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a b s t r a c t
We report on searches for neutrinos and antineutrinos from astrophysical sources performed with the
Borexino detector at the Laboratori Nazionali del Gran Sasso in Italy. Electron antineutrinos (ν̄e ) are detected in an organic liquid scintillator through the inverse β -decay reaction. In the present work we set
model-independent upper limits in the energy range 1.8–16.8 MeV on neutrino ﬂuxes from unknown
sources that improve our previous results, on average, by a factor 2.5. Using the same data set, we ﬁrst
obtain experimental constraints on the diffuse supernova ν̄e ﬂuxes in the previously unexplored region
below 8 MeV. A search for ν̄e in the solar neutrino ﬂux is also presented: the presence of ν̄e would be
a manifestation of a non-zero anomalous magnetic moment of the neutrino, making possible its conversion to antineutrinos in the strong magnetic ﬁeld of the Sun. We obtain a limit for a solar ν̄e ﬂux of
384 cm–2 s–1 (90% C.L.), assuming an undistorted solar 8 B neutrinos energy spectrum, that corresponds to
a transition probability pνe →ν̄e < 7.2 × 10–5 (90% C.L.) for Eν̄e > 1.8 MeV. At lower energies, by investigating the spectral shape of elastic scattering events, we obtain a new limit on solar 7 Be-ν e conversion into
ν̄e of pνe →ν̄e < 0.14 (90% C.L.) at 0.862 MeV. Last, we investigate solar ﬂares as possible neutrino sources
and obtain the strongest up-to-date limits on the ﬂuence of neutrinos of all ﬂavor neutrino below 3–
7 MeV. Assuming the neutrino ﬂux to be proportional to the ﬂare’s intensity, we exclude an intense solar
ﬂare as the cause of the observed excess of events in run 117 of the Cl-Ar Homestake experiment.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Astrophysical neutrinos cover at least 18 orders of magnitude
in energy, starting from meV (relic neutrinos) till PeV, the highest
energy neutrinos ever detected as of today. Alongside the detection of gravitational waves [1], an event that has opened a new
era of gravitational astronomy, collecting more data on astrophysical neutrinos and discovering their possible new sources will affect the very foundations of our understanding of the Universe.
Neutrino detectors indeed start playing a substantial role in multimessenger astronomy [2].
So far, neutrino astronomy has accumulated a wide range of
experimental achievements, including the detection of neutrinos
from supernova SN1987A [3–6], the detection of extragalactic neutrinos with energies up to 2 PeV [7], and the precision spectroscopy of neutrinos from the Sun [8]. For some neutrino sources
the accumulation of statistics is ongoing, while others do not have
experimental conﬁrmation yet.
Borexino detector has proven its potential in the various ﬁelds
of experimental neutrino astronomy. Among the recent achievements are the precise spectral measurements of neutrinos originating in different nuclear fusion reactions of the pp chain in
the Sun [8], the best upper limits on the neutrino and antineutrino ﬂuences of all ﬂavors from gamma-ray bursts in the energy
range Eν < 7 MeV [9], and the best upper limits on all ﬂavor neutrino ﬂuence associated with gravitational wave events within 0.5–
5.0 MeV energy range [10]. This paper is aimed to explore the possible existence of tiny antineutrino ﬂuxes associated to extraterrestrial sources, as well as to search for possible neutrino signals
time-correlated with solar ﬂares.
A solar ﬂare is a sudden ﬂash of increased brightness on the
Sun: powerful ﬂares are often accompanied by a coronal mass
ejection. If the ejection occurs in the direction of the Earth, related
particles can penetrate into the upper atmosphere, cause bright auroras, and even disrupt long range radio communication. Neutrinos
could be emitted in correlation with solar ﬂares: the protons accel-

erated in the regions of magnetic reconnection occurred during the
ﬂare, may produce pions through a number of nuclear collisions
in plasma. Electron and muon neutrinos in the MeV-GeV range
may originate in the sequential decays of pions and muons and
be ejected from the Sun. The detection of neutrinos in the solar
ﬂares would provide a deeper understanding of nuclear processes
in the solar atmosphere. The experimental studies began after the
attempt to attribute an excess of neutrino events observed in several runs taken by the Homestake experiment [11,12] to the solar
ﬂares. Thereafter, the search for solar ﬂare neutrinos in MeV energy range was pursued by Kamiokande [13,14], LSD [15], and SNO
[16], and limits on neutrino ﬂuence were set.
Among the possible extraterrestrial sources of antineutrinos are
the supernovae explosions and the conversion of solar νe → ν̄e in
the strong solar magnetic ﬁeld in the case of an anomalous neutrino magnetic moment.
The Diffuse Supernova Neutrino Background (DSNB, sometimes
referred to as supernova relic neutrinos) is formed by the whole
of the star collapsing during the evolution of the Universe and
consists of neutrinos and antineutrinos of all ﬂavors. The study of
DSNB energy spectra allows us to address important issues of neutrino physics, astrophysics, and cosmology. The observed DSNB ﬂux
spectrum is given by [17]:

d φν
c
=
dEν
H0



zmax
0

dNν (Eν )
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where c is the speed of light, H0 is Hubble constant, z is the red
shift,

dNν (Eν )
dEν

is the neutrino emission spectrum for individual su-

pernova, RSN (z) is the supernova rate at the distance z to the observer, m and  are the relative densities of matter and dark
energy in the Universe, respectively. The spectrum is sensitive to
particular cosmological model through m and  and reﬂects the
expansion of the Universe through the dependence on H0 . Other
impacts of DSNB studies are neutrino properties, due to the dependence of

dNν (Eν )
dEν

on neutrino mass hierarchy, on neutrino magnetic
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moment, and on the still not-excluded non-standard interactions of
neutrinos. In recent years, several experiments searched for DSNB.
The KamLAND collaboration set an upper limit for the diffuse supernova ν̄e ﬂux of 139 cm–2 s–1 (90% C.L.) in the energy range 8.3–
31.8 MeV [18]. The Super-Kamiokande set an upper bound of 2.9
ν̄e cm–2 s–1 (90% C.L.) in the energy region Eν̄e > 17.3 MeV [19].
For ν e the upper limit of 70 cm–2 s–1 (90% C.L.) was inferred by
Sudbury Neutrino Observatory in the energy range 22.9–36.9 MeV
[20].
Apart from DSNB, we performed a search for antineutrinos in
the solar neutrino ﬂux. The presence of ν̄e would be a manifestation of the anomalous magnetic moment of neutrino, making possible its conversion to antineutrino in the magnetic ﬁeld of the Sun
due to combined effects of the spin-ﬂavor precession (SFP) and
neutrino oscillations. Borexino collaboration has published the results of a model-independent study of solar and other unknown
antineutrino ﬂuxes in 2011 [21]. Based on ﬁve-fold increase in
statistics, this paper presents an update on model-independent
search and includes model-dependent limits on DSNB antineutrinos and solar neutrino conversion.
The paper is structured as follows. After an overview of the
Borexino detector layout (Section 2), the investigation for extraterrestrial ν̄e ﬂuxes is detailed in Section 3: ﬁrst the events selection
cuts and the background sources are described, then we present
the results divided into three main topics: (1) model-independent
ν̄e analysis, (2) search for DSNB ν̄e and (3) limits on the solar ν e
into ν̄e conversion probability. On this last topic we present the
limits obtained not only by looking for the inverse β -decay signals but also the ν̄e elastic scattering process, below the inverse
β -decay threshold.
At last, Section 4 is devoted to the search for neutrino signals
associated to solar ﬂares.
2. The Borexino experiment
Borexino is an unsegmented liquid scintillation detector built
for the spectral measurement of low–energy solar neutrinos installed in the underground hall C of the Laboratori Nazionali del
Gran Sasso (LNGS) in Italy. The target mass is made of 278 tons
of ultra–pure liquid scintillator (pseudocumene (PC) doped with
1.5 g/l of diphenyloxazole) and enclosed within a spherical nylon
inner vessel (IV) with a radius of 4.25 m. The detector core is
shielded from external radiation by 890 tons of buffer liquid, a solution of PC and 2–5 g/l of the light quencher dimethylphthalate.
The buffer is divided in two volumes by the second nylon vessel
with a 5.75 m radius, preventing inward radon diffusion and transfer by convection. All these volumes are contained in a 13.7 m diameter stainless steel sphere (SSS) on which are mounted 2212 8”
photomultiplier tubes (PMT) detecting the scintillation light, forming the so–called Inner Detector (ID). The choice of a liquid scintillator as target is especially important to observe the low energy
neutrino events: the high light yield typical of Borexino scintillator
( ~ 104 photons/MeV) makes it possible to get a good energy resolution and to set a very low energy threshold (50 keV). The high
transparency (the attenuation length is close to 10 m at 430 nm)
and the fast time response (a few ns) allow for an event position reconstruction and a good pulse shape discrimination (PID)
between alpha and beta/gamma decays.
The SSS is immersed in a water tank of 9 m radius and 16.9 m
height (Outer Detector, OD), ﬁlled with ultra–high purity water and
instrumented with 208 PMTs serving as a Čerenkov active muon
veto. The water contained in the water tank ( ~ 2 m, at least,
around the SSS in all directions; 2400 m3 in total) also provides
good shielding with respect to gammas and neutrons emitted by
the rocks and by the surrounding laboratory environment. A more
detailed description of the Borexino detector can be found in [22].

3

Several calibration campaigns with radioactive sources [23] allowed to decrease the systematic errors of the measurements and
to optimize Geant4 based Monte Carlo (MC) simulation code [24].
The present analysis is based on two semi-independent data acquisition systems: the primary Borexino readout optimized for solar
neutrino physics up to a few MeV and a fast waveform digitizer
system tuned for events above 1 MeV [22]. The primary electronics of Borexino, in which all 2212 channels are read individually,
is optimized for energies up to few MeV. The energy (E) of each
event is reconstructed using the total amount of light registered
by all PMTs of the detector, measured as a charge (Np.e. ) in photoelectrons (p.e.), and corrected with a position and time dependent light collection function E = f (N p.e. ; x, y, z, t ). This function
was constructed using MC simulations, checked against calibration
data from radioactive sources deployed in different positions inside the detector [23,24]. The reason for the time dependence is
that the number of working PMTs has been declining with time,
with a reduction of ~ 35% in 10 years. A typical energy deposit of
1 MeV at the center of the detector produces a signal of about 500
photoelectrons (normalized
to 20 0 0 PMTs), resulting in an energy

resolution of ∼ 5% / E (MeV ).
For higher energies, up to ~ 50 MeV, a system was developed consisting of 96 fast waveform digitizers (CAEN v896, 8 bit,
thereafter FADC - Flash ADC), each of them reading-in the signal
summed from up to 24 PMTs, with the sampling rate of 400 MHz.
The FADC DAQ energy threshold is ~ 1 MeV. Starting from December 2009, it acquires data in a new hardware conﬁguration,
having a separate trigger. FADC energy scale is calibrated using
the 2.22 MeV gamma peak originating from cosmogenic neutron
captures on protons, as well as by ﬁtting the spectrum of cosmogenic 12 B and Michel electrons from muons decaying inside the
detector. The
 energy resolution of the FADC system was found to
be ∼ 10% / E (MeV ). The two DAQ systems are synchronized and
merged oﬄine with a special software utility based on a GPS time
of each trigger. Advantages of each system, such as higher energy
resolution in the primary DAQ or advanced software algorithms
for muon and electronics-noise tagging for energies above 1 MeV
in the FADCs, were exploited in different ways depending on the
analysis, as speciﬁed below.
2.1. Muon tagging
Despite the 3800 m.w.e. of the rock overburden, the muon ﬂux
at LNGS is still signiﬁcant (1.2 muon/m2 /h). The number of muons
crossing the whole detector is ~ 8600/day [25,26] and half of
them, on average, deposit some energy in the Inner Detector. The
muons in Borexino are identiﬁed both by the signal released in the
outer detector (Outer Detector Flag) and/or by the space and time
distributions of the emitted light in the inner detector (Inner Detector Flag). The latter distributions are quite different in respect to
the one induced in point-like interactions, e.g., in the low energy
neutrino ones. Due to the OD veto and the pulse shape analysis of
ID tracks, the muon background can be reduced by a factor of 105 .
The standard Borexino muon identiﬁcation [25,26], including both
OD veto and ID pulse-shape muon tagging, is prone to mistakenly
tag point-like events above ~ 15 MeV as muons. In this work, we
have optimized the muon cuts for energies up to 20 MeV that covers all the present analyses, by modifying the muon tagging based
on the ID pulse-shape. In particular, the threshold values for the
variables describing the mean duration and the peak position of
the light pulse have been accurately tuned with the Borexino simulation code, and further criteria have been added based on the
reconstructed radial position as well as on the anisotropy variable
Sp [27] : depending on the energy, muon tracks extend for a sizeable length inside the detector and the anisotropy of the emitted
light pattern can be used to disentangle muons from the point-like
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events of interest. In addition, muon tagging based on the FADC
waveform analysis was developed and tested against the sample
of muons detected by the OD: the overeﬃciency to tag point-like
events at energies up to few tens of MeV as muons was crosschecked on a sample of Michel electrons. In all analyses, events
associated with muons have been removed.
Muons interacting with carbon nuclei in the scintillator or with
the surroundings materials can produce neutrons, high energy
gammas and a variety of radioactive isotopes. To strongly suppress
this potential background, the events following every tagged (and
removed) muon are excluded from the data sample: a 2 ms veto
is applied after muons crossing only the OD to remove penetrating
neutrons. In addition, a veto window after muons crossing the ID
is applied, to suppress cosmogenic isotopes. A different time length
for this window was chosen, depending on the analysis, from 0.3
to 2 s as detailed below.
2.2. Fiducial volume deﬁnition
The shape of the IV enclosing the Borexino scintillator deviates
from a sphere and is changing in time, because of buoyancy effects caused by the different densities of the buffer and scintillator
liquids, as well as a consequence of a small IV leak that started
approximately in April 2008. To track the evolution of the vessel shape is thus crucial. The vessel is more contaminated with
respect to the scintillator: the events originated by the radioactive contaminations of the nylon, in particular 210 Bi, 14 C and 208 Tl,
are selected to reconstruct the time-dependent IV shape. The procedure was cross-checked and calibrated over several ID pictures
taken throughout the years with an internal CCD camera system:
the precision of the method is found to be of the order of ± 5 cm.
For each analysis a Dynamical Fiducial Volume (DFV) is deﬁned by
considering the time-dependent vessel shape. Antineutrinos’ study
usually allows for the choice of a shallow FV cut (25 cm from the
vessel) while the study of neutrino-scattering events at low energies ( < 3 MeV) requires a stronger suppression of the external gamma background and, therefore, a smaller and innermost FV
(75 cm from the vessel).
3. The search for extraterrestrial ν̄e ﬂuxes
The possible signal due to tiny, still undisclosed, extraterrestrial ν̄e ﬂuxes, such as supernovae relic neutrinos, can be put in
evidence as an excess of events with respect to the backgrounds
and the known sources of ν̄e . A new study is presented here that
beneﬁts from the exceptional radiopurity of the Borexino detector and extends over a wide energy range, from 1.8 to 16.8 MeV.
In Section 3.1 we describe the data set and the events selection
cuts, in Section 3.2 the sources of backgrounds, then the selected
events are presented (Section 3.3) followed by the model independent limits for ν̄e ﬂuxes (Section 3.4) and by limits that assume
the ν̄e spectral shape predicted by two different recent models of
DSNB (Section 3.5). Finally in Section 3.6 we present the study of
solar ν e conversion into ν̄e together with the corresponding upper
limits for the neutrino magnetic moment.
3.1. Dataset and events selection
Electron antineutrinos are detected in Borexino through the reaction of Inverse Beta Decay of the free proton (IBD):

ν̄e + p → n + e

+

(2)

The energy threshold of this reaction is Eν̄e = 1.8 MeV. The positron
deposits its kinetic energy and annihilates almost immediately, inducing a prompt signal. The light produced in the scattering of the
positron is intrinsically indistinguishable from the light produced

by two annihilation gammas, such that both processes contribute
to the total light yield of the prompt signal. This visible energy
Eprompt is directly correlated with the incident antineutrino energy
Eν̄e :

E prompt = Eν̄e − 0.784 MeV.

(3)

The neutron quickly thermalizes in the proton-rich media and is
captured by a proton with the mean capture time τ = 259.7 ±
1.8 μs [26]. The capture of neutron on a proton is accompanied
by the emission of a gamma with 2.22 MeV energy, that provides a delayed signal. The space-time coincidence of the prompt
and the delayed signals provides a clean signature of the ν̄e interaction. To select the ν̄e candidates we apply the following criteria: the coincidences are searched for with t in the range 20–
1280 μs ( ~ 5 neutron capture time) and the distance between the
reconstructed positions r < 1 m, that accounts for the uncertainty of the spatial reconstruction algorithm and the free path of
the 2.2 MeV γ ’s. To reduce the external γ -background from radioactive decays in the detector materials, we accept only candidates having the prompt event position reconstructed inside the
inner detector at distance (DIV,prompt ) larger than 25 cm with respect to the time-varying IV surface: DIV,prompt > 25 cm. The energy of the prompt event is required to be above the value corresponding to the IBD threshold, considering the energy resolution
(Np.e.,prompt > 408 p.e.), while for the delayed event, the energy cut
was tuned to cover the gamma peak from neutron capture on proton (860 < Np.e.,delayed < 1300 p.e.). The lower limit is justiﬁed because photons at the edge of the scintillator can escape, depositing
only a fraction of their total energy. A pulse shape discrimination
cut is applied, requiring the Gatti parameter [28] of the delayed
events to be less than 0.015. This cut is effective to remove the
time-correlated β + (α + γ ) decays of 214 Bi-214 Po, having a time
constant close to the neutron capture time. Such background was
relevant only during the detector puriﬁcations in 2010–2011 as a
consequence of the increased radon contamination.
Among the cosmogenic isotopes, only 8 He (τ = 171.7 ms, Q =
10.7 MeV) and 9 Li (τ = 257.2 ms, Q = 13.6 MeV) have decay modes
with electrons and neutrons in the ﬁnal state, indistinguishable
from the IBD. Since the half-life of these nuclides is of the order of
200 ms, a time window of 2 s after a muon crossing the scintillator
is chosen in this analysis to effectively remove these events. Finally,
to further decrease the neutron-related backgrounds, we reject all
events having a neutron-like event 2 ms before the prompt or after
the prompt or the delayed events. The present search for ν̄e ﬂuxes
is based on the data acquired between December 2007 and October 2017 during a total live-time of 2771 days. After the application
of the selection cuts the total live-time decreases to 2485 days (6.8
years). The resulting eﬃciency of all cuts has been estimated by
using the Borexino MonteCarlo code to be ε =(85.0 ± 1.5)%, and
the total exposure for the present data set is 1494 ± 60 tons per
year (100% eﬃciency).
3.2. Backgrounds
The most relevant sources of ν̄e events below 10 MeV are
the Earth’s radioactive isotopes and the nuclear reactors, while at
higher energies the atmospheric neutrino background dominates
the energy spectrum (see Fig. 1). In the following, we provide the
details about each of these backgrounds.
3.2.1. Geo-neutrinos
Geo-ν̄e spectrum extends up to 3.26 MeV, but 238 U and 232 Th
chain isotopes are the only energic enough to signiﬁcantly contribute events above the IBD threshold. The largest contribution
to the signal is expected from the rocks closest to the detector,
a few hundreds of kilometers around the experimental site. Detailed models of the crust composition in the Gran Sasso area have
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Fig. 1. The number of expected ν -induced background events for each energy bin
(black – geo-ν̄e , red – reactor ν̄e , green – atmospheric ν ). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

been developed, based on geological surveys [29]. The prediction
for the overall signal from 238 U and 232 Th in the crust (local rocks
+ rest of the crust) is Sgeo (crust) = 23.4 ± 2.8 TNU (1 TNU=
1 event/year/1032 target protons with 100% eﬃciency and for IBD
interactions). In the calculation the effect of neutrino oscillations
has also been included.
The signal from the mantle is much more uncertain: Earth
models provide values for the total U and Th mass in the mantle
that span over more than one order of magnitude and the detected
signal depends on the distribution of U and Th inside the Earth. For
all these reasons, it is possible to construct models perfectly consistent with the geochemical and geophysical constraints but providing very different geo-ν̄e signals, ranging from 0.9 to 33 TNU.
Borexino has already made a comprehensive study of geoneutrinos [30–32] but the achieved precision on mantle ν̄e signal
.1
is still poor, Sgeo (Mantle ) = 20.9+15
TNU [32]. Since we want to
−10.3
quote conservative limits, the minimal expected number of events
for each background is considered here. For the present analysis
we have therefore chosen the Minimal Radiogenic Earth model,
which only includes the radioactivity from the crust and that, in
our case, corresponds to the already mentioned (23.4 ± 2.8) TNU,
i.e. 17.9 ± 2.1 events in our data sample.
3.2.2. Reactor antineutrinos
The spectrum of reactor ν̄e is more energetic with respect to
the one from geo-ν and is signiﬁcant till ~ 10 MeV. The ν̄e ﬂux
comes primarily from the beta decays of neutron-rich fragments
produced in the ﬁssion of four isotopes: 235 U, 238 U, 239 Pu, and
241 Pu. The expected ﬂuxes can be estimated from the knowledge
of the monthly energy production at each reactor site, including
the neutrino propagation effects. At present, there are about 440
nuclear power reactors in the world, providing, nominally, a total
amount of about 1200 Thermal GW, corresponding to about 400
Electrical GW. With ~ 200 MeV average energy released per ﬁssion
and 6 ν̄e produced along the β -decay chains of the neutron-rich
unstable ﬁssion products, a reactor with a typical thermal power
of 3 GW emits 1020 ν̄e s–1 .
In the framework of the geo-ν̄e study, a precise calculation of
the expected signal at the Borexino site has been developed [33].
For each nuclear core, the nominal thermal power and the monthly
Load Factors, i.e. the fractions of the nominal power really produced as a function of time are detailed by the International
Agency of Atomic Energy (IAEA) [34]. IAEA provides the electrical Load Factors, not the thermal ones and the calculation assumes
them to be identical. For each core, the distance is calculated tak-
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Fig. 2. Reactor antineutrino spectra expected in Borexino, assuming 100% eﬃciency
in the period December 2007 - October 2017, with Mueller spectra (blue) or with
the normalization to the Daya Bay measurement (red). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

ing into account the position of the Borexino detector [31] (lat =
42.4540 ◦ N, long = 13.5755 ◦ W) and the positions of all the cores
in the world according to the database in [33]. To propagate neutrinos we use the three mixing parameters determined by NU-FIT
3.2 (2018) normal hierarchy [35]. The calculation of φi (Eν̄e ), the ν̄e
energy spectrum for each fuel component (i) at the source, deserves particular attention. The results from reactor antineutrino
experiments Daya Bay [36], Double Chooz [37], RENO [38], and
NEOS [39] coherently show that the measured IBD positron energy
spectrum deviates signiﬁcantly from the spectral predictions of
Mueller et al. [40]. Besides an average deﬁcit of ~ 6% in the whole
spectrum (the so called “Reactor Anomaly”), a more pronounced
peak between 4–6 MeV is visible in the energy distribution of the
measured events, the so called “5 MeV bump.” The ratio of the extracted reactor antineutrino spectrum to prediction deviates therefore signiﬁcantly from unity, see for instance Fig. 3 of [36]. In order
to take into account this effect, we operate in the following way:
ﬁrst we calculate the neutrino spectra corresponding to all four
isotopes according to the parameterization of Mueller et al. [40].
Then we multiply the total spectrum by an energy-dependent correction factor based on the Daya Bay high precision measurement
(extracted from lower panel of Fig. 3 in [36]). By following this
procedure the same correction factor is applied to all the reactor
fuel components (235 U,238 U,239 Pu,241 Pu). This is an approximation
since more likely only a few decay branches have not correctly
been accounted for in [40]. However, it can be accepted since these
branches are not yet precisely known, and we are only interested
to judge the possible impact of the reactor spectrum uncertainty
on our results. The calculated antineutrino signals in Borexino, by
applying (or not) the normalization to the Daya Bay measurement,
are shown in Fig. 2 as a function of energy. The corresponding sig.4
.5
nals are of 79.9+1
TNU and 84.8+1
TNU, respectively, i.e. there
−1.3
−1.4
is a difference of ~ 6%, greater than the total uncertainty ( ࣃ 2.5%)
on the expected signals, as quoted in [33]. We notice that the normalized spectra provide, on average, lower signals because of the
6% correction. The “5 MeV bump,” to some extent, compensates
this deﬁcit, making the number of events expected more similar at
energies above 4.5 MeV. Since the normalized spectrum provides
the lowest signal, in the computation of the upper limits we have
considered this option being the most conservative: this assumption means to attribute 61.1 ± 1.7 events among our candidates
to reactor ν̄e .
3.2.3. Atmospheric neutrinos
The most serious background to the detection of DSNB ﬂuxes at
energies above 10 MeV is induced by the atmospheric neutrinos,
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Table 1
Estimated numbers of background events
among the ν̄e -candidates. For the reactor signal,
we report the events expected if the normalization to Daya Bay measurement is applied, see
Section 3.2.2. The quoted errors are the ones
due to the systematical uncertainties.

Fig. 3. The number of measured events (black data point) is compared for each
energy bin with the expected backgrounds (red – reactor ν̄e , green – atmospheric
ν , blue – geo-ν̄e according to Minimal Radiogenic model, dashed blue – geo-ν̄e according to Maximal Radiogenic model, see text for details). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

i.e., the ν ’s and ν̄ ’s generated in the decay of secondary particles
produced in the interactions of primary cosmic rays with Earth atmosphere.
Atmospheric neutrinos may give both Charged Current (CC)
and Neutral Current (NC) interactions with the atoms constituting the Borexino scintillator. The most copious isotopes
are 1 H (6.00 × 1031 /kton), 12 C (4.46 × 1031 /kton), and 13 C
(5.00 × 1029 /kton). Besides the IBD reaction itself, there are several
reactions with 12 C and 13 C nuclei that may, in some cases, mimic
the IBD. They have the form of ν + A → ν (l ) + n + · · · + A , where
A is the target nucleus, A is the nuclear remnant, l is the charged
lepton produced in case of CC processes, n is the neutron, and dots
are for other produced particles like nucleons (including additional
neutrons) and mesons (mostly π and K mesons). The calculation of
the induced signal by all these processes is of course quite a complicated task: a dedicated simulation code was therefore developed
to precisely quantify this background in Borexino.
Here we summarize the key points: for energies above
100 MeV, the atmospheric neutrino ﬂuxes are taken from the
HKKM2014 model [41], while below 100 MeV the ﬂuxes from the
FLUKA code [42] have been adopted. The models were chosen as
the most up-to-date and precise in respective energy regions. The
neutrino ﬂuxes averaged from all directions are considered, since
the scintillation light is isotropical and it does not provide sensitivity to the direction. We calculated the ﬂavor oscillations during neutrino propagation through the Earth, including the matter
effects, with the modiﬁed Prob3++ software [43] that comprises
1 km wide constant-density layers according to the PREM Earth’s
model [44]. The neutrino interactions with 12 C, 13 C, and 1 H nuclei are generated with the GENIE Neutrino MC code (version 3.0.0,
tune G18_10b) [45]. GENIE output ﬁnal state particles are used as
input particles for the G4Bx2 Borexino MC [24] that allows us to
reproduce the detector response. Since the Borexino MC chain results in output ﬁles with the same format as real data, the same
events ﬁltering code can be applied.
Taking into account the number of particles in the Borexino
scintillator, the resulting interaction rates are 261/year in the total IV plus buffer mass (1181.5 tons). After the simulation of detector response and by applying the same selection cuts as for
real data (Section 3.1), 9643 IBD-like events were selected out of
2.3 × 106 interactions. They do correspond to 6.5 IBD-like events
in the present analysis statistics of 6.8 years and in the equivalent
ν̄e energy window 1.8–16.8 MeV.

Background source

Expected events

Reactor ν̄e
Geo ν̄e
Atmospheric neutrinos
Accidental coincidences
Total:

61.1
17.9
6.5
0.418
85.9

±
±
±
±
±

1.7
2.1
3.2
0.006
4.2

The uncertainty on this result comes mostly from two sources.
Atmospheric ﬂuxes are assumed to be known with ~ 25% precision [41,42]. To quantify the uncertainty related to the interaction
cross sections we repeated the calculation by using GENIE version
2.12.10 and the rest of the simulation chain, unchanged: the expected number of events decreased by 36%, probably as a consequence of the cross sections and intranuclear cascade models’
differences between GENIE versions. In order to account for other
small and unknown uncertainty sources, and assuming that these
uncertainties are independent, we consider a conservative uncertainty of 50%.
In the light of the large uncertainty on this background source,
a conservative choice would be to not consider it at all in the
upper limit calculations on extraterrestrial ν̄e ﬂuxes. Nonetheless,
since it represents the main source of background at energies
above ~ 10 MeV, we decided to quote both limits obtained with
and without atmospheric neutrino background.
3.2.4. Random coincidences and other non-ν̄e backgrounds
The space and time correlation of the ν̄e interactions helps to
reduce the coincidences rate of non-correlated events. Since they
are mainly due to gammas penetrating the detector from outside,
the choice of the ﬁducial volume (25 cm from the IV) is useful to
guarantee an effective suppression. To quantify the fraction of persisting events, we used an off-time coincidence window of 2–20 s.
The number of selected coincidences is then scaled to the 1260 μs
wide time window adopted in the ν̄e search. A correction factor
has to be applied: it takes into account the smaller loss of exposure in the case of the ν̄e candidates search due to the fact that
the 2 s muon vetoing windows before the prompt and the delayed
events are partially overlapped while in the case of the random coincidence search they are not. The correction factor is about 10%,
and it was estimated by means of a toy MC from the measured
muon rate: the total number of expected accidental coincidences
after the correction is 0.418 ± 0.006 in the whole data sample.
Among the other minor non-ν̄e backgrounds are (α , n) processes: neutrons of energies up to 7.3 MeV may be emitted by
13 C(α , n)16 O reactions following the 210 Po decay, as investigated
by KamLAND [46]. In Borexino, due to low level of intrinsic 210 Po
contamination, this source of background yields as few as ~ 0.2
events in the present statistics that can be neglected in the upper
limit calculation, always by taking a conservative approach.
3.2.5. Summary of backgrounds
Table 1 contains a summary of the relevant background rates.
3.3. Selected events
With the main DAQ system, 101 ν̄e candidates have been identiﬁed, passing all selection cuts. A cross-check in parallel was then
performed for each candidate by using the data from the FADC system that provides a linear dynamic range to higher energies and an
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Table 2
Energy bin (1 MeV wide bins, the lower energy edge
is quoted), number of observed events, number of expected background events without (with) atmospheric
neutrino contribution, and 90% C.L. upper limits on
the ν̄e ﬂux without (with) atmospheric neutrino background. The reactor signal was normalized to the Daya
Bay measurement (Section 3.2.2).
E[MeV]

Nev

Nbkg

1.8
2.8
3.8
4.8
5.8
6.8
7.8
8.8
9.8
10.8
11.8
12.8
13.8
14.8
15.8

39
22
24
7
5
4
0
0
0
0
0
0
0
0
0

22.4
21.5
16.7
10.9
5.55
2.04
0.28
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

[cm−2 s−1 ]
(23.0)
(22.2)
(17.2)
(11.5)
(6.10)
(2.52)
(0.72)
(0.44)
(0.41)
(0.39)
(0.35)
(0.32)
(0.31)
(0.27)
(0.24)

1.40
1.07
8.39
6.92
8.08
8.29
2.02
1.75
1.40
11.4
9.50
8.05
6.91
6.00
5.27

(1.37)
(1.00)
(8.13)
(7.07)
(7.21)
(7.68)
(1.65)
(1.44)
(1.17)
(9.59)
(8.12)
(7.01)
(6.03)
(5.34)
(4.74)

×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

105
104
103
102
102
102
102
102
102
101
101
101
101
101
101

Fig. 4. New Borexino model-independent limits on electron ν̄e ﬂuxes from
unknown sources in comparison with the results of other detectors (SuperKamiokande [51,52], KamLAND [18]) and previous Borexino limits [21].

without this background source. Table 2 contains Borexino results
obtained both with and without taking into account atmospheric
neutrino background.

independent input for pulse shape analysis. The properties of the
observed events for each energy bin and the expected backgrounds
can be found in Table 2.
All the candidates have energies below 7.8 MeV, and most of
them are concentrated in the very ﬁrst energy bins (1.8–4.8 MeV),
a feature understandable on the base of the spectral shape of the
dominant backgrounds, i.e., geo-ν̄e and reactor ν̄e (see Fig. 3). An
excess of the measured events with respect to backgrounds is visible in the lowest energy bin (1.8–2.8 MeV). The reason is that
for the geo-ν̄e signal, we have conservatively assumed the Minimal Radiogenic Earth’s model, while this excess is likely an indication for mantle geo-ν̄e . To clarify this point we have quoted in
Fig. 3 the predictions for the geo-ν̄e signal from the Maximal Radiogenic Earth’s model, which assumes that all terrestrial heat is
produced exclusively by radiogenic elements and predicts therefore the highest concentrations of U and Th in the mantle [47].
Above 2.8 MeV (close to geo-neutrino spectrum endpoint) we observe 62 candidates, while 63 ± 2 events are expected from the
backgrounds, so in perfect agreement.
3.4. Model-independent upper limits
The model-independent limit for electron antineutrino ﬂux
( ν̄e ) in each energy bin (i) is deﬁned by the equation:
ν̄e ,i =

N90,i
< σ > ·ε · N p · T

(4)

where N90 is the 90% C.L. upper limit for the number of antineutrino interactions obtained by following the Feldman-Cousins approach [48], < σ > is the mean cross-section of Inverse Beta
Decay calculated according to [49] for each energy bin, ε =(0.850
± 0.015) is the average detection eﬃciency, N p = (1.32 ± 0.06 ) ×
1031 is the number of protons in the Borexino average ﬁducial volume mass and T = 2485 days is the total live-time.
New Borexino limits are shown in Fig. 4. The other limits existing in literature are quoted on the same plot. Due to almost ﬁvefold increase in statistics, we improved our previously published
limits [21] by a factor of 2.5 on average. Below 8 MeV, Borexino
limits are the only existing, thanks to the high energy resolution,
the low intrinsic backgrounds, and the small reactor ν̄e ﬂux at the
Gran Sasso site.
Due to the large uncertainty of the prediction for the atmospheric ν̄e signal, we show only more conservative limits obtained

3.5. Limits on diffuse supernovae background
The energy spectra of the observed ν̄e events can be compared
with the expectations for the different astronomical source models
to get hints about the presence of their signal or to quote upper
limits on the corresponding ﬂuxes. In general, for the supernova
core-collapses, a unique model does not exist. The basic ideas were
established in 1930s [50], but the nature of the shock wave revival
and explosion mechanism are still not fully understood. The main
problem is an explanation for the energy transfer of the gravitational energy to the stellar envelope and initiation of the outward
shock wave. The mean energy of the emitted neutrinos from Supernova collapse depends on this mechanism and nowadays could
only be extracted from numerical simulations.
In current work, we used, as references, the 1d numerical simulations performed by two groups ([53],[54]). These models were
chosen because they are long-term simulations and yield a mean
energy value for neutrinos emitted during the collapse. In the case
of the model by Nakazato et al. [53], the expected DSNB ﬂux at
the Earth, as a function of the neutrino energy, is directly provided as the result of the numerical simulation of SN core-collapse
and is made available on a webpage [53]. For the present study
we have selected the predictions for neutrino normal mass hierarchy, including the oscillation effects. In the case of the Hüdepohl
et al. model [54], only the average energies of ν̄e emitted during
the core-collapse are provided. We have therefore calculated the
DSNB ﬂux on the Earth, starting from Eq. 1. The emission neutrino
spectrum in our calculation is parameterized as [55]:

 
dNν
(1 + α )1+α Etot Eν α {−(1+α ) EEavν }
=
e
2
dEν
Eav
(1 + α )Eav

(5)

where Etot = 3 × 1058 MeV (=5 × 1052 erg) is the average neutrino
luminosity, α = 4 is a pinching parameter [56], and Eav is the average neutrino energy (Eav = 11.4 MeV for ν̄e and Eav = 9.4 MeV
for ν e ).
The RSN function in Eq. 1 is expressed according to the formula
[57]:

 50

8
RSN = ρ∗ (z ) ×  100
0.1

ψ (M )dM
Mψ (M )dM

(6)

where ψ (M)dM is the number of stars in the mass range M to M
+ dM. According to the Salpeter Initial Mass Function [58], the in-
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to some extent complementary to the one from SuperKamiokande
( ν̄e < 2.9 cm–2 s–1 (90% C.L.)) for Eν̄e > 17.3 MeV [19].
3.6. Limits on νe → ν̄e conversion in the sun due to spin-ﬂavor
precession

Fig. 5. Expected ﬂuxes for the DSNB ν̄e predicted by Nakazato et al. [53] (red) and
Hüdepohl et al. [54] (black) models. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 3
Borexino 90% C.L. upper limits on the DSNB ν̄e ﬂux, according to Nakazato et al. [53] and Hüdepohl et al. [54] models,
without (with) the inclusion of the atmospheric neutrino
background.

E[MeV]
2.8–16.8
7.8–16.8

Nakazato [53]

Hüdepohl [54]

[cm−2 s−1 ]
< 2.4 (1.7) × 103
< 106.0 (38.2)

[cm−2 s−1 ]
< 2.6 (1.8) × 103
< 112.3 (40.5)

νe ⇒ SFP ν̄μ oscillations
⇒ ν̄e

ρ˙ ∗ (z ) = ρ˙ 0

1/η

 z + 1 γ η
z + 1 βη
αη
+
+ (z + 1 )
B
C

(7)

where ρ˙ 0 = 0.0178 M yr−1 Mpc−3 [59], z is the redshift, α =
3.4, β = -0.3, γ = -3.5 and B = (z1 + 1 )

( z1 + 1 )

α
1− β

β −α
γ

, C = ( z2 + 1 )

β
1− γ

, z1 = 1, z2 = 4.
The expected DSNB ﬂuxes at the detector for both models are
reported in Fig. 5.
On the basis of the energy spectrum of our ν̄e candidates, the
upper limit at 90% C.L. for integral DSNB ﬂux in different energy
ranges has been calculated according to:

 Emax
E

FM (E )dE

Emin

NM (E )dE

F90 =  Emin
max

× N90

(9)

SFP
νe oscillations
⇒ νμ ⇒ ν̄e

tegral ratio is equal to 0.0070/ M , where M is the mass of the
Sun.
For the ρ ∗ (z) expression in Eq. 6 we have taken the broken
power-law from [57]:



The presence of antineutrinos in original neutrino ﬂuxes can be
a consequence of neutrino electromagnetic interactions induced by
the non-zero neutrino magnetic moment (μν ) (see [60] for a recent review of neutrino electromagnetic properties). Since neutrinos are massive their μν is expected to be non-zero and roughly
proportional to the neutrino mass [61].
Neutrinos with anomalous μν interacting with strong magnetic
ﬁelds in the Sun may undergo spin-ﬂavor precession (SFP), which
changes their helicity and, possibly, ﬂavor [62]. Dirac neutrinos under SFP transit into a sterile right-handed state, while for Majorana
neutrinos spin-ﬂip is equivalent to να − ν̄β conversion. Under the
CPT conservation, this process for Majorana neutrinos is necessarily accompanied by the ﬂavor change, and thus, the appearance of
ν̄e in the Sun can be described as a combined effect of SFP and
neutrino oscillations:

(8)

where N90 is the 90% C.L. upper limit for the number of ν̄e interactions, FM is the ﬂux predicted by a model in the corresponding
energy region, and NM is the expected number of events calculated considering the data exposure, the detection eﬃciency, and
the cross section variation over the predicted energy spectrum.
The model-dependent 90% C.L. upper limits on the DSNB ν̄e ﬂux
are presented in Table 3.
We observe that the choice of the DSNB model does not affect the result much, while it is very sensitive to the inclusion
of the atmospheric neutrino background, with a difference up to
factor of 2.7 in the energy range 7.8–16.8 MeV. Our more conservative limit for the 7.8–16.8 MeV range, ν̄e < 112.3 cm–2 s–1
(90% C.L.) is slightly better with respect to the one obtained by
the KamLAND collaboration [18] ( ν̄e < 139 cm–2 s–1 (90% C.L.))
that indeed refers to a larger energy range (8.3–31.8 MeV), and it is

(10)

The tightest limit on the νe − ν̄e conversion probability was
obtained in the KamLAND experiment and is equal to 5.3 ×
10−5 (90% C.L. ) [18]. In Borexino, a study of νe − ν̄e conversion was
previously performed in [21] using ~ 2 years of data acquired during Phase I. In the following, we update our previous results using
a larger dataset.
3.6.1. Search for antineutrinos from the 8 B reaction
The same IBD candidates as for the previous studies have been
used here to search for the ν̄e from the conversion of 8 B neutrinos
having energies up to 16.8 MeV. We developed separate analyses
in two energy regions, 1.8–7.8 MeV (LER), and 7.8–16.8 MeV (HER).
In the HER, we used the Feldman-Cousins approach [48] to
get the 90% C.L. upper limit (N90 ) on the antineutrino interaction rate for this energy region. Then the limit on the antineutrino ﬂux ( lim ) is obtained by following the same approach as in
subsection 3.4, Eq. 4. The average IBD cross section < σ > considered in this study is weighted over the undistorted spectrum of
8 B neutrinos.
The analysis in the LER is instead performed by applying the
spectral ﬁt procedure developed for geo-neutrino studies [32]. The
ﬁt is performed assuming contributions from (1) geo-, reactor and
atmospheric neutrinos; (2) ν̄e -like background from accidental coincidences, (α , n) reactions and cosmogenic isotopes; (3) 8 B antineutrino spectrum. Assuming that SFP probability is not energy
dependent, the spectral shape of 8 B antineutrino coincides with
the neutrino spectrum.
In the HER we expect 0.3 background events in the region of
interest, assuming the reactor background spectrum is normalized
to the Daya Bay measurement [36] and the absence of the atmospheric neutrino background. Zero events observed in this region
corresponds to N90 = 2.15, and a limit on the antineutrino ﬂux

φν̄ (E > 7.8 MeV ) < 138.0 cm−2 s−1 .

(11)
8B

As the region above 7.8 MeV contains 36% of the
ﬂux,
the limit in the whole energy range is correspondingly φν̄ <
383.7 cm−2 s−1 (90% C.L.). Taking the Standard Solar Model (SSM)
values of 8 B neutrino ﬂux under assumptions of high (HZ) and
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low (LZ) solar metallicity [63], i.e., the abundance of heavy elements in the Sun, one can obtain limits on the νe − ν̄e conversion
probability:
−5
pHZ
νe →ν e < 7.0 × 10 (90% C.L. ),

(12)

−5
pLZ
νe →ν e < 8.5 × 10 (90% C.L. ).

(13)

In the LER, the spectral ﬁt procedure provides an upper limit for
the number of events of N90 = 13.3, by proﬁling the χ 2 of the ﬁt
result as a function of 8 B antineutrino interaction rate. This limit
can be improved by combining both energy regions in the ﬁt, and
the ﬁnal result is N90 = 6.1, corresponding to 2.19 events above
7.8 MeV and the conversion probability of:
−5
pHZ
νe →ν e < 7.2 × 10 (90% C.L. ),

(14)

−5
pLZ
νe →ν e < 8.7 × 10 (90% C.L. ).

(15)

The limit calculated with the combined approach appears to be
weaker than that obtained from the analysis of the HER only, but
we conservatively consider this result as the ﬁnal one.
3.6.2. Neutrino magnetic moment
We have estimated limits on the effective magnetic moment of
solar neutrinos, assuming SFP in the solar core and the convective
zone, separately.
In the 8 B neutrino production region, conversion probability depends on the transverse component of the strength of the toroidal
solar magnetic ﬁeld. Neutrino magnetic moment can be derived as
in [64]:


μν ≤ 7.4 × 10−7 ·

p(νe − ν̄e )
sin 2θ12
2

1 / 2
·

μB
B⊥ [kG]

.

(16)

Taking our ﬁnal result for the conversion probability under
the assumption of high metallicity, namely p(νe − ν e ) < 7.2 ×
10−5 (90% C.L. ) and sin2 θ12 = 0.297 [35], one can obtain

μν < 6 . 9 ×

10−9 B−1
⊥ [kG]

· μB (90% C.L. ).

(17)

Due to limited possibilities of magnetic ﬁeld measurements in
the innermost part of the Sun, only marginal values of B in the solar core are provided by solar physics. The most stringent observational limits come from measurements of solar oblateness, which
could be distorted by strong magnetic ﬁelds in the core [65,66].
According to these investigations, B < 7 MG. Theoretical studies of the stability of the toroidal magnetic ﬁeld in the rotating radiative zone [67] provide stronger constraints on the magnetic ﬁeld: B < 600 G. These estimations correspond to upper limits of the neutrino magnetic moment between 1.14 × 10−8 μB and
1.08 × 10−12 μB (90% C.L.), correspondingly. The latter is stronger
than the current limit from astrophysical observations [68], while
the former is overlaid by other measurements.
SFP can also occur in the convective zone of the Sun via interaction with turbulent magnetic ﬁelds [69–71]. Considering the
expression for the νe → ν̄e conversion probability from [71] and
neutrino oscillation parameters from [35], the neutrino magnetic
moment can be expressed as

μν ≤ 8.0 × 10−8 · ( p(νe − ν̄e ) )1/2 · B−1 [kG] · μB .

(18)

As the estimated strength of the magnetic ﬁeld in the convective zone is of the order of 104 G [72], the corresponding magnetic moment limit is μν < 3.4 × 10−11 μB at 90% C.L. This value is
close to that obtained with the Borexino analysis of solar neutrino
data [73]. Similar results can be obtained assuming low metallicity
SSM.
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3.6.3. Study of the conversion in low energy region
At the energies below the IBD threshold, ν̄e still interacts via
elastic scattering with electrons and thus contribute to the recoil
electrons spectrum. Besides the shape distortion, the conversion
of neutrino into antineutrino should reduce the detected neutrino
rate since the ν̄ − e cross section is substantially smaller than that
for electron neutrinos. Therefore, by constraining solar neutrino
ﬂuxes to the SSM prediction [63], one can gain additional sensitivity to the conversion rate. It is worth mentioning that this detection technique is also sensitive to spectral shape distortion due to
the electromagnetic ν − e interaction induced by the non-zero neutrino magnetic moment. This fact was previously used by Borexino
in Ref. [73] to put a strong bound on μν without assumptions on
the solar magnetic ﬁeld.
The previous limit on neutrino-antineutrino conversion ( pνe →ν̄e )
obtained by Borexino using the method described in this section
is [21]:

pνe →ν̄e < 0.35 (90%C.L. )

(19)

In the present work, we improve this limit following the recent
progress of Borexino in solar neutrino detection [8].
In this study we assume MSW as the leading conversion mechanism, and the ν → ν̄ conversion as a sub-dominant process.
The differential cross section of neutrino elastic scattering off
electrons for all neutrino ﬂavors is given by the expression:

dσα (E, T )
2 2
=
G m g2 +
dT
π F e αL



g2α R 1 −

T
E

2

− gα L gα R

me T
E2

,

(20)

where GF is the Fermi constant, me is the electron mass, and E
and T are the neutrino and recoiled electron kinetic energies, respectively. The coupling constants at tree level are given by expressions:

sin θW +
2
sin θW −
2
gα R = sin θW
2

gα L =

1
2
1
2

for
for
for

α = e,
α = μ, τ ,
α = e, μ, τ .

(21)

Note that ν μ and ν τ have the same cross section due to equal
coupling constants.
The differential cross section for antineutrinos has the same
form as (20), with gL and gR coupling constants swapped. Their
values for all three ﬂavors are:

gL = sin

2

θW −

1
2

2

gR = sin

θW .

(22)

Electron neutrinos interact with electrons by both CC and NC,
while ν̄e s interact by NC only and ν e has an approximately three
times larger cross section than ν̄e . Moreover, the swap of the coupling constants affects the second and the third energy-dependent
terms in (20) and, therefore, distorts the shape of the spectrum.
Both ν μ/τ and ν̄μ/τ interact with electrons by NC. Since g2μ/τ R ≈

g2μ/τ L , the shape and normalization of the spectra are almost the
same for neutrinos and antineutrinos, and the effect of the shape
distortion is less pronounced compared to ν e ’s case. Thus, Borexino
is sensitive to νe → ν̄e conversion only.
Taking into account antineutrino component due to the ν → ν̄
conversion, the observed spectra in the detector are given by the
expression1 :

dRν +ν̄
= Ne ν
dT


dE

dλν
[Aν (1 − pν →ν̄ ) + Aν̄ pν →ν̄ ] ,
dE

(23)

1
For clarity, we present this formula in energy units, omitting the convolution
with the energy response function of the detector
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and for LZ-SSM:

pLZ
νe →ν̄e < 0.08 (90%C.L. )

(27)

A conservative limit is given by Eq. (26), and it provides an improvement by a factor of two with respect to the limit in Eq. (19),
previously obtained in [21].
4. Study of events correlated with solar ﬂares

Fig. 6. Likelihood proﬁles for ν → ν̄ conversion probability obtained with HZ- and
LZ-SSM constraints.

where Ne is the number of electrons in the ﬁducial volume, ν
λν are total neutrino ﬂux and energy spectrum for a given
and ddE
neutrino producing reaction (ν = pp, 7 Be, pep, CNO) and Pee (E)
is electron neutrino survival probability predicted by MSW-LMA
and

Aν =

dσνμ/τ
dσνe
Pee (E ) +
(1 − Pee (E ) ),
dT
dT

(24)

dσν̄
.
dT

(25)

Aν̄ =

The same event selection criteria and spectral ﬁt procedures developed by the Borexino collaboration for studies of solar neutrinos
are used in the data analysis (see [8,27,73]). The 7 Be contribution
was modiﬁed to account for the hypothetical νe → ν̄e conversion.
This spectral component provides the most sensitive probe of the
possible appearance of the ν̄ due to the signiﬁcant 7 Be response
changes both in the shape and the amplitude. Contributions from
other solar neutrino components are less pronounced.
Solar neutrino ﬂuxes ν are constrained in the analysis to high
and low solar metallicity SSM predictions [63]. Uncertainties related to the target mass determination and oscillation parameters were found to be small compared to those associated with
the SSM-ﬂux prediction and are accounted for by using the SSMpenalty terms in the likelihood function.
The ﬁtting procedure consists in maximization of the multivariate likelihood function L( pνe →ν̄e , θ ) for a set of pνe →ν̄e values. Then
the likelihood proﬁle is analyzed to determine the upper bound for
pνe →ν̄e .
The statistics selected for the present study correspond to data
acquired from December 14, 2011 until May 21, 2016 (1291.51 days
× 71.3 tons) of ﬁducial exposure, i.e., the same period already
used for the direct study of the magnetic moment of neutrino at
detection in Ref. [73]. The recent advances in understanding of the
detector response allowed the ﬁt to be performed in the energy
range 0.19 MeV < Te < 2.93 MeV, which includes pp, 7 Be, pep, and
CNO electron-recoil spectra [8]. In this lower energy range, the
number of triggered PMT’s (Ndt1 ) in the time window 230 ns is
preferred as an energy estimator. More detailed information on
the analysis procedures and event selection could be found in
Ref[8,27,73].
The resulting likelihood proﬁles for HZ- and LZ-SSM are shown
in Fig. 6. One can obtain bounds on the fraction of pνe →ν̄e for the
HZ-SSM case by numerical integration of the proﬁles in Fig. 6:

pHZ
νe →ν̄e < 0.14 (90%C.L. )

(26)

Flares are caused by the restructuring of the solar magnetic
ﬁeld, which leads to the acceleration of protons and other charged
particles and ions. Neutrinos could be generated in the decays of
pions, which are abundantly produced in pp- and pα -collisions in
the ﬂare’s region.
Neutrino spectrum depends on the spectrum of initially accelerated colliding particles and is poorly known. Nonetheless, for various sets of input parameters the mean neutrino energy is expected
to be around 10 MeV [74]. Production of ν̄e is suppressed with
respect to ν e due to a higher threshold of π − generation in ppcollisions.
The possibility for neutrino emissions correlated with solar
ﬂares was ﬁrst advanced in the eighties by R. Davis [11,12] as an
explanation for the excess of events observed in several runs taken
by the Homestake Cl-Ar experiment. Homestake run 117 was taken
at a time of intense X12 ﬂare (ﬂare class X12 corresponds to the
12 × 10–4 W/m2 intensity of the ﬂux in the X-ray band within
1–8 Å) on June 4, 1991. Based on the number of observed extra
events in that run, an allowed band for the neutrino ﬂuence, compatible with the data, was indicated in [16].
Here we present a search for ν x and ν̄x (x = e, μ, τ ) from a variety of the solar ﬂares by looking for their elastic scattering on
electrons in the Borexino scintillator.
Information about the ﬂares is taken from the GOES database
[75]. The database provides the ﬂare’s date, the start and end time,
and the class. Assuming the neutrino ﬂux would be proportional
to the ﬂare’s intensity, we consider the most intense ﬂares of M
and X classes, which correspond to intensities of the photon ﬂux
higher than 10–5 W/m2 and 10–4 W/m2 , respectively, in the X-ray
band within 1–8 Å.
The analysis is based on data collected between November
2009 and October 2017. A total of 798 ﬂares are selected during
this period. The most intense (X9.3) ﬂare event was registered on
September 06, 2017.
The followed approach is to search for an excess of single
events above the measured background at the time of a ﬂare. For
the i-th ﬂare we choose the time window TiSIG equal to the ﬂare’s
duration, according to the database. The background is calculated
in a time window of the same length TiBKG , opened before the
TiSIG . In case the previous ﬂare occurred within this time window,
TiBKG is opened after the TiSIG . We require at least 95% of Borexino’s up time for both windows: 472 ﬂares of 798 fulﬁll this criterion, with an overall data coverage in both TiSIG and TiBKG
of 99.9%. The integral intensity over the 472 selected ﬂares is
1.78 × 10–2 W/m2 , i.e., factor of ~ 15 larger than intensity of the
ﬂare occurred during Homestake run 117.
For a ﬁrst study in the energy range of 1–15 MeV, the data acquired both by the primary and the FADC DAQ systems have been
used. Events are selected by vetoing muons and muon daughters
both in the TiSIG and TiBKG windows: a 2 s veto is applied after
muons crossing ID, and a 2 ms veto after muons crossing OD. Single events having energy E = 1 − 15 MeV are then selected without
any ﬁducial volume cut.
In order to look for neutrino events below 1 MeV and for
a better cross-validation of the whole analysis, an independent
study of the data acquired by the primary DAQ alone was performed. This study was done for the same data-taking period and
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Fig. 7. Borexino energy spectrum of single events in correlation with solar ﬂares,
measured by the FADC system within 1–15 MeV range (red) and by the primary
DAQ system within 0.25–15 MeV range (grey). In inset, the difference between
the spectra measured in TiSIG and TiBKG time windows is shown in the
units of standard deviations (SD). Blue dotted arrows indicate the three energy regions chosen for the separate analysis (details in text). Line 4 shows the expected
spectrum of recoil electrons for 14 MeV neutrinos per one ﬂare with the ﬂuence
1 × 1010 cm−2 . (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

Fig. 8. Borexino 90% C.L. ﬂuence upper limits obtained through neutrino-electron
elastic scattering for ν e , ν̄e , ν μ,τ , and ν̄μ,τ . In the plot the limits obtained for ν e
by SNO [16] are labelled and the range of ﬂuences that would have explained the
Cl-Ar Homestake excess in run 117.

effective cross section can be expressed as:

σeff (Eν ) =
TiSIG

TiBKG

and
windows, but in the energy range
the same
E = 0.25 − 15 MeV. Events were selected by applying a dynamic
ﬁducial volume cut of 145 tons (75 cm from the shape of the IV)
to suppress the external γ radioactivity. The muon veto duration
was chosen to be of only 0.3 s, because at energies below 3 MeV,
the cosmogenic isotopes are not the dominant background.
Fig. 7 shows the energy spectrum of selected single events measured by the FADC system within 1–15 MeV range (red line) and
by the primary DAQ system within 0.25–15 MeV range (grey), for
the integrated time exposure TiSIG . The difference between this
spectrum and the one measured for the TiBKG is shown in the
inset. No statistically signiﬁcant excess of events is observed in correlation with the selected ﬂares.
In order to obtain the ﬂuence upper limits for ﬂare-correlated
neutrinos we used the same approach as in [9]: the ﬂuence limit
for neutrinos of energy Eν is calculated according to the equation:
ν ( Eν ) =

N90 (Eν )
,
Ne σeff (Eν )

(28)

where Ne is the number of electrons in the Borexino scintillator, that is, Ne = 9.2 × 1031 for the whole IV and Ne = 4.8 × 1031
for the 145 tons FV. Since the scattering of monoenergetic neutrinos with energy Eν off electrons leads to recoil electrons with a
Compton-like continuous energy spectrum with maximum energy
Tνmax = 2Eν2 /(me + 2Eν ), σ eff (Eν ) is the effective cross section for an
interacting neutrino with energy Eν to recoil electrons with energy
T in the interval (Tth > 0, Tνmax ) with 100% detection eﬃciency. This
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Tνup
Tth



T+

dT
T−

d σ ( Eν , T  )
G(T , T  )dT  ,
dT 

(29)

up
where Tν ∼
= Tνmax + σT (T ). The Gaussian function G(T, T ) with
variance σT2 (T ) accounts for the ﬁnite energy resolution of the detector, with T − = T − 3σT (T ) and T + = T + 3σT (T ). The numerator
in Eq. 28, N90 (Eν ), is the 90% C.L. upper limit on the number of
ﬂare-associated events per one ﬂare, due
 to neutrinos with energy Eν , calculated as N90 = (Q (0.9 ) × Nin + Nbgr )/Nﬂares , where
Q (0.9 ) = 1.64 is a quantile function for normal distribution. Here,
Nin and Nbgr denote overall numbers of events in the energy interup
val (Tth , Tν ), detected in the time periods TiSIG and TiBKG ,
respectively.
The procedure was repeated for neutrino energies Eν from 0.5
to 3.5 MeV in increments of 0.1 MeV, from 3.5 to 5 MeV in increments of 0.5 MeV, and for Eν > 5 MeV in 1.0 MeV steps. In order
to maximize the signal to background ratio, the lower integration
limits Tth from Eq. 29 was optimized for different neutrino energies considering the shape of the spectrum decreasing with energy
(Fig. 7). The three blue lines indicated in Fig. 7 with indices 1, 2,
and 3 show the thresholds of electron energies Tth , for which Eν
was set to (1.5, 3.5) MeV, (4.0, 5.0) MeV, and (6.0, 15.0) MeV intervals, respectively.
In order to set the ﬂuence limits for ﬂare-correlated neutrinos (antineutrinos) of electron and (μ + τ ) ﬂavors individually, the
corresponding cross section in Eq. 29 was set to σνe (σν̄e ) and σνμ,τ
(σν̄μ,τ ), respectively. The results obtained for two DAQ systems independently were found to be consistent within statistical uncertainty of our measurements.
Fig. 8 and Table 4 show Borexino limits obtained from the primary DAQ (Eν < 3.5 MeV) and the FADC DAQ (Eν > 3.5 MeV).
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Table 4
Borexino 90% C.L. upper limits on neutrino ﬂuences from the solar ﬂares.
Eν [MeV]
0.5
0.7
1
2
3
4
6
8
10
12
14

νe [cm

1.83
6.14
2.75
7.25
4.10
2.81
1.85
1.32
1.04
8.61
7.33

−2

×
×
×
×
×
×
×
×
×
×
×

]

1013
1012
1012
1011
1011
1011
1011
1011
1011
1010
1010

ν̄e [cm

6.52
2.57
1.29
3.81
2.23
1.56
1.04
7.54
5.96
4.95
4.22

−2

×
×
×
×
×
×
×
×
×
×
×

]

1013
1013
1013
1012
1012
1012
1012
1011
1011
1011
1011

νμ,τ [cm

1.65
2.79
9.50
2.00
1.07
7.10
4.54
3.21
2.51
2.07
1.75

×
×
×
×
×
×
×
×
×
×
×

−2

]

1014
1013
1012
1012
1012
1011
1011
1011
1011
1011
1011

ν̄μ,τ [cm

7.73
3.07
1.54
4.56
2.67
1.86
1.25
9.01
7.12
5.91
5.04

×
×
×
×
×
×
×
×
×
×
×

−2

]

1013
1013
1013
1012
1012
1012
1012
1011
1011
1011
1011

Limits for ν e obtained by SNO [16] and an allowed band for the
neutrino ﬂuence that would have explained the Homestake run 117
excess of events are also shown for comparison.
As of today, Borexino sets the strongest limits on ﬂuences of all
neutrino ﬂavors from the solar ﬂares below 3–7 MeV. Under assumption that neutrino ﬂux is proportional to the ﬂare’s intensity,
Borexino’s data excludes an intense solar ﬂare occurred during run
117 of the Cl-Ar Homestake experiment as a possible source of the
observed excess of events.
5. Conclusions
In this paper we investigated the possible anti-neutrino ﬂuxes
from diffuse astrophysical sources such as relic supernovae or the
conversion of solar neutrinos into anti-neutrinos in the magnetic
ﬁeld of the Sun. The extreme radiopurity of the Borexino detector
allowed us to set new limits on diffuse supernova neutrino background for ν̄e in the previously unexplored energy region below
8 MeV, and to get, even with very conservative assumptions, competitive results between 7.8 and 16.8 MeV. The new search for ν̄e
appearance in solar neutrino ﬂuxes was performed both in the energy range 1.8 < Eν̄e < 16.8 MeV and 0.9 < Eν̄e < 3.3 MeV. Thanks
to an almost 5-fold increase in statistics, we improved previous
Borexino limits on neutrino-to-antineutrino conversion ( pν →ν̄ ) by
a factor of two. A model-independent study was also presented.
Finally, the most stringent up-to-date limits on ﬂuences for all
neutrino ﬂavors from solar ﬂares below 3–7 MeV have been set.
An intense solar ﬂare was excluded as a possible source of the observed excess of events in run 117 of the Cl-Ar Homestake experiment.
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