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We investigate the sensitivities of the liquid scintillator counter (LSC) at Yemilab and JUNO to solar
neutrino oscillation parameters, focusing on 6, and Am2,. We compare the potential of JUNO with LSC at
Yemilab utilizing both reactor and solar data in determining those parameters. We find that the solar
neutrino data of LSC at Yemilab is highly sensitive to 8, enabling its determination with a higher precision
compared to reactor experiments. Our study also reveals that if Am3, is larger, with a value close to the best-
fit value of KamLAND, JUNO reactor data will have about two times better precision than the reactor LSC
at Yemilab. On the other hand, if Am3, is smaller and closer to the best-fit value of solar neutrino

experiments, the precision of the reactor LSC at Yemilab will be better than JUNO.
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I. INTRODUCTION

Neutrinos are among the most elusive particles in the
universe and hence studying their properties remains a key
challenge in particle physics. One of the most intriguing
phenomena in the study of neutrinos is neutrino oscillation,
which refers to how neutrinos can transform between differ-
ent flavors as they travel through space. The study of neutrino
oscillations has led to important insights into the properties of
neutrinos and the fundamental laws of the Universe. In
particular, solar neutrino oscillations, which occur as neu-
trinos produced in the Sun travel to the Earth, have been the
subject of intense research over the past few decades.

The solar neutrino problem arose from the observed deficit
in the solar v, flux detected in various experiments such as
Homestake [1], Super-Kamiokande [2—4], and gallium experi-
ments [5,6]. In 2002, the Sudbury Neutrino Observatory
(SNO) experiment [7] resolved this issue by confirming the
accuracy of the Standard Solar Models using the neutral
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current signal, which measured all active neutrino flavors. By
comparing these results with the v, flux obtained from the
charged current signal, SNO provided compelling evidence of
electron neutrino conversion into other flavors. Combining the
SNO results with the data from the earlier experiments, along
with the KamLLAND reactor experiment [8], led to the
discovery of the large mixing angle (LMA) Mikheyev-
Smirnov-Wolfenstein (MSW) solution as the correct set of
neutrino mixing parameters [9—11].

In recent years, the Borexino experiment using liquid
scintillator detectors has achieved impressive low energy
thresholds in the sub-MeV region at low background level.
As aresult, precise measurements of solar Be neutrinos have
been obtained, along with the observation of solar pep and
p p neutrinos for the first time [12]. Moreover, Borexino has
measured the CNO neutrinos for the first time, and more
precise measurement of CNO neutrinos is crucial for solving
solar metallicity problem. The observed results are consistent
with the theoretical predictions of the MSW matter effect
[9-11], providing further validation of this phenomenon in
the context of neutrino oscillations. Indeed, there are still
several key aspects of solar neutrinos that require further
clarification. These include the need for improved determi-
nation of neutrino oscillation parameters, addressing the
solar metallicity problem, and detailed analysis of the energy
dependence in the low-energy region.

In this paper, we focus on the sensitivities of the
liquid scintillator counter (LSC) at Yemilab to solar
neutrino oscillation parameters. Yemilab is a recently built
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underground laboratory located at Mount Yemi in
Jeongsun, Gangwon province, Korea. A few kton scale
liquid scintillator neutrino detector, LSC, is considered to
be installed in Yemilab in the near future, which would play
an important role in the study of low-energy neutrinos. In
this study, we analyze the detector’s ability to detect solar
neutrinos as well as reactor neutrinos from the Hanul
Nuclear Power Plant located at Uljin, which is 65 km away
from Yemilab.

Our main goal is to investigate the potential of LSC at
Yemilab in precisely determining the solar neutrino oscil-
lation parameters, namely 6, and Am3,. We analyze the
detector’s ability to detect solar neutrinos and reactor
neutrinos, and compare our results with the potential of
the Jiangmen Underground Neutrino Observatory (JUNO)
[13], another leading neutrino detector in China, to deter-
mine these parameters. While the upcoming reactor experi-
ment JUNO is expected to significantly enhance the
measurement of certain oscillation parameters, such as
solar parameters @), and Am3,, it is crucial for solar
neutrino experiments to independently verify these mea-
surements. Precise determination of solar parameter Am3,
can also play role in the determination of §-p in long-
baseline experiments [14]. The forthcoming solar neutrino
experiment LSC at Yemilab, which benefits from a lower
energy threshold compared to JUNO and the ability to
detect p p neutrinos with a larger fiducial volume compared
to Borexino will provide higher statistics for determining
the solar neutrino parameters. In this paper, we will
elaborate on how LSC at Yemilab will be able to determine
01, more precisely than JUNO. Furthermore, the combi-
nation of data from JUNO and LSC at Yemilab can offer an
intriguing probe for the precise measurement of the solar
parameters and hence possible investigation of physics
beyond the standard 3-neutrino oscillation [15].

Our results reveal that LSC at Yemilab exhibits a unique
sensitivity to 6,, enabling precise determination of this
parameter through the detection of solar neutrinos.
Meanwhile, the value of Am3, can be determined with
higher accuracy through the detection of reactor neutrinos.
As we will elaborate more, if the value of Am3, is close to
the best-fit value of KamLAND, JUNO will have the best
sensitivity to determine it, while if Am3, is closer to the
best-fit value of solar neutrino experiments, LSC at
Yemilab can compete JUNO in measuring this value and
provide a better measurement. Therefore, combining data
from both experiments will yield the most accurate meas-
urement of the solar neutrino oscillation parameters.

This paper is organized as follows. We revisit the physics
of solar neutrino propagation from the Sun to the Earth in
Sec. II and neutrino oscillation in reactors in Sec. III. The
detailed information of LSC at Yemilab and JUNO is
summarized in Sec. IV. Our main analysis results with
proper plots are explained in Sec. V. Finally, we summarize
our conclusions and discuss future prospects in Sec. VI.

II. SOLAR NEUTRINO PROPAGATION
FROM THE SUN TO THE EARTH

Neutrino oscillation in matter is a phenomenon that
occurs when neutrinos pass through a medium with a
constant or varying density, such as the Sun or the Earth.
The flavor of the neutrinos can change due to their
interactions with the surrounding matter while propagating.
This is known as MSW effect [9—11]. The MSW effect can
have a significant impact on the observed solar neutrino
flux depending on the density profile of the Sun. In the case
of solar neutrinos, the flavor conversion is most sensitive to
the mixing angle 6|, and the mass-squared difference
Am3,, which governs the oscillation between electron
neutrinos and other neutrino flavors.

The evolution of a neutrino flavor state is described by
the Schrodinger-like equation,

dlvy)
dx

i = Hlvp) = (Hy + V)|vy). (1)
where H is the total Hamiltonian, H, is the vacuum
Hamiltonian, and V = diag(V,, 0, 0) is the diagonal matrix
of matter potentials with V, = v/2Gpn,. Here, G is the
Fermi constant and n, is the number density of electrons.
The parameter x denotes the oscillation length approxi-
mately the same as the propagation time. Note that the
Hamiltonian is not diagonal in the flavor basis.

The evolution of flavor neutrino states is described in
terms of the instantaneous eigenstates of the Hamiltonian in
matter, denoted as |v,,) = (Vi Vams V3m)! - The relation-
ship between these eigenstates and the flavor states is
expressed through the mixing matrix in matter, denoted
as U,

vr) = Unltm). (2)
The matrix U,, diagonalizes the Hamiltonian,
UnHU,, = diag(H . Hyy. ). (3)

where H,, are the eigenvalues of the Hamiltonian.

The propagation and flavor evolution of solar neutrinos
can be studied in three distinct stages: (1) propagation
inside the Sun; (2) propagation from the Sun to the Earth;
(3) propagation inside the Earth. When an electron neutrino
is produced in the core of the Sun, it propagates through
space inside the Sun as a combination of different neutrino
mass states, known as eigenstates of the Hamiltonian
in Eq. (1).

While propagating through the space between the Sun
and the Earth, the high energy neutrinos lose coherence and
no oscillations occur.’ However, as they enter the Earth, the

"The low-energy neutrinos have already lost the coherence
inside the Sun.
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mass states split into the eigenstates of the Hamiltonian in
the Earth’s matter and begin to oscillate as they travel
through the Earth towards a detector. In the following, we
will elaborate on each phase independently.

As solar neutrinos travel from their production point in
the Sun to the Earth, the wave packets associated with
different mass eigenstates will separate due to their distinct
group velocities, leading to the loss of propagation coher-
ence. Moreover, each wave packet spreads as a conse-
quence of having different momenta. However, it is
important to note that although the spread is present, it
remains smaller compared to the separation between the
eigenstates [16]. Thus, this spreading does not significantly
impact the coherence condition. As a result, the fluxes of
the mass eigenstates of solar neutrinos arrive at the Earth
incoherently. The probability of detecting a v, at arrival
time ¢ on the surface of the Earth is given by [17]

b0} = U

where U?;(n?) are the elements of mixing matrix in the

production point with density nl. Using the standard

parametrization of the mixing matrix, P{." can be written
as [17,18]

sur __
Pee -

OPIUP @)

1
psur = EC%3C% (14 cos20,,cos207) + sys72. (5)

The 1-2 mixing angle 87, is determined by

cos 2 ’lnz _ COS 2912 - C%3€12 (6)
V/(c0s 201, — c23€15)? + sin 220,,

where

ACC
€y = ———, 7
12 A %1 ( )

with Acc = 2V E. Notice that matter effect is important for
high energies where €, is not negligible.

Finally, at the time solar neutrinos reach the Earth’s
surface, they undergo a flavor conversion due to the
presence of matter. The probability of detecting an electron
neutrino now becomes,

Po =Y |UGMP - Py, (8)

J
where P, are the probabilities of oscillatory transitions
vj = v, in the Earth matter [18,19], while |U,;|* in Eq. (4)

is the square of the fixed component of the mixing matrix.

Please note that the dependence on the day-night asym-
metry becomes crucial at higher energies (£ > 5 MeV) for
8B solar neutrinos. Experiments with larger fiducial volumes,

such as Hyper-Kamiokande (HK) and DUNE, demonstrate
superior sensitivity to the day-night asymmetry compared to
JUNO and Yemilab. Moreover, the day-night asymmetry
shows significant sensitivity to the measurement of Am3, in
general [20]. The significant uncertainties in current Earth
models can greatly impact the sensitivity of Am3, measure-
ments. Different 3D Earth models present inconsistencies,
particularly in the East Asian region where JUNO and HK are
situated [18].

III. NEUTRINO OSCILLATION IN REACTORS

The mechanism of neutrino oscillation can be explained
by the fact that the three neutrino flavors are not distinct
states of definite mass, but are quantum mechanical super-
positions of three different mass states. As a result, as
neutrinos travel through (some) space, they can undergo a
transformation among those different mass eigenstates,
leading to oscillations into different flavor eigenstates at
the time of detection. The Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix, is a unitary matrix that describes
the mixing of neutrino flavor states (electron, muon, and
tau) with the neutrino mass eigenstates (v, v», and v3). The
PMNS matrix can be parametrized with three mixing
angles, 6),, 0,3, and 6,3 and one 5-p phase if the neutrinos
are Dirac fermions.

The probability of a produced « flavor neutrino v, being
detected as a f flavor neutrino vy is given by

iAm2.L
Pua—w/j(t) = ZUZkUﬁkUajU}k}j eXp <_ 2Ej >’ (9)
k.j

where E is the energy of the neutrino, U 4, are the elements of
the PMINS matrix and Am is the squared-mass differences
between mass eigenstate of i and j, and L is the baseline. As
stated in the previous section, the presence of matter can
significantly affect the neutrino oscillations, particularly for
neutrinos with high energies and high matter density where
€1 = Acc/Am3, is significant. The matter effect is not
important for reactor neutrinos with energies of O(MeV)
which propagate through the Earth crust with density of
2.6 gr/cm?, due to the fact that €, is negligible.

In reactor neutrino experiments, electron antineutrinos
(v,) are produced and detected. The oscillation probability
P(v, — b,) is expressed as follows:

P(0, > 0,) = [|[U1|? + |UpnPei® + |U,z[2e 2

20 2 2 A 2 ik |2
= [clals + spc13e™™ + 513t |

A
=l (1 — $in%26},sin’ 2“) + 515

+ 2s25¢33[cos Az (€2, + 52, cos Ayy)

+S%2 Sil’lA31 Sil’lAzl], (10)

095030-3



BAKHTI, RAJAEE, SEO, and SHIN

PHYS. REV. D 109, 095030 (2024)

where A;; = Am%jL /(2E,). For reactor experiments with
O(1 km) baseline, such as Daya Bay [21], RENO [22], or
Double-CHOOZ [23], the value of Am3; can be effectively
approximated as zero due to the relatively small baseline
length. Consequently, this approximation results in reduced
sensitivity when measuring the mixing angle 8,,. However,
it’s important to note that these experiments retain their
sensitivity to larger values of Am3, [24,25]. For neutrino
oscillation with one km baseline reactor neutrinos, the key
parameters are 013 and Am% 1- On the other hand, the value
A,; can be non-negligible in longer baseline experiments
such as LSC at Yemilab (from Hanul power plant), JUNO,
and KamLAND. Reactor neutrinos offer significant advan-
tages for the study of neutrino oscillation due to their large
flux and well-characterized energy spectrum. Moreover, the
relatively short baselines between reactor neutrino sources
and detectors, typically spanning tens of kilometers, make
them exceptionally well-suited for precise measurements of
oscillation parameters. Reactor neutrino experiments with
shorter baselines, such as Daya Bay and RENO have
successfully delivered precise measurements of the mixing
angle 63 [21,22]. On the other hand, experiments with
longer baselines hold the potential to unravel crucial
information regarding other significant oscillation param-
eters, including 6,5, Am3,, and Am3,. In the following
section, we will provide detailed explanations of the two
reactor experiments utilized in this study; LSC at Yemilab
and JUNO.

IV. DETAILS OF LSC AT YEMILAB
AND JUNO EXPERIMENTS

In this chapter, we will elaborate on the experiments we
have employed. To detect reactor and solar neutrinos,
charged current (CC) reaction inverse beta decay on protons
and elastic neutrino scattering are used, respectively.

Yemilab is situated 1 km deep in Handuk iron mine,
Jeongsun-gun, Gangwon-do, Korea. The primary research
programs to start in 2023-2024 at Yemilab are the dark
matter direct detection with COSINE-200 and neutrinoless
double-beta decay search with AMoRE-II. LSC is a multi-
purpose detector covering from astroparticle to particle
physics, and if funded, its main physics would be to precisely
measure solar neutrinos, search for sterile neutrinos using
IsoDAR and/or radioactive source(s), and search for dark
photons using a linear accelerator (LINAC) [26].

One of the key advantages of a liquid scintillator detector
LSC is its remarkable ability to detect a wide range of
neutrino energies, spanning from a few 100 keV to several
GeV. This exceptional energy range makes it an ideal
detector for studying solar neutrinos, which exhibit energies
ranging from a few 100 keV to less than twenty MeV. The
detector consists of a 2.26 kton linear alkyl-benzenes
(LAB)-based liquid scintillator housed within an acrylic
cylinder vessel with dimensions of 15 m in diameter and

15 min height. The buffer region surrounding the scintillator
is filled with mineral oil, weighing 1.14 ktons, contained
within a stainless steel vessel measuring 17 m in diameter
and 17 m in height. Additionally, the veto region is filled
with purified water, amounting to 2.41 ktons, in a stainless
steel vessel (or no vessel but a lining of the cavity) with
dimensions of 20 m in diameter and 20 m in height.

Yemilab is situated approximately 65 km away from the
Hanul Nuclear Power Plant at Uljin, Gyeongsangbuk-do,
South Korea. This enables Yemilab to utilize reactor
neutrinos emitted by the power plant as a valuable
calibration source for the neutrino detectors. By detecting
and analyzing both solar and reactor neutrinos, LSC at
Yemilab has an excellent capability of investigating neu-
trino oscillations to accurately determine the oscillation
parameters of solar neutrinos, namely 6, and Am3,. More
details on LSC is in Ref. [26].

In our analysis of reactor neutrino detection, we have
considered a fiducial volume of 2 kton for LSC. The reactor
complex at Hanul nuclear power plant consists of eight
reactors, namely Hanul-1 to Hanul-6, and Shin-Hanul-1
and Shin-Hanul-2 (from December 2023), with a total
thermal power output of 24.816 GW,. Among these
reactors, Hanul-1 and Hanul-2 have a power output of
2.775 GWy, each, while Hanul-3 to Hanul-6 have a power
output of 2.825 GW, each. In addition to these reactors, the
complex includes two new reactors, Shin-Hanul-1 and
Shin-Hanul-2, with a power output of 3.983 GW,, each
[26]. The distance between LSC at Yemilab and the
reactors is approximately 65 km. LSC will have 2 times
better shielding of muons due to more overburden com-
pared to JUNO and 10 times smaller volume. This results in
20 times fewer cosmogentic background events in LSC
compared to JUNO. Thus, the signal to cosmogentic
background ratio will be improved by a factor 2. Other
background sources, such as accidental, geoneutrino, and
13C(oz, n) 160 events, are considered to have an equal ratio to
the signal for both JUNO and Yemilab.

Background in reactor neutrino experiments is typically
categorized into accidental and correlated background
components. The correlated background primarily arises
from fast neutrons, °Li and *He beta decays, and can be
induced by cosmic muons. However, it is essential to note
that correlated background can also stem from alpha
reactions, which are entirely independent of cosmic muons.
Additionally, the background attributed to muons is not
inherently irreducible.

Fast neutrons originating from interactions caused by
cosmic muons outside the detector (and veto) will be
notably better shielded in JUNO due to its significantly
larger mass. In JUNO, implementing a relatively modest
cut on the fiducial volume proves effective, whereas LSC
faces more challenges in this regard. Accidental back-
ground events are predominantly influenced by intrinsic
radioactivity rather than cosmic muons.
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Consequently, the ultimate background levels achieved
in both experiments, JUNO and LSC, will hinge on various
parameters, many of which are currently unknown. Factors
such as shielding efficiency, fiducial volume selection, and
the intrinsic radioactivity of materials play critical roles in
shaping the background landscape. The comparison
between JUNO and LSC underscores the intricate interplay
of these parameters, ultimately determining the success in
achieving low background levels in each experiment.

We have assumed a detector efficiency of 90%, normali-
zation uncertainty of 0.8%, energy calibration error of 0.5%,
and have adopted other experimental details consistent with
Ref. [27]. To carry out our analysis we have used GLoBES
software [28,29]. For the statistical inferences, we have
considered the Asimov dataset approximation.

In our analysis of solar neutrinos at LSC, the energy
threshold is taken as 0.18 MeV. This is because the intrinsic
14C background events below 0.18 MeV are huge, several
orders of magnitude larger than pp neutrino signal. Above
0.18 MeV, dominant backgrounds are cosmogenic muon-
induced backgrounds and internal and environmental radio-
active backgrounds. To account for these backgrounds, we
have adopted the same background modeling approach as
the Jinping experiment [30]. It should be noted that we did
not take into account the 2'Po background, which is
specific of Borexino. In our analysis of solar neutrinos,
we have conservatively assumed a fiducial volume of
1 kton for LSC at Yemilab.

14C is a carbon isotope characterized by a radioactive beta
decay lifetime of 7 = 8266.6 yr and Q-value of 156.5 keV.
The '°C to 'C ratio exhibits temporal variations. In
petroleum reservoirs, this ratio reflects the average age of
the organisms that contributed to oil formation, showing
variability across different reservoirs. Remarkably, this ratio
remains indifferent to the chemical composition or deriv-
atives of the oil. In the Borexino experiment, after purifi-
cation, the concentration of '4C was 2.7 x 107! gr/gr [31].
While it is possible for the concentration of “C to reach
levels as low as 1072° or lower in extracted oil, producing a
material with a '“C concentration below 107'® gr/gr
presents substantial technical challenges. These challenges
include the risk of contamination with environmental carbon
during the production of liquid scintillator [32].

The activity of '“C in a detector with a mass of myg,, '“C
concentration C, is expressed as

_ Mt CNy
Mz

A (11)
here, M represents the molar mass of l4c M=14), N, is
Avogadro’s number (N, = 6.022 x 10?%), and 7 is the life-
time of '“C. For Borexino, equipped with a one-kiloton
detector and a concentration of 2.7 x 107'% gr/gr, the
resulting activity of '“C is 5.3 x 10° Bq. For this concen-
tration, the ratio of pp events to '“C beta decay is 3 x 107°.

It should be noted that this ratio remains unaffected by the
detector’s mass, as both the number of signal and background
events linearly increase with detector mass.” Consequently,
the detection of p p events below 156.5 keV is not feasible for
carbon-based scintillator detectors even with perfect energy
resolutions. Our estimations show that considering a perfect
energy resolution and assuming an energy threshold of
0.156 MeV, we can detect 70% of the pp neutrinos.
Assuming an energy resolution similar to that of Borexino

(op/E~1/,/5005Ey ~ 4.5%) and an energy threshold of

0.2 MeV, we can detect approximately 42% of the
pp neutrinos. Moreover, with an energy resolution of

or/E~1/41/200 L ~ 7%, we can detect around 30% of
the events. In our calculations, we have assumed an energy
resolution of o/E ~ 1/,/10005Ey ~ 3.2% and an energy

threshold of 0.18, resulting in the detection of 50% of the pp
neutrinos.

In instances where more than one !“C event occurs within
the same time window of detection of pp neutrinos, these
events are identified as single events with the summation of
energies, a phenomenon referred to as pile-up events. The
number of pile-up events is described by

e—A&An5tn—l

N T

pile-up — ( 12)

where A is activity of the 'C given in Eq. (11), 6t is the time
window, and 7 is number of coincidence of events within the
same time window. In the case of scintillator detectors
designed for detecting pp neutrinos, the typical 6t falls
within a range of a few hundred nanoseconds. For '“C
activity, Ast < 1, and e% is approximately equal to one.
Consequently, the number of double pile-up events, repre-
senting the coincidence of two events in a detector’s time
window, is given by A%5t. This implies that the ratio of double
pile-up events to p p events increases linearly with the size of
the detector. For '%C concentrations on the order of
107!8 gr/gr, the ratio for one- and ten-kiloton detectors is
around order of ten and a hundred, respectively. For detectors
smaller than 100 tons, the rate of pp neutrinos is larger than
double pile-up events [33].

In the scenario involving three pile-up events, the
number of pp neutrino events is three orders of magnitude
larger than that of pile-up events for a one-kiloton detector.
Conversely, for a ten-kiloton detector, the numbers of pp
neutrino events and three pile-up events are of comparable
magnitude. With four pile-up events, the ratio of pp
neutrino events to the pile-up events is 10° and 10° for
one-kiloton and ten-kiloton detectors, respectively. Our

ZHowever, in the case of pile-up events, which will be
discussed later, the ratio of signal to background increases with
detector mass.
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analysis focuses solely on double pile-up events, as higher-
order pile-up events become negligible for a two-kiloton
detector after background rejection.

Distinguishing between single pp solar events and '“C
double pile-up events is possible through spatial and
temporal information. However, the improvement in double
pile-up background rejection comes at the cost of reduced
pp signal efficiency. The balance between background
rejection and signal efficiency is experiment-specific, and
estimating these parameters goes beyond the scope of this
work. Reference [34], considering different discrimination
algorithms of p p neutrinos and double pile-up events, for a
specific configuration detector indicates 90% to 95%
background rejection with over 90% signal efficiency.
For a one-kiloton detector with such characteristics, the
number of pp signal and double pile-up background are
comparable, or the number of pp events may even exceed
the background. However, for ten-kiloton detectors, achiev-
ing more than 99% background rejection is necessary.
Signal efficiency, depending on the detector details, may
drop below 50 percent or even less than 10% for back-
ground rejection of more than 99%. Consequently,
detecting pp neutrinos with a comparable number of
double pile-up events poses a substantial challenge, requir-
ing additional efforts and studies.

For smaller detectors, such as the one or two kiloton
detector at Yemilab or Jinping, double pile-up event
rejection is more feasible. The ratio of double pile-up to
pp neutrinos is an order of magnitude smaller than that for
JUNO, considering similar time windows and '“C concen-
trations. In our analysis, we adopt the spectrum shape of
double '“C pile-up events from Ref. [34] for the case of
LSC at Yemilab. For JUNO, we do not consider the
detection of pp neutrinos. However, it is important to note
that, in principle, detecting p p neutrinos at JUNO might be
possible and warrants further investigations.

The determination of the detector’s fiducial volume is
mainly impacted by environmental contamination and
spatial resolution. The spatial resolution, governed by
the number of photomultiplier tubes (PMTs), is pivotal
for distinguishing events occurring within the detector from
those originating outside. The penetration of externally
produced particles is contingent upon their energy, and the
capability to differentiate such events amid internal detector
events relies on the spatial resolution. As in the case of
Jinping, we have also assumed that the fiducial volume of
the detector for the detection of solar neutrinos is half of the
liquid scintillator mass [30].

JUNO is an advanced liquid scintillator detector situated
in southern China, at a distance of approximately 53 km
from the Yangjiang and Taishan nuclear power plants. The
JUNO detector is composed of a central acrylic sphere
measuring 35 m in diameter, which is filled with 20 kton of
liquid scintillator. Furthermore, 20,000 (25,600) 20-inch
(3-inch) PMTs are mounted on a stainless steel lattice

structure outside the acrylic sphere vessel, enabling the
detection of light emitted by neutrino interactions within
the scintillator [13].

One of the primary goals of JUNO is to investigate
neutrino oscillations utilizing the reactor neutrinos gener-
ated by nearby nuclear power plants. Reactor neutrinos
possess a well-characterized energy spectrum and flavor
composition, rendering them an exceptional resource for
studying neutrino oscillations. The key focus of JUNO is to
determine the mass ordering of neutrinos, a crucial aspect in
understanding their fundamental properties. Additionally,
JUNO offers the advantage of measuring the oscillation
parameters 6, and Am3, with remarkable precision. With
its substantial detector size and close proximity to the
nuclear power plants, JUNO is anticipated to achieve a
statistical uncertainty on sin® 26, that is approximately four
times superior to the current best measurement achieved by
the KamLAND experiment [13].

In addition to reactor neutrinos, JUNO is also sensitive to
solar, atmospheric, and supernova neutrinos. With its excep-
tional detection efficiency, outstanding energy resolution
(ranging from 3% to 3.5%), and minimal background levels,
the JUNO detector serves as a powerful instrument for
scrutinizing neutrinos from various sources. While JUNO
may not detect the lowest energy p p neutrinos, it possesses
the capability to measure the higher energy ®B neutrinos with
athreshold of 2 MeV. Moreover, JUNO is actively exploring
methods to mitigate the background originating from 2!°Bi
in order to detect 'Be neutrinos, which encompass energies
of 0.384 MeV and 0.862 MeV [13].

The study of solar neutrinos stands as a crucial compo-
nent of JUNO’s scientific agenda. By precisely measuring
the flux and energy spectrum of solar neutrinos, JUNO can
furnish invaluable insights into the fusion processes that
energize the Sun, as well as neutrino oscillations transpiring
within the high-density environment of the solar interior. In
particular, JUNO holds the potential to make substantial
advancements in our comprehension of the solar abundance
problem and other discrepancies, which pertains to the
persistent discrepancy between the anticipated and
observed flux of solar neutrinos. Through the precise
detection of ®B neutrinos and the measurement of other
solar neutrino fluxes, JUNO may provide better constraints
on solar models and neutrino oscillation parameters. JUNO
is also expected to detect a small number of he p neutrinos,
which are produced by a rare fusion process in the Sun. The
detection of hep neutrinos, which have a maximum energy
of approximately 18.8 MeV, will provide a unique probe of
the high-energy neutrino physics of the solar core.

For the analysis of JUNO reactor neutrinos, we have
adopted the same experimental details as described in
Refs. [35,36]. We have assumed a selection efficiency of
73% for electron anti-neutrino [13]. The primary sources of
background in our analysis include cosmogenic background
[37], accidental background, geoneutrino background, and
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TABLEI.
neutrino in LSC at Yemilab and JUNO.

The fiducial volume we considered for the analysis and the main backgrounds for each solar and reactor

Fiducial volume

Experiment considered Background

JUNO (reactor) 20 kton Cosmogenic background, accidental background,
Geoneutrino background, '3C(a, n)'%0

JUNO (Solar "Be) 20 kton Intrinsic radioactive background

JUNO (Solar ®B) 16 kton Cosmogenic backgrounds, intrinsic radioactive background,
and neutron capture

LSC at Yemilab (reactor) 2 kton Cosmogenic background, accidental background,
Geoneutrino background, '3C(a, n)'%0

LSC at Yemilab (solar) 1 kton Cosmogenic backgrounds, intrinsic radioactive background

the contribution from 3C(a, n)'%0. We have considered a
flux normalization uncertainty of 5%. The scintillator
detector employed in JUNO will have a fiducial mass of
20 kton and an energy resolution of 3% is assumed in our
analysis [13].

In the analysis of JUNO low-energy solar neutrinos, we
have considered the detection of "Be neutrinos and a very
small contribution from p p neutrinos with electron kinetic
energy greater than 0.2 MeV. Below 0.2 MeV, the presence
of a significant '“C background poses a challenge as it is
several orders of magnitude higher than the solar neutrino
signals. The number of events from other low-energy solar
neutrinos is much smaller compared to the background.
The main sources of background at low energies include
210Bj, 8Kr, 40K, 14C, 238U, 232Th, and ''C. In our analysis,
we have considered two scenarios for the background; an
ordinary case where the background is reduced compared
to KamLAND’s solar neutrino detection, and an ideal
radiopurity assumption that is comparable to the lower
background observed in Borexino phase I. For the detection
of high-energy ®B neutrinos, the main sources of back-
ground are cosmogenic isotopes such as ''C, '%C, and ''Be.
Below 3.5 MeV, both ''C and '°C contribute a large number
of background events. Above 3.5 MeV, the only significant
source of background is ''Be, which may be half of the
number of events or comparable to the ®B solar neutrino
signal [13,38]. Note that, measurements of pp and solar
"Be neutrinos should remain unaffected by cosmic muons.
This is because short-lived isotopes can be promptly vetoed
by detecting muons in the veto system. Other isotopes like
'C and '°C, which pose a risk, produce signals signifi-
cantly exceeding 1 MeV and are only problematic for
measurements involving pep, CNO, and ®B neutrinos.

Additionally, neutron captures on steel produce gamma
rays with energies of 6 MeV and 8.5 MeV, which can
penetrate the center of the JUNO detector [13]. To mitigate
this background, reducing the fiducial volume to less than
half of the detector’s size is necessary. In our analysis,
we have considered a 20 kton detector for the detection of
low-energy solar neutrinos ('Be neutrinos), and a 16 kton

detector for the detection of ®B neutrinos. We have assumed
efficiencies of 100% and 50% for 'Be and ®B neutrinos,
respectively [38]. As we will elaborate on, our calculations
demonstrate that for the detection of hep neutrinos with
electron kinetic energies greater than 14.8 MeV, using a
20 kton fiducial volume, we anticipate six events after ten
years of data collection while we expect the detection of
only one ®B solar neutrino in this energy range. However,
the actual fiducial volume could be smaller than this. The
details of the fiducial volume we considered for the analysis
and the main backgrounds for each solar and reactor
neutrino are tabulated in Table I.

V. RESULTS

In this section, we present our analysis results of the
sensitivities of LSC at Yemilab and JUNO on the solar
neutrino oscillation parameters. First, we will discuss the
oscillation probabilities for reactor neutrinos and solar
neutrinos. Subsequently, we will provide the number of
events for the reactor neutrino data and solar neutrino data.
Finally, we will illustrate the sensitivities of the two experi-
ments on solar neutrino oscillation parameters, specifically
focusing on Am3; and 6. In our analysis, we focus on the
survival probabilities of electron (anti-)neutrinos due to the
exclusive production of electron (anti)neutrinos by both
reactor neutrinos and solar neutrinos. The baselines for
reactor neutrinos are set to be 52.5 km for JUNO and 65 km
for LSC at Yemilab, respectively. To determine the oscil-
lation parameters, we adopt the current best-fit values
obtained from the KamLAND data; Am3, =7.54 x
1073 eV? and sin® 8, = 0.316. Additionally, we consider
the best fit values from the combination of Super-
Kamiokande (SK) and SNO solar data, which yield Am3, =
6.11 x 107 eV? and sin® 8, = 0.306 [39].

A. Oscillation probabilities and the expected
number of events

Figure 1 shows the electron neutrino survival probabil-
ities P,, as a function of energy for two different baselines.
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FIG. 1. Reactor neutrino survival probability, P,,, as a function of neutrino energy for different values of solar parameters, Am3, and
61,. The blue curves correspond to the best-fit values of KamLLAND data, while the red curves correspond to the best-fit values of
SK/SNO solar neutrino data. These curves represent the oscillation probabilities for baselines of 52.5 km (JUNO baseline) and 65 km

(Yemilab baseline).

The blue curves correspond to the best-fit values of
KamLAND data (Am3, = 7.54 x 107 eV? and sin? 6}, =
0.316), while the red curves correspond to the best-fit
values of SK/SNO data (Am3, =6.11 x 1075 eV? and
sin? @, = 0.306) [39]. As expected, the oscillation prob-
abilities at LSC at Yemilab (65 km) and JUNO (52.5 km)
exhibit distinct patterns due to the difference in baselines.
The curves demonstrate that the electron neutrino survival
probabilities at both baselines are influenced by the values
of Am3, and 6,,. In our analysis, we assume a normal mass
ordering and fix 6,5 at the best-fit value of the Daya Bay
experiment [40] and the value of Am3; to the best-fit value
of the nu-fit analysis [20].

Figure 2 depicts the electron neutrino survival proba-
bilities P,, as a function of energy for solar neutrinos. We
have taken into account various aspects related to solar
neutrinos and the Sun, such as the density of the Sun and
the distribution functions of neutrino production in the pp
chains and CNO cycle, as described in Ref. [41]. The blue
curves correspond to the best-fit values of KamLLAND data
(Am3; = 7.54 x 107 eV? and sin’ 0, = 0.316), while the
red curves correspond to the best-fit values of SK/SNO
solar neutrino data (Am3, =6.11x1075eV? and sin? 0, =
0.306) [39]. Note that the quantity P,, represents the ratio
of the averaged electron neutrino flux to the sum of all

fluxes (P,, = %). The data points are set to the best-fit

values of Borexino results for the pp, Be, pep, and *B
fluxes, assuming the GS98 solar model [42]. The error
bars indicate the statistical uncertainties in the ten years
of running LSC at Yemilab plus predicted flux
uncertainties [43]. Notice that if Am3, lies within the
range 5x 107 < Am3; <9 x 1075, the oscillation of
pp neutrinos is primarily sensitive to the value of 6,,.

This sensitivity arises due to vacuum oscillations occurring
in the energy range of approximately 0.2 MeV to 0.4 MeV
[see Eq. (5)]. In the case of "Be neutrinos, the matter effect
becomes more significant due to their higher energy. As a
result, they exhibit sensitivity to both Am3, and 6,. Also,
as can be observed from Fig. 2, "Be is close to the vacuum
solution with only a small deviation, dependent on the
Am3,. Moreover, the resonance occurs specifically for *B
neutrinos, making them essential for precise measurements
of both Am3; and 6,,.

0.8
—— KamLAND best fit
0.7 —— SK/SNO best fit
--- vacuum LMA
0.6 PP 'Be
A 0.5
g pep 8B
[«N
V0.4
0.3
0.2
0.1 T .
10° 10!

E(MeV)

FIG. 2. Solar neutrino survival probability, P,,, as a function of
neutrino energy for different values of Am3, and 0,,, correspond-
ing to the best-fit values of KamLAND data (blue curve) and
SK/SNO solar neutrino data (red curve). Data points are expected
from LSC at Yemilab for ten years of operation (statistical
error plus predicted flux uncertainties [43] are included, using
Borexino-measured values [44] as the central values.
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FIG. 3. The number of events per bin (0.1 MeV) as a function of energy for two different sets of Am3, and 6,,. The blue curves
correspond to the best-fit values of Kamland data, while the red curves correspond to the best-fit values of SK/SNO solar neutrino data.
The calculations are based on a data-taking period of ten years and consider two different baselines; 52.5 km, corresponding to the

JUNO baseline, and 65 km, corresponding to the Yemilab baseline.

We present the number of events of reactor neutrinos
detectable by JUNO and LSC at Yemilab in Fig. 3. The
black curve represents the case of no-oscillation, while the
blue and red curves correspond to the oscillation scenarios
characterized by Am3, and 6,, based on the best-fit values
of KamLAND data and the best-fit values of SK/SNO solar
neutrino data, respectively. Our calculations assume ten
years of data collection for both LSC at Yemilab and JUNO
reactor neutrino experiments. The figure shows that the
number of events of reactor neutrinos without oscillation is
approximately twenty times higher at JUNO compared to
LSC at Yemilab due to the differences in the experimental
setup. JUNO, with a reactor power of 26.6 GWy,, a 20 kton
detector, and a 52.5 km baseline, outperforms LSC at
Yemilab, which has a reactor power of 24.8 GWy,, a 2 kton
detector, and a 65 km baseline.” We can see the oscillation
behavior of the blue and red solid lines. Note that in the
case of no oscillation (black curve), the maximum number
of events occurs at the energies around 3-5 MeV. In the
right panel of Fig. 1, we can observe that LSC at Yemilab is
more sensitive to Am3, because the maximum flavor
conversion also occurs around 3-4 MeV, for both
KamLLAND and SK/SNO best-fit values. On the other
hand, for JUNO, the maximum occurs in the energy
range of 2-3 MeV, where the number of events is lower
by about 30% compared to the SK/SNO best-fit values.
Consequently, JUNO demonstrates lower sensitivity com-
pared to Yemilab.

Figure 4 depicts the annual number of solar neutrino
events as a function of the electron kinetic energy in LSC at
Yemilab, considering the best-fit values of the SK/SNO

*The ratio of the number of events at JUNO to LSC at Yemilab
without oscillation can be estimated as (26.6/24.8) x (20/2) x
(65/52.5)%.

data for Am3, =6.11x 1075 eV? and sin® 0, = 0.306
[39]. The total number of events is represented by the
black curve. Additionally, the number of events for the
individual solar neutrino components, including pp, "Be,
pep, ®B, hep, 190, and ®N, are illustrated separately using
different colors; dark blue, dark green, brown, red,
magenta, light blue, and light green, respectively. This
plot provides an overview of the expected event rates for
each solar neutrino source, allowing for a detailed analysis
of their contributions to the total event count.

In Fig. 5, we have demonstrated the reconstructed
number of events as a function of the neutrino energy,

Number of Events of solar neutrinos at YemiLAB (per year)

107
— total
\\\ — >

105 - "] — 7Be

> — pep
|

s = —
[9)
£ 103 \ —— hep
g A\ S
“5 13N
5 10!
Qo
1S
>
=2

10—1<

1073 T T

107! 10° 10t
Energy (MeV)

FIG. 4. The number of events per MeV per year as a function of
the kinetic energy of the electron, assuming the best-fit values of
SK/SNO solar neutrino data (Am3, = 6.11 x 107> eV? and
sin6;, = 0.306), is illustrated. The total number of events is
represented by the black curve. The number of events for pp, 'Be,
pep, B, hep, %0, and 1’N neutrinos are shown separately in dark
blue, dark green, brown, red, magenta, light blue, and light green,
respectively.
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FIG. 5. Number of events per bin per year as a function of

neutrino energy for different values of Am3, and 6,,, corre-
sponding to the best-fit values of KamLAND data (blue curves)
and the best-fit values of SK/SNO solar neutrino data (red curves)
and no oscillation (black curve). The number of events in each bin
for the best-fit values of KamLAND and solar data are close to
each other, therefore, they coincide.

assuming no oscillation number of events (black curve), the
best-fit values of KamLAND data (blue curves) and the
best-fit values of SK/SNO solar neutrino data (red curves).
The number of events in each bin for the best-fit values of
KamLAND and SK/SNO solar data are close to each other,
compared to the no oscillation case, therefore they coincide
for some bins.

The number of events for the solar neutrino data as a
function of the electron’s kinetic energy is presented in the
conceptual design of JUNO [13]. Figure 6-3 of the JUNO
conceptual design illustrates two scenarios for the back-
ground of low-energy solar data (below 1.8 MeV); one with
high background and the other with a reduced lower
background assumption based on ideal radiopurity con-
ditions. As mentioned before, at lower energies, JUNO
primarily detects "Be neutrinos, with a small contribution
from p p neutrinos. For higher energies, JUNO is capable of
detecting ®B neutrinos, as demonstrated in Figure 64 of the
JUNO conceptual design [13]. Neutron captures on the
steel of the detector result in the production of 6 MeV and
8.5 MeV gamma rays, contributing to the external back-
ground and reducing the fiducial size of the detector by
half. In our analysis on the other hand, we focus on the
number of events at JUNO for energies larger than
14.5 MeV. Our results indicate that JUNO, with a 20 kton
fiducial volume, is capable of detecting six events of hep
neutrinos with electron kinetic energies larger than
14.8 MeV after ten years of data taking. Please note that the
energy resolution of SK is given by o(E) = —0.0839 +
0.349/E + 0.0397E, which is approximately 2 MeV
(13%) at E = 15 MeV [45]. Consequently, SK is unable
to detect hep neutrinos since the number of /e p neutrinos

Number of Events of solar neutrinos at JUNO (10 years)
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101 4

10°
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FIG. 6. Number of events per MeV as a function of the kinetic
energy of electron for the values of Am3, and 6, fixed at the best-
fit values of SK/SNO solar data. We expect six events of hep
neutrinos and one event of 3B neutrinos at energies larger than
14.8 MeV after ten years of data taking at JUNO.

drops quickly beyond 17 MeV, as can be seen from Fig. 6.
On the other hand, JUNO has a superior energy resolution
compared to SK, enabling it to detect /e p neutrinos. In our
calculations, we have assumed perfect energy resolution for
JUNO. We anticipate observing approximately one event
from ®B neutrinos within this energy range. It is worth
noting that due to neutron captures and a potential
reduction in the fiducial volume at these energies, the
number of events may be lower. Figure 6 displays the
number of events as a function of kinetic energy for
energies larger than 14 MeV. Notably, for energies above
14.8 MeV, the number of /e p neutrino events exceeds that
of 8B neutrinos.

B. Sensitivities on the solar neutrino parameters

In Fig. 7, we show the sensitivities on solar neutrino
oscillation parameters 6, and Am3, from solar neutrino
detection in LSC at Yemilab and reactor neutrino detection
both in LSC at Yemilab and JUNO for 10 years, while
fixing oscillation parameters dcp = 0, Am3; from nu-fit
[20], 8,5 as the best-fit value of Daya Bay [40], assuming
normal mass ordering.

As it is shown, we expect the solar neutrino data in LSC
at Yemilab can determine the value of 6, with the highest
precision, albeit with the smallest size of the fiducial
volume among the considerations listed in Table 1. The
main reason is its low energy threshold along with
detection of pp neutrinos and "Be neutrinos with high
statistics with the order of several hundred thousand events
per year. Our results show that assuming a fixed standard
solar model and in the absence of flux uncertainty, we
obtain A@, = 0.02°. In our calculations, we operate under
the assumption that pile-up events become negligible after
background rejection. Considering the scenario where the
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FIG.7. The constraints on solar neutrino oscillation parameters 6, and Am3, using detection of solar neutrinos in LSC at Yemilab and
detection of reactor neutrinos both in LSC at Yemilab and JUNO for 10 years. The dashed curves are plotted based on the assumption
that the best-fit values of SK/SNO solar data are the true value, while the solid curves are plotted assuming the best-fit values of
KamLAND as the true value. The blue, red, and green curves correspond to the Yemilab reactor, JUNO, and Yemilab solar data,
respectively. As it is demonstrated, solar neutrino in LSC at Yemilab determines the value of 6, with the highest precision. JUNO will

determine the value of Am3, with the highest precision.

number of pile-up events is comparable to pp neutrino
events after background rejection, accounting solely for
statistical uncertainty introduces a change around 10%,
which is deemed nonsignificant. Conversely, if we hypo-
thetically assume that pile-up events are ten times more
prevalent than pp events, this alters the precision of the
measurement by approximately 50% (A8, = 0.03°). It is
important to note that the systematic uncertainty associated
with pile-up background, or any reduction in signal
efficiency, has the potential to significantly impact the
final result.

Neglecting double pile-up '“C background and consid-
ering only the flux uncertainty of "Be, which A®r, is 7%,
yields a similar result. This suggests that the determination
of 0,, remains robust despite uncertainties associated with
"Be. Considering solely the pp neutrino flux uncertainty,
we obtain A, = 0.04°, and this result remains robust as
long as the total uncertainty of p p neutrinos remains below
1% (accounting for both flux uncertainty and fiducial
volume uncertainty). Incorporating both pp and "Be
neutrino flux uncertainties results in A6, = 0.11°, and
including fiducial volume uncertainties alongside both flux
uncertainties leads to A8, = 0.12°. This result is compa-
rable to the constraint obtained using JUNO reactor
neutrinos. However, it is important to note that we have
not considered the uncertainties associated with the reactor
flux or so-called reactor antineutrino anomaly [46]. Let us
remind that up to now we have assumed energy resolution

given by op/E~1/4/1000E/MeV. Assuming energy
resolution of op/E ~1/1/500E/MeV leads to Af,, =
0.15° assuming all flux uncertainties plus fiducial volume
uncertainty. Taking into account these uncertainties will
potentially weaken the results obtained by JUNO reactor.

Considering reactor neutrino flux uncertainties is beyond
the scope of this work.

On the other hand, the detection of the reactor neutrinos
has a better sensitivity to determine the value of Am3;.
JUNO detector with a larger fiducial volume, more power-
ful reactors and closer baseline can provide a better
sensitivity than LSC at Yemilab if Am3, is closer to the
KamLAND best-fit value.

We demonstrate the result assuming two cases: (i) the
true values of the solar neutrino oscillation parameters are
the best-fit values of the reactor neutrino results from
KamLAND, (ii) the best-fit values of the SK/SNO solar
data as the true values for solar neutrino oscillation
parameters. As it is demonstrated in the figure, for larger
values of Am3, closer to the best-fit value of KamLAND,
JUNO has approximately twice better sensitivity to deter-
mine the value of Am3,, however, if Am3, is smaller and it
is close to the best-fit value of the SK/SNO solar data, the
sensitivity of JUNO is comparable with LSC at Yemilab.
Later, we will show the potential of these experiments for
simultaneous measurement of Am3, and 6,,. For smaller
values of Am%l, closer to the best-fit values of SK/SNO
solar data, LSC at Yemilab reactor neutrino will have a
better sensitivity to determine Am3, more precisely than
JUNO, while for larger values of Am3,, close to the best-fit
values of KamLAND, JUNO has a better sensitivity to
determine Am3,, in the presence of @), or marginalizing
over 6,.

In Fig. 8, we show the sensitivities of JUNO on the solar
neutrino oscillation parameters 6, and Am%1 from the
detection of the solar neutrinos. Notice that, due to the large
amount of '“C background below 0.15 MeV, only the
electron with larger values of kinetic energy can be
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FIG. 8. The constraints on solar neutrino oscillation parameters 6, and Am3, with detection of solar neutrinos at JUNO, assuming ten
years of data collection. The dashed curves are plotted based on the assumption that the best-fit values of SK/SNO solar data is the true
value, while the solid curves are plotted assuming the best-fit values of KamLLAND as the true value. The green curves correspond to the
8B solar neutrinos detected at JUNO. The blue and red curves are plotted assuming low background and high background for the "Be
neutrinos, respectively. As observed, the solar neutrino detection at JUNO exhibits lower sensitivity in measuring 6, and Am%l
compared to the reactor neutrino detection at JUNO and Yemilab, as well as the solar neutrino detection at Yemilab.

detected. For energies larger than 0.15 MeV, there are also
other sources of background such as 2!°Bi and ''C so that
JUNO can only detect the "Be neutrino at low energies. In
this case, the background is two times larger than the signal
[13]. For the case of ideal radiopurity background, only "Be
neutrinos are detectable and the number of events of the
signal is about one order of magnitude larger than the
background. Also, the other sources of low energy solar
neutrinos will be much smaller than the background. For
higher energies, we have a large amount of '%C and ''C
background, which are one to two orders of magnitude
larger than 3B neutrino events, for energies smaller
than 3.5 MeV.

Comparing Figs. 7 and 8, we observe that under the

assumption of low background, the constraint on Am3,
derived from the "Be solar data of JUNO is comparable to,
but slightly weaker, than that obtained from the solar data
of LSC at Yemilab. Note that solar data from both LSC at
Yemilab and JUNO can result in weaker constraints on
Am3, compared to reactor data. It is worth noting that the
constraint obtained using ®B solar data at JUNO is
significantly weaker than reactor data of JUNO and
Yemilab, and solar data at Yemilab constraints. In obtaining
the constraints on Am3,, we have fixed the value of 0}, as
the best-fit values from KamLAND and SK/SNO.

In the determination of 6,,, the ®B solar data at JUNO is
observed to exhibit less sensitivity compared to the 'Be
data. However, when considering the 'Be solar data at
JUNO, a constraint on 6, is obtained that is comparable,
albeit slightly less sensitive, to the solar data at LSC at
Yemilab. It is important to note that the flux uncertainties
have not been accounted for in our analysis. Including these

uncertainties would lead to weakened constraints, espe-
cially for the solar data at JUNO, as "Be and 8B neutrinos
are associated with significant theoretical flux uncertain-
ties. In our analysis for determining 6;,, we have fixed the
value of Am3, as the best-fit values from KamLAND and
SK/SNO.

Nevertheless, the detection of solar neutrinos at JUNO
will play key roles in determining the individual fluxes of
"Be and ®B as well as their ratio. Moreover, the detection of
hep neutrinos and their flux measurement will be another
astonishing potential of JUNO as it is demonstrated in
Fig. 6. We expect the combination of JUNO and LSC at
Yemilab solar neutrinos can open a new window to study
the structure of the Sun by precise measurements of all the
solar neutrino fluxes and their ratios.

It is important to emphasize that the primary goal of
JUNO is the determination of the neutrino mass ordering,
and its baseline is optimized for this purpose. Additionally,
if the value of Am3, is close to the best-fit value determined
by KamLAND, JUNO can provide a highly precise
measurement of Am%l. However, for smaller values of
Am3,, alonger baseline is more effective. It is worth noting

that JUNO benefits from a ten times larger detector, reactor
power that is one and a half times greater, and a flux that is
(65 km/52.5 km)? higher due to the closer baseline.

In Fig. 9, we illustrate the sensitivities of JUNO and LSC
at Yemilab in determining the value of Am3, from detecting
the reactor neutrinos. The 1o confidence level intervals are
shown for different values of Am3,. The solid line
represents a fixed value of 6, to the best-fit values of
KamLLAND, while the dashed line represents the lo
interval obtained through marginalization over 6, and 5.
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FIG. 9. The one sigma interval that JUNO and LSC at Yemilab
can achieve for different values of Am3, after ten years of reactor
neutrino data taking. As shown, for smaller values of Am%l ,JUNO
has less sensitivity to determine Am3,, and its precision will be
closer to that of Yemilab. However, JUNO exhibits better sensi-
tivity for larger values of Am3,. Dashed curves are plotted when
marginalizing over 0;, and 0,5. The solid curves are plotted setting
all oscillation parameters to their best-fit values [20,39,40].

To draw the dashed line, we marginalized over 6;, and 03
and treated both of these parameters as pull terms.
Additionally, we conducted another analysis by fixing
0,3 to the best-fit value reported in the Daya Bay experi-
ment [40], comparing the results to those presented in
Fig. 9. The results were similar in both cases.

As demonstrated, for larger values of Am3,, JUNO
exhibits two times better sensitivity in determining Am3,
compared to LSC at Yemilab. On the other hand, for
smaller values of Am3,, LSC at Yemilab shows a better
sensitivity. It should be noted that despite the similar flux
shape and cross sections of neutrinos from the reactors, the
different baselines result in distinct neutrino oscillation
probability patterns and, consequently, different patterns of
events per energy bin. Notably, when considering Am3, <
6.4 x 107 and assuming marginalization over ,,, the
reactor neutrino detection in LSC at Yemilab demonstrates
superior sensitivity for measuring Am3,. Moreover, the
determination of Am3, using reactor neutrinos with two
different baselines helps in reducing the systematic uncer-
tainties associated with the reactor neutrino flux or other
sources of systematic uncertainties of the quantities such as
01, and backgrounds. Notice that the result from Yemilab is
robust when considering the marginalization of 6, since
the minimum of P,, or the maximum flavor conversion
occurs within the energy range where the largest number of
events is observed (Fig. 1). Therefore, if the true value of
Am3, is 6.11 x 107> eV?, we will have a better sensitivity
to both 0, and Am3,. However, this is not the case for
JUNO, as the maximum flavor conversion occurs around

the energy range of 2—3 MeV where the number of events is
lower around 30%. As a result, a strong anti-correlation is
present between 0, and Am3, in the case of JUNO.

We have also studied the potential of LSC at Yemilab to
determine the mass ordering, which is sensitive to the energy
resolution of the detector. After ten years of data taking, LSC
at Yemilab will determine the mass ordering with 16 C.L. for
5%+/E, 4%-/E energy resolution and 2¢ C.L. for 3%+E
energy resolution. On the other hand, the sensitivity of more
dedicated experiment JUNO is beyond 5¢ C.L. after five
years of data taking with the energy resolution of the detector
ranging from 3%-/E to 3.5%/E. Note that, the true value of
the solar oscillation parameters Am3, and 6, can affect
determination of mass ordering by JUNO [47].

Figure 10 shows the simultaneous measurement of Am3,
and 6, using solar neutrino detection at JUNO for 10 years.
The figure presents two distinct scenarios; a low back-
ground case (upper panels) and a high background case
(middle panels). In the left panels, we assume the fixed
value of €, to be the best-fit value obtained from
KamLAND, while in the right panels, we fix it as
the best-fit value derived from SK/SNO. The dashed
curves correspond to the ®B solar data, while the dotted
curves correspond to the "Be solar data. The solid contours
correspond to the combined data of "Be and ®B solar data.
As can be observed, the 3B data exhibits sensitivity to the
simultaneous measurement of Am3, and 6, due to the
significant impact of the resonance effect within its energy
range. However, as previously mentioned, the oscillation
probability of Be monochromatic solar neutrinos shows an
anti-correlated dependence on 0}, and Am3,. This behavior
can be observed from Eq. (6), particularly for small values

of €15, where cos 207, ~ cos 20, — <, aligning with our
21

expectations for an anti-correlated relationship. By com-
bining both the ®B and "Be solar data obtained at JUNO, a
more stringent constraint can be achieved. Notice that when
considering the sensitivity of solely 3B solar data, its
constraints are considerably weaker in comparison to
JUNO reactor data, as well as solar and reactor data from
LSC at Yemilab. Thus, detecting only ®B neutrinos will not
lead to a significant constraint. In the top and middle
panels, we have not included the flux uncertainty of the
solar neutrinos as well as the other systematics. However, it
is worth mentioning that in the case of pp neutrinos which
could be detected at LSC, the flux uncertainty is very small,
approximately 0.6% [42]. This robustly supports our result
for LSC at Yemilab, as including the pp flux uncertainty
would not significantly change our conclusion that LSC
will provide the best sensitivity for measuring 6;,.* On the
other hand, the flux uncertainty for ‘Be and ®B neutrinos is

4Note, however, that a more dedicated analysis of estimating
other possible systematic uncertainties at LSC is required.
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FIG. 10. Simultaneous measurement of Am% 1 and 0, using solar neutrino detection at JUNO, assuming ten years of data collection,
with low (upper panels) and high (middle panels) background levels considering the best-fit values of KamLAND (left panels) and SK/
SNO (right panels). The dashed and dotted curves correspond to the *B and Be neutrinos, respectively. The solid curves represent the
combination of 8B and 7Be neutrinos. The bottom panel indicates the constraint obtained considering only ®B including 3.5% flux
uncertainty. As can be observed, including the flux uncertainty will wash out the sensitivity.

7% and 12%, respectively, implying that including these = uncertainty. We have chosen this value for flux uncertainty
uncertainties will weaken the obtained constraint on JUNO to compare our results with that of Ref. [38] and we find
solar neutrinos. In the bottom panels, we are showing the  that our results are in agreement with theirs. Note that 14
simultaneous measurement of Am3, and 6,, using ®B solar  different systematics is included in the analysis performed
neutrino detection at JUNO with including 3.5% flux  in Ref. [38], while only the flux uncertainty systematic is
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Simultaneous measurement of @, and Am3, can be achieved through the detection of solar and reactor neutrinos at Yemilab,

as well as the detection of reactor neutrinos at JUNO. Additionally, combining the data from both experiments can improve the

sensitivity.
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included in the lower panels of Fig. 10. As observed,
including the flux uncertainty can significantly relax the
constraint. In the same way, including other systematics can
wash out the sensitivity of JUNO to the ®B solar neutrino
detection.

For JUNO, the inclusion of "Be uncertainty diminishes the
sensitivity for the simultaneous measurement of €, and
Am3,. Consequently, combining the constraints from "Be
and ®B detection does not alter the results and remains
approximately the same as the bottom panel of Fig. 10.
References [48,49] present comparable results with ours. Our
study provides a more stringent constraint as these references
have incorporated more systematics. Moreover, Ref. [50]
investigates the sensitivity of JUNO to various solar models
and the flux measurement of the CNO cycle, 'Be, and pep
neutrinos, which is crucial for studying solar characteristics.

Figure 11 demonstrates the sensitivities of LSC at
Yemilab and JUNO to simultaneous measurement of 6,
and Am3,. For the true values of ), and Am3;, we have
assumed two cases: the best-fit values of KamLLAND and
that of SK/SNO solar data, as stated earlier. In the top
panels, we show the sensitivity of LSC at Yemilab (left) and
JUNO (right) using ten years of solar data only. We have
included the low background for JUNO here which leads to
a more stringent constraint compared to the high back-
ground case. In the second row, the sensitivity at LSC at
Yemilab (right) and JUNO (left) using ten years of reactor
data is demonstrated. In the panel on the right side of the
third row, the expected sensitivity of LSC at Yemilab is
displayed after combining both solar and reactor data. The
panel on the left side of the third row represents the
combined solar and reactor data at JUNO. It can be
observed that the results of combining solar and reactor
data at LSC at Yemilab are comparable to those of JUNO.
However, it should be noted that the inclusion of flux
uncertainty and high background for JUNO has the
potential to weaken the obtained constraint.

Noticeably, solar neutrino detection by LSC at Yemilab
can determine the value of 6, with the highest precision.
For the simultaneous measurement of 6, and Am3,, LSC
at Yemilab with the detection of both solar and reactor
neutrinos will be comparable with or better than JUNO
with reactor neutrinos only. Note that in the case of using
reactor neutrinos only, LSC at Yemilab shows a comparable
sensitivity on Am3, for the SK/SNO best-fit values
(Am3, = 6.11 x 107 eV? and sin?6;, = 0.306 [39]),
while for the other case, JUNO has a better sensitivity
to determine the value of Am3,. In the bottom panels, we
show the combined sensitivity: with the reactor neutrino
data only (left) and both the solar and reactor neutrino data
from LSC at Yemilab and reactor data from JUNO (right).
Remarkably, we expect that the combination of LSC in
Yemilab and JUNO can determine the parameters 6, and
Am3, with a sub-percent precision level. Comparing the
bottom-left and right panels, we can see the important

contribution of solar neutrino detection in LSC at Yemilab
in improving precision.

VI. CONCLUSIONS

We have explored the sensitivities of LSC at Yemilab
and JUNO to solar neutrino oscillation parameters 6, and
Am3,. In our analysis, we have included both reactor and
solar data of the reference experiments. For LSC at Yemilab
(reactor), we have considered a fiducial volume of 2 kton,
while for the JUNO reactor, a fiducial volume of 20 kton
has been taken into account [38]. In the case of solar
neutrinos, we have used a 1 kton fiducial volume for LSC at
Yemilab, and for JUNO, we have considered a fiducial
volume of 20 kton for 'Be and hep neutrinos, and 16 kton
for ®B neutrinos (table I). We reconstructed the number of
events per bin as a function of energy for reactor detectors
of JUNO and Yemilab assuming Am3, = 7.54 x 1075 eV?
(blue) and Am2, = 6.11 x 107> eV? (red) in Fig. 3 assum-
ing 10 years of data taking for each experiment. We
observed that the oscillation pattern differs between the
reference experiments due to the difference in their base-
lines. This difference holds the potential to enhance the
sensitivity in measuring Am3,.

Overall, we have demonstrated the excellent potential of
LSC at Yemilab in determining the solar neutrino parameter
0, from detecting solar neutrinos due to the large number
of events that can be attributed to low energy threshold,
suppressed number of background, and detection of pp
neutrinos (Fig. 7). We have investigated the impact of
detecting "Be solar neutrinos on the determination of .
Let us emphasize that the detection of solely ®B neutrinos
provides limited accuracy (Fig. 10). However, by combin-
ing the ®B data with "Be data, the sensitivity can be
enhanced to a level comparable to that of LSC at
Yemilab. It is important to note that both "Be and B
neutrinos have large flux uncertainties. Furthermore, we
have not included the systematic uncertainties of the
background. In particular, the systematic uncertainty asso-
ciated with double pile-up events can be substantial.
Moreover, any reduction in pile-up event discrimination
capabilities could reduce the sensitivity to pp neutrinos.

Combined with the reactor neutrino data coming from
the Hanul power plant, LSC at Yemilab we can simulta-
neously determine the solar neutrino parameters 6, and
Am3; to a percent level (Fig. 11). On the other hand, the
reactor neutrino detection in JUNO can precisely determine
Am3,, in particular for the best-fit value from KamLAND.
Furthermore, for smaller values of Am%l, particularly for
the best-fit value obtained from solar data at SK/SNO, LSC
at Yemilab exhibits superior capability in determining the
precise value of Am3, compared to JUNO (Fig. 9). It is
intriguing that the combination of all of those observations,
1.e., the solar with reactor data in LSC at Yemilab and
the reactor data in JUNO, renders us to simultaneously
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determine the parameters 6, and Am3, with subpercent
level precision for both cases of the best-fit values of
KamLAND and SK/SNO. We expect such precise deter-
mination of the solar neutrino parameters can shed light in
probing new physics beyond the SM as well as under-
standing the neutrino flux and the details of the dynamics of
the Sun and the reactors.
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