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The SNO+ Collaboration reports the first evidence of reactor antineutrinos in a Cherenkov detector. The
nearest nuclear reactors are located 240 km away in Ontario, Canada. This analysis uses events with
energies lower than in any previous analysis with a large water Cherenkov detector. Two analytical methods
are used to distinguish reactor antineutrinos from background events in 190 days of data and yield
consistent evidence for antineutrinos with a combined significance of 3.5¢.

DOI: 10.1103/PhysRevLett.130.091801

Introduction.—Measurements of reactor antineutrinos
have made crucial contributions to the study of neutrinos,
including the discovery of the neutrino [1] and leading
measurements of neutrino oscillation parameters 63,
Am3,, and Am3, [2-4]. These measurements used organic
liquid scintillators to detect the products of inverse beta
decays (IBDs) on protons: 7, + p — e™ +n. The e*
carries most of the energy of the 7, and produces a prompt
signal, while the n is captured by a nucleus as it thermal-
izes, producing a delayed signal, typically of one or more
y’s depending on the capture isotope. Water Cherenkov
detectors have used different neutrino interaction channels
and also made invaluable contributions to the study of
neutrinos, including the discovery of neutrino oscillations
[5,6] and leading measurements of parameters 6, 6,3, and
Am3, [7-11].

Previous water Cherenkov detectors have not identified
reactor 7,’s largely due to their detector thresholds, which
have provided a low efficiency to detect the 2.2-MeV y
emitted when a neutron is captured by a hydrogen nucleus.
One approach to improving the identification of neutrons is
to make use of a higher-energy capture signal—for exam-
ple, by dissolving Cl or Gd into the water [12—-14]. Another
approach is to attain lower thresholds, though this would
also admit the more abundant radioactive backgrounds
below 3 MeV [15]. Distinguishing signals and backgrounds
below 3 MeV is challenging in water Cherenkov detectors
due to their coarse energy resolution (x25% at 3 MeV for
SNO+), which arises from small numbers of detected
photons.

SNO+ has achieved the lowest energy threshold of any
large Cherenkov detector, at approximately 1.4 MeV for an
electron at the center of the detector, which yields an
efficiency around 50% to detect the 2.2-MeV y [16]. The
analysis presented in this Letter addresses the higher rate of
radioactivity at these lower energies using two analytical
methods. Both methods suppress the accidental back-
ground from ambient radioactivity by more than 4 orders
of magnitude while maintaining a relatively high IBD
efficiency. All relevant backgrounds, including (a, n)
reactions and atmospheric neutrino interactions, are esti-
mated with data in “sidebands” that are complementary to
the IBD region of interest.

Detector and data.—SNO+ is a multipurpose neutrino
experiment located at SNOLAB, 2 km underground in an
active mine, near Sudbury, Ontario. The detector consists of

a spherical acrylic vessel (AV) that is 6.0 meters in radius,
submerged in ultrapure water, and surrounded by an array
of 9,362 eight-inch photomultiplier tubes (PMTs) at a
radius of 8.5 m. From May 2017 to July 2019, the AV was
filled with 905 tons of ultrapure water, and from September
2017, SNO+ operated as a low-threshold Cherenkov
detector. The detector is described in Ref. [17].

Data from the SNO+ low-threshold water phase are
divided into two sets: the first has higher rates of internal
radioactivity due to radon ingress into the detector, while
the second has significantly lower background rates owing
to the installation of an N, cover gas system on the top of
the detector in September 2018. This analysis used the
lower-background dataset, which has a total live time of
190.3 days. The first dataset, which has 140.7 days of live
time, was analyzed to provide additional statistics in
background sideband studies.

Signal prediction.—The rate and energy spectrum of
reactor IBDs were predicted using the Huber-Mueller
isotope model and other inputs, as described in
Ref. [18]. The flux of U, originated from 18 reactor cores
in Canada plus approximately 100 cores in the USA, with
an average baseline around 620 km (baselines were
weighted by the expected IBDs). The three nearest reactor
complexes (Bruce, Pickering, and Darlington at distances
of 240, 340, and 350 km) house Canada Deuterium
Uranium (CANDU) reactors and were estimated to have
yielded nearly 60% of the IBDs. The thermal powers of the
CANDU reactors were modeled using hourly electrical
power provided by IESO [19]. All other reactors were
modeled using their respective thermal powers, provided
annually as monthly averages by the TAEA [20].

Changes in the relative fractions of fissile isotopes during
fuel burn-up result in a time evolution of the emitted 7,
energy spectrum and flux. However, because CANDU
reactors are constantly refueled and 7,’s were produced
by a large number of reactors, the resulting variation in total
flux was < 1%. As such, constant fission fractions were
used in the predictions for the CANDU pressurized heavy
water reactors (PHWRs) as well as pressurized/boiling
water reactors (P/BWRs): (?°U, %Py, 238U, 24!Pu) were
set to (0.52, 0.42, 0.05, 0.01) for PHWRs [21] and to
(0.568, 0.297, 0.078, 0.057) for P/BWRs [22].

Known biases in the flux model were corrected by
scaling the prediction by 0.945 4- 0.007 to match the global
average of flux measurements [23]. Because the total
systematic uncertainty on the prediction is negligible
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TABLEI Initial IBD selection criteria used by the LR and BDT
methods. See text for details.
LR BDT
Prompt  Delayed  Prompt Delayed
Nhits > 15 > 15 <25
At (ps) (3,500) (3,500)
ITR > 0.5 > 0.5
Pa (-0.6, 1.6) (0.6, 1.6)
|lr]| (internal) (m) <57 <57 <56
Ir|| (external) (m) (6.3, 7.5) (6.1, 7.6) (6.4, 7.3)
z (external) (m) (5.0, 5.0) (=5.0, 5.0)
E (MeV) (25,9.00 <40 (25,95)
Ar (m) <3.0
NhitSp.lz > 6

relative to the statistical uncertainties of the dataset,
uncertainty components were largely taken from
Ref. [18] and references therein, totaling to +3% in the
rate of IBDs.

The survival probability of 7,’s that reached the SNO+
detector was dominantly determined by the neutrino mass
splitting Am3, and oscillation angle 6,,. Oscillation param-
eters from a recent global fit [24] were used, and the net
reduction in detected IBDs due to oscillation was found to
be 46%. The uncertainties in Am3, and sin’@;, were
propagated to the expected IBD rate, resulting in a +4%
uncertainty.

The expected number of IBDs within the 2.5 kton of
water enclosed by the array of PMTs during the 190.3-day
dataset was thus calculated to be 160.475:.

Analysis methods.—Two analytical methods, likelihood
ratio (LR) and boosted decision tree (BDT), were used to
identify coincidences of an IBD positron (“prompt” event)
and neutron (“delayed” event). The two methods used a
common set of criteria to remove instrumental backgrounds
and electronic noise as described in Ref. [25], and then
applied slightly different initial IBD selection criteria as
described below and summarized in Table 1.

To avoid processing the large number of events from
radioactivity that were below the energy threshold, events
were reconstructed only if the number of PMT hits (Nhits)
was greater than or equal to 15 (roughly 2 MeV).
Additionally, to ensure that neutrons could be selected,
any event that followed within 1 ms of an event with
Nhits > 15 was reconstructed (the neutron capture time
constant is 207 ps [16]). The reconstruction of event
position, direction, and energy, along with associated
systematic uncertainties, is described in Ref. [25].
Events with poorly reconstructed energies or positions
were removed using several figures of merit (FOMs).
Two additional parameters were used to evaluate the
compatibility of each event with a Cherenkov signal
[25]. The first, in-time ratio (ITR), is the fraction of
Nhits with time-of-flight-corrected hit times within

[-2.5,5] ns, which identified events with broad time
distributions or poorly reconstructed positions. The second,
P14, quantifies the spatial isotropy of the hit PMTs using the
first and fourth Legendre polynomials of the distribution of
angles between the PMTs with respect to the reconstructed
position. Events with a spatially uniform distribution of hit
PMTs would have values of ;4 near zero.

The reconstructed position r of a prompt event was
required to be in one of two fiducial volumes (FVs): inside
the AV (internal) and between the AV and the PMTs
(external). The region close to the AV was excluded to
avoid (a, n) reactions from the acrylic. This analysis is the
first from SNO-+ to use the external volume, where the
energy scale has been calibrated as a function of event
position and direction, and reconstruction systematic uncer-
tainties have been evaluated similarly to those for the
volume inside the AV.

Loose bounds were applied to the reconstructed energy
E of both prompt and delayed events. The distance between
prompt and delayed events Ar was also loosely bound. The
BDT method instead used Nhits, ;, for delayed events,
which is the maximum number of PMT hits found in a
sliding time window of 12 ns, and was calculated using the
time-of-flight-corrected PMT hit times assuming the
prompt event position [16]. Thus, a cut on Nhits, |,
effectively cut on both Nhits and Ar, without directly
relying on a reconstructed position for the delayed event.
Delayed events with Nhits, ;, > 6 were selected to sup-
press low-energy accidentals.

The time between prompt and delayed events At
excluded the first 3 ps after each prompt event based on
one of the instrumental background criteria aimed at
avoiding sequential detector triggers due to high-energy
events or electronics noise. Any prompt event with more
than one delayed event within 500 ps was rejected, which
reduced backgrounds that have high neutron multiplicities,
such as atmospheric neutrino interactions, while sacrificing
a negligible fraction of IBDs. A 100-ms veto was applied
after any event with Nhits > 300 (roughly 40 MeV), which
reduced backgrounds from charged-current atmospheric
neutrino interactions. Cosmogenic muon products were
avoided by vetoing all events within 20 s after identified
muons. Such a long veto window resulted in a small live-
time sacrifice, since only about three muons pass through
the detector every hour.

The neutron selection efficiency was measured using a
deployed AmBe source [16] in order to correct for the
imperfect modeling of the detector trigger around thresh-
old. The source produces coincident pairs of a 4.4-MeV y
and a neutron. Events were selected with high purity, using
the same criteria as in the IBD analysis. The resulting
volume-weighted ratios of efficiencies (data/simulation)
were applied as corrections to all predictions involving
neutrons: 0.85 £0.16 (LR) and 0.89 £ 0.23 (BDT). The
large uncertainties arose from the variation of the ratios
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TABLEIIL.  For the LR method, expected IBD efficiency of each
initial selection, and IBD and accidental counts in 190 live days
after each initial selection. The last row shows these for the final
selection based on the LR cuts. Efficiencies are calculated for
prompt and delayed events together. The volume-weighted
correction from the AmBe source (0.85) is included in the trigger
efficiency.

Initial selection Efficiency (%) IBDs Accidentals
None NA 160.4

Trigger 329 52.8

Instrumentals [25] 95.7 50.5

Nhits 56.9 28.7

Valid reconstruction 87.2 25.1

At 90.7 2277 6.03 x 10°
FOMs, ITR, f4 88.8 202 1.86 x 10°
Fiducial volume 50.0 10.1 586 x 10°
E 82.1 83  261x10°
Ar 94.7 7.8  1.11x10*
LR selection 44.7 3.5 0.7

across the detector and the lack of complete deployment
coverage across the FVs. These are the dominant uncer-
tainties in the IBD prediction.

The total AmBe-corrected efficiency of the initial IBD
selection criteria was 4.9% (LR) and 5.2% (BDT). For
events that triggered the detector and satisfied the FV, E,
and Nhits criteria, the initial IBD selection efficiency was
about 60% for both methods. Individual selection efficien-
cies for the LR method are given in Table II.

After applying all initial selections, the dominant back-
ground was found to be from accidental coincidences, at an
estimated rate around 58 per day, or more than 10*
accidentals in the 190-day dataset. Thus, it was necessary
that cuts on the LR and BDT distributions reduce the
accidental rate by at least 4 orders of magnitude without
sacrificing a significant fraction of the expected IBDs. The
number of IBDs and accidentals is tabulated for the LR
method in Table II.

The LR method constructed a likelihood ratio using
probability-density histograms for reactor IBDs and acci-
dentals. The former were generated from reactor 7,
simulations with SNO + RAT (a GEANT4-based [26] sim-
ulation package), and the latter were constructed by
assigning a uniformly distributed random value for Ar €
[0, 1000] ps to a pair of prompt- and delayed-like events,
each randomly sampled from the data after applying their
respective criteria in Table I. Correlations between variables
were accounted for by using two-dimensional histograms.
Event energy E vs f3;4 accounted for the energy dependence
of 14 that results from the broadening of the angular
distribution of Compton-scattered y’s with decreasing
energy. Noting that the backgrounds have prompt y’s, it
also distinguished the broader angular distribution of y’s
from that of IBD e*’s. A histogram of radial position ||r|| vs

radial direction cosine u - r (the unit dot product of event
direction u and position r) distinguished the isotropic and
uniformly distributed IBDs from accidentals, which largely
arose from y’s emitted from the PMTs’ glass, and were
therefore relatively inward-pointing and at higher radii.
Histograms for the Ar and Ar distributions were also
included. Distinct sets of probability-density histograms
were used for the internal and external volumes, and a cut
on each of the two resulting LR distributions was optimized
separately. Distributions of these variables are shown in
Ref. [27], and more details of this method are given in
Ref. [28]. The LR distribution for internal IBDs is shown as
a red histogram in Fig. 1(a).

The BDT method includes several variables in addition
to those used in the LR method and naturally accounts for
correlations between all variables. However, the most
important difference with the LR method is that it uses
distinct trees for prompt and delayed events in contrast to
the single likelihood ratio used in the LR method. This led
to a significantly different selection of prompt-delayed
pairs in the same dataset. Reactor 7, simulations and
accidental samples constructed from the data were used
to train the BDTs. The accidental samples were constructed
similarly to those of the LR method, except that Ar was not
a parameter in either BDT. The prompt event BDT used five
input variables: E, f4, vertical position z, transverse
position p = \/x? + y?, and radial direction cosine u - r.
A total of 12 variables were input to the delayed BDT.
Similar to the LR method, the delayed BDT used E, p, z,
u-r, and Ar. It also used Nhits, |, and its ratio to Nhits,
along with five other variables that made use of the prompt
event position and PMT hit information of the delayed
event. The one temporal and four geometric parameters are
Timss Neusters @rms> Omeans Orms> and  are  defined in
Refs. [29,30]. The delayed BDT distribution for IBDs is
shown as a red histogram in Fig. 1(d).

Cuts on the LR and BDT distributions were determined
by maximizing the median discovery significance pre-
sented in Ref. [31], which takes the predicted signal and
background counts and background uncertainties as input.
Backgrounds with delayed events from a neutron capture
have fewer discriminating characteristics against IBDs,
making the accidental background the most sensitive to
the LR or BDT selections and therefore critical in deter-
mining their optimal cuts. Both LR and BDT methods
predicted the accidental background rate using the
observed rates of prompt- and delayed-like events. The
accidental rate was stable across the 190-day lower-back-
ground dataset, and, after applying the optimal LR or BDT
cuts, was reduced by a factor greater than 10*. The expected
number of accidental coincidences was 0.7 £ 0.1 for the
LR method after requiring the internal (external) LR > 8.0
(10.4), and 1.4 0.1 for the BDT method after requiring
the internal (external) prompt BDT > 0.1 (0.18) and the
delayed BDT > 0.23. The IBD efficiencies for these cuts
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FIG. 1. The top row shows the LR method, and the bottom row shows the BDT method. Left: The LR for internal events (a) and the

delayed BDT for all events (d) that pass the criteria in Table I. The signal (red) is normalized to the expectation. For both methods, there
is good agreement between the data in the Atz sideband and the accidental estimation. Center: The At distribution for the observed
events, including the region used as a sideband between 500 and 1000 ps. The fits include exponential and flat components to model the
neutron captures and accidental backgrounds, respectively. In the LR method (b), the accidental background is not expected to be flat,
because At is included in the LR, but making this simplifying assumption for the fit has no significant impact [28]. Right: The prompt
energy distributions for the selected events compared to the expectation for the signal and backgrounds. The background components
are normalized to their expected counts, while the IBD signal is normalized to the total number of observed events minus the total

number of expected background events.

were 45% and 59%, and the expected numbers of selected
IBDs were 3.5 & 0.7 and 4.8 £ 1.4. These and the expected
accidentals are given in Table III.

The estimates of accidental backgrounds were checked
by looking at the number of coincidences in a sideband of
At between 500 and 1000 ps, keeping all other selection
criteria unchanged. Figures 1(a) and 1(d) show the expected
internal LR and delayed BDT distributions for IBDs and

TABLE III.  Expected signal and backgrounds for LR and BDT
methods in 190 live days. For BDT, only a 68% CL upper limit is
given for the atmospheric v NC background, since no events were
observed in the sideband. The sum was obtained by assuming the
limit is the central value, which made the calculated significance

conservative.

LR BDT
Reactor IBD 3.5+£0.7 48+1.4
Accidentals 0.7 £0.1 1.4 £0.1
(a, n) 0.74+0.7 09+0.7
Atm. v NC 0.44+0.3 < 0.6
Sum 534+1.0 7.7 +1.7
Observation 9 10

accidentals, together with the data from the signal and Ar
sideband regions. The agreement between the sideband
data and accidental expectation is very good for both
methods, and the total number of accidentals that passed
the final cuts in the sideband (0 and 2 for the LR and BDT
methods) was consistent with the expectations of 0.7
and 1.4.

Neutron-capture backgrounds.—The (a, n) background
originates from naturally occurring a decays in which the a
particles interact with '3C in the acrylic of the AV or with
180 in the AV and water. The '*C(a, n)'°0 reaction can
produce deexcitation y’s of up to 6.1 MeV, and the
¥0(a, n)?'Ne reaction produces deexcitation y’s of up to
2.8 MeV. The '3C(a, n)'%0 reaction thus produces higher-
energy prompt events, but it was highly localized to the AV,
while the '®O(a, n)*'Ne were distributed throughout the
detector volume but produce only lower-energy prompt
events. The (a, n) reactions were simulated using RAT with
cross sections and branching ratios from Refs. [32,33].

The rate of (a, n) reactions depends directly on the rate of
a decays, which was dominated by >'%Po in both the AV and
the water. Predictions of the >!°Po activity were based on
radio assays of the AV and water, and they included the rate
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at which 2!%Po leached into the water from the AV based on
an ex situ leaching rate measurement. The rate of (a, n)
around the AV was studied in a FV sideband, using prompt
events with positions around the AV in FVs complementary
to the IBD FVs (see Table I). To increase the statistics of
this measurement, all 331 days of live time were used. In
this sideband, the LR (BDT) method observed 17 (25)
events with a background of 2.6 0.2 (7.1 £ 0.5) events.
In both cases, the background was dominated by acciden-
tals, which was verified in a Ar sideband between 500 and
1000 ps. The At distributions were fit with an exponential
plus a constant, yielding lifetimes of (276 +96) ps and
(183 £ 63) ps, respectively. These values are consistent
with the expectation of 207 ps. The two sideband mea-
surements found consistent rates of (a, n) reactions and
were averaged to provide a single measured value. To our
knowledge, this is the first identification of (a, n) events in
a water Cherenkov detector.

The AV sideband measurement observed a rate of («, n)
events that was 4 times higher than predicted, possibly due
to a smaller-than-expected rate of leaching from the AV into
the water. In addition to scaling the predicted rate from the
AV, a 400% uncertainty was propagated to the predicted
number of (@, n) interactions in the water, which was not
measured directly. The impact of this large uncertainty on
the total (@, n) background (including both the AV and
water) was relatively small, because the water component
of the background has low prompt energies and is largely
removed by the 2.5-MeV prompt energy criterion (see
Table I). The statistical uncertainty of the AV sideband
measurement dominates the uncertainty on the total (a, n)
background. The (a, n) background expectations for the LR
and BDT methods are given in Table III.

Atmospheric neutrinos can interact with oxygen nuclei,
ejecting neutrons or protons, and creating excited states of
130 or °N. The ejected nucleons can collide with nuclei and
excite them or eject more nucleons. Neutral-current (NC)
interactions are the dominant component of the atmos-
pheric background, since charged-current v, and v, inter-
actions produce high-energy leptons, which are easy to
identify and reject. In NC interactions, O* deexcites by
emitting high-energy y’s [34], creating a prompt signal that
is followed by the capture of one or more neutrons by the
hydrogen nuclei in the water.

NC atmospheric neutrino interactions produce events
with observable energies above those of the IBD prompt
events, primarily due to multiple deexcitation y’s from
more than one nucleus. These interactions also often create
multiple neutrons. This background analysis used a side-
band with prompt event energies between 2.5 and 25 MeV,
in which events in the range of 2.5-9.5 MeV (9.5-25 MeV)
were required to have a neutron multiplicity > 2 (> 1). As
in the (a, n) sideband analysis, all 331 days of data were
used to increase statistics.

The LR method observed two events in the energy-
multiplicity sideband, and the BDT method observed 0

events. A GENIE-based simulation [35] of atmospheric
neutrinos was used to estimate the ratio of event rates in
the sideband and signal regions, which was used to trans-
late the sideband observations into constraints on the
number of events in the signal region. Since no sideband
events were observed with the BDT method, an upper limit
was given at a 68% confidence level (CL). Using a ratio
between the two regions eliminated uncertainties on the
flux and largely on the cross section. Systematic uncer-
tainties still arose from uncertainties on the neutron
multiplicity and prompt energy distributions. These sys-
tematics were estimated by comparing the GENIE output to
data from Super-Kamiokande [36] and T2K [37], yielding a
5% uncertainty in the event rate. The total uncertainty was
dominated by the statistics of the sideband measurement.
The atmospheric v background expectations for the LR and
BDT methods are given in Table III.

Backgrounds from cosmogenic muons were efficiently
avoided by rejecting all data within 20 s after a muon was
identified. This results in no backgrounds from isotopes
that undergo f-n decay, for which the closest candidate is
7N [30]. With a lifetime of 4.2 s, the rate of observation
was calculated to be < 0.01 per year.

Geoneutrinos from 2*U and 2*’Th decays in the Earth
were predicted to produce about one quarter of the IBDs
produced by reactor 7,’s; however, the number of selected
geo-IBDs was negligible because only a small fraction
produced a prompt event with an energy above 2.5 MeV.

Results.—After all background sideband analyses were
completed, the LR and BDT cuts were optimized as
described above, and the reactor 7, discovery sensitivities
were thus estimated to be 1.70 and 2.16. Then, the signal
region was analyzed in the 190-day dataset, finding nine
coincidences for the LR method and ten for the BDT
method. The differences between the observed and
expected counts were +3.7+3.2 (LR) and +2.3+3.5
(BDT), revealing observations greater than expectations,
though not inconsistent. The total number of distinct
coincidences observed by the two methods was 14, of
which five were common to both. The fraction of all
selected IBDs that were selected by both methods was
determined with simulations to be 47%, which was
supported by AmBe source data. The fraction observed
in the data is approximately 5/14 = 36% (ignoring back-
grounds), which is consistent with the expectation.

The events were directly inspected by fitting an expo-
nential plus a constant to the At distributions, which yiel-
ded fitted lifetimes of (169 & 78) ps and (207 + 82) ps for
the LR and BDT methods, respectively. These fits are
shown in Figs. 1(b) and 1(e), and are consistent with the
expected neutron capture time. Figures 1(c) and 1(f) show
the observed prompt energy distributions, together with the
expectations for the backgrounds. The selected events are
distributed uniformly across the detector and across cal-
endar time, and the delayed event energy, Ar, and prompt
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and delayed u - r distributions are also consistent with the
simulation [27]. The 141-day higher-background dataset
was also analyzed, revealing 3 and 1 coincidences for the
LR and BDT methods, which are consistent with expect-
ations of 2.0 0.4 and 2.3 + 0.5.

A discovery significance of reactor o, was calculated just
as the sensitivity was, except that the predicted sum of
signal and background events was replaced with the
observed number. The resulting significances were 3.0¢
(LR) and 2.90 (BDT). A combined significance was
calculated in the same way, but using the total number
of distinct coincidence events observed by the two methods
(14) and estimating the total number of distinct background
events and its uncertainty. The fraction of all background
events that were selected by both methods was assumed to
be the same as the fraction of IBDs—i.e., 47%. This
assumption is based on the prediction that most back-
grounds have a signal-like delayed event—namely, due to a
neutron. The corresponding background uncertainty was
conservatively estimated by assuming full correlation
(p = 1) between the uncertainties of the two methods,
finally yielding an expectation of 3.2 &+ 1.0 background
events. This gives a combined discovery significance of
3.5¢. Changes in the assumptions, such as taking acci-
dentals to have no events common to both methods, or
assuming a correlation of p = 0.5 for the background
uncertainties, yielded a significance in the range of 3.2¢
to 3.70.

In the absence of oscillations, the expected number of
IBDs would approximately double, yielding a signal plus
background around 8 and 11 events for the LR and BDT
methods, respectively. As such, the current observations
cannot distinguish between the oscillation and no-oscil-
lation hypotheses.

Conclusion.—With a detector energy threshold around
1.4 MeV, the SNO+ Collaboration has performed the
lowest-energy analysis in a large water Cherenkov detector.
In a search for v, from reactors at least 240 km away, two
analytical methods suppressed the accidental background
by more than 4 orders of magnitude and made sideband
measurements for the three relevant backgrounds. With
190 days of data, the two methods obtained consistent
evidence for reactor 7, and yielded a combined significance
of 3.50, producing the first evidence of reactor v, in a
Cherenkov detector.

Capital construction funds for the SNO+ experiment
were provided by the Canada Foundation for Innovation
(CFI) and matching partners. This research was supported
by the Natural Sciences and Engineering Research Council,
the Canadian Institute for Advanced Research (CIFAR), the
Queen’s University at Kingston, the Ontario Ministry of
Research, Innovation and Science, the Alberta Science and
Research Investments Program, the Federal Economic
Development Initiative for Northern Ontario, and the
Ontario Early Researcher Awards in Canada; the

Department of Energy Office of Nuclear Physics, the
National Science Foundation, and the Department of
Energy National Nuclear Security Administration through
the Nuclear Science and Security Consortium in the U.S.;
the Science and Technology Facilities Council (STFC), the
European Union’s Seventh Framework Programme under
the European Research Council (ERC) grant agreement,
and the Marie Curie grant agreement in the United
Kingdom; Fundacdo para a Ciéncia e a Tecnologia
(FCT-Portugal) in Portugal; the Deutsche Forschungsge-
meinschaft in Germany; DGAPA-UNAM and Consejo
Nacional de Ciencia y Tecnologia in Mexico; and the
Discipline Construction Fund of Shandong University in
China. We thank the SNO+- technical staff for their strong
contributions. We would like to thank SNOLAB and its
staff for support through underground space, logistical, and
technical services. SNOLAB operations are supported by
CFI and the Province of Ontario Ministry of Research and
Innovation, with underground access provided by Vale at
the Creighton mine site. This research was enabled in part
by support provided by WestGRID [38] and Compute
Canada [39]—in particular, computer systems and support
from the University of Alberta [40] and from Simon Fraser
University [41], and by the GridPP Collaboration—in
particular, computer systems and support from
Rutherford Appleton Laboratory [42,43]. Additional
high-performance computing was provided through the
“Illume” cluster funded by CFI and the Alberta Economic
Development and Trade (EDT) and operated by Compute-
Canada and the Savio computational cluster resource
provided by the Berkeley Research Computing program
at the University of California, Berkeley (supported by the
UC Berkeley Chancellor, Vice Chancellor for Research,
and Chief Information Officer). Additional long-term
storage was provided by the Fermilab Scientific Compu-
ting Division. Fermilab is managed by the Fermi Research
Alliance, LLC (FRA) under a Contract with the U.S.
Department of Energy, Office of Science, Office of High
Energy Physics.

[1] C.L. Cowan, E. Reines, F. B. Harrison, H. W. Kruse, and
A.D. McGuire, Detection of the free neutrino: A confir-
mation, Science 124, 103 (1956).

[2] D. Adey et al. (Daya Bay Collaboration), Measurement of
the Electron Antineutrino Oscillation with 1958 Days of
Operation at Daya Bay, Phys. Rev. Lett. 121, 241805
(20183).

[3] G. Bak et al. (RENO Collaboration), Measurement of
Reactor Antineutrino Oscillation Amplitude and Frequency
at RENO, Phys. Rev. Lett. 121, 201801 (2018).

[4] A. Gando et al. (KamLAND Collaboration), Reactor on-off
antineutrino measurement with KamLAND, Phys. Rev. D
88, 033001 (2013).

091801-7


https://doi.org/10.1126/science.124.3212.103
https://doi.org/10.1103/PhysRevLett.121.241805
https://doi.org/10.1103/PhysRevLett.121.241805
https://doi.org/10.1103/PhysRevLett.121.201801
https://doi.org/10.1103/PhysRevD.88.033001
https://doi.org/10.1103/PhysRevD.88.033001

PHYSICAL REVIEW LETTERS 130, 091801 (2023)

[51 Y. Fukuda et al (Super-Kamiokande Collaboration),
Evidence for Oscillation of Atmospheric Neutrinos, Phys.
Rev. Lett. 81, 1562 (1998).

[6] Q.R. Ahmad et al. (SNO Collaboration), Direct Evidence
for Neutrino Flavor Transformation from Neutral-Current
Interactions in the Sudbury Neutrino Observatory, Phys.
Rev. Lett. 89, 011301 (2002).

[7] B. Aharmim et al. (SNO Collaboration), Combined analysis
of all three phases of solar neutrino data from the Sudbury
Neutrino Observatory, Phys. Rev. C 88, 025501 (2013).

[8] K. Abe et al. (Super-Kamiokande Collaboration), Solar
neutrino measurements in Super-Kamiokande-IV, Phys.
Rev. D 94, 052010 (2016).

[9] M. G. Aartsen et al. (IceCube Collaboration), Measurement
of Atmospheric Neutrino Oscillations at 6-56 GeV with
IceCube DeepCore, Phys. Rev. Lett. 120, 071801 (2018).

[10] K. Abe et al. (Super-Kamiokande Collaboration), Atmos-
pheric neutrino oscillation analysis with external constraints
in Super-Kamiokande I-IV, Phys. Rev. D 97, 072001
(2018).

[11] K. Abe et al. (T2K Collaboration), Publisher Correction:
Constraint on the matter—antimatter symmetry-violating
phase in neutrino oscillations, Nature (London) 580, 339
(2020); 583, E16 (2020).

[12] S.N. Ahmed et al. (SNO Collaboration), Measurement of
the Total Active B8 Solar Neutrino Flux at the Sudbury
Neutrino Observatory with Enhanced Neutral Current
Sensitivity, Phys. Rev. Lett. 92, 181301 (2004).

[13] K. Abe et al. (Super-Kamiokande Collaboration), Diffuse
supernova neutrino background search at Super-
Kamiokande, Phys. Rev. D 104, 122002 (2021).

[14] K. Abe et al. (Super-Kamiokande Collaboration), First
gadolinium loading to Super-Kamiokande, Nucl. Instrum.
Methods Phys. Res., Sect. A 1027, 166248 (2022).

[15] H. Watanabe et al. (Super-Kamiokande Collaboration), First
study of neutron tagging with a water Cherenkov detector,
Astropart. Phys. 31, 320 (2009).

[16] M. R. Anderson et al. (SNO+ Collaboration), Measurement
of neutron-proton capture in the SNO+ water phase, Phys.
Rev. C 102, 014002 (2020).

[17] V. Albanese et al. (SNO+ Collaboration), The SNO+
experiment, J. Instrum. 16, PO8059 (2021).

[18] F.P. An et al. (Daya Bay Collaboration), Improved meas-
urement of the reactor antineutrino flux and spectrum at
Daya Bay, Chin. Phys. C 41, 013002 (2017).

[19] Independent Electricity System Operator (IESO), https://
www.ieso.ca/ (2020).

[20] Power Reactor Information System (PRIS), https://www
.iaea.org/PRIS/ (2020).

[21] Atomic Energy of Canada Limited (AECL), Private com-
munication (2013), https://www.aecl.ca/.

[22] K. Eguchi et al. (KamLAND Collaboration), First Results
from KamLAND: Evidence for Reactor Antineutrino Dis-
appearance, Phys. Rev. Lett. 90, 021802 (2003).

[23] D. Adey et al. (Daya Bay Collaboration), Improved meas-
urement of the reactor antineutrino flux at Daya Bay, Phys.
Rev. D 100, 052004 (2019).

[24] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

[25] M. Anderson et al. (SNO+ Collaboration), Search for
invisible modes of nucleon decay in water with the
SNO+ detector, Phys. Rev. D 99, 032008 (2019).

[26] S. Agostinelli et al. (GEANT4 Collaboration), Geant4—a
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[27] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.130.091801 for an
overview of the significance calculation, and for numerical
values of the events selected from data, including histo-
grams that contain the predictions.

[28] T. Kaptanoglu, Reactor antineutrinos in the SNO+ water
phase and detector R&D for large-scale neutrino detectors,
Ph.D. thesis, University of Pennsylvania, 2020, https://
repository.upenn.edu/edissertations/3889/.

[29] H. Zhang et al. (Super-Kamiokande Collaboration), Super-
nova Relic Neutrino search with neutron tagging at Super-
Kamiokande-IV, Astropart. Phys. 60, 41 (2015).

[30] Y. Zhang et al. (Super-Kamiokande Collaboration), First
measurement of radioactive isotope production through
cosmic-ray muon spallation in Super-Kamiokande IV, Phys.
Rev. D 93, 012004 (2016).

[31] G. Cowan, Discovery sensitivity for a counting experiment
with background uncertainty, https://www.pp.rhul.ac.uk/
~cowan/stat/medsig/medsigNote.pdf (2012), last accessed
in April 2022.

[32] T. Murata et al., Evaluation of the (a, xn) reaction data for
JENDL/AN-2005 (2006), https://wwwndc.jaea.go.jp/ftpnd/
jendl/jendl-an-2005.html.

[33] NNDC, Nudat 3.0, https://www.nndc.bnl.gov/nudat3/
(2022).

[34] H. Ejiri, Nuclear deexcitations of nucleon holes associated
with nucleon decays in nuclei, Phys. Rev. C 48, 1442
(1993).

[35] C. Andreopoulos et al., The GENIE neutrino Monte Carlo
generator, Nucl. Instrum. Methods Phys. Res., Sect. A 614,
87 (2010).

[36] L. Wan et al. (Super-Kamiokande Collaboration), Meas-
urement of the neutrino-oxygen neutral-current quasielastic
cross section using atmospheric neutrinos at Super-
Kamiokande, Phys. Rev. D 99, 032005 (2019).

[37] K. Abe et al. (T2K Collaboration), Measurement of neutrino
and antineutrino neutral-current quasielasticlike interactions
on oxygen by detecting nuclear deexcitation y rays, Phys.
Rev. D 100, 112009 (2019).

[38] https://www.westgrid.ca.

[39] https://www.computecanada.ca.

[40] https://www.ualberta.ca.

[41] https://www.sfu.ca.

[42] P.J. W. Faulkner et al. (GridPP Collaboration), GridPP:
development of the UK computing Grid for particle physics,
J. Phys. G 32, N1 (2000).

[43] D. Britton et al., GridPP: the UK grid for particle physics,
Phil. Trans. R. Soc. A 367, 2447 (2009).

091801-8


https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevD.94.052010
https://doi.org/10.1103/PhysRevD.94.052010
https://doi.org/10.1103/PhysRevLett.120.071801
https://doi.org/10.1103/PhysRevD.97.072001
https://doi.org/10.1103/PhysRevD.97.072001
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1038/s41586-020-2415-5
https://doi.org/10.1103/PhysRevLett.92.181301
https://doi.org/10.1103/PhysRevD.104.122002
https://doi.org/10.1016/j.nima.2021.166248
https://doi.org/10.1016/j.nima.2021.166248
https://doi.org/10.1016/j.astropartphys.2009.03.002
https://doi.org/10.1103/PhysRevC.102.014002
https://doi.org/10.1103/PhysRevC.102.014002
https://doi.org/10.1088/1748-0221/16/08/P08059
https://doi.org/10.1088/1674-1137/41/1/013002
https://www.ieso.ca/
https://www.ieso.ca/
https://www.ieso.ca/
https://www.ieso.ca/
https://www.iaea.org/PRIS/
https://www.iaea.org/PRIS/
https://www.iaea.org/PRIS/
https://www.aecl.ca/
https://www.aecl.ca/
https://www.aecl.ca/
https://doi.org/10.1103/PhysRevLett.90.021802
https://doi.org/10.1103/PhysRevD.100.052004
https://doi.org/10.1103/PhysRevD.100.052004
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.99.032008
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.091801
https://repository.upenn.edu/edissertations/3889/
https://repository.upenn.edu/edissertations/3889/
https://repository.upenn.edu/edissertations/3889/
https://repository.upenn.edu/edissertations/3889/
https://doi.org/10.1016/j.astropartphys.2014.05.004
https://doi.org/10.1103/PhysRevD.93.012004
https://doi.org/10.1103/PhysRevD.93.012004
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://www.pp.rhul.ac.uk/%7Ecowan/stat/medsig/medsigNote.pdf
https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-an-2005.html
https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-an-2005.html
https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-an-2005.html
https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-an-2005.html
https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-an-2005.html
https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-an-2005.html
https://www.nndc.bnl.gov/nudat3/
https://www.nndc.bnl.gov/nudat3/
https://www.nndc.bnl.gov/nudat3/
https://www.nndc.bnl.gov/nudat3/
https://doi.org/10.1103/PhysRevC.48.1442
https://doi.org/10.1103/PhysRevC.48.1442
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1103/PhysRevD.99.032005
https://doi.org/10.1103/PhysRevD.100.112009
https://doi.org/10.1103/PhysRevD.100.112009
https://www.westgrid.ca
https://www.westgrid.ca
https://www.westgrid.ca
https://www.computecanada.ca
https://www.computecanada.ca
https://www.computecanada.ca
https://www.ualberta.ca
https://www.ualberta.ca
https://www.ualberta.ca
https://www.sfu.ca
https://www.sfu.ca
https://www.sfu.ca
https://doi.org/10.1088/0954-3899/32/1/N01
https://doi.org/10.1098/rsta.2009.0036

