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First Directional Measurement of Sub-MeV Solar Neutrinos with Borexino
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We report the measurement of sub-MeV solar neutrinos through the use of their associated Cherenkov
radiation, performed with the Borexino detector at the Laboratori Nazionali del Gran Sasso. The
measurement is achieved using a novel technique that correlates individual photon hits of events to
the known position of the Sun. In an energy window between 0.54 to 0.74 MeV, selected using the
dominant scintillation light, we have measured 10 8877375% (stat) + 947(syst) (68% confidence interval)
solar neutrinos out of 19904 total events. This corresponds to a 'Be neutrino interaction rate of
51.6:13:59 counts/(day - 100 ton), which is in agreement with the standard solar model predictions and the
previous spectroscopic results of Borexino. The no-neutrino hypothesis can be excluded with > 5¢
confidence level. For the first time, we have demonstrated the possibility of utilizing the directional
Cherenkov information for sub-MeV solar neutrinos, in a large-scale, high light yield liquid scintillator
detector. This measurement provides an experimental proof of principle for future hybrid event

reconstruction using both Cherenkov and scintillation signatures simultaneously.

DOI: 10.1103/PhysRevLett.128.091803

Introduction.—Because of their tiny interaction cross
sections, neutrinos provide us with unique information
about otherwise inaccessible locations such as the center of
stars and other astronomical objects. Solar neutrinos are
created as electron-flavored neutrinos in the nuclear fusion
processes inside the Sun’s core. They have a special place
in neutrino physics as they not only aid us in understanding
our Sun and what powers it [1-3], but also help us in
unraveling various neutrino properties such as neutrino
oscillations and the effect of neutrino-matter interactions
[4-9]. Moreover, neutrinos from the Sun enable us to put
upper limits on the neutrino magnetic moment [10] and the
accumulation of dark matter [11] inside the Sun.

At present, there are two principal detector types used for
the measurement of solar neutrinos: Water Cherenkov
(WCh) [3,12,13] and Liquid Scintillator (LS) detectors
[14—17]. They detect solar neutrinos via elastic scattering
off electrons. The light produced by the recoil electrons is
typically detected by photomultiplier tubes (PMTs). Both
these detector types have their own sets of advantages and
disadvantages. In WCh detectors, the Cherenkov light
emission from the recoil electrons enables the directional
reconstruction of the final-state lepton, that is essential for
background suppression and particle identification based
on the Cherenkov ring morphology [3,18]. The main
disadvantage of WCh detection is a relatively small light
yield at MeV energies, resulting in a higher energy thresh-
old as well as poorer resolution compared to LS detectors.
Only charged particles that have a velocity faster than the
speed of light in the medium can be detected. This is
determined by the refractive index n of the medium. For
water with n = 1.33, this results in a kinetic energy
threshold of about 0.25 MeV for electrons. In practice,
the effective low energy threshold is higher due to the
presence of radioactive background and PMT dark noise.
Since the amount of Cherenkov light emitted close to the
threshold is small, this low light yield makes it challenging
to trigger an event and perform vertex and direction
reconstruction. For example, taking into account the

coverage, photon detection efficiency, and radioactive
background, the lowest kinetic energy threshold for recoil
electrons used in WCh detectors is ~3.5 MeV, where only
~30 photoelectron hits are detected on average [3,13].

On the other hand, large LS detectors have a relatively
high light yield, and thus a higher energy resolution and a
lower energy threshold, provided they have a sufficiently
low level of residual radioactive contamination. The recoil
electrons from solar neutrinos excite the liquid scintillator
molecules, which produce isotropic scintillation light. For
Borexino this corresponds to 500 photoelectron hits at
1 MeV deposited energy detected with 2000 PMTs. This is
equivalent to a 5% energy resolution [19] and an effective
low energy threshold of ~0.19 MeV for the spectroscopic
analysis [20]. The main disadvantage of LS detectors is that
the emitted Cherenkov photons are subdominant to such a
degree that an event-by-event direction reconstruction has
not been possible yet.

There is an ongoing effort for the development of hybrid
detectors that could combine the advantages of both detector
types, i.e., a low energy threshold, good energy resolution,
and directional reconstruction using Cherenkov light [21].
This is motivated by the prospect of a rich physics program,
ranging from the measurement of CNO solar neutrinos [22]
to searches for neutrinoless double beta decay [23] for which
solar neutrinos are a background. Moreover, the added
scintillation signal provides a means to reconstruct hadronic
recoils in the final states of GeV neutrino interactions, most
relevant for future long-baseline oscillation experiments
[21]. The research and development activities for these
hybrid detectors can be summarized into four categories:
(i) new target materials [24-26], (ii) fast photodetectors for
time separation of Cherenkov and scintillation light [27],
(iii) spectral sorting with band pass and dichroic
filters [28,29], and (iv) new analysis techniques [30,31].
Only relatively small-scale experiments have been run so far,
or are planned to run in the near future, such as CHESS [32],
ANNIE [33], and FlatDot [34]. Contrariwise direction
reconstruction with Cherenkov light in large-scale
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scintillator or hybrid neutrino detectors has only been studied
with Monte Carlo simulations [21,22,35].

In this Letter, we present a measurement of sub-MeV
solar neutrinos in the Borexino detector, using their
associated Cherenkov light. For this, a specific energy
region of interest has been selected using the recoil
electron scintillation light signal. The measurement is
performed through a novel analysis technique called
“correlated and integrated directionality” (CID). This
work provides an experimental proof of principle for
the feasibility of using directional Cherenkov light in a
monolithic, large-scale liquid scintillator detector. At the
same time, the CID method also provides a robust,
straightforward analysis technique that is readily appli-
cable for other LS detectors like KamLAND [15], JUNO
[17], and SNO+ [16].

Borexino and solar neutrinos.—Borexino is a high light-
yield LS detector whose main goal is the spectroscopic
measurement of solar neutrinos [14]. The experiment is
located at the Laboratori Nazionali del Gran Sasso (LNGS),
Italy, at a depth of 3800 meters water equivalent to suppress
the cosmic muon flux. The neutrino target at the detector
center consists of ~280 tons of extremely radio-pure LS. It
is composed of 1,2,4-trimethylbenzene (PC) solvent, mixed
with 2,5-diphenyloxazole (PPO) as a fluor. The LS is
contained in a thin nylon vessel, surrounded by two liquid
buffer layers. The scintillator and buffers are contained in a
stainless steel sphere, equipped with ~2000 8-inch PMTs.
This entire setup is enclosed in a water tank mounted with
~200 PMTs serving as a muon veto. The experimental
dataset is divided into three main phases: Phase 1 (May
2007-May 2010), phase II (December 2011-May 2016),
and phase III (July 2016—October 2021). Borexino’s ability
to measure solar neutrinos through spectral fits has already
been well demonstrated in the past years through the
complete spectroscopy of pp-chain neutrinos [1,36,37]
and the first direct detection of CNO neutrinos [2]. The
directionality measurement reported here is performed on
individual photon hits of the events selected in a specific
energy region of interest (ROI) to increase the signal-to-
background ratio. This facilitates the statistical separation of
solar neutrinos and the intrinsic, isotropic radioactive back-
ground in the LS. The signal consists of electrons scattering
off 0.862 MeV monoenergetic Be solar neutrinos (~90% of
signal), 1.44 MeV monoenergetic pep solar neutrinos, and
CNO solar neutrinos with an end point at 1.74 MeV. Solar
neutrinos are named corresponding to the reaction process in
which they are created. Since solar neutrinos are detected via
their elastic scattering off electrons in the LS, even mono-
energetic neutrinos show a continuous spectrum, character-
ized by a Compton-like edge. In the case of "Be solar
neutrinos, this edge is at around 0.66 MeV (see Fig. 1). The
main backgrounds for this analysis include intrinsic radio-
active = emitters, namely, 2'°Bi (Q = 1.162 MeV) and
8Kr (Q = 0.687 MeV).
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FIG. 1. The energy spectrum of phase I data (black points)

along with the spectral fit (black line) performed using the PDFs
of the different solar neutrino components and backgrounds [38].
The energy ROI used for the directional analysis of phase I is
shown as a shaded yellow area.

Cherenkov light in Borexino.—Because of the wave-
length dependence (172) of the Cherenkov spectrum, most
photons are produced in the ultraviolet (UV) region. These
Cherenkov photons are absorbed by the fluor PPO and are
subsequently reemitted as scintillation light. In Borexino,
both Cherenkov and scintillation light spectra are detected
above a wavelength of 370 nm, where the PPO absorption
becomes negligible. The spectra and velocity of Cherenkov
and scintillation light in the LS depend on the wavelength-
dependent refractive index (Fig. 9 in Ref. [39]).
Considering n =~ 1.55 at 400 nm, Cherenkov light is
produced when the kinetic energy of the recoil electron
from a solar neutrino exceeds 0.16 MeV. Cherenkov light is
emitted at picosecond timescale while the fastest scintilla-
tion light component from the LS has an emission time
constant at the nanosecond level. For this reason, the
observed ratio of Cherenkov photons in the first few
nanoseconds of a recorded event is considerably higher
than for the entire event time. The detected PMT hit time
distributions are broadened by various optical processes in
the LS, the transit time spread (TTS) of the PMTs, jitter
of the electronics, and precision of PMT time calibration.
All the above-mentioned effects, as well as the multiple
scattering of the recoil electrons in the LS, are taken into
account in the customized GEANT-4 based Monte Carlo
(MC) simulation developed for Borexino [39]. The param-
eters of the MC have been tuned to reproduce the signals of
radioactive sources used in the calibration campaign [19].

The distinct time behaviors of Cherenkov and scintilla-
tion photons are illustrated in Fig. 2. It shows the time-of-
flight corrected PMT hit time distributions obtained from
MC for "Be solar neutrino recoil electrons in the ROL. In the
chosen energy ROI, on average ~270 PMT hits (normal-
ized to 2000 live PMTs) are detected per event and MC
predicts that only ~1 PMT hit per event is caused by
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FIG. 2. Time-of-flight corrected hit times of "Be solar neutrino
recoil electrons (0.54 to 0.74 MeV) as obtained from the Borexino
MC. The left y axis shows the scintillation light (blue), where the
area is normalized to 1. The Cherenkov light (red) is shown on the
right y axis and the area is normalized to the number of Cherenkov
hits relative to scintillation (~0.4%). The scintillation light profile
also includes photons that have been produced in the Cherenkov
process, but have been absorbed and reemitted by the LS.

Cherenkov light. This highly disfavors an event-by-event
directional reconstruction in Borexino.

Correlated and Integrated Directionality (CID).—In the
CID technique, we correlate the detected PMT-hit pattern
of a selected event to the well-known position of the Sun,
and then integrate it for a large number of events. This
results in an angular distribution between the hit PMTs and
the solar direction which is illustrated in Fig. 3. Because of
the event kinematics, the angular distribution of recoil
electrons is centered around the direction of the incident
solar neutrinos. The Cherenkov light is produced almost
instantaneously and carries the directional information of
the recoil electron, and thus approximately that of the solar
neutrino. The dominant scintillation light is emitted iso-
tropically and has no correlation to the Sun’s position.
Since events are detected in real time, the position of the
Sun is well known for each event. The directional angle « is
defined for each PMT hit as the angle between the known
solar direction and the photon direction, given by the
reconstructed event vertex of the recoil electron and the hit
PMT position. Given the energy ROI and the refractive
index of the LS, the CID distribution of solar neutrinos is
expected to have a signature Cherenkov peak at cos a ~ 0.7
[see Fig. 4(b)]. Since the Cherenkov and scintillation light
from the radioactive background inside Borexino has no
correlation to the Sun’s position, it instead produces a flat
CID cos «a distribution. These CID distributions of solar
neutrinos and background events can be disentangled by
fitting MC-generated probability density functions (PDFs)
for the directional signal and flat background to a high-
statistics dataset. Note that the CID method on its own is
largely insensitive to different kinds of solar neutrinos like
Be, pep, and CNO in the chosen ROI.

FIG. 3. Angular correlation of photon hits expressed in terms of
the directional angle « given by the reconstructed vertex of the
solar neutrino event and the position of the Sun. An electron
recoiling off a solar neutrino in the detector produces isotropic
scintillation light (blue arrows) uncorrelated to the Sun, as well as
a Cherenkov cone (orange arrows) in the solar direction. In this
example, the first two event hits are both Cherenkov photons and
their respective directional angles are @; and a,. The direction of
Cherenkov and scintillation photons of radioactive background
events are not correlated to the position of the Sun.

Analysis methods.—The principal dataset of this analysis
consists of phase I. The data selection for this measurement
follows a procedure similar to the standard low-energy
solar neutrino analyses of Borexino [20,38]. However,
the events are selected in a smaller energy ROI between
0.54-0.74 MeV (Fig. 1). In this ROI, external gammas
originating from outside the LS are still negligible until a
radius r < 3.3 m, allowing us to use an enlarged fiducial
volume of 132 t. In addition, pulse shape discrimination
[41] is applied to remove a background from radioactive
210pg (Q = 5.304 MeV) in the scintillator. Its quenched
energy spectrum (0.28-0.63 MeV electron equivalent) falls
partially inside the ROL In the chosen ROI, the overall ratio
of Cherenkov to scintillation photons expected from MC is
only ~0.4%. Unlike the usual event-based analyses of
Borexino, the CID method is performed on the individual
photon hits. As a consequence, we have adopted the “N"-
hit method”: The times of the photon hits of each selected
event are corrected with their time of flight between the
reconstructed event vertex and the PMT that detected
the hit. They are then sorted in time with respect to the
reconstructed start time of the event. The analysis is
restricted to the 1st and 2nd hits as they were found to
have the highest Cherenkov ratio, capable of distinguishing
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the directional differences between signal and background
in MC. For both 1st and 2nd hits separately, CID cosa
distributions are produced by summing over the hits of all
selected events.

The number of solar neutrinos Ny, 1S extracted
through a y? fit of the CID cosa data spectrum to the
MC PDFs of the solar neutrino signal and = background.
The test statistics is defined as follows:

(1)

7 (Nootars) = ii ((cos @); = (c0s @),y (Nsotar-s» Araie V"))
solar-v M )2 (0.039 ns m_l)z

n,i

n=1 i=1 n,i

with the hit index n = 1, 2 and the angular index i from
1 to the total number of bins / =60 in the range
—1 < cosa < +1. (cos a)?; and (cos a)¥; are the cos a
values for the ith bin of the nth hit of data and MC,
respectively, and, of; and o, are their corresponding
statistical errors. The parameters Arg, and gvy™ are
sufficient to parametrize the differences between data and
MC. Their values are small and have no impact on the event-
based algorithms of Borexino. The parameter Arg; takes
into account a systematic shift in the reconstructed vertex
position of the recoil electron with respect to the initial
electron direction, which is correlated to the solar neutrino
direction. It is not visible on an event-by-event basis, but is
observed in MC and has an influence on the summed CID
cos a distribution of solar neutrinos. The value of Arg, in
data cannot be determined by Borexino calibrations and
hence is left free to vary in the fit. The parameter gv$"™ is an
effective correction of the group velocity for Cherenkov
photons relative to scintillation photons and is treated as a
nuisance parameter with a Gaussian pull-term in the fit,
based on gamma calibration data as explained below. This
correction term reflects the remaining uncertainty on the
effective Cherenkov wavelength spectrum and the wave-
length-dependent refractive index implemented in the de-
tector MC. These can affect the relative group velocities of
scintillation and Cherenkov photons and thus change their
effective ratio for the first few photon hits used in the
analysis.

We have performed a calibration of the effective
Cherenkov group velocity correction using the available
gamma calibration sources from Borexino’s 2009 calibra-
tion campaign [19]. Because of the known positions of the
gamma sources from CCD cameras, the initial directions of
the gamma rays can be reconstructed. The Cherenkov
photons from the Compton-scattered electrons can be
correlated to the reconstructed gamma direction similar to
the CID analysis. This calibration results in a value of
gve™ = (0.108 & 0.039) nsm™~'. Since the calibration has
been performed at the end of phase I data taking and
subnanosecond stability of effective PMT timing cannot
be guaranteed for long time periods, this measurement is
considered valid only for phase I. Note that Cherenkov
photons from background PDFs are not influenced by Arg;,
and gvy™ as the direction of both Cherenkov and

(6?)? + (o

(gvsp™ — 0.108 ns m‘1)2>

|

scintillation light are uncorrelated to the position of the
Sun. Both Arg;; and g™ are explained in more detail in the
companion paper [42]. Note that in future LS detectors, the
uncertainties arising from both parameters might be sub-
stantially reduced by the deployment of a dedicated electron
Cherenkov source.

Further systematic effects have been investigated: the
choice of the histogram binning, the number of early PMT
Nth hits, and the influence of the number and distribution
of active PMTs. In total, they contribute a relative system-
atic uncertainty of 8.7% on the Nj,.., result. Other sources
of uncertainty, such as the effect of a nonuniform distri-
bution of radioactive background in the fiducial volume
have been studied, but found to be negligible (more details
in the companion paper).

Results.—Figure 4(a) shows the Ay? between data and
the best fit as a function of the number of solar neutrino
events Ng,.,. We show the Ay’ profile both with and
without the systematic uncertainty of 8.7%. The agreement
between the best fit and data is given by y?/ndf =
124.6/117 (p-value = 0.30), based on the histograms of
the first two PMT hits of all events, with 60 bins each. The
resulting best fit for the number of solar neutrino events is
Ngotary = 10887358 (stat) + 947(syst) (68% C.1.) out of
the 19904 selected events, and consists of 'Be, pep, and
CNO neutrinos. Figure 4(a) also shows the 68% confidence
intervals for the measured N, and the expected value
according to the standard solar model (SSM) [40,43],
represented by the blue and orange bands, respectively.
The SSM has varied predictions on the so-called “metal-
licity,” i.e., the amount of metals heavier than “He in the
Sun. Since this affects the expected number of solar
neutrinos in Borexino, the difference between the low
and high metallicity model predictions are included as a
systematic uncertainty. The measured number of solar
neutrinos is well in agreement with the SSM expectation
of Ngg = 10 1871“15;‘217. The background-only hypothesis
can be excluded with Ay? > 25, which corresponds to a
> 50 detection of sub-MeV solar neutrinos using the CID
method. Figure 4(b) shows the measured cos « distribution
for the first PMT hits of the data events together with the
best fit and the neutrino-only and background-only cos a
distributions. For illustration purposes, this is shown for 10
bins instead of the 60 bins used in the final fit.
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(a) The sum of the Ay? profiles of the 1st and 2nd hits from the fit as a function of the observed number of solar neutrinos

Nolarw» With (blue solid curve) and without (blue dotted curve) the systematic uncertainty. The no-neutrino signal hypothesis
Ngoarw = 0, can be rejected with Ay? > 25, > 56 CL. The 68% C.I. (blue shaded band) from the Ay> profile gives
Noary = 108877358 (stat) £ 947 (syst). The best fit gives a y?>/ndf = 124.6/117. The 68% C.1. of the expected solar neutrino
signal based on the SSM predictions [40] is shown as an orange band. (b) The cos a 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 MC PDFs of
pure neutrino signal (red) and # background (blue) used in the fit are shown as well, normalized to the same 19904 events. For
illustration purposes, the histograms are shown with 10 bins instead of the 60 bins as used in the final fit.

Using the CID measurement of N, the 'Be inter-
action rate R("Be)¢yp has been calculated as R("Be)yp =

51.61132 cpd/100t for the full "Be neutrino energy (0.384
and 0.862 MeV monoenergetic lines). For this the pep and
CNO neutrino rates have been fixed to their SSM pre-
dictions [43]. The small errors arising from pep and CNO
neutrino predictions are included in the systematic uncer-
tainty (refer companion paper). This 'Be rate is well in
agreement with the results of the phase I spectroscopy
R(’Be) = 47.9 +2.3 ¢pd/100t where the pep and CNO
neutrino rates were fixed to their SSM predictions as
well [38].

Conclusions.—For the first time, we have measured sub-
MeV solar neutrinos using their directional Cherenkov
light, through the CID method in a traditional, large-scale
LS detector. While this measurement on its own features
relatively large statistical and systematic uncertainties, it
still provides experimental proof that the directional infor-
mation of Cherenkov light is accessible even for sub-MeV
neutrinos in a high light-yield LS medium. In future
analyses the CID measurement could be combined with
a standard spectral fit, and thus help to disentangle neutrino
signal and backgrounds. This might be interesting espe-
cially if there is a degeneracy of signal and background
energy spectra, as is the case for the >!°Bi background and
CNO solar neutrinos [2] in Borexino.
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