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Atsuto Suzuki :
Message for the 

KamLAND Collaboration 

Taking advantage of this good opportunity, I sincerely thank Masatoshi Koshiba, the 2002 
Nobel Laureate in Physics. His invitation to join the Kamiokande group at the University of 
Tokyo in 1982 empowered my research activity. I was able to invest lots of effort in 
developing the 20-inch photomultiplier, in improving the neutrino detection sensitivity for 
Kamiokande, and in designing/constructing the Kamiokande and Super-Kamiokande 
detectors. All these experiences led me to propose and promote a new neutrino experiment, 
called KamLAND, which was optimized for detecting anti-neutrinos, replacing the 
Kamiokande detector. I gratefully acknowledge my colleagues at Kamiokande, Super-
Kamiokande and KamLAND for encouraging me to chase neutrinos. I also would like to 
thank the local residents for supporting and hosting us through three generations of neutrino 
projects at Kamioka.

In addition to the prize winners, the collaboration would like to acknowledge the contribution 
of Stuart Freedman who passed away before the Breakthrough Prize was awarded.
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SSM prediction

Jan.1987-May1988

Before KamLAND Mystery of the Solar ν deficit :
1/3~1/2 of the prediction

Standard solar model
4p→4He+2e++2νe
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Solar neutrino problem (SNP) !
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Strong evidence for νflavor conversion and consistent 
with LMA solution of the solar ν oscillation, but the 

solution was not uniquely determined. 

Flavor transformation
νe→νx H.Murayama

νe         +d→e-+p+p [CC]
νx             +d→νx             +p+n [NC]
νx             +e→νx             +e [ES]

60 14. Neutrino mixing
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Figure 14.8: Fluxes of 8B solar neutrinos, !("e), and !("µ,! ), deduced from
the SNO’s CC, ES, and NC results of the salt phase measurement [192]. The
Super-Kamiokande ES flux is from Ref. 237. The BS05(OP) standard solar model
prediction [98] is also shown. The bands represent the 1# error. The contours show
the 68%, 95%, and 99% joint probability for !("e) and !("µ,! ). The figure is from
Ref. 192.

with obvious notation. This result showed clear evidence of an event deficit expected
from neutrino oscillations. The 95% CL allowed regions are obtained from the oscillation
analysis with the observed event rates and positron spectrum shape. A combined global
solar + KamLAND analysis showed that the LMA is a unique solution to the solar
neutrino problem with > 5# CL [238]. With increased statistics [16,239,240], KamLAND
observed not only the distortion of the "̄e spectrum, but also for the first time the periodic
dependence on the neutrino energy of the "̄e survival probability expected from neutrino
oscillations (see Fig. 14.9).

It should be noted that with accumulation of precise solar neutrino data, analyses
using only solar neutrino data [241,242,198] have attained su!ciently high statistical
significance (> 99.73% or > 3# CL) to show the LMA solution to be the real solution to
the solar neutrino problem without resorting to the KamLAND data, namely, without
assuming CPT invariance, though the allowed "m2

21 range is better determined by the
KamLAND data.

The values of "m2
21 and $12 have been frequently updated by experimental groups

or by phenomenological analysis groups, using the global solar neutrino data, or the
KamLAND data alone, or the global solar + KamLAND data, or the global neutrino

October 6, 2016 11:02

PRL C72, 055502 (2005)
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Reactor ν experiment 
Many challenges were made to the ν problem !

e-νe

νee-

235U, 238U, 
239Pu, 241Pu

n
~ 6 beta decays
Average

~ 200MeV/fission

Intense and 100% pure νe source !

5.6×1020νe    /s
3GWthermal

(1/4 for Eν>1.8MeV)

Fission

βdecays

Neutron rich
fragments

n
n
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Reines/Cowan
1950’s

Basically the same technique has been used to date !

νe detection

Identification of νe
Background suppression
Eν =Evis+0.8MeV (>1.8MeV)

Delayed coincidence technique of 
prompt e+ and delayed neutron detection

LS+PMT

(Eν  1.8MeV)>～
νe    +p→e++n

(Evis=Te+2me)
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Reactor ν experiment 

● Disappearance experiment.
● Relatively low E to get a large L/E factor to search for small Δm2.
● Flux and spectrum are well understood. 
=> No front detectors as opposed to accelerator ν experiments. 
● Free to get the ν “beams”.

subtraction methods. As explained in detail later, even
in the case of KAMLAND, which observes the neutri-
nos from about 70 reactor cores, a substantial flux
modulation is provided by the coincidence of scheduled
refueling outages in the spring and fall, when electricity
demand is lowest.

Finally, we remark here that the fully isotropic flux
produced by nuclear reactors eliminates the problems
related to beam pointing that are present in experiments
using accelerators. While the pointing accuracy required
in these experiments is well within the present technol-
ogy, a foolproof cross check of the beam detector align-
ment is certainly not trivial to obtain.

In conclusion, reactor-based and accelerator-based ex-
periments offer complementary approaches to the quest
for neutrino oscillations. It is likely that only combined
efforts on these two fronts, together with other studies
such as the search for neutrinoless double ! decay, will
allow us to elucidate the problem of mixing in the lepton
sector.

III. REACTOR NEUTRINO SPECTRUM AND FLUX
DETERMINATION

Since reactor-based oscillation experiments are of the
disappearance type, the accurate determination of the "̄e
spectrum and its absolute normalization are essential in-
gredients of the measurements. We note here that for
oscillation parameters well within the experimental sen-
sitivity, the evidence for oscillations would manifest it-
self as a deficit of events accompanied by a distortion of
the energy spectrum, as shown by the example in Fig. 4.
However, as the true value of the oscillation parameters
moves closer to the sensitivity boundary of the experi-
ment, the spectral shape loses power, and the accuracy
of the measurements essentially relies on the total event
count and, hence, the knowledge of the absolute reactor
flux. This last scenario also corresponds to the more
usual case, in which no oscillations are observed and an
upper limit is set, as well as to the case of large #m2, in
which the spectrum distortions are washed out.

While in this section we shall concern ourselves
mainly with a priori reactor "̄e yield determinations,
multiple-baseline measurements are possible and have
been performed in the past at the Goesgen (Zacek et al.,
1986) and Bugey (Achkar et al., 1995, 1996) reactors.
Indeed, such measurements helped instill confidence in
the reactor yield estimates, and, although they were not
the main goal of CHOOZ and PALO VERDE, they
have recently been proposed (Mikaelyan, 2000) for a
more accurate determination of the mixing angle $13 for
the atmospheric neutrino region. CHOOZ could take
advantage of the %115 m distance between the reactors
to derive weaker exclusion limits, which were however
less affected by systematics.

A. Antineutrino production

The determination of the "̄e yield proceeds schemati-
cally in three steps. First, the thermal power of each

reactor core is measured accurately and essentially con-
tinuously. Based on such measurements, and starting
from the initial fuel composition, the burnup state can
be computed as a function of time. Small corrections
due to other reactor parameters that modify the critical-
ity of the core are also introduced at this time. Reactor
simulation codes are often used at this stage and pro-
duce an accurate instantaneous fission rate for each of
the relevant isotopes through the fuel cycle. In the sec-
ond step the neutrino spectrum is derived from the fis-
sion rate. Finally, the neutrino spectrum emitted by the
reactors must be converted into an estimate of the ex-
perimental observable, the positron spectrum in the de-
tector. Each of these steps will be explained in a sepa-
rate subsection.

Typical modern commercial light-water reactors have
thermal powers of the order of 3 GWth . This figure ap-
plies to both pressurized-water reactor and the less com-
mon boiling-water reactor designs. In both cases the fuel
is enriched to 2–5 % in 235U. Since on average each
fission produces &200 MeV and &6 "̄e , we conclude
that the typical yield is &6!1020 "̄e core"1 s"1 (of
course part of this flux will be below the detection
threshold; see Fig. 2).

It is easy to understand why &6 "̄e are produced per
fission. Take, as an example, the most common 235U fis-
sion, which produces two unequal fragments and typi-
cally two new neutrons that sustain the chain reaction,

FIG. 4. Expected positron energy spectra: solid line, no oscil-
lations; dashed line, oscillations with parameters #m2#7.2
!10"3 eV2 and sin2 2$#1 at the CHOOZ (L!1 km) experi-
ment; dotted line, the same oscillations at the PALO VERDE
(L!0.8 km) experiment. Adapted from Harrison, Perkins,
and Scott (1996).
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If Δm2~10-3eV2, experiment with 
L~1km will observe the evidence.
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No oscillation was found up to O(103)m 
baseline in 1990s.

Chooz

thermal power of 8.5 GWth , and the two reactors
reached full power in May and August, 1997, respec-
tively. The experiment took data from April 1997 until
July 1998, under the conditions specified in Table II.

The apparatus, schematically shown in Fig. 17, con-
sisted of a central volume of scintillator with a mass of 5
tons, where !̄e’s were detected. This scintillator was con-
tained in an acrylic vessel (region 1) that separated it
from a 70-cm-thick shielding layer of mineral oil (region
2). 192 eight-inch photomultiplier tubes (PMT’s) were
mounted onto a steel vessel that, in turn, mechanically
and optically isolated the central detector from the outer
veto counter. The central detector had a photocathode
coverage of 15% and a light yield of "130
photoelectrons/MeV (Baldini et al., 1996). The 90-ton
veto scintillator was at least 80 cm thick and was read
out with two rings of 24 eight-inch PMT’s; the outer con-
tainment tank was painted with white reflective paint.
An outer layer (75 cm thick) of low-activity sand pro-
vided primary shielding from the rock.

Laser flashers were installed to monitor the detector
performance, and radioactive sources could be inserted
into the central region of the detector through special
pipes. The detector energy response was calibrated daily
with 60Co, 252Cf, and AmBe # and n sources in order to

FIG. 16. Aerial view of the CHOOZ power plant. The detec-
tor is located in a tunnel under the hills on the bottom right of
the photograph. FIG. 17. Schematic drawing of the CHOOZ detector.

TABLE II. Summary of the CHOOZ data-taking conditions.

Time (h) ! Wthdt $GWhth%

Total run 8761.7
Live 8209.3
Dead 552.4
Reactor 1 ON only 2058.0 8295
Reactor 2 ON only 1187.8 4136
Both reactors ON 1543.1 8841
Both reactors OFF 3420.4 0

TABLE I. Main properties of the liquid scintillators used in
the CHOOZ experiment.

Gd loaded Unloaded

Chemical
content:
Basic compound Norpar-15 a Mineral oil

(50% vol.) (92.8% vol.)
Aromatics and IPB b !hexanol IPB
alcohols (50% vol.) (7.2% vol.)
Wavelength p-PTP c !bis-MSB d PPO e ! DPA f

shifters (1 g/l) (1.5 g/l)
Atomic mass
composition:
H 12.2% 13.3%
C 84.4% 85.5%
Gd 0.1%
Others 3.3% 1.2%
Compatibility acrylic, Teflon
density (20 °C) 0.846 g/ml 0.854 g/ml
Flash point 69 °C 110 °C
Scintillation yield 5300 photons/MeV ("35% of anthracene)
Optical 4 m 10 m
attenuation length
Refractive index 1.472 1.476
Neutron 30.5 &s 180 &s
capture time -
Thermal neutron " 6 cm " 40 cm
capture path
length
Capture 84.1%
fraction on Gd

aNorpar-15 is a trademark of Exxon Mobil Corporation.
bMonoisopropylbiphenyl.
cp-Terphenyl.
dp-Bis(0-methylstyryl)benzene.
e2,5-Diphenyloxazole.
f9,10-Diphenylanthracene.
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Ratio of Bugey3 measurement to 
the predicted νe spectra from β 
spectra measurements of 235U, 
239Pu, 241Pu and calculation of 
238U.  

Flux and spectrum of reactor νe    s 
are well understood to ~2% !

The good agreement between the Bugey 3 data and
the nonoscillation predictions is shown in Fig. 10. In
panel (a) the prediction is generated purely from theory.
Of more practical importance is panel (b), where the
prediction is derived from ! spectra (except for 238U, for

which theory is used). In this case a fit to a horizontal
line gives a level of 0.99 with "2/DOF (degree of
freedom) !9.2/11.

For reference we give in Fig. 11 the time evolution of
the #̄e interaction rate expected in the PALO VERDE
detector, calculated as described above from the plant
data. This time evolution is typical of a plant with more
than one reactor. Refueling outages (about 1 month long
each) give different rate excursions due to the different
distances between the reactors and the detector. Short
accidental reactor trips are also visible along with the
steady rate decline through the reactor cycle due to fuel
burnup.

In Fig. 12 the measured effect of the changing reactor
fuel composition is shown for the CHOOZ experiment.
At the same time, the figure demonstrates how small
that effect really is. We plot in Fig. 12 $ f /Ef , since the
number of events n# at a given time and fuel composi-
tion is

n#!
1

4%R2
Wth

Ef
Np&$ f , (26)

where R is the distance, Np is the number of protons, &
is efficiency for the event detection, $ f is the effective
cross section per fission, and Ef is the average energy
per fission; $ f and Ef are both sensitive to the burnup.

In conclusion, the #̄e spectra and their absolute nor-
malization are known to about 2% accuracy. Obviously,
the reactors as #̄e sources are perfectly isotropic. The
differences between various reactors and the time
changes due to the fuel burnup are small and well un-
derstood. They do not cause additional uncertainty.
Thus, for the reactor neutrino oscillation searches at a
few percent accuracy, no short-distance ‘‘monitor’’ de-
tectors are needed. One can simply compare the mea-

FIG. 9. Positron spectrum observed by the Goesgen experi-
ment for three different baselines (Zacek, 1984): upper lines,
fits to the data; lower lines, predictions obtained as described
in the text, using the measurements of Schreckenbach et al.,
1985, and Hahn et al., 1989, for 235U, 239Pu, and 241Pu and
theoretical calculations for 238U.

FIG. 10. Ratio between Bugey 3 measurements and different
predictions: (a) comparison of the measurements to the a pri-
ori calculations of Klapdor and Metzinger (1982a, 1982b); (b)
comparison of Bugey 3 data to the prediction obtained using
the ! spectra measurements of Schreckenbach et al. (1985) and
Hahn et al. (1989), and the calculation mentioned for 238U.
The dotted envelopes are estimates of the overall systematics.
Adapted from Achkar et al. (1996).

FIG. 11. Expected number of #̄e interactions in the PALO
VERDE detector during the '2 years of data taking of the
experiment. Note that one reactor is closer to the experiment
while the other two are equidistant; this explains the different
excursion for one of the refuelings. The steady decline in #̄e
interactions during the cycle is the effect of fuel burnup.
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KamLAND
Kamioka 

Liquid scintillator
Anti-Neutrino Detector
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Prof. M.Koshiba
gave KamiokaNDE to 

A.Suzuki ! 

A.Suzuki wanted a new 
experiment for neutrinos not 
using water but using Oil (LS)! 

Super-
Kamiokande

World’s largest LS detector!World’s largest 
Water detector!

KamLAND

(～1990s)

KamiokaNDE

Y.Totsuka Challenge to the SNP !
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KamLAND
LS mass～1000ton
Baseline～O(100)km

Explore 
Δm2～O(10-6) eV2

LMA region

Δm2=7×10-5 eV2

Δm2=2×10-5 eV2

No Oscillations
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whose decay the neutrinos are produced. For this reason
low-energy neutrinos are generally produced over large
solid angles, while high-energy ones may come in rela-
tively narrow beams. Obviously a reactor emits !̄e’s in a
completely isotropic way, and this, together with the
modest interaction cross sections available at low en-
ergy, makes the specific signal rates rather low. At the
same time, however, low-energy neutrinos provide us
with a unique opportunity to probe the lowest regions of
"m2 that are otherwise beyond the reach of accelerator-
based searches. Some of these tradeoffs are well illus-
trated by Fig. 3, where the "m2 sensitivity is shown,
together with the necessary baseline, versus the reactor
power and detector fiducial mass.

Oscillation searches using reactors as sources are par-
ticularly important today, since several of the indications
for neutrino oscillations shown in Fig. 1 point to regions
of the parameter space at small "m2 and nearly full
mixing. Hence two reactor-based experiments, CHOOZ
and PALO VERDE, were performed to investigate the
phenomenon of atmospheric neutrinos as !̄e! !̄x oscil-
lations. Such experiments, described in detail below, had
baselines of about 1 km and fiducial masses of the order
of 10 tons. In comparison, the much more complex
accelerator-based Main Injector Neutrino Oscillation
Search (MINOS) between FNAL and the Soudan mine
(Wojcicki, 2001a) and analogous projects between
CERN and Gran Sasso, OPERA and ICARUS (Oscil-
lation Project with Emulsion-Tracking Apparatus and
Imaging Cosmic and Rare Underground Signal utilizing
a liquid argon tracker; for a brief description, see, for
example, Wojcicki, 2001b), will access similar "m2 val-
ues with GeV-energy neutrinos and a baseline of the
order of 1000 km. However, the 5400-ton MINOS detec-
tor and its analogs at Gran Sasso will also be able to
investigate oscillation channels not including !̄e and

reach a mixing parameter sensitivity substantially better
than 1%.

The reactor-based KAMLAND experiment, with a
baseline larger than 100 km, will offer a unique oppor-
tunity of testing, with man-made neutrinos, the large-
mixing-angle MSW solution of the solar neutrino puzzle.
In this case the restriction to !̄e! !̄x oscillations does not
limit the interest of the experiment (since solar neutri-
nos certainly do involve !e), while its "m2 sensitivity is
well beyond what can be practically achieved by accel-
erators (in comparison, similar "m2 sensitivity could be
achieved in an accelerator-based experiment with base-
lines of order 105 km, larger than the diameter of the
earth).

Of course, the relatively lower energy of neutrinos
from reactors pushes the optimization of reactor-based
experiments to concentrate on the reduction and rejec-
tion of backgrounds from natural radioactivity, which is
hardly an issue in accelerator-based detectors. In this
respect the correlated signature of the inverse-# process,
the detection of the e! and neutron, plays a very impor-
tant role.

While in the case of neutrinos produced by accelera-
tors the experimenter has full control over the status of
the beam, the flux of !̄e’s cannot be changed at will in
commercial power nuclear reactors. However, in prac-
tice, typical reactor optimization requires a refueling
shutdown every 12 to 24 months. Such shutdowns usu-
ally last about a month, providing a convenient flux
modulation that can be used to validate background

FIG. 2. Reactor !̄e flux, inverse-beta-decay cross section, and
!̄e interaction spectrum at a detector based on such a reaction:
(a) and (b) refer to a 12-ton fiducial mass detector located 0.8
km from 12-GWth power reactor.

FIG. 3. Neutrino "m2 sensitivity as a function of total reactor
power and detector fiducial mass for detection based on the
inverse-# reaction discussed in the text. The baseline scales
with the "m2 sensitivity sought according to Eq. (8). The fidu-
cial mass"power necessary for the experiment grows with the
square of the baseline. The past experiments are labeled by the
name of the reactor complex used. The approximate year of
the experiment is also indicated to show that the increased
baseline and "m2 sensitivity more or less followed the chro-
nological order.
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KamLAND : Unique place for reactor ν experiment
L=175±35km 
Total reactor 
power ～80GWth
Φν～106/cm2s

>1/2 of the Japanese 
power reactors

～7.5% of the world’s 
reactor power.

Kashiwazaki

Shika
Tsuruga
Mihama

Ohi
Takahama

Hamaoka

Number of events 
expected in 
KamLAND

KamLAND
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Oil purification system

Detector 

Mt. Ikenyama

KamLAND

N2 gas system Water system

Controlroom

Balloon (EVOH/Nylon^3/EVOH, 135μm)

13m

Stainless steel tank (18mφ)

Liquid Scintillator (~1kton, 
Normal dodecane+ PC+PPO )
Buffer oil

1879 PMT array
(17”(1325)+20”(554))

Calibration
system Electronics

hut

KamLAND

Outer detector (OD) : 3.2kton water 
Cherenkov detector with 225 20”PMTs 

~12cm/√E[MeV]

6.5%/√E[MeV]

Vertex resolution

Energy resolution

20m

Location: former Kamiokande site.
Kamioka mine, 2700m w.e., Cosmic 
ray flux 1/100,000 of the earth level.

Rock

15



Construction 
of 

KamLAND
1998～2001

Very quickly !
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Dismantling Kamiokande
Cavity excavation 
Enlarge the tunnel
 Tank construction 

Mine road (Before)

Dismantling the 
Kamiokande steel tank

Take out PMTs
(for reusing, 779 PMTs)

KamLAND spherical tank 

Now

(1998～2000)

18m
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PMT assembly and installation 

~2 times better time 
resolution

Newly developed 17-inch
(1325 PMTs)

Tohoku

KamLAND site

Detector tank

(1999~2000)

17-inch

Kamiokande 
20-inch
(554 PMTs)
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PMT installation finished ! (Sep.2000)

(Looking up from the bottom of the detector tank)
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Balloon making and installation

Full-scale model was 
tested in KamLAND

1/4 scale model

Balloon installation 
(Dec.’00~Mar.’01)

Construction was finished.
Top of the tank

 Bottom view

~10 prototypes 
were tested.

135μm thick 
(EVOH/ON^3/EVOH)

Real balloon; 
welding the film
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Taking measures against radon, cleaning, oil filling
Insertion of nylon tubes 
to SUS pipes for LS 

Putting the same 
film as the balloon  
in the tank of the 
purification system

Cleaning parts of 
the oil system

Oil filling to the 
Purification system

Filling the OD 
with water in 
parallel

Filling the 
balloon with the 
LS in parallel. 

Oil purification system 
(Water extraction, N2 purge)

225 Kamiokande 
20”PMTs (May.2000~)
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First Light of the KamLAND ! (Nov.26, 2001)
22



Results of
Reactor ν by 
KamLAND
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First evidence of the reactor anti-
neutrino disappearance !

All the solution to the SNP except for 
LMA matter oscillation were excluded.

KamLAND First Results Event selection for IBD

!2 ! "0:611# R$sin22";!m2%&2
0:0852 ' 0:0412

:

Here, R$sin22";!m2% is the expected ratio with the oscil-
lation parameters.

The final event sample is evaluated using a maximum
likelihood method to obtain the optimum set of oscilla-
tion parameters with the following !2 definition:

!2 !!2
rate$sin22";!m2; NBG1(2;#1(4%
# 2 logLshape$sin22";!m2; NBG1(2;#1(4%
' !2

BG$NBG1(2% ' !2
distortion$#1(4%:

Lshape is the likelihood function for the spectrum includ-
ing experimental distortions. NBG1(2 are the estimated
9Li and 8He backgrounds and #1(4 are parameters to
account for the spectral effects of energy scale uncer-
tainty, finite resolution, "$$e spectrum uncertainty, and
fiducial volume systematic error, respectively. Pa-
rameters are varied to minimize the !2 at each pair of
"!m2; sin2"& with a bound from !2

BG$NBG1(2% and
!2
distortion$#1(4%. The best fit to the data in the physical

region yields sin22" ! 1:0 and !m2 ! 6:9) 10#5 eV2

while the global minimum occurs slightly outside of the
physical region at sin22" ! 1:01 with the same !m2.
These numbers can be compared to the best fit LMA

values of sin22" ! 0:83 and !m2 ! 5:5) 10#5 eV2

from [16]. The 95% C.L. allowed regions from the spec-
trum shape analysis for !!2 ! 5:99 and two parameters
are shown in Fig. 6. The allowed regions displayed for
KamLAND correspond to 0< "< %

4 consistent with
the solar LMA solution, while the allowed regions in
%
4 < "< %

2 are the same [20] but do not include the solar
solution.

The results from a spectral shape analysis with a
0.9 MeV threshold are consistent with the above result.
In this low-energy analysis, the measured "$$geo fluxes are
free parameters. The numbers of "$$geo events for the best fit
are four for 238U and five for 232Th, which corresponds to
(40 TW radiogenic heat generation according to model
Ia in [9]. However, for the same model, "$$geo production
powers from 0 to 110 TW are still allowed at 95% C.L.
with the same oscillation parameters.

If three neutrino generations are considered, the "$$e
survival probability depends on two mixing angles "12
and "13. In the region close to the best fit KamLAND
solution the survival probability is, to a very good ap-
proximation, given by

P$ "$$e ! "$$e% * cos4"13
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KamLAND correspond to 0< "< %

4 consistent with
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2 are the same [20] but do not include the solar
solution.

The results from a spectral shape analysis with a
0.9 MeV threshold are consistent with the above result.
In this low-energy analysis, the measured "$$geo fluxes are
free parameters. The numbers of "$$geo events for the best fit
are four for 238U and five for 232Th, which corresponds to
(40 TW radiogenic heat generation according to model
Ia in [9]. However, for the same model, "$$geo production
powers from 0 to 110 TW are still allowed at 95% C.L.
with the same oscillation parameters.

If three neutrino generations are considered, the "$$e
survival probability depends on two mixing angles "12
and "13. In the region close to the best fit KamLAND
solution the survival probability is, to a very good ap-
proximation, given by
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Observation of the oscillatory pattern !
PRL94, 081801 (2005)
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Solar neutrino problem was 
completely solved under the 
assumption of CPT invariance.  

Neutrino oscillation 
parameters were precisely 

determined.

the expected no-oscillation !e flux by more than a factor of
2. In Fig. 1(b) the signal counts are plotted in bins of
approximately equal !e flux corresponding to total reactor
power. For !m2 and tan2" determined below and the
known distributions of reactor power level and distance,
the expected oscillated !e rate is well approximated by a
straight line. The slope can be interpreted as the !e rate
suppression factor and the intercept as the reactor-
independent constant background rate. Figure 1(b) shows
the linear fit and its 90% C.L. region. The intercept is
consistent with known backgrounds, but substantially
larger backgrounds cannot be excluded; hence this fit
does not usefully constrain speculative sources of antineu-
trinos such as a nuclear reactor at the Earth’s core [6]. The
predicted KamLAND rate for typical 3 TW geo-reactor
scenarios is comparable to the expected 17:8! 7:3 event
background and would have minimal impact on the analy-
sis of the reactor power dependence signal. In the follow-
ing we consider contributions only from known
antineutrino sources.

Figure 2(a) shows the correlation of the prompt and
delayed event energy after all selection cuts except for
the Edelayed cut. The prompt energy spectrum above
2.6 MeV is shown in Fig. 2(b). The data evaluation method
with an unbinned maximum likelihood fit to two-flavor
neutrino oscillation is similar to the method used previ-
ously [1]. In the present analysis, we account for the 9Li,
accidental, and the 13C"#; n#16O, background, rates. For
the (#,n) background, the contribution around 6 MeV is
allowed to float because of uncertainty in the cross section,

while the contributions around 2.6 and 4.4 MeV are con-
strained to within 32% of the estimated rate. We allow for a
10% energy scale uncertainty for the 2.6 MeV contribution
due to neutron quenching uncertainty. The best-fit spec-
trum together with the backgrounds is shown in Fig. 2(b);
the best fit for the rate-and-shape analysis is !m2 $
7:9%0:6

&0:5 ' 10&5 eV2 and tan2" $ 0:46, with a large uncer-
tainty on tan2". A shape-only analysis gives!m2 $ "8:0!
0:5# ' 10&5 eV2 and tan2" $ 0:76.

Taking account of the backgrounds, the Baker-Cousins
$2 for the best fit is 13.1 (11 d.o.f.). To test the goodness of
fit we follow the statistical techniques in Ref. [7]. First, the
data are fit to a hypothesis to find the best-fit parameters.
Next, we bin the energy spectrum of the data into 20 equal-
probability bins and calculate the Pearson $2 statistic ($2

p)
for the data. Based on the particular hypothesis 10 000
spectra were generated using the parameters obtained
from the data and $2

p was determined for each spectrum.
The confidence level of the data is the fraction of simulated
spectra with a higher $2

p. For the best-fit oscillation pa-
rameters and the a priori choice of 20 bins, the goodness of
fit is 11.1% with $2

p=d:o:f: $ 24:2=17. The goodness of fit
of the scaled no-oscillation spectrum where the normaliza-
tion was fit to the data is 0.4% ($2

p=d:o:f: $ 37:3=18). We
note that the $2

p and goodness-of-fit results are sensitive to
the choice of binning.

To illustrate oscillatory behavior of the data, we plot in
Fig. 3 the L0=E distribution, where the data and the best-fit
spectra are divided by the expected no-oscillation spec-
trum. Two alternative hypotheses for neutrino disappear-
ance, neutrino decay [8] and decoherence [9], give
different L0=E dependences. As in the oscillation analysis,
we survey the parameter spaces and find the best-fit points
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at !sin2!; m=c"" # !1:0; 0:011 MeV=km" for decay and
!sin22!;#0" # !1:0; 0:030 MeV=km" for decoherence, us-
ing the notation of the references. Applying the goodness-
of-fit procedure described above, we find that decay has a
goodness of fit of only 0.7% ($2

p=d:o:f: # 35:8=17), while
decoherence has a goodness of fit of 1.8% ($2

p=d:o:f: #
32:2=17). We note that, while the present best-fit neutrino
decay point has already been ruled out by solar-neutrino
data [10] and observation of SN1987A [11], the decay
model is used here as an example of a scenario resulting
in a %e deficit. If we do not assume CPT invariance and
allow the range 0:5< sin2!< 0:75, then the decay sce-
nario considered here can avoid conflict with solar-
neutrino and SN1987A data.

The allowed region contours in !m2-tan2! parameter
space derived from the !$2 values (e.g., !$2 < 5:99 for
95% C.L.) are shown in Fig. 4(a). The best-fit point is in the
region commonly characterized as LMA I. Maximal mix-
ing for values of !m2 consistent with LMA I is allowed at
the 62.1% C.L. Because of distortions in the spectrum, the
LMA II region (at !m2 $ 2% 10&4 eV2) is disfavored at
the 98.0% C.L., as are larger values of !m2 previously
allowed by KamLAND. The allowed region at lower !m2

is disfavored at the 97.5% C.L., but this region is not
consistent with the LMA region determined from solar-
neutrino experiments assuming CPT invariance.

A two-flavor analysis of the KamLAND data and the
observed solar-neutrino fluxes [12], with the assumption of
CPT invariance, restricts the allowed !m2-tan2! parame-
ters as shown in Fig. 4(b). The sensitivity in !m2 is
dominated by the observed distortion in the KamLAND
spectrum, while solar-neutrino data provide the best con-
straint on !. The combined analysis gives !m2 #
7:9'0:6

&0:5 % 10&5 eV2 and tan2! # 0:40'0:10
&0:07.

The conclusion that the LMA II region is excluded is
strengthened by the present result. The observed distortion
of the spectral shape supports the conclusion that the
observation of reactor %e disappearance is due to neutrino

oscillation. Statistical uncertainties in the KamLAND data
are now on the same level as systematic uncertainties.
Current efforts to perform full-volume source calibrations
and a reevaluation of reactor power uncertainties should
reduce the systematic uncertainties.
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95% C.L.) are shown in Fig. 4(a). The best-fit point is in the
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ing for values of !m2 consistent with LMA I is allowed at
the 62.1% C.L. Because of distortions in the spectrum, the
LMA II region (at !m2 $ 2% 10&4 eV2) is disfavored at
the 98.0% C.L., as are larger values of !m2 previously
allowed by KamLAND. The allowed region at lower !m2

is disfavored at the 97.5% C.L., but this region is not
consistent with the LMA region determined from solar-
neutrino experiments assuming CPT invariance.

A two-flavor analysis of the KamLAND data and the
observed solar-neutrino fluxes [12], with the assumption of
CPT invariance, restricts the allowed !m2-tan2! parame-
ters as shown in Fig. 4(b). The sensitivity in !m2 is
dominated by the observed distortion in the KamLAND
spectrum, while solar-neutrino data provide the best con-
straint on !. The combined analysis gives !m2 #
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&0:5 % 10&5 eV2 and tan2! # 0:40'0:10
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The conclusion that the LMA II region is excluded is
strengthened by the present result. The observed distortion
of the spectral shape supports the conclusion that the
observation of reactor %e disappearance is due to neutrino

oscillation. Statistical uncertainties in the KamLAND data
are now on the same level as systematic uncertainties.
Current efforts to perform full-volume source calibrations
and a reevaluation of reactor power uncertainties should
reduce the systematic uncertainties.
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dynamic processes such as mantle convection. Indeed,
precisely how the mantle convects is still not fully under-
stood, and controversy remains as to whether two-layer
convection or whole-volume convection provides a more

accurate description. In this work, we carry out a compari-
son of existing Earth models using the KamLAND geo !!e

data on the basis of simple but appropriate assumptions.
The crustal contribution to the flux at KamLAND can be

estimated from compositional data through rock sampling
[18]. Since current Earth models predict that the lithophiles
U and Th are absent in the core, for a first approximation of
the radiogenic heat, we attribute any excess above the
crustal contribution to U and Th uniformly distributed
throughout the mantle. Under these generic assumptions,
the measured KamLAND geo !!e flux translates to a total
radiogenic heat production of 11:2!7:9

"5:1 TW from U and Th.
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FIG. 3 (color). Prompt energy spectrum of !!e candidate events
above the 0.9 MeV energy threshold (vertical dashed line) for
each data-taking period. The background, reactor and geo !!e

contributions are the best-fit values from a KamLAND-only
analysis. The prompt energy spectra of !!e candidate events in
the low-energy region are also shown in the inset panels with a
finer binning. The top panel shows the energy-dependent
selection-efficiency curves for each period.

TABLE III. Summary of the fit values for "m2
21, tan

2"12 and
sin 2"13 from three-flavor neutrino oscillation analyses with
various combinations of experimental data.

Data combination "m2
21 tan 2"12 sin 2"13

KamLAND 7:54!0:19
"0:18 0:481!0:092

"0:080 0:010!0:033
"0:034

KamLAND! solar 7:53!0:19
"0:18 0:437!0:029

"0:026 0:023!0:015
"0:015

KamLAND! solar! "13 7:53!0:18
"0:18 0:436!0:029

"0:025 0:023!0:002
"0:002
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FIG. 4 (color). Allowed regions projected in the
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21$ plane, for solar and KamLAND data from the

three-flavor oscillation analysis for (a) "13 free and (b) "13
constrained by accelerator and short-baseline reactor neutrino
experiments. The shaded regions are from the combined analysis
of the solar and KamLAND data. The side panels show the "#2

profiles projected onto the tan 2"12 and "m2
21 axes.
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Much clear oscillation 
pattern has shown up.

Recent Results
PRD88, 033001 (2013)

KamLAND provided the 
most precise Δm2  value.  21

dynamic processes such as mantle convection. Indeed,
precisely how the mantle convects is still not fully under-
stood, and controversy remains as to whether two-layer
convection or whole-volume convection provides a more

accurate description. In this work, we carry out a compari-
son of existing Earth models using the KamLAND geo !!e

data on the basis of simple but appropriate assumptions.
The crustal contribution to the flux at KamLAND can be

estimated from compositional data through rock sampling
[18]. Since current Earth models predict that the lithophiles
U and Th are absent in the core, for a first approximation of
the radiogenic heat, we attribute any excess above the
crustal contribution to U and Th uniformly distributed
throughout the mantle. Under these generic assumptions,
the measured KamLAND geo !!e flux translates to a total
radiogenic heat production of 11:2!7:9

"5:1 TW from U and Th.
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FIG. 3 (color). Prompt energy spectrum of !!e candidate events
above the 0.9 MeV energy threshold (vertical dashed line) for
each data-taking period. The background, reactor and geo !!e

contributions are the best-fit values from a KamLAND-only
analysis. The prompt energy spectra of !!e candidate events in
the low-energy region are also shown in the inset panels with a
finer binning. The top panel shows the energy-dependent
selection-efficiency curves for each period.

TABLE III. Summary of the fit values for "m2
21, tan

2"12 and
sin 2"13 from three-flavor neutrino oscillation analyses with
various combinations of experimental data.

Data combination "m2
21 tan 2"12 sin 2"13

KamLAND 7:54!0:19
"0:18 0:481!0:092
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21$ plane, for solar and KamLAND data from the

three-flavor oscillation analysis for (a) "13 free and (b) "13
constrained by accelerator and short-baseline reactor neutrino
experiments. The shaded regions are from the combined analysis
of the solar and KamLAND data. The side panels show the "#2

profiles projected onto the tan 2"12 and "m2
21 axes.
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This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]
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low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU # NTh and the asymmetry
factor $NU ! NTh%=$NU # NTh% are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

#28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4#0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2#1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
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Study of 
Geologically produced ν 

by KamLAND
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The Earth is very active !

Birth of the Earth

300Ma

30 Ma
(Mega-
annum)

The heat generated in the Earth is the most 
fundamental parameter of the Earth’s 

dynamics and evolution ! 

Measured heat outflow of the Earth =46±3 TW
（=15,000 power reactors’ thermal energy）

Volcanic activities Earthquakes

Mantle convection, 
Continental drift

Geomagnetism

Earth’s evolution

Radiogenic heat is considered 
to be important and 
dominated by  

U, Th and 40K decays. 

238U→206Pb:  6νe +52MeV
232Th→208Pb:  4νe +43MeV

40K→40Ca:  νe +1.3MeV
(89%)

Detection of Geo-ν is the direct information 
of the radiogenic heat, but not easy ! 

Formation of  mountains
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KamLAND: First challenge to 
the Geo-neutrino detection !
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Opening the Neutrino 
Geo science !

Excess: 25+19-18 events
Statistically weak, but consistent 

with the earth model.

Neutrinos can be used as a 
probe to see the earth interior !

232Th

KamLAND can detect
the νs from U and Th.

Nature 436, 499 (2005)

νep→e+n
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KamLAND continued Geoνmeasurement.
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TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

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

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

3
! 13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(",n)16Og.s., 12C(n,n !)12C" (4.4 MeV #) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
! 13C(",n)16O", 1st e.s. (6.05 MeV e+e#) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

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

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

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

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for
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TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)
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3
! 13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1
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13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
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the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
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contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
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239Pu : 241Pu), respectively. A recent recalculation of the !e

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

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
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KamLAND continued Geoνmeasurement.

Year

Ra
te

 (e
ve

nt
s/d

ay
)

0

0.1

0.2

0.3

0.4

0.5

0.6

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

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

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

O
bs

er
ve

d 
Ra

te
 (e

ve
nt

s/d
ay

)

0

0.1

0.2

0.3

0.4

0.5

0.6

‣Event Rate Time Variation (0.9-2.6 MeV)
after LS purification after KamLAND-Zen start 

low reactor periodbefore LS purification

4

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

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)
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13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

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

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

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

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for
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TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002.
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22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
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KamLAND data starts to constrain 
BSE composition models. 

ν
e fl
ux
 (×
10
6  c
m
-2
s-1
)

(3.9+0.7/-0.6)
×106 cm-2s-1)
KamLAND

Th/U=4.1+5.5-3.3
KamLAND Best fit

Th/U<17 (90% C.L.)

KamLAND has a sensitivity 
to the Th/U mass ratio of 

the entire Earth.

KamLAND best fit value is 
consistent with chondrite 
data and BSE models.

KamLAND has accumulated a lot of Geo-ν data. 
Together with the high quality data in the current 
low reactor stage the data starts to make an 
impact on the Earth model !   
KamLAND has opened Neutrino Geoscience ! 
Many Geo-ν projects running or planned in the 
worldwide: Borexino, SNO+, Jinping, JUNO, OBK
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Summary
● KamLAND is the first O(100)km long baseline reactor neutrino 
experiment using a 1000ton liquid scintillator detector to 
challenge the SNP.

● KamLAND made the first observation of the reactor neutrino 
disappearance and the oscillatory pattern in the spectrum 
showing the clear evidence of the neutrino oscillation.

● KamLAND has solved the solar neutrino problem and 
determined the oscillation parameter with great precision.

● KamLAND made the first challenge of the geo-neutrino 
detection opening the Neutrino-Geoscience.

● KamLAND continues geo-neutrino measurement and neutrino 
astronomy, and promotes KamLAND-Zen project for 0νββ search 
of 136Xe nuclei with the ultra-low background facility. 
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Thank you ! 

Again, great appreciation to Kamiokande, 
SuperKamiokande physicists for encouragements, and 
also to local people for continuous warm support on  

KamLAND ! 
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