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here assumed m1=0, m2=8.6 meV, m3=50 meV

E. Vitigliano, I. Tamborra and G. Raffelt, Rev. Mod. Phys. 92, 045006 (2020),
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Mantle cooling
(18 TW)

Crust R*
(LA LW

(Rudnickand Gao '03
- Huangetal 13

Mantle R*
(13£4 TW)

B 23 - 45 75 -85 "R radiogenic heat (0.4 TW) Tidal dissipation
mW m-1 45 - 55 85 ) 95 (after McDonough & Sun "95) Chemicaldifferentiation
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Earth shines in geonevutrinos: flux ~10°cm2s-!

leaving freely and instantaneously the Earth interior
(to compare: solar neutrinos (NOT antineutrinos!) flux ~10'°cm-2s-1)

R

Geo-v fluxes => HPsabdcmces => Earth energetics

Direct probe of the deep Earth

Released heat and geoneutrino flux in a well fixed ratio

to measure geoneutrino flux = (in principle) = to get radiogenic heat
in practice (as always) more complicated




Epicenter

\ :

Liquid
outer
core

Solid
inner core

e Nodiroct,,,,——"""/
S-waves

Discontinuities in the waves — * surface and bore-holes (max. 12 km); 1
propagation =2 density profile * upper mantle rocks brought up by tectonics and vulcanism;
but no info about the chemical BUT: POSSIBLE ALTERATION DURING THE TRANSPORT

]

composition of the Earth * no rock samples from the lower mantle

2) Geochemical modelling
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A Rocky Body Forms and Differentiates

Si ion of the Earth

(From Smithscnian National Museum of Natural History - http://www.mnh_si.edu/earth/text/S_1_4_0.html) 4
Accretion Core differentiation, primitive mantle  Crust/Mantle differentiation n crust + ma nile)

arl ous inputs: composition of the
relations with the composition of the

ABUNDANCE RELATIVE TO s N 3 SO
SILICON o/ composition of rock samples from upper
crust, energy needed to run mantle convection

bundances of U/Th/K in BSE =

Lithosphere (crust + continental lithospheric mantle) +
MANTLE

In the sun

Lithosphere: 7- 9 TW «well» known

MANTLE = BSE — Lithosphere 1- 27 TW (different
o ee w0t BSE models)

In C1 carbonaceous chondrites




A Rocky Body Forms and Differentiates

(From Smithscnian National Museum of Natural History - http://www.mnh_si.edu/earth/text/S_1_4_0.html)

Accretion Core differentiation, primitive mantle  Crust/Mantle differentiation

H(U)
H(Th)
H(K)
B Poor-H
Medium-H
Rich-H ——

OPO08 J10 JJ13 JK14 LKO7 W18 MS95 A10 PO07 PO14 T14 TO02

Predicted radiogenic heat production H(U + Th + K) (in TW)

according to the different BSE compositional model
G. Bellini et al, La Rivista del Nuovo Cimento (2022) 45:1-105

=

T

on of the Earth
ust + mantle)

us inputs: composition of the
relations with the composition of the
omposition of rock samples from upper
ust, energy needed fo run mantle convection

undances of U/Th/K in BSE =

Lithosphere (crust + continental lithospheric mantle) +

MANTLE
Lithosphere: 7- 9 TW «well» known

MANTLE = BSE — Lithosphere 1- 27 TW (different
BSE models)

GREAT uncertainty!lll




.y o ‘melting
Composition of the primitive mantle residuum

1800 1400 1000 800 600 K Less in

Refractory @ Lithophile ] |

elements [ Moderately Siderophile | 1 Typical concentration for 238U =
. ! @ Nb,Ba Eu y B Highly Siderophile | (Mantovani et al. 2004) §'
2 1E E 2 HQNREE T g © Chalcophile g upper continental crust: 2.5 ppm <
< ‘ O @ ] middle continental crust: 1.6 ppm 'S
3 ‘ Y Cr‘ Mn - . Volatile | lower f:ontinental crust: 0.63 ppm §
S ... . ® ® @ Cclements ' oceanic crust: 0.1 ppm 3
e o1k o Ore m & O i upper mantle: 6.5 ppb S5
3 4 Ni o o’ "o § core NOTHING ¥ &
N \ 4 PO cs @ Sn ]
© M O ALd e :
E E(l) ae (1SS Go o 19 _ U/Th distribution in the mantle (3 scenario)
o i O Bi TI
< 0.01f - e H | & 3 Geoneutrino flux from the mantle

E Re . Ru Pt Pd . SeqUCegfsaHOn Br. ] / ‘ \
B Intermediate High
- Os Rh %()
S *C1 chondrite and Mg normalized 1 Se 1 1
HI.GH L 3% 310 300 200 280 270 ° °
( 50% Condensation Log T (K) at 10° MPa LOW_T

refractory volatile

Progress in Particle and Nuclear Physics 73 (2013) 1-34



MEV ANTI-NEUTRINO DETECTION

vte— vte Vv, +tp—>n+te'

Single events, no threshold, all flavours Charge current, electron flavour only
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0.511 MeV 0.511 MeV 2.22 MeV

Delayed coincidence — pronigh delayed

clean signature!

Advantages of IBD :

* Coincidence > Clean signature
* Opp at few MeV: ~1042 cm? (~100 x more than scattering)
* No solar neutrino background!

6 8 10
(anti)neutrino energy, MeV




Geochemical BSEA
&McD DM

Geochemical BSE
ry w w Kamioka w Hawaii A&McD DM

e IS E— N 7 surf.ave.

T T
88 92 90 100 104 108 112 116 120 124 ~

T = F— = I CM < uSs”
0.85 0.0 0.95 1.00 1.05 1.10 1.15 1.20

1

 hypothesis of heterogeneous composition
observed Large Shear Velocity Provinces at the

~ mantle base

O. Sramek et al. “Geophysical and geochemical constraints on geoneutrino fluxes from Earths mantle”,
Earth Planet. Sci. Lett., 361 (2013) 356-366)

=> needs for multi-site measurementsl!!

©)
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“|1st Purification Systemlf,:.;
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Detector

Chimney

,ildpdn Border
NIC / CONTINENTAL CRUST

tect reactor anti-v;

)( Téns;
|~ Photomultiplier Tubes R redCTOI’S)/S(geo) o 6.7 (20] O), Gfter fhe

oL Buffer Oil ~ Fukushima disaster (03/2011) many

The first investigation in 2005, last published results (2022) : 15-16% precision in the signal
183%2% s geonu’s detected, March 2002 — December 2020 :6.39 x 1032 target-proton year (Geophys. Res. Lett. 49 €2022GL099566)

Fiducial Volume reactors OFF and S(reactors)/S(geo) ~ 1!
> (12 m diameter)
, ~ Outer Balloon - dCﬂ'CI since 2002;

(13 m diameter)

\\ Inner Balloon .2700 m.w.e. Shielding;

(3.08 m diameter)




Borexino taly

Borexino Detector T
e o t to measure neutrinos from
‘Nylon Outer Vessel p

Nylon Inner Vessel

Fiducial volume 'reme radio-purity needed

| Internal C /S L N 1 eved;
PMTs v/ A . X :

3800 m.w.e
4300 muons/day
N A crossmg the inner detector

External water tank

Ropes—

78 'rons,

[ steciplates R | X i % ¥ | q 'ﬁv}'S(reac’rors)/S(geo) 0.3 (2010)

shieding [\ N\ ~7 ; * In operation : 2007 - 2021;
Ao N\ ad * 3600 m.w.e. shielding;

® The first investigation in 2010 (4o evidence), last published results : 17-18% precision in the signal
52.6 T34 (stat) 27 (sys) geonu’s detected, May 2007 — Apr 2019 :1.29 x 10°* target-proton year (Phys. Rev. D 101 (2020) 012009)



Scintillator

Nvlon vessels

§ Non-scintillating
buffer

Stainless Steel Sphere

NIM A600 (2009) 568




\EXPECTED SIGNAL AT GRAN SASSO o/

Ingredients: Expected signal at Gran Sasso
1) Geo-neutrino energy spectra 1 TNU (Terrestrial Neutrino Unit) = 1 event/ 1032 target protons (~1kton LS)/ year (100%._ eff.)
/] ' S (U+Th) TNU | S(U)/S(Th)
O Local Crust ( R~500 km) 9.2+1.2 0.24

Far Field Lithosphere 16.7 38 4, 0.29

Mantle (from Bulk silicate 25-19.6 0.26
Earth model — lithosphere)

Total 28.4 - 45.5 0.27 (chondritic)

Signal [TNUJ/10 keV
o o
-, - -]

e
F'S

40K signal
below
threshold

@ U & Th abundances and distribution®

3) Propagation effects (oscillations..): P..~ 0.5 P 3 35
° ° ° Energy[MeV]
+interaction cross sections

15



Charge of prompt Charge of delayed Time correlation Space correlation

Q,, > 408 pe Qq4> 700 (860) — 3000 pe dt = (2.5-12.5) pus + (20-1280) ps

«  Prompt spectrum Neutron captures on proton Neutron capture t =(254.5 £ 1.8) pus
starts at 1 MeV (2.2 MeV) and in about 1% of i ; IBD SELECTION CUTS .
« 5% energy resolution cases on 12C (4.95 MeV) 2 cluster event in 16 ps DAQ gate | y : 2
@ 1 MeV Spill out effect at the nylon inner . ! “:
» 154 GOLDEN

Radon correlated 2'*Po(a + y)

decays from 2'4Bi and 2'“Po fast 1
e T CANDIDATES

M. Agostini et al PRD 101(2020) 012009

Muon veto Dynamic Fiducial Volume Multiplicity

2s || 1.6 s : SLi(B + n) >10 cm from IV (prompt) No event with Q >400 pe MLP gejayeq > 0.8 ) December 9, 2007 to Apl‘"

2 ms: neutrons « Exposure vs accidental bgr +2 ms around promt/delayed Radoniconslated 4Poin

e IV has a leak: shape reco from e —————— 28, 20] 9 . 326274 dCIYS Of

» Several veto categories

e Strict and special muon tags the dg‘:ta weekly . Suppressing undetected

T cosmogenic background, mostly ;i
o Whole detector @ | s multiple neutrons dCI‘I'CI ‘I'Clklng

IS Ve { 1 . Negligible exposure loss

oWz e Y * Average FV = (245.8 +
8.7) ton , Exposure = (1.29 *
0.05) x 1032 proton x year

® Including systematics on

Events/ 400 p.e.
Events/ 100 p.e.

position reconstruction and
muon veto loss, for 100%
detection eff

Exposure : a factor 2 increase

respect to 2015 analysis "




Backgrounds mimickir
beta decay reaction:

(a)Cosmogenic nuclides
(b)(o,n) reactions

/Pc) Accidental coincidences

Spectrum [1/10keV]

Prompt signal in
lSc(a,n)léo

Electron+Positron

1 I
5

! M | I Il
6 8 9

7
Visible Energy [Me

10
V]




Mueller et al With “5 MeV bump”
2011

Signal [TNU] 84515, , 79.6*14 4,
# Events 97.6 *17 45 91.9*16 , 5

0.35

0.301 — without excess

— with excess at 5 MeV
0.25}
0.20f
0.15}

0.10f

Normalised dN/dE; / keV

0.051

E; [MeV]

Atmospheric neutrinos

Events 9.2+ 4.6

Atmospheric neutrino fluxes from HKKM2014 (>100 MeV) and
FLUKA (<100 MeV)

Matter effects included, Simulation of detector response + selection
cuts as for real data

Background type

?Li background
Untagged muons

Fast n’s (from rock)
Fast n’s (from WT)
Accidental coincidences

(a, n) in scintillator
(a, n) in buffer

(Y, n)

Fission in PMTs
24Bj-211Pg

" TOTAL

* Accidental coincidences;

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

Estimated from OFF-time coincidences: IBD-like events in At =2 -20 s

s  (o,n) reactions: *C(a, n)'°0

Prompt: scattered proton, ?C(4.4 MeV) & '°0 (6.1 MeV) .
Estimated from *'’Po(a) and *C contaminations, cross section.

¢  Cosmogenic background

- °Li and 3He (t,, = 119/178 ms)
decay: B(prompt) + n (delayed);

- fast neutrons

Prompt :unscattered protons (prompt)
Estimated by studying coincidences detected AFTER muons!

18
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GEO-NEUTRINO SIGNAL : SPECTRAL FIT OF Eppepipr

- Total
[ Geoneutrinos

Reactor antineutrinos
I Cosmogenic °Li
I Accidental coincidences
[ (o, n) background
—4+— Data

1000 1500 2000 2500 3000 3500

Source

Atmospheric neutrinos
Shape of reactor spectrum
Vessel shape

Efficiency
Position reconstruction

Total

Unbinned likelihood fit of charge spectrum of 154 prompts

* Fixed: S(Th)/S(U) = 0.27 corresponding to chondritic Th/U
mass ratio of 3.9
* °Li, accidentals, and (o, n) bgr constrained according to

expectations
* Reactor signal unconstrained and result compatible with
expectations
i +9 +2.7 18.3 -
Ngeo — 52.67,%(stat)"y (sys)events * 175 % total precision

47 O+ 2(stat)">s (sys)TNU

N =

100 120 140 160 180 200 220

Neea

Reactor antineutrino expectation with excess at 5 MeV

—— Reactor antineutrino expectation without excess at 5 MeV

® Measured reactor antineutrinos - Th/U ratio fixed

* Measured reactor antineutrinos - Th & U as free parameters

19




LOC = local crust = (9.2 + 1.2) TNU

Mantle [ FFL I LOC Il

pr— 60 I 1 T T T
E - ! FFL = far-field lithosphere = (4.0*'4 4 5) TNU
= 50 L : Data: +84 e i
= 50 median 47.0Z7; (stat)”y o (sys)IN f] | MANTLE (U + Th abundances) = BSE model — LITHOSPHERE
—_ ' ]
é 40 = -34% J ] Intermediate scenario
v @ %;agzn(ﬂs%ﬁt)iﬁtmg mantle

11|

J L&K T M&S A W P&O T&S

Compatible with models, preference high-Q models
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Events / (201.176 p.e. )

B Geoneutrinos from **U
Geoneutrinos from “*Th
Reactor antineutrinos

B Cosmogenic "Li

I Random coincidences

e (o, n) background

—+— Data

# 232Th events

Prompt charge [photoelectrons]: 1 MeV ~500 photoelectrons

SPECTRAL FIT with Th and U fit independently :
50.4 events 468, .o, total precision

In agreement with the fit with Th/U fixed

# 238 events

21




- Total
Geoneutrinos - Mantle
I Geoneutrinos - Bulk Lithosphere
B Cosmogenic °Li
I Accidental coincidences
[ (o, n) background

30

25 Cosmochemical (CC)

based on the enstatine

20
chondrites

Geochemical (GC)

based on mantle samples
compared with

15

Events/ 200 p.e.
Smantle(U+Th) [TNU]

10

5

w,
—

0 500 1000 1500 2000 2500 3000 3500

Prompt charge [p.e.]: 1 MeV ~500 photoelectrons

Constraining the contribution from the
(28.8 = 5.6 events with
S(Th)/S(U) =0.29 ), the
events are 23.77107 ;44

Swmantie (U+Th) =21.2 %95 4, (Stat) 11 4 (Sys) TNU

Sensitivity study using log-likelihood ratio method:
Null mantle signal hypothesis rejected with 99.0%

C.L

HRante(U+Th) [TW]

Mantle radiogenic heat from U+Th:

qun'rle (U+Th) = 24.6 T -10.4 ™

assuming 18% “°K mantle contribution +
contribution of lithosphere :

H(U+Th+K) = K23l A%

carbonaceous chondrites

Geodinamical (GD)

based on balancing mantle
viscosity and heat
dissipation

~80% of total heat flux

22




1\\; COMPARISON WITH KAMLAND

Borexino (PRD101 (2020) 012009) KamLAND (Geophys. Res. Lett. 49 ¢2022GL099566)

O

T v —— v|(c) i b After LS purification

I Geoneutrinos = Spallation 4 KamLAND daa 40

Reactor antineutrinos
B Cosmogenic °Li
I Random coincidences
P (o, n) background

Events/0.1MeV

g
=
2
- z
= 2
(=
i Z
=
z 2
=
S =
2

0
10 12 14 16 1.8 20 22 24 26 After Fukushima
Prompt Energy (MeV) and with inner balloon

Events/0.1MeV

10 12 14 16 18 20 22 24 26

Prompt charge [photoelectrons]: 1 MeV ~500 photoelectrons s

1.29 x 1032 (3262 days, 280 m3 of FV) Exposure [proton x year] 6.39 x 1032 (5227 days, 905 m?)
154 in total (~90 in the geonu energy window) IBD candidates 1178 in the geoneutrino energy window

52.6 134 (stat) *3](sys) *183% 183 23 (stat + sys): 2133%
47.0 182 (stat) *24(sys) [ (39.3 - 55.4) Signal [TNU] / (68% CL interval) Not provided
| Shpeonreaclrviee | Analysis Rate + shape + time

Credit : L. Ludhova 23




1\\; COMPARISON WITH KAMLAND : TH/U RATIO

Borexino (PRD101 (2020) 012009) KamLAND (Geophys. Res. Lett. 49 ¢2022GL099566,
O N. Kawada Talk @ TAUOP23)

[2]
i
c
o
>
()
£
[
N
[5¢e]
N
+H*

Best fit geoneutrino signals

-~
|
o
9
£
Q
Rl
S
=
X
et
=
H
&
b8
=
2
S
%
=]
&
N
N

Nu/rn flux 0-signal

[event]  [x10° cm~2s7!] [TNU] rejection

U 116.67532 147152 19.1%57  3.3430
Th 575 3.9 0 9.7741  2.3860
U+Th 173.77232 32.1+24 28.6735 830

v
# 238 events

4
7, flux from 233U (x10° cm~2s~")

Spectroscopic measurement of geoneutrinos from uranium
and thorium was achieved

24



Lett, 49 €2022GL69Y566

[ - w=  Fully Radiogenic 20919 Preliminary Result
30: : x__ s High Q
: A = B Middle Q
E : | % i s Low Q
g | | = B
= 20F P ] S T
=i L ! ] - - S B
S | P x4
T [ M% g - = KamLAND 68.3% C L.
3 il - &> i .
VSE 10 r Mid-Q: GC : i ] 1 o crust
Low-®: CC | ! i
YA |..-: ...... [T TS 1 i. ()Hllllllllllllllllttllll
0 0 10 20 30 40

HR2e(U+Th) [TW] Radiogenic Heat from **U + ***Th (TW)

General agreement data vs BSE models: big success
Borexino is less (2.4c) compatible with the BSE models predicting the lowest U+Th mantle abundances
KamLAND preference for Low Q and Middle Q BSE models

25
Some tension between the two experiments, assuming laterally homogeneous mantle ???
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(S Y etion in 2024 & 400
:&';9::\9 i i = , i | l ) ole ‘to reach the precisions of

| : % ND in the 1st year! (J. Phys. G: Nucl.
(2016) 030401)

* JINPING 'hina): 4 kton; deepest lab, far away from
AL VR S " reactors, very thick continental crust at Himalayan region
SNO+ Preliminary \ “ L= ! T v (PRD 95 (2017) 053001)

—4— Data 2
%R : * HanoHano / Ocean Bottom Detector (Hawaii): ~10 kton
— - movable underwater detector with ~80% mantle contribution:

“THE” GEONU DETECTOR 26

| I1./Kagténoglu Talk@ TAUP23
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\K; EFFECT OF NEUTRINO OSCILLATIONS

2
=PV = cos? O3 ( 1 — sin® 265 sin? (621; )) +sin? 0y3

For 3 MeV antineutrino: oscillation length of ~100 km

For geoneutrinos we can use average survival probability of 0.551 + 0.015 (Fiorentini et al 2012),
j but for reactor antineutrinos not!

Geoneutrinos Reactor antineutrinos at LNGS

No Oscillation
No Oscillation

Oscillated

Oscillated

200 400 600 800 1000 1 200 1400
Charge prompt [p.e.]

Visible energy [MeV]

29




No sensitivity to

Signal 10°[TNUJ/1 keV

oscillation pattern

8 9 1
Energy [MeV]

Upper limit (95% CL): 18.7 TNU

* 2.4 TW in the Earth’s center

* 0.5 TW near CMB at 2900 km
e 5.7 TW far CMB at 9842 km

Fit with reactor spectrum constrained )



