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Abstract: Borexino is a 280-ton liquid scintillator detector located at the Laboratori Nazionali del Gran
Sasso in Italy. Since the start of its data-taking in May 2007, it has provided several measurements
of low-energy neutrinos from various sources. At the base of its success lie unprecedented levels
of radio-purity and extensive thermal stabilization, both resulting from a years-long effort of the
collaboration. Solar neutrinos, emitted in the Hydrogen-to-Helium fusion in the solar core, are
important for the understanding of our star, as well as neutrino properties. Borexino is the only
experiment that has performed a complete spectroscopy of the pp chain solar neutrinos (with the
exception of the hep neutrinos contributing to the total flux at 107> level), through the detection
of pp, "Be, pep, and 8B solar neutrinos and has experimentally confirmed the existence of the CNO
fusion cycle in the Sun. Borexino has also detected geoneutrinos, antineutrinos from the decays of
long-lived radioactive elements inside the Earth, that can be exploited as a new and unique tool to
study our planet. This paper reviews the most recent Borexino results on solar and geoneutrinos,
from highlighting the key elements of the analyses up to the discussion and interpretation of the
results for neutrino, solar, and geophysics.
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1. Introduction

Neutrinos have a special position within the Standard Model (SM) of elementary
particles. With no electric charge and no color, they interact with matter only via weak
force. Thus, the probability of their interaction is very low, and this fact has a two-fold con-
sequence. On a positive side, neutrinos bring us unperturbed information from otherwise
inaccessible locations, including the solar core and the Earth’s interior. On the other hand,
this very same characteristic makes neutrino detection an experimental challenge. Large-
volume detectors, constructed from specially developed materials with radioactivity levels
of many orders of magnitude below the ambient values, must be placed in underground
laboratories to shield them from cosmic radiation. Such measures are necessary to acquire
high statistics of neutrino events with acceptable signal-to-background ratio. An enormous
years-long effort is behind each neutrino experiment.

Liquid scintillator (LS)-based detectors in particular play an important role in the
history of neutrino physics, starting from the neutrino discovery in the Reines-Cowan
experiment [1]. Since then, LS was used as a neutrino target medium in several experiments
with a broad spectrum of physics goals. KamLAND in Japan was the first to observe the
neutrino oscillation pattern [2] and to investigate geoneutrinos [3]. Currently, its successor
KamLAND-ZEN experiment is searching for the neutrino-less double beta (0v3p) using
a 136Xe loaded LS [4]. SNO+ [5] in Canada will also search for the OvpBp decay, in a 130T
loaded in the LS that is now being filled inside the detector. The non-zero value of the 63
mixing angle was confirmed by the three LS-based reactor-neutrino experiments namely
Double Chooz [6] in France, Daya Bay [7] in China, and RENO [8] in Korea. Liquid
scintillator was used also by the LSND experiment in the USA that has observed an
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anomalous v, — 7, appearance in the neutrino beam from accelerator back in 1996 [9].
Several LS-based detectors placed at a few meters distance from nuclear reactors are
dedicated to the search for a light sterile neutrino, which might explain also the old LSND
anomaly: NEOS [10] in Korea, Stereo [11] in France, and Prospect [12] in the USA. This
article is focused on the description of the latest results on neutrinos from the Sun and
Earth obtained by Borexino, a 280 ton LS detector located at the Laboratori Nazionali del
Gran Sasso (LNGS) in Italy. This Section is meant to help the reader by explaining the
basic structure of this paper, while the scientific introduction into the field of solar and geo
neutrinos is a part of the respective sections.

One of the principle characteristics of Borexino is its unprecedented level of radio-
purity, which became an “ideal scenario” for future LS-based projects. Many years ded-
icated to the selection of construction materials and their treatment, involving surface
cleaning or purification of the liquid scintillator, preceded the start of the data-taking in
May 2007. Section 2 of this paper is dedicated to the description of the basic features of the
experiment and its main phases, defined according to the milestones achieved in terms of
the radio-purity of the liquid scintillator and detector’s thermal stability. The described
arguments range from the detector setup (Section 2.1), through the event reconstruction
(Section 2.2), calibration and Monte Carlo simulation (Section 2.3), background contami-
nation (Section 2.4), up to the interactions used to detect neutrinos and antineutrinos in
Borexino (Section 2.5).

This paper reviews the most recent Borexino results on neutrinos from the Sun
(Section 3) and Earth (Section 4). Each section introduces the field and importance of
the measurement of the respective neutrinos, summarizes the details of the analysis and
describes the latest results, including their interpretation and discussion.

Solar neutrino production and propagation from the solar core to our detector are
discussed in Section 3.1. In particular, the fusion of Hydrogen to Helium proceeding via the
principal pp chain and the subdominant CNO cycle are covered in Section 3.1.1. Section 3.1.2
instead is dedicated to the Standard Solar Model (SSM) that predicts solar neutrino fluxes
as a function of the not-yet-well-understood abundances of elements heavier than Helium
(“solar metallicity problem”). The neutrino-energy-dependent process that converts part of
the solar neutrino flux from a pure electron flavor to a mixture of all flavors is discussed in
Section 3.1.3. Common features of all Borexino solar neutrino analyses are synthesized in
Section 3.2. The comprehensive spectroscopy of the pp chain solar neutrinos based on [13]
is contained in Section 3.3: the strategy of this particular analysis (Section 3.3.1), the results
on pp, pp,”Be, and B neutrinos (Section 3.3.2) and their implications for solar and neutrino
physics (Section 3.3.3). These include: the confirmation of the origin of solar energy and of
the Sun’s thermal stability over the scale of 100,000 years, a mild preference towards the
high-metallicity SSM with respect to the low-metallicity counterpart, and observation of
the energy dependent electron neutrino survival probability for different neutrino species,
excluding purely vacuum-dominated flavor conversion. The seasonal variation of the solar
neutrino flux, expected due to the eccentricity of the Earth’s orbit around the Sun, has been
observed for “Be neutrinos [14], as briefly discussed in Section 3.3.4. About 1% of the solar
energy is expected to be produced in the CNO cycle, a fact confirmed by the recent Borexino
discovery [15]. Section 3.4 is dedicated to this observation of solar neutrinos from the CNO
fusion with the analysis strategy summarized in Sections 3.4.1 and 3.4.2. The expected
sensitivity ([16] and Section 3.4.3) agrees with the results (Section 3.4.4) obtained from both
a spectral fit and a counting analysis. Precise measurement of solar neutrinos can lead
to constraining of the parameter space of suggested non-standard neutrino interactions
(Section 3.5.1 based on [17]) or placing strong limits on the effective neutrino magnetic
moment (Section 3.5.2 based on [18]).

The part of this paper dedicated to geoneutrinos is introduced by providing essential
information about the Earth’s structure and heat budget (Section 4.1.1), bulk silicate earth
models (Section 4.1.2) that predict the composition of the primitive Earth and consequently
also the abundances of ?*U and 232Th, which produce geoneutrinos, a new tool to probe
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our planet (Section 4.1.3). The latest Borexino geoneutrino analysis [19] is discussed in
Section 4.2, including the expected levels of geoneutrino, and other antineutrino signals,
as well as non-antineutrino backgrounds, event selection cuts, spectral fit, and sources of
systematic errors in Sections 4.2.1-4.2.6, respectively. The results and their interpretation
in terms of measured geoneutrino signal at LNGS, extracted geoneutrino signal from the
Earth’s mantle and the corresponding radiogenic heat, as well as imposed limits on the
power of a hypothetical georeactor at different locations inside the Earth are discussed in
Sections 4.3.1-4.3.4, respectively.

The final concluding remarks about the Borexino solar and geoneutrino analyses are
given in Section 5.

2. The Borexino Experiment

Borexino is an ultra-pure liquid scintillator detector located in Hall C of the LNGS
in central Italy, at a depth of 3800 m water equivalent. It is the radio-purest large-scale
neutrino experiment ever built [20]. The laboratory has been designed to use the Gran
Sasso mountain as a shielding against the cosmic muon radiation, which is suppressed
at LNGS by a factor of ~10°. Thus, the laboratory represents an ideal place to probe
low-energy neutrino physics with a high signal-to-noise ratio [21].

The Borexino data-taking started with the so-called Phase I, which extended from 16
May 2007 until 16 May 2010. During and right after the end of Phase I, several detector
calibration campaigns with radioactive sources were performed, in the period between
November 2008 and July 2010. The calibrations were followed by a dedicated scintillator
purification campaign between May 2010 and October 2011 with the goal of further re-
ducing several contaminants, to improve the sensitivity to solar neutrinos. This extensive
campaign with 6 cycles of closed-loop water extraction led to a significant reduction of
the backgrounds, namely 85Kr, 210Bj, 28U, and 232Th. The 28U and 2*2Th contamination
reached the levels of <9.5 x 10~2g/g (95% C.L.) and <5.7 x 10~ ¢g/g (95% C.L.), respec-
tively [21,22]. Furthermore, the 210Bj and #Kr contents were reduced by a factor of about
2.3 and 4.6, respectively. The so-called Phase II extended from 11 December 2011 until 22
May 2016. During Phase II, dynamical mixing of the scintillator was observed, resulting
from convective currents due to temperature gradients present in the detector, caused by
both human activities in the laboratory and seasonal temperature variations. The radioac-
tive component heavily affected by these convective currents was 2!9Po, which was brought
from the vessel holding the scintillator into the central parts of the detector. Consequently,
the Borexino collaboration decided to thermally stabilize the detector through a thermal
insulation campaign. From May to December 2015, 900 m? of mineral wool was installed
on the surface of the detector. To track the temperature changes, the detector was equipped
with 66 probes of an active temperature control system, surrounding the whole apparatus.
This leads to the stabilization of the temperature profile from the bottom to the top of the
detector, ranging from 7.5 to 15.8 °C with a gradient of AT /Az ~ 0.5 °C per meter. Thermal
stability of the detector is the key element for the observation of CNO neutrino [15] and
the main characteristic of the Borexino Phase III, which started on 17 July 2016 and is still
ongoing.

This Section, dedicated to the description of the Borexino experiment, is divided
into five parts. Section 2.1 describes the detector setup. Section 2.2 discusses the event
reconstruction algorithms in Borexino, focusing on the position and energy reconstruction
as well as particle identification techniques. Section 2.3 provides details about the calibra-
tion campaigns and the Monte Carlo simulation that was tuned on these. The levels of
detector backgrounds are discussed in Section 2.4. The neutrino and antineutrino detection
principles in Borexino are given in final Section 2.5.

2.1. Detector Setup

The Borexino detector has an onion-like structure with the radio-purity of materials
increasing towards the center. A schematic of the detector is shown in Figure 1. The main
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neutrino target is 280 ton of LS located in the core of the detector. Pseudocumene (PC, 1,2,4-
trimethylbenzene) is used as a solvent with 1.5 grams per liter of PPO (2,5-diphenyloxazole)
as a solute. The scintillator density is (0.878 = 0.004) g cm 3 [19], where the error considers
the changes due to the temperature variations during the whole data-taking period. The
scintillator is contained in a thin spherical nylon inner vessel (IV) with a radius of 4.25 m.
The LS is surrounded by a non-scintillating buffer liquid (inner buffer) made up of PC
doped with dimethylphthalate as a quencher. The shape of the IV changes with time,
because of a leak of the LS from the IV to the buffer region which started around April
2008 [19,21]. The leak was identified by reconstructing many events outside the IV. The IV
shape is reconstructed based on contaminants on its surface selected between 0.8-0.9 MeV,
dominated by external backgrounds such as 4K, 2Bi, and 2%TI (see Section 2.4). The
density of the inner buffer is almost the same as for the scintillator material. This buffer
region is held by a nylon outer vessel (OV) with a radius of 5.50 m, followed by a second
outer buffer region, which in turn is surrounded by a stainless steel sphere (SSS) with a
radius of 6.85m, which holds 2218 8-inch photomultiplier tubes (PMTs), facing inwards.
The 2.6 m thick buffer region shields the inner volume against external radioactivity from
the PMTs and the SSS. Moreover, the OV serves as a shielding against inward-diffusing
Radon. The inner components contained inside the SSS are called the inner detector (ID). The
SSS is enclosed in a cylindrical tank filled with high-purity water, additionally endowed
with 208 external PMTs, which define the outer detector (OD). This water tank serves as an
extra shielding against external gammas and neutrons, and as an active Cherenkov veto
for residual cosmic muons passing through the detector.

Charged particles interacting with molecules of the LS produce scintillation light, the
amount of which is roughly proportional to the deposited energy. The exact amount of the
emitted light depends on the particle type. In addition, the energy scale is to some extent
intrinsically non-linear due to the ionization quenching [23] and emission of the Cherenkov
light. Particles causing high ionization density experience high levels of quenching. Due to
this, the visible energy of as’ is quenched in the LS with a factor of about 10 with respect to
electrons of the same energy.

The PMTs in Borexino convert the light to photoelectrons (p.e.), defined as the electrons
removed from the photocathode of the PMT through incident photons. In Borexino, the
effective light yield is about 500 p.e. per 1 MeV of electron equivalent. The PMTs have
random dark-noise coincidences with a rate of about 1 hit per 1 ps in the whole detector.
The average number of working PMT channels in the ID varies in time and is 1576 and
1238 for Phase II and Phase III, respectively [15,22].

The ID PMTs are coupled to an analog front-end (FE board, FEB) that amplifies the
signal. Further processing differs for the two data acquisition (DAQ) systems [20]: the
main DAQ and a semi-independent flash analog-to-digital converter (FADC) sub-system
commissioned in November 2009. The two systems run independently and have different
triggers. The main DAQ treats every PMT information separately, has a threshold of about
50keV, and a read-out window of 16 us. The FADC system instead processes an integrated
signal of 24 FEB outputs, has an energy threshold of 1 MeV, and 1.28 us read-out window.

In the main DAQ, the FEB signal is fed to a digital circuit (Laben board, LB). A fast
amplified timing signal can trigger a threshold discriminator, set to about 1% of the p.e.,
defining a PMT hit. The FEB also integrates the PMT current and provides the second
input to the digital LB. This second signal provides the charge of the hit, integrated in 80ns,
which is proportional to the number of photons hitting the PMT during the integration
time. The photons eventually falling on the same PMT in the time interval from 80 to 180 ns
are not detected.
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Figure 1. Schematic view of the Borexino detector. From inside to outside: the liquid scintillator
contained in the nylon inner vessel, nylon outer vessel, stainless steel sphere, and the water tank for
the Cherenkov muon veto. From [13].

2.2. Event Reconstruction Techniques

In this Section, we describe the event reconstruction algorithms applied to the triggers
of the main DAQ system. First, the clustering algorithm identifies an accumulation of hits
in the 16 us DAQ gate that correspond to a single physical event. Typically, there is just
one cluster present, but multi-cluster triggers do exist. Higher level event reconstruction
algorithms such as position, energy, and particle identification are then applied on each
identified cluster. The main variables used in the solar and geoneutrino analyses presented
in this paper are obtained from the data of the main DAQ system. The FADC system is
optimized for multi-MeV events [24,25] and was also successfully used to improve the
muon tagging efficiency and to identify noise events [19].

Position Reconstruction Algorithm

The position reconstruction is based on the time-of-flight (TOF) technique that sub-
tracts from each measured hit time #; a position-dependent time-of-flight T°F from the
point 7 of particle interaction at time t( to the PMT at position 7;, where the i" hit

was detected: "
LS| -
TIOF = (t; — tg) = EM’ —7ol. o)

Here, nr s = 1.68 is the effective refraction index of the LS determined using calibration
data [26] and ¢( the speed of light in vacuum. The algorithm determines the most likely
vertex (to, 7p) of the interaction, using the arrival times #; of the detected hits on each
PMT and the position vectors 7; of the corresponding PMTs. The likelihood maximization
uses the probability density functions (PDFs) of the hit detection as a function of the time
elapsed from the emission of scintillation light due to the interaction of an electron. The
shape of the PDFs changes according to the charge of each hit [21]. The position resolution



Universe 2021, 7, 231

6 of 59

is about 10 cm at 1 MeV at the center of the detector [21]. For other positions with larger
radii, the resolution decreases on average by a few centimeters.

Energy Reconstruction

The visible energy in Borexino is different for different particle types. The detected
light is proportional to the deposited energy, up to the leading order. There are intrinsic non-
linearities of the energy scale due to the particle dependent ionization quenching [23] and a
small contribution from Cherenkov radiation [22]. The deposited energy is parameterized
via the following energy estimators:

®  Nj: number of PMT hits, including multiple hits on a single PMT.

. Np: number of triggered PMTs, ignoring multiple hits on the same PMT.

dt
* N, '@ a variant of Np, restricting the considered time interval to 230(400) ns after the

cluster start time.
®  Np.: charge expressed in number of photoelectrons collected in all PMT hits.

The energy estimators are normalized to 2000 working PMTs, since not all PMTs are
active during the data-taking. In addition, the energy estimators can also be geometrically
normalized, considering the relative weight of each PMT to be proportional to the solid
angle with respect to the reconstructed position of the event. This normalization takes into
account the fact that the amount of light seen by each PMT depends on the distance of this
PMT to the event. An electron with kinetic energy of 1 MeV produces approximately 500
photoelectrons in the Borexino detector. This results in 5%/+/E (MeV) energy resolution.

«/ B Discrimination

The discrimination of « and 8 particles is based on the different types of interactions of
these particles. as” have a high ionization quenching compared to gs’, leading to different
hit time profiles, as shown for 214131—‘85’ and 24Po-as’ in Figure 2a. In Borexino, a/f
discrimination is performed on an event-by-event basis. The algorithm is tuned based on
222Rn-correlated 214Bi( /3’)—214Po(zx) fast coincidences introduced into the detector by a small
air leak during the water extraction cycles performed between June 2010 and August 2011.
The a/ B discrimination variable currently used in Borexino is the so-called MultiLayer
Perceptron (MLP), while other variables have also been used in the past, as described
in [21]. The MLP variable is based on neural networks and, in Borexino, it consists of one
input layer, one hidden layer, and an output layer. It can distinguish between two classes
of events by training on the acquired data. Thus, it can exploit not only the time profiles
but also the pulse-shape variables such as mean times, variances, skewness, and kurtosis
associated with the given training data sample [19]. The « particles in Borexino have an
MLP value around 0, while the 3/ particles have a value around 1, as shown in Figure 2b.

6
2 ok 10
N E E 2upy o 24p5 By
£ F e
= 102k E
=] 10 E ;, 104 -
8 E =3 E
) - ~ E
D 3l L 03k
© 107E 214pg () 8 10
= F = E
= F 3 E
: F =
B el CRd
= 107 3 =
= § 214Bi (B) SENT]S
2 ol :
2 10° r
2 1=
) NI FPRTRIITEY PR PP PETTE PRV ST P ELs . J Ll .
0 100 200 300 400 500 600 700 800 900 0 0.2 04 0.6 0.8 1
Time [ns] MLP parameter
(a) (b)

Figure 2. « and § separation in Borexino. (a) Hit time profiles for 24Po-as’ (in red) and 2'4Bi-Bs’
(in black) after TOF subtraction. From [21]. (b) The MLP variable, shown for the same events,
characterized by a high separation power between « and B/y-like events. From [19].
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B /B~ Discrimination

The hit time profiles of electrons and positrons look very similar in the liquid scintil-
lator, making their separation very challenging. Therefore, the discrimination is done on
a statistical basis and not on an event-by-event basis. Positrons emitted in the LS build
ortho-positronium in 50% of the cases, as discussed in [27]. This formation leads to a delay
of the ete™ — <7 annihilation process, with a typical lifetime of ~3ns. The lifetime of
para-positronium is about 125 ps in vacuum, making its contribution indistinguishable
from the prompt light emission caused by the positron [21,27]. The pulse-shape discrimina-
tion of B~s” and B*s” in Borexino is based on the likelihood of the position reconstruction,
normalized to the number of PMTs N,,. This parameter is called PS-Lpr. The position
reconstruction is based on the emission profiles for electrons, as discussed in the Position
reconstruction paragraph. Although the spatial position reconstruction for f~s” and B s’
is precise within the position reconstruction resolution, the likelihood value is worse for
positrons than for electrons. This causes the difference in the PS-Lpr variable, making
pulse-shape discrimination possible. Figure 3 shows the = and S+ hit time distributions
(Figure 3a) and the PS-Lpgr variable distributions (Figure 3b) in the region from 400 to
650 Ny, corresponding to approximately 1.0 to 1.8 MeV. The PS-Lpg variable for f~s" is
taken from Monte Carlo simulations, while for f*s’ it is taken from a pure sample of
the 11C(B) cosmogenic background, selected via the three-fold coincidence algorithm (see
Sections 2.4 and 3.2).

0.05— .. e e e e MC

e* strict 'C sample

=] o
¢ (=
3 ®

o
<3
]

10

Probability of hit detection in 1ns
=)
<

ES LU AL B R L B R R AL B

ST

S

)

S

w

S

IS

(=1

w

=)
IS

Time [ns] PS-Ler

(a) (b)

Figure 3. = (electron) and BT (positron) separation in Borexino. S~ distributions are based on
Monte Carlo simulations. B+ distributions represent a pure sample of 'C cosmogenic events selected
from data. (a) Hit time profiles of $~s" and B*s’ after TOF subtraction. The two distributions show a
similar behavior. From [21]. (b) PS-Lpg variable in the energy window from 400 to 650 Nj,. From [22].

2.3. Calibration and Monte Carlo Simulation

To understand the whole Borexino detector and validate the physics model adopted
for the description of the light emission, propagation, and detection by PMTs, a dedicated
Geant4-based Monte Carlo (MC) simulation code has been developed by the Borexino
collaboration [28]. The MC code has been tuned based on calibration of the detector with
radioactive sources and various laboratory measurements [26]. The Borexino calibration
campaigns were performed in November 2008, January 2009, June-July 2009, and July 2010
using different types of radioactive sources as extensively discussed in [26,28].

Calibrations

The goal of the calibration campaign was to (1) determine the accuracy and resolution
of the position reconstruction, (2) measure the absolute energy scale and resolution, (3) es-
timate the energy response and non-uniformity depending on the energy and position
of an event, (4) tune the MC simulation framework. The different calibration sources
were used to study the responses of as’, s’, ys’, and neutrons, covering an energy range
of 0.122-10 MeV. These sources were deployed in 295 locations. The energy scale was
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determined through the usage of different monochromatic o sources ranging from 0.122
to 2.615MeV located at the center of the detector and a few positions along the vertical
detector axis. To study the uniformity of the trigger efficiency, some of these vy sources were
also deployed at different positions and at larger distances from the center. 22Rn was used
as a o/ B-source, while 241 Am-?Be was used as a neutron-source (see Sections 3.2 and 4.2).
The calibration sources used to calibrate the event position reconstruction were 22Rn
and 2*! Am-?Be, which have been placed in 182 and 29 positions in the scintillator, respec-
tively [26]. The external calibration was done using ??Th whose daughter nuclide 2Tl is a
strong gamma source. This helped in studying the exact determination of the IV shape, the
external v background near the IV, and the asymmetries in the energy response near the
IV. The source positions have been measured with a charge coupled device (CCD) camera
system (Kodak DC290 2.4-megapixel consumer grade digital cameras, each equipped with
a Nikon FC-ES8 fisheye lens) [26]. In total, 7 CCD cameras were mounted on the SSS. The
differences (nominal-to-reconstructed) in the (x,y, z) co-ordinates have been determined
with a precision better than 2 cm [21]. In addition to these dedicated calibration campaigns,
there are constant offline checks of the detector’s stability and regular online PMTs’ charge
and timing calibration [21], to monitor the quality of the acquired data.

Monte Carlo Simulations

The Borexino Monte Carlo (MC) simulation [28] can simulate all the processes after
the interaction of a particle in the detector, including the knowledge of detector effects. It is
based on the GEANT4 software (v4.10.5). The code can generate the physical event and
track the light production, propagation and detection. Furthermore, the electronics and the
trigger responses are fully simulated. The framework monitors the detector evolution in
time, based on the electronics status, trigger settings, and active PMTs. The outputs from
the MC simulation and the real data are treated in the same way. The energy response and
position for the sources placed at the detector center have been reproduced with a precision
better than 0.8% and 1%, respectively [28]. The MC simulations are needed for every
Borexino analysis and are especially relevant for the evaluation of systematic uncertainties
(see Sections 3 and 4). The overall agreement of data and MC in the energy region below
3MeV is within the order of 1% while above 3 MeV it is of the order of 1.9% [25].

2.4. Background Levels

In Borexino, the backgrounds can be classified into internal, external, and cosmo-
genic [13,21,29]. The internal background isotopes, namely 2381 and 2*2Th chains, 14C,
85Ky, 210pp, 210Bj, 210pg and 298T] are contaminants of the liquid scintillator itself. The
external background components originate from materials outside of the LS and are typi-
cally represented by s’ that are able to reach the LS volume. The cosmogenic background
consists of muons and consecutive events created by muon spallation in the detector
and the surrounding rock. The backgrounds are summarized in Tables 1 and 2 and are
discussed below.

Internal Background

238U chain (T = 6.4 x 10” years): a primordial long-lived radioactive isotope with 99.3%
abundance in natural Uranium. The chain contains eight « and six 8 decays. The chain
contains the fast 214Bi(8~, Q=3.272MeV)-?1*Po(x, Q=7.686 MeV) decay sequence
with T = 238 s, allowing a coincidence tagging assuming secular equilibrium. This
chain is highly suppressed by the water extraction campaign as a consequence of
the LS purification, leading to an upper limit of <9.5 x 1072’ g/g(95% C.L.) on the
whole chain.

232Th chain (t = 20.2 x 10° years): a primordial long-lived radioactive isotope with
100% abundance in natural Thorium. The chain has six « and four B decays. As-
suming secular equilibrium, it is possible to determine its content through the fast
212Bi(‘B_, Q=2.252MeV)-#2Po(x, Q = 8.955 MeV) decay sequence with T =433 ns. The
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content of this chain after the LS purification campaign reached an upper limit of
<5.7 x 1071 ¢/¢(95% C.L.). From this chain, 2%T1(Q =4.999 MeV, T = 4.4 min), which
simultaneously emits an electron and gamma rays, has high relevance for the ®B
analysis (see Section 3.2). Since there is also 2%®T1 background originating from the
IV contamination, the component coming from the ?*Th contamination of the LS is
specifically called Bulk 2%8T1.

14C (B~ decay, Q=0.156 MeV, T = 8270 years): this isotope is a natural component
of the organic liquid scintillator and is chemically identical to the stable isotope 12C.
Therefore, it cannot be removed through purification. It dominates the low energies,
relevant for the pp-v analysis, and dictates the trigger rate which is about 25 Hz at
50 keV threshold. Its rate is stable in time and determined as (40 = 2) Bq/100 ton. In
Borexino, the relative ratio of 1*C to 12C is 1018 g /g [30].

8Kr (B~ decay, Q=0.687MeV, T = 15.4 years): this isotope occurs in the air due to
nuclear explosions. Its decay rate can be determined by following the procedure
described in [21], which exploits the 8Kr-8>""Rb fast delayed coincidence decay with a
branching ratio of 0.43%. It is a major background of ”Be solar neutrinos (Section 3.2)
and has been suppressed by a factor of about 4.6 after the LS purification campaign.
210pb (B~ decay, Q=0.064 MeV, T = 322 years) and 2!1°Bi (8~ decay, Q=1.162MeV,
T =7.2days): 21°Pb is an isotope which is contained in the LS. Its very low Q value is
below the Borexino analysis threshold. It has a long lifetime, so it can be considered
stable in time during a few-years long analysis periods. The 2!°Pb in the LS is assumed
to be in secular equilibrium with 210Bj, its short-lived daughter nuclei. The content of
210Bi has been reduced by a factor of about 2.3 after the water extraction period. It is
an important background for ”Be solar neutrinos (Section 3.3) and a major challenge
for CNO solar neutrinos (Section 3.4). Although 2!°Pb is most probably present also
on the surface of the IV, there is no evidence that it would be leaching to the inside of
the scintillator, causing an additional source of 2!°Bi and its daughter, 21°Po events.
210po ( decay, Q=5.304 MeV, T = 200 days): the 210po contamination follows a more
complicated history in Borexino. The visible energy of as’ is highly quenched in the
LS and the peak of as’ from ?!°Po decays occurs in the region around 0.4 MeV of the
electron equivalent energy scale. 2°Po can be produced along the decay of 2!°Pb:

210py, £, 210g; P, 210p, & 206py, (staple). @)

32y 7.2d 199.6d

Assuming an equilibrium state of the above chain, the 2!°Po and ?'%Bi rates are equal.
We call this term, originating from the 21°Pb/?1%Bi contaminating the scintillator,
as supported 219Po® [15,16]. However, there are two additional >!°Po components
that are not linked to the local 2!°Bi and are thus breaking the secular equilibrium
condition: (1) vessel ?19PoV originating from the IV and (2) unsupported ?!°PoY, which
is a residual component introduced during some cycles of the water extraction phase
of the LS purification campaign. The latter, 2/°PoY component has decayed over time,
reaching asymptotically a value of zero in Phase III. The 2!°PoY component detaches
from the IV and moves into the scintillator, effectively driven by the slow convective
currents, triggered by the seasonal variation of the temperatures. Thermal stabilization
of the detector performed before the start of the Phase III period, discussed in the
beginning of this Section, has helped in reducing this convective component. The
precise determination of the 21°Po® content is fundamental to obtain information
about the 21Bi contamination of the LS, which is highly relevant for the CNO-v
analysis (see Section 3.4.2). The ?1°Po background is also important for the geoneutrino
analysis, since it can trigger (, n) interactions which can mimic geoneutrino signals
(see Section 4.2.3). In addition, mono-energetic 210pg events that can be selected on an
event-by-event basis using the MLP variable are an important “standard candle” to
follow the stability of the detector response over time.
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Table 1. Summary of the internal and external backgrounds in Borexino. The columns (from left to right) specify the isotope
and its decay type, Q value, lifetime, details of the analysis (data-taking phase, where the abbreviation p indicates that only
a part of the corresponding phase was considered (see also Table 4), fiducial mas, and energy range) where the background
was relevant, the estimated rate, and the corresponding reference. The MLP in the fourth column stands for 210pg events,
which have been selected with the MLP variable (see Section 2.2). The rates for the internal backgrounds are given for
zero threshold, while the rates of the external backgrounds are given for the energy range of the analysis. The rates of the
external backgrounds do not scale linearly with the volume and were normalized to 100 ton just for the sake of comparison.

Q Phase (FV, Energy)

Type [MeV] T [ton, MeV] Rate Ref
Internal background
[Bq/100 ton]
Bc ) 0.156 8270y IT (71.3, 0.19-2.93) 40 +2 [13,22]
[cpd /100 ton]
8Kr () 0.687 154y 11 (71.3,0.19-2.93) 6.8+18 [13,22]
210Bi (™) 1.162 7.2d 11 (71.3, 0.19-2.93) 175+1.9 [13,22]
III (71.3, 0.19-2.93) <(11.5+1.3) [15]
210pg (a) 5.304 199.6d IT (71.3, 0.19-2.93) 260.0 & 3.0 [13,22]
I(p)+I1+111(p) (245.8, MLP) 1275.0 4+ 8.0 [19]
208T1 (B~ ) (bulk) 4.999 4.4 min I(p)+II+11I(p) (227.8, 3.2-5.7) 0.018 £0.004  [13,31]
External background
40K (v) 1.461 1.8 x 10%y IT (71.3,0.19-2.93) 1.0+£06 [13,22]
214Bi () 2.448 28.7 min IT (71.3, 0.19-2.93) 1.9+0.3 [13,22]
20871 () 2.615 4.4 min 11 (71.3,0.19-2.93) 3340.1 [13,22]
208T1 (B~ ) (emanated) 4.999 4.4 min I(p)+II+11I(p) (227.8, 3.2-5.7) 0.206 +0.028  [13,25]
208T1 (B~ ) (surface) 4.999 4.4 min I(p)+I+11I(p) (227.8, 3.2-5.7) 0.478 £0.020  [13,25]
[(x, n),X] = v - - I(p)+I1+111(p) (227.8, 3.2-5.7) 0.098+0.034  [13,31]
[(x, n), X] — - - I(p)+II+11I(p) (266.0,5.7-16.0)  0.090 £0.008  [13,31]

Table 2. Summary of the relevant muon-induced cosmogenic background in Borexino. The columns
(from left to right) specify the isotope and its decay type, Q value, lifetime, the estimated rate
expressed in counts per day per 100 ton, and the corresponding reference. The rates with statistical
and systematic errors summed in quadrature and 3¢ upper limits are extracted from the Borexino
data through a dedicated analysis, in a scintillator mass of 99.6 ton [29]. The exception is the 1C rate
that is taken from the Phase II results on solar neutrinos, measured in 71.3 ton [13]. The n-capture
time in Borexino was measured using the 241 Am-?Be neutron calibration source [32].

Rate

Type [M%V] * [cpd/100 ton] Ref
Cosmogenic background

(n,p or 12C)— v 2230r4.95 (2545 + 1.8) us [32] 90.2+3.1 [29]
12N (BT) 17.3 15.9ms <0.03 (30) [29]
123 (87) 13.4 29.1 ms 1.62 +0.09 [29]
8He (8~ n) 10.7 171.7 ms <0.042 (30) [29]
’C(B) 16.5 182.5ms <0.47 (30) [29]
ILi(B~n) 13.6 257.2 ms 0.0834+0.009  [29]
8B (BT) 18.0 1.11s 0.4104+0.163  [29]
®He (87) 3.51 1.16 s 1.1104+0.452  [29]
8Li(B7) 16.0 121s 02104+0.191  [29]
1Be (87) 11.5 199 <0.20 (30) [29]
0cph) 3.65 27.8s 0.52 +0.13 [29]

et 1.98 29.4 min 26.8+0.2 [13,22]
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External Background

External background is represented by the particles created outside of the scintillator
but reaching the fiducial volume of the analysis. Typically, only y-rays represent external
background and other particles, as s’ and Bs’ produced in external materials, are absorbed
before being able to enter the central parts of the LS. The contamination levels of the
detector’s construction materials, such as PMTs, SSS, or IV, are extensively discussed in [33].
The external background can be divided into three categories: (1) s’ from 40K, 20871 (from
the 232Th contamination), and 2'*Bi (from the 233U contamination) relevant at energies
below 3 MeV, (2) 208T] background from the 232Th contamination of the IV relevant for the
8B solar neutrino analysis [25], and (3) a recently identified source of high-energy s’ from
the captures of neutrons produced by («, n) reactions that themselves are triggered by
«s’ from the decays of Uranium and Thorium present in the SSS and the PMTs’ glass (see
Section 3.3) [25]. The different external backgrounds are further discussed below.

40K (y decay, Q=1.461MeV, T = 1.8 x 10%years): this primordial nuclide has an
electron-capture reaction with 10.7% probability, leading to the emission of a 1.461 MeV
7. This v has the highest probability of occurrence when compared to other decay
branches. The most important source of this background is the glass of the PMTs.
214Bj (y decay, Q=2.448MeV, T = 28.7 min): this isotope originating from the 28y
contamination of the construction materials (mostly SSS and PMTs) has a 99.98%
probability to decay via B~ -emission to an excited state at 2.448 MeV, which emits
a 7y with a branching fraction of 1.5%. This decay occurs with highest probability
compared to the other excited <y states.

208T1(B~ 7 decay, Q=4.999 MeV, T = 4.4min): this isotope originates from the 2*>Th
contamination and is a direct decay product of 21?Bi with 36% branching ratio. 28Tl
emits simultaneously an electron and gamma during its decay. Therefore, as previ-
ously mentioned, 208 gives rise to two kinds of external backgrounds. From the
208T] decays in the SSS and PMTs, only 2.6 MeV 7-rays can penetrate the LS, making
it an external background for the low-energy solar neutrino analysis below 3 MeV
(Section 3.3). However, when the source of contamination is the IV, there is a chance
that the emitted electron also deposits its energy in the LS, which effectively increases
the visible energy of this background above 3 MeV. This kind of background is impor-
tant for the ®B solar neutrino analysis [25], which uses peripheral areas of the IV for
detection. When 2%8T1 decays, it can be located within the nylon membrane (surface
208T1) or in the fluid in close proximity to the IV (emanated 2°8T1). The latter component
can be caused, for example, by 2°Rn, a volatile progenitor that can diffuse out of
the IV.

[(a, n), X] — <: this background is represented by high-energy gammas produced
in captures of radiogenic neutrons. The latter are produced by («, n) interactions
triggered by as’ from decays of 22U /23U and 2*2Th chains occurring in the SSS and
the PMTs’ glass. The MC simulation shows that these neutrons are mainly captured
on the SSS iron and on the protons and 2C in the 80 cm buffer layer adjacent to the
SSS. The energy of the gammas from these neutron captures extends up to 10 MeV.
This background is considered in the energy ranges from 3.2 to 5.7 MeV and from 5.7
to 16.0 MeV, targeted for the 8B neutrino analysis (see Section 3.2).

Cosmogenic Background

Cosmogenic backgrounds in Borexino can be divided into three main categories: cos-
mic muons, cosmogenic neutrons, and cosmogenic radioisotopes [29]. Cosmic muons are
created due to the interaction of high-energy primary cosmic rays with the nuclei in the
atmosphere. Cosmogenic fast neutrons can arise from the spallation of muons passing
either through the OD and/or the ID, or the surrounding rocks and can penetrate through
the detector materials, due to their high energy and no charge. The cosmogenic radioiso-
topes are created due to the spallation of cosmic muons on detector materials. In contrast
to cosmogenic neutrons, the charged ions of radioactive isotopes have low penetration
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ability and act as backgrounds only when produced inside the liquid scintillator. The three
categories of cosmogenic backgrounds in Borexino are discussed below. The detection and
measurement of cosmogenic background are extensively discussed in [19,29,32].

Cosmic muons: The primary cosmic muon flux arriving at the Earth’s surface is about
6.5 x 10> m~2h~! and is attenuated by a factor of ~10° at LNGS due to the mountains
above and this corresponds to a measured flux of (3.432 £ 0.003) x 1074*m~2s1 [34].
The mean energy of muons at LNGS is about 280 GeV, compared to about 1 GeV at
the Earth’s surface, since the lower energy muons incident at the surface are absorbed,
and the flux steeply falls as a function of energy. Muons in Borexino are classified
into three types: internal, external and special muons, which are extensively discussed
in [19]. The internal muons, about 4300 per day, are the ones crossing both the OD
and the ID. They are identified using three flags: either by a special electronics flag
called the Muon Trigger Flag, which means that the Water-Cherenkov OD triggered; or
through the software reconstruction algorithm called the Muon Cluster Flag, which
identifies clusters of hits among those detected by the OD; or via the Inner Detector
Flag, which uses different cluster variables for the reconstruction of muon pulse-shape
information in the ID. The dead time applied after these muons differ for different
analyses, depending on their relevant cosmogenic backgrounds. External muons cross
only the OD and do not form clusters in the ID. They are detected by either the Muon
Trigger Flag or the Muon Cluster Flag with an overall rate similar to that of internal
muons. A 2ms dead time, nearly 8 times the neutron capture time, is applied after all
external muons to eliminate fast neutrons crossing the LS after these muons. Special
muon flags are designed to tag a very small category of muons that cross the detector,
typically in times when the detector was in a special state. These special categories of
muons also include noise events and are particularly important in the geoneutrino
analysis (see Section 4.2), where the signal rate is extremely low. Therefore, depending
on the analysis, special muons can also be treated as internal muons [19]. In addition
to the different muon tagging methods mentioned above, the FADC sub-system allows
for an accurate pulse-shape discrimination of muons. It plays a key role in analyses
where the muon tagging is extremely important such as the geoneutrino analysis [19]
and the hep solar neutrino analysis [25]. The combined muon tagging efficiency of the
main DAQ and the FADC sub-system in Borexino is 99.9969% [19]. The measurement
of muons using 10 years of Borexino data, and their seasonal and annual modulations
are discussed in detail in [34].

Cosmogenic neutrons: Cosmic muons in Borexino can lead to the creation of cos-
mogenic neutrons, due to different spallation processes on Carbon nuclei. Neutrons
in the Borexino LS are captured with a lifetime of (254.5 & 1.8) us (measured using
241 Am-?Be neutron calibration source [32]) and create a 2.2 MeV ¢ when captured
on a proton, or a 4.95MeV  when captured on a '>C nucleus. The 2.2 MeV 1 is not
relevant for the solar neutrino analysis, but the 4.95MeV « is important for the 8B
solar neutrino analysis [25]. A 1.28 ms gate is opened after each internal muon to
guarantee high detection efficiency of cosmogenic neutrons. The above-mentioned
2ms dead time (~8 times the n-capture time) is usually enough to suppress these fast
neutrons arising from the passage of muons. Fast neutrons from muons crossing the
water tank and from undetected muons crossing the surrounding rocks are relevant
backgrounds for the geoneutrino analysis. The neutrons from the water tank are
estimated through the analysis of the acquired data, while a dedicated Monte Carlo
simulation is required to estimate the contribution from the surrounding rocks. This
is discussed in detail in [19].

Cosmogenic radioisotopes: The spallation of cosmic muons on 2C nuclei leads to
the creation of '1C isotope (8* decay, Q=0.960MeV, T = 29.4min), an important
background for pep solar neutrinos. Due to its long lifetime of 29.4 min, 'C cannot be
suppressed with a simple time veto. It is tagged through the three-fold coincidence (TFC)
algorithm, which exploits the fact that 1'C is mostly produced in time coincidence with
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neutrons, and further divides the data into TFC-enriched and TFC-depleted spectra for
the solar neutrino analysis, which is discussed in more detail in Section 3.2. In addition,
since the decay mode of this isotope is via B, it can be distinguished, on a statistical
level, from the solar neutrino signal () through pulse-shape discrimination, as
discussed in Section 2.2. The other cosmogenic isotopes relevant for the solar and
geoneutrino analyses are listed in detail in Table 2. All these backgrounds are relevant
for the 8B solar neutrino analysis. They are suppressed using a long dead time of
6.5s after a muon signal, except for '°C and 'Be. 1°C requires a longer time veto and
an additional space veto, while the 1!Be background is treated using a multivariate
fit and its residual rate is found to be compatible with zero [25]. °Li represents an
important non-antineutrino background for geoneutrinos due to its (8~ + n) decay
mode, which imitates the geoneutrino signal (Section 2.5). They are suppressed using
sophisticated time and spatial vetoes [19]. Other isotopes such as 8He and '?B are also
relevant for the geoneutrino analysis and are discussed in [19], but their contribution
is negligible when compared to the ?Li isotope.

2.5. Neutrino and Antineutrino Detection

The detection principles of neutrinos and antineutrinos are significantly different in
Borexino and are discussed in this section.

Neutrino Detection

Neutrinos v of all flavors are detected via the neutrino—electron elastic scattering process:
Veyrte— Veyrte, 3)

in which neutrinos interact with the electrons present in the LS, which has a density of
(3.307 4 0.015) x 103! electrons per 100 ton [15]. In this process, a fraction of the neutrino
energy is transferred to the electron, which is finally responsible for the generation of
scintillation light in the detector. The electron recoil spectrum, continuous even in the case
of mono-energetic neutrinos, extends up to a maximum energy T;"** given by:

L )

where 1, is the electron mass and E, the neutrino energy. The elastic scattering process
has no threshold. The cross section for v,s’ is in the order of 104 to 1043 cm? for solar
neutrino energies, i.e., below 20MeV [35]. It is about 5 times larger with respect to the
vy,r — e scattering process. This is because the latter interact only through neutral current
(NC) interactions, while v,s” additionally interact via charged current (CC) interactions. In
Borexino, however, the scattering process induced by vs” and vzs’ cannot be distinguished
from each other with the current amount of data. The cross-sections used for the solar
neutrino analysis consider leading order radiative corrections and are taken from [35], with
improved measurements taken from [36].

Antineutrino Detection

Electron antineutrinos 7, are detected via the Inverse Beta Decay (IBD) reaction:
7o+p—n+e’, (5)

in which an electron-flavor antineutrino is captured on a free proton (Hydrogen nucleus),
producing a neutron and a positron. Hereby, the LS has a density of (6.007 4 0.001) x 1030
protons per 100 ton [19]. The IBD has a kinematic threshold of 1.806 MeV due to the larger
mass of the neutron compared to the proton. The positron first deposits its kinetic energy
and then annihilates, producing two gammas with E, = 0.511MeV each. These two
processes cannot be distinguished and lead to the creation of a prompt event. The energy of
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the antineutrino is mostly transferred to the positron and thus the visible energy of a prompt

event Ef;s can be directly connected with the energy of the incident antineutrino Eg,:

Ef;s =2-E,+E; —1.806 MeV = E;, — 0.784MeV. (6)

After its creation, the neutron is thermalized and then it is captured after a typical
time of (254.5 £ 1.8) s [32]. The capture is accompanied by a de-excitation gamma. In
most cases, the neutron is captured on a proton and the energy of the gamma is 2.2 MeV.
With a probability of 1.1% [19], a 4.95MeV 1 is emitted after the neutron capture on 12c,
Each gamma of this energy range deposits its energy in the scintillator predominantly by
multiple Compton scatterings. Several Compton electrons are then detected as a single
delayed event. At MeV energies, the IBD cross section is in the order of 10~42 cm? [37], which
is about 100 times larger compared to neutrino—electron elastic scattering. Antineutrinos
can interact also via elastic scattering, but it is much more convenient to detect them via the
IBD process, providing a golden channel to identify the rare interactions and significantly

suppress backgrounds, exploiting the fast prompt-delayed coincidence signal.

3. Solar Neutrinos

The Sun is a strong natural source of neutrinos, and the emitted flux of solar neutrinos
is of the order of 10'%cm~2s~!, with their energy spectrum extending up to about 15 MeV.
They are produced in the electron flavor (v.) along the nuclear fusion processes that occur
in the core of the Sun. Differently from photons, also produced in these interactions,
neutrinos can travel directly from the production site to the Earth, without being deflected
or absorbed. Therefore, solar neutrinos are a direct probe to the Sun’s interior. Indeed, they
are being extensively used to understand the fundamental processes powering our star
since decades [21,38—43]. Historically, solar neutrino measurements led to the experimental
evidence of neutrino flavor transformation [44,45]. Even today, they are at the base of the
most precise determination of the 6, mixing angle [46]. More recently, they are being used
in searches for physics beyond the Standard Model [17,47] and are among the goals of
future experiments [48-51]. The vast majority (about 99%) of the energy produced in the
Sun comes from a series of reactions fusing Hydrogen to Helium, called pp chain. The
associated neutrino flux is generated by various sub-processes, and includes the so-called
pp, vep, "Be, 8B, and hep neutrinos. The remaining small fraction of solar energy is produced
in the so-called CNO cycle, in which the Hydrogen-to-Helium fusion is catalyzed by the
presence of Carbon, Nitrogen, and Oxygen. More details about the production mechanism
and propagation of solar neutrinos from the Sun to the Earth are given in Section 3.1. In
particular, Section 3.1.1 reports about the pp chain and CNO cycle. Section 3.1.2 discusses
the so-called Standard Solar Model (SSM) that predicts the fluxes of different species of
neutrinos that depend on the so-called metallicity, i.e., the abundance of elements heavier
than Helium. Solar neutrinos arrive on the Earth as a mixture of all flavors. The process of
the flavor conversion of solar neutrinos, maximized for neutrinos with energy greater than
~2MeV by the presence of the dense solar matter via the Mikheyev—Smirnov—Wolfenstein
(MSW) effect [52,53] is briefly discussed in Section 3.1.3. Borexino is the only experiment
that has performed a complete spectroscopy of solar neutrinos. Section 3.2 presents the
basic principles of Borexino solar neutrino analysis and underlines the features common to
various analysis aimed to extract rates of different solar neutrino species. The following
sections then discuss the particularities of different analyses, their results, and physics
implications. Section 3.3 describes specifically the measurement of pp chain [13], while
Section 3.4 is devoted to the discovery of CNO neutrinos [15]. Finally, Section 3.5 gives
a brief overview of physics beyond the standard model probed by Borexino. Searches
for spectral deformation of electrons scattered off “Be solar neutrinos due to eventual
Non-Standard Interactions (NSI) are described in Section 3.5.1, while the tight limits set on
Neutrino Magnetic Moment (NMM) are discussed in Section 3.5.2.
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3.1. Solar Neutrinos Production and Propagation

This section is dedicated to the description of the physical processes leading to the
solar neutrino production and their propagation from the dense solar core to the Earth.

3.1.1. Hydrogen-to-Helium Fusion: pp Chain and CNO Cycle

Solar neutrinos are emitted during the fusion of protons to Helium nuclei taking place
in the solar core:
4p +2¢~ —*He + 2v, +26.73 MeV. 7)

The dominant fusion process is the pp chain, while a subdominant fraction of solar
energy is produced in the so-called CNO cycle, in which the fusion is catalyzed by the
presence of heavier elements, namely Carbon, Oxygen, and Nitrogen. Thus, the CNO
contribution to the Sun’s fusion processes depends directly on the core’s metallicity, i.e.,
the mass abundance of elements heavier than Helium. In addition, the net contribution
of the CNO cycle is strongly dependent on the core’s temperature. The Sun is a relatively
small and cold star in the Universe and the CNO contribution to the luminosity budget is
around 1%. For heavier stars, with a mass greater than ~1.3 solar masses, the CNO cycle
is instead believed to be the dominant process which burns Hydrogen into Helium. It is,
therefore, considered to be the main nuclear fusion process occurring in the Universe. The
precise CNO contribution in the Sun, however, is unknown, since the Sun’s metallicity is
not known with precision (see Section 3.1.2).

The top part of Figure 4 shows the schemes of the pp chain and of the CNO cycle,
while its bottom part shows the energy spectrum of solar neutrinos. The fluxes, and thus
the normalization of the energy spectra, are predicted by the SSM [54] as discussed in the
following Section. The pp chain consists of three branches, indicated as pp-I, pp-1I, and
pp-111, each terminated by the production of *He. The flux of solar neutrinos is dominated
by the pp neutrinos (order of 10!°s~! cm~2) with a continuous energy spectrum with
0.420 MeV endpoint. In the pp chain, also mono-energetic “Be (10% branching at 0.384 MeV
(excited state) and 90% branching at 0.862 MeV (ground state)) and pep (1.44 MeV) neutrinos
are produced, as well as 8B neutrinos characterized by lower flux (order of 10° s~! cm~2)
and a continuous energy spectrum extending up to about 16.3 MeV. The hep neutrinos,
with an extremely low flux and 18.784 MeV endpoint energy, has been not experimentally
observed yet. The CNO cycle is dominated by the >N and °O decays, while IF decays
contribute only at the 1% level. All three components are continuous spectra of similar
shapes with endpoints below 1.8 MeV. In the Borexino analysis, we call the CNO spectrum
the weighted sum of all three components.

3.1.2. Standard Solar Model and the Metallicity Problem

The so-called Standard Solar Model (SSM) is a spherically symmetric quasi-static
model of a star in hydrostatic equilibrium with one solar mass Mg, including several
differential equations derived from basic physical principles. SSM assumes that the Sun
was initially chemically homogeneous and that the mass loss is negligible during the
whole 4.57 Gyr of its existence [54]. The calibration is done by adjusting the mixing
length parameter and the initial Helium and metal (in solar astrophysics, elements heavier
than Helium are called metals). mass fractions to satisfy the constraints imposed by the
present-day solar luminosity Ly, radius Re, and surface metal-to-hydrogen abundance
ratio (so-called metallicity, (Z/ X)) [54]. SSM assumes that solar energy is generated by
the pp chain and the CNO cycle.
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Figure 4. Top: Schematic view of the pp (left) and CNO (right) nuclear fusion sequences. Bottom:
The solar neutrino energy spectra obtained from http://www.sns.ias.edu/~jnb/ (accessed on 26
May 2021), using the updated fluxes taken from [54]. The flux (vertical scale) is given in units of

em 2571 MeV~! for continuum sources and in cm 2

s~! for mono-energetic sources. The numbers
in brackets represent the relative flux uncertainties for HZ-SSM prediction as quoted in Table 3 after

constraining the solar luminosity as presented in [55].
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Table 3. Solar neutrino fluxes predicted by Standard Solar Models B16-GS98 (High Metallicity, HZ-
SSM) and B16-AGSS09met (Low Metallicity, LZ-SSM) [54] in units of cm~2 s71 with the exponential
factors given in the last column. The relative difference between the two model predictions is
also quoted.

Solar v B16-GS98 (HZ) B16-AGSS09met (LZ) (HZ —LZ)/HZ [%] Exp
pp-cycle

pp 5.98(1.0 + 0.006) 6.03(1.0 + 0.005) —-0.8 %1010
"Be 4.93(1.0 +0.06) 4.50(1.0 +0.06) 8.9 x10°
pep 1.44(1.0 +0.01) 1.46(1.0 4+ 0.009) ~1.4 %108
B 5.46(1.0 +0.12) 4.50(1.0 +0.12) ~17.6 x10°
hep 7.98(1.0 £ 0.30) 8.25(1.0 £ 0.12) —3.4 x103
CNO cycle

BN 2.78(1.0 +0.15) 2.04(1.0 4 0.14) 26.6 x108
150 2.05(1.0 +0.17) 1.44(1.0 +0.16) 29.7 x108
7p 5.29(1.0 4 0.20) 3.26 (1.0 £0.18) 38.3 x10°
CNO 4.88(1.040.11) 3.51 (1.0 +0.10) 28.1 x108

Among the outputs of the SSM are the neutrino fluxes, summarized in Table 3 for the
new generation of SSM called B16 [54] that includes updates on nuclear reaction rates, more
consistent treatment of the equation of state, and a novel treatment of opacity uncertainties.
The prediction is given separately for the two canonical sets of solar abundances. So-called
low metallicity (LZ or AGS509met-LZ) scenario [56,57] represents the most recent revision of
solar abundances based on development of three-dimensional hydro-dynamical models
of the solar atmosphere, of techniques to study line formation, and the improvements of
atomic properties such as transition strengths. The other solar metal composition scenario,
so-called high metallicity (HZ or GS98-HZ) scenario [58], is based on older one-dimensional
modeling of the solar atmosphere and predicts higher metal abundances. In this regard,
emerges the so-called metallicity puzzle. The fact is that newer LZ-SSM spoil the earlier
agreement between the observed sounds speed profile (helioseismology data) and the
corresponding SSM predictions. The origin of this discrepancy is currently not understood.
However, the SSM prediction of neutrino fluxes depend on the metallicity: the metallicity
influences the opacity of the Sun and consequently also the temperature in the core and the
fusion rates. There is a sizeable difference of 8.9% and 17.6% between the HZ and LZ-SSM
predictions of 7Be and ®B fluxes, respectively (Table 3). The largest difference between
the fluxes predicted by the LZ and HZ-SSM results for the CNO cycle and amounts to
about 32%. The metallicity indeed directly influences the efficiency of the CNO cycle,
since the “metals”, Carbon, Nitrogen, and Oxygen are the elements which catalyze the
process. The CNO neutrino flux is then directly dependent upon the core’s metallicity,
which keeps memory of the Sun’s elemental composition at the time of formation. Since the
metal abundance in the core is believed to not be influenced by the surface, CNO neutrinos
preserve the core’s information in its pristine conditions. Thus, neutrinos produced in the
CNO cycle are a unique probe to the Sun’s primordial composition. In summary, precise
measurements of the solar neutrino fluxes can provide important boundary conditions for
the future development of the SSMs and our understanding of the stars in general.
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3.1.3. Neutrino Flavor Conversion and Matter Effects

In the standard three-flavor neutrino framework, the electron neutrino survival proba-
bility, i.e., the probability to measure solar neutrino in the same flavor as it was produced,
can be cast in the form [59]:

Psy (Ve — 1) = cos? 013P2y (Ve — Ve) + sin* 63, (8)

where Py, (v — V) corresponds to the 2v probability for 613 = 0, which depends on the
solar mixing angle 6, and the mass splitting Am?, only.

Should the oscillation happen in vacuum, this survival probability could be approxi-
mated by [13]:

YA (1, — vp) = P2 ~ cos? 13 (1 — 0.5sin? 2912) +sin* 0y3, )

that does not depend on energy and has an approximate value of 0.54. In reality, solar
neutrinos are crossing the dense solar matter. The electron-flavor neutrinos experience
an extra potential due to the charge-current interaction with the electrons present in the
Sun. This affects the neutrino oscillation probability that changes with respect to a pure
vacuum oscillation scenario. This effect is called Mikheyev-Smirnov—Wolfenstein (MSW)
effect [52,53]. Thus, the survival probability PMSW depends not only on the oscillation
parameters, but also on the neutrino-energy-dependent potential. Assuming an adiabatic
decrease of the electron density with radius, it can be expressed as follows [13,60]:

P%Sw(ve — 1) = PMSW ~ 0.5c0s? 015 (1 + cos 26M cos 2912>, (10)
where 2
cos 29% = cos 2612 — f (11)
\/(cos 26015 — B)2 + sin® 26,
and
B = 2v/2Gr cos? 04311,y (12)
Am12 !

where M is the mixing angle in matter, E, the neutrino energy, 7, the electron density
in matter, and Gr the Fermi coupling constant. This MSW survival probability stays
at the vacuum value at low energies typical for pp neutrinos (vacuum-dominated region),
while for high-energy 8B neutrinos it decreases to about 0.32 (matter-dominated region).
The situation is further complicated by the fact that different neutrino species have their
production regions at different radii [61], and thus, propagate through regions of different
electron densities. Calculation of the survival probabilities considering non-adiabatic
corrections and averaging over the production region for each solar neutrino species has
been presented in [62]. Finally, the exact form of the transition region between the vacuum
and matter-dominated regions might be sensitive to different models of the non-standard
neutrino interactions and thus, is a point of interest for searches for physics beyond the
Standard Model [59].

3.2. Solar Neutrino Analysis in a Nutshell

Solar neutrinos are detected via the elastic scattering of electrons, as discussed in
Section 2.5. Therefore, even for mono-energetic neutrinos, as ’Be or pep neutrinos, the
spectrum of scattered electrons is a continuous one, characterized only by the Compton-
like edge, corresponding to a maximal energy of the scattered electrons (Equation (4)).
It is impossible to distinguish the electrons scattered off by solar neutrinos from the
B/ background components on an event-by-event basis. This is only possible for a/
separation, as discussed in Section 2.5. Therefore, the analysis proceeds in two steps: (1)
the event selection, with a set of cuts to maximize the signal-to-background ratio, and (2)
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the extraction of the neutrino and residual background rates through a combined fit of the
distributions of global quantities of the events surviving the cuts.

Table 4 summarizes some basic details of the solar neutrino analysis discussed in this
paper such as the extracted solar species, analyzed periods, exposure, fit variable, energy
range, and constraints used in the fit. Measurement of the pp chain neutrinos is discussed in
Section 3.3, based on [13,22,25]. The interaction rates of the pp, ”Be, and pep neutrinos were
obtained through a spectral fit of the Phase II data in the so-called LER (Low-Energy Region)
below 3 MeV. The measurement of 8B neutrinos was performed on the combined Phase I+1I
data, through a fit of the radial distribution. This strategy avoids any assumption on the
spectral shape, i.e., on the shape of the survival probability in the transition region, defining
the so-called "upturn", the energy interval sensitive to possible NSI (Section 3.1.3). This
analysis is performed in the HER (High-Energy Region) above 3.2 MeV and below 16 MeV.
This energy interval is divided into two sub-parts namely HER-I (below 5.7 MeV) and
HER-II (above 5.7 MeV), each characterized by different backgrounds. The experimental
confirmation of the existence of the CNO fusion in the Sun [15] was performed using the
Phase III data in the energy interval similar to LER, with an increased energy threshold,
due to the worsened resolution associated with the loss of PMTs. The CNO analysis is
discussed in more detail in Section 3.4.

Table 4. Details of the solar neutrino analysis of the Borexino Phase II(+I) and Phase III data. The first column specifies
the solar neutrino species extracted by the fit of the data using the exposure mentioned in the second column. The third
column shows the variables used in the fit: global variable E, standing for various energy estimators (Section 2.2) or R,
reconstructed radius. The parameters in square brackets identify the variables used in the multivariate part of the fit in
the LER: pulse-shape variable used to constrain residual 1C(e") and radial distribution constraining external background.
The fourth column gives the energy range of the global variable, while the last column highlights the species whose rates
were constrained in the fit. The source of information used to extract these independent constraints is given in brackets,
while more details are given in text. UL = Upper Limit; Cosm. = cosmogenic background; indep. data = independent data;
LER/HER = low/high-energy region; LPoF = Low Polonium Field.

Solar v Exposure lfit Energy Constraints
[day X ton] Variable [MeV]

Phase 11 [13,22]
12/2011-05/2016

pp, "Be, pep 1291 x 71.3 E(N;, N32) LER CNO [SSM-HZ(LZ)]
+[et/, R] 0.19-2.93 14C [indep. data]

CNO(UL) 1291 x 71.3 E(Ny, Ni'2) LER pp/pep [SSM-HZ(LZ)]
+[et/~, R] 0.19-2.93 4C [indep. data]

Phase I (part) + II + III (part) [13,25]
01/2008-12/2016

B 2062 x 227.8 R HER-I 208T]:bulk(*'2Bi-?12Po)
3.2-5.7 214pj(214Bi-214po)
Cosm. [indep. data]
8B 2062 x 266.0 R HER-1I
5.7-16.0 Cosm. [indep. data]

Phase I (part) + II + III (part) [25]
11/2009-10/2017

hep 1259 x 216.0 E(Npe) 11.0-20.0

Phase IIT [15]
07/2016-02/2020

CNO 1072 x 71.3 E(Ny) LER UL(*'9Bi)[LPoF]
+[R] 0.32-2.64 pep [SSM + solar]
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The main event selection criteria are conceptually similar for all solar neutrino analyses
and are conceived to reject cosmic muons surviving the mountain shield, reduce the
cosmogenic background, select an optimal spatial region of the scintillator (the fiducial
volume, FV), and remove eventual noise events.

The muon detection combines the information of the external Cherenkov veto with
that of the inner detector, including the pulse-shape analysis. Cosmogenic background is
reduced by applying a veto following each muon. A 2 ms veto suppresses neutron captures
from external muons, which cross only the water buffer. A vast majority of captures occur
on protons, emitting 2.2 MeV+s’, while around 1% of the captures occur on '2C nuclei,
emitting 4.95 MeV «s’. For the internal muons crossing the scintillator, the veto time differs.
In the LER, a time cut of 300 ms is used to suppress the saturation effects of electronics. In
the HER, a much longer veto of 6.5s is applied, to suppress 12B 8He 9C, 7L, 8B, ®He, and 8Li
decays. In addition, the presence of untagged !'Be (Q=11.5MeV, f~, T=19.95) is estimated
through a multivariate approach and found to be compatible with zero. In HER, an additional
spherical cut of 0.8 m radius is also applied for 120 s around the capture position of cosmogenic
neutrons to remove 1°C (Q = 3.6 MeV, B+, T = 27.8 s) background.

Specifically, in the LER analysis, the cosmogenic HC(Q=0.96MeV, B, T=29.4min)
background requires a dedicated treatment. Due to its relatively long lifetime, it cannot be
removed by a simple veto. The so-called three-fold coincidence (TFC) algorithm [21,22] uses
the fact that 'C, created by the spallation of muons on 2C, is mostly produced together
with neutrons:

p+12C - p+MC+n (13)

Based on the characteristics and mutual configuration of the muon and cosmogenic
neutrons, the TFC algorithm identifies the space-time regions with increased probability to
create 1C and/or assigns to each event a probability to be 1C. Based on this, all events
are divided into the TFC-subtracted and TFC-enriched categories. The TFC-subtracted
spectrum preserves about 64% of the total exposure, while the !'C suppression preserves
more than 90%.

In both LER and HER, 2*Bi and ?!*Po events are removed with about 90% efficiency,
through the space-time correlation of their fast 4 a« delayed coincidence.

The low- and high-energy analyses use different fiducial volumes (FV). In the LER,
the FV represents the central region of 71.3 ton, selected to maximally suppress external s’
from 4K, 214Bj, and 208T], originating from the materials surrounding the scintillator. It
is contained within the radius R < 2.8 m and the vertical coordinate —1.8m < z <2.2m.
The HER is above the energy of the aforementioned external background. The analysis
in HER-I requires only a z < 2.5m cut to suppress background events related to a small
pinhole in the inner vessel that causes liquid scintillator to leak into the buffer region. The
total selected mass in this case is 227.8 ton. In contrast, the analysis in HER-II uses the
entire scintillator volume of 266 ton, since the above-mentioned external background does
not affect this energy window.

Backgrounds which survive the selection cuts are treated in a Poissonian binned likeli-
hood fit to disentangle them from solar neutrino signals. In the HER-I and HER-I], a fit of
the radial distribution of events is performed to separate the 8B neutrino signal (uniformly
distributed in the scintillator) from the external background. The LER analysis follows a
multivariate approach, which simultaneously fits the two (TFC-subtracted and TFC-tagged)
energy spectra, the radial, and in Phase II, also the pulse-shape estimator distributions. The
radial fit helps to constrain the external background. The pulse-shape distribution in Phase
IT is used to constrain residual ''C(e™) in the TFC-subtracted spectrum. The likelihood
function is constructed by the multiplication of the likelihoods corresponding to the listed
distributions:

Lyy = £E§,§b : ﬁEfiEg - LR - Lps, (14)

where the last term was used only in Phase II. The free parameters of the fit are the rates of
solar neutrinos and background components from zero threshold. When needed, some
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of these can be constrained by multiplicative pull terms (Gaussian or semi-Gaussian) to
break the correlation among species with similar spectral shapes. This is, of course, only
possible when there is an independent way to evaluate these rates. This will be discussed
in the following Section 3.3 for Phase II and Section 3.4 for Phase III analyses. A summary
of these conditions is shown in the last column of Table 4.

The probability distribution functions (PDFs) used in the fit for signal and backgrounds
are typically obtained by the Geant-4-based MC simulation (Section 2.3). The only exception
is the pulse-shape PDF of positrons used in Phase II analysis that is based on a very pure
data sample of ''C selected with the TFC method tuned for this purpose. This MC-based
method has the advantage that the detector response is automatically taken into account
by the simulation. The main disadvantage is that an extensive analysis campaign is needed
to evaluate the systematic uncertainties related to the imprecision of the MC-based PDFs.
In addition, this approach cannot adjust for eventual changes that might appear in the
detector. An alternative is the so-called analytical fit of the energy spectra used in the Phase
I analysis [22]. Here, the detector response is represented by analytical functions, with
parameters such as the effective light yield, non-linearity of the energy scale, resolution
and non-uniformity parameters. In the fit, some of these parameters are kept free and some
are constrained or fixed. Thus, this approach is more flexible to adjust for changes in the
detector and does not need to evaluate systematic uncertainty towards the parameters left
free in the fit. The disadvantage of this approach is the usage of several fit parameters,
which makes this approach generally more prone to correlations.

3.3. Spectroscopy of pp-Chain Solar Neutrinos

This section is dedicated to the latest Borexino analysis of pp chain solar
neutrinos [13,22,25]. After the discussion of the main principles of this analysis in the
previous section, the particularities of the analysis strategy of pp chain solar neutrinos are
presented in Section 3.3.1 and the results in Section 3.3.2. The discussion of their implica-
tions is presented in Section 3.3.3. Observation of the seasonal modulation of 7Be neutrino
rate—a direct evidence of its solar origin, is briefly presented in Section 3.3.4.

3.3.1. Analysis Strategy of pp-Chain Neutrinos

As mentioned in the previous section, the LER and HER follow different analysis
strategies. These are explained below.

Low-Energy Range (LER) Analysis

The goal of this analysis is to measure pp, ’Be, and pep neutrino interaction rates with
the same multivariate fit in the energy interval from 0.19 to 2.93 MeV. Due to the different
energy interval of these three-neutrino species, the extraction of each species faces different
challenges. To make it easier to follow this section, we exemplify the spectral fit in Figure 5.

For low-energy pp neutrinos, there is a high correlation with the irreducible “C
background. Nevertheless, the 14C rate can be independently determined from the fit of the
energy spectrum of the second clusters [63], i.e., events randomly falling in the last part of
the 16 ps long data acquisition window triggered by the preceding event (first cluster). The
obtained C rate is (40 & 2) Bq/100 ton and this value was used to constrain it in the fit.

The other challenge for pp solar neutrinos is pile-up events, i.e., events happening
so close in time to each other that they are reconstructed as single events. In this case,
events occurring far away from each other in space, even out of the FV, can be erroneously
reconstructed in the FV. Pile-up is dominated by the overlap of C+'*C, but non-negligible
contributions arise also from the pile-up between external background with either C or
210po, Pile-up is treated using the following two methods described in [28,63]. In one case,
synthetic pile-up spectrum is constructed, starting from real data or MC that is used as an
additional spectral component, fully constrained in shape and rate during the fit. In the
other case, all spectral components are convoluted with a randomly acquired spectrum, i.e.,
with events acquired with a solicited, external trigger. Thus, in this approach, all energy
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PDFs are slightly deformed (with the dominant change only on C spectrum) and no
additional component is added in the spectral fit.

The Compton-like edge of the “Be neutrino signal is a clearly visible feature in the
spectrum, see Figure 5. This spectral feature makes the fit relatively easy, even if there is a
correlation with Kr and ?!°Bi backgrounds.
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Figure 5. Multivariate fit of Borexino Phase II data in LER, using MC-based method and N, energy
estimator. The solar neutrino species are shown in red. The total fit p-value is 0.7. (a) Spectral fit of
the TFC-subtracted (11C depleted) energy spectrum. (b) Spectral fit of the TFC-tagged (11C enriched)
energy spectrum. (c) Fit of the pulse-shape variable. (d) Fit of the radial distribution of events.
From [22].

The measurement of pep neutrinos is complicated by the presence of 'C background
that is treated by the TFC technique discussed in Section 3.2. It is the measurement of
pep neutrinos that required the multivariate fit approach. In addition, there is a strong
correlation between pep, 21°Bi, and CNO spectral shapes. Thus, to break this degeneracy, the
CNO rate is constrained in the fit to the SSM prediction including MSW-LMA oscillations.
The analysis is repeated for both HZ-SSM and LZ-SSM, with the expected CNO rate of
(4.92 £ 0.55) cpd /100 ton and (3.52 + 0.37) cpd /100 ton, respectively. In the case of different
results, these are quoted separately.

The B neutrino rate does not affect the LER analysis and is always fixed to its SSM
prediction, while the hep neutrino rate is simply neglected due to its fully negligible
expected rate.

High-Energy Range (HER) Analysis
The strategy to extract the 8B solar neutrino rate is based on radial fits in the HER-T

and HER-II, which is shown in Figure 6. In both fits, the dominant uniform contribution is
from 8B solar neutrinos. Some residual uniform background due to muons, cosmogenic
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isotopes, and 2'*Bi decays surviving the cuts is very small. This is estimated following
the procedure in [31], and constrained in the fit. Only in HER-I there is an additional
uniform background from bulk 2%TI(Q=5MeV, 8, 7), which comes from the residual
232Th contamination of the liquid scintillator and is constrained in the fit to the value
based on the 212Bi-?!2Po (B + a) fast delayed coincidences. External 2°®TI contamination
contributes to the HER-I with two distinct components: one from contamination directly
on the inner vessel surface, and another from decays of nuclei that have recoiled from the
inner vessel into the liquid scintillator or originated from the volatile progenitor of 208T1,
220Rn, which has emanated from the nylon. The rates of both components are left free
to vary in the radial fit. Finally, HER-I and HER-II are also polluted by y-rays following
the capture of radiogenic neutrons produced via («, n) or spontaneous fission reactions of
23817, 235U, and 232Th in the Stainless Steel Sphere (SSS) and PMTs. This rate is also a free
parameter in the fit. The neutron captures are the only background in the HER-II analysis,
as there are no naturally long-lived isotopes above 5 MeV.
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Figure 6. (a) Fit of the event radial distribution in the HER-I range, [1650, 2950] p.e., correspond-
ing to [3.2, 5.7] MeV. (b) Fit of the event radial distribution in the HER-II range, [2950, 8500] p.e.,
corresponding to [5.7, 16.0] MeV. From [25].

3.3.2. Results on pp, pep, "Be, and 8B Neutrinos

The analysis strategies for the LER and HER were explained in the previous Section.
The results from these analyses are discussed below.

Low-Energy Range (LER) Analysis Results

The result of the multivariate MC fit in the LER is shown in Figure 5, which illustrates
the four fits, namely the TFC-subtracted, TFC-tagged, pulse shape, and radial distributions,
as defined in Equation (14). The fit results in terms of interaction rates of solar neutrinos
in counts per day per 100 ton (cpd/100 ton) are given in Table 5 including systematic
errors. The fact that the fit is repeated with the CNO rate constrained to HZ- and LZ-SSM
predictions influences only the resulting pep neutrino rate and is thus given separately with
the label HZ and LZ. In both cases, the absence of the pep reaction in the Sun is rejected
with >5¢ significance, which makes this measurement the discovery of solar pep neutrinos.
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Table 5. Results of the Borexino Phase II [13] and Phase III [15] solar neutrino analyses. The rates and fluxes are integral
values without any threshold; the first error is statistical, the second systematic. The rate-to-flux conversion assumes
neutrino flavor conversion [62] with the neutrino oscillation parameters from [59]. The last column shows the fluxes as
predicted by the HZ- and LZ-SSM [54] (see Table 3). The result for “Be neutrinos contains the ground and excited state lines
as shown in Figure 4. The fluxes of pp, 7Be, pep, CNO, 8B, and hep neutrinos are normalized to 1010, 10%, 108, 108, 10, and
103 (see Exp factor definitions in Table 3), respectively.

Solar v Rate [cpd/100 ton] Flux (t(m~2s71) SSM Flux (cm~2s™1)

Phase 11 [13,22]
12/2011-05/2016

5.98(1.0 = 0.006) (HZ)

134 +107° (6.1 +0.5793)
" - 00 6.03(1.0 = 0.006) (LZ)
"Be 483 + 1.11'8-‘; (4.99 + 0'111_8.82) 4.93(1.0 £ 0.06) (HZ)
' ‘ 4.50(1.0 + 0.06) (LZ)
pep (HZ) 243 + 0364:85 (1.27 + 0'191_84(1)3) 1.44(1.0 £+ 0.01) (HZ)
' ' 1.46(1.0 + 0.009) (LZ)
pep (LZ) 2.65 + 0.36—1—8.%2 (1.39 + 0'19t8'(1)§) 1.44(1.0 4+ 0.01) (HZ)
' ' 1.46(1.0 & 0.009) (LZ)
CNO <8.1 (95% C.L.) <7.9(95% C.L.) 4.88(1.0 £ 0.11) (HZ)

3.51(1.0 =+ 0.10) (LZ)

Phase I (part) + II + III (part) [13,25]
01/2008-12/2016

5.46(1.0 + 0.12) (HZ)

8 0.01340.003 +0.56+0.15
BHER-1 0-136f0.01370.013 (5‘7770.56t0.15) 450(1.0 + 0.12) (LZ)
5.46(1.0 + 0.12) (HZ)

8B, rn 0.087-+0.080-+0.005 5 561052+033
HER= ~0.010-0.005 (5-%6Z054-033) 450(1.0 + 0.12) (LZ)
0.015+0.006 0.39+0.03 5.46(1.0 + 0.12) (HZ)

*BHER 0'223t0.016t0‘006 (5‘68to.41f0.o3

4.50(1.0 + 0.12) (LZ)

Phase I (part) + II + III (part) [25]
11/2009-10/2017

7.98(1.0 =+ 0.30) (HZ)

hep <0.002 (90% C.L.) <180 (90% C.L.)
8.25(1.0 £ 0.12) (LZ)

Phase III [15]
07/2016-02/2020

CNO 721390 (7.0 139) 4.88(1.0 + 0.11) (HZ)
' ' 3.51(1.0 = 0.10) (LZ)

Despite the remarkable understanding of the detector response throughout the scintil-
lator volume and in a large energy range (Section 2.3), an extensive study of the possible
sources of systematic errors has been performed. The results of these studies are summa-
rized in Table 6, which lists the various contributions to the systematic error individually
for the pp, "Be, and pep measurements. The main contribution to the systematic error
comes from the fit model, i.e., possible residual inaccuracies in the modeling of the detector
response (energy scale, uniformity of the energy response, pulse-shape discrimination
shape) and uncertainties in the theoretical energy spectra used in the fit. The second source
of systematics is related to the fit method, i.e., eventual differences between the MC-based
and analytical fit approach. Further systematic effects arise from the choice of the energy
estimator, the details of the implementation of the pile-up, different fit energy ranges and
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binning, the inclusion of an independent constraint on 8Kr, and the estimation of the FV.
This last uncertainty is determined with calibration data, using sources deployed in known
positions throughout the detector volume.

Table 6. Relevant sources of systematic uncertainties and their contribution to the measured interac-
tion rates of pp chain solar neutrinos in the Borexino Phase II analysis in LER. The table is from [22].
Further details are discussed in the text.

7

Source of Uncertainty — PP % — Be % —o pep %
Fit method (AL/MC) —-1.2 1.2 -0.2 0.2 —4.0 4.0
Choice of energy estimator -25 2.5 —0.1 0.1 —24 2.4
Pile—up modeling -25 0.5 0 0 0 0

Fit range and binning -3.0 3.0 -0.1 0.1 1.0 1.0
Fit models (see text) —4.5 0.5 -1.0 0.2 —6.8 2.8
Inclusion of 8Kr constraint 22 2.2 0 0.4 —-3.2 0

Live-Time —0.05 0.05 —0.05 0.05 —0.05 0.05
Scintillator density —0.05 0.05 —0.05 0.05 —0.05 0.05
Fiducial volume -1.1 0.6 -1.1 0.6 —-1.1 0.6
Total systematics (%) -71 4.7 -15 0.8 —-9.0 5.6

High-Energy Range (HER) Analysis Results

The radial fits in HER-I and HER-I ranges to obtain the 8B neutrino interaction rate are
shown Figure 6. The resulting B interaction rates are given in Table 5 and the systematic
uncertainties are summarised in Table 7. The most important systematic uncertainties
arise from the determination of the target mass that is complicated by the presence of the
small leak in the inner vessel. The evolution of the scintillator mass is monitored on a
week-by-week basis, by studying the inner vessel shape, which is obtained from the spatial
distribution of its surface contamination. Additional sources of systematic error include
the energy scale uncertainty, and the application of the z-cut in HER-I. The uncertainties
from the live-time determination and the knowledge of the scintillator density are almost
negligible.

Table 7. Relevant sources of systematic uncertainties and their contribution to the measured interac-
tion rate of 8B solar neutrinos in the Borexino Phase I+II analysis in HER-I, HER-II, and combined
HER = HER-I + HER-II energy ranges.

Source HER-I HER-II HER
o[%] o[%] o[ %]
Active Mass 2.0 2.0 2.0
Energy Scale 0.5 49 1.7
z-cut 0.7 0.0 0.4
Live-time 0.05 0.05 0.05
Scintillator density 0.05 0.05 0.05
Total 22 53 2.7

To complete the pp chain analysis, a search for hep neutrinos has been performed. Its
flux expectation is two orders of magnitudes smaller than that of 8B neutrinos. Even if the
endpoint energy for hep neutrinos is high, it falls in the energy region containing cosmogenic
1Be decays and ®B neutrinos. Taking into account the whole dataset corresponding to an
exposure of 0.745kt x yr, i.e., from November 2009 until October 2017, and considering
only the energy interval of 11-20MeV, (12.8 & 2.3) events were found, consistent with
the background expectation. An upper limit of 0.002 cpd /100t at 90% C.L. has been set.



Universe 2021, 7, 231

26 of 59

The analysis periods used for ®B and hep neutrinos overlap but, they are different (see
Tables 4 and 5).

3.3.3. Implications of Borexino Results for Solar and Neutrino Physics

The measured interaction rates of solar neutrinos, as discussed in the previous Section,
can be used to test our understanding of both the Sun and the basic neutrino properties.
Assuming that the physics of neutrino interactions and oscillation are known, the measured
rates can be converted to neutrino fluxes, to be then compared individually with the HZ
and LZ-SSM predictions, which is important for constraining the solar metallicity. In
addition, one can quantify the relative intensity of the two primary terminations of the
pp chain (pp-I and pp-1I in Figure 4) and evaluate the solar neutrino luminosity. On the
other hand, assuming the SSM predictions for the neutrino fluxes, one can evaluate the
electron neutrino survival probability P for different energies and compare them with
the standard prediction of the 3-flavor neutrino oscillations including the MSW effect. The
following paragraphs discuss these points in more detail.

pp-Chain Solar Neutrino Fluxes

Considering solar neutrino oscillations, the expected neutrino interaction rate in
Borexino R, is [21]:

- dA . do.(Ey, Te)
R, = N,®, / AT, g [ 0

doy,(Ey, Te)

Pee(Ev) + dT,

(1= Pee(Ev))].  (15)
where N, is the number of target electrons (see Section 2.5), ®, is the solar neutrino flux,
dA/dE, is the differential energy spectrum of solar neutrinos, P, is the electron neutrino
survival probability (see Section 3.1.3 and [62]), and doe,;,+ /dT, are the differential cross-
sections for the scattering reaction discussed in Section 2.5. The spectrum of solar neutrinos,
normalized according to SSM predicted fluxes (last column of Table 3), is shown in the
bottom part of Figure 4. The cross-sections of elastic scattering for different neutrino flavors
were discussed in Section 2.5. We remind that Borexino has no sensitivity to distinguish
between the shapes of recoiled electron spectra from v, and v, -. However, for the same
neutrino energy, the o, is about 4-5 times larger than o, r. Thus, to convert the measured
interaction rate to flux, it is important to know the relative proportion of the flavors in the
measured flux and therefore, P,.. This conversion is relatively simple for mono-energetic
neutrinos, such as “Be and pep. For solar neutrinos with a continuous energy spectrum and
analysis performed in a restricted energy interval of scattered electrons, the situation is more
complicated. One must take into account the energy dependent detector response and as-
sume energy dependence of Pe. This procedure is described in Appendix of [25]. The solar
neutrino fluxes converted following this procedure are given in the third column of Table 3.
In the particular case of B neutrinos, it is useful to also provide a flux assuming no-flavor
conversion: 2.57f8:%f8:8§ x 10° ecm 25~ 1. This conversion assumes that all interacting
neutrinos are of electron flavor, which has a higher probability to interact with respect to
other neutrino flavors. Thus, to comply with the measured rate, a smaller flux is sufficient.
This number does not depend on P, and is therefore very useful to compare the results
among different experiments. The Borexino result is compatible with the high-precision
result of Super-Kamiokande 2.345 &+ 0.014 (stat.)£+0.036 (syst.) x 106 em—2s~1 [43].

Solar Metallicity

As discussed in Section 3.1.2, the SSM prediction for solar neutrino fluxes depends on
the assumption of solar metallicity. For pp chain neutrinos, the difference between the HZ-
and LZ-SSM predictions is largest for ’Be and ®B neutrinos, 8.9% and 17.6%, respectively, as
reported in Table 3. When comparing the measured “Be and 8B neutrino fluxes with these
theoretical SSM predictions, as shown in Figure 7, it is possible to evaluate the agreement
between the data and the HZ- and LZ-SSM predictions. Please note that the errors in the
Borexino measurements are in both cases smaller than the theoretical uncertainties.
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The Borexino results are compatible with the temperature profiles predicted by both
HZ- and LZ-SSMs. However, the “Be and ®B solar neutrino fluxes measured by Borexino
provide an interesting hint in favor of the HZ-SSM prediction. A frequentist hypothesis
test based on a likelihood ratio test statistics (HZ versus LZ) was performed by computing
the probability distribution functions with a MC approach. Assuming HZ to be true,
the LZ is disfavored at 96.6% C.L. Additionally, a Bayesian analysis gives a Bayes factor
of 4.9 showing a mild preference towards HZ-SSM. However, this hint weakens when
the Borexino data are combined with data of all the other solar neutrino experiments +
KamLAND reactor antineutrino data.
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Figure 7. Borexino results for 7Be and 8B neutrino fluxes (green dot and area) compared to HZ-SSM
(red area) and LZ-SSM (blue area) predictions. The allowed contours shown in gray are obtained by
combining the Borexino results with all solar and KamLAND data in a global analysis leaving free
the oscillation parameters 61, and Am?,. All contours represent 68.27% C.L. From [13].

Ratio of pp-Chain Branches

From the measured solar neutrino fluxes, it is possible to evaluate the ratio Rj,j; be-
tween the He-*He and the He->He fusion rates, which quantifies the relative intensity of
the two primary terminations of the pp chain, a critical probe of the solar fusion. Neglecting
the 8B neutrino contribution, this ratio can be expressed as:

R SHe +*He ("Be)
/I~ 3He +3He ~ ~ ®(pp) — ®("Be)’

(16)

The result obtained with Borexino is Rj,j; = 0.1780f8:8%g. This value is consistent
with both the HZ- and LZ-SSM predictions, 0.180 & 0.011 and 0.161 & 0.010, respectively.

Solar Luminosity and Thermal Stability

The neutrino fluxes determined experimentally can be used to derive the total power
generated by nuclear reactions in the Sun’s core [55]. Using the measured Borexino fluxes
from Table 3, the obtained luminosity Le, = (3.89705) x 10%° erg s! is in agreement with
the luminosity calculated using the photon output [64,65], Le, = (3.846 & 0.015) x 10% erg
s~ L. This is a robust and direct evidence of the nuclear origin of the solar power. Although
neutrinos provide a real-time picture of the solar core, it takes around 10° years for the pho-
tons to reach the solar photosphere, from where they are free to escape. The comparison of
the two luminosities then also proves that the Sun has been in thermodynamic equilibrium
over this timescale.
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Electron Neutrino Survival Probability

The measured interaction rates of solar neutrinos can be used to extract the elec-
tron neutrino survival probability at different energies. This can be done using already
discussed Equation (15), assuming standard neutrino interactions and, in this case, SSM
fluxes. Figure 8 shows the extracted P, as a function of the neutrino energy for each
measured solar neutrino species. The obtained neutrino survival probabilities are P,.(pp,
0.267 MeV) =0.57 + 0.09, P ("Be, 0.862 MeV) = 0.53 & 0.05, Pee(pep, 1.44 MeV) =0.43 £ 0.11,
Pee(®Brgr, 8.1 MeV) =0.37 £ 0.08, P.e (®Byrr_1,7.4MeV) =0.39 4 0.09, and
P (®BrEr_11,9.7MeV) = 0.35 + 0.09. For continuous neutrino spectra, i.e., for pp and B,
the P, is quoted for the average energy of neutrinos that produce scattered electrons in the
given energy range. The quoted errors include the uncertainties on the SSM solar neutrino
flux predictions.
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Figure 8. Electron neutrino survival probability P, as a function of neutrino energy. The data points
show the Borexino results, obtained assuming HZ-SSM flux predictions [54], for pp (red), "Be (blue),
pep (cyan), and 8B (gray for the separate HER-I and HER-II sub-ranges and green for the combined
HER range). The error bars include experimental and theoretical uncertainties. The gray band
corresponds to the P, predicted by the vacuum-LMA scenario, while the pink band represents the
MSW-LMA solution. The width of the bands is £10. More details in text. From [13].

Borexino is the only experiment that can simultaneously test neutrino flavor conver-
sion both in the vacuum and in the matter-dominated regime, providing the most precise
measurement of the P, in the LER. In HER, where the flavor conversion is dominated
by matter effects in the Sun, the Borexino results agree with the high-precision measure-
ments of Super-Kamiokande [43,66,67] and SNO [44,45]. The vacuum-LMA prediction,
where LMA historicaly stands for Large Mixing Angle solution of the best parameter space
allowed for 6, mixing angle, is shown as a gray band in Figure 8. It is calculated with
Equation (9) using 61, and 013 values based on measurements of KamLAND [68] and Daya
Bay [69], respectively and obtained without Borexino data. The pink band instead shows
the MSW-LMA solution [62] with the oscillation parameters indicated in [70]. Borexino
data disfavors the vacuum-LMA hypothesis at 98.2% C.L. and are in excellent agreement
with the expectations from the MSW-LMA paradigm.

3.3.4. 7Be Flux Seasonal Modulation

The flux of solar neutrinos at Earth is not constant in time, but is instead modulated
due to Earth’s movement around the Sun on an elliptical trajectory. Given the variation
of the solid angle covered by Earth during the year, a variation in the solar neutrino flux
is predicted to exist. The net flux variation between the maximum and the minimum is
estimated to be around 6.7%.
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Borexino was able to measure the annual modulation of solar neutrinos with high
significance [14,21], confirming the solar origin of the measured ”Be signal. To maximize
the signal-to-background ratio, events were selected in the 7Be shoulder energy range. In
the latest analysis [14], the energy window has been tuned to be [0.215, 0.715] MeV and
the events have been selected inside a large FV of 98.6 ton. The chosen energy region is
also rich in 21°Po a-decays, which are efficiently suppressed by means of the MLP cut
(see Section 2.2). To extract the modulation signal, three different analytical approaches
were used: an analytical fit to event rate, a Lomb-Scargle periodogram, and an Empirical
Mode Decomposition analysis. Figure 9 shows the B~ event rate in the energy region
of interest, in ~30-day time bins. All methods yield compatible results, confirming the
observation of solar neutrino flux modulation. The fit values for the modulation periodicity
and its amplitude are well consistent with the expectations. Borexino was able to reject the
hypothesis of no modulation with a confidence level of 99.99%.
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Figure 9. Borexino event rate in Phase II versus time in the "Be edge region, with associated
modulation extraction in red. Distribution is plotted in time bins of ~30 days. From [14].

3.4. Detection of Neutrinos from the Solar CNO Cycle

This Section reports the details about the analysis performed on Borexino data to
extract the CNO signal. Section 3.4.1 describes the challenges of this analysis and the main
strategy towards the first observation of the CNO neutrino signal on Phase III data [15].
The achieved 5¢ significance of this results is compatible with the expected sensitivity [16]
described in Section 3.4.3. Section 3.4.2 describes the method used to evaluate the rate
of the 2!9Bi background contaminating the scintillator. This was used as a constraint in
the spectral fit as well as in the counting analysis, leading to the final results discussed in
Section 3.4.4.

3.4.1. Analysis Strategy of CNO Neutrinos

The energy of recoiling electrons after CNO neutrino interactions, shows a continu-
ous distribution with an endpoint at 1.517 MeV. The main sensitivity to CNO neutrinos
comes from the energy region above the "Be shoulder, i.e., from 0.8 to 1.0 MeV [16]. This
energy region is populated by other backgrounds, which limit the sensitivity towards
the CNO neutrino events. Exactly as in the pp chain LER neutrino analysis (Section 3.3),
the cosmogenic "' C(T) background is treated via the TFC algorithm (Section 3.2). In the
TFC-subtracted spectrum, the most important backgrounds are the p~ particles emitted
by the 219Bi contaminant and the pep-neutrino recoil electrons. These two species have
spectral features very similar to that of CNO neutrinos and their absolute rate must then
be constrained by means of independent inputs.

In the Phase II LER analysis, it was not possible to set an independent constraint on
210Bi. The rate of pep neutrinos was constrained indirectly, by constraining the ratio of
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pp and pep neutrino fluxes to the SSM predictions of 47.7 & 0.8 (HZ-SSM) and 47.5 £ 0.8
(LZ-SSM), while the absolute pp and pep rates were free fit parameters. This corresponds to
an effective constraint of 10% precision for the pep neutrino rate, a value dominated by the
precision with which Borexino can measure pp neutrinos. The pp-pep ratio is known very
well from nuclear physics because both reactions have the same nuclear matrix element.
By performing a Ax2-profiling, an upper limit on CNO interaction rate of 8.1 cpd/100 ton
(95%C.L.) was obtained.

In the Phase III analysis, the energy threshold increased above the endpoint of pp
neutrinos. This was due to a worsened resolution at low energies because of dying
PMTs. The rate of pep neutrinos was then constrained directly to a value of (2.74 £
0.04) cpd /100 ton, corresponding to a precision of 1.4% [16,55]. This value results from a
combination of robust theoretical assumptions and a global fit to the solar neutrino data,
excluding Borexino Phase III. The other main background for the CNO measurement,
consisting of 21°Bi decays, was also constrained in the Phase III analysis. 2!°Bi has a short
lifetime of 7.2 days, and its overall rate in the detector can be assumed to be in secular
equilibrium with its parent nucleus 2!°Pb. The decay chain of 21°Pb is summarized in
Equation (2). 21°Pb decays are well below the analysis threshold and can therefore be
considered invisible. The 210Po, on the other hand, is an unstable isotope, which produces
mono-energetic « particles. a-decays are efficiently detected in Borexino on an event-by-
event basis, by means of the MLP selection (see Section 2.2). Provided that the secular
equilibrium in Equation (2) is maintained, the measured ?!°Po corresponds to the ?!Bi rate.

3.4.2. Low Polonium Field and the Bismuth-210 Constraint

As discussed previously, the rate of 2!°Bi decays can be constrained via its link with
the 2!9Po decay rate, with the assumption that this latter term is only supported by in-
equilibrium 2!°Pb decay chain. Data collected by Borexino since its start, however, indicate
that an out-of-equilibrium component of ?!°Po is present in the detector. The source of
this component is likely the surface of the Inner Vessel, from which 2!°Po is detached into
the scintillator. The mean free path of 21°Po atoms is calculated to be very small in stable
conditions. However, the presence of convective motions in the Borexino scintillator allow
210pg to spread throughout the scintillator volume. Under these conditions, the measured
value of 2°Po decay rate would be much higher than the 2'°Bi decay rate, spoiling any
possible constraint.

To limit convective motions in the scintillator volume, the Borexino collaboration
pursued a long-lasting effort, culminated in the detector thermal insulation in 2015 and the
subsequent installation of active temperature controls (Section 2.1). This way, 2!°Po mixing
has been strongly suppressed since 2016, leading to the formation of a very clean region
around the center of the detector, called the Low Polonium Field (LPoF). The in-equilibrium
210Pg decay rate in the LPoF region can be then measured. However, there might be still
some residual contribution of convective 21°Po in this region and the measured 2'°Po rate
can therefore only be translated into an upper limit for the 2!Bi rate.

The 29Po events in the LPoF have been chosen in the energy range 0.30-0.54 MeV and
selected by means of the MLP (see Section 2.2). A paraboloid equation in 2D, assuming
rotational symmetry along the x — y plane, has been used to fit the data. The minimum
210Pg rate (R(?'°Po,,;,)) has been then obtained through the fit function:

d%2Rp,
d(p?)dz

2 7 — 24)2
= [R(zlopomin)eEsMLP + R/g] (1 + 5—2 + (bZO)> . (17)

Here, p? = x? + 2, zg is the minimum position of the LPoF along the z-axis, 2 and b
are shape parameters along the respective axes, er and ey p are the efficiency of the energy
and MLP cuts, respectively, applied to select ?!°Po events, and R p is the residual rate of
events after the selection of 2!°Po events. Since the LPoF slowly moves along the z-axis due
to residual convective motions, data in the LPoF needs to be aligned along the z-direction
before performing the fit on the full dataset. This has been done by “blindly” aligning
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the data in the LPoF every month (or every two months) using the center zy obtained
by fitting the data of the previous month. Monthly fits have been performed in large
volumes of 70 or 100 ton. After the blind alignment using the centers of every month, the
final fit has been performed on the aligned dataset in around 20 ton (~5000 events) using
either a simple paraboloid in Equation (17) with four free parameters (R(*°Po,,,), a,b, zo)
or with more free parameters, depending on the method. The simple paraboloid fit can
be performed either as a likelihood fit with ROOT [71] or with the MultiNest Bayesian
tool [72-74]. The assumption of the rotational symmetry has been also verified. In addition
to the 2D paraboloid fit, 3D ellipsoidal fits have been also performed with MultiNest
without assuming rotational symmetry along the x — y plane, resulting in statistically
compatible results. To account for the complexity of the LPoF along the z-axis, a cubic spline
function was implemented along the z-axis in Equation (17) and the fit was performed with
MultiNest. Despite its better fit on the LPoF data, the method was statistically compatible
with the simple paraboloid fit and both the methods were finally used for the 21°Bi upper
limit. In addition to the statistical uncertainty of the fit, the other sources of uncertainties
considered in this analysis are:

*  Systematic uncertainties from the fit: mass of the fit region, and binning of the data
histogram.

*  Uncertainty on the B-leakage estimation, i.e., Rg in Equation (17).

*  Homogeneity of B-events: Since the ?!9Bi upper limit is estimated from the LPoF,
which is only 20 ton, it is necessary to study the homogeneity of p-events in the entire
FV of the CNO analysis and in the energy region of 21°Bi. The radial homogeneity
has been studied by dividing the FV into 25 iso-volumetric shells. The angular
homogeneity was studied by extending Fourier decomposition over a sphere surface,
by projecting the spatial co-ordinates of the selected events on a sphere.

The final ?!9Bi upper limit obtained through the estimation of the minimum 2!°Po rate
in the LPoF of Borexino, including both statistical and systematic contribution, is:

R(*'°Bi) < (11.541.3) cpd /100 ton (10). (18)

3.4.3. Sensitivity to CNO Cycle Solar Neutrinos

The strength of the constraint on 2!°Bi rate directly affects the precision of the CNO
measurement. To evaluate quantitatively the precision of the CNO measurement of Borex-
ino as a function of the 2!Bi rate constraint, a MC-based sensitivity study has been per-
formed [16]. To assess the expected discovery potential to CNO neutrinos, a frequentist
hypothesis test has been performed. Within this framework, two hypotheses have been
considered: the null hypothesis Hy, meaning that no CNO is assumed to exist, and the
alternative hypothesis Hj that includes the presence of CNO. By indicating with L(Hy) and
L(H;) the two respective maximum likelihood values, the following likelihood ratio go can
be used as a test statistic [75]:

L(Ho)
L(Hy)’

Two sets of toy data have been produced, one with CNO injected one without CNO.
Each dataset has been fit twice, i.e., with the Hy and the H; hypotheses. The distribution of
the test statistics g for the dataset without CNO injected, is called gg. The median of the g
distribution for the dataset with CNO injected is called gy,eq. Then, the p value of the gg
distribution with respect to gmeq defines the discovery potential.

Figure 10 reports the CNO median discovery significance assuming the HZ-SSM
hypotheses and under different assumptions of pep and ?!°Bi rate constraints, and as-
suming an exposure of 1000 days x 71.3 ton (93% of the Phase III exposure). Neutrino
interaction rates have been chosen according to HZ-SSM predictions. Background rates
have been extracted from a MV fit on Phase III data except for the 21Bi rate that has been
set to 10 cpd /100 ton, a value similar to the upper limit estimated in the Phase III data
(see previous Section). This small difference does not influence the sensitivity, which is

g=—2In (19)
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dominated by the precision of the constraint. The strong dependence of the sensitivity to
CNO neutrinos on the strength of the external constraints on pep and ?!"Bi rates is evident
in Figure 10. By assuming the uncertainties similar to the one obtained in Phase III data
(Sections 3.4.1 and 3.4.2), a 50 significance on the CNO neutrino signal can be reached
by Borexino.
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Figure 10. Borexino median discovery significance for the HZ-SSM hypothesis on the CNO rate
for the exposure of (1000 x 71.3)days X ton (93% of the Phase III exposure) for the multivariate
spectral fit (filled markers) and counting analysis (empty square). Different scenarios for the penalties
on pep solar neutrino rate and on 2!°Bi rate are considered. The uncertainty g and ;pgp are in
cpd/100ton. For pep, 0.04 cpd/100 ton corresponds to a 1.4% constraint. For 219Bi, the LPoF fit
returns an uncertainty of 1.3 cpd /100 ton (Section 3.4.2). From [16].

Spectral Analysis of CNO Neutrinos

To extract the CNO neutrino interaction rate from data, a multivariate analysis has
been performed, by simultaneously fitting the energy spectra between 0.320 MeV and
2.640 MeV and the radial distribution of events (Table 4), after all the selection procedure
as already introduced in Section 3.2. The Phase III dataset has been considered for the
analysis. Apart from the constrained pep-neutrino and ?!°Bi rates, and the fixed ®B rate, all
other species rates (including CNO neutrinos) have been left free to vary in the fit. The
reference PDFs used to fit both the energy and radial distributions have been built by
means of a complete Monte Carlo simulation. Considering only statistical uncertainty, the
best fit returns a CNO interaction rate of R = 7.21%3 cpd /100 ton (68% confidence interval)
with Borexino [15].

The effect of the fit configuration (such as the fit ranges) has been found negligible
in the analysis. Since the fit heavily relies on the simulated MC PDFs for signal and
backgrounds, a mismatch between data and simulations could potentially affect the CNO
result and introduce a bias. To take this effect into account, as a possible source of sys-
tematics, a toy MC-based study has been performed. By generating several millions of
pseudo-datasets, deforming signals and backgrounds every time and fitting with the same
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non-deformed PDFs, the impact on the CNO measurement has been evaluated. As possible
sources of deformation, the following contributions have been considered:

*  Detector energy response, in terms of the scintillator energy scale (0.23%), non-
uniformity (0.28%) and non-linearity (0.4%). The size of the deformation has been
chosen based on the allowed values from calibration data and the ‘standard candles’
namely 2!°Po and !!C.

*  Deformation of the spectral shape of the cosmogenic ' C isotope, induced by noise
cuts not fully reproduced by MC (2.3%).

*  Spectral shape uncertainty of 21°Bi (18%). The uncertainty has been quoted through
comparison of the reference 210B4 spectrum [76] with alternative spectra [77,78].

The final systematic contribution has been found to be fg:g cpd /100 ton, evaluated by

comparing the CNO output from toy MC with and without injecting systematic distortions.

Counting Analysis of CNO Neutrinos

As a cross-check of the spectral analysis, a counting analysis has been performed on
the same data sample. Data events have been counted inside an energy region where the
CNO signal-to-background ratio is maximized, corresponding to [0.780, 0.885] MeV. The
pep-neutrino and 2!°Bi numerical rate constraints, used in the spectral analysis, have been
used in the counting analysis as well. The rate of 2B has been symmetrically constrained,
and signals and backgrounds have been described by means of analytical functions. The
CNO interaction rate has been extracted by subtracting all the background contributions,
evaluated within a certain uncertainty, and then propagating those uncertainties. The final
measured rate is (5.6 & 1.6) cpd /100 ton, confirming the presence of CNO at 3.5¢ level. The
quoted uncertainty considers both statistical and systematic terms. The uncertainty related
to the energy response, in particular, is the dominant contribution in the overall balance.

3.4.4. Final Result on CNO Neutrinos

Figure 11 summarizes the Borexino result on the measured CNO neutrino interac-
tion rate. The result of the spectral fit is reported in terms of log-likelihood profiles,
with statistical uncertainty (dotted black line) and with folded systematic contributions
(solid black line). The best fit value is R = 7.21“:1)’:(7) cpd/100 ton (68% confidence inter-
val), including systematic uncertainties. The inferred flux of CNO neutrinos at Earth is
D = 7.03:8 x 10% cm~2 s~! (68% confidence interval). The probability density function
obtained from the counting analysis is also reported (solid red line). From the profiling of
the log-likelihood, an exclusion of no-CNO hypothesis is achieved with 5.1¢ significance. A
further hypothesis test with 13.8 million pseudo-datasets excludes the no-CNO hypothesis
with 5.00 at 99% confidence level.

The CNO neutrino measurement performed by Borexino is compatible with both
HZ-SSM (0.50) and LZ-SSM (1.3¢0) metallicity scenarios. A combined hypothesis test,
including 7Be and 3B solar neutrino fluxes measured by Borexino, shows a preference for
the HZ-SSM hypothesis at 2.10 level.
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Figure 11. Summary of CNO counting and spectral analysis results. Left, counting analysis bar chart.
Right, CNO neutrino rate negative log-likelihood (In £) profiles, together with PDF from counting
analysis and models predictions. From [15].

3.5. Search for beyond Standard Model Physics with Solar Neutrinos

This section is dedicated to Borexino searches for physics beyond the Standard Model
of elementary particles with solar neutrinos. In particular, Section 3.5.1 is focuses on the
search for flavor-diagonal non-standard neutrino interactions, while Section 3.5.2 describes
the Borexino limits on the neutrino magnetic moment.

3.5.1. Flavor-Diagonal Non-Standard Neutrino Interactions

Borexino data used for the solar neutrino analysis can be used to search for interactions
not predicted by the Standard Model of Particle Physics. This class of phenomena is usually
referred to as Non-Standard Interactions (NSI). Using Borexino to constrain NSI's was orig-
inally discussed by Berezhiani, Raghavan, and Rossi in [79,80]. They pointed out that the
mono-energetic /Be neutrinos inducing an electron recoil spectrum with a well pronounced
Compton-like edge are better suited for this search than the species with continuous energy
spectra. The effect of NSI on solar neutrinos is the modification of the survival probability
of the electron neutrinos P, as well as the couplings between neutrinos and the scattered
electrons. Borexino is particularly sensitive to the neutrino-flavor-diagonal NSI that affect
vee and ve interactions. A purely phenomenological analysis based on Borexino Phase
I results [21] was carried out in [47], in which the roles of the main backgrounds were
analyzed and bounds on v.e and ve NSI obtained, considering the effects of the NSI's
at detection only. The study performed by the Borexino collaboration [17] is based on a
full analysis of the Phase II solar neutrino data and considers NSI effects both in neutrino
propagation and detection. At production, the NSI affect the solar neutrino spectrum only
below the Borexino threshold of ~50keV [81]. By considering the predictions of solar
neutrino fluxes from the SSM, considering both HZ-SSM and LZ-5SM metallicity scenarios
and including oscillation effects, deviations in the measured spectrum with respect to the
pure SM predictions have been searched for. Figure 12 reports the allowed regions for NSI
extracted from Borexino data, considering v.e and ve couplings. Both regions in Figure 12
are compatible with null values of the ¢ parameters, which indicate the absence of NSI.
In any case, the limits set by Borexino represent a significant reduction in the allowed
parameter space, with respect to other experiments. Borexino did not consider NSI that
affect the v;e interaction, which are strongly constrained by the v;e scattering CHARM II
experiment [82]. More discussion on models which may produce NSI of neutrinos can be
found in [83-87].



Universe 2021, 7, 231

35 of 59

0.6 -
[ 90%CL.(2dof) I~ 90%CL.(2d.of)
041 Solar+KamLAND ~0s B BOREXINO
02k ' ., LzSSM 05
’ r TEXONO P L
of A C %
L R 00 O
wo . F BOREXINO ' e we
w-0.2~ & w L
-0.4F o5l /
. 7 05 F1z-ssm
_06l- HzZ-SSM 7 05 [ LEP
L20 LSND e %
-0.8— H «
r [ s
MR e T T Eed b b b b e b b
025 0.2 -015 -0.1 -0.05 0 005 01 015 ~08 06 04 02 0 02 04 06 08 1
€ €t
(a) (b)

Figure 12. Borexino limits on NSI, using Phase II dataset: (a) Allowed region for the NSI parameters
R and ef. (b) Allowed region for the NSI parameters eX and eL. Contours are reported for both
HZ-SSM and LZ-SSM metallicity scenarios. The constraints from TEXONO [88], LSND [86,89], and
LEP [87] are also provided for comparison. From [17].

The same Phase II dataset and analysis approach have been used to measure the value
of the square sine of the Weinberg angle sin? 6}y, by considering it as a free parameter in
the analysis. From the likelihood profile, the best fit value results in:

sin? By = 0.229 + 0.026 (stat + syst), (20)

which agrees with results obtained from other neutrino—electron scattering
experiments [82,88].

3.5.2. Neutrino Magnetic Moment

Solar neutrinos can also be used to look for an anomalous magnetic moment and other
electromagnetic properties of neutrinos [90-95]. The presence of an anomalous neutrino
magnetic moment would have the effect of modifying the neutrino—electron cross section
and, consequently, the visible energy spectrum of solar neutrinos. The analysis of Borexino
Phase II data, including an additional component in the fit originating from an anomalous
neutrino magnetic moment, has been performed in [18]. Figure 13 shows the likelihood
profile used to estimate the limit on the neutrino magnetic moment.

The sum of the solar neutrino fluxes has been constrained using results from the
radiochemical Gallium experiment SAGE [41]. Since solar neutrinos arrive at Earth as
a mixture of different flavors, the neutrino magnetic moment probed by Borexino is an
effective value, which depends upon the actual flavor composition. By including possible
systematics effects, the derived limit for the effective neutrino magnetic moment is yj <
2.8 x 107! up, where ug = ehi/2m, = 5.788 381 8060(17) x 10~ MeV T~! is the Bohr
magneton [46] at 90% confidence level. The result is also free from uncertainties associated
with predictions from the SSM neutrino flux. The limit on the effective value can be
translated into a limit for magnetic moments of individual flavors, according to the values
of flavor probabilities. By considering the choice of mass hierarchy providing a more
conservative limit, the values of y, < 3.9 x 10~ yp, Py < 5.8 X 10~ up, and pr <
58 x 10~ 11 up, all at 90% C.L, have been obtained. Limits on the value of the neutrino
magnetic moment can be obtained from neutrino—electron elastic scattering experiments,
either using solar [96,97] or reactor neutrinos [98,99]. The value obtained by Borexino
on u¢f is numerically the most stringent constraint on the neutrino magnetic moment.
However, the value of y, < 2.9 x 107! up directly measured by the GEMMA reactor-
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neutrino experiment [99] is the most stringent one for the electron neutrino flavor, assuming
no oscillation effects play a role at the very short baseline.
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Figure 13. Limit on a possible anomalous effective neutrino magnetic moment with Borexino Phase II
solar neutrino data: weighted likelihood profile for the neutrino effective magnetic moment, including
systematic effects. The limit corresponds to 90% of the total area under the curve. From [18].

4. Geoneutrinos

Geoneutrinos are mostly antineutrinos emitted as byproducts of radioactive decays in-
side the Earth. The fundamental quests of Earth sciences involve answering long-standing
questions about the thermal, geodynamical, and geological evolutions of the Earth. Al-
though geoneutrinos cannot answer all these questions, their measurement can serve as
a unique tool in understanding the abundance of radioactive elements inside the Earth,
especially in the inaccessible mantle. This can therefore help to determine the contribution
of radiogenic heat to the total heat flux measured on Earth-a key parameter in many aspects
of geosciences. This part of the review is divided into the following sections: Section 4.1
describes the structure, composition, and the heat flow of the Earth and it also presents
geoneutrinos as a new tool for geoscience. The different components required for the
geoneutrino analysis in Borexino are described in Section 4.2. The final results and geo-
logical interpretations of Borexino’s recent geoneutrino measurement [19] are discussed in
Section 4.3.

4.1. The Earth and Geoneutrinos

This section is dedicated to the detailed structure of the Earth and its heat budget
(Section 4.1.1) and the different models predicting the composition of the silicate part of
the primordial Earth and thus, the Earth’s radiogenic heat (Section 4.1.2). Geoneutrinos
and their role in geosciences, in particular in the determination of the Earth’s radiogenic
heat, are discussed in Section 4.1.3.

4.1.1. The Earth’s Structure and Heat Budget

The Earth was formed by the accumulation of matter from the solar nebula over
time [100,101]. All bodies with sufficient mass undergo the process of differentiation, i.e.,
the transformation of a homogeneous body into a layered structure. Primitive homoge-
neous Earth went through the first differentiation through segregation of metals, when the
core separated from the silicate primitive mantle or bulk silicate earth (BSE). The BSE further
differentiated into the present mantle and crust. The metallic core has Fe-Ni chemical
composition and is expected to reach temperatures up to about 6000K in its central parts.
The inner core (~1220 km radius) is solid due to high pressure, while the 2263 km thick
outer core is liquid. The outer core has an approximate 10% admixture of lighter elements
and plays a key role in the geodynamo process, which generates the Earth’s magnetic



Universe 2021, 7, 231

37 of 59

field. The core-mantle boundary (CMB), a seismic discontinuity divides the core from the
mantle. The mantle reaches temperature of about 3700K at its deeper part. It is solid
but viscous on long time scales, leading to mantle convection processes. This drives the
movement of tectonic plates at the speed of a few cm per year. At a depth of 400-700 km,
the mantle is characterized by a transition zone, where a weak seismic-velocity heterogeneity
is measured. The upper portion of the mantle contains the viscous asthenosphere on which
the lithospheric tectonic plates are floating. These comprise the uppermost, rigid part of the
mantle (i.e., the continental lithospheric mantle (CLM)) and the two types of crust: oceanic
crust (OC) and continental crust (CC). The CLM is a portion of the mantle beneath the CC
at a typical depth of ~175km [102]. The CC has a thickness of (34 &+ 4) km [103] and is
the most differentiated and heterogeneous layer, due to its complex history. It consists of
igneous, metamorphic, and sedimentary rocks. The OC with (8 & 3) km [103] thickness is
created along the mid-oceanic ridges, where the basaltic magma differentiates from the
partially melting mantle, up-welling towards the ocean floor.

The heat flow from the Earth’s surface to the space results from a large temperature
gradient across the Earth. The current best estimate for the total surface heat flux on
Earth is Hiot = (47 & 2) TW [104]. Neglecting the small contribution (<0.5TW) from
tidal dissipation and gravitational potential energy released by the differentiation of crust
from the mantle, the Hy is typically expected to originate from two main processes: (i)
secular cooling Hgc of the Earth, i.e., cooling from the time of the Earth’s formation when
gravitational binding energy was released due to matter accretion, and (ii) radiogenic heat
Hi.4. The radiogenic heat of the present Earth arises mainly from the decays of isotopes
with lifetimes comparable to, or longer, than the Earth’s age (4.543 x 10° years): 2>2Th
(T =2.02 x 10'% years), 38U (1 = 6.447 x 10° years), 23U (t = 1.016 x 10° years), and “°K
(T =1.801 x 10” years) [105]. All these isotopes are labeled as heat-producing elements (HPEs).
The relative contribution of radiogenic heat to the Hiy is crucial in understanding the
thermal conditions that existed during the formation of the Earth and the energy that
is now available to drive the dynamical processes such as the mantle and outer-core
convection. The convective Urey ratio (URcy) quantifies the ratio of internal heat generation
in the mantle over the mantle heat flux and is expressed as follows [106]:

Hyaq — HSS
URcy = &, 1)
Hiot — Hgg

where Hrcag is the radiogenic heat produced in the continental crust that is relatively well
known to be 6.8sz‘11 TW [103]. By adding the contribution from the oceanic crust and

continental lithospheric mantle, the radiogenic heat from the lithosphere is 8.12:2 TW [19].
The mantle radiogenic heat is poorly constrained and ranges between 1.2 and 39.8 TW [19].
This is discussed further in Section 4.2.1. No radiogenic heat is expected to be produced in
the metallic core. Preventing dramatically high temperatures during the initial stages of
Earth formation, the present-day URcy must be in the range between 0.12 to 0.49 [107].

4.1.2. Bulk Silicate Earth Models

The bulk silicate earth (BSE) models define the original chemical composition of the
primitive mantle, including the abundances of HPE’s and thus, the respective radiogenic
heat. The elemental composition of BSE is obtained assuming a common origin for celestial
bodies in the solar system. It is supported, for example, by the strong correlation observed
between the relative (to Silicon) isotope abundances in the solar photosphere and in the
CI chondrites, a special group of rare stony meteorites belonging to the carbonaceous
chondrites [108]. Such correlations can be then assumed for the material from which
the Earth was created. The BSE models agree with each other in the prediction of major
elemental abundances (e.g., O, Si, Mg, Fe) within 10%. Uranium and Thorium abundances
are assumed based on relative abundances in chondrites, and dramatically differ between
different models. There are three main classes of BSE models: the cosmochemical, geochemical,
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and geodynamical models, as defined in [109,110]. The cosmochemical (CC) model [102]
is characterized by a relatively low amount of U and Th, producing a total Hy,q = (11
£ 2) TW. This model assumes that the Earth is composed of enstatite chondrites. The
geochemical (GC) model predicts intermediate HPE abundances for primordial Earth. It
adopts the relative abundances of refractory lithophile elements as in CI chondrites, while
the absolute abundances are constrained by terrestrial samples [111,112]. The geodynamical
(GD) model shows relatively high U and Th abundances. It is based on the energy dynamics
of mantle convection and the observed surface heat loss [113]. Additionally, an extreme
fully radiogenic (FR) model can be obtained following the approach described in [114], where
the terrestrial heat Hyot of 47 TW is assumed to be entirely from radiogenic heat production
H,.4q. Apart from these four main classes of models, there are also individual geological
models used for comparison in the geological interpretations of Borexino’s measurement
discussed in Section 4.3. The predictions of these models are discussed in detail in [19].

Th/U Ratio

A global assessment of the Th/U mass ratio of the primitive mantle could pro-
vide information about the early evolution of the Earth and its differentiation. The
most precise estimate of the planetary Th/U mass ratio has been refined to a value of
M,/ My = (3.876 £ 0.016) [115] and is relevant for the geoneutrino analysis as it will be
discussed in the later sections. Significant deviations from this average value can be found
locally, in the heterogeneous continental crust surrounding the detectors. The area sur-
rounding the Borexino detector is characterized by a Th/U mass ratio ranging from ~0.8
(carbonatic rocks) to ~3.7 (terrigenous sediments) [116].

K/U Ratio

Potassium is the only semivolatile HPE. The bulk mass of Potassium predicted by
different Earth models varies widely. Due to different possible scenarios, the K/U ratio
predicted by different BSE models differs from 9700 to 16,000 [110]. According to these
ratios, the mantle radiogenic heat from “°K varies between 2.6 and 4.3 TW. This results in
an average contribution of 18% to the total mantle radiogenic power and is used in the de-
termination of radiogenic heat from Borexino’s geoneutrino measurement in Section 4.3.3.

4.1.3. Probing the Earth with Geoneutrinos

Geoneutrinos are (anti)neutrinos emitted during the decay of the long-lived HPEs,
discussed in the previous subsection, that can be summarized by the following equations:
281 — 200Ph 4 8x + 8¢~ + 67, 4 51.7 MeV (22)

25U = 29Pb 4 7o + de~ + 47, + 46.4MeV (23

22Th — 298P + 6 + de™ + 47, + 42.7 MeV (24)
(
(

~

WK »4Ca+e™ + 7, +1.31 MeV (89.3%) 25
0K +e7 = 40Ar + v, +1.505 MeV (10.7%) 26)

~

In the B decays of 23/235U and 2*?Th chains and that of *°K, all geoneutrinos are
antineutrinos. Neutrinos are emitted only in the electron-capture decays of “°K, with 10.7%
branching ratio. In the radioactive decays of HPEs, the amount of released geoneutrinos and
radiogenic heat are in a well-known ratio [Equations (22)—(26)]. Thus, a direct measurement
of the geoneutrino flux provides useful information about the composition of the Earth’s
interior. Consequently, it also provides an insight into the radiogenic heat contribution to
the measured Earth’s surface heat flux. Even though their small interaction cross section
limits our ability to detect them, it makes them a unique probe of inaccessible innermost
parts of the Earth. The first ideas to detect geoneutrinos started in the 1960s [117-119],
further developed in 1984 [120], and the potential of liquid scintillator detectors to measure
geoneutrinos was suggested in the 1990s [121,122]. It took several years to prove the
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methods feasible and the first investigation was performed by KamLAND in 2005 [3].
So far, only KamLAND [68,123] and Borexino [19,124-126] have been able to measure
geoneutrinos.

The determination of the radiogenic component of Earth’s internal heat budget has
proven to be a difficult task, since an exhaustive theory is required to satisfy geochemical,
cosmochemical, geophysical and thermal constraints, which are often based on indirect
arguments. Therefore, direct geoneutrino measurements can be of great help. Geoneutrinos
have also the potential to determine the mantle radiogenic heat, the key unknown parame-
ter. This can be done by constraining the relatively well-known lithospheric contribution,
as it will be shown in Section 4.3.2. Since the oceanic crust is depleted of HPEs and has a
very small lithospheric contribution that can be easily determined, it would make the ocean
floor an ideal environment for geoneutrino detection. Geoneutrino measurements can also
contribute to the discussion about possible additional heat sources, who proposed by some
authors. For example, stringent limits can be set on the power of a hypothetical Uranium
natural georeactor suggested in [127-130] and discussed in Sections 4.2.2 and 4.3.4.

4.2. Geoneutrino Analysis Strategy

The various components required for the geoneutrino analysis with Borexino are dis-
cussed in this section. These include: the expected geoneutrino signal at LNGS (Section 4.2.1),
the evaluation of other antineutrino signals (Section 4.2.2) and non-antineutrino backgrounds
(Section 4.2.3), the data selection cuts (Section 4.2.4), the spectral fit used to extract the
signal (Section 4.2.5), and the evaluation of various systematic uncertainties (Section 4.2.6).

4.2.1. Expected Geoneutrino Signal

The Earth shines in a flux of antineutrinos with a luminosity L ~ 10 s~1. Due to the
IBD threshold discussed in Section 2.5, only 23U and ?*’Th geoneutrinos can be measured
by LS detectors. For a detector placed on the continental crust, the expected 2*U and 2*2Th
geoneutrino flux is of the order of 10® cm~2s~! and is typically dominated by the crustal
contribution. The differential flux of geoneutrinos emitted from isotope i = (>*3U, 2>2Th)
and expected at LNGS location 7 is calculated using the following expression:

d®(i;E;, 7) ~dn(i; Eg)
—dE, EV(I)TEﬁ (27)
g L ona(i;r) - p(rr)
X /V dr1Pee (Eg, |7 — 17) T

where ¢, (i) is the specific antineutrino production rate for isotope i per 1kg of naturally

. . . . dn(i;Ey)
occurring element and Ej is geoneutrino energy. The geoneutrino energy spectra —iE,
is normalized to one. The electron-flavor survival probability P, after the propagation
of geoneutrinos from a geological reservoir located at 77 to the detector is calculated
considering oscillations in vacuum. The matter effect is estimated to be of the order
of 1% [131], i.e., much less than other uncertainties involved in the geoneutrino signal
prediction. The average survival probability (P ) is 0.55. Despite the dependence of (Pe)
regarding energy, the geoneutrino energy spectrum is unchanged since the geoneutrinos
undergo several oscillations before reaching the detector. The p(7) is the density of the
voxel emitting geoneutrinos and it is taken from geophysical models of lithosphere [103]
and mantle [132]. The abundances a(i;7) of isotope i are expressed per mass unit of
rock. The integration is done over the whole volume of the Earth, considering geological
constraints of the main HPE reservoirs.

The antineutrino signal can be conveniently expressed in Terrestrial Neutrino Units
(TNU). 1 TNU corresponds to 1 antineutrino event detected via IBD (Section 2.5) over 1 year
by a detector with 100% detection efficiency containing 10°? free target protons (roughly
corresponding to 1kton of LS). To convert the differential geoneutrino flux %EE;/?) to
geoneutrino signal S(7) expressed in TNU, it is necessary to perform an integration over
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the geoneutrino energy spectra, considering the energy dependence of the IBD cross
section [37], and 1032 target protons in 1year measuring time. The geoneutrino energy
spectrum that can be observed by Borexino extends from 1.8 MeV (IBD threshold) to
3.7 MeV. Please note that for a reference oscillated flux of 10° cm~2s~!, the geoneutrino
signals from 238U and 22Th are S(U) = 12.8 TNU and S(Th) = 4.04 TNU, respectively.
Considering the specific antineutrino production rates ¢, (U) = 7.41 x 10" kg~ 's~! and
ey(Th) = 1.62 x 10" kg~!s~!, one can calculate the signal ratio Rs for a homogeneous
reservoir characterized by a fixed a(Th)/a(U) ratio (where a denotes the abundance):

_ S(Th)

— 0.069"(Th)
R = Sy = 00697y

(28)

This signal ratio thus depends on the composition of the reservoir. Adopting the
CI chondrites a(Th)/a(U) = 3.9 for the bulk Earth, the signal ratio R = 0.27 can be
extracted. Geophysical and geochemical observations of the lithosphere constrain the
a(Th)/a(U) = 4.3 [19], implying a signal ratio of 0.29. As a consequence of maintaining the
global chondritic ratio of 3.9 for the bulk Earth, the inferred mantle ratio a(Th)/a(U) is 3.7,
which corresponds to a Rg = 0.26. This is used for the extraction of mantle signal explained
in Section 4.3.2.

The expected geoneutrino signal in Borexino S(U+Th) can be expressed as the sum of
three components and this is shown in detail in Figure 14.

*  Spoc(U+Th), the local crust (LOC) signal produced from the 492 km x 444 km crustal
area surrounding LNGS,

®  SppL(U+Th), the signal from the far field lithosphere (FFL), which includes the continen-
tal lithospheric mantle (CLM), i.e., the brittle portion of the mantle underlying the CC,
and the remaining crust obtained after the removal of the LOC.

*  Shantle(U+Th), the signal from the mantle.

The sum of Sy oc(U+Th) and Sppr (U+Th) is the expected signal from the bulk litho-
sphere (U + Th) and is evaluated to be 25.9512 TNU. This constraint is used for the extrac-
tion of mantle signal at LNGS, described in Section 4.3.2. The mantle geoneutrino signal
and the mantle radiogenic heat are highly debated topics in Earth sciences. The distribution
of HPEs in the mantle is not known and the assumed different scenarios influence the
strength of the mantle signal. There is a high scenario, which assumes homogeneous HPE
distribution, an intermediate scenario, that assumes HPEs distributed in two layers, a lower
enriched mantle (EM) and an upper depleted mantle (DM) separated at 2180 km of depth, and
a low scenario, where the HPEs are placed just above the CMB. Assuming these scenar-
ios, the predictions of the mantle geoneutrino signal Sy,ante(U+Th) vary between 0.9 and
33.0 TNU for different BSE models. Using the relatively well-known contribution from the
bulk lithosphere, and the various predictions for the mantle signal, the total geoneutrino
signal at LNGS S(U+Th) varies between 28.5 and 55.3 TNU. The individual predictions for
the different BSE models discussed in Section 4.1.2 are: Cosmochemical CC = 28.51’2:; TNU,

Geochemical GC = 34.6J_rijg TNU, Geodynamical GD = 45.6:513 TNU, Fully Radiogenic FR
=55.327 TNU [19].

4.2.2. Other Antineutrino Signals

The antineutrino backgrounds relevant for the geoneutrino analysis (Section 4.2) are
described below. The main source of background in geoneutrino detection is the production
of electron antineutrinos by nuclear power plants, the strongest synthetic antineutrino
source. In addition, atmospheric neutrinos can have a small impact. This has been treated
as a systematic source of uncertainty in the recent measurement [19]. Another source of
antineutrinos can be a hypothetical georeactor inside the Earth, searched for in a separate
analysis (Section 4.3.4).
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Figure 14. (a) Schematic drawing of the Earth’s structure, showing the three units contributing
to the expected geoneutrino signal at LNGS: (i) the local crust (LOC), (ii) the far field lithosphere
(FFL), and (ii) the mantle. The inner and outer portions of the core (in gray) do not contribute to the
geoneutrino signal. Not to scale. (b) Schematic section detailing the components of the BSE. The
lithosphere includes the LOC and the FFL. The latter comprises the rest of the continental crust (CC),
the oceanic crust (OC), and the continental lithospheric mantle (CLM). In the mantle, two portions can
be distinguished: a lower enriched mantle (EM) and an upper depleted mantle (DM). Not to scale. (c)
Simplified map of the LOC. The central tile (CT) of the 2° x 2° centered at LNGS is modeled separately
from the remaining six tiles which represent the rest of the region (RR). Figure taken from [19].

Reactor Antineutrinos

Many nuclei, produced in the fission process of nuclear fuel, decay through g-
processes, with the consequent emission of electron antineutrinos, the so-called reactor
antineutrinos. Their energy spectrum extends up to ~10 MeV, well beyond the end point of
the geoneutrino spectrum (3.27 MeV). Consequently, in the geoneutrino energy window
(1.8-3.27 MeV), there is an overlap between geoneutrino and reactor antineutrino signals.
At present, there are approximately 440 nuclear power reactors in the world. A reactor with
a typical thermal power of 3 GW emits 5.6 x 10% 7, s~!, considering ~200 MeV average
energy released per fission and 6 7, produced along the 5-decay chains of the neutron-rich
unstable fission products. The nominal thermal power and the monthly load factors of
the reactors are taken from the Power Reactor Information System (PRIS), developed and
maintained by the International Atomic Energy Agency (IAEA) [105]. An accurate deter-
mination of the expected signal and spectrum of reactor antineutrinos requires a wide set
of information, spanning from the characteristics of nuclear cores to neutrino properties
and is discussed in detail in [19]. Various experimental results from reactor antineutrino
experiments show that the IBD positron energy spectrum deviates significantly from the
spectral predictions of Mueller et al., 2011 [133] in the energy range between 4-6 MeV,
i.e., the so-called “5MeV excess” and an overall deficit with respect to the prediction.
These features are treated as a systematic uncertainty (Section 4.2.6) using the Daya Bay
high-precision measurement [134]. The expected signal from reactor antineutrinos can
be expressed in TNU, assuming 100% detection efficiency for a detector containing 103
target protons and operating continuously for 1 year. The uncertainties related to reactor
antineutrino production, propagation, and detection processes are estimated using a Monte
Carlo-based approach discussed in [131]. The expected reactor antineutrino signal with
and without the “5MeV excess” at LNGS for the period December 2007 to April 2019 are
79.6713TNU and 845"} TNU, respectively.

Atmospheric Neutrinos

Atmospheric neutrinos can act as a potential background source for the geoneutrino
measurement and this was studied for the first time in [19]. Atmospheric neutrinos
originate in sequential decays of 7+ and K* mesons and u leptons produced in cosmic
rays’ interactions with atmospheric nuclei. The flux of atmospheric neutrinos contains both
neutrinos and antineutrinos, and the muon flavor is roughly twice abundant with respect
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to the electron flavor. The process of neutrino oscillations then alters the flavor composition
of the neutrino flux passing through the detector. Atmospheric neutrinos interact in many
ways with the nuclei constituting the Borexino scintillator. The most copious isotopes
in the Borexino scintillator are 'H (6.00 x 103! /kton), 12C (4.46 x 103! /kton), and 13C
(5.00 x 10%° /kton). Besides the IBD reaction itself, there are many reactions with 12C and
13C atoms that may, in some cases, mimic the IBD interactions. They have the form of
v+ A = v(l)+n+---+ A, where A is the target nucleus, A’ is the nuclear remnant,
I is charged lepton produced in CC processes, n is the neutron, and dots are for other
produced particles such as nucleons (including additional neutrons) and mesons (mostly
7t and K mesons). A dedicated simulation code was developed to precisely calculate
this background in Borexino [19]. The expected number of IBD-like interactions due to
atmospheric neutrinos in the energy window used for the analysis was evaluated via MC
to be 6.7 &= 3.7 events in the analyzed period.

Georeactor

A possible existence of a georeactor, i.e., a natural nuclear fission reactor in the Earth’s
interior, was first suggested by Herndon in 1993 [127]. Since then, several authors have
discussed its possible existence and its characteristics. Different models suggest the ex-
istence of natural nuclear reactors at different depths [128-130]. New upper bounds on
the power of a potential georeactor are discussed in Section 4.3.4. To be able to set such
limits for different hypothetical locations of the georeactor, the expected antineutrino
spectra of a 1 TW point-like georeactor were calculated. It was assumed to operate con-
tinuously during the entire analysis period with the constant power fractions of fuel
components, as suggested in [135] (33U : 28U ~ 0.76 : 0.23). The energy released and
the antineutrino spectra per fission were calculated similar to reactor antineutrinos, using
only the flux parametrization of [133]. Three different depths were considered for the
georeactor location: (1) GR1: the Earth’s center (d = Rgan), (2) GR2: the CMB at just
below the LNGS site (d = 2900 km), and (3) GR3: the CMB on the opposite hemisphere
(d = 2REgarm — 2900 = 9842 km). In the calculation of the survival probability, the matter
effect is taken into account by assuming a constant Earth density (density variation in
between the crust and the core causes about 3% signal variation). Unfortunately, Borexino’s
energy resolution does not allow the distinguishing of the spectral differences due to
oscillations. The errors were calculated via the method similar to that used for reactor
antineutrinos. The expected georeactor signals for a 1 TW georeactor located at GR1, GR2,
and GR3 are 43.1£ 1.3TNU, 8.9 £ 0.3 TNU, and 3.7 & 0.1 TNU, respectively.

4.2.3. Non-Antineutrino Backgrounds

There are various non-antineutrino backgrounds that can mimic an IBD and should
therefore be estimated for the geoneutrino analysis. The three important non-antineutrino
backgrounds that are constrained in the final spectral fit (Section 4.2.5)- cosmogenic ‘L4,
accidental, and («, n) backgrounds are described in more detail below. In addition to
these, there are various other minor backgrounds that are also estimated. These include
backgrounds due to untagged muons, fast neutrons from the surrounding rocks and the
water tank, (7, n) reactions, fission reactions in PMTs, and 214B;-214pg coincidences due to
222Rn contamination during the water extraction period. Table 8 summarizes the expected
number of events from all non-antineutrino backgrounds passing the IBD selection cuts
discussed in Section 4.2.4.

Cosmogenic °Li

Cosmic muons reaching Borexino can produce many spallation products that can in
turn produce (8~ +n) pairs as shown in Table 2. Such decays are indistinguishable from the
IBD events, since the prompt is represented by the B~ and the delayed is due the neutron,
exactly as in the IBD. The hadronic background for geoneutrino analysis is dominated
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by the ?Li isotope. It has a Q-value of 13.6MeV, a lifetime of 257.2ms [29] and decays
according to the following process:

i —e” + 7, +n+2a. (29)

The ?Li background can be estimated by studying the events that follow immediately
after a cosmic muon, using the same IBD selection cuts described in Section 4.2.4. The
residual background after the time and space muon vetoes can then be estimated using
the measured lifetime of the ?Li prompts and their distance to the muon, respectively. To
account for other cosmogenic isotopes such as 8He and B, which can also be present in
the muon daughter sample, the measured lifetime from Borexino data (260 £ 21) ms [19] is
used to evaluate this background instead of the °Li lifetime.

Accidental Background

Accidental coincidences happen due to the random coincidences of prompt-like and
delayed-like events in Borexino. This is an important background for the geoneutrino
analysis and depends on the selection cuts applied. They are mostly due to external
backgrounds, since their reconstructed positions are mostly near the IV. They are usually
searched for in an off-time window of 2 s to 20 s after the prompt and scaled back to the IBD
time window of 1.28 ms (Section 4.2.4). Such a long time is used to maximize the number
of selected accidental coincidences and thus to reduce the error with which the shape and
rate of this background can be constrained.

(, n) Coincidences

Decays along the chains of 238U, 23°U, and 2*2Th can produce a-particles, which in
turn can give rise to («, 1) interactions that can mimic IBD coincidences. In Borexino, this is
only due to the 2!°Po isotope; while it is a part of the 238U chain, it is found fully out of the
secular equilibrium and its contamination is several orders of magnitudes higher than the
rest of the chain. The « particle can then interact with other isotopes, mostly 13C in the LS:

BCtra — O +n. (30)

The cross section of this interaction is 200 mb [136] and the produced neutron can
have energies up to 7.3 MeV, almost indistinguishable from the IBD delayed. There are
three different possibilities for a prompt-like interaction, which are described in detail
in [19]. This background is estimated using the amount of 21°Po events (tagged on an event-
by-event basis via pulse-shape discrimination techniques, see Section 2.2) in the entire
analyzed exposure, the probability of an («, ) interaction to produce IBD-like coincidences
passing the selection cuts, and the neutrino-yield of the reaction in pseudocumene.

4.2.4. Selection Cuts

The various criteria used to select IBD candidates for the geoneutrino analysis in
Borexino are described below. The detection efficiency of geoneutrinos for these selection
cuts was estimated through MC to be (87.0 & 1.5)%.

Muon Vetoes

Muon vetoes are applied after both internal and external muons in Borexino, to
reduce the cosmogenic background. Generally, a 2ms veto is applied after external muons,
similarly to the solar neutrino analysis, to remove fast neutrons. In the geoneutrino analyses
performed until 2015, a conservative 2s veto (8 times the lifetime of °Li) was applied after
internal muons to eliminate muon daughters. In the improved analysis performed in
2019 [19], 4 different kinds of more complex space-time vetoes were applied, depending on
the type of muon. This reduced the exposure loss from 10-11% in the previous analyses to
1.2% in the latest analysis.
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Table 8. Summary of the expected number of events from non-antineutrino backgrounds in the
antineutrino candidate sample (exposure £, = (1.29 & 0.05) x 1032 protons x yr). Upper limits are
given at 95% C.L. From [19].

Background Type Events
9Li background 3.6 £1.0
Untagged muons 0.023 £ 0.007
Fastn’s (1 in water tank) <0.013
Fastn’s (1 in rock) <143
Accidental coincidences 3.846 + 0.017
(@, n) in scintillator 0.81 £0.13
(«, n) in buffer <2.6
(7, n) <0.34
Fission in PMTs <0.057
214Bj.214pg 0.003 £ 0.001
Total 8.28 £1.01
Energy Cuts

Energy cuts are applied on both prompt and delayed, after the consideration of the IBD
threshold and the n-capture energy peaks described in Section 2.5. The energy spectrum of
prompt starts at ~1 MeV, which corresponds to the two 0.511 MeV gammas. The threshold
energy of the prompt is chosen as 408 p.e., corresponding to about 0.8 MeV. There is no
upper limit on the energy of the prompt. The energy of the delayed can either be due to
the neutron capture on 'H (2.2 MeV gamma) or on '>C with 1.1% probability (4.95 MeV
gamma). However, at large radii, gammas can partially deposit their energy in the buffer,
decreasing the visible energy. Consequently, the gamma-peak develops a low-energy
tail and even the peak position can be shifted to lower values. Therefore, in the latest
geoneutrino analysis, the energy ranges 700-1300 p.e. and 1300-3000 p.e. were used for
IBD selection, to account for the n-captures on 'H and 2C, respectively. However, the
lower energy threshold increased to 860 p.e. for the water extraction period between 2010
and 2011, because of increased 222Rn contamination.

Time Space Correlation

The cuts applied on the time and distance between the prompt and the delayed are
important background suppression cuts. The IBD events can either have both the prompt
and delayed clusters in the same 16 us DAQ window (double cluster events) or have them in
separate DAQ windows as single cluster point-like events. A time coincidence window of
20-1280 ps is used for IBD selection of single cluster events. The lower threshold guarantees
that the delayed event can trigger after the DAQ deadtime of 3—4 us after the prompt event
and the higher threshold corresponds to 5 times the measured neutron capture time of
(254.5 £ 1.8) ps [32]. In the latest geoneutrino analysis, the time window 2.5-12.5 us was
also considered, to include double cluster events. The lower threshold was tuned on reactor
antineutrino MC and guarantees that even for the highest energy prompt, the light from
the prompt cannot alter the delayed event after 2.5 us. The higher threshold was chosen by
studying the variable position of the prompt event inside the DAQ window in the entire
analyzed period. In addition, it also allows the delayed event to have a cluster duration up
to 2.5 us before the end of the DAQ window.

The reconstructed distance between the prompt and the delayed is larger than the
distance between their points of production due to different reasons [19]. The important
factors to be considered before choosing the spatial cut are the MC efficiency and the acci-
dental background. The efficiency drops quickly below 1 m and the accidental background
steadily increases with increasing distance. This spatial cut was optimized to be 1.3m,
using MC-based sensitivity studies.
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Pulse-Shape Discrimination

Pulse-shape discrimination is applied to the delayed to distinguish it from other a-
like coincidences. The MLP parameter mentioned in Section 2.2 was used for the latest
geoneutrino analysis. A cut > 0.8 was applied on the delayed to distinguish it from (a+)
decays of 214Po, arising from ??2Rn contamination during the water extraction period. In
1.04 x 10~*and in 6 x 1077 of cases, the 214Po decays to excited states of >°Pb and the « is
accompanied by the emission of prompt gammas of 0.7997 MeV and of 1.0977 MeV energy,
respectively.

Dynamical Fiducial Volume Cut

The vessel shape of Borexino changes in time due to the presence of a small leak and
it can be reconstructed, as discussed in Section 2.1. The Dynamical Fiducial Volume (DFV)
cut is applied in the geoneutrino analysis based on the distance of the prompt from the
IV. The cut was optimized to be 10 cm, using MC-based sensitivity studies in the latest
geoneutrino analysis. This distance is sufficient enough to suppress background events
near the IV, and to account for the uncertainty due to the IV shape reconstruction. The
enlarged fiducial volume in the recent analysis resulted in a 15% increase in exposure when
compared to the previous analyses.

Multiplicity Cut

The multiplicity cut is applied to suppress neutron-neutron or buffer muon-neutron
pairs that can enter the IBD selection due to undetected muons. This cut requires that
there be no high-energy events (>400 p.e.) present in a =2 ms time window (about 8 times
neutron capture time) around the prompt or delayed. The corresponding exposure loss due
to accidental coincidences of IBD candidates with >400 p.e. events within 2 ms is of the
order of 0.01%, which is negligible for this analysis.

4.2.5. Spectral Fit

After the selection of IBD candidates, the geoneutrino signal is extracted from the
unbinned-likelihood spectral fit of the charges of all prompts:

Np

= (6;N}) = HL 6; NG, (31)

where N is the vector of individual prompt charges NE;, and index i runs from 1 to Nipp,

ie., the total number of IBD candidates. The symbol 6 indicates the set of the variables
with respect to which the function is maximized, namely the number of events of signal
and backgrounds. The shapes of all spectral components used in the fit are taken from
the Probability Distribution Density Functions (PDFs) constructed using MC, except for
the accidental background which can be measured with sufficient precision using off-time
coincidences in data. The result of the fit is the number of events due to each spectral
component.

The spectral fit is generally performed in the range 408—4000 p.e. (~0.8-8 MeV). The
number of geoneutrinos is always kept free. One way of doing it is by having one free fit
parameter for geoneutrinos, when using the PDF in which the ?>Th and ?*®U contributions
are summed and weighted according to the chondritic mass ratio of 3.9, corresponding
to a signal ratio of 0.27 (Section 4.2.1). Alternatively, 232Th and 23U contributions can
be fit as two independent contributions. Additional combinations are also possible. The
number of reactor antineutrino events is typically kept free. This is an important cross-
check of the ability of Borexino to measure electron antineutrinos and can be verified
by comparing the fit results to the well-known prediction of reactor antineutrinos in
Section 4.2.2. The three non-antineutrino backgrounds (Section 4.2.3) are constrained using
additional multiplicative Gaussian pull terms in the likelihood function of Equation (31).
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Using the known exposure and detection efficiency, the number of detected geoneutrinos
and reactor antineutrinos can then be expressed in the units of TNU.

4.2.6. Sources of systematic uncertainties

The systematic uncertainty on the measured geoneutrino signal is very small com-
pared to the statistical uncertainty. The total uncertainties on the geoneutrino and reactor
antineutrino signals were evaluated to be fi:(z)% and fg:})%, respectively. The different

systematic sources are discussed below and summarized in Table 9.

e Atmospheric neutrinos: Atmospheric neutrinos as a source of background for geoneu-
trinos were discussed in Section 4.2.2. The uncertainty on the expected number of
atmospheric neutrino events is estimated to be around 50%. Therefore, the atmo-
spheric neutrino PDF was included in the standard spectral fit, to evaluate the impact
of this systematic source.

e Shape of reactor antineutrino spectra: The standard spectral fit was performed using the
MC PDF of reactor antineutrinos without the “5MeV excess” which was discussed in
Section 4.2.2. The effect of this assumption was studied using PDFs with and without
the “5MeV excess” in the spectral fit.

®  Inner vessel shape reconstruction: The systematic uncertainty on the FV definition due
to the 5cm error on the IV shape reconstruction is negligible. However, there is a
systematic uncertainty associated with 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 (¢ = 5 cm). Then, the spectral fit was performed on the newly
selected candidates with the DFV cut and repeated 50 times.

*  MC efficiency: The major source of uncertainty for the MC efficiency arises from the
event losses close to the IV edges, especially near the south pole, because of the
combined effect of many broken PMTs and the IV deformation.

*  Position reconstruction: 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.

Table 9. Summary of the different sources of systematic uncertainty in the geoneutrino and reactor
antineutrino measurement. Different contributions are summed up as uncorrelated. From [19].

Geo Reactor
Source Error Error
[%] [%]
Atmospheric neutrinos fggg 1_288
Shape of reactor spectrum tggg 1_883
Vessel shape tggg tggg
Efficiency 15 15
Position reconstruction 3.6 3.6
+5.2 +5.1
Total 4.0 55

4.3. Results and Geological Interpretations

In the period between 9 December 2007 and 28 April 2019, corresponding to 3262.74 days
of data acquisition, 154 IBD candidates were found [19]. The exposure of (1.29 4- 0.05) x 1032
protons X year represents an increase by a factor of two with respect to the previous analy-
sis in 2015 [126]. The time, spatial, and energy distributions of the IBD candidates were
compatible with the expectations. The following subsections discuss the geoneutrino signal
measured by Borexino at LNGS (Section 4.3.1), the extraction of the mantle geoneutrino
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signal (Section 4.3.2), the calculation of the radiogenic heat and Urey ratio from Borexino
measurement and its comparison to different BSE model predictions (Section 4.3.3), and
the upper limits on a hypothetical georeactor (Section 4.3.4).

4.3.1. Geoneutrino Signal at LNGS

The spectral fit described in Section 4.2.5 was performed on the prompt charges of
the 154 IBD candidates. The three major non-antineutrino backgrounds, namely the
cosmogenic ILi background, the (¢, n) background from the scintillator, and accidental
coincidences were included in the fit and were constrained according to values in Table 8
with Gaussian pull terms. The geoneutrino and reactor antineutrino contributions were left
free in the fit and the geoneutrino MC PDF was constructed assuming a Th/U chondritic
ratio of 3.9. This resulted in 52.6 3¢ (stat) 737 (sys) geoneutrinos from 2®U and 2*2Th,
corresponding to a geoneutrino signal of Sge(U+Th) = 47.01“% (stat)f%:g (sys) TNU at
LNGS. The resulting reactor antineutrino signal from the spectral fit was 80.5f3:§ (stat) fi:}l
(sys) TNU and is compatible with the expectations discussed in Section 4.2.2, confirming
the ability of Borexino to measure antineutrinos. The resulting spectral fit and the 1, 3, 5,
and 8¢ contours for the number of geoneutrinos versus reactor antineutrinos are shown
in Figure 15. Compatible results were obtained when the spectral fit was performed by
leaving the 2381 and 232Th contributions free, without fixing them to the chondritic ratio.
Unfortunately, Borexino does not have the sensitivity to measure the Th/U ratio.
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Figure 15. 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

OO

all signal and background components is shown in brownish gray. Geoneutrinos (blue) and reactor
antineutrinos (yellow) were kept as free fit parameters. Other non-antineutrino backgrounds were
constrained in the fit. (b) The best fit point (black dot) and the contours for the 2D coverage of 68,
99.7, (100-5.7 x 107°)%, and (100-1.2 x 10713)%, (corresponding to 1, 3, 5, and 8¢, respectively),
for number of geoneutrinos (Ngeo) versus number of reactor antineutrinos (Nrea), assuming Th/U
chondritic ratio. The vertical lines mark the 1o bands of the expected reactor antineutrino signal
(solid-without “5MeV excess”, dashed-with “5MeV excess”). For comparison, the star shows the
best fit performed assuming the 238U and 2*2Th contributions as free and independent fit components.
From [19].

The geoneutrino signal measured by Borexino over the years is compared with the
latest measurement in Figure 16a. The signal along with the 68% C.I. is compared to
different BSE models in Figure 16b. The bulk lithosphere contribution for all these models
is the same as discussed in Section 4.2.1, while the mantle signal varies according to the
different model predictions.
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Figure 16. (a) Comparison of the geoneutrino signal Sgeo(U+Th) at LNGS as measured by Borexino.
Blue circles indicate the results from 2010 [124], 2013 [125], and 2015 [126], while the red square
represents the most recent result from 2019 [19]. (b) Comparison of the expected geoneutrino signal
Sgeo (U+Th) at LNGS (calculated according to different BSE models) with the Borexino measure-
ment [19]. For each model, the bulk lithosphere contribution (LOC+FFL) is the same, while the
mantle signal, obtained considering an intermediate scenario, varies. The horizontal solid back line
represents the median geoneutrino signal ng’é%d, while the gray band represents the 68% coverage
interval. From [19].

4.3.2. Extraction of Mantle Signal

The mantle signal was extracted from the spectral fit after constraining the contribution
from the bulk lithosphere to be 28. 8Jr5 1 events corresponding to the expected signal of
25.9fi:? TNU mentioned in Section 4.2.1. The corresponding MC PDF was constructed
from the PDFs of 2>’Th and 23U geoneutrinos. They were scaled with the lithospheric
Th/U signal ratio equal to 0.29, which is based on geological observations. The MC PDF
used for the mantle was also constructed from the 22Th and 233U PDFs, but the applied
Th/U signal ratio was 0.26. This procedure maintains the chondritic Th/U mass ratio
of 3.9 for the bulk Earth and infers this ratio in the mantle to be 3.7 (Section 4.2.1). The
mantle signal, as well as the reactor antineutrino contribution were kept free in the fit. The
data points and the different PDFs of the fit are shown in Figure 17. After considering the
systematic uncertainties, the final mantle signal obtained was 21.293 (stat) {3 (sys) TNU.
The statistical significance of the mantle signal was studied using MC pseudo-experiments
with and without a generated mantle signal. This way, the null-hypothesis of the mantle
signal has been rejected with 99.0% C.L. (corresponding to 2.3¢ significance).
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Figure 17. Spectral fit of the charge spectrum of prompt IBD candidates to extract the mantle signal

A

after constraining the contribution of the bulk lithosphere. The gray shaded area shows the summed
PDFs of all the signal and background components. From [19].
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4.3.3. Radiogenic Heat and Convective Urey Ratio

The mantle geoneutrino signal Syane(U + Th) is linearly proportional to the mantle
radiogenic power Hg‘g“tle(U+Th) that in turn scales with the 28U and 23?Th masses in
the mantle M ,an11e(U) and M anie(Th), respectively. This relationship is expressed by the
following equation:

Smantle(U+Th) = B- Hglgntle (U+Th)
= B [h(U) +37- h(Th)] : Mmantle(U)/ (32)

where h(U) = 98.5 uW /kg and h(Th) = 26.3 uW /kg [137] are the 238U and ?2Th specific heats.
The value 3.7 is the assumed Th/U mass ratio in the mantle as discussed in the previous
subsection. The scaling factor B depends only on 238U and 2*2Th distributions in the mantle.
For Borexino, a central value of Beentr = 0.86 TNU/TW represents the average between the
assumptions of a homogeneous mantle (Bpign = 0.98 TNU/TW) and of the HPE-rich layer
just above the CMB (Bjow = 0.75 TNU/TW). This relation is shown in Figure 18 for the
range of mantle radiogenic power predicted by various groups of BSE models discussed in
Section 4.1.2. Thus, the area between the two extreme lines denotes the region allowed by
all possible 238 and 232Th distributions in the mantle, assuming that the abundances in this
reservoir are radial and non-decreasing functions of the depth. The solid black horizontal
line represents the median of the Borexino measurement and falls within the prediction of
the Geodynamical model (GD). The 68% C.I. is shown by horizontal black dashed lines,
and covers the area of prediction of the GD and the Fully Radiogenic (FR) model. Borexino
is least compatible with the Cosmochemical model (CC), whose central value disagrees
with the measurement at 2.40 level. Adopting the Beentr in Equation (32), the Borexino
measured mantle signal of Sane(U+Th) = 21.21“3:8 (stat)féjé (sys) TNU from Section 4.3.2

corresponds to the radiogenic heat from the mantle Hgg“ﬂe(U+Th) of 24'62(1):41; TW (68%

C.I). Summing the radiogenic power in the lithosphere HI“aSC{D(U+Th) = 6.9ﬂ:g TW, the
Earth’s radiogenic power from 238U and 22Th is H,,q(U+Th) = 31.75%2'4 TW. The likelihood
profiles of the components are summed for this calculation and the median value is taken
as the central value.

To compare the Borexino estimate of the radiogenic power with the Earth’s total
surface heat flux of Hyot = (47 & 2) TW [104], the contribution from 4°K must be considered.
First, assuming the contribution from “°K to be 18% of the total mantle radiogenic heat
(Section 4.1.1), the total radiogenic mantle signal can be expressed as H™aMe(U + Th + K) =

30.0fg:g TW. Through the further addition of the lithospheric contribution Hi‘as(f (U+Th+K)
= 8.1ﬂ:Z TW, the 68% C.I. for the Earth’s radiogenic heat can be obtained as H,,4(U+Th+K)

= 38.2fg:g TW. Figure 19a compares the decomposition of the Earth’s total surface heat
flux into radiogenic heat and the heat coming from secular cooling Hgc, when performed
for various BSE models and the Borexino measurement. A preference is found for models
with relatively high radiogenic power, which indicates a cool initial environment at early
formation stages of Earth and assumes the fraction of heat coming from secular cooling
Hgc to be small. However, no model can be excluded at 3¢ level.

The total radiogenic heat estimated by Borexino can be used to extract the convective
Urey ratio, according to Equation (21) in Section 4.1.1. The resulting value of URcy =
0.781'8:%% is compared to the URcy predicted by different BSE models in Figure 19b. The
Borexino geoneutrino measurement constrains the mantle radiogenic heat power at a
90(95)% C.L. to be HMane(U+Th) > 10(7) TW and HTane(U+Th+K) > 12.2(8.6) TW and
the convective Urey ratio to be URcy > 0.13(0.04).
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Figure 18. Mantle geoneutrino signal expected in Borexino as a function of 28U and 232Th mantle
radiogenic heat: the area between the red and blue lines denotes the full range allowed between a
homogeneous mantle (high scenario) and a unique rich layer just above the CMB (low scenario). The
slope of the central inclined black line (Bcentr = 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 using the 233U and 2*2Th
mantle radiogenic power (with 1o error) according to different BSE models: Cosmochemical (CC)
model, Geochemical (GC) model, Geodynamical (GD) model, and Fully radiogenic (FR) model. For
each model darker to lighter shades of respective colors represent 1, 2, and 3¢ 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). From [19].
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Figure 19. (a) Decomposition of the Earth'’s total surface heat flux Hiot = (47 £ 2) TW (horizontal
black lines) into its three major contributions: lithospheric radiogenic heat Hfdp (brown), mantle

radiogenic heat Hg‘g“ﬂe (orange), and secular cooling Hgc (blue). The labels on the x axis identify
different BSE models, while the last bar labeled BX represents the Borexino measurement. The
lithospheric contribution is the same for all bars. (b) Comparison of Borexino constraints (horizontal
band) with predictions of the BSE models (points with 3¢ error bars) for the convective Urey ratio
URcy (Equation (21)), assuming the total heat flux Hiot = (47 = 2) TW. The blue, green, and red colors

represent different BSE models (CC, GC, and GD, respectively). From [19].

4.3.4. Limits on a Hypothetical Georeactor

Limits on a hypothetical georeactor, mentioned in Section 4.2.2, can be obtained
by constraining the number of expected reactor antineutrino events in the spectral fit,
since both these components have similar spectral shapes. The georeactor PDFs for the
fit were generated for three different positions. However, their shapes were practically
identical and Borexino does not have any sensitivity to distinguish them. The geoneutrino
(Th/U fixed to chondritic mass ratio of 3.9) and georeactor contributions were left free in
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the fit. This resulted in an upper limit of 18.7 TNU, at 95% C.L., on a georeactor signal.
Considering the predicted georeactor signal expressed in TNU, for a 1 TW georeactor
in different locations [19], Borexino has excluded the existence of a georeactor with a
power greater than 0.5/2.4/5.7 TW at 95% C.L., assuming its distance from the detector
to be 2900 km (CMB below LNGS) /6371 km (Earth’s center) /9842 km (CMB on opposite
hemisphere), respectively.

5. Conclusions and Outlook

In this paper, the latest Borexino measurements on neutrinos from the Sun and Earth
were discussed, from highlighting the key elements of the analyses up to the discussion
and interpretation of the results. The success of Borexino in the measurement of low-energy
neutrinos is primarily based on the extreme radio-purity of the liquid scintillator.

Borexino measures solar neutrinos via neutrino—electron elastic scattering. The direct
result of the solar neutrino analysis are the interaction rates (given for zero threshold) for
neutrinos produced by different nuclear reactions. Borexino has performed a complete
spectroscopy of the pp chain solar neutrinos [13]. By performing a multivariate spectral
fit in the Low-Energy Region, the rates of neutrinos from initial proton—proton fusion
PP(f?gb%), the three-body proton—electron—proton fusion pep(ﬂgzg% for HZ-SSM and
ﬂg:g% for LZ-SSM), and the electron-capture decay of 7Be(f%;§%) were extracted. The
numbers in parentheses indicate the total experimental error summing quadratically the
statistical and systematic uncertainties. The constraint on the CNO rate used in the fit,
based on the HZ-SSM and LZ-SSM predictions, influences only the pep neutrinos. In both
cases however, the absence of the pep reaction in the Sun was rejected with >5¢ significance.
The rate of scattered electrons above 3 MeV due to SB(f;}%) solar neutrinos interactions
was extracted via a radial fit without any assumption on the form of the energy spectrum
and thus, oscillation parameters. Borexino is the only experiment that measured all (except
for hep neutrinos) neutrinos from the pp chain. Although the Low-Energy Region results
are the most precise measurements existing in the world, the 3B result is less precise than
the measurements of large-volume Water—Cherenkov detectors, but is compatible with
them. Borexino measurements provide a direct determination of the relative intensity
of the two primary terminations of the pp chain (pp-I and pp-II) and, assuming standard
three-neutrino oscillations, an indication that the temperature profile in the Sun is more
compatible with SSM models that assume high surface metallicity. Assuming the SSM
prediction for the solar fluxes to hold, the survival probability of solar electron neutrinos
can be determined from the measured rates: by comparing its values at different energies,
Borexino probes simultaneously the neutrino flavor-conversion paradigm, both in vacuum
and in matter-dominated regimes. The vacuum-only hypothesis is disfavored at 98.2%
C.L. Borexino also confirmed the solar origin of the measured signal assigned to ’Be solar
neutrinos, by observing the expected seasonal variation of the respective rate [14], induced
by the Earth elliptical orbit around the Sun. Measurement of solar neutrinos also help in
constraining the non-standard neutrino interactions [17] and placing a stringent limit on
the effective neutrino magnetic moment [18].

Borexino provided the first experimental evidence at 50 significance of neutrinos
produced in the CNO fusion cycle in the Sun [15]. This was achieved by a multivariate
spectral fit performed with a constraint on the rates of pep solar neutrinos and 2!°Bi
internal background. The pep rate was constrained with 1.4% precision based on theoretical
expectations and a global fit to all solar data, excluding the Borexino dataset used in this
analysis. An upper limit constraint was placed on 2!9Bi rate, obtained via a fit of the 2!°Po
distribution in the Low Polonium Field. This procedure was made possible, thanks to
the thermal stabilization of the Borexino detector during Phase III that minimized the
convective currents bringing 2°Po from the nylon vessel holding the scintillator to the
fiducial volume of the analysis. Thus, in the region of the scintillator free from convection,
210Po rate approaches the rate of its parent 2!°Bi nuclei. In the CNO cycle, the fusion of
Hydrogen is catalyzed by Carbon, Nitrogen, and Oxygen, and so its rate as well as the flux
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of emitted CNO neutrinos depend directly on the abundance of these elements in the solar
core. Borexino result is compatible with both HZ-SSM and LZ-5SM predictions, but paves
the way towards a direct measurement of the solar metallicity using CNO neutrinos. In
addition, Borexino measurements quantify the relative contribution of CNO fusion in the
Sun to be of the order of 1%. In massive stars, however, CNO is the dominant process of
energy production and thus, the primary mechanism for the stellar conversion of Hydrogen
into Helium in the Universe.

Geoneutrinos, antineutrinos from the decays of long-lived radioactive elements in-
side the Earth, can be exploited as a new and unique tool to study our planet. Only two
experiments in the world, KamLAND and Borexino, have detected geoneutrinos so far.
Geoneutrinos are detected via the Inverse Beta Decay (IBD) on protons. The 1.8MeV
kinematic threshold of this interaction allows measurement of the high-energy part of
geoneutrinos emitted along 2*U and 23?Th chains, while it leaves “°K geoneutrinos com-
pletely unreachable for the present-day technology. Inverse Beta Decay has about two
orders of magnitude higher cross section than the elastic scattering, a huge advantage for
the detection of geoneutrinos with the flux about four orders of magnitude lower than the
pp solar neutrino flux. In addition, it provides a unique background-suppressing topology
of the fast space-time coincidences between a prompt and a delayed signal. Borexino has
presented its latest geoneutrino measurement in 2019 [19]. The geoneutrino signal was
extracted through a spectral fit of the prompt events, related to the energy of incident
antineutrinos. Geoneutrino and reactor antineutrino contributions were kept as free fit
parameters, while non-antineutrino backgrounds were constrained to the values estimated
independently. Thanks to both more acquired data and improved analysis techniques in
an enlarged fiducial volume, the updated measurement reached ﬂg:;% total precision,
assuming the same Th/U mass ratio as found in chondritic CI meteorites. Antineutrino
background from reactors was fit unconstrained and found compatible with the expecta-
tions. The null-hypothesis of observing a geoneutrino signal from the Earth’s mantle was
excluded at a 99.0% C.L., when exploiting detailed knowledge of the local crust near the ex-
perimental site. The measured mantle signal was then converted to mantle radiogenic heat
from decays of Uranium and Thorium, assuming a range of geological models describing
the distribution of these elements in the mantle: from a homogeneous distribution up to an
assumption of an enriched layer at the core-mantle boundary. The measured mantle signal
is compatible with different geological predictions; however, there is a ~2.40 tension with
those Earth models, which predict the lowest concentration of heat-producing elements
in the mantle. In addition, by constraining the number of expected reactor antineutrino
events, the existence of a hypothetical georeactor at the center of the Earth with power
greater than 2.4 TW was excluded at 95% C.L.

To summarize, this paper reviewed the latest Borexino measurements of solar and
geo neutrinos, results that certainly mark the history of neutrino physics. The Borexino
collaboration is analyzing the latest data taken with the detector, featuring exceptional
radio-purity and thermal stability, promising conditions for an improved CNO solar
neutrino measurement. Despite that, Borexino is expected to stop data-taking within 2021.

Measurement of solar and geo neutrinos is among the goals of several other exper-
iments, either running, under construction, or in R&D phase. Water—-Cherenkov Super-
Kamiokande experiment is continuously updating its high-precision ®B solar neutrino
measurements [138]. KamLAND is analyzing its latest geoneutrino data with extremely
low reactor-neutrino background [139]. SNO+ [5], focused on the search for 0038 decay,
is filling its detector with liquid scintillator and will be able to measure B solar neutri-
nos as well as geoneutrinos. JUNO [140], the first multi-kton liquid scintillator detector
plans to complete its construction in south China in 2022. With its 20kton LS target,
it has a potential to measure B neutrinos down to an unprecedented low threshold of
2.5MeV [48], discover the small expected flux of hep solar neutrinos, and to collect the
world’s largest statistics of geoneutrinos [141]. The future Jinping experiment [49] aims
to perform precision spectroscopy of CNO solar neutrinos and geoneutrinos, taking ad-
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vantage of its shielding against cosmic muons in the world’s deepest laboratory located
at Jinping in China. Similarly, a suggested 10 kton LS detector in Baksan (Russia), placed
deep beneath the Caucasus mountains [142], would provide an important observatory for
neutrinos from natural fluxes. The future Water—-Cherenkov Hyper-Kamiokande detec-
tor plans 187 kton fiducial volume for the detection of B and hep solar neutrinos [143].
Among the next-generation experiments with novel detection techniques aiming at solar
and geoneutrino measurements, THEIA [50] considers a few-tens-of-kton-scale detector
filled with water-based liquid scintillator, combining the advantages of water (directional
Cherenkov light) and liquid scintillator (high light yield) detectors. The sensitivity of the
next-generation experiments for direct Dark Matter WIMP searches will be limited by the
so-called “neutrino floor” [144-146], an irreducible background due to the coherent elastic
neutrino-nucleus scattering (CEVNS) of neutrinos from natural sources, in particular solar
neutrinos. Thus, the future Dark Matter experiments are also considered for solar neutrino
spectroscopy using either two-phase liquid Argon time projection chambers [51] or liquid
Xenon (DARWIN [147]). Multi-ton liquid Xenon experiments measuring low-energy solar
neutrinos are also expected to improve the limit on neutrino magnetic moment by about
on order of magnitude [148] with respect to the Borexino result [18]. In addition, future
CEvNS experiments with low-energy threshold will be able to probe neutrino transition
magnetic moments with coherent elastic neutrino-nucleus scattering of neutrinos from
reactors and spallation neutron sources [149], reaching the precision of the current Borexino
limit. An interesting proposal to use a movable detector [150] resting on the ocean floor, far
from the continental crust, would provide maximal sensitivity to the geoneutrino signal
from the Earth’s mantle. All these projects will keep the field of solar and geo neutrinos
exciting and alive in the coming years and decades.
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