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What formed our planet ?
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u Traditional geoscientific approaches
Seismology: 
• Structual modeling by earthquake analysis

• “Core—mantle—crust” layers in the Earth
Geochemistry / Cosmochemistry
• Compositional estimation based on rock 

samples and chondrite meteorites
Geothermology
• Heat flux measurement at the surface to 

study geothermal activities.
There still be some open questions for our planet!!
• Which type of meteorites formed the Earth?
→ Need for direct test of deep-Earth composition
• What powers the geodynamics?
• How much layers the mantle have?
→ Understanding the amount and sources of heat inside the Earth 
is important.

Credit: Getty Images/iStockphoto

Geoneutrino is 
a key of these 
questions.



Earth’s heat budget
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Heat inside the Earth 
• Total heat flux: 46±3 TW by surface heat flux measurement
• Source: primordial heat + radiogenic heat

Radiogenic heat: Heat generated by radioactive elements
• Past amount is calculated from the present value.
• Different predictions from geophysics and geochemistry
BSE models (Sramek et. al. 2013)
Predict mantle heat and radioactive element abundance inside the Earth.
uLow-Q (10-15 TW): Based on compositional analysis of enstatite chondrites 
uMiddle-Q (17-22 TW): Based on compositional analysis of CI carbonaceous 

chondrites 
uHigh-Q (>25 TW): Based on balancing mantle viscosity and heat dissipation. 
Direct measurement is necessary!

• The history of the Earth is a global cooling process.
• The geodynamics are powered by heat inside the Earth.
Understanding the heat amount and its source inside the 
Earth is important.

the breakdown is unknown

https://www.sciencedirect.com/science/article/pii/S0012821X12006097?via%3Dihub


Motivation for geoneutrino observation
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Geoneutrino: !𝜈! from the decay of 
radioactive materials in the Earth 

𝝂𝒆 flux 
∝ U, Th 
∝ Radiogenic heat 

ü Measurement of the geoneutrino total flux
→ Test of Earth’s heat budget
ü Measurement of the geoneutrino flux from U and Th separately 
→ Test of Earth’s chemical composition

!"#U → !$%Pb + 8𝛼 + 6e& + 𝟔𝝂𝒆 + 51.7 MeV
!"!Th → !$#Pb + 6α + 4e& + 𝟒𝝂𝒆 + 42.7 MeV

($K → ($Ca + e& + 𝝂𝒆 + 1.311 MeV
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KamLAND/KamLAND-Zen Collaboration

Kamioka, 
Gifu, Japan

1000 m = 2700 m.w.e.

KamLAND

~50 physicists work 
on this project
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Collaboration meeting in Mar. 2025



20 m

KamLAND
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Kamioka Liquid Scintillator Anti-Neutrino Detector

Kamioka, 
Gifu, Japan

Cosmic-muon rate 
~ 0.34Hz

1000 m
1kton purified liquid scintillator 
238U~5.0x10-18 g/g 

• 232Th~1.8x10-17 g/g
1879 PMTs
6.7%/√E, 13.7 cm/√E

Scintillation Inner Detector: 
Physics observation

3.2kton purified water
225(140), 20-inch PMTs

Water-Cherenkov 
outer detector：
Active cosmic-μ veto

• KamLAND completed DAQ on Aug. 27, 2024
• We started detector upgrades in 2024 and plan to launch 

KamLAND2 in 2028!!



Geoneutrino measurement in KamLAND
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• Significant background reduction by 
two-fold coincidence

• Neutrino energy reconstruction from 
prompt signal

uObserve 𝝂𝒆 by delayed coincidence 

u Main Background
• Reactor neutrino
• 13C(α, n)16O: Originating from alpha 

particles emitted by natural radioactive 
isotopes (mainly 210Po) in detector 
structural materials.

• Cosmic-ray muon spallation products: 9Li and 8He

• Accidental: Accidental IBD-like BG from detector radioactivity (214Bi, 
208Tl and 40K).



History of neutrino geoscience in KamLAND
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KamLAND2
start

2002 2025 2028202220112005

KamLAND
start

Nature 436, 499–503
First evidence of geoneutrino detection

Geoneutrino

Total BG 28.0+15.6-14.6 events (56% error)
749 days, 0.71 x 1023 proton-year

KamLAND
2000 2002 2004 2006 2008 2010 2012

KamLAND-Zen

液体シンチレータの純化 地震による原子炉の停止
‣KamLANDにおける地球ニュートリノ観測

2014

2991 days
4.90×1032 proton-year

2013年 Phys Rev D 88:033001.

原子炉停止期間を含む解析

観測事象
(24% error)

地球ニュートリノ
世界初観測

Nature 03980

749 days
0.71×1032 proton-year

2005年

観測事象

(56% error)

and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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2135 days
3.49×1032 proton-year

地熱が全て放射性
熱の場合

地球モデル

地球の放射化熱
21±9 TW

観測事象

2011年 N. Geo. 1205

地球の放射化熱を直接測定

(27% error)

ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO1205

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
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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,
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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,
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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.

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

Accidental

Reference geo νe

Ev
en

ts
/0

.2
 M

eV
Ev

en
ts

/0
.2

 M
eV

0

20

40 Data–background–best–fit reactor νe 

Best–fit reactor νe 
KamLAND data

13C(α, n)16O
Best–fit geo νe 

 Best–fit reactor νe+  background 
+ best–fit geo νe 

 Ep (MeV)

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
 Ep (MeV)

0

20

40

60

80

100

120

140

160

b

a

ν
ν

ν

ν

ν
ν

Ef
fic

ie
nc

y 
(%

)

40

60

80

100

Selection efficiency 
for geo νe 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
 Ep (MeV)

c

ν

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

16/42

The beginning of 
neutrino geoscience

predicted by the geophysical model.
Total number of 
observed geoneutrinos

https://www.nature.com/articles/nature03980
https://www.nature.com/articles/nature03980
https://www.nature.com/articles/nature03980


History of neutrino geoscience in KamLAND
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KamLAND2
start

2002 2025 2028202220112005

Nature Geoscience 4, 647–651
First evidence of partial radiogenic Earth

106+29-28 events (27% error)
2135 days, 3.49 x 1032 proton-year
Radiogenic heat: 20.0+8.8-86 TW 

Expected flux if all geothermal heat is 
generated by radioactivity inside earth. 

• The result indicates that the radiogenic heat inside the Earth 
accounts for about half of the total heat flow at the surface.

→ There is residual primordial heat inside the Earth.
Our planet is cooling.

KamLAND
start

https://www.nature.com/articles/ngeo1205
https://www.nature.com/articles/ngeo1205
https://www.nature.com/articles/ngeo1205


History of neutrino geoscience in KamLAND
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KamLAND2
start

2002 2025 2028202220112005

Geophysical Research Letters, 49, 
Issue 16, e2022GL099566
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Data provided according to the special agreements between
Tohoku Univ. and Japanese nuclear power reactor operators.

Improved observation in low-reactor period

• Reactor neutrinos are the dominant background in geoneutrino 
detection. 

• Most of the Japanese reactors have been shut down due to the huge 
earthquake in Japan in 2011.

• The reactor-off period significantly improved the observation accuracy.

KamLAND
start

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022GL099566
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022GL099566


Period1 Period2 Period3

Best fit result
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Time variation

Period1→Period2
• 13C(α, n)16*O BG was greatly 

reduced by LS distillation campaign.
Period2→Period3
• Reactor =𝜈) decreased due to reactor 

shutdowns in Japan.
• Reduced reactor =𝜈) + Optimized 

likelihood selection 
→ Fewer accidental backgrounds

Number of BG events from best-fit result



Best fit result
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Rate + Shape + Time un-binned Likelihood
Conditions
• Energy: 72 bins in 0.9 ≤ 𝐸𝑛𝑒𝑟𝑔𝑦*+,-*. ≤ 8.5 [MeV]
• Time: each KamLAND run (~24 hours bin)
• Scan Parameter: geo =𝜈) signal (U, Th)
• Fit Parameter:  Δ𝑚!/

!, 𝜃/!, 𝜃/", BGs, systematics
Simultaneous scan of the oscillation 
parameters and geoneutrinos 

Number of BG events from best-fit result



Geoneutrino flux measured by KamLAND 
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• KamLAND detected significant geoneutrino signals from both 
uranium and thorium inside the Earth. 

• Spectroscopic measurement of geoneutrinos from uranium 
and thorium was achieved.

Number of geoneutrinos from 
best-fit result

TNU=1 [event/year/1032 target proton]

Best-fit U+Th: 𝟏𝟕𝟒K𝟐𝟗N𝟑𝟏

The confidence 
level contour of 
the geoneutrino 
flux



Radiogenic heat measurement
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Crust estimation
mean value: Enomoto 2007
uncertainty: Rudnick & Gao 2014 
Th/U ratio : Wipperfurth et al 2018 

KamLAND 
result

𝑄#$%&'"
(,*+ = Φ(,*+ −Φ,-./&

(,*+ d𝑄#$%&'"
(,*+

dΦ#$%&'"
(,*+

𝑄( = 3.301.345.6 TW
𝑄*+ = 12.103.743.5 TW
𝑄8 + 𝑄9: = 15.40;.<43.5 TW

measured flux 
at the surface 

flux estimate in 
crustal model 

Conversion coefficients between 
flux and radiogenic heat in 
homogeneous mantle 

𝑸𝐔,𝐓𝐡 = 𝑸𝐜𝐫𝐮𝐬𝐭
𝐔,𝐓𝐡 + 𝑸𝐦𝐚𝐧𝐭𝐥𝐞

𝐔,𝐓𝐡

𝑄,-./&( = 3.4 TW, 𝑄,-./&*+ = 3.6 TW

U, Th heat separated 
measurement achieved!!

Radiogenic heat
from mantle

LowQ
MiddleQ

HighQ



Estimation of radiogenic heat production in the Earth
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BSE models (Sramek et. al. 2013)
u Low-Q (10-15 TW)
Based on compositional analysis of enstatite chondrites 
and isotopic constraints
(U : 12±2 ppb, Th : 43±4 ppb) 

u Middle-Q (17-22 TW)
Based on compositional analysis of CI carbonaceous 
chondrites and earth samples 
(U : 20±4 ppb, Th : 80±13 ppb) 
Ø Consistent with the KamLAND data. 

u High-Q (>25 TW)
Based on balancing mantle viscosity and heat 
dissipation (1-layer mantle convection).
(U : 35±4 ppb, Th : 140±14 ppb) 
Ø Inconsistent with the KamLAND data. 

Low-Q
Middle-Q

High-Q

Compared to radiogenic 
heat predictions from 
some earth models.

https://www.sciencedirect.com/science/article/pii/S0012821X12006097?via%3Dihub


Comparison to Earth models
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Assuming homogeneous mantle composition, 
High-Q model is disfavored at 99.76%. 

Assuming U and Th concentration at the 
mantle-core boundary, 
High-Q model is disfavored at 97.9%. 

Ø Implies that the seismic 
interpretation underlying the 
High-Q model (density and 
viscosity) needs revision.

The KamLAND data favor Low-Q, Middle-Q model.
Ø Suggest mantle multi-layer convection. 



Summary
• KamLAND measured geoneutrinos from uranium and thorium.

• The KamLAND results are consistent with Low-Q and Middle-
Q model based on chondrites compositional analysis. 

• The High-Q model is excluded at the 99.76% C.L. assuming a 
homogeneous mantle, implying layered mantle convection.
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We are ongoing KamLAND 
completed dataset analysis !!

https://higgstan.com

https://higgstan.com/


Back Up
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Earth’s chemical composition
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Candidate material of the Earth: chondrites

CI carbonaceous chondrite:
• compositional similarity to solar 

atmosphere
• abundant volatile elements

Enstatite chondrite:
• isotopic similarity to the Earth
• abundant iron

• The Bulk Silicate Earth (BSE) model provides the average 
composition of the Earth’s crust + mantle.

Need for direct test of deep-Earth composition !!

Estimated from Earth samples.
Estimated by subtracting crustal 
elements from the BSE composition.

The choice of the Earth's material is critical.


