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p Site & Detector

KamLAND

Kamioka Liquid Scintillator

Anti-Neutrino Detector
~, (operated since 2002)

Kamioka: Mine®
Kashiwazaki neutrino C9SMIC ray
159km N
~. Shika , |
\\‘%km / & ” ;
| SRRy
Wakasa & /‘:3@ WA
146~192km_ @ \/ g i e ,

e Hamaoka — —
180km  200km {1,000t Liquid Scintillator

@ | * Dodecane (80%) Pseudocumene (20%) PPO (1.36 g/l)
9 Q reactor * extremely low impurily (238U:3.5x40-18g/g, 232Th:5.2x10-17g/C
1,325 17inch + 554 20inch PMTs Water Cherenkov Outer Detector

* Photo coverage 34% * Muon veto
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» Data-set & Reactor Neutrinos
ke| ~Apr. 15, 2018

rovided according to the special agreem nts betweeh
Tohoku Univ. and Japanese nuclear power reactor operators.

-~~.reactor neutrino

1 W
,'/ Iow-r\e\‘a!ctor period

/geo-neutrino )(
N

E, [MeV]

p_;III|III|III|III|III

[/ +500 days of low-reactor
phase from 2016 data-set

2002 2004 200 2008 2010 2012 2014 2016 2018
PRD 88, 033001 (2013)

2013 data-set : 2991 days g 2016 data-set : 3901 days 2019 data-set : 4397 days
4.90%x1032 proton-year 6.39%x1032 proton-year 7.20x1032 proton-year
Period 1 : 1485.62 days

+500 davs Period 2 : 1151.47 days
Period 3 : 1259.8 days Y5, Period 3 : 1759.85 days




» Energy Spectrum (0.9-2.6 MeV)

Efficiency (%)

Events / 0.2MeV

100 model prediction : Enomoto et al. EPSL 258, 147 (2007)
80 -
60 ;— / Selection efficiency
| | L1 1 | L1 1 | 1 1 1 | L1 1 | L1 1 | L1 1 | 1 1 1 | L1 1 | ]
60 ——e—Data = best-fit reactor v, [} Reference geo v,
N - - U contribution
40 = = AR Th contribution
20
O T — L TTTTTTTTTTTTH R T
180 F —— KamLAND data -+ Best-fit reactor v,
Accidenta
-
I
140 W@M@i—_
120 [ \ \ \
100 [ \ \ IIIIIII IEI llllll LA rrerere "R RR RR N
80 \ E Bc(a, n)'°0
60 - : N\ Best-fit geo v,
40 Q,\\\\\\\\\ """""
C — Best-fit reactor v, + BG
20 F e Prellmlnary+ best-fit geo V,
OFFLI‘TI|III|III|III|III|III|III|III|I

8/19

2019 Preliminary Result

Livetime : 4397 days
Candidate : 1167 ev

Background Summary

O 4.4 +0.1
Accidental 121.9 £ 0.1
Fast neutron <41
13C(a, N)1O 211.6 + 23.3
Reactor ve 629.0 + 34.4

1 1.2 14 16 1.8 2 22 24 26
E, (MeV)

Total 966.9 + 41.8




» Energy Spectrum (0.9-2.6 MeV), Low Reactor Phase
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- - U contribution

Th contribution

—e—Data - BG - best-fit reactor v,
Bl Reference geo Vv,

—o— KamLLAND data

+

-- Best-fit reactor v,
éccidental
C(a,
\ Best-fit geo v,
— Best-fit reactor v, + BG
+ best-fit geo v,

\\\\ DMINN \\\ e

n)16O

‘

1.4

best-fit : Period 3 analysis

16

(MeV)

2.2 2.4 2.6

Livetime : 1760 days
Candidate : 110 ev

[ Geo-neutrino / Background
=066.3ev/50.3ev~13

[A We clearly measured geo-

neutrino spectrum.
— better understanding of U, Th

each contribution




» Energy Spectrum, U and Th Geo-neutrino Contributions

Th/U Fixed (3.9)

40 :— —— Data - BG - all data best-fit reactor v,
> L Preliminary Thgeo v,
O - U geo V,
> 30
— L
- |
@n 20—
= i e
L _
> i
= 0+ ;e

[ | L 1 | | | I | | I | L 1 | | | | L 1 | | | 1 | | I | l

| 12 14 16 18 2 22 24 26
E, (MeV)

> Background subtracted data
e pbackgrounds : all data best-fit
e weighted average by each period’s
livetime
» U - Th contributions

e all data best-fit with Th/U fixed analysis

[ Good agreement




» Rate + Shape + Time Analysis (1) 11/19

NUIS\(’)S Nee Ratio Fixed
_(a) 6837 ——Ratio Free
: 95 4% :
—99 7%
100 earth model prediction g : i | 3
| EPSL 258, 147 (2007) S L S °
ﬁ N%< - : : : . : |
Z.
_____________________________________________ 20
50
_____________________________________________ o
l(l)O l 150
NTh
O - |
300
Flux [¥10° cm-2s-1] 0 signal
TN C Y
o § [TNU] best-fit model rejection
rato free ™ u | 123.3 +41.2/-39.1 23.3 +7.8/-7.4 17.9 +6.0/-5.7 22.0 3.510
Th 41.6 +24.6/-24.7 8.1+4.8/-4.8 20.0 +11.9/-11.9 18.6 1.680




» Rate + Shape + Time Analysis (2)

Nu + Nth 400 :
(a) (b) Prelimingiiill 80
839, |earth model prediction | ok | i e N
i | EPSL 258, 147 (2007) | : ._ ; Ratio Fixed
95 4% \ -2 5 —— Ratio Free
300 __ . :
= :
pd i ~
+:> 200 - é
Z i
100 | -
O ] | | | | | | | | | | | | | | | ;I | | |
-1 —0.5 0 0.5 1
(N -Np) /(N +Np)
.. (Nu, Nth) = (122, 42)
best-fit ' ‘N = 164
Flux [*106 cm-2s-1 i
o revent] TNU] s | 0 signal
ratio fixed best-fit model rejection

U+Th |168.8 +26.3/-26.5 (15.6%)| 32.1 +5.0/-5.0 3.6 +0.6/-0.6 4.1 8.14 0
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» Th/U Lt - Introduction

- 232Th Is more abundant than 233U.
- Molar ratio (Th/U) in bulk silicate Earth is expected to be 3.9 * 0.1.

Meteorite: Fall statistics

(n=1101) (back to ~980 AD)
Stony Iron

meteorites

y

Achondrites
~9% Carbonaceous

Chondrites
~4%
Enstatite
Chondrites
~2%

Iron meteorites

Chondritic analyses

Most studied meteorites
fell to the Earth <0.5 Ma ago

WERK—a— KU/ HERSEDOTh/UEE DRI U 7 EEERIE




» Th/U Lt : RIS SR

Th/U mass ratio =3.9

_—chondrite data Best fit
(106-642) Th/U = 5.3 +6.034
SOUSRRRR A Th/U < 18.5 (90% C.L.)
_BSE models ref) 2016 preliminary
(3.98-4.2) Th/U = 4.1 +5.5/-3.3, <17.0 (90% C.L.)

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

ref) chondrite data
RTINS SN N B Ordinary Chondrites : J. S. Goreva & D. S. Burnett, Meteoritics & Planetary Science 36, 63-74 (2001)

10 15 20 Carbonaceous Chondrites : A. Rocholl & K. P. Jochum, EPSL 117, 265-278 (1993)
Th/U mass ratlo Enstatite Chondrites : M. Javoy & E. Kaminski, EPSL 407, 1-8 (2014)




» LS« HEER D BN L

(ZrSurface heat flow
46+ 3 TW

example of Earth model

/
Mantle cooling ,))o
(18 TW)

Mantle R*

t T VWSS (0.4 TW) Tidal dissipation
Q( Chemical differentiation

*R radiogenic
(after McDonough & Su

after Jaupart et al 2008 Treatise of Geophysics

Primordial Heat
* Releases of gravitational energy through
accretion or metallic core separation
* Latent heat from the growth of inner core

- crust heat flux measurement & calculation

Surface Heatflux at 2x2 degrees mW/m2

—-18” 120 - B0 0 60
Rev. of Geophys 31, 267-280 (1993)

110. r
80.0
50.0 "
20.0

B V|
§
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» LS« HEER D BN L

(ZSuﬁace heat flow
46 3 TW

example of Earth model

/}0
Mantle cooling ’))Oﬁ
18 TW .
(18 TW) &

*Rﬁ r?AdEi)oge?LcS t e (0.4 TW) Tidal dissipation
(after McDonoug Chemical differentiation
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

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

Radlogemc ‘ anordlal
Heat | Heat
b‘
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16/19
. Th/U = 3.
L e Fully Radiogenic 2019 Preliminary Result Total B
- N , FER (Cont. Crust + Modern Mantle) : = 1.4 X
5 & High Q SHHREENERE | 2
- 19 LowQ MiddleQ HighQ
T [ == Middle Q e | ) ’
Nt - —EBlnexTF -
' 6 - % Low Q g
5 \az— P
o© | EmEAoE.
= i / \ < s \ 10 TW 20 TW 30 TW /
\ :‘00
X — S
< 4f T [BSE models]
- 7 KamLAND 68.3% C.L. .
j= _ 2 High Q
[T _ - . . .
® crust based on balancing mantle viscosity
> 2 and heat dissipation
i Preliminary _
I Middle Q
T T T T based on mantle samples compared
OO 10 20 30 40 with chondrites
Radiogenic Heat from 28U + 2*Th (TW) Low Q
: : based on isotope constraints and
M Radiogenic Heat: 12.4 +49.49 TW chondritic models

(Mantle+Crust, U+Th)

ref) Crust (U+Th) ~7 TW 50047 o7y

—, Mantle (U+Th) ~5.4 TW
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fully radiogenic

30

40 |

30

20

10

Model mantle (assuming Middle Q)
crust
S. Enomoto, Earth Moon and Planets, 99(1), 131-146 (2006)
3
i 50 L
i 40 T
=~ 6
& : :
= 30 L
Q
O i
S L
X i 20 |
E Th/U fixed i Th/U fixed
- - 10 t
S S !
i O | N ;' —
127 E
0 10 -
238U 232Th

7 50 %o 2381 & 232Th OF 5 % Jii7 (C &R
=
60 i 0 O
i O(QD 'Z#%/,H\Unﬁ%% iiﬂl UD_J'E"@%/AIJ EE:'cJ:
| -
30 o D “b %77\/\
Th/U fixed &:Dr
20 o MEaZNEI 2T DIREDZENZE
bl BT =
_ i g NOE5EHZ T ET. HIRD T
- maide 8- - NETOBREELBAEZBESHICT
i 8 xZ
crust . 4 H
T F
- 2
1 HighQ
0 Middle Q
23817 4 2327, Low O




y Y MNILDEFE - KamLAND & BorexinoD#5 8

ek
\9)

Flux (cm™s1)
=

Ve
o0

KamLLAND

Borexino

M. Agostini et al, arXiv:

1909.02257

KamLAND
S(Mantle) =

S(Observation)|— S(Crust, Model)

3.60%0:56 g 57 2.93 10.29 g o9
X106 cm-2s-1 X106 cm-2s-1 (10%)*

= 0.67 *0.63 564 X106 cm-2s-
— 6.0 56557 TNU

MHigh Q model is
rejected with>2 o0 s,

. M. Agostini et al, arXiv:
Borexino 1909.02257

Mantle signal (median value)

Yaayayayayay

oI9S

___model estimation by Borexino

10.7
23.77,, events

21.2%5TNU

S/

¥+ (~19% uncertainty)

o
%
/)?}‘
%

LOC (local crust) = 9.2 + 1.2 TNU
FFL (Far-Feild Lithosphere) = 16.3 +4.8/-3.7 TNU

crust
0
Kamioka Gran Sasso
High Q mantle (assuming Middle Q)
Middle Q
Low Q CrUSt  |pianets, 99(1), 1

(M. Agostini et al, arXiv:1909.02257, Table VI)

* Recent approach of geo-neutrino flux calculation model
- indicating there is significant systematic uncertainty (60-70 %)

S. Enomoto, Earth Moon and

- trying to understand sources of uncertainties
N. Takeuchi et al. (PEPI 6222, 2019)

31-146 (2006)




Summary

IR = 2 — I U/ BRI IR PO RS % BB T F B 5

» RITIEER (2019108)

- B[R FHFE En HA ]
- ~4.8 T (Llivetime D40%)
-WER=—a— R/ OBEEBLBIRILF—ARYZ NMLOEE] - UEThDEFNEFNDEFESEZ & D R IB##

-HIERKZ— 2 — MY/ EREE 15.6 % DAEE

- HBREIFHIAD B
- Th/ULE : 5.3 +6.056, [EADITHER - BSEETIL EFEF B
- TREHEEN - 12.4 +4.949 TW (X NIL+HERR, U+Th), Middle Q - Low QEFI/IL ZFEHER
- 238y . 22ThER— 2 — M) /O U cFSOEHE - ChFETORFMERAEZHSHCTE S
- Y MILDES : 0.67 063564 x 106 cm-2s2 — * High QE T /LIZ20 A £ THERR

*WRRDBFBEDEHEETILADKREDLHKE L

==Y =)

» S RREEE:
- KamLANDIFERFIF/INy 70 50 > K7 —%5 OEH Z kit
-HWRETIDOELDRWERE - IV NLDBFESORBHD 2L D EEBEEIL
- Zi R & DIL K (KamLAND, (Borexino), SNO+, JUNO, Jinping)

- Ocean Bottom Detector: ¥ NIVEZEEAAND T L= XI)b— B2y —: BHLE)




