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ABSTRACT

Geo-neutrinos, electron anti-neutrinos produced in B-decays of naturally
occurring radioactive isotopes in the Earth, are a unique direct probe of
our planet’s interior. After a brief introduction of the geo-neutrinos’ prop-
erties and of the main aims of their study, we discuss the features of a de-
tector which has recently provided breakthrough achievements in the field,
Borexino, a massive, calorimetric liquid scintillator detector installed at
the underground Gran Sasso Laboratory. With its unprecedented ra-
diopurity levels achieved in the core of the detection medium, it is the only
experiment in operation able to study in real time solar neutrino interac-
tions in the challenging sub-MeV energy region. Its superior technical
properties allowed Borexino also to provide a clean detection of terrestrial
neutrinos. Therefore, the description of the characteristics of the detected
geo-neutrino signal and of the corresponding geological implications are

the main core of the discussion contained in this work.

1. Introduction

Borexino at Gran Sasso is the last player which en-
tered the solar neutrino arena, where, thanks to its un-
precedented low background, it provided breakthrough
results in the low energy sub-MeV regime. Having al-
ready measured three components of the solar neu-
trino spectrum over the past years, i.e. "Be, 8B and pep
(providing jointly with this component also a stringent
upper limit on the CNO contribution), Borexino has re-
cently crowned its remarkable series of results with the
detection of the fundamental pp neutrino flux, coming
from the reaction which provides most of the Sun’s en-
ergy. Therefore, Borexino is the first experiment able to
perform an almost complete spectroscopy of the whole
solar neutrino flux, allowing a thorough data-model com-
parison [Serenelli et al. 2011]. The last step of this in-
vestigation will be the attempt to measure the tiny CNO
flux, which Borexino will undertake over the next years.

Moreover, specifically relevant to the present dis-
cussion, Borexino has also detected an unquestionable
geo-neutrino signal, contributing to pave the way to a
complete new method to investigate the interior of our
planet based on the study of the properties of such elu-
sive messengers.

In the following, after an introduction to the under-
ground Gran Sasso Laboratory hosting the experiment,
and a general highlight of the features of geo-neutrinos
from Earth, the experimental characteristics of Borex-
ino, which made possible the outstanding accomplish-
ments accumulated so far, will be briefly reviewed.

Afterwards, the characteristics of the geo-neutrino
signal detected by Borexino will be thoroughly de-
scribed and quantified, and its geological implications
carefully emphasized.

Finally, the future perspective of this new and fas-
cinating field will be sketched, pointing to the potential
big advantage for the study of the interior of our planet

that would stem from a network of powerful geo-neu-
trino detectors deployed around the world.

2. The hosting laboratory:
Laboratori Nazionali del Gran Sasso in Italy

Since a fundamental prerequisite for the break-
through results of Borexino is the hosting laboratory, few
words for its description are mandatory.

The LNGS facility (Laboratori Nazionali del Gran
Sasso; http:/ /www.Ings.infn.it/) under the Gran Sasso
mountain in the Abruzzo region of Italy, is currently
the largest of the underground facilities all over the
world. Following the proposal in 1979 by A. Zichichi,
the INEN President at that time, construction was com-
pleted in 1987, together with two road tunnels through
the mountain. These road tunnels provide the horizontal
access by road vehicle to the facility, allowing transport
container delivery.

The underground area comprises three main hall-
ways, with several other experimental tunnels available,
including two 90 m hallways used for a Michelson in-
terferometer for geological studies.

The dimensions of the Hall C are 100 m by 20 m by
18 m, with the other two, A and B, only slightly smaller,
providing a total area of 17,300 m?, and a total volume
of 180,000 m®. A surface set of auxiliary buildings pro-
vides offices and administration facilities, computing
and conferencing capabilities, laboratories, electrical
and mechanical workshops and warehousing facilities.
There is a permanent staff of 76 physicists, engineers
and technicians, with about 20 non-permanent staff,
servicing about 800 users from across 26 countries.

The rock overburden is 1400 m, with an azimuthal
and zenith distribution, due to the topology of the
mountain, which varies between 3100 m.w.e. and 3800
m.w.e. This reduces the muon flux to a measured value
of 2.87x107%/m?/s [Ahlen et al. 1990, Aglietta et al.
1998]. Measured neutron fluxes are 2.93X10%/m?/s and
0.86x10%/m?/s for thermal and fast neutrons (with a
breakpoint defined at 1 keV), respectively [Belli et al.
1989]. Radon levels in the air range between 50 and 120
Bq/m? with the ventilation system providing one ex-
change of airin 3.5 h.

The science program at LNGS is very broad, with
neutrino beam studies just completed (OPERA and
ICARUS), galactic dark matter searches (DAMA/LIBRA,
DarkSide, XENON, CRESST), 0vpp decay studies
(CUORE, GERDA, LUCIFER and COBRA), solar and
geo-neutrinos (Borexino, the topic of this discussion),
supernova neutrinos (LVD, Borexino) and nuclear as-
trophysics through a low energy ion accelerator (LUNA).
In addition, low background counting facilities exist,
like the STELLA HPGe detector array.
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In terms of expansion of the facility, there are no
current plans to extend the available underground space,
with new areas becoming available as the current exper-
imental program evolves and projects are completed.

3. Geo-neutrinos

Geo-neutrinos (geo-v,) are electron anti-neutrinos
(v,) produced in B-decays of *°K and of several nuclides
in the chains of the long-lived radioactive isotopes 2*3U
and 2*2Th, which are naturally present in the Earth:

238 - 2%Pb + 8a. + 8e + 6V, + 51.7MeV (1)
#32Th — 2%Pb + 60, + 4e + 4V, + 42.8MeV  (2)
YK »4Ca + e +V, + 1.32MeV (3)

Hence, while the Sun shines in neutrinos, the Earth
shines in geo-neutrinos, with a flux of about 10° cm™%s~%.
It is important to note that the released radiogenic heat
is in a well fixed and known proportion with respect to
the geo-neutrino flux. Therefore, it is in principle pos-
sible to determine the Urey ratio (defined as the relative
contribution of the radiogenic heat from radioactive
decays to the Earth’s surface heat flux) by measuring
the geo-neutrino flux.

In particular, by determining experimentally the
geo-neutrino signal at different locations through the
planet, in different geological settings, and/or by being
able to identify the incoming direction of detected geo-
neutrinos, it might be possible to:

a) study the distribution of radioactive elements
within the Earth, to determine their abundances in the
crust and in the mantle;

b) determine if there are any radioactive elements
in the Earth’s core;

¢) understand if the mantle composition is homo-
geneous or not;

d) test, validate, and discriminate among different
BSE models;

e) exclude or confirm the presence of a putative geo-
reactor in the core of the planet;

f) determine the Urey ratio, important for geo-
chemistry and geophysics.

g) study the bulk U and Th ratio in the silicate Earth,
an important parameter for geochemistry, which could
shed light on the process of the Earth’s formation.

We can see, hence, that geo-neutrinos can be used
as a unique direct probe of the Earth interior, not ac-
cessible by any other means. All this information could
be used as inputs for many geological, geophysical, and
geochemical models describing such complex processes
as the mantle convection, movement of tectonic plates,
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Figure 1. The geo-neutrino luminosity as a function of energy is
shown for the most important reaction chains and nuclides [Enomoto
2009]. Only geo-neutrinos of energies above the 1.8 MeV energy (ver-
tical dashed line) can be detected by means of the inverse beta decay
on target protons shown in Equation (4). For completeness, though
not mentioned in the text, also the 2>*U contribution is indicated.

geo-dynamo (the process of the generation of the Earth’s
magnetic field), the process of the Earth formation, etc.

The energy spectrum of geo-neutrinos extends to
about 3.3 MeV. They are detected via the inverse neu-
tron B-decay reaction

Yl +
V.+tp—o>e +n (4)

which has a kinematic threshold of 1.806 MeV. The cross
section of this interaction as a function of anti-neutrino
energy is well known and can be found in Strumia and
Vissani [2003]. Unfortunately, all geo-neutrinos pro-
duced in the decay of “°K are below this threshold and
we are able to detect only the tail of the 22U and **Th
geo-neutrinos, as shown by the dashed line in Figure 1.
Geo-neutrinos from the #**Th chain have the end point
of their energy spectrum at about 2.25 MeV, while
those from the 28U chain extend up to 3.3 MeV. Ide-
ally, this spectral feature could be used in order to meas-
ure the U and Th ratio in the Earth. It is important to
recall that the relative proportions of the elements
abundances are much better known than their absolute
abundances. Therefore, by measuring the absolute abun-
dances of 228U and 23?Th, the absolute abundance of
40K can be deduced with a better precision.

Geo-neutrinos are emitted and interact as flavor
states, but they travel as superposition of mass states
and therefore undergo flavor oscillations.

In the approximation Am} ~Am2,>>Am2 (the
square-mass differences of mass eigenstates 1, 2, 3) the
survival probability P, for a v, in vacuum is:

P,=P(V,>V,) =sin*60 ,+ (5)

4 .2 .
+cos"0,, |1 —sin"26,,sin

1.267Am’, [eV? IL[m] H
4E[MeV ]
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In the Earth, the geo-neutrino sources span a vast
region compared to the oscillation length, given by:

L~ _EMev]
2 AR A Tev? ] ©
For example, for a ~3 MeV antineutrino, the os-
cillation length is of ~100 km, small with respect to the
Earth’s radius of ~6371 km: the effect of the neutrino
oscillation to the total neutrino flux is, therefore, com-
pletely averaged, giving an overall survival probability of:

(B,) = cos'6,, (1 —Fsin’20,, J+sin*0,,  (7)

According to the neutrino oscillation mixing an-
gles and square-mass differences reported in Fogli et al.
[2012], P,,~0.54. It has been calculated in Enomoto
[2005] that the so called matter effect contribution to the
average survival probability is an increase of about 2%
and the spectral distortion is below 1%. To conclude,
the net effect of flavor oscillations during the geo-neu-
trinos propagation through the Earth is an absolute de-
crease of the overall flux by ~0.55, with a very small
spectral distortion, negligible for the precision of the
current geo-neutrino experiments.

4. Characteristics of the Borexino experiment

Borexino [Alimonti et al. 2009] is a scintillator de-
tector, which employs as active detection medium 300
tons of pseudocumene-based scintillator. The intrinsic
high luminosity of the liquid scintillation technology is
the key toward the initial design goal of Borexino, the real
time observation of sub-MeV solar neutrinos through
ve elastic scattering, being the “Be component the main
foreseen target at the time of the proposal. However,
the lack of directionality of the method makes it im-
possible to distinguish neutrino-scattered electrons
from electrons due to natural radioactivity, thus lead-
ing to the other crucial requirement of the Borexino
technology, e.g. an extremely low radioactive contam-
ination of the detection medium, to a degree never
reached before. Specifically, 1071°gs/g of 2*3U and
Z32Th, and 10 '8 gs/g of *°K were the initial radiopu-
rity specifications of the experiment.

The active scintillating volume is observed by 2212
PMTs located on a 13.7 m diameter sphere and is
shielded from the external radiation by more than 2500
tons of water and by 1000 tons of hydrocarbon equal to
the main compound of the scintillator (pseudocumene),
to ensure zero buoyancy on the thin Nylon Inner Ves-
sel containing the scintillator itself. Key factors for the
accomplishment of the planned measurements of the

Figure 2. Schematic pictorial view of the Borexino detector.

experiment were also the purification and handling sys-
tems, designed and installed to ensure the manipulation
and decontamination of the fluids at the radiopurity
levels mentioned above [Bellini et al. 2009].

When data taking started in May 2007, it appeared
immediately that the task of the ultralow radioactivity
was successfully obtained, with residual contamina-
tions even better than the design values (U and Th at
10" '8 gs/g and *°K not detectable), representing per se
a major technological breakthrough, opening a new era
in the field of ultrapure detectors for rare events search.
The achieved ultra-low background implies that, once
selected by software analysis the design fiducial volume
of 100 tons and upon removal of the muon and muon-
induced signals, the recorded experimental spectrum is
clean enough to show the feature of the “Be scattering
edge, i.e. the unambiguous signature of the occurrence
of solar neutrino detection [Bellini et al. 2011].

As additional bonus, the better-than-anticipated
features manifested by the detector made it also clear
since the beginning of the physics run that the geo neu-
trino detection would have been amply within the
reach of Borexino, as later on confirmed after the ac-
cumulation of enough data statistics.

An overall pictorial view of the detector is re-
ported in Figure 2.

4.1. Detector response

Several steps are required to extract from the raw
data the quantitative information of interest regarding
the solar neutrino and geo-neutrino fluxes. The raw sig-
nals must be converted into meaningful amplitude vari-
ables; of the total accumulated signals only those
satisfying the scintillation event acceptance criteria are
kept; the data spectrum is constructed by including
only events which are reconstructed within a fiducial
volume far from the wall of the containment vessel;
and, finally, the spectrum is fitted to a global signal-plus-
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background model in which the flux amplitude to be
evaluated is a fit parameter.

The task to obtain a detailed understanding of the
detector response has been accomplished through two
coordinated efforts, i.e. a thorough calibration campaign
and the development of a full MC able to reproduce
the detector performances.

4.2. Calibration

The calibration of the detector has been accom-
plished to characterize both the energy and time re-
sponse of Borexino. Several sources have been deployed
in different locations within the liquid scintillator: gamma
sources producing monoenergetic lines spanning the
energy range of interest from 0.122 to 1.4 MeV, a
Radon source realized by filling with liquid scintillator
taken from the Inner Vessel a small quartz vial which
was successively loaded with Radon, and an Am-Be
neutron source, specifically employed to test and char-
acterize the anti-neutrino detection process (see previ-
ous Equation (4)).

The gamma lines and the Radon source, posi-
tioned in several hundred locations, gave an accurate
probe of the energy response of the experiment as
function of the event position; furthermore they also
provided a way to careful calibrate the capability of the
time signals from the array of photomultipliers to iden-
tify precisely the vertex of the events.

Jointly, the energy and spatial measurements ob-
tained throughout the calibration campaign provided
a complete map of the detector response, leading to
the following estimates of the crucial features of the
detector: energy resolution 5 %/N E(MeV), linearity of
the energy scale of the order of 1%, fiducial volume
uncertainty close to 1%, too [Back et al. 2012].

4.3. MC tuning

The second ingredient at the basis of the precise
measurements accomplished is the accurate Monte
Carlo description of the detector. It required a while to
develop a full MC code incorporating all the details of
the light generation and transport in the liquid scintil-
lator, of the behavior of the photomultipliers and of
the electronics response. At the end of this develop-
ment, we were able to produce a full simulation suited
to be confronted with the many outputs stemming
from the calibration campaign.

Such a comparison has been used to contrast the
source data with the corresponding simulated events;
in this way it has been possible on one hand to perform
a fine tuning of the MC code, so to ensure the best
match between the measured and simulated data, and
on the other to quantify precisely the crucial, residual

uncertainties on the energy scale and on the fiducial
volume, already listed before. A thorough account of
the effort to characterize the performances of the de-
tector has been published in Bellini et al. [2014], where
also the full methodology adopted for the solar neu-
trino analysis is described.

5. Geo-neutrino results

The Borexino geo-neutrino result [Bellini et al.
2013] reported here refers to the statistics collected
from December 2007 to August 2012, corresponding
to 1352.60 days of live time. The corresponding fidu-
cial exposure after all cuts is (613 £ 26) ton X year or
(3.69 £0.16) x 10%! proton X year.

Electron anti-neutrinos are measured through the
inverse neutron f-decay reaction of Equation (4). The
positron created in this reaction promptly comes to rest
and annihilates. All deposited energy is detected in a
single prompt event, with a visible energy of L
Ej, — 0.784 MeV. The emitted free neutron is typically
captured on protons, resulting in the emission of a 2.22
MeV de-excitation y ray, providing a delayed coinci-
dence event. The mean neutron-capture time in Borex-
ino was measured with an AmBe neutron source,
resulting equal to T = (254.5 £ 1.8) us. The characteris-
tic time and spatial coincidence of prompt and delayed
events offers a clean signature of v, detection, further
suppressing possible background sources.

The v_’s from nuclear power plants are the main
anti-neutrino background to the geo-neutrino meas-
urement. Since there are no near-by nuclear plants, the
LNGS site is well suited for geo-neutrino detection. The
number of expected V, reactor candidates is N, .=
(33.3 + 2.4) events, after cuts. Thanks to the extreme
radiopurity of the Borexino detector, the non anti-neu-
trino background is almost negligible, only 0.7 & 0.18
events, dominated by  + neutron decays of cosmo-
genic °Li and ®He, accidental coincidences, and (a, n)
reactions with a’s from decays of 2!°Po.

Through the application of the selection cuts, in
the period under consideration 46 antineutrino candi-
dates have been selected, whose prompt energy spectr
(i.e. the spectrum of the positron in Equation (4)) is
shown in Figure 3. An unbinned maximal likelihood fit
of the energy spectrum (expressed in unit of photo-
electrons) of the prompt candidates was performed,
with the Th/U mass ratio fixed to the chondritic value
of 3.9, and with the number of events from reactor an-
tineutrinos left as a free parameter.

The resulting best fit values are Ny, = (14.3 + 4.4)
geo-neutrino events, and N = 31.2¥7 reactor events.
If converted to the standard unit used in this field, the
TNU (defined as 1 TNU = 1 Terrestrial Neutrino Unit =
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Figure 3. Light yield spectrum of the 46 prompt (positron in Equa-
tion (4)) anti-neutrino candidates and the best fit. The yellow area
isolates the contribution of the geo-v, in the total signal. Dashed
red line/orange area: reactor-v, signal from the fit. Dashed blue line:
geo-v, signal resulting from the fit. The contribution of other back-
grounds is almost negligible and is shown by the small red filled
area in the lower left part. The conversion from photoelectrons (p.e.)
to energy is approximately 500 p.e./MeV.

1 event/ year/10%% protons), such events correspond,
respectively, to the signals Sgeo= (38.8 £12.0) TNU and
S = 84.57123 TNU. From the measured geo-neutrino
signal we can infer the overall v, fluxes from U and Th
decay, i.e. p(U) = (2.4 £ 0.7) x 10 cm > s~! and
#(Th)= (2.0 £ 0.6) X 10° cm 2 s~ . From the log-likeli-
hood profile, the null geo-neutrino hypothesis has a
probability of 6 X 107, which is, therefore, the signifi-
cance of the present geo-neutrino detection. The sig-
nal from the reactors is in full agreement with the
expectations of (33.3 & 2.4) events, in the presence of

neutrino oscillations.

6. The BSE models

The bulk composition of the silicate Earth, the so-
called bulk silicate Earth (BSE) models, describes the
composition of the primitive mantle, i.e. the Earth
composition after the core separation and before the
crust-mantle differentiation. The estimates of the com-
position of the present-day mantle can be derived as a
difference between the mass abundances predicted by
the BSE models in the primitive mantle and those ob-
served in the present crust. In this way, the predictions
of the U and Th mass abundances in the mantle can be
done, which are then critical in calculating the geo-neu-
trino signal.

The most recent BSE-models classification is that
of Sramek et al. [2013], which distinguishes among
Geochemical BSE models, Cosmochemical BSE mod-
els and Geodynamical BSE models.

The Earth’s surface heat flux is estimated based on
the measurements of temperature gradients along sev-

eral thousands of drill holes along the globe. The most
recent elaboration of these data leads to evaluating such
a flux equal to 47 + 2 TW, consistent with the prediction
in Davies and Davies [2010] and Jaupart et al. [2007].
The relative contribution of the radiogenic heat from
radioactive decays to this flux (the so called Urey ratio)
is not known and this is the key information which can
be pinned down by the geo-neutrino measurements.

The geochemical, cosmochemical, and geodynam-
ical models predict the radiogenic heat of 20 £ 4,11 £2,
33 £ 3 TW and the corresponding Urey ratios of about
0.3, 0.1, and 0.6, respectively. The heat producing ele-
ments (HPE) predicted by these models are distributed
in the crust and in the mantle. The crustal radiogenic
power was recently evaluated in Huang et al. [2013] as
6.8/+1.4/—1.1 TW. By subtracting this contribution
from the total radiogenic heat predicted by different BSE
models, the mantle radiogenic power driving the con-
vection and plate tectonics can be as little as 3 TW and
as much as 23 TW. The determination of this mantle
contribution is therefore one of the main goals and po-
tentials of geo-neutrino investigation.

7. Geological implications

The careful evaluation of the contribution of the
local crust (LOC) to the total geo-neutrino signal, based
on the local 3D geology around the LNGS laboratory,
has been reported in Coltorti et al. [2011] as Sgeo(LOC) =
(9.7 £ 1.3) TNU. On the other hand, the contribution
from the rest of the crust (ROC), based on the recent
calculation by Huang et al. [2013], results in the estimate
of the geo-neutrino signal from the crust (LOC+ROC)
equal to Sgeo(Crust) = (23.4 = 2.8) TNU. Subtracting
such estimated crustal contribution from the measured
Borexino geo-neutrino rate, we can infer the contribu-
tion of the mantle, Sgeo(Mantle) =(15.4 £12.3) TNU.

As we already stressed, the Earth releases radi-
ogenic heat, Hep together with geo-neutrinos in a well
fixed ratio; however, the observed geoneutrino signal
depends both on the abundances of the individual ra-
dioactive elements and on their distribution inside the
Earth. The extraction of the radiogenic heat power
from a measured S o signal is, therefore, model de-
pendent. The calculation of the expected Sgeo(U—l—Th)
as a function of the radiogenic heat produced by U and
Th, ngo(U-i-Th) is reported in Figure 4, and it is com-
pared to the Borexino results.

The allowed region between the red and blue lines
in the plane Sgw(U-i-Th) and ngo(U+Th) represents
models which are consistent both with geochemical
and geophysical data. For each total mass of U and fixed
Th/U ratio, the maximal geo-neutrino signal (red line)
can be obtained by maximizing the radiogenic material
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in the crust and allowing uniform distribution in the
mantle. Similarly, the minimal signal (blue line) is ob-
tained for the minimal radiogenic mass in the crust
with the rest concentrated in a thin layer at the bottom
of the mantle. Note that the maximum signal is ob-
tained with a uniform distribution and not with the
specular situation of a thin concentration layer at the
top of the mantle, because the crust originated from
the mantle itself, removing from it during its formation
the U and Th elements.

The expected signal from the crust is taken from
Table V of Fiorentini et al. [2012]. We have chosen as a
reference the BSE model from McDonough and Sun
[1995], predicting that the silicate Earth contains m(U) =
(0.8 £ 0.1) x 10'7 kg, with mass ratios Th/U = 3.9 and
K/U = 12,000. The green region is allowed by this BSE
model. The arrow "Min" indicates the contribution of
the crust only. The arrow for the fully radiogenic model
indicates the value of 39.3 TW: it assumes that the total
Earth surface heat flux of (47 £ 2) TW [Davies and
Davies 2010] is completely due to radiogenic heat from
U, Th, and K. Taking the relative proportions from the
BSE of McDonough and Sun [1995], we get that, in a
fully radiogenic Earth, U, Th, and K would produce
19.1, 20.2, and 7.7 TW, respectively.

The circumstance that in Figure 4 the +/—1a
band of the Borexino result contains almost completely
the portion of plane between the maximal and mini-
mal line indicates that at this stage such a result does
not restrict the choice among different BSE models.

We have performed another unbinned maximal
likelihood fit of our 46 candidates, in which the indi-
vidual contributions from the #**U and #**Th chains
were fitted individually. In this case the best fit values
are Ny = (3.914.7) events and N ;= (9.8 + 7.2) events,
corresponding to S, = (10.6 £12.7) TNU and S, =
(26.5 £19.5) TNU, or as V, fluxes (above 0 MeV) ¢(Th) =
(2.6 £3.1) x 10°cm2s tand (U) = (2.1 £ 1.5) x 10°
cm 2sL

Although our data is compatible, within 1 o, either
with only #*®U signal (and S, = 0), or only ***Th signal
(and S; = 0), we note that the best fit of the Th/U ratio
is in very good agreement with the chondritic value.

A geo-reactor with thermal power <30 TW and
235U : 238U = 0.76 : 0.23 composition was suggested by
Herndon and Edgerley [2005]. It is assumed to be
confined in the central part of the Earth’s core within
the radius of about 4 km [Herndon 1996]. We have pro-
duced MC spectra of the expected geo-reactor anti-neu-
trino. In a similar unbinned maximal likelihood fit of
our 46 anti-neutrino candidates we have added another
fit component, N, while constraining N___ to the

eo-react’ react

expected value of (33.3 £ 2.4) events. All other fit de-

S(U+Th) [TNU]

10 Min BSE Fully Rad. 1

0 1 1 L 1
0 10 20 30 40

H(U+Th) [TW]

Figure 4. The signal S, 4, from U and Th geo-neutrinos as a func-
tion of radiogenic-heat production rate Hy,, ., in Borexino.

tails were as above, including fixed chondritic mass
Th/U ratio: in this way, we are able to set an upper limit
on the hypothetical geo-reactor power of 4.5 TW, at
95% C.L.

8. Future perspectives

The geo-neutrino measurement of Borexino (to-
gether with that performed by KamLAND; Araki et al.
[2005]) opened a door towards a new field, by not only
proving that geo-neutrinos can be detected, but also
showing that a new powerful tool to study our planet
is available.

In order to find definitive answers to the questions
correlated to the radiogenic heat and abundances of ra-
diogenic elements, more data is needed. Both Borexino
and KamLAND will continue to take data in the near
future. In addition, it would be important to construct
larger volume detectors in order to increase the num-
ber of detected geo-neutrinos and so improve the pre-
cision of the flux measurement.

Results from different detector sites placed at dif-
ferent geological settings is a key point for understand-
ing, for example, if the Earth mantle composition and
heat distributions are homogeneous or not. Answers to
questions like what is the bulk-Earth U versus Th ratio,
(the same as in meteorites or not) can help in better un-
derstanding of the process of Earth formation and the
distribution of elements in the Solar system.

A new generation of experiments using liquid scin-
tillators is either under design or even in advanced con-
struction process. SNO+ at Sudbury mine in Canada
[Chen 2006], having 1000 tons of target, is almost ready
to start data taking. The site is located on an old conti-
nental crust and the signal from reactor anti-neutrinos
is about twice as that at Gran Sasso.

The main goal of the JUNO experiment in China
(formerly called Daya Bay 2) [Wang 2013] is to deter-
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mine the neutrino mass hierarchy. Thanks to a very
large mass of 20 kton, it would detect up to 400 geo-
neutrinos per year. Unfortunately, the reactor-neutrino
and cosmogenic background would be the dominant
sources of the systematic error.

An ambitious project to construct a 50,000 ton de-
tector is LENA [Wurm et al. 2012], proposed for the
Pyh“asalmi mine in Finland. This experiment could de-
tect of the order of 1000 geo-neutrinos per year, there-
fore a few percent precision of the total flux measurement
could be reached within the first few years. The indi-
vidual contribution of the U and Th geo-neutrino flux
could be determined as well.

An interesting project of ~10,000 ton underwater
experiment is HanoHano [Learned et al. 2008], planned
to be placed on the oceanic crust (Hawaii). Due to the
thin oceanic crust, the mantle contribution to the total
geo-neutrino flux should be dominant. Therefore, this
measurement would provide the most direct informa-
tion about the mantle.

If all realized, these forthcoming and proposed
projects, together with the currently running experi-
ments, would be the initial building blocks of a net-
work of sophisticated and powerful instruments, which
would greatly improve the understanding of the inte-
rior of our planet.
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