Lawrence Berkeley National Laboratory
LBL Publications

Title
Measurement of the B8 solar neutrino flux using the full SNO+ water phase dataset

Permalink
bttgs:ééescholarshiQ.orgéucéiteméGwnlBsg
Journal

Physical Review D, 110(12)

ISSN
2470-0010

Authors
Allega, A
Anderson, MR
Andringa, S

Publication Date
2024-12-15

DOI
10.1103/physrevd.110.122003

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6wn1t3sd
https://escholarship.org/uc/item/6wn1t3sd#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

PHYSICAL REVIEW D 110, 122003 (2024)
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using the full SNO + water phase dataset
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The SNO+ detector operated initially as a water Cherenkov detector. The implementation of a sealed
cover gas system midway through water data taking resulted in a significant reduction in the activity
of 2*Rn daughters in the detector and allowed the lowest background to the solar electron scattering
signal above 5 MeV achieved to date. This paper reports an updated SNO+ water phase ®B solar neutrino
analysis with a total livetime of 282.4 days and an analysis threshold of 3.5 MeV. The ®B solar neutrino
flux is found to be (2.327013(stat)* 007 (syst)) x 10° cm™2s~' assuming no neutrino oscillations,
or (5.367 03 (stat) 17 (syst)) x 10® cm=2s~! assuming standard neutrino oscillation parameters, in good
agreement with both previous measurements and standard solar model calculations. The electron recoil
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spectrum is presented above 3.5 MeV.

DOI: 10.1103/PhysRevD.110.122003

I. INTRODUCTION

Neutrinos are produced in the core of the Sun by a
variety of nuclear reactions. In the higher energy portion
of the solar neutrino spectrum, where water Cherenkov
detectors are sensitive, neutrinos from B decay dominate
the flux [1]. The flux and spectrum of these neutrinos
have been measured by a number of experiments [2-5].
A remaining goal of solar neutrino experiments is to
measure the upturn in electron neutrino survival probability
that is expected below about 4 MeV, due to the transition
between the vacuum and matter-dominated oscillation
regimes. The shape of this transition is sensitive to possible
models of new physics [6,7].

The SNO+ experiment [8] operated in its initial phase as
a kt-scale water Cherenkov detector. In this phase SNO+
was sensitive to solar neutrino interactions via the neutrino-
electron elastic scattering interaction [9]. The low levels of
intrinsic background in SNO+ combined with the large
overburden at SNOLAB (6010 m.w.e) have enabled a
leading search for “invisible” modes of nucleon decay [10],
while upgrades to the detector electronics have allowed
the detector to operate with reduced thresholds, enabling
SNO+- to efficiently detect neutron captures [11] and detect
reactor antineutrinos [12] using pure water. A study of *B
solar neutrinos in SNO+ was previously published [13]
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using an initial “commissioning” dataset that was col-
lected before the SNO+ sealed cover gas system [8] was
brought online, but which nevertheless showed very low
background levels. This paper presents a measurement of
the 3B solar neutrino flux across the full SNO+ water
phase including the previously published dataset and an
additional 190.3 live days of data with even lower
backgrounds. The very low background level in the
post-cover gas dataset allowed an analysis threshold of
3.5 MeV, equal to the lowest so far achieved with the
water Cherenkov technique [2,3].

II. DETECTOR

SNO+ is a multipurpose detector that re-purposes
much of the hardware from the Sudbury Neutrino
Observatory [14]. The target fluid is contained in a
6-meter radius spherical acrylic vessel (AV). While the
AV is currently filled with liquid scintillator, it previously
housed 0.9 kt of ultrapure water (UPW). Surrounding the
vessel is an array of 9362 inward-facing PMTs situated on a
stainless steel PMT support structure (PSUP) about 8.3 m
in radius. The detector is suspended within a urylon-lined
cavity containing a futher 7 kt of UPW, which provides
shielding. The SNO+4- detector hardware is further
described in [8].

For the purposes of this paper, a key aspect of the SNO+
detector is the cover gas system, which is described in detail
in [8]. The cover gas system was designed to achieve
<7 mBq/m? of ?*?Rn in the head space above the AV.
To achieve this, the cover gas volume is sealed and static
(as opposed to the system in SNO in which boil-off
nitrogen was continually flowed through the AV cover
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gas system). To avoid potentially damaging pressure
differentials across the AV during air pressure changes
in the laboratory, the system incorporates a series of
flexible “bags” and an emergency venting system through
a series of “u-trap” manometers that are partially filled
with linear alkyl benzene (LAB). The sealed cover gas
system was brought online in September 2018, and the
level of ?*?Rn-supported >'“Bi activity in the SNO+ water
was observed to decrease from 1071% — 1071% gU/g [15]
to (5.8 £0.77]3) x 10715 gU/g [10].

III. DATA AND DATA SELECTION

The data collected from the SNO-+ water phase was
categorized into two distinct sets based on the status of the
cover gas system. The first dataset (“DS-I"") was gathered
from May through December 2017, with the old cover gas
system in place, and corresponds to the data previously
published. In this analysis 92.1 days of DS-I livetime were
used. The subsequent lower background data with the
sealed cover gas system online is referred to as dataset II
(“DS-IT’). DS-II was collected between October 2018 and
July 2019, and includes 190.3 live-days.

A. Low level cuts and offline trigger

In order to reduce data volume and ensure a uniform,
well understood trigger threshold in all data taking phases,
an analysis threshold was applied to select events with at
least 15 PMT triggers that fall within the 400-ns event
window, and with at least 10 of those falling within an
89-ns window. A suite of low-level cuts, identical to those
used in [13], was further applied to reject nonphysics events
and instrumental backgrounds based on the trigger system
and PMT timing information.

B. Event reconstruction

For events passing the low-level selection criteria,
higher-level event characteristics were then evaluated.
The position, direction, and timing of an event were
estimated using a likelihood fit to the observed photon
detection times, under the assumption that all observed
light is Cherenkov. Energy was then estimated using the
number of triggered PMTs, with corrections of offline
PMTs, detector geometry, and optical attenuation applied
using the reconstructed position and direction of the event.
The same event reconstruction algorithms as in [13], with
the updated optical model, were used in this analysis.

C. High level cuts

Events that were successfully reconstructed were subject
to further data selection cuts. Cuts are placed on the
isotropy of the PMT signals in each event as quantified
by the S, parameter [16] and the “in-time ratio” (ITR),
which describes the ratio of number of hit PMTs within

TABLE I. Dataset reduction for each applied cut. Note that the
energy thresholds and fiducial volume cuts applied were different
in the two datasets, as described in the text.

Events passing Events passing

Selection (DS-I) (DS-1I)

Total 10,083,081,664 12,472,093,737
Low level 3,757,559,668 7,300,180,917
Offline trigger 122,628,131 591,080,758
Valid reconstruction 24,969,085 107,685,755
High level cuts 6,230,266 21,098,131
Energy 19,140 2,365,169
Fiducial volume 330 932

a 7.5 ns “prompt time window” to all hit PMTs in an
event [13]. Additionally, for this analysis several new cuts
were introduced based on reconstruction figures of merit
(“FOM™), as described in [12], with cut thresholds deter-
mined from calibration data. These cuts mainly remove
poorly reconstructed events at low energy. A summary of
the analysis cuts and their impact on the number of events
in the two data periods is given in Table I. The signal
sacrifice due to the combined data cleaning cuts is 1.2%,
and is corrected for in the analysis.

D. Fiducial volume and analysis threshold

In DS-I, the 222Rn distribution in the detector was
observed to be variable and nonuniform as the result of
radon ingress down the neck of the AV. To mitigate this, the
DS-I data was divided into six distinct periods with similar
background levels. For each of these six periods, the
fiducial volume was determined based on background rate
and distribution. To optimize the fiducial volumes, the
background rate as a function of energy and fiducial
volume was determined using events in a cos 6, sideband
(cos 8 < 0, which selects events pointing back toward the
Sun) in a 10% subset of the data. The expected number of
signal events in a given fiducial volume and energy range
was estimated using the expected solar neutrino interaction
rate, the fiducial mass, and the livetime of the data
subperiod. The expected statistical significance of the
extracted solar neutrino signal could then be determined
for that fiducial volume, energy range, and data subperiod,
allowing the fiducial volume for each energy range and data
subperiod to be optimized by maximizing the expected
significance of the extracted signal. The resulting optimized
fiducial volumes for the different data periods, and their
accumulated livetimes, are shown in Table II.

The analysis threshold for each data subperiod was
determined by selecting the energy range over which the
predicted statistical significance of the extracted signal in
the optimized fiducial volume was greater than 0.5¢. In this
updated analysis, two of the data subperiods included in the
earlier analysis were excluded due to low expected signal
significance at all thresholds.
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TABLE II. Optimized fiducial volumes and exposures for the
different datasets. Note that DS-I is subdivided into six periods
based on variations in background rate and distribution, in the
same way as in [13].

Live Exposure

Dataset T, MeV) R (m) z(@m) days (kt-day)
DS-I-a Dropped from analysis 5.0 —
DS-I-b Dropped from analysis 14.8 —
DS-I.c 50<T7,<60 R<44 z<35 9.7 10.6
60<T,<150 R<53 — ’ 19.1
DS-I-d 50<T7,<60 R<50 — 8.6 15.4
60<T7T, <150 R<53 — ’ 18.3
DS-I.e 50<7,<60 R<53 z<35 112 6.6
60<T, <150 R<53 — ’ 7.2
DS-I-f 50<7,<60 R<53 z<35 226 13.3
60<T,<150 R<53 — ’ 14.4
DS-I 35<T7,<50 R<44 — 1903 67.7
50<T7T,<150 R<53 — ‘ 118.2

IV. DETECTOR CALIBRATION USING **'Am’Be

The response of the SNO+ detector is calibrated using a
number of deployed calibration sources, as described in
detail in previous publications [13,15,17]. A key feature
of the current result is the lower analysis threshold relative
to previous SNO-+ publications. Data analysis at this lower
threshold required validating the detector calibration at
lower energies. This was accomplished using data from
an 2*'Am’Be (AmBe) neutron calibration source. This
approach was enabled by the novel ability of SNO+ to
efficiently trigger on the 2.2-MeV signal from neutron
captures on protons [11]. Roughly 60% of neutrons
produced by the AmBe source result in an excited
state of the '>C daughter and a subsequent 4.4-MeV de-
excitation gamma ray. It was therefore possible to produce
a “tagged” set of calibration events consisting of a prompt
4.4-MeV signal and a delayed 2.2-MeV signal from the
subsequent neutron capture—a combination that nicely
spans the newly analyzed energy range.

Key detector performance parameters calibrated in this
way include the energy scale and resolution and the angular
resolution (by using the baseline from the source to the
interaction point of the 4.4 MeV gamma to estimate the
recoil electron direction, following the approach in [18]).
The energy scale and resolution systematics were assessed
by simulating each calibration source run and fitting the
simulated data, convolved with a Gaussian response
function, to the corresponding detector data.

Figure 1 shows a comparison of the reconstructed AmBe
energy spectrum in data and Monte Carlo (MC) simulation
with the source at the center of the detector. Such
comparisons were made at calibration deployment
locations throughout the detector volume, as shown in

1400 f 'l'+ t AmBe Calibration Data -]
Ty -~ AmBe MC Histogram
1200 | — MC with Energy Response 7]
~ Systematic Applied ]
& 1000 .
<] ]
— 800 .
~ <4
] ]
5 600f ]
> i
= ]
400 | ‘ .
200 | 3 .
+ ]
0 s
0 1 2 3 4 5 6 7 8 9 10
T, [MeV]
FIG. 1. Reconstructed energy of prompt events from the AmBe

source at a central run in data and MC simulation. The blue line
shows the MC with the best fit Gaussian convolution used to
assess the energy response systematics.

Figs. 2 and 3 for the energy scale and resolution parameters
respectively, and the results combined through a volume-
weighted average. The AmBe-derived systematics were
smaller than those determined using the 'N source at
higher energies (as described in [15], and also shown in
Figs. 2 and 3). For consistency, the '°N-derived systematics
(identical to those reported in [10]) were applied at all
energies in the analysis.

V. ANALYSIS METHOD

A. Signal extraction

In electron scattering interactions, the electron direction
is highly correlated with the direction of the incident
neutrino, so the electron scattering signal can be extracted
by fitting the distribution of events in cos 6, where 0, is
the angle between a reconstructed event direction and the

— 0 [
> [ F .
S : it
%,005- b 1 q; LI . ¥ it
.| X ) + 1
F G i ¥ H ¢
) $ ¢ ]
g § §
» 0.1 [
& ¥ 4
3 [ E* "
& -01s5f $
L;) ]
p ook * AmBe
S [ = N16
~025
} 0 100 200 300 400 500
R [cm]

FIG. 2. Comparison of the energy scale in data and MC
simulation as a function of calibration source radial position.
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FIG. 3. Comparison of the energy resolution in data and MC as
a function of calibration source radial position.

vector from the Sun to the center of the detector at the time
of the event. Detector backgrounds should be uncorrelated
with the solar direction, and are assumed to provide a flat
background in cos 6, though this assumption is discussed
in more detail in Sec. V C 1. For the solar flux measure-
ment, data and simulated events passing cuts were binned
in separate histograms with 40 cos 6, bins. Below
6.0 MeV, the events were distributed in 0.5-MeV wide
energy bins. Energy bins were 1-MeV wide from 6.0 MeV
to 10.0 MeV, and a single energy bin was used between
10.0 and 15.0 MeV.

The spectrum of solar neutrino recoil events was
determined by performing a binned extended maximum
likelihood fit to the cos 6 spectrum in each individual
energy bin. The magnitudes of the signal and background
probability distribution functions (PDFs) were varied
in the fits, with the PDF for the solar neutrino signal
produced from MC, and the background assumed to be
flat. Below 5 MeV only DS-II was fitted, while above
5 MeV the data from the two datasets was jointly fitted in
each time bin.

A simultaneous fit across all energy bins, with the
neutrino energy spectrum fixed to that of Winter [19],
was carried out to determine the overall best fit solar
neutrino flux across the SNO+ water phase dataset.

B. Monte Carlo simulation

SNO+ simulations, including the PDF used in the fit for
the solar neutrino electron scattering signal, are generated
using RAT, a GEANT4-based [20] MC simulation frame-
work that incorporates the trigger and detector conditions
from specific data. The detector simulation models all
relevant effects after the initial particle interaction, includ-
ing Cherenkov light production, electron scattering proc-
esses, photon propagation and detection, the DAQ

electronics, and the trigger system. MC events were
produced on a ‘“run-by-run” basis—that is, using the
electronic calibration and detector settings recorded from
each run to reproduce time dependent changes in the
detector state in the MC, and are processed and recon-
structed in the same way as data. The ®B events were
generated including neutrino oscillation effects assuming
the global best-fit oscillation parameters from [21] and the
neutrino production regions from [22].

C. Systematic uncertainties

As described in Sec. 1V, systematic uncertainties on
reconstructed variables were assessed using comparisons
of 1N calibration data to MC simulations, and confirmed in
the low energy region using AmBe calibration data. These
are the same as the uncertainties used in the updated optical
model described in [10], with the addition of an absolute
energy scale systematic in the spectral analysis that
accounts for the uncertainty in the reconstructed energy
scale relative to the true energy.

To determine the resultant uncertainties in the analysis,
each systematic was independently shifted, and the analysis
fits were repeated with modified PDFs, with the resulting
difference from the central value each taken to be a measure
of the systematic uncertainty. The uncertainties were
assumed to be independent. To propagate the uncertainties
on the mixing parameters in the flux result, fits were
repeated using survival probability curves with the mixing
parameters shifted by 16. Table III shows the contributions
to the systematic uncertainty on the flux analysis, while
Fig. 6 includes the total systematic uncertainty in each
energy bin of the spectral analysis.

1. Background shape systematic

The background in cos 6, was assumed to be flat in
the likelihood fit. However, it is possible for backgrounds
with a nonuniform angular distribution in detector space to
project into nonflat distributions in cos 6, especially in
datasets which do not span a full year. To study this
potential effect, the distribution of background events in
detector space must be known, and the observed transient
radon activity in the detector made this difficult to model,
especially at lower energies. To compensate for this, a data-
driven technique was used in which the observed events in
the data were “jittered” in cos 6, by randomly re-assigning
each event a different event time within the data taking
period and re-calculating the cos 8 values. This approach
is expected to retain the projection of detector backgrounds
in cos 6, while roughly randomizing the directions of the
solar neutrino events. The systematic effect of a possible
nonflat background was then estimated by repeating the fit
to the (unaltered) data multiple times using different jittered
cos 6 distributions as the background PDFs. The mean
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TABLE III.

Summary of the evaluated systematic uncertainties. The uncertainty contributions shown are for the

integrated flux measurement; bin-by-bin systematics were also evaluated and are shown in Fig. 6.

Parameter Systematic range Flux uncertainty contribution
x scale (x > 0)28%
x < 0)1530%
y scale y>0)1092% 3%
y < 0)ig4d%
z scale 2> 0)0N%
2 < 0)1550%
X offset 200 mm
y offset Ty mm 005
z offset 728 mm
x resolution /3214 + [ =290 + 0.393x] mm
y resolution /2004 + | — 1365 + 0.809y| mm +0.03%
z resolution /7230 + [3211 — 0.730z] mm
Angular resolution BT 3%
b 58 3
Energy scale (Absolute) +2% +1.7%
Energy scale (Data-MC Relative) +1% +1.1%
Energy resolution £0.0084 +0.1%
05, (33.02° assumed) [21] jg-fé: j&g%
Am3, (7.37 x 107 eV? assumed) [21] T x 1070 eV? 5%
FOM cut acceptance +0.2% +0.15%
BG shape See text j?77 %
deviation of the jittered fits from the unaltered fit was taken
as the related systematic uncertainty. This approach was
carried out independently in the two lowest energy bins, _ . . . . . . . . :
where the signal-to-noise ratio is relatively low. Above or L]sjlagti Bke Fit
4.5 MeV the low level of detector background made the S f%“f;’;if:ag"y
. . . . . . - €
technique impractical. Therefore, jittered cos 6 distribu- lg 50:
tions from 4.0 < T, < 4.5 MeV were used as the back- =
ground PDFs to evaluate the nonflat background systematic 5
for all energies above 4.0 MeV. ra
g
VL. RESULTS 2
=2
Figure 4 shows the angular distribution of events S
above 5 MeV in the postcover gas dataset (DS-II).
The low level of background outside of the solar peak

is evident; a fit to the angular distribution yields a
background rate of 0.32 £ 0.07 events/kt-day, which is
the lowest backgrounds ever measured in a water
Cherenkov detector at that energy threshold. Figure 5
shows the distribution of events in cos 8, for events in the

-1 -08

-06 -04 -02 0 02 04 06 08 1

cos 90

FIG. 4. Distribution of event direction with respect to solar
direction for DS-II events with energy in 5-15 MeV.
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FIG. 5. Distribution of event direction with respect to solar FIG. 7. Distribution of event direction with respect to solar

direction for DS-II events with energy in 3.5-15 MeV. direction for DS-II events with energy in 3.5-4.0 MeV.

is consistent with both the high metallicity and low

low background dataset (DS-II) over the entire energy metallicity Standard Solar Model fluxes [23].

range of 3.5 to 15.0 MeV.
Fitting the data from the two datasets simultaneously

yields the solar neutrino electron recoil spectrum A. Lowest energy bin discussion

shown in Fig. 6. Simultaneously fitting all energy
bins in both datasets yields a combined best fit

solar flux of (5.36f8_‘§91(stat)fg_'llg(syst)) x 106 em=2 7!
Repeating the fit
neutrino  oscillations

under the assumption of no
yields a best fit flux of

(2.32f8‘11§(stat)fgl'gg(syst)) x 106 em™2s7!. Our result

% 08F E
> t Bin-By-Bin Fit
: 0.6F ¢ Stat + Syst Error
§ 04F —— MC (SNO *B Flux) ]
£ 02fF ]
s of
&
= —02F .
.2
5 0.4 ]
=
£-06f .
3 -08F ]
£ -1f 1

4 6 8 10 12 14

T, [MeV]

As shown from Fig. 6, the fitted ES event rate in the
lowest energy (3.5-4.0 MeV) bin falls below expectation,
although the uncertainties are large. The fitted cos 6
distributions for the lowest three energy bins are shown
in Figs. 7-9.

Although the statistical significance of the deficit in the
lowest energy bin is small, we feel it worthwhile to note

0.8F E
¢ Bin-By-Bin Fit
0.7F ¢ Stat + Syst Error

—— MC (SNO *B Flux)
0.6 3

g

0.5
04 ]

0.3 7

Measured Interaction Rate / kTDay / 1 MeV

0 1 1 1 I T T
4 6 8 10 12 14
T, [MeV]

FIG. 6. Left: the fitted solar neutrino event rate. Right: the measured neutrino interaction rate as a function of reconstructed
electron kinetic energy 7', for the joint water dataset. The lowest bin on the right represents the 68% C.L. Bayesian upper limit on the

interaction rate.
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FIG. 8. Fitted distributions of event direction with respect to

solar direction for DS-II events with energy in 4.0-4.5 MeV.
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FIG. 9. Distribution of event direction with respect to solar
direction for DS-II events with energy in 4.5-5.0 MeV.
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FIG. 10. The MC simulated electron scatter interaction rate
(blue) and with all neutrinos below 5 MeV “turned off” (green).

that the two-body kinematics of the electron scattering
process means that the electron recoil signal in the low
energy bins is dominated by the same higher energy
neutrinos as the higher energy bins. To illustrate this effect,
a MC simulation was performed with the solar neutrino
flux below 5 MeV arbitrarily set to zero. As can be seen in
Fig. 10, this has a rather limited effect on the expected
recoil spectrum; in particular, the expected number of
events in the (3.5-4.0 MeV) bin is reduced from 16.5 to
14.5. The downward fluctuation in the lowest energy bin
therefore cannot be the result of a low energy distortion in
the neutrino spectrum.

VII. CONCLUSION

Solar neutrino electron elastic scattering has been
investigated using the full SNO+ water phase dataset.
The newly included data has the lowest background to
the solar electron scattering signal yet demonstrated by a
water Cherenkov detector, and this allowed the electron
recoil spectrum to be determined down to a threshold
of 3.5 MeV. The measured electron recoil rate corres-
ponds to an unoscillated solar neutrino flux of
(2.3259- 13 (stat) 007 (syst)) x 10° em™2s~!, or a flux of
(5.367048 (stat) *3-17 (syst)) x 10° cm™2s~! assuming stan-
dard oscillation parameters.
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