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TABLE I: Estimated backgrounds for νe 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
ȷ 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
ȷ 13C(α,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(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 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 νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe 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 νe + 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 νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 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 νe 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 νe

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 ν̄e’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

March 2011 
Earthquake

Time Variation of Event Rate

long-term shutdown 
of Japanese reactor

Data have good agreement with expected rate

KamLAND-Zen 
start

Period 1: Mar. 2002 - May 2007

2.6 < Ep < 8.5 MeV

Period 2: May 2007 - Aug. 2011 (after LS purification)
Period 3: Oct. 2011 - Nov. 2012 (after KamLAND-Zen start)

Total livetime  
2991 days



4

TABLE I: Estimated backgrounds for νe 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
ȷ 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
ȷ 13C(α,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(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 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

Year

R
at

e 
(e

ve
nt

s/
da

y)

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 
R

at
e 

(e
ve

nt
s/

da
y)

0

0.1

0.2

0.3

0.4

0.5

0.6

Year

R
at

e 
(e

ve
nt

s/
da

y)

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 
R

at
e 

(e
ve

nt
s/

da
y)

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 νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe 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 νe + 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 νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002
−0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
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FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’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 νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe 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 νe + 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 νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 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 νe 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 νe

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 ν̄e’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

Expected total

2.6 < Ep < 8.5 MeV

Correlation Plot

provide good data to 
confirm our background

“Rate + Shape + Time” analysis

time dependent



Ef
fic

ie
nc

y 
(%

)

40
60
80

100

Period 1
Period 2
Period 3

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16

Ev
en

ts/
0.

42
5M

eV
/d

ay

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16

 (MeV)pE
0 1 2 3 4 5 6 7 8

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16

KamLAND data
best fit osci.
accidental

O16, n)_C(13

eiBest-fit Geo 
Best-fit osci. + BG

ei+ best-fit Geo 

Period 1

Period 2

Period 3

purification   (α,n) ↓ 
earthquake   reactor↓

�m2
21 = 7.54+0.19

�0.18

tan2�12 = 0.481+0.092
�0.080

sin2�13 = 0.010+0.033
�0.034

�10�5eV2

Observed events

No osci. expected
Background

2611

3564 ± 145

364 ± 31(w/o geo neutrino)

Observed Energy Spectrum
exposure : 5780 ton-year 

significant reduction

KamLAND only



 (km/MeV)
ei

/E0L
20 30 40 50 60 70 80 90 100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

eiData - BG - Geo  best-fit oscillationi3-

L/E plot
P = (observed - B.G.) / (no osci. expected)

L0 : a fixed baseline (180 km)

KamLAND data covers almost 2 cycle of oscillation
strong evidence of neutrino oscillation



3-Flavor Oscillation Parameters
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Δm2: KamLAND constraint is dominant
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for (a) θ13 free and (b) θ13 constrained by accelerator and short base-
line reactor neutrino experiments. The shaded regions are from the
combined analysis of the solar and KamLAND data. The side panels
show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Ngeo
U,Th are the contributions expected from U and Th geo νe’s,

and those flux normalization parameters allow for the earth
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but
are constrained with the penalty term (iii) using the estimates
given in the preceding section. The α1→4 parametrize the un-
certainties on the reactor νe spectra and energy scale, the event
rate, and the energy dependent efficiencies; these parameters
are allowed to vary in the analysis but are constrained by term
(iv). The penalty term (v) provides a constraint on the neutrino
oscillation parameters from the global analysis of solar [22–
26], accelerator (T2K [27], MINOS [28]), and short base-
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram
is the expected distributions based on the best-fit parameter val-
ues from three-flavor unbinned maximum-likelihood analysis of the
KamLAND data.

line reactor neutrinos (Double Chooz [29], Daya Bay [30],
RENO [31]).

Because the rates for backgrounds, reactor and geo νe sig-
nals have the different time evolution, as shown in Fig. 2, the
event time provide an additional discriminating power. The
time variation of the reactor νe spectrum calculated from the
Japanese reactor operation recode is fully exploited in the geo
νe analysis. Most importantly, the minimal background level
for geo νe observation, achieved through the significant re-
duction of the reactor νe fluxes by recent shutdown of most
commercial reactors in Japan, enhanced the sensitivity on the
geo νe’s so far. Furthermore, a precise determination of con-
tributions from geo νe’s using this data could be an advantage
in the observation of reactor νe oscillations, resulting in an
improvement of the oscillation parameter measurements.

Figure 3 shows the prompt energy spectra of νe can-
didate events for each period, illustrating the reduction of
13C(α, n)16O backgrounds in Period 2 and reactor νe’s
in Period 3. For the three-flavor KamLAND-only analy-
sis, without any constraints on θ13 from other oscillation
experiments, the best-fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. Fig. 4 compares the allowed re-
gions in the (tan2 θ12, ∆m2

21) plane from θ13 free and θ13

constraint analyses. Assuming CPT invariance, the oscilla-
tion parameter values from a combined analysis of the solar
and KamLAND data are tan2 θ12 = 0.437+0.029

−0.026, ∆m2
21 =

7.53+0.19
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.015

−0.015. With the
constraints on θ13 from accelerator and short baseline reactor
neutrino experiments, we obtained tan2 θ12 = 0.436+0.029

−0.025,
∆m2

21 = 7.53+0.18
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002

−0.002.
The value of tan2 θ12 change little from the θ13 constraint.
The best-fit values for the different data combinations and
analysis approaches are summarized in Table III.

The KamLAND data illustrates the oscillatory shape of re-
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane, for

solar and KamLAND data from the three-flavor oscillation analysis
for (a) θ13 free and (b) θ13 constrained by accelerator and short base-
line reactor neutrino experiments. The shaded regions are from the
combined analysis of the solar and KamLAND data. The side panels
show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Ngeo
U,Th are the contributions expected from U and Th geo νe’s,

and those flux normalization parameters allow for the earth
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but
are constrained with the penalty term (iii) using the estimates
given in the preceding section. The α1→4 parametrize the un-
certainties on the reactor νe spectra and energy scale, the event
rate, and the energy dependent efficiencies; these parameters
are allowed to vary in the analysis but are constrained by term
(iv). The penalty term (v) provides a constraint on the neutrino
oscillation parameters from the global analysis of solar [22–
26], accelerator (T2K [27], MINOS [28]), and short base-
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram
is the expected distributions based on the best-fit parameter val-
ues from three-flavor unbinned maximum-likelihood analysis of the
KamLAND data.

line reactor neutrinos (Double Chooz [29], Daya Bay [30],
RENO [31]).

Because the rates for backgrounds, reactor and geo νe sig-
nals have the different time evolution, as shown in Fig. 2, the
event time provide an additional discriminating power. The
time variation of the reactor νe spectrum calculated from the
Japanese reactor operation recode is fully exploited in the geo
νe analysis. Most importantly, the minimal background level
for geo νe observation, achieved through the significant re-
duction of the reactor νe fluxes by recent shutdown of most
commercial reactors in Japan, enhanced the sensitivity on the
geo νe’s so far. Furthermore, a precise determination of con-
tributions from geo νe’s using this data could be an advantage
in the observation of reactor νe oscillations, resulting in an
improvement of the oscillation parameter measurements.

Figure 3 shows the prompt energy spectra of νe can-
didate events for each period, illustrating the reduction of
13C(α, n)16O backgrounds in Period 2 and reactor νe’s
in Period 3. For the three-flavor KamLAND-only analy-
sis, without any constraints on θ13 from other oscillation
experiments, the best-fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. Fig. 4 compares the allowed re-
gions in the (tan2 θ12, ∆m2

21) plane from θ13 free and θ13

constraint analyses. Assuming CPT invariance, the oscilla-
tion parameter values from a combined analysis of the solar
and KamLAND data are tan2 θ12 = 0.437+0.029

−0.026, ∆m2
21 =

7.53+0.19
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.015

−0.015. With the
constraints on θ13 from accelerator and short baseline reactor
neutrino experiments, we obtained tan2 θ12 = 0.436+0.029

−0.025,
∆m2

21 = 7.53+0.18
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002

−0.002.
The value of tan2 θ12 change little from the θ13 constraint.
The best-fit values for the different data combinations and
analysis approaches are summarized in Table III.

The KamLAND data illustrates the oscillatory shape of re-

Δm2: systematic uncertainty 1.9% 
(dominated by linear energy scale uncertainty)

KamLAND+Solar KamLAND+Solar+θ13
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

Precise Measurement of Δm2
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frequency meas. 
by KamLAND

insensitive
no strong impact

θ13 constraint



Geo Neutrino
U : 8 TW
Th : 8 TW
K : 4 TW

chondrite meteorite

238U →
206Pb + 84He + 6e

− + 6ν̄e + 51.7 MeV (100%)

232Th →
208Pb + 64He + 4e

− + 4ν̄e + 42.7 MeV (100%)

Radioactive decay in the Earth (Uranium, Thorium)
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earth model prediction 
EPSL 258, 147 (2007)

Ngeo = 116     events+28
−27 Fgeo = 3.4     × 106 /cm2/sec+0.8

−0.8 (30.7     TNU)+7.5
−7.3

U/Th ratio fixed

Geochemical model

Total ~ 20 TW

Bulk Silicate Earth (BSE) model



Earth Model Comparison

Geo-ν measurement is in agreement with BSE models

radiogenic
heat flow from  
Earth’s surface

47±2 TW

14.2+7.9-5.1TW
KamLAND result
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Cosmochemical Geochemical Geodynamical

KamLAND 68.3% C.L.

support single  
layer convection

difference between 
primitive meteorite

O. Šramek et al. Earth. Plan. Sci. Letters 361 (2013) 356-366

Model Cosmochem. Geochem. Geodyn.

A 12 ± 2 20 ± 4 35 ± 4

A 43 ± 4 80 ± 13 140 ± 14

A 146 ± 29 280 ± 60 350 ± 35

Th/U 3.5 4 4

K/U 12000 14000 10000

Tot. Power (TW) 11 ± 2 20 ± 4 33 ± 3

Mantle power (TW) 3.3 ± 2.0 12 ± 4 25 ± 3

Mantle Urey ratio 0.08 ± 0.05 0.3 ± 0.1 0.7 ± 0.1

Three classes BSE compositional estimates

Geodynamical prediction with homogeneous  
hypothesis is disfavored at 89% C.L.

All composition models are still consistent  
within ~2σ



      KamLAND-Zen
Advantage of KamLAND

- running detector : start quickly with relatively low cost

- purification of LS, replacement of mini-balloon are possible

Zero Neutrino Double Beta

- big and pure : no BG from external gamma-rays

high scalability (a few ton of Xe)

KamLAND-Zen 	


Phase 1

Xe-LS	


320 kg 	



Xe loaded

   σE(2.5MeV) = 4%

 Xenon loaded LS (Xe-LS) 
　decane                  82% 
　pseudo-cumene   18% 
　PPO              2.7 g/liter 
　xenon             2.44 wt%

Outer-LS	


1 kton

Inner Balloon	


(3.08 m diameter)

Kamioka Liquid Scintillator Anti-Neutrino Detector

136Xe
136Cs

136Ba

single β-decay

double 
β-decay

2.46 MeV

×H 0
H 0

�̄R

�L

M

N̄
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Majorana Mass  
Mechanism
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e
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Purification activity in Jun. 2012 (~1.5 year)
Start phase 2 : 383 kg Xe start in Dec. 2013

Start phase 1 : 320 kg Xe start in Sep. 2011

KamLAND-Zen : funded in 2009 / Fabrication in 2010-2011



inner balloon deployment

heat welding of balloon film balloon went through the black sheet

Construction in 2011

inner balloon

boundary

corrugated tube

corrugated tube

inside view

Xe-LS

Class 1 cleanroom

Class 10-100 cleanroom
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demonstration of Xe on-off measurement



KamLAND-Zen Phase 1 (2012)
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T1/2(136Xe)　　<mββ>　　T1/2(76Ge)

T1/2  > 3.4×1025 yr (combined)
+ EXO-200

(90% C.L.)
<mββ> < 120 - 250 meV

T1/2  > 1.9×1025 yr（KL-Zen） use same NME (parameter)

uncertainty from NME

It is inconsistent with KK claim 
at more than 97.5% C.L. assuming 
light Majorana neutrino and 
available nuclear models



“primary” background source (110mAg)  
can be removed by Xe-LS purification

Improvement Efforts after Phase 1
1. Remove radioactive impurities by Xe-LS purification

2. Increase amount of Xenon

3. Spallation cut after muon
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4. Optimization of volume selection

10C

remove

spallation cut volume 
selection

(1) contamination by Fukushima-I reactor fallout
Two possible sources:

(2) cosmogenic Xe spallation while above ground

candidates of ~2.6 MeV peak
110mAg (250 d), 208Bi (3.68x105 yr), 88Y (107 d), 60Co (5.27 yr)only 4 nuclei

detected in Fukushima falloutlifetime longer than 30 days

Xe-pressurized phase is a future option

(2.44 ± 0.01) wt% (2.96 ± 0.01) wt%
phase 1 phase 2

Xe concentration
increase of S/N ~ 1.2

fiducial volume limitation by 214Bi (U) on the balloon film multi-volume selection

muon-neutron-10C (τ = 27.8 s) triple coincidence 10C background rejection



LS	
  +	
  110mAg new	
  LS new	
  Xe-­‐LS

Purification Strategy

Xe-­‐LS	
  +	
  110mAg

Xe extraction

Xe collection

Xe dissolve

density controlXe purification

purified LS drain 110mAg containing LS

Xenon 
purification

LS 
purification

distillation / getter

water extraction / distillation

1/3 - 1/4 reduction by one replacement
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KamLAND-Zen 	


Phase 2

Xe-LS	


383 kg 	



Xe loaded

Outer-LS	


1 kton

Inner Balloon	


(3.08 m diameter)

candidate events (black points)
214Bi MC simulation (color histogram)

ROI : 2.3 < E < 2.7 MeV

40 equal volume binstarget volume for spectral fit : R < 2.0 m
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larger 214Bi background 
at balloon bottom 

(due to leakage in diaphragm pump)
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Spallation Cut after Cosmic-ray Muon
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ΔR

µ

n

10C

τ (n capture) ~ 207.5 µs

τ(10C) = 27.8 sec

10C
short-lived products 6He, 12B, 8Li

Outer-LS without Xe

Xe-LS (R < 1.0 m)

6 events rejected

72 ± 5%BG rejection efficiency (10C)
signal inefficiency 7%

10C rejection by neutron tagging

Efficient background rejection

Baseline 
restorer and 
signal splitter

1GHz FADC + 
3 range 200 MHz FADC 
for each channel

Trigger module

dead time free electronics

(high detection efficiency for n)

• ΔR < 1.6 m
• ΔT < 180 s

space and time  
correlation cut

MoGURA

2.2 < E < 3.5 MeV

180 sec

τ = 27.8 sec

preliminary 

preliminary 



Visible Energy (MeV)
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Fit to Energy Spectrum for 2νββ

T2ν1/2 > 1.0 ×1022 yr at 90% C.L.

DAMA (2002) Liquid Xe scintillator

EXO-200 (2013) Liquid Xe TPC  
+ scintillator

T2ν1/2 = 2.165 ± 0.016(stat) ± 0.059(syst) × 1021 yr

KamLAND-Zen (2014) Xe loaded liquid scintillator

T2ν1/2 = 2.32 ± 0.05(stat) ± 0.08(syst) ×1021 yr

consistent with KamLAND-Zen Phase 1

consistent with EXO-200

Phase 2 Internal (R < 1.0 m)

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

2νββ

film BG

Spallation
110mAg + 88Y + 208Bi + 60Co

210Bi
85Kr

238U Series

40K

232Th Series

preliminary 



Visible Energy (MeV)
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Visible Energy (MeV)
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Fit to Energy Spectra for 0νββ

preliminary preliminary 

Internal (R < 1.0 m) External (1.0 < R < 2.0 m)

film BGSpallation

Total

0νββ	


(90% C.L.)

Total (0νββ upper limit)

ROI

110mAg + 88Y + 208Bi + 60Co2νββ

preliminary 

T0ν1/2 > 1.3 × 1025 yr

< 17.0 events/day/kton-LS

Limits on 0νββ at 90% C.L.
Fit to Energy-Volume 2D spectra

ROI
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T0ν1/2 > 2.6 × 1025 yr

QRPA NME model 
J. Phys. G 39 124006 (2012)

〈mββ〉< 0.14-0.28 eV

KamLAND-Zen Phase 1

KamLAND-Zen Phase 2

KamLAND-Zen Combined

EXO-200 (2014)

combined result (Phase 1 + 2)

Half-life limit at 90% C.L.

Phase 1

Phase 2

Combined

T0ν1/2 > 1.3 × 1025 yr

T0ν1/2 > 1.9 × 1025 yr

KamLAND-Zen
preliminary 

90%

1σ

Limits on 136Xe half-life and effective neutrino mass are improved

136Xe 0νββ Decay Half-life



383 kg Xe

Prospect for 0νββ Search

Detector improvements are planned in the near future
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KamLAND-Zen Phase 1

KamLAND-Zen Phase 2

KamLAND-Zen Combined

Future sensitivity

KK claim

inverted hierarchy

Phase 2 only 

(383 kg Xe)

next Phase only

(600 kg Xe)

no 110mAg BG / pure or 

scintillating balloon film

assuming best-fit BG

KamLAND2-Zen

 (1,000 kg Xe)

high energy resolution 

pressurized Xe

pure or scintillating  
balloon film

600 kg Xe

KamLAND-Zen

Phase 2

KamLAND-Zen

next phase

KamLAND2-Zen

1,000 kg Xe

test of inverted 
neutrino mass 

hierarchy

now pressurized Xe
high energy resolution

〈mββ〉 = 50 meV

target ⟨mββ⟩ ~ 20 meV

700 - 800 kg Xe 
if possible

Combined
Phase 1

Phase 2

conversion from 76Ge half-life with various NME calculations



KamLAND2-Zen

σ(2.6MeV)= 4% → < 2.5％

accommodate various devices 
CaF2, CdWO4, NaI, … Winstone Cone High Q.E. PMT

Photo-coverage >  x2
Light Collection Eff. >  x1.8

x1.4

17”Φ→20”Φ, ε=22% → 30% 

x1.9

General-purpose High performance

1000 kg enriched Xe

New Liquid Scintillator
KamLAND liquid scintillator   8,000 photon/MeV 
typical liquid scintillator        12,000 photon/MeV  　

naive calc. < 2%

larger crane 
strengthen floor 
enlarge opening

target ⟨mββ⟩ ~ 20 meV / 5 year



Summary

• Double beta decay searches are presented.

T0ν1/2 > 1.9 × 1025 yr

〈mββ〉< 0.14-0.28 eV (QRPA)

Phase 1 (213 days)
Phase 2 (115 days)
Combined

T0ν1/2 > 1.3 × 1025 yr
T0ν1/2 > 2.6 × 1025 yr

• Anti-neutrino results are presented.

• Several detector improvements are planned aiming 
at a test of inverted neutrino mass hierarchy.

- Observed geo-v flux is consistent with Earth model
- Three flavor oscillation analysis of reactor-ν is presented

Δm2 = 7.53       × 10-5 eV2+0.18
−0.18tan2θ12 = 0.436 +0.029

−0.025

sin2θ13 = 0.023 +0.002
−0.002

solar + KamLAND  
+ θ13 experiments

- Limits on 0νββ for 136Xe at 90% C.L. preliminary


