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

fluxes at KamLAND. This running condition provides a unique opportunity to confirm and constrain back-
grounds for the reactor νe oscillation analysis. This data set also has improved sensitivity for searches for other
νe signals, in particular those produced in β-decays from 238U and 232Th within the Earth’s interior, whose
energy spectrum overlaps with that of reactor νe’s. Including constraints on θ13 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 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. Assuming a chondritic Th/U mass ratio, we obtain 116+28
−27 νe events from 238U and

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

imental study of geo νe’s from the decay chains of 238U and
232Th [2]. Later the geo νe 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 νe’s [4].

In this article, we present improved reactor neutrino oscilla-
tion results and geo νe flux measurements including the recent
reactor-off period. For the reactor νe 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 νe’s from many reactors at a flux-
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are taken from [11]. This neutrino spectrum has been
tested to a few percent with short-baseline reactor !!!e
experiments [5,12]. The finite lifetimes of fission prod-
ucts introduce a 0.28% uncertainty to the !!!e flux. The
contribution from Korean reactors is estimated to be
!2:46" 0:25#% based on reported electric power gen-
eration. The rest of the World’s reactors contribute
!0:70" 0:35#% from an estimate using reactor specifica-
tions from the International Nuclear Safety Center [13].
In the absence of !!!e disappearance the expected number
of !!!e events is 86:8" 5:6; the systematic error contribu-
tions are listed in Table II.

The antineutrinos at KamLAND are provided by many
nuclear reactors but the flux is actually dominated by a
few powerful reactors at an average distance of $180 km.
More than 79% of the flux is from 26 reactors between
138–214 km away. One close reactor at 88 km contributes
6.7%; other reactors are more than 295 km away. The
relatively narrow band of distances allows KamLAND to
be sensitive to spectral distortions for certain oscillation
parameters.

Figure 3 shows the energy distribution of delayed co-
incidence events with no energy cuts. A well-separated
cluster of 2.2 MeV capture "’s is evident. One observed
event with delayed energy around 5 MeV and prompt
energy of about 3.1 MeV (not shown in Fig. 3) is consistent
with the expected neutron radiative capture rate on 12C.

The observed space-time correlation of the prompt and
delayed events agrees with expectations, and the mea-
sured capture time of 188" 23 #sec is consistent with
predictions for LS. After applying all the prompt and
delayed energy cuts, 54 events remain. Accounting for
$1 background event the probability of a fluctuation from
86.8 expected is <0:05% by Poisson statistics. The ratio
of observed reactor !!!e events to expected in the absence
of neutrino disappearance is

Nobs % NBG

Nexpected
& 0:611" 0:085!stat# " 0:041!syst#:

Figure 4 shows the ratio of measured to expected flux for
KamLAND as well as previous reactor experiments as a
function of the average distance from the source.

The expected prompt positron spectrum with no oscil-
lations and the best fit with reduced $2 & 0:31 for 8
degrees of freedom for two-flavor neutrino oscilla-
tions above the 2.6 MeV threshold are shown in Fig. 5.
A clear deficit of events is evident. At the 93% C.L.
the data are consistent with a distorted spectrum shape
expected from neutrino oscillations, but a scaled no-
oscillation shape is also consistent at 53% C.L. as deter-
mined by Monte Carlo.

The neutrino oscillation parameter region for two-
neutrino mixing is shown in Fig. 6. The dark shaded
area is the MSW-LMA [19] region at 95% C.L. derived
from [16]. The shaded region outside the solid line is
excluded at 95% C.L. from the rate analysis with
$2 ' 3:84 and

TABLE II. Estimated systematic uncertainties (%).

Total LS mass 2.1 Reactor power 2.0
Fiducial mass ratio 4.1 Fuel composition 1.0
Energy threshold 2.1 Time lag 0.28
Efficiency of cuts 2.1 !!! spectra [11] 2.5
Live time 0.07 Cross section [14] 0.2

Total systematic error 6.4%

FIG. 3 (color). Distribution of !!!e candidates after fiducial
volume, time, vertex correlation, and spallation cuts are ap-
plied. For !!!e events the prompt energy is attributed to positrons
and the delayed energy to neutron capture. Events within the
horizontal lines bracketing the delayed energy of 2.2 MeV are
consistent with thermal neutron capture on protons.
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FIG. 4 (color). The ratio of measured to expected !!!e flux
from reactor experiments [15]. The solid circle is the
KamLAND result plotted at a flux-weighted average distance
of $180 km. The shaded region indicates the range of flux
predictions corresponding to the 95% C.L. LMA region from a
global analysis of the solar neutrino data [16]. The dotted
curve, sin22% & 0:833 and "m2 & 5:5( 10%5 eV2 [16], is rep-
resentative of a best-fit LMA prediction and the dashed curve is
expected for no oscillations.
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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
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Background
In our past publications, major backgrounds were
    Non-ν: 13C (210Po α, n)16O , accidental
    Reactor-ν.

KamLAND has performed intensive purification of 
the liquid scintillator, and the dominant background 
at lower energy, 13C (210Po α, n)16O, has been 
reduced. The uncertainty of the cross section was 
improved by the in-situ calibration. ���!��(�
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FIG. 1: Energy spectrum of 8B candidates with the best-fit spectrum
and background components from the unbinned energy and rate anal-
ysis. The histograms display the results in bins of 0.5 MeV except for
the last bin which due to limited statistics extends from 13.5 MeV to
20 MeV.

Φ8B = 5.140+0.197
−0.207×106 cm−2s−1 [10].

With the 5.5 MeV analysis threshold the background is
dominated by decays of light isotopes produced by muon spal-
lation. An in-depth study of muon activation at KamLAND
can be found in [15]. A study of light isotope production
shows that most (> 80%) light isotope backgrounds are cor-
related with muons which produce more than 700,000 photo-
electrons (p.e.) in the PMT array. We denote these as bright
muons. The rate of bright muons is 0.037 Hz, while the total
rate of muons passing through the LS is 0.198±0.014Hz. We
apply a number of muon-related cuts to reduce these spallation
backgrounds. All events within 200 ms of a preceding muon
are rejected. This time veto of the full detector significantly
reduces the background from 12B/12N. For non-bright muons,
for which the muon tracking algorithm converged successfully
—well-tracked muons— a 5 s veto is applied within a 3-m-
radius cylinder around the muon track. Using the 12B/12N
candidates we determine that 97±6% of spallation products
are contained within this cylinder. For bright muons and any
muon with a poorly reconstructed track, the 5 s veto is ap-
plied to the full detector. These cuts reduce the exposure by
62.4±0.1%, to a total exposure of 123 kton-days. The spal-
lation background events remaining after these cuts are ex-
pected to come mainly from long lived (τ > 1 s) spallation
products, 11Be, 8Li, 8B. The total production rates of these
key isotopes [15], along with the rates correlated to non-bright
muons, are summarized in Table I.

The next-largest background is from external gamma rays
which are primarily the result of (n,γ) reactions in the sur-
rounding rock cavern and stainless steel detector elements.
The external γ-ray spectrum has peaks in reconstructed en-
ergy at 8.5 MeV and 10 MeV from stainless steel, and at
5.5 MeV from neutron capture on silicon in the rock. The

TABLE III: The systematic uncertainties associated with the un-
binned fit to the energy spectrum of the 8B candidates. The detection
efficiency is dominated by our fiducial volume uncertainty.

Source Uncertainty (%)
11Be 10.8

8Li and 8B 3.3
External gamma rays 6.8
Other Backgrounds 1.1
Detection Efficiency 6.3

Energy Scale 0.8

cylindrical fiducial volume was chosen to optimize the shield-
ing for a given exposure. The closest points to the cylindri-
cal external rock cavity are at the balloon equator, while the
closest stainless steel component is a balloon support struc-
ture at the top of the detector. A GEANT4-based Monte
Carlo [22, 23], including the full detector and shielding geom-
etry, simulated the effect of LS self-shielding from sources in
the stainless steel and the rock. The simulation indicates that
gammas are attenuated approximately exponentially with an
attenuation length of 53.0±0.1 cm for rock and 50.7±0.1 cm
for stainless steel. Using data within a 6-m-radius volume,
we observe attenuation lengths for gammas from the rock and
stainless steel of 59.0±1.9 cm and 54.9±1.9 cm respectively.
We estimate 25.2±12.6 electron-recoil-like events from exter-
nal γ-rays in the ROI within the cylindrical fiducial volume.
The uncertainty in the estimate comes from the difference in
the observed and simulated attenuation lengths.

As remarked earlier, events from hep solar neutrinos and
solar neutrino interactions on carbon are treated as a back-
ground. Using the SSM with AGSS09 and the hep spectrum
from [24], we estimate, including oscillation, 0.6± 0.1 elec-
tron recoil events from hep neutrinos in the ROI. In our calcu-
lation we use the ES cross section, neutrino oscillation param-
eters and detector response as was done for the 8B ES calcu-
lation. The uncertainty is dominated by the difference in the
flux prediction of the SSM with the AGSS09 versus with the
GS98 solar abundances.

There are 4.30×1031 carbon nuclei per kton of LS if
we assume a natural 13C of 1.10%. Using the cross sec-
tions calculated in [25], we find the largest νe-C scattering
background contribution to be from charged current (CC)
scattering,13C+νe →13N+e− from 8B. We estimate, includ-
ing oscillation, that scattering to the ground state of 13N
produces 5.8±1.4 events in the ROI; and scattering to the
3.51 MeV first excited, which decays by proton emission, con-
tributes 1.1± 0.4 electron-recoil-like events in the ROI. In this
estimate an additional uncertainty of 30% on the cross sec-
tion is included. The contribution from higher states of 13N,
neutral current (NC) scattering by 8B-ν and hep− ν NC and
CC interactions on carbon is estimated to be less than 0.13
events in the ROI, and is considered negligible given the other
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FIG. 1: (a) Energy spectrum of selected candidate events together
with the best-fit backgrounds and 2νββ decays, and the 90% C.L.
upper limit for 0νββ decays, for the combined data from DS-1 and
DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for
2.2 < E < 3.0MeV after subtracting known background contribu-
tions.

their activity appears to increase proportionally with the area
of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of the 214Bi on the IB drives
the spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can
also be observed in the IB backgrounds located in the 0νββ
window on top of the 214Bi contribution, similar in en-
ergy to the peak found within the fiducial volume. To ex-
plore this activity we performed two-dimensional fits in R
and energy, assuming that the only contributions on the IB
are from 214Bi and 110mAg. Floating the rates from back-
ground sources uniformly distributed in the Xe-LS, the fit
results for the 214Bi and 110mAg event rates on the IB are
19.0± 1.8 day−1and 3.3± 0.4 day−1, respectively, for DS-1,
and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-
tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, where the uncertainties include the uncertainty in
the IB position.

The energy spectra of selected candidate events for DS-1
and DS-2 are shown in Fig. 1. The ββ decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The back-
ground rates described above are floated but constrained by
their estimated values, as are the detector energy response
model parameters. As discussed in Ref. [2], contributions
from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y
(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-
cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0νββ region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to the differ-
ent lifetimes of the considered isotopes. Fig. 2 shows the event
rate time variation in the energy range 2.2 < E < 3.0MeV,
which exhibits a strong preference for the lifetime of 110mAg,
if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ limit we include all candidate
sources in the Xe-LS, considering the possibility of composite
contributions and allowing for independent background rates
before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are
consistent within the uncertainties, and both data sets indicate
a uniform distribution of the Xe throughout the Xe-LS. They
are also consistent with EXO-200 [3] and that obtained with a
smaller exposure [4], which requires the FV cut R < 1.2m to
avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0νββ window are from 110mAg
(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the
Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the χ2 calculation.
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double-beta 
decay

We continue to study neutrino physics with KamLAND.
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KamLAND

6.5m

2000~

1,000 t
Liquid Scintillator

‣Detector Features
1,000t ultra-pure liquid scintillator

232U: 3.5x10-18 g/g, 238Th: 5.2x10-17 g/g

‣Physics

supernova neutrinos, etc.

reactor neutrinos
geo neutrinos

solar neutrinos

electron scattering inverse beta-decayν + e− → ν + e− ν̄e + p → e+ + n

0.4 1.0 2.6 8.5
observed energy 

[MeV]

PRC 84, 035804 (2011)

Nature Vol. 436 (2005)
Nature Geoscience 4, 647-651 (2011)

PRL 100, 221803 (2008)
PRD 83, 052002 (2011)

PRL 92, 071301 (2004)
Astrophys. J. 745, 193 (2011)

Different neutrino physics in a 
wide energy range

‣KamLAND
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2011~

1.54m

Xe loaded LS in 
a mini-balloon

6.5m

‣Physics

‣Detector Features

(~320kg 90% enriched 136Xe installed so far)

136Xe loaded LS was installed in KamLAND 

neutrino-less double beta decay

‣KamLAND-Zen
March 14, Session VIII 
talk by K. Nakamura

Continue to use LS volume outside of mini-
balloon to measure anti-neutrino signals

KamLAND-Zen
Zero Neutrino 

double beta decay search
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‣Terrestrial Heat - Geophysical Activity

formation of 
mountains

earthquake•
volcano

geomagnetic 
reversal

mantle 
convection

plate motion

Question on geophysical activity
• What are energy sources? How much energy?

• How is the mantle convection going; single or multi-layer convection?

• Why does the reversal of the geomagnetism happen, and why so 
frequently and randomly.

→ It is important to find out the origin of the terrestrial heat.
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‣Terrestrial Heat - Heat Balance

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

Surface heat flow : 44.2±1.0 TW

U : 8 TW
Th : 8 TW
K : 4TW

Geo neutrino directly tests radiogenic heat production.

chondrite meteoriteRadiogenic heat : 20 TW
→ In this model, the radiogenic heat 
contribution is nearly half of the Earth’s 
total heat flow.

Possibility of using neutrinos to study the Earth
 was first suggested by Marx, Markov and Eder 
in 1960’s.

Despite of the importance of direct measurement 
of the terrestrial heat source for understanding 
evolution and dynamics of the Earth, there was 
no realistic detector to observe geo-neutrinos.

KamLAND in Japan, a low background and large liquid scintillator detector, 
first established the method of detecting geo-neutrinos in 2005 and further 
improved the measurement in 2008.

Borexino in Italy joined the game and results from a different geological point 
were added in 2010.

Now, we enter the era of obtaining geophysical information from geo-neutrino 
measurements at different geological locations.
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Brief history

McDonough in 
Neutrino 2008

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%)
40K + e� !40 Ar + ⌫e + 1.505 MeV (10.72%)

Bulk Silicate Earth (BSE) model

Direct measurement can answer this question.

Rev. of Geophys. 31, 267-280 (1993)
(recent analysis 47±2 TW Solid Earth 1, 5 (2010))
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‣Geo Neutrino at KamLAND

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 !
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‣Backgrounds for Geo-neutrino
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KamLAND data

C

in-situ calibration with 210Po13C source

Background
In our past publications, major backgrounds were
    Non-ν: 13C (210Po α, n)16O , accidental
    Reactor-ν.

KamLAND has performed intensive purification of 
the liquid scintillator, and the dominant background 
at lower energy, 13C (210Po α, n)16O, has been 
reduced. The uncertainty of the cross section was 
improved by the in-situ calibration. ���!��(�
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PRL100(2008)221803

preliminary

uncertainty of the cross section 
to the ground state is 11%.

LS purification

210Po
210Bi

85Kr

preliminary

PRL100(2008)221803

In our past publications, major backgrounds were
Non-ν: 13C (210Po α, n)16O , accidental Reactor-ν.

13C (210Po α, n)16O
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(3) Operational issues at the power reactor and serious 
earthquakes reduced the reactor neutrino flux.

 Reactor-ν

① July 2007~, extended shutdown of Kashiwazaki-Kariwa 
nuclear power station
② March 2011~, shutdown of entire Japanese nuclear reactor industry

→~60% of normal operation

→~5% of normal operation (discussed later)
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‣Analysis  - Event rate (0.9-2.6 MeV)

NATURE GEOSCIENCE DOI: 10.1038/NGEO1205
ARTICLES
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Figure 2 | Event-rate correlation. a, Expected and measured rates at KamLAND for ⌫e s with energies between 0.9 MeV and 2.6 MeV. The points indicate
the measured rates, whereas the curves show the expected rates for reactor ⌫e s, reactor ⌫e s + other backgrounds, and reactor ⌫e s + backgrounds +
geoneutrinos. The vertical bands correspond to data periods not used owing to high noise resulting from purification activities. b, Measured ⌫e event rates
plotted against the expected rate from reactor ⌫e s + other backgrounds. The dotted line is the best linear fit. The shaded region is the ±1� fit envelope.
The error bars are statistical only.

geoneutrinos, as clarified by Fig. 2b. The best fit gives 65 and 33
geoneutrino events from 238U and 232Th, respectively, when the
concentrations of the two isotopes are varied independently. The
confidence intervals are shown in Fig. 3a. The result is consistent
with the geological reference model4 and provides best-fit values
for the oscillation parameters of 1m2

21 = 7.50+0.19
�0.20 ⇥ 10�5 eV2 and

sin2 2✓12 = 0.84± 0.03, as noted above. These results are slightly
more precise than previous measurements2,19. Fixing the Earth’s
Th:U ratio at 3.9, as predicted by the BSE model of ref. 5 from the
abundances observed in chondritic meteorites, the total number of
geoneutrino events is 106+29

�28, as shown in Fig. 3b. This corresponds
to an (oscillated) electron antineutrino flux of 4.3+1.2

�1.1⇥106 cm�2 s�1

from 238U and 232Th at the Earth’s surface, whereas the total active
geoneutrino flux including all flavours is 7.4+2.1

�1.9 ⇥ 106 cm�2 s�1.
The uncertainties of the Th:U ratio and oscillation parameters
have a negligible effect on the measured geoneutrino flux. The null
hypothesis is disfavoured at the 99.997% confidence level (CL) from
assessing the1� 2-profile (Fig. 3b).

Finally, the suggestion that there may exist a natural nuclear
reactor in the Earth’s core producing ⌫es (ref. 20) was tested by
adding to the fit a reactor spectrum with a varying amplitude.
The spectrum from the hypothetical natural reactor is different
from that of power reactors because there is no distortion due to
neutrino oscillations over the long path from the Earth’s core, only
an energy-independent flux suppression. The flux from the natural
reactor is assumed constant over the duration of the measurement.
In this analysis, solar-neutrino data are used to constrain the
neutrino oscillation parameters, and the 238U and 232Th geoneutrino
rates are allowed to vary. An upper limit of 5.2 TW at the 90%
CL was obtained assuming a fission ratio 235U: 238U ' 0.75:0.25
(ref. 21), slightly more stringent than a previous KamLAND result2.
Borexino, being much farther from man-made reactors, provides a
significantly lower upper limit of 3 TWat the 95%CL (ref. 3).

Radiogenic heat estimation and outlook
Radiogenic contributions to the heating of the Earth in the
framework of the BSE model can be determined from the present
flux measurement. Variations in the compositional model can be
parameterized by weighting factors that multiply the quantities
ai(r0) in equation (1) differently for each region4. The mantle
is of particular interest because radioactivity is suspected to
contribute significantly to mantle convection, which drives plate
tectonics and geophysical activity. With existing geochemical and
geophysical evidence, there is no consensus on whether two-layer
convection, whole-volume convection or something in between is
the appropriate description of the mantle. We attempt to focus
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Figure 3 | CL of geoneutrino events. a, CL contours and best-fit point for
the observed geoneutrino event rates. The small shaded region is favoured
by the reference model4. The dashed line is the locus of points expected
from the BSE model of ref. 5, Th:U = 3.9. b, 1�2-profile from the fit to the
total number of geoneutrino events discussed in the text. In this case the
Th:U ratio is fixed at 3.9. The BSE model prediction is represented by the
shaded band5.
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Figure 2 | Event-rate correlation. a, Expected and measured rates at KamLAND for ⌫e s with energies between 0.9 MeV and 2.6 MeV. The points indicate
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geoneutrinos, as clarified by Fig. 2b. The best fit gives 65 and 33
geoneutrino events from 238U and 232Th, respectively, when the
concentrations of the two isotopes are varied independently. The
confidence intervals are shown in Fig. 3a. The result is consistent
with the geological reference model4 and provides best-fit values
for the oscillation parameters of 1m2

21 = 7.50+0.19
�0.20 ⇥ 10�5 eV2 and

sin2 2✓12 = 0.84± 0.03, as noted above. These results are slightly
more precise than previous measurements2,19. Fixing the Earth’s
Th:U ratio at 3.9, as predicted by the BSE model of ref. 5 from the
abundances observed in chondritic meteorites, the total number of
geoneutrino events is 106+29

�28, as shown in Fig. 3b. This corresponds
to an (oscillated) electron antineutrino flux of 4.3+1.2

�1.1⇥106 cm�2 s�1

from 238U and 232Th at the Earth’s surface, whereas the total active
geoneutrino flux including all flavours is 7.4+2.1

�1.9 ⇥ 106 cm�2 s�1.
The uncertainties of the Th:U ratio and oscillation parameters
have a negligible effect on the measured geoneutrino flux. The null
hypothesis is disfavoured at the 99.997% confidence level (CL) from
assessing the1� 2-profile (Fig. 3b).

Finally, the suggestion that there may exist a natural nuclear
reactor in the Earth’s core producing ⌫es (ref. 20) was tested by
adding to the fit a reactor spectrum with a varying amplitude.
The spectrum from the hypothetical natural reactor is different
from that of power reactors because there is no distortion due to
neutrino oscillations over the long path from the Earth’s core, only
an energy-independent flux suppression. The flux from the natural
reactor is assumed constant over the duration of the measurement.
In this analysis, solar-neutrino data are used to constrain the
neutrino oscillation parameters, and the 238U and 232Th geoneutrino
rates are allowed to vary. An upper limit of 5.2 TW at the 90%
CL was obtained assuming a fission ratio 235U: 238U ' 0.75:0.25
(ref. 21), slightly more stringent than a previous KamLAND result2.
Borexino, being much farther from man-made reactors, provides a
significantly lower upper limit of 3 TWat the 95%CL (ref. 3).

Radiogenic heat estimation and outlook
Radiogenic contributions to the heating of the Earth in the
framework of the BSE model can be determined from the present
flux measurement. Variations in the compositional model can be
parameterized by weighting factors that multiply the quantities
ai(r0) in equation (1) differently for each region4. The mantle
is of particular interest because radioactivity is suspected to
contribute significantly to mantle convection, which drives plate
tectonics and geophysical activity. With existing geochemical and
geophysical evidence, there is no consensus on whether two-layer
convection, whole-volume convection or something in between is
the appropriate description of the mantle. We attempt to focus
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Figure 3 | CL of geoneutrino events. a, CL contours and best-fit point for
the observed geoneutrino event rates. The small shaded region is favoured
by the reference model4. The dashed line is the locus of points expected
from the BSE model of ref. 5, Th:U = 3.9. b, 1�2-profile from the fit to the
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The differential geoneutrino flux at a position r is determined
from the isotopic abundances ai(r0) at the location of the sources, r0,

d8(E⌫,r)
dE⌫

=
isotopesX

i

Ai
dni(E⌫)
dE⌫

Z

�
d3r0 ai(r

0)⇢(r0)P(E⌫,|r�r0|)
4⇡ |r�r0|2 (1)

where the integration extends over the Earth’s volume, Ai is the
decay rate per unit mass, dni(E⌫)/dE⌫ is the ⌫e energy spectrum for
each mode of decay, ai(r0) is in units of isotope mass per unit rock
mass, ⇢(r0) is the rock density and P(E⌫,|r� r0|) is the ⌫e ‘survival’
probability due to the phenomenon of oscillation after travelling a
distance |r�r0|. For the present purpose, the ⌫e survival probability
is well approximated by the two-flavour oscillation formula,

P(E⌫,L)' 1� sin22✓12 sin2
✓
1.271m2

21[eV2]L[m]
E⌫[MeV]

◆
(2)

where L = |r � r0|. ‘Matter effects’ on neutrino oscillations10
are expected to change equation (2) by about 1%, which is
negligible compared with the statistical uncertainty. The oscillation
parameters 1m2

21 and sin2 2✓12 are determined with substantial
accuracy by a combined statistical analysis with KamLAND’s
measurement of ⌫es produced at nuclear reactors and data from
solar-neutrino experiments (assuming charge–parity–time (CPT)
symmetry10), and are given in the next section. Given the size of the
Earth and the values of the neutrino oscillation parameters, for the
energy range of detectable geoneutrinos the second sine function
in equation (2) is well averaged over the volume of the Earth, giving
P(E⌫,L)'1�0.5sin22✓12 to an excellent approximation.

Geoneutrino detection
KamLAND is located under Mount Ikenoyama (36.42� N,
137.31� E), near the town of Kamioka, Japan. The underground
site provides an effective overburden of 2,700m water equivalent,
reducing the cosmic-ray-induced atmospheric muon flux to
5.37 ± 0.41m�2 h�1 (ref. 11). The ⌫e s are detected in 1 kt of
liquid scintillator (LS) through the inverse �-decay reaction,
⌫e + p ! e+ + n, with a 1.8MeV neutrino energy threshold. This
threshold cuts off much of the geoneutrino signal from the 238U
and 232Th decay chains and renders the detector insensitive to 40K
(other unobserved isotopes such as 235U contribute negligibly to
the heating). Using the cross-section from ref. 12, the expected
rate of geoneutrino events from the geological reference model4 is
3.80⇥10�31⌫e per target proton per year. 79% of this rate is due to
238U decays. The prompt scintillation light from the e+ provides an
estimate of the incident ⌫e energy, E⌫e ' Ep +En +0.8MeV, where
Ep is the sum of the positron’s kinetic energy and its annihilation
energy, and En is the average neutron recoil energy of O(10 keV).
The neutron is captured on a proton, emitting a 2.2MeV �-ray
after a mean delay time of 207.5± 2.8 µs following the positron’s
annihilation. The delayed-coincidence signal is a powerful tool for
reducing backgrounds.

The data collected between 9 March 2002 and 4 November
2009 represents a total live-time of 2,135 days. The number of
target protons in the spherical fiducial volume of radius 6.0m is
estimated to be (5.98± 0.12)⇥ 1031, resulting in a total exposure
of (3.49± 0.07)⇥ 1032 target proton years. Data taken during the
LS purification activities exhibited increased PMT noise and were
excluded from the data set.

The fluxes of reactor ⌫es are analysed together with the
geoneutrinos and are calculated using instantaneous thermal
power, burnup and refuelling records for all commercial reactors
in Japan, as provided by a consortium of Japanese electric
power companies. Only four fissile isotopes, 235U, 238U, 239Pu and
241Pu, contribute significantly to the ⌫e spectrum13–15. Spectral
uncertainties were further constrained according to ref. 16.
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Figure 1 | Prompt energy spectrum and event selection efficiency.
a, Prompt energy spectrum of low-energy ⌫e s in KamLAND. The
histograms indicate the backgrounds, whereas the best fit (including
geoneutrinos) is shown in blue. b, Background-subtracted energy spectrum.
The blue shaded spectrum is the expectation from the reference model,
consisting of contributions from U (dashed curve) and Th (dotted curve). c,
Energy dependence of the geoneutrino event selection efficiency averaged
over the data-taking period. Statistical uncertainties are shown for the data
in a, and uncertainties on the background estimation are added in b.

Taking the neutrino oscillation parameter values 1m2
21 =

7.50+0.19
�0.20 ⇥ 10�5 eV2 and sin22✓12 = 0.84± 0.03 from the fit to the

data discussed below, the expected number of reactor ⌫e events
in the geoneutrino energy region (defined as 0.9MeV < Ep <
2.6MeV) is 484.7±26.5, including a small contribution from the
�-decay of the long-lived fission products 90Sr, 106Ru and 144Ce
in spent reactor fuel17. Other backgrounds for ⌫e detection are
mostly from the 13C(↵,n)16O reaction in the LS. Including the
smaller contributions from accidental coincidences, cosmic-ray-
muon-induced radioactive isotopes, fast neutrons and atmospheric
neutrinos, the total number of events between 0.9MeV and 2.6MeV
is estimated to be 244.7±18.4 (SupplementaryNote S2).

We observe 841 candidate ⌫e events between 0.9MeV and
2.6MeV, whereas the predicted number of reactor ⌫e events
and other backgrounds is 729.4 ± 32.3. Taking the excess as
the geoneutrino signal, we obtain 111+45

�43, that is, event yield
analysis without energy and time information. The statistical
significance is 99.55%.

Figure 1a shows the fit from a more powerful unbinned
maximum-likelihood analysis, which takes into account the event
rate, energy and time information in the energy range 0.9MeV<
Ep <8.5MeV, and simultaneously fits geoneutrinos and reactor ⌫e s
including the effect of neutrino oscillations. The oscillation parame-
ters are constrained by solar neutrino flux experiments18, including
the most recent measurement by Sudbury Neutrino Observatory
(SNO; ref. 19). The time of each event gives extra discriminating
power because the reactor ⌫e background varies with time, as shown
in Fig. 2a, as do the accidental and 13C(↵,n)16O backgrounds,
whereas the geoneutrino rate is constant. As the backgrounds vary,
the event rate demonstrates a consistent excess attributable to

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

- exposure : 4126 ton-year
(4.9 times larger than 2005)

- result

9Li 2.0 ± 0.1
Accidental 77.4 ± 0.1

Fast neutron < 2.8
(α, n) 165.3 ± 18.2

Reactor ν 484.7 ± 26.5

candidates 841

BG total 729.4 ± 32.3
excess 111    events+45

-45

Null signal exclusion (rate)
99.55 % C.L.
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geoneutrinos, as clarified by Fig. 2b. The best fit gives 65 and 33
geoneutrino events from 238U and 232Th, respectively, when the
concentrations of the two isotopes are varied independently. The
confidence intervals are shown in Fig. 3a. The result is consistent
with the geological reference model4 and provides best-fit values
for the oscillation parameters of 1m2

21 = 7.50+0.19
�0.20 ⇥ 10�5 eV2 and

sin2 2✓12 = 0.84± 0.03, as noted above. These results are slightly
more precise than previous measurements2,19. Fixing the Earth’s
Th:U ratio at 3.9, as predicted by the BSE model of ref. 5 from the
abundances observed in chondritic meteorites, the total number of
geoneutrino events is 106+29

�28, as shown in Fig. 3b. This corresponds
to an (oscillated) electron antineutrino flux of 4.3+1.2

�1.1⇥106 cm�2 s�1

from 238U and 232Th at the Earth’s surface, whereas the total active
geoneutrino flux including all flavours is 7.4+2.1

�1.9 ⇥ 106 cm�2 s�1.
The uncertainties of the Th:U ratio and oscillation parameters
have a negligible effect on the measured geoneutrino flux. The null
hypothesis is disfavoured at the 99.997% confidence level (CL) from
assessing the1� 2-profile (Fig. 3b).

Finally, the suggestion that there may exist a natural nuclear
reactor in the Earth’s core producing ⌫es (ref. 20) was tested by
adding to the fit a reactor spectrum with a varying amplitude.
The spectrum from the hypothetical natural reactor is different
from that of power reactors because there is no distortion due to
neutrino oscillations over the long path from the Earth’s core, only
an energy-independent flux suppression. The flux from the natural
reactor is assumed constant over the duration of the measurement.
In this analysis, solar-neutrino data are used to constrain the
neutrino oscillation parameters, and the 238U and 232Th geoneutrino
rates are allowed to vary. An upper limit of 5.2 TW at the 90%
CL was obtained assuming a fission ratio 235U: 238U ' 0.75:0.25
(ref. 21), slightly more stringent than a previous KamLAND result2.
Borexino, being much farther from man-made reactors, provides a
significantly lower upper limit of 3 TWat the 95%CL (ref. 3).

Radiogenic heat estimation and outlook
Radiogenic contributions to the heating of the Earth in the
framework of the BSE model can be determined from the present
flux measurement. Variations in the compositional model can be
parameterized by weighting factors that multiply the quantities
ai(r0) in equation (1) differently for each region4. The mantle
is of particular interest because radioactivity is suspected to
contribute significantly to mantle convection, which drives plate
tectonics and geophysical activity. With existing geochemical and
geophysical evidence, there is no consensus on whether two-layer
convection, whole-volume convection or something in between is
the appropriate description of the mantle. We attempt to focus
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Figure 3 | CL of geoneutrino events. a, CL contours and best-fit point for
the observed geoneutrino event rates. The small shaded region is favoured
by the reference model4. The dashed line is the locus of points expected
from the BSE model of ref. 5, Th:U = 3.9. b, 1�2-profile from the fit to the
total number of geoneutrino events discussed in the text. In this case the
Th:U ratio is fixed at 3.9. The BSE model prediction is represented by the
shaded band5.
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- U/Th mass ratio fixed (Th/U = 3.9)

earth model prediction
EPSL 258, 147 (2007)

Ngeo = 106     events+29
-28

Fgeo = 4.3     × 106/cm2/sec+1.2
-1.1

(38.3      TNU)+10.3
-9.9

0 signal rejected at 
99.997% C.L.

(> 4σ C.L.)
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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
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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

Mantle+Crust Mantle

crust (238U, 232Th)  7.0 TW
40K, 235U                4.3 TW
mantle   (44.2-7.0-4.3)TW

uniform mantle
mantle bottom only

fully-radiogenic model
EPSL 258, 147 (2007)

238U, 232Th    16 TW
40K, 235U      4.3 TW

earth model prediction
EPSL 258, 147 (2007)

✓The observed flux is consistent with the 20 TW model
     238U+232Th (10±9 TW, KamLAND data) + crust (7.0 TW) + other isotopes (4.3 TW) ~ 21 TW
✓Fully-radiogenic models are disfavored

KamLAND only             2.4 σ C.L.
KamLAND + Borexino  2.3 σ C.L.

total heat flow (44.2 TW)
 - crust contribution (7.0 TW)
 - other isotopes (4.3 TW)

※ assume homogeneous mantle

 No modelling uncertainties are shown.

Nature Geosci. 
4, 647 (2011)
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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
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‣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
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‣Neutrino Oscillation
�e �µ ��

5

Measured by 

solar ! experiments

 & by KamLAND

3 eigenstates of mass, flavor:

Unitary matrix UPMNS : 3 Euler rotation angles + 1 CP phase

Conventionally (and usefully), same rotation ordering as in UCKM:

Solid starting point: the 3! mixing paradigm

Measured by atmospheric

and accelerator  

! experiments

Mainly constrained by

reactor experiments

(CHOOZ, PaloVerde)

Unitary matrix UPMNS : 6 parameters

13 12~0.5 ~0.02 ~0.3

atmospheric reactor solar, KamLAND

3 mixing angle, 2 mass difference, 1 CP phase
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Parameters are investigated by neutrino oscillation experiments
(solar, atmospheric, accelerator and reactor neutrinos)
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‣Recent Condition : reactor operation in Japan

March ‘11 earthquake

- Reactor neutrino flux, which is outside the control of 
the experiment, was significantly reduced.

- Following the Fukushima nuclear accident in March 
2011, the entire Japanese nuclear reactor industry has 
been subjected to protected shutdown.

- This situation allows for a “reactor on-off” study of 
backgrounds for KamLAND neutrino oscillation and 
geoneutrino analysises.

time variation of neutrino flux

all reactor-off period 
(~3months)

July ’16 earthquake
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Good condition to confirm solar neutrino oscillation

175 ± 35 km ~ 20%

ΔL (distance spread from reactors)

ΔE (energy resolution)

17 inch PMTs

17 inch + 20 inch

7.4% /  E(MeV)

6.5% /  E(MeV)

P (⇥e ! ⇥e) = 1� sin2 2� sin2(
1.27�m2[eV2]l[m]

E[MeV]
)

2 flavor neutrino oscillation

most sensitive region

�m2 = (1/1.27) · (E[MeV]/L[m]) · (�/2)

⇠ 3⇥ 10�5eV2

LMA solution

KamLAND Experiment

KamLAND

distance (km)

before 2010
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‣Data-set & Systematic Uncertainties
March ‘11earthquake

2011 data

KamLAND-Zen 
Phase

2011 data-set : 2135 days
3.49×1032 proton-year

2013 data-set : 2991 days
4.90×1032 proton-year

- 1.4 times of 2011 data-set
- Includes ~1year low-reactor 
operation period
- Data collected after KamLAND-
Zen construction is also included.

PRD 83, 052002 (2011)

update

- Data-set

5

is highly model-dependent, the event rates from the U and Th
decay chains are not constrained in the oscillation analysis;
only the prompt energy spectrum shapes, which are indepen-
dent of the Earth model, are used to constrain their contribu-
tion. A possible contribution from a hypothetical reactor-νe

source at the Earth’s center, motivated by [20] and investigated
in [4] and [2], is neglected in the oscillation and geoneutrino
analysis, but is addressed briefly below.

In Period 1, the dominant background is the 13C(α, n)16O
reaction, generated from the α-decay of 210Po in the LS.
The neutrons in this reaction are produced with energies
up to 7.3 MeV, but the visible energy is quenched to below
2.7 MeV. Accounting for the energy-dependent efficiency of
the Lcut(Ep), the estimated number of 13C(α, n)16O back-
ground events is 207.1±26.3 in the energy region 0.9MeV <
Ep < 8.5MeV. The accidental background, which domi-
nated in Period 2 and 3, is measured with an out-of-time de-
layed coincidence window from 10 ms to 20 s to be 125.5±
0.1events. Including smaller contributions from cosmogeni-
cally activated radioactive isotopes, fast neutrons produced by
cosmic-ray muons, and atmospheric neutrinos, the total back-
ground is estimated to be 364.1 ± 30.5 events. The back-
grounds are detailed in Table I.

VI. ANTI-NEUTRINO MEASUREMENT AND
OSCILLATION ANALYSIS

After all selection cuts, we expect 3564 ± 145 events from
reactors in the absence of νe disappearance, and 364.1± 30.5
events from the backgrounds. The observed number is 2611
events.

To extract the neutrino oscillation parameters and geoneu-
trino fluxes anti-neutrino data is analyzed with an un-
binned maximum-likelihood method, which takes into ac-
count the event rate and time information in the energy region

TABLE II: Estimated systematic uncertainties for the neutrino oscil-
lation parameters ∆m2

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

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

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

Rate Fiducial volume 1.8 / 2.5 νe-spectra 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
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FIG. 3: Prompt energy spectrum of νe candidate events above 0.9
MeV energy threshold (vertical dashed line) for each period, denoted
in the text. The background, reactor and geo νe contributions for
each period are fitted simultaneously from an unbinned maximum-
likelihood analysis in three-flavor oscillations. This fit is free from
constraints on the oscillation parameters from other experiments.
The prompt energy spectra of νe candidate events in the low-energy
region are also shows in the small panels. The top panel shows the
energy-dependent selection efficiencies for each period.

0.9MeV < Ep < 8.5MeV. The χ2 is defined by

χ2 = χ2
rate(θ12, θ13, ∆m2

21, NBG1→5, N
geo
U,Th,α1→4)

−2 lnLshape(θ12, θ13, ∆m2
21, NBG1→5, N

geo
U,Th,α1→4)

+χ2
BG(NBG1→5) + χ2

syst(α1→4)

+χ2
osci(θ12, θ13, ∆m2

21) . (8)

The terms are, in order: the χ2 contribution for (i) the to-
tal rate, (ii) the prompt energy spectrum shape, (iii) a penalty
term for backgrounds, (iv) a penalty term for systematic un-
certainties, and (v) a penalty term for oscillation parameters.

- Systematic Uncertainties
before/after purification - Anti-neutrino spectra were updated

235U, 239Pu, 241Pu: re-evaluation of ILL (P. Huber)
238U: theoretical calculation (Th. Mueller et al.)

- Normalization by Bugey-4 was used
  (same method as Double Chooz result)

* Bugey-4 : short baseline (14m), performed 
most precise measurement of the neutrino 
inverse beta decay cross section.
* The cross section per fission was normalized.



Inner Balloon
(3.08 m diameter)

Photomultiplier Tube

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney

Fiducial Volume
(12 m diameter)

LS 1 kton

Xe-LS 13 ton
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‣Anti-neutrino Analysis in KamLAND-Zen Phase

- Vertex cut conditions 
To minimize accidental coincidences, we 
apply Xe LS cut for KamLAND-Zen Phase in 
R < 6.0m fiducial volume.

R > 2.5m, cylinder cut (ρ > 2.5m, Z > 0)
(cut out volume 16.6% of R<6m)

- Data stability of KamLAND region
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expected ratio

KamLAND-Zen Phase

preliminary

12B N6m/Ntotal vs time with Xe LS Cut

- Event rate has been 
stable.
- difference before and 
after purification : 2.5%
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- event rate time variation (2.6-8.5 MeV)
preliminary construction of 

KamLAND-Zen

~2012 November

- We continue to collect data for anti-neutrino analysis 
after KamLAND-Zen construction.

- The recent long-term shutdown of Japanese nuclear 
reactors has resulted in significant reduced reactor anti-
neutrino fluxes.

- Data points have good agreement with expected rate. 

all Japanese 
reactors 

shutdown
(~3 months)
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March ‘11 
earthquake

2011 result

‣Analysis  - Event rate (2.6-8.5 MeV)

oscillation parameters : KamLAND best-fit Year
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- Expected Rate vs Observed Rate (2.6-8.5 MeV)

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

- Lower three data points can be added by 
using low-reactor operation period. 

- Strong correlation between expected and 
observed event rate.

2011 result
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‣Analysis  - Correlation (2.6-8.5 MeV)

Expected total
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‣Analysis : L/E plot
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‣Analysis : Oscillation Parameters Measurement (1)
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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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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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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
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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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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
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−0.034. Fig. 4 compares the allowed re-
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−0.026, ∆m2
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−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,
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The best-fit values for the different data combinations and
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combined analysis of the solar and KamLAND data. The side panels
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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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ues from three-flavor unbinned maximum-likelihood analysis of the
KamLAND data.

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

‣Analysis : Oscillation Parameters Measurement (2)
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‣The KamLAND experiment measures anti-neutrino from various 
sources over a wide energy range.

‣Geo-neutrino (available at Nat. Geosci.4, 647 (2011))
- Neutrino measurement started to examine Earth models
- KamLAND firstly showed such result

‣Reactor-neutrino (preliminary result)
- The updated data benefits from the significant reduction of reactor anti-
neutrino’s due to the long-term shutdown of commercial nuclear reactors 
in Japan.
- The anti-neutrino analysis results including KamLAND-Zen phase are 
presented for the first time.

‣Geo-neutrino analysis results including low-reactor period data will 
be presented at Neutrino Geoscience 2013 in Takayama, Japan.


