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What formed our planet ?

€ 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 d
« Heat flux measurement at the surface to Geoneutrino is

study geothermal activities. a key of these
There still be some open questions for our planet!! questions.
*  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.
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Earth’s 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 important.

Heat inside the Earth

« Total heat flux: 463 TW by surface heat flux measurement

« Source: primordial heat + radiogenic heat the breakdown is unknown
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.
€ Low-Q (10-15 TW): Based on compositional analysis of enstatite chondrites

(17-22 TW): Based on compositional analysis of Cl carbonaceous
chondrites

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



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

Motivation for geoneutrino observation

core

Geoneutrino: v, from the decay of Ve Can be detected by

radioactive materials in the Earth inverse [3-decay (IBD)!

238 - 29°ph 4 8a + 6e™ + 6V, + 51.7 MeV ‘

232Th — 298ph + 6a + 4e™ + 4V, + 42.7 MeV
K - *%Ca+e” + v, + 1.311 MeV

-
o

v, flux
; Ve 0.4 U, Th
- o« Radiogenic heat

238 .
| U™ series

 KamLAND

Luminosity [/s/MeV]

—

v Measurement of the geoneutrino total flux 02

15 2 2.5 3 3.5

— Test of Earth’s heat budget | AntineLiino Energy [MeV]
v" Measurement of the geoneutrino flux from U and Th separately
— Test of Earth’s chemical composition




KamLAND/KamlLLAND-Zen Collaboration

Kamioka,
Gifu, Japan

~ Collaboration meeting in Mar. 2025
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KamLAND f&

Kamioka Liquid Scintillator Anti-Neutrino Detector *

COS”IE muon rate T js; ¥ Scintillation Inner Detector:
~ 054Kz *’ Physics observation

5] 1kton purified liquid scintillator
238U~5.0x10-8 g/g
«  232Th~1.8x10-"7 g/g

| /1879 PMTs

| 6.7%/\E, 13.7 cm/NE
| Water-Cherenkov

. outer detector:

Kamioka, < 1 \Active cosmic-y veto
Gifu,Japan . "L\B.Zkton purified water
20 m 225(140), 20-inch PMTs

« KamLAND completed DAQ on Aug. 27, 2024
« We started detector upgrades in 2024 and plan to launch
KamLAND2 in 2028!!




Geoneutrino measurement in KamILAND

€ Observe v, by delayed coincidence

v 511keV e
(positron f zracr)wnr:irr)\tilzit?gr?)l ‘ V . . .
; « Significant background reduction by
® | two-fold coincidence
- i Neutrino energy reconstruction from
Thermalized neutron \\ ‘k\/\/? o prompt Signal
(T ~210useq) N7 S
‘\’2Mev
u @ Prompt Prompt
€ Main Background e o] o
- . —160+r =
 Reactor neutrino / °
« 13C(a, n)'®0: Originating from alpha “ﬁ@\ °/‘
particles emitted by natural radioactive N,
isotopes (mainly 2'°Po) in detector © " Detye
. r (4.428MeV)
structural materials. 0. e

Accidental: Accidental IBD-like BG from detector radioactivity (*'*Bi,

208T| and 4°K).
« Cosmic-ray muon spallation products: °Li and 8He




History of neutrmo geoscience in KamLAND

2002 2005 2011 2022 2025 2028

M

KamLAND

KamLAND2
start_ ) ] ) start
First evidence of geoneutrino detection
Nature 436, 499-503
of ~ 20, predicted by the geophysical model.
= s F b =
i : ~ 15F ;- Total number of Py
:Geoneutrlno S wE /> /'\\ "observed geoneutrinos
o5 - o EN C CL 95.4%
i A TAN e
% I "%) 0 2“\1:1 - 615 lA\"HB ; Y% CL 90.0%
b 20_— Antineutrino energy, E, (MeV) < EEEEE
g’. 15; """"""""""""""""""""""""""""""""" - CL 68.3%
2 I — |l 1T A _
Yo i DO R e 1z
b Total BG | 28.0*156 4, ¢ events (56% error)
[ e P 749 days, 0.71 x 1023 proton-year
ol Tl The beginning of
1.8 2.0 2.2 24 2.6 2.8 3.0 3.2 3.4 g g

Antineutrino energy, E, (MeV)

neutrino geoscience



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

History of neutrmo geoscience in KamLAND

2002 2005 2011 2022 2025 2028
KamLAND KamLAND2
start start

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

1210° . . b
[ KamLAND | Borexino

—
o
o

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

E |—ﬁ el 106*29_,5 events (27% error)
K e 2135 days, 3.49 x 1032 proton-year

Radiogenic heat: 20.0*88 34 TW

v, flux (cms™)
[*)]
1

| b
H 1
! mantle .

Kamioka Gran Sasso Hawaii

* 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.



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

History of neutrmo geoscience in KamLAND

2002 2005 2011 2022 2025 2028

M
KamLAND KamLAND2
start start

Improved observatlon ln Iow-reactor period
= (Geophysical Research Letters, 49,

Issue 16, €2022GL099566
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This excess is geoneu trino -
Reactor neutrin

(with oscillatio ff ct)
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Neutrino flux (1 01°neutrino/cm2/day)

1 2 3 4 5 6 7 8

2002 " 2004 2006 2008 2010 2012 201 4 201 6 6 2018 2020 20

2003 2005 2007 2009 2011 2013 2015 2017 2019 202 Positron Energy [MeV]
» 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.
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https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022GL099566
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022GL099566

Best fit result

Time variation «— Period1 —,« Period2 _, . Period3 .

Residual (o)
Lbow s

Reactor 7, —— Spallation
Accidental —— Reference geo 7,

AT 8l B3C(a,n)'°0 Expected total
T ¥ (2,
! : faft o
i —— =

2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Number of BG events from best-fit result Period1—Period2

o
o

o
n

B
1 NV

Rate [events/day]
ISR
W »

e
o

o
=

0.0

Periodl Period2 Period3 AllPeriod * 13C(a, n)'9°0O BG was greatly

energy range [MeV] 0.9-2.6 0.9-26 0926  0.9-2.6 reduced by LS distillation campaign.
live time [day] 1485.5 1151.5  2590.0 5227.0 Period2—Period3

325.75 229.64 4897 60436 —

(e, m 10 T 2018 292.96 Reactor v, Qecreased due to reactor
Accidental 59.35  40.53 2479  124.67 shutdowns in Japan.

g _ .
|Spallation (*He/”Li)|  1.52 1.05 1.69 4.26 « Reduced reactor 7, + Optlmlzed

Background total 620.21  334.07 171.98 1126.26 likelihood selection

1 164 11 .
observed o1 368 16 ® __ _ Fewer accidental backgrounds
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Events/0.1MeV Events/0.1MeV

Events/0.1MeV

Best fit result

Rate + Shape + Time un-binned Likelihood
D i 1 e | CONditions

60%(b) Period 1++i + * Energy: 72 bins in 0.9 < Energy,romp: < 8.5 [MeV]
40° =T %‘f_ « Time: each KamLAND run (~24 hours bin)
- i + « Scan Parameter: geo v, signal (U, Th)

 Fit Parameter: Am,,?, 0,,, 8,3, BGs, systematics
(c) Period 2 Simultaneous scan of the oscillation

parameters and geoneutrinos

Number of BG events from best-fit result
Periodl Period2 Period3 All Period

energy range [MeV] 0.9-2.6 09-26 0926 0.9-2.6

live time [day] 1485.5  1151.5  2590.0 5227.0
325.75 229.64 4897  604.36
13C(a,n)*0 177.66 20.42 22.18 222.26
] Accidental 59.35 40.53 24.79 124.67
|Spallation (°He/°Li)|  1.52 1.05 1.69 4.26
L Background total 620.21 334.07 171.98 1126.26
o P — . ‘ . ‘
1.0 12 14 16 18 20 22 24 26 observed 651 363 164 1178

Prompt Energy (MeV)
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Geoneutrmo flux measured by KamLAND

7, flux from 232Th (x10° cm~2s~!)

7, flux from 238U (x10° cm2s~')

o . The confidence
" _ = level contour of | Number of geoneutrinos from
) -, the geoneutrino | best-fit result
: ﬂ ux Ny flux 0-signal
N “ [event]  [x10° cm™2s7!] [TNU] rejection
: U 116.6735 14.7+52 19.1187  3.3430
Vo Th 57.5724° 23.97102 9.7t41  2.3860
5] U+Th 173.7t2:2 32.172% 28.675% 830
TNU=1 [event/year/1032 target proton]
N Best-fit U+Th: 174131
0 1 2 3 4 5

KamLAND detected significant geoneutrino signals from both

uranium and thorium inside the Earth.

Spectroscopic measurement of geoneutrinos from uranium

and thorium was achieved.
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Radiogenic heat measurement

3 (a) Mantle Radiogenic Heat

PN \\ Radiogenic heat

N\ %4, from mantle @;cf??"

w ~

\S]

7, flux from 232Th (x10° cm—2s~1)

—
L

{ KamLAND

LN ‘result
05 i 3 3 3 3

7, flux from 28U (x10° cm~2s~1)
Crust estimation
mean value: Enomoto 2007

uncertainty: Rudnick & Gao 2014
Th/U ratio : Wipperfurth et al 2018

UTh _ AUTh U, Th
Q — Ycrust + Qmantle
Conversion coefficients between
flux and radiogenic heat in
homogeneous mantle
d Q U, Th
UTh _ (CI)U'Th . (I)U,Th mantle
Qmantle - crust d cI)U’Th

mantle
measured flux fux estimate in

at the surface crustal model

QCI‘USt - 3 4 TW chust — 3-6 TW

QY =33%55 TW

QTh =12.1%82 TW

QY+ Q™ =15433 TW

U, Th heat separated
measurement achieved!!
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7. flux from 2Th (x10% cm~2s71)

Estimation of radiogenic heat production i the Earth

Compared to radiogenic
heat predictions from
some earth models.

BSE models (Sramek et. al. 2013)
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Mantle Radiogenic Heat

€ Low-Q (10-15 TW)

Based on compositional analysis of enstatite chondrites
and isotopic constraints

(U:12=%=2 ppb, Th: 43+4 ppb)

(17-22 TW)
Based on compositional analysis of Cl carbonaceous

.= | chondrites and earth samples

~ /
2 3 4 5
7, flux from 238U (x10° cm=2s~")

(U : 20=%4 ppb, Th : 80=+13 ppb)
> Consistent with the KamLAND data.

€ High-Q (>25 TW)

Based on balancing mantle viscosity and heat
dissipation (1-layer mantle convection).

(U :35=%4 ppb, Th: 14014 ppb)

> Inconsistent with the KamLAND data.

14


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

Comparison to Earth models

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

701

60
Assuming U and Th concentration at the sof \ i
mantle-core boundary, 4]

<

High-Q model is disfavored at 97.9%.

104

> Implies that the seismic " Crust+ Mantle (TWU=2.9
interpretation underlying the N R nLAND Lo

High-Q model (density and
viscosity) needs revision.

. Crust + Mantle (Th/U=3.9) _
' High-Q

Crust (TWU=3.9),

y KamLAND 1o

0 1 2 3 4 5 6
7., flux from 238U and 2*2Th [x10® cm~2s~!]

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

DLFVR

.............................................

We are ongoing KamLAND
completed dataset analysis !!

https://higgstan.com
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https://higgstan.com/

Back Up
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Earth’s chemical composition

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

Estimated by subtracting crustal

Estimated from Earth samples. oo ments from the BSE composition.

Candidate materjal of the Earth: chondrites

Cl carbonaceous chondrite: Enstatite chondrite:

« compositional similarity to solar « isotopic similarity to the Earth
atmosphere « abundant iron

 abundant volatile elements

The choice of the Earth's material is critical.
Need for direct test of deep-Earth composition !!
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