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The SNO+ Collaboration reports the first evidence of 3B solar neutrinos interacting on '3C nuclei. The
charged current interaction proceeds through '3C + v, —'3 N + e~ which is followed, with a 10 minute half
life, by N —=13C 4 e* + v,. The detection strategy is based on the delayed coincidence between the
electron and the positron. Evidence for the charged current signal is presented with a significance of 4.2¢.
Using the natural abundance of '3C present in the scintillator, 5.7 metric tons of '*C over 231 days of data
were used in this analysis. The 5.675") observed events in the data set are consistent with the expectation of

4.719¢ events. This result is the second real-time measurement of CC interactions of *B neutrinos with

nuclei and constitutes the lowest energy observation of neutrino interactions on '3C generally. This enables
the first direct measurement of the CC v, reaction to the ground state of 1N, yielding an average cross

section of (16.1733(stat.) ) 9(syst.)) x 1073 cm? over the relevant *B solar neutrino energies.

DOI: 10.1103/1fr1-95gj

Introduction—The SNO+ liquid scintillator experiment
reports the first evidence of the charged current (CC)
interaction of solar neutrinos with 3C, 3C +vy, -
BN + ¢~. The interaction has a threshold energy of
2.2 MeV, and is detected using the delayed coincidence
between the prompt electron and the '*N, which undergoes
BT decay with a half life of 9.96 minutes and a Q-value
of 2.2 MeV.

The flux and spectrum of ®B electron neutrinos from
the Sun have been constrained by measurements of CC
and neutral current (NC) neutrino interactions on various
targets, including elastic scattering (ES) interactions on
electrons, from numerous independent solar neutrino experi-
ments [1]. Unlike NC or ES reactions, CC interactions
directly relate the outgoing-electron energy to the incident-
neutrino energy, providing a sensitive probe of the *B
spectrum. Results are wholly consistent with the standard
solar model together with neutrino oscillations [2],
with oscillation parameters also confirmed by terrestrial
experiments [3]. Given the solar electron-neutrino spectrum
established by this framework, we are now able to measure the
CC cross section on a different nucleus, 13C, for the first time.

The SNO+ detector—The SNO+ detector is located
2 km underground at the SNOLAB facility in the Creighton
Mine near Sudbury, Canada. SNO+ inherits much of the
infrastructure from the SNO experiment [4], including a
spherical acrylic vessel (AV) of 6 m radius located within
a barrel-shaped cavity excavated in the rock. During the
data taking for this analysis, the vessel was filled with
780 metric tons of linear alkylbenzene (LAB) doped with
2.2 g/L of 2,5-diphenyloxazole (PPO) [5]. A secondary
fluor, 1,4-bis(2-methylstyryl)benzene (bis-MSB), was sub-
sequently added to the scintillator to boost light collection.
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The scintillator cocktail is viewed by ~9300 photomulti-
plier tubes (PMTs) supported by a geodesic stainless steel
structure (PSUP) of approximately 8.9 m radius. The
volume between the AV and the cavity walls, including
the space between the AV and PSUP, is filled with
approximately 7000 metric tons of ultrapure water, which
shields the scintillator from the radioactivity in the rock
(cavity walls) and the PMT array. In addition, 91 PMTs are
mounted outward looking (OWL) from the PSUP to detect
light originating from the surrounding water, such as that
produced by muons. A detailed description of the SNO+
detector is given in [6]. A flat overburden of 2070 m
(6010 meters water equivalent) provides a shield
against cosmic muons, giving a muon rate of (0.286 +
0.009) p/m?/d [7]. The depth of SNOLAB was critical to
the current measurement, suppressing muon-induced back-
grounds to a negligible level.

Data—This analysis uses data collected between May 4,
2022, and June 29, 2023, and has a live time of 247.3 days.
During this period, the measured light yield was ~210
PMT hits/MeV. The trigger threshold was ~23 PMT hits
(within an event window of 400 ns), corresponding to
~0.11 MeV, well below the energy of the *C signal of
interest. The analyzed data runs are selected based on
data quality and detector performance criteria, and event-
level selection criteria are applied to remove instrumental
backgrounds [8].

The properties of particle interactions are inferred using
the times and locations of hit PMTs. The photon time of
flight is used to reconstruct the interaction position. The
number of hit PMTs is approximately proportional to the
energy a particle deposits. The resolution of the recon-

structed energy E is ~6.5%/+/E[MeV] for an electron at
the center of the detector for this dataset. The reconstructed
position resolution for a 2.5 MeV electron at the center is
12 cm in each Cartesian axis.

Signal—There are two possible interactions of neutrinos
with 13C nuclei [9]: a CC interaction with a threshold of
2.2 MeV and a NC interaction starting at 3.1 MeV. As
discussed in [10], the delayed coincidence signal associated
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with the CC interaction provides a powerful tool for
identifying these interactions. The CC interaction pro-
ceeds through C+v, >N+ e~ with a Q-value
of 2.2 MeV. BN then p* decays with a half-life of
t1 =9.96 minutes, to SC:N->B3C+ et +1,. Only
interactions to the '*N nuclear ground state were consid-
ered, as °N excited states decay via proton emission too
rapidly to produce a viable delayed coincidence signal
[11]. The expected rate of v, — '°C interactions inside
SNO+ is calculated using

Ric = N13CCD3B/G(ED)SD(EU)Pee(Eu)dEw

where R is the rate of interaction; Nic = (3.8707) x

10% the number of '3C atoms (target nuclei) inside the
SNO+ detector; @y = (5.2 +0.1) x 10 cm™2s7! is the

8B solar neutrino flux [12]; 6(E,) is the interaction cross
section as a function of the incoming neutrino energy (E,)
[13]; S,(E,) is the normalized 8B energy spectrum [14]; and
P, (E,) is the averaged MSW electron neutrino survival
probability assuming the adiabatic approximation using the
globally fit neutrino oscillation parameters [15]. The
expected interaction rate is 21.973% ev/yr/kT of LAB.
Uncertainty in the expected rate is driven by the variation in
the natural abundance of 3C:1.1709% [16].

Analysis methods—An energy threshold of 5 MeV on the
prompt event removes almost all background from internal
radioactive decays, such as the p~ decay of 29Tl
(Q-value = 5.0 MeV). A 15 MeV prompt upper cut was
applied, covering the endpoint of the 3B solar neutrino
energy spectrum. With this prompt event selection, the
background to the *C signal is expected to consist almost
exclusively of accidental coincidences between ®B solar
neutrino electron scattering events and unrelated radio-
active decays that match the delayed signal criteria. A
blinded approach was used, where the delayed data events
were not identified until after the cuts and analysis methods
were finalized.

The 10 minute half life of the >N presents a challenge for
accidental coincidences, as many delayed events may be
associated with a given prompt event due to the relatively
high rate (~0.02 Hz) of background events in the delayed
energy window. Additional data selection cuts were there-
fore introduced and tuned to optimize the expected signal-
to-noise ratio. A fiducial volume (“FV”) cut was used to
eliminate dominant external backgrounds near the detec-
tor’s edge. The “in-time-ratio” (ITR) describes the ratio of
the number of hit PMTs within a 7.5 ns “prompt time
window” to all hit PMTs in an event, and is used to
eliminate residual instrumental backgrounds. The allowed
ITR region was separately optimized for the expected
prompt and delayed signals, relative to their respective
backgrounds.

TABLE I. Initial selection cuts for prompt and delayed events.
Prompt Delayed

R (m) <53 <53

ITR 0.1 -0.35 0.125-0.3

Energy (MeV) 5.0-15.0 1.0-22

AR (m) < 1.0

AT (minutes) 0.01 —60.0

A lower energy cut of 1.0 MeV for delayed events was
chosen, as the rate of radioactive backgrounds increases
below this, such as the B~ decay of >'°Bi (Q-value =
1.16 MeV). The upper energy cut for the delayed event was
defined as 2.2 MeV to match the Q-value for the delayed
BN decay. Wide selection windows for the difference
in time (AT) and vertex position reconstructions (AR)
between the prompt and delayed events capture more than
98% of the '3C signal. The full set of optimized data
selection cuts for the prompt and delayed events are shown
in Table L.

The expected accidental coincidence rate was obtained
by multiplying the prompt candidate rate by the probability
of an accidental coincidence. The latter was evaluated with
a data-driven method: random positions and times were
sampled from the SNO+ dataset, and the fraction of these
random events coincident with real events passing the
delayed cuts was measured.

The efficiency for selecting signal events was determined
using Monte Carlo (MC) simulations using the Geant-4
based SNO+ RAT simulation package [6]. The final signal
efficiency was 44:2"66 % and the expected rate of random
backgrounds was 0.34 per prompt event. The total number
of prompt events was 173. The uncertainty on the MC
efficiency is dominated by the estimated FV uncertainty.
The MC systematics were largely constrained using coinci-
dent 2'“Bi —2!%Po decays from detector intrinsic back-
ground %?’Rn levels. The high Q-value of 21“Bi =~ decay
(3.27 MeV), followed by the short half life of 2'*Po
(164 ps), enables the selection of a highly pure sample
of 21“Bi — 21%Po events in data. This sample was compared
with MC to evaluate systematic differences, and the
resulting corrections and uncertainties were then propa-
gated to the '3C signal MC.

Correlated backgrounds—Any correlated signal in the
detector that matches the characteristics of the '3C signal
would present a background to this measurement. Delayed
coincidences occurring in the decay chains of natural
radioactivity were removed with the prompt energy cut
of > 5 MeV. Inverse # decay (IBD) events from reactor
antineutrino interactions could cause a correlated signal as
the prompt reactor and delayed neutron capture energy
spectrum partly overlap with the ranges used in this
analysis. However, due to the short capture time of the
neutron (~200 ps), applying the lower AT cut of
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0.01 minutes reduces this background to a negligible level.
There are two remaining expected correlated backgrounds:
cosmogenic spallation backgrounds and atmospheric
neutrinos.

Muon spallation can produce a multitude of short-lived
radioisotopes, thus creating possible delayed coincidences
between the muon and the subsequent decay of the
spallation daughter, or between two spallation product
decays. Muons in the data set are identified using two
methods: one if the total number of PMTs hit exceeds 3750,
or two if five or more OWL PMTs are hit while the
total PMT hits is > 750. Following each identified muon,
to suppress spallation backgrounds, events were vetoed
for 60 seconds in the prompt selection and 20 seconds in
the delayed selection. The dominant cosmogenic back-
ground expected after the vetoes are from ''Be (Q-value =
11.5 MeV, 1/, =13.8 seconds) and ''C (Q-value =
2.0 MeV, 11/, =20.3 minutes). The high Q-value of
''Be means that it cannot be removed with an energy
cut without significant signal sacrifice. ''C decays via
positron emission, similarly to 1*N, and has a relatively long
half life. Thus, a muon producing both isotopes, a prompt
!1Be decay and a delayed !'C decay, constitutes a correlated
background for the '3C signal. The expected number of
1Be and !'C events can be calculated by scaling the rates
from KamLAND [17]; after the time vetoes this gives a
negligible expected rate of 0.0015 ev/yr/kT of LAB in
SNO-+. The live time loss due to both muon vetoes is
6.80%, giving a total live time of 230.51 days.

Atmospheric neutrino interactions generally do not
involve a coincidence, or occur on the microsecond time-
scale, and are therefore negligible within the time window
for this analysis. The NC interaction on 'C can produce
isotopes that mimic the delayed signal, such as
UC: (v, +1°C - v, +n+1''C). The thermalisation of
the high-energy neutron, together with the subsequent
decay of ''C, can generate a correlated background to
the '°C signal. By looking for the characteristic 2.2 MeV
gamma ray from neutron capture within 4 ms of a candidate
prompt event, this background can be identified, reducing it
to a level such that the total expected atmospheric rate is
< 0.01 ev/yr/KT of LAB.

Results—Signal and background events were differenti-
ated using a likelihood ratio (LR), based on the AT, AR and
delayed event energy [18]. Inclusion of the delayed-energy
PDF enables separation between the high-background
region (< 1.2 MeV) and the low-background region
(> 1.2 MeV). The LR distribution from data is shown in
Fig. 1, with the signal PDF scaled using the theoretical rate
and the signal efficiency and the accidental background
scaled to the expected rate determined through the data-
driven procedure described earlier.

There were 63.2 events expected, which agrees with
the observed 60 events. Furthermore, the background

F I I e Data I(60 Events)
10 I Background (Data-Driven) ]
i —— *B v, CC on *C (MC)
8 r .
z 6f -
1<) L
:s R AL R I R L
8 [ J— |
4+ i
N ]
O L it 1 1 i
-10 -5 0 5
Likelihood Ratio Discriminant
FIG. 1. The LR distribution for data (black) compared to the

expected LR for the signal (blue) and background (red dashed).

distribution closely matches the data, including the fraction
of prompt events with more than one delayed event
candidate. Events with a LR > 0 show more consistency
with the 13C solar neutrino signal. Figure 2 shows the AR
and AT distribution of all events. Events with low AR and
AT, shown in open blue circles, correspond to the signal
candidate events with LR > 0. The background events,
shown with filled red circles, have a uniform time dis-
tribution, as expected from a random background.

The likelihood PDFs can be used to construct a mixed
signal and background model, from which the overall
relative likelihood can be plotted as a function of signal
content, as shown in Fig. 3. The background-only null
hypothesis is rejected at 4.20, and the best fit number of

60 T T T T T T T T T
e LR<O % . ° .
50L© LR>0 . « ]
° °
° ° e
E* 40 o . B
‘é ° oo
= ° ] °
30 ° ° A
= . .
< 20F ° . . L I
10fF o ° ° .
L] [ ]
o ° .
0 . 2 o a2 P
0 0.1 02 03 04 05 06 07 08 09 1
AR [m]

FIG. 2. Distribution of the difference in time (AT) and 3D
position (AR) between the prompt and delayed events. Signal-
like (LR > 0) events are shown as open blue circles and
background-like (LR < 0) events as filled red circles.
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The  flux-weighted average cross  section

(16178 (stat.) ) S (syst.)) x 1074 cm? for ®B neutrino

Total Rate Uncertainty
14

— Likelihood Minimization

12
10

-2Log(L)

0 1 2 3 4 5
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FIG. 3. The observed likelihood distribution for the '3C
interaction rate, compared to the expected rate. The theoretical
prediction (shaded blue) agrees with the best fit signal rate of
1.6f8’§§ ev/yr/tonne of 1*C. The prediction rate only considering

cross section uncertainty is shown in shaded black.

1.61082 ev/yr/tonne of '3C, consistent

signal events is
with the expectation of 1.3%)37 ev/yr/tonne of '3C. The
uncertainties on the measured signal rate are derived
from the likelihood minimisation using Wilks’ theorem.
The uncertainty in the expected rate is dominated by the
9% average uncertainty on the natural isotopic abun-
dance of 13C.

Finally, the observed rate of interactions can be com-
bined with previous measurements of the ®B flux, the global
best fit neutrino oscillation parameters and the number of

13C atoms to determine the interaction cross section.

107° T T T T T

—_

(=1
I8
S

1

—— Ground State (1/2)
----- Excited State (3/2)

=
L
8]
T

Cross Section [cm?]

._.

(=
L
&
T

0 10 20 30 40 50
Neutrino Energy [MeV]

1 0414

FIG. 4. The SNO+ measured cross section for the v + '*C CC
reaction (black point) compared to the theoretical prediction [13]
for the ground state interaction (black line). Also shown is the
previous KARMEN result [19] (red point) compared to the
theoretical total cross section (red dashed). The theoretical cross
section for the excited state interaction (blue dot-dash) is also
shown. The horizontal error bars show the range of neutrino
energies used for each measurement, with the data points placed
in the center of that range.

events above 7.2 MeV. The only other '*C neutrino cross
section measurement comes from the KARMEN experi-
ment [19]. As KARMEN was operating at higher energies
and was not looking for the delayed coincidence, they were
sensitive to the sum of all interaction channels, not just the
ground state. The results presented here, therefore, con-
stitute the first specific measurement of the ground state
cross section for this reaction. The cross sections are shown
in Fig. 4 together with the theoretical predictions [13]. The
13% systematic uncertainty on the measured cross section
is subdominant to the 47% statistical uncertainty.

Summary—This Letter presents the first evidence of B
solar neutrinos interacting on 'C at a significance level
of 4.2¢ using 231 days of data. Using the correlation
of the spatial and temporal signals between the prompt
electron and the delayed decay of the >N, the signal
can be separated from accidental backgrounds. The
observed number of 5.673) events is consistent with
the expected 4.77)% events. The derived cross section
for ®B neutrino events above 7.2 MeV s
(161783 (stat.) 39 (syst.)) x 107 cm?, in agreement with
theoretical predictions. This constitutes both the lowest
energy observation of neutrino interactions on '3C, and the
first direct cross section measurement for the interaction
to the >N ground state. The measured low-energy cross
section further serves as a benchmark for theoretical studies
employing state-of-the-art models of nuclear dynamics and
advanced computational techniques, such as the ab initio
quantum MC approaches reviewed in [20].
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