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SNOþCollaboration reports its second spectral analysis of reactor antineutrino oscillation using 286 ton-
yr of new data. The measured energies of reactor antineutrino candidates were fitted to obtain the second-
most precise determination of the neutrino mass-squared difference Δm2

21 ¼ ð7.96þ0.48
−0.42 Þ × 10−5 eV2.

Constraining Δm2
21 and sin2 θ12 with measurements from long-baseline reactor antineutrino and solar

neutrino experiments yields Δm2
21 ¼ ð7.58þ0.18

−0.17 Þ × 10−5 eV2 and sin2θ12 ¼ 0.308� 0.013. This fit also

yields a first measurement of the flux of geoneutrinos in theWestern Hemisphere, with 73þ47
−43 TNUat SNOþ.

DOI: 10.1103/gypt-lc9v

Introduction—Neutrino oscillation is well established
through measurements of neutrino rates and energy spectra
from particle accelerators, nuclear reactors, the atmosphere,
and the Sun. These measurements provide consistent values
for the three neutrino oscillation angles θij and two mass-
squared differences Δm2

ij ≡m2
i −m2

j , where i and j are 1,
2, or 3 (i ≠ j). Leading measurements of Δm2

21, θ13, and

Δm2
32 have been obtained with reactor antineutrinos [1–4].

The KamLAND experiment has made the most precise
measurement of Δm2

21, along with a less sensitive meas-
urement of sin2 θ12 [1]. In contrast, solar neutrino experi-
ments have provided the most precise measurement of
sin2 θ12 while being less sensitive toΔm2

21. The KamLAND
measurement of Δm2

21 is currently in 1.5σ tension with the
result of a combined analysis of all available solar neutrino
data performed by Super-K [5].
SNOþ has previously published results studying reactor

antineutrinos, including the first evidence of reactor anti-
neutrino detection with a water Cherenkov detector [6] and
an initial measurement of reactor antineutrino oscillation
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with the detector nearly half-filled with liquid
scintillator [7]. Radioactive decays within the Earth also
produce antineutrinos, which have been observed by the
KamLAND and Borexino liquid scintillator detectors in
Japan and Italy, respectively [8,9]. This Letter presents a
measurement of Δm2

21 and sin2 θ12 using reactor antineu-
trinos, and initial constraints on the geoneutrino flux, based
on the first data collected by SNOþ as a fully filled liquid
scintillator detector.
Data—The SNOþ detector now contains about 780 ton

of liquid scintillator within its 6.0-m radius spherical
acrylic vessel (AV). Light produced by interactions in
the scintillator is detected by 9362 inward-facing photo-
multiplier tubes (PMTs) at a radius of about 8.5 m. The
scintillator volume is shielded by ultrapure water between
the AVand PMTs and also beyond, where outward-looking
PMTs are used to detect muons. The SNOþ detector is
described in detail in Ref. [10].
The livetime of the dataset used in this analysis is

134.4 day, collected between May 17, 2022, and March
14, 2023. During this period, the scintillator was linear
alkylbenzene (LAB) with 2,5-diphenyloxazole (PPO) at a
concentration of 2.2 g/L. The collected scintillation light
yield was measured to be about 210 “clean” PMT hits/
MeV, which depends on the number of working channels
and includes the removal of hits due to electronic noise and
exclusion of channels that are not considered well cali-
brated in terms of charge and timing. The trigger threshold
for this dataset was around 20 PMT hits, corresponding to
approximately 0.09 MeV, well below the energy of the
reactor antineutrino signals of interest.
The properties of particle interactions are inferred using

the times and locations of hit PMTs. The time of flight of
the photons detected by the PMTs is used to reconstruct the
interaction position. The number of hit PMTs is approx-
imately proportional to the energy deposited by a particle.
The position-dependent efficiency to detect photons and the
probability of detecting multiple photons on individual
PMTs are accounted for in the energy reconstruction using
Monte Carlo (MC) simulations. The resolution of the
reconstructed energy E is about 6.5%=

ffiffiffiffi
E

p
for an electron

at the center of the detector in this dataset. The recon-
structed position resolution for a 2.5-MeV electron at the
center is 12 cm in each of the three Cartesian axes.
Calibrations—Calibrations were performed using 214Bi

β decays and 214Po α decays identified by their delayed
coincidence. These decays were sourced by the 238U
intrinsic to the detector as well as ingress of 222Rn into
the scintillator. The selection criteria described in Table I,
which include the time (Δt) and distance (Δr) between
reconstructed interactions, provide a highly pure sample of
214BiPo coincidences.
The time profile of the scintillator is modeled for both α

and β particles as a sum of exponentials with a single rise
time parameter. The decay constants and amplitudes are

tuned to provide the best match between the time-of-flight-
corrected hit times in data and Monte Carlo (MC) simu-
lation. This calibration is performed for β’s and α’s
separately since α’s produce a broader time profile.
The scintillator light yield and quenching are described

with Birks’ law, which is tuned using the PMT hit spectra
of the 214BiPo coincidence events, following the procedure
described in the previous analysis [7]. A single light yield is
tuned by matching MC simulations of 214Bi to data, while
the Birks’ constant for β’s, α’s, and protons are each
modeled with a distinct, tuned value. The newly fit values
are consistent with those of the previous analysis.
After these calibrations were performed, a residual

nonuniformity of the energy scale was observed as a
function of position nearer the AV. Empirical corrections
for both data and simulation were created by fitting the
mean energies of the selected 214BiPo in bins of the vertical
position z and the squared horizontal radius ρ2 ≡ ðx2 þ y2Þ.
A bilinear interpolation function was used to provide a
continuous correction throughout the volume of the AV.
After applying the correction, the uncertainties on the
energy scale and resolution were evaluated as differences
between the data and simulation to be 1.8% and
4.4% ×

ffiffiffiffi
E

p
(relative), respectively. These uncertainties

were consistent between the β’s and α’s.
Antineutrino selection—Nuclear reactors produce a

large, pure flux of ν̄e with energies up to around
10 MeV in the beta decays of nuclear fission products.
These antineutrinos can be detected via the inverse beta
decay (IBD) interaction on hydrogen atoms in the detector
medium: ν̄e þ p → eþ þ n. This process has a 1.8-MeV
threshold and produces a positron, which quickly annihi-
lates with an electron in the medium, depositing a total
energy of Edep ≈ Eν̄e − 0.8 MeV in the detector. The
neutron thermalizes and captures on hydrogen with a
lifetime of about 200 μs, producing a 2.2 MeV γ. The
coincidence of these prompt and delayed events provides a
distinct signal to identify reactor antineutrinos, greatly
reducing backgrounds.
Reactor antineutrino candidates are selected using the

criteria summarized in Table I. A likelihood ratio (LR) is
used to provide additional suppression of accidental

TABLE I. Selection criteria applied to data and simulations to
select 214BiPo and Reactor-ν̄ IBD coincidence events. See text for
parameter definitions.

214BiPo Reactor-ν̄ IBD

Prompt Delayed Prompt Delayed

EðMeVÞ 1.25–3.0 0.7–1.1 0.9–9.0 1.85–2.5
RðmÞ 0–4.0 0–4.0 0–5.7 0–5.7
ΔrðmÞ 0–1.0 0–2.5
ΔtðμsÞ 3.7–1000 0–2000
LR > −3.5
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coincidences. Similar to the LR method used in the analysis
of the SNOþ water phase [6], the probability density
functions (PDFs) for reactor-ν̄ IBDs come from MC
simulations, and the PDFs for accidentals are constructed
from a data sample of randomly-paired events that pass the
prompt and delayed event criteria. The LR is then calcu-
lated from the products of the 2D PDF of Δt versus Δr and
the 1D PDF of the delayed event E. In addition, Bayesian
priors are applied to account for the rates of reactor-ν̄ IBDs
and accidentals. A cut of −3.5 on the LR was determined
by maximizing a ratio of signal (S) and background (B)
counts: S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
.

A suite of cuts designed to remove instrumental back-
grounds is applied to all events. All data within the 20 sec
following an identified muon or high-energy event are
removed to avoid cosmogenically induced backgrounds.
Additionally, any potential background from fast neutrons
produced by muons in the external water is mitigated by
removing events within 10 μs of an event with 3 or more hit
outward-looking PMTs. Event pairs that pass the 214BiPo
selection criteria in Table I or have additional coincident
events, are also removed.
After applying all selection criteria, 59 coincidence pairs

are observed in the dataset. The distributions ofΔt, Δr, and
delayed reconstructed energy of these coincidences are in
good agreement with expectations for neutron captures,
which were obtained by simulations of reactor-ν̄ IBDs [11].
Figure 1 shows the position distribution of the selected
pairs, which are found to be uniform throughout the
detector, as expected.
Reactor antineutrinos—Over 99% of the expected reac-

tor antineutrino flux at SNOþ comes from reactors in
North America, around 60% of which comes from
Ontario’s three Canadian Deuterium Uranium (CANDU)
reactor complexes at baselines of 240, 340, and 350 km.
Neutrino oscillations across these distances result in multi-
ple dips in the detected prompt energy spectrum, which are
well preserved given the large contribution of the CANDU
reactors to the total flux.

The flux is modeled using the thermal power outputs of
reactor cores as a function of time, the average fractions of
the four dominant fissile isotopes, the average energy
released per fission [12], and the emitted antineutrino
energy spectra per isotope. Monthly averaged thermal
powers from yearly IAEA reports [13,14] are used for
all reactors except the CANDU reactors for which we use
the hourly electrical output provided by IESO’s generator
output and capability reports [15]. These two reports show
an average difference of ðþ0.2� 0.1Þ% in reactor power
over a period of a year. The fission fractions of 235U, 238U,
239Pu, and 241Pu depend on reactor type and also vary over
time, due to the depletion of isotopes and refueling cycles.
Average values of (0.568, 0.078, 0.297, 0.057) [16] are
used for the large number of pressurized water reactors
(PWR) and boiling water reactors (BWR). The CANDU
reactors use the pressurized heavy water reactor (PHWR)
fission fractions (0.52, 0.05, 0.42, 0.01) [17], which are
stabilized by continuous refueling and are averaged over
multiple cores in each complex. Finally, the antineutrino
energy spectrum emitted for each isotope is given by the
Huber-Mueller model [18,19]. The flux of the isotope
model is known to be biased and is corrected by scaling by
a factor of 0.945� 0.007 to match the global average of
reactor flux measurements [20].
Several uncertainties on the flux are carried over from the

detailed studies made by the Daya Bay experiment [20]. Per
core, they include a 2.4% uncertainty from the isotopic
emission spectra, 0.6% from fission fraction uncertainties,
0.5% from power output, and several other subdominant
contributions. Studies carried out by SNOþ Collaboration
produced consistent results. The uncertainties on the shape
of the predicted energy spectrum [20] are expected to have
a smaller impact than the detector-related uncertainties, and
to be negligible.
The number of target protons available to produce IBDs

is defined by the fiducial volume. An uncertainty on the
size of the volume is determined from the position
reconstruction and an uncertainty on the number of protons
is inherited from the proton density in the liquid scintillator
cocktail. The former is estimated to result in less than 1%
uncertainty on the volume and the latter is computed from
the scintillator mass density and the hydrogen mass
fractions of all included compounds. The uncertainty on
mass density from measurements and temperature varia-
tions was found to be less than 0.5%. Hydrogen mass
fractions of the various carbon chains are very similar, and
deviations many times larger than the manufacturer’s limits
would be required to produce even a modest impact on the
proton density. However, Daya Bay assigned a 0.92%
uncertainty to their proton number, primarily based on
deviations of these mass fractions from combustion mea-
surements [20]. In the absence of a direct independent
measurement for the SNOþ cocktail, we conservatively
adopt the same uncertainty.
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FIG. 1. Positions of selected prompt and delayed events.
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The coincidence selection efficiency is obtained from
MC simulations of IBDs occurring in the full scintillator
volume, and is found to be 70%. Within the fiducial radius
of 5.7 m, the efficiency is 83%. With subpercent biases
resulting from position and energy reconstruction uncer-
tainties, all aforementioned uncertainties total to produce a
3% uncertainty on the normalization of the reactor flux.
Neutrino oscillations—More than 95% of the incoming

ν̄e flux is expected to travel entirely through the North
American continental crust, which has a relatively constant
density [21,22]. Therefore, the electron antineutrino sur-
vival probability is calculated using a full three-flavor
mixing framework, accounting for the effect of constant
matter density [23]:

Pee ¼ 1 − 4
X
n>m

ðXnÞeeðXmÞeesin2
�
ðEn − EmÞ

L
4E

�
;

where L and E are the baseline and antineutrino energy,
respectively. All other quantities are defined in Ref. [23]
and depend on θ12, θ13, Δm2

21, Δm2
31, E and the crust’s

electron density (8.13 × 1023 cm−3). The matter effect
induces a change in the flux of Oð1%Þ or less, and
similarly, an Oð1%Þ change is induced in the effectivedΔm2

21. For sin
2 θ12 ¼ 0.307 and Δm2

21 ¼ 7.53 × 10−5 eV2

[24], approximately 100 reactor-ν̄ IBD interactions are
expected within the AV per year.
Geoneutrinos—Antineutrinos up to about 3.3 MeV are

produced by β decays within the Earth. Only decays from
the 238U and 232Th chains produce ν̄e’s with energy greater
than the IBD threshold. Methods based on Ref. [25] are
used to predict the geoneutrino flux at SNOþ (Sudbury,
Ontario) in terrestrial neutrino units (TNU), where 1 TNU
corresponds to 1 IBD interaction per year per 1032 free
protons. Assuming a constant survival probability of
< Pee >¼ 0.55 and a radiogenic heat of 20 TW, our model
predicts geo-ν̄ IBD rates of 36.3� 8.7 TNU and 9.7� 2.3
TNU from the 238U and 232Th chains, respectively. This
gives an expected rate of 27 geo-ν̄ IBDs within the AV per
year. Recognizing uncertainty in the range of possible Earth
radiogenic heat values and in the local geology, the total
geo-ν̄ IBD rate is fit without a direct constraint. As in
geoneutrino studies by KamLAND and Borexino, knowl-
edge of Earth’s Th and U chondritic abundances [26]
motivates applying a constraint on the ratio of U/Th geo-ν̄
IBD event rates when fitting the data. In this analysis, we
use the predicted fluxes from our model to derive a
constraint on the U/Th ratio of 3.7� 1.3, where the
uncertainty comes from combining each of the U and
Th flux prediction uncertainties.
ðα; nÞ backgrounds—The dominant background in this

analysis is from ðα; nÞ interactions with the natural 13C
present in the scintillator. These interactions produce 16O
and a neutron, which thermalizes and captures, mimicking

the IBD delayed signal. The prompt event can proceed
through three channels, each producing a distinct energy
peak. The neutron can elastically scatter protons, producing
a signal in the apparent energy range of roughly 0.5 to
3.5 MeV, or it can inelastically scatter off a 12C, which emits
a 4.4 MeV γ. Alternatively, the 16O can be produced in an
excited state, deexciting by producing either a 6 MeV γ or
an electron-positron pair that deposits about 6 MeV.
The dominant source of α decays in the detector is 210Po.

The rate of these decays is measured over time with a fit of
the α’s energy peak, which quenches to be around 0.4 MeV.
The (α; n) background from 210Po implanted on the surface
of the AV is reduced to a negligible level by the fiducial
volume selection. The average rate within the fiducial
volume over this dataset is 38 Hz, nearly a factor of 5
reduction in specific 210Po activity compared to the initial
oscillation measurement, as described in Ref. [7].
The probability of the 210Po α undergoing an (α; n)

interaction is calculated by integrating the energy-
dependent interaction cross section up to the 210Po α
energy, and then multiplying by the 13C number density,
in the same way as Ref. [7]. This, combined with the
average 210Po rate, gives an average expected (α; n) rate of
0.21 events/day.
Disagreements between total cross section measure-

ments and particularly large uncertainties in branching
ratios (ground state vs excited state) warrant a conservative
approach to (α; n) uncertainties [27]. The uncertainties
from Ref. [7] are assigned to the normalizations of the three
(α; n) interaction channels: for proton elastic scatters and
the 12C inelastic scatter, 30% uncertainties are assigned, and
for the excited 16O channel, a 100% uncertainty is assigned.

214BiPo-like background—Immediately after scintillator
filling operations, the data showed higher rates of radio-
active backgrounds primarily due to ingress of radon,
resulting in most of these backgrounds decaying away
with the 222Rn half-life of 3.8 day. During these high-
background periods, an excess of coincidences was
observed with delayed event energies just below the 2.2-
MeV region of interest. The Δt and Δr distributions of
these coincidences were consistent with a correlated decay
of time and distance similar to those of IBD and 214BiPo
coincident events, and the position distribution was
uniform.
The prompt energy distribution of these events is in good

agreement with the 214Bi β decay spectrum (Q ¼ 3.3 MeV)
that precedes a 214Po α decay, which has an energy of
7.8 MeV, but quenches down to about 0.8 MeV in visible
energy in the scintillator. The half-life of the 214Po decay is
164 μs, which is close to the approximately 210-μs neutron
capture time for IBDs. Rare αþ γ decays of 214Po are too
low in energy to create the excess. A likely explanation is
that these tails arise from alpha-proton elastic scattering
interactions, in which more scintillation light is produced
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than by the α’s alone due to the lesser quenching of protons.
Data show that α decays of 215Po exhibit a similar tail
extending to higher energies.
For this analysis, a data-driven model of the 214Po energy

spectrum was created using a kernel density estimation of
the 215Po energy distribution. Figure 2 shows that the model
fits well to the delayed energy spectrum, which is domi-
nated by 214Po in the lower half. The corresponding prompt
energy is modeled as 214Bi. The LR can help suppress this
type of background due to the differences in the delayed
energy distributions between 214Po and 2.2-MeV neutron
capture γ’s. Across the dataset used in the present analysis,
the model predicts that 1.1� 1.1 214BiPo coincidence
events will pass the IBD selection criteria, which has a
small effect on sensitivity estimates forΔm2

21. This was also
confirmed for different spectral shapes [28].
Other backgrounds—The rate of accidental coincidences

is calculated using the measured rates of events passing the
selection criteria for prompt and delayed event candidates.
After applying all selection criteria, including the LR cut,
the calculation gives an expectation of 0.3 coincidences in
the entire 134.4-day dataset. Since it is based directly on
data, the prediction has a negligible uncertainty.
Atmospheric neutrinos can undergo neutral- and

charged-current interactions with the hydrogen and carbon
present in the scintillator, which can produce neutrons and
mimic the IBD signal. A study of simulated atmospheric
neutrino interactions at SNOþ was performed using the
GENIE Monte Carlo generator [29] and found a negligible
contribution relative to the expected IBD signal.
Cosmogenic muon interactions in the detector can

produce neutrons and sources of (β − n) decays. These
backgrounds are reduced to a negligible level by the muon
veto cuts.

Spectral analysis and results—The expected numbers of
signal and background events are listed in Table II and the
corresponding prompt energy spectra are shown in Fig. 3.
The total expected number of selected coincidences is 54.7,
in reasonable agreement with the 59 coincidences observed
in the data. Two independent analyses were performed to
cross-check this event selection and the following fits.
An extended log likelihood fit to unbinned data was

performed on the prompt energy distribution to find the
best-fit values of Δm2

21 and sin2 θ12. The data and fitted
energy spectra are shown in Fig. 3. Nuisance parameters
were constrained with Gaussian penalty terms added to the
likelihood function. These parameters include the normal-
izations on reactor-ν̄ IBDs, (α; n) channels, and the geo-
neutrino U/Th ratio, as well as energy systematics.
The uncertainties on the prompt energy are dominated by

reconstruction uncertainties [27,28]. The energy systemat-
ics are modeled as uncertainties in the energy scale—both
linear and nonlinear—and in the energy resolution. Two
independent factors parametrize the linear energy scale
uncertainties of β’s=γ’s (1.8%) and protons (3%) to account
for their different scintillation response and prediction
uncertainties. A nonlinear scaling following Birks’ law is
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FIG. 2. Fit of extended delayed energy distribution. The model
includes a data-driven kernel density estimate of the 214Po
spectrum based on the observed spectrum of 215Po. 214Po back-
grounds, which dominate the lower half of the spectrum, were
increased in this plot relative to the analyzed data via the
inclusion of data from the period immediately after scintillator
fill operations, when radon levels in the detector were elevated.

TABLE II. Expected and fitted numbers of signal and back-
ground events, and the total number of observed events in
134.4 days of data. Expectations show only systematic uncer-
tainties and the geo-ν̄ IBD rate is unconstrained. The fits are with
unconstrained or constrained oscillation parameters.

Expectation Fit (Uncon.) Fit (Con.)

Reactor-ν̄ IBD 27.9� 0.8 25.1þ6.4
−2.1 27.5� 0.9

(α; n) 18.2� 5.2 17.2þ4.5
−4.4 17.2þ4.5

−4.4
Geo-ν̄ IBD 7.2 12.0þ7.4

−6.8 11.1þ7.1
−6.6

214BiPo-like 1.1� 1.1 1.2� 1.1 1.2� 1.1
Accidental 0.3� 0.0 0.3� 0.0 0.3� 0.0

Total 54.7 55.8 57.3
Observed 59 59 59
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FIG. 3. Energy distribution of prompt events and best-fit
(unconstrained) predictions.
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applied as a variation in Birks’ constant kBð5.4%Þ. Finally,
energy resolution uncertainty is modeled as a Gaussian
smearing with a standard deviation of 4.4% ×

ffiffiffiffi
E

p
.

A 2D visualization of the measurement significance is
shown in Fig. 4 as a grid scan of the log likelihood over
Δm2

21 and sin2 θ12, profiling over all other parameters.
Performing a complete fit to account for correlations
between all parameters, the best-fit values for the uncon-
strained oscillation parameters are Δm2

21 ¼ ð7.96þ0.48
−0.42Þ ×

10−5 eV2 and sin2θ12 ¼ 0.62þ0.16
−0.40 . A nearly equally sig-

nificant result for sin2 θ12 occurs at the mirror value across
0.5. Table II shows the associated best-fit numbers of the
signals and backgrounds.
Combining the previous measurement from SNOþ [7]

with the present result produces minimal change; therefore,
it has not been included. The result for Δm2

21 agrees with
the KamLAND result, ð7.53� 0.18Þ × 10−5 eV2 [1],
within 1σ. It shows a slightly worse agreement of 1.3σ
with the combined solar result from Super-K, ð6.10þ0.95

−0.81Þ ×
10−5 eV2 [5].
The fit is repeated assuming Gaussian constraints of

Δm2
21 ¼ ð7.53� 0.18Þ × 10−5 eV2 [1] and sin2θ12 ¼

0.307� 0.013 [30]. The fitted number of geo-ν̄ IBDs is
11.1þ7.1

−6.6 , which corresponds to a geo-ν̄ IBD rate of 73þ47
−43

TNU. The measured geoneutrino rate has a relatively large
uncertainty, making it consistent with the range of existing
Earth models allowed by the two previous measurements.

The uncertainty in the geo-ν̄ IBD rate is dominated
by a negative correlation with the proton scattering com-
ponent of (α; n) and is not significantly improved by
constraining the oscillation parameters. The resulting
best-fit oscillation parameters are Δm2

21 ¼ 7.58þ0.18
−0.17 ×

10−5 eV2 and sin2 θ12 ¼ 0.308� 0.013.
The tension between solar and reactor results for Δm2

21,
after combining SNOþ and KamLAND, is slightly greater
than 1.5σ. Table III summarizes the results of the two
different fits. All nuisance parameters are found to be in
good agreement with expectations in both cases. Given that
sin2 θ12 is largely determined by the flux and Δm2

21 by the
spectrum, the two parameters are minimally correlated,
leaving little to gain by constraining one and fitting
the other.
Outlook—Since the acquisition of the data used in this

analysis, a secondary fluor (bis-MSB) was added to the
SNOþ scintillator, increasing the detected light by more
than 50%. The SNOþ search for neutrinoless double beta
decay is scheduled to begin with the loading of tellurium
near the end of 2025, and will allow the continued analysis
of antineutrinos.
With its unique pattern of long-baseline reactor anti-

neutrino oscillations, SNOþ will continue to update its
independent measurement of Δm2

21, to compare and com-
bine with those from dedicated experiments, such as
KamLAND and JUNO [31].
SNOþ Collaboration has identified a 214BiPo-like back-

ground component that is likely due to alpha-proton
scattering and that has the potential to affect many experi-
ments measuring IBDs. As more data are collected, this and
the dominant (α; n) background will be better character-
ized. The use of pulse shape discrimination to suppress the
(α; n) is in preparation and is predicted to significantly
improve the experiment’s sensitivity to the geo-ν̄ IBD rate.
With a larger flux of geoneutrinos expected from the

thick North American plate, SNOþ measurements are
highly complementary to observations at shallower loca-
tions, improving the separation of the crust and mantle
fluxes most relevant for Earth modeling.
Summary—With 286 ton-yr of data, SNOþ

Collaboration reports the second-most precise measure-
ment of Δm2

21, providing an independent evaluation of
long-baseline reactor antineutrino oscillations. We find
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FIG. 4. The log likelihood of the prompt energy spectrum as a
function of Δm2

21 vs sin
2 θ12 with 1σ and 2σ contours drawn. The

log likelihood is also shown separately for each variable, fixing
the other to the best-fit value. The slight asymmetry about 0.5 is
expected and gives a second best-fit point for sin2 θ12 near the
global result 0.307 [24].

TABLE III. Best-fit values for oscillation parameters and geo-ν̄
IBD rate. Results are reported with no constraints on oscillation
parameters Δm2

21 and sin2 θ12, and with Gaussian constraints
according to their current best measurements (see text).

Fit (Uncon.) Fit (Con.)

Δm2
21ð×10−5 eV2Þ 7.96þ0.48

−0.42 7.58þ0.18
−0.17

sin2 θ12 0.62þ0.16
−0.40 0.308� 0.013

Geo-ν̄ IBD rate (TNU) 79þ49
−44 73þ47

−43
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Δm2
21 ¼ ð7.96þ0.48

−0.42Þ × 10−5 eV2 while also measuring
sin2 θ12 ¼ 0.62þ0.16

−0.40 . Combining with previous measure-
ments from long-baseline reactor antineutrinos and solar
neutrinos yields Δm2

21 ¼ 7.58þ0.18
−0.17 and a measurement of

the geo-ν̄ IBD rate at SNOþ ∶73þ47
−43 TNU.
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