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The recent long-term shutdown of Japanese nuclear reactors has resulted in significantly reduced reactor !e

fluxes at KamLAND. This running condition provides a unique opportunity to confirm and constrain back-
grounds for the reactor !e oscillation analysis. This data set also has improved sensitivity for searches for other
!e signals, in particular those produced in "-decays from 238U and 232Th within the Earth’s interior, whose
energy spectrum overlaps with that of reactor !e’s. Including constraints on #13 from accelerator and short
baseline reactor neutrino experiments, a combined three-flavor analysis of solar and KamLAND data gives
fit values for the oscillation parameters of tan2 #12 = 0.436+0.029

!0.025, !m2
21 = 7.53+0.18

!0.18 ! 10!5 eV2, and
sin2 #13 = 0.023+0.002

!0.002. Assuming a chondritic Th/U mass ratio, we obtain 116+28
!27 !e events from 238U and

232Th, corresponding to a geo !e flux of 3.4+0.8
!0.8 ! 106 cm!2s!1 at the Earth’s surface. We evaluate various

BSE composition models using the observed geo !e rate.

PACS numbers: 14.60.Pq, 28.50.Hw, 91.35.-x, 91.67.Qr

I. INTRODUCTION

The Kamioka Liquid-scintillator Antineutrino Detector
(KamLAND) demonstrated the oscillatory nature of neutrino
flavor transformation by observing electron antineutrinos (!e)
with energies of a few MeV from nuclear reactors [1]. Follow-
ing the Fukushima nuclear accident in March 2011, the entire
Japanese nuclear reactor industry, which generates >97% of
the reactor antineutrino flux at KamLAND, has been subjected
to a protracted shutdown for inspections related to a review of
nuclear safety standards. This unexpected situation allows for
a “reactor on-off” study of backgrounds for the KamLAND
neutrino oscillation analysis.

The reactor-off data also yield improved sensitivity for
!e’s produced by other sources. Previously, we used the
KamLAND data to search for geoneutrinos, !e’s produced
in "-decays from primordial radioactivity within the Earth’s
interior. The 238U and 232Th decay chains emit !e’s with en-
ergies below 3.4 MeV, so reactor !e events with similar ener-
gies pose a background for this signal. Despite having a high
reactor !e background, KamLAND performed the first exper-

imental study of geo !e’s from the decay chains of 238U and
232Th [2]. Later the geo !e signal at KamLAND was used to
estimate our planet’s radiogenic heat production and constrain
composition models of the Bulk Silicate Earth (BSE, the re-
gion of the Earth outside its metallic core). In particular it
was found that fully-radiogenic Earth models are disfavored
[3]. The Borexino experiment at Gran Sasso also reported a
positive observation of geo !e’s [4].

In this article, we present improved reactor neutrino oscilla-
tion results and geo !e flux measurements including the recent
reactor-off period. For the reactor !e rate estimate, we also ap-
ply new evaluations of reactor antineutrino emission spectra,
as well as constraints on oscillation parameters from acceler-
ator and short-baseline reactor neutrino oscillation measure-
ments.

II. NEUTRINO OSCILLATION

Neutrino oscillation is well established by experimental
studies of solar, reactor, atmospheric, and accelerator neutri-
nos. KamLAND observes !e’s from many reactors at a flux-
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Figure 4 |Measured geoneutrino flux and models. a, Measured
geoneutrino flux at Kamioka and Gran Sasso, and expected fluxes at these
sites and Hawaii4. The solid and dashed red lines represent, respectively,
the fluxes for a fully radiogenic model assuming the homogeneous and
sunken-layer hypotheses. b, Measured geoneutrino flux after subtracting
the estimated crustal contribution. No modelling uncertainties are shown.
The right axis shows the corresponding radiogenic heat production
assuming a homogeneous mantle. The solid red line indicates the fully
radiogenic model where the contributions from the crust (7.0 TW) and the
other isotopes6,24 (4.3 TW) are subtracted from the total heat flow7

(44.2 TW). Error bars, see text.

on the mantle by making simple but appropriate assumptions to
constrain the model.

We take the Th:U ratio for each contributing layer to be fixed at
the standard BSEmodel value of 3.9 (ref. 5). The composition of the
crust is derived from a BSE model that incorporates the crust and a
detailed description of the local geology4. As a simplifying hypothe-
sis, U and Th are assumed to be uniformly distributed in themantle.
Figure 4a shows the measured geoneutrino fluxes at the Kamioka
and Gran Sasso experimental sites along with the predictions for
these locations and Hawaii, as an example of an oceanic site with a
significantly smaller crustal contribution. Combining the 238U and
232Th geoneutrino measurements of Borexino3 and KamLAND we
obtain 20.0+8.8

�8.6 TW. The result is in good agreement with the BSE
model prediction of 16 TW (ref. 5), as illustrated in Fig. 4b, where
the crust contribution is subtracted for clarity.

The fraction of the global heat production from radioactive
decay is called the ‘Urey ratio’. The mantle contribution alone is
referred to as the ‘convective Urey ratio’22. Most models, including
the BSEmodel used here, set the convective Urey ratio to about 0.3,
allowing for a substantial fraction of the heat to be of primordial
origin. Other models require convective Urey ratios up to⇠1.0 (see
discussion in ref. 23). Assuming extra mantle heat contributions
of 3.0 TW from other isotope decays6,24, the convective Urey ratio
deduced from the KamLAND and Borexino data is between 0.18
and 0.67 at the 68%CL, consistent with 0.3 from the BSEmodel.

A fully radiogenic model (Urey ratio of 1) is constructed by
introducing U and Th uniformly in the mantle (homogeneous
hypothesis) or, alternatively, by putting all of the U and Th at
the mantle–core interface (sunken-layer hypothesis). The latter
assumption is used in an attempt to test the compatibility of a
fully radiogenic model with the observed geoneutrino flux, by
distributing the source as far from the detectors as possible. The
fully radiogenic, homogeneous hypothesis is disfavoured at the
97.2% CL with the combination of KamLAND and Borexino data,
or at the 98.1% CL by KamLAND alone. Even within the sunken-
layer hypothesis, the fully radiogenic model is still disfavoured at
the 87%CL using KamLAND data alone.

The radiogenic heat estimation from the geoneutrino flux
depends on the modelling of the geology. We account for crustal
uncertainties by assuming 17% and 10% errors for the U and
Th content, including correlated errors as suggested in ref. 9. We
use the crustal model of ref. 25, assuming independent errors for
each layer (upper, middle and lower crust), and include extra

contributions from the error in the mass distribution and the
fractional uncertainty in the Th:U ratio9. The radiogenic heat
contribution from 238U and 232Th is estimated to be 19.9+9.2

�9.1 TW
by KamLAND and Borexino data, excluding the fully radiogenic
model at the 96.6% CL. If we use the more recently determined
heat-loss rate of 46±3 TW (ref. 26) the fully radiogenic exclusion
increases to 98.0% CL, slightly enhanced owing to the larger mean
value of the heat flow as compared with ref. 7, despite its larger
error. We conclude that these uncertainties have little impact on
the results at this stage.

It is expected that geoneutrino detectors operated at different
locations will significantly improve our knowledge of radiogenic
sources in the Earth. Larger detectors distant from commercial
reactors will reduce the uncertainties on the measured geoneutrino
flux. The geoneutrino flux strongly depends on the distance from
thick continental crusts, so the exposure to ⌫es at different locations
will provide better knowledge of the crustal contribution and
greater insight into the mantle. A detector in an oceanic location
with small crustal contribution would be very interesting in this
regard. The present detectors are all insensitive to 40K, and this will
remain an uncertainty unless new geoneutrino detectors with lower
threshold are developed.

Methods
The KamLAND inner detector consists of 1 kt of ultrapure LS contained
within a 13-m-diameter spherical balloon made of 135-µm-thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The balloon is
suspended in a bath of purified non-scintillating mineral oil contained inside an
18-m-diameter stainless-steel sphere. The LS contains 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, as well as 1.36±0.03 g l�1

PPO (2,5-diphenyloxazole) as a fluorophore. The inner surface of the containment
sphere is covered by an array of 1,325 specially developed fast 20-inch-diameter
photomultiplier tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs. The PMTs provide 34% solid-angle coverage in total. The
containment sphere is surrounded by a 3.2 kt cylindrical water–Cherenkov outer
detector instrumented with 225 PMTs of 20 inch diameter. The outer detector acts
as a veto counter for muons and helps shield the inner detector from �-rays and
neutrons produced in the surrounding rock.

Radioactive sources are periodically deployed inside the detector to calibrate
its energy response and position-reconstruction accuracy. The reconstruction of
event location is important to establish the prompt–delayed event correlation
and to define the fiducial volume used in the measurement. After accounting for
systematic effects, we find that the deviation of reconstructed event locations from
the actual locations is less than 3 cm, from which we derive a 1.8% uncertainty
in the absolute size of the fiducial volume. Source calibration data for the entire
fiducial volume are available only for the data recorded before the start of the LS
purification campaign in 2007. For the remaining data we carried out calibrations
along the vertical axis only. These calibrations were augmented with a study of
muon-induced 12B/12N decays27, resulting in a larger uncertainly of 2.5% on the
absolute size of the fiducial volume for the post-purification data.

KamLAND was designed and sited primarily to study the phenomenon of
neutrino oscillations using reactor ⌫e s. Therefore, such ⌫e s represent the largest
background in the present measurement because their energy spectrum partially
overlaps that of geoneutrinos. Substantial discrimination between the two is
achieved not only by fitting their energy spectra but also by exploiting the fact
that the reactor ⌫e rate varies with the output of the power plants whereas the
geoneutrino rate can be taken as constant over the timescale of the experiment.

The ⌫e event-selection criteria are optimized as a function of energy to
maximize the sensitivity to geoneutrinos while rejecting the accidental background
from radioactive contaminants in the detector. The event selection is based on the
discriminant L= f⌫e/(f⌫e + facc), where f⌫e and facc are probability density functions
for ⌫e signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, 1R, 1T , Rp, Rd), which represent,
respectively, the prompt and delayed event energies, their relative separations
in space and time and their radial distances from the detector centre. Owing to
an observed variation of the background rate with time, the probability density
function for accidental backgrounds is a time-dependent function constructed by
dividing the data set into five time periods. For the discrimination of accidental
backgrounds, we determine a selection value, Lcut(Ep), to maximize the figure of
merit S/

p
S+Bacc for each prompt energy interval of 0.1MeV, where S denotes

the expected signal rate and Bacc corresponds to the accidental background rate.
The selection efficiency and its uncertainty are obtained by comparing Monte
Carlo simulations with 68Ge and 241Am9Be source calibration data. The selection
efficiencies for geoneutrino signals produced by U and Th decays with energies

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience
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History 

1st period (2002-2007): Water extraction and N2 purge were 
performed in 2002.

2nd period(2007-2011): LS distillation and N2 purge were 
performed from Mar. to Aug. in 2007 and from Jun. in 2008 to 
Feb. 2009.  Nitrogen purity was also improved by the pure nitrogen generation system.

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

1st purification 2nd purification

1st period 2nd period 3rd period
(Zen phase)

3rd period(2011−)：Mini-balloon was installed for KL-Zen.  

The anti-neutrino study can be continued using outside        
Mini -balloon. FV was decreased only about 17% for anti-neutrino analysis.

Mini-balloon installation



Distillation system 

2.4. CALIBRATION EQUIPMENT 29

222Rn, 85Kr and 39Ar. The flow rate of nitrogen is 30 m3/hour which is 20
times higher than that of the LS, and the whole system is depressurize down
to 40 kPa.

5. The completed LS is sent to the KamLAND detector after checking the quality.
It is needed to evaluate the various quality of the LS before filling to the
KamLAND.

• Transparency and light yield

• 222Rn and 85Kr concentration

• PPO concentration
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Figure 2.11: Schematic view of 2nd purification system

2.4 Calibration Equipment

KamLAND data quality is checked using the source calibration system which has
known energy and well-controlled position. The neutron quickly thermalized via
elastic interaction with protons ins the LS, and any scintillation emitted by the
recoil nuclei in the process contributed negligible to the brightness of the prompt
signal. The delayed coincidence method provides the extremely powerful background
suppression.
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Reactor neutrino 
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TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
!

13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1
13C(",n)16Og.s., 12C(n, n !)12C" (4.4 MeV #) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
!

13C(",n)16O", 1st e.s. (6.05 MeV e+e#) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5
13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8

5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025 , !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002 .

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

2.6-8.5MeV

All Japanese reactors were shut down for 3 month due to the big earth quake in period 3.

low reactor phase

Recent condition provides a unique opportunity to confirm and constrain backgrounds 
for the reactor anti-neutrino oscillation analysis.

Strong correlation between expected and observed event rate.

event rate time variation

earthquake 
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�0.034

�10�5eV2

2 cycles of oscillation was measured precisely
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Cl, Ga, Borexino, SK, 
SNO I + II + III (All)



Geo neutrino result
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What’s the heat source in the Earth ? 
Surface heat flow

44.2±1.0 TW
Radiogenic heat in the Earth

地球の熱収支

地球ニュートリノ検出によって放射化熱を直接テストできる

核の熱源
外核（金属流体）の対流によって地磁気が発生している

対流させるための熱源が必要 潜熱や重力エネルギーの解放
 or 放射性熱源が存在？

44TW

地表からの熱流量

U : 8 TW

Th : 8 TW

K : 3 TW

隕石の成分解析

放射化熱
19 TW

ケイ酸塩地球モデル (BSE model)

>

地球内部で発生する熱（放射化熱）は地表から放出される熱の約半分
地球は冷却中

U : 8 TW
Th : 8 TW
K : 3TW

Bulk Silicate Earth (BSE) model

20 TW>

Almost half of radiogenic heat contributes to the surface heat flow.
Why?

‣Terrestrial Heat - Heat Balance

10

Rev. of Geophys. 31, 267-280 (1993)

crust heat flux measurement & calculation componential analysis of chondrite meteorite

This is not “direct measurement”. 

Geo-neutrino can directly test radiogenic heat production.

地表からの熱流量
44.2±1.0 TW

放射化熱
地球の熱収支

地球ニュートリノ検出によって放射化熱を直接テストできる

核の熱源
外核（金属流体）の対流によって地磁気が発生している

対流させるための熱源が必要 潜熱や重力エネルギーの解放
 or 放射性熱源が存在？

44TW

地表からの熱流量

U : 8 TW

Th : 8 TW

K : 3 TW

隕石の成分解析

放射化熱
19 TW

ケイ酸塩地球モデル (BSE model)

>

地球内部で発生する熱（放射化熱）は地表から放出される熱の約半分
地球は冷却中

U : 8 TW
Th : 8 TW
K : 3TW

Bulk Silicate Earth (BSE) model

20 TW>

放射化熱は地球の全熱量の約半分
Why?

Rev. of Geophys. 31, 267-280 (1993)

crust heat flux measurement & calculation

“直接測定”ではない

地球ニュートリノの測定によって放射化熱を直接測定できる
9

‣地球の熱 - 地球の熱収支

(recent analysis 47±2 TW Solid Earth 1, 5 (2010))
地球を作ったのと同等の隕石の分析

47± 2 TW 20 TW 
Solid Earth 1, 5 (2010)

Only half of radiogenic heat contribute to the surface heat flow.  

Using analysis result of Geo-neutrino flux,    
we can measure the radiogenic heat directly.

chondrite meteorite analysis
(same meteorite of Earth’s origin)



Geo-neutrino

地球内部に含まれる放射性物質も、ベータ崩壊を
して反電子ニュートリノを放出する。

ウラン、トリウム、カリウムなどは崩壊によってエネルギーを生成し、反電子
ニュートリノも放出するので、反ニュートリノ流量から熱生成量がわかる。

カムランドは、ウラン、トリウムからの反電子ニュートリノに感度がある。

238U!206 Pb + 8� + 6e� + 6⇥̄e + 51.7 MeV
232Th!208 Pb + 6� + 4e� + 4⇥̄e + 42.7 MeV
40K!40 Ca + e� + �̄e + 1.311 MeV(89.28%)

2005年には、地球反ニュートリノを観測できることを実証
KamLAND collaboration, “Experimental investigation of geologically produced antineutrinos with KamLAND”
Nature  436, 03980 (2005)
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•calculation of geo antineutrino energy spectrum
KamLAND energy window

beta-decay KamLAND 
can detect !

Nature 436, 28 July 2005

Geo neutrinos are a unique, direct window into the interior of the Earth !



Geo neutrino analysis

Reactor + BG

- event rate time variation (0.9-2.6 MeV)

 Backgrounds
* The non-nu background for geo-neutrino was decreased by LS distillation.
* Reactor neutrino background was significantly decreased by the earthquake.

* Constant excess of Geo-neutrino is seen above the estimated reactor neutrino + 
non-neutrino background in the energy range 0.9 - 2.6 MeV.
→ Time information is useful to extract the geo-neutrino signal

4

TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
!

13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1
13C(",n)16Og.s., 12C(n, n !)12C" (4.4 MeV #) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
!

13C(",n)16O", 1st e.s. (6.05 MeV e+e#) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5
13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8

5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025 , !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002 .

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for
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Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5

Year

Ra
te

 (e
ve

nt
s/d

ay
)

0

0.1

0.2

0.3

0.4

0.5

0.6

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

(a) 0.9-2.6 MeV
Period 1 Period 2 Period 3

Expected Rate (events/day)
0.1 0.2 0.3 0.4 0.5 0.6

O
bs

er
ve

d 
Ra

te
 (e

ve
nt

s/d
ay

)

0

0.1

0.2

0.3

0.4

0.5

0.6

Year

Ra
te

 (e
ve

nt
s/d

ay
)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

(b) 2.6-8.5 MeV
Period 1 Period 2 Period 3

KamLAND data
eν + backgrounds + geo eνExpected reactor 

 + backgroundseνExpected reactor 
eνExpected reactor 

Expected Rate (events/day)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

O
bs

er
ve

d 
Ra

te
 (e

ve
nt

s/d
ay

)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025 , !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002 .

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

constant excess of 
Geo-neutrino

gray line: Earth model
dot line: full spectral analysis
shaded region: 1 σ error  
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Geo neutrino result

Th (TW)232U + 238Radiogenic Heat from 
0 10 20 30

)
-1 s

-2
 c

m
6

 1
0

×
 F

lu
x 

(
ei

0

2

4

6
Cosmochemical Geochemical Geodynamical

KamLAND 68.3% C.L.

●The measured KamLAND geo-neutrino flux 
(3.4±0.8×106 /cm2/sec) translates to a total 
radiogenic heat production : 11.2 +7.9-5.1 TW
●The geodynamical prediction with the 
homogeneous hypothesis is disfavored at 89% C.L.
●The BSE composition models are consistent 
within ~2 σ.
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surface heat flow 
44.2±1.0 TW

radiogenic heat 
~ 21 TW

(based on KamLAND measurement result)
inner coreouter core

mantle crustprimordial heat

16

‣Analysis  - Earth’s Primordial Heat

KamLAND observation shows that heat from radioactive 
decay contributes about half of Earth’s total heat flux.
→ Earth’s primordial heat supply has not yet been exhausted.

surface heat flow 
44.2±1.0 TW

radiogenic heat 
~ 21 TWー

Earth’s primordial heat

23 TW

47 ± 2

Total radiogenic heat (~23TW) contribute to the 
~half of surface heat flow (47TW) taking into 
account the contribution of the crust (7.0 TW) and 
other isotopes (4.3TW).  

Earth’s primordial heat 
is remaining !!



Future project
KamLAND

9m
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T1/2
= G0⌫ |M0⌫ |2hm��i2

hm��i = |⌃mi|Uei|2✏i|

4

Dark matter search 

CeLAND 

KamLAND-Pico

Ce source in KamLAND
4th neutrino search

NaI in KamLAND
Check DAMA annual modulation 

and can be produced with very few radioactive contaminants. They achieved
an energy threshold of 2 keVee and 1.17 ton · year exposure, corresponding to
13 annual cycles as shown in Fig.2.5. They reported that their data provided
model-independent evidence for the presence of dark matter in the galactic halo
on the basis of an annual modulation signature with 8.9 ! C.L. [23].

In particular, in the 2-6 keV ee energy range the modulation amplitude
was 0.0116 ± 0.0013 cpd/kg/keV, the measured phase was 146 ± 7 days and
the measured period was 0.999 ± 0.002 year. However, other experiments
like XENON10 and CDMS whose sensitivities were higher than that of the
DAMA/LIBRA experiment could not confirm the DAMA/LIBRA result.

Figure 2.5: Residual rates measured by DAMA/LIBRA experiment [22].

2.5.2 XENON10

The XENON10 collaboration used liquid xenon in a double phase detector. The
detector consisted of a liquid and a gas phase. By applying an electric field in
the detector volume, the detector was operated as a time projection chamber
(TPC).

The main method was the background rejection using the ratio of two types

14

 R.Bernabei, etal., Eur.Phys.J.C. 56 (2008) 333-355.



Reactor ν AnomalyThe Reactor Antineutrino Anomaly 
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4th neutrino search (CeLAND) 
�Test  Ȟ anomalies 

�Place the Ȟ-emitter inside or 
close to existing detectors 

�High-I compact source  

�Very short baseline (few m) 

� Low Background  

� Phase 1: 2015 

  75 kCi Ȟ-source in KamLAND OD 

� Phase 2: 2016 if  feasible 

  50 kCi Ȟ-source at center of  LS 

Oscillometry inside a Ȟ-detector 

2 Th. Lasserre - KamLAND Meeting March 2013 

75 kCi  

50 kCi  

75 kCi 144Ce-144Pr – 9.3 m from detector center 

CeLAND phase 1 : sensitivity 

 ݵ 

best fit 

0.5 year of data  1.5 year of data 

 95% C.L.   95% C.L.  

 ݵ 

best fit 

 ݵ 

best fit 
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Unambiguous Proof of �e ! �s Oscillation 

! 

dN
dR
(R,t)" A(t)

4#R2 $ % $Np $ 4#R
2 $ Pee

&m2R
E

' 

( 
) 

* 

+ 
, 

no oscillation 

sin2(2!new)=0.1 144Ce (50 kCi – 1 y)  
Neutrino Generator 

1 m 
Detector 

Center 

Analysis Energy Region 

144Ce source

"  2nd Trick: 144Ce-144Pr 

" Abundant fission product (5%) 

" 144Ce: long-lived & low-Qβ       
! Enough time to produce, 
transport, use 

" 144Pr: short-lived & high-Qβ  
! νe-emitter above threshold 

Antineutrino Source: 144Ce-144Pr 
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"  1st Trick: νe source detected via νe+p!e++n (Thr=1.8 MeV)  
" High IBD cross section ! kCi activity  

" (e+,n) detected in coincidence ! Background free 

� 

� 

� 

(ITEP N°90 1994, PRL 107, 201801, 2011) 

Th. Lasserre By Th. Lasserre

By Th. Lasserre



KamLAND-Zen result

Zero neutrino double beta decay search



Neutrino less double beta decay

ミニバルーン内に同位体濃縮
Xe含有液体シンチレータ

KamLAND
Zero Neutrino 

double beta decay search

~320kg 90% 同位体濃縮 136Xe を導入
将来800kg~1000kgに拡張

9m

6.5m

1.5m

-Zen

KamLANDを使うメリット
 ● 稼働中の装置 

　　→ 相対的に低コストで迅速に開始可能 

 ● 巨大かつ清浄 (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)

　　→ 外部の放射線が問題にならない
　　(Xe とミニバルーンには高清浄が必要)

 ● （必要時は低コストで）Xe含有液体シンチレータの純化、
　　ミニバルーンの換装が可能
　　→ 拡大も容易 (数トンのXeにも対応可能)

 ● β, γを漏らさず観測
　　→ バックグラウンド識別が相対的に容易
 ● 反ニュートリノ観測を並行できる
　　→ 原子炉停止時の良質の地球ニュートリノデータ

ニュートリノを伴う二重β崩壊と伴わない二重β崩壊

ニュートリノが
マヨラナ性を持
つときに起きる

136Xe
136Cs

136Ba

β崩壊
二重β崩壊

2.46 MeV

β崩壊

8

If neutrinos are Majorana particle, 0v2β can happen.

1000 kg･years
<mν>=0.15 eV  (min KKDC)
 (T1/2 (0ν) =9.8 × 1025 y)

tballoon=25 µm, Rballoon=1.35 m
232Th,238U = 10-13 g/g

10C 95% tag

T1/2 (2ν) =1.0 × 1022 y

136Xe 2ν

136Xe 0ν

8B
10C 208Tl
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Target sensitivity of the 
1st phase is ~60 meV 
in 2 years.

1st phase KKDC claim, degenerated hierarchy
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Nucleus
                

(@50 
meV) [yr]

          measured 
[yr]

N.A. 
[%]

Q-value 
[MeV] character

48Ca → 48Ti (4.2+2.1-1.0) × 1019 0.19 4.271 max. Q, fast 2ν
76Ge → 76Se 0.86 × 1027 (1.5 ± 0.1) × 1021 7.8 2.039 semiconductor
82Se → 82Kr 2.44 × 1026 (0.92 ± 0.07) × 1020 9.2 2.995 -
96Zr → 96Mo 0.98 × 1027 (2.0 ± 0.3) × 1019 2.8 3.351 -

100Mo → 100Ru 2.37 × 1026 (7.1 ± 0.4) × 1018 9.6 3.034 -
116Cd → 116Sn 2.86 × 1026 (3.0 ± 0.2) × 1019 7.5 2.805 fast 2ν
128Te → 128Xe 4.53 × 1027 (2.5 ± 0.3) × 1024 31.7 0.867 -
130Te → 130Xe 2.16 × 1026 (0.9 ± 0.1) × 1021 34.5 2.529 large N.A.
136Xe → 136Ba 4.55 × 1026 (2.11± 0.21) × 1021 8.9 2.458 slow 2ν, rare 

gas150Nd → 150Sm 2.23 × 1025 (7.8 ± 0.6) × 1018 5.6 3.367 fast 0ν, 2ν

T 0�
1/2 T 2�

1/2

Natural Abundance

0νββ search by past experiments
Klapdor et al. Mod.Phys.Lett.A21(2006)1547

part of the collaboration (2006)
T0ν1/2  ~ 2.3 × 1025 yr

76Ge: Heidelberg-Moscow
claim at > 6σ

still controversial ...
130Te:Cuoricino 100Mo, 82Se: NEMO-3 48Ca:ELEGANT VI 136Xe:

KKDC claim

~ 100 kg
~ 1 ton

~ 100 ton

ββ isotope

Present experiments aim to test KKDC claim
To increase the sensitivity, large number of ββ-decay nuclei is required

mmin/eV
DAMA

‣Double Beta Nuclei

Yanagida’s 
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＞6σ！
exposure 71 kg・yr

T1/2=2.23+0.44-0.31×1025 yr

mββ =320±30 meV　
uncertainty of NME neglected

Controversial due to high BG rate and 
multiple BG candidates

Yanagida’s 
prediction

theoretical prediction 

based on the neutrino 

oscillation data

mββ =47±1 meV
@ neutrino2012

Neutrino 
Oscillation

SK, 
MINOS

縮退構造はニュートリノ
振動では識別不可能

NH 

IH inverted

normal
SK atm ν slightly prefers the inverted 

(20~60meV) or degenerated (>60meV) 

hierarchy over the normal hierarchy.

χmin(normal)ーχmin(inverted)=1.2
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KK claim 76Ge 11kg

*effective neutrino mass
*mass hierarchy
* lepton number violation
* evidence of Majorana particle  

Required ultra low BG detector 
with high energy resolution

Big impact                    
for particle physics!!

0ν2β is very rare event.

Klapdor et al. Mod.Phys.Lett.A21(2006)1547

energy spectrum  
double beta decay

continuous 

monochromatic

  

Analog scan (1): Enriched Xenon (Nov 9 2011)

136Xe 90.93±0.05%

134Xe 8.89±0.01%

KamLAND-Zen Project

6

Why 136Xe?
1. Isotopic enrichment is available.
2. Purification method is established.
3. Solubility to LS > 3 wt%

Ke/Q
0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1

-6
 1

0
×

0

5

10

15

20

25

30

Ke/Q
0 0.2 0.4 0.6 0.8 1
0

0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

2.2

sum energy for two electrons / Q

2νββ

sum energy for two electrons / Q

2νββ

0νββ
0νββ

slow 2ν fast 2ν
2νββ is an intrinsic BG,
but it can be mitigated if

-        /        is small
- Detector has a high 
energy resolution 

T 0�
1/2 T 2�

1/2

4. Slow 2ν rate. Good separation 
between 2ν and 0ν events.
→ requirement for energy resolution  is 
not high.

130Te, 136Xe, etc. 48Ca, 116Cd, 150Nd, etc.

2ν tail events  

amount of 
target nucleus 

0.18-0.43 eV  at 2σ



KamLAND-Zen

1.54m

Xe loaded LS in 
a mini-balloon

6.5m

‣Detector Features
  Xe loaded LS was installed in Sep.2011.  

KamLAND-Zen History

• Target: 0νββ Xe-136 in LS (*). 

• Funded in FY2009
• KamLAND exists (ultra low radio active BG)
• Liquid scintillator experience. 
• R&D: Xe gas handling system, miniBalloon
• Fabrication in 2010-2011
• Installation into KamLAND 2011 Summer
• DAQ start 2011 September

• 2νββ results from KamLAND-Zen (1st, 2nd result)

• 0νββ limit from KamLAND-Zen (3rd result)

(*) PRL72,1411(1994)

136Xe
136Cs

136Ba

×

Qββ=2.47 MeV

PRC 85, 045504 (2012)  PRC 86, 021601(R) (2012) 

 PRL 110, 062502 (2013)

Let me start to introduce KamLAND-Zen. 

The physics target is to search for the neutrino-less double beta decay of 136-Xe in a LS detector. 
It was initially funded in 2009. 

One of our advantage is we have LS experience and KamLAND already exists. 
It allows us to start KamLAND-Zen relatively quick. 

AFter R&D of Xe gas handling system and miniBalloon in which Xe loaded LS is contained, 
fabrication of these components began in late 2010. 

The miniBalloon was installed with Xe-LS in Summer 2011 and we started DAQ in September 2011. 

The first and the second results on 2nbb was published in 2012 and 0nbb limit was published early this year. 

In this talk, 2bnn analysis is based on the 2nd result, 0nbb analysis is based on the third result. 

136Xe merit 
enrichment is available ~91% 
Xe is dissolved in LS 3wt% at 1 atm.

If 0v2β signal was observed, we can check without 
136Xe data using same detector.

collect Xe from Xe loaded LS by degassing
purification method is established

DAQ was started form Sep. 2011.
(The project was started from 2009 )

320kg 91% enriched 136Xe 

 
High scalability: replace to big balloon and 

dissolve ~ton 136Xe.



Mini-balloon productionmini-Balloon
Fabrication at Sendai in Spring 2011
Installation into KamLAND in Summer 2011

Making gores. 
Ultrasonic cleaning 
with pure water.

Installation into 
KamLAND

Packed and N2 purged. 
Ready for shipping to 
Kamioka.

25 μm Nylon6
transparency 99.4% @400nm
Xe barrier < 220 g/year

Class 1 clean room

U: 2×10-12 g/g
Th: 3×10-12 g/g

Class 10-100 clean room

214Bi
19.9 m

214Po
164 μs

β+γ

α
210Pb
22 y

238U

These are some pictures from the miniBalloon fabrication in Sendai, Japan. 

Bi-214 in the mini-balloon is a serious BGs for the neutrino-less double beta decay search. 
This event can be tagged by the 214Bi-214Po decays as long as the 214Po decay is not inside of the miniBalloon. 

So the thickness of the miniBalloon is essential. 

We made 25 micro-meter thick miniBalloon to both reduce the amount 
of Bi-214 and also to maximize efficiency for a delayed coincidence 
of the Po-214 alpha. 

U and Th contamination in the miniBalloon was achieved to be 10 to the minus 12th g / g. 

The fabrication was done in the class one ultra clean room at Sendai at Spring 2011. 

This is a picture when the miniBalloon was completed. Then it was 
shipped to Kamioka and was installed into the KamLAND in SUmmer, 2011. 

We built a special clean room on top of the KamLAND for the installation. 

at Sendai in June 2011

×24

Welding gores

Production of real Mini-balloon

24 gores from the film

Ultra-sonic washer

Newly developed welding

 fabrication in Class 1 super-clean-room
  (class 1 = less than one 0.5 micron particle in 1 cube feet

24 gores

cone

pipe

3.08m

Suspended with 
Nylon belts 
connected to 
Vectran strings

  All tools and parts washed here

H
ard tube (7m

)
Film

 part (~6m
)

minimum material   → 25 μm Nylon 6
      transparency 99.4% @400nm
      strength 19.4 N/cm
      Xe permeability  < 220 g/year
low radioactive impurity
   → specially made no filler film

  U  : 150 ! 2x10-12g/g
Th :  59 ! 3x10-12g/g
40K : 140 ! 2x10-12g/g

8

test balloon



Mini-balloon installation 

Deployment of balloon and tube balloon going through light shield

Good job

inflate with dummy LS and then replace with 
Xe-loaded LS

density adjustment and tube extraction follow

surface of mini-balloon

welding line

supply tube

9

 clean room
class ~100

Deployment of balloon and tube balloon going through light shield

Good job

inflate with dummy LS and then replace with 
Xe-loaded LS

density adjustment and tube extraction follow

surface of mini-balloon

welding line

supply tube

9

Deployment of balloon and tube balloon going through light shield

Good job

inflate with dummy LS and then replace with 
Xe-loaded LS

density adjustment and tube extraction follow

surface of mini-balloon

welding line

supply tube

9

deflated 
Mini-balloon

Deflated Mini-balloon was delivered to Kamioka.
After the Mini-balloon was installed in KamLAND, 
the Mini-balloon was inflated using normal LS.
Finally the normal LS was replace to the Xe loaded 
LS.    



Xenon system
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Calibration 
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FIG. 1: Schematic diagram of the KamLAND-Zen detector.

in [9].
The data acquisition system (DAQ) is triggered when 70

or more 17-inch PMTs are hit (primary trigger), which cor-
responds to a threshold of !0.4 MeV. The signals on all hit
PMTs are digitized for !200 ns for offline analysis. After
each primary trigger the threshold is lowered to !0.25 MeV
for 1 ms to study sequential decays. The scintillation light
from the two coincident e! produced by 136Xe !! decay can-
not be separated, so only their summed energy is observed.
For hypothetical 0"!! decays, the sum is always 2.458 MeV
(Q-value of the 136Xe !! decay) [10], while for the 2"!!
decays the sum has a continuous spectrum up to the Q-value.
Event energy (visible energy) is estimated from the number
of observed photoelectrons (p.e.) after correcting for PMT
gain variation and solid angle, shadowing, and transparency
of detector materials. The corrections depend on the event
vertex. The vertex reconstruction is based on the maximum
likelihood fit to the pulse shape of each PMT hit timing after
correcting for photon time-of-flight. The pulse shape is al-
most determined by scintillation decay time and dark hit con-
tribution, and it differs between 17-inch and 20-inch PMTs
due to different transit time spreads. The vertex resolution
is estimated from radial distributions of radioactive contam-
inants (see Fig. 3) to be # !15 cm/

!
E(MeV). The en-

ergy response is calibrated with $’s from a 208Tl (ThO2W)
source, 214Bi (! + $’s) from 222Rn (% = 5.5 day) introduced
during detector modification, and 2.225 MeV $’s from spalla-
tion neutrons capture on protons.

Fig. 2(a) shows the energy spectrum obtained when the
ThO2W source, contained in a !5-mm-thick lead capsule,
was deployed close to the outer surface of the IB. The most in-
tense peak is due to the primary $ of 208Tl (2.614 MeV). The
less intense peak near !3.1 MeV is from multiple-$ cascades
of 208Tl. According to Monte Carlo (MC) studies, the degra-
dation of the primary $ inside the source is negligible, and
the distribution around the primary peak can be described by
a gaussian and a third-order polynomial. The mean and width
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FIG. 2: Visible energy distributions of (a) !’s from the 208Tl cal-
ibration source and (b) 214Bi (" + !’s) decays in the Xe-LS. The
lines indicate the best-fits to the analytical spectral models with the
resolution and energy scale parameters floating. The fit to (a) has a
#2/d.o.f. = 5.0/8 and (b) has a #2/d.o.f. = 27.0/29.

of the gaussian are relatively insensitive to the polynomial pa-
rameters. The resultant energy resolution at 2.614 MeV is # =
(6.6 ± 0.3)%/

!
E(MeV). The parameters of a detector en-

ergy non-linear response model describing effects from scin-
tillator quenching and Cherenkov light production are con-
strained to reproduce the 2.614 MeV 208Tl peak position and
the spectral shape of 214Bi events (Fig. 2(b)). From the neu-
tron capture $ data, systematic variation of the energy recon-
struction over the Xe-LS volume is less than 1.0%, and the
detector energy response is stable to within 1.0% during the
data set.

Candidate !! decay events are selected by performing the
following series of cuts: (i) The reconstructed vertex must be
within 1.2 m of the detector center, defining the fiducial vol-
ume (FV). (ii) Muon (events with more than 10,000 p.e. or
more than 5 OD hits) and events occurring within 2 ms af-
ter muons are eliminated. (iii) A coincidence cut eliminates
sequential events that occur within 3 ms of each other; this re-
moves (99.97± 0.01)% of 214Bi-214Po (! + $, then & decay,
%=237 µs) decays. This cut is augmented with a secondary
cut, aimed at identifying sequential 212Bi-212Po (%=0.4 µs),
which exploits detailed PMT waveform data to identify co-
incidences within a single !200-ns-long DAQ event window.
The 212Bi-212Po rejection efficiency is (89 ± 2)%. The vis-
ible energy of & decay is quenched due to the high ioniza-
tion density, so the cuts are applied only if the delayed &’s
are between 0.35 and 1.5 MeV. The dead time introduced by
the coincidence cuts is less than !0.1%. (iv) A background
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in [9].
The data acquisition system (DAQ) is triggered when 70

or more 17-inch PMTs are hit (primary trigger), which cor-
responds to a threshold of !0.4 MeV. The signals on all hit
PMTs are digitized for !200 ns for offline analysis. After
each primary trigger the threshold is lowered to !0.25 MeV
for 1 ms to study sequential decays. The scintillation light
from the two coincident e! produced by 136Xe !! decay can-
not be separated, so only their summed energy is observed.
For hypothetical 0"!! decays, the sum is always 2.458 MeV
(Q-value of the 136Xe !! decay) [10], while for the 2"!!
decays the sum has a continuous spectrum up to the Q-value.
Event energy (visible energy) is estimated from the number
of observed photoelectrons (p.e.) after correcting for PMT
gain variation and solid angle, shadowing, and transparency
of detector materials. The corrections depend on the event
vertex. The vertex reconstruction is based on the maximum
likelihood fit to the pulse shape of each PMT hit timing after
correcting for photon time-of-flight. The pulse shape is al-
most determined by scintillation decay time and dark hit con-
tribution, and it differs between 17-inch and 20-inch PMTs
due to different transit time spreads. The vertex resolution
is estimated from radial distributions of radioactive contam-
inants (see Fig. 3) to be # !15 cm/
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ergy response is calibrated with $’s from a 208Tl (ThO2W)
source, 214Bi (! + $’s) from 222Rn (% = 5.5 day) introduced
during detector modification, and 2.225 MeV $’s from spalla-
tion neutrons capture on protons.

Fig. 2(a) shows the energy spectrum obtained when the
ThO2W source, contained in a !5-mm-thick lead capsule,
was deployed close to the outer surface of the IB. The most in-
tense peak is due to the primary $ of 208Tl (2.614 MeV). The
less intense peak near !3.1 MeV is from multiple-$ cascades
of 208Tl. According to Monte Carlo (MC) studies, the degra-
dation of the primary $ inside the source is negligible, and
the distribution around the primary peak can be described by
a gaussian and a third-order polynomial. The mean and width
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FIG. 2: Visible energy distributions of (a) !’s from the 208Tl cal-
ibration source and (b) 214Bi (" + !’s) decays in the Xe-LS. The
lines indicate the best-fits to the analytical spectral models with the
resolution and energy scale parameters floating. The fit to (a) has a
#2/d.o.f. = 5.0/8 and (b) has a #2/d.o.f. = 27.0/29.

of the gaussian are relatively insensitive to the polynomial pa-
rameters. The resultant energy resolution at 2.614 MeV is # =
(6.6 ± 0.3)%/

!
E(MeV). The parameters of a detector en-

ergy non-linear response model describing effects from scin-
tillator quenching and Cherenkov light production are con-
strained to reproduce the 2.614 MeV 208Tl peak position and
the spectral shape of 214Bi events (Fig. 2(b)). From the neu-
tron capture $ data, systematic variation of the energy recon-
struction over the Xe-LS volume is less than 1.0%, and the
detector energy response is stable to within 1.0% during the
data set.

Candidate !! decay events are selected by performing the
following series of cuts: (i) The reconstructed vertex must be
within 1.2 m of the detector center, defining the fiducial vol-
ume (FV). (ii) Muon (events with more than 10,000 p.e. or
more than 5 OD hits) and events occurring within 2 ms af-
ter muons are eliminated. (iii) A coincidence cut eliminates
sequential events that occur within 3 ms of each other; this re-
moves (99.97± 0.01)% of 214Bi-214Po (! + $, then & decay,
%=237 µs) decays. This cut is augmented with a secondary
cut, aimed at identifying sequential 212Bi-212Po (%=0.4 µs),
which exploits detailed PMT waveform data to identify co-
incidences within a single !200-ns-long DAQ event window.
The 212Bi-212Po rejection efficiency is (89 ± 2)%. The vis-
ible energy of & decay is quenched due to the high ioniza-
tion density, so the cuts are applied only if the delayed &’s
are between 0.35 and 1.5 MeV. The dead time introduced by
the coincidence cuts is less than !0.1%. (iv) A background

source deployed 

√E(MeV)15cm
6.6%

/
/√E(MeV)Energy resolution:

Vertex resolution :
222Rn 
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6.2 Radioactive Impurities

6.2.1 238U-Series

The concentration of 238U is estimated from the 214Bi-214Po delayed coincidence
method.

214Bi
T1/2=19.9 min

!!!!!!!!!!!!!!!!"
Q!=3.272 MeV,99.989 %

214Po
T1/2=164.3 µsec
!!!!!!!!!!"
Q"=7.687 MeV

210Pb.

The selection criteria for 214Bi-214Po delayed coincidence is summarized in Table
6.3. In order to avoid the 212Bi-212Po coincidence (212Po T1/2 = 0.299 µsec), the
lower time window cut, !T # 5 µsec is applied.

Table 6.3: Summary of 214Bi-214Po event selection.

Type Selection
Prompt Energy (Ep) 0.35 < Ep < 3.5 MeV
Delayed Energy (Ed) 0.35 < Ed < 0.8 MeV
Space Correlation (!R) !R < 120 cm
Time Correlation (!T) 5 < !T < 1200 µsec
O" Time Window 1205 < !T < 2400 µsec
Fiducial Cut Rd < 400 cm

6.2.2 232Th-Series

The concentration of 232Th is estimated from the 212Bi-212Po delayed coincidence
method.

212Bi
T1/2=60.55 min

!!!!!!!!!!!!!!!"
Q!=2.254 MeV,64.06 %

212Po
T1/2=299 nsec

!!!!!!!!!!"
Q"=78.784 MeV

208Pb.

The selection criteria for 212Bi-212Po delayed coincidence is summarized in Table 6.4.
In the time correlation cut, since there is dead time within 300 nsec of a previous
event, the lower cut (!T > 0.4 µsec)is applied.

Table 6.4: Summary of 212Bi-212Po event selection.

Type Selection
Prompt Energy (Ep) 0.35 < Ep < 2.5 MeV
Delayed Energy (Ed) 0.5 < Ed < 1.0 MeV
Space Correlation (!R) !R < 100 cm
Time Correlation (!T) 0.4 < !T < 2.5 µsec
O" Time Window 2.9 < !T < 5.0µsec
Fiducial Cut Rd < 400 cm

β+γ decay

(a) 208Tl: 2.6MeV γ

(c) 2.2MeV γ from spallation neutrons capture on protons 

(b) 214Bi: β+γ decay 
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Energy Calibration

σ= (6.6±0.3)%/√E[MeV]

208Tl decay 
(2.6 MeV γ)

222Rn
214Bi decay 

(β + γ)3.824 d

218Po
3.824 d

214Pb
26.8 m

214Bi
19.9 m

214Po
164 μs

210Pb
22.3 y

β

α

Sequential decay
from 214Bi-214Po

ThO2W electrode w/ 232Th 2~4 wt%

4 ThO2W rods

lead capsule

(208Tl : 35.9%)

from initial 
contamination
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1st result  
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Fukushima or our soil samples, we conservatively consider
them to be possible backgrounds. Except for 208Bi, these
long-lived background candidates can be also produced from
xenon spallation by cosmic-rays when materials were above-
ground, but the rate estimations are difficult. Broadening the
search to include shorter-lived nuclei (100 s < ! < 30 day)
possibly supported by muon spallation in the detector, we
found that the production of candidate parents with mass num-
bers below 136Xe is stringently constrained by comparing pro-
duction cross sections in [13].

Nominally, the 1.2-m-radius FV corresponds to 0.438 ±
0.005 of the total Xe-LS volume (16.51±0.17m3), or 129 kg
of 136Xe. The fiducial volume fraction may also be estimated
from the fraction of 214Bi events which reconstruct within 1.2-
m of the IB center compared to the total number in the entire
Xe-LS volume after subtraction of the IB surface contribution.
The result is 0.423 ± 0.007(stat) ± 0.004(syst) (Fig. 3(c)).
The difference in these estimates is taken as a measure of the
systemic error on the vertex-defined FV. Combining the er-
rors, we obtain a 5.2% systematic error on the fiducial vol-
ume. The total systematic uncertainty on the "" decay half-
life measurement is 5.9%, coming from the quadrature sum
of the fiducial volume (5.2%), enrichment of 136Xe (0.05%),
Xe concentration (2.8%), detector energy scale (0.3%), and
Xe-LS edge effect (0.06%).

The 136Xe 2#"" and 0#"" decay rates are estimated from
a likelihood fit to the binned energy spectrum of the selected
candidates between 0.5 MeV and 4.8 MeV. The 136Xe 2#""
decay spectrum shape from [14] is used. The contributions
from major backgrounds in the Xe-LS, such as 85Kr, 40K,
non-equilibrium 210Bi, and the 238U-222Rn and 232Th-224Ra
decay chains, are free parameters and are left unconstrained
in the fit. The contributions from the 222Rn-210Pb and 228Th-
208Pb chains, 11C, and 10C are allowed to vary but are con-
strained by their independent measurements. Residual IB-
surface backgrounds in the FV are constrained by the ra-
dial distribution study. The parameters of the detector en-
ergy response model are floated but are constrained to repro-
duced the 208Tl source and 222Rn-induced 214Bi data. Po-
tential backgrounds from fallout nuclei with half-lives longer
than 30 days found in ex-situ measurements of soil or ocean
samples around Fukushima, namely 137Cs, 134Cs, 110mAg,
129mTe, 95Nb, 90Y (from 90Sr), and 89Sr, as well as potential
0#"" backgrounds found in the ENSDF search (88Y, 208Bi,
and 60Co) are included as unconstrained free parameters. The
relative contributions of 0#"" window backgrounds are addi-
tionally constrained by the time variation of the event rate in
the energy range 2.2 MeV < E < 3.0 MeV.

Fig. 4 shows the resulting best-fit spectral decomposi-
tion. 2#"" decay is the dominant spectral feature in the
low energy region. The best-fit number of 136Xe 2#""
decays is (3.55 ± 0.03) ! 104, corresponding to an event
rate of 80.9 ± 0.7 (ton·day)!1. The dominant backgrounds
at low energy are from 85Kr and 210Bi, with best-fit rates
of 196 ± 8 (ton·day)!1and 103 ± 3 (ton·day)!1, respec-
tively. The fit yields the following 90% C.L. upper limits
on other background rates (per ton·day) in the Xe-LS: 40K
<9.6, 234Pa<1.5, 134Cs<0.4, 228Ac <0.7, 90Y < 0.8 and
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FIG. 4: Energy spectrum of selected !! decay candidates together
with the best-fit backgrounds and 2"!! decays, and the 90% C.L.
upper limit for 0"!! decays.

137Cs<1.1; other fallout isotopes are negligible.
In the 0#"" window, a strong peak appears, but the peak

is centered significantly above the Q-value of the decay: the
hypothesis that the peak can be described by 0#"" decay
alone is rejected by a $2-test at more than 5% C.L. The best-
fit combined background rate in the 0#"" window allow-
ing for contributions from 110mAg, 88Y, 208Bi, and 60Co is
0.22 ± 0.04 (ton·day)!1. The 90% C.L upper limit on the
number of 136Xe 0#"" decays is < 15 events, an event rate
of < 0.034 (ton·day)!1.

The measured 2#"" decay half-life of 136Xe is T 2!
1/2 =

2.38 ± 0.02(stat) ± 0.14(syst) ! 1021 yr. This is consis-
tent with the result obtained by EXO-200, T 2!

1/2 = 2.11 ±

0.04(stat) ± 0.21(syst) ! 1021 yr [5]. For 0#"" decay, the
data give a lower limit of T 0!

1/2 > 5.7 ! 1024 yr (90% C.L.),
which corresponds to almost a five-fold improvement over
previous limits [6]. From the limit on the 136Xe 0#"" de-
cay half-life we obtain a 90% C.L. upper limit of "m""# <
(0.3 $ 0.6) eV using recent QRPA (CCM SRC) [15] and
shell model [16] nuclear matrix elements calculated prior to
the EXO-200 measurement.

In summary, KamLAND-Zen provides an improved mea-
surement of the 136Xe 2#"" decay half-life. The result is
consistent with that of EXO-200 and supports the conclusion
that the directly measured half-life is significantly less than
the lower limits reported in earlier experiments. Our analysis
includes a search for 0#"" decay of 136Xe and yields an im-
proved lower limit on its half-life. Removal of contaminants
in the Xe-LS is an important task to improve the 0#"" de-
cay search sensitivity. In the future, systematic uncertainties
will also be reduced by performing source calibrations in the
Xe-LS.

The KamLAND-Zen experiment is supported by the
Grant-in-Aid for Specially Promoted Research under grant
21000001 of the Japanese Ministry of Education, Culture,
Sports, Science and Technology; the World Premier Inter-

balloon surface

FV

134Cs137Cs 214Bi 208Tl

?

FV is set to 1.2m radius for 2ν2β analysis.

T2ν1/2=2.30±0.02(stat)±0.12(syst) ×1021 years
PRC 86, 021601(R) (2012)   
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2nd result on 2νββ

This is visible energy distribution at 2012. 

2nbb is dominated in this energy region. 
And fitting result gives half life of Xe136 double beta decay with two neutrinos to be 
2.38 times 10 to the -21st years, which is consistent with EXO’s result. 

However, we also observed something at this region that is the region of interest 
for neutrino-less double beta decay. 

If you look at this region, the peak position is different from the expected 
neutrino-less double beta decay. 

It was rejected at more than 8 sigma level that data is fitted only with neutrino less 
double beta decay. 

Then what is it? 

T   2.38±0.02(stat)±0.14(sys)×1021yr2ν2β
1/2  =

Is this peak 0ν......? 

3% difference between data and 0ν

T2ν1/2=2.38±0.02(stat)±0.14(syst) ×1021 years

KamLAND-Zen (2012)
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Phys.Rev.C85,045504(2012)

KamLAND-Zen supported EXO-200 result.

T2ν1/2=2.11±0.04(stat)±0.21(syst) ×1021 years

EXO-200 (2011)

T2ν1/2> 1.0 ×1022 years at 90% CL

DAMA (2002)
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Phys.Lett.B546,23(2002)

Phys.Rev.Lett.107,212501(2011)

Measurement of the 2ν2β half life

Factor 5 contradiction

next page

update
T2ν1/2=2.30±0.02(stat)±0.12(syst) ×1021 years

T2ν1/2=2.23±0.017(stat)±0.22(syst) ×1021 years
update

Phys.Rev.Lett.109,032505(2012)

Phys.Rev.C86,021601(R)(2012)
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 event rate was ~0.25/ton/day 

fitted only 0ν

exposure: 27.4 kg*yr



BG study
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Survey all nuclei and decay path
in the ENSDF (*) 
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KamLAND Energy response

(*) http://ie.lbl.gov/databases/ensdfserve.html

data set in PRC 86, 021601(R) (2012)

Candidates (T1/2) χ2    (2.2-3.0 MeV)

[1] 0ν+110mAg    (250 d) 13.1
[2] 0ν+208Bi (3.6×105 y) 22.7
[3] 0ν+88Y          (107 d) 22.2
[4] 0ν+60Co         (5.3 y) 82.9

simultaneous fit 11.6
0ν only 85.0

Most likely

Only 4 nuclei with T1/2 > 30 days and 
with peak around 0ν region remained.
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We searched all nuclei and decay path in the evaluated nuclear structure file. 
Then these four candidates remained, 110mAg, 208-Bi, 88-Yttrium and 60-Co 
that have long half life and that make peak around 2.6 MeV. 

These four isotopes are fitted to the visible energy distribution between 2.2 and 3.0 MeV.  
These are fit chi-2 for each four candidate. 

Simultaneous fit and fit only with neutrino-less double beta decay are also shown. 
These (left three plots) are examples of the fit. 

We believe that the BG is most likely to be 110-Ag. 

To remove this BG, we performed a “filtration” in February, last year. 
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Candidates (T1/2) χ2    (2.2-3.0 MeV)

[1] 0ν+110mAg    (250 d) 13.1
[2] 0ν+208Bi (3.6×105 y) 22.7
[3] 0ν+88Y          (107 d) 22.2
[4] 0ν+60Co         (5.3 y) 82.9

simultaneous fit 11.6
0ν only 85.0

Most likely

Only 4 nuclei with T1/2 > 30 days and 
with peak around 0ν region remained.
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We searched all nuclei and decay path in the evaluated nuclear structure file. 
Then these four candidates remained, 110mAg, 208-Bi, 88-Yttrium and 60-Co 
that have long half life and that make peak around 2.6 MeV. 

These four isotopes are fitted to the visible energy distribution between 2.2 and 3.0 MeV.  
These are fit chi-2 for each four candidate. 

Simultaneous fit and fit only with neutrino-less double beta decay are also shown. 
These (left three plots) are examples of the fit. 

We believe that the BG is most likely to be 110-Ag. 

To remove this BG, we performed a “filtration” in February, last year. 

Thorough survey of all decay path of all nuclei in ENSDF

   Only 4 candidates peak at 0ν region with more than 30 days half-lives
        110mAg (T1/2=250d), 208Bi(3.68x105y), 88Y(107d), 60Co(5.27y)

Two possibilities :
● Long-lived radio-impurity 
● Muon spallation which should have time/space correlation with muon

   <100 sec timing correlation　<0.007 /ton･day (90% CL).      → small

   100 sec - 30 days timing correlation : 
    limit from energy spectra of close A,Z nuclei                       → negligible

thousands of millions of 

   Small cross section of all (α, γ), (α, αγ), (n, γ)                         → negligible

http://ie.lbl.gov/databases/ensdfserve.html

15

most favored

survey all decay path of all nucleus in ENSDF 
~millions ~thousands

Only four candidates (T1/2 > 30 days)with peak 
in 0ν region remained.



 BG origin 
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http://radioactivity.nsr.go.jp/ja/contents/6000/5050/24/5600_103120.pdf

110mAg Concentration map in soil sample

Sendai

Fukushima

100km
80km

30km

1, fall out from Fukushima.
134Cs and 137Cs were observed at KamLAND.
The ratio (134Cs/137Cs) is also same with soil samples. 
110mAg also fall out of Fukushima.

Collision of accelerated 136Xe with hydrogen target
（equivalent with 1GeV proton interaction）

Phys.Rev.C76,064609(2007)

GEANT4 is applicable to an order estimation.

Underground spallation is negligible. (GEANT4)

Spallation BG
β+EC:118mSb

13.3mb, T1/2=5.0h
β-:134I

21.9mb, T1/2=52.5m
β-:135Xe

54.7mb, T1/2=9.14h

100 days on the surface, 0 day in the mine

100 days on surface, 300 days in the mine

110mAg
88Y

Estimated 110Ag production rate (aboveground) is 
~30/day/400kg-136Xe

Measured BG rate (underground) is 
~3/day/300kg-136Xe
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Collision of accelerated 136Xe with hydrogen target
（equivalent with 1GeV proton interaction）

Phys.Rev.C76,064609(2007)

GEANT4 is applicable to an order estimation.

Underground spallation is negligible. (GEANT4)

Spallation BG
β+EC:118mSb

13.3mb, T1/2=5.0h
β-:134I

21.9mb, T1/2=52.5m
β-:135Xe

54.7mb, T1/2=9.14h

100 days on the surface, 0 day in the mine

100 days on surface, 300 days in the mine

110mAg
88Y

Estimated 110Ag production rate (aboveground) is 
~30/day/400kg-136Xe

Measured BG rate (underground) is 
~3/day/300kg-136Xe
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2, Spallation products from 136Xe
110mAg is also produced from 136Xe by cosmic ray.

136Xe was imported by air from Russia. 

accelerated 136Xe on hydrogen target   
110mAg production :
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FIG. 1: (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 < 4.8MeV. (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 0!""
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 "" 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 ("! decay, # = 360 day, Q = 3.01MeV), 88Y
(EC decay, # = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, # = 5.31! 105 yr, Q = 2.88MeV), and 60Co ("! de-
cay, # = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0!"" 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 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)!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. 1: (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 < 4.8MeV. (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 0!""
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 "" 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 ("! decay, # = 360 day, Q = 3.01MeV), 88Y
(EC decay, # = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, # = 5.31! 105 yr, Q = 2.88MeV), and 60Co ("! de-
cay, # = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0!"" 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 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)!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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Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the #2 calculation.
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FIG. 1: (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 < 4.8MeV. (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 0!""
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 "" 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 ("! decay, # = 360 day, Q = 3.01MeV), 88Y
(EC decay, # = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, # = 5.31! 105 yr, Q = 2.88MeV), and 60Co ("! de-
cay, # = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0!"" 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 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)!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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T   0ν2β
1/2  

Data sets
 systematic uncertainty 2012(%) 2013 (%)

fiducial volume 5.2 4.0

enrichment of Xe 0.05 0.05

Xe amount 0.34 0.36
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detection efficiency 0.2 0.2

total 5.2 3.9
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Data sets and fiducial volume is shown in this slide. 

Data set is divided in two sets, DS-1 and DS-2. 
DS-1 was used for the analysis 2012. 
DS-2 was added to the analysis 2013. 

I would like to explain both results in this talk to mention what we tried and what we will 
try to improve the detector performance. 

What we tried was Xe-LS circulation through a filter unit between these data sets. 
This will be explained later. 

These plots show event distribution as a function of radius normalized to 
the radius of the miniBalloon for different energy windows. 
Here is the miniBalloon radius. 

The first one and second one explain 134Cs and 214Bi contamination at 
the miniBalloon and we set the FV here for 2012 and here for 2013. 

134Cs comes from Fukushima reactor. I will mention this later. 

The third one is Bi-214 distribution contained in the miniBalloon. 
The fraction of events in the FV to total was compared to the fraction of FV 
and the difference between these two ratios is taken into the systematic uncertainty. 

Currently, this is the largest uncertainty. 

livetime 213.4 days
exposure: 89.5 kg*yr

FV is increased to 1.35m radius for 0ν2β analysis.

best upper limit

〈mββ〉 < 0.16 - 0.33 eV

time variation at 0ν region  110mAg is most favored. 

0ν2β result

(90% C.L.)
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FIG. 3: Experimental results on 0!"" decay half-life (T 0!
1/2) in 76Ge

and 136Xe. The 68% C.L. limit from the claim in Ref. [1] is indi-
cated by the gray band. The limits for KamLAND-Zen (this work),
EXO-200 [3], and their combination are shown at 90% C.L. The cor-
relation between the 76Ge and 136Xe half-lives predicted by various
NME calculations [7–10] is drawn as diagonal lines together with the
!m""" (eV) scale. The band for QRPA and RQRPA represents the
range of these NME under the variation of model parameters.

ate for the 2!"" analysis.
The best-fit 110mAg rates in the Xe-LS are 0.19 ±

0.02 (ton·day)!1and 0.14 ± 0.03 (ton·day)!1for DS-1 and
DS-2, respectively, indicating a dominant contribution of
110mAg in the 0!"" region. The 90% C.L. upper lim-
its on the number of 136Xe 0!"" decays are <16 events
and <8.7 events for DS-1 and DS-2, respectively. Com-
bining the results, we obtain a 90% C.L. upper limit of
<0.16 (kg·yr)!1in units of 136Xe exposure, or T 0!

1/2 > 1.9 !

1025 yr (90% C.L.). This corresponds to a factor of 3.3 im-
provement over the first KamLAND-Zen result [2]. The hy-
pothesis that backgrounds from 88Y, 208Bi, and 60Co are ab-
sent marginally increases the limit to T 0!

1/2 > 2.0 ! 1025 yr
(90% C.L.). A Monte Carlo of an ensemble of experiments
based on the best-fit background spectrum indicates a sensi-
tivity [6] 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 re-
sult in Ref. [3], gives T 0!

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
"m""# < (120$ 250)meV considering various NME calcu-
lations [7–10]. The constraint from this combined result on
the detection claim in Ref. [1] is shown in Fig. 3 for different
NME estimates. We find that the combined result for 136Xe
refutes the 0!"" detection claim in 76Ge at >97.5% C.L. for
all NME considered assuming that 0!"" decay proceeds via
light Majorana neutrino exchange. While the statistical treat-
ment of the NME uncertainties is not straightforward, even
if we apply the uncertainties and correlations in Ref. [11],
which assumes a statistical distribution of the NME for var-
ious (R)QRPA models and does not include a tuning of the
parameter gpp for 136Xe based on its measured 2!"" half-life,
we find the rejection significance is still 95.6% C.L.

The KamLAND-Zen result is still limited by the back-
ground from 110mAg. The two leading hypotheses to explain
its presence in the Xe-LS are (i) IB contamination during
fabrication by Fukushima-I fallout and (ii) cosmogenic pro-
duction by Xe spallation [2]. While the distribution of Cs
isotopes is consistent with IB contamination during fabrica-
tion, hypothesis of the adsorption of cosmogenically produced
110mAg onto the IB still cannot be rejected. Improved statis-
tics on the distribution of 110mAg on the IB may help reveal
the source of the contamination. In the meantime, we have re-
moved the Xe from the Xe-LS by vacuum extraction and veri-
fied that the 110mAg rate in the LS remains at its present level.
We are proceeding to distill the LS to remove the 110mAg,
while we also pursue options for IB replacement and further
detector upgrades.

In summary, we have performed the most stringent test
to date on the claimed observation of 0!"" decay in
76Ge [1]. Combining the limits on 136Xe 0!"" decay by
KamLAND-Zen and EXO-200, we find that the Majorana
mass range expected from the claimed 76Ge 0!"" decay half-
life is excluded at >97.5% C.L. for a representative range
of nuclear matrix element estimations. KamLAND-Zen and
EXO-200 demonstrated that we have arrived at an exciting
new era in the field, and that the technology needed to judge
the claimed 76Ge 0!"" decay with other nuclei has been
achieved.
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21000001 of the Japanese Ministry of Education, Culture,
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T0ν1/2>1.9 ×1025 years
 (90% C.L.)

T0ν1/2>3.4 ×1025 years
 (90% C.L.) 

+  EXO-200 (*)

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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It is obtained that a lower limit of half life of the neutrino-less double beta decay of 136Xe is 1.9 x 10 -25 years at 90% C.L.

If we combine our result with EXO’s one, the lower limit becomes 3.4 x 10 -25 years at 90% C.L.
This stands for upper limit of 120-250 meV in terms of effective mass of neutrinos at 90 % C.L. 
The range comes from the uncertainty of the NME calculations. 

This shows correlation between neutrino-less double beta decay half life of Xe-136 and Ge-76 through 
different NMEs. 

The combined half life result of Xe-136 is inconsistent with the KK result at more than 97.5 % C.L. even with 
the NME chosen conservatively. 

correlation between 76Ge and 136Xe > 1.9×1025yr (90% C.L.)T   0ν2β
1/2  

KamLAND-Zen result

EXO-200 result
> 1.6×1025yr (90% C.L.)T   0ν2β

1/2  

combined (KL-Zen + EXO-200)
> 3.3×1025yr (90% C.L.)T   0ν2β

1/2  

〈mββ〉 < 0.12 - 0.25 eV
(90% C.L.)

T   0ν2β
1/2  T   0ν2β

1/2  〈mββ〉(136Xe)   (76Ge)   

using same NME model 

NME uncertainty NME uncertainty 

K.K. claim is rejected 
more than 97.5% C.L. 

(considering various QRPA model)



Purification activity 

filtration 

Xe extraction 

 New LS filling 

Distilled LS circulation 

Sep. 2011

Feb. 2012

Jun. 2012

Aug. 2012

Nov. 2012

Jul. 2013

DAQ start 

restart Distilled LS circulation 

Aug. 2013 Xe-LS filling  
start phase2 DAQ  

Sep. 2012 Xe gas distillation (400kg)

1st phase   

fire accident in the KL area 

filtration

50nm
filter

110mAg

Xe system

degassing

Xe extraction

New LS

New LS filling
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Xe gas purification
charcoal Getter 

distillation system 
borrowed from XMASS

2.3 MIB volume

~290kg Xe (90%)  was collected.

Xe

16.5m3
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FIG. 1: (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 < 4.8MeV. (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 0!""
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 "" 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 ("! decay, # = 360 day, Q = 3.01MeV), 88Y
(EC decay, # = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, # = 5.31! 105 yr, Q = 2.88MeV), and 60Co ("! de-
cay, # = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0!"" 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 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)!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 0!"" window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0!"" 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 #2 calculation.

1st phase result After Xe extraction After New LS filling

90% Xe was collected by degassing.
2ν2β events was decreased.
110mAg was still remaining in MIB. 

110mAg was still remaining in MIB.
The reduction rate was 1/3~1/4.
Including 110mAg decay, the event rate 
of 110mAg decreased to 1/9~1/12.  
134Cs was also decreased. 

2ν2β 134Cs
110mAg
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Fukushima or our soil samples, we conservatively consider
them to be possible backgrounds. Except for 208Bi, these
long-lived background candidates can be also produced from
xenon spallation by cosmic-rays when materials were above-
ground, but the rate estimations are difficult. Broadening the
search to include shorter-lived nuclei (100 s < ! < 30 day)
possibly supported by muon spallation in the detector, we
found that the production of candidate parents with mass num-
bers below 136Xe is stringently constrained by comparing pro-
duction cross sections in [13].

Nominally, the 1.2-m-radius FV corresponds to 0.438 ±
0.005 of the total Xe-LS volume (16.51±0.17m3), or 129 kg
of 136Xe. The fiducial volume fraction may also be estimated
from the fraction of 214Bi events which reconstruct within 1.2-
m of the IB center compared to the total number in the entire
Xe-LS volume after subtraction of the IB surface contribution.
The result is 0.423 ± 0.007(stat) ± 0.004(syst) (Fig. 3(c)).
The difference in these estimates is taken as a measure of the
systemic error on the vertex-defined FV. Combining the er-
rors, we obtain a 5.2% systematic error on the fiducial vol-
ume. The total systematic uncertainty on the "" decay half-
life measurement is 5.9%, coming from the quadrature sum
of the fiducial volume (5.2%), enrichment of 136Xe (0.05%),
Xe concentration (2.8%), detector energy scale (0.3%), and
Xe-LS edge effect (0.06%).

The 136Xe 2#"" and 0#"" decay rates are estimated from
a likelihood fit to the binned energy spectrum of the selected
candidates between 0.5 MeV and 4.8 MeV. The 136Xe 2#""
decay spectrum shape from [14] is used. The contributions
from major backgrounds in the Xe-LS, such as 85Kr, 40K,
non-equilibrium 210Bi, and the 238U-222Rn and 232Th-224Ra
decay chains, are free parameters and are left unconstrained
in the fit. The contributions from the 222Rn-210Pb and 228Th-
208Pb chains, 11C, and 10C are allowed to vary but are con-
strained by their independent measurements. Residual IB-
surface backgrounds in the FV are constrained by the ra-
dial distribution study. The parameters of the detector en-
ergy response model are floated but are constrained to repro-
duced the 208Tl source and 222Rn-induced 214Bi data. Po-
tential backgrounds from fallout nuclei with half-lives longer
than 30 days found in ex-situ measurements of soil or ocean
samples around Fukushima, namely 137Cs, 134Cs, 110mAg,
129mTe, 95Nb, 90Y (from 90Sr), and 89Sr, as well as potential
0#"" backgrounds found in the ENSDF search (88Y, 208Bi,
and 60Co) are included as unconstrained free parameters. The
relative contributions of 0#"" window backgrounds are addi-
tionally constrained by the time variation of the event rate in
the energy range 2.2 MeV < E < 3.0 MeV.

Fig. 4 shows the resulting best-fit spectral decomposi-
tion. 2#"" decay is the dominant spectral feature in the
low energy region. The best-fit number of 136Xe 2#""
decays is (3.55 ± 0.03) ! 104, corresponding to an event
rate of 80.9 ± 0.7 (ton·day)!1. The dominant backgrounds
at low energy are from 85Kr and 210Bi, with best-fit rates
of 196 ± 8 (ton·day)!1and 103 ± 3 (ton·day)!1, respec-
tively. The fit yields the following 90% C.L. upper limits
on other background rates (per ton·day) in the Xe-LS: 40K
<9.6, 234Pa<1.5, 134Cs<0.4, 228Ac <0.7, 90Y < 0.8 and
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FIG. 4: Energy spectrum of selected !! decay candidates together
with the best-fit backgrounds and 2"!! decays, and the 90% C.L.
upper limit for 0"!! decays.

137Cs<1.1; other fallout isotopes are negligible.
In the 0#"" window, a strong peak appears, but the peak

is centered significantly above the Q-value of the decay: the
hypothesis that the peak can be described by 0#"" decay
alone is rejected by a $2-test at more than 5% C.L. The best-
fit combined background rate in the 0#"" window allow-
ing for contributions from 110mAg, 88Y, 208Bi, and 60Co is
0.22 ± 0.04 (ton·day)!1. The 90% C.L upper limit on the
number of 136Xe 0#"" decays is < 15 events, an event rate
of < 0.034 (ton·day)!1.

The measured 2#"" decay half-life of 136Xe is T 2!
1/2 =

2.38 ± 0.02(stat) ± 0.14(syst) ! 1021 yr. This is consis-
tent with the result obtained by EXO-200, T 2!

1/2 = 2.11 ±

0.04(stat) ± 0.21(syst) ! 1021 yr [5]. For 0#"" decay, the
data give a lower limit of T 0!

1/2 > 5.7 ! 1024 yr (90% C.L.),
which corresponds to almost a five-fold improvement over
previous limits [6]. From the limit on the 136Xe 0#"" de-
cay half-life we obtain a 90% C.L. upper limit of "m""# <
(0.3 $ 0.6) eV using recent QRPA (CCM SRC) [15] and
shell model [16] nuclear matrix elements calculated prior to
the EXO-200 measurement.

In summary, KamLAND-Zen provides an improved mea-
surement of the 136Xe 2#"" decay half-life. The result is
consistent with that of EXO-200 and supports the conclusion
that the directly measured half-life is significantly less than
the lower limits reported in earlier experiments. Our analysis
includes a search for 0#"" decay of 136Xe and yields an im-
proved lower limit on its half-life. Removal of contaminants
in the Xe-LS is an important task to improve the 0#"" de-
cay search sensitivity. In the future, systematic uncertainties
will also be reduced by performing source calibrations in the
Xe-LS.

The KamLAND-Zen experiment is supported by the
Grant-in-Aid for Specially Promoted Research under grant
21000001 of the Japanese Ministry of Education, Culture,
Sports, Science and Technology; the World Premier Inter-
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Distillation to reduce krypton
A distillation system was made and tested.
System specification:

Boiling 
point 
(@1 atm)

Xe 165K
Kr 120K

~3m
13 stage of Operation: 2 atm(abs.)

Processed speed: 0.6 kg / hour
Design factor: 1/1000 Kr / 1 pass

Lower 
temp.

Higher 
temp.

~1%

2cm

~99%

Purified Xe:
(3.3±1.1) x 10-12 Kr

(by a high sensitivity 
measurement method)

Off gas Xe:
330±100 x 10-9 Kr
(measured)

Original Xe:
~3 x 10-9 Kr

178±2K in tower

 Process speed: 0.6kg Xe/hour
 Collection efficiency:  > 99%
 Kr concentration after process: < 1/1000 

36kg xenon 0.2% O2,N2 -> 0.2ppm O2,N2
off gas -> 0.2m3

320kg xenon ~2% N2   ->  1ppm N2 off gas~10m3

past experience

test is needed

rental 
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system 

3nm particle 
filter (PTFE)

sintered metal 
filter (SUS)

Xe storage
 bottles

particle 
filter

getter
Xenon

dissolving

purification 

collection
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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。

getter
N2
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main tank

XeLS

subtank

LS

PC
Xe

degassing

Mini-balloon

LS storage
tank

①

①

②

③

④

⑤

We%move%to%purifica7on%phase.%

Our%goal%of%this%purifica7on%phase%is%the%2%orders%of%

BG%reduc7on%at%2.6MeV%region.�

No+peak+at+2.6MeV�

PC,+deane�
Pure+
water�

U%%% 3.5±0.3!×10=16%g/g%%
Th% 2.2±0.6!×10=15%g/g%

U/Th%concentra7on%in%XeLS%%

U/Th%concentra7on%in%KamLAND=LS%%

U%%%<�3.5×10=18%g/g%%
Th%<%%%5.2×10=17%g/g%

47��

50�� 180��

150��

48��

51��

1kPa� 1kPa� 0.4kPa�

Trapp+eff.+of+metal+is+>90%�

Xe%gas%is%dissolved%3.0wt%%in%LS%keeping%gas%phase%pressure%at%1%atm.%

ABer%making%XeLS,%the%density%is%adjusted%using%PC.%The%XeLS%is%transferred%to%

Mini=balloon.%%

Xe%gas%is%extracted%from%XeLS%by%degassing%(99%)%and%N2/He2%purging%(>90%).%%

The%total%Xe%collec7on%efficiency%from%XeLS%is%more%than%99.9%.%

There%are%two%cold%traps.%LS%trap%is%trapped%LS%vapor%from%Xe%gas.%Xe%trap%is%

trapped%xenon%gas.%The%trap%efficiency%is%99.9%.%%

Exposure+27.4+kg×yr++�

N2%purge%20m
3/hr�

Xe+is+collected+by+degassing.+
Acer+adjus(ng+density+and+volume,+LS+is++
returned+to+Mini7balloon.+

ABer%the%LS%dis7lla7on,%LS%is%

transferred%to%Xe%system.%%�

Dis(lla(on+system�

Green%Gas=Chromatograph%

red%mass%flow%meter�

The+solubility+is++
propor(onal+to+the+par(al+pressure.�

Extraction Method
Purging LS by He gas

10 times volume of He gas is required to extract 95% of Xe
Extraction efficiency is independent of the type of carrier gas (He/N2), 
flow rate.
Use He gas because of easy separation of He/Xe in the LN2 cold trap
Trapping efficiency of Xe gas at cold trap was not 100 %, probably. But 
it will work.

2010/9/6 11KamLAND Collaboration Meeting in Amsterdam

N2

Normalized to 1

Purging Volume ( times )

Xe Extraction by Purging

X
e

am
ou

nt
 b

y 
GC

 (A
rb

it
. U

ni
t)

He

Sintered%metal%filter%(SUS)�

Adsorp(on+type++
Trap+eff.+99.999%+for+>3nm+par(cles�
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geeer�

Zr%alloy�

Xe%400�%

N2%350��

Fe Ni Cr Ca Na
�

�

��

���

�����

Fe Ni Cr Ca Na
�

�

��

���

�����

�������	��

#"!%$� �����
��������
�

���
ng/m3

initial gas 
contamination

purified gas 
contamination
limit of detection

material 
in H2 gas

Metal%is%also%trapped.�

SAES�

XeLS%contains%2%%��.%%�

To%purify%Xe%using%geker%(Xe),%N2%

concentra7on%should%be%reduced%to%less%

than%50ppm.%

The%XMASS%collabora7on%already%developed%%

dis7lla7on%system%to%reduce%Kr%from%Xe.%

We%borrow%XMASS%dis7lla7on%system.%

More%than%3%orders%of%magnitude%N2%

concentra7on%is%reduced%even%though%high%%

N2%concentra7on%(2%).%%

Radioac7ve%metal%may%be%also%reduced.%%%%�

Purified%Xe%collec7on%eff.%is%95%.%%

ABer%the%Xe%collec7on%from%Mini=balloon,%%the%LS%in%Mini=balloon%is%replaced%

with%new%dis7lled%LS%to%remove%BG%candidates%such%as%110mAg%and%208Bi.%

%The%event%rate%at%2.6MeV%is%changed.%%

The%new%XeLS%is%made%using%purified%Xe%gas.%%

The%new%LS%is%replaced%with%new%XeLS.%

%

%

�

�mββ	++<+0.07eV+�
������������������������������
���������������

���++>+5.7×1024+yr++(90%C.L.)�
1/2�

208Tl�

11Be�

8B____+

10C�

11C�

main tank subtank

PC

pump

N2 purge tower

Xe collection 
by N2 purge

15nm filter① ①②

③

pump

④

⑤
degassing

1, filling LS from sub-tank  and draining LS from MIB.
2, Xe collection by N2 purge. (GC measurement) 
3, LS distillation (every 3 batches ).
4, LS without PPO is transferred to sub-tank passing 
through N2 purge tower
5, degassing and adjusting LS density using PC.

MIB

expected reduction rate
1 MIB volume (16.5m3)  ~ 1/3 

Goal: 100 times 110mAg reduction                           
(3 MIB volume LS circulation is required)   

→            ~ 80 meV

pump

  
〈mββ〉

Distilled-LS circulation 



Future prospects  

KamLAND2-Zen

まとめ
● KamLAND は火災後迅速に復旧し、良質の反ニュートリノデータを取得中
● KamLAND-Zen は、0ν2β探索で世界最高感度を実現し、KKクレイムを排除
● KamLAND-Zen は、現在は復旧中で、８月頃データ取得再開の予定
● 逆階層構造をカバーするには高エネルギー分解能のKamLAND2が必要
● KamLAND2 では0ν2β探索に加えて、
　反ニュートリノ観測も継続し、
　第４世代ニュートリノ探索（Ce-LAND）や、
　DAMA/LIBRAの検証（KamLAND-PICO）など
　豊富なオプションを計画

● KamLAND2-Zenは、宇宙線研究者会議の中型
　プロジェクトに対する評価で「最優先で推す課題」
　との判定を得ている。

ご支援よろしくお願いします。
23

KamLAND2-Zen
1000 kg･years

<mν>=0.15 eV  (min KKDC)
 (T1/2 (0ν) =9.8 × 1025 y)

tballoon=25 µm, Rballoon=1.35 m
232Th,238U = 10-13 g/g

10C 95% tag

T1/2 (2ν) =1.0 × 1022 y

136Xe 2ν

136Xe 0ν

8B
10C 208Tl

2

4

6

0
2.0 2.5 3.0 3.5

visible energy (MeV)
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KKDC claim

inverted 
hierarchy
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]

exposure [kg-year]
200 400 600 800 1000

Target sensitivity of the 
1st phase is ~60 meV 
in 2 years.

1st phase KKDC claim, degenerated hierarchy

21

Nucleus
                

(@50 
meV) [yr]

          measured 
[yr]

N.A. 
[%]

Q-value 
[MeV] character

48Ca → 48Ti (4.2+2.1-1.0) × 1019 0.19 4.271 max. Q, fast 2ν
76Ge → 76Se 0.86 × 1027 (1.5 ± 0.1) × 1021 7.8 2.039 semiconductor
82Se → 82Kr 2.44 × 1026 (0.92 ± 0.07) × 1020 9.2 2.995 -
96Zr → 96Mo 0.98 × 1027 (2.0 ± 0.3) × 1019 2.8 3.351 -

100Mo → 100Ru 2.37 × 1026 (7.1 ± 0.4) × 1018 9.6 3.034 -
116Cd → 116Sn 2.86 × 1026 (3.0 ± 0.2) × 1019 7.5 2.805 fast 2ν
128Te → 128Xe 4.53 × 1027 (2.5 ± 0.3) × 1024 31.7 0.867 -
130Te → 130Xe 2.16 × 1026 (0.9 ± 0.1) × 1021 34.5 2.529 large N.A.
136Xe → 136Ba 4.55 × 1026 (2.11± 0.21) × 1021 8.9 2.458 slow 2ν, rare 

gas150Nd → 150Sm 2.23 × 1025 (7.8 ± 0.6) × 1018 5.6 3.367 fast 0ν, 2ν

T 0�
1/2 T 2�

1/2

Natural Abundance

0νββ search by past experiments
Klapdor et al. Mod.Phys.Lett.A21(2006)1547

part of the collaboration (2006)
T0ν1/2  ~ 2.3 × 1025 yr

76Ge: Heidelberg-Moscow
claim at > 6σ

still controversial ...
130Te:Cuoricino 100Mo, 82Se: NEMO-3 48Ca:ELEGANT VI 136Xe:

KKDC claim

~ 100 kg
~ 1 ton

~ 100 ton

ββ isotope

Present experiments aim to test KKDC claim
To increase the sensitivity, large number of ββ-decay nuclei is required
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2. High Q.E. PMT or HPD
QE~22% →  >30%
light yield ×1.9

1. Winston cone 
light yield ×1.8 

3. High Light yield LS
KL LS 8000ph/MeV
Standard 12000ph/MeV
→ light yield ×1.4

1000kg 136Xe

Winston cone
(light concentrator)

photo-coverage >  x2
light yield        > x1.8

KamLAND LS : 8,000 photons/MeV
standard LS : 12,000 photons/MeV  　

High'QE'PMT'or'HPD
17”Φ→20”Φ,'ε=22%'→'30+%'

high light yield LS

larger access hole
5 ton suspension capability

various instruments
CaF2, CdWO4, 144Ce, NaI etc

KamLAND2-Zen

1000kg enriched Xenon

Target sensitivity : ~20meV/5yr

target σ(2.6MeV)= 4% → < 2.5％

x1.4

x1.9

simple calculation < 2%

24

E resolution at 2.6MeV 4% → < 2.5%  
(simple calculation < 2%)

sensitivity ~20meV / 5 yr
cover all inverted hierarchy region 



Summary 

Recent condition provides a unique opportunity to confirm 
and constrain backgrounds for the reactor anti-neutrino 
oscillation analysis.

Geo-neutrino is measured efficiently at low reactor phase.  
Observed flux is fully consistent with Earth model.

The 0v2β half life was limited more than 1.9*1025 yr (KL-Zen 
only 90%C.L.)  As the result of the combined analysis using 
EXO-200 and KamLAND-Zen,  the K.K. Claim is rejected at 
97.5% C.L.

The purification activity is on-going to reduce 110mAg. The 2nd 
phase DAQ will be started from August 2013.

〈mββ〉  <120-250 meV   (90%C.L.)


