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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



A FEW WORDS ABOUT THE SURFACE HEAT FLUX PUZZLE

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 geologica

| BSE models)

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

The main Heat Producing Elements (HPE’s):

238 U ;

2Th

206ph 1 8y - 8¢~ - 61, - 51.698 MeV
208ph + 6y + 4e~ + 4D, + 42.562 MeV
“7Pb + 7o + 4e” + 4V + 46.402 MeV
YCa+ e + e +1.311 MeV (89.3%)
YOAr + e + 1.505 MeV (10.7%)
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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 Experiment

Laben DAQ Laboratori Nazionali del Gran Sasso FADC DAQ Gran Y
Energy range: Energy range:
200 keV - 20 MeV 1-50 MeV
+ PSD + PSD
+ position reco + position reco
Made for solar v

Made for SN-v

"""""""

Energy:
5% @ 1 MeV

All nuclear reactors are
far away from
the detector

< of 000 0 gt

. s Nylon vessels: |
Position : R (125 pm thick) .
10 cm @ 1 MeV ‘; 3 Inner: 4.25 m The mean weighted
W Outer:5.50m | djstance is about 1200 km,
, LSS SSi) 3 (radon barrier)
AR R T T B o there are no reactors
Water tank: \ XA : -' r Stainless Steel Sphere in |ta|y
y and n shield Qo :[ FAQARER S S8R 6.8,5, m, 1340 m3
ater () 34 8. 4t -2212 8 (ET3|.9351)PMTs . .
Cl'l;lerenkov R Ultra-high purity
detector (light quenching) construction materials
2100 m3
208 PMTs in water

Based on the origional picture by

+ 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

0.8

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

Signal [TNUJ/10 keV

1 TNU = 1 event/ 1032 target protons (~1kton LS)/ year

with 100% detection efficiency

A st em™? 10keV!
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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
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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 =
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_____ =
6000
e e | et i 10.6
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SELECTION CUTS

Improved Muon vetoes o/B discrimination
. . . - 10°
Dynamic Fiducial Volume « External muons: 2 ms dead 2 Ep . g By
) v 10° g :
. time I S < Better! >
E. 3 | I o st e e <2 Improved! . 2 an = B
s 4 It o R R S S oI O
o . \f\\ ' e Internal muons:2s,1.6sand &"F
4 . . 2
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E 1] L 1 \\ ’ 2 [ i
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E L < Enlarged! = ]| ] -
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Drop in uncertainty for 3010 cm 5 =
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. prompt delayed 15 H”." H :
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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
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NON-ANTINEUTRINO BACKGROUNDS: SUMMARY

Background type
’Li background

Untagged muons
Fast n’s (from rock)

Fast n’s (from WT)

Accidental coincidences

(&, n) in scintillator

(0, n) in buffer

Fortunately,
it is compensated
by doubled statistics

(Y, n)
Fission in PMTs

214Bi_214P0

TOTAL

No. of events
3.6£1.0
0.023 + 0.007
<0.013

<1.43

3.846 + 0.01
0.81 +£0.13
<2.6

<0.34

<0.057

0.003 = 0.001

8.28+1.01 4mmmmm It was 0.78*0-13 .

an increase of the background by an order of magnitude

The price for relaxing the cuts is




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
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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
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— C Reactor antineutrinos
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@ 25:— s (o, n) background

5 F —+— Data

- .

= 20— [

500 1000 1500 2000 2500 3000 3500

Qp [p.e.]
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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

Th/U ratio! = 300

Toy MC
approach

1wTh

600 —— Generated
i Estimated
500
400/ -
200 -
L) S = e
- L
100 - .
I.LI_L_L T iy L g W PO =
0 R T M B ||||||||||||||__; '.df"i“"TT_r".”‘“
0 01 02 03 04 05 06 07 08 09 1
22Th/>8U signal ratio
50— HKR'&
L .\\
40
30
20:—
~
10 _—\\_
N T o
- o .
_1.---1‘"‘1"“';“.]“.nl.“| T |“|'“T*-_l__|_| [==]. g e g ey o ] el g e ] s |I\|

=

10

20

30

40

50

60

70



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

..)
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—+— Data
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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
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CONCLUSIONS

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)
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BACKUP: KAMLAND SUMMARY

» 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/
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