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Recent results from Borexino on solar neutrinos
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Abstract. Borexino has been a neutrino detector based on ultrapure liquid scintillator, located at the Laboratori
Nazionali del Gran Sasso, Italy. Its main scientific goal was the real-time measurement of solar neutrino fluxes,
which play an irreplaceable role for the comprehension of the mechanisms powering our star. Over the past
two years, the Borexino collaboration has pursued the improvement of the CNO flux measurement, obtaining
further indications about the solar metallicity. In a parallel way, Borexino has demonstrated for the first time the
possibility of exploiting the directional Cherenkov information, in a liquid scintillator detector, for the detection
of sub-MeV solar neutrinos.

1 Introduction given by the pp chain sequence, which make up the ~ 99%
of solar luminosity. The CNO cycle reactions, which in-
volves employs Carbon, Nitrogen and Oxygen as catalysts
nuclei, contribute marginally in the Sun, but they are ex-
pected to play a dominant role in more massive and older
stars. The measurements of solar neutrino fluxes can be

Solar neutrinos are generated by the thermonuclear reac-
tions taking place in the innermost layers of the Sun. The
main contribution to the energy production in the Sun is
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used either to test the MSW-LMA paradigm assuming the
Standard Solar Model (SSM) flux predictions [1] or, in a
complementary way, to probe our understanding of solar
physics assuming the validity of the neutrino oscillation
mechanism [2]. Indeed, they represent a unique and help-
ful tool in settling the solar metallicity problem.

In the following, the most recent results obtained by
Borexino on solar neutrinos will be reviewed. Firstly, the
improvement of CNO solar neutrino spectroscopy will be
described. Then, a novel technique to exploit the scarce
Cherenkov light for directional measurements will be in-
troduced.

2 Borexino detector

Borexino [3] has been a large-volume liquid scintillator
detector, whose primary scientific goal consisted in the
real-time measurement of solar neutrino fluxes. It was lo-
cated deep underground (3800 m m.w.e.) in the Hall C of
the Laboratori Nazionali del Gran Sasso (Italy), where the
atmospheric muon flux is suppressed by a factor of 107°
with respect to the Earth surface. The detector design, as
shown in Fig. 1, is driven by the principle of graded shield-
ing: the inner scintillating core is located at the center of a
set of spherical layers of increasing radiopurity from out-
side to inside. This configuration suppresses as much as
possible the external background due to the surrounding
rocks and to the cosmic muons. The detector is instru-
mented with 2112 PMTs, mounted inwardly on a mechan-
ical support sphere: they measure the intensity and the ar-
rival time of this light, allowing the reconstruction of the
energy and position of the events.
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Figure 1. Schematic view of the Borexino detector.

Thanks to its excellent radiopurity levels, Borexino
completed the spectroscopy of the solar neutrinos emitted
from the primary pp chain reactions [4-9]. By analyz-
ing the Phase-III dataset (2016-2020), it also claimed the
first detection of the CNO neutrinos flux, paving the way
for a solution to the long-standing solar metallicity prob-
lem [10].

3 Improved measurement of solar
neutrinos flux from the CNO cycle

The key requirements to perform solar neutrino spec-
troscopy with Borexino consist in the excellent radiopu-
rity levels, the low cosmogenic ''C rate and the applica-
tion of techniques to reduce it furtherly [11], the precise
understanding of the detector backgrounds, and a compre-
hensive modeling of the detector response. In addition,
the spectral shapes of recoiled electrons by CNO neu-
trinos and of 2!°Bi background electrons show a strong
similarity; for this reason, a constraint of this annoy-
ing background, obtained independently from the spec-
tral fit, is required to proceed with the CNO analysis [12].
This is achieved by exploiting the secular equilibrium of
210Bj background with its daughter, the a-decaying 2'°Po,
whose rate can be easily measured thanks to particle iden-
tification techniques [13]. This strategy can be adopted
only in those scintillator regions which are thermally sta-
ble: in such a way the scintillator convective currents,
which could move out-of-equilibrium 2!°Po, are strongly
suppressed.

With respect to the previous data release, the CNO
analysis has been improved on multiple sides. The expo-
sure of the final Phase-IIl dataset (Jan 2017 - Oct 2021),
which is considered for this analysis, is 33.5% larger with
respect to the previous analysis one. Most importantly, the
final Phase-III dataset is characterized by a better thermal
stability: as a consequence, the 2!°Po convective motions
within the fiducial volume are furtherly attenuated. These
features led to the extraction of an enhanced *'°Bi con-
straint, directly impacting on the CNO neutrino rate pre-
cision. In addition the treatment of the time evolution of
the PMTs effective quantum efficiencies, based on the l4c
data, has been improved.

The analysis ROI extends from 320 keV to 2640keV,
while the reconstructed events are selected within a
software-cut defined 71.3 tonne fiducial volume. The anal-
ysis relies on a Monte Carlo based multivariate fit, per-
formed on two energy spectra and the radial distribution
of events passing the selection cuts. The Three-Fold Co-
incidence (TFC), an algorithm for the cosmogenic event
reduction, is applied to create the two complementary
datasets on which the fit is performed: one depleted (TFC-
subtracted) and one enriched (TFC-tagged) in ''C. The
spectral fit of the final Phase-III TFC-subtracted dataset
is reported in Fig. 2.

By including the Borexino results in the global anal-
ysis of solar neutrinos data, along with the KamLAND
reactor data, the resulting solar neutrino fluxes are found
in good agreement with the high metallicity SSM B16-
GS98 [14]. Considering a binary hypothesis test based
on the Borexino "Be, 8B and CNO results, the SSM B16-
AGSS09met [15, 16] at 3.10- C.L. is disfavored at 3.10
C.L. as an alternative to SSM B16-GS98. Moreover, one
can exploit the direct dependence of the CNO cycle flux
from the C and N abundances in the solar core, to break
the opacity and metallicity degeneracy; therefore, the C
and N abundances in the Sun (N¢y) can be measured. The
results are displayed in Fig. 3 and show a good agreement
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Figure 2. Spectral fit of the final Borexino Phase-III data (black
points) after the TFC algorithm application (TFC-subtracted
dataset). The sum of the individual components from the fit (ma-
genta) is superimposed on the data (black points). The CNO neu-
trinos, 2'°Bi and pep neutrinos contributions are reported in solid
red, dashed blue and dotted green lines; the other neutrino and
background components are shown in grey. The energy estima-
tor Ny, shown in upper scale, is the number of detected photo-
electrons normalized to 2,000 live channels.

with the high-metallicity sets (as MB22 [17], GS98), con-
firming instead a 20 tension with the low-metallicity ones
(AGSS09met, C11 [18], AAG21 [19])
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Figure 3. Abundance of Carbon and Nitrogen in the solar pho-
tosphere (Ncn) obtained from spectroscopy (squares) and from
Borexino analysis (circle). The uncertainty due to the precision
of CNO flux measurement is shown as the grey area. The white
cross refers to the same study repeated after considering the B16-
AGSS09met as reference SSM instead of B16-GS98.

4 First directional measurement of
sub-MeV solar neutrinos with Borexino

In liquid scintillator detectors as Borexino, the emitted
photons following an electron recoil are mainly due to
scintillation processes. The Cherenkov photons play a
sub-dominant role, accounting for few percent of the to-
tal emitted light: this scarcity prevents the possibility to
perform an event-by-event direction reconstruction.
Nevertheless, Borexino has been able to perform a
measurement of sub-MeV solar neutrinos, by exploiting
this feeble Cherenkov light [20, 21]. We employed a
novel analysis technique named Correlated and Integrated

Directionality (CID): the detected PMT-hit pattern of an
event is correlated to the position of the Sun, which is
well-known for each event. This process is repeated for
a large number of events, leading to an angular distribu-
tion between the hit PMTs and the solar direction. The di-
rectional angle « is defined for each PMT hit as the angle
between the known solar direction and the photon direc-
tion, given by the reconstructed event vertex of the recoil
electron and the hit PMT position. An example of the an-
gular correlation of photon hits is shown in Fig. 4. The
dominant scintillation light is emitted isotropically and is
uncorrelated with the Sun position. For this reason, the
analysis is restricted to the first and second hits as they are
characterized by the highest Cherenkov over scintillation
ratio. In this analysis, as shown in Fig. 5, the cos « first hit
distribution of solar neutrinos is expected to have a signa-
ture Cherenkov peak at ~ 0.7, while the one for radioactive
background should be almost flat.
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Figure 4. Angular correlation of photon hits expressed in terms
of the directional angle a, given by the reconstructed vertex of
the solar neutrino event and the position of the Sun. In this case,
the first two event hits, with directional angles a; and a,, are
both induced by Cherenkov photons.
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Figure 5. The cos « distributions of the 1st hits of all the selected
events (black points) compared with the best fit curve (magenta)
of the resulting number of solar neutrinos plus background. The
Monte Carlo based probability distributions of neutrino signal
and S background used in the fit are reported in red and blue
respectively.
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The considered dataset is Phase-I one (2007-2010)
with a 0.54-0.74 MeV ROI, which includes Be, pep,
and CNO neutrinos. The best fit for the number of so-
lar neutrino events returns Ngojar—y = 108873?32 (stat.) +
947 (syst.) (68% C.I.) out of the 19904 selected events. By
fixing the pep and CNO rates to the SSM prediction, the
resulting "Be rate is found in agreement with the Borex-
ino spectroscopy results. The no-neutrino hypothesis is
excluded with a > 50 confidence level, resulting in the
first observation of sub-MeV solar neutrinos using the CID
method.

In conclusion, this analysis provides experimental
proof that the directional information of Cherenkov light
is accessible even for sub-MeV neutrinos in a liquid
scintillator detector.
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