = 5.5min,
Q = 4.17MeV) 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 (3.9±2.0)!10!3 (ton·day)!1, which
is consistent with the simulation study in FLUKA [13, 14].

We perform the 0!"" decay analysis using a 2-m-radius FV
as described above to utilize the deployed 136Xe mass. How-
ever, the sensitivity is dominated by the innermost 1-m-radius
spherical volume due to the background from the IB. The re-
gion outside this radius serves to strongly constrain the tails of
the IB background extending into the innermost region. Fur-
ther, anticipating the decay of the 110mAg background identi-
fied 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 0!"" 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 de-
crease in the event rate in the 0!"" 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 0!""
window background with the decay rate of 110mAg is disfa-
vored relative to the hypothesis of a faster reduction at 96%
C.L. The origin of this apparent reduction of 110mAg is un-
known, but we speculate that much of it settled to the bot-
tom of the IB where only a small fraction of 110mAg decays
are reconstructed in the inner Xe-LS volume. In order to al-
low the 0!"" window background the greatest freedom in the
fit, the 0!"" decay analyses are performed independently for
Period-1 and Period-2.

The 2!"" decay rate can in principle be estimated from
the same analysis used to derive the 0!"" decay limits, but
the region outside of 1-m radius contributes negligibly to the
2!"" decay rate estimate and is dominated by systematic un-
certainty arising from the IB background. To obtain a 2!""
decay rate free of such systematic uncertainty, we perform a
separate estimate using a likelihood fit to the binned energy
spectrum of the selected candidates between 0.5 MeV and
4.8 MeV, limited to a volume within the 1-m-radius spheri-
cal fiducial volume (FV2!). The corresponding fiducial ex-
posure of 136Xe is 126 kg-yr. The contributions from major
backgrounds in the Xe-LS, such as 85Kr, 40K, 210Bi, and the
228Th-208Pb sub-chain of the 232Th series are free parameters
and are left unconstrained in the spectral fit. We confirmed
that the 134Cs contribution in the Xe-LS is negligible from
a fit. The contributions from the 222Rn-210Pb sub-chain of
the 238U series, muon spallation products, and detector en-
ergy response model parameters are allowed to vary but are
constrained by their independent estimations. The 2!"" de-

2ν

10C
110mAg

214Bi

Improve neutron
detection
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* 137Xe production rate was overestimated in 
the e-print (arXiv:1605.02889v1[hep-ex]10 

May 2016). The correct numbers and figures 
are slightly changed and presented here, and 

is appeared in arXiv:1605.02889v2. today.

Improve σE
(future plan)



* 137Xe production rate was overestimated by ~2 in the e-print (arXiv:1605.02889v1[hep-ex]10 May 2016). 137Xe 
production is almost from neutron captures, but we misunderstood part of the calculations in FLUKA.

Corrected numbers and figures are presented which are slightly changed as follows.* 

Old version 
Table I, arXiv:1605.02889v1[hep-ex]10 May 2016)
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TABLE I: Summary of the number of observed events, and the es-
timated and best-fit background contributions in the energy region
2.3 < E < 2.7MeV (0!"" window) within the 1-m-radius spheri-
cal volume for each of the two time periods.

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2!"" - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23 ± 0.04 0.25 0.028 ± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.0 - 0.002
External (Radioactivity in IB)

214Bi (238U series) - 2.55 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.002 - 0.001
Spallation products

10C 2.7± 0.7 3.2 2.6± 0.7 2.7
6He 0.07 ± 0.18 0.08 0.07 ± 0.18 0.08
12B 0.15 ± 0.04 0.16 0.14 ± 0.04 0.15

137Xe 0.9± 0.5 1.1 0.9± 0.5 0.8

LS circulation line during the purification campaign may ex-
plain this discrepancy as well as the non-uniform source dis-
tribution observed on the IB. Figure 1 (a) shows the vertex
distribution of candidate events, and the predicted 214Bi back-
ground events from a Monte Carlo (MC) simulation in the
0!"" window. The z-distribution of 214Bi decays on the IB
is evaluated from the data, and used for the radioactive decay
model in the MC. For the 214Bi background, the vertex disper-
sion model was constructed from a full MC simulation based
on Geant4 [7, 8] including decay-particle tracking, scintilla-
tion photon processes, and finite PMT timing resolution. This
MC reproduces the observed vertex distance between 214Bi
and 214Po sequential decay events from the initial 222Rn con-
tamination 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 in-
cluded a region outside the IB. We assess a 22% system-
atic uncertainty on the calculated spallation yields in the
Xe-LS, taking account of the observed (20 ± 2)% increase
in the spallation neutron flux in the Xe-LS relative to the
outer LS. In the 0!"" window, events from 10C decays ("+,
# = 27.8 s, Q = 3.65MeV) dominate the contribution from
muon spallation. A triple-coincidence tag of a muon, a neu-
tron identified by neutron-capture $-rays, and the 10C de-
cay [9], reduces the 10C background with an efficiency of
(64± 4)%. Post-muon spallation-neutron events are recorded
by newly introduced dead-time free electronics. We apply
spherical volume cuts (!R < 1.6m) around the recon-
structed neutron vertices for 180 s after the preceding muon.

We estimate that the remaining 10C background after cuts
is (1.01 ± 0.26) ! 10!2 (ton·day)!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 mi-
nor contribution to the background. The dead-time intro-
duced by all the spallation cuts is 7%. In the Xe-LS, long-
lived 137Xe ("!, # = 5.5min, Q = 4.17MeV) is a back-
ground source produced by neutron capture on 136Xe. The
production yield of 137Xe from neutrons is estimated to be
(3.7±0.3)!10!3 (ton·day)!1, based on the spallation neutron
rate and the 136Xe capture cross section. Other possible reac-
tions that can produce 137Xe are studied with FLUKA [10, 11]
and their contribution is added to the production yield with
an uncertainty taken to be 100%. The estimated total yield of
137Xe is (7.6±3.9)!10!3 (ton·day)!1, which is only a small
fraction of the 10C background in the 0!"" window.

We perform the 0!"" decay analysis using a 2-m-radius FV
as described above to utilize the deployed 136Xe mass. How-
ever, the sensitivity is dominated by the innermost 1-m-radius
spherical volume due to the background from the IB. The re-
gion outside this radius serves to strongly constrain the tails of
the IB background extending into the innermost region. Fur-
ther, anticipating the decay of the 110mAg background identi-
fied 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 0!"" 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 de-
crease in the event rate in the 0!"" 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 0!""
window background with the decay rate of 110mAg is disfa-
vored relative to the hypothesis of a faster reduction at 95%
C.L. The origin of this apparent reduction of 110mAg is un-
known, but we speculate that much of it settled to the bot-
tom of the IB where only a small fraction of 110mAg decays
are reconstructed in the inner Xe-LS volume. In order to al-
low the 0!"" window background the greatest freedom in the
fit, the 0!"" decay analyses are performed independently for
Period-1 and Period-2.

The 2!"" decay rate can in principle be estimated from
the same analysis used to derive the 0!"" decay limits, but
the region outside of 1-m radius contributes negligibly to
the 2!"" decay rate estimate and is dominated by system-
atic uncertainty arising from the IB background. To ob-
tain a 2!"" decay rate free of such systematic uncertainty,
we perform a separate estimate using a likelihood fit to the
binned energy spectrum of the selected candidates between
0.5 MeV and 4.8 MeV, limited to a volume within the 1-
m-radius spherical fiducial volume (FV2!). The correspond-
ing fiducial exposure of 136Xe is 126 kg-yr. The contribu-
tions from major backgrounds in the Xe-LS, such as 85Kr,
40K, 210Bi, and the 228Th-208Pb sub-chain of the 232Th se-
ries are free parameters and are left unconstrained in the spec-
tral fit. The contributions from the 222Rn-210Pb sub-chain of
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TABLE I: Summary of the number of observed events, and the es-
timated and best-fit background contributions in the energy region
2.3 < E < 2.7MeV (0!"" window) within the 1-m-radius spheri-
cal volume for each of the two time periods.

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2!"" - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23± 0.04 0.25 0.028± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.5 - 0.0
External (Radioactivity in IB)

214Bi (238U series) - 2.56 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.003 - 0.002
Spallation products

10C 2.7± 0.7 3.3 2.6± 0.7 2.8
6He 0.07± 0.18 0.08 0.07± 0.18 0.08
12B 0.15± 0.04 0.16 0.14± 0.04 0.15

137Xe 0.5± 0.2 0.5 0.5± 0.2 0.4

rium, while the ex situ measurement by ICP-MS yielded 2 ppt.
The non-uniform 214Bi event distribution observed on the IB
indicates that this discrepancy is caused by dust contamination
rather than decay chain non-equilibrium. Figure 1 (a) shows
the vertex distribution of candidate events, and the predicted
214Bi background events from a Monte Carlo (MC) simula-
tion in the 0!"" window. The z-distribution of 214Bi decays
on the IB is evaluated from the data, and used for the ra-
dioactive decay model in the MC. For the 214Bi background,
the vertex dispersion model was constructed from a full MC
simulation based on Geant4 [9, 10] including decay-particle
tracking, scintillation photon processes, and finite PMT tim-
ing resolution. This MC reproduces the observed vertex dis-
tance 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 uncer-
tainty on the calculated spallation yields in the Xe-LS, tak-
ing account of the observed (20 ± 2)% increase in the spal-
lation neutron flux in the Xe-LS relative to the outer LS. In
the 0!"" window, events from 10C decays ("+, # = 27.8 s,
Q = 3.65MeV) dominate the contribution from muon spalla-
tion. A triple-coincidence tag of a muon, a neutron identified
by neutron-capture $-rays, and the 10C decay [11], reduces
the 10C background with an efficiency of (64 ± 4)%. Post-
muon spallation-neutron events are recorded by newly intro-
duced dead-time free electronics. We apply spherical volume
cuts (!R < 1.6m) around the reconstructed neutron ver-

tices for 180 s after the preceding muon. We estimate that
the remaining 10C background after cuts is (1.01 ± 0.26) !
10!2 (ton·day)!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 ("!, # = 5.5min,
Q = 4.17MeV) 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 (3.9±2.0)!10!3 (ton·day)!1, which
is consistent with the simulation study in FLUKA [13, 14].

We perform the 0!"" decay analysis using a 2-m-radius FV
as described above to utilize the deployed 136Xe mass. How-
ever, the sensitivity is dominated by the innermost 1-m-radius
spherical volume due to the background from the IB. The re-
gion outside this radius serves to strongly constrain the tails of
the IB background extending into the innermost region. Fur-
ther, anticipating the decay of the 110mAg background identi-
fied 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 0!"" 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 de-
crease in the event rate in the 0!"" 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 0!""
window background with the decay rate of 110mAg is disfa-
vored relative to the hypothesis of a faster reduction at 96%
C.L. The origin of this apparent reduction of 110mAg is un-
known, but we speculate that much of it settled to the bot-
tom of the IB where only a small fraction of 110mAg decays
are reconstructed in the inner Xe-LS volume. In order to al-
low the 0!"" window background the greatest freedom in the
fit, the 0!"" decay analyses are performed independently for
Period-1 and Period-2.

The 2!"" decay rate can in principle be estimated from
the same analysis used to derive the 0!"" decay limits, but
the region outside of 1-m radius contributes negligibly to the
2!"" decay rate estimate and is dominated by systematic un-
certainty arising from the IB background. To obtain a 2!""
decay rate free of such systematic uncertainty, we perform a
separate estimate using a likelihood fit to the binned energy
spectrum of the selected candidates between 0.5 MeV and
4.8 MeV, limited to a volume within the 1-m-radius spheri-
cal fiducial volume (FV2!). The corresponding fiducial ex-
posure of 136Xe is 126 kg-yr. The contributions from major
backgrounds in the Xe-LS, such as 85Kr, 40K, 210Bi, and the
228Th-208Pb sub-chain of the 232Th series are free parameters
and are left unconstrained in the spectral fit. We confirmed
that the 134Cs contribution in the Xe-LS is negligible from
a fit. The contributions from the 222Rn-210Pb sub-chain of
the 238U series, muon spallation products, and detector en-
ergy response model parameters are allowed to vary but are
constrained by their independent estimations. The 2!"" de-

Corrected version

> 1.07×1026 yr T1/2
0ν> 1.1×1026 yr T1/2

0ν

〈mββ〉< (61- 165) meV〈mββ〉< (60- 161) meV

Limits (90%C.L.) Limits (90%C.L.)

mlightest < (180~470)meV mlightest < (180~480)meV
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KamLAND-Zen Phase-I

KamLAND-Zen Phase-II

KamLAND-Zen Combined

EXO-200 (2014)

136Xe 0νββ Decay Half-life

Half-life limit (@90%C.L.)
KamLAND-Zen

Phase1 T1/2
0ν > 1.9 × 1025 yr

Phase2 T1/2
0ν > 9.2 × 1025 yr

Combined > 1.07×1026 yr T1/2
0ν

〈mββ〉< (61- 165) meV

Phase1
Phase2

Phase1
+phase2

EXO-200 (2014)
90%

1σ

Commonly used NME with gA~1.27,
Improved phase space calculations.
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90%C.L. upper limits on 〈mββ〉

mlightest < (180~480)meV

×6!

〈mββ〉limit reaches below 100meV 
and getting close to the IH region !



Sendai

Results on T2ν1/2=
  2.21±0.02(stat)±0.07(sys) ×1021yr (Phase2)
  2.30±0.02(stat)±0.12(sys) ×1021yr (Phase1)
  2.165±0.016(stat)±0.059(sys) ×1021yr (EXO-200)

2νββ decay rate 
Fiducial vol.  R<1m (126 kg-yr 136Xe exposure)
Likelihood fit to 0.5<E<4.8 MeV

Systematic uncertainty  (%)
  Fiducial vol.                  3.0* 
  Xe-mass                       0.8
  Detector energy scale  0.3
  Efficiency                      0.2
  136Xe enrichment          0.09
⇒ Total 3.1%

Recent activity & schedule 
2015
  Oct    Source calibration,
            Phase 2 terminated.
  Dec   Mini-balloon extraction
2016
 Jan~Mar  Outer detector refurbishment
 May~       Xe-distillation, LS-distillation
 Apr-Jul    New Mini-balloon construction
                  finalized (⇒next slide)
 Aug         New mini-Balloon installation
 Sep~        Xe dissolving and Xe-LS filling, 
  Oct         Start new phase : KamLAND-Zen 800.

13
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*from initial radon-rich data 
of uniform 214Bi in Xe-LS 
⇔ consistent with radial vtx. 
resolution=1cm.

16

Kamioka

Last drip of the 
LS in the mini-
balloon

Kamioka

Kamioka

PRC86, 021601 (2012)

PRC89, 015502 (2014)

Taking out the mini-balloon (Dec.2015)

OD refurbishment (225 PMTs were 
replaced with new 140 PMTs)

Phase1&2:
KamLAND-Zen 400



“KamLAND-Zen 800” (now in preparation !) 
Towards higher sensitivity (1)

A new, clean & double-volume mini-balloon construction

Two-stage clean wears 
including shoes and 
gloves. Wear changing in 
one of the clean rooms. 
Clean wears and 
goggles are washed 
every after the shift.

A new large welding machine
Protection films on the balloon film.
A new storage bag for the mini-balloon 
A new particle counter.
More electrostatic eliminators

Leak hunting with 
helium detector 

The new mini-balloon is deployed in KamLAND in the next month !

Miniballoon assembly for 
deployment is underway.
It is sent to Kamioka very 
soon. 

Gore welding

Construction of the  main body was finished (2015) 
in a class1 super-clean room in Tohoku Univ. with 
much better cleanliness and improved dust control.

214Bi removal
〈mββ〉～40meV

8/5-7 Gore welding

4

Container(produc>on�

Gas(bag(produc>on�

Washing�

Washing parts

Container

Air-tight bag

Washing nylon films (Ultra-pure water + ultrasonic machine)
Repair

• repairer !1 
• assistant !2Repair
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2015

2016

(750kg enriched Xe)

(P1.064 S.Hayashida)



Background rejection
●Scintillating balloon (214Bi tagging)
●New method for LS purification :  
   Molecular sieve, Metal scavenger
●Imaging sensor
●Pressurized Xe-LS

Towards higher sensitivity (2) Better σE/E~2%

〈mββ〉～20meV

More photons for better σE 
●New LAB-based LS (L.Y.×1.4), 
●New High Q.E. PMT (×1.9), 
●Light collector of PMT(×1.8)

After this collaboration meeting, 
water fill test80cm

Full coverage of IH !

�
10/12!

Result 

Molecular Sieve 13X is highly effective
(× 30 clearer than no-purified LAB at 388 nm) 

adsorbent
 

❶ Molecular Sieves!
manufactured by Union-Showa !
13X pellet 3.2 mmφ!
Na86 [ (AlO2)86 (SiO2)106 ] � 276H2O!
 !
❷ Activated Alumina!
manufactured by Sumitomo-Kagaku!
NKHD-24 beads 2~4 mmφ!
Al2O3  (99.7 %)�
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Molecular Sieve 13X

�
8/12!

Search the suitable adsorbent → Molecular Sieves 13X
"  have uniform pores (13X = 10Å, figure below)!
"  adsorb polar molecules preferentially !
"  possible to use in not so low temperature !
"  ~ 33 $/kg (FYI, Al2O3 is  ~ 8 $/kg) 

ref.) A Honeywee Company “Adsorbent Product Application Technology Considerations !
 in the Production of Polyolefins” Technology and More 22 (2015)�

Molecular Sieve 13X 

~ 16 - 21 Å�

~ 6.5 Å�

have polarity!

no polarity!

11

Column Process

Flow LS through 1cmφ×10cm column 
at ~4.6bed volume/hr

Optimization of parameters should accomplish higher rates
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No Scavenger

Water Extraction

Scavenger

No scavengers Water Extraction
10cm WE＋10cm
WE＋10cm WE＋10cm~10cm

WE＋10cm+~10cm~10cm

※Reused same scavenger

Pb removed(%)
No Scavenger 38.2±0.6

Water Extraction 44.7±0.8

10cm※ 72.6±1.0

WE＋10cm 84.5±0.3
WE＋10cm※ 83.0±0.8

WE＋10cm+10cm※ 83.5±0.3
WE＋10cm+10cm+10cm※ 83.9±0.3

Used QuadraPure IDA

Successfully removed Pb that couldn’t be removed by WE 
Removal rates do not decrease after reuse 
　→functional groups are not saturated yet 
Removal rates are on plateau even after multiple cycles 
　→Scavengers may have capturing rankings or there may  
       be chemical forms that cannot be scavenged

Next'work�
•  DemonstraCon'of'parCcle'ID'

–  Using'small'scale'of'CG'camera'
–  Detector'(MPMT'H9500)'performance'study'

•  Camera'locaCon'
–  3D'camera'locaCon'
–  3D'image'reconstruct�

���

MPMT'H9500�Small'CG'camera�
Molecular sieve 13X

Al2O3

Imaging sensor
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Scintillating balloon

Light collector

New-type high Q.E. PMT

Metal scavenger

“KamLAND2-Zen” 
with 1000kg enriched Xe

Many R&Ds are ongoing !  

to remove 2ν b.g.
⇒



KL-Zen
800 KL2-Zen

(1000kg)

KL-Zen
400

Covering most of 
the IH region !

40meV
60meV

Entering the IH 
region. 

383kg Xe

1000kg Xe

Next 
Future

Achieved

20meV

750kg Xe

Clean mini-balloon
Increased Xe

Cosmological observation
Accelerator, reactor, atmospheric, solar ν experiments

Theoretical research

Branch point of the IH and NH

Close to the 
IH region. 
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Our goal !

KamLAND-Zen sensitivity



Summary
● KamLAND-Zen phase2 (post purification phase) data
    corresponding to 504kg-yr 136Xe exposure showed successful 
    reduction of 110mAg and higher sensitivity to the 0νββ search.
● Combined 90%C.L. limits on 0νββ of phase1+phase 2  
    (KamLAND-Zen 400) are  
         T0ν1/2 >1.07×1026 yr (90%CL) : ~6 times improvement of phase1
       〈mββ〉 <　61-165meV :　approaching to the IH region.

● Preparation is ongoing for the next phase of KmaLAND-Zen 800 ;
    a new mini-balloon is installed next month and data taking will
    be started in the autumn aiming to 〈mββ〉～40meV entering the 
    IH region.
● Various R&Ds are ongoing for the future KamLAND2-Zen aiming 
    to  <mββ>～20meV fully covering the IH region.
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Announcement !
International Workshop on 

Double Beta Decay and Underground Science
Nov. 8-10, 2016, Osaka, Japan

http://www.rcnp.osaka-u.ac.jp/dbd16/index.html

Please join !



Thank you !



Backup slides
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K40Kr+85Po+210+
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Spallation

We find 9 events in 2.35-2.65 MeV region over the expected background of 
12.9 providing 90%C.L. upper limit on 0nbb to <3.3 events.
If we had found 13 events, the same as the B.G. expectation, the limit would 
increase to <7.2 events, indicating the above limit (< 3.3) is ~2 times stronger 
than the sensitivity. 

Optimized volume sensitive to 0nbb search: 
R<1.063m in z<0, R>1.260m in z>0

(3 volume bins in z<0 and 5 volume bins in z>0)

The obtained limit is better than the sensitivity



Cs U

Cs and U show similar z-dependence indicating they are 
both from dust contamination.



214Bi events tagged with delayed coincidence in high 
220Rn data are well reproduced.



Pull histogram of 2.8-4.8MeV region.
No data points are outside of 2 sigma. 



T0ν1/2 > 9.2×1025 yr
50% sensitivity 5.6×1025 yr

Sensitivity is checked by MC assuming best-fit BG rate.
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