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Abstract

The physics potential of detecting ®B solar neutrinos will be exploited at the Jiangmen Underground Neutrino
Observatory (JUNO), in a model-independent manner by using three distinct channels of the charged current (CC), neutral
current (NC), and elastic scattering (ES) mteractlons Due to the largest-ever mass of 3C nuclei in the liquid scmtlllator
detectors and the expected low background level, ®B solar neutrinos are observable in the CC and NC interactions on *C
for the first time. By virtue of optimized event selections and muon veto strategies, backgrounds from the accidental
coincidence, muon-induced isotopes, and external backgrounds can be greatly suppressed. Excellent signal-to-background
ratios can be achieved in the CC, NC, and ES channels to guarantee the observation of the 8B solar neutrinos. From the
sensitivity studies performed in this work, we show that JUNO, with 10 yr of data, can reach the 1o precision levels of
5%, 8%, and 20% for the ®B neutrino flux, sin? §;,, and Am3,, respectively. Probing the details of both solar physics and
neutrino physics would be unique and helpful. In addition, when combined with the Sudbury Neutrino Observatory
measurement, the world's best precision of 3% is expected for the measurement of the *B neutrino flux.

Unified Astronomy Thesaurus concepts: Solar neutrinos (1511)

1. Introduction

Electron neutrino fluxes are produced from thermal nuclear
fusion reactions in the solar core, either through the proton—
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proton (pp) chain or the carbon—nitrogen—oxygen (CNO) cycle.
According to their production reactions, the solar neutrino
species can be categorized as pp, 'Be, pep, °B, hep neutrinos of
the pp chain, and the 3N, 130, and 'F neutrinos of the CNO
cycle. Before reaching the detector, solar neutrinos undergo
flavor conversion inside the Sun and Earth during their
propagation. Solar neutrino measurements have a long history
starting with the measurements done by the Homestake
experiment (Davis et al. 1968). Many measurements, such as
those of Homestake (Davis et al. 1968), Kamiokande (Hirata
et al. 1989), GALLEX/GNO (Anselmann et al. 1993; Altmann
et al. 2000), SAGE (Abazov et al. 1991), and SuperKamio-
kande (SK; Fukuda et al. 1998, 2001), observed the solar
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neutrino deficit problem: that is, the number of observed
neutrinos originating from the Sun was much less than that
expected from the standard solar model (SSM). Subsequently,
the Sudbury Neutrino Observatory (SNO) provided the first
model-independent evidence of solar neutrino flavor conver-
sion using three distinct neutrino interaction channels in heavy
water (Chen 1985; Ahmad et al. 2001, 2002; Ahmed et al.
2004; Aharmim et al. 2008, 2013a, 2013b). These reactions are
the v, sensitive charged current (CC) interaction, all flavor
sensitive neutral current (NC) interaction on deuterium, and the
elastic scattering (ES) interaction on electrons from all neutrino
flavors with different cross sections.

Solar neutrino observations rely on the SSM flux predictions, the
neutrino oscillation parameters, and the solar density model, which
determine the flavor conversion (Wolfenstein 1978; Mikheev &
Smirnov 1985; Zyla et al. 2020). Thus, although SK (Renshaw
et al. 2014; Abe et al. 2016) and Borexino (Bellini et al. 2014;
Agostini et al. 2020) experiments have made precision measure-
ments on the ®B neutrinos via the ES interaction, the evaluation of
the total amount of neutrinos produced inside the Sun relies on the
input of solar neutrino oscillations (Zyla et al. 2020). The present
most precise “B neutrino flux is determined by SNO with a 1o
confidence level uncertainly of around 3.8% (Ahmad et al. 2002;
Ahmed et al. 2004; Aharmim et al. 2008, 2013a, 2013b), and it is
the only existing model-independent flux measurement. Therefore,
a second independent measurement of the total *B neutrino flux
with the NC channel (Arafune et al. 1989; Ianni et al. 2005) would
be important in answering relevant questions in the field of solar
physics. For example, there is the solar abundance problem, in
which the SSM based on the solar composition with a higher value
of metallicity is inconsistent with the helioseismological
measurements (Vinyoles et al. 2017). Note that a recent solar
model is able to resolve the discord between the helioseismological
and photospheric measurements (Magg et al. 2022), but lively
discussions on this topic are still ongoing (Yang 2022; Buldgen
et al. 2023).

In contrast, the neutrino oscillation parameters sin#;, and
Am3 have reached the lo confidence level uncertainty of
around 5% and 15%, respectively, from the current global solar
neutrino data (Esteban et al. 2020). The mixing angle sin® 6y, is
extracted from the comparison of the observed fluxes of pp,
"Be, and B solar neutrinos to their respective total fluxes from
the SSM. And the mass squared difference Am3; is measured
from both the vacuum—matter transition of the ®B neutrino
oscillations and the size of the day—night asymmetry. A direct
comparison of oscillation parameters from the solar neutrino
and reactor antineutrino oscillations is a unique probe of new
physics beyond the Standard Model of particle physics. It
would be excellent to have a new measurement of solar
neutrino oscillations with high precision in this respect. This
has triggered a variety of interesting discussions on the
prospects of future large neutrino detectors (Beacom et al.
2017; Abe et al. 2018; Capozzi et al. 2019; Abusleme et al.
2021a).

The Jianmen Underground Neutrino Observatory (JUNO) is
a 20 kt liquid scintillator (LS) detector located in South China
and will start acquiring data by 2024. As a multiple-purpose
neutrino experiment, JUNO is unique for solar neutrino
detection because of its large target mass, excellent energy
resolution, and expected low background levels. With the
analysis threshold cut of around 2MeV for the recoiled
electron energies in the ES channel, JUNO can make a high
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statistics measurement of the flux and spectral shape of *B solar
neutrinos and will be able to extract the neutrino oscillation
parameters sin2f, and Am}, (Abusleme et al. 2021a). In
addition to the high statistics measurement in the ES channel,
the presence of the large mass of the '>C nuclei (~0.2 kt)
makes it feasible to detect ®B solar neutrinos via CC and NC
interactions on '*C. By combining the CC, NC, and ES
channels, we are able to perform a model-independent
measurement of the ®B solar neutrino flux and oscillation
parameters sin?f;, and Amj;, which will add a unique
contribution to the global solar neutrino program.

This paper is organized as follows. We illustrate the typical
signatures of the CC and NC interactions of ®B solar neutrinos
and evaluate the corresponding backgrounds in the JUNO
detector in Section 2. In Section 3, the physics potential of
detecting 8B solar neutrinos with different combinations of CC,
NC, and ES channels is presented, and the sensitivity to the *B
solar neutrino flux, sin?f;, and Amj is reported. The
concluding remarks of this study are presented in Section 4.

2. Signal and Background at JUNO

The JUNO experiment is building the world's largest LS
detector with a total target mass of 20 kt, in which the mass
fraction of carbon is 88%. Given that the natural abundance of
13C is 1.1%, the total mass of '>C reaches 193.6 tons, which is
similar to the total deuterium mass of 200 tons for the SNO
detector. Considering the preferable cross sections of '*C at
solar neutrino energies (Fukugita et al. 1988; Suzuki et al.
2012, 2019), the CC and NC solar neutrino rates on 13C will be
rather sizable in the JUNO detector.

In Table 1, we present the typical CC, NC, and ES detection
channels for ®B solar neutrinos in the LS medium. For each
interaction channel, the reaction threshold is provided, together
with the typical experimental signatures, and the expected event
numbers for 10 yr of data taking before event selection cuts. The
spin and parity of the daughter nuclei at the ground (gnd) or
excited state, denoted by the corresponding excited energies, are
also provided. The unoscillated ®B solar neutrino v, flux
(5.25 x 106/cm2 s_l) is taken from the final result from SNO
for this estimation (Aharmim et al. 2013b), and the spectrum is
taken from Bahcall et al. (1996) and Bahcall (1997). The cross
sections for these exclusive channels are taken from the calculation
in Fukugita et al. (1988) and Suzuki et al. (2012, 2019), in which
the uncertainties at the level of a few percent are considered to be
achievable. Note that the standard Mikheev—Smirnov—Wolfenstein
(MSW) effect of solar neutrino oscillations (Wolfenstein 1978;
Mikheev & Smimov 1985) and the neutrino oscillation parameters
from Zyla et al. (2020) are used in the calculation of the signals of
the CC, NC, and ES channels.

There are no interactions on the '>C nuclei for most solar
neutrinos because of the high energy threshold. Thus, for the
CC channel, we are left with the following two exclusive
interactions:

v +13C — e 413 N(%f; gnd), (1)

b 13 C = e 413 N(;; 3.502 MeV), @

where the final >N is in the ground state and excited
13N(3 /27;3.502 MeV) state, respectively. For the first reaction
channel, the ground state of ">N undergoes a delayed 5" decay
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Table 1
Typical CC, NC, and ES Detection Channels of the ®B Solar Neutrinos Together with the Final States, Neutrino Energy Threshold, Typical Signatures in the Detector,
and Expected Event Numbers with 10 yr of Data Taking

Channels

No. Threshold Signal Event Numbers
MeV) (10 yr)

1 v+"2C — e +">N(1"; gnd) (Fukugita et al. 1988) 16.827 e +"’N decay (8", 0 = 17.338 MeV) 0.43

1 cC v H3C - e 43 N({; gnd) (Suzuki et al. 2012) 22 e +"N decay (3", 0 =2.22 MeV) 3929

2 v #3C — e 43 N(%f; 3.5 MeV) (Suzuki et al. 2012) 5.7 e +p 2464

4 v, +12C — 1, +'2C(1%; 15.11 MeV) (Fukugita et al. 1988) 15.1 v 48

3 NC v, +"2C = v, + n+"2C(2"; 4.44 MeV) (Suzuki et al. 2019) 6.864 7 + n capture 65

4 v 3 C = 1y 7 C(3 ;3,089 MeV) (Suzuki et al. 2012) 3.089 ~y 14

5 v #3C -1 3 C(%f; 3.685 MeV) (Suzuki et al. 2012) 3.685 v 3032

6 v 3 C — 1, 413 C(?; 3.854 MeV) (Suzuki et al. 2012) 3.854 5 2.8

7 ES Vit e— v te 0 e 3.0 x 10°

Note. Note that v, with (x = e, p, 7) denotes all three active flavor neutrinos. The spin and parity of the daughter nuclei at the gnd or excited states, denoted as the

corresponding excited energies, are also provided.

(Q = 2.2MeV) with a lifetime of 863 s. The distinct signature
for this channel is a coincidence of the prompt electron and
delayed positron with stringent time, distance, and energy
requirements. The expected number of events for *B solar
neutrinos in this coincidence channel is 3929 with 10 yr of data
taking. On the other hand, although the channel with an excited
13N(3 /27;3.502 MeV) has a comparable cross section as the
ground-state channel (Suzuki et al. 2012), the corresponding
signature after quenching is a single event since the deexcita-
tion of “N(3 /27;3.502MeV) is dominated by a proton
knockout, and thus, cannot be distinguished from the recoiled
electron of the ES channel and the single « of the NC channel
on an event-by-event basis. Therefore, in the coincidence event
category, we focus on the CC channel with the ground-state
3N and consider the channel with the excited 13N(3 /27,
3.502 MeV) as a component of the total spectrum of the singles
as illustrated in Figure 2.

Among the five listed NC channels, the only one with a
coincidence signature is the interaction of v A413C = v+ n+17C,
with a prompt +y energy of 4.44 MeV from '*C deexcitation and
the delayed neutron capture. However, given that the background
from the inverse beta decay (IBD) interactions of reactor
antineutrinos are overwhelming, where the signal-to-background
ratio is at the level of 107 the event rate of this channel is
unobservable. In this work, we focus on the NC channels with the
signature of single ~ deexcitation, among which the NC
interaction with the '*C deexcited energy of 3.685 MeV:

Ve +13C = 1y, 413 C(%i; 3.685 MeV) 3)

is the dominant interaction channel and will be used to
determine the ®B solar neutrino flux via the NC interaction.

Finally, we also consider the ES interaction channel on the
electron,

U t+e— 1 toe, (4)

where the signature is a single recoiled electron (Abusleme
et al. 2021a). Using all three channels of the CC, NC, and ES
interactions, we are able to make a model-independent
measurement of the ®B solar neutrino flux, sin?#;, and Am3,

with JUNO, which is useful in disentangling the solar dynamics
and the neutrino oscillation effects. This measurement is
expected to be the only model-independent study after the SNO
experiment (Ahmad et al. 2001, 2002; Ahmed et al. 2004;
Aharmim et al. 2008).

To summarize, in this work, we are going to employ the
following three interaction channels for a model-independent
approach of the JUNO ®*B solar neutrino program: (i) the CC
detection channel is sensitive to the 1, component of solar
neutrinos, (ii) the NC channel is sensitive to all active neutrino
flavors (v,, v, v;) with identical cross sections, and (iii) the ES
channel is also sensitive to all active flavors, but with a preferred
cross section for the v, flux (i.e., o(v,/,) ~0.17 o(.)).

2.1. v+'3C CC Channel

For the typical coincidence signature of the CC channel,
v+BC — e +PN1 /27; gnd), the energy of the prompt signal
is the kinetic energy of the outgoing electron with the reaction
threshold of 2.2MeV. Therefore, there is a one-to-one
correspondence between the electron kinetic energy and the
initial neutrino energy 7,~FE,—2.2MeV because of the
negligible recoil energy of the daughter '*N. Meanwhile, the
delayed signal is the deposited energy of the positron from the
BN 3" decay (Q = 2.2MeV), with a decay lifetime of
7 = 863 s. The time and spatial correlation between the prompt
and delayed signals provides the distinct feature of the
coincidence signature.

In the following, we consider two significant backgrounds
for this coincidence signature of the CC channel in this work.

1. The first background is the accidental coincidence of two
single events. For the visible energy between 2 and
5MeV, natural radioactivity composes the most signifi-
cant part of the prompt component of the coincidence
candidate, while the prompt background events above
5MeV come from the muon-induced unstable isotopes
and the recoiled electrons of solar neutrino ES interac-
tions. Due to the expected natural radioactivity level in
the LS (107" g/g **U and ***Th in the secular
equilibrium, 10~ g/g “°K and 107>* g/g *'°Pb), a
requirement on the selection of the prompt energy is to
minimize the contribution from these radioactivity events.
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Table 2
Efficiencies of Optimized Event Selection Cuts for the Signal and Backgrounds of the v, CC Channel [v+13C — e +13N( 1/27; gnd)] Analysis

Background for CC Channel

Cuts CC Signal Efficiency CC Signal
Solar ES Muon-induced Isotopes
Accidental Accidental Correlated
3929
Time cut 4ms < AT <900 65% 2554 10" 10" 10"
Energy cut 5MeV < E, < 14 MeV 79% 1836 10° 10'° 10°
1MeV < E; <2MeV 91%
Fiducial volume cut R < 16.5 m (Abusleme et al. 2021a) 81% 1487 10’ 10’ 108
Vertex cut Ad <047 m 87% 1293 328 10° 10°
Muon veto Muon and TFC veto (Abusleme et al. 2021a) 50% 647 164 53 58
Combined 17% 647 275

Note. The expected event numbers of the signal and backgrounds for 10 yr of data taking after each cut are also listed. The fiducial volume used in this work
corresponds to the effective mass of 16.2 kt. For the energy cuts, E, and E, represent the visible energy of prompt and delayed signals. The same muon and threefold-
coincidence veto strategies as in Abusleme et al. (2021a) are used for the reduction of muon-induced isotopes.

The delayed component of the accidental background is
mainly from the cosmogenic ''C decay (Q = 1.98 MeV)
in the energy range of [1, 2] MeV, while the internal LS
radioactivity contributes less than 2% compared to that
from ''C. If the internal radioactivity is 1-2 orders of
magnitude higher than expected, the contribution to the
delayed component from the radioactivity would be at the
same level as the cosmogenic ''C decay. Note that all the
single events in the energy range between 1 and 2 MeV
can be accurately measured in situ with future data, and
the accidental background can be deduced with the off-
time coincidence method. Note that we have neglected
the external radioactivity, which can be -effectively
removed by the proper fiducial volume cut.

2. The second background is produced by the correlated
prompt and delayed decays of unstable isotopes from the
same parent muon. These correlated decays are not
considered in the above accidental background. There-
fore, the cosmic muon and the corresponding isotope
simulations have been performed, and the muon veto
strategies of the threefold coincidence are the same as
those in Abusleme et al. (2021a). This shows that the
prompt signal is mainly from the beta decays of '*B, 3Li,
°He, and '°C (below 4 MeV), and as expected the delayed
signal is from ''C. The muon detection efficiency of the
outer water veto can reach as high as 99.5% (Abusleme
et al. 2021a). Since the remaining untagged muons are
usually located at the edge of the central detector, this
muon-induced correlated background can be removed
using the fiducial volume cut and is neglected in this
work. Note that we have assumed a perfect detector
uniformity for these isotopes and used the whole detector
region to estimate the background inside the fiducial
volume.

We have simulated the signal and backgrounds using the
official JUNO simulation software (Zou et al. 2015; Lin et al.
2017). According to the signal characteristics of the CC
channel, the accidental background can be calculated with
different selection cuts. The final event selection criteria are
obtained by optimizing the figure of merit, §//S + B, where S

and B stand for the rates of the signal and background,
respectively. The optimized event selection cuts of the fiducial
volume, prompt and delayed energies, time and spatial
correlation cuts, and muon vetos are provided step by step in
Table 2, where the efficiencies of the signal and backgrounds
are also calculated. In order to avoid possible large contamina-
tion from the internal radioactivity and muon-induced '°C, we
select the threshold of the prompt visible energy to 5 MeV for
the CC channel, i.e., 5MeV < E, < 14 MeV. Meanwhile, the
fiducial volume is chosen to be R<16.5m to reject the
external radioactivity and isotopes, with R being the distance to
the detector center. It should be noted that an anticoincidence
criterion with a time distance cut of AT >4 ms has been used
to reject the IBD interactions of reactor antineutrinos, achieving
a rejection power of 100%. Meanwhile, this IBD rejection cut
has a negligible impact on the signal because of the much
longer lifetime of "*N.

We illustrate in Figure 1 the expected prompt visible energy
spectra of the selected signal and residual backgrounds in the
CC channel after the optimized cuts. The expected number of
selected signals is 647 for 10 yr of data taking is shown as the
purple line. The fiducial volume used in this work corresponds
to the effective mass of 16.2 kt. The accidental background
with solar neutrino ES interactions as the prompt signal is
illustrated as the green line and contributes 164 background
events, which will be fully correlated with the solar neutrino ES
signal in the following global analysis. In contrast, the muon-
induced isotopes contribute 111 background events (depicted
as the red line of Figure 1), which are from both the accidental
coincidence (53 events) and correlated background (58 events).
Therefore, we can achieve an excellent S/+/S + B ~21,
offering an excellent prospect for future experimental measure-
ments. As a comparison, a preliminary study assessing the
feasibility of detecting solar neutrinos via the CC interactions
on '’C in the Borexino experiment has been previously
reported in the thesis of Ghiano (2012), where an upper limit
for the number of the solar neutrino CC interaction '*C was
established, constrained by the limited event statistics.

Finally, the expected event number of hep solar neutrinos in
the CC channel is about 15 for 10 yr of data taking, but only
three events are beyond the spectral tail of ®B solar neutrinos.
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Figure 1. Expected prompt visible energy spectra of the CC signal and
backgrounds after the optimized cuts. The y-axis represents the number of
events per 0.1 MeV. The accidental background with the recoiled electron from
solar neutrino ES interaction as the prompt signal is illustrated as the green line.
The background from muon-induced isotopes is illustrated as the red line,
which is the summation of the accidental and correlated backgrounds
originating from the initial muons.

Thus, it would be difficult to detect the hep solar neutrinos with
the CC interaction on '*C, and the signal from the hep solar
neutrinos will be neglected in this work.

2.2. v+'3C NC Channel

The typical signature for the NC event, v,+'"C — v+
3C(3/27;3.685 MeV) is a monoenergetic v with an energy of
3.685MeV, convoluted with the energy resolution of
Og / E=3% / JE (MeV) for the JUNO detector. The expected
visible energy spectra of all single event sources for 10 yr of
data taking with the same energy-dependent fiducial volume
cuts as in Abusleme et al. (2021a) are shown in Figure 2. The
blue and green curves represent singles from the v,+'*C NC
and v, + e ES channels, respectively. The purple curve includes
the v,+"7C— 67+I3N(3/2*; 3.502MeV) channel and the
residual singles of the v45C — ef+13N(l/ 27; gnd) channel
after the coincidence cut. The anticoincidence criterion
successfully reduces residual singles from reactor antineutrino
IBD interactions to a negligible level. These residuals are due
to cases where prompt and delayed signals appear in the same
1 ps readout window. The red curve represents the single
events from natural radioactivity and muon-induced unstable
isotopes (Abusleme et al. 2021a). The brown curve includes the
7, + e ES and &, 43 C NC channels from reactor antineutrinos.
The NC events rate from reactor antineutrinos is less than 0.2%
of that from solar neutrinos. The black curve is the summation
of all the components. Note that the discontinuities at 3 and
5MeV are caused by the energy-dependent fiducial volume
cuts which are, from low to high energies, R < 13m for
[2, 3]1MeV, R< 15m for [3, 5]MeV, and R < 16.5 m for the
energies larger than 5MeV. The upper right insert plot is
illustrated for the energy range between 3 and 5 MeV in the
linear scale, where a clear peak from the solar neutrino NC
channel can be seen above the continuous spectra from solar
neutrino ES interactions and the other backgrounds, demon-
strating the promising prospect for the observation of the NC
channel at JUNO. After all the cuts the number of signal events
in the NC channel is 738 for 10 yr of data taking.

Reactor ES+NC
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Figure 2. Expected visible energy spectra of all single event sources for 10 yr
of data taking with the same energy-dependent fiducial volume cuts as in
Abusleme et al. (2021a) are illustrated. The y-axis represents the number of
events per 0.1 MeV. The blue and green curves represent singles from the
v,+"2C NC and v, + e ES channels, respectively. The purple curve includes

the 1, #13C — e 3 N(%i) channel and the residual singles of the

vy, H3C - e H3 N({) channel after the coincidence cut. The red curve
represents the single events from natural radioactivity and muon-induced
unstable isotopes. The brown curve includes the 7, + ¢ ES and 7, ° C NC
channels from reactor antineutrinos. The black curve represents the summation
of all the components. The upper right insert plot is illustrated for the energy
range between 3 and 5 MeV in the linear scale. Note that the discontinuities at
3 and 5 MeV are due to the changes in the fiducial volume size.
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Figure 3. Ratios of the solar neutrino signal event rates with and without
considering terrestrial matter effects as the function of the zenith angle for the
ES (red solid line) and CC (blue solid line) channels. The dashed lines
represent the average over the whole zenith angle range. The ratios for the
daytime, nighttime, and day—night average are also shown for comparison. The
blue shaded regions with different colors from left to right are used to denote
the zenith angle ranges passing through the crust, mantle, and core of Earth.
Note that the signal rate in the night is higher than that in the day, due to the v,
regeneration through Earth.

2.3. vx + e ES Channel

In this work, we follow the exact same strategy as in
Abusleme et al. (2021a) for the analysis of the v, +e ES
channel, where energy spectra for the recoiled electrons as well
as all the backgrounds have been shown in Figure 2. One
should note that the upturn feature of the energy dependence of
the solar neutrino survival probability is clearly visible in the
electron energy spectrum.
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Figure 4. Comparison of the sensitivity on the 8B solar neutrino flux, sin’6,, and Amzzl, between the ES measurement (single events outside [3.5, 4.1] MeV) and the
ES+NC measurement (all singles events). The 1o (68.3%), 20 (95.5%), and 30 (99.7%) allowed regions are illustrated with blue lines and red shaded regions,

respectively. The marginalized projections of these parameters are also shown.

2.4. Day—Night Asymmetry

The MSW effect can cause solar neutrino event rate
variations as a function of the solar zenith angle when the
neutrinos propagate through Earth (Carlson 1986; Baltz &
Weneser 1987, 1988; Krastev & Petcov 1988; Akhmedov et al.
2004; Blennow et al. 2004; de Holanda et al. 2004; Liao 2008;
Long et al. 2013), and result in the day—night asymmetry of the
solar neutrino observation, in which the signal rate in the night
is higher than that in the day, due to v, regeneration inside
Earth.

In this work, in addition to the visible energy spectra of the
CC, NC, and ES channels, we also consider the day—night
asymmetry to constrain the neutrino oscillation parameters. The
location of JUNO (i.e., 112°31'05” E and 22°07'05"
N (Abusleme et al. 2022a)) is used in the day—night asymmetry
calculations, and the two-dimensional visible energy and zenith
angle spectra are employed. For illustration, we show in
Figure 3 the ratios of solar neutrino signal event rates with and
without considering the terrestrial matter effects as the function
of the zenith angle 6,. The red and blue solid lines denote the
ES and CC channels, respectively. In comparison, the dashed
lines denote the respective averages over the whole zenith
angle range. The ratios of the day—night average (R,), daytime
(Rp), and nighttime (Ry) are also illustrated in the first three
bins. The error bars are quoted as the statistical uncertainties of
the signal and backgrounds. The blue shaded regions with
different colors from left to right are used to denote the zenith

angle ranges passing through the crust, mantle, and core of
Earth, respectively. The day-night asymmetry, defined as
(Rp — RN)/Ra, is predicted to be —3.1% and —1.6% for the CC
and ES channels respectively. The energy ranges of the CC and
ES channels are [5, 14]MeV and [2, 16] MeV, respectively.
Given that all the neutrino flavors can be detected through the
NC channel, no day-night asymmetry exists in the NC
detection. Note that the magnitude of the day—night asymmetry
strongly depends on the value of Am3. If Amj; is decreased
from the KamLAND measurement 7.5 x 107> eV? (Gando
et al. 2013) to 6.1 x 10> eV? of the global solar neutrino
data (Esteban et al. 2020), the absolute values of the day—night
asymmetry also increase to —4.2% and —2.2% for the CC and
ES channels, respectively.

3. Sensitivity Study

In this section, we study the physical potential for the model-
independent measurement of *B solar neutrinos using the CC,
NC, and ES channels. Based on the typical event signatures,
the full solar neutrino data can be separated into correlated and
single event data sets. As discussed in the previous section, all
three interaction channels from ®B solar neutrinos contribute to
the single event data set, while the correlated data set includes
events from both the CC channel and the accidental
coincidence of the ES channel.

In this analysis, we consider the following systematic
uncertainties. First, the uncertainty of detection efficiency is



THE ASTROPHYSICAL JOURNAL, 965:122 (13pp), 2024 April 20

Zhao et al.

9 i- \\\ | TTTT | TTTT | TTTT |/\ I \_i Best-fit ES+NC
S E J s =5.25x10° cm~2s71 — 1o
~ F 1 Am2,=7.5x 1075 eV? ---- 20
> 5 — — o e -
I°F 4 sin20;, =0.307 3-0
3 =
1 I ]
‘_"_| L} }1\ I I | FTTT | FTTT | T T
Im : ] \ [i 9 ES+NC+CC
{T‘ 5.75 :_ _: 1-o
75 - .
5 f g I 2-0
€ 5.25 — - —5 X 3-0
= - - =
x 4.75 - -3
5 - o ]
; C e : | -1
© ﬂ T ;'-_ii‘}”‘ = }I‘\\\l\\\l\\\l\\\l\\,
. 1 \ [ M ] - 9
~ 12 j ,' \ ":f —_ ]
%_, - H \ B ] i
w 10— H \ = ] :
Io : ! (l i : — 5N>.<
=) IgE = 4° <
oo S A \ / 3
5 R . S .
| ~— - . -1
4_\Hiurrrumlmuluw__\H\l\Huruurru [ 11 Ll m
0.25 0.30 0.35 0.40 4,75 5.25 5.75 4 6 8 10 12
sin20, 8B flux [10® cm~2s71] Am32,[1075 eV?]

Figure 5. Same as Figure 4, but for the comparison between the ES+NC measurement (all single events) and the ES+NC+CC measurement (both the single events

and correlated events).

estimated to be 2% (Abusleme et al. 2021a), which is fully
correlated with the the signal and background components of
each data set, but uncorrelated between the coincidence and
single event data samples. Second, the current uncertainty of
the '*C cross sections from the model calculation is at the level
of several percent(Fukugita et al. 1988; Suzuki et al.
2012, 2019), but the precision could be reduced to 1% or
better with large-scale modern shell-model calculations (Barrett
et al. 2013). Therefore, the uncertainties for the 13C CC and NC
interaction are taken as 1% for the current study. A 0.5% cross-
section uncertainty is used for the ES channel (Tomalak &
Hill 2020). Third, the shape of the uncertainty of B solar
neutrinos is taken from Bahcall et al. (1996) and Bahcall
(1997), and the uncertainties for the radioactive and muon-
induced backgrounds are the same as those in Abusleme et al.
(2021a), namely, 1% for 2**U, ?**Th, and '*B decays, 3% for
®Li and °He decays, and 10% for '°C and ''Be decays. A 2%
uncertainty is used for the single event from the reactor
antineutrino ES interaction. In this work, we treat the 8B solar
neutrino flux as a free parameter since we are performing a
model-independent measurement. Only in the scenario of
combining with the SNO flux measurement, an uncertainty of
3.8% is used as an informative pr10r

The standard Poisson-type x> method using the Asimov data
set (Zyla et al. 2020) is employed to estimate the sensitivity to
measure the °B solar neutrino flux and the oscillation
parameters sinf;, and AmJ, where different pull parameters
are included in the y* function to account for the systematic

uncertainties described in this section. More technical details
on the construction of the y” function are provided in the
Appendix. In order to identify the contribution of each
interaction channel, we divide the whole data sets into the
correlated events, the single events within [3.5, 4.1] MeV, and
the single events outside [3.5, 4.1] MeV, which correspond to
the CC, NC, and ES measurements respectively.

In Figures 4-6, we illustrate the two-dimensional allowed
ranges and the marginalized one-dimensional curves on the
sensitivity of the ®B neutrino flux, sin2#;, and Am3, of which
Figure 4 shows the comparison of the ES and ES+NC
measurements, Figure 5 for the comparison the ES+NC and ES
+NC+CC measurements, and Figure 6 for the comparison of
the JUNO and JUNO + SNO flux measurements. In addition, a
summary of relative uncertainties on the ®B neutrino flux,
sin?f;, and Amj3, from the model-independent approach is
provided in Figure 7. Several important observations and
comments are presented as follows.

1. The NC measurement is accomplished based on the
single events within [3.5, 4.1]MeV, where the back-
ground events are from the singles of ES and CC
interactions of ®B solar neutrinos, together with the
natural radioactivity and muon-induced unstable isotopes.
The standard MSW effect of solar neutrino oscillations is
used in the calculation of ES and CC interactions and the
oscﬂlatlon parameters sin’6,, and Am7, are marginalized.
The ®B solar neutrino flux can be obtained with an
accuracy of 10.6% with the NC measurement, which is



sin%61,

comparable to the level of 8.6% from the NC measure-
ment of the SNO Phase III data (Aharmim et al. 2013a).
. The ES measurement is based on the single events
outside the energy range of [3.5, 4.1] MeV, in which the
dominant background is from the natural radioactivity
and muon-induced unstable isotopes, which are summar-
ized in Figure 2 and more details can be found in
Abusleme et al. (2021a). In the model-independent
approach of the ES measurement, the *B neutrino flux
and two oscillation parameters, sin’f;, and Am3, are
simultaneously constrained, where the relative uncertain-
ties are derived as '44°, T17% and 337, respectively.
The uncertainties of sin’f;, and AmJ are larger than
those obtained in Abusleme et al. (2021a) by including
the 3.8% SNO flux measurement because of the strong
correlation between the flux and oscillation parameters in
the model-independent approach. When adding the
JUNO NC measurement, the accuracy of the ®B neutrino
flux can be improved to the level of "22% and the
uncertainties of sin’f;, and Am7, are also improved to
0% and 7317, respectively.

. The CC measurement with the correlated events alone
cannot simultaneously determine the ®*B neutrino flux and
oscillation parameters because of the high visible energy
threshold. However, combining the CC measurement
with the single events of the NC+ES channels will help
break the correlation and possible degeneracy among
different parameters, where the accuracy of the B

8B flux [10® cm™2s71]

Figure 6. Same as Figure 4, but for the comparison between the ES+NC+CC measurement from JUNO and the combined JUNO+SNO flux measurement.
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neutrino flux can be further improved to 5%, while those

of sin®f), and Amj, are ger, and T33% respectively.

. The expected 5% precision of the °B neutrino flux

obtained with all three detection channels is much better
than that of 11.6% from the latest prediction of the
SSM (Vinyoles et al. 2017). This will be the only model-
independent measurement after those of SNO (Aharmim
et al. 2013b). In addition, the uncertainties of sin®f;, and
Am?, from the ®B neutrino measurement at JUNO are at
the levels of *gef +33%  respectively, which is

8% ~17%>
comparable to the levels of 727, and T2% from the latest
results of combined SK and SNO solar neutrino
data (Super-Kamiokande Collaboration et al. 2023).
Considering that the reactor antineutrino measurement
from JUNO will obtain sub-percent levels of sin?§;, and
Amj in the near future(Abusleme et al. 2022b),
measurements of these parameters from future solar
neutrino data would be important to test the charge,
parity, and time reversal symmetry of fundamental
physics and resolve the possible discrepancy between
the neutrino and antineutrino oscillation channels.

and

. Within the spirit of the model-independent approach, one

can also include the 3.8% B neutrino flux measurement
from SNO as an informative prior, where even better
precision levels of the flux and oscillation parameters can
be achieved. In this scenario, the expected accuracy of the
8B solar neutrino flux would reach the level of 3%, and
sin’0;, and AmJ can be constrained with the precision of
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Figure 7. Relative uncertainties of the ®B solar neutrino flux (left panel), Am2, (middle panel), and sin?6), (right panel) from the model-independent approach with
different combinations of the data sets. The colored bands in the left panel represent the flux uncertainty from the SSM data (Vinyoles et al. 2017), the NC
measurement of the SNO Phase III data (SNO-NC) (Aharmim et al. 2013a), and the combined SNO CC, NC, and ES data (SNO) (Aharmim et al. 2013b). The green
bands in the middle and right panels represent the uncertainty of oscillation parameters from the combined SK and SNO solar neutrino data (Super-Kamiokande

Collaboration et al. 2023).
t73%, and T13%, respectively. These measurements are
comparable to those from the current global solar
neutrino data and would provide unique information to
the future solar neutrino program.

6. It is noteworthy that the signal event statistics, detection
efficiency, and cross-section uncertainties are the most
crucial factors that affect the detection potential of the CC
and NC detection channels. If the cross-section uncer-
tainties are 10%, instead of 1% assumed in this work, the
uncertainty of the ®B neutrino flux will become "87.

7. In the CC detection channel, the observed energy of the
prompt electron is directly related to the incoming
neutrino energy, making it crucial to lower the prompt
energy threshold to investigate the predicted increase in
the solar neutrino survival probability at lower energies.
For this analysis, we set a conservative prompt energy
threshold at 5MeV to optimize the trade-off between
signal detection efficiencies and background contamina-
tion. Regarding the accidental background, radioactivity
is the primary source of the prompt signal below
3.5MeV, where stringent background control measures
are essential, as outlined in Abusleme et al. (2021b).
Conversely, solar neutrino ES events become the leading
prompt signal above 3.5MeV. For the prompt energy
range of 3.5-5MeV, the cosmogenic correlated back-
ground is significantly higher than in the region above
5MeV, as depicted in Figure 1, while the signal
efficiency is considerably lower between 3.5 and
5MeV, due to the multiplicity cut. Additional technical
details in this regard will be reported elsewhere in the
future.

4. Concluding Remarks

In this work, we have studied the physics potential of
detecting 8B solar neutrinos at JUNO, in a model-independent
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manner by using the CC, NC, and ES detection channels.
Because of its largest-ever mass of '°C and the expected low
background level, excellent signal-to-background ratios can be
achieved. Thus, ®B solar neutrinos will be observable in all
three interaction channels.

We have performed detailed evaluations of the background
budgets and signal efficiencies of the CC, NC, and ES channels
at JUNO. With optimized selection strategies, we find that the
expected ®B neutrino rates of the CC and NC channels are
O(100) interactions per year after the event selection. It turns
out that the signal event statistics, detection efficiency, and
cross-section uncertainties are the most crucial factors that
affect the detection potential of these two channels. We have
carried out a combined analysis of both the coincidence and
single events from all three detection channels, and shown that
the ®B solar neutrino flux, sin? 01, and Amzzl, can be measured
to 5%, Tqq., and T3¢, respectively. When combined with the
SNO flux measurement, the world's best precision of 3% can be
achieved for the ®B neutrino flux.

In the history of solar neutrino experiments, the NC
measurement is unique in decoupling the neutrino flux and
oscillation parameters, and enabling the model-independent
approach of the solar neutrino program. SNO has been the only
solar neutrino experiment in the past to achieve this goal, and
JUNO would be the second one. In this work, we have
demonstrated the feasibility of ®B solar neutrino measurements
at JUNO, which, together with other large solar neutrino
detectors (Beacom et al. 2017; Abe et al. 2018; Capozzi et al.
2019), will open a new era of solar neutrino observation and
may uncover new directions for neutrino physics and solar
physics.
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Appendix

In this appendix, we present the technical details of the
sensitivity study employed in this work. A Poisson-type least
squares function, denoted as )(2, is defined as follows:

2
stat

2
stat

X% = X2, (CO) + X2, (NO) + \2, (ES) + x

2
syst

Zhao et al.
respectively,

NG(0L, Bl = (1 + €5 SSS (6L, Efe)

+3°01 + efBE (@, EL), (A2)

ke
N3 (0L, EB) = (1 + 5 SNE(0%, ELS)
ES/pi i
+ Spre (917 Evjl(é)]
+3°0 + B OL ER), (A3)

ks

where S5C, Srf\r]ec, and SPEE represent the two-dimensional spectra
of the “B neutrino signals in the CC, NC, and ES channels,
respectively, incorporating the fiducial volume and signal
efficiencies. The projections of these spectra onto the visible
energy axis are depicted in Figure 1 for the CC channel and
Figure 2 for the NC and ES channels. Meanwhile, Bé‘r‘é and Bé‘rse
correspond to the background components in the correlated and
single event samples, respectively, with their visible energy
spectra illustrated in the same figures. The calculations of the *B

neutrino signal spectra in the CC, NC, and ES channels are as

10| 90 o o o NS (6%, EX)
=2 X Y | S| Npe (0L EL) — NG (0L, EX) + Ny (0%, EL) - logw
i=1| jc=1 Npre(elz’ EVJle)
140 S i Ji
i i i 1 [ j No S 9 ’ Evnsﬂ
20 | Nore (0%, EJS) — Nops (0%, EJS) + Nops (0%, ES) - log§(+;)
jS:l Npre(ey EVlSS)
ES \2 NC \2 cc \2 ke \? ks \?
€x €x €x €B €B
+l = +t|==| +|—=-=| + +
c \2 s \2
Eetf 15
+( C“) +( esff) + (&), (AD
Oeff Oetf

where Xfm (CO), Xftat (NC), and Xfm (ES) are statistical parts of

the CC, NC, and ES channels in the x* function, respectively.
These components are presented in the second and third rows
of Equation (Al). The index jc ranges from 1-90 for the CC
measurement, representing the energy range from 5-14 MeV
with an equal bin width of 0.1 MeV. For the NC measurement,
Js ranges from 16-21, while for the ES measurement, jg spans
from 1-15 and 22-140 covering the energy range of 2-16 MeV
with an equal bin width of 0.1 MeV. The predicted numbers of
signal and background events, Ny (6, E/S) and Ny, (6%, E),
are calculated for the ith zenith angle bin and the jcth or jsth
visible energy bin of the correlated and single event samples,

12

follows:

EJS

vis

Sy (0L, EX) = D3 x [(1 + £,63,)Ssm(E,)

X Pe(012, Am3,, E,, 02
x (1 + €59 ® occ(Ey, E) ® M (E,, E

Je
vis

]

(A4)

Snc (0%, EX) = ®sp x [ (1 + £,6%,) Sw(E,)

Js
VIS

x(1 + X9 ® oxc(Ey, E;) @ M(E,, E

)]

(AS5)
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Table 3
Description of the Nuisance Parameters and the Associated Uncertainties in the x> Function
Sys. Description of the Pull Term Uncertainty
5';‘(5, VQC, E(C Cross section for the CC, NC, and ES channels 1%, 1%, 0.5%

Eqtr> €atr Detector efficiency

2% (Abusleme et al. 2021a)

E,éc, 5’1;* Rate for the kcth or ksth background component 1%—-10%, same as Abusleme et al. (2021a)
Es 8B neutrino energy spectrum Bahcall et al. (1996), Bahcall (1997)
SES(OL EJS) =@ x {(1 + £,6%,)Ssw(E,) References

X Z(y[Pea(gl% Amzzl, Ez/, 611)

X (1 + ) @ ofy(E,. E) | © M (Ee B ).
(A6)

The ®B neutrino signal spectra for the CC, NC and ES
channels are calculated by multiplying the °B neutrino
spectrum Ssg with the neutrino oscillation probability P,
(where a equals e or ;4 7), and then convolving the resulting
product with the differential interaction cross sections (namely,
occ, One, and o) as well as with the detector response
matrix M. The neutrino oscillation probability P, includes
both the standard MSW flavor conversion and terrestrial matter
effects, and is a function of the neutrino energy E, and the
zenith angle 6, calculated within the three-neutrino oscillation
framework. The detector response matrix M accounts for the
effects of energy resolution and energy nonlinearity, as
described in Abusleme et al. (2021a). The observed spectra

NG (0%, EZX) and N5 (6., EZS) are obtained from the corresp-
onding predicted spectra by applying the true values of the
8B neutrino flux ®sg, oscillation parameters sin® },, and Amzzl,
and assuming negligible contributions from nuisance para-
meters. Note that, as discussed in Section 2, the 8B solar
neutrino interactions may also contribute to the background
components Bpre (e.g., the green line in Figure 1, the purple line
in Figure 2), In such instances, all correlations between the
signal and background components are accounted for in the x>
function.

The nuisance parameters €% (m = CC, NC, ES), €&, &
(n = C, S) account for systematic uncertainties associated with
the cross section, the backgrounds, and the detection efﬁciency,
respectively, as discussed in the manuscript. The parameter &} E,
represents the 1o fractional variation of the ®B neutrino energy
spectrum, as detailed in Bahcall et al. (1996) and Bahcall
(1997), while ¢, denotes the magnitude of the 8B neutrino
spectral uncertainty. A summary of the nulsance parameters
and their corresponding uncertainties within the x> function is
summarized in Table 3. For the sensitivity study that produced
the results shown in Figures 4-7, we selected data sets from
one or a combination of the CC, NC, and ES measurements.
We then activated the relevant nuisance parameters to account
for systematic uncertainties in the correspondlng X function.
During the calculation of the allowed regions for each analysis,
the displayed parameters (one or two of the fitting parameters
Psg, 01, and Am3,) were fitted, while all other physical and
nuisance parameters were marginalized. The critical values of
Ax? for various confidence levels are sourced from Zyla et al.
(2020).
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