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» What are geoneutrinos? ‘ €

/

» The role of geoneutrinos in understanding Earth Sciences

» Future prospects in the geoneutrino field




The "Standard Model’ of the Earth

Earth has a we

ll-established layered

structure, visible from its density profile:
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The Bulk Earth’s mass composition for
main elements is well known:

Iron (Fe)
® Oxygen (O)
Silicon (Si)
Magnesium (Mg)
® Other elements

About 0.02% of Earth’s mass is made out of
radioactive Heat Producing Elements (HPEs).

The most important for activity, abundances and
half-life time (comparable to Earth’s age) are:

Uranium U (M_~108M¢, )
Thorium Th (My,~108 Mg, )
Potassium K (M ~104 Mg, )
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| Farth's heat budget

The total heat power (Q) of the Earth is well established andis47 £ 2 TW. N
What has still to be understood is in which fraction this heat is due to:

= 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 U, Th and K (HPEs) inside our planet. @

-~

. Radiogenic heat (H) @

C=Q-H

Hcc = radiogenic power C. = -H-C &
of the continental crust M Q c

. Secular cooling (C)

Hy=H - H - He
Hi = Hee + Hoe + Hyy || 2 The massof the lithosphere (~ 2% of the

Hcc = radiogenic power
of the continental crust

How, = radiogenic power o Earth'’s rT\ass) contains ~ 49% of the
;i’tfht::prc]‘;:it;“ren”;::le Ue= o0 HCC total estimated HPEs and it produces
. « H.~8TW.
Range [TW]|Adopted [TW] Range [TW]|Adopted [TW]

i | @037 | 93:20  IEREEE T » Radiogenic power of the mantle Hy, and
el t6:11 | 813 el ~o 0 the contributions to C from mantle (Cy)
o | 0:3m | 1m0 e, | 11291 17 e and core (C¢) are model dependent.
He [0; 5] 0 G [5;17] 11+2
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Geoneutrinos: anti-neutrinos from the Earth

238,232Th and 49K in the Earth release heat together with v, in a well-fixed ratio:

Decay T1010%]  E (V) MeV] €5 [107kgis ] € [105Wkg?]

238\ — 206ph + 8ot + 6™+ 6V, 4.47 3.36 7.5 9.5

232Th — 298Ph + 6a + 4e + 4V, 14.0 2.25 1.6 2.6

0K - Ca+e +v, (89%) 1.28 1.31 23.7 2.9
Earth emits (mainly) v, (® « 10”7 cm2 s1) whereas Sun LA —. — th
shines inv, (O -~ 1011cm2s1) g . "
A fraction of geoneutrinos from U and Th (not from 40K) 5 «°| | 3

g ( )  e—

are above threshold for inverse B on protons:
Vo+p-oet+n—1.8MeV

Different components can be distinguished due to
different energy spectra

Geoneutrino flux [Ve - s~ 1
N

Signal unit: 1 TNU = one event per 1032 free protons/year
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| Open guestions geoneutrinos can/ could answer

&7
» What is the radiogenic contribution to Earth’s heat budget? 0
4

» Are the fundamental ideas about Earth’s chemical composition correct?

Mantle geoneutrino flux (**8U+232Th)
i

»

Geochemical BSE

(Sramek et al. 2012)

»
(*W. F.McDonough)
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| Detecting geoneutrinos: Inverse Beta Decay (IBD)

Geoneutrinos are detected via IBD in ~kton Liquid
Scintillation Detectors.

Vo+p-on+et —1.806 MeV

Detection requires the coincidence of 2 delayed light signals.
It does not permit to observe 4°K-v,
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Borexino and KamLAND geoneutrino results

KamLAND
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KamLAND is a 1 kton liquid scintillator detector
situated in Japan, in the Kamioka mine. It is
surrounded by 1325 17° PMTs and 554 20" PMTs

Borexino
< F
a 35— - Total
= C Geoneutrinos
a3 0 :— Reactor antineutrinos
> E Il Cosmogenic °Li
€ 25E Il Accidental coincidences
4 = (0, n) background
= = Dat
(S 20 - —4— a

Data-taking: 2002-2019

U Th U+Th
Events 138.07223 34,1121 168.8728:3
Signal [TNU] | 26.17%2 6.6111 32.1%29
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Borexino is 0.3 kton liquid scintillator detector
situated in Italy, at the Laboratori Nazionali del Gran
Sasso. It is surrounded by ~2200 8" PMTs.

Data-taking: 2007-2019
U Th U+Th
Events 41.1%7% 11.5%22 52.615:8
Signal [TNU] | 36.3%%7 10.5%21 47.08¢




| Extracting the mantle signal: the rationale

Detector
and NFC

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

Borexino (BX) KamLAND (KL

U and Th distributed in the Near
Field Crust (NFC) gives a

significant contribution to the signal

(~ 50% of the total). _ _
Different for different detectors Common to detectors

Stxp(U + Th) =[5;’VFC(U +Th) + St;-(U+Th)+S%,,,(U+ ThHS), (U + Th)]




Extracting the mantle signal: the rationale

Detector
and NFC

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

Borexino (BX) KamLAND (KL)

U and Th distributed in the Near
Field Crust (NFC) gives a

significant contribution to the signal
(~ 50% of the total).

Stp(U +Th) = Sypc(U +Th) — Sppc(U +Th) - S¢py (U + Th) =S}, (U + Th)

The geological models need to comply with the following constraints:
* FFC model needs to be the same for each /-th detector for avoiding biases.
* NFC should be built with geochemical and/or geophysical information typical of the local regions.

* NFC must be geometrically complementary to the FFC. .



Extracting the mantle signal

The mantle signals S5* (U + Th) and S&*(U + Th) can be inferred by subtracting the estimated
lithospheric components from the experimental total signals using their reconstructed PDFs:

Experimental Near Field Crust Far Field Crust Cont. Lith. Mantle Mantle
JKamLAND] | KLY .f CIKL] oo KLY CIKL?
T [1 Borexino N BX]  F [1BX3 o0 COBX] °%®F [ BX]
0.06 | 025 - 0.25 . C

= . ] - 0.25 1 005¢
0.05 ;_ 0.20F 1 o20F
0.04F . 1 -
0.02F 0'105_ _ 0'105_ ‘ 0.10
0.015— 0-05;‘ ‘ 0-05;‘ - 0.05
0.00f-—— 210I I I410I I ISIOI I I8I0I I I100 0'000-””él”|1I0””115””210|”55 0'OOO-IIIIé””110“”1I5””2I0””2-5 0'000””é””1lo"”115"”2|0 IIIIIIII 110””210””3I0””4I0””50

Sexp(U+Th) [TNU]

Swrc(U+Th) [TNU]

Serc(U+Th) [TNU]

S(_‘L/\//(U+Th) [TNU]

Sm(U+Th) [TNU]

Sty (U +Th) — Skpc(U + Th) — Skpc(U + Th) — Sgu (U + Th) = S5 (U + Th)

Stxp(U+Th) [TNU] Syc(U+Th) [TNU] Sgpc(U+Th) [TNU] S¢ppn(U+Th) [TNU] Sy (U+Th) [TNU]

KL 32.1 + 5.0 17.7 + 1.4 7.3+15 1.6122 4.8%2%

BX 47.0+8¢ 9.2 + 1.2 13.7+28 2.2+31 20.879%
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Combining KamLAND and Borexino results _
-
The joint distribution S¥/*2%X(U + Th) can be inferred from 5 *F p(s5 i gnxlgr _ o) ¥ ]
i M ! M —YM
the mantle signal’s PDFs of the two experiments by = b T h
requiring that: X :
<10 . -
SﬁL(U + Th) = ? NN M e s
56 0 10 20 30 40 50 60
4. 81’5:9 SBX(U+Th) [TNU]
\ / Elt]fl)llllglllIII'IIIIII'IIIIl'lIIB;(l'lE
0.07F : : =
SKLYBX(U + Th) = 8.9721 TNU o
Where correlations need to be properly accounted for: 005 SRRl
0.04F 3
» Spre (U +Th) o Sgec (U +Th) 003 -
» Sein (U +Th) o S¢iy (U +Th)
are fully correlated, since they are derived from the same Zz;_ . R _

1 1 0 10 20 I3I[)I = I4I0l I 50 60 7_'(
geophysical and geochemical model ..



H(U+Th+K) [TW]

Bulk Silicate Earth Models
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H(U+Th+K) [TW] 124+1.9 19.7 £ 3.1

31.7+3.4

*AAYY - Author year acronym

» 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 author proposed
arange of BSE models
based on different
constraints (carbonaceous
chondrites, enstatite
chondrites, undepleted
mantle, etc.)

13



Mantle radiogenic power from U and Th

B o coona = 0.98 TNUITW | Since H (U + Th) = 8.1*12 TW
" 1 is independent from the BSE
oF 4349, o 1 model, the discrimination
B | capability of the combined
f e 1 geoneutrino measurement
OF kL +BX 1 among the different BSE models
3 L B Lowscenaio=0-75 TNUTW] can be studied in the space
: 1 Sy (U +Th) vsHy (U + Th):
T oot ] -
5F Revtt 1 Sy(U+Th) =B -Hy(U + Th)
O Ty T e T T
Hm(U+Th) [TW]
Poor-H Medium-H Rich-H KL+BX
H,y(U+Th) [TW] 3.21290 9.3+29 20.2%32 10.3%29
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Understanding the Earth's heat budget with geoneutrinos

A

Dp)

[ Assuming a K contribution]to the radiogenic heat of 17%

from geochemical arguments, the combined geoneutrino
analysis of KL and BX results constrains:

» the radiogenic heat HXLt8X = 20.8173 TW
» the secular cooling CXL+BX = 26 + 8 TW

Adopted Combined KL + BX
Q [TW] 47 + 2
Hig [TW] 8.1%7178
H,, [TW] 11.3%33 12,571
H[TW] | 19.3+2.9 20.8173
C [TW] 27 +4 26 + 8

Geoneutrinos and geoscience: an intriguing joint-venture
Bellini [...], Serafini et al.
Riv. Nuovo Cim. 45, 1-105 (2022).
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40K In Earth Sclence

1. Our planet seems to contain 10%-30% K respect to the enstatitic

(EH) and carbonaceous (Cl) chondrites meteorites, respectively.

2. Two theories on the fate of the mysterious “missing K” include
loss to space during accretion or segregation into the core, but
no experimental evidence has been able to confirm or rule out

any of the hypotheses, yet.

3. Being moderately volatile, K is representative
of the depletion of volatile elements on Earth.

Volatiles’ abundances are required to

understand deep H,O cycle and 40K-40Ar

system in the Earth.

Cl chondrite &
Si Normalized

[

E (*W. F.McDonough)

(EH)

| Refractory Lithophile elements

i = g i =1 *Earth

|)

Enstatite

-l “LL /

/ chondrite

Al Sc Lu Y Ho Ti

Th Ca Yb Sr Eu U Mg Si

A direct measurement of the still undetected 49K geoneutrinos would be a
breakthrough in the comprehension of the Earth’s origin and composition.

Li

Na K Rb

Volatiles

16



Possible detection channels for 4K (anti)neutrinos

-1 - 7 -2 1) o “— 11 -2 1
Inverse Beta Decay (IBD) v, + ,,4Y - 4X + et Geggve (® -~ 107cm?s?) - Solar v, (® — 10 cm2 s)
10 E

The currently employed reaction has an energy threshold at — Es
1.8 MeV. Its current detection relies on a double coincidence ool — '(?ED;ZS 10
rejecting most backgrounds. :

10—41 E_ _f

Elastic Scattering on electrons (ES) vy + e~ —» vy + e~

|
A
N

It has no energy threshold (apart from our capability to
detect electron recoil). It does not allow to distinguish
flavors, or to separate neutrinos from antineutrinos (in the
absence of directional information).

-
o

|
N
w

Cross section [cm?]
>
1

—

o \
IS
>

rent neutrino-nucleus scattering (CEvNS)

Vx‘l‘éN—)V)("‘éN 10
It has no energy thresho rt from our capability to e
detect nuclear recoil... whichis a ways too small). It :

does not allow to distinguish flavors, or to s
neutrinos from antineutrinos

-45 |

-47 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |

10
Vv energy [MeV]



Inverse Beta Decay (IBD) detection

Geoneutrinos are detected via IBD in ~kton Liquid
Scintillation Detectors.

Vo+p-on+et —1.806 MeV

Detection requires the coincidence of 2 delayed light signals.

It does not permit to observe 4°K-v, e
8 prompt
10 % 1 1 1 1 I 1 1 1 1 I 1 1 1 1
— 238
232Th
4OK -

Ve'sl-cm™2 -MeV~1
o, =i
/
|

2 3 4
Ve Energy [MeV]

o
RN




Inverse Beta Decay (IBD) detection % @&

Geoneutrinos are detected via IBD in ~kton Liquid
Scintillation Detectors.

Vo+p-on+et —1.806MeV

Detection requires the coincidence of 2 delayed light signals.
It does not permit to observe “°K-v,

JRSEGCM |
8 rom elaye .
10 1 1 1 r I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
& E ! — 238 - - -
th !
6 \ i *32Th In order to detect 4°K- v, we could use:
10 q___;% 40K -
i V,+ ,.4Y > 4X +et —E
o I 1 e T z41 Z th
i We shall require:
10° | 7 e Ey<1.3MeV
| » High cross-section
1000\\\ 1 1 1 1 : 1 1 1 1 I 1 m 1 1 g

é 3 4 5 « HighY natural isotopic abundance
Ve Energy [MeV]



Inverse Beta Decay (IBD) detection A

Geoneutrinos are detected via IBD in ~kton Liquid
Scintillation Detectors.

Vo+p-on+et —1.806MeV

Detection requires the coincidence of 2 delayed light signals.
It does not permit to observe “°K-v,

10 th ' . oo et '238'U' Difficult to load in large fractions g
\ t ! / without reducing transparency
6 |
10 1\ 40K
: _ A
4\ | — 7+ L 4x e E.
10 A, Neutrino physics with an opaque
phys detector. Cabrera [...], Serafini et al. .
) Commun. Phys. 4, 273 (2021) gshall requir . .
10 . E, S1Rde Impossible to tag in current
! . Liquid Scintillator Detector
! \l\ « High cross-s
100k Lol 1 : | Y T T T I TR T T B L1
0 1

2 3 4 5 « High Y natural isotopic abundance
Ve Energy [MeV]
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IBD cross-sections weighted by isotopic abundance
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E— ™ 7, +35Cl - 35S + et — 1.189 MeV

3He
o Ve + Cu - ®Ni* + et — 1.176 MeV
35C|
— 455¢ |
s3Cu 35Cl has both a low threshold and
SUPTP 798r . .
— g a good weighted cross-section
93Nb
107Ag

63Cu seems to be as promising as

e 35Cl, and additionally lands to an
E 155G excited level in the final state
T (possible double coincidence
: capability)

RN
o

i - 50 40K significance with 10y of

0.5 1.0 1.5 20 2.5 3.0 3.5 4.0

Ve energy [MeV] data taking and 240 ktons.



Electron scattering directionality”

ES interaction retains information of incoming direction: (Wang et al. 2020)
— >:<1042 Scattered © A Y AT T R T e v i Q
S 22F - telectron  § 08T L ey O,
¢ 22 @1MeV Cutat 0.7 MeV - 24
5 1:65_(Wang et al 2020) e recolil [)C J EZ - Solar uhﬁ
é 1:5 Solar OF| + Crust ‘
g £ neutrino “02E | Mantle N
O o8f o Earth| -04 5
0.6F Geqt-. 06 ¥ 2 %,
0.4F- neutrino s R e
' E_ | +-5!_ A S _ . i, : -' 1
052 =TT TR TN TR TV TV I (Wang et al. 2020) 05 06 04050 02 0408 08 1
0O 01 02 03 04 05 06 07 08 09 1 CDSH.rP
1 (Wang et al. 2020) 2080
g os -« Without assuming additional backgrounds:
> = >3g 49K significance with 20y of data taking and 3 ktons.
0.2 01
0 ] . ° ] 3 ° . °
02 Main limitation is scintillator density
by LAy - degrades angular resolution
09 T - gaseous detector? (Leyton et al. 2017)

_10123456789100

Electron Kinetic Energy [MeV] *even IBD retains some directional info, but doesn’t permit to observe 4°K



Stopped

Proposal

Next generation detectors

Ongoing

10

Jinping
. }.

[NNL] &°¥s

e OBD v SNO+ m Borexino e Jinping + JUNO * KamLAND
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Multl site detection

Outlook toward year 2025

60 (Sramek et al. 2016)
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TW radiogenic
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1 30

B
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Geophysical prediction: Lithospheric flux in TNU

50

60

In the next decade, several other experiments will join
KamLAND and Borexino:

—>bigger detectors, lower statistical uncertainties

—>different sites, more handles to disentangle mantle signal

An equally large effort is required to geophysical/geochemical
modeling:

—lithospheric signal is usually ~80% of the total signal

—->mantle signal estimates (and uncertainties) highly dependent
on models!

24



| Final remarks

» Geoneutrinos are a promising tool to explore the inaccessible Earth:
* synergy between experimental physics and geochemical/geophysical modeling
« comprehension of radiogenic production of our planet

* handle to discriminate Bulk Silicate Earth models

» 4OK-v, detection would be a breakthrough in Earth Science:
* missing piece to heat budget of our planet
 indicative of volatiles’ behavior during Earth formation and evolution

* new methodologies identified for their detection

» New generation detectors are on their way:

¢ more statistics, lower uncertainties, multi site detection

We can glimpse a bright future for the geoneutrino field!



Thank you!
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