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Neutrino Mass Opens Window to New Physics
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• Does the neutrino have a Majorana type mass? 
• Would imply that lepton number is not a conserved quantity in 

nature 
• Could explain why the neutrino is so light 
• Would provide a link between matter and anti-matter and could 

help explain the matter/anti-matter asymmetry of the Universe.
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Neutrinoless Double-Beta Decay
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Double-Beta Decay
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2νββ
0νββ

►  Observed, but rare "
    (T½ > 1019 yr) 

►  Only visible in nuclei for    "
    which single β is forbidden!
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►  Even rarer than 2νββ, 
    (if it occurs at all)!

►  Only one controversial "
    claim of observation to "
    date!

►  Familiar weak process!
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Beta'decay'

‣Detectors measure the kinetic energy 
of the emitted electrons 

‣ 2νββ produces a broadened spectrum 

‣ 0νββ has no neutrinos, thus no missing 
energy. 

‣ 2νββ is the slowest process ever 
measured with T1/2~1019-1024 yr 

‣ 0νββ is slower still with  
T1/2>1024-1026 yr (if it occurs at all) 

‣We combat this by making detectors 
very large and very low background!
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136Xe as a 0νββ Search Candidate
• Xenon is a noble gas 

• Easy to purify 
• Easy to enrich to high levels 
• Easy to dissolve into LS 

• Natural isotopic abundance of 8.9% 
• High Q-value: 2.458 MeV 
• No long lived radioactive isotopes to 

act as background 
• Safe for handling
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Isotope Experiment

48Ca Candles

76Ge Gerda, Majorana

82Se SuperNemo

100Mo Moon

116Cd Cobra

130Te CUORE, Cobra, SNO+

136Xe EXO, NEXT, KamLAND-Zen
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18m 
Stainless 

Steel Tank

The KamLAND Detector
• Located in Kamioka mine with 2,700 m.w.e. 

overburden. 
• Originally designed to detect neutrino 

oscillations from nuclear reactors around 
Japan, has been in operation since 2002. 

• Detector performance is well characterized 
• 1 kton of ultra-pure LS (80% Dodecane, 20% 

Pseudocumene + PPO) 
• Inner detector instrumented with 1879 PMTs 

with 34% coverage
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Buffer Oil

13m Balloon

PMT Array

External 
Cherenkov 

Veto

Neutrino Physicist
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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

The KamLAND-Zen Detector
• 3m diameter balloon lowered into the 

center of the KL detector 
• Filled with LS loaded with 383 kg of Xe, 

enriched to 91% 136Xe 
• KamLAND can search for 0νββ! 
• Other physics searches on-going in 

parallel: geo-neutrinos, SN neutrinos, 
GW-coincidence, etc…

7

Neutrinoless Physicist

3m Mini-balloon 
with Xe loaded 

LS

arXiv:1606.07155 
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FIG. 1: (a) Energy spectrum of selected candidate events together

with the best-fit backgrounds and 2νββ decays, and the 90% C.L.

upper limit for 0νββ decays, for the combined data from DS-1 and

DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for

2.2 < E < 3.0MeV after subtracting known background contribu-

tions.

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 contaminants. 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 0νββ
window on top of the 214Bi contribution, similar in en-

ergy to the peak found within the fiducial volume. To ex-

plore 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 back-

ground 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−1and 3.3± 0.4 day−1, respectively, for DS-1,

and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-

tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, 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 ββ 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 back-

ground rates described above are floated but constrained by

their estimated values, as are the detector energy response

model parameters. As discussed in Ref. [2], contributions

from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y

(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-

cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-

cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential

background sources in the 0νββ region of interest. The in-

creased exposure time of this data set allows for improved

constraints on the identity of the background due to the differ-

ent lifetimes of the considered isotopes. Fig. 2 shows the event

rate time variation in the energy range 2.2 < E < 3.0MeV,

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 estimated

removal efficiency of 110mAg is (1±19)%, indicating that the

Xe-LS filtration was not effective in reducing the background.

In the fit to extract the 0νββ 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 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. 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 < 1.2m to

avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-

ground contributions. The three fitted curves correspond to the

hypotheses that all events in the 0νββ window are from 110mAg

(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the

Xe-LS filtration period; no reduction in the fitted isotope is assumed

for the χ2 calculation.

KamLAND-Zen Time Line
• Balloon fabrication in Sendai in Spring 2011 
• (Great Eastern Japan Earthquake March 11, 2011) 
• Installation and filled in August 2011  
• KamLAND-Zen Phase 1 (October 2011 - June 2012) 

• 89.5 kg⋅yr of 136Xe exposure 
• T1/2(0ν) > 1.9×1025 yr (90% C.L.) 

• Xe-LS Purification (July 2012 - October 2013) 
• Three full purification cycles 

• KamLAND-Zen Phase 2 (November 2013 - October 2015) 
• 504 kg⋅yr of 136Xe exposure 
• (These results) 

• Current: 
• Preparation for a new phase of data taking!
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CHAPTER 3. DOUBLE BETA DECAY WITH KAMLAND-ZEN 39

3.5 Inner balloon and supporting structure

3.5.1 Design

Figure 3.13 shows a diagram of IB, supporting structure, and a picture of real scale
test balloon. The IB consists of main sphere with 24 gores, polar caps, 1.5-m straight
tube and cone. All of them are made of a heat-welded 25-µm-thick clean nylon film.
Twelve suspending belts are also made of the same material with the same method.
The IB is connected to the top flange of the detector with ∼7 m of corrugated nylon
tube and suspended by 12 belts connected to 12 Vectran strings13.

Polar cap

Main sphere
(24 gores)

Cone

Connection pipe

String guide

Corrugated tube

1.5-m straight

12 Vectran strings

12 Nylon belts

Horizontal belt

Figure 3.13: A diagram of IB and supporting structure (left) and a picture of real
scale test balloon (right). Real scale test balloon is made of 85-µm-thick polyethy-
lene, so transparency is worse than the real inner balloon.

3.5.2 Supporting structure

Figure 3.14 shows parts of the IB supporting structure written below.

Corrugated nylon tube and connection pipe

To place the IB at the center of the detector, the length of the connection with the
IB and the top flange becomes almost 7 m. It may be desirable to make a whole
connection part with a clean nylon film to reduce backgrounds, but it is unrealistic

13Vectran is one of the super fiber. We use commercial product of kuraray company.

KamLAND-Zen Phase 1
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KamLAND-Zen Phase 1

• Saw unexpected peak! Consistent with contamination from 110mAg (Q = 3.01 MeV, τ = 260d). 
• Suspected contamination from Fukushima reactor incident during transportation from 

Tohoku to Kamioka. 
• Also saw excess contamination of 134Cs & 137Cs.
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FIG. 1: (a) Energy spectrum of selected candidate events together

with the best-fit backgrounds and 2νββ decays, and the 90% C.L.

upper limit for 0νββ decays, for the combined data from DS-1 and

DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for

2.2 < E < 3.0MeV after subtracting known background contribu-

tions.

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 contaminants. 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 0νββ
window on top of the 214Bi contribution, similar in en-

ergy to the peak found within the fiducial volume. To ex-

plore 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 back-

ground 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−1and 3.3± 0.4 day−1, respectively, for DS-1,

and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-

tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, 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 ββ 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 back-

ground rates described above are floated but constrained by

their estimated values, as are the detector energy response

model parameters. As discussed in Ref. [2], contributions

from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y

(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-

cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-

cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential

background sources in the 0νββ region of interest. The in-

creased exposure time of this data set allows for improved

constraints on the identity of the background due to the differ-

ent lifetimes of the considered isotopes. Fig. 2 shows the event

rate time variation in the energy range 2.2 < E < 3.0MeV,

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 estimated

removal efficiency of 110mAg is (1±19)%, indicating that the

Xe-LS filtration was not effective in reducing the background.

In the fit to extract the 0νββ 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 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. 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 < 1.2m to

avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-

ground contributions. The three fitted curves correspond to the

hypotheses that all events in the 0νββ window are from 110mAg

(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the

Xe-LS filtration period; no reduction in the fitted isotope is assumed

for the χ2 calculation.

Qββ

KamLAND-Zen Phase 1 89.5 kg⋅yr

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.
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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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lives predicted by various NME calculations [8–11] is drawn as
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lations under the variation of model parameters.
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Results and Status of KamLAND-Zen

KamLAND-Zen Phase 1

• Saw unexpected peak! Consistent with contamination from 110mAg (Q = 3.01 MeV, τ = 260d). 
• Suspected contamination from Fukushima reactor incident during transportation from 

Tohoku to Kamioka. 
• Also saw excess contamination of 134Cs & 137Cs.
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FIG. 1: (a) Energy spectrum of selected candidate events together

with the best-fit backgrounds and 2νββ decays, and the 90% C.L.

upper limit for 0νββ decays, for the combined data from DS-1 and

DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for

2.2 < E < 3.0MeV after subtracting known background contribu-

tions.

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 contaminants. 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 0νββ
window on top of the 214Bi contribution, similar in en-

ergy to the peak found within the fiducial volume. To ex-

plore 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 back-

ground 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−1and 3.3± 0.4 day−1, respectively, for DS-1,

and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-

tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, 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 ββ 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 back-

ground rates described above are floated but constrained by

their estimated values, as are the detector energy response

model parameters. As discussed in Ref. [2], contributions

from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y

(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-

cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-

cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential

background sources in the 0νββ region of interest. The in-

creased exposure time of this data set allows for improved

constraints on the identity of the background due to the differ-

ent lifetimes of the considered isotopes. Fig. 2 shows the event

rate time variation in the energy range 2.2 < E < 3.0MeV,

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 estimated

removal efficiency of 110mAg is (1±19)%, indicating that the

Xe-LS filtration was not effective in reducing the background.

In the fit to extract the 0νββ 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 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. 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 < 1.2m to

avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-

ground contributions. The three fitted curves correspond to the

hypotheses that all events in the 0νββ window are from 110mAg

(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the

Xe-LS filtration period; no reduction in the fitted isotope is assumed

for the χ2 calculation.

110mAg

Qββ

KamLAND-Zen Phase 1 89.5 kg⋅yr

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.
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known background contributions.
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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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Results and Status of KamLAND-Zen

Xe-LS Purification Procedure
• Xe was extracted from LS and purified 
• Performed a Xe depleted run and background in the ROI remained 
• LS was circulated through filtration system and new LS was added 

• Three full volume exchanges of the mini-balloon LS 
• Xe was reintroduced into LS
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Fig 8.5: Energy spectrum and the best fit of the backgrounds in 0.5 < Evis < 4.8 MeV in
DS-3. The condition of fiducial volume decision is R < 120 cm to reduce the contribution
from IB backgrounds, and events near inlet part is not used with same cut condition as
DS-2. The internal backgrounds of 137Cs and 134Cs is additionally introduced in DS-3,
and two peaks of 134Cs around 1.0 < Evis < 2.0 MeV region is observed instead of 2νββ
spectrum. The peak of 110mAg is still seen around 2.6 MeV after Xe extraction.

8.3 Future Plans

There are some options for the future of KamLAND-Zen experiment including the
purification campaign. The aim of the purification campaign is to remove the impurities
providing the background which is expected as 110mAg, and the target of reduction factor
is < 1/100. KamLAND-Zen 1.5th phase is a search for neutrinoless double beta decay
with lower background than first phase. Next phase is also planned to use larger mass
scale of Xe (800 ∼ 1,000 kg), optionally by pressurizing Xe-LS, with another recipe of
the liquid scintillator and with upgrade of the detector. The upgrade of the detector is
essentially desirable to make the sensitivity for neutrinoless double beta decay better to
separate 0νββ signal and 2νββ background.

8.3.1 KamLAND-Zen 1.5th Phase (Purification Campaign)

The most extensional option is removal of the background with existing system and
techniques, that is the purification, and it is on going (actually will be done by December
2013). The target of the purification campaign is to reduce the 110mAg background in
factor 1/100, ideally zero. KamLAND-Zen 1.5th phase is the next stage of first phase
without the 110mAg background before second phase.

If the background of 110mAg become negligible, the most dominant background is 10C

KamLAND-Zen Xe depleted run (June 2012)

replacement LS

 Low-Xe LS
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Results and Status of KamLAND-Zen

Results of Xe-LS Purification
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High Rn Studies
• During circulation of the LS, radon is introduced to the detector (220Rn: τ~55 s, 222Rn: τ~4 d) 
• Performed studies with 214Bi-214Po  

➡ Delayed coincidence tagging efficiency of 99.95% 
• Vertex reconstruction efficiency 
• Detector effects on the tail of a β-distribution

12

214Bi tagged events

Clean tail

Distance between 214Bi and 214Po vertex
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Simulation
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Event Tagging and Background Removal
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10C background: 
• Q = 3.65 MeV 
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Cut: 
• ΔT < 180 s & Δx < 1.6m 
• Removes 64 ± 4% of 10C 
• Signal Efficiency of 93%
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KamLAND-Zen Phase 2
Double-Beta Decay Event Selection 
• R < 2 m 
• Remove muons and 2ms after muons 
• Delayed coincidence cuts: 

• 214Bi - 214Po: ΔT<1.9 ms & Δx < 1.7 m  
• 212Bi - 212Po: Pulse shape 
• Reactor     : (e+ and neutron capture γ) 

• Vertex quality cut 

➡ Dominant external background from 
214Bi on the balloon surface. 

• Non-uniform in Z 
• Likely dust on the balloon 

➡ Ratio of 134Cs/137Cs is consistent with 
fallout from Fukushima!
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KamLAND-Zen Phase 2 Fitting Approach
• Split the volume into 40 equal volume 

bins 
•  20 with z > 0, 20 with z < 0 

• Split the exposure into 2 data taking 
periods of 270.7 days and 263.8 days 

• The 0νββ analysis uses a fiducial volume 
cut of R < 2m 

• The 2νββ analysis uses a more restrictive 
cut of R < 1m
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136Xe 2νββ Decay Half-life
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(a) Period-2• Phase 2 136Xe 2νββ half-life measurement 
based on 126 kg⋅yr exposure: 
• T1/2(2ν) = 2.21 ± 0.02 ± 0.07 × 1021 yr 

• Consistent with previous measurements 
• Systematic uncertainty of 3.1% 

dominated by uncertainty in fiducial 
volume.

T1/2(2ν) (1021 yr)
KLZ Phase 2 2.21 ± 0.02 ± 0.07 This Result
KLZ Phase 1 2.30 ± 0.02 ± 0.12 PRC86, 012601 (2012)

EXO-200 2.165 ± 0.016 ± 0.059 PRC89 015502 (2014)

Systematics
Fiducial Volume 3.0%

Xe-mass 0.8%
Energy Scale 0.3%

Efficiency 0.2%
136Xe enrichment 0.09%

Total 3.1%

KamLAND-Zen Phase 2 (R<1 m)
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136Xe 0νββ Decay Half-life
• Based on 504 kg⋅yr 136Xe exposure 

• No excess found over the background rate. 
• Upper limit on the 136Xe decay rate of                

< 5.5 cnts/(kton⋅day) for Period 1 and                        
< 3.4 cnts/(kton⋅day) for Period 2 at 90% C.L. 

• Combined limit of < 2.4 cnts/(kton⋅day) at 90% 
C.L. 

• Yields a new limit on the 136Xe 0νββ half-life of  

• Median sensitivity of 5.6 × 1025 yr
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T1/2(0ν) > 9.2 × 1025 yr (90% C.L.)

Accepted to PRL
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136Xe 0νββ Decay Half-life
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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 (0νββ 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 2νββ - 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 0νββ 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 0νββ window, events from 10C decays (β+, τ = 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 γ-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 (β−, τ = 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 0νββ 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 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 de-
crease 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 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 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 systematic un-
certainty arising from the IB background. To obtain a 2νββ
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 (FV2ν). 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 2νββ de-



ICHEP 2016 KamLAND-Zen August 5, 2016

Results and Status of KamLAND-Zen

Remaining Backgrounds

19

3

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 (0νββ 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 2νββ - 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 0νββ 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 0νββ window, events from 10C decays (β+, τ = 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 γ-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 (β−, τ = 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 0νββ 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 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 de-
crease 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 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 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 systematic un-
certainty arising from the IB background. To obtain a 2νββ
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 (FV2ν). 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 2νββ de-

No longer an issue!
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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 (0νββ 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 2νββ - 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 0νββ 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 0νββ window, events from 10C decays (β+, τ = 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 γ-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 (β−, τ = 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 0νββ 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 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 de-
crease 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 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 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 systematic un-
certainty arising from the IB background. To obtain a 2νββ
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 (FV2ν). 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 2νββ de-

No longer an issue!

Improve energy resolution

New (cleaner) mini-balloon

Improve neutron detection
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KamLAND-Zen 800
• Replacing mini-balloon with a new, cleaner balloon with twice the volume. 
• Loading with 750 kg of enriched Xe 
• Balloon construction took place in a class 1 clean room in Tohoku University with strict 

cleanliness procedures and dust control measures 
• Goal of reducing the 214Bi contamination 

• Ultimate sensitivity of ⟨mββ⟩~40 meV.
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Gas(bag(produc>on�
Container(produc>on�

Washing

Leak checking

Packaging

Ready to ship!
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KamLAND-Zen 800
• October 2015: Source calibration & close Phase 2 
• December 2015: Mini-balloon extraction 
• January - March 2016: Outer detector refurbishment 
• May 2016: Xe-distillation, LS-distillation 
• April - July 2016: New mini-balloon completion 
• August 2016: New mini-balloon installation 
• September 2016: Xe dissolving and Xe-LS filling 
• October 2016: Start KamLAND-Zen 800

21

13

16

See poster #1177 by 
Hideyoshi Ozaki (Aug 8)
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Mini-Balloon Installation

22

Packing in gas 
tight box

Ready to ship!

Carrying in to the clean room
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Future: KamLAND2-Zen
• Goal: to cover the full inverted hierarchy ⇒ ⟨mββ⟩ ~ 20 meV 

• 1000 kg of enriched Xe 
• Ongoing R&D:

23

Background Rejection 

• Scintillating Balloon for 214Bi tagging 
• Improved LS purification: Molecular Sieve, 

Metal scavenger 
• Imaging sensor 
• Pressurized Xe-LS

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�

�
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

Imaging sensor
Molecular sieve

Scintillating balloon

Better light collection for 
improved σE 

• LAB based LS (L.Y. increased by 
40%) 

• New High Q.E. PMT (L.Y. 
increased by 90%) 

• Light collectors for PMTs (L.Y. 
increased by 80%)
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KamLAND-Zen 800
KamLAND2-Zen

KamLAND-Zen Sensitivity

24

Current

750kg Xe
Close to IH

Into to IH
Covering most 

of IH
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In Summary …
‣ Based on a 126 kg⋅yr 136Xe Phase 2 exposure, KamLAND-Zen has measured the 136Xe 2νββ 

half-life to be T1/2(2ν) = 2.21 ± 0.02 (stat.) ± 0.07 (syst.)× 1025 yr. 

‣ Based on 504 kg⋅yr 136Xe Phase 2 exposure and in combination with the 89.5 kg⋅yr Phase 1 
exposure KamLAND-Zen has placed a lower limit on the 136Xe 0νββ half-life of           
T1/2(0ν) > 1.07 × 1026 yr (90% C.L.). 

‣ This corresponds to an upper limit on the effective Majorana mass of ⟨mββ⟩ < 61 - 165 meV, 
nearing the top of the inverted hierarchy. 

‣ KamLAND-Zen 800 seeks to improve the sensitivity to 0νββ with a new, cleaner mini-
balloon and almost twice the mass of Xe. 

‣ Installation of the new mini-balloon is on-going, and we expect to begin this new phase of 
KamLAND-Zen in October 2016. 

‣ R&D for future upgrades to KamLAND ⇨ KamLAND2 are on-going (and promising).
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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 !



Tohoku Univ : A.Gando, Y.Gando, T.Hachiya, A.Hayashi, S.Hayashida, Y.Honda, K.Hosokawa, H.Ikeda, K.Inoue, 
K.Ishidoshiro, K.Kamisawa, Y.Karino, M.Koga, S.Matsuda, T.Mitsui, K.Nakamura, S.Obara, H.Ozaki, Y.Shibukawa, 
I.Shimizu, Y.Shirahata, J.Shirai, K.Soma A.Suzuki, T.Takai, K.Tamae, Y.Teraoka, K.Ueshima, H.Watanabe   
Tokyo Univ. IPMU : A.Kozlov, Y.Takemoto, B.E.Berger, D.Chernyak   

Oska Univ : S.Yoshida   Tokushima Univ : K.Fushimi  
Lawrence Berkeley National Lab : T.I.Banks, B.K.Fujikawa, T.O’Donnell 
Massachusetts Institute of Technology : L.A.Winslow, J.Ouellet, E.Krupczak

Univ. of Tennessee : Y.Efremenko  Univ. of North Carolina : H.J.Karwowski 

N.C. Central Univ : D.M.Markoff  
Duke Univ : W.Tornow   Univ. of Washington : J. Detwiler, S.Enomoto   
Univ. of Amsterdam : M.P.Decowski

48 physicists from 11 institutes

Thank you for your attention!
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238U 232Th
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KamLAND-Zen Mini-Balloon
• Mini-balloon constructed from nylon film  

• 25µm-thick 
• 95% transparency at 400 nm 
• Tight to Xe 
• U & Th contaminations around 1×10-12 g/g 
• K contamination around 10×10-12 g/g 

• Observed U & Th contamination on mini-balloon 
dominated by dust on the surface.
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24 nylon gores

12 nylon belts

7 m corrugated 
nylon tube
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Purification Scheme
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new LS

replace with 
new purified 
LS

two times of distillation 
confirm whole 110mAg drained
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MC3000

ガスクリーン V
超高純度ガス用インラインフィルター
コンパクトで大流量（1200 NL/min）対応

PFSH065a

（注）ガスクリーンはポール社の登録商標です。（商標登録第2720960号）

特長
●低い圧力損失
●コンパクトな設計構造
●非常に小さい内容積
●Ｏ-リングのないシール構造
●出荷前のプレコンディショニング（VCRタイプ）

利点
●大流量処理が可能
●最小限の設置スペース
●優れたガス置換特性
●幅広い流体適合性、高温での使用が可能
●速やかなドライダウン、ガス純度の維持

■材質
構成部品 材　　質

フィルターメディア
メディアサポート
コア、エンドキャップ
フィルターハウジング

PTFE
フッ素樹脂
PFA
316Ｌステンレススチール（VAR）

■仕様
定格ろ過精度（nm）＊1

最高使用圧力（140℃）
耐差圧（20℃）
耐逆差圧（20℃）

ヘリウムリーク率 （atm・cc/sec）＊3

最高使用温度
内面仕上げ
初期清浄度（プレコンディショニングオプション対応仕様）

3 nm ＊2

1 MPaＧ＊3

0.7 MPa
0.3 MPa
＜1ｘ10－9 （出荷前試験）
＜1ｘ10－11（設計値）
１40℃
≦0.18μm/7μin Ra
≦10 ppb （H20、THC、O2）

＊1 NaClエアロゾル試験による定格付け
＊2 CNCカウンター（TSI Model 3025）で計測した場合の検出限界値
＊3 本製品の設計圧力および製品上の表示は　750 PSIG 、5.26 MPaGであり、全品耐圧試験後 出荷しています。ただし、日本国内で使用する場合本製品は高圧ガス取締法

適合品ではありませんので、ガス用途に使用される場合、最高使用圧力は 1 MPaGとなります。高圧ガス取締法適合品に関しては、当社各営業所までお問い合わせくだ
さい。

“ガスクリーンＶ”は、半導体プロセス用高純度ガス用の最新
インラインフィルターです。フィルターメディアとサポート
材はすべてフッ素樹脂製で、ハウジング材質には高品位のス
テンレスを使用しています。
O-リングを使用していないシール構造は、ポール独自の特許
技術です。
最小限の設置面積で装着可能です。コンパクトなデザインで
大流量を処理できますので、ドライプロセスの大幅なコスト
ダウンを実現します。
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cold oil 
trap

charcoal 
filter

sintered 
metal filter

getter 
N2

3nm particle 
filter (PTFE)

distillation 
XMASS proto.

particle 
filter

getter 
Xenon

new 136Xe

new Xe-LS

new purified LS

replace with new 
purified Xe-LS

~380kg Xe installed 
aim: 1/100 reduction

purified 136Xe

June 2012～November 

2013

Xe-LS + 110mAg

now

LS + 110mAg

vacuum extraction 
of 136Xe

add purified PC 
for density 
adjustment

confirm 110mAg 
remains in LS
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Xe Handling Facility

32

Gas Handling System

2010/9/6 3KamLAND Collaboration Meeting in Amsterdam

Schematic Flow Diagram (The system is composed of 4 parts)

Storage
Gas Buffer

Compressor1

Compressor 2

Cold Trap

LS Condenser

Filter

Main tank Sub tank
Temp. controller

Vacuum pump

Density Control Unit
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Detector Calibration (October 2015)
• Lowered sources into the center of the mini-balloon to test energy response and vertex 

reconstruction vs position. 

33

M5A

glove box

MiniCal 
box

11570

1531.5

120

detector 
center

100 7

58

28
135

z = −1350

14571.5
13221.5

MiniCal box

Tare mark alignment

Z (MiniCal tare position)  
= 13221.5 mm

Tare line

New geometry for MiniCal
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Position dependent energy bias < 1%

Mini-balloon

Position dependent vertex bias < 1.0cm for |z| <1.0m 

137Cs 
662KeV γ

68Ge 
511KeV γ

60Co 
1173, 1333 

KeV γ

Energy resolution  σ/E=(7.3±0.4)%/√E[MeV]
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Toy Monte Carlo
• Assuming best-fit background model 
• 12% probability for a stronger limit 
• Median 90% sensitivity of 5.6×1025 yr
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Cs and U 

35

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

Cs U


