Workshop on Ghost Particle Hunting:

Neutrino Physics and its Applications to World Peace

Geoneutrino0s:KamLAND, Hanohano, OBD

~ Exploring the Earth’s deep interior with Geoneutrinos ~
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Self-introduction!

Member of KamLAND experiment since 2007
After KamLAND started in 2000

After 1st geo-neutrino paper publication in 2005

After “Hanohano” idea started to be discussed around 2005

My research:

* Neutrino observation with KamLAND
* “Neutrino Geoscience”
. Interdisciplinary science field

— Ocean Bottom Detector

KamLAND
@Kamioka
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Earth’s Structure 3/23

@ Crust : Solid 3929

3%2%
: - Volume : 2 %, Mass :~0.5 % 1
: Heat-producing elements : 40 %

: |- Changes of seismic wave and chemical composition decide boundary

82%

2 Mantle : Solid Mass

- Volume : 82 %, Mass : 68%
Heat-producing elements : 60 %
- Homogenous or Inhomogeneous? Chemical composition?

68%

- Volume : 16%, Mass : 32%

Heat-producing elements : negligible 60%
- Fe (+little Ni) Density : 10% lighter than Fe
Mm - Light elements? Amount?




Geo-neutrinos

Electron-antineutrinos from natural radioactive decays

Ve 4.1 x 10%/cm?/sec ~ P-decay geo-neutrinos
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*Only geo-neutrinos from@)and Th
are detectable right now

*40K geo-neutrino detection needs
another technology.
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Earth’s Heat Balance

L?fSurface heat flow
46t 3 TW

example of Earth model

Mantle cooling ,))o
(18 TW)

: Mntle R* :

3

s gl ((')-‘.4 TW) Tidal dissipation
Chemical differentiation

*R radiogenic#gat
(after McDonough & Su

after Jaupart et al 2008 Tre£e of Geophysics

Primordial Heat
* Releases of gravitational energy through

accretion or metallic core separation
* Latent heat from the growth of inner core

Detection of geoneutrinos
from the Earth

®-

Energy balance
“for driving
the Earth’s engine?

R

Primordial Energy
from accretion

Radiogenic (U * Th + K)
Energy from nuclear decay

N
.
\ ¢’ +

Semmm?

Q : How much radiogenic heat
contributes to Earth’s heat?



Why geo-neutirno?: Big questions 6/23

What is in the mantle? How much fuel is left to drive Plate Tectonics?

Many seismically imaged structures and Total surface heat flow :46 +t 3 TW
chemical heterogeneities in the mantle (Continental Crust + Mantle) Th/U = 3.9
LowQ MiddleQ HighQ | U= 14108

10 TW 20 TW 30 TW
.Continental Crust .Mantle

Primordial Radiogenic
W,

X 7
~ ’
E ~ F

LLSVP (Large Low Shear Velocity Provinces)
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* Not yet reported

SNO+

1 kt
54 km.w.e.

~202

Borexino
0.3 kt

3.8 km.w.e.

Baksan
~10 kt

4.8 km.w.e.

2002~2024

KamLAND

1 Kt
2.7 km.w.e.

KamLAND2 2027~

Finished
Running
Constructing

Ocean Bottom 2025 Summer~
Detector JUNO
10-50 kt ?05k|i
~5 km.w.e. ~ WS,
Jinping
ANDES 1 kt
~3 kt /5 km.w.e.
4.5 km.w.e.

- Two experiments have published geoneutrino measurement results so far.
- New experimental data by SNO+ & JUNO will be reported soon!



KamLAND Latest Results 8/23

S. Abe et al, “Abundances of uranium and thorium elements in Earth estimated by geoneutrino spectroscopy”, GRL, 49, e2022GL099566
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KamLAND Latest Results
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S. Abe et al, “Abundances of uranium and thorium elements in Earth estimated by geoneutrino spectroscopy”, GRL, 49, e2022GL099566
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[V Radiogenic Heat
Th/U free

Adding heat estimate from crust,
238U :3.4TW, #2Th:3.6 TW

QY =332 TW
Q™M =121152 TW
QY + Q™" =154 TW

[ Model Rejection

HighQ model is rejected at
99.76 % C.L. (homogeneous mantle)
97.9% C.L. (concentrated at CMB)

Achieved the accuracy level can further geoscientific discussion

Improve the distinct spectroscopic contributions of U and Th




Final Result of KamLAND1

Dataset : Mar, 2002-Aug, 2024 (+2.5 years from last result)

+ BG reduction with machine learning
Gradient boosting decision tree is powerful algorithm for accidental BG reduction.
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Neutrino Geoscience: Current and Future

what we need

Improved accuracy of o
pmeasurementy mi lt/ s:te d/rectlo al sensitive detector

g meajurement i NN

modelling P VP ; new type detector

,,,,,,,,,,,,,,,,,,

detector i the Ocean

current generation

: total radiogenic heat
,|nthe Earth__ |

resolving vertical and
' horizontal flux differences

detecting

dlstmg mshlng mantle ' ;;
K geo-neutrino

/1 M rn
contrlbutlon ' easuring

“Twhat we learn

"OBD: breakthrough |
| | beyond modern Iand-based detector
first measurement in 2005 transforming our vision of deep Earthj




Multisite Measurements 12/23

TNU: anti-neutrino events seen by a kilofon detector in a year

> Outlook toward year 2025
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Multisite Measurements 13/23

| TNU: antli-neutqino evlents seen b){ a kilolton deltector in a year

Outlook toward year 2025
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OBD/Hanohano Motivations 14/23

irect Measurement of Mantle Srémek et al (2013) EPS, 10.1016/j.epsl.2012.11.001
Mantle/Total
need to be far from crust PN

can be far from reactors

e Multi-site Measurements

Solve the mystery of deep Earth!
First detector for mapping the inhomogeneous mantle

‘Crust (<500km)
sof Mantle Crust (global)

Offscale -
O
o

e Multidisciplinary Detector

antineutrinos [TNU]

=)

| l\ I(amND Borexino ining SNO+ JUO
) 3




OBD/Hanohano Motivations 15/23

Sramek et al (2013) EPS, 10.1016/j.epsl.2012.11.001
Mantle Geoneutrino Flux

e Direct Measurement of Mantle

need to be far from crust
can be far from reactors

« IMulti-site Measurements

Solve the mystery of deep Earth!
First detector for mapping the inhomogeneous mantle

site 1 site 2
| | u u . . . . 35 T T T T T T T T T T T
e Multidisciplinary Detector Seismically slow “red” regions in the deep mantle . Longitude = 161 W | |Site#1 EMeD O ]
s s - [ Crst Mantie. jearh ———-88&SDM |
NG f"gﬁ?\@ —-—--W&HDM /
] g = Site #2

Surf.

CMB

From Alan McNamara after Ritsema et al (Science, 1999) o . . . ., . . . . | . . .
90 60 30 0 -30 -60 -90
Latitude in degrees




OBD/Hanohano Motivations 16/23

e Direct Measurement of Mantle Linking the sciences t}i‘m’lgg shared goals

need to be far from crust

can be far from reactors Neutrino
Geoscience

- New Technology
\\\\\ LT

Ocean floor/

e Multi-site Measurements {1 =-Y~A

Solve the mystery of deep Earth!
First detector for mapping the inhomogeneous mantle

)
&7 o/
w Astrophysics

 JMultidisciplinary Detector
Physics, Geoscience, Mantle drilling, Environmental science,
Biology, New technology,...
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2005 not so many progress... 2019 «=°° 2020-2025
B ~20kg  1-10t ~1.5 kt 10-50 kt

A ar {'\1\/ > hep-ex > arXiv.0810.4975v1 e —

High Energy Physics - Experiment

< - = g s < - S g 2 < S L @ - = g s < @ = g 2 < @ = g s < N Sl ® 3 =

VISR (P = e RPN =R L SO S =g ol AP 29~ PG R - o0 =l 77 S 5~ YO0 Sl 75 A A o S O Sl 7o e > AP 27 S~ G Al =R S Y~ il ~ ADeep Ocean Anti-Neutrino Detector near Hawaii - fSubmitred on 28 Oce 2008) ) . .
Hanohano Hanohano: A Deep Ocean Anti-Neutrino Detector for Unique

' “Hanohano!! 2005 U Hawaii & Makai Ocean Engineering " Final Report Neutrino Physics and Geophysics Studies

’

John G. Learned, Stephen T. Dye, Sandip Pakvasa

[ ———_ I " " T The science potential of a 10 kiloton de2p-ocean ligaid scintillation detector for -1 MeV energy scale
—— d b
b :-"" b I g eCh n I Ca I te StS a n d d ete CtO r d eS I g n ! m \ electron anti-neutrinos has bean studied. Such an instrument, designad to be portable and function in
/ LTS, _ > “".' Y P N g . - N . . X
e \ the deep ocean (2-5 km) can make unique measuremeants of the anti-nautrinos from radioactive decays

’ 1 0~50 kT k | . in the Earth'.s mantle. Ths information sp2zaks to scme of the most tundamenta! questions in geology

¢ 1 m | — about the origin of the Earth, plat € tectonics, the geomagnetic field and even somewhat indiractly to
- global warming. Measurements in multip/e locations will strengthen the potential insights. On the

: ~

i 1~5 kmwe

H | o particle physics side, we have identified a urique rol2 in the study of anti-neutrinos from a nuclear
i movable

' | S power complax, at a range of 55-60 km off shore. Not only can precision measvrements be made of
=== == T - b J/ mMost neutrino mixing paramerters, including &3 (degending cn magritwde), but the neutrino mass
N . . = hierarchy can be determined in a method not heretofore discussed, and one which does not rely upen
2 ——= marter effects, This detecter is under active study on paper, in the ladoratory, and at sea, An
interdisciplirary and international collaboration is in formartion, and plans are in motion for a major

{ preposal, te be followed by construction cver several years.
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2005 not so many progress... 2019 «*° 2020-202576c
B ~20 kg 1-10 t ~1.5 kt 10-50 kt

I JAMSTEC"& Tohoku U.

» Japan Agency for Marine-Earth Science and Technology

July 9, 2019

Generator

5,000kWx6 2,500kWx2

Equal to the power needed
by a town of 10,000 homes
(3 KW per home)

Sy ——— e A

o =
i,
wr

A
&7
,

“moon pool” = £ or =
- cart : <400t '


http://www.awa.tohoku.ac.jp/OBD_Chikyu_e/Home.html
http://www.awa.tohoku.ac.jp/OBD_Chikyu_e/Home.html
http://www.jamstec.go.jp/e/
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2005 not so many progress... 2019 we ”“320-20?‘7@0'
B ~20 kg 1-10 t ~1.5 kt 10-50 kt

| Technical test & world’s first measurement in the ocean with LS detector
* Install detector into ~1km seafloor (JAMSTEC'’s Hatsushima Observatory) take data for several months

Another option: seafloor around Hawaii with battery operation * on-going: Study on glass-sheilded PMT+electronics ;
{ “measure muon late in the sea — input parameter for future large detector module with IceCube team in Chiba |
* Technical developments are in progress.

, Hatsushima Observatory detector design Const

electrical & optical connections to near coast, monit " bl - 4

cameras, eftc.

ruction test at Tohoku U. with glass-sheilded PMTs

L=y f‘:
R i =S
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2005 not so many progress... 2019 we a‘e“izo-zo?"'ed
B ~20 kg 1-10 ¢ ~1.5 kt 10-50 kt

_Maturity of science ;

i Technical demonstration & environment measurement in the sea |
! deep sea neutrino & muon flux, ocean water density & temperature, radioactivity 3

j — input parameters for ~1.5 kt detector design

2.5 o5

First clear mantle signal

2F Stainless tank

* Detector simulation study is in progress.
* Hawaii is possible position.

‘; * Detector should be installed at ~4km deep sea to
| Low temperature (2-4°C)
high pressure (40MPa)

Signal Backgrounds
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e e §
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I 1 | L | L | 1 1 1

'ﬁ E reagion] U Th Total JReactor | Acci. | (a,n) |He-Li|Fast-neutron | Total 0.5

|| A |eso| 164 823 | 413 |192/388| 0 | <242 [9.03 e

{ | Geo-nu |4-61)|(1.15) | (5.76)} 153 | 190 |2.96| 0 | <0.58 |6.39 o 2 3 4 5 6 7 8
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(mantle) [Events/year]

highQ model:  1year — 3.70 Tmonth — 4.10
*Mantle geoneutrino sensitivity middleQ model: 3year— 3.50 *17 kt detector case 3month — 3.90
| ___ lowQmodel: _10year— 2.50 year ol
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4+Oscillation
Tomography with
high energy
atmospheric-v

Technical Developments Simulation Studies: LLSVP
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OBD Situation

International Collaboration: Tohoku U., U. Hawaii, LLNL

Foanuary 20255 - Started from 2024
& - Writing White Paper
- Discussions on:
- Detector design
- Detector technology
- Detector sensitivity
- Expand collaborative scientific fields

- Funding strategy etc




Summary

® Geoneutrinos are unique and new tool to measure directly the Earth’s interior.
> Strong way to measure amount of radioactive elements in the Earth

® [o date, physics experiments have shown the usefulness of geoneutrinos.
> Interdisciplinary community has furthered its connection over these past 15 years.

® ’Neutrino Geoscience” : collaborations between geoscience, physics, ocean

engineering and beyond
> Ocean Bottom Detector (OBD) = Breakthrough

<Transformative insights> * 'f

' OBD’s Primary Goal : -map the mantle |

}““ in. P i

® Neutrino Geoscience 2025, October 27-30, Kingston! . . ,, ‘
> Hawaii 2005, Hawaii 2007, Sudbury 2008, ‘*“«*4[ ol
Gran Sasso 2010, Japan 2013, Czech 2019 =

Neutrino Geoscience 2025 - Kingston

October 27-30, 2025



