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YTO Mbl 3HAEM O CTPOEHUU 3EMNTN?
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OTKYOA Mbl 3HAEM O CTPOEHUU 3EMJTN?

MpenomMneHne 06bLEMHbBIX BOJIH Ha FpaHuLe ABYX yNpyrux cpen

3emMaempdceHue _ 1 l ] : ] l
: s Y =
p E_WVC = oy Epicentrum Seismic stations =12 i P N
/S5 T f""':'-ff .;;55\ x\ . — —
RS o > /—~record both 5 10l Vo _
-' s P and S waves 2 | g
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. .‘\..‘ 5 | Vs —
Seismic stations 6 . -
record no e v ]
P or S waves 240 =
§ 2 n N
Seismic stations S 1 1 1 1 o
record P waves 0 2000 4000 6000

but not S waves D bl N
The PREM model. Where n is 1 the model is isotropic. The

core is isotropic.

O6BbEMHbIE BOJIHbI (Ynipyrue) Preliminary reference Earth model
P-BOJIHA - NpOA0JibHAs BOJIHA UJTN BOJTHA CXKaTus (PREM, 1D model)
S-BOJTHA - MornepeyHas BOJSIHA UM BOTHA CABMUra MpensapuTeNnbHas TasoOHHas

Xnaokoctu (U rasbl) HE NPONYyCKaKT S-BOJTHbI
a ( ) PoTy Mopaenb 3eMNu



PAOVNOAKTUBHOCTb U MOTOK TEMJIA OT 3EMJIU
1903 T.

Wpnanackui reonor n ¢pusmk Ixon Oxonu (John Joly) n aHrnunckmn actpoHom
n MateMatuk hxkopox OapsuH (George Darwin) BnepBble o6patunn BHUMaAHUE
Ha paANOaKTUBHOCTb MOPOA, KaK UCTOYHUK reoTepManibHOM IHEpPrum.

PaccyeTbl nokasblBasiv, 4YTO KOHLUEHTpauwus
pafiMOaKTUBHbIX U30TOMOB BO BCEN 3eMJie He
MOXET COOTBETCTBOBaTb MX KOHLEHTpauuun B
3eMHOM KOpe, B TMPOTUBHOM  Cliyyae
paguoreHHoe  Tensio  MpeBblWwano  6bl
M3BECTHbIN NOTOK Tennaa ot 3emnu. Opyrumu
CNOBaMUu, KOHUEHTpauus paAnOaKTUBHbIX
M30TOMOB B MaHTUU WU sOpe HUXe, YeM B
3eMHOU Kope.

B 1970-x koHueHTpaums U u Th 6bina
n3MepeHa B obpasuax u3 MaHTUK, CO6paHHbIX

™y e
S/R. LrorcE Dir b‘//n/\

CO AHa OKeadHad, W OHa, }J,eVICTBVITe.FIbHO,
I>KOH [>konwu Ibxopox DapBuH oKasanacb o4eHb HU3Kon (~1072 r/r).
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NOEWN 60-X

G. Marx, N. Menyhard Mitteilungen der Sternwarte,
Budapest, 48 (1960)

MepBasi peasIMCTUYHASA OLleHKa NOTOKOB re0-HENTPUHO
ot U, Th u K.

M.A. MapkoB B KHUre «HenTpuHo», 1964

Ba)kxHoe ocBelleHUe U o6cy>Kp,eH|/|e BOMNpPOCa

Gernot Eder Terrestrial neutrinos, Nucl Phys 78 (1966)
YKa3san Ha BaXKHOCTb perucTpaLum U usyyeHus
reo-HeTPUHO AN 06BACHEHNS HABMTIOAAEMOTO
TENM0BOro M3nydeHunsa 3emnu. Takke ykasan Ha 5
BO3MOXHOCTb OMpeAeneHns pacnpoCTpaHEHHOCTH Mowucen Mapkos
(KONMuecTBa) [ONTOXUBYLINX PafMOaKTUBHbIX 3IEMEHTOB

B 3eMJie NyTEM M3MepeHNs NOTOKa reo-HelTPUHO.

G. Marx Geophysics by neutrinos, Czechoslovak Journal of Physics B 19 (1969)
O6Cy»xaeHne BO3MOXHbIX Fe0PpU3NYECKUX UCCNTE[0BAHUM C MOMOLLbIO HEUTPUHO

[epHOT 3p€ep



OT €¢AO0B OEWN K BERAY SKCMEPUMEHTY

PamacBaMu (Papxy)
ParxaBaH

R. Raghavan et al. Measuring the global radioactivity in
the Earth by multi-detector antineutrino spectroscopy,
Phys. Rev. Lett. 80 (1998) and

C.G. Rothschild, M. Chen, F.P. Calaprice,

Geophys. Res. Lett. 25 (1998)

[MpennoxxeHne 06 MCNONIb30BAHUU MPOEKTUPYEMBIX Ha
TOT MOMEHT HEWTPUHHbIX [eTeKTopoB Borexino u
KamLAND pgna  peructpaumm  reo-HeMTpuHo w
NpoBefEHUA COOTBETCTBYIOLWINX UCCE[O0BAaHUU, B TOM
Yncne COBMECTHbIX



MOTIVATION OF GEO-NEUTRINOS SEARCH

1) Surface heat flux puzzle ("main" problem)

2) Inner structure of the Earth
3) Chemical composition of our planet

4) Physical processes (including radioactive decays)
in the depth of the Earth

Questions

5) History of the Earth formation

And
Geoneutrinos is a new tool to research the nature of the Earth



THE PUZZLE OF THE SURFACE HEAT FLUX

Comparison of different sources of the Earth heating

Source Amount
Sun (Solar constant) ~ 1370 W/m?
Earth itself ~ (0.06 — 0.09) W/m?
Cosmic rays ~ 1078 W/m?

But the total heat from the depth of the Earth is 47 + 2 TW,

where the radiogenic heat portion is about 10-35 TW
(according to geological BSE models)

Average geo-neutrino flux at the Earth’s surface: ®; ~ 10=°% cm—2% s—*

The main Heat Producing Elements (HPE’s):

B8y — 20°ph 4 8 + 8¢ 4 67, + 51.698 MeV
232Th — 208ph 1 6oy + 46~ + 47, + 42.562 MeV
235U — 7Pb 4 7o + 4e” + 40, + 46.402 MeV
0K — 4°Ca + e + 7 + 1.311 MeV (89.3%)
VK +e™ — “OAr 4 1, + 1.505 MeV (10.7%)
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[TOTOK TEMNA Y MOBEPXHOCTWU 3EMNU

75-85
85-95
95 - 150
65-75 I 150 - 450

“Earth’s surface heat flux”, J. H. Davies and D. R. Davies

47+2 TBT

Ucnonb3osanuck 38 347 naMepeHui TeNnoBOro noToka

B cornacuu c npeablaywMMm oLeHKaMu:
46+3 TBT [Jaupart et al., 2007] n
44+1 TBT [Pollack et al., 1993],
roe UCrnonb3oBasCa HEMOJTHbIN HAbOp Tex Xe AaHHbIX.

o 15-30
5-10 [l 30-60

10-15



KAMEHHbIE METEOPUTbI U
COCTAB INPOTOINJIAHETHOTIO OUNCKA

[Mopasnsiouiee 60/1bLLUIMHCTBO KAMEHHbIX METEOPUTOB
(92,3 % KaMeHHbIX, 85,7 % 0bLLero yncnia nageHnin) — XOHOpUThbI.

XoHApbl — chepudeckme Unm aNannTuyYeckme o6pasoBaHums
NpeUMYLLLECTBEHHO CUJTMKATHOrO COCTaBa
(0T 1 MM [0 HECKONIbKUX MM B IMAMETpE).

CocTaB XOHAPUTOB NPaKTUYECKU NMONTHOCTbIO

NoBTOpSAET XMMNyecknn coctas ConHua,

3a UCKJTIOYEHUEM JIETKUX ra3oB, TaKUX KaK BOAOPOA U resiun.
[To3TOMY cuMTaeTcs, YTO XOHAPUTbI 06pa3oBanCh
HenocpeacTBEHHO U3 NPOTOMJIAHETHOro obaka,
OKpYy>XaBLlero n okpyxatouwero ConHue, NyTéM KOHOEHCaLUN BeLleCcTBa U
aKKpeLuu NblIn C MPOMEXYTOUHbIM HarpeBaHueM.

B xoHOpuTax HeT CnefoB niaBsieHUs.




BULK SILICATE EARTH
(BSE, CUNUKATHbBIE MOLENU 3EMITN)

» OnucaHne  COBPEMEHHOM  CUCTEMBbI KOpa+MaHTUs
obecneunBaercs MOLENbIo BSE: PEKOHCTPYKLIUU
NPUMUTUBHOWN (NEPBUYHOWN, N3HAYAJIBHOWU) MAHTUU 3EMIIU
cpasy nocne otaeneHus sapa, HO Ao AnddepeHUMaLUN
KOpbl, HA OCHOBaHUN rEOXUMUNYECKUX apryMEHTOB.

» [MpUMUTUBHBIN pe3epByap - sob6as 06nacTb MaHTUW,
KOoTopas coxpaHuna 3TOT COCTaB.

» MaccoBble U XOHLPUTOBbIE

CocTtaB XOHAPUTOB - OTHOLLIEHUS:
COCTaB MPUMUTUBHOM M(Th)/M(U) = 3.9,
(NnepBUYHOU) MaHTUMU M(K)/M(U) = 10¢,

pacnpocTpaHeHHOCTb U ~2-108 r/r.




MOOENM KOMIMOHEHTHOIO COCTABA 3EMJIU

KocMoxumuueckue, B KOTOPbIX B KAYECTBE ONMOPHOro BEpPETCH COCTaB
3HCTATUTHbIX XOHAPUTOB U MPUHUMAETCA BO BHUMAHUE npouecc
CTOJIKHOBUTE/TbHOM 3pO3UK

feoxMMMnUeckme, B KOTOPbIX B KA4eCTBE OMOPHOTo 6epETCcs COCTaB
YyrnepoaucTbiX XOHAPUTOB M YYUTbIBAETCH PacnpoOCTPaHEHHOCTb
Pa3HbIX XUMUYECKMX 3/1IEMEHTOB B 06pa3L,ax 3eMHOM KOPbl U MAHTUW

feogMHaMuyeckue, 6asmpytowimecs Ha U3SMepeHusiX NoToka Tensa
OT 3eMJIM 1 Ha YY€Te KOHBEKLMN MAHTUMU

PapuoreHHas. CneymanbHas Mofesnb, B KOTOPOM UCKYCCTBEHHO
MOBbILEHbl paCNPOCTPAHEHHOCTU PafMOAKTUBHbIX 3/IEMEHTOB,
YTO6bI MOJSTHOCTbIO ONMUCaTbh HAa6IOAAEMbIN TEMTOBOW MOTOK
3HeproBbleNieHNeM B LienoYvykax pacnafgoB 3TUX 3/IEMEHTOB



EARTH’S MODELS AND HEAT BUDGET H

rad

BSE - Bulk Silicate Earth Model [Fully radiogenic (FR)
The BSE models define classification

Geodynamical (GD)
the original chemical composition of

the primitive mantle Geochemical (GC) |
Lithosphere
The elemental composition of BSE is obtained I Cosmochemical (CC)

. . . . “well” known
assuming a common origin for celestial bodies
in the solar system

. Mantle
Mantle Scenarios Big uncertainty

(b) (c)
Low High Heat budget

Core cooling

Mantle cooling




EARTH’S MODELS AND HEAT BUDGET H

Model | Fully radiogenic (FR)
classification

rad

Geodynamical (GD)

Geoneutrinos

Geochemical (GC) |
|1| Lithosphere
Ca n h e I p ! I Cosmochemical (CC) “well”pknown
. Mantle
Mantle Scenarios Big uncertainty

(b) (©)

Low High Heat budget

" Core cooling Mantle cooling
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Water tank:
y and n shield
M water
Cherenkov
detector
2100 m3
208 PMTs in water

DETECTING GEONEUTRINOS

Borexino Experiment

Laboratori Nazionali del Gran Sasso

Nylon vessels:
(125 pm thick)
Inner: 4.25 m
Outer: 5.50 m
(radon barrier)

Stainless Steel Sphere
6.85 m, 1340 m?
-2212 8” (ETL 9351) PMTs
- ~1000 m? buffer of
PC+DMP

(light quenching)

Based on the origional picture by
A. Brigatti

© P Lombardi

»only 2 experiments have measured geoneutrinos

Calibration device
/ -, Chimney

Water-Cherenkov

outer detector \
Containment vessel

(18 m diameter) \

Buffer oil
Balloon
(13 m diameter)

Fiducial volume
(12 m diameter)

)
T Liquid scintillator | | I |
AN (1 kton) il

"~ Photomultiplier

tube

Outer detector /

Photomultiplier tube

" KamLAND

>both are liquid scintillator detectors
> Inverse beta-decay reaction



BOREXINO



Borexino Experiment

Laboratori Nazionali del Gran Sasso

Laben DAQ

Energy range:
200 keV - 20 MeV
+ PSD
+ position reco
Made for solar v

FADC DAQ

Energy range:
1-50 MeV
+ PSD
+ position reco
Made for SN-v

Energy: 7
5% @ 1 MeV 5t |
— Nylon vessels:
Position : 55 (125 pm thick)
- Inner: 4.25 m
1o:am @ 1Mey F Outer: 5.50 m
3 (radon barrier)
Water tank: Stainless Steel Sphere
y and n shield | 6.85 m, 140
s ' ' y % ‘ -2212 8” (ETL 9351) PMTs
i water - ~1000 m? buffer of
Cherenkov PC+DMP
detector (light quenching)
2100 m?
208 PMTS in water Based on the origional picture by
A. Brigatti

P Lombardi

Gran Sasso

All nuclear reactors are
far away from
the detector

The mean weighted
distance is about 1200 km,
there are no reactors
in Italy

Ultra-high purity
construction materials

+ Set of cuts
+ Background studies



ANTINEUTRINO DETECTION WITH LIQUID SCINTILLATORS

Electron antineutrino detection: delayed coincidence | | Energy threshold = 1.8 MeV
o Inverse Beta Decay (IBD) o @ few MeV: ~1042 cm2
« Charge current, electron flavour only (~100x more than scattering)

Uetp—> n+er

n.: . ¥ b 14 e + e~ — 2+ (prompt)
v, @ " n+p— d+~(2.22 MeV) (delayed)
® ----- >O\
P -~ N ga D
.“x‘ e ' Eprompt = Evisible
y ey v =T,, + 2 X 511 keV
0.511 MeV 0.511 MeV 2.22 MeV ~ Eantinu - 0784 MeV

prompt delayed



DETECTION OF GEONEUTRINOS

Geoneutrino flux ~ 106 cm—2s?
<P.> ~ 0.55

1 TNU = 1 event/ 1032 target protons (~1kton LS)/ year
with 100% detection efficiency

A st em™? 10keV!

108

10’

10°

1.8 MeV Py —— 25 3 35
232Th ' E .
235 ] = - Lithsophere
: = Mantle
g —— > 06|
E =
Total ——— ] = »
\\\‘ | =
_ &b
—W "
0.2 |
| L 1 Il Il L 0
0.5 1 1.5 2.5 3 3.5

Energy [MeV]

0.8

Signal [TNUJ/10 keV

0.6 |

04

. di; E;, )
S@) =Nyt de;TO'(E;)

- ]

Signal at LNGS

v

3.5
Energy [MeV]



OVERVIEW OF SELECTION CUTS

1) Energy cuts for prompt (Q,) and delayed (Qy)

n. <O D 2) Time between prompt and delayed (dt)
7 @ .
gq----»o”da 3) Distance between prompt and delayed (dR)
°. 4) Muon Vetoes
}4/_____?'.{_____}; '}/
0.511 MeV o I 5) Dynamic Fiducial Volume (DFV) cut
prompt delayed

6) a/B discrimination



SELECTION CUTS: ENERGY CUTS

500 p.e. [ 1 MeV

From ?*!Am-°Be calibration:

neutron source placed at different positions

Energy resolution: 5% @ 1 MeV
n . oF
;e oo
®----- r@
e n
y @9 -
° ;
e ;
s @ ----- > V
V V g 10"
0.511 MeV 0.511 MeV 2.22 MeV 2
Z
prompt delayed g
-
=

Energy of prompt
above IBD threshold

Q,> 408 p.e. after

considering energy
resolution

Energy of delayed Ei
.y 1074 I

0

<& Enlarged' > 700 < Qd <1300 p.e.

(p-capture)
1300 <Q,<3000 p.e

(*2C-capture )

e

wl
_Ne_r

——

—

Inner buffer
§ n-+ 1H — 7= 0 m
R 4 5 |5 z=-4m
ti "‘
- n + 12
&
A n + Fe, Ni, Cr
g ' . &\’? t_'.,
1 y ,1.}.,.'\1:_ ' b
o b A g
PR il
3 ,,;,‘ el
[ 1 : b \ |
B i |
= “:
l
I__I 1 1 1 I 1 1 Ii 1 1 1 1 1 | 1 1 | L I== I 1 | I|| || 1 L
0 1000 2000 3000 2000 5000 6000

Q, [p-e]



SELECTION CUTS: TIME-SPACE CORRELATION
Time between prompt and delayed (dt) Distance between prompt and delayed (dR)

n-capture time <Enlarged! >
[
(254.5% 1.8) us  Similar efficiency and precision for 1to 1.5 m
~ S, A— —— | from calibration using s Aceidenizl background ariler control
10 - . | ?’Am-’Be neutron source
S TiETE mEs = placed at different : ¢0 ........................ "
_positions 5 8000 £
= 10.8 =
' S
_____ =
6000
e e | et i 10.6
- :
2500 .
Ps e 3 10.4
2500 2400 P 10.2
[[Double C%;“Ster [— s 00.0~ 05 10 15 20 25
...events | dR
1oer Single cluster events (m]
woof] >cB%events || 91.8%events Position resolution: 10 cm at 1 MeV
; : /\__| i
: B —
e L e
C M| I I I

1 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1
0o 10 20 30 20 50 US



SELECTION CUTS

E
N

Dynamic Fiducial Volume

Improved Muon vetoes

- B W B W

e External muons: 2 ms dead
time

Occurences/ 0.01

Occurences/ 0.002

f : i
B o s v O <~ Improved! —
;// P~ e """‘-u{‘\\. Y% - —
AL BN ¢ Internal muons: 2s, 1.6 s and
/ / A ; :
/{ A 2 ms dead times depending on
171 T T 1 \\ , 3
e i N the muon’s probability to
\ o - 1 form spallation products
Ak | L7 . .
i Y7 Increase in
-~ \\ il
ML A exposure _ N
; \'\ e i ','/.. ; ok @ l>
RRIEZEN T
: i e ; : P
L TS NUEEE FT S | P d
4 3 2 <1 0 1 2 3 4 5
p [m]
Drop in uncertainty for 3010 cm
Safely removes ba.ckgrou.nfl events Multiplicity Cut
without loss in precision
Increase in exposure ”m X— e X & X ;
-2 ms -2 ms
' prompt delayed
X No high energy
event > 400 p.e.

10°
10°
104
10°
10

10

1

a/B discrimination

214P0 o
< Better! >

——

MLP > 0.8

IIIIIIH| TT I?Tl]] IIIII=H| Illlm

0 02 0.4 0.6

2UBi Bry

0.8 1
MLP parameter

10°

10*

10°

10°

10

LT IIIIII'P.J.HIIIII| I II!IIII| T |I|I|Ti I IIIIIII| T TTTTIT

214[;0 o

]
-
.
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006 —0.04 —002 0 0.02

004 0.06

e feal
0.08

Gatti parameter



ANTINEUTRINO BACKGROUNDS

Reactor antineutrinos Atmospheric neutrinos

e ~440 world reactors: nominal powers, monthly load
factors — PRIS database (IAEA)

o 25U, 28U, 2Pu, !Pu: power fractions, energy
released per fission, energy spectra (Mueller et al.
2011, Daya Bay)

* Detection efficiency = (89.55 + 1.5) %

« Expectation: 84.5'; TNU without excess,

79.6:74TNU with excess

Estimated 50% uncertainty on the prediction
Indications of overestimation

Included in the systematic error
Atmospheric neutrino fluxes from HKKM2014
(>100 MeV) and FLUKA (<100 MeV)

Matter effects included

0.35;
[ Atmospheric neutrinos

&
=
@

0.30 — without excess

[ — with excess at 5 MeV
0.25¢

Events/ 100 p.e.

u.zuf— 0.02

0.15

Normalised dN/dE; /1 keV

0.10} 0.01

0.05}

llllllll

0.00"

L L L 1 1 1 I 1 L 1 1 I l 1 | l | L 1 l | 1 L l 1 | 1 l L 1 | l | 1 1 []
2 4 6 8 10 1000 2000 3000 4000 5000 6000 7000
E; [MeV] Q, [p-e.]



Events/ 0.08 s

Events/ 0.3 m

NON-ANTINEUTRINO BACKGROUNDS ey Foner o
from st (G &0 o605 M=V S
9N ; — it 9 Important backgrounds for the final 210pg -]
1 —# &1 Ve | i 20 spectral fit: g 5C . 10
9 . 160) prompt I1 160)
Time distribution of “Li -~ <
= . - 9 Te —~ d t - ft bt .
- Entries 305 « Cosmogenic °Li: expected events after ; (%
¥* / ndf 13.56 /14 . Iy r o T S B !
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80 4 il % J
2 n® @ :
- e e Accidentals: random coincidences n 4
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20— : i naet i n_ %o prompt ITI 2.22 MeV
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- ch* ¥ 4.40 MeV elaye
0 -_-_I._L L l N ._L_l S — J__l T — J S T T - — -
02 0.4 0.6 0.8 1 1.4 1. ﬁ
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g Rt oo : Accidentals — dt distribution
i Spatial distribution of ’Li g e 3 af
BE- 2t somii || -8 s —+ Data Entries el R a rate = <?°Po rate>
T o iR B — > maen| S F
_ ., + 0. = 340 — p & 1. =
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4 5 [
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NON-ANTINEUTRINO BACKGROUNDS: SUMMARY

Background type No. of events
’Li background 3.6 £1.0
Untagged muons 0.023 + 0.007
Fast n’s (from rock) <0.013
Fast n’s (from WT) <1.43
Accidental coincidences 3.846 + 0.01
(0, n) in scintillator 0.81+0.13
(a, n) in buffer <2.6
(Y, n) <0.34
Fortunately, Fission in PMTs <0.057
it is compensated 2MBi-1"Po 0.003 £ 0.001
by doubled statistics | | ToTAL 8.28+1.01 4mmmmm |t was 0.78'013,

201
The price for relaxing the cuts is (2015)

an increase of the background by an order of magnitude



Events/ 100 p.e.

Events/ 0.4 m

GOLDEN CANDIDATES

: Delayed charge ;o Prompt charge

: e é. : 154 golden candidates

f " bl ¥ ab o = . 3263 days of data taking
ol 5 e v Average FV = (245.8 + 8.7) ton

12¢ 5 ~ Exposure = (1.29 + 0.05) x 10*

[ *E + | proton x year (for 100% detection
1 1 ar o i ] eff.)

: —I_p_ : » Detection Efficiency = (86.98 + 1.5)%

10-! jl s jiciie i seih i Lo 1 |— Ll —I—‘ L1 E Lvov v b v by v v by by vy Py .
1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500 4000
Q, [p-e.] Q, [p-e.]
Radius of prompt Distance to vessel of prompt Yearly distribution
P p P P y

50§ g - ; 35:_
455— P MC + g 50:— &l >§( 30:_
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SPECTRAL FIT:
TH/U MASS RATIO FIXED TO 3.9

Events / ( 201.176 p.e. )

v

v

25

20

15

10

Geoneutrinos and reactor antineutrinos free
Cosmogenic °Li, (a,n) and accidentals
constrained using Gaussian pull terms

p.d.f - Monte Carlo simulation

Consistent results after constraining reactor
antineutrinos

Maximal Unbinned likelihood Fit

[ Geoneutrinos

Reactor antineutrinos
B Cosmogenic ’Li
Bl Random coincidences
s (o, n) background
—+— Data

Nigp

[zl IIII|III]|IIII|IIII|

160

queo

140

Best fit results of
reactor antineutrinosize
within 10 theoretical
expectation at LNGS
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Geoneutrino analysis with Borexino

=3
Z  100- Observation
e > 30
o —
-
0 80 - .
- New improved
g S Up;lgte analysis!
o= 60 - Update arXiv: 1909.02257
N
o |
Z I .
S 4() - [
o,
20 - 34-41% 31% 24-27% 17-18%
2008 2010 2012 2014 2016 2018 2020

Year



SPECTRAL FIT: TH AND U FREE

’;.‘ 40

\:‘ 4 S:— B Geoneutrinos from U
5 - ' Geoneutrinos from *Th
— C Reactor antineutrinos

ﬁ 30— I Cosmogenic *Li

i = I Random coincidences

@ 25:— s (o, n) background

5 F —+— Data

- .

= 20— [

500 1000 1500 2000 2500 3000 3500

Qp [p.e.]

N, =29.0";’events

N, = 21.4"%*events
1 -9,2

High uncertainty
but in agreement
with results of

Th/U fixed
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geo 22,2
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sensitive to

ntries/ 0.01 interval
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SYSTEMATIC UNCERTAINTIES

Source Geo Rea
error (%) | error (%)

Atmospheric neutrinos +0.00 +0.00
-0.38 -3.90

Shape of reactor spectrum +0.00 +0.04
-0.57 -0.00

lsh +3.46 +3.25
Vessel shape -0.00 10.00
Efficiency 1.5 1.5
Position reconstruction 3.6 3.6
+5.2 +5.1

TOTAL -4.0 5.5




S (U+Th) [TNU] R_=S(Th)/s(U)

GEOLOGICAL INPUTS

Local Crust (LOC) 9.2+1.2 0.24
Far Field Lithosphere 163 " 0.33
*“ Bulk Lithosphere 25,9 0.29

(Bulk crust + CLM)

Mantle R_= S(Th)/s(U)= 0.26

@ (b) (© | BSE models S .. (U+Th) [TNU]
e LOC - Local crust (492 x 444 km):

carbonatic rocks & terrigenous sediments Cosmochemical (CC) 0.9-4.1

e FFL - Far Field Lithosphere: Geochemical (GC) 6.0-10.6
Rest of the crust + CLM Geodynamical (GD) 15.7-22.4
Mantle Scenarios Full Radiogenic (FR) 24.2-33.0

K contribution = 18%

Total expected signal at Borexino
S(U+Th+K) = 28.5-45.5 TNU

Intermedlate High



S(U+Th) [TNU]

N,
GEONEUTRINO SIGNAL AT LNGS S gl TNU] = —5- = =7
Mantle [T FFL I LOC Im geo 0% 102

O e T 47.0*5 (Suﬂj+24(sys)TT¢LI

50 - .
: e e J:Javoy at al., 2010

40 -34%

____________________________ T - - - - » L&K: Lyubetskaya and Korenaga, 2007
30 * T: Taylor, 1980
e A: Anderson, 2007
20 M&S: Mc Donough and Sun, 1995
10 - W: Wang, 2018
0 P&O: Palme and O’Neil, 2003

J L&K T M&S A W P&O T&S T&S: Turcotte and Schubert, 2002

Compatible with all models. Preference for
models with higher mantle signal



MANTLE SIGNAL

» Relatively well-known lithosphere constrained to 28.8 + 5.6 events

using knowledge of the local crust
e Th/U mass ratio (lithosphere) = 3.5 = measured

e Th/U mass ratio (mantle p.d.f.) = 3.7 = to be compatible with BSE

..)

Events / (201.176 p

2 [ =
= i (=
I IIlI|IIII|IIII|IIII|

[
tn

20

15

10

- Geoneutrinos- Mantle

- Geoneutrinos - Bulk Lithosphere

Reactor antineutrinos
_ Cosmogenic ’Li
- Random coincidences
- (ct, n) background
—+— Data

]

1500 2000 2500 3000

N = 23.7"% events
-10.1

mantle

3500

Q, [p-e.]

21.2150 (stat)? 5 (sys) TNU

04710

- |
B |
S 035 |
= i |
E 03 } 99.7% C.1L
p t |
0.25 i
02
1 68%|C.1.
015"
01
0.05
05: 1 ] I ] 1 I
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% 1055—
B F .
5 i -
2w L q =5.4479
& = L
E B p-value = 9.796 x 107
% ]0‘ g_ : ]
= F 99% C.L. exclusion
10 - of null-hypothesis
10 =
l E_ L | l 1 1 l la 1 l 1 1 1 l Il Il L |‘ ‘l
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RADIOGENIC HEAT H. (U+Th)=h(U). M, (U) + h(Th) . M, (Th)

Slope of the lines (TNU/TW)

Sk (U + Th) =0.75/{[A(U) + 3.7 - hi(Th)]- Miyanae(U)
SHS (U + Th) =(0.98{[[A(U) + 3.7 - h(Th)]- Mymanie(U)
sks (U + Th) =/0.75[f H™"" (U + Th)
SHS 1e(U + Th) =[0.98 | H23™*(U + Th)

Smantle(U'l'Th) [TN U]

B = 2/(0.75+0.98) Inverse of slope
H™antle(J 4 Th) :@- S . (U+Th) = 24.6TW

rad
antle
(18% K) H"*(U+Th+K)= 300" 35TW
-

0 HS(U+Th+K) = 8.1 TW
Hp""(U+Th) [TW] —

2.40 tension H.,q(U + Th + K) = 382i£g W




H [TW]
2

RADIOGENIC HEAT:

=2
<=

H;q(U + Th + K) =38.2713°0TW

—12.7

30
20

10

COMPARISON
Hge mmmm  H™U+Th+K) s HYS (U+Th+K) s
+1c  H=472TW - ]
lcTll‘ | | I ‘ |

A M&S W P&O T&S

* J:Javoy at al., 2010
» L&K: Lyubetskaya and Korenaga, 2007
 T: Taylor, 1980

A: Anderson, 2007

M&S: Mc Donough and Sun, 1995

W: Wang, 2018

P&O: Palme and O’Neil, 2003

T&S: Turcotte and Schubert, 2002

BX: BOREXINO



H =47 +2TW

CONVECTIVE UREY RATIO Hyaa(U + Th + K) = 38.2+136 TW
CC_ 1.4
14 | | | | | | Hrad_ 6.8:_1 T™W
) A ]
T - R, T~ Hig
. | CvV — CC
H.,— H
1.0 - i ot rad
* -0 78+0.4l
" : 1 — T 0.28
0.8 | median 1 Lower limits:
0.6 C_349% + 1 Parameter 90% C.L. 95% C.L.
0.4 j __________________________ _ amam;c(U) >13 ppb >9 ppb
I + + + + * * ] lgmantlc:(rrh) >34 ppb > 48 ppb
0.2 [ + | H™ante(U+Th) >12TW >7TW
0.0 L | | I I I | H:_::Smlc(U'i'Th"FK) >12.2 TW >86TW

J L&K T M&S A W P&O T&S URey ~0.13 > 0.04



GEOREACTOR

Georeactor fuel = #35U:23%U = 0.76:0.23 - .
(Herndon 2005) 1 georeactor

LOC " cMB: v. Rusov et al., 2007 Position TNU

Inner core boundary:
R. d. de Meijer and W. Van GR2: Earth’s center 7735093

Westrenen, 2008

GR1: CMB at 2900 km 37.3+1.12

GR3: CMB at 9842 km 3.24+0.1
20

GR,
GR,
i GR,

Signal 103[TNUJ/1 keV
7

v+ GR1: CMB (d = 2900 km)
+ GR2: TW-Core (d=R__ ) 5|

v+ GR3: TW - CMB (d = 9842 km)

4 5 6 T 8 9 10
Energy [MeV|



GEOREACTOR: RESULTS

Spectra similar to reactor antineutrinos which are
constrained to the expected 97.6 + 5.5 events in the
spectral fit

Upper limits at 95% C.L.

Expected TNU for 1 TW/ TNU limit at 95% C.L.

<0.5TW - CMB (d = 2900 km) - GR1
<2.4TW-Core(d=R__ )-GR2

<5, 7 TW - CMB (d = 9842 km) - GR3

Events/ 10 p.e.

Likelihood L

2

:

0.002

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

— No oscillation

—— GR2 (6371 km)
— GRI1 (2900 km)
— GR3 (9842 km)

No energy resolution
to differentiate

between different

positions!

b | | | I
4000 4500
Qp [p.e.]

IIIIIIIII IIIIIIIII IIIIIIIII|II
500 1000 1500 2000 2500 3000 3500

x10°

— No oscillation
GR2 (6371 km)

—— GR1 (2900 km)

— GR3 (9842 km)

Z

Upper limits on
number of events

IIII[IIII|IIIIIIIII|IIII|IIII1IIII|IIII

|..|||1||||I

c@
wn
i I
<L
[y
i
I
=

725 30 35 40 45

georea



MAIN BOREXINO RESULTS

1) A total uncertainty of ~18% achieved in the geoneutrino signal
using Borexino’s data with improved analysis

3) Radiogenic heat calculated using the obtained mantle signal and assuming 18%
contribution from 4°K in the mantle. 2.4c tension with models predicting

the lowest amount of mantle signal
Shal 13g.2+136 Tw

4) Lower limits at 90% C.L. : UR., > 0.3; Mantle H 4 (U+Th+K) » 12.2 TW;
amantle (U) >13 ppb’ amantle (Th) > 48 ppb

5) Stringent georeactor upper limits at 95% C.L. for three different positions in the Earth
< 0.5 TW (2900 km) <2.4TW (center) < 5.7 TW (9842 km)



KAMLAND



KAMLAND: OCOBEHHOCTU HABOPOB OAHHDbIX

Reactor Neutrino Flux @Kamioka

March 2011 EarthquakeL

-
N

10 had

Neutrino flux (10'°neutrino/cm%day)

o

~Apr. 15, 2018

provided according to the special agreements ‘betweeh
and Japanese nuclear power reactor operalors

=
oo

=
o

I
)
'
/
'
I

.

i all Japanese |
{i:= reactor-off period

Events / 10keV / year

=
[

2002 2004 2006
PRD 88, 033001 (2013)
2013 data-set : 2991 days

2008 2010 2012

2014

2016 data-set : 3901 days

4.90x1032 proton-year

6.39x1032 proton-year

—
—

._1III|III|III|III|III

2016 2018

.~ reactor neutrino

]

Period 3 : 1259.8 days

2019 data-set : 4397 day
7.20x1032 proton-year

i

+500 days

Period 1: 1485.62 days
Period 2 : 1151.47 days

» Period 3 : 1759.85 days

/geo-neutrino
N

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




CMNEKTP OTOBPAHHDbIX COBbITUM ONA MONMTHOIO HABOPA OAHHbIX

model prediction : Enomoto et al. EPSL 258, 147 (2007) 2019 Preliminary Result

—
)
o

Selection efficiency
1 | 111 | 11 1 | 1 11 | 111 | 1 11 | 1

bleslt-fit-rfagor?;_bt_ Reference geo v, Livetime : 4397 days
Candidate : 1167 ev

Efticiency (%)
(o el
o o
\

o)
)
i
&
a

....... Th contribution

Background Summary

180 :_ —e— Kaml . AND data =1 Best-fit reactor v,
- Accidental
160 — 9l ;
. =5y Li 44+0.1
:_ : \-\\ ‘\\\\\\\\ ) ) "
2 ok \\\\ Accidental 121.9 £ 0.1
- - s
— r NN \ SERLER LSRR AL T F I
5 100 ‘\\\{\{3\\\\\‘3 Ve Fast neutron <41
o 80 SR 3 Be(a. n)*°o
> C llllllll; ’ 13 16
D . : +
o | e C(a, )0 2116£233
0T — Best-fit reactor v, + BG Reactorve 629.0 £ 34.4
20 B = TTETETT + best-fit geo v,

01 2L, S O ANEN I AN SNAVEN INON A ANAVEN I AN ANEN AN A TOtal 9669141.8

1 12 14 16 18 2 22 24 26
E, (MeV)

)
T
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|/I (L | L | L | L | I||||||||||||||||||
/_
11

Events / 0.1MeV

N

0

CMNEKTP OTOBPAHHbIX COBbITUM O MEPUOOA 3
(MUHUMANbHOE YMCNO PABOTAIOLLINX ASC)

- = U contribution

... |'h contribution

—e—Data - BG - best-fit reactor V.
BN Reference geo V,

—— KamI_AND data

-+-1"|"]-|'-;-.-.|. L1 | L1 1

---- Best-fit reactor v,
Accidental
C(a,n) O
W\ Best-fit geo v,
— Best-fit reactor v, + BG
+ best-fit geo v,

I 12 14 1.6

best-fit : Period 3 analysis p

Livetime : 1760 days
Candidate : 110 ev

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

[ We clearly measured geo-

neutrino spectrum.

— better understanding of U, Th
each contribution



[MTOTOK TEO-HEUTPUHO

Nu + Nth 400

“(a) _ i(b) Prelimingi 80
o [ e wof Ratio Fixed
95 4% - - Ratio Free
300 —
= 99.7%
= i
Z i ~
+ 200 - o
Z i
100 -
0 i | 1 | | | 1 | | | | | i 0 [ T | _'I'_ C P i =~ ___T__—I___T__'I'__—I___T__'I'__'I___T___
-1 0.5 0 0.5 1 0 100 200 300 400
(N, - Npp) / (N + Npp) Ny + Ny,
. (Nu, NTh) = (122, 42)
best-fit NU+NTh = 164
Flux [x106 cm-2s-1 i
o [event] [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 o




NMOTOKWU TEO-HEUTPUHO OT U U TH

NUI 5‘65 NTh """" Rat!o Fixed
_(El) —63.3% Nu Nth ——Ratio Free
: 95.4% O hinar) [y /
7 99 7% L : | :
100 - earth model prediction 10 |- .
-- EPSL 258, 147 (2007) 20
=B 3 X
< - I
i ST 20|
50 \
L ’._’-‘ / 10
B oL . \\_.,«"‘ Lo 0 0
= 0 100 200 300
L NU
0 - ] | | | | | | |
0 100 200 300
NU
Flux [x10% cm-2s-1] 0 signal
t TNU T
tio levent] : ] best-fit model rejection
fatio Iree ™ 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




MACCOBOE OTHOLWEHUWE TH n U
Th/U mass ratio =3.9

i _L—chondrite data Best fit
3 (1.06-6.42) 007 Th/U = 5.3 *6.034
1 | I ety 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
| T T I Ordinary Chondrites : J. S. Goreva & D. S. Burnett, Meteoritics & Planetary Science 36, 63-74 (2001)

10 15 ?() carbonaceous Chondrites : A. Rocholl & K. P. Jochum, EPSL 117, 265-278 (1993)
Th/[] mass l‘ati() Enstatite Chondrites : M. Javoy & E. Kaminski, EPSL 407, 1-8 (2014)




PAOMOTEHHOE TEMNO

8_— ws Fully Radiogenic 2019 Preliminary Result
. & HighQ
% [ ™ Middle Q
N'E 6 s Low Q
3 L
O
> .
X 4F
. > KamLAND 68.3% C.L.
IL;J 2__ crust
0 i | | | | | . | . | | |
0 10 20 30 40

Radiogenic Heat from ***U + ~“Th (TW)
[ Radiogenic Heat: 12.4 +49.49 TW

(Mantle+Crust, U+Th)

ref) Crust (U+Th) ~7 TW

258, 147 (2007)

Enomoto et al. EPSL

— Mantle (U+Th) ~5.4 TW

Total
(Cont. Crust + Modern Mantle)
LowQ MiddleQ HighQ |

\ 10 TW

20TW

30 TW

[BSE models]
High Q

based on balancing mantle viscosity
and heat dissipation

Middle Q

based on mantle samples compared
with chondrites

Low Q

based on isotope constraints and
chondritic models



[EO-HEMTPUHHbBIN CUTHANT N3 MAHTUMU

6

1> x10
o | KamLAND Borexino
E M. Agostini et al, arXiv:
f_)_/ - 1909.02257
<10
=
m —
1= ¢ L
6 —

]
|

0 L
Kamioka

High Q

Middle Q

Low Q crust

KamLAND
S(Mantle) =|S(Observation)|— S(Crust, Model)
3.60+0-56 g 57 2.93 *0-29 5 o9
x1086 cm-2s-1 x106 cm-2s-1 (10%)*

= 0.67 *0-63554 x106 cm-2s-1
— 6.0 657 TNU
M High Q model is

. M. Agostini et al, arXiv:
Borexino 1909.02257

mantle I'EJGCtEd with >2 o “\70, Mantle signal (median value)
7 ’G
Z model estimation by Borexino Ix. +10.7 ‘
Lzt (~19% uncertainty) 600 23'7—10.1 events
LOC (local crust) =9.2 = 1.2 TNU 21 2"'9-6 TN
FFL (Far-Feild Lithosphere) = 16.3 +4.8/-3.7 TNU 9.1 U
crust

Gran Sasso

mantle (assuming Middle Q)

(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
Planets, 99(1), 131-146 (2006)

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




KAMLAND: PE3YNIbTATbl N MEPCMEKTUBDI

» The KamLAND experiment measures anti-neutrino from various sources over a wide energy range.

» Preliminary results are presented. MORE INFORMATION - NEUTRINO GEOSCIENCE 2019:

- Low-reactor operation period : HTTPS://INDICO.CERN.CH/EVENT/825708/CONTRIBUTIONS/3552210/
- ~4.8 years (40% of total livetime)

- clear energy spectrum of geo-neutrino — better understanding of U, Th each contribution
- geo-neutrino event measurement with 15.6 % uncertainty
- geoscience discussion
- Th/U mass ratio : 5.3 +6.03 ¢, consistent with chondrite data and BSE models
- Radiogenic heat : 12.4 *4949 TW (Mantle+Crust, U+Th), consistent with Middle Q and Low Q models
- Separated test of 238U and 232Th geo-neutrinos — power to determine past radiogenic heat through
the Earth's history
- Mantle signal : 0.67 %063 564 x 106 cm-2s-2 — * High Q is rejected with >2¢
* depends on estimation of crust contribution

» Future Prospects:
- KamLAND continues to measure geo-neutrinos with low-reactor backgrounds stably
- Better understanding of crust contribution — helps further estimation of mantel signals
- Multi-sight measurements
- Ocean Bottom Detector has strong power to measure mantle contribution directly. poster by H. watanabe, K. Ueki et al


https://indico.cern.ch/event/825708/

-

Expected Signal with
Geochemical BSE:
34.6 55, TNU

90 -
- 80 -
70 -+
: 10
o 60 -
E J
50
40 - O O
)
30 -
20 I | 1 I 1
Period:
2007 — 2019
Geo-v events:
74
9260
Signal:

920
80

70

60

TNU

50

40

30

20

Borexino and KamLAND results 2019

e) '
: 9w
- n.lo c:a : o ~ < v.lca 0 o
(=] (=] (=] -l i -l - i ~
R R T ~ e~ S~ S e
\LAND* ol

Period:
2002 — 2019

Geo-v events:
1 68 %+26 3 e

Signal: 32 £ 5 TNU

Expected Signal
with Geochemical
BSE: 353+ 2.7 TNU

* KamLAND collaboration, 2019 — NGS Prague 2019



TEKYLUME N BYOYLLUE SKCMEPUMEHTDI
SNO+ Rakssn 'KamLAND

~10 kt, LS

1 kt, LS+, 5.4 km.w.e.

. ; ; 4.8 km.w.e.
running since April 2021 1 kt, LS
(up to mid-glate 2022) P R&D 2.7 km.w.e.
| | running
Ocean Bottom I

Detector

JUNO

10-50 kt, LS, ~5 km.w.e. A . a8
movable, R&D~20 kg (2022) 's and 1h geo-neutrino flux

Jinping

|Borexino_‘ ANDE?

20 kt, LS
0.3 kt, LS ~3 kt, LS 1kt, LS 1.5 km.w.e. |
3.8 km.w.e. 45kmwe. = 7.5 km.w.e. undue construction
finished R&D Scheduled (~2023)

(07.10.21)



SNO+ (LLWAXTA KPEUTTOH, CAOBEPUN, KAHALA)
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T — .
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10 | Rest of reactors ]
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09 | E
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JUNO (npoBMHUUA YAHOVH, KUTAN)

ral r VETO detector

Calibration =
=ACU, ROV, etc.

Acrylic sphere =

| + Top Tracker
Stainless-steel truss

-62 Plastic scintillator

walls
PMT *
-18,000 20" PMTs
-25,000 3" PMTs
“Water Cherenkov

Liquid scintillator «—

-35 kt high-purity wate
-20 kton LS R

-2000 20" PMTs

o
-
[e)]

o
-
=N

13% 3a 1rof HerpepbiBHOW paboThbl
\ ~18% 3a 9 net gns Borexino

o
.
N

©
—

neutrino Error(1o)

g 0.08
Q

0.06

0.04

0.02

OO

Y2 3 4 5 6 7 8 9 10
Live time(Years)

events/36 keV

OxxupgaeMbii aHTUHENTPUHHbBIN CNEKTP

reactor antineutrinos
== accidental background
- = = fast neutron background

==== 91/*He background
a-n background

23 geo-neutrinos from U
BN oco-neutrinos from Th

.llllllllllllllLIIIllIIIIIII
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5

7 8 9

anti-neutrino energy/MeV

T |
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U+Th(Mantle)/TNU

15

BblgeneHune curHana
N3 MaHTUKU 3aBUCUT OT
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JINPING NEUTRINO EXPERIMENT (Cbl4YAHb, KUTAI)
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CJPL: Location China JinPing Laboratory
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FIG. 5. Predicted IBD events at the Jinping site. 7. sources
include 2*8U decay (magenta dashed), 2*2Th decay (blue dot-
ted dashed), and man-made reactor background (gray filled).
The black solid line sums up all.

Geo 7. (TNU) Crust Mantle BSE
Th 106 £0.8 2105 127+1.0
U 384+6.6 83=x2.3 46.7+6.7
Th+U 49.0+£7.3 104 £2.7 594+ 7.6

TABLE V. Summary of predicted geoneutrino event rates in

TNU at Jinping.

Geoneutrino Reactor
28U ?%Th Total FER SER
Event Rate ( TNU ) 46.7 12.7 594 278 6.8
Total Events 4145 113.6 527.3 2468 604

TABLE VI. Geoneutrino and reactor neutrino event rates and
total events with an exposure of 3 kilotons x 1,500 days at
Jinping.



Detector Concept

J 1.5 ktonX2 Fiducial for IBD

J PMT coverage >70%
with self-designed light
concentrator

. Energy Resolution: 500 p.e.

JINPING NEUTRINO EXPERIMENT



CJPL: Tunnel View
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3 Tunnel construction nearly finished.  On average 2,400 m rock shielding;

- TR, Vol. 38 Supp. 2, 67 J 20 m * 100 m experiment hall;




HEYTBEPXOEHHBIE MPOEKTDI

LENA: 50 KT Hanohano: 10 kT
MHoroueneBciu NEeTEeKTOop - MopBOaHbIiA,
~1500 reo-HeUTpuUHo/rop, R

U3ydyeHue BKNaga MaHTUMU
~100 reo-HenTpUHoO/roa

= .—“H 4 N" )

L s

LENA Liquid Scintillator (— 50 kton)

1
R

Hanohano

(~10 kt deep ocean detector)

: . / P
Cm: http://geoscience.Ings.infn.it/ Descent/ascent 39 min 'IJ

Deployment Sketch




Geoneutrinos TNU

OMNPEOQENEHWME CUTHANA OT MAHTUU
Mo JAHHbIM PA3HbBIX 9KCIMEPUMEHTOB

L | . | . | . L |
| ' ' ' ' =2 Outlook toward year 2025
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Geophysical prediction: Lithospheric flux in TNU
0.Sramek et al SCIENTIFIC REPORTS 6:33034



OCEAN BOTTOM DETECTOR

Sramek et al (2013) EPS, 10.1016/j.epsl.2012.11.001
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TEKYLLMUN CTATYC MPOEKTA OBD

e — L1 i__l"'_

OBD project has just started with Tohoku U and JAMSTEC.
(Japan Agency for Marine-Earth Science)

B - JAMSTEC

[ & -

- " Leading ocean engineering
| * Own scientific vessels (e.g. Chikyu)

B Started to discuss design of prototype detector (~10 t)
assuming applying engineering developments for larger
detectors (~1.5 kt, 10-50 kt) Over 1 year / 1 place

Joint workshop on OBD with Ocean Engineering.

MareTnio. Earth Science and Neutrino Physics




3AKNTKOYEHWUE

1) CyuiecTBOBaHUE reOHEMTPUHO HE3aBUCMMO MNOATBEPXAEHO [aHHbIMU
Borexino u KamLAND

2) TOYHOCTb u3MepeHui curHana U+Th noka uto HeBbicOKa: ~16-18%, u ans
cso6opHoro otHoweHus U/Th TouHocTb usmeperus R(U) u R(Th) ewe xyxe,
HO  CyllecTBylOLlUue  3IKCNepuMeHTbl MNOATBEpAUNIM  BO3MOXHOCTb
peructpayuu reroHeMTpuHO. PoxxaaeTcsa HoBas 06/1aCcTb HayKu

3) Mo cyulecTByOWUM AAaHHbIM pa3Hble reojiormyeckue Mopesu rnoka 4Tto
Hepa3NIn4unUMbl, TpebyloTca 60nee TOUHble U3MepeHuUs

4) Ons yToOuUHeHUs MofieNien Heo6XxoaMMa perMoHasibHas reosiorus

5) Heo6xonuMbl He3aBMCUMOE U3MepeHne B pa3HbiX MecTax fJis NpOBepKy
BKJ1af,a OT KOpPbl U MAHTUMU

6) XKaeM faHHble OT HOBbIX [,eTEKTOPOB



Taamya-11
3AMEYATENNIbHASA CTATbA:

BCE OB UCCNEOOBAHUAX TEO-HEUTPUHO
B 3KCMEPUMEHTE BOREXINO

TAAMYA-T2

3AMEYATEJ/TbHbIN OB3OP:
BCE O TEO-HEMTPUHO

ARX1V:1909.02257 ARX1V:1910.09321

CnNACUBO 3A BHUMAHMUE!
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