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Geoneutrinos, antineutrinos released in decays of long-lived radioactive elements inside the
Earth, represent unique direct messengers about the amount of the Earth’s radiogenic heat.
The newly born neutrino geoscience, a truly inter-disciplinary field of neutrino physicists and
geo-scientists, is an excellent example of how the progress in one research area can bring profit
to another field. The extremely challenging neutrino detection is now added among the geolog-
ical methods how to study the deep layers of our planet. The large—volume liquid—scintillator
detectors, originally built to measure neutrinos or anti-neutrinos from other sources, are ca-
pable to detect geoneutrinos, as it was demonstrated by KamLAND (Japan) and Borexino
(Italy) experiments. All together, less than 200 geoneutrinos have been detected so far. In
order to fully exploit the potential of geoneutrinos, the next generation of large-volume de-
tectors, possibly located in well optimized locations, is needed. Several future projects as
SNO+, JUNO or Jinping have geoneutrino measurements among their scientific goals. This
work tries to follow the development of this field, from the first ideas to exploit geoneutrinos
for understanding of our planet, through the existing measurements, up to the outlook and
future prospects of this new field.

1 What are geoneutrinos and why to study them

People witness demonstrations of the enormous power hidden in the depth of our Earth since
millennia. Sometimes destructive, sometimes spectacular, sometimes vital for the evolution of
life: we can mention earthquakes, volcanic eruptions, but also curative hot springs, geothermal
energy and even the movement of lithospheric plates. Geoscientists are trying to answer the
question from where is coming the energy driving these processes. And today, neutrino physics
can help to understand.

The integrated surface heat flux of the Earth is estimated to be 47 + 3 TW 12, based on the
measurements of temperature gradients along several thousands bore holes along the globe. The
main expected contributions to this heat, shown in diagram of Fig. 1, are the latent heat from
the time of the Earth’s accretion and the radiogenic heat. The latter, e.g. the heat released along
the decays of long-lived radioactive elements inside the Earth, can be pinned down by detecting
geoneutrinos, antineutrinos released in decays of long-lived radioactive elements inside the Earth.
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Figure 1 — The estimated contributions of different sources to the integrated Earth’s surface heat flux 47 £+ 3
TW 2. The radiogenic contribution can be pinned down by geoneutrino measurements.

Today, the Earth’s radiogenic heat is in almost 99 % produced along with the radioactive decays
in the chains of #?Th (715 = 14.0 - 10 yr), **®U (99.2739 % of natural U, 75 = 4.47 - 10°
yr), 235U (0.7205 % of natural U, T2 = 0.71 - 102 yr), and those of the 4°K isotope (0.012 % of
natural K, 77, = 1.28 - 10% yr). The overall decay schemes and the heat released in each of these
decays are summarized in the following equations:

28U — 20Ph 4 8a + 8¢ + 67, +51.7 MeV (1)

25U — 2"Ph 4 7o + de” + 4is, + 46.4 MeV 2

22— 28Ph 4 6 + de” + 4, + 42.7 MeV 3

WK — Ca + e 4 7. + 1.31 MeV (89.3%) 4

(2)
(3)
(4)
YK +e — YAr + v, 4 1.505 MeV  (10.7%) (5)

Figure 2 demonstrates the interplay between geo-sciences and geoneutrinos. In principle, the
abundances of the radioactive elements (or Heat Producing Elements, HPE) inside the Earth
and the amount of the released radiogenic heat are strictly correlated ”just through the nuclear
physics”. The estimation of the radiogenic heat inside the Earth, and in particular the radiogenic
heat from the deep mantle, from which we do not have any direct rock samples, are the main
goal of geoneutrino measurements. However, the information about the HPE distribution inside
the Earth is fundamental both for the prediction of the expected geoneutrino flux, as well as for
the interpretation of the geoneutrino measurements. It is only through an intense collaboration
between geologists and physicists that the new tool can be exploited to its fullest. Among further
goals of this new field is the discrimination between the different Bulk Silicate Earth models,
testing the mantle homogeneity and stratification, determination of the Earth’s bulk U/Th ratio,
that would provide insights about the processes of the Earth’s formation, or testing the ideas of
additional heat sources inside the Earth.

2 The first ideas

The idea to exploit neutrinos emitted in decays of potassium and along the uranium and thorium
chains, in order to determine the Earth’s radiogenic heat, was first proposed by G. Eder? in 1965.
His main motivation was to find the heat source for the that-time-expected Earth expansion of
0.8 mm/year. He has also evaluated the expected fluxes to 10 cm~2 s~!, that is 2 orders of
magnitude more than we know them to be today. He also brought up the idea of using the
Inverse Beta Decay (IBD):

vetp—et+n (6)
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Figure 2 — Neutrino geoscience is a truly inter-disciplinary research field. Details in text.

for their detection and estimated the corresponding interaction rate as 4 positrons per day in
500 tons of water. This reaction, exploitng the delayed coincidence between the positron and the
neutron, is actually used today for geoneutrino detection in liquid-scintillator detectors, as it will
be described in Sec. 4.

The idea to exploit neutrinos to study the Earth, along with other astronomical objects,
was further developed by G. Marx alone 4 and with co-authors >%7. His estimation of the total
geoneutrino flux was of 109 cm™2 s™1, so still too large with respect to reality. He discussed with
more detail possible detection reactions as Inverse Beta Decay on proton, as in Eq. 6, but also on
3He and °Cl. He also considered the detection of mono-energetic antineutrinos through Induced
Electron Capture:

Vete +X =Y (7)

on, for example, X =130Ba, 209Bi, 12Sn for energies 0.44, 0.63, and 0.65 MeV, respectively.

A much broader discussion concerning both geological motivation of these studies (includ-
ing composition and dynamics of the Earth) as well as detection methods was presented by
L.M. Krauss, S. L. Glashow, and D. N. Schramm 8 in 1984. The expected geoneutrino flux of
107 em™2 s~! approaches the realistic values. Very detailed is the discussion of radiochemical
detection methods exploiting both IBDs as well as Induced Electron Capture reactions.

R. Raghavan played a key role in pioneering ideas how to exploit liquid—scintillator detectors
in neutrino detection. He discussed in an internal report the detection of a possible nuclear fission
reactor at the center of the Earth ®. With the co-authors from both Borexino and KamLAND
experiments, he discussed "Measuring the global radioactivity in the Earth by multi-detector anti-
neutrino spectroscopy” in 199819, The idea of using liquid-scintillator detectors for ”antineutrino
geophysics” is also discussed by C. G. Rothschild, M. C. Chen, and F. P. Calaprice in the same
year 1. This method of using the IBD interaction on proton, as in Eq. 6, in liquid-scintillator
detectors was proven to be successful, as it will be described below.

3 Expected geoneutrino flux today

In this section we describe the current approaches in the evaluation of the expected geoneutrino
flux at different locations on the Earth’s surface, as at the experimental sites of the current
and future geoneutrino detectors. In this matter, it is fundamental to introduce the concept of
Bulk Silicate Earth (BSE) models. These models predict the abundances of chemical elements,
including HPE as sources of geoneutrinos, in the Earth’s primitive mantle. The primitive mantle
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Figure 3 — Expected geoneutrino signal ** expressed in the TNU units from the crust (top) and from the mantle
(bottom). The latter in a hypothesis of heterogeneous mantle, motivated by the Large Shear Velocity Provinces *?
observed at the mantle base below Africa and Pacific ocean.

is called the silicate Earth that existed after the segregation of the Earth’s metallic core and
before the differentiation of the present-day mantle and crust. Thus, in the first approximation,
the HPE abundances (or radiogenic heat) predicted by the BSE models can be considered as the
sum of the abundances (or radiogenic heat) in the present-day mantle and crust. Since we have
much more direct rock samples and information in general about the curst with respect to the
mantle, our estimation of the total radiogenic heat from the crust is more precise. We expect
only about 0.2 TW from the thin and HPE not-so-rich oceanic crust, while about 7-8 TW from
the more complex, thicker, and HPE enriched continental crust 12:13:14,15,16,17

The BSE models take into account a broad spectrum of inputs, as for example the composi-
tion of chondritic meteorites and its correlation with the composition of the solar photosphere,
composition of the rock samples from the upper mantle or from the Mid-Ocean Ridge Basalts
(MORB), the energy needed to run the convection of the mantle etc. There is a very broad
spectrum of different BSE models 18:1920,21,22,23,24,25,26,27,28,29,30  Considering the spread of the
BSE-predicted HPE abundances, after the subtraction of the relatively well known crustal heat
of 7-8 TW, the expected radiogenic heat from the mantle appears to be in a broad interval from
3 to 25 TW. To pin down this contribution is the main goal of geoneutrino studies.

In order to predict the geoneutrino flux at some location, one has to ”know” or has to assume
some approximations concerning the HPE abundances and distributions. Knowing those, one has
to ”simply integrate” over the Earth and consider the effect of neutrino oscillations. The latter,
in the first approximation, can be considered as not deforming the shape of geoneutrino energy
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Figure 4 — Expected geoneutrino signal expressed in TNU units *® calculated for the craton area around the SNO
laboratory in Canada. The left plot shows the expected signal based on the heat flow measurements, while the
right plot shows the expectations based on the U and Th abundances from the Crust 1.0 model.

spectrum, only reducing the overall flux of electron-flavour to about 54%. In this terms, the works
of the group of G. Fiorentini and F. Mantovani have to be underlined 313233, On the continental
crust, the area of few-hundreds-km diameter contributes up to 50% to the total geoneutrino signal.
In this area of the so-called Local Crust (LOC), one has to know the detailed geological structure
and realistic compositions of different rock types that are present around the site. A lot of work
has been done in this matter, concerning the estimation of the LOC contributions around the
KamLAND, Borexino, SNO, JUNO, Jinping sites 34:3%:36:37:38:39 " For the further-away Rest Of
the Crust (ROC), some approximations can be made. The crust is divided in finite volume voxels
(3D bins) with surface area of either 5° x 5° 11, 2° x 20404132 or most recently, 1° x 1° 7. The
oceanic and continental crusts are treated separately. The continental crust is further divided
in different layers, as upper, middle, and lower continental crust. The calculation of the mantle
contribution has then to be based on a selected BSE model, from which the crustal contribution
is subtracted and some assumptions about the distribution of the remaining HPE in the mantle
are made.

An example of a similar calculation? of the expected geoneutrino signal on the Earth’s surface
is shown in Fig. 3 separately for the crust (top) and the mantle (bottom). It is expressed in the
so called Terrestrial Neutrino Unit (TNU), defined as the number of IBD interactions detected
during one year on a target of 1032 protons (~1 kton of liquid scintillator) and with 100% detection
efficiency. As it can be seen, the expected geoneutrino signal is small. Even in the Himalaya area,
where the continental crust is the thickest (about 70 km), the expected crustal signal is around
50 TNU. On the oceanic crust, the signal does not exceed 10 TNU. This underlines the need
of large detectors and the fact that the determination of the mantle contribution is even more
challenging.

An alternative approach to the estimation of geoneutrino signal is based on the heat—flux mea-
surements. This approach is being developed by the groups around C. Jaupart, J.-C. Mareschal,
H. K. C. Perry 4%, Figure 4 compares the predicted geoneutrino signal calculated 46 for the
craton area around the SNO laboratory in Canada. The left plot shows the expected signal based
on the heat—flow measurements, while the right plot shows the expectations based on the U and
Th abundances from the Crust 1.0 model.
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Figure 5 — Schemes of the KamLAND (top) and the Borexino (bottom) detectors.

4 From the first geoneutrino detection up to the most recent results

Today, only two experiments, KamLAND %" and Borexino*®, succeeded to measure geoneutrinos.
Both are large-volume liquid-scintillator (LS) detectors, schematically shown in Fig. 5, placed
underground in order to shield from cosmic radiation and constructed from highly radio-pure
materials. KamLAND is located in the Kamioka mine in Japan, at a border between oceanic and
continental crusts. It has about 1000 ton of LS-target and is taking data since 2002. Its main
goal was the measurement of reactor antineutrinos and the observation of neutrino oscillations.
Borexino instead, placed at Laboratori Nazionali del Gran Sasso in Italy and on the continental
crust, is taking data since 2007 with 280 ton LS-target. Borexino main goal is the measurement of
solar neutrinos through elastic scattering of electrons, and thus much higher radio-purity of the LS
has been required and achieved. This means that in Borexino, the non-antineutrino background
in the IBD detection channel has been almost completely suppressed.

The hydrogen nuclei that are copiously present in hydrocarbon (C,, Hs,) LS detectors act as
target for electron antineutrinos in the IBD reaction already shown in Eq. 6. Since the produced
neutron is heavier than target proton, the IBD interaction has a kinematic threshold of 1.8 MeV.
In this process, a positron and a neutron are emitted as reaction products. The positron promptly
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Figure 6 — The expected spectrum of geoneutrinos emitted per 1 fission of mother nuclei of **¥U (red), *Th
(green), and *°K (blue). The vertical line shows the 1.8 MeV kinematic threshold of the IBD interaction used
today in LS-based detectors.

comes to rest and annihilates emitting two 511 keV ~-rays, yielding a prompt event, with a visible
energy Eprompt, directly correlated with the incident antineutrino energy Ejy, :

Eprompt ~ Eg, — 0.784MeV, (8)

in which the offset results mosly from the difference between the 1.8 MeV, absorbed from FEy,
in order to make the IBD kinematically possible, and the energy released during the positron
annihilation. The emitted neutron keeps initially the information about the 7, direction, but,
unfortunately, it is typically captured on protons only after a quite long thermalization time (7
= 200 - 250 us, depending on scintillator). During this time, the directionality memory is lost
in many scattering collisions. When the thermalized neutron is captured on proton, it gives a
typical 2.22 MeV de-excitation v-ray, which provides a coincident delayed event. The pairs of
time and spatial coincidences between the prompt and the delayed signals offer a clean signature
of 7, interactions, very different from the v, scattering process used in the neutrino detection.

The expected spectra of geoneutrinos from the decays of “°K and from the chains of 233U
and 232Th are shown in Fig. 6. Note that “°K geoneutrinos cannot be detected with present-day
detection technique, since the corresponding energy spectrum lies fully below the IBD threshold
of 1.8 MeV.

The coincidence tag used in the electron antineutrino detection is a very powerful tool in
background suppression. The main antineutrino background in the geo-neutrino measurements
results from nuclear power plants. Considering the known composition of reactor cores, their
thermal powers, geographical positions, and the known energy spectra of antineutrinos emitted
from fissions of 23%238U and 239241 Py isotopes, the expected reactor spectra can be calculated with
the precision largely exceeding the one of the current geoneutrino measurements °. Other, non-
antineutrino background sources can arise from intrinsic detector contaminations, as from random
coincidences of non-correlated events and from («a, n) reactions, in which a’s are mostly due to the
210Po decay (belonging to the 238U chain) and from cosmogenic sources, mostly residual muons
and muon-induced neutrons and unstable nuclides like °Li and ®He having an (8 + neutron)
decay branch, perfectly mimicking IBD interaction. The non-antineutrino backgrounds can be
studied independently and constrained in the final geoneutrino analysis. Random coincidences
can be determined with high statistical precision by studying the off-time correlation window.
The rate of the («, n) background can be estimated based on the measured contamination of
the LS with 21°Po which a-decays can be recognized on event-by-event basis thanks to the pulse-
shape discrimination techniques. Finally, the rate of cosmogenic backgrounds can be estimated
by studying the muon detection efficiency and the cosmogenic background detected after muons
within the muon veto times.
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Figure 7 — Antineutrino energy spectrum in KamLAND: the first investigation of geoneutrinos performed in 2005°!.
The thick solid black line shows the best fit without geoneutrino component, while the thin black solid line shows
the final best fit with geoneutrinos included.
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Figure 8 — Prompt energy spectra of anti-neutrino candidate events above 0.9 MeV energy threshold for 3 Kam-
LAND data taking periods®®. The prompt energy spectra of candidates in the geoneutrino energy window are also
shown in the insets with a finer binning. Details in the text.

KamLAND was the first experiment to perform experimental investigation of geo-neutrinos in
2005°%51, The corresponding spectrum of antineutrino candidates and the best fit demonstrating
the presence of geoneutrino signal at about 20 C.L. is shown in Fig. 7. An updated geo-neutrino
analysis was released in 2008°2. An extensive liquid-scintillator purification campaign to improve



its radio-purity took place in years 2007 - 2009. Consequently, a new geo-neutrino observation
at 99.997% C.L. was achieved in 2011 with an improved signal-to-background ratio ®3. After
the earthquake and the consequent Fukushima nuclear accident occurred in March 2011, all
Japanese nuclear reactors were temporarily switched off for a safety review. Such situation
allowed for a reactor on-off study of backgrounds and also yielded an improved sensitivity for 7,
produced by other sources, like geo-neutrinos. A new result on geo-neutrinos has been released
in 2013 ®*. Figure 8 shows the KamLAND antineutrino spectra (geoneutrino contribution is
shown in blue-dashed area) in the three different periods: on the top, Period 1 (2002-2007)
before the LS purification with large amount of reactor, accidental, and («, n) background; in
the middle, Period 2 (2009-2011) after the LS-purification, with the non-antineutrino background
strongly suppressed; in the bottom, Period 3 (after the 2011 Fukushima event), with further strong
reduction of reactor antineutrino background. The best fit of the total spectrum shown in Fig. 9
yields 1163? geoneutrinos detected with 4.9 x 1032 target-proton x year exposure. KamLAND
has released a preliminary result in 2016 on a conference talk ®® including the low-background
data until 2016. The best fit yielded 1643? geoneutrinos with 6.39 x 1032 target-proton x year
exposure.
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Figure 9 — Prompt energy spectrum of the KamLAND anti-neutrino candidates in the geoneutrino energy window
for all data-taking periods Periods 1-3%*. The geoneutrino contribution is shown in blue-dashed area.

Borexino published its first observation of geoneutrinos in 2010°® by observing 9.9J_r§:411 geoneu-
trinos. The relatively high 99.997% C.L. observation was achieved with relatively small exposure
of 1.5 x 103! target-proton x year, thanks to almost negligible non-antineutrino background of
(0.14 £ 0.02) events and relatively small reactor anti-neutrino background, since Italy does not
have any nuclear power plant in operation. Borexino provided an update in 201357 and in 201558.
The latest Borexino antineutrino spectrum and the best fit are shown in Fig. 10. Within the ex-
posure of (5.540.3) x 103! target-proton x year, 23.7fg:?(stat)f8:g(sys) geoneutrino events have
been detected. The null observation of geoneutrinos has a probability of 3.6 x 1072 (5.90).

The measured geoneutrino signals are in agreement with expectations based on the geological
models. This is a remarkable achievement of both geosciences, being able to model the composi-
tion of the deep layers of our planet, as well as of neutrino physics, being able to measure the faint
geoneutrino signal. However, due to the large error of the existing geoneutrino measurements, it
is not possible to distinguish among different BSE models. By performing the fits with free U and
Th contributions, we obtain the U/Th ratio compatible with its chondritic value, but the errors
are still too big to proceed with firm interpretations. The first indications of the observation of the
mantle signal appear, as for example at 98% confidence level by Borexino °®. Some exotic ideas,
as for example the presence of an Uranium geo-reactor with a typical power of 3-10 TW at the
Earth’s core®, have been practically excluded by both Borexino and KamLAND measurements.
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fit with U (blue colored area) and Th (light-blue colored area) set as free and independent parameters is also shown.

5 Neutrino geoscience: outlook

The new field of Neutrino Geoscience has been born and an inter-disciplinary community of
physicists and geoscientists is developing. The first geoneutrino results confirm the feasibility
of these measurements. The measured rates are in agreement with the expectations, confirming
that at this level of precision we have a good understanding of our Earth. However, there is a
potential to learn more about our planet from geoneutrinos and we should take this chance and
invest in the next generation of the experiments providing new more precise results. We need
more and possibly high statistics data. This means building the next generation of multi-kton
detectors. Obtaining results from the multi-site experiments can help in testing the homogeneity
of the mantle composition. Building the detectors at geologically strategic positions would help,
for example, to pin down the mantle radiogenic heat contribution to the total Earth’s heat budget.

What can we expect in the next future? Borexino continues to take data and a new update
with about 20% precision is to be released. Also KamLAND is preparing a new release with
further data with extremely low background levels with still majority of Japanese nuclear reactors
switched off.

From the future projects, the SNO+ experiment %, 1 kton liquid scintillator detector in Sud-
bury mine in Canada, is starting its data taking, having geoneutrinos among its goals. Geoneu-
trinos are of a great interest also for JUNO 6!, the first multi-kton liquid scintillator detector
under construction in Jiangmen, China. With its 20 kton target mass, it will get into operation
in 2021. Its main goal is the determination of neutrino mass hierarchy by measurement of reac-
tor antineutrinos with 53 km baseline. Inevitable disadvantage of the large reactor antineutrino
background and a relatively shallow depth, are both balanced by the detector large size and
an excellent energy resolution of 3% at 1 MeV. The expected number of geoneutrino events is
about 400/year. Within the first years, JUNO geoneutrino measurement will quickly exceed the
precision of current geoneutrino results.

From the experiments under consideration, one has to mention the Jinping neutrino exper-
iment %2. It would be a few kton LS or slow-LS based detector placed in the world’s deepest
underground laboratory, far away from any nuclear power plant in the Himalaya region.

A real breakthrough in this field would come with the proposed Hanohano %3 project in
Hawaii, a 10 kton movable detector placed underwater. Geological setting on the HPE-depleted



oceanic crust is an ideal location: the mantle contribution to the total geoneutrino flux would be
dominant, at the level of about 80% of the total signal. Thus, the principal goal of the geoneutrino
measurements, determination of the mantle signal, could be reached without the complication of
the subtraction of a large signal from the local crust.

For an interested reader, more comprehensive information about geoneutrinos can be found

in dedicated review articles, as for example

64,65
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