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Abstract

JUNO is a multi-purpose neutrino observatory under construction in the south of China.
This publication presents new sensitivity estimates for the measurement of the ∆m2

31, ∆m2
21,

sin2 θ12, and sin2 θ13 oscillation parameters using reactor antineutrinos, which is one of the
primary physics goals of the experiment. The sensitivities are obtained using the best knowl-
edge available to date on the location and overburden of the experimental site, the nuclear
reactors in the surrounding area and beyond, the detector response uncertainties, and the
reactor antineutrino spectral shape constraints expected from the TAO satellite detector. It
is found that the ∆m2

21 and sin2 θ12 oscillation parameters will be determined to better than
0.5% precision in six years of data collection. In the same period, the ∆m2

31 parameter will
be determined to about 0.2% precision for each mass ordering hypothesis. The new precision
represents approximately an order of magnitude improvement over existing constraints for
these three parameters.

Keywords: neutrino oscillation, reactor antineutrino, precision measurement, JUNO

1 Introduction

Neutrinos have provided us with the first direct evidence of physics beyond the Standard Model
(SM) of elementary particles, and the study of their properties stands as one of the most active
directions within particle physics. First detected by Reines and Cowan in 1956 [1], these particles
were discovered to oscillate roughly four decades later [2, 3], an unambiguous sign that they are
massive and that the SM needs to be modified.

The phenomenology of neutrino oscillations granted elegant solutions to the solar neutrino [4]
and atmospheric neutrino [5] anomalies through the transformation of electron and muon neu-
trinos into other neutrino flavors, respectively. To date, almost all neutrino data collected with
accelerator, solar, atmospheric, and reactor neutrinos [6] can be explained within the standard
three-neutrino oscillation paradigm that will be described in the next section. It is essential,
however, that the accuracy of this paradigm be scrutinized with increasing precision to inform
future experiments, provide important constraints to model building, and probe for other physics
beyond the SM.

1.1 Neutrino Masses and Mixing

In the standard three neutrino flavor scheme, neutrino oscillations imply that there exist three
distinct neutrino mass eigenstates possessing definite neutrino masses, mi (i=1, 2, 3), which are
non-degenerate, namely, mi 6= mj for i 6= j. This in turn implies that at least two neutrino

∗Now at Istituto Superiore per la Protezione e la Ricerca Ambientale, Via Vitaliano Brancati, 48, 00144 Roma,
Italy
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species must be massive. In such a non-degenerate neutrino mass spectrum, each known flavor
eigenstate, (νe, νµ, ντ ), linked to three respective charged leptons (e, µ, τ) via the charged
current interactions, can be regarded as a non-trivial mixture of the neutrino mass eigenstates
as νeνµ

ντ

 = UPMNS

ν1

ν2

ν3

 , (1)

where νi (i=1, 2, 3) denote the mass eigenstates, and UPMNS is the so called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) [7, 8] matrix, a 3 × 3 unitary matrix describing neutrino mixing.
The first mass eigenstate ν1 is defined as the one with the largest portion of the electron flavor
eigenstate νe. The mixing matrix for antineutrinos is a complex conjugate of the one for neutrinos,
UPMNS → U∗PMNS. The standard parametrization of the PMNS matrix is given by [6],

UPMNS =

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

eiη1 0 0
0 eiη2 0
0 0 1

 , (2)

where the notation cij ≡ cos θij and sij ≡ sin θij is used. The δCP phase, whose non-zero value
would induce a violation of the charge conjugation parity (CP) symmetry, is often called the
Dirac CP phase. Here, ηi (i = 1, 2) are the Majorana CP phases, which are physical only if
neutrinos are Majorana-type particles but play no role in neutrino oscillations [9].

As shown later, a total of six parameters are needed to fully describe neutrino oscillations,
namely, three mixing angles, one Dirac CP phase, and two independent mass squared differences.
The latter characterize the degree of non-degeneracy of neutrino masses and are defined as

∆m2
ij ≡ m2

i −m2
j (i, j = 1, 2, 3, i > j). (3)

As will be discussed in detail in this publication, among these six parameters, the Jiangmen
Underground Neutrino Observatory (JUNO) can significantly improve the precision of ∆m2

31 (or
equivalently ∆m2

32), ∆m2
21, and sin2 θ12. In addition, JUNO can measure sin2 θ13 but with less

precision than current reactor experiments [10–12], and is insensitive to sin2 θ23 and δCP.

1.2 Today’s Knowledge on Oscillation Parameters

Table 1 presents the current precision of the four mixing parameters within the reach of JUNO
as obtained from the 2020 Review of Particle Physics [6], which is referred to as PDG2020. The
mass ordering (MO) of neutrinos is still unknown, meaning that the sign of ∆m2

32 can be positive
or negative. The normal mass ordering (NMO) corresponds to ∆m2

32 > 0, and the inverted mass
ordering (IMO) to ∆m2

32 < 0. The most recent global analyses [13–15] yield estimations that are
consistent with the values shown in Table 1. Current precision on most oscillation parameters is
in the order of a few percent.

Table 1: Today’s best knowledge of neutrino oscillation parameters within the reach of JUNO and their
1σ uncertainties, as reported in the PDG2020 [6]. The relative uncertainties (in %) are indicated in the
last column. NMO (IMO) implies normal mass ordering (inverted mass ordering).

PDG2020 Relative Uncertainty (1σ)
∆m2

32 (NMO) (2.453±0.034) ×10−3 eV2 1.4%
∆m2

32 (IMO) −(2.546±0.037) ×10−3 eV2 1.5%
∆m2

21 (7.53±0.18) ×10−5 eV2 2.4%
sin2 θ12 0.307±0.013 4.2%
sin2 θ13 0.0218±0.0007 3.2%
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1.3 New Knowledge to be Provided by JUNO

One of the main goals of JUNO [16, 17] is to determine the neutrino MO. This can be done by
precisely measuring the interference in the reactor antineutrino oscillation probability driven by
two independent mass squared differences, ∆m2

31 and ∆m2
32, as originally considered in Ref. [18].

Additional details on JUNO’s MO determination can be found in Ref. [16], and an updated esti-
mate is under preparation. JUNO’s physics program also includes studies of neutrinos from the
Sun [19], the atmosphere [20], supernovae [21,22], and planet Earth [16], as well as explorations
of physics beyond the SM [16].

JUNO’s measurement of the oscillated reactor antineutrino spectrum at ∼52.5 km will also
enable an independent determination of the ∆m2

31, ∆m2
21, sin2 θ12, and sin2 θ13 oscillation pa-

rameters, which is the focus of this publication. Of these, the first three will be determined to
significantly better than 1%, inaugurating a new era of precision in neutrino oscillation mea-
surements [16, 23, 24]. Such extraordinary precision is expected to have a vast impact across
different research fields including particle physics, astrophysics, and cosmology. For instance, it
will enable more stringent tests of the standard 3 flavor neutrino mixing picture, such as probing
the unitarity of the PMNS matrix [25–30], with the potential to discover physics beyond the SM.
It will also have important implications for other experimental efforts, for example by reducing
the parameter space in the search for leptonic CP violation [31,32] and neutrinoless double beta
decay [33–35]. The precise knowledge of the leptonic mixing matrix may reveal its most funda-
mental structure and provide important clues for identifying the theoretical mechanisms behind
neutrino mass and mixing generation [36]. Finally, the new precision will allow using neutrinos
as a more reliable tool or messenger to probe the deep interiors of astrophysical objects such as
the Sun, supernovae, and planet Earth.

Important updates are made compared to the previous estimate [16] of JUNO’s sensitivity to
the ∆m2

31, ∆m2
21, sin2 θ12, and sin2 θ13 oscillation parameters. Here only eight nuclear reactors

are considered at 52.5 km instead of the ten envisioned when the experiment was first conceived.
Moreover, the final location and overburden of the experimental site are used, which have a slight
impact on the baseline to the reactors and the cosmic muon rate. In contrast with Ref. [16],
which assumed a flat systematic uncertainty on the energy scale, the nonlinearity model, and
the reactor antineutrino spectral shape, here a realistic inverse beta decay (IBD) selection with
an improved muon veto strategy is employed whose efficiency is assessed with state-of-the-art
simulation software. Likewise, realistic assumptions on detector performance drawn from the
experience of similar running experiments, bench-test measurements, and comprehensive simu-
lation studies [37], are used. Background rates and uncertainties are updated using the latest
simulation software and the most recent measurements on the radioactivity of the detector ma-
terials and its environment [38], and additional backgrounds that were originally left out are now
considered. Matter effects are also considered. Finally, the expected constraints on the reactor
antineutrino spectral shape from the satellite Taishan Antineutrino Observatory (TAO) [39] are
employed. All these inputs are described in detail in the following sections.

The remainder of this publication is organised as follows. Sections 2 and 3 introduce the
neutrino oscillation framework and the experimental setup of JUNO, respectively. Section 4
provides the specifics related to reactor antineutrino detection and selection. Section 5 describes
the methodology used to perform the oscillation analysis and parameter extraction, together
with the main results. Section 6 is dedicated to the conclusions.

2 Neutrino Oscillation Framework for JUNO

In the presence of non-degenerate neutrino masses and non-trivial mixing, neutrinos and antineu-
trinos undergo flavor oscillations when they propagate in vacuum or in matter. In this section,
we present the neutrino oscillation framework used in the rest of this work.
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2.1 Neutrino Oscillation in Vacuum

The general UPMNS-parameterization-independent expression of the να → νβ neutrino oscillation
probabilities in vacuum for ultra-relativistic neutrinos is given by [6]

P(να → νβ) = δαβ − 4
∑
i>j

<
(
U∗αiUαjUβiU

∗
βj

)
sin2 ∆ij

+2
∑
i>j

=
(
U∗αiUαjUβiU

∗
βj

)
sin ∆ij , (4)

where Uαi, Uβj , Uαj , Uβi (with α, β = e, µ, τ and i, j = 1, 2, 3 being the flavor and mass indices
respectively) are PMNS matrix elements and

∆ij =
c3

~
·

∆m2
ijL

4E
' 1.267 ·

∆m2
ij

eV2
· L/E

m/MeV
. (5)

In the above expression, ∆m2
ij are the mass squared differences defined in Eq. (3), L is the

distance traveled by the neutrino, E is the neutrino energy, c represents the speed of light, and
~ is the reduced Planck constant [6]. For antineutrinos, the mixing matrix elements in Eq. (4)
are replaced by their complex conjugates, as mentioned before.

In this work, we are particularly interested in the case where α = β = e in Eq. (4), which
yields the survival probability of electron antineutrinos. Invariance of the charge, parity and
time reversal symmetry dictates that the survival probabilities are identical for neutrinos and
antineutrinos and given by:

P(νe → νe) = 1− sin2 2θ12 c
4
13 sin2 ∆21 − sin2 2θ13

(
c2

12 sin2 ∆31 + s2
12 sin2 ∆32

)
= 1− sin2 2θ12c

4
13 sin2 ∆21 −

1

2
sin2 2θ13

(
sin2 ∆31 + sin2 ∆32

)
− 1

2
cos 2θ12 sin2 2θ13 sin ∆21 sin(∆31 + ∆32), (6)

The standard parametrization of the mixing matrix shown in Eq. (2) has been used. Note that in
the second and third lines of the above equation, we have reformulated the survival probability to
factor out the solar-dominated, atmospheric-dominated, and MO-sensitive terms, which appear
in this order. Note also that there is no dependence on either sin2 θ23 or δCP.

2.2 Neutrino Oscillation in Matter

Even though matter effects are relatively small in JUNO compared to long-baseline oscillation
experiments, it is necessary to account for them to extract the correct values of the mixing
parameters. In fact, ignoring matter effects would lead to biases in ∆m2

21 and sin2 θ12 of about
1% and 0.2% [40], respectively. A complete treatment of the impact of matter effects in JUNO
can be found in Refs. [40–42], and this Section offers only a brief synopsis of the main points.

The effective Hamiltonian that is responsible for the antineutrino propagation in matter [43,
44] is given by

H̃eff =
1

2E

U
m2

1 0 0
0 m2

2 0
0 0 m2

3

U † −

A 0 0
0 0 0
0 0 0

 =
1

2E

Ũ
m̃2

1 0 0
0 m̃2

2 0
0 0 m̃2

3

 Ũ †

 , (7)

where Ũ and m̃i stand, respectively, for the effective neutrino mixing matrix and the i-th neutrino
mass in matter. The matter parameter A can be expressed as

A = 2
√

2 GFNeE ' 1.52× 10−4 eV2 · Ye ·
ρ

g/cm3
· E

GeV
, (8)

where GF is the so-called Fermi constant, Ne is the number density of electrons, Ye ' 0.5 is
the electron fraction per nucleon and ρ = (2.45 ± 0.15) g/cm3 is the estimated average matter
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density with its associated uncertainty, obtained for JUNO by considering that the antineutrino
trajectory passes through both the crust and the sediment of the Earth. Note that the minus sign
in front of A denotes the charged-current matter potential of electron antineutrinos in matter.

In JUNO, where matter effects are relatively small, a constant matter density profile can
be assumed and the survival probability can be written in an analogous form as in vacuum, by
simply replacing the mass eigenvalues and mixing angles used in Eq. (6) by those in matter,
which are indicated with a tilde placed over the corresponding quantities as

P(νe → νe) = 1− sin2 2θ̃12 c̃
4
13 sin2 ∆̃21 − sin2 2θ̃13

(
c̃2

12 sin2 ∆̃31 + s̃2
12 sin2 ∆̃32

)
= 1− sin2 2θ̃12c̃

4
13 sin2 ∆̃21 −

1

2
sin2 2θ̃13

(
sin2 ∆̃31 + sin2 ∆̃32

)
− 1

2
cos 2θ̃12 sin2 2θ̃13 sin ∆̃21 sin(∆̃31 + ∆̃32), (9)

where c̃ij ≡ cos θ̃ij , s̃ij ≡ sin θ̃ij , with θ̃ij (i, j = 1, 2, 3, i < j) being the effective mixing angles
in Ũ with the standard parametrization as in Eq. (2).

An exact calculation of the survival probability can be obtained by numerical derivations
of the eigenvalues and eigenvectors of H̃eff , in principle, for an arbitrary matter density profile
along the neutrino trajectory. On the other hand, there are also several analytical approximations
based on different expansion methods performed under the constant matter density assumption.
For some approximated analytic formulae of P(νe → νe) and effective mixing parameters in
matter for JUNO, please refer to, for example, Refs. [40–42]. In the following sensitivity studies,
both the exact calculation and analytical approximations were employed and found to produce
consistent results.

3 JUNO Experimental Setup

JUNO is a multipurpose experiment currently under construction in Southern China that will
use a 20 kton liquid scintillator target to study neutrinos from a variety of natural sources as
well as from nuclear reactors. Most reactor antineutrinos in JUNO will originate from 2 and
6 cores in the Taishan and Yangjiang nuclear power plants (NPPs), respectively. Both plants
are located at a baseline of about 52.5 km, which was optimized for the best sensitivity to the
neutrino MO and have a combined nominal thermal power of 26.6 GWth. Knowledge of the
unoscillated reactor antineutrino spectrum shape is important for JUNO, so a dedicated small
satellite detector [39], called TAO, will be placed at about 30 m from one of the Taishan reactors
to precisely measure it, serving as a data-driven input to constrain the spectra of the other
cores. A schematic illustrating the location of both JUNO and TAO is shown in Fig. 1. The
experiment’s main detector and the reactors considered in the analysis are described in detail in
the following Subsections.

In JUNO’s location, the energy spectrum will be distorted by a slow (low frequency) oscilla-
tion driven by ∆m2

21 and modulated by sin2 2θ12, as well as by a fast (high frequency) oscillation
driven by ∆m2

31 and modulated by sin2 2θ13, as shown in Fig. 2. JUNO will be the first ex-
periment to observe these two oscillation modes simultaneously. As detailed later, fitting the
data spectrum against the predicted spectrum distorted by standard neutrino oscillations en-
ables measuring the ∆m2

31, ∆m2
21, sin2 θ12, and sin2 θ13 oscillation parameters. The oscillated

spectrum in JUNO also changes subtly depending on the neutrino mass ordering, thus providing
sensitivity to this parameter. As previously mentioned, this measurement is not addressed in
this publication.

3.1 The JUNO Detector

The JUNO detector will be deployed in an underground laboratory under the Dashi hill to limit
the cosmogenic background. The 650 m overburden with average rock density of 2.61 g/cm3 will
suppress the cosmic-ray muon flux to 4.1× 10−3/(s·m2).
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~52.5 km

JUNO

Yangjiang NPP
6×2.9 GWth

Taishan NPP
2×4.6 GWth

TAO

8 reactors 
26.6 GWth

JUNO

~700 m

Figure 1: Setup of the JUNO experiment. The main 20 kton JUNO detector, indicated in blue,
is located in an experimental cavern at a depth of about 700 m with respect to the surface and
650 m of overburden (1800 m.w.e), at a baseline of ∼52.5 km from six 2.9 GWth reactor cores
in the Yangjiang NPP and two 4.6 GWth cores in the Taishan NPP. The 2.8 ton TAO detector,
indicated in orange, is located about 30 m away from one of the Taishan reactor cores.

The main JUNO detector is shown in Fig. 3. The primary antineutrino target of 20 kton of
liquid scintillator is contained in a transparent 12-cm thick acrylic sphere 35.4 m in diameter.
This constitutes the largest detector of this kind, securing JUNO’s desired antineutrino statistics.
Disentangling the two oscillation modes requires the detector to have the ability to measure the
fast atmospheric oscillations, for which an unprecedented energy resolution is required. The
acrylic sphere is surrounded by 17,612 large 20-inch photomultiplier tubes (PMTs), referred to
as LPMTs, and 25,600 small 3-inch PMTs, referred to as SPMTs, yielding an integral 77.9%
photo-cathode coverage [17]. An ultra-pure water buffer with ∼1.5m thickness fills the volume
between the acrylic and the LPMT photocathodes. The light yield at the detector center is
expected to be ∼1345 photoelectrons (PEs) per MeV [37]. This represents at least 2.5× more
light compared to the second highest yield achieved with the same technology [45], and provides
the required ≤3% at 1 MeV energy resolution for the MO determination [46]. The main detector
is fully surrounded by an ultra-pure water Cherenkov detector that serves as both an active
veto for cosmic muons (efficiency >99.5%) and a passive shield against external radioactivity
and neutrons from cosmic rays. The minimal thickness of this detector is 2.5 m. The muon
cosmic veto system is supplemented with an external muon tracker consisting of three layers of
plastic scintillator repurposed from the OPERA experiment [47] located at the top and providing
a muon track angular reconstruction precision of 0.20 ◦. This system covers about 60% of the
surface above the water pool. More details about JUNO’s detector design can be found in
Ref. [17]. Discussion on the detector response, the corresponding systematic uncertainties, and
their impact in this analysis, is deferred to Section 4.2.

3.2 The JUNO Nuclear Reactors

As shown in Fig. 1, the primary reactor antineutrino sources for JUNO are the Taishan and
Yangjiang NPPs, with two and six cores respectively, located at an average distance of 52.5 km.
The next closest reactor complex to JUNO is Daya Bay, whose antineutrino flux slightly reduces
the sensitivity to the oscillation parameters and is thus considered in the analysis. The reactor
power, baselines, and expected IBD rates from Taishan, Yangjiang, and Daya Bay reactor cores,
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Figure 2: JUNO reactor antineutrino energy spectrum without (black) and with (grey, blue and
red) the effect of neutrino oscillation. The reactor spectra are convoluted with the IBD cross-
section, whose threshold is 1.8 MeV, and assume 6 years of data-taking. The gray dashed curve
shows the spectrum when only the term in the disappearance probability that is modulated
by sin2 2θ12 is included, whereas the blue and red curves are obtained using the full oscillation
probability in vacuum for the normal and inverted mass orderings, respectively. A detector with
perfect energy resolution is assumed for illustration purposes. Some spectral features driven by
the ∆m2

31, ∆m2
21, sin2 2θ12, and sin2 2θ13 oscillation parameters are shown pictorially, illustrating

the rich information available in a high-resolution measurement of the oscillated spectrum at
JUNO’s baseline.

are summarized in Table 2. The Huizhou NPP, at a distance of 265 km, is still under construction
but will not be ready until several years after the start of data taking. Given the uncertainty
on its schedule, it is not considered in the analysis. Other NPPs are more than 300 km away
and contribute approximately one event per day to the total IBD rate in JUNO. As discussed
in Section 4.1, they are treated as a background. More information on the reactor antineutrino
flux prediction and the associated systematic uncertainties can be found in Section 4.3.

4 High Precision Reactor Antineutrino Detection

4.1 Reactor Antineutrino Selection and Residual Backgrounds

Reactor antineutrinos in JUNO are detected through the IBD reaction ν̄e + p → e+ + n. The
kinetic energy deposited by the positron via ionisation, together with its subsequent annihilation
into typically two 0.511MeV photons, forms a prompt signal. The impinging neutrino transfers
most of its energy to the positron. This allows the deposited visible energy of the positron to be
directly and very accurately related to the antineutrino energy, which is the relevant metric for
neutrino oscillation measurements. The neutron is captured in an average of ∼220 µs, and the
corresponding photon emission forms a delayed signal. The neutron is captured dominantly on
hydrogen (∼99%), releasing a single 2.2 MeV photon, and very infrequently on carbon (∼1%),
yielding a gamma-ray signal with 4.9 MeV of total energy. With a typical kinetic energy ranging
from zero to a few tens of keV, the neutron in the IBD interaction carries only a small fraction of
the initial antineutrino energy. However, due to the unprecedented energy resolution of JUNO,
neutron recoils cannot be neglected, and the differential IBD cross-section is used in our calcu-
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Acrylic spherical 
vessel filled with 
liquid scintillator

Water pool

Top Tracker and 
calibration house

Earth magnetic 
field compensation 

coils

Photomultiplier 
tubes

Acrylic supporting 
nodes

Figure 3: Schematic of the main JUNO detector. An acrylic sphere containing 20 kton of liquid
scintillator is immersed in water and surrounded by 17,612 large (20-inch) and 25,600 small
(3-inch) inward-facing PMTs. This Central Detector is optically decoupled from a surrounding
water pool instrumented with 2,400 20-inch PMTs providing shielding and cosmic-ray muon
tagging. A Top Tracker system consisting of three layers of plastic scintillator provides precision
tracking of cosmic-ray muons entering the Central Detector. A calibration house is used to store
the corresponding instruments deployed in the detector. Two sets of large coaxial coils running
along different axes surround the Central Detector, largely suppressing the effects of the Earth’s
magnetic field on the 20-inch PMTs’ collection efficiency.

Table 2: Characteristics of NPPs and their reactor cores considered in this analysis: the two closest
ones to JUNO, Taishan and Yangjiang, at an approximate distance of 52.5 km, and the next closest,
Daya Bay. The IBD rates are estimated from the baselines, full thermal power of the reactors, selection
efficiency, and current knowledge of the neutrino oscillation parameters. Relative contribution to the
total antineutrino signal in JUNO is indicated in the last column.

Reactor Power (GWth) Baseline (km) IBD Rate (day−1) Relative Flux (%)
Taishan 9.2 52.71 15.1 32.1

Core 1 4.6 52.77 7.5 16.0
Core 2 4.6 52.64 7.6 16.1

Yangjiang 17.4 52.46 29.0 61.5
Core 1 2.9 52.74 4.8 10.1
Core 2 2.9 52.82 4.7 10.1
Core 3 2.9 52.41 4.8 10.3
Core 4 2.9 52.49 4.8 10.2
Core 5 2.9 52.11 4.9 10.4
Core 6 2.9 52.19 4.9 10.4

Daya Bay 17.4 215 3.0 6.4

lations. We have adopted the IBD cross-section from Ref. [48], whose small uncertainty has no
appreciable impact on the results presented in this publication.

The IBD prompt-delayed spatial and temporal coincidence signature can be mimicked by
other events in the detector, giving rise to backgrounds. There are four main sources:

• Radiogenic events, i.e. α, β, γ decays from natural radioactivity in the material of the
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detector.

• Cosmogenic events, i.e. fast neutrons and unstable isotopes produced by impinging muons
on 12C, typically via spallation.

• Atmospheric neutrinos, i.e. neutrinos of all flavors created in the reactions set about by
the collision of primary cosmic rays with the Earth’s atmosphere.

• Electron antineutrinos emitted by distant reactors or created in the U and Th decay chains
in Earth, i.e. geoneutrinos.

The coincidence of two otherwise uncorrelated events, typically of radiogenic origin, forms
the so-called accidental background. This background dominates the low energy part of the
spectrum due to its nature. However, it can be measured with an excellent precision, typically at
the permille level, and subtracted by off-time window techniques, as demonstrated by current-
generation reactor antineutrino experiments [10–12].

Correlated backgrounds are by definition produced by a single physics process and yield
both a prompt and a delayed signal. The most important such backgrounds are cosmogenic
9Li/8He and fast neutrons, which can only be further suppressed by increasing the overburden.
There are also geoneutrinos, mostly below 2.5MeV in antineutrino energy [49], and atmospheric
neutrinos [50]. The latter can produce neutrons, protons, α particles, and excited light nuclei
that deposit their energy immediately or shortly after production and can thus mimic the IBD
signature when followed by a neutron capture. There is only one radiogenic process leading
to a correlated background deserving consideration: the 13C(α, n)16O reaction in the liquid
scintillator. This background is expected to be small in JUNO, more so given the stringent
radiopurity control that is envisaged [38]. The production of fast neutrons and gamma rays via
spontaneous fissions and (α, n) reactions in peripheral materials of the detector [51] is expected
to have a negligible contribution to this analysis.

IBD selection criteria are designed to suppress the aforementioned backgrounds while keeping
a high efficiency for true reactor antineutrino IBD events. First, prompt and delayed candidate
events are restricted to the energy windows [0.7, 12.0] MeV and [1.9, 2.5] ∪ [4.4, 5.5] MeV,
respectively. IBD events are expected to dominate the [0.7, 8.0] MeV prompt energy range,
as shown in Fig. 4. The delayed signal energy selection windows are selected to be centered
around 2.2 MeV and 4.9 MeV, which correspond to neutron capture on hydrogen and carbon,
respectively. Prompt or delayed events are discarded if their vertices are more than 17.2 m
away from the detector center, since the external background rate is larger at the edge of the
acrylic sphere. This fiducial volume cut will be further optimised upon data taking based on
the final radiopurity of the PMTs and the detector materials. To further reduce the accidental
background, the surviving prompt-delayed pairs are restricted to occur with a time separation
∆Tp−d smaller than 1.0 ms and a spatial 3D separation ∆Rp−d smaller than 1.5 m.

A series of cosmic muon veto cuts are enforced to suppress the cosmogenic backgrounds, most
of which satisfy the IBD coincidence selection criteria. Muon-induced neutrons can be greatly
reduced by imposing a time cut proportional to the characteristic time of neutron capture, as
done in other underground liquid scintillator experiments [10–12, 52]. However, this approach
does not fully eliminate the longer-lived isotopes, in particular 9Li/8He, that are produced along
the muon track. The exploitation of this topological correlation has been considered by other
experiments [52, 53]. A refinement of this strategy has been developed for JUNO with state-of-
the-art simulations by using a different veto time window depending on the candidate event’s
proximity to a recent muon track or spallation neutron capture. This strategy is a variation of
the muon veto reported in Ref. [19], but optimized for the IBD selection. The details are as
follows:

• For all muons passing the water pool Cherenkov detector and/or the Central Detector, a
veto of 1 ms after each muon is applied over the whole fiducial volume to suppress spallation
neutrons and short-lived radio-isotopes.
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Figure 4: Visible energy spectrum expected in JUNO as measured with the LPMT system
with (grey) and without (black) backgrounds. The assumptions detailed in the text are used,
which include the energy resolution from Ref. [37]. The inset shows the spectra of the expected
backgrounds, which amount to about 7% of the total IBD candidate sample and are mostly
localized below ∼3 MeV.

• For well-reconstructed muon tracks in the Central Detector caused by single or two far-apart
muons, a veto of 0.6 s, 0.4 s, and 0.1 s is applied to candidate events with reconstructed
vertices smaller than 1 m, 2 m, and 4 m away from the track(s), respectively.

• For events containing two close and parallel muons (<3 m), which constitute roughly 0.6%
of muon-related events, a single track is often reconstructed. The veto is applied around this
track as described above, but the cylinder radii are increased according to their separation,
which can be inferred from the charge pattern around the entrance and exit points.

• For events where a track cannot be properly reconstructed, which amount to about 2% of
all muon-related events and occur primarily when more than two muons go through the
detector simultaneously, a 0.5 s veto is applied over the whole fiducial volume.

• A 1.2 s veto is applied on any candidate events reconstructed inside a 3 m radius sphere
around spallation neutron capture events. This cut helps further reject backgrounds from
cosmogenic isotope decays.

Compared to Ref. [16], this updated strategy improves the muon veto efficiency from 83.0%
to 91.6%, while reducing the residual 9Li/8He background from 1.6 day−1 to 0.8 day−1. The
combined antineutrino detection efficiency after all selection cuts is 82.2%. A rounded value of
82.0% was used in the analyses reported here. Breakdown of the selection efficiency is summarised
in Table 3, where each component is found to be independent of neutrino energy. The IBD rate
after event selection is 21% lower than Ref. [16], mainly as a result of the lesser number of reactors
at 52.5 km (-26%), the updated reactor flux prediction of Sec. 4.3 (-5%), the improved event
selection efficiency (+13%), and smaller effects such as the updated baselines and the values of
the other oscillation parameters.

After applying the antineutrino event selection cuts mentioned above, seven backgrounds re-
main that are considered in this analysis: geoneutrinos, ν̄e’s from world reactors (with a baseline
to JUNO larger than 300 km), accidental coincidences, 9Li/8He decays, atmospheric neutrinos,
fast neutrons, and 13C(α, n)16O interactions. Their rates and uncertainties are summarized in
Table 4. These values are consistent with those in our previous work [16], although some ad-
justments are made. The rates of geoneutrinos and 9Li/8He decays are adjusted by +0.1 day−1
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Table 3: Summary of cumulative reactor antineutrino selection efficiencies. The reported IBD
rates refer to the expected events per day after the selection criteria are progressively applied.
These rates are calculated for nominal reactor power, and do not include any reactor time off.

Selection Criterion Efficiency (%) IBD Rate (day−1)
All IBDs 100.0 57.4
Fiducial Volume 91.5 52.5
IBD Selection 98.1 51.5

Energy Range 99.8 -
Time Correlation (∆Tp−d) 99.0 -
Spatial Correlation (∆Rp−d) 99.2 -

Muon Veto (Temporal⊕Spatial) 91.6 47.1
Combined Selection 82.2 47.1

and -0.8 day−1, respectively, because of the new muon veto strategy. Likewise, the accidental
background rate is reduced by 0.1 day−1 due to new knowledge on the radiopurity of the detector
components [38]. The world reactors and the atmospheric neutrino backgrounds are new addi-
tions in this publication. The former is calculated from Ref. [54] and the same uncertainty of the
ν̄e signal described in Section 4.3 is applied. The latter is estimated following the methodology
of Ref. [50]. The IBD selection criteria is applied to simulate final states of atmospheric neutri-
nos interacting with 12C nuclei in the liquid scintillator. In the [0.7, 12.0] MeV energy range,
neutral-current interactions are found to dominate, with charged-current interactions contribut-
ing a negligible amount. The uncertainty is estimated from the largest variation in predicted
rate between an interaction model that relies on GENIE 2.12.0, which is taken as the nominal,
and four others relying on the NuWro generator that use different nuclear models and values of
the axial mass [50].

The geoneutrino and world reactors’ antineutrino spectra are obtained from Refs. [55] and [54],
respectively. The accidental spectrum is obtained by applying the IBD selection to events from
a full JUNO simulation with a recently re-estimated radioactivity budget [38]. The 9Li/8He
spectrum is obtained from a theoretical calculation. The atmospheric neutrino spectrum is the
one produced by the nominal interaction model relying on the GENIE 2.12.0 generator in Re-
f. [50]. The fast neutron spectrum is assumed to be flat in the energy range of interest, which is a
reasonable approximation as seen in both simulation and recent reactor experiments [11,12,56].
Finally, the spectrum of 13C(α,n)16O is obtained from simulation [56]. In all cases the full
detector response of Section 4.2 is applied.

With the exception of the two newly considered backgrounds, the spectral shape uncertain-
ties are the same as in Ref. [16]. The shape uncertainty of the world reactors’ ν̄e background
is considered to be the same of the ν̄e signal, described in Section 4.3. The spread between
interaction models is assigned as the shape uncertainty of the atmospheric neutrino background.
Like in other reactor experiments, many of the backgrounds will be estimated from data. In the
absence of well-motivated models that can predict the correlations between bins in these empir-
ical estimates, all shape uncertainties in this study are treated as bin-to-bin uncorrelated, which
allows the spectra to vary in any way possible within the specified uncertainty envelopes. It
was verified that introducing correlations between bins had a negligible impact on the sensitivity
results.

Compared to other underground liquid scintillator experiments, the impact of the back-
grounds on the precision of the measurement of the oscillation parameters is limited. This is
because JUNO exploits the large spectral shape distortion of the IBD spectrum as the primary
handle to extract the oscillation parameters. As illustrated in Fig. 4, the residual backgrounds’
spectra are manifestly distinct from the oscillated spectrum.
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Table 4: Background rates and uncertainties.

Background Rate (day−1) Rate Uncertainty (%) Shape Uncertainty (%)
Geoneutrinos 1.2 30 5
World reactors 1.0 2 5
Accidentals 0.8 1 negligible

9Li/8He 0.8 20 10
Atmospheric neutrinos 0.16 50 50

Fast neutrons 0.1 100 20
13C(α,n)16O 0.05 50 50

4.2 Detector Response

The extraction of the oscillation parameters relies strongly on the careful control of systematic
uncertainties affecting both the precision and accuracy of the spectral distortion caused by neu-
trino oscillation. The energy response model considered in this analysis includes three effects:
energy transfer in the IBD reaction, detector nonlinearity, and energy resolution. The event-
vertex dependence of the energy response, i.e. the non-uniformity, also plays an important role
and has been included in the energy resolution model as described below.

Energy transfer in the IBD reaction is calculated by integrating the IBD differential cross-
section over the positron scattering angle. The kinetic energy of the positron, together with the
energy of the typically two 0.511 MeV annihilation photons, is assumed to be fully deposited in
the detector and is defined as Edep. Even though this work uses the full calculation, Edep can be
well approximated from the neutrino energy Eν as Edep ≈ Eν+mp−mn+me ≈ Eν−0.782 MeV,
where mp, mn, and me are the masses of the proton, neutron, and electron, respectively. Energy
losses from escaping secondary gammas generated by Compton scattering and pair production
only affect less than 1% of IBD events and are consequently ignored in this analysis. Due to the
quenching effect of the scintillation light, the Cherenkov radiation, and the photon detection,
the visible energy that would be observed if JUNO had perfect energy resolution, defined as
E∗vis, does not depend linearly on the deposited energy [57]. For all events, E∗vis is constructed
by scaling the total number of detected photoelectrons with a fixed factor chosen so as to make
E∗vis = Edep for 2.2 MeV gammas released from neutron capture on hydrogen. Accordingly, the
factor E∗vis/Edep represents the nonlinear response of the detector, which is shown for positrons
in the right top panel of Fig. 5. This curve crosses E∗vis/Edep = 1 at around 3 MeV instead of
at 2.2 MeV because of the different nonlinearity between positrons and gammas. The fact that
E∗vis/Edep > 1 above that energy does not mean that more energy is detected than is deposited,
but rather that at those energies the photoelectron yield per MeV is higher than for neutron
capture on hydrogen events. The instrumental charge nonlinearity of the JUNO LPMTs and
their electronics is assumed to be negligible (<0.3%) thanks to the calibration done against the
linear reference provided by the SPMTs, which operate primarily in photon-counting mode in
the energy region of interest [37]. Therefore, in this analysis only the nonlinearity from the liquid
scintillator itself is considered and assumed to be identical to the one measured in the Daya Bay
experiment [57], whose scintillator composition is similar. The implementation of this systematic
uncertainty in JUNO follows a similar strategy as in Daya Bay, where a nominal curve is first
employed and four curves weighted by pull parameters are used to account for possible variations
and to generate an uncertainty band, as shown in Ref. [57].

Finally, the visible energy Evis is further smeared relative to E∗vis because of the finite energy
resolution of the detector. When detector leakage effects are neglected, which is an excellent
approximation here given the large size of the detector and the use of a fiducial volume, the
resolution can be parameterized using a Gaussian function with a standard deviation σEvis given
by

σEvis

Evis
=

√(
a√
Evis

)2

+ b2 +

(
c

Evis

)2

, (10)
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where a is the term driven by the Poisson statistics of the total number of detected photoelectrons,
c is dominated by the PMT dark noise, and b is dominated by the residual spatial non-uniformity
of the detector. The large and small PMTs work as two complementary photon detection systems,
resulting in the energy of every event being measured twice with very different resolutions. The
energy resolution of the LPMT system was carefully studied using Monte Carlo simulation in
Ref. [37], yielding a = (2.61± 0.02)%

√
MeV, b = (0.82± 0.01)%, and c = (1.23± 0.04)%MeV as

the average values for the fiducial volume of the detector. For the SPMT system, a is expected to
dominate because of the smaller light level, making b and c almost irrelevant. The value of this
parameter is determined according to the ratio of the simulated total number of photoelectrons
between the two PMT systems, while c is calculated based on the measured dark noise rate of
the SPMTs [58]. b is not modified because detector effects are expected to be largely the same
for both PMT systems. This results in a = 15.36%

√
MeV, b = 0.82%, and c = 6.77%MeV for the

SPMT energy resolution. Despite the poorer energy resolution, the SPMT system allows for a
semi-independent measurement of the slow ∆m2

21-sin
2 θ12 oscillation, as explained in Section 5.3.

The energy spectrum at different stages in the calculation can be found in Fig. 5, embedded
with the nonlinearity curve and the energy resolution curves of both PMT systems.
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Figure 5: Detector response impact on the prompt IBD signal spectrum. The top right panel
shows the nonlinear energy response of the liquid scintillator. The bottom right panel shows the
energy resolution of the LPMT and the SPMT systems as a function of visible energy. In both
cases the resolution is described using the same model introduced in Eq. (10), with a=2.61%,
b=0.82%, c=1.23% for LPMT and a=15.36%, b=0.82%, c=6.77% for SPMT. The main panel
shows the deposited energy spectrum from the IBD reaction in 6 years of JUNO data without
detector nonlinearity (NL) nor energy resolution (Res) in red, with NL only in blue, and with
both detector effects in green, where the energy resolution corresponds to the LPMT system.
The spectrum detected by the SPMT system with both NL and Res is also shown in dashed
black.

4.3 Reactor Antineutrino Flux

The expected visible energy spectrum observed at JUNO can be calculated as

S(Evis) = Np · ε ·
∫
TDAQ

dt

∫ 12 MeV

1.8 MeV
dEν̄e · Φ(Eν̄e , t) · σ(Eν̄e) ·R(Eν̄e , Evis), (11)

where R(Eν̄e , Evis) is the detector energy response function embedding the effects described
in Sections 4.2 that maps the antineutrino energy to the visible energy, σ(Eν̄e) is the IBD
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cross-section, Φ(Eν̄e , t) is the oscillated reactor antineutrino flux in JUNO at time t, TDAQ is
the total data taking time, ε is the IBD event selection efficiency introduced in Table 3, and
Np = 1.44×1033 is the number of free protons in the detector target. Integration of the neutrino
energy starts from the IBD reaction threshold at 1.8 MeV and ends at 12 MeV, where the reactor
antineutrino flux is negligible.

In a commercial reactor, electron antineutrinos are produced from the fission products of
four major isotopes, 235U, 238U, 239Pu, and 241Pu. The oscillated antineutrino flux at time t is
written as

Φ(Eν̄e , t) =
∑
r

Pν̄e→ν̄e(Eν̄e , Lr)
4πL2

r

φr(Eν̄e , t), (12)

where Eν̄e is the ν̄e energy, r is the reactor index, Lr is the distance from the detector to reactor
r, Pν̄e→ν̄e(Eν̄e , Lr) is the ν̄e survival probability, and φr(Eν̄e , t) is the reactor antineutrino energy
spectrum. The latter can be calculated as

φr(Eν̄e , t) =
Wr(t)∑
i fir(t)ei

∑
i

fir(t)si(Eν̄e), (13)

whereWr(t) is the thermal power, ei is the mean energy released per fission for isotope i, fir(t) is
the fission fraction, and si(Eν̄e) is the antineutrino energy spectrum per fission for each isotope.
Averaged reactor power and fission fractions are used for this study, although these quantities will
be provided by the power plants for each core as a function of time once JUNO begins operating.
To account for refueling, which typically takes one month per year, the average reactor thermal
power is calculated as the nominal value reduced by a reactor duty cycle factor of 11/12. The
average fission fractions are assumed to be 0.58, 0.07, 0.30, 0.05, with mean energies per fission of
202.36 MeV, 205.99 MeV, 211.12 MeV, 214.26 MeV [59] for 235U, 238U, 239Pu, 241Pu, respectively.
The ν̄e energy spectrum per fission of 235U, 239Pu and 241Pu is obtained from Huber [60], and
of 238U from Mueller et al. [61].

Additional corrections are applied to account for the non-equilibrium and spent nuclear fuel
contributions. The former arises from beta decays of some long-lived fission fragments and adds
an extra ∼0.6% to the antineutrino flux. The latter is caused by the spent nuclear fuel removed
to cooling pools near the reactor cores still emitting antineutrinos and contributes an additional
∼0.3% to the flux. The corrections are obtained from Ref. [62], both of which are assigned a
30% rate uncertainty and a negligible spectrum shape uncertainty, in agreement with the latest
results from Daya Bay [10]. The total unoscillated spectrum for JUNO is obtained by aggregating
the contributions of the four isotopes in the Huber-Mueller model and correcting for these two
effects. Discrepancies have been found between the data and the models, most notably a ∼5%
deficit of the total flux with respect to the Huber-Mueller prediction, commonly known as the
reactor antineutrino anomaly, and a spectral distortion in the ∼[4, 6] MeV region observed when
comparing to both conversion and summation models [11,12,63–68]. Therefore, the ratio between
the measurement and the total prediction in Daya Bay [62] is used to further correct the total
prediction used in this sensitivity study.

The uncertainties of the predicted reactor antineutrino flux are listed at the top of Table 5.
The baselines are known to 1 m, resulting in a negligible contribution to the flux uncertainty at
distances of ∼52.5 km. The reactor power data will be provided by the NPPs with an uncertainty
of 0.5%. Likewise, the fission fractions will be provided with an uncertainty of 5%, which will
contribute an uncertainty of 0.6% to the predicted number of events. The mean energy per
fission is known precisely and contributes only a 0.2% uncertainty to the predicted number of
events. Finally, a 2% correlated uncertainty is assigned for the mean cross-section per fission,
which is the product of the IBD cross-section with the total antineutrino spectrum and is thus
proportional to the number of predicted events. All of these uncertainties are drawn directly
from the experience accumulated by the Daya Bay experiment [62].

As noted in Section 3.1, TAO is a satellite detector whose primary objective is to provide a
precise and model-independent antineutrino spectrum for JUNO to use as a reference [39]. This
spectrum will be measured with sub-percent energy resolution in most of the energy region of
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interest. The expected uncertainty from TAO’s measured spectrum, estimated from a simulation
of that detector [39], is propagated as the spectral shape uncertainty in this analysis. TAO will
collect about two million IBD events in three years, representing 20 times the statistics of JUNO
in six years. As a result, the statistical uncertainty with 20 keV-sized bins will be below 1% across
the ∼[2.5, 5.5] MeV energy range. The systematic uncertainties considered include the scintillator
nonlinearity, differences in fission fractions, and the impact of using a fiducial volume cut. As
will be shown in Fig. 6, the combined statistical and systematic uncertainties yield a spectral
shape uncertainty that is below 1.5% in the [2, 4] MeV energy region. This energy-dependent
uncertainty replaces the flat bin-to-bin uncertainty used in Ref. [16].

5 Neutrino Oscillation Analysis

To extract the neutrino oscillation parameters, we compare the nominal spectrum, a proxy of
the expected spectrum that JUNO will measure, illustrated in Fig. 4, against the hypothesis
model based on the standard parametrization (∆m2

31, ∆m2
21, sin2 θ12, and sin2 θ13) described

in Section 2. The current section describes the procedure, inputs, and systematic uncertainties
used to perform this comparison, as well as the resulting sensitivities. The sensitivities’ evolution
with time, the correlations between oscillation parameters, and the impact of the systematic
uncertainties on the parameters’ precision, are also shown.

5.1 Statistical Method

To compare the data to the hypothesis model, we employ the least-squares method, and con-
struct a binned χ2 with covariance matrices and/or pull terms to account for systematic uncer-
tainties [69],

χ2 ≡ (M − T (θ, α))T · V −1 · (M − T (θ, α)) +
∑
i

(
αi
σi

)2

, (14)

where M and T represent the measured and expected vectors of events per individual energy
bin, respectively, and V is the covariance matrix of the prediction. For this analysis, M is set
to the nominal expectation without any fluctuations. T depends on the oscillation parameters θ
described in Section 2, as well as on the nuisance parameters αi, each of which has a corresponding
systematic uncertainty σi. The pull terms on the right hand side of Eq. 14 can substitute any
covariance matrix representing a systematic uncertainty, and vice-versa.

The full analysis, from the determination of M and T (θ, α) to the sensitivity calculations,
was independently carried out by four analysis groups that started from the same common inputs.
These common inputs express the current best knowledge of JUNO’s performance and reactor
situation, as described in the previous sections, and are also used by other sensitivity studies
within the JUNO collaboration. Each of the four groups chose a different strategy to perform the
minimization of Eq. (14). One group used a covariance matrix-only approach, two groups used
a pull term-only approach, and a fourth group used a mixture of both. Results were carefully
compared at every stage of the analysis chain and differences in the final sensitivities were found
to be much smaller than the systematic uncertainties. Accordingly, only one set of results, which
is representative of the four groups, is shown in the remainder of this publication.

5.2 Rate and Shape Systematic Effects

The assessment of the systematic uncertainties benefits largely from the large pool of knowledge
accumulated by past and current reactor experiments, particularly those focused on precisely
measuring the θ13 mixing angle [10–12]. Systematic effects fall into two categories: rate and
shape. Rate systematic uncertainties are those affecting the total number of IBD candidates
(normalization), while shape systematic uncertainties are those that can bias the expected spec-
tral shape (events per individual energy bin).
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Table 5: Signal normalization systematic uncertainties of JUNO. All uncertainties (backgrounds
included) are relative to the signal rate of 43.2 measured IBDs per day, which accounts for the
reactors’ duty cycle. These uncertainties are used as inputs to the analysis. The flux systematic
uncertainties have correlated and uncorrelated terms with respect to the reactors. See the text
for more details. The detection systematic uncertainties contain the same items of Table 3 plus
the uncertainty on the number of target protons.

Component Input Uncertainty (%)
Flux 2.2

Baseline (L) -
Energy per Fission 0.2
Thermal Power (P) 0.5
Fission Fraction 0.6
Mean Cross-Section per Fission 2.0

Detection 1.0
Fiducial volume (2 cm vertex bias) 0.4
IBD Selection cuts 0.2
Muon Veto -
Proton Number 0.9

Backgrounds 1.0
Geoneutrinos 0.8
9Li/8He 0.4
Atmospheric neutrinos 0.2
Fast neutrons 0.2
13C(α,n)16O 0.1
Accidentals <0.1
World reactors <0.1

Rate systematic effects and their corresponding uncertainties are summarized in Table 5.
They are divided into three main subcategories: flux, detection, and backgrounds. Within
the flux subcategory, reactor-related uncertainties impact the analysis differently depending on
whether they are correlated (2%) or uncorrelated (0.8%). Reactor correlated uncertainties, name-
ly the mean cross-section per fission and energy per fission, affect all reactors contributing to
the total neutrino flux in the same way, while reactor uncorrelated uncertainties, namely the
thermal power and fission fraction, can vary independently from reactor to reactor. The detec-
tion systematic uncertainty of 1% encapsulates those uncertainties affecting the total number of
selected IBD events. The dominant contribution on the flux category is the mean cross-section
per fission, while on the detection category it is the target proton number uncertainty, which
is estimated based on Daya Bay’s experience [56]. The background rate uncertainties that are
used as input to the analysis are shown in Table 4, but Table 5 shows the relative uncertainty
of the background rates compared to the IBD signal rate so they can be compared to other rate
systematic uncertainties. The relative impact of the various backgrounds is different in JUNO
compared to short baseline reactor neutrino experiments because of the drastic difference in the
signal to background ratio. The two dominant backgrounds in terms of their uncertainty relative
to the IBD signal are geoneutrinos and 9Li/8He, but their very different spectral shapes com-
pared to the distorted IBD spectra, illustrated in Fig. 4, provide additional constraints during
the analysis.

The effects distorting the shape of the spectrum and their impact relative to the number of
events are summarized in Fig. 6. The main contributions are the uncertainties in the reactor
antineutrino spectrum and the backgrounds. As already mentioned in Section 4.3, there is
mounting evidence that the systematic uncertainties of the predicted reactor antineutrino flux
and shape are underestimated. For JUNO, the dedicated satellite detector TAO will provide
the data-driven spectral uncertainty with an unprecedented energy resolution better than 2% at
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Figure 6: Shape uncertainties relative to the number of events in each bin. These are obtained
by generating simulated samples where systematic parameters are varied based on their assumed
uncertainties and taking the ratio of the diagonal elements of the resulting covariance matrix
to the number of nominal reactor antineutrino signal events in each bin. The rate uncertainties
of the spent nuclear fuel and non-equilibrium corrections, as well as of the backgrounds, also
distort the observed spectrum, and are consequently included in this figure. Square of the total
uncertainty is the quadratic sum of all individual uncertainties.

1 MeV [39]. We use this TAO-based spectrum model uncertainty in our analysis. The uncertainty
of the detector response model, described in Section 4.2 and typically controlled to less than
0.5% [57, 70–72], is also important for the accuracy of the neutrino oscillation parameters. Its
propagated uncertainty relates directly to the signal spectral shape, thus the small oscillations on
Fig. 6. This figure also shows the background uncertainty with respect to the antineutrino signal,
which includes all rate and shape uncertainties of Table 4. Similarly, the non-equilibrium and
spent nuclear fuel uncertainties, discussed in the end of Section 4.3, are included in this figure,
since they affect the signal spectrum in specific energy ranges. Finally, the 6% uncertainty on
the matter density impacts the oscillation probability, as described in Section 2.2, but makes a
very small contribution to the shape uncertainty.

5.3 Neutrino Oscillation Sensitivity Results

The 1σ uncertainty for ∆m2
31, ∆m2

21, sin2 θ12, and sin2 θ13 is calculated with all rate and shape
systematic uncertainties in three different regimes of data-taking time: 100 days (statistics-
dominated regime); 6 years (nominal); and 20 years (systematics-dominated regime). Consider-
ing the reactor duty cycle factor of 11/12 introduced in Sec. 4.3, these correspond to about 92
days, 2009 days, and 6696 days of data taking with full reactor power, respectively. The 1σ limits
of each parameter are obtained by marginalizing over all others, and finding the values for which
∆χ2 changes by a unit. All analyses used 20 keV bins. This choice was the result of optimization
studies showing that, while the sensitivity to the solar parameters is largely independent of the
bin size, the sensitivity to the parameters driving the fast atmospheric oscillation still improves
slightly when reducing the bin size to this width.

The total precision obtained is summarized in Table 6. Additionally, Fig. 7 shows the ∆χ2

profiles of JUNO compared to today’s state of the art knowledge [6]. As shown there, JUNO is
expected to improve upon today’s precision by almost one order of magnitude for three out of
six neutrino oscillation parameters, measuring them to the per mille precision. In fact, about
100 days of data taking would be enough for JUNO to dominate the world precision on those
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parameters, although additional improvements are expected with more statistics. This is par-
ticularly the case for ∆m2

31, as coarsely quantified 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 statistics-only limit.

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 sin2 θ13 is applied for these results.

Central Value PDG2020 100 days 6 years 20 years
∆m2

31 (×10−3 eV2) 2.5283 ±0.034 (1.3%) ±0.021 (0.8%) ±0.0047 (0.2%) ±0.0029 (0.1%)
∆m2

21 (×10−5 eV2) 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%)
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Figure 7: Comparison of 1-d ∆χ2 distributions of oscillation parameters: Today (PDG2020,
dashed curve) v.s. projection with 6 years data taking of JUNO (solid red curve)

The breakdown of statistical and systematic uncertainties on each parameter is shown in Fig. 9
for a nominal exposure of 6 years, allowing to identify the most important systematic effects.
The statistics-only sensitivity is also provided so that the relative impact of the systematic
uncertainties can be easily seen.

The sensitivity of the two mixing angles is dominated by rate systematic uncertainties, mainly
from the reactor flux normalization and the detector efficiency, both of which affect the analysis
in the exact same way. Rate uncertainties have dominated most measurements of oscillation
parameters to date, but their impact here is mitigated by JUNO’s rich spectral shape information
that provides a constraint on the normalization. Even though the reactor correlated uncertainty
(due to the mean cross-section per fission and energy per fission uncertainties) is roughly double
the efficiency uncertainty as indicated in Table 5, their impact on the mixing angles is quite
similar as seen in Fig. 9, differing by ∼15% relative. In fact, if these uncertainties are increased
very significantly, their impact on the precision changes very little from what it is shown. As
a matter of fact, JUNO will be the first oscillation experiment where the spectral information
provides such a good constraint on the normalization.

On the other hand, the sensitivity to the two mass splittings is dominated by systematic
uncertainties distorting the spectral shape, mainly those from the reference spectrum and the
detector nonlinearity. The spent nuclear fuel, non-equilibrium, and background systematic effects
also distort the spectral shape, particularly in the low energy region, impacting the precision of
∆m2

21. The precision of the ∆m2
31 and sin2 θ13 parameters is statistics dominated even after six

years of data taking, as indicated in Fig. 8.
Figure 9 also shows that the impact of the density uncertainty in the calculation of the matter

effects is small. Nevertheless, it is important to consider this effect when fitting the oscillation
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Figure 8: Relative precision of the oscillation parameters as a function of JUNO data taking
time. The markers and vertical 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 ∆m2

31 and ∆m2
21 parameters.

parameters, since it impacts the central value of the measurement, as discussed in the beginning
of Section 2.2.

Table 6 and Fig. 8 show that JUNO alone has very limited ability to constrain sin2 θ13 beyond
today’s world knowledge. Notwithstanding, JUNO’s independent measurement of this parameter
will still be the first one at a baseline of ∼52.5 km and will thus be a good test of the three-
neutrino paradigm. If we constrain sin2 θ13 with the uncertainty from PDG2020 [6], the relative
improvement in the precision of the other three parameters is smaller than 0.3% with 6 years of
data.

The impact of the neutrino mass ordering choice on the sensitivity of the parameters was also
evaluated and found to be negligible. Therefore, the nominal results presented here are good
for both the normal and inverted ordering hypotheses. Using the wrong ordering (e.g. using
inverted ordering in a sample where normal ordering was assumed) produced sensitivities that
are no larger than 5% of the nominal values.

As discussed in Section 3.2, our nominal analysis considered the neutrino flux from the eight
reactors ∼52.5 km away from the JUNO detector, the six in the Daya Bay power plant and, as
a background, all the other reactors in the world. The flux from the Huizhou power plant was
not included since no official date for its start of operations was available at the time of writing.
However, assuming that the Huizhou power plant is operational from the beginning of JUNO
data-taking reduces the sensitivities by less than a relative 3%.

Section 3.1 describes how JUNO has two independent PMT systems (SPMT and LPMT)
for photo-detection with different photon occupancy regimes. The ability to perform a measure-
ment of the oscillation parameters using only the SPMT system (σE ∼17% for 1 MeV energy
depositions) was also evaluated. While the measurement of the fast oscillation in Fig. 2 driven
by sin2 2θ13 and ∆m2

31 requires a very good energy resolution, the solar parameters sin2 2θ12 and
∆m2

21 that drive the low frequency oscillation can be measured with the SPMT system alone
(see Fig. 5). Using the simple model of Section 4.2 to describe the energy resolution of this
system, it was found that the expected precision of the two solar parameters is only less than
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Figure 9: An illustration of the relative impact of individual sources of uncertainty on the total
precision of the ∆m2

31, ∆m2
21, sin2 θ12, and sin2 θ13 oscillation parameters. The empty boxes

represent the uncertainty resulting from considering only the statistical uncertainty of the reactor
antineutrino sample. The impact of each source of systematic error, represented by the filled
blue boxes, is assessed by enabling the corresponding uncertainty together with the statistical
uncertainty and removing the latter. The removal is done by assuming that the statistical and
systematic uncertainties add in quadrature, which allows to isolate the systematic component
as
√

(stat.+ syst.)2 − (stat.)2. The filled black box on every graph is obtained using the same
procedure but simultaneously turning on all sources of systematic uncertainty rather than one at
a time. The total uncertainty resulting from simultaneously considering all sources of statistical
and systematic error is shown in the last orange row of each table. All uncertainties correspond
to six years of JUNO data and are reported as relative uncertainty contributions to the precision
of the particular oscillation parameter.

5% worse than the nominal results using the combined LPMT+SPMT system. This will provide
a valuable internal validation of these parameters’ measurement with some different systematic
uncertainties, namely those uncorrelated across the two systems.

Finally, the stability and precision of the results are illustrated by the correlations between
the oscillation parameters shown in Fig. 10. This figure depicts how these parameters are nearly
uncorrelated, highlighting the abundant information available in JUNO’s high-resolution mea-
surement of the reactor antineutrino spectrum. It also explains the small impact of constraining
sin2 θ13 as discussed above. Each parameter has a specific effect on the spectral shape that is
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retrievable with minimum interference between the parameters through the analysis described
here.
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Figure 10: Two-dimensional 68.27%, 95.45%, and 99.73% confidence level (C.L.) contours for all
pairs of oscillation parameters that JUNO is sensitive to. These contours correspond to the 1, 2,
and 3σ confidence regions, respectively. For each point in these projections, the underlying ∆χ2

value is obtained by minimizing over the other two parameters. The black stars represent the
best-fit points as well as the true values of the oscillation parameters. The correlation coefficient
between each pair of oscillation parameters is shown as ρ.

6 Conclusion

JUNO is a next-generation liquid scintillator neutrino observatory under construction at a base-
line of about 52.5 km from eight nuclear reactors in the south of China. Its unprecedented size
and energy resolution will enable it to make a precise measurement of the oscillated spectrum
of reactor antineutrinos and to observe the so-called solar and atmospheric effects simultane-
ously, resulting in the determination of the ∆m2

31, ∆m2
21, and sin2 θ12 oscillation parameters to

significantly better than sub-percent precision. Updated sensitivities to these parameters have
been obtained using the most recent information available to date about the experimental site’s
location and overburden, the detector response, the backgrounds, the surrounding nuclear re-
actors, and the reactor antineutrino spectral shape constraints expected from the TAO satellite
detector. The sensitivities were assessed with four independent analyses using alternative but
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equally rigorous treatments of the systematic uncertainties, all of which yielded results in ex-
cellent agreement with each other. With six years of JUNO data taking, the ∆m2

31, ∆m2
21,

and sin2 θ12 parameters will be determined to a precision of 0.2%, 0.3%, and 0.5%, respectively,
which represents close to an order of magnitude improvement over existing constraints. These
measurements will constitute an important input to other experiments, provide constraints for
model building, and enable more precise searches for physics beyond the Standard Model in the
neutrino sector.
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