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• Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.

• Remaining questions about the neutrino mass: 

• Absolute mass scale?

• Mass origin (Majorana or Dirac)?

• Which is the lightest neutrino mass state (the sign of Δm31 or Δm32)? 
• Normal ordering (NO): m1<m2<m3

• Inverted ordering (IO):  m3<m1<m2

The Neutrino Ordering problem

484.2 kiloton-years. Measurements of the neutrino oscillation parameters Δm2
32, sin

2 θ23, sin2 θ13, δCP, and
the preference for the neutrino mass ordering are presented with atmospheric neutrino data alone, and with
constraints on sin2 θ13 from reactor neutrino experiments. Our analysis including constraints on sin2 θ13
favors the normal mass ordering at the 92.3% level.

DOI: 10.1103/PhysRevD.109.072014

I. INTRODUCTION

Neutrino oscillations in the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) paradigm are parametrized by
three mixing angles, two squared-mass differences, and a
CP-violating phase [1,2]. Experiments measuring neutri-
nos of different flavors, energies, and baselines have
constrained many of the PMNS parameters with increasing
levels of precision. However, the octant of the mixing angle
θ23, the phase δCP, and the sign of the larger of the two
squared-mass differences, Δm2

32, which determines the
neutrino mass ordering, are all presently unknown. To
date, the long-baseline accelerator neutrino experiments
T2K [3] and NOvA [4] have made the world’s most precise
measurements of θ23, Δm2

32, and δCP, but they have yet to
definitively resolve the remaining questions.
Atmospheric neutrinos are an independent and natural

counterpart to accelerator neutrinos for studying neutrino
oscillations. Neutrinos created in the Earth’s atmosphere
span a range of energies and baselines that make their
oscillations sensitive to the θ23 mixing angle and the
magnitude of the Δm2

32 squared-mass difference. Addi-
tionally, atmospheric neutrinos which pass near or through
the dense core of the Earth experience matter effects which
alter their oscillation probabilities. An observation of these
modified oscillation probabilities in either atmospheric
neutrino or antineutrino data would provide important
information toward resolving the neutrino mass ordering.
In this work, we analyze 6511.3 live days of atmospheric

neutrino data from the Super-Kamiokande (SK) detector.
This analysis improves upon the previous work [5] in three
major ways: We use the number of tagged neutrons to
enhance the separation of neutrino events from antineutrino
events, we enhance the efficiency of classifying multi-ring
events using a boosted decision tree (BDT), and we add
48% exposure by analyzing events from an expanded
fiducial volume and from 1186 additional live days,
including data collected after a major detector refurbish-
ment in 2018. In addition to the atmospheric-only analysis,
we present an analyses of SK data with an external
constraint on the mixing angle θ13 from the average
measurements of the reactor neutrino experiments Daya
Bay [6], RENO [7], and Double-Chooz [8].
The paper is organized as follows: Section I presents an

overview of neutrino oscillation phenomenology relevant
to atmospheric neutrino oscillations. Section II provides a
description of the Super-Kamiokande detector and its

capabilities for reconstructing neutrino interactions.
Section III describes the simulation used to model atmos-
pheric neutrinos interactions at SK. Section IV describes
the analysis methodology and presents the results of the
analyses without external constraints and with constraints
on sin2 θ13. We provide an interpretation and summary of
the results in Sec. V.

A. Neutrino oscillations

Neutrinos are produced as flavor eigenstates of the weak
interaction, which may be treated as superpositions of mass
eigenstates via the PMNS matrix:

jναi ¼
X3

i¼1

U"
αijνii; ð1Þ

where α is a label for each lepton flavor—one of e, μ, or τ—
and Uαi is an element of the PMNS matrix. The PMNS
matrix is parametrized by three mixing angles and a phase,
and it factorizes into three submatrices which describe
rotations by each mixing angle from the neutrino mass
basis into the neutrino flavor basis:

U ¼

0

B@
1 0 0

0 c23 s23
0 −s23 c23

1

CA

0

B@
c13 0 s13e−iδCP

0 1 0

−s13eiδCP 0 c13

1

CA

×

0

B@
c12 s12 0

−s12 c12 0

0 0 1

1

CA: ð2Þ

In Eq. (2), the sines and cosines of the mixing angles are
written as cos θij ≡ cij and sin θij ≡ sij, respectively, and
the phase δCP changes sign for the antineutrino case. The
probability of a neutrino of one flavor jναi oscillating to a
different flavor jνβi after some time t—or, equivalently,
along a baseline L—is found by computing the amplitude
jhνβjναij2. The probability is nonzero for the case α ≠ β if
the mass states have nonzero mass differences given by the
signed quantity Δm2

ij ¼ m2
i −m2

j.
In the simplest case, neutrinos oscillate in a vacuum, and

oscillation probabilities may be computed by propagating
neutrino states according to their vacuum Hamiltonian,
written here in the mass basis:
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0
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2E 0

0 0
m2

3

2E

1

CCA: ð3Þ

This leads to oscillation probabilities of the form

Pα→β ¼ δαβ − 4
X

i>j

ReðU$
αiUβiUαjU$

βjÞ sin2Δij

% 2
X

i>j

ImðU$
αiUβiUαjU$

βjÞ sin 2Δij; ð4Þ

where Δij ¼ 1.27Δm2
ijL=E. Here, Δm2

ij is expressed in
units of eV2, L is the oscillation baseline in kilometers, and
E is the neutrino energy in GeV. Experiments have
measured all mixing angles and squared-mass differences
to be significantly different from zero, while the value of
the phase δCP is still unknown.1 In addition, solar neutrino
oscillation experiments observe evidence for matter effects
in the Sun which imply that the Δm2

21 squared-mass
difference is positive, establishing an ordering for two of
the neutrino masses, m2 > m1 [9–12]. However, current
experiments are consistent with either the normal ordering,
m3 ≫ m2; m1, or the inverted ordering, m2; m1 ≫ m3.
Consequently, the sign of the squared-mass difference
between m3 and the next-most-massive neutrino, given
by either Δm2

32 or Δm2
31, is not known. We use the notation

Δm2
32;31 or simply Δm2 for this squared-mass difference

where the ordering is not explicitly specified.
Numerically, Δm2

32;31 has been measured to be approx-
imately 30 times larger thanΔm2

21, such thatΔm2
32 ≈ Δm2

31.
The difference in magnitude between Δm2

21 and Δm2
32;31

also implies that the terms in Eq. (4) containing one or the
other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
neutrinos, where neutrino baselines range from tens of
kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
Δm2

21 terms are subdominant, leading to approximate flavor
oscillation probabilities of the form

Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27

Δm2L
E

"
;

Pðνμ → νμÞ ≈ 1 − 4 cos2 θ13 sin2 θ23ð1 − cos2 θ13 sin2 θ23Þ

× sin2
!
1.27

Δm2L
E

"
;

Pðνe → νeÞ ≈ 1 − sin2 2θ13 sin2
!
1.27

Δm2L
E

"
: ð5Þ

The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,

HMatter ¼ HVacuum þ U†

0

B@
a 0 0

0 0 0

0 0 0

1

CAU; ð6Þ

where a ¼ %
ffiffiffi
2

p
GFNe. Here, GF is the Fermi constant, Ne

is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
and mixing angle:

Δm2
M ¼ Δm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

q
;

sin2 2θ13;M ¼ sin2 2θ13
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

; ð7Þ

where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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• Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.

• Remaining questions about the neutrino mass: 

• Absolute mass scale?

• Mass origin (Majorana or Dirac)?

• Which is the lightest neutrino mass state (the sign of Δm31 or Δm32)? 
• Normal ordering (NO): m1<m2<m3
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I. INTRODUCTION

Neutrino oscillations in the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) paradigm are parametrized by
three mixing angles, two squared-mass differences, and a
CP-violating phase [1,2]. Experiments measuring neutri-
nos of different flavors, energies, and baselines have
constrained many of the PMNS parameters with increasing
levels of precision. However, the octant of the mixing angle
θ23, the phase δCP, and the sign of the larger of the two
squared-mass differences, Δm2

32, which determines the
neutrino mass ordering, are all presently unknown. To
date, the long-baseline accelerator neutrino experiments
T2K [3] and NOvA [4] have made the world’s most precise
measurements of θ23, Δm2

32, and δCP, but they have yet to
definitively resolve the remaining questions.
Atmospheric neutrinos are an independent and natural

counterpart to accelerator neutrinos for studying neutrino
oscillations. Neutrinos created in the Earth’s atmosphere
span a range of energies and baselines that make their
oscillations sensitive to the θ23 mixing angle and the
magnitude of the Δm2

32 squared-mass difference. Addi-
tionally, atmospheric neutrinos which pass near or through
the dense core of the Earth experience matter effects which
alter their oscillation probabilities. An observation of these
modified oscillation probabilities in either atmospheric
neutrino or antineutrino data would provide important
information toward resolving the neutrino mass ordering.
In this work, we analyze 6511.3 live days of atmospheric

neutrino data from the Super-Kamiokande (SK) detector.
This analysis improves upon the previous work [5] in three
major ways: We use the number of tagged neutrons to
enhance the separation of neutrino events from antineutrino
events, we enhance the efficiency of classifying multi-ring
events using a boosted decision tree (BDT), and we add
48% exposure by analyzing events from an expanded
fiducial volume and from 1186 additional live days,
including data collected after a major detector refurbish-
ment in 2018. In addition to the atmospheric-only analysis,
we present an analyses of SK data with an external
constraint on the mixing angle θ13 from the average
measurements of the reactor neutrino experiments Daya
Bay [6], RENO [7], and Double-Chooz [8].
The paper is organized as follows: Section I presents an

overview of neutrino oscillation phenomenology relevant
to atmospheric neutrino oscillations. Section II provides a
description of the Super-Kamiokande detector and its

capabilities for reconstructing neutrino interactions.
Section III describes the simulation used to model atmos-
pheric neutrinos interactions at SK. Section IV describes
the analysis methodology and presents the results of the
analyses without external constraints and with constraints
on sin2 θ13. We provide an interpretation and summary of
the results in Sec. V.

A. Neutrino oscillations

Neutrinos are produced as flavor eigenstates of the weak
interaction, which may be treated as superpositions of mass
eigenstates via the PMNS matrix:

jναi ¼
X3

i¼1

U"
αijνii; ð1Þ

where α is a label for each lepton flavor—one of e, μ, or τ—
and Uαi is an element of the PMNS matrix. The PMNS
matrix is parametrized by three mixing angles and a phase,
and it factorizes into three submatrices which describe
rotations by each mixing angle from the neutrino mass
basis into the neutrino flavor basis:

U ¼

0

B@
1 0 0

0 c23 s23
0 −s23 c23

1

CA

0

B@
c13 0 s13e−iδCP

0 1 0

−s13eiδCP 0 c13

1

CA

×

0

B@
c12 s12 0

−s12 c12 0

0 0 1

1

CA: ð2Þ

In Eq. (2), the sines and cosines of the mixing angles are
written as cos θij ≡ cij and sin θij ≡ sij, respectively, and
the phase δCP changes sign for the antineutrino case. The
probability of a neutrino of one flavor jναi oscillating to a
different flavor jνβi after some time t—or, equivalently,
along a baseline L—is found by computing the amplitude
jhνβjναij2. The probability is nonzero for the case α ≠ β if
the mass states have nonzero mass differences given by the
signed quantity Δm2

ij ¼ m2
i −m2

j.
In the simplest case, neutrinos oscillate in a vacuum, and

oscillation probabilities may be computed by propagating
neutrino states according to their vacuum Hamiltonian,
written here in the mass basis:
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This leads to oscillation probabilities of the form
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X
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where Δij ¼ 1.27Δm2
ijL=E. Here, Δm2

ij is expressed in
units of eV2, L is the oscillation baseline in kilometers, and
E is the neutrino energy in GeV. Experiments have
measured all mixing angles and squared-mass differences
to be significantly different from zero, while the value of
the phase δCP is still unknown.1 In addition, solar neutrino
oscillation experiments observe evidence for matter effects
in the Sun which imply that the Δm2

21 squared-mass
difference is positive, establishing an ordering for two of
the neutrino masses, m2 > m1 [9–12]. However, current
experiments are consistent with either the normal ordering,
m3 ≫ m2; m1, or the inverted ordering, m2; m1 ≫ m3.
Consequently, the sign of the squared-mass difference
between m3 and the next-most-massive neutrino, given
by either Δm2

32 or Δm2
31, is not known. We use the notation

Δm2
32;31 or simply Δm2 for this squared-mass difference

where the ordering is not explicitly specified.
Numerically, Δm2

32;31 has been measured to be approx-
imately 30 times larger thanΔm2

21, such thatΔm2
32 ≈ Δm2

31.
The difference in magnitude between Δm2

21 and Δm2
32;31

also implies that the terms in Eq. (4) containing one or the
other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
neutrinos, where neutrino baselines range from tens of
kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
Δm2

21 terms are subdominant, leading to approximate flavor
oscillation probabilities of the form

Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27

Δm2L
E

"
;

Pðνμ → νμÞ ≈ 1 − 4 cos2 θ13 sin2 θ23ð1 − cos2 θ13 sin2 θ23Þ
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E

"
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E
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The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,

HMatter ¼ HVacuum þ U†

0

B@
a 0 0

0 0 0

0 0 0

1

CAU; ð6Þ

where a ¼ %
ffiffiffi
2

p
GFNe. Here, GF is the Fermi constant, Ne

is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
and mixing angle:

Δm2
M ¼ Δm2
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q
;
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sin2 2θ13 þ ðΓ − cos 2θ13Þ2

; ð7Þ

where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
neutrinos, where neutrino baselines range from tens of
kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
Δm2

21 terms are subdominant, leading to approximate flavor
oscillation probabilities of the form

Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27

Δm2L
E

"
;

Pðνμ → νμÞ ≈ 1 − 4 cos2 θ13 sin2 θ23ð1 − cos2 θ13 sin2 θ23Þ

× sin2
!
1.27

Δm2L
E

"
;

Pðνe → νeÞ ≈ 1 − sin2 2θ13 sin2
!
1.27

Δm2L
E

"
: ð5Þ

The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,

HMatter ¼ HVacuum þ U†

0

B@
a 0 0

0 0 0

0 0 0

1

CAU; ð6Þ

where a ¼ %
ffiffiffi
2

p
GFNe. Here, GF is the Fermi constant, Ne

is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
and mixing angle:

Δm2
M ¼ Δm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

q
;

sin2 2θ13;M ¼ sin2 2θ13
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

; ð7Þ

where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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• Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.

• Remaining questions about the neutrino mass: 

• Absolute mass scale?

• Mass origin (Majorana or Dirac)?

• Which is the lightest neutrino mass state (the sign of Δm31 or Δm32)? 
• Normal ordering (NO): m1<m2<m3

• Inverted ordering (IO):  m3<m1<m2

The Neutrino Ordering problem

484.2 kiloton-years. Measurements of the neutrino oscillation parameters Δm2
32, sin

2 θ23, sin2 θ13, δCP, and
the preference for the neutrino mass ordering are presented with atmospheric neutrino data alone, and with
constraints on sin2 θ13 from reactor neutrino experiments. Our analysis including constraints on sin2 θ13
favors the normal mass ordering at the 92.3% level.
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I. INTRODUCTION

Neutrino oscillations in the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) paradigm are parametrized by
three mixing angles, two squared-mass differences, and a
CP-violating phase [1,2]. Experiments measuring neutri-
nos of different flavors, energies, and baselines have
constrained many of the PMNS parameters with increasing
levels of precision. However, the octant of the mixing angle
θ23, the phase δCP, and the sign of the larger of the two
squared-mass differences, Δm2

32, which determines the
neutrino mass ordering, are all presently unknown. To
date, the long-baseline accelerator neutrino experiments
T2K [3] and NOvA [4] have made the world’s most precise
measurements of θ23, Δm2

32, and δCP, but they have yet to
definitively resolve the remaining questions.
Atmospheric neutrinos are an independent and natural

counterpart to accelerator neutrinos for studying neutrino
oscillations. Neutrinos created in the Earth’s atmosphere
span a range of energies and baselines that make their
oscillations sensitive to the θ23 mixing angle and the
magnitude of the Δm2

32 squared-mass difference. Addi-
tionally, atmospheric neutrinos which pass near or through
the dense core of the Earth experience matter effects which
alter their oscillation probabilities. An observation of these
modified oscillation probabilities in either atmospheric
neutrino or antineutrino data would provide important
information toward resolving the neutrino mass ordering.
In this work, we analyze 6511.3 live days of atmospheric

neutrino data from the Super-Kamiokande (SK) detector.
This analysis improves upon the previous work [5] in three
major ways: We use the number of tagged neutrons to
enhance the separation of neutrino events from antineutrino
events, we enhance the efficiency of classifying multi-ring
events using a boosted decision tree (BDT), and we add
48% exposure by analyzing events from an expanded
fiducial volume and from 1186 additional live days,
including data collected after a major detector refurbish-
ment in 2018. In addition to the atmospheric-only analysis,
we present an analyses of SK data with an external
constraint on the mixing angle θ13 from the average
measurements of the reactor neutrino experiments Daya
Bay [6], RENO [7], and Double-Chooz [8].
The paper is organized as follows: Section I presents an

overview of neutrino oscillation phenomenology relevant
to atmospheric neutrino oscillations. Section II provides a
description of the Super-Kamiokande detector and its

capabilities for reconstructing neutrino interactions.
Section III describes the simulation used to model atmos-
pheric neutrinos interactions at SK. Section IV describes
the analysis methodology and presents the results of the
analyses without external constraints and with constraints
on sin2 θ13. We provide an interpretation and summary of
the results in Sec. V.

A. Neutrino oscillations

Neutrinos are produced as flavor eigenstates of the weak
interaction, which may be treated as superpositions of mass
eigenstates via the PMNS matrix:

jναi ¼
X3

i¼1

U"
αijνii; ð1Þ

where α is a label for each lepton flavor—one of e, μ, or τ—
and Uαi is an element of the PMNS matrix. The PMNS
matrix is parametrized by three mixing angles and a phase,
and it factorizes into three submatrices which describe
rotations by each mixing angle from the neutrino mass
basis into the neutrino flavor basis:

U ¼

0

B@
1 0 0

0 c23 s23
0 −s23 c23

1

CA

0

B@
c13 0 s13e−iδCP

0 1 0

−s13eiδCP 0 c13

1

CA

×

0

B@
c12 s12 0

−s12 c12 0

0 0 1

1

CA: ð2Þ

In Eq. (2), the sines and cosines of the mixing angles are
written as cos θij ≡ cij and sin θij ≡ sij, respectively, and
the phase δCP changes sign for the antineutrino case. The
probability of a neutrino of one flavor jναi oscillating to a
different flavor jνβi after some time t—or, equivalently,
along a baseline L—is found by computing the amplitude
jhνβjναij2. The probability is nonzero for the case α ≠ β if
the mass states have nonzero mass differences given by the
signed quantity Δm2

ij ¼ m2
i −m2

j.
In the simplest case, neutrinos oscillate in a vacuum, and

oscillation probabilities may be computed by propagating
neutrino states according to their vacuum Hamiltonian,
written here in the mass basis:
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HVacuum ¼

0

BB@

m2
1

2E 0 0

0
m2

2

2E 0

0 0
m2

3

2E

1

CCA: ð3Þ

This leads to oscillation probabilities of the form

Pα→β ¼ δαβ − 4
X

i>j

ReðU$
αiUβiUαjU$

βjÞ sin2Δij

% 2
X

i>j

ImðU$
αiUβiUαjU$

βjÞ sin 2Δij; ð4Þ

where Δij ¼ 1.27Δm2
ijL=E. Here, Δm2

ij is expressed in
units of eV2, L is the oscillation baseline in kilometers, and
E is the neutrino energy in GeV. Experiments have
measured all mixing angles and squared-mass differences
to be significantly different from zero, while the value of
the phase δCP is still unknown.1 In addition, solar neutrino
oscillation experiments observe evidence for matter effects
in the Sun which imply that the Δm2

21 squared-mass
difference is positive, establishing an ordering for two of
the neutrino masses, m2 > m1 [9–12]. However, current
experiments are consistent with either the normal ordering,
m3 ≫ m2; m1, or the inverted ordering, m2; m1 ≫ m3.
Consequently, the sign of the squared-mass difference
between m3 and the next-most-massive neutrino, given
by either Δm2

32 or Δm2
31, is not known. We use the notation

Δm2
32;31 or simply Δm2 for this squared-mass difference

where the ordering is not explicitly specified.
Numerically, Δm2

32;31 has been measured to be approx-
imately 30 times larger thanΔm2

21, such thatΔm2
32 ≈ Δm2

31.
The difference in magnitude between Δm2

21 and Δm2
32;31

also implies that the terms in Eq. (4) containing one or the
other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
neutrinos, where neutrino baselines range from tens of
kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
Δm2

21 terms are subdominant, leading to approximate flavor
oscillation probabilities of the form

Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27

Δm2L
E

"
;

Pðνμ → νμÞ ≈ 1 − 4 cos2 θ13 sin2 θ23ð1 − cos2 θ13 sin2 θ23Þ

× sin2
!
1.27

Δm2L
E

"
;

Pðνe → νeÞ ≈ 1 − sin2 2θ13 sin2
!
1.27

Δm2L
E

"
: ð5Þ

The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,

HMatter ¼ HVacuum þ U†

0

B@
a 0 0

0 0 0

0 0 0

1

CAU; ð6Þ

where a ¼ %
ffiffiffi
2

p
GFNe. Here, GF is the Fermi constant, Ne

is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
and mixing angle:

Δm2
M ¼ Δm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

q
;

sin2 2θ13;M ¼ sin2 2θ13
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

; ð7Þ

where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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where Δij ¼ 1.27Δm2
ijL=E. Here, Δm2

ij is expressed in
units of eV2, L is the oscillation baseline in kilometers, and
E is the neutrino energy in GeV. Experiments have
measured all mixing angles and squared-mass differences
to be significantly different from zero, while the value of
the phase δCP is still unknown.1 In addition, solar neutrino
oscillation experiments observe evidence for matter effects
in the Sun which imply that the Δm2

21 squared-mass
difference is positive, establishing an ordering for two of
the neutrino masses, m2 > m1 [9–12]. However, current
experiments are consistent with either the normal ordering,
m3 ≫ m2; m1, or the inverted ordering, m2; m1 ≫ m3.
Consequently, the sign of the squared-mass difference
between m3 and the next-most-massive neutrino, given
by either Δm2

32 or Δm2
31, is not known. We use the notation

Δm2
32;31 or simply Δm2 for this squared-mass difference

where the ordering is not explicitly specified.
Numerically, Δm2

32;31 has been measured to be approx-
imately 30 times larger thanΔm2

21, such thatΔm2
32 ≈ Δm2

31.
The difference in magnitude between Δm2

21 and Δm2
32;31

also implies that the terms in Eq. (4) containing one or the
other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
neutrinos, where neutrino baselines range from tens of
kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
Δm2

21 terms are subdominant, leading to approximate flavor
oscillation probabilities of the form

Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27
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The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,

HMatter ¼ HVacuum þ U†
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a 0 0

0 0 0

0 0 0
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where a ¼ %
ffiffiffi
2

p
GFNe. Here, GF is the Fermi constant, Ne

is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
and mixing angle:

Δm2
M ¼ Δm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 2θ13 þ ðΓ − cos 2θ13Þ2
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;

sin2 2θ13;M ¼ sin2 2θ13
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

; ð7Þ

where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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P(ν̄e → ν̄e) = 1 − sin2 2θ13(cos2 θ12 sin2 Δ31 + sin2 θ12 sin2 Δ32)
−cos4 θ13 sin2 2θ12 sin2 Δ21

How to Determine NMO: Reactor Neutrinos

• Vacuum oscillation utilizing small differences in  and  for different MO. 

• Independent from θ23 octant and δCP .

• Made possible by the relatively large θ13 value.

• Currently JUNO is the only experiment with such configuration.


• Need excellent statistics, energy resolution and low-background!

|Δm2
31 | |Δm2

32 |

Central detector (CD)

Yue Meng, Neutrino2020 10

• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Medium baseline maximizing 
the interference amplitude. 

ν̄e
ν̄e
ν̄e

3
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图图图 2 (网络版彩图) ν̄e存活几率随基线长度的变化

Figure 2 (Color online) The relationship between survival probability
Psur of ν̄e and baseline length.

的附近. 依照式(1), 考虑到θ12和∆m2
21的误差对短基线

反应堆中微子振荡参数测量的影响可以忽略,则由其
他实验提供θ12和∆m2

21测量值时,大亚湾实验可同时精
确测量|∆m2

32|. 此外可以使用一个有效相位∆ee (∆m2
ee →

cos2 θ12|∆m2
31|+sin2 θ12|∆m2

32| )将式子简化为 [23]

Psur → 1 − cos4 θ13 sin2 2θ12 sin2 ∆21 − sin2 2θ13 sin2 ∆ee.

(2)

江门实验旨在测量中微子的质量顺序,在中微子
振荡幅度最大处,不同质量顺序导致的振荡幅度差别
最大,因此将探测器放置在第二极大点附近.

3 大亚湾中微子实验

大亚湾实验探测器放置在大亚湾核电站附近,核
电站总共有6个核反应堆, 总功率为17.4 GWth, 为世
界上第二大核反应堆群, 确保了足够的中微子统计
量. 大亚湾实验在离反应堆几百米处和1.8 km处总
共放置8个全同探测器, 构成近点探测器和远点探测
器. 在大亚湾近点(EH1)和岭澳近点实验厅(EH2)内各
放置了2个探测器, 其余4个探测器放置在远点实验
厅(EH3). 远近点相对测量可以减少反应堆中微子流强
引起的误差,这些探测器是全同探测器,以降低探测器
之间的相对误差, 其误差经实验测量小于0.2%. 探测
器放在山体内,通过山体屏蔽宇宙线muon引起的本底.
大亚湾近点、岭澳近点和远点对应的山体屏蔽水当量

分别大约为250, 265和860 m.

3.1 大亚湾探测器系统

大亚湾实验探测器系统可以分为两部分,其一是
用来探测反应堆中微子的反中微子探测器(AD),其二
是用于屏蔽环境放射性及宇宙线本底信号的反符合探

测器,包括水切伦科夫探测器和阻性板探测器(RPC).

图3所示为近点实验厅中探测器的结构布局
图 [23]. 其中AD采用三层圆柱嵌套结构设计, 中心的
透明有机玻璃罐灌满了20吨掺钆液闪(GdLS)作为反
应堆中微子的探测靶物质. 实验中GdLS 使用的是
以线性烷基苯(LAB)为基底、PPO及bis-MSB为第一溶
质和波长位移剂的液闪, 并被掺入0.1%质量的天然
钆. 钆(Gd)的中子俘获截面大, 且退激发放出的几个
光子(γ)的总能量大约为8.05 MeV,而绝大部分天然放
射性本底都集中在5 MeV以下,使用GdLS可以极大地
提高反中微子探测的信噪比.第二层有机玻璃罐中灌
满了22吨不掺钆的普通液闪,这层液闪可以探测从内
层GdLS跑到普通液闪中的γ,用于提高GdLS边界区域
事例的γ收集效率,减小边界事例的能量泄漏及由此带
来的系统误差;最外层是一个不锈钢罐,在不锈钢罐和
外层有机玻璃罐之间充满了白油, 192个8英寸的光电
倍增管(PMT)浸泡在白油中. 白油可用于屏蔽PMT和
不锈钢罐的本底. 由内到外三层圆柱罐体的直径大小
分别为3, 4, 5 m,高度分别为3, 4, 5 m. AD顶部有三个
自动刻度单元(ACU-A, ACU-B, ACU-C), 里面放置着
多个放射源,如60Co, 137Cs, 68Ge, 54Mn, 40K, 241Am-13C,
Pu-13C,可用于探测器的能标刻度,非均匀性刻度等.

AD浸泡在由超纯水构成的水切伦科夫探测器
中, 且每个AD与池壁的距离至少有2.5 m厚的水, 可
使岩石天然放射性本底水平降低至百万分之一. 使
用Tyvek(高密度聚乙烯)反射膜将水池分隔为内外水
池(IWS, OWS),其中外水池距离池壁约1 m. 内外水池
内分别安装一定数量的PMT以构成双重水切伦科夫
探测器, 从而提高主动标记muon的效率. 水池顶部覆
盖了四层阻性板探测器(RPC)组成的探测器模块. 近
点和远点实验厅内分别装有54个和81个RPC模块, 模
块尺寸为2.17 m × 2.20 m × 0.08 m. 由于RPC特殊的
信号读出条布局, RPC探测器可以在水平横截面上提
供10 cm的位置分辨率 [24]. 在RPC探测器的上方2 m
处安装了两个望远镜RPC模块, 其位置布局如图4所
示 [25]. 利用望远镜RPC模块和底部的RPC探测器可精
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Figure 2 (Color online) The relationship between survival probability
Psur of ν̄e and baseline length.

的附近. 依照式(1), 考虑到θ12和∆m2
21的误差对短基线

反应堆中微子振荡参数测量的影响可以忽略,则由其
他实验提供θ12和∆m2

21测量值时,大亚湾实验可同时精
确测量|∆m2

32|. 此外可以使用一个有效相位∆ee (∆m2
ee →

cos2 θ12|∆m2
31|+sin2 θ12|∆m2

32| )将式子简化为 [23]

Psur → 1 − cos4 θ13 sin2 2θ12 sin2 ∆21 − sin2 2θ13 sin2 ∆ee.

(2)

江门实验旨在测量中微子的质量顺序,在中微子
振荡幅度最大处,不同质量顺序导致的振荡幅度差别
最大,因此将探测器放置在第二极大点附近.

3 大亚湾中微子实验

大亚湾实验探测器放置在大亚湾核电站附近,核
电站总共有6个核反应堆, 总功率为17.4 GWth, 为世
界上第二大核反应堆群, 确保了足够的中微子统计
量. 大亚湾实验在离反应堆几百米处和1.8 km处总
共放置8个全同探测器, 构成近点探测器和远点探测
器. 在大亚湾近点(EH1)和岭澳近点实验厅(EH2)内各
放置了2个探测器, 其余4个探测器放置在远点实验
厅(EH3). 远近点相对测量可以减少反应堆中微子流强
引起的误差,这些探测器是全同探测器,以降低探测器
之间的相对误差, 其误差经实验测量小于0.2%. 探测
器放在山体内,通过山体屏蔽宇宙线muon引起的本底.
大亚湾近点、岭澳近点和远点对应的山体屏蔽水当量

分别大约为250, 265和860 m.

3.1 大亚湾探测器系统

大亚湾实验探测器系统可以分为两部分,其一是
用来探测反应堆中微子的反中微子探测器(AD),其二
是用于屏蔽环境放射性及宇宙线本底信号的反符合探

测器,包括水切伦科夫探测器和阻性板探测器(RPC).

图3所示为近点实验厅中探测器的结构布局
图 [23]. 其中AD采用三层圆柱嵌套结构设计, 中心的
透明有机玻璃罐灌满了20吨掺钆液闪(GdLS)作为反
应堆中微子的探测靶物质. 实验中GdLS 使用的是
以线性烷基苯(LAB)为基底、PPO及bis-MSB为第一溶
质和波长位移剂的液闪, 并被掺入0.1%质量的天然
钆. 钆(Gd)的中子俘获截面大, 且退激发放出的几个
光子(γ)的总能量大约为8.05 MeV,而绝大部分天然放
射性本底都集中在5 MeV以下,使用GdLS可以极大地
提高反中微子探测的信噪比.第二层有机玻璃罐中灌
满了22吨不掺钆的普通液闪,这层液闪可以探测从内
层GdLS跑到普通液闪中的γ,用于提高GdLS边界区域
事例的γ收集效率,减小边界事例的能量泄漏及由此带
来的系统误差;最外层是一个不锈钢罐,在不锈钢罐和
外层有机玻璃罐之间充满了白油, 192个8英寸的光电
倍增管(PMT)浸泡在白油中. 白油可用于屏蔽PMT和
不锈钢罐的本底. 由内到外三层圆柱罐体的直径大小
分别为3, 4, 5 m,高度分别为3, 4, 5 m. AD顶部有三个
自动刻度单元(ACU-A, ACU-B, ACU-C), 里面放置着
多个放射源,如60Co, 137Cs, 68Ge, 54Mn, 40K, 241Am-13C,
Pu-13C,可用于探测器的能标刻度,非均匀性刻度等.

AD浸泡在由超纯水构成的水切伦科夫探测器
中, 且每个AD与池壁的距离至少有2.5 m厚的水, 可
使岩石天然放射性本底水平降低至百万分之一. 使
用Tyvek(高密度聚乙烯)反射膜将水池分隔为内外水
池(IWS, OWS),其中外水池距离池壁约1 m. 内外水池
内分别安装一定数量的PMT以构成双重水切伦科夫
探测器, 从而提高主动标记muon的效率. 水池顶部覆
盖了四层阻性板探测器(RPC)组成的探测器模块. 近
点和远点实验厅内分别装有54个和81个RPC模块, 模
块尺寸为2.17 m × 2.20 m × 0.08 m. 由于RPC特殊的
信号读出条布局, RPC探测器可以在水平横截面上提
供10 cm的位置分辨率 [24]. 在RPC探测器的上方2 m
处安装了两个望远镜RPC模块, 其位置布局如图4所
示 [25]. 利用望远镜RPC模块和底部的RPC探测器可精
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Figure 2 (Color online) The relationship between survival probability
Psur of ν̄e and baseline length.

的附近. 依照式(1), 考虑到θ12和∆m2
21的误差对短基线

反应堆中微子振荡参数测量的影响可以忽略,则由其
他实验提供θ12和∆m2

21测量值时,大亚湾实验可同时精
确测量|∆m2

32|. 此外可以使用一个有效相位∆ee (∆m2
ee →

cos2 θ12|∆m2
31|+sin2 θ12|∆m2

32| )将式子简化为 [23]

Psur → 1 − cos4 θ13 sin2 2θ12 sin2 ∆21 − sin2 2θ13 sin2 ∆ee.

(2)

江门实验旨在测量中微子的质量顺序,在中微子
振荡幅度最大处,不同质量顺序导致的振荡幅度差别
最大,因此将探测器放置在第二极大点附近.

3 大亚湾中微子实验

大亚湾实验探测器放置在大亚湾核电站附近,核
电站总共有6个核反应堆, 总功率为17.4 GWth, 为世
界上第二大核反应堆群, 确保了足够的中微子统计
量. 大亚湾实验在离反应堆几百米处和1.8 km处总
共放置8个全同探测器, 构成近点探测器和远点探测
器. 在大亚湾近点(EH1)和岭澳近点实验厅(EH2)内各
放置了2个探测器, 其余4个探测器放置在远点实验
厅(EH3). 远近点相对测量可以减少反应堆中微子流强
引起的误差,这些探测器是全同探测器,以降低探测器
之间的相对误差, 其误差经实验测量小于0.2%. 探测
器放在山体内,通过山体屏蔽宇宙线muon引起的本底.
大亚湾近点、岭澳近点和远点对应的山体屏蔽水当量

分别大约为250, 265和860 m.

3.1 大亚湾探测器系统

大亚湾实验探测器系统可以分为两部分,其一是
用来探测反应堆中微子的反中微子探测器(AD),其二
是用于屏蔽环境放射性及宇宙线本底信号的反符合探

测器,包括水切伦科夫探测器和阻性板探测器(RPC).

图3所示为近点实验厅中探测器的结构布局
图 [23]. 其中AD采用三层圆柱嵌套结构设计, 中心的
透明有机玻璃罐灌满了20吨掺钆液闪(GdLS)作为反
应堆中微子的探测靶物质. 实验中GdLS 使用的是
以线性烷基苯(LAB)为基底、PPO及bis-MSB为第一溶
质和波长位移剂的液闪, 并被掺入0.1%质量的天然
钆. 钆(Gd)的中子俘获截面大, 且退激发放出的几个
光子(γ)的总能量大约为8.05 MeV,而绝大部分天然放
射性本底都集中在5 MeV以下,使用GdLS可以极大地
提高反中微子探测的信噪比.第二层有机玻璃罐中灌
满了22吨不掺钆的普通液闪,这层液闪可以探测从内
层GdLS跑到普通液闪中的γ,用于提高GdLS边界区域
事例的γ收集效率,减小边界事例的能量泄漏及由此带
来的系统误差;最外层是一个不锈钢罐,在不锈钢罐和
外层有机玻璃罐之间充满了白油, 192个8英寸的光电
倍增管(PMT)浸泡在白油中. 白油可用于屏蔽PMT和
不锈钢罐的本底. 由内到外三层圆柱罐体的直径大小
分别为3, 4, 5 m,高度分别为3, 4, 5 m. AD顶部有三个
自动刻度单元(ACU-A, ACU-B, ACU-C), 里面放置着
多个放射源,如60Co, 137Cs, 68Ge, 54Mn, 40K, 241Am-13C,
Pu-13C,可用于探测器的能标刻度,非均匀性刻度等.

AD浸泡在由超纯水构成的水切伦科夫探测器
中, 且每个AD与池壁的距离至少有2.5 m厚的水, 可
使岩石天然放射性本底水平降低至百万分之一. 使
用Tyvek(高密度聚乙烯)反射膜将水池分隔为内外水
池(IWS, OWS),其中外水池距离池壁约1 m. 内外水池
内分别安装一定数量的PMT以构成双重水切伦科夫
探测器, 从而提高主动标记muon的效率. 水池顶部覆
盖了四层阻性板探测器(RPC)组成的探测器模块. 近
点和远点实验厅内分别装有54个和81个RPC模块, 模
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2024/12 water filling started
2025/02 water filling finished and LS filling started



2025/06 Top Tracker installation finished



• Multiple calibration sources (68Ge, 137Cs, 54Mn, 60Co, 
40K, 241Am-C, laser )  with 1/2/3D locations to ensure 
the understanding of detector response.

7

J
H
E
P
0
3
(
2
0
2
1
)
0
0
4

Sources/Processes Type Radiation
137Cs γ 0.662MeV
54Mn γ 0.835MeV
60Co γ 1.173 + 1.333MeV
40K γ 1.461MeV
68Ge e+ annihilation 0.511 + 0.511MeV

241Am-Be n, γ neutron + 4.43MeV (12C∗)
241Am-13C n, γ neutron + 6.13MeV (16O∗)
(n,γ)p γ 2.22MeV
(n,γ)12C γ 4.94MeV or 3.68 + 1.26MeV

Table 1. List of radioactive sources and processes considered in JUNO calibration.

obtained from a separate bench experiment [14]. The optical parameters of the acrylic
sphere, ultrapure water and other materials are taken from bench measurements. The
quantum efficiency and collection efficiency (angle-dependent) of the LPMTs are initially
set at the average value from quality assurance tests and can be adjusted individually in
the simulation. The “low energy Livermore model”, which incorporates atomic shell cross
section data [15], is selected as the electromagnetic interaction model in SNIPER.

2.1 Calibration of physics non-linearity

2.1.1 Selection of sources

The radioactive sources and processes considered in JUNO and types of emitted radiation
are listed in table 1. For a large LS detector, thin-walled electron or positron sources would
pose risk of leakage of radionuclides. Instead, we consider γ sources ranging from a few
hundred keV to a few MeV to cover the range of the prompt energy of IBDs. Concerning
the 68Ge source, it decays in 68Ga via electron capture, which then β+-decays to 68Zn. The
kinetic energy of the positrons will be absorbed by the enclosure, so only the annihilation
gammas are released. In addition, (α,n) sources such as 241Am-Be (AmBe) and 241Am-13C
(AmC) can be used to provide both high energy gammas and neutrons, the latter of which
also produces capture gammas on hydrogen and carbon atoms in the LS.

2.1.2 Model of physics non-linearity

Most IBD positrons lose energy by ionization before they stop. A stopped positron can
either directly annihilate with an electron, or form para- or ortho-positronium bound state
before annihilation [16–18]. The annihilation produces either two or three gammas, respec-
tively, with a total energy of 1.022MeV. We define a general term “visible energy” as the
energy estimated based on the detected number of PEs

Evis = PE/Y0 , (2.1)

– 3 –

Calibration System



Detector Status

• Now at the final stage of the LS filling which is to be fully finished very soon!
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Detector Status

• The detector is under commissioning data-taking during water-phase and mixed-phase. 

• PMTs/electronics/calibration systems etc. working well
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• Signal: electron antineutrino Inverse 
bete decay (IBD):  

• coincident of prompt (positrons) 
and delayed signals (n-captures).


• Expected rate: 47/day (after event 
selection)


• Backgrounds: Geoneutrinos, 
cosmogenic isotopes, fast neutrons 
etc. 

• Expected rate: 4/day (after event 

selection)
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ive veto for cosmic muons and as a passive shield against
external radioactivity and neutrons from cosmic rays. The
minimal thickness of the water detector is 2.5 m. The cos-
mic muon veto system is  supplemented with  an external
muon tracker consisting of three layers of plastic scintil-
lator  refurbished  from  the  OPERA experiment  [55]  loc-
ated at  the  top,  providing  a  muon  track  angular   recon-
struction precision of 0.20  [56]. This system [56] covers
approximately  60%  of  the  surface  above  the  water  pool
with the primary objective of providing a sample of well
reconstructed  muons  that  can  be  used  to  benchmark  the
reconstruction of  the  water  pool  and  CD.  For  more   in-
formation  about  the  JUNO detector,  please  refer  to  Ref.
[53].

ν̄e+ p→ e+ +n
JUNO detects reactor antineutrinos via the IBD reac-

tion on hydrogen in the LS,  . The positron
quickly  deposits  its  kinetic  energy  in  the  scintillator  and
annihilates into two 0.511 MeV gammas,  generating op-
tical photons through the scintillation and Cherenkov pro-
cesses  that  are  then detected by the PMTs.  This  forms a
prompt signal  whose energy is  typically deposited a few
nanoseconds  after  the  IBD  reaction.  After  scattering  in
the LS with an average lifetime of approximately 200 μs,
the neutron is captured by a hydrogen or carbon nucleus
with  roughly  99%  and  1%  probabilities,  consequently
producing a delayed gamma signal of 2.22 MeV or 4.95
MeV,  respectively.  The  energy  signature  of  the  prompt
and delayed signals, as well as their temporal and spatial
correlation, constitute effective handles for separating the
IBD signal from the backgrounds.

R(Eν,Erec)
Eν

Erec

Precise measurement of the antineutrino energy is es-
sential for  determining  the  NMO via  the  spectral  distor-
tion  caused  by  the  neutrino  oscillation  pattern  shown  in
Fig.  1.  Dedicated  energy  reconstruction  algorithms  have
been  developed  to  precisely  determine  the  IBD  prompt
energy  [57]. A  detector  energy  response  model  is   con-
structed as a matrix,  , mapping the antineutrino
energy  ( )  to  the  reconstructed  energy  of  the  IBD
prompt signal ( ). The matrix is constructed by apply-
ing three  effects  in  sequence to  the  simulated antineutri-
nos  of  defined energies:  kinematics  of  the  IBD reaction,
energy nonlinearity  due  to  the  scintillation  and   Cheren-
kov  processes,  and  energy  resolution.  Energy  leakage
caused  by  escaping  secondary  particles  affects  less  than
1% of the IBD events owing to the application of a fidu-
cial  volume  cut;  thus,  energy  leakage  is  not  considered,
resulting in a negligible impact on the energy response. 

A.    IBD reaction kinematics
In the  IBD  reaction,  the  electron  antineutrino   trans-

fers most of its energy to the positron. The deposited en-
ergy  (Edep) for  the  IBD  prompt  signal  is  defined  to   in-
clude the positron kinetic and annihilation energies of the
two 0.511 MeV γs. The energy threshold of the IBD reac-
tion  is  1.8  MeV.  Consequently,  Edep  is  approximately

Eν−0.78equal to   MeV, which considers the annihilation
energy. More precisely, the kinetic energy of the positron
also depends on the scattering angle of the positron with
respect to the incident antineutrino. This results in an en-
ergy spread of the positron even for a fixed energy of in-
cident antineutrinos. The energy spread causes a nontrivi-
al  effect  on  the  deposited  energy  distribution.  Figure  2
shows the distributions of the deposited energy, which re-
semble rectangular distributions with sloping tops, for in-
cident  antineutrino  energies  of  3  MeV,  4  MeV,  and  5
MeV, respectively.  We integrate  the  scattering angle  us-
ing the  double  differential  IBD cross  section,  which is  a
function of the neutrino energy and scattering angle [58].
The final-state neutron in the IBD reaction carries a few
tens of keV of kinetic energy, which is anti-correlated to
the energy spread of the positron. The neutron kinetic en-
ergy  is  mostly  undetectable  in  the  detector  owing  to  the
large  scintillation  quenching  of  any  protons  or  carbon
nuclei it might scatter with. By adding the kinetic energy
of  the  neutron  after  quenching  to  the  prompt  energy  of
the  IBD  process,  the  positron  energy  spread  would  be
partially cancelled.  In  this  analysis,  we  ignore  the   neut-
ron kinetic energy and consider only the positron kinetic
energy and its spread. 

B.    Nonlinear energy response
The relation between the  deposited  energy and num-

ber of  scintillation photons detected by PMTs is  not   lin-
ear, primarily  owing  to  quenching.  The  Cherenkov   pro-
cess  contributes  <10%  photons  in  the  energy  region  of
IBD positron in JUNO LS. The Cherenkov radiation de-
pends on the particle's track length above the Cherenkov
threshold and is also a nonlinear function of the positron
kinetic  energy.  The  instrumental  charge  nonlinearity  of
the  JUNO  PMTs  and  the  associated  electronics  can  be
calibrated  with  a  residual  less  than  0.3%  owing  to  the
dual-calorimetry  calibration  technique  [59].  The  energy
nonlinearity  distorts  the  prompt  energy  spectrum  and  is
thus essential in determining the NMO.

Evis/Edep Edep

Evis

We define the liquid scintillator nonlinearity (LSNL)
as  ,  where    is  the  deposited  energy  in  the
scintillator,  and    is  the  visible  energy  defined  as  the
expected  reconstructed  energy  assuming  perfect  energy
resolution. The LSNL is different between positrons, i.e.,
signal events,  and  gammas,  i.e.,  calibration  events,   be-
cause of their different energy deposition patterns. In this
paper, the term LSNL refers to the positron LSNL by de-
fault, which is primarily calibrated using gamma calibra-
tion sources, considering the conversion between positron
and gamma.  The nonlinearity  response  of  the  JUNO de-
tector  will  be  measured  with  similar  calibration  sources
and procedures as in Daya Bay [60], which has a similar
scintillator  composition.  Therefore,  in  this  sensitivity
study,  we  assume  that  a  comparable  precision  can  be
reached  and  the  relative  systematic  uncertainty  of  the
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between the prompt and delayed signals that we are searching for as evidence of an IBD event. 
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mic muon veto system is  supplemented with  an external
muon tracker consisting of three layers of plastic scintil-
lator  refurbished  from  the  OPERA experiment  [55]  loc-
ated at  the  top,  providing  a  muon  track  angular   recon-
struction precision of 0.20  [56]. This system [56] covers
approximately  60%  of  the  surface  above  the  water  pool
with the primary objective of providing a sample of well
reconstructed  muons  that  can  be  used  to  benchmark  the
reconstruction of  the  water  pool  and  CD.  For  more   in-
formation  about  the  JUNO detector,  please  refer  to  Ref.
[53].
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JUNO detects reactor antineutrinos via the IBD reac-

tion on hydrogen in the LS,  . The positron
quickly  deposits  its  kinetic  energy  in  the  scintillator  and
annihilates into two 0.511 MeV gammas,  generating op-
tical photons through the scintillation and Cherenkov pro-
cesses  that  are  then detected by the PMTs.  This  forms a
prompt signal  whose energy is  typically deposited a few
nanoseconds  after  the  IBD  reaction.  After  scattering  in
the LS with an average lifetime of approximately 200 μs,
the neutron is captured by a hydrogen or carbon nucleus
with  roughly  99%  and  1%  probabilities,  consequently
producing a delayed gamma signal of 2.22 MeV or 4.95
MeV,  respectively.  The  energy  signature  of  the  prompt
and delayed signals, as well as their temporal and spatial
correlation, constitute effective handles for separating the
IBD signal from the backgrounds.

R(Eν,Erec)
Eν

Erec

Precise measurement of the antineutrino energy is es-
sential for  determining  the  NMO via  the  spectral  distor-
tion  caused  by  the  neutrino  oscillation  pattern  shown  in
Fig.  1.  Dedicated  energy  reconstruction  algorithms  have
been  developed  to  precisely  determine  the  IBD  prompt
energy  [57]. A  detector  energy  response  model  is   con-
structed as a matrix,  , mapping the antineutrino
energy  ( )  to  the  reconstructed  energy  of  the  IBD
prompt signal ( ). The matrix is constructed by apply-
ing three  effects  in  sequence to  the  simulated antineutri-
nos  of  defined energies:  kinematics  of  the  IBD reaction,
energy nonlinearity  due  to  the  scintillation  and   Cheren-
kov  processes,  and  energy  resolution.  Energy  leakage
caused  by  escaping  secondary  particles  affects  less  than
1% of the IBD events owing to the application of a fidu-
cial  volume  cut;  thus,  energy  leakage  is  not  considered,
resulting in a negligible impact on the energy response. 

A.    IBD reaction kinematics
In the  IBD  reaction,  the  electron  antineutrino   trans-

fers most of its energy to the positron. The deposited en-
ergy  (Edep) for  the  IBD  prompt  signal  is  defined  to   in-
clude the positron kinetic and annihilation energies of the
two 0.511 MeV γs. The energy threshold of the IBD reac-
tion  is  1.8  MeV.  Consequently,  Edep  is  approximately

Eν−0.78equal to   MeV, which considers the annihilation
energy. More precisely, the kinetic energy of the positron
also depends on the scattering angle of the positron with
respect to the incident antineutrino. This results in an en-
ergy spread of the positron even for a fixed energy of in-
cident antineutrinos. The energy spread causes a nontrivi-
al  effect  on  the  deposited  energy  distribution.  Figure  2
shows the distributions of the deposited energy, which re-
semble rectangular distributions with sloping tops, for in-
cident  antineutrino  energies  of  3  MeV,  4  MeV,  and  5
MeV, respectively.  We integrate  the  scattering angle  us-
ing the  double  differential  IBD cross  section,  which is  a
function of the neutrino energy and scattering angle [58].
The final-state neutron in the IBD reaction carries a few
tens of keV of kinetic energy, which is anti-correlated to
the energy spread of the positron. The neutron kinetic en-
ergy  is  mostly  undetectable  in  the  detector  owing  to  the
large  scintillation  quenching  of  any  protons  or  carbon
nuclei it might scatter with. By adding the kinetic energy
of  the  neutron  after  quenching  to  the  prompt  energy  of
the  IBD  process,  the  positron  energy  spread  would  be
partially cancelled.  In  this  analysis,  we  ignore  the   neut-
ron kinetic energy and consider only the positron kinetic
energy and its spread. 

B.    Nonlinear energy response
The relation between the  deposited  energy and num-

ber of  scintillation photons detected by PMTs is  not   lin-
ear, primarily  owing  to  quenching.  The  Cherenkov   pro-
cess  contributes  <10%  photons  in  the  energy  region  of
IBD positron in JUNO LS. The Cherenkov radiation de-
pends on the particle's track length above the Cherenkov
threshold and is also a nonlinear function of the positron
kinetic  energy.  The  instrumental  charge  nonlinearity  of
the  JUNO  PMTs  and  the  associated  electronics  can  be
calibrated  with  a  residual  less  than  0.3%  owing  to  the
dual-calorimetry  calibration  technique  [59].  The  energy
nonlinearity  distorts  the  prompt  energy  spectrum  and  is
thus essential in determining the NMO.
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We define the liquid scintillator nonlinearity (LSNL)
as  ,  where    is  the  deposited  energy  in  the
scintillator,  and    is  the  visible  energy  defined  as  the
expected  reconstructed  energy  assuming  perfect  energy
resolution. The LSNL is different between positrons, i.e.,
signal events,  and  gammas,  i.e.,  calibration  events,   be-
cause of their different energy deposition patterns. In this
paper, the term LSNL refers to the positron LSNL by de-
fault, which is primarily calibrated using gamma calibra-
tion sources, considering the conversion between positron
and gamma.  The nonlinearity  response  of  the  JUNO de-
tector  will  be  measured  with  similar  calibration  sources
and procedures as in Daya Bay [60], which has a similar
scintillator  composition.  Therefore,  in  this  sensitivity
study,  we  assume  that  a  comparable  precision  can  be
reached  and  the  relative  systematic  uncertainty  of  the
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Signal and Background

ergy per fission contributes only a 0.2% uncertainty [63].
Finally,  a  2%  correlated  uncertainty  is  assigned  to  the
IBD  yield  per  fission,  which  is  the  product  of  the  IBD
cross-section  with  the  antineutrino  spectrum.  All  these
uncertainties are obtained directly from the experience of
the Daya Bay experiment [72].

The uncertainty in the reactor antineutrino flux spec-
tral shape is constrained by using the measurements from
TAO, which will  be a satellite detector with the primary
goal  of  providing a  precise model-independent  reference
spectrum for JUNO [50]. More details about the TAO de-
tector are given in Section IV. In this analysis, two meth-
ods  are  used  to  incorporate  the  constraints  from  TAO.
The first  method performs a joint  fit  of  JUNO and TAO
data.  The  detector  response,  expected  IBD  signal  and
backgrounds,  and  their  uncertainties  are  implemented  in
the  analysis  for  TAO  using  a  similar  procedure  as  in
JUNO.  In  this  analysis,  JUNO and  TAO share  the  same
antineutrino energy  spectrum  before  oscillation.  The   re-
actor antineutrino spectral shape is expressed using a set
of free parameters in the spectral fit to avoid any depend-
ency on the  reactor  antineutrino flux model.  The second
method is inspired by the recent study quantifying JUNO’
s sensitivity to the oscillation parameters [44], where the
expected  uncertainty  from  TAO’s  measured  spectrum  is
assigned  as  a  flux  spectral  shape  uncertainty  for  JUNO.
Both  methods  produce  consistent  results.  The  results  of

the first method are reported as nominal, whereas those of
the second are treated as a cross-check. 

B.    IBD event selection

106

Significant  efforts  have been made in the design and
construction of  the  JUNO  experiment  to  suppress   back-
grounds applying various strategies, including radioactiv-
ity  screening  and  control  of  the  detector  material  [74],
overburden  of  the  experimental  hall  to  reject  cosmic
muons, and sufficient shielding. Furthermore, the unique
prompt-delayed temporal  and  spatial  coincidence   signa-
ture  of  IBD  events  is  an  effective  handle  for  rejecting
background events. A fiducial volume cut on the LS tar-
get is applied to further suppress backgrounds due to the
natural  radioactivity  from  the  PMTs  and  other  materials
outside the  LS  region.  Cosmic  muon  veto  cuts  are   ap-
plied to suppress the cosmogenic backgrounds generated
by muons passing through the detector. Consequently, the
IBD  selection  significantly  reduces  the  background-to-
signal ratio, from the level of   in the raw experiment-
al data, to less than 0.1 in the final selected IBD candid-
ates.

A new IBD selection with an optimized veto strategy
has been developed both for this study on NMO sensitiv-
ity and a study on oscillation parameter precision in Ref.
[44]. As shown in Fig. 3, most of prompt energies of IBD
signals are within an energy window of 1 MeV to 8 MeV.
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Fig. 3.    (color online) Top: Reconstructed energy spectra of JUNO in both the NO and IO scenarios without any statistical or system-
atic fluctuations (Asimov data). The neutrino oscillation parameters from PDG 2020 [13] are used to calculate the oscillation probabil-
ity. The background spectra in the main figure are stacked, whereas those in the inset are plotted individually. Bottom: Relative contri-
bution to   and cumulative   obtained when fitting the IO spectrum with the NO hypothesis. The best fit value of   in the IO
spectrum differs from the values used as inputs in the top panel. The results show that the most sensitive region for JUNO's NMO de-
termination is 1.5–3 MeV.
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• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

ν̄e
ν̄e
ν̄e

◦

ive veto for cosmic muons and as a passive shield against
external radioactivity and neutrons from cosmic rays. The
minimal thickness of the water detector is 2.5 m. The cos-
mic muon veto system is  supplemented with  an external
muon tracker consisting of three layers of plastic scintil-
lator  refurbished  from  the  OPERA experiment  [55]  loc-
ated at  the  top,  providing  a  muon  track  angular   recon-
struction precision of 0.20  [56]. This system [56] covers
approximately  60%  of  the  surface  above  the  water  pool
with the primary objective of providing a sample of well
reconstructed  muons  that  can  be  used  to  benchmark  the
reconstruction of  the  water  pool  and  CD.  For  more   in-
formation  about  the  JUNO detector,  please  refer  to  Ref.
[53].

ν̄e+ p→ e+ +n
JUNO detects reactor antineutrinos via the IBD reac-

tion on hydrogen in the LS,  . The positron
quickly  deposits  its  kinetic  energy  in  the  scintillator  and
annihilates into two 0.511 MeV gammas,  generating op-
tical photons through the scintillation and Cherenkov pro-
cesses  that  are  then detected by the PMTs.  This  forms a
prompt signal  whose energy is  typically deposited a few
nanoseconds  after  the  IBD  reaction.  After  scattering  in
the LS with an average lifetime of approximately 200 μs,
the neutron is captured by a hydrogen or carbon nucleus
with  roughly  99%  and  1%  probabilities,  consequently
producing a delayed gamma signal of 2.22 MeV or 4.95
MeV,  respectively.  The  energy  signature  of  the  prompt
and delayed signals, as well as their temporal and spatial
correlation, constitute effective handles for separating the
IBD signal from the backgrounds.

R(Eν,Erec)
Eν

Erec

Precise measurement of the antineutrino energy is es-
sential for  determining  the  NMO via  the  spectral  distor-
tion  caused  by  the  neutrino  oscillation  pattern  shown  in
Fig.  1.  Dedicated  energy  reconstruction  algorithms  have
been  developed  to  precisely  determine  the  IBD  prompt
energy  [57]. A  detector  energy  response  model  is   con-
structed as a matrix,  , mapping the antineutrino
energy  ( )  to  the  reconstructed  energy  of  the  IBD
prompt signal ( ). The matrix is constructed by apply-
ing three  effects  in  sequence to  the  simulated antineutri-
nos  of  defined energies:  kinematics  of  the  IBD reaction,
energy nonlinearity  due  to  the  scintillation  and   Cheren-
kov  processes,  and  energy  resolution.  Energy  leakage
caused  by  escaping  secondary  particles  affects  less  than
1% of the IBD events owing to the application of a fidu-
cial  volume  cut;  thus,  energy  leakage  is  not  considered,
resulting in a negligible impact on the energy response. 

A.    IBD reaction kinematics
In the  IBD  reaction,  the  electron  antineutrino   trans-

fers most of its energy to the positron. The deposited en-
ergy  (Edep) for  the  IBD  prompt  signal  is  defined  to   in-
clude the positron kinetic and annihilation energies of the
two 0.511 MeV γs. The energy threshold of the IBD reac-
tion  is  1.8  MeV.  Consequently,  Edep  is  approximately

Eν−0.78equal to   MeV, which considers the annihilation
energy. More precisely, the kinetic energy of the positron
also depends on the scattering angle of the positron with
respect to the incident antineutrino. This results in an en-
ergy spread of the positron even for a fixed energy of in-
cident antineutrinos. The energy spread causes a nontrivi-
al  effect  on  the  deposited  energy  distribution.  Figure  2
shows the distributions of the deposited energy, which re-
semble rectangular distributions with sloping tops, for in-
cident  antineutrino  energies  of  3  MeV,  4  MeV,  and  5
MeV, respectively.  We integrate  the  scattering angle  us-
ing the  double  differential  IBD cross  section,  which is  a
function of the neutrino energy and scattering angle [58].
The final-state neutron in the IBD reaction carries a few
tens of keV of kinetic energy, which is anti-correlated to
the energy spread of the positron. The neutron kinetic en-
ergy  is  mostly  undetectable  in  the  detector  owing  to  the
large  scintillation  quenching  of  any  protons  or  carbon
nuclei it might scatter with. By adding the kinetic energy
of  the  neutron  after  quenching  to  the  prompt  energy  of
the  IBD  process,  the  positron  energy  spread  would  be
partially cancelled.  In  this  analysis,  we  ignore  the   neut-
ron kinetic energy and consider only the positron kinetic
energy and its spread. 

B.    Nonlinear energy response
The relation between the  deposited  energy and num-

ber of  scintillation photons detected by PMTs is  not   lin-
ear, primarily  owing  to  quenching.  The  Cherenkov   pro-
cess  contributes  <10%  photons  in  the  energy  region  of
IBD positron in JUNO LS. The Cherenkov radiation de-
pends on the particle's track length above the Cherenkov
threshold and is also a nonlinear function of the positron
kinetic  energy.  The  instrumental  charge  nonlinearity  of
the  JUNO  PMTs  and  the  associated  electronics  can  be
calibrated  with  a  residual  less  than  0.3%  owing  to  the
dual-calorimetry  calibration  technique  [59].  The  energy
nonlinearity  distorts  the  prompt  energy  spectrum  and  is
thus essential in determining the NMO.

Evis/Edep Edep

Evis

We define the liquid scintillator nonlinearity (LSNL)
as  ,  where    is  the  deposited  energy  in  the
scintillator,  and    is  the  visible  energy  defined  as  the
expected  reconstructed  energy  assuming  perfect  energy
resolution. The LSNL is different between positrons, i.e.,
signal events,  and  gammas,  i.e.,  calibration  events,   be-
cause of their different energy deposition patterns. In this
paper, the term LSNL refers to the positron LSNL by de-
fault, which is primarily calibrated using gamma calibra-
tion sources, considering the conversion between positron
and gamma.  The nonlinearity  response  of  the  JUNO de-
tector  will  be  measured  with  similar  calibration  sources
and procedures as in Daya Bay [60], which has a similar
scintillator  composition.  Therefore,  in  this  sensitivity
study,  we  assume  that  a  comparable  precision  can  be
reached  and  the  relative  systematic  uncertainty  of  the
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• Light yield: 1665 PE/MeV (CD center).

• Energy reconstructed by a data-driven likelihood method. 

• Estimated energy resolution: 2.95% @1MeV.
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with fixed kinetic energy  , the simultaneous vertex and
energy  reconstruction  using  Eq.  (10)  was  applied.  The
distribution  of  the  reconstructed  visible  energy   was
fitted  with  a  Gaussian  function  ( ),  and  the  results
are  summarized  in  Table  4.  The  corresponding  energy
resolution  is  defined  as  the  ratio  of  / , and  the   en-
ergy non-linearity is calculated by  / , where   =

.

Evis

In Fig. 11, the left plot shows the energy resolution as
a  function  of  the  average  visible  energy  .  The  data
points  are fitted with a  generic  parameterization formula
as follows: 

σ

Evis
=

)Å
a√
Evis

ã2

+b2+

Å
c

Evis

ã2

. (12)

In this equation, a  is the statistical  term mainly driv-
en by the Poisson statistics of detected PE. The b term is
a constant, independent of energy and mostly contributed
by the  scintillation  quenching  effect,  Cherenkov   radi-
ation,  and  energy  non-uniformity.  The  c  term  accounts
for the PMT dark noise and positron annihilation γs. The
best-fit results of a, b, and c are listed as the Default Case
in Table 5, and the fitted energy resolution is 2.95% at 1
MeV. The right plot in Fig. 11 shows the energy non-lin-
earity curve. These results were used for the NMO sensit-
ivity in the JUNO paper [18].

r3

A few  additional  checks  were  performed  to  validate
the results. The left plot in Fig. 12 shows that the energy
non-uniformity is  within  0.4% for  positrons  with   differ-
ent energies. The right plot shows how the energy resolu-
tion  changes  with  respect  to  ,  which  is  caused  mainly
by the change in the total number of detected PEs. 

VII.  DECOMPOSITION OF ENERGY
RESOLUTION

The contribution of major factors to the energy resol-
ution budget is estimated at two different phases: detect-
or  simulation  phase  and  calibration  and  reconstruction
process.  In  the  detector  simulation  phase,  positron
samples are generated at the CD center. However, in the
reconstruction process,  the  positron  vertexes  are   gener-
ated with a uniform distribution within the LS volume. 

A.    Decomposition of energy resolution in the
detector simulation

The positron energy resolution at the center of the CD
is obtained from detector simulation. According to the re-
corded truth information, the contributions from scintilla-
tion light, Cherenkov light, and their covariance to the en-
ergy resolution are extracted, and major effects in the en-
ergy resolution budget are shown in Fig. 13. It has previ-
ously been discussed that the quenching effect causes the
number of scintillation PEs to deviate from a Poisson dis-

 

Fig. 11.    Energy resolution (left) and energy non-linearity (right) for positrons using samples from Table 3. A fit with Eq. (12) was
performed for the points in the left plot, while interpolation was used instead in the right plot.

 

Table 5.    Comparison of the energy resolutions among all cases. Here a, b, and c correspond to the three parameters from Eq. (12).
The relative improvement of the energy resolution at 1 MeV with respect to the previous case is also shown in the last column.

Case a(%) b(%) c(%) Eres@1 MeV (%) Sequential improvement

Default 2.614 0.640 1.205 2.948 −

A (- vertex uncert.) 2.581 0.667 1.206 2.925 0.78%

B (- dark noise) 2.571 0.671 0.956 2.824 3.45%

C (- waveform reco) 2.542 0.647 0.973 2.798 0.92%

D (- SPE charge smear) 2.445 0.600 1.079 2.739 2.1%
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tribution.  Therefore,  the  contribution  from  scintillation
PEs can be further decomposed into two parts:  the Pois-
son  fluctuation  (blue  curve)  and  quenching  effect  (red
curve). The contribution from Poisson fluctuation is eval-
uated using the square root of the number of scintillation
PEs,  which is  given by  .  This  component
represents  the  statistical  fluctuations  in  the  scintillation
process.  The  contribution  from  the  quenching  effect  is
then obtained  by  subtracting  the  Poisson  standard   devi-
ation  from  the  standard  deviation  of  the  scintillation  PE
number distribution. Mathematically, this is expressed as

,  where    is  the  standard
deviation  of  the  scintillation  PE  number  distribution.  In
Fig. 13, the yellow curve represents the contribution from
Cherenkov  radiation,  and  the  dark  red  curve  represents
the  correlation  between  the  scintillation  and  Cherenkov

processes.  As  expected,  the  gray  curve,  which  is  the
square root of the quadratic sum of the four components,
accurately  reproduces  the  total  energy  resolution  (black
curve)  obtained  directly  from  the  standard  deviation  of
the total PE spectrum.

It  is  worth  noting  that  the  standard  deviation  of  the
total  PE is  significantly  larger  than  the  Poisson  standard
deviation, indicating the presence of significant systemat-
ic effects in the energy resolution beyond statistical fluc-
tuations.  This  highlights  the  importance  of  considering
these systematic effects in the analysis of the energy res-
olution in the detector simulation. 

B.    Decomposition of energy resolution in the
reconstruction

There are  a  few key  factors  that  could  affect  the  en-
ergy resolution  in  the  event  reconstruction.  Due  to   en-
ergy  non-uniformity, the  vertex  uncertainty  will   propag-
ate to the energy resolution. A more precise vertex could
improve the  energy  resolution.  Another  important   con-
tributor comes from the PMT dark noise, which contam-
inates the signal photons and worsens the energy resolu-
tion.  Moreover,  the  inputs  to  the  event  reconstruction,
namely, the charge and time of PMTs, are obtained from
the  PMT  waveform  reconstruction,  charge  non-linearity
and waveform reconstruction  uncertainty,  will  propagate
to the energy resolution as well. Finally, the PMT charge
could  only  provide  a  rough  estimation  of  the  number  of
detected PEs. The intrinsic PMT charge resolution, which
includes contributions from both Gaussian and exponen-
tial components (Sec. V.A.1),  will  lead to charge smear-
ing  and  potentially  worsen  the  energy  resolution  for  the
charge-based energy reconstruction.  The impact  of  these
factors  on  the  energy  resolution  is  decomposed  in  this
section.  Different  cases  were  considered,  in  which  the
factors above were removed sequentially, as follows:
 

• Default Case: vertex and energy are simultaneously
reconstructed.

 

Erec

r3
Fig. 12.    (color online) Energy response non-uniformity checks. Normalized average   (left) and energy resolution (right) with re-
spect to   for positron samples with different energies. The normalization is conducted by dividing the average value within the FV.
The red vertical line corresponds to the FV cut.

 

Fig.  13.      (color  online)  Energy  resolution  decomposition.
The  black  curve  represents  the  energy  resolution  obtained
with total PE. The blue, red, dark red, and yellow curves rep-
resent  the  contributions  from  scintillation  Poisson  statistics,
quenching  effect,  Cherenkov  radiation  and  the  covariance
between  scintillation,  and  Cherenkov  processes,  respectively.
The gray curve,  which superimposes with the black curve,  is
the root squared sum of the four components.
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• a: statistical term mainly driven by the Poisson 
statistics of detected PE  

• b: constant, independent of energy and mostly 
contributed by the scintillation quenching effect,  
Cherenkov radiation, and energy non-uniformity  
 

• c: the PMT dark noise and positron annihilation γs
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PE/MeV for events at the detector center.

Other factors affecting the resolution includes the scintillator quenching effects, Cherenkov radiation and so on, are also included. In 



A Near Detector for Flux: JUNO-TAO

• 2.8 ton Ga doped LS detector with SiPM (94% coverage) by the Tanshan NPP. 

• Energy resolution better than 2% @ 1 MeV.


• Measurement of reactor  spectrum with no oscillation.

• Provides model-independent reference spectrum for JUNO with subpercent shape uncertainty.

• Physics potential for sterile neutrinos etc. by itself. 

ν̄e

propagated  to  the  IBD  spectrum  and  affect  the  energy
scale uncertainty. 

D.    Results

|∆χ2
min|

With  the  nominal  configuration,  statistical  methods,
and uncertainty  sources  described  in  this  work,  we   nu-
merically calculate JUNO's expected NMO sensitivity for
the  Asimov dataset  assuming JUNO and TAO start  data
taking simultaneously. Because the three analysis groups
produce  consistent    estimations  within  a  relative
0.5% difference, only one result is shown here.
|∆χ2

min|

× th

3σ 3.1σ

∆χ2
min

∆χ2
min

3σ

 is slightly less than 9 for 6 years of reactor an-
tineutrino data at JUNO for both the normal and inverted
mass orderings. After 7.1 years of data taking with an as-
sumed 11/12 duty factor for the reactors (an exposure of
6.5 years   26.6 GW ), JUNO has a median NMO sens-
itivity of   ( ) for the normal (inverted) mass order-
ing.  Figure  7  shows  the  median  NMO  sensitivity  as  a
function  of  JUNO  and  TAO  data  taking  times  for  both
NO and IO hypotheses and for the cases with and without
systematic  uncertainties.  We  find  that  the  sensitivity  is
primarily  driven  by  statistical  uncertainty,  resulting  in

 approximately following a linear function of expos-
ure.  This  relationship  enables  converting  variations  in

  into  the  corresponding  adjustments  of  data-taking
time required to reach a median NMO sensitivity of  .

The analysis is performed with the Asimov data pro-

±15

|∆χ2
min| sin2 θ12 sin2 θ13

∆m2
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duced  with  the  oscillation  parameters  from  PDG  2020
[13].  Note that the previous published sensitivity [47] of
JUNO was based on PDG 2014 [91]. To demonstrate the
effect of the variation in the oscillation parameters on the
NMO sensitivity, another study is performed by generat-
ing  Asimov  data  with  the  oscillation  parameters  shifted
from the nominal values described in Section I. We scan
the  oscillation  parameters  within  %  to  cover  the  3-
sigma  region  around  their  central  values.  We  find  that

  is  positively  correlated  with  ,  ,  and
  and  anti-correlated  with  .  The  right  panel  of

Fig. 7 shows the impact of the oscillation parameter true
values on the NMO sensitivity.

|∆χ2
min|

|∆χ2
min|

3σ

The energy resolution and exposure are crucial factors
for  determining  the  NMO.  We  present  the    con-
tours  as  a  function  of  exposure  and  energy  resolution  in
Fig. 8. The top panel shows the dependence on exposure
for  energy  resolutions  of  2.8%,  2.9%,  and  3.0%  at  1
MeV. The right  panel  shows   as a  function of  en-
ergy  resolution,  with  the  nominal  exposure  of  JUNO
reaching  a    significance.  Although  we  have  a  more
realistic detector response model, the dependence is sim-
ilar to our previous study [47].

Table  9  shows  the  breakdown  of  the  impact  of  the
systematic  uncertainties  on  the  NMO  sensitivity  for  7.1
years of data taking. The sensitivity is determined by cu-
mulatively  considering  the  statistical  uncertainty  of  the

 

Fig.  6.      (color  online)  Shape uncertainties  of  the predicted spectrum of  the TAO detector,  presented relative to the number of  IBD
events from the Taishan reactor in each bin for the DAQ time required to reach 3σ sensitivity to NMO. The absolute uncertainties are
obtained by generating simulated samples, where systematic parameters are varied based on their assumed uncertainties, and obtaining
square roots of diagonal elements of the resulting covariance matrices. The rate uncertainties of the spent nuclear fuel and non-equilib-
rium corrections, as well as of the backgrounds, also distort the observed spectrum and are consequently included in this figure. The
square of the total uncertainty is a quadratic sum of all the individual uncertainties.
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designed to be very close to the Tanshan NPP to measure the reactor antineutrino flux with no oscillation.  

The detector is a smaller version of the JUNO detector with 2.8 ton of ga doped LS and 94% coverage of SiPM and the energy 
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Sensitivity to NMO
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Fig. 7.    (color online) NMO discriminator   as a function of JUNO and TAO data taking times for both NO (red) and IO (blue).
The horizontal black dashed lines represent  ,  , and   significances. The solid lines are for the cases of full systematic uncertain-
ties, and the dashed lines are for the statistical-only case. The 11/12 reactor duty cycle is considered in the conversion of exposure to
the data taking time. We can observe that, after 7.1 years of data taking, JUNO can determine the neutrino mass ordering with   signi-
ficance when NO is true. If IO is true, it  is 3.1σ under the same exposure. We assume that JUNO and TAO begin data taking at the
same time. The right panel shows the sensitivity dependence on the true values of the oscillation parameters, evaluated by shifting the
values by 3σ (of PDG2020 [13]) from the nominal values. The results are presented for the normal ordering for the exposure needed by
JUNO to reach   sensitivity.
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Fig. 8.    Contours of   as a function of exposure and energy resolution at 1 MeV under the assumption of NO. The resolution is
scanned by varying a and fixing  ,   MeV. The black, gray, and green contour lines denote  ,  , and 
significance levels,  respectively.  The top panel  shows the time evolution of  the    for  the energy resolution of  2.8%, 2.9%, and
3.0% at 1 MeV. The right panel shows the required energy resolution to achieve different   under the JUNO exposure of 6.5 years

(data-taking time of 7.1 years with a reactor duty cycle of 11/12).
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• 3σ measurement of NMO in ~6 years.



Precise Measurements on Oscillation Parameters

ing  them  to  the  per  mille  precision.  In  fact,  about  100
days of data taking would be enough for JUNO to domin-
ate the world precision on those parameters, although ad-
ditional  improvements  are  expected  with  more  statistics.

∆m2
31This is particularly the case for  , as coarsely quanti-

fied  in Table  6,  but  fully  illustrated  in Fig.  8 where  the
impact  of  the  systematic  uncertainties  can  be  observed
via the  deviation  of  the  total  sensitivity  from the   statist-

sin2 θ13

Table 6.    A summary of precision levels for the oscillation parameters. The current knowledge (PDG2020 [6]) is compared with 100
days, 6 years, and 20 years of JUNO data taking. No external constraint on   is applied for these results.

Central Value PDG2020 100 days 6 years 20 years

∆m2
31 ×10−3 2 (  eV ) 2.5283 ±0.034 (1.3%) ±0.021 (0.8%) ±0.0047 (0.2%) ±0.0029 (0.1%)

∆m2
21 ×10−5 2 (  eV ) 7.53 ±0.18 (2.4%) ±0.074 (1.0%) ±0.024 (0.3%) ±0.017 (0.2%)

sin2 θ12 0.307 ±0.013 (4.2%) ±0.0058 (1.9%) ±0.0016 (0.5%) ±0.0010 (0.3%)

sin2 θ13 0.0218 ±0.0007 (3.2%) ±0.010 (47.9%) ±0.0026 (12.1%) ±0.0016 (7.3%)

∆χ2Fig. 7.    (color online) Comparison of 1-d   distributions of oscillation parameters: Today (PDG2020, dashed curve) v.s. projection
with 6 years data taking of JUNO (solid red curve).
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Fig. 8.    (color online) Relative precision of the oscillation parameters as a function of JUNO data taking time. The markers and vertic-
al lines stand for 100 days, 6 years, and 20 years of data taking. The horizontal gray dashed line stands for 1% relative precision. The
green dotted and red dotted lines are on top of each other since the statistical-only precision is essentially identical for the   and

 parameters.
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More for NMO: Atmospheric Neutrinos

Earth
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• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Det

average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X

k

!Y

j≠k

2EHMatter −M2
jI

M2
k −M2

j

"
exp

#
−i

M2
kL

2E

$
; ð8Þ

TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
sin2 θ13 ¼ 0.022, sin2 θ12 ¼ 0.307, jΔm2

32;31j ¼ 2.4 × 10−3 eV2, Δm2
21 ¼ 7.53 × 10−5 eV2, and δCP ¼ −π=2. The matter effect

resonance is visible in the normal ordering for neutrinos (upper left) or the inverted ordering for antineutrinos (lower right) between
2 GeV and 10 GeV, and for cos θz ≲ −0.5.

ATMOSPHERIC NEUTRINO OSCILLATION ANALYSIS WITH … PHYS. REV. D 109, 072014 (2024)

072014-5

Sensitivity benchmarked by Δχ2 = |χ2
NO − χ2

IO |

• Atmospheric neutrinos are sensitive to NMO via matter effects. 

• Requires measurements of neutrino directionality and flavor identification. 

• Traditionally not measured in a LS detector. 
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• Novel machine learning techniques developed for 
atmospheric neutrinos’ direction reconstruction, 
flavor identification, and  discrimination. 


• Joint reactor and atmospheric neutrino oscillation 
measurements may further increase JUNO’s total 
sensitivity to NMO. 

ν/ν̄

More for NMO: Atmospheric Neutrinos

measured final-state charged lepton direction in reflecting
the true neutrino directionality, which can be an advantage
for large LS detectors in atmospheric neutrino oscillation
measurements. For water Cherenkov detectors, in com-
parison, hadrons produced in atmospheric neutrino inter-
actions are often below the Cherenkov threshold and

invisible, making it more difficult to reconstruct the
incident neutrino direction.
While being able to utilize the information from hadrons

brings an advantage, it can also potentially be subject to
uncertainties from the neutrino interaction models used
in the simulation. To understand the dependence of this

(a) (b)

FIG. 10. The α (top) and θν (bottom) resolutions are shown as a function of neutrino energy Eν for (a) νμ=ν̄μCC and (b) νe=ν̄eCC
events in the three models. The resolution improves with increasing Eν. The νμ=ν̄μCC events in general have better resolution than the
νe=ν̄eCC events at the same energy.

(a) (b)

FIG. 11. Comparison between two included angles: the one between the true and reconstructed neutrino direction from PointNetþþ
in this study (blue lines), and the one between the incident neutrino and final-state charged lepton directions (red lines) using the same
(a) νμ=ν̄μCC and (b) νe=ν̄eCC samples.

FIRST ATTEMPT OF DIRECTIONALITY RECONSTRUCTION … PHYS. REV. D 109, 052005 (2024)

052005-9

PHYS. REV. D 109, 052005 (2024)

values for the two ML models using events across all
energies. Such ROC curves are also calculated for events in
different visible energy bins and the corresponding total
AUC values are obtained by averaging over the AUC value
of each class. Figure 10 compares the total AUC values as a
function of visible energy for the two ML models. The
AUC values are rather consistent, indicating that the
performances of the two models are very close.

B. 2-label ν=ν̄ identification

Similar to the 3-label identification, the performances of
the ν=ν̄ identification are evaluated in terms of ROC curve
and AUC values using the Honda-flux sample. The ML
model output score distributions are shown in Fig. 11,
where distinct shapes are obtained for neutrinos and
antineutrinos. The selection efficiencies of (anti)neutrinos
for the ROC curve are obtained by selecting events with

FIG. 8. Distributions of the μ-like score (left) and e-like score (right) by the DeepSphere (top) and PointNetþþ (bottom) models.
True νμ=ν̄μ-CC, νe=ν̄e-CC, and NC events are shown in different colors.

FIG. 9. ROC curves of the 3-label identification by the two ML models using events across all energies. For each ROC plot, the
vertical axis shows the selection efficiency of one of the three classes, and the horizontal axis shows the efficiency of the other two
combined. The corresponding AUC values are also listed.

NEUTRINO TYPE IDENTIFICATION FOR ATMOSPHERIC … PHYS. REV. D 112, 012018 (2025)

012018-7

scores above (below) various cut values. The ROC and
AUC comparison of the two strategies is shown in Figs. 12
and 13. The two strategies give similar ν=ν̄ identification
performances. The remaining differences could be caused
by the differences in the models and how the information of
the captured neutron candidates is handled. In addition, the
performance for νμ=ν̄μ identification is better than that of
νe=ν̄e. This could be mainly attributed to more (less)

distinctive detector response of muons (electrons) with
respect to hadrons in LS.

V. DISCUSSION

A. Dependence on event generators
In this work, event identification utilizes the event

topology information reflected by the PMT features in
the prompt trigger and the neutron-capture information
from the delayed triggers. Both pieces of information rely
on the simulation of the neutrino-nucleus interaction
process, which could be different for various event gen-
erators. To check the dependence of the identification
performance on the neutrino-nucleus interaction simula-
tion, an independent sample was produced using the
NuWro event generator, as mentioned in Sec. II. The
models trained with the flat sample produced by GENIE
are applied to this NuWro sample. Figure 14 compares the
identification performance obtained from the GENIE and
NuWro Honda-flux testing samples, using the PointNetþ
þ model and strategy 1 of neutron-capture information
handling as an example. Despite some small discrepancies,
the performance is mostly consistent between the two
samples. Similar results were obtained using the
DeepSphere model and strategy 2. This additional check
suggests that the MLmodels in this work do not suffer from
apparent dependence on the event generator.

FIG. 10. The total AUC values of the 3-label identification as
functions of visible energy for the two models. Error bars show
the statistical uncertainties in each energy bin obtained with the
bootstrap method [48].

FIG. 11. The distributions of νμ vs ν̄μ (left) score and νe vs ν̄e (right) score by strategy 1 (top) and 2 (bottom).

JIAXI LIU et al. PHYS. REV. D 112, 012018 (2025)

012018-8

PHYS. REV. D 112, 012018 (2025)
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A Multi-Purpose Experiment:  Solar Neutrinos

Solar neutrinos

• Solar neutrino 
oscillations with 
ES+NC+CC channels 
for   and  
measurements

Δm2
21 θ12

• Improves measurement 
on 7Be, pep, CNO 
neutrino flux.  

JCAP 10(2023)022

-
+

6.5%
7.5%, and -

+
15%
19%, 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 8B neutrino flux will become -

+
6%
6%.

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 5 MeV 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
3.5 MeV, 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

manner by using the CC, NC, and ES detection channels.
Because of its largest-ever mass of 13C and the expected low
background level, excellent signal-to-background ratios can be
achieved. Thus, 8B 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 8B neutrino rates of the CC and NC channels are

( )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 8B solar neutrino flux, qsin2

12 and Dm21
2 , can be measured

to ±5%, -
+

8%
9%, and -

+
17%
25%, respectively. When combined with the

SNO flux measurement, the world's best precision of 3% can be
achieved for the 8B 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 8B 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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Figure 7. Relative uncertainties of the 8B solar neutrino flux (left panel), Dm21
2 (middle panel), and qsin2

12 (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).
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A Multi-Purpose Experiment:  Supernova Neutrinos

• Supernova burst neutrinos: 3 detection channels sensitive to all flavors (JCAP01 (2024) 
057)

• Excellent capability for early warning


• Diffused supernova background: 3σ in 3 years and 6σ in 10 years (JCAP 10 (2022) 033). 

• More topics not covered in this talk: geoneutrino, proton decay etc.

JCAP 10 (2022) 033JCAP01 (2024) 057
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30 M⊙

DSNB neutrino sensitivity



• Possible for future 100-ton scale isotope loading

• Good energy resolution (< 3% @ 1 MeV )

• LS shielding for low background.  

• Potential to explore normal mass ordering  parameter 

space of Majorana neutrino mass.

• R&D in progress.  

Future Upgrade: Neutrino-less Double Beta Decay Search

2025/5/27 @ ⼭东⼤学（⻘岛） 吴⽂杰，IMP-CAS

Neutrinoless Double Beta Decay (0vββ)

10

如果中微⼦是其⾃身的反粒⼦（Majorana粒⼦）

(A, Z) -> (A, Z+2) + 2e-


• 2 neutrons -> 2 protons (ΔB=0)

• 2 electrons emitted (ΔL=2)


Direct violation of L and B-L

2vββ 0vββ

Matter-Antimatter Asymmetry
https://arxiv.org/pdf/2111.15543

19



• JUNO is the largest LS detector ever build with rich physics 
programs: NMO and more. 

• A very exciting moment: finishing the final LS filling.  

• Detector in good shape with commissioning data-taking.  

• Physics data-taking very soon.  

• Stay tuned!

Summary
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Back up slides



Events with Commissioning Data

• Cosmic muons candidates in water phase commissioning data. 


