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Traditional geoscientific approaches

What formed our planet ?

Credit: Getty Images/iStockphoto

Open questions
Which type of meteorites formed the Earth?
What powers the geodynamics?
How much layers the mantle have?

Geoneutrino is a key of these questions.

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 etc…

“Neutrino geoscience”
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Surface heat flux measurements
Bore-hole heat measurements
Total heat flux is 47±2 TW.
Source : primordial heat + radiogenic heat

Geothermal evolution and geodynamics

©National geographic

©全日本防災計画協会

the decay of long-lived radionuclides, namely 40K, 232Th and 235,238U.
Although primordial energy from secular cooling contributes a
significant portion of the planet's current global heat loss, geochem-
ical and geophysical models underline the role of radioactive isotopes
in powering mantle convection, particularly early in the Earth's
history when radiogenic heat generatedmore than 5× the energy than
produced today (Fig. 8).

The Urey ratio (Ur), which serves to relate the radiogenic heat
productionwithin a body to its total heat output, can be defined in two
distinct ways: geochemical studies often refer to a bulk Earth Ur,
defined as the ratio of the planet's radiogenic heat production to total
surface heat loss, whereas geophysical models focus on a convective
Ur, or the ratio of radiogenic heat generation in the modern mantle to
the total mantle heat flux (e.g., Korenaga, 2008). The convective Ur can
provide information regarding the thermal evolution of the planet and
the driving forces behind a variety of global dynamic processes,
including mantle convection, plate tectonics, secular cooling, the
geodynamo, and inner core crystallization.

The value of the bulk Earth Urey ratio inherently depends on the
terrestrial abundances of the long-lived radioactive isotopes of K, Th
and U. Because the half-life of 40K (t1/2~1.25 Gyr) is short relative to
the age of the planet, the abundance of K in the silicate Earth is not
only vital to the understanding of radiogenic heat production today,
but even more so to evaluating the radiogenic heat budget of the early
Earth, asmore than 12 timesmore 40Kwas extant ca. 4.5 Ga than today
(Fig. 8). A silicate Earth composition with 20±8 (2σ) ng/g U, which is
consistent with both geochemical models (e.g., McDonough and Sun,
1995) and measured geoneutrino fluxes (Araki et al., 2005), implies
280±120 (2σ) μg/g K in the silicate Earth, following a K/U value of
13,800±2600 (2σ). Considering the silicate Earth also has 80±25
(2σ) ng/g Th (McDonough and Sun, 1995) and assuming negligible K,
Th or U in the core (e.g., Chabot and Drake, 1999; Wheeler et al., 2006;
Corgne et al., 2007), the Earth currently emits 21±4 (2σ) TW of
radiogenic heat. Relative to the Earth's total surface heat loss of 46±6
TW (Jaupart et al., 2007 and references therein), this represents a bulk
Earth Ur of ~0.45.

More relevant to geophysical models is the convective Urey ratio,
an essential variable for parameterized models of mantle convection
that also provides a strong case for a stratified mantle structure.
Subtracting the 7.3±2.3 (2σ) TW of radiogenic heat produced within
the continents today (Rudnick and Gao, 2003, with a crustal K/U=
13,000±3000) from the total surface heat flow, we arrive at ~39 TW
of heat currently being emitted by the modern mantle, with ~13 TW
due to radiogenic heat. A DMM composition with 100 μg/g K, 5.4 ng/g

U and ~16 ng/g Th (assuming a MORB Th/U ratio of 3.0), however,
could only produce some ~5 TW of radiogenic heat assuming whole-
mantle convection, leaving ~8 TW of radiogenic heat unaccounted for
and suggesting a convective Ur of b0.15. Taking into account the
potential for a layered mantle structure with an enriched lower
mantle reservoir, such as the source region of OIB, the budget of
radioactive elements in the modern mantle can be reconciled to
produce 13 TW of radiogenic heat, which is indicative of a more
realistic convective Ur of 0.34, a valuewhich is significantly lower than
that preferred by parameterized convection models (Ur≥0.65; e.g.,
Davies,1980; Schubert et al., 1980; Turcotte et al., 2001; Schubert et al.,
2001), but consistent with the findings of Jaupart et al. (2007) and
Korenaga (2008), and suggestive of a current mantle cooling rate on
the order of ~170 K Gyr−1 (assuming a constant mantle heat capacity
of 1.2 J g−1 K−1). If we also consider the potential for 5–15 TW of heat
flow across the core–mantle boundary (Lay et al., 2008 and references
cited therein), only 10–20 TW of the mantle's heat output represents
secular cooling, implying amore probable modernmantle cooling rate
somewhere between 70–130 K Gyr−1; this indicates a hotter ancient
mantle than previous estimates based on wet Archean komatiite
formation (e.g., Grove and Parman, 2004 and references cited therein),
studies of MORB-like Archean greenstones (Abbott et al., 1994) and
required conditions for subsolidus mantle convection (Jaupart et al.,
2007).

6.2. The terrestrial budget of 40Ar and bulk Earth Pb/U ratio

Noble gas systematics in mantle-derived materials have tradition-
ally been interpreted as robust evidence for a chemically layered
mantle. At the forefront of such arguments is the balance of 40Ar in the
planet, as originally described by Allègre et al. (1996). Considering a
silicate Earth composition with 280±120 (2σ) µg/g K, 155±70 (2σ) Eg
(or 1018 g) of 40Ar has been produced by the decay of 40K over the past
4.5 Gyr (Fig. 9). Turekian (1959) determined that approximately
~66 Eg of 40Ar currently resides in the atmosphere, and an additional
~14 Eg of 40Ar may reside in the continents, assuming no degassing
and a bulk continental crustal composition with 1.3 μg/g U (Rudnick
and Gao, 2003), a K/U ratio of 13,000 (and thus 17,000 μg/g K, or 2.0 wt.
% K2O), and a mean crustal age of ~2.5 Ga. As such, ≥75 Eg of 40Ar may
reside in the mantle. However, considering whole-mantle convection
with a DMM composition, ≤55 Eg of 40Ar could be produced over

Fig. 9. Silicate Earth evolution and production of 40Ar through time, and three different
scenarios that could theoretically explain the abundance of 40Ar in the atmosphere.
Only the first two scenarios are compatible with recent measurements on the solubility
and diffusivity of Ar in upper mantle minerals, which suggest that Ar behaves as a
compatible element during modern mantle melting (Watson et al., 2007). The
abundance of 40K, which comprises ~0.012% of K today, was more than 12× higher ca.
4.5 Ga, resulting in the higher production rates of 40Ar in the geologic past.

Fig. 8. Earth's radiogenic heat production from the decay of long-lived radionuclides
through time. Prior to 2.5 Ga, K acted as the dominant radiogenic heat sourcewithin the
planet. The exponential increase in radiogenic heat in the geologic past likely resulted in
a higher convective Urey number in the ancient mantle.

367R. Arevalo Jr. et al. / Earth and Planetary Science Letters 278 (2009) 361–369
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Ref : Arevalo et al. 2009

Earth heat budget
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 quite important.

The breakdown is unknown.

Important for understanding the geothermal evolution 
Different prediction from geophysics and geochemistry

Radiogenic heat
Heat generated by radioactive elements
Past amount is calculated from the present value.

→ Direct measurement is necessary.
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Motivation of geoneutrino observation
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>50 researchers from US, Netherlands and Japan

+ many remote participants

Collaboration meeting @ Honolulu in 2023 March
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Φ 13m

Φ 18m

Detector site and components
neutrino cosmic ray

1km
depth

3.2 kt purified water
225(140) 20” PMTs
passive shielding
active veto to muon

1kt purified liquid scintillator
  (PC+Dodecane+PPO mixture)
1325 17” + 554 20” PMTs
photo coverage 34%
Neutrino detection

Scintillation inner detector

The KamLAND detector

Neutrino detection channel

e+
e-

p
n

p

ννe

d

γ 511keV

γ 511keV

γ 2.2MeV

Thermalized neutron
(τ ~ 210μsec)

Prompt signal
(positron + annihilation)

Delayed signal
(neutron capture)

Anti-electron neutrino detection by inverse-beta decay
Significant background reduction by two-fold coincidence
Neutrino energy reconstruction from prompt scintillation
No directional information → reactor neutrinos are background

Fig. Inverse-beta decay
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Reactor-off period in Japan

Reactor neutrino is the dominant 
background of geoneutrino signals.

Most of Japanese reactors have been shut 
down due to the 3.11 earthquake in 2011.

Geo neutrino (model)

This “reactor-off” period gives us large signal-
to-noise ratio of geoneutrino observation.
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12Geoneutrino flux measured by KamLAND
CHAPTER 8. GEONEUTRINO ANALYSIS

Table 8.1: Best fit and uncertainty of geoneutrino signals

NU/Th flux 0-signal

[event] [×105 cm−2s−1] [TNU] rejection

U 116.6+41.0
−38.5 14.7+5.2

−4.8 19.1+6.7
−6.3 3.343σ

Th 57.5+24.5
−24.1 23.9+10.2

−10.0 9.7+4.1
−4.1 2.386σ

U+ Th 173.7+29.2
−27.7 32.1+5.8

−5.3 28.6+5.1
−4.8 8.3σ

Figure 8.1: Confidence level contour of geoneutrino signals from 238U and 232Th. The top
and right panes show projections to each axis.

199

Best fit geoneutrino signals

Spectroscopic measurement of geoneutrinos 
from uranium and thorium was achieved.

KamLAND detected significant geoneutrino signal from 
both uranium and thorium inside the Earth.



13Radiogenic heat measurement by KamLAND

KamLAND result

Crust estimation

Radiogenic heat 
from mantle

central value : Enomoto 2007
uncertainty : Rudnick&Gao 2014
Th/U ratio : Wipperfurth et al 2018

<latexit sha1_base64="ddo9njUPiF3O4++etxw1xfZnCsc="></latexit>

QU,Th
mantle = (�U,Th � �U,Th

crust )
dQU,Th

mantle

d�U,Th
mantle

Conversion coefficients 
between flux and radiogenic 
heat in homogeneous mantle

measured flux 
at the surface

flux estimate in 
crustal model

Heat contribution 
separately from U and Th 
has been measured.

<latexit sha1_base64="9s1vNbVnVnK3oXx2lIDFJHgDvEo="></latexit>

QU = 3.3+3.2
�0.8 TW

QTh = 12.1+8.3
�8.6 TW

QU +QTh = 15.4+8.3
�7.9 TW

Adding heat estimate from crust, 
238U : 3.4 TW, 232Th : 3.6 TW

Convective Uray ratio = 0.13+0.15
-0.06
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BSE models

High-Q Based on balancing mantle viscosity 
and heat dissipation.
Predicting relatively large amount of 
radiogenic heat for mantle convection.
(U : 35±4 ppb, Th : 140±14 ppb)

Low-Q Based on compositional analysis of enstatite 
chondrites and isotopic constraints
(U : 12±2 ppb, Th : 43±4 ppb)

Middle-Q Based on compositional analysis of CI 
carbonaceous chondrites and earth samples
(U : 20±4 ppb, Th : 80±13 ppb)

Consistent with the KamLAND data.

Inconsistent with the KamLAND data

(10-15 TW)

(17-22 TW)

(>25 TW)

Comparison to Earth models
(Sramek et al 2013)

https://doi.org/10.1016/j.epsl.2012.11.001


15Comparison to Earth models

High-Q model is disfavored at 99.76%.
Assuming homogeneous mantle composition,

High-Q model is disfavored at 97.9%.

Assuming U and Th concentration at 
the mantle-core boundary,

Seismology 
data

density/viscosity 
profile

1-layer mantle convection
Radiogenic heat : ~25 TW

High-Q model rationale

High-Q model rejection indicates the need to 
modify the mantle density/viscosity profile or 
geodynamical modeling of mantle convection.

This result suggests mantle multi-layer convection. 
The KamLAND data favor Low-Q, Middle-Q model.
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• The KamLAND experiment has been measuring geoneutrinos from uranium and thorium.

• The reactor-off period in Japan supressed the reactor neutrino background significantly and 
enabled a spectropic measurement of geoneutrinos from uranium and thorium.

• The KamLAND data is consistent with Low-Q and Middle-Q models based on chondrites 
compositional analysis, whereas the High-Q model is disfavored at 99.76% confidence level 
with assuming the homogeneous mantle composition, implying multi-layer mantle 
convection.

CHAPTER 8. GEONEUTRINO ANALYSIS

Table 8.1: Best fit and uncertainty of geoneutrino signals

NU/Th flux 0-signal

[event] [×105 cm−2s−1] [TNU] rejection

U 116.6+41.0
−38.5 14.7+5.2

−4.8 19.1+6.7
−6.3 3.343σ

Th 57.5+24.5
−24.1 23.9+10.2

−10.0 9.7+4.1
−4.1 2.386σ

U+ Th 173.7+29.2
−27.7 32.1+5.8

−5.3 28.6+5.1
−4.8 8.3σ

Figure 8.1: Confidence level contour of geoneutrino signals from 238U and 232Th. The top
and right panes show projections to each axis.

199

Flux Radiogenic heat
<latexit sha1_base64="9lqoTntArpXsKwjTl3LXqhTCCCQ="></latexit>

QU = 3.3+3.2
�0.8 TW

QTh = 12.1+8.3
�8.6 TW

QU +QTh = 15.4+8.3
�7.9 TW

Convective Uray ratio = 0.13+0.15
-0.06
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First published on 2022/Aug./11

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022GL099566 The editors of GRL have selected our paper to be 
featuread as “Research Spotlight” on Eos.org !!

(144 papers in July from GRL, 1 Research Spotlight)

Please check it !! https://eos.org/research-spotlights/estimating-
uranium-and-thorium-abundance-with-geoneutrinos

Geophysical Research Letters, Volume 49,
Issue 16, e2022GL099566

Latest publication from KamLAND
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Multi-point observation of earthquakes 
propagating through the Earth

Density and viscosity profiles of deep earth
Multi layer of core–mantle–crust

No compositional information

Structural modeling by seismology
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Figure 2.2: Preliminary Reference Earth Model given by A.M.Dziewonski et al. (1981).
Seismic wave velocities (Vp and Vs) and density as a function of depth are shown. In this
profile, the Earth’s layer structure, the crust, upper mantle, lower mantle, outer core, and
inner core is clearly seen.

2.2.1 Structural Model

Seismology has revealed the detailed geophysical feature of the whole Earth. In 1981,
A.M.Dziewonski and D.L.Anderson [15] presented the Preliminary Earth Reference Model
(PREM), describing the seismic wave speeds (Vp, Vs), elastic properties (Qµ, QK), and
other parameters such as density and pressure, as a function of radius. The model was
constructed by an inversion method with more than 1000 measurements of eigenfrequen-
cies of the Earth, 500 summary observations of body wave travel time, 100 normal mode
Q values, mass and orbital moment of the Earth. Although the model is described with
parameters as a function of radius, transverse isotropy was introduced in the calculation
to the outer 220km of the mantle, in order to explain the discrepancy between short-
period Love wave and Rayleigh wave data. Figure 2.2 shows the seismic wave speeds and
density profiles given in the PREM model. As shown in the figure, Earth’s global layer
structure, crust, several layers of mantle, liquid outer core and solid inner core, is clearly
demonstrated, with understanding of their physical properties.

Seismological analysis is also useful to determine the local crustal structure. C.Bassin
et al. (2000) [16] compiled seismic wave measurements and made a 2± £ 2± grid crustal
thickness map (distributed as CRUST 2.0 data set), describing the thickness and density
of soft sediment, hard sediment, upper crust, middle crust, and lower crust. The CRUST
2.0 is an updated version of the former crustal structure data set, CRUST 5.0, which
gives crustal structure estimation at 5± £ 5± resolution. The CRUST 5.0 is constructed
based on 560 seismic refraction measurements published between 1948 and 1995. Com-
pressional wave velocity of each layer is based on measurements, and shear wave velocity
and density are estimated using empirical Vp-Vs and Vp-density relationships. For areas
where no measurements are available, seismic wave velocities and density are estimated
from statistical average of regions with a similar crustal age and tectonic setting. Figure
2.3 and Figure 2.4 shows the map of crustal thickness given by the CRUST 2.0 dataset.
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Figure 2.2: Preliminary Reference Earth Model given by A.M.Dziewonski et al. (1981).
Seismic wave velocities (Vp and Vs) and density as a function of depth are shown. In this
profile, the Earth’s layer structure, the crust, upper mantle, lower mantle, outer core, and
inner core is clearly seen.

2.2.1 Structural Model

Seismology has revealed the detailed geophysical feature of the whole Earth. In 1981,
A.M.Dziewonski and D.L.Anderson [15] presented the Preliminary Earth Reference Model
(PREM), describing the seismic wave speeds (Vp, Vs), elastic properties (Qµ, QK), and
other parameters such as density and pressure, as a function of radius. The model was
constructed by an inversion method with more than 1000 measurements of eigenfrequen-
cies of the Earth, 500 summary observations of body wave travel time, 100 normal mode
Q values, mass and orbital moment of the Earth. Although the model is described with
parameters as a function of radius, transverse isotropy was introduced in the calculation
to the outer 220km of the mantle, in order to explain the discrepancy between short-
period Love wave and Rayleigh wave data. Figure 2.2 shows the seismic wave speeds and
density profiles given in the PREM model. As shown in the figure, Earth’s global layer
structure, crust, several layers of mantle, liquid outer core and solid inner core, is clearly
demonstrated, with understanding of their physical properties.

Seismological analysis is also useful to determine the local crustal structure. C.Bassin
et al. (2000) [16] compiled seismic wave measurements and made a 2± £ 2± grid crustal
thickness map (distributed as CRUST 2.0 data set), describing the thickness and density
of soft sediment, hard sediment, upper crust, middle crust, and lower crust. The CRUST
2.0 is an updated version of the former crustal structure data set, CRUST 5.0, which
gives crustal structure estimation at 5± £ 5± resolution. The CRUST 5.0 is constructed
based on 560 seismic refraction measurements published between 1948 and 1995. Com-
pressional wave velocity of each layer is based on measurements, and shear wave velocity
and density are estimated using empirical Vp-Vs and Vp-density relationships. For areas
where no measurements are available, seismic wave velocities and density are estimated
from statistical average of regions with a similar crustal age and tectonic setting. Figure
2.3 and Figure 2.4 shows the map of crustal thickness given by the CRUST 2.0 dataset.
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Candidate material of the Earth : chondrites

CI carbonaceous chondrite : 

We do never know which chondrite formed the Earth.
There be never direct sampling of deep earth.

Compositional modeling by geo(cosmo)chemistry

CI carbonaceous 
chondrite

Enstatite 
chondrite

Earth’s chemical composition estimate based on 
chondrite meteorites and earth samples

Bulk-Silicate Earth (BSE) model give average composition of mantle+crust.

Earth samples give crustal compositional estimation.

The mantle composition is estimated by subtracting crustal elements 
from the BSE composition.

• compositional similarity to solar atmosphere
• abundant volatile elements

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

→ Direct verification is needed.
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26 CHAPTER 2. NEUTRINO GEOPHYSICS
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Figure 2.15: Cumulative Geo-Neutrino Flux
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concentration

Neutrino luminosity 
per decay

densityDecay rate

Survival probability

~ 70%

~27%

~ 3%

The flux at the surface is calculated 
from knowledges of particle physics 
and geoscientific parameters.

Flux estimate

Our reference estimation

Crust / Sediment

Mantle

• Based on geo(cosmo)chemical studies
• Local geological effect was averaged.
• The dominant uncertainty came from 

U,Th concentration measurement.

• Subtraction of crust+sediment from 
BSE compositional model (M&S2003)

• We test this with geoneutrino

(Enotomo et al 2007)

https://doi.org/10.1016/j.epsl.2007.03.038
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Neurino energy [MeV]
10-1 100 101 102 103

Solar neutrinos

Geoneutrinos

Radioactivity and heat 
inside the Earth

Neutrino geoscience

Neutrino astronomy

Reactor neutrinos

Neutrino oscillation

Astrophysical burst
neutrinos

Supernova
GRB
Solar flare  etc..

Neutrino astronomyNature of neutrinos

Accelerater neutrinos

CP violation in 
lepton sector

Solar mechanism
Evolusion of slars

Neutrino provides unique probe of
particle physics, astronomy and geoscience.
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KamLAND measured 2 cycles of neutrino oscillation precisely for the first time in the world.

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]

60

80

100

Selection efficiency

E
ff

ic
ie

nc
y 

(%
)

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
0

20

40

60

80

100

120

140

160

180 eνBest-fit reactor 
Accidental

O16, n)αC(13

eνBest-fit geo 

 + BGeνBest-fit reactor 
eν+ best-fit geo 

KamLAND data

 (MeV)pE

E
ve

nt
s 

/ 0
.2

M
eV

0

20

40
eνData - BG - best-fit reactor eνReference geo 

U contribution
Th contribution

FIG. 6 (color). Prompt energy spectrum of the !!e events in the
low-energy region for all data-taking periods. Bottom panel:
Data together with the best-fit background and geo !!e contribu-
tions. The fit incorporates all available constraints on the
oscillation parameters. The shaded background and geo !!e

histograms are cumulative. Middle panel: Observed geo !!e

spectrum after subtraction of reactor !!e’s and other background
sources. The dashed and dotted lines show the best-fit U and Th
spectral contributions, respectively. The blue shaded curve
shows the expectation from the geological reference model of
Ref. [18]. Top panel: The energy-dependent selection efficiency.

 (km/MeV)
eν/E0L

20 30 40 50 60 70 80 90 100
Su

rv
iv

al
 P

ro
ba

bi
lit

y
0

0.2

0.4

0.6

0.8

1

eνData - BG - Geo  best-fit oscillationν3-

FIG. 5 (color). Ratio of the observed !!e spectrum to the
expectation for no-oscillation versus L0=E for the KamLAND
data. L0 ¼ 180 km is the flux-weighted average reactor baseline.
The 3-! histogram is the best-fit survival probability curve from
the three-flavor unbinned maximum-likelihood analysis using
only the KamLAND data.

-1 -0.5 0 0.5 1
0

50

100

150

200

250

)Th + N
U

) / (NTh - N
U

(N

T
h

N
U

  +

N

68.3%

95.4%

99.7%

(a)

0 50 100 150 200 250

Th + NUN

2
∆χ

σ1

σ2

σ3

σ4

(b)

0

5

10

15

20

25

FIG. 7 (color). (a) C.L. contours for the observed number of
geo !!e events. The small shaded region represents the prediction
of the reference model of Ref. [18]. The vertical dashed line
represents the value of ðNU # NThÞ=ðNU þ NThÞ expected for a
Th/U mass ratio of 3.9 derived from chondritic meteorites.
(b) ""2 profile from the fit to the total number of geo !!e events,
fixing the Th/U mass ratio at 3.9. The grey band represents the
geochemical model prediction, assuming a 20% uncertainty in
the abundance estimates.

A. GANDO et al. PHYSICAL REVIEW D 88, 033001 (2013)
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e✓12, em21 : ν1-ν2 oscillation parameters in earth

Two-flavor survival probability is appximated as 

Phys. Rev. D 88, 033001 (2013)

: reactor

KamLAND can detect 
neutrinos from reactors with 
average distance of 180 km.
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Positron Energy [MeV]

How does KamLAND measure geoneutrinos?

This excess is geoneutrino
Reactor neutrino

(with oscillation effect)

232Th Geoneutrino
238U Geoneutrino

• KamLAND can measure rate and energy of neutrinos.
• Reactor neutrinos are the dominant background due 

to shared energy range.

• We can distinguish geoneutrinos from other neutrinos 
statistically by apllying energy (and time) spectrum 
fitting.

Large statistics and reduction of systematic 
uncertainties are very important.

It is also important to construct detector 
away from reactors.
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2002

2005

2011

2022

Beginning of KamLAND

Nature 436, 499–503

Nature Geoscience 4, 467–651

Geophysical Research Letters
Volume 49, Issue 16,
e2022GL099566

First evidence of geoneutrino detection

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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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)
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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

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
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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 νes 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 γ-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 νe s. Therefore, such νe 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 νe 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 νe 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= fνe/(fνe + facc), where fνe and facc are probability density functions
for νe signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, "R, "T , 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/

√
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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This result implies radiogenic heat inside the Earth 
is less than total heat flow at the surface.
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Table 8.2: The best fit background model in geoneutrino scan

Period1 Period2 Period3 All Period

energy range [MeV] 0.9–2.6 0.9–2.6 0.9–2.6 0.9–2.6
live time [day] 1485.5 1151.5 2590.0 5227.0

Reactor νe 325.75 229.64 48.97 604.36
13C(α, n)16O 177.66 20.42 22.18 222.26
Accidental 59.35 40.53 24.79 124.67
Spallation (8He/9Li) 1.52 1.05 1.69 4.26

Background total 620.21 334.07 171.98 1126.26

observed 651 363 164 1178

Figure 8.2: Neutrino oscillation parameters and the number of reactor neutrino events
in the geoneutrino energy region (colored contour) overlaid on the confidence
level contour of the oscillation parameters (dashed black contour)

200

Table. Best fit geoneutrino signals and backgrounds

Best fit geoneutrino signals
Rate + Shape + Time un-binned likelihood

Energy : 0.9 ≤ (Prompt Energy) ≤ 8.5 [MeV], 72 bins
Time : each KamLAND run (~24 hour bin)

scan parameter : geo !𝜈𝑒 signal (U,Th)

Simultaneous scan of the oscillation parameters and geoneutrinos

fit parameter : ∆𝑚212, θ12, θ13, backgrounds, systematics

30
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Figure 7.31: 13C(α , n)16O reaction. The prompt signals are the recoiled proton energy, 4.438 MeV γ ,
and 6.046 MeV e+e− from the first excited state and 6.129 MeV γ from the second excited state.
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Figure 7.32: 13C(α , n)16O cross section including the new measurement of [83].

• E0 : initial α energy

• ntarget : number of target nuclei of 13C per unit volume of the liquid scinaillator

• Isource : source intensity

• σ(Eα) : (α , n) cross section

• dX
dEα

: stopping power

The neutron energy depends on the scattering angle shown in Figure(7.34). In the lab frame, the momen-
tum of the neutron pn is as follows,
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• Suppressed by optimization of likelihood-based anti-neutrino 
event selection in reactor-off period.

• In the reactor-off period, the spectrum shape can be 
seen clearly.
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the uranium and thorium concentration in the upper continental crust by −3.6% and
−1.9%, respectively, and those for middle continental crust by −19% and +6.6%,
respectively (Rudnick and Gao 2014).

Table 8.3: Expected radiogenic heat and geoneutrino flux from Earth model (Enomoto
et al. 2007, Rudnick and Gao 2014)

Qcrust [TW] Φcrust [105 cm−2s−1] dQmantle

dΦmantle
[10−5 TW/cm−2s−1]

238U 3.35 17.19 7.28
232Th 3.61 14.51 9.32

The uncertainties of the 238U and 232Th abundances in the upper and middle con-
tinental crust are provided by Rudnick and Gao (2014) and in the lower continental
crust by Šrámek et al. (2016). Assuming the most conservative full correlation be-
tween crustal layers, the total uncertainties are calculated to be 24% and 11% for
238U and 232Th, respectively.

Besides, the ratio of abundances of 238U and 232Th is studied by Wipperfurth
et al. (2018) using the time-integrated Pb isotopic ratio in the continental crust and
constrained in the radiogenic heat calculations in this section and mantle model con-
straint in Sec.8.5.

The radiogenic heat is calculated to be QU = 2.8+3.7
−0.3TW, QTh = 12.1+8.3

−8.6TW
and QU + QTh = 15.4+8.3

−7.9TW, considering the anti-correlation shown in Figure 8.1.
If Th/U mass ratio is fixed at 3.9, which is predicted by a geochemical study (Mc-
Donough and Sun 1995) based on the analysis of CI carbonaceous chondrites, the
estimates are improved to QU = 5.1+2.4

−2.0TW, QTh = 5.9+2.7
−2.2TW and QU + QTh =

10.6+5.2
−4.2TW. The radiogenic heat from 40K is estimated to be about ∼ 4TW by

Arevalo et al. (2009). Thus, The Earth’s total radiogenic heat is estimated to be
∼ 19.4TW with free Th/U ratio and ∼ 14.6TW with fixed Th/U ratio.

8.5 Constraint on Mantle Models

This section describes constraints on the Earth composition models via geoneutrino
spectroscopy by KamLAND. Šrámek et al. (2013) categorized three competing groups
of Earth composition models, which lead to different predictions of radiogenic heat
abundances, i.e. High-Q, Middle-Q and Low-Q models.

Turcotte and Schubert (2002) advocated the High-Q model based on the assump-
tion that realistic mantle convection is driven by radiogenic heat, which therefore re-
quires a relatively large amount of radiogenic heat, 30–35 TW. The other two groups
are based on meteorite composition analysis. The Middle-Q model is proposed by
McDonough and Sun (1995) based on the analysis of CI carbonaceous chondrites,
terrestrial rock sampling and a consideration on elemental enrichment during the dif-
fusion process of our planet. The radiogenic heat is estimated to be 17–22 TW from
the expected abundances of the heat producing elements. On the other hand, Low-Q
model is based on the analysis of enstatite chondrites by Javoy et al. (2010), which

208

Model Model



34Statistical power of reactor-off period

Period3Period2Period1

Period3 (reactor-off period) contributes to the determination 
of geoneutrino flux from Uranium and Thorium.



35

e+
e-

p
n

p

ννe

d

γ 511keV

γ 511keV

γ 2.2MeV

Thermalized neutron
(τ ~ 210μsec)

Prompt signal
(positron + annihilation)

Delayed signal
(neutron capture)
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Table 5.2: Spallation products in KamLAND. The production rates are cited from Abe
et al. (2010) except 6He and 7Be from Hagner et al. (2000). The other numbers
are cited from Obara (2018)

Isotope lifetime Q-value [MeV] mode production rate [event/day/kt]

12B 29.1 ms 13.4 β− 58.7± 2.5
12N 15.9 ms 17.3 β+ 2.1± 0.4
8Li 1.21 s 16.0 β−α 27.3± 0.8
8B 1.11 s 18.0 β+α < 4.7
9C 182.5 ms 16.5 β+ 7.4± 2.9
8He/9Li 171.7/257.2 ms 10.7/13.6 β−γn 2.7± 0.8
11C 29.4 ms 1.98 β+ 1093± 176
10C 27.8 s 3.65 β+γ 21.6± 2.7
11Be 19.9 s 11.5 β− < 2.2
6He 1.16 s 3.51 β− 19
7Be 76.9 d 0.478 EC, γ 231

5.4 Delayed-Coincidence Selection for Inverse-Beta
Decay

The selection criteria for the IBD event candidates is summarized in Table 5.3. The
IBD event, i.e. the antineutrino event, is characterized by the time- and space-
correlated two scintillations. The details of each criterion and its efficiency is discussed
in this section.

Table 5.3: The selection criteria for the IBD candidate

parameter criteria

prompt energy [MeV] 0.9 ≤ Ep < 8.5

delayed energy [MeV]
1.8 ≤ Ed < 2.6
4.4 ≤ Ed < 5.6

space correlation [m] ∆R < 2.0
time correlation [µs] 0.5 ≤ ∆T < 1000
fiducial volume [m] Rp < 6 & Rd < 6

Energy Selection

The lower boundary of the prompt energy cut corresponds to the IBD reaction thresh-
old, whereas the upper boundary is selected to cover the whole energy range of reactor
neutrinos shown in Sec.6.1.

The delayed energy criterion is optimized to effectively find the neutron capture
γ on a proton (2.2 [MeV], 99.48%) and 12C (4.9 [MeV], 0.51%). The ratio of neutron
captures on the other nuclei, e.g. 13C, is less than O(10−3)%, and thus negligible.
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Table 5.2: Spallation products in KamLAND. The production rates are cited from Abe
et al. (2010) except 6He and 7Be from Hagner et al. (2000). The other numbers
are cited from Obara (2018)

Isotope lifetime Q-value [MeV] mode production rate [event/day/kt]

12B 29.1 ms 13.4 β− 58.7± 2.5
12N 15.9 ms 17.3 β+ 2.1± 0.4
8Li 1.21 s 16.0 β−α 27.3± 0.8
8B 1.11 s 18.0 β+α < 4.7
9C 182.5 ms 16.5 β+ 7.4± 2.9
8He/9Li 171.7/257.2 ms 10.7/13.6 β−γn 2.7± 0.8
11C 29.4 ms 1.98 β+ 1093± 176
10C 27.8 s 3.65 β+γ 21.6± 2.7
11Be 19.9 s 11.5 β− < 2.2
6He 1.16 s 3.51 β− 19
7Be 76.9 d 0.478 EC, γ 231

5.4 Delayed-Coincidence Selection for Inverse-Beta
Decay

The selection criteria for the IBD event candidates is summarized in Table 5.3. The
IBD event, i.e. the antineutrino event, is characterized by the time- and space-
correlated two scintillations. The details of each criterion and its efficiency is discussed
in this section.

Table 5.3: The selection criteria for the IBD candidate

parameter criteria

prompt energy [MeV] 0.9 ≤ Ep < 8.5

delayed energy [MeV]
1.8 ≤ Ed < 2.6
4.4 ≤ Ed < 5.6

space correlation [m] ∆R < 2.0
time correlation [µs] 0.5 ≤ ∆T < 1000
fiducial volume [m] Rp < 6 & Rd < 6

Energy Selection

The lower boundary of the prompt energy cut corresponds to the IBD reaction thresh-
old, whereas the upper boundary is selected to cover the whole energy range of reactor
neutrinos shown in Sec.6.1.

The delayed energy criterion is optimized to effectively find the neutron capture
γ on a proton (2.2 [MeV], 99.48%) and 12C (4.9 [MeV], 0.51%). The ratio of neutron
captures on the other nuclei, e.g. 13C, is less than O(10−3)%, and thus negligible.
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Figure 6.20: νe spectrum per fission of major heat producing isotope in reactor(Huber
2011, Mueller et al. 2011, Vogel 1981).

short-baseline reactor neutrino experiment(An et al. 2017) found an exess of reactor
neutrino spectrum in a energy region of 4–6 MeV by about 10% from the Huber-
Mueller prediction as shown in Figure 6.21. They extracted reactor neutrino spectrum
from each fissil isotope taking advantage of huge statistics and time variation of the
spectrum shape by burnup. This model-observed distortion is called “reactor neutrino
anomaly” and indicating a need of revising the reactor neutrino modeling (Adey et al.
2019).

To minimize the systematic uncertainties from the reactor neutrino anomaly, the
total reactor neutrino spectrum from each reactor is calculated by correcting the
DayaBay spectrum for the accutual fission ratio in each reactor as

S(Eν) = SDB(Eν) +
∑

x∈isotope

(fx
i − fx

DB)S
x
HM(Eν)σIBD(Eν) (6.8)

where SDB(Eν) is the reactor antineutrino spectrum per fission measured by the
DayaBay experiment (Figure 6.21(a)), fx

DB is an average fission ratio of isotope x in
the reactors near DayaBay, fx

i is a fission ratio of isotope x in reactor i, Sx
HM(Eν) is

the fission spectrum model of each isotope (Huber 2011, Mueller et al. 2011, Vogel
1981) and σIBD(Eν) is the IBD cross section(Strumia and Vissani 2003).

The second term of Eq. (6.8) is typically small and the dominant uncertainty of
S(Eν) comes from the uncertainty of SDB(Eν). Therefore, the statistical uncertainty
of SDB(Eν), 2.03%, is assigned as the systematic uncertainty for the reactor neutrino
flux related to the antineutrino spectra.

154

CHAPTER 6. BACKGROUND ESTIMATION

Chinese Physics C Vol. 41, No. 1 (2017) 013002

which is the multiplication of the detection efficiency of
d-th detector, which is the product of the IBD detection
efficiency of all ADs, ε0= 80.6%, the weekly multiplic-
ity cut and muon veto efficiencies (εm and εµ), and the
weekly live time. The uncertainty of NPFtotal is not de-
pendent on the antineutrino energy and only contributes
to the rate uncertainty of the generic spectrum. The rate
uncertainty is 2.0%, which is contributed from the uncer-
tainties of the efficiencies (1.93%) listed in Table 7, the
fission energy (0.2%), and the reactor power and fission
fractions (0.5%).

Fig. 28. (color online) (a) The antineutrino spec-
trum weighted by the IBD cross section. The last
bin is integrated up to 12MeV. (b) Ratio of the ex-
tracted reactor antineutrino spectrum to the Hu-
ber+Mueller prediction. The error bars of the
data points are the square-roots of the diagonal
elements of the antineutrino spectrum covariance
matrix. The solid red band represents the square-
roots of the diagonal elements of the prediction
covariance matrix, including both reactor and Hu-
ber+Mueller model uncertainties. (c) the ratio of
the spectra from the 6+8 AD periods used in this
analysis and the 6 AD period used in the previous
analysis [29].

From Eqs. (44)–(47), the normalized reactor antineu-
trino spectrum measured at the two near sites is ob-
tained. The obtained generic antineutrino spectrum is
shown in the top panel of Fig. 28. The values of the
spectrum and the covariance matrix are shown in Ta-
bles 12 and 13 in the appendix. The middle panel of
Fig. 28 is the ratio of the generic reactor antineutrino
spectrum to the prediction using the isotope spectra of

the Huber+Mueller model and the effective fission frac-
tions listed in Table 10. The bottom panel of Fig. 28
shows the ratio of the spectrum obtained in the 6+8 AD
period to that in the 6 AD period [29]. The deviation
of the ratio from one is due to the difference of fission
fractions in the two data period and the statistic fluc-
tuation. The average deficit is equal to the overall flux
deficit reported in Sec. 5. The bump in the 5–7 MeV
antineutrino energy corresponds to that in the 4–6 MeV
prompt energy in Fig. 23. The correlation matrix of the
generic spectrum is obtained from its covariance matrix,
which is calculated by both toy MC sampling method,
and standard error propagation with matrices. Figure 29
shows the correlation matrix of the generic spectrum and
its components for the energy-dependent uncertainties.

Fig. 29. (color online) Each component of the
energy-dependent uncertainties for the generic
spectrum. The inner plot shows the correlation
matrix of the generic spectrum.

7.3.2 Possible application of generic antineutrino spec-
trum

The generic antineutrino spectrum has been weighted
by the IBD cross sections. Other reactor neutrino exper-
iments not utilizing the IBD reaction can remove the
IBD weighting factor to obtain the antineutrino spec-
trum from the reactor. IBD reaction experiments could
directly use the generic spectrum to predict the antineu-
trino spectrum with IBD cross section SA in their exper-
iment. A simplified example is:

SA = Sdyb +
∑

i

(fAi
−fdybi

)Smodi
, (48)

where Sdyb is the generic spectrum from the Daya Bay,
i.e. Sgeneric(E), fdyb and fA are the effective fission frac-
tions of the Daya Bay experiment and the reactor an-
tineutrino experiment A; and Smod are the isotope an-
tineutrino spectra from models, such as ILL+Vogel, Hu-
ber+Mueller, etc. SA could then replace the isotope
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Figure 6.21: Antineutrino spectrum observed by the DayaBay experiment(An et al. 2017).
(a)Antineutrino spectrum weighted with the IBD cross section (b)Ratio of
the extracted reactor antineutrino spectrum to the Huber-Mueller prediction
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Figure 6.20: νe spectrum per fission of major heat producing isotope in reactor(Huber
2011, Mueller et al. 2011, Vogel 1981).

short-baseline reactor neutrino experiment(An et al. 2017) found an exess of reactor
neutrino spectrum in a energy region of 4–6 MeV by about 10% from the Huber-
Mueller prediction as shown in Figure 6.21. They extracted reactor neutrino spectrum
from each fissil isotope taking advantage of huge statistics and time variation of the
spectrum shape by burnup. This model-observed distortion is called “reactor neutrino
anomaly” and indicating a need of revising the reactor neutrino modeling (Adey et al.
2019).

To minimize the systematic uncertainties from the reactor neutrino anomaly, the
total reactor neutrino spectrum from each reactor is calculated by correcting the
DayaBay spectrum for the accutual fission ratio in each reactor as

S(Eν) = SDB(Eν) +
∑

x∈isotope

(fx
i − fx

DB)S
x
HM(Eν)σIBD(Eν) (6.8)

where SDB(Eν) is the reactor antineutrino spectrum per fission measured by the
DayaBay experiment (Figure 6.21(a)), fx

DB is an average fission ratio of isotope x in
the reactors near DayaBay, fx

i is a fission ratio of isotope x in reactor i, Sx
HM(Eν) is

the fission spectrum model of each isotope (Huber 2011, Mueller et al. 2011, Vogel
1981) and σIBD(Eν) is the IBD cross section(Strumia and Vissani 2003).

The second term of Eq. (6.8) is typically small and the dominant uncertainty of
S(Eν) comes from the uncertainty of SDB(Eν). Therefore, the statistical uncertainty
of SDB(Eν), 2.03%, is assigned as the systematic uncertainty for the reactor neutrino
flux related to the antineutrino spectra.
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Figure 2.12: Overview of the 2nd purification system.

Table 2.8: Pressure and temperature of each distillation tower.
Component Boiling point Pressure Temperature

Pseudocumene 169 ◦C 1.6 kPa 60 ◦C
Dodecane 216 ◦C 2.2 kPa 110 ◦C

PPO 360 ◦C 0.6 kPa 190 ◦C


