
scintillator offers a possibility to discriminate highly ion-
izing particles (α, proton) from particles with lower specific
ionization (β−, βþ, γ) by means of pulse shape analysis. In
the case of these rare branches, the scintillation pulses from
the α and γ decays are so close in time that they practically
overlap and result to be partially α-like. In order to suppress
this background to negligible levels, during the purification
periods we have increased the lower limit on the charge
of delayed signal and applied a slight pulse shape cut as
described below in Sec. VII. The final evaluation of the
radon correlated background passing the optimized IBD
selection cuts will be given in Sec. IX G.

F. 212Bi − 212Po background

During the WE periods, an increased contamination of
220Rn (232Th chain) was also observed. Among the 220Rn
daughters, there is the fast decay sequence of 212Biðβ−Þ
and 212PoðαÞ:

212Bi → 212Poþ e− þ ν̄e ð28Þ
212Po → 208Pbþ α; ð29Þ

characterized with τ ¼ ð425.1� 1.5Þ ns of the 212Po decay
[123]. The 212Bi is a β− emitter with Q ¼ 2.252 MeV,
while the α of 212Po decay has 8.955MeVenergy. Given the
short time coincidence, they could be a potential source of
background for the IBD candidates, searched among the
double cluster events, when both the prompt and delayed
fall within one 16 μs DAQ gate (Sec. III A). This kind
of events was included in the geoneutrino analysis for the
first time (Sec. VII B). Fortunately, the 212Po is not giving
any (αþ γ) decay branch, so its effective energy distribu-
tion is below the neutron capture peak. Moreover, being a
pure α decay, it can be easily recognized and rejected with a
proper pulse shape analysis. The final evaluation of this
background passing the optimized selection cuts will be
given in Sec. IX H.

VII. DATA SELECTION CUTS

In this section we describe the cuts for the selection
of antineutrino candidates and the process of their
optimization. The vetoes applied after different muon

categories are described in Sec. VII A. Sections VII B
and VII C deal with the definitions of the time and spatial
correlation windows between the prompt and delayed IBD
candidates. The application of the α=β discrimination
techniques (Sec. III D) on the delayed, in order to suppress
the radon background (Sec. VI E), is shown in Sec. VII D.
Optimization of the energy cuts for the prompt and delayed
signals is shown in Sec. VII E, while the selection of the
dynamic fiducial volume in Sec. VII F. The so-called
multiplicity cut to suppress the background due to unde-
tected muons with multiple neutrons and some noise is
explained in Sec. VII G. Finally, Sec VII H summarizes all
the optimized values for all cuts.

A. Muon vetoes

Muons and related spallation products represent an
important background for geoneutrino measurement, as
described in Sec. VI A. In the data selection, we first
remove all categories of detected muons, as defined in
Sec. III B. After different types of detected muons, different
kinds of vetoes are applied. They are described in this
section and are schematically shown in Fig. 23.

1. Veto after external muons

Among different kinds of spallation products of external
muons, only cosmogenic neutrons can penetrate inside
the scintillator and thus present a background for geo-
neutrino analysis. The neutron capture time in Borexino is

TABLE XI. Decay modes of 214Po.

Decay mode Branching ratio [%] Energy [keV]

α 99.99 Eα ¼ 7833.46

αþ γ 1.04 × 10−4 Eα ¼ 7033.66
Eγ ¼ 799.7

αþ γ 6.0 × 10−7 Eα ¼ 6735.76
Eγ ¼ 1097.7

FIG. 23. Scheme of different types of vetoes applied after
various muon categories. The relative fraction of each muon
category is given by the numbers in brackets. Different colors
represent different durations of the time veto. The dashed line
around the box at the bottom of the plot represents the only muon
category when the cylindrical veto around the muon track is
applied. For other categories, the whole detector is vetoed.
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ð254.5� 1.8Þ μs [77]. Therefore, a 2 ms veto, i.e., about
8 times the neutron capture time, is applied after all external
muons detected by the OD.

2. Veto after internal muons

For internal muons, in addition to fast neutrons, 9Li, 8He,
and 12B isotopes (Table IX) are potential background
sources for IBD selection as well. In the past analyses, a
2 s veto of the whole detector has been applied after all
categories of internal strict and special muons. Since 2 s is
nearly 8 times the lifetime of the longest-lived isotope (9Li),
this background was effectively eliminated for the price
of about 10%–11% loss of exposure. In this analysis, we
reduce the exposure loss to 2.2% by introducing different
categories of vetoes.

(i) 2 s veto of the whole detector
We apply a conservative 2 s veto of the whole

detector after internal strict muons, special muons,
and FADC muons that did not trigger the OD (not
tagged by MTF flag). These represent 6.3% of all
internal large muon category, which includes some
noise events as well (Sec. III B). In addition, we
apply this kind of veto after the so-called (μþ n)
muons, i.e., those internal muons that triggered the
OD (TT1 & BTB4, Sec. III A) and were followed by
at least one neutron observed in the following event
of TT128. These muons represent only 1.8% of all
internal muons and have a higher probability to
produce 9Li events with a detectable decay neutron.
The (μþ n) muon sample was used to characterize
the veto parameters after the independent sample of
(μ − n) muons, i.e., MTF/BTB4 internal muons that
are not followed by any neutron, as described below.

(ii) 2 ms veto of the whole detector
It was observed that (μþ n) muons that also

produce IBD-like hadronic background, always have
more than 8000 decoded hits (Fig. 24). In the
following text, we apply the notation ðμþ nÞ≥8000
for this and similar muon types. Muons producing
less than 8000 decoded hits are typically not crossing
the scintillator and are passing only through the
buffer, where neutrons cannot be effectively detected
due to low light yield. Thus, ðμ − nÞ<8000 have little
chance to produce 9Li events with a detectable decay
neutron.We apply a conservative 2 ms dead time after
them, suppressing potential fast neutrons with neg-
ligible exposure loss. These muons represent 57.8%
of all internal muons.

(iii) 1.6 s veto of the whole detector
Muons passing through the scintillator, i.e., with

≥8000 decoded hits, have high probability that
neutron from a potential 9Li decay would be de-
tected. Thus, for these muons, a 2 ms veto is not
sufficient. For the ððμ − nÞ≥8000 muon category that

represents 34.1% of all internal muons, we apply
a veto reduced from 2 s to 1.6 s, after which only
0.2% of 9Li candidates survive. In addition, only
10% of the observed 9Li background is produced due
to ðμ − nÞ≥8000 muons, as it will be explained in
detail in Sec. IX C.

Muons in Borexino can be tracked based on their
reconstructed entry and exit points in the OD and ID
[77]. We consider the muon track to be reliable only
when all the four track points are reconstructed.
When this is not the case, the 1.6 s veto is applied to
the whole detector, for 7.1% of all internal muons.

(iv) 1.6 s cylindrical veto
The application of a cylindrical veto around the

muon track, as schematically shown in Fig. 25(a),
instead of vetoing the whole detector, can further
increase the exposure for geoneutrino analysis. This
kind of veto is applied to ðμ − nÞ≥8000 muons for
which all the fourmuon track points are reconstructed.

The radius of the cylindrical veto is set by studying
the lateral distance between the muon and IBD-like
prompt and delayed observed within 2 s after the
passage of a (μþ n) muon with four track points
(Fig. 25(b)). Within the observed statistics, this dis-
tance is very similar for the prompt and the delayed.
97.7% of the prompts (on which the DFV cut is
applied) lie within a 3 m radius from the muon track
in the IBD selection (Sec. VII F). Since the lateral
distribution of the muon daughters is expected to be
the same for (μ − n) muons as well, a cylindrical
veto of 1.6 s duration with 3 m radius is applied for
ðμ − nÞ≥8000 muons, which constitute 27% of all
internal muons.
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FIG. 24. Comparison of the decoded hits spectra of all the
muons (solid blue line), all (μþ n) muons (dotted red line), and
those (μþ n) muons, which produce IBD-like candidates due to
hadronic background within 2 s after muons (filled grey area).
The dashed vertical line shows 8000 decoded hits threshold used
in the definition of the veto duration. Spectra of all and (μþ n)
muons are normalized to the number of (μþ n) muons producing
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The resulting exposure loss of 2.2% after all muon
vetos was calculated using a Monte Carlo simulation.
In total, 74 million pointlike events were generated
homogeneously in the dynamical fiducial volume
for this study (Sec. VII F), following the changing
shape of the IV (Sec. III C). After considering the
GPS times of all the muons and the track geometry
reconstructed for ðμ − nÞ≥8000 muons, the relative
exposure loss was calculated as the fraction of the
events removed by all vetoes.

B. Time coincidence

The coincidence time window between the prompt and
the delayed (dt) is an important background-suppressing
cut. It is implemented based on the neutron capture time
that was measured during the calibration campaign with the
241Am − 9Be neutron source to be ð254.5� 1.8Þ μs [77].
Considering the 16 μs DAQ window, followed by an

electronics dead time of 2 − 3 μs (Sec. III A), one has to
consider separately the case when the prompt and delayed
are either two separate events/triggers with single cluster
each (similar to the event in top left of Fig. 4), or are
represented by two clusters in a single event, as shown
in Fig. 26.

1. Single cluster events

For this category of IBD candidates, the coincidence
time window is between dtmin¼20 μs and dtmax¼1280 μs.
The lower threshold guarantees that the delayed signal can
trigger after the dead-time of the prompt trigger. The dtmax
corresponds to about five times the measured neutron
capture time. This time window covers 91.8% of all
IBD interactions.

2. Double cluster events

This category of IBD candidates is included in the
present analysis for the first time. In this case, the
coincidence time window is between dtmin ¼ 2.5 μs and
dtmax ¼ 12.5 μs. The inclusion of double cluster events
led to a 3.8% increase in the IBD tagging efficiency.
The lower threshold was optimized by studying the

cluster duration of prompts from the MC of reactor
antineutrinos (Sec. VIII), which spectrum extends up to
about 10 MeV. It guarantees that even for the highest
energy prompt, after the dtmin, there is no light that could
alter the hit pattern of the delayed.
The dtmax was set considering the variable position of

the trigger-generating cluster (prompt) inside the DAQ
window, that occurred during the analyzed period due to
the changes in the trigger system. At the same time, it
guarantees that the delayed can always have cluster
duration of up to 2.5 μs before the end of the DAQ window.
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FIG. 25. Top (a): A schematic representation of the cylindrical
veto applied around the muon track for 1.6 s after the ðμ − nÞ≥8000
muons with reliable track reconstruction. Bottom (b): Distribu-
tions of the distances of 85 9Li IBD-like events from reliably
reconstructed tracks of (μþ n) muons: solid and dashed lines
represent the prompt and delayed candidates, respectively.
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C. Space correlation

Similar to dt, the spatial distance between the prompt
and the delayed (dR) is also an important background-
suppressing cut. In the previous analyses, dR ¼ 1 m was
used. The reconstructed distance between the prompt and
the delayed is larger with respect to the distance between
their respective points of production. This is caused
predominantly by these effects:

(i) Interaction of gammas: the gammas, from the
positron annihilation and the neutron capture, inter-
act in the LS mostly through several Compton
scatterings. Thus, their interaction is intrinsically
not pointlike and the barycenter of the cloud of these
Compton electrons is not identical to the point of the
generation of the gammas.

(ii) Position reconstruction: the position reconstruction
(10 cm at 1 MeV) further smears the reconstructed
positions.

In the optimization of the dR cut, two main aspects have
to be considered. On one hand, in the prompt-delayed
reconstructed distance, shown in Fig. 27 for the MC sample
of geoneutrinos (Sec. VIII), the efficiency is quickly drop-
ping below 1 m. On the other hand, with the increasing
dR, the accidental background is also strongly increasing
(Fig. 28). In order to find the optimized value, we have
generated thousands of MC pseudoexperiments as described
in Sec. X. The cuts were set to optimized values, while the
dR cut was varied. The dR cut was then set to 1.3 m, within
the interval, where the variation in the expected statistical
uncertainty of the geoneutrino measurement is small, as
shown in Fig. 28. We note that the procedure of the so-called
“sensitivity study” used to estimate the expected statistical
uncertainty is described in Sec. X B.

D. Pulse shape discrimination

In the previous geoneutrino analyses, a Gatti cut G <
0.015 was applied on the delayed for efficient rejection

of α-like events from radon-correlated background
(Sec. VI E). The cut value was set using gammas from
neutron-captures from the 241Am − 9Be calibration source
and cross checked with the MC. In this analysis, an MLP
cut > 0.8 was applied to the delayed using the better α=β
discrimination power of the MLP (Sec. III D) when
compared to the Gatti. The cut threshold was chosen based
on the 241Am − 9Be calibration data as shown in Fig. 29.
It was found that only a 5.4ð8.1Þ × 10−3 fraction of the
neutron-capture γs remains below the MLP threshold of 0.8
for the source position in the detector’s center (close
to IV border).”

FIG. 27. Distribution of the prompt-delayed reconstructed
distance dR (solid green line) shown for the geoneutrino MC
sample and the corresponding efficiency (blue dotted line). The
vertical dashed line shows the optimized dR cut at 1.3 m.

FIG. 28. The expected statistical uncertainty of the geoneu-
trino measurement using the MC study (filled green circles) and
the accidental background (filled blue squares) for different
values of dR cut, while the other cuts were set to the optmized
values. The vertical dashed line shows the selected value for the
dR cut at 1.3 m.
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FIG. 29. Distribution of the MLP α=β discriminator (Sec. III D)
for the gammas from the capture of neutrons from 241Am − 9Be
calibration source placed at the detector center ðx; y; zÞ ¼
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set at 0.8 for the delayed in IBD search.
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E. Energy cuts

Energy cuts were applied to the prompt and delayed
to aid the identification of IBD signals. The analysis
was performed using the charge energy estimator Npe

(Sec. III A). The intervals in the respective charges Qp and
Qd are optimized as explained in this section.

1. Charge of prompt signal

The energy spectrum of the prompt Ep starts at ∼1 MeV,
which corresponds only to the two 511 keV annihilation
gammas [Eq. (10)]. Therefore, the threshold on the prompt
charge was set to Qmin

p ¼ 408 p:e: This threshold value
corresponds to approximately 0.8 MeV and remains
unchanged from previous analyses. No upper limit is set
on the charge of the prompt candidate.

2. Charge of delayed

The delayed signal can be either due to a 2.22 MeV
(n-capture on 1H), or a 4.95 MeV gamma (n-capture on
12C) with about 1.1% probability, as described in Sec. IV.
The corresponding values in the Npe variable are 1090 p.e.
and 2400 p.e., respectively, as measured in the detector
center and shown in Fig. 13. However, at large radii,
gammas can partially deposit their energy in the buffer,
which decreases the visible energy. Consequently, the
γ-peak develops a low-energy tail and even the peak
position can shift to lower values (Fig. 30).

In the last geoneutrino analysis [18], Qmin
d was set to

860 p.e., a conservatively large value because of the radon-
correlated background, particularly due to 214Poðαþ γÞ
decays. This was discussed in Sec. VI E. In this analysis,
Qmin

d was decreased to 700 p.e. based on the improved
performance of α=β separation with MLP (Sec. VII D),
which improved the ability to suppress 214Poðαþ γÞ
decays. This cut was applied to all data with the exception
of the water-extraction period, which had an increased
radon contamination. In this case the Qmin

d 860 p.e. was
retained. TheQmin

d cut was not decreased below 700 p.e. for
the following reasons:
(1) The Npe spectrum of accidental background in-

creases at lower energies, as shown in Fig. 37.
(2) The endpoint of the α peak from the main 214Po decay

in the radon-correlated background is ∼600 p:e:, as
described in Sec. IXG.

In this analysis, we include the neutron captures on 12C
(4.95 MeV) as well. Consequently, Qmax

d was increased
from 1300 p.e. (2.6 MeV) to 3000 p.e. (≈5.5 MeV).

F. Dynamical fiducial volume cut

The shape of the Borexino IV, that is changing due to the
presence of a small leak, can be periodically reconstructed
by using the data (Sec. III C). A DFV cut, i.e., a require-
ment of some minimal distance of the prompt from the IV,
dIV, is applied along the reconstructed IV shape. In the
previous analysis [18] a conservative cut of dIV ¼ 30 cm
has been applied to account for the uncertainty of the IV
shape reconstruction and the potential background coinci-
dences near the IV. In this analysis, the DFV was increased
by using dIV ¼ 10 cm, which leads to a 15.8% relative
increase in exposure. This choice is justified below.
The geoneutrino sensitivity studies (Sec. X) were

performed for different combinations of the DFV cut
and theQd

min, as shown in Fig. 31. The choice ofQ
min
d does

not have a big impact on the expected precision, for a
given DFV cut. Order of 5% improvement in the statistical
uncertainty of the geoneutrino measurement is expected
when the cut is lowered to dIV ¼ 10 cm, while there is
no further improvement when no DFV cut is applied.
A dIV ¼ 10 cm DFV cut is also sufficient to account for
the precision of the IV shape reconstruction (Sec. III C).
In addition, we have verified that no excess of the IBD
candidates is observed at large radii (close to the IV), as it
will be shown in Sec. XI A.

G. Multiplicity cut

The multiplicity cut requires that no additional “high-
energy” (Npe > 400 p:e:) event is observed within �2 ms
around either the prompt or the delayed candidate. This cut
is designed to suppress the background from undetected
muons, for example, neutron-neutron or buffer muon-
neutron pairs. This justifies the selected time window
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FIG. 30. The Npe spectrum of delayed candidates from the
241Am − 9Be calibration source placed at ðx; y; zÞ ¼ ð0; 0;−4Þ m
inside the detector (dashed line) compared to the spectrum for the
source placed at the detector’s center (solid line). The two peaks
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spectra are normalized to one.
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which is nearly 8 times the neutron capture time. The
charge cut was lowered to account for those neutrons that
are depositing their energy partially in the buffer. Thanks to
a high radiopurity of the LS, the corresponding exposure
loss due to accidental coincidences of IBD candidates with
Npe > 400 p:e: events within 2 ms is of the order of 0.01%,
which is negligible.

H. Summary of the selection cuts

The summary of all the optimized selection cuts is listed
in Table XII.

VIII. MONTE CARLO OF SIGNAL AND
BACKGROUNDS

The spectral fit of the prompt charge Qp (Sec. X A),
relies extensively on the use of MC-constructed prob-
ability distribution functions (PDFs) which represent
the shapes of geoneutrino signal and, with the
exception of accidental coincidences (Sec. IX D), all
backgrounds. The construction of these PDFs is
described in Sec. VIII A. The GEANT4 based MC of
the Borexino detector was tuned on independent data
acquired during an extensive calibration campaign with
radioactive sources [76] and is described in detail
in [27]. For the antineutrino analysis, the calibration
with 241Am − 9Be neutron source is of particular impor-
tance, since the delayed IBD (Sec. IV) signal is repre-
sented by a neutron. The comparison of the neutron
spectra from the 241Am − 9Be calibration source at the
detector center and at ð0; 0;−4Þ m position inside the
detector is shown in Fig. 30.

A. Monte Carlo spectral shapes

Once the full G4Bx2 MC code is working reliably and
the origin of the signal and backgounds is known, it is, in
principle, easy to simulate the PDFs that incorporate the
detector response and that can be used directly in the
spectral fit (Sec. X A).
The simulated signal and backgrounds follow the same

experimental conditions as observed in real data, including
the number of working channels, the shape of the IV,
and the dark noise, as described in [27]. Each run of the
complete dataset from December 2007 to April 2019 is
simulated individually. After the simulation, the optimized
geoneutrino selection cuts (Sec. VII H) are applied as in the
real data.
For antineutrinos, pairs of positrons and neutrons were

simulated. The neutron energy spectrum is taken from
[124], while for the positrons the energy spectra as
discussed in Sec. V are used. The antineutrino energy
spectra are transformed to positron energy spectra follow-
ing Eq. (10). In particular, for geoneutrinos, the energy
spectra as in Fig. 18 are used. Individual spectra from 232Th
and 238U chains were also simulated, so that they can be
weighted according to the expected Rs ratio (Eq. (18) for
different geological contributions. For reactor antineutri-
nos, calculated energy spectra “with and without 5 MeV
excess” as in Fig. 19 are used as MC input. The resulting
PDFs are shown in Fig. 32.
The MC-based PDFs for nonantineutrino backgrounds

are shown in Fig. 33. A dedicated code is developed within
the G4Bx2 simulation framework for the generation of 9Li
events, based on Nuclear Data Tables and literature data
[125]. The input for (α; n) background simulation is
discussed in Sec. VI C, while for atmospheric neutrinos
in Sec. V D.

FIG. 31. The expected precision of the geoneutrino measure-
ment for different DFV cuts. For a given DFV cut, the choice of
Qmin

d , shown on the x-axis, does not strongly influence the
geoneutrino expected precision. Also note, that for dIV ¼ 10 cm
(final choice) and no DFV cut, the sensitivity to geoneutrinos is
nearly the same.

TABLE XII. Summary of the optimized selection cuts for IBD
candidates: charge cut on the prompt, Qp and delayed, Qd, time
and space correlation dt and dR, respectively, distance to the IV,
dIV, MLP α=β particle identification parameter cut on delayed,
and multiplicity cut. The scheme indicating the duration and
geometry of the different muon vetoes is shown in Fig. 23.

Cut Condition

Qp >408 p:e:
Qd (700–3000) p.e.

(860–3000) p.e. (WE period)

dt Double cluster: ð2.5–12.5Þ μs
Single cluster: ð20–1280Þ μs

dR 1.3 m

Muon veto 2 s or 1.6 s or 2 ms (internal μ)
2 ms (external μ)

dIV 10 cm (prompt)
PID (α=β) MLPd > 0.8
Multiplicity No Npe > 400 p:e: event

�2 ms around prompt/delayed
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The PDFs of prompts due to antineutrinos from a
hypothetical georeactor (Sec. V E) are shown in Fig. 34.
We compare the shapes (in all cases normalized to one) for
the non-oscillated spectrum and for the oscillated cases
with the georeactor placed at three different positions GR1,
GR2, and GR3 as shown in Fig. 21(a). As it can be seen, the
shapes of the prompt energy spectra are almost identical.

B. Detection efficiency

The detection efficiencies for geoneutrinos (εgeo, εTh,
εU), reactor antineutrinos (εrea), and antineutrinos from a
hypothetical georeactor (εgeorea) are summarized in
Table XIII. They represent a fraction of MC events passing
all the optimized data selection cuts (Sec. VII H) from those
generated in the FV of this analysis (10 cm DFV cut).
The errors due to the FV definition and the position
reconstruction resolution are included in the calculation
of the systematic uncertainty, as it will be discussed in

Sec. XI C. The error on the detection efficiency was
estimated based on the comparison of the calibration data
(most importantly 241Am − 9Be neutron source data) with
MC simulation. The major contribution comes from the
uncertainties of the detector response close to the edge
of IV.

IX. EVALUATION OF THE EXPECTED SIGNAL
AND BACKGROUNDS WITH OPTIMIZED CUTS

In this section the evaluation of the number of expected
antineutrino signal and background events after the opti-
mized selection cuts (Table XII) is described. The dataset
and the total exposure are presented in Sec. IX A. The
number of expected antineutrino events from different
sources, based on the estimated antineutrino signals as
in Table VIII, is presented in Sec. IX B. The next sections
treat the nonantineutrino background, following the struc-
ture of Sec. VI, where the physics of each of these
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FIG. 32. The MC-based PDFs normalized to one, i.e., the expected shapes of prompts for geoneutrinos and reactor antineutrinos, after
optimized geoneutrino selection cuts, that include the detector response. Top-left: geoneutrinos with Th/U ratio fixed to the chondritic
value (RS ¼ 0.27). Top-right: 238U and 232Th PDFs shown separately. Bottom-left: reactor antineutrinos “without 5 MeV excess.”
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each, in order to demonstrate the difference in shape only.
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background categories is described. In particular, cosmo-
genic background is discussed in Sec. IX C, accidental
background in Sec. IX D, (alpha, n) interactions in
Sec. IX E, (γ, n) and fission in PMTs in Sec. IX F, radon
correlated background in Sec. IX G, and finally 212Bi −
212Po background in Sec. IX H. Section IX I summarizes
the expected total number of nonantineutrino background
events.

A. Data set and exposure

In this analysis the data taken between December 9, 2007
and April 28, 2019, corresponding to tDAQ ¼ 3262.74 days
of data taking, are considered. The average life-time
weighted IV volume and the FV used in this analysis
(DFV cut dIV ¼ 10 cm) are V̄IV ¼ ð301.3� 10.9Þ m3 and
V̄FV ¼ ð280.1� 10.1Þ m3, respectively, after taking the
changing shape of the IV into account (Sec. III C).
These correspond to the average IVand FV mass of m̄IV ¼
ð264.5� 9.6Þ ton and m̄FV ¼ ð245.8� 8.7Þ ton, respec-
tively, considering the scintillator density of
ρLS ¼ ð0.878� 0.004Þ g cm−3. The total exposure after
the cosmogenic veto (Sec. VII A) and in the FV is
E ¼ ð2145.8� 82.1Þ ton × yr, considering the systematic
uncertainty on position reconstruction (Sec. XI C).
This can be expressed as Ep ¼ ð1.29� 0.05Þ×
1032 protons × yr, using the proton density in Borexino
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FIG. 33. MC-based PDFs of prompts for different backgrounds
after optimized geoneutrino selection cuts, normalized to one.
Top: cosmogenic 9Li background. Middle: (α, n) background.
Bottom: atmospheric neutrino background.
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FIG. 34. MC-based PDFs of prompts for a georeactor (Sec. V E)
after optimized IBD selection cuts, normalized to one. We show
both the case of nonoscillated spectrum, as well as the oscillated
spectra for the georeactor placed in three positions at different
depths: GR1 (d ¼ 2900 km), GR2 (d ¼ 6371 km), and GR3
(d ¼ 9842 km), defined in Fig. 21(a).

TABLE XIII. Detection efficiencies after the optimized selec-
tion cuts for geoneutrinos from 238U and 232Th chains individually
and for their summed contribution (according to the chondritic
Th/U mass ratio), as well as for antineutrinos from reactors and
from a hypothetical georeactor. The efficiencies were determined
based on the MC simulation of each component. The error is
estimated using the calibration data.

Source Efficiency [%]
238U geoneutrinos 87.6� 1.5
232Th geoneutrinos 84.8� 1.5
Geoneutrinos (Rs ¼ 0.27) 87.0� 1.5
Reactor antineutrinos 89.5� 1.5
Georeactor 89.6� 1.5
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LS of Np¼ð6.007�0.001Þ×1028protonston−1. Applying
the geoneutrino detection efficiency described in
Sec. VIII B, the effective exposure for the geoneutrino
detection reduces to E0 ¼ ð1866.4� 78.4Þ ton × yr and
E0

p ¼ ð1.12� 0.05Þ × 1032 protons × yr.

B. Antineutrino events

This section summarizes the number of expected anti-
neutrino events detected with the optimized selection cuts,
assuming the expected antineutrino signals as given in
Table VIII. An overview is given in Table XIV.

C. Cosmogenic background

The various cosmogenic backgrounds in Borexino which
affect the geoneutrino analysis were explained in Sec. VI A,
while the analysis and technical evaluation of these back-
grounds is explained in this section.

1. Hadronic background

The hadronic background, expected to be dominated by
9Li (Sec. VII A), which remains after the detected muons
out of the vetoed space and time is evaluated here. We first
study the time and spatial distributions of the detected 9Li
candidates with respect to the parent muon. After that, this
background is evaluated for the different kinds of internal
muons according to the respective vetoes applied after
them, as previously described in Sec. VII A and summa-
rized in Fig. 23.

a.Time distribution dtLi−μ.—First, a search for IBD-like
signals, passing the optimized selection cuts (Table XII), is
performed after the category of muons for which 1.6 or
2.0 s veto is applied. We perform this search starting from
2 ms after each muon, in order to remove cosmogenic
neutrons. In total, we found 305 such IBD-like candidates,
dominated by 282 candidates afer (μþ n) muons. The QLi

p

charge energy spectrum of the prompts is compatible
with the expected MC spectrum of 9Li, as it is shown in
Fig. 35(a). The distribution of the time differences between
the prompt and the preceding muon, dtLi−μ, is shown in
Fig. 35(b). As it can be seen, no events are observed
after dtLi−μ > 1.6 s. The decay time τ is extracted by
performing an exponential fit to the dtLi−μ distribution
and is found to be ð0.260� 0.021Þ s. This is compatible
with τ9Li ¼ 0.257 s decay time of 9Li.

b.Spatial distribution dRLi−μ.—The distance of the 9Li
prompt from the muon track, dRLi−μ, is studied for
(μþ n) muons with reliably reconstructed tracks. It is
shown for 85 candidates in Fig. 35(c). This distribution
is fit with the convolution of an exponential (with a
characteristic length λ) with a Gaussian with parameters
μ and σ, and a normalization factor n:

fðdRLi−μ; λ; σ; μ; nÞ ¼
n
2λ

× exp

�
2μþ σ2λ−1 − 2dRLi−μ

2λ

�

× erfc

�
μþ σ2λ−1 − dRLi−μffiffiffi

2
p

σ

�
:

ð30Þ

The fit results in σ ¼ ð0.35� 0.11Þ m, which represents
well the combined position reconstruction of the muon
track and the prompt, and in λ ¼ ð0.68� 0.24Þ m.
Considering these values and the fit function in Eq. (30),
2.75% of 9Li prompts would be reconstructed out of the
cylinder with 3.0 m radius around the muon track. Below,
the hadronic background after different muon-veto catego-
ries (Fig. 23) is evaluated, considering the dtLi−μ and
dRLi−μ parametrizations described above.

TABLE XIV. Summary of the expected number of antineutrino
events with optimized selection cuts in the geoneutrino (408–
1500) p.e and reactor antineutrino (408–4000) p.e. energy ranges.
The errors include uncertainties on the predicted signal only. The
reference exposure Ep ¼ ð1.29� 0.05Þ × 1032 protons × yr cor-
responds to the analyzed period.

Model
Energy range

[p.e.]
Signal
[Events]

Geoneutrinos

Bulk lithosphere 408–1500 28.8þ5.5
−4.6

CC BSE (total) 408–1500 31.9þ6.2
−5.4

CC BSE (mantle) 408–1500 2.8� 0.6
GC BSE (total) 408–1500 38.8þ6.2

−5.4
GC BSE (mantle) 408–1500 9.8� 0.9
GD BSE (total) 408–1500 51.1þ6.3

−5.5
GD BSE (mantle) 408–1500 22.0� 1.2
FR (total) 408–1500 62.0þ6.4

−5.6
FR (mantle) 408–1500 33.0� 1.7

Reactor antineutrinos

without 408–1500 42.6� 0.7
“5 MeV excess” 408–4000 97.6þ1.7

−1.6
with 408–1500 39.5� 0.7
“5 MeV excess” 408–4000 91.9þ1.6

−1.5

Atmospheric neutrinos
408–1500 2.2� 1.1
408–4000 3.3� 1.6
408–8000 9.2� 4.6

1 TW Georeactor

GR2: Earth’s center 408–1500 3.6� 0.1
408–4000 8.9� 0.3

GR1: CMB at 2900 km 408–1500 17.6� 0.5
408–4000 43.1� 1.3

GR3: CMB at 9842 km 408–1500 1.5� 0.04
408–4000 3.7� 0.1
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(i) 1.6 s and 2.0 s vetoes of the whole detector:
For 8.1(7.1)% of the total muons, we veto

the whole detector for 1.6(2.0) s. In the time
window [2 ms, 1.6(2.0) s] after these muons,
where IBD-like candidates were searched, falls
99.02(99.19)% of the corresponding 9Li back-
ground. In this window, 282(23) candidates
were found. Finally, in the time window after
the time veto, the remaining background is
expð−1.6ð2.0Þ=τÞ ¼ 0.21ð0.05Þ% of the total back-
ground. Adding the two components and including
the statistical error and the error on τ, the total
amount of hadronic background in the antineutrino
candidate sample is 0.18þ0.09

−0.06 events.
(ii) 1.6 s cylindrical veto:

For 27.0% of the muons with a reliably recon-
structed track, only a cylinder with 3 m radius is
vetoed for 1.6 s. In the [2 ms, 1.6 s] time window
after these muons, 7 IBD-like events were ob-
served in the whole detector. Thus, after 1.6 s,
we expect 0.015þ0.013

−0.011 events distributed in the
whole detector. Of these, 2.75% would be recon-
structed out of the cylindrical veto, as mentioned
before. This means, our expected background of
this category can be conservatively set to
(0.20� 0.08) events. By restricting the veto from
the whole detector to only the cylindrical volume,
the exposure increases by 1.47%, corresponding to
(2.2� 0.2) expected IBD events. We observe one
additional candidate.

(iii) 2 ms veto of the whole detector:
For 57.8% of all muons which have a lower

probability to produce detectable hadronic back-
ground [ðμ − nÞ<8000], we restrict the time veto of
the whole detector to 2 ms, to veto only the
cosmogenic neutrons. Consequently, the exposure
increases by 6.6%, corresponding to (9.7� 0.8)
expected IBD candidates. Seven candidates were
observed, well within the expectation. However,
this does not guarantee that we did not introduce
additional 9Li background, that is estimated as
follows.
Muons with less than 8000 hits produce less

light because they pass mostly through the buffer
region, where the neutrons are typically not
detected or are below the threshold of this analy-
sis. It is reasonable to assume that the production
ratios for 9Li and cosmogenic neutrons are the
same for μ<8000 and μ>8000 muon categories, since
the muons have typically the same energies and
the traversed media (LS and the buffer) have
nearly the same density. It is also reasonable to
assume, that for the μ<8000, the detection efficiency
of the corresponding cosmogenic neutrons and
neutrons from 9Li decays are the same. Thus,
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FIG. 35. Distributions of the observed 9Li cosmogenic back-
ground, i.e., the IBD-like candidates after optimized selection cuts
following muons after at least 2 ms. (a) Comparison of the prompt
QLi

p charge data spectra (points) with the MC spectrum (solid line).
(b) Distribution of dtLi−μ, the time difference between the prompt
and the preceding muon, fit with the exponential function. (c) Dis-
tribution of dRLi−μ, the distance of the prompt from the well
reconstructed muon track, fit with the function in Eq. (30).
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the equality of the ratios of the number of
observed 9Li candidates (with decay neutron,
NLi) and cosmogenic neutrons (Nn) should hold:

ðNLi¼305Þ>8000
ðNn¼8.6×105Þ>8000

¼ ðNLiÞ<8000
ðNn¼9181Þ<8000

: ð31Þ

From this equality, the expected number
ðNLiÞ<8000 is 3.2 events. This is the number of
expected 9Li events produced by muons with less
than 8000 hits, independent of whether this muon
was followed by a neutron or not. This is a
conservative number for the background estima-
tion due to the ðμ − nÞ<8000 muons, after which
we apply the reduced 2 ms cut. Even if they
represent about 99% of all μ<8000 muons (Fig. 24),
ðμþ nÞ<8000 muons can be expected to have a
higher probability to produce observable 9Li than
ðμ − nÞ<8000 muons. However, we do not observe
any 9Li candidate for ðμþ nÞ<8000 muons. Thus
to summarize, our expected 9Li background for
ðμ − nÞ<8000 muons is 3.2� 1.0 events, which
includes larger systematic error.

In total, after summing all the contributions, the expected
9Li background within our golden IBD candidates is
(3.6� 1.0) events.

2. Untagged muons

The ð0.0013� 0.0005Þ% mutual inefficiency of the
strict muon flags shown in Sec. III B corresponds to
(195� 75) undetected muons in the entire dataset.
Following the discussion in Sec. VI A, these muons could
eventually cause background of three types:

(i) μþ μ: Considering the small amount of undetected
muons in the entire dataset, the probability that two
undetected muons would fall in a 1260 μs time
window of the delayed coincidence is completely
negligible.

(ii) μþ n: The most dangerous are pairs of buffer muons
(possibly fulfilling the Qp cut) followed by a single
neutron (multiple neutrons are removed by the
multiplicity cut). The probability that a (μþ n) pair
falls within the IBD selection cuts, evaluated on
the subset of MTB muons followed by the TT128
trigger dedicated to neutron detection, is found
to be ð9.7� 0.003Þ × 10−5. Hence, there will be
(0.019� 0.007) events of this kind in the IBD
sample due to the untagged muons.

(iii) Muon daughters: After 1.497 × 107 internal muons
we have observed 305 IBD-like background events
in a [2 ms, 1.6 s] time window, that covers 99.02% of
IBD-like candidates of the same type. Therefore,
after (195� 75) undetected muons, we can estimate
to have (0.0040� 0.0015) IBD-like events created

any time after these muons and falling within the
selection cuts.

Summing all the three components, the estimated back-
ground originating from untagged muons is (0.023�
0.007) events in the IBD sample. We note that this is a
very small number.

3. Fast neutrons

As described in Sec. VI A, undetected muons that pass
the WTor the surrounding rocks, can produce fast neutrons
that can give IBD-like signals. Fast neutrons from cosmic
muons were simulated according to the energy spectrum
from [126]. We have found that the eventual signal from a
scattered proton follows in nanosecond time scale after the
neutron production, that is simultaneous with the muon
signal. Considering the data structure detailed in Sec. III A,
this time range dictates the data selection cuts, as described
below, in order to search for fast-neutron related IBD-like
signals after the detected external muons pass the WT.
Knowing the fraction of these muons creating IBD-like
background, we can estimate the fast neutron background
from the undetected muons that pass the WT. MC simu-
lations are used to obtain an estimation of fast neutron
background due to the muons passing through the sur-
rounding rock and not the detector. Both estimations are
given below.

a.Water tank muons.—In this search, the signal in the ID
should correspond to a scattered proton, which is not
tagged by the muon inner detector flag (IDF). Without
the proton signal in the ID, the external muon would be
a TT2 & BTB4 event. The presence of the ID signal can,
with lower than 100% efficiency, turn the muon to be a
TT1 & BTB4 event. Therefore, we search for two kinds of
coincidences:

(i) The prompt signal is an internal muon TT1 & BTB4
that is not tagged by the IDF. The delayed signal is a
neutron cluster found in the TT128 gate which is
opened immediately after the muon.

(ii) The prompt signal is an external muon TT2 & BTB4
that has a cluster inside the ID, and is not tagged by
the IDF. The delayed signal follows within 2 ms as a
pointlike TT1 & BTB0 event.

This search was done with relaxed energy, dt, and dR cuts,
without any DFV or multiplicity cuts. This yielded 25
coincidences of the first kind and 12 coincidences of the
second kind. However, only one coincidence satisfied all
the geoneutrino selection cuts. The amount of these
coincidences in the IBD data sample can be due to muons
that go undetected by the OD. The average inefficiency of
MTF with respect to the MCF and IDF flag is 0.27%, as
shown in Table III. This gives an upper limit of 0.013 IBD-
like coincidences at 95% C.L. due to the fast neutrons from
undetected muons crossing the WT.
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b.Surrounding rocks.—In order to study the fast neutron
background due to muons passing through the rocks
surrounding the detector, we used the Borexino MC with
the initial flux and energy spectrum of neutrons and their
angular distributions taken from [126] for the specific case
of LNGS. The total statistics of MC-generated neutrons
corresponds to 3.3 times the exposure of this analysis. Fast
neutrons with energies in diapason 1 MeV–3.5 GeV were
simulated on the surface of the Borexino outer water tank.
Full simulation with tracking of each scintillation photon
was done for the fast neutrons and other particles pen-
etrating inside the ID. Finally, we obtain only one IBD-like
event for neutrons from the rock passing the optimized IBD
selection cuts, which corresponds to an upper limit of the
corresponding background in our geoneutrino analysis of
<1.43 events at 95 C.L.

D. Accidental coincidences

In order to evaluate the amount of accidental coinci-
dences in the antineutrino sample, coincidence events were
searched for in the off-time interval dt ¼ ½2 s; 20 s� and
were then scaled to the 1270 μs duration of the geoneutrino
selection time window (dt ¼ ½2.5 μs; 12.5 μs� þ ½ 20 μs;
1280 μs�, Sec. VII H). In this scaling, a suppression
factor due to the muon veto must be considered, as
explained below.
To evaluate the accidental background rate which is not

biased by the cosmogenics, it is required not only for the
prompt, but also for the delayed not to be preceded by a
muon within 2 s. This means, that once the prompt is
accepted, there is no preceding muon within 2 s before the
prompt. After the prompt, as dt between the prompt and a
potential delayed increases, so does the probability that the
delayed will be discarded due to the muon falling in
between the prompt and the delayed. For time intervals
longer than 2 s, this probability becomes constant, because
the muon veto is of 2 s. This behavior is illustrated in
Fig. 36(a), which shows the time distribution between the
prompt and delayed accidental signals in a time window
dt ¼ ½2 ms; 4 s�. One can see that until 2 s, there is a
decrease, while after 2 s the distribution is flat. Note that
this plot was constructed with relaxed selection cuts and
serves only to demonstrate the suppression factor that
depends only on the muon rate rμ and the muon veto
time. The fit function for this distribution in the interval
dt ¼ ½2 ms; 2 s� is as follows:

racc0 ¼ racc
0

0 · expð−rμ · dtÞ; ð32Þ

where racc
0

0 would be the rate of accidental background with
relaxed cuts and without the muon veto suppression factor.
After 2 s, the exponential suppression factor becomes
constant and consequently the fit function for dt > 2 s
acquires a constant form:

racc0 ¼ racc
0

0 · expð−rμ · 2sÞ: ð33Þ

When fitting the spectrum with relaxed cuts, rμ¼ð0.0501�
0.0016Þ s−1 was obtained. This is compatible with the
measured rate of internal muons of ð0.05311�
0.000 01Þ s−1. The validity of this behavior has been also
verified by a MC study.
The suppression factor expð−rμ · dtÞ) for the dt of the

real IBD selection is larger than 0.999 93 and thus can be
neglected. However, for the times dt > 2 s, the suppression
factor is 0.896� 0.003, conservatively considering also the
difference between the rμ resulting from the fit in Fig. 36(a)
and just by measuring the rate of internal muons.
In order to determine the rate of accidental coincidences

racc0 for the geoneutrino measurement, the dt ¼ ½2 s; 20 s�
distribution of 49 004 events selected with optimized IBD
selection cuts was constructed, as shown in Fig. 36(b). This
distribution is, as expected, flat and is fit with a function:

dt(delayed-prompt) [s]
0.5 1 1.5 2 2.5 3 3.5 4

E
ve

nt
s/

 1
00

 m
s

21500

22000

22500

23000

23500

24000

Data

Fit function

Data

Fit function

Data

Fit

Entries                      4353476
 / ndf                    35.42 / 382χ

 63±                       23867 acc’
0r

 0.0016±                 0.0501 μr

(a)

dt(delayed-prompt) [s]
2 4 6 8 10 12 14 16 18 20

E
ve

nt
s/

 1
00

 m
s

220

240

260

280

300

320

340

360

380
Data

pol0 fit

Data

Fit

Entries                    49004

 / ndf           147.04/ 1792χ
 1.2±                 271.4 acc

0r

(b)

FIG. 36. Distribution of dt (delayed-prompt) for accidental
coincidences (a) with relaxed selection cuts to show a decreasing
trend until 2 s and a constant trend after 2s and (b) with
geoneutrino selection cuts in the time window [2 s, 20 s]. In
both cases the search is performed by applying a 2 s veto for all
internal muons.
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racc ¼ racc0 · expð−rμ · 2sÞ: ð34Þ

The exponential suppression factor is set to 0.896� 0.003,
the value discussed above, since the muon veto conditions
are the same as in the accidental search with relaxed cuts.
The resulting racc0 is ð3029.0� 12.7Þ s−1. This means

that the number of accidental coincidences among our IBD
candidates can be estimated as racc0 × 1270 μs, that is
(3.846� 0.017) events.
The Npe spectra of the prompt and delayed signals of

the accidental coincidences, selected with optimized geo-
neutrino cuts in dt ¼ ½2 s; 20 s� time window, are shown
in Fig. 37.

E. (α, n) background

The (α, n) background evaluation is done in three stages.
First, the amount of α particles that could initiate this
interaction is estimated. In Borexino, the only relevant
isotope is 210Po that is found out of equilibrium with the rest
of 238U chain [20]. In the energy region of 210Po (Npe ¼
150–300 p:e:), α-like particles (MLP < 0.3) reconstructed
in the DFV of the geoneutrino analysis are selected. The
evolution of the weekly rates of such events for the whole
analyzed period is shown in Fig. 38. The mean rate of
R̄DFVð210PoÞ ¼ ð12.75� 0.08Þ events=ðday · tonÞ is used
to evaluate the (α, n) background from the 210Po contami-
nation of the LS.
In the second stage, the neutron yield, i.e., the probability

that 210Po α would trigger an (α, n) reaction in the LS, was
calculated with the NeuCBOT program [127–130], which is
based on the TALYS software for simulation of nuclear
reactions [122,131,132]. Only PC was considered as a
target material. The contribution from PPO is negligible, as

its relative mass fraction is small. According to a recent
article [120], the analytical calculation of the (α, n) cross
section with TALYS provides a result similar to the experi-
mental data for energies of the 210Po α particles. This fact
permits to apply as a relative uncertainty of our calculation
the 15% uncertainty of the experimental data [120]. Taking
this into account, the neutron yield Yn of the (α, n) reaction
in the PC is found to be ð1.45� 0.22Þ × 10−7 neutrons per
a single 210Po decay. Note that the corresponding value
used in the previous Borexino geoneutrino analysis, based
on [133], was approximately three times smaller. Even if
the (α; n) background is directly proportional to Yn [see
Eq. (35) below], this has a negligible impact on the final
geoneutrino result, thanks to a high radio-purity of the
Borexino scintillator.
The final calculation of the number of IBD-like coinci-

dences Nðα;nÞ triggered by the neutrons from the (α, n)
reaction over the whole analysis period can be computed
using the following formula:

Nðα;nÞ ¼ R̄DFVð210PoÞ · E · Yn · εðα;nÞ; ð35Þ

where E ¼ ð2145.8� 82.1Þ ton × yr (Sec. IX A) is the
exposure and εðα;nÞ ¼ 56% is the probability of the (α, n)
interaction to produce an IBD-like signal passing all
selection cuts, obtained with a full G4Bx2 MC study.
Based on this evaluation, the expected (α, n) background
due to the 210Po contamination of the LS is (0.81� 0.13)
events.
Another potential source of background are (α,n) reac-

tions due to 210Po decays in the buffer. Based on a G4Bx2
MC study, we have found that these interactions occurring
in the outer buffer have negligible probability to create
IBD-like background. However, for the interactions occur-
ring in the inner buffer, this probability was estimated to
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be 0.23% and the energy spectrum of prompts is very
similar to the (α, n) from the LS (middle panel of Fig. 33). It
is extremely difficult to determine the 210Po contamination
of the buffer, since the α peak is completely quenched
below the detection threshold. In 2009 we have estimated
this contamination as <0.67 mBq=kg [16] by employing
the samples of buffer liquids in the center of the Counting
Test Facility of Borexino [134], that not any more opera-
tional. This limit is several orders of magnitude above the
contamination of the LS. DMP quencher, that is only
present in the buffer, is considered to be the main source of
the 210Po contamination in the buffer. In January 2010, the
DMP concentration in the buffer was reduced to 2 g=l (the
original concentration was 5 g=l), as discussed in Sec. III.
Since then, no further operations have been performed with
the buffer and the 210Po contamination is expected only to
decay (τ ¼ 199.6 day) and to be suppressed in April 2019
by a factor 3.9 × 10−8. In the present analysis, the estimated
upper limit for this contamination is 0.14 mBq=kg, which
corresponds to an upper limit of 2.6 background events
(from which only 0.3 events in the period from January
2010). We note however, that the original estimate of the
210Po rate in the buffer is very conservative, because of high
risk of contamination of the samples during their handling.
As it will be discussed in Sec. XI A, the golden IBD
candidates are evenly distributed in time and no excess
close to the IV is observed.

F. (γ, n) interactions and fission in PMTs

In order to obtain an upper limit to the possible back-
ground from (γ, n) reactions in the Borexino scintillator or
in surrounding materials, we counted all the registered
events with energies higher that 3 MeV and we made the
conservative assumption that they are only due to γ-ray
interactions. Since the energy response of the detector is not
uniform in space and time, an energy release of 3 MeV
does not correspond to a unique value of the registered
charge Npe. To consider this effect, 3 MeV γs have been
generated with the G4Bx2 MC code following the detector
status during the whole analyzed period. According to
Fig. 39, a conservative charge threshold of 1200 p.e. was
chosen and a correction of 5.4% for the inefficiency of
the cut was then applied: 589 917 events were selected
above 1200 p.e., resulting in 623 571 hypothetical γ-rays
after the correction. Each of them can only interact with the
deuterons that meets along its path before being absorbed:
an estimation for this background is then obtained by
multiplying the numbers of gammas for the deuteron
density, the interaction cross section, and the gamma’s
absorption length. According to the γ-ray attenuation
coefficients calculated for the Borexino scintillator, the
absorption length λ for a 3 MeV gamma is 29 cm and
the capture cross section on 2H is σD ¼ 1.6 mb. Since the
deuteron density is ρD ¼ 7.8 × 1018 atoms=cm3, the upper

limit on the number of events Nðγ;nÞ due to this background,
taking into account the estimated detection efficiency
εðγ;nÞ ¼ 50%, is

Nðγ;nÞ < Nγ · ρD · σD · 3λ · εðγ;nÞ ¼ 0.34 events: ð36Þ

An attenuation length of 3λ was chosen to obtain the
95% C.L. A possible contribution of neutron capture on
13C and 12C nuclei was also considered, but it was found to
be more that a factor 10 smaller and therefore, neglected.
In PMTs we have determined a 238U contamination of

ð31� 2Þ ppb in the glass and ð60� 4Þ ppb in the dynodes.
PMTs are located at about 6.85 m from the center of the
detector. To estimate the background induced by sponta-
neous fission, we consider that for each PMT the glass
accounts for about 0.3 kg and the dynodes for 0.05 kg. In
addition, we take into account the subtended solid angle by
the IV and the neutron attenuation while propagating from
the PMTs to the IV, which is of the order of 1 m. The
estimated number of neutrons reaching the scintillator is
(0.057� 0.004) for the current exposure. The correspond-
ing neutron-induced background will be negligibly small
and we set for it a conservative upper limit of 0.057 events.

G. Radon background

In Sec. VI E we have discussed how the radon contami-
nation of the LS can induce IBD-like background.
Figure 40 demonstrates the increased radon contamination
during the WE period. A proper choice of the IBD selection
cuts is extremely useful to reduce this kind of background
and to safely include the WE period in the geoneutrino
analysis.
The energy scale of the (αþ γ) decays of 214Po

(Table XI) was evaluated. The energy scale in G4Bx2,

peN
0 200 400 600 800 1000 1200 1400 1600 1800 2000

E
ve

nt
s/

 5
 p

.e
.

0

500

1000

1500

2000

FIG. 39. The Npe distribution of 3 MeV γs generated in the
DFV and in the entire analyzed period of geoneutrino analysis.
The vertical line indicates the 1200 p.e. threshold used in the
evaluation of the (γ, n) background.
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including the overall light yield and the Birk’s constant kB
important in the description of quenching (see Sec. VII of
[20]), is tuned based on the calibration with γ sources.
Since the kB is particle dependent, the energy scale for αs
must be further adjusted. For this purpose, the dominant
pure α decay of 214Po was simulated and compared to the
Radon events from the data (selected via the 214Bi214Po
delayed coincidence tag), as demonstrated in Fig. 41(a).
With both γ and α energy scales fixed, the spectra for
ðαþ γÞ214Po decays were simulated, as it is shown in
Fig. 41(b). Since the overall radon statistics amounts to
1.1 × 105 decays, the events due to the 10−7 branch can be
neglected, while ∼11 events are expected from the 10−4

branch, when 214Po decays to 210Pb in the first excited state.
In this case, the deexcitation gamma is emitted along with
an α-particle. In order to suppress these events, we keep the
Qmin

d threshold fixed to 860 p.e. during the WE period,
which effectively reduces this background by a factor
of 103. Application of the pulse shape cut (MLP > 0.8)
on the delayed (Table XII) further reduces the background
by a factor of 5–6. During the analysis of non-WE period,
the 10−4 branch also becomes negligible, hence we can
lower Qmin

d to 700 p.e., safely above the 214Po α-peak
[Fig. 41(b)]. The total number of background events
correlated with radon contamination is expected to be
(0.003� 0.001), which is completely negligible.

H. 212Bi− 212Po background

A MC study proves that the cut on Qmin
d ¼ 860 p:e:,

adopted to reject the radon contamination during the WE

periods, is effective in removing the 212Bi − 212Po fast
coincidences, as shown in Fig. 42. It can be seen that
the endpoint of the 212Po α peak is around 700 p.e.
Therefore, a Qmin

d of 700 p.e., combined with the MLP
pulse shape cut on the delayed, makes the overall 212Bi −
212Po background fully negligible in geoneutrino analysis.

I. Summary of the estimated nonantineutrino
background events

Table XV summarizes the expected number of events
from all nonantineutrino backgrounds passing the opti-
mized selection cuts listed in Table XII.
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FIG. 41. Top: Comparison of the charge spectra of α decays
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X. SENSITIVITY TO GEONEUTRINOS

This section describes the Borexino sensitivity to geo-
neutrinos and the MC based procedure with which it was
evaluated. In Sec. X A the description of the basic ingre-
dients of the analysis focuses on the spectral fit of the Qp

spectrum. Section X B describes the sensitivity tool that
performs such fits on 10 000 QMC

p spectra, each corre-
sponding to a MC generated pseudoexperiment. The
expected precision for the Borexino geoneutrino measure-
ment as well as its sensitivity to the mantle signal is
discussed in Sec. X C. This approach was also used in the
optimization of the selection cuts, as mentioned in Sec. VII.
The systematic uncertainties given in Sec. XI C are not
included in the sensitivity studies and are only considered
in the final results of Sec. XI. As it will be shown, the error
on the geoneutrino measurement is largely dominated by
the statistical error.

A. Geoneutrino analysis in a nutshell

The geoneutrino signal is extracted from the spectral fit
of the charges of the prompts of all selected IBD candi-
dates. Since the number NIBD of selected candidates is
relatively small (in this analysis, NIBD ¼ 154 candidates,
see Sec. XI A), an unbinned likelihood fit is used:

L ¼ ðθ⃗; Q⃗pÞ ¼
YNIBD

i¼1

Lðθ⃗;Qi
pÞ; ð37Þ

where Q⃗p is the vector of individual prompt charges Qi
p,

and index i runs from 1 toNIBD. The symbol θ⃗ indicates the
set of the variables with respect to which the function is
maximized, namely the number of events corresponding to
individual spectral components with known shapes. In
particular, we fit the number of geoneutrino and reactor
antineutrino events as well as the number of events from
several background components. The shapes of all spectral
components are taken from the MC-constructed PDFs (see
Figs. 32, 33), with the exception of the accidental back-
ground, which can be measured with sufficient precision as
shown in Fig. 37 (prompt spectrum). Some of the spectral
components are kept free (typically geoneutrinos and
reactor antineutrinos), while others (typically other than
reactor antineutrino backgrounds) are constrained using
additional multiplicative Gaussian pullterms in the like-
lihood function of Eq. (37).
Naturally, the number of geoneutrinos is always kept

free. One way of doing it is by having one free fit
parameter for geoneutrinos, when we use the PDF in
which the 232Th and 238U contributions are summed and
weighted according to the chondritic mass ratio of 3.9,
corresponding to Rs signal ratio of 0.27 (Sec. V B).
Alternatively, 232Th and 238U contributions can be fit as
two independent contributions. Additional combinations
are of course possible. For example, in the extraction of
the geoneutrino signal from the mantle (Sec. XI E), we
constrain the expected lithospheric contribution, while
keeping the mantle contribution free.
The number of reactor antineutrino events is typically

kept free. It is an important cross-check of our ability to
measure electron antineutrinos, when we compare the
unconstrained fit results (Sec. XI B 1) with the relatively-
well known prediction of reactor antineutrino signal
(Sec. V C). In addition, an eventual constraint on reactor
antineutrino contribution does not significantly improve the
precision of geoneutrinos, as verified and discussed below.
The constrained reactor antineutrino signal is however used
when extracting the limit on the hypothetical georeactor
(Sec. V E), as it will be discussed in Sec. XI G.
Typically, we include the following nonantineutrino

backgrounds in the fit: cosmogenic 9Li, accidental coinci-
dences, and (α, n) interactions. Atmospheric neutrinos are
included in the calculation of systematic uncertainties, as it
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TABLE XV. Summary of the expected number of events from
nonantineutrino backgrounds in the antineutrino candidate sam-
ple (exposure Ep ¼ ð1.29� 0.05Þ × 1032 protons × yr). The lim-
its are 95% C.L.

Background type Events
9Li background 3.6� 1.0
Untagged muons 0.023� 0.007
Fast n’s (μ in WT) <0.013
Fast n’s (μ in rock) <1.43
Accidental coincidences 3.846� 0.017
(α, n) in scintillator 0.81� 0.13
(α, n) in buffer <2.6
(γ, n) <0.34
Fission in PMTs <0.057
214Bi − 214Po 0.003� 0.001

Total 8.28� 1.01
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will be described in Sec. XI C. These background compo-
nents are constrained in the fit, since independent analyses
can yield the well constrained estimates of their rates,
as they are summarized in Table XV for nonantineutrino
backgrounds and in Table XIV given for atmospheric
neutrinos.

B. Sensitivity study

A Monte Carlo approach was used in order to estimate
the Borexino sensitivity to geoneutrinos, as well as to
optimize the IBD selection cuts (Sec. VII). This so-called
sensitivity study can be divided in the following four steps:

(i) The arrays of charges of prompts for signal and
backgrounds are generated from the PDFs including
the detector response that were either created by the
full G4Bx2 MC code (Sec. VIII A, Figs. 32 and 33)
or measured, as for accidental background (Fig. 37,
prompt spectrum). For each component, the number
of generated charges is given by the expectations, as
shown for antineutrino signals in Table XIV and for
nonantineutrino backgrounds in Table XV.

(ii) The generated spectra are fit in the same way as the
data (Sec. X A), using in the fit the same PDFs that
were used for the generation of these pseudoexperi-
ments. This means, uncertainty due to the shape of
the spectral components is not considered. This is
justified by the fact, that Borexino’s sensitivity to
geoneutrinos is by far dominated by the statistical
uncertainty.

(iii) The procedure is repeated 10 000 times for each
configuration. In each pseudoexperiment, the
number of generated events for signal and all
backgrounds is varied according to the statistical
uncertainty.

(iv) The distributions of ratios of the resulting fit value
(estimated) over the MC-truth (generated) value in
each individual fit are constructed for the parameters
of interest. For example, such a distribution for the
ratio of the number of geoneutrinos estimated from
the fit over the number of generated geoneutrinos
should be centered at one (when there is no
systematic bias), while the width of this distribution
corresponds to the expected statistical uncertainty of
the measurement.

C. Expected sensitivity

Using the sensitivity tool as explained in Sec. X B,
the expected statistical uncertainty of the Borexino geo-
neutrino measurement in the presented analysis varies
from ð13.76� 0.10Þ% to ð23.09� 0.17Þ%, depending
on the expected signal for different geological models
(Table XIV), as demonstrated in Fig. 43. This study
assumes the Th/U chondritic ratio to hold. In the previous
2015 Borexino geoneutrino analysis [18], the statistical
error was ∼26.2%.

The sensitivity of Borexino to measure the 232Th=238U
ratio was also studied. As it is shown in Fig. 44, Borexino
does not have any sensitivity to determine this ratio.
Despite the input ratio assuming the chondritic value
(considering the statistical fluctuations), the 232Th=238U
ratio resulting from the fit has nearly a flat distribution for
the 10 000 pseudoexperiments. This will be also confirmed
by large 232Th versus 238U contours shown in Fig. 48(d) for
the fit of the data with free 238U and 232Th components.
The sensitivity of Borexino to measure the mantle signal

was studied using the log-likelihood ratio method [135] for
the expectations according to four different geological
models (CC, GC, GD, and FR, Table XIV). For each
geological model, we have generated a set of 10 000 pseu-
doexperiments with the mantle geoneutrino component
included. In addition, we have generated 1.2 million
pseudoexperiments without the mantle contribution. In
each dataset, we have included the relatively-well known
lithospheric contribution (Table VI), as well as the reactor
antineutrino “without 5 MeV excess” (Table XIV) and
nonantineutrino backgrounds (Table XV).
Each pseudoexperiment from all five datasets (one

without the mantle and four with mantle signal according
to four geological models), are fit twice: with and without
the mantle contribution. The best fit with the mantle
contribution fixed to zero corresponds to the likelihood
Lf0g. The fit with the mantle component left free results in
the likelihood Lfμg. Obviously, for the dataset without the
mantle being generated, the two likelihoods tend to be the
same. For the datasets with the mantle included, the Lf0g
tends to be worse than Lfμg: the bigger this difference, the
better the sensitivity to observe the mantle signal.
We define the test statistics q (q ≥ 0):

q ¼ −2ðlnLf0g − lnLfμgÞ; ð38Þ

that we call q0 for the dataset without the mantle generated.
The q0 and the four q distributions for different geological
models are shown in Fig. 45. The q0 corresponds to the
theoretical fðqj0Þ distribution:

fðqj0Þ ¼ 1

2
δðqÞ þ 1

2
ffiffiffiffiffiffiffiffi
2πq

p exp

�
−
1

2
q

�
: ð39Þ

The four q distributions we fit with the fðqjμÞ

fðqjμÞ ¼
�
1 −Φ

�
μ

σ

��
δðqÞ

þ 1

2
ffiffiffiffiffiffiffiffi
2πq

p exp

�
−
1

2

� ffiffiffi
q

p
−
μ

σ

�
2
�
; ð40Þ

where Φ stands for a cumulative Gaussian distribution
with mean μ and standard deviation σ. For high statistical
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significance, μ=σ is very large and ΦðμσÞ → 1. In Figure 45
we show also qmed ¼ ðμ=σÞ2, the median value of fðqjμÞ,
for the four different geological models. We express the
Borexino sensitivity to measure the mantle geoneutrino
signal, according to these four geological models, in terms
of the p-value, which is given by:

p ¼
Z

∞

qmed

fðqj0Þ: ð41Þ

The differences in qmed values shown in Fig. 45 for the 4
geological models, that correspond to different p-values
and different sensitivity to observe the mantle signal, are to
be ascribed only to the differences in the central values of
the expected signals (Table XIV), which in turn come from
the different central values of U and Th masses associated
to the different models (Table VII).
The qobs from the data fit should be used to obtain the

final statistical significance of the mantle signal, which will
be described in Sec. XI E.
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FIG. 44. Demonstration of no sensitivity of Borexino to
measure 232Th=238U geoneutrino signal ratio. Solid line shows
the distribution of this ratio, assuming its chondritic value, for
10 000 generated pseudoexperiments. Distribution of this ratio, as
obtained from the fit (dotted line), is nearly flat, with a clear peak
at 0, due to the 232Th contribution railed to 0.
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XI. RESULTS

This section describes the results of our analysis. In
Sec. XI A the final IBD candidates selected with the
optimized selection cuts are presented. In Sec. XI B the
analysis, and in particular the spectral fit with the 238U=232Th
ratio fixed to the chondritic value (Sec. XI B 1) or left free
(Sec. XI B 2), is described. The systematic uncertainties are
discussed in Sec. XI C. A summary of the geoneutrino signal
as measured at the LNGS is given in Sec. XI D. Considering
the expected signal from the bulk lithosphere (Table VI),
we estimate the geoneutrino signal from the mantle in
Sec. XI E. The consequences with regard to the Earth
radiogenic heat are then presented in Sec. XI F. Finally, in
Sec. XI G the constraints on the power of a hypothetical
georeactor (Sec. V E) are set.

A. Golden candidates

In the period between December 9, 2007 and April 28,
2019, corresponding to 3262.74 days of data acquisition,
NIBD ¼ 154 golden IBD candidates were observed to pass

the data selection cuts described in Sec. VII. The events are
evenly distributed in time [Fig. 46(a)] and radially in the FV
[Fig. 46(b)]. The charge distributions of the prompt and
delayed signals are also compatible with the expectations,
as shown in Figs. 46(c) and 46(d).
The distance to the IV of the prompt signal was also

studied. This test would be particularly sensitive to a
potential background originated from the IV itself or from
the buffer: in the radial distribution of Fig. 46(b), due to
the changing IV shape, a small excess of this origin could
have been smeared. In fact, in a deformed IV, the points
characterized by the same distance from the IV (and thus a
potential source of background) can correspond to different
radii. As it is shown in Fig. 47, this test was done for
all candidates, as well as separately for the geoneutrino
energy window (below 1500 p.e.) and above. No excess
was observed.

B. Analysis

An unbinned likelihood fit, as described in Sec. X A,
was performed with the prompt charge of the 154 golden
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FIG. 45. Distributions of the test statistics q ¼ −2ðlnLf0g − lnLfμgÞ, where Lf0g and Lfμg are likelihoods of the best fits obatined
with the mantle contribution fixed to zero and left free, respectively. Brown solid represents the q values obtained from
10 000 pseudoexperiments with the generated mantle geoneutrino signal, based on the predictions of the different geological models
(CC, GC, GD, and FR) and fit with fðqjμÞ according to Eq. (40). The dark blue points show q ¼ q0 test statistics obtained using 1.2M
pseudoexperiments without any generated mantle signal and fit with fðqj0Þ [Eq. (39)]. The vertical dashed lines represent the medians
qmed of the q distributions. The corresponding p-values are also shown. From the top left to the bottom right panels, the qmed values are
increasing because of increasing expected mantle signal (i.e., increasing predicted U and Th masses in the mantle).
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candidates shown in Sec. XI A. The three major non-
antineutrino backgrounds, namely, the cosmogenic 9Li
background, the (α, n) background from the scintillator,
and accidental coincidences were included in the fit using
the PDFs shown in Fig. 33 and Fig. 36(b), respectively.
These components were constrained according to values
in Table XV with Gaussian pull terms. Reactor antineu-
trinos were unconstrained in the fit, using the PDF as in
Fig. 32(c). The differences in the shape of the reactor
antineutrino spectra “with 5 MeV excess” and “without
5 MeV excess” [bottom right in Fig. 32(d)] are included
in the systematic uncertainty calculation (Sec. XI C).
Obviously, geoneutrinos were also kept unconstrained.
The fit was performed in two different ways with respect
to the relative ratio of the 232Th and 238U contributions, as
detailed in the next two subsections.

The presented fit results are obtained following the
recommendations given under the statistics chapter of
[136] for cases, when there are physical boundaries on
the possible parameter values. In our case, all the fit
parameters must have non-negative values. For the main
parameters resulting from the fit, the profiles of the like-
lihood L [Eq. (37)] are provided, and in addition to the best
fit values, the mean, median, as well as the 68% and 99.7%
coverage intervals for non-negative parameter values, are
provided in the summary Table XVII.

1. Th/U fixed to chondritic ratio

The fit was performed assuming the Th/U chondritic
ratio and using the corresponding PDF shown in the top-
left of Fig. 32(a). The resulting spectral fit is shown in
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FIG. 46. Distributions for 154 golden IBD candidates (black data points). MC distributions (blue solid lines) are all normalized to the
same number of events. (a) Observed IBD-rate (per average FVand one year) as a function of time in one year bins (December 2007 is
included in 2008 data point). The dashed line represents the average IBD rate in the entire dataset. (b) Radial distribution of the prompt
signals compared to the MC expectation. (c) Charge distribution of the prompts compared to the MC, assuming the geoneutrino and
reactor antineutrino events follow the expectations as in Table XIV. (d) Charge distribution of the delayed compared to MC. The two
peaks due to the captures on proton and on 12C are clearly visible.
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Fig. 48(a) and the numerical results are summarized in
Table XVII. The likelihood profile for the number of
geoneutrinos Ngeo [Fig. 49(a)], yields the best fit value
Nbest

geo ¼ 51.9, the median value Nmed
geo ¼ 52.6, and the 68%

coverage interval I68statNgeo ¼ ½44.0–62.0� events. The likeli-
hood profile for the number of reactor antineutrinos is
shown in Fig. 49(b): Nbest

rea ¼ 92.5 events was obtained with
the median value Nmed

rea ¼ 93.4 and the 68% coverage
interval I68statNrea ¼ ½82.6–104.7� events. This is compatible
with the reactor antineutrino expectation of (97.6� 1.7)
events (without “5 MeV excess”) as well as (91.9� 1.6)
events (with “5 MeV excess”), given in Table XIV.
Thus, from the total of 154 golden IBD candidates,
the number of detected antineutrinos (geoþ reactor) is
Nbest

antinu ¼ 144.4 events. This leaves the number of back-
ground events compatible with the expectation (Table XV).
The contour plot for Ngeo versus Nrea is shown in Fig. 48(c).

The fit was also performed by constraining the expected
number of reactor antineutrino events to (97.6� 1.7)
events (Table XIV). The result (the best fit value
Nbest

geo ¼ 51.3, the median Nmed
geo ¼ 52.0, and the 68%

coverage interval I68statNgeo ¼ ½43.6–61.1� events) is nearly
unchanged with respect to that obtained when leaving the
reactor antineutrino contribution free. The best fit value is
shifted by about 1.5% and the error is only marginally
reduced. This fit stability is due to the fact that above
the geoneutrino energy window there is almost no non-
antineutrino background, and thus the data above the
geoneutrino endpoint well constrain the reactor antineu-
trino contribution also in the geoneutrino window. The
fact that without any constraint on Nrea the fit returns a
value compatible with expectation is an important con-
firmation of the Borexino ability to measure electron
antineutrinos.
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FIG. 47. (a) Prompt’s distance to the IV for the 154 golden candidates (black data points) compared to MC (solid blue line) scaled to
the same number of events. (b) and (c) show the same distribution but split in two energy windows: below and above the endpoint of the
geoneutrinos at 1500 p.e.
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2. Th and U as free fit parameters

The second type of fit was performed by treating 238U
and 232Th contributions as free and independent fit com-
ponents. The corresponding MC PDFs from Fig. 32(b)
were used. The spectral fit is shown in Fig. 48(b) and the
numerical results are summarized in Table XVII. The
likelihood profiles for the number of 238U and 232Th
geoneutrinos are shown in Figs. 49(c) and 49(d), respec-
tively. The fit yielded Nbest

U ¼ 27.8, Nmed
U ¼ 29.0, and the

68% coverage interval I68statNU ¼ ½16.1–43.1� events for the
Uranium contribution and Nbest

Th ¼ 21.1, Nmed
Th ¼ 21.4, and

the 68% coverage interval I68statNTh ¼ ½12.2–30.8� events for
the Th contribution. The best fit leads to 48.9 geoneutrinos
in total, which is fully compatible with 51.9 geoneutrino

events obtained in the case when Th/U ratio was fixed to the
chondritic value. The only difference is significantly larger
error in case of the fit with free U and Th contributions.
For reactor antineutrinos, Nbest

rea ¼ 95.8 and I68statNrea ¼
½85.2–109.0� events were obtained, which is also compat-
ible with the expectation. The total number of detected
antineutrinos (geoþ reactor) is Nbest

antinu ¼ 144.7 events.
The contour plot for Ngeo versus Nrea is shown in
Fig. 48(c).
The contour plot for NU versus NTh is shown in

Fig. 48(d). The results obtained after constraining the
expected Nrea were again fully compatible with the results
obtained when leaving the reactor antineutrino component
free and without any significant reduction on error.
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FIG. 48. Results of the analysis of 154 golden IBD candidates. (a) Spectral fit of the data (black points with Poissonian errors)
assuming the chondritic Th/U ratio. The total fit function containing all signal and background components is shown in brownish-grey.
Geoneutrinos (blue) and reactor antineutrinos (yellow) were kept as free fit parameters. Other nonantineutrino backgrounds were
constrained in the fit. (b) Similar fit as in (a) but with 238U (dark blue) and 232Th (cyan) contributions as free and independent fit
components. (c) The best fit point (black dot) and the contours for the 2D coverage of 68, 99.7, ð100–5.7 × 10−5Þ%, and
ð100–1.2 × 10−13Þ%, (corresponding to 1, 3, 5, and 8σ, respectively), for Ngeo versus Nrea assuming Th/U chondritic ratio. The vertical
lines mark the 1σ bands of the expected reactor antineutrino signal (solid—without “5MeVexcess,” dashed—with “5MeVexcess”). For
comparison, the star shows the best fit performed assuming the 238U and 232Th contributions as free and independent fit components.
(d) The best fit (black dot) and the 68, 95.5, and 99.7% coverage contours (corresponding to 1σ, 2σ, and 3σ contours) NTh versus NU.
The dashed line represents the chondritic Th/U ratio.
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C. Systematic uncertainties

This section discusses the different sources of systematic
uncertainty in the geoneutrino and reactor antineutrino
measurement. They are detailed below and summarized in
Table XVI.

1. Atmospheric neutrinos

Atmospheric neutrinos as the source of background
were discussed in Sec. V D, while the expected number
of IBD-like events passing the geoneutrino selection cuts
in different energy regions was given in Table XIV. The
uncertainty of this prediction is large, estimated to be 50%.
In addition, there is an indication of some over-estimation
of this background, since above the endpoint of the reactor
spectrum, where we would expect (3.3� 1.6) atmospheric
events, no IBD candidates are observed. In the estimation

of the systematic uncertainty due to atmospheric neutrinos,
two fits were preformed which were similar to that shown
in Fig. 48(a), but with additional contribution due to
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FIG. 49. The likelihood profiles for the number of geoneutrino events Ngeo (a) and reactor antineutrino events Nrea (b) obtained from
the fit assuming the chondritic Th/U ratio. The lower row shows the likelihood profiles for the number of 238U (c) and 232Th (d) events
obtained from the fit assuming the 238U and 232Th contributions as the two independent free fit components. In each plot, the vertical
solid red line indicates the best fit, while the vertical solid black and green lines indicate the median and mean values of the distributions,
respectively. The vertical dashed/dotted lines show the 68%/99.7% confidence intervals of the distributions, corresponding to the
signal values given in Table XVII.

TABLE XVI. Summary of the different sources of systematic
uncertainty in the geoneutrino and reactor antineutrino measure-
ment. Different contributions are summed up as uncorrelated.

Source Geo error [%] Reactor error [%]

Atmospheric neutrinos þ0.00
−0.38

þ0.00
−3.90

Shape of reactor spectrum þ0.00
−0.57

þ0.04
−0.00

Vessel shape þ3.46
−0.00

þ3.25
−0.00

Efficiency 1.5 1.5
Position reconstruction 3.6 3.6

Total þ5.2
−4.0

þ5.1
−5.5
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atmospheric neutrinos. These are represented by the PDF
shown in the top part of Fig. 33. The fit was performed in
two energy ranges and the number of events from atmos-
pheric neutrino background was constrained according to
the values in Table XIV. First, the fit was performed for data
up to the endpoint of the reactor antineutrino spectrum at
4000 p.e., which is the interval containing 63% of atmos-
pheric neutrino background. The resulting number of
atmospheric neutrino events is (4.6� 3.2) and is compat-
ible with the expectation of (6.7� 3.4). The geoneutrino
signal is almost unchanged, while Nrea decreased to
(89.0� 11.3) events. Second, we have performed the fit
up to the endpoint of the atmospheric-neutrino background
passing our IBD selection criteria (7500 p.e.). In this case,
due to the fact that no IBD candidates are observed above
the reactor antineutrino energy window, the resulting
number of atmospheric neutrino background events is very
low and with a large error, (1.2� 4.1) events. Fortunately,
the resulting Ngeo and Nrea are nearly unchanged. To
summarize, we estimate the respective systematic uncer-
tainty on geoneutrinos as þ0.00

−0.38 % and on reactor antineu-
trinos as þ0.00

−3.90 %.

2. Shape of the reactor spectrum

The likelihood fit, as described in Sec. XI B was
performed using the MC PDF of reactor antineutrinos
without any “5 MeV excess,” based on the flux prediction
of [105], as discussed in Sec. V C. In order to study the
changes that might arise due to the observed “5 MeV
excess,” the fit was also performed using the corresponding
MC PDF as shown in Fig. 32, based on the measured
Daya Bay spectrum [101]. Since there is no constraint on
Nrea and the two spectral shapes are relatively similar,
the change in Nrea is very small: we observe an increase
of 0.05 events. In case of Ngeo, we observe a decrease
of 0.3 events.

3. Inner vessel shape reconstruction

We consider a conservative 5 cm error on the IV position
(Sec. III C). This means that the function defining our DFV
(dIV ¼ 10 cm) inward from the IV is inside the scintillator
with high probability. This implies that the systematic
uncertainty on the FV defintion due to the IV shape
reconstruction is negligible. However, there is a systematic
uncertainty due to the selection of the IBD candidates
using the DFV cut, which was evaluated by smearing the
distance-to-IV of each IBD candidate with a Gaussian
function with σ ¼ 5 cm. Consequently, the DFV cut was
applied on the smeared distances and the spectral fit was
performed on newly selected candidates. This procedure
was repeated 50 times. The distributions of the differences
between the resulting Ngeo and Nrea values with respect
to the default fit have positive offsets, which were then
conservatively taken as the systematic uncertainty due to

the IV shape reconstruction. We estimate the respective
systematic uncertainty on geoneutrinos as þ3.46

−0.00 % and on
reactor antineutrinos as þ3.25

−0.00 %.

4. MC efficiency

The major source of uncertainty for the MC efficiency
arises from the event losses close to the IVedges, especially
near the south pole because of the combined effect of a
large number of broken PMTs and the IV deformation.
The trigger efficiency for the 2.2 MeV gamma from
241Am − 9Be calibration source compared to MC simula-
tions for different source positions was studied. The
uncertainty in the efficiency was then set to a conservative
limit of 1.5%.

5. Position reconstruction

The position of events in Borexino is calculated using the
photon arrival times. Since the events are selected inside the
DFV based on the reconstructed position, the uncertainty in
the position reconstruction of events affects the error on
the fiducial volume, and thus, on the resulting exposure.
This uncertainty is obtained using the calibration campaign
performed in 2009 [76]. Data from the 222Rn and 241Am −
9Be sources placed at 182 and 29 positions in the scintilla-
tor, respectively, was used for this. The reconstructed
position of the source was compared to the nominal source
position measured by the CCD camera inside the detector.
The uncertainty in position reconstruction for the geo-
neutrino analysis was calculated using the shift in the
positions for the 241Am − 9Be source. The maximal result-
ing uncertainty in the position was observed to be 5 cm.
Considering the nominal spherical radius of our FV of
4.15 m, this gives an uncertainty of 3.6% in the fiducial
volume and consequently, in the corresponding exposure.

D. Geoneutrino signal at LNGS

This section details the conversion of the number of
geoneutrino events Ngeo, resulting from the spectral fits
described in Sec. XI B, to the geoneutrino signal Sgeo
expressed in TNU, the unit introduced in Sec. V B:

Sgeo½TNU� ¼
Ngeo

εgeo ·
Ep
1032

¼ Ngeo
E0p
1032

; ð42Þ

where the detection efficiency εgeo ¼ 0.8698� 0.0150
(Table XIII) and the exposure Ep¼ð1.29�0.05Þ×
1032 protons×yr (Sec. III A). We obtain Sbestgeo ¼46.3TNU,
the median value Smed

geo ¼ 47.0 TNU, and including the
systematic uncertainties from Table XVI, the 68% coverage
interval I68fullSgeo ¼ð38.9–55.6ÞTNU. This results in a final
precision of our measurement of þ18.3

−17.2 % with respect to
Smed
geo . The comparison of the result, obtained assuming the
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chondritic Th/U mass ratio of 3.9, with the expected geo-
neutrino signal considering different geological models
(Sec. V B) is shown in Fig. 50. Figure 51 shows the time
evolution of the Borexino measurements of the geoneutrino
signal SgeoðUþ ThÞ at LNGS from 2010 up to the current
result. TableXVII summarizes the signals, expressed inTNU,
for geoneutrinos and reactor antineutrinos obtained with
the two fits, assuming Th/U chondritic ratio and keeping
U and Th contributions as free fit parameters, as described in
Sec. XI B. It was shown in Sec. X C that Borexino does not
have any sensitivity tomeasure theTh/U ratiowith the current

exposure. Therefore, the ratio obtained from the fit when
U and Th are free parameters is not discussed.

E. Extraction of mantle signal

The mantle signal was extracted from the spectral fit by
constraining the contribution from the bulk lithosphere
according to the expectation discussed in Sec. V B and
given in Table XIV as 28.8þ5.5

−4.6 events. The corresponding
MC PDF was constructed from the PDFs of 232Th and 238U
geoneutrinos shown in Fig. 32. They were scaled with the
lithospheric Th/U signal ratio equal to 0.29 (Table VI).
TheMC PDF used for the mantle was also constructed from
the 232Th and 238U PDFs, but the applied Th/U signal ratio
was 0.26, the value discussed in Sec. V B. The mantle
signal, as well as the reactor antineutrino contribution were
free in the fit. The best fit is shown in Fig. 52(a). It resulted
in a mantle signal ofNbest

mantle ¼ 23.1 events, with the median
value Nmed

mantle ¼ 23.7 events, and the 68% coverage interval
I68statNmantle ¼ ð13.7–34.4Þ events. The likelihood profile of
the mantle signal is shown in Fig. 52(b). After considering
the systematic uncertainties, the final mantle signal can be
given as Sbestmantle ¼ 20.6 TNU, with the median value
Smed
mantle ¼ 21.2 TNU, and the 68% coverage interval

I68fullSmantle ¼ ½12.2–30.8� TNU, as shown also in Table XVII.
The statistical significance of the mantle signal was

studied using MC pseudoexperiments with and without a
generated mantle signal as described in Sec X C. The qobs
obtained from the spectral fit is 5.4479, and it is compared
with the theoretical function fðqj0Þ, described in Sec. X C,
Eq. (39), as shown in Fig. 53. The corresponding p-value is
9.796 × 10−3. Therefore, in conclusion the null-hypothesis
of the mantle signal can be rejected with 99.0% C.L.
(corresponding to 2.3σ significance). The Borexino mantle
signal can be compared with calculations according to a
wide spectrum of BSE models (Table VII). The Borexino
measurement constrains at 90(95)% C.L. a mantle compo-
sition with amantleðUÞ > 13ð9Þ ppb and amantleðThÞ >
48ð34Þ ppb assuming for the mantle homogeneous distri-
bution of U and Th and a Th/U mass ratio of 3.7.

F. Estimated radiogenic heat

The global HPEs’ masses in the Earth are estimated by
matching geophysical, geochemical, and cosmochemical
arguments. Direct samplings of the accessible lithosphere
constrain the radiogenic heat of HLSp

rad ðUþ Thþ KÞ ¼
8.1þ1.9

−1.4 TW (Table V), corresponding to ∼17% of the total
terrestrial heat power Htot ¼ ð47� 2Þ TW. The radiogenic
heat from the unexplored mantle could embrace a wide
range ofHmantle

rad ðUþThþKÞ¼ð1.2–39.8ÞTW (Table VII),
where the highest values are obtained for a fully radiogenic
Earth model.
The total amount of HPEs, as well as their distribution in

the deep Earth, affect the geoneutrino flux. We will express
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FIG. 50. Comparison of the expected geoneutrino signal
SgeoðUþ ThÞ at LNGS (calculated according to different BSE
models, see Sec. V B) with the Borexino measurement. For each
model, the LOC and FFL contributions are the same (Table VI),
while the mantle signal is obtained considering an intermediate
scenario [Fig. 16(b)]. The error bars represent the 1σ uncertain-
ties of the total signal SðUþ ThÞ. The horizontal solid back line
represents the geoneutrino signal Smed

geo , while the grey band the
I68fullSgeo interval as measured by Borexino.

FIG. 51. Comparison of the geoneutrino signal SgeoðUþ ThÞ at
LNGS as measured by Borexino. Blue circles indicate the results
from 2010 [16], 2013 [17], and 2015 [18], while the red square
demonstrates the current analysis.
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the dependence of the expected mantle geoneutrino
signal SmantleðUþ ThÞ on the mantle radiogenic power
Hmantle

rad ðUþ ThÞ. The unequivocal relation between the
radiogenic power and the HPEs’ masses can be expressed
via the constant U and Th specific heats hðUÞ ¼
98.5 μW=kg and hðThÞ ¼ 26.3 μW=kg [26]:

Hmantle
rad ðUþ ThÞ
¼ hðUÞ ·MmantleðUÞ þ hðThÞ ·MmantleðThÞ
¼ ½hðUÞ þ 3.7 · hðThÞ� ·MmantleðUÞ; ð43Þ

where MmantleðUÞ is the U mass in the mantle (Table VII).
In the last passage as well as in all calculations below,
we assume the mantle Th/U mass ratio of 3.7. With this
assumption, for a given detector site the ratio:

β ¼ SmantleðUþ ThÞ=Hmantle
rad ðUþ ThÞ ð44Þ

depends only on U and Th distribution in the mantle.
For Borexino, the calculated β ranges between βlow ¼
0.75 TNU=TW and βhigh ¼ 0.98 TNU=TW, obtained
assuming the HPEs placed in an unique HPEs-rich layer
just above the CMB [i.e., low scenario, Fig. 16(a)] and
homogeneously distributed in the mantle [high scenario,
Fig. 16(c)], respectively. Considering then Eq. (43), the
linear relation between the mantle signal SmantleðUþ ThÞ
and radiogenic power Hmantle

rad ðUþ ThÞ can be expressed:

SmantleðUþ ThÞ
¼ β · ½hðUÞ þ 3.7 · hðThÞ� ·MmantleðUÞ
¼ β ·Hmantle

rad ðUþ ThÞ ð45Þ
is reported in Fig. 54, where the slope of central line (i.e.,
βcentr ¼ 0.86 TNU=TW, black line) is the average of βlow
(blue line) and βhigh (red line). The area between the two
extreme lines denotes the region allowed by all possible

TABLE XVII. Summary of the number of geoneutrino and reactor antineutrino events and the corresponding signals in TNU as well
as the fluxes obtained from this work. The systematic uncertainties (Table XVI) are given for the median values.

Criteria Best fit Median Mean 68% C.L. stat. 99.7% C.L. stat. Sys. error 68% C.L. stat. & sys.

Rs ¼ SðThÞ=SðUÞ ¼ 0.27

Ngeo [events] 51.9 52.6 53.0 44.0–62.0 28.8–82.6 þ2.7
−2.1 43.6–62.2

Nrea [events] 92.5 93.4 93.6 82.6–104.7 63.6–129.7 þ4.8
−5.1 81.6–105.8

NU [events] 40.5 41.1 41.4 34.4–48.4 22.5–64.5 þ2.1
−1.6 34.0–48.6

NTh [events] 11.4 11.5 11.6 9.7–13.6 6.3–18.1 þ0.6
−0.5 9.6–13.7

Sgeo [TNU] 46.3 47.0 47.3 39.3–55.4 25.7–73.8 þ2.4
−1.9 38.9–55.6

Srea [TNU] 79.7 80.5 80.7 71.2–90.3 54.8–111.8 þ4.1
−4.4 70.3–91.2

SU [TNU] 35.9 36.3 36.6 30.4–42.8 19.9–57.1 þ1.9
−1.5 30.1–43.0

STh [TNU] 10.4 10.5 10.6 8.7–12.4 5.7–16.5 þ0.6
−0.4 8.8–12.6

ϕU [106 cm−2 s−1] 2.8 2.8 2.9 2.4–3.4 1.6–4.5 þ0.2
−0.1 2.4–3.4

ϕTh [106 cm−2 s−1] 2.5 2.6 2.6 2.2–3.0 1.4–4.1 þ0.2
−0.1 2.1–3.1

RsðlithosphereÞ ¼ SðThÞ=SðUÞ ¼ 0.29; RsðmantleÞ ¼ SðThÞ=SðUÞ ¼ 0.26

Nmantle [events] 23.1 23.7 24.1 13.7–34.4 0.6–57.2 þ1.2
−1.0 13.6–34.4

Smantle [TNU] 20.6 21.2 21.5 12.2–30.7 0.5–51.1 þ1.1
−0.9 12.2–30.8

SðThÞ and SðUÞ independent
Ngeo [events] 48.9 50.4 51.3 28.4–73.9 1.1–124.1 þ2.6

−2.0 28.2–74.0
Nrea [events] 95.8 96.7 97.1 85.2–109.0 65.1–136.1 þ4.9

−5.3 84.2–110.1
NU [events] 27.8 29.0 29.7 16.1–43.1 0.6–73.7 þ1.5

−1.2 16.0–43.2
NTh [events] 21.1 21.4 21.6 12.3–30.8 0.5–50.4 þ1.1

−0.9 12.2–30.8
Sgeo [TNU] 43.7 45.0 45.8 25.4–66.0 1.0–110.8 þ2.3

−1.8 25.2–66.1
Srea [TNU] 82.6 83.4 83.7 73.5–94.0 56.1–117.3 þ4.2

−4.6 72.6–94.9
SU [TNU] 24.6 25.7 26.3 14.3–38.1 0.5–65.2 þ1.3

−1.0 14.2–38.2
STh [TNU] 19.2 19.5 19.6 11.2–28.0 0.5–45.8 þ1.0

−0.8 11.1–28.0
ϕU [106 cm−2 s−1] 1.9 2.0 2.1 1.1–3.0 0.04–5.1 þ0.1

−0.1 1.1–3.0
ϕTh [106 cm−2 s−1] 4.7 4.8 4.9 2.8–6.9 0.1–11.3 þ0.3

−0.2 2.7–6.9
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U and Th distributions in the mantle, assuming that the
abundances in this reservoir are radial, non-decreasing
function of the depth and in a fixed ratio MmantleðThÞ=
MmantleðUÞ ¼ 3.7. The maximal and minimal excursions
of mantle geoneutrino signal is taken as a proxy for the 3σ
error range.
Since the radiogenic heat power of the lithosphere is

independent from the BSE model, the discrimination
capability of Borexino geoneutrino measurement among
the different BSE models can be studied in the space
SmantleðUþ ThÞ vsHmantle

rad ðUþ ThÞ. In Figure 54, the solid
black horizontal line represents the Borexino measurement,
the median Smed

mantle, which falls within prediction of the
Geodynamical model (GD). The 68% coverage interval
I68fullSmantle, also represented in Fig. 54 by horizontal black

dashed lines, covers the area of prediction of the GD and
the fully radiogenic (FR) models. We are least compatible
with the cosmochemical model (CC), which central value
agrees with our measurement at 2.4σ level.
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FIG. 53. The q0 distribution for 1.2 million pseudoexperiments
without any generated mantle signal fitted with fðqj0Þ [Eq. (39)].
The vertical dashed line represents qobs obtained from the data.
The indicated p-value, calculated following Eq. (41) by setting
qmed ¼ qobs, represents the statistical significance of the Borexino
observation of the mantle signal.
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FIG. 54. Mantle geoneutrino signal expected in Borexino as a
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homogeneous mantle [high scenario–Fig. 16(c)] and a unique
rich layer just above the CMB [low scenario–Fig. 16(a)]. The
slope of the central inclined black line (βcentr ¼ 0.86 TNU=TW)
is the average of the slopes of the blue and red lines. The blue,
green, red, and yellow ellipses are calculated with the following
U and Th mantle radiogenic power Hmantle

rad ðUþ ThÞ (with 1σ
error) according to different BSE models: CC model (3.1� 0.5)
TW, GC model (9.5� 1.9) TW, GD model (21.3� 2.4) TW, and
FR model (32.2� 1.4) TW. For each model darker to lighter
shades of respective colors represent 1, 2, and 3σ contours. The
black horizontal lines represent the mantle signal measured by
Borexino: the median mantle signal (solid line) and the 68%
coverage interval (dashed lines).
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FIG. 52. (a) Spectral fit to extract the mantle signal after
constraining the contribution of the bulk lithosphere. The grey
shaded area shows the summed PDFs of all the signal and
background components. (b) The likelihood profile for Nmantle,
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The mantle signal measured by Borexino can be con-
verted to the corresponding radiogenic heat by inverting
the Eq. (45). Since the experimental error on the mantle
signal is much larger than the systematic variability
associated to the U and Th distribution in the mantle,
the radiogenic power from U and Th in the mantle
Hmantle

rad ðUþ ThÞ inferred from the Borexino signal
SmantleðUþ ThÞ can be obtained with:

Hmantle
rad ðUþ ThÞ ¼ ð1=βcentrÞ · SmantleðUþ ThÞ

¼ 1.16 · SmantleðUþ ThÞ: ð46Þ

Adopting Smed
mantleðUþ ThÞ ¼ 21.2 TNU together with the

68% C.L. interval including both statistical and systematic
errors (Table XVII), we obtain:

Hmantle-med
rad ðUþ ThÞ ¼ 24.6 TW

I68full
Hmantle

rad
ðUþ ThÞ ¼ 14.2–35.7 TW: ð47Þ

Summing the radiogenic power of U and Th in the litho-
sphereHLSp

rad ðUþ ThÞ ¼ 6.9þ1.6
−1.2 TW, the Earth’s radiogenic

power from U and Th is HradðUþ ThÞ ¼ 31.7þ14.4
−9.2 TW.

Assuming the contribution from 40K to be 18% of the
total mantle radiogenic heat (Sec. II), the total radiogenic

mantle signal can be expressed as Hmantle
rad ðUþ Thþ KÞ ¼

30.0þ13.5
−12.7 TW, where we have expressed the 1σ errors with

respect to the median. If we further add the lithospheric
contribution HLSp

rad ðUþ Thþ KÞ ¼ 8.1þ1.9
−1.4 TW, we get

the 68% coverage interval for the Earth’s radiogenic heat
HradðUþ Thþ KÞ ¼ 38.2þ13.6

−12.7 TW, as shown in Fig. 55.
The experimental error on the Earth’s radiogenic heat

power estimated by Borexino is comparable with the spread
of power predictions derived from the eight BSE models
reported in Table II. This comparison is represented in
Fig. 55. Among these, a preference is found for models
with relatively high radiogenic power, which correspond to
a cool initial environment at early Earth’s formation stages
and small values of the current heat coming from the
secular cooling. However, no model can be excluded at
3σ level.
The total radiogenic heat estimated by Borexino can

be used to extract the convective Urey ratio according
to Eq. (6). The resulting value of URCV ¼ 0.78þ0.41

−0.28 is
compared to the URCV predicted by different BSE models
in Fig. 56. The Borexino geoneutrino measurement
constrains at 90(95)% C.L. a mantle radiogenic heat power
to be Hmantle

rad ðUþ ThÞ > 10ð7Þ TW and Hmantle
rad ðUþ Thþ

KÞ > 12.2ð8.6Þ TW and the convective Urey ratio
URCV > 0.13ð0.04Þ.

G. Testing the georeactor hypothesis

The georeactor hypothesis described in Sec. V E was
tested by performing the spectral fit after constraining the
expected number of reactor antineutrino events (Table XIV)
to 97.6� 1.7ðstatÞ � 5.2ðsystÞ. The geoneutrino (Th/U
fixed to chondritic mass ratio of 3.9) and georeactor
contributions were left free in the fit. For each georeactor

FIG. 55. Decomposition of the Earth’s total surface heat flux
Htot ¼ ð47� 2Þ TW (horizontal black lines) into its three major
contributions—lithospheric (brown) and mantle (orange) radio-
genic heat HLSp

rad and Hmantle
rad , respectively, and secular cooling

HSC (blue). The labels on the x axis identify different BSE
models (Table VII), while the last bar labeled BX represents the
Borexino measurement. The lithospheric contribution HLSp

rad ¼
8.1þ1.9

−1.4 TW (Table V) is the same for all bars. The amount of
HPEs predicted by BSE models determines the mantle radiogenic
heat (Table VII), while for Borexino the value of 30.0þ13.5

−12.7 TW is
inferred from the extracted mantle signal. The difference between
Htot and the respective total radiogenic heat is assigned to the heat
from secular cooling of the Earth.
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FIG. 56. Comparison of Borexino constraints (horizontal band)
with predictions of the BSE models (points with �3σ error bars,
Table VII) for the convective Urey ratio URCV [Eq. (6)],
assuming the total heat flux Htot ¼ ð47� 2Þ TW and the radio-
genic heat of the continental crust HCC

rad ¼ 6.8þ1.4
−1.1 TW (Table V).

The blue, green, and red colors represent different BSE models
(CC, GC, and GD; Table VII, respectively).
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location [Fig. 21(a)], we have used the respective georeac-
tor PDF as in Fig. 34. However, their shapes are practically
identical and Borexino does not have any sensitivity to
distinguish them. The different likelihood profiles obtained
using different georeactor PDFs are very similar (including
the PDF constructed assuming no neutrino oscillations),
as shown in Fig. 57. The vertical lines represent the
95% C.L. limits for the number of georeactor events
Ngeorea obtained in fits with different georeactor PDFs.
In setting the upper limit on the power of the georeactor,
that depends on the assumed location of the georeactor, we
use conservatively the highest limit on Ngeorea equal to
21.7 events. The latter is transformed to the signal Sgeorea of
18.7 TNU, as the 95% C.L. upper limit on the signal
coming from a hypothetical georeactor.
Considering the values from Table VIII, that is, the

predicted georeactor signal expressed in TNU for a 1 TW
georeactor in different locations, these upper limits on
the georeactor power are set: 2.4 TW for the location in
the Earth center (GR2) and 0.5 TW and 5.7 TW for the
georeactor placed at the CMB at 2900 km (GR1) and
9842 km (GR3), respectively. Therefore, we exclude the
existence of a georeactor with a power greater than
0.5=2.4=5.7 TW at 95% C.L., assuming its location at
2900=6371=9842 km distance from the detector.

XII. CONCLUSION

Borexino is 280-ton liquid scintillator neutrino detector
located at Laboratori Nazionali del Gran Sasso (LNGS) in

Italy, and has been acquiring data since 2007. It has proven
to be a successful neutrino observatory, which went well
beyond its original proposal to observe 7Be solar neutrinos.
In addition to solar neutrino measurements, Borexino has
proven to be able to detect also antineutrinos. Radiopurity
of the detector, its calibration, stable performance, its
relatively large distance to nuclear reactors, as well as
depth of the LNGS laboratory to guarantee smallness of
cosmogenic background, are the main building blocks for a
geoneutrino measurement with systematic uncertainty
below 5%.
The focus of the paper is to provide the scientific

community with a comprehensive study that combines
the expertise of neutrino physicists and geoscientists. The
paper provides an in-depth motivation and description of
geoneutrino measurement, as well as the geological inter-
pretations of the result. It presents in detail the analysis of
3262.74 days of Borexino data taken between December
2007 and April 2019 and provides, with some assumptions,
a measurement of the Uranium and Thorium content of the
Earth’s mantle and its radiogenic heat.
Borexino detects geoneutrinos from 238U and 232Th

through inverse beta decay, in which electron flavour
antineutrinos with energies above 1.8 MeV interact with
free protons of the LS. The detection efficiency for
optimized data selection cuts is (87.0� 1.5)%. This inter-
action is the only channel presently available for detection
of MeV-scale electron antineutrinos. Optimized data
selection including an enlarged fiducial volume and a
sophisticated cosmogenic veto resulted in an exposure of
(1.29� 0.05) × 1032 protons × year. This represents an
increase by a factor of two over the previous Borexino
analysis reported in 2015.
The paper documents improved techniques in the in-

depth analysis of the Borexino data, and provides future
experiments with a description of the substantial effort
required to extract geoneutrino signals. We have underlined
the importance of muon detection (in particular special
categories of muon events that become crucial in low-rate
measurements), as well as the α=β pulse shape discrimi-
nation techniques. The optimization of data selection cuts,
chosen to maximize Borexino’s sensitivity to measure
geoneutrinos, has been described. All kinds of background
types considered important for geoneutrino measurement
have also been discussed, including approaches of their
estimation either through theoretical calculation and
Monte Carlo simulation, or by analysis of independent
data. Borexino ability to measure electron antineutrinos
is calibrated via reactor antineutrino background, that
is not constrained in geoneutrino analysis and has
been found to be in agreement with the expectations.
By observing 52.6þ9.4

−8.6ðstatÞþ2.7
−2.1ðsysÞ geoneutrinos (68%

interval) from 238U and 232Th, a geoneutrino signal of
47.0þ8.4

−7.7ðstatÞþ2.4
−1.9ðsysÞ TNU has been obtained. The total

precision of þ18.3
−17.2 % is found to be in agreement with the
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expected sensitivity. This result assumes a Th/U mass
ratio of 3.9, as found in chondritic CI meteorites, and is
compatible with result when contributions from 238U and
232Th were both fit as free parameters.
Importance of the knowledge of abundances and dis-

tributions of U and Th in the Earth, and in particular around
the detector, for both the signal prediction as well as
interpretation of results, have been discussed. The mea-
sured geoneutrino signal is found to be in agreement with
the predictions of different geological models with a
preference for those predicting the highest concentrations
of heat producing elements. The hypothesis of observing a
null mantle signal has been excluded at 99% C.L. when
exploiting detailed knowledge of the local crust near the
LNGS. The latter is characterized by the presence of thick,
U and Th depleted sediments. We note that geophysical
and geochemical observations constrain the Th=U mass
ratio for the bulk lihtosphere to a value of 4.3. Maintaining
the global chondritic ratio of 3.9 for the bulk Earth, the
inferred Th=U mass ratio for the mantle is 3.7. Assuming
the latter value, we have observed mantle signal of
21.2þ9.5

−9.0ðstatÞþ1.1
−0.9ðsysÞ TNU.

Considering different scenarios about the U and Th
distribution in the mantle, the measured mantle geoneutrino
signal has been converted to radiogenic heat from U and Th
in the mantle of 24.6þ11.1

−10.4 TW (68% interval). Assuming
the contribution of 18% from 40K in the mantle and adding
the relatively-well known lithospheric radiogenic heat of
8.1þ1.9

−1.4 TW, Borexino has estimated the total radiogenic
heat of the Earth to be 38.2þ13.6

−12.7 TW. The latter is found to
be compatible with different geological predictions.
However, there is a ∼2.4σ tension with Earth models
predicting the lowest concentration of heat-producing
elements. The total radiogenic heat estimated by
Borexino can be used to extract a convective Urey ratio
of 0.78þ0.41

−0.28 . In conclusion, Borexino geoneutrino meas-
urement has constrained at 90% C.L. the mantle compo-
sition to amantle (U) > 13 ppb and amantle (Th) > 48 ppb,
the mantle radiogenic heat power to Hmantle

rad (Uþ Th) >
10 TW and Hmantle

rad ðUþ Thþ KÞ > 12.2 TW, as well as
the convective Urey ratio to URCV > 0.13.
With the application of a constraint on the number of

expected reactor antineutrino events, Borexino has placed
an upper limit on the number of events from a hypothetical
georeactor inside the Earth. Assuming the georeactor
located at the center of the Earth, its existence with a
power greater than 2.4TW has been excluded at 95% C.L.
In conclusion, Borexino confirms the feasibility of

geoneutrino measurements as well as the validity of differ-
ent geological models predicting the U and Th abundances
in the Earth. This is an enormous success of both neutrino
physics and geosciences. However, in spite of some
preference of Borexino results for the models predicting
high U and Th abundances, additional and more precise
measurements are needed in order to extract firm geological

results. The next generation of large volume liquid scin-
tillator detectors has a strong potential to provide funda-
mental information about our planet.
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APPENDIX: LIST OF ACRONYMS

α Alpha particle
A BSE model Anderson, 2007 [54]
β Beta particle
BDT Boosted decision tree
BSE Bulk silicate Earth
BTB Borexino trigger board
BTB4 The same as MTB flag, see below
CC Continental crust
CC model Cosmochemical bulk silicate Earth model
C.L. Confidence level
CLM Continental lithospheric margin
CMB Core-mantle boundary
CT Central Tile
DAQ Data acquisition
DFV Dynamical fiducial volume
DM Depleted mantle
DMP Dimethylphthalate (DMP, C6H4ðCOOCH3Þ2)
e− or β− Electron
eþ or βþ Positron
EM Enriched mantle
Ep Energy of the prompt IBD candidate
Ed Energy of the delayed IBD candidate
FADC Flash analog-to-digital converter
FEB Front end board
FFL Far field lithosphere
FR model Fully radiogenic bulk silicate Earth model
FWFD Fast wave form digitizer
γ Gamma ray
G Gatti parameter
G4Bx2 GEANT4 based Borexino Monte Carlo code
GC model Geochemical bulk silicate Earth model
GD model Geodynamical bulk silicate Earth model
GR1, GR2,
GR3

3 studied positions of georeactor inside the Earth

Hrad Earth’s radiogenic heat

(Table continued)
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(Continued)

HCC
rad Earth’s continental crust radiogenic heat

Hmantle
rad Earth’s mantle radiogenic heat

HLSp
rad Earth’s lithosphere radiogenic heat

HSC Earth’s heat from the secular cooling
Htot Integrated total surface heat flux of the Earth
HPEs Heat producing elements
HSc High scenario of the mantle signal prediction
IBD Inverse beta decay
ID Inner detector
IDF Inner detector flag
IV Inner vessel
ISc Intermediate scenario of the mantle signal

prediction
J BSE model Javoy et al., 2010 [34]
LF Load factor of nuclear power plants
L & K BSE model Lyubetskaya & Korenaga, 2007 [52]
LNGS Laboratori Nazionali del Gran Sasso
LOC Local crust
LS Liquid scintillator
LSc Low scenario of the mantle signal prediction
LSp Lithosphere
μ Muon
MC Monte Carlo
MLP Multilayer perceptron
M & S BSE model McDonough & Sun, 1995 [47]
MTB Muon trigger board
MTF Muon trigger flag
m w.e. Meter water equivalent
ν Neutrino
ν̄ Antineutrino
ν̄e Electron flavor antineutrino
n Neutron

(Table continued)

(Continued)

Nh Number of detected hits
NP Number of triggered PMTs
Npe Number of detected photoelectrons
OC Oceanic crust
OD Outer detector
OV Outer vessel
p Proton
Pee Survival probability of electron flavor neutrino
PC Pseudocumene liquid scintillator, C6H3ðCH3Þ3,

1,2,4-trimethylbenzene
PDF Probability distribution function
p.e. Photoelectron(s)
PID Particle identification
PM Primitive mantle
PMNS Pontecorvo–Maki–Nakagawa–Sakata mixing

matrix
PMTs Photomultiplier tubes
PPO Fluorescent dye, C15H11NO, 2,5-diphenyloxazole
P & O BSE model Palme and O’Neil, 2003 [56]
Qp Charge of the prompt IBD candidate
Qd Charge of the delayed IBD candidate
RR Rest of the region
SSS Stainless steel sphere
SVM Support vector machine
T BSE model Taylor, 1980 [53]
TMVA Toolkit for multivariate data analysis
TNU Terrestrial neutrino unit
T & S BSE model Turcotte & Schubert, 2002 [57]
URCV Convective Urey ratio
W BSE model Wang et al., 2018 [55]
WE Water extraction procedure of LS-purification
WT Water tank
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