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In 1953 G.
Gamow wrote
to . Reines: “It
just occurred to
me that your
background may
just be coming
igelasialle]a
energy beta-
decaying
members of U
and Th families
iN the crust of
the Earth.”




F. Reines answered to
G. Gamow: o+
"Heat loss from
Earth’s surface is 50
ergcm s !

If assume all due to
beta decay than have.
only enough energy \f
\

for about 10° one-
MeV neutrinos cm=4 % 1%
ands.” \
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“Heat power of the Earth

In the oceans.

Heat power of the Earth Q [30-49 TW] is the equivalent of ~ 104 nuclear
power plants.
The conduction is not the only way of Earth’s cooling: convective motions are
responsible for significant fraction of surface heat loss.
The quantitative assessment of heat transport by hydrothermal circulation
remains a difficult task.

Heat flow observations are sparse, non-uniformly distributed and not reliable

Continents Oceans Total
REFERENCE
der [MW M?] | docs[MW m] Q (TW)
Williams et al., 1974 61 92 43+ 6
Davies, 1980 55 95+ 10 41+ 4
Sclater et al., 1980 57 99 42
Pollack et al., 1993 65+ 2 1012 44 +1
Hofmeister and Criss, 2005 61 65 31+1
Jaupart et al., 2015 65 107 46 £ 2
Davies and Davies, 2010 71 105 47 %2
Davies, 2013 65 96 45
Lucazeau, 2019 66.7 89.0 44




Geo-neutrinos; anti-neutrinos from the Earth

U, Th and #°K in the Earth release heat together with anti-neutrinos, in a well-fixed ratio:

Decay Ti/2 FEmax @ Ev EH

[10° yr] [MeV] [MeV] [kg's™"]  [W/kg
238 — 20°Ph + 8 “He + 6e + 60  4.47 3.26 51.7 7.46 x 107 0.95 x 104
232Th — 298Ph + 6 *He +4e + 40  14.0 2.25 42.7 1.62 x 107 0.27 x 10~*
YK - Ca+e+v (89%) 1.28 1.311 1.311 2.32 x 10® 0.22 x 107*

® Earth emits (mainly) antineutrinos @, ~10°cm™s™ whereas Sun shines in neutrinos

® A fraction of geo-neutrinos from U and Th (not from 4°K) By —
are above threshold for inverse 3 on protons:

V+p—>e +n-1.8 MeV

® Different components can be distinguished due to different
energy spectra: e. g. anti-v with highest energy are from U

Ve - decay™! - MeV-1

® Signal unit: 1 TNU = one event per 1032 free protons/year
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First calculations of geoneutrino signal

« Models assuming uniform U and Th T T
distribution in the Earth: ®
Eder (Nucl. Phys. 1966) —100 - ¢ |
- ]
Marx (Cz. J. Phys 1969) Z R  — ;% Borexino 2020 result
g . = ey %:*I-"@-\:‘i +
Kobayashi (GRL 1991) E | ® S 47.0%84,,TNU
+
)
 Model with a uniform distribution of U in %3 . .
the continental crust: 5
BSE Fully Rad.
_ _ 100 1000
* BSE model with different U PHYSICALREVIEWD H(U+Th) [TW]

d iStri b uti O n betwee n C ru St Highlights Recent  Accepted Caollections Authors
and mantle:
Comprehensive geoneutrino analysis with Borexino
® Rothschild et al. (1998) S e AR

PhyéTCASSee Synopsis: Earth As a Neutrino Source
A Raghavan et al. (1998)
Article References Citing Articles (20) m




2003 - 2008

.. discussing geoneutrinos and
energetics of the Earth...




LITHOSPHERE

MANTLE

CORE

Earth’'s heat budget

. Radiogenic heat (H)

. Secular cooling (C)

Range [TW]

* Hec = radiogenic power
of the continental crust

* Hec = radiogenic power
of the continental crust

* Hg y = radiogenic
power of the continental
lithospheric mantle

N

C=Q-H
C,=Q-H-C.
HM=H-HL5-HC

His = Hee + Hoc + Hem

Adopted [TW]

H [10; 37]
Hes [6;11]

Ha | [0;31]

He [0;5]

19.3+2.9
8133
11.0533

0

UR - Ic'll '- :cc
cc
Range [TW]|Adopted [TW]
(@ [8;39] 28+4
(7 ~0 0
G| [1;29] 17+4
c. | I5;17] 1142

The mass of the lithosphere (~ 2% of the Earth’s mass) contains
~ 40% of the total estimated HPEs and it produces H g ~ 8 TW.
Radiogenic power of the mantle H,, and the contributions to C
from mantle (C,,) and core (C.) are model dependent.

Neglecting tidal dissipation and
gravitation contraction (<0.5 TW),
the two contributions to the total heat
loss (Q) are:

e Secular Cooling (C): cooling down
caused by the initial hot
environment of early formation’s
stages

* Radiogenic Heat (H) due to
naturally occurring decays of Heat
Producing Elements, HPEs (U, Th
and K) inside our planet.

B




2 O O 5 2 O ] O Physics Letters B 687 (2010) 299-304

meaﬂ\/\/h”e the exper,menta’ Contents lists available at ScienceDirect
results were starting to be physics Letters B
published...

’ www.elsevier.com/locate/physletb

Observation of geo-neutrinos

Borexino Collaboration



Bulk Silicate Earth Models and radiegenic heat

* The BSE describes the
primordial, non-metallic
Earth condition that
followed planetary
accretion and core
separation, prior to its
differentiation into a
mantle and lithosphere.

* Different authors*
proposed a range of BSE
models based on different
constraints (enstatite
chondrites, carbonaceous
chondrites, undepleted
mantle, etc.)

* The codes reported in the plot are explicitly
indicated in the back slide.
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Timeline of KamLAND and Borexino geoneutrino resuits

KamLAND

100 ] I I

60 = -

D S S

S(U+Th) [TNU]

] ] | 1 | 1 ] |
2004 2006 2008 2010 2012 2014 2016 2018 2020

Horizontal bars traces the expected signal at 10 C.L.
Borexino has always been the protagonist of Neutrino
Geoscience conferences...

Borexino
100 T ] | | |

60 = .

S(U+Th) [TNU]
——
—0—

| | 1 | ]
2010 2012 2014 2016 2018 2020

lu (Hawail - usS)
2008 Sudbury SNOLab(Canada)
2010 Gran gasso Lab (taly)
2013 Takayama (Japan)
2015 Paris (France)
2019 Prague (Czech

2005 Honolu

Republic)



2008-2010

.. you Will never fully understand Borexino results,
if you don’t know the radioactivity of surrounding

rocks...”




Mantle geoneutrino signals from multi-site detection

The Far Field Lithosphere (FFL) Detector
IS the superficial portion of the
Earth including the Far Field Crust
(FFC) and the Continental
Lithospheric Mantle (CLM).

U and Th distributed in the Near
Field Crust (NFC) gives a
significant contribution to the signal
(~ 50% of the total).

Siy(U +Th) = Sky,(U+Th) — Sgpc(U + Th) — Sgy (U + Th) — Sipc(U + Th)

The geological models need to comply with the following constraints:

* FFC model needs to be unique for i detectors for avoiding systematic biases.

* NFC should be built with geochemical and/or geophysical information typical of the local regions.

* NFC must be geometrically complementary to the FFC.

e All geoneutrino signal contributions should be separately reported together with their uncertainties.



Mantle geoneutrinos from KamLAND and Borexino*

* The FFC and the CLM signals of KL and BX are fully correlated, A~
since they are derived from the same geophysical and geochemical

model. ;:'::'::::'2::::':'::'::::'::::;:. —r
* S\ rcBX(U+Th) and Sy-X-(U+Th) are considered uncorrelated. >t ' ]
E ot
* Using only the experimental signals published by BX and KL ke :
collaborations without any spectral information, the PDFs of = :
] ] s
experimental KL and BX signals are reconstructed. 2 +
O0 - 10“ 20 !3I0”l'40 50””60I —
Sexo(U+Th) Snec(U+Th) Serc(U+Th) Sam(U+Th) Sy (U+Th) [TNU]
[TNU] [TNU] [TNU] [TNU] SiaUTh) TR0 AT i A AlAnsanaas sane
KL | 321450 17.7 + 1.4 7315 1.6%22 4,845 007F ol
BX 47.0+8¢ 92412 13.7+28 22431 20.8+24 oosf. BX+KL 3
KL+BX 8.9*%1 a5l E
* The joint distribution S,;K-*BX(U+Th) can be inferred from the PDFs ~ °* |
. . .. . 0.03F : ]
by requiring that S,)X-(U+Th) = S,,B*(U+Th), obtaining the combined b E
mantle geoneutrino signal: .-
SMKL+BX(U+Th) = 8.9 +5.1 55 TNU ‘ :
0'000 - I1I0I - |2I0. - l310l - l4l0' - 1510. - I610| - l70

* Bellini et al. 2021 - https://arxiv.org/abs/2109.01482v1

Sm(U+Th) [TNU]



Mantle radiogenic power from U.and Th

among the different BSE

Since H g (U+Th)=6.9_;,™¢ - ;3 o l:o ;98 T'NU/TWI ]
TW is independent from the 175F o seeere .
BSE model, the discrimination
- ) 50F +34%
Capablllty Of the Comb|ned e e s
: S 125F
geoneutrino measurement z B 1o sconan = 0.75 TNUITW -
= 100F ki +BX ]
models can be studied in the < - .
space S,,(U+Th) vs H,(U+Th): ~ | ]
50F i
£ Poor-H %
SM(U+Th) =pB - HM(U+Th) ot e —_——
25} Rich-H ]
0'0(; é l l l l 110 I 2|0 I l l l é5
Hm(U+Th) [TW]
Poor Medium Rich KL+BX




Collection of the geoneutrino-mantle signals
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Understanding the Earth’s heat budget with geoneutrinos

@ radiogenic heat (H) ( * \We know from direct measurements

¢ Q=4712TW

C=Q-H
C,=Q-H-C.

. Secular cooling (C)

LITHOSPHERE

HM=H-HLS-HC

His = Hee + Hoe + Hem @ ?

MANTLE

U - H-Hcc
v Q - Hee
% Reference values from Combining KL + BX
© published models experimental results
H,,(U+Th+K) [TW] 11.3%33,, 12.5*71
H[TW] 19.3+2.9 20.8+73 , 4
C[TW] 28+ 4 26+ 8




... and the future?

the future belongs to women
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Expected geoneutrino signal at JUNO

°* JUNO is a 20 kton LS detector ungivos e
surrounded by ~18.000 20" PMT e -,S*'-’E;‘i;o;'qag N \° of Thermal
* Expected geo-v ~ 400 JUN%E cores POREHEEIE
events/year (~ 40 TNU) TG Dratshan Yangjiang 6 2.9 GW
TR Taishan 2 4.6 GW

* Expected react-vin [1.8-3.3 MeV] | = .
~ 260 TNU (Syeq/ Sgeo ~ 7) 0

South China Sea

S(U+Th)
[TNU]

Strati et al., 2015 39 7+6.5
(using global crustal model) ' =2 g

41'3+7.5-6.3 _‘_:3‘5
Wipperfurth et al., 2020 41 2+7.6 "
(using global crustal models) ' o2

40.05%74 4,
Gao et aI., 2020 (*) 49 1+56 , ‘
(combining global crustal model and local geological data) ' =0 o e e w0 ongitude 0T




Expected geoneutrino signal at SNO+

* Deepest underground detector (~ 5800 mwe)
e 780 tons of LS detector with ~ 9300 PMTs
* Expected react-v in [1.8-3.3 MeV] = 48.5"18 | ; TNU (S, / Sy ~ 1.2)

S(U+Th) [TNU]

50.2+97_81
Wipperfurth et al., 2020 462793

(using global crustal models) : 7.7
Strati et al., 2017 41 8496

(combining global crustal model and local geological data) 02

. = - g = Far Field Crust - FFC Local Crust - LOC
' ‘ ol A | oca er Crust |

T , e

50 km

"\ Bruce Power
{1/ Station

Hﬂm Local Lower Crust Local Middle Crust ~ Surrounding Upper Crust Close Upper Crust
LLC LMC sSuc cuc




Borexino and geoneutrinos; what's in the future?
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- Total
[ Geoneutrinos
Reactor antineutrinos
B Cosmogenic "Li
Bl Accidental coincidences
[ (o, n) background
—4— Data

— ]

[T TR T O N T T T FIT T TR N T ]
500 1000 1500 2000 2500 3000 3500

Q, [pe]
Data taking 2007-2019
Reactors events 39.5+0.7
Tot bkg events 83+1.0
Geo-v events (U+Th) 52.6%96
S(U+Th) [TNU] 47.0%86

* Analysis of data between 2019 and 2021: we expect
~ +10% more events

* An update geochemical local model*: from 57 rock
samples to 103 (U + Th) measurements

* Virginia is going to apply for Starting Grant of FIS (Fondo Italiano per la Scienza)



Thank you, Borexino!

You wrote an
outstanding page in
the book of Earth
science
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