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C.Lefebvre,1 Y.H. Lin,1 V.Lozza,2, 20 M.Luo,7 A.Maio,2, 20 S.Manecki,8, 1, 9 J.Maneira,2, 20 R.D.Martin,1

N.McCauley,14 A.B.McDonald,1 C.Mills,11 G.Milton,12 I.Morton-Blake,12 M.Mubasher,6 A.Molina Colina,9, 8

D.Morris,1 S.Naugle,7 L. J.Nolan,22 H.M.O’Keeffe,21 G.D.Orebi Gann,4, 5 J. Page,11 K.Paleshi,9 W.Parker,12

J. Paton,12 S. J.M.Peeters,11 L.Pickard,4, 5, 23 P.Ravi,9 A.Reichold,12 S.Riccetto,1 M.Rigan,11 J.Rose,14

R.Rosero,24 J.Rumleskie,9 I. Semenec,1 P. Skensved,1 M.Smiley,4, 5 J. Smith,8, 9 R. Svoboda,23 B.Tam,1, 12
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The direction of individual 8B solar neutrinos has been reconstructed using the SNO+ liquid
scintillator detector. Prompt, directional Cherenkov light was separated from the slower, isotropic
scintillation light using time information, and a maximum likelihood method was used to reconstruct
the direction of individual scattered electrons. A clear directional signal was observed, correlated
with the solar angle. The observation was aided by a period of low primary fluor concentration
that resulted in a slower scintillator decay time. This is the first time that event-by-event direction
reconstruction in high light-yield liquid scintillator has been demonstrated in a large-scale detector.

Introduction - Organic liquid scintillator (LS) detec-
tors play a central role in particle physics, particularly in
studies of neutrinos, where numerous breakthrough mea-
surements have been made in areas such as solar neutri-
nos [1], reactor antineutrinos [2–5] and neutrinoless dou-
ble beta decay [6]. Several large scale LS detectors are
currently in operation [7–9] with more under construc-
tion [10] or being planned [11, 12]. The capabilities of
such detectors would be enhanced by the ability to dis-
tinguish Cherenkov light from the scintillation signal so
as to provide directional information while maintaining
the energy resolution of high light-yield scintillators [13–
16].

While detectors have used Cherenkov light before in
low-light yield scintillators [17, 18], the Cherenkov com-
ponent in high light-yield LS detectors typically only rep-
resents a few percent of the overall light signal, posing a
considerably greater challenge. In addition to having a
different wavelength profile, the prompt and directional
nature of this light offers potential handles to distinguish
it from the slower, isotropic scintillation signal. This can
be aided by further slowing the characteristic scintillation
time either by introducing primary fluors with longer in-
trinsic time constants [13, 19] or by reducing the primary
fluor concentration to reduce the non-radiative coupling
with the solvent [15, 16].

During its commissioning phase, the SNO+ experi-
ment operated with an initial concentration of 0.6 g/L
2,5-diphenyloxazole (PPO) in the linear alkylbenzene
(LAB) solvent, resulting in a scintillation decay timescale
of ∼10 ns. Data during this time period shows a clear
directional signal from 8B solar neutrino interactions.
While a recent study by the Borexino Collaboration
[20, 21] has been able to statistically extract a direc-
tional signal using Cherenkov light from a large number
of low-energy solar neutrinos, this is the first time that a
large-scale experiment has demonstrated event-by-event
direction reconstruction in high light-yield liquid scintil-
lator.

The SNO+ Detector and Data Selection - SNO+
is a multi-purpose neutrino detector located 2 km under-
ground at SNOLAB in Ontario, Canada. Much of the
infrastructure has been repurposed from the SNO ex-
periment, including 9362 photomultiplier tubes (PMTs)
and a 6m radius acrylic vessel (AV). Significant upgrades
have been made to the detector, allowing for the AV to be
filled with LS [22]. Further details of the SNO+ detector
can be found in [9].

In order to select a pure sample of 8B solar neutrinos
for the current study, an energy region for the scattered

electron of approximately 5–15MeV was used [23]. This
removes the vast majority of events due to U/Th chain
backgrounds as well as events associated with muons.
The higher energy events in this sample are expected to
provide better directional information, compared to those
below 5MeV, due to the increased number of Cherenkov
photons, reduced electron multiple scattering and neu-
trino interaction kinematics. A dead time of 20 s was
also enforced after any energy depositions above 15MeV
in order to remove any further activity following muon
events. A fiducial radius of 5.5m from the centre of the
AV was used to select events from a region of more uni-
form detector optical response. After cuts, the only ex-
pected background events result from atmospheric neu-
trinos and the decays of 208Tl and 210Tl, which results in
a total of ∼ 1 expected events within the data set.

Data Sets - During the period of April – October
2020 (Period 1), SNO+ was partially filled with scintilla-
tor that floated on a larger volume of water inside the AV.
The LS portion comprised 365 t with a PPO concentra-
tion of 0.6 g/L. The interface with the water region was
∼75 cm above the AV equator. In-situ measurements of
light emitted from low energy background events in the
LS region during this phase indicated a yield of ∼300
detected photoelectrons per MeV of deposited electron
energy. A parametrisation of the inherent scintillator
timing profile was derived based on a comparison of data
with simulations for 214Bi background events, tagged via
the associated alpha decay of 214Po, and has the following
form:

P (t) =

3∑
i=1

Ai
e−t/τi − e−t/τr

τi − τr
(1)

where P is the probability of photon emission, t is the
time of emission, Ai is the fraction of light in the ith com-
ponent, τi is the fall time of the ith component and τr is
the common rise time, found to be 0.8 ns. This param-
eterisation is shown in Fig. 1 and the derived constants
are given in Table I.

i 1 2 3
τi (ns) 13.5 23 98.5
Ai 0.55 0.335 0.115

TABLE I: The derived scintillation timing profile param-
eters of LAB with 0.6 g/L PPO.
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FIG. 1: Parameterised time profile of scintillation light
emission for electrons in LAB with 0.6 g/L PPO based
on comparisons of 214Bi background events in data and
simulations.

For the Period 1 data set, an extra fiducial volume
constraint was implemented in order to avoid proximity
to the interface, excluding events which reconstruct in
the scintillator within 1m of the equator. From this data
set, 20 solar neutrino candidates were extracted.

Between April and June 2021 (Period 2) the detector
was filled with 780 t of LS at 0.6 g/L PPO concentration.
The scintillator optical, timing and light yield character-
istics were confirmed to be unchanged from Period 1. 17
solar neutrino candidates were extracted from this pe-
riod, which were then combined with Period 1 to create
a single data set.

Cherenkov Separation in SNO+ - Reconstruction
of event direction relies on isolating the instantaneous
Cherenkov light from the scintillation signal using timing
information. A “time residual” is defined as:

tres = thit − tevent − tflight (2)

where thit is the recorded hit time of the PMT, tevent is
the reconstructed event time and tflight is the estimated
time of flight of the photon, assuming a straight line light
path. The latter two terms result from a maximum likeli-
hood fit to an assumed point-like vertex position based on
timing information from all hit PMTs in the event. The
distribution of tres is largely dominated by the inherent
time spectrum of scintillation/Cherenkov light, the PMT
time response, and uncertainties in the reconstructed ver-
tex position. The anisotropy in the early light due to
the Cherenkov component can be identified by using this
timing information in conjunction with the parameter θγ ,
defined as the angle between the estimated photon direc-
tion (i.e. from the reconstructed vertex to the hit PMT)
and the initial direction of the original electron, as shown
in Fig. 2a.

(a) (b)

FIG. 2: Definitions of angles referenced in this paper: θγ
is the angle between the electron’s travel direction and
the photon direction; α is the angle between the true and
reconstructed direction of the electron; and θSun is the
angle between the reconstructed event direction and the
solar direction (assumed true direction of the neutrino).

It is possible to clearly see this anisotropy in the cos θγ
distribution on the rising edge of the scintillator timing
profile in simulations of 6MeV electrons using measured
scintillation characteristics. A clear Cherenkov peak can
be seen in Fig. 3 at low tres near the expected emission
angle of cos θγ = 0.66. There is also a slight bias in the
“backwards” direction (towards cos θγ = −1) evident in
the plot. This is due to bias in the vertex reconstruction
caused by the earlier Cherenkov photons “pulling” the
best fit vertex along the direction of motion. This effect
was also noted in Borexino’s directionality studies [20,
21]. This suggests that it might be possible to improve
reconstruction by simultaneously fitting for both vertex
and direction. While this is currently under study, the
present analysis treats these two aspects separately.
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FIG. 3: Distribution of photon hits in cos θγ and tres for
simulated 6MeV electrons in LAB with a PPO concen-
tration of 0.6 g/L. A clear peak can be seen at low tres
near the expected Cherenkov angle, cos θγ = 0.66.
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Direction Reconstruction - The distribution in Fig.
3 is used as a probability density function (PDF) for a
maximum likelihood reconstruction of event direction.
Results of this direction reconstruction for electrons of
different energies simulated in the SNO+ detector are
shown in Fig. 4, where α is defined as the angle be-
tween the true direction and the reconstructed direction
as shown in Fig. 2b. Table II shows simulation predic-
tions for the percentage of events with cosα > 0.8 for
different electron energies.

As shown in Fig. 4, higher energy electrons yield bet-
ter direction reconstruction owing to increased photon
sampling as well as a reduced impact from electron mul-
tiple scattering. Increased effective photocathode cover-
age and/or slower scintillator formulations should be able
to extend the usable range of direction reconstruction to
lower energies [24].

The impact of multiple scattering and vertex recon-
struction bias on the direction fit, are illustrated in Fig.
5 for simulated 6 MeV electrons. From this investigation,
it is clear the features near cosα = 0 and cosα = −1 are
caused by vertex reconstruction effects.
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FIG. 4: Results of direction reconstruction of simulated
electrons of different energies, with error bars displaying
statistical uncertainties.

Electron Energy (MeV) % with cosα > 0.8
2 21.9± 0.4
6 45.6± 0.6
10 64.6± 0.7
20 83.0± 0.8

TABLE II: Energy dependence of direction reconstruc-
tion for electrons simulated in the SNO+ detector, with
statistical uncertainties. The performance is quanti-
fied by the percentage of events that reconstruct with
cosα > 0.8.
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FIG. 5: Direction reconstruction of simulated 6MeV elec-
trons in scintillator for cases of 1) no multiple scattering
and using the true vertex position (brown, cross); 2) no
multiple scattering and using the fit vertex position (red,
triangle); 3) with multiple scattering and using the true
vertex position (orange, square); 4) with multiple scat-
tering and using the fit vertex position (yellow, circle).

Application to Solar Neutrinos - Direction recon-
struction was applied to the solar neutrino data set previ-
ously described. Due to the kinematics of solar neutrino
elastic-scattering, the scattered electrons have additional
angular spread relative to the solar direction, as indicated
in Fig. 2b. Due to the selection of electrons with an en-
ergy greater than 5MeV, this smearing is confined to one
bin. The results of direction reconstruction in data are
shown in Fig. 6, along with Monte Carlo (MC) predic-
tions sampled from a nominal 8B energy spectrum. A
clear peak at cos θSun = 1 can be seen. A likelihood ratio
test in comparison with an isotropic distribution yields a
p-value corresponding to 5.7σ.
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FIG. 6: Results of direction reconstruction for measured
(solid) and simulated (dashed) 8B solar neutrinos, where
simulation sampled from a nominal 8B energy spectrum.
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Conclusions - Data from the SNO+ experiment has
been used to demonstrate event-by-event direction recon-
struction of solar neutrinos in a high light-yield liquid
scintillator detector based on the time separation of the
Cherenkov light from the scintillation light. This new ca-
pability opens up interesting possibilities for current de-
tectors and for the design of future instruments. Poten-
tial applications include studies of solar neutrinos, super-
nova neutrinos, and background discrimination for other
physics. By utilising slower scintillators, increased photo-
cathode coverage and/or other developing technologies,
this approach could be extended to lower energies, where
it could also benefit studies of phenomena such as neu-
trinoless double beta decay.
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