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Measurement of reactor neutrino oscillation 
with the first JUNO data

The JUNO Collaboration* ✉

Neutrino oscillations (see refs. 1,2 and references therein), a quantum effect 
manifesting at macroscopic scales, are governed by lepton flavour mixing angles  
and neutrino mass-squared differences3 that are fundamental parameters of  
particle physics, representing phenomena beyond the Standard Model. Precision 
measurements of these parameters are essential for testing the completeness of the 
three-flavour framework, determining the mass ordering of neutrinos and probing 
possible new physics. The Jiangmen Underground Neutrino Observatory ( JUNO)4  
is a 20-ktonne liquid-scintillator detector located 52.5 km from multiple reactor  
cores, designed to resolve the interference pattern of reactor neutrinos with 
sub-percent precision5,6. Here we report, using the first 59.1 days of data collected 
since detector completion in August 2025, the first simultaneous high-precision 
determination of two neutrino oscillation parameters, θsin = 0.3092 ± 0.00872

12   
and mΔ = (7.50 ± 0.12) × 10 eV21

2 −5 2 for the normal mass ordering scenario, improving 
the precision by a factor of 1.6 relative to the combination of all previous measurements. 
These results advance the basic understanding of neutrinos, validate the design  
of the detector and indicate the readiness of JUNO for resolving the neutrino mass 
ordering with a larger dataset. The rapid achievement with a short exposure highlights 
the potential of JUNO to push the frontiers of precision neutrino physics and paves the 
way for its broad scientific programme.

Neutrinos and antineutrinos are fundamental particles that interact 
by the weak force in the electron (νe/νe), muon (νμ/νμ) and tau (ντ/ντ) 
flavours. They propagate as coherent superpositions of the mass eigen-
states ν1, ν2 and ν3 with corresponding masses m1, m2 and m3, allowing 
them to transform from one flavour to another. This phenomenon, 
known as neutrino oscillation (see refs. 1,2 and references therein) and 
arising from the mismatch between the flavour and mass eigenstates, 
is described by three mixing angles (θ12, θ23 and θ13), two independent 
mass-squared differences ( m m mΔ ≡ −21

2
2
2

1
2 , m m mΔ ≡ −31

2
3
2

1
2 ), and one 

CP-violating phase. Precision determination of these parameters pro-
vides a stringent test of the unitarity of lepton flavour mixing7,8, vali-
dates the three-flavour framework, and constrains explorations of the 
Majorana nature of neutrinos, the matter–antimatter asymmetry, and 
the large-scale structure of the universe3,9.

A global programme using solar, atmospheric, reactor and accel-
erator neutrinos has yielded increasingly precise determinations of 
neutrino oscillation parameters. Solar neutrino experiments10,11 first 
measured the parameters θ12 and mΔ 21

2 , hereafter referred to as the 
‘solar parameters’. Reactor experiments later confirmed this oscilla
tion pattern12 and provided precise measurements of mΔ 21

2  (ref. 13). 
Atmospheric14 and accelerator15,16 experiments determined m|Δ |31

2  and 
θ23, referred to as the ‘atmospheric parameters’. Short-baseline reactor 
experiments established a nonzero θ13, linking the solar and atmos-
pheric sectors17.

The JUNO experiment was proposed to determine which neutrino 
mass ordering, normal (m1 < m2 < m3) or inverted (m3 < m1 < m2), exists 

in nature18–22, by detecting electron antineutrinos produced in the 
β-decays of fission products from nuclear reactors. Determining the 
neutrino mass ordering hinges on resolving a fine-scale oscillation 
ripple (driven by mΔ 31

2) superimposed on a slow, large-amplitude wave 
(driven by mΔ 21

2 ), with the ordering signature encoded in the phase of 
this fine-scale structure. The JUNO site, located beneath Dashi Hill in 
Guangdong, China, is shielded by 650 m of rock overburden (about 
1,800 m water equivalent) from cosmic radiation. The detector is posi-
tioned near the first maximum of the solar-driven oscillations, at an 
optimized distance of 52.5 km, equidistant from all reactor cores  
of the Yangjiang and Taishan Nuclear Power Plants5,22,23. At this base
line, the interference between oscillation frequencies produces a 
maximal spectral distortion in the reactor neutrino energy spectrum, 
from which the oscillation parameters can be precisely extracted. JUNO 
is a liquid scintillator detector that, thanks to advances in detector 
size24 and energy resolution25, inaugurates a new era of precision in the 
neutrino sector, with projected sub-percent sensitivity to mΔ 21

2 , mΔ 31
2 

and θsin2
12  (ref. 6). JUNO also has vast potential4,23 in astroparticle  

physics26–32 and in searches beyond the Standard Model33–35.
This paper presents the first physics results of JUNO, marking the end 

of a decade-long effort from the start of construction in 2015 to detector 
completion in August 2025. Based on 59.1 days of initial data (corre-
sponding to 69 calendar days), our findings showcase the performance 
of JUNO and yield, to our knowledge, the most precise and simultane-
ous measurements of solar oscillation parameters mΔ 21

2  and θsin2
12,  

to date. They also establish the foundation for the long-term programme 
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of JUNO to determine the neutrino mass ordering, test the completeness 
of the three-flavour framework and probe possible new physics.

JUNO experimental setup
JUNO comprises a liquid scintillator (LS) central detector (CD), sur-
rounded by a large water pool (WP), and an external plastic-scintillator 
top tracker (TT), as shown in Fig. 1. The 20-ktonne LS target is contained 
within a 17.7-m-radius acrylic vessel, viewed by 17,596 20-inch (4,939 
dynode and 12,657 micro-channel plate) and 25,587 three-inch photo-
multiplier tubes (PMTs)36, which record the intensity and timing of scin-
tillation light with 78% total geometrical coverage. A high-purity water 
buffer (≥1.5 m thickness) separates the vessel from the PMTs, whereas 
an outer water Cherenkov detector, at least 1.55 m thick, shields against 
radioactivity and tags cosmic muons and their subsequent cosmogenic 
backgrounds. The TT partially covers the CD to provide a high-purity 
and high-precision muon sample for evaluating muon-tagging effi-
ciency and tracking precision in the CD.

To resolve the fine oscillation structure necessary for determining 
the neutrino mass ordering, JUNO is designed to achieve an energy 
resolution of 3% at 1 MeV (ref. 25), unprecedented for a detector of  

this scale. This performance requires a correspondingly high light yield 
so that statistical fluctuations remain sufficiently small. Energy-scale 
non-linearity, mainly from ionization quenching and Cherenkov light 
emission, is controlled to sub-percent precision through an extensive 
calibration programme using radioactive sources, a laser system and 
two different PMT systems37.

Further details on the JUNO detector design and instrumentation are 
provided in Methods and in ref. 36 describing the initial performance 
results of the JUNO detector.

Data analysis
Reactor neutrinos with energies up to about 11 MeV are identified by 
inverse beta decay (IBD), ν + p → e + ne

+ , where the prompt positron and 
delayed neutron capture (τ ~ 200 μs) provide distinctive signatures in 
space, time and energy (Fig. 1). The prompt energy relates to the anti-
neutrino energy through E E≈ −0.784 MeVνp e

. Given the 1.8 MeV IBD 
kinematic threshold38, the observable Ep spectrum begins at approxi-
mately 1 MeV. Oscillation parameters are extracted from characteristic 
distortions in the Ep spectrum using a multi-step analysis. Events are 
reconstructed and selected using criteria optimized for high signal 
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Fig. 1 | JUNO experimental layout. The 20 ktonne liquid scintillator detector is located underground to detect electron antineutrinos from nuclear reactors 
through inverse β-decay interaction, cartooned inside the detector.
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efficiency and strong background suppression. The detector response, 
linking reconstructed to true energy, is calibrated using both deployed 
radioactive sources and naturally occurring backgrounds. Residual 
backgrounds are quantified using control samples or Monte Carlo 
simulations.

We used data from 26 August 2025 to 2 November 2025 with a live 
time of 59.1 days. The results, validated across three independent analy-
ses, are consistent. One procedure is presented here, with methodo-
logical differences described in the Methods.

Calibration and reconstruction
The light yield, approximately 1,785 photoelectrons (p.e.) per MeV, was 
calibrated using the neutron capture peak from an 241Am–13C (AmC) 
source deployed at the detector centre36. Event reconstruction uses 
the PMT waveform information, in which the signal time represents the 
photon arrival time and the charge corresponds to the integrated signal 
in p.e. Several likelihood algorithms combining these observables, with 
corrections accounting for spatial variations derived from the calibra-
tion data and natural sources, are used to reconstruct event positions 
and energies, returning comparable performances. For 68Ge deployed 
along the z-axis with |z| < 16.5 m, the vertex bias is within [−13, +10] cm; 
meanwhile, the vertex resolution ranges from 13 cm to 27 cm.

The spatio-temporal energy response of the central detector was 
characterized using multiple calibration sources. The energy scale 
was calibrated using the 2.223 MeV γ peak from AmC neutron-capture 
events. Together with the AmC calibrations at the detector centre, 
high-statistics spallation neutrons enabled daily corrections for tem-
poral variations, resulting in a residual variation of 0.2% that was vali-
dated by α decays from 214Po and 210Po. Spatial uniformity of the energy 
response was primarily evaluated using the neutron-capture peak across 
the fiducial volume (R < 16.5 m). Variations, including both zenith and 
azimuth angular bins at each radius, shown in Fig. 2a, indicated a residual 
non-uniformity of around 0.45%. The slight residual discrepancy in 
energy scale among different neutron samples could result from the lim-
ited set of calibration points and muon-induced afterpulses. Figure 2b 
shows the relative residual energy biases and systematic uncertain-
ties for all monoenergetic sources. The reference energy E0 is defined 
as the energy peak at the detector centre for each γ source, and the 
volume-averaged energy for α decays. Data from 68Ge and 214Po, which 
are inputs to the likelihood-based energy reconstruction, provided a 
self-consistency check. The residual temporal and spatial variations 
in 210Po agreed with both 214Po and neutron capture results. An overall 
energy-scale uncertainty of 0.5% was assigned and accounted for in 
the evaluation of the uncertainty in the energy non-linearity model.

Energy scale non-linearity, consisting of scintillator non-linearity 
and instrumental non-linearity, directly affects the reconstructed 
antineutrino energy, and therefore the determination of oscillation 
parameters, see ref. 39. Scintillator non-linearity originates mainly 
from ionization quenching (Birks’s law) and Cherenkov light emission, 
whereas instrumental non-linearity is caused by residual non-linearity 
of PMT charge reconstruction. The non-linearity models were con-
strained by dedicated calibrations at the detector centre with γs cover-
ing around 0.5–6 MeV (the reference energies in Fig. 2b) complemented 
by a continuous β− spectrum (up to about 14 MeV) and the β+ spectrum 
(up to around 2 MeV) from cosmogenic isotopes. This yielded a posi-
tron energy non-linearity, known with a precision of 0.6% (Methods), 
applied in the oscillation fit.

Antineutrino event selection
The IBD signature is identified through the spatio-temporal coinci-
dence between a prompt signal (positron kinetic energy deposition and 
its annihilation with an electron into two 0.511 MeV γs) and a delayed 
signal (neutron capture on hydrogen producing a 2.223 MeV γ). This 
distinctive signature provides strong background rejection while  
maintaining high signal efficiency.

Reactor neutrino candidates were selected using four principal 
criteria: spatio-temporal coincidence, a fiducial-volume (FV) cut to 
suppress external backgrounds, a dedicated muon veto to reject cos-
mogenic backgrounds and a multiplicity cut to reduce instrumental and 
multi-particle coincidence backgrounds. Muons were identified with 
high efficiency (>99.9%) by charge thresholds in both the central detec-
tor (about 5 Hz) and the water pool (around 9 Hz). Spallation neutrons 
were tagged based on energy and timing relative to preceding muons. 
A temporal veto following muons removed short-lived muon-induced 
backgrounds, whereas a combined spatio-temporal veto around identi-
fied spallation neutrons suppressed long-lived cosmogenic products. 
The multiplicity cut rejects IBD candidates for which additional energy 
deposits are observed within a defined time window surrounding the 
prompt-delayed pair, thereby avoiding ambiguities in event association 
and suppressing accidental and correlated backgrounds.

The FV cut selects prompt candidate vertices within 16.5 m of the 
detector centre, reducing contributions from radioactivity at the 
detector edge and avoiding regions with complex optical behaviour. 
Regions nearest to the poles of the detector are also excluded because 
of the complex structure and degraded reconstruction performance. 
The FV cut efficiency was evaluated from geometrical volume frac-
tion (80.6%) and is validated with uniformly distributed prompt IBD 
candidates with energies above 3.5 MeV, to exclude contamination 
from non-homogeneously distributed external backgrounds, and 
an independent cosmogenic 12B sample with energies above 4 MeV. 
The residual non-uniformity near the fiducial boundary, evaluated 
using three independent vertex-reconstruction algorithms, results in 
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a relative uncertainty of 1.6%. A separate cross-check based on calibra-
tion measurements yields a consistent error estimate. More details are 
provided in the Methods.

The efficiencies of the remaining selection criteria (muon veto, 
spallation-neutron veto and multiplicity cut) were determined through 
a livetime analysis performed by segmenting the detector volume 
into 10-cm cubes and summing the livetime accumulated in each seg-
ment. This segmentation method addresses the complexity arising 
from overlapping vetoed volumes and their varying veto durations, 
which preclude a straightforward analytical calculation of the total 
livetime. Energy selection efficiencies were validated using calibra-
tion sources: the prompt-energy threshold with the 68Ge source, and 
the delayed-energy window by the neutron-capture peak of the AmC 
source. Temporal and spatial coincidence efficiencies were derived 
from neutron-capture time distribution and the vertex-separation 
distribution of the IBD candidates, respectively, and were also veri-
fied using AmC sources and Monte Carlo simulations. The efficiency 
due to the quality cut aimed to remove PMT flashers (spontaneous 
light emission from PMTs) was evaluated based on physics data such 
as 214Bi–214Po, IBD and calibration sources, as well as validated by Monte 
Carlo simulations.

The final data set contains 2,379 identified antineutrino candidates. 
Their reconstructed prompt energy spectrum is presented in Fig. 3. All 
selection efficiencies and associated uncertainties are summarized in 
Table 1. The decomposed background components are also provided 
in Table 1.

Background evaluation
The main backgrounds for this analysis are represented by cosmo-
genic 9Li/8He isotopes, geoneutrinos, 214Bi–214Po and antineutrinos from 

other world reactors. Other minor backgrounds are either strongly 
suppressed by the selection cuts or intrinsically small. More details 
are provided in the Methods.

The dominant background that originated from cosmogenic 9Li/8He 
β–n decays was suppressed using a spallation neutron veto. The total 
and residual rates were evaluated by fitting the time distribution of can-
didate events since cosmic muons, before and after application of the 
spallation neutron veto, respectively. The 9Li/8He ratio was constrained 
by the measurement from Daya Bay40. The dependence of the 9Li/8He 
rate on visible muon energy was compared with Geant4 simulations, 
and a systematic rate uncertainty of 35% was assigned to encompass 
fitting uncertainties and data-simulation discrepancies. A high-purity 
sample of spallation-neutron-tagged 9Li/8He events enabled spectrum 
comparison with both calculations based on nuclear databases and 
a parameterized model from the Daya Bay data41. This comparison 
constrained the spectral shape with 20% bin-to-bin uncorrelated uncer-
tainties. Other long-lived β–n emitters were estimated using FLUKA 
and Geant4 simulations and found to be negligible.

Geoneutrinos, electron antineutrinos emitted in 238U and 232Th 
decay chains in the interior of Earth, are indistinguishable from reac-
tor neutrinos on an event-by-event basis. Based on geological crust 
and mantle models, their predicted flux yields (1.1–2.4) IBD events per 
day interacting in the LS assuming 100% detection efficiency28. Taking 
the variations across the models, we adopted 1.75 events per day with 
a 40% uncertainty. To account for discrepancies in spectral models42,43 
and oscillation effects, a 5% bin-to-bin spectral shape uncertainty was 
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Fig. 3 | Measured energy spectrum of prompt IBD candidates. a, Black points 
show measured data with statistical error bars, with the red curve indicating 
the best-fit oscillation model. The red-shaded region represents the expected 
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Table 1 | Event selection and backgrounds

Antineutrinos (νe) candidates summary

DAQ live time (days) 59.1

νe Candidates 2,379

Selection efficiencies (%) ε σrel

Fiducial volume 80.6 1.6

PMT flasher rejection >99.9 Negligible

μ Veto 93.6 Negligible

Multiplicity 97.4 Negligible

Prompt-delayed coincidence 95.1 0.13

Total efficiency (εtot) 69.9 1.6

νe signal (cpda)

Without εtot corrected 33.5 ± 1.7

With εtot corrected 47.9 ± 2.6

Non-oscillated νe 150.9 ± 2.7

Backgrounds (cpd) Pre-fit Best fit
9Li/8He 4.3 ± 1.4 3.9 ± 0.6

Geoneutrinos 1.2 ± 0.5 1.4 ± 0.4

World reactors 0.88 ± 0.09 0.88 ± 0.09
214Bi–214Po 0.18 ± 0.10 0.20 ± 0.10
13C(α, n)16O 0.04 ± 0.02 0.04 ± 0.02

Fast neutrons 0.02 ± 0.02 0.02 ± 0.02

Double neutrons 0.05 ± 0.05 0.07 ± 0.05

Atmospheric neutrinos 0.08 ± 0.04 0.07 ± 0.04

Accidentals (×10−2) 4.9 ± 0.3 4.9 ± 0.3

Total 6.80 ± 1.49 6.63 ± 0.74

The table lists the IBD selection criteria with their respective efficiencies (ε) and relative 
uncertainties (σrel), alongside the measured or expected pre-fit and best-fit background rates. 
The νe signal rates were derived both with and without applying the efficiency correction to 
the observed IBD rate, after background subtraction. The non-oscillated prediction is based 
on reactor operational data and the flux model described in the Methods. The best-fit values 
for the backgrounds come from the spectral fit. 
acpd, counts per day.
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applied to the 232Th and 238U spectra, respectively. Furthermore, a 10% 
uncertainty was applied to the 232Th-to-238U signal ratio to account for 
possible compositional variations.

World reactor backgrounds—antineutrinos from distant reactors 
beyond the primary signal sources—were estimated using operational 
data from Chinese nuclear plants44 and the IAEA report45. This back-
ground contributes to 1.26 IBD events per day at the JUNO site, with 
10% rate and 5% bin-to-bin shape uncertainties. The rates for the world 
reactor and geoneutrino backgrounds in Table 1 are scaled down by 
the total νe selection efficiency.

The β–α cascades from 214Bi–214Po (radon daughters) introduce a 
correlated background, in which delayed α signals can have recon-
structed energies elevated into the neutron capture region, either 
due to γs from excited 214Po states or to elastic scattering on protons. 
Other backgrounds (Table 1) were measured or simulated and found 
to be subdominant (Methods).

Reactor–neutrino signal prediction
Antineutrinos in reactors are produced from β-decays of neutron-rich 
fission fragments of 235U, 238U, 239Pu and 241Pu. The reactor operational 
data, especially thermal power, fission fractions and spent fuel infor-
mation, served as inputs to the flux prediction model. The flux model 
was decomposed into a component common to JUNO and the Daya 
Bay experiment46,47, plus a subdominant term covering their differ-
ences, including contributions from Taishan, Yangjiang and other 
distant reactors. Minor corrections from spent nuclear fuel and non- 
equilibrium isotopes were also included. More details are given in the 
Methods.

Spectral fit and results
The observed prompt energy spectrum of IBD candidates, shown 
in Fig. 3, was compared with a detailed prediction to determine the 
neutrino oscillation parameters. This prediction incorporated the 
complete sequence of effects from reactor neutrino production to 
signal detection (details in the Methods): reactor fluxes evaluated by 
a semi-model-independent combination of Daya Bay near detector 
data46,47 and theoretical models48,49, baselines from JUNO site to mul-
tiple reactors as provided in ref. 5, time-dependent fission fractions, 
neutrino oscillation, including the matter effects of Earth50, interac-
tion cross-section38, detector response and estimated backgrounds 
(Table 1). The error band on the non-oscillated spectrum in Fig. 3 
accounts for all spectral systematics, including the flux constraints 
from Daya Bay near detector data and the detector response of JUNO.

Systematic uncertainties in the reactor flux prediction, shown in 
Extended Data Table 1, are dominated by the 1.2% contribution from the 
Daya Bay reference spectrum46, followed by the 1% uncertainty in the 
JUNO target proton number, which is driven by the liquid scintillator 
volume and hydrogen fraction.

The spectral distortion observed in the prompt-energy spectrum in 
Fig. 3 was primarily shaped by solar oscillation parameters mΔ 21

2  and 
θsin2

12, with a weaker dependence on mΔ 31
2. Owing to the limited sta-

tistics at present, our oscillation analysis concentrated on determining 
the solar parameters. We derived the best-fit values and allowed regions 
using a χ2 statistic based on the combined Neyman–Pearson (CNP) 
method51, which incorporates statistical and systematic uncertainties 
of both signal and backgrounds as well as two individual constraints 
on oscillation parameters, mΔ 31

2  and θsin2
13  (ref. 41). Leaving mΔ 31

2  
unconstrained had a negligible impact (<0.06%) on the results. The 
variations in the crust density of Earth along the neutrino propagation  
trajectory were negligible, validating the use of a constant density 
(ρ = (2.55 ± 0.25) g cm−3) approximation. The robustness of the results 
was confirmed through independent analyses using different fitting 
strategies. A blinding strategy was used to conceal the oscillation 
parameters throughout the analysis. In particular, reactor operational 

data, including power and fission fractions, were unblinded only after 
finalizing the analysis framework.

The oscillation analysis yielded the following results for the solar 
parameters for the normal mass ordering scenario:

θ

m

sin = 0.3092 ± 0.0087,

Δ = (7.50 ± 0.12) × 10 eV .

2
12

21
2 −5 2

The results for the inverted mass ordering scenario are identical to 
those for the normal mass ordering at the quoted numerical precision. 
The allowed regions of oscillation parameters are shown in Fig. 4. (The 
color scheme is inspired by the Chinese landscape painting: A Panorama 
of Rivers and Mountains). Consistent with the combination of all pre-
vious measurements13,52, this result improved the precision of both 
parameters by a factor of 1.6. The current precision of both parameters 
is statistically limited. The background rate uncertainty constitutes 
the leading systematic uncertainty for both θsin2

12 and mΔ 21
2 . Other 

important systematic uncertainties arise from the fiducial volume 
efficiency for θsin2

12  and from the reactor antineutrino spectrum  
shape for mΔ 21

2 , the latter being less sensitive to uncertainties affect
ing the overall normalization. The uncertainties in the reactor antineu
trino rate and shape also contribute to the uncertainty in θsin2

12, but  
with a smaller impact.

Discussion and outlook
JUNO achieves the highest level of precision in the world on the  
solar oscillation parameters, reducing the uncertainty in mΔ 21

2   
to 1.6% (2.5% from KamLAND13) and in θsin2

12  to 2.81% (4.6% from  
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spectrum shown in Fig. 3. Shaded elliptically shaped areas correspond to 1σ, 2σ 
and 3σ confidence regions (Δχ2 = 2.30, 6.18, 11.83, respectively). The top panel 
provides the one-dimensional Δχ2 for θsin2

12 obtained by profiling mΔ 21
2  (blue 

line) and the blue-shaded region as the corresponding 1σ interval. The right 
panel is the same, but for mΔ 21

2 , with θsin2
12 profiled. The star marks the best fit 

values of JUNO, and the error bars show their one-dimensional 1σ confidence 
intervals. Results from other measurements of reactor neutrinos (KamLAND13 
and SNO+55) and solar neutrinos (combined Super-Kamiokande (SK) + SNO52) 
are shown for comparison, with the error bars indicating the 1σ range.
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Super-Kamiokande + SNO52 and 5.0% from SNO53). Although the current 
difference between our reactor-based mΔ 21

2  and the solar neutrino 
value52 is only at the approximately 1.5σ level, it motivates continued 
independent probes of this parameter. The upcoming measurement 
of JUNO of 8B solar neutrinos31 will provide a direct and competitive 
measurement of mΔ 21

2  within the same experimental setup.
The precision measurement of solar oscillation parameters at 

JUNO provides essential experimental input for validating the three- 
flavour neutrino oscillation model and testing the unitarity of the 
lepton-flavour-mixing matrix. It also strengthens the physics reach 
of long-baseline accelerator and atmospheric neutrino experiments 
in determining the least-known mixing angle, θ23, and in searching for 
leptonic CP violation. Moreover, it markedly reduces the uncertainties 
in the effective neutrino mass for neutrinoless double-beta decays, 
and those in the sum of three neutrino masses for cosmological obser-
vations, which are respectively important for probing the Majorana 
nature of massive neutrinos and the absolute scale of neutrino masses.

The current mΔ 31
2  precision is limited by statistics in the 59.1-day  

dataset and parameter degeneracies. This precision will improve with 
increased statistics combined with a model-independent analysis using 
data from the satellite experiment TAO of JUNO54. Overall results con-
firm that the detector performance, calibration strategy and analysis 
pipeline perform fully according to design expectations. This provides 
the first quantitative validation of the ability of JUNO for sub-percent 
precision oscillation measurements. Building on this validated founda-
tion, further improvements in energy resolution (from enhanced cali-
bration and reconstruction), cosmogenic background rejection (using 
muon tracks), statistical power (by efficient data-taking and an enlarged 
fiducial volume) and spectral constraint by TAO together provide a 
clear path to determining the neutrino mass ordering in future.
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Methods

Oscillation of reactor ννee
In the three-neutrino oscillation framework, the flavour states (νe/ν ν,e μ/ 
ν ν,μ τ/ντ) are connected with the mass eigenstates (ν1/ν1, ν2/ν3, ν3/ν3) by 
the leptonic mixing matrix7–9 parametrized by three mixing angles θ12, 
θ23, θ13 and one complex phase δ (ref. 3). The oscillation frequencies 
are determined by the three mass-squared differences m m mΔ ≡ −ij i j

2 2 2, 
(i, j = 1, 2, 3, i > j), where mi is the νi mass. Typical approximate values  
for the mixing angles are θ12 ≈ 33° (refs. 13,52), θ23 ≈ 45° (refs. 56–63) 
and θ13 ≈ 8.5° (refs. 41,64,65). The solar mass-squared splitting is 

mΔ 7.4 × 10 eV21
2 −5 2≃  (refs. 13,52,55), whereas the atmospheric split-

ting is about two orders of magnitude larger, m|Δ | 2.5 × 10 eV31
2 −3 2≃  

(refs. 41,56–59,64,66–68). Although ordering of the first two mass 
states (m2 > m1) is known, the ordering of m3—normal or inverted—
remains undetermined.

When neutrinos propagate in matter, oscillation parameters acquire 
the corrections from the effective matter potential69,70, denoted by 
tilded quantities θij

∼
 and m͠Δ ij

2. For JUNO, matter effects are minor50,71, 
and its main sensitivity to oscillation parameters θsin2

12 , mΔ 21
2  and  

mΔ 31
2 and to neutrino mass ordering arises from vacuum oscillations.

The IBD interaction used to detect reactor neutrinos is sensitive only 
to the electron flavour. Consequently, the relevant oscillation obser
vable is the electron antineutrino survival probability ν ν≡ ( → )ee e e    
that can be expressed as

θ c

θ c s

= 1−sin 2 sin Δ

−sin 2 ( sin Δ + sin Δ ).
(1)

ee
2

12 13
4 2

21

2
13 12

2 2
31 12

2 2
32

∼

∼ ∼

∼

∼

∼

∼ ∼


where ∼
∼

c θ≡ cosij ij, ∼
∼

s θ≡ sinij ij and m L EΔ = Δ /4ij ij ν
2

e

∼ ͠ , with Eνe
 being the anti-

neutrino energy and L the baseline from reactor cores to the detector. 
The first ‘solar term’ represents the slow oscillation associated with 

mΔ 21
2 , whereas the second ‘atmospheric term’ characterizes the fast 

oscillation, as shown by the red and blue curves in Extended Data Fig. 1, 
respectively.

For a typical antineutrino energy of 4 MeV, the solar oscillation length 
is 60 km, whereas the atmospheric oscillation length is about 2 km. 
The 52.5 km baseline of JUNO is near the first solar oscillation maximum, 
allowing it to probe the interference with atmospheric oscillations and 
thus determine the neutrino mass ordering. Simultaneously, ee is near 
its minimum, forcing JUNO to be an exceptionally large detector to 
gather sufficient statistics for its physics goals.

JUNO detector setup
The main JUNO detector components, CD, WP and top tracker, are 
shown in Fig. 1.

The CD24 represents the core part of the experiment. It contains 
20 ktonne of LS enclosed in a 35.4-m diameter acrylic spherical (AV), 
constructed from highly transparent acrylic panels and held in place by 
a supporting stainless steel structure (SSS). The optimization of the LS 
mixture, reported in refs. 72,73, was performed using a Daya Bay detec-
tor and a comprehensive optical model, with the results extrapolated 
to the JUNO scale. The JUNO LS consists of linear alkyl benzene (LAB) 
as solvent, 2.5 g l−1 PPO as primary fluor, 3 mg l−1 bis-MSB as wavelength 
shifter, and 42.7 mg l−1 BHT as antioxidant to prevent long-term optical 
degradation. The 17,596 20-inch ‘large’ photomultiplier tubes (LPMTs) 
provide the primary photon detection, achieving approximately 75% 
geometrical coverage. This includes 4,939 dynode PMTs and 12,657 
micro-channel plate (MCP) PMTs mounted on the support structure. 
An additional 25,587 3-inch ‘small’ PMTs (SPMTs) are installed among 
the LPMTs (3% geometrical coverage) to extend the dynamic range and 
enhance the precision of calibration.

The CD is installed inside a cylindrical WP, 43.5 m in diameter and 
44.0 m in height, that is filled with 41 ktonne of high-purity water 

(238U/232Th < 10−15 g g−1, 222Rn < 10 mBq m−3, 226Ra < 50  μBq m−3) charac-
terized by a light attenuation length of >60 m. The water pool shields 
the central detector against external radiation and acts as a water  
Cherenkov detector using 35 ktonne of water for the residual cosmic- 
ray muon flux. The remaining 6 ktonne of water are used in the CD 
region between the SSS and the AV as a shield against external back-
ground. Cherenkov photons produced by cosmic muons are detected 
by 2,752 MCP PMTs and additional 600 eight-inch R5912 PMTs. The 
water Cherenkov detector is optically separated from the central detec-
tor by Tyvek reflective foils. The muon-tagging efficiency is very close 
to 100%, with a very small geometrical inefficiency (<0.02%) because 
of the top chimney, which connects the top of the CD to the calibra-
tion house above it.

The cosmic muon veto system is complemented by an external top 
track system, consisting of three layers of plastic scintillator refur-
bished from the OPERA experiment74, covering approximately 60% 
of the top surface above the WP. Its primary purpose is to provide a 
sample of muons, reconstructed with an angular precision of 0.20° 
(ref. 75), which can be used to benchmark the track reconstruction of 
the WP and CD.

The CD calibration strategy37 is designed to use four source- 
deployment subsystems—the automatic calibration unit (ACU), the 
cable loop system (CLS), the guide tube (GT) and a remote-operated 
vehicle (ROV)—which together allow precise placement of radioactive 
and optical sources along the central axis of the detector, within radial 
planes, at the detector boundary, and at arbitrary three-dimensional 
positions, respectively. In the water Cherenkov detector, LED flashers 
installed along the WP wall and on the bottom are used to perform the 
PMT timing calibration.

Detector filling and commissioning
The JUNO detector was filled from December 2024 to August 2025 with 
the support of dedicated auxiliary facilities. The CD and WP were first 
filled simultaneously with water from the high-purity water plants, 
then the water in the CD was gradually replaced with high-purity LS 
under nitrogen protection. The LS purification process included alu-
mina filtering, vacuum distillation, mixing with PPO, bis-MSB and BHT 
to form the master solution, water washing and underground water 
extraction and nitrogen stripping. The filling, overflow and circula-
tion system managed the liquid levels, ensured structural safety, and 
allowed online recirculation if needed. OSIRIS, a 20-tonne scintillator 
detector76, monitored LS samples for radioactivity during production.

The detector commissioning was carried out simultaneously with 
the water filling and LS exchange. JUNO online LPMT waveforms and 
event reconstructions enabled real-time 222Rn monitoring, keeping 
contamination below 1 mBq m−3. The LS reached an attenuation length 
of 20.6 m at 430 nm, and radiopurity measurements in the FV showed 
238U and 232Th levels of (7.5 ± 0.9) × 10−17 g g−1 and (8.2 ± 0.7) × 10−17 g g−1, 
respectively, exceeding the design requirements of JUNO. The back-
ground from unsupported 210Po, averaged over the analysed period, was 
(4.3 ± 0.3) × 104 cpd ktonne−1. This performance results from stringent 
material selection, advanced purification and meticulous assembly 
protocols—including continuous leak-checking, surface treatments 
and clean-room installation77.

JUNO uses a full waveform readout of all LPMTs digitized by under-
water global control units and processed through a multiplicity-based 
global trigger. Each LPMT generates a ‘hit’ when the signal exceeds 
five times the noise of the channel. A global trigger is issued when 350 
PMTs fire within a 304 ns window, resulting in an overall trigger rate 
of about 500 Hz. The data acquisition gate has a duration of 1,008 ns. 
Conversely, SPMTs have a self-trigger threshold of 0.33 p.e. The online 
event classification system performs real-time waveform and event 
reconstruction to select relevant physics events, for which full wave-
forms are stored, reducing the data rate to about 90 MB s−1. No triggered 
events are discarded.
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For more information on the JUNO detector, see ref. 4. We also refer 

readers to ref. 36 for a comprehensive report on the initial performance 
and operational details of the JUNO detector, focusing on the in situ cali-
bration of the 20-inch PMTs and readout electronics, energy response 
characterization (including light yield, energy scale, non-uniformity, 
non-linearity and resolution), transparency and radiopurity of the 
liquid scintillator, muon identification efficiency and overall system 
stability. That work also details three independent event reconstruc-
tion algorithms used in the oscillation analyses. The following sections 
elaborate on the methodological specifics of the reactor neutrino 
oscillation analysis.

Calibration strategy
At the beginning of data taking, from 23–26 August, a calibration 
campaign was carried out to calibrate the PMTs, establish the energy 
scale and characterize the detector response. The ACU deployed five γ 
sources—68Ge (2 × 511 keV from e+ annihilation), 137Cs (661.7 keV), 54Mn 
(834.8 keV), 40K (1,460.8 keV) and 60Co (1,173.2 keV and 1,332.5 keV)—
together with an AmC neutron source and an ultraviolet (UV) laser at 
the detector centre and at two off-centre positions (±14 m), with place-
ment controlled to better than 1 cm. Additional AmC neutron-source 
calibration was performed: 7 points with the ACU and 39 off-axis points 
with the source attached to the CLS, enabling calibration along a ver-
tical half-plane with a positioning precision of about 3 cm. The light 
yield was biweekly monitored with the AmC source deployed at the 
detector centre.

The LPMT calibration program monitors charge response, gain, tim-
ing and dark noise using weekly UV-laser runs and a 50 Hz periodic trig-
ger. The charge spectra of the laser LPMTs were fit with models tailored 
separately for dynode PMTs and for MCP PMTs36. The average mean 
gain—6.5 × 106 for dynode PMTs and 7.2 × 106 for MCP PMTs—remained 
stable over time within 0.2%. The relative photon detection efficiency 
of each PMT was calibrated using isotropic light produced by the AmC 
source at the CD centre. The transit time spread (TTS) was calibrated 
with laser data from the full water phase. The average values were 7.5 ns 
for MCP PMTs and 1.9 ns for dynode PMTs.

PMT timing calibration uses pulsed laser light delivered to the 
detector, with a fast monitor PMT providing a precise t0 reference. 
Residual time distributions—obtained from first-hit times corrected 
for photon time of flight—allow the extraction of the TTS and the 
determination of per-channel time offsets. After calibration, the PMTs  
achieve sub-nanosecond synchronization across the whole detector.

PMT dark noise was monitored using periodic triggers, yielding 
average dark rates of 20.6 kHz for dynode PMTs and 22.7 kHz for MCP 
PMTs. Channels with low occupancy (about 2–3%) or timing misalign-
ment (<0.1%) were excluded from analysis.

Reconstruction
LPMT waveform reconstruction. The JUNO analysis chain starts from 
waveform reconstruction of LPMTs. The digitized waveforms are recon-
structed to extract the pulse time (t) and charge (Q). The resulting (t, Q) 
pairs serve as inputs for the subsequent event reconstruction. A simple 
yet robust continuous over-threshold integral (COTI) algorithm was 
selected as the baseline for this data analysis. COTI identifies pulses by 
first calculating the waveform baseline and then scanning 8 ns windows 
for consecutive points above or below a threshold to determine the 
pulse start and end times, respectively. The pulse charge is obtained by 
numerically integrating the waveform between these times. The pulse 
time is determined by fitting a straight line to the rising edge of the 
pulse and finding where it intersects the baseline. The COTI threshold 
corresponds to approximately 0.25 p.e.

Point-like event reconstruction. Event reconstruction primarily con-
sists of vertex determination, relying mostly on PMT timing, and energy 
reconstruction, heavily dependent on PMT charge. After correcting 

for photon time of flight and the event start time, residual hit-time 
distributions—usually based on the earliest hits—are constructed. The 
corresponding PDFs are primarily shaped by the scintillation time pro-
file and the PMT TTS. The amount of charge seen by PMT depends on 
the event energy but also on its position within the LS volume. Several 
reconstruction algorithms were used for this analysis and all provided 
overall consistent results.

OMILREC78, a combined time- and charge-likelihood method, was 
developed to simultaneously reconstruct the event vertex and energy. 
Its time likelihood calculation uses the aforementioned residual 
hit-time PDFs, derived from the 68Ge source at detector centre and 
constructed separately for dynode and MCP PMTs. The charge likeli-
hood is based on the expected PMT charge response, parameterized 
using the 68Ge source at various positions and natural sources such as 
214Po. By integrating both charge and timing information, the method 
significantly improved vertex resolution by about 25–50% (ref. 36), 
particularly for events near the detector edge, with respect to using 
timing information only.

In an alternative approach, OMILREC reconstructs the energy relying 
on a vertex provided by the JVertex algorithm. The timing PDFs for JVer-
tex are derived from AmC calibration data obtained with the ACU system 
and constructed using only dynode PMTs, which offer superior timing 
performance. Separate PDFs are produced according to the detected 
photon multiplicity, to account for cases in which multiple photons are 
registered by the same PMT within its time resolution. Similar to OMIL-
REC, the vertex is determined by maximizing the likelihood function.

VTREP is an independent algorithm reconstructing both vertex and 
energy. The vertex is reconstructed by identifying the position at which 
the time-of-flight correction produces the sharpest PMT hit-time distri-
bution, taking into account the detector geometry and light refraction 
at the acrylic boundary79. The particle energy is obtained by maximizing 
a likelihood function that incorporates the probabilities of both fired 
and unfired PMTs, based on the predicted light intensity at each PMT. 
The light intensity prediction and probability density functions were 
obtained from uniformly distributed 214Po events from the 214Bi–214Po 
decay cascade and laser calibration samples, respectively80.

Muon track reconstruction. A cluster-finding algorithm is applied to 
the PMT charge distribution of muon candidates to identify localized 
regions of high charge associated with muon entry and exit points. 
For events with two or more clusters, muon tracks are reconstructed 
as straight lines connecting the charge-weighted centres of the entry 
and exit clusters. The resulting angular distributions of reconstructed 
muons agree well with Monte Carlo predictions36.

Detector response model
In this section, we discuss the relationship between the detector response 
and reconstructed variables and different particle types depositing 
energy in the detector volume. In an LS detector such as JUNO, this encom-
passes characterization of the effective light yield, non-linearity of the 
energy scale, energy resolution and the residual spatial non-uniformity 
across the large detector volume. These effects must be precisely mod-
elled and calibrated to achieve accurate prediction of the energy spectra 
of the reactor neutrino signal as well as all backgrounds.

Effective light yield. The energy scale is anchored to the 2.223 MeV 
gamma peak originating from neutron capture on protons. The effec-
tive light yield of approximately 1,785 p.e. MeV−1 was calibrated using 
the neutron-capture peak from an AmC neutron source deployed at 
the detector centre36. It encompasses all detector effects, including the 
number of emitted photons, their propagation through the detector 
and the detection probability at the PMTs.

Energy scale non-linearity. The visible energy in the LS is not pro-
portional to the deposited energy. Moreover, different particles 



depositing the same energy produce different numbers of photons. 
These non-linearities arise from ionization quenching, dependent on 
the particle stopping power dE/dx, and from the Cherenkov photons. 
Instrumental non linearity may also arise during the charge reconstruc-
tion of PMT waveforms.

The non-linearity model is constrained using three calibration data-
sets: (1) reconstructed visible energy from eight γ sources with energies 
ranging from 0.511 MeV to 6.13 MeV (137Cs, 54Mn, 40K, 68Ge, nH, 60Co, n12C 
and 16O*), deployed at the detector centre. The de-excitation gamma 
from neutron absorption on Fe (n56Fe) in the source capsule was used 
for additional validation; and two kinds of continuous spectra from 
high-purity samples of cosmogenic isotopes reconstructed in the FV, 
namely (2) 12B electron spectrum (Q = 13.37 MeV) and (3) 11C positron 
spectrum (Q = 0.96 MeV), with visible energy increased by 2  × 511 keV 
annihilation gammas.

To accurately extract the reconstructed energy peak and its spread 
for each gamma source, comprehensive spectral fitting was per-
formed, incorporating all relevant transitions contributing to the 
spectrum. Potential influence of backgrounds, such as those aris-
ing from 14C pileup, was also evaluated and incorporated in the fit. 
Systematic uncertainties, including energy leakage due to source 
encapsulation (0.1%) and peak stability (<0.2%), were also quantified. 
The 12B sample exhibited a purity exceeding 96%, with the expected 
12N component (about 2.5%) explicitly accounted for in the spectral  
modelling.

The non-linearity model uses the energy spectra of secondary elec-
trons from Compton scattering of γs, obtained from Geant4 simula-
tions and their stopping power, as obtained from the ESTAR81 database. 
Ionization quenching is modelled using Birks’s law82 with the coefficient 
kB being a free fit parameter. Cherenkov light contribution is modelled 
using either Geant4-based parametric functions or the Frank–Tamm 
formula83, with the relative strength controlled by a free parameter kC. 
An additional parameter A accounts for the absolute scintillation energy 
scale. The instrumental non-linearity was modelled using either a linear 
or exponential function, with both forms anchored at the nH capture 
peak. All model parameters are determined through χ2 minimization 
to the combined calibration data, and the treatment of systematic 
uncertainties follows the strategy of ref. 39. Extended Data Fig. 2 shows 
the best-fit results to the mono-energetic peaks from gamma calibra-
tion sources and the continuous energy spectra from cosmogenic iso-
topes, as well as the predicted electron and positron non-linearities.  
In Extended Data Fig. 2a, the effective gamma energy is defined as the 
true gamma energy for a single gamma-ray. For calibration sources emit-
ting multiple gammas (for example, from 68Ge, 60Co or n12C capture), the 
effective gamma energy represents the branching-ratio-weighted aver-
age of the visible energy per gamma, after accounting for the best-fit 
scintillator non-linearity. An overall non-linearity uncertainty of ±0.6% 
is achieved for positrons.

Three analysis groups adopted slightly different approaches in 
constructing non-linearity models and use of calibration data. Com-
parisons show that including or excluding instrumental non-linearity 
for centrally located gamma calibration sources has minimal impact 
(<0.2%) on the positron non-linearity results; a similar conclusion 
holds when incorporating n56Fe γ data. Non-linearity measurements 
at off-centre positions (z = ±14 m) show no significant deviation from 
the centre, with variations <0.4% included in the overall energy scale 
systematics. Consequently, the positron non-linearity curves from the 
three analyses agree within 0.5%.

Energy resolution. The energy resolution for positrons is crucial for 
the neutrino mass ordering analysis5, but is less critical for determining 
the solar oscillation parameters presented here. Studies of the energy 
resolution achieved for γs at the detector centre36 show slightly worse 
performance than predicted by Monte Carlo simulations25. Resolution 
for the 68Ge source is approximately 3.4%.

Antineutrino event selection
The selection of reactor neutrino candidates is based on following 
criteria: (1) spatio-temporal prompt-delayed coincidence to maintain 
high signal efficiency; (2) an FV cut to suppress backgrounds caused 
by external radioactivity (accidental coincidences and fast neutrons 
from undetected muons); (3) dedicated muon veto strategy to reject 
cosmogenic backgrounds; (4) a multiplicity cut to further reject 
neutron-related background from undetected muons and instrumental 
backgrounds. Before these selections, the spontaneous light emission 
in PMT (‘flashers’) was suppressed by applying cuts on the standard 
deviations of the PMT hit multiplicity and timing distributions. The 
overall detection efficiency was determined through a detailed evalu-
ation of individual selection criteria. Independent analyses using alter-
native reconstructions and selection criteria confirmed statistically 
consistent results.

Prompt-delayed coincidence cuts. Applied in the selection are 
as follows: a prompt energy 0.7 < Ep < 12.0 MeV, a delayed energy 
2.0 < Ed < 2.5 MeV, a time interval 5 μs < Δt < 1 ms and a spatial separa-
tion Δd < 1.5 m between prompt and delayed signals.

Energy-selection efficiencies were validated with calibration data. 
The prompt-energy cut was fully efficient above threshold, as verified 
using a 68Ge source. The delayed-energy window retained 99.99% of 
events from neutron captures on protons with 0.1% relative uncer-
tainty due to energy resolution. The temporal-coincidence efficiency, 
determined from an exponential fit to the Δt distribution of IBD candi-
dates, was 96.8% with a 0.02% relative uncertainty due to capture-time 
variation. The spatial-correlation cut preserved 98.3% of events with 
a relative uncertainty of 0.1%, derived from the reconstructed IBD Δr 
distribution. Both the temporal- and spatial-coincidence efficiencies 
are verified using AmC sources and Monte Carlo simulations.

Fiducial volume cut. Prompt positron candidates are required to  
have radius R < 16.5 m and |z| < 15.5 m to strongly suppress accidental 
and cosmogenic neutron backgrounds and to minimize the impact of 
biases in the reconstruction algorithms. Alternative analyses used 
different vertex reconstruction algorithms and adopted slightly  
different criteria, such as applying a separate R < 17.2 m for the dela
yed signal, or limiting the polar region cut only around the z-axis  
(|z| > 15.5 m and ρ x y= + <2 m2 2 ). Across all reconstruction methods 
and FV definitions, the total efficiency variation remained below 1%. 
Extended Data Fig. 3 shows the radial distributions of prompt IBD can-
didates using three independent vertex reconstruction algorithms.  
As it can be seen, the distributions are uniform within the FV and the 
rate increase at larger radii is limited to the volume with R > 16.5 m.

The FV efficiency is obtained from the geometrical volume fraction 
accepted in the selection (80.6%), under the assumption of a uniform 
IBD distribution within the FV. We performed independent estimations 
using a 12B sample and a high-energy (>3.5 MeV) IBD sample by calculat-
ing the fraction of these events reconstructed inside the FV relative to 
the total. For the high-energy IBD sample, this validation is consistent 
with a precision comparable to the assigned FV-related uncertainty. For 
the 12B sample, the effective validation precision is limited by systematic 
effects associated with its non-uniform spatial distribution, which is 
correlated with parent muon tracks, and is therefore less constraining 
for the absolute FV efficiency. Overall, these results were consistent 
with the nominal method within the quoted uncertainty.

The spread among the different reconstruction algorithms near 
the fiducial boundary yields a 1.6% relative FV efficiency uncertainty. 
Possible energy dependence of this FV-related uncertainty is exam-
ined using high-statistics cosmogenic 12B events, and no significant 
energy-dependent effect is observed within the assigned uncer-
tainty. An independent estimate based on the measured about 10 cm 
vertex-reconstruction bias at the FV boundary, as determined from 
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ACU source deployments, yields a comparable approximately 1.8% 
relative uncertainty.

In the muon veto, events were rejected if the delayed signal occurred 
within 5 ms of a preceding muon, or if it was found within 4 m of an 
identified spallation neutron (SPN) and within 1.2 s after that neutron 
(namely, spallation-neutron veto). Muon candidates were identified as 
CD triggers with charge Q > 3 × 104 p.e. or WP triggers with Q > 700 p.e. 
The detector-wide veto of 5 ms following muon events in the central 
detector or water Cherenkov detector results in a livetime efficiency 
of 95.55%, with negligible uncertainty.

Spallation neutrons were identified by their timing (20 μs < Δtμ < 2 ms 
after a muon) and either their charge (3,000 < Q < 3 × 104 p.e.) or, equiva-
lently, their reconstructed energy (1.5 < E < 20 MeV). We also tested an 
additional selection based on the spread of the hit-time distribution 
to suppress afterpulse contamination and obtained consistent results. 
The spallation-neutron veto acts only in localized regions, and the veto 
efficiency for these localized events was determined by segmenting 
the detector into 10-cm cubes and integrating their livetimes, yielding 
98.0% with negligible uncertainty. The spallation-neutron veto removes 
>90% of 9Li/8He events. An independent analysis using a track-based 
veto applied around reconstructed muon trajectories had a further 
25% suppression of the residual 9Li/8He, with a 0.6% reduction in signal 
efficiency.

Multiplicity cut. It removed events with additional energy deposits 
above 0.7 MeV (within the FV) or in the [2.0, 2.5] MeV range (outside 
it) within a [td − 2 ms, td + 1 ms] window. The multiplicity-cut efficiency 
evaluated based on the above-mentioned method was 97.4%. The 
livetime approach provides a direct, model-independent measure-
ment, whereas an analytic estimate based on the singles rate serves as 
a cross-check and agrees with the livetime method. Two other analyses 
using slightly different energy thresholds and fiducial requirements 
showed about 1% efficiency variation.

The characteristics of reactor neutrino candidates are shown in 
Extended Data Fig. 4. The two-dimensional prompt and delayed energy 
plot shows a clear signal concentration within the selection window (red 
box), with correlated backgrounds from 214Bi–214Po decay dominating at 
lower energies. Furthermore, the prompt-delayed signal pairs exhibited 
strong agreement with predicted temporal and spatial correlations.

Backgrounds
The following backgrounds remain for IBDs: correlated backgrounds 
from the β–n cascade of 9Li/8He decays, geoneutrinos, a rare branch 
in β–α cascade of 214Bi–214Po decays, remote reactors, fast neutrons, 
13C(α, n)16O, and atmospheric neutrino neutral–current (NC) interac-
tions, and uncorrelated backgrounds from accidental coincidence. The 
estimated background rates are shown in Table 1. Below, we provide 
additional details for some backgrounds.

Cosmogenic 9Li/8He background. The dominant background orig-
inates from cosmogenic β–n emitters 9Li and 8He. Their rates were 
extracted from the time distribution between antineutrino candidates 
and their most recent preceding muons, both before and after veto  
application. These preceding muons were required to be tagged by both 
the CD and WP detectors. At high muon rates, however, this method 
becomes uncertain because of the similar timescales of isotope decays 
and genuine antineutrino signals. We, therefore, performed a combined 
fit across four muon energy intervals (all with visible energy above 
0.6 GeV and similar muon rates), explicitly accounting for correlations 
arising from 9Li/8He events produced in one interval and appearing as 
antineutrino candidates in others. The 9Li/8He ratio was constrained 
by the measurement from Daya Bay40.

Rate uncertainties were derived from the covariance matrix of the 
interval counts and validated using a bootstrap method that accounts 
for correlations within the dataset. A systematic uncertainty arises as 

the muon selection may miss the true parent of 9Li/8He, as assessed by 
varying the joint CD–WP muon-tagging requirements that changed 
the fitted rate by 6%. Varying the 8He-to-9Li ratio by up to 10% shifts the 
central value by only 2%. Moreover, the difference between the residual 
9Li/8He rates after applying the same selection criteria in data and Monte 
Carlo is 11%. Combining these with the statistical uncertainty, an overall 
35% uncertainty is assigned to the 9Li/8He background rate.

The 9Li/8He production is typically accompanied by neutron emis-
sion, as indicated by both simulations (Geant484 and FLUKA85,86) and 
previous Daya Bay results17. The spallation-neutron veto mentioned in 
context rejected more than about 90% of 9Li/8He background, exceeding 
97% for muons with visible energy above 10 GeV, as shown in Extended 
Data Fig. 5. One analysis further applied a cylinder veto within 1 m and 
0.5 s along muon tracks of single muons without spallation-neutron 
tags, providing a small additional reduction.

To improve the time-since-last-muon fit, an alternative method 
selected only muons accompanied by spallation neutrons, which are 
more likely to produce 9Li and 8He. This selection reduced the muon 
rate and alleviated degeneracies in the fit. Using a 9Li/8He-enriched 
sample from IBD candidates within certain distances of muon tracks, 
the neutron accompaniment efficiency was measured as (90 ± 2)% by 
comparing yields with and without the SPN requirement. Both methods 
gave consistent production rates, and the residual 9Li/8He background 
was estimated by subtracting the expected IBD signal.

A high-purity 9Li/8He sample, tagged by associated spallation neu-
trons, enabled spectral comparison with a spectrum calculated from 
nuclear databases and an empirical model first developed for Daya 
Bay87, constraining spectral shape uncertainty to 20%. Furthermore, 
muons passing through the top tracker system75 provided a calibrated 
sample to validate the near-exponential lateral distance distribution 
between β–n emitters and parent muons.

Geoneutrino background. Geoneutrinos, electron antineutrinos pro-
duced in the decay chains of 232Th and 238U within the crust and mantle of 
Earth, constitute an intrinsic background in reactor neutrino analyses. 
According to various geological models of the crust and mantle88–91, 
the predicted geoneutrino flux would lead to (1.1–2.4) IBD events per 
day in the LS under the assumption of 100% detection efficiency28.  
Accordingly, we adopt a nominal rate of 1.75 events per day, with a 40% 
rate uncertainty included to cover the range of model predictions. 
To account for spectral-related systematic uncertainties, we assign 
a 5% bin-to-bin shape uncertainty, which accommodates variations 
among two spectral models42,43, as well as compositional differences 
and oscillation effects. Moreover, a 10% uncertainty is applied to the 
nominal 232Th/238U signal ratio of 0.29, reflecting possible variations 
in this parameter.

214Bi–214Po background. During the LS filling phase, a 214Bi–214Po back-
ground was identified. Although the 214Po α-particle energy is strongly 
quenched and typically falls below the delayed-energy threshold, a 
subset of higher energy events above the 214Po peak has been observed. 
These events can originate either from the excited states of 214Po obser
ved by Borexino92 or from the α-proton elastic scattering, reported 
by SNO+55. In both cases, the alpha is accompanied by a particle (γ or 
proton, respectively) with smaller quenching and thus higher visible 
energy and can eventually extend into the IBD delayed-energy window. 
This effect was quantified using data from the initial high-radon phase 
of JUNO filling. Scaling the measured tail fraction by the 214Bi–214Po 
rate during the physics dataset yields a background contribution of 
(0.18 ± 0.10) per day. The 214Bi decay spectrum was measured in situ with 
high statistics by means of the 214Bi–214Po cascade; the associated shape 
uncertainty is conservatively estimated at 5% bin-to-bin uncorrelated.

Accidental background was measured using an off-time window 
method, applying identical selection criteria to those used in the stand-
ard IBD analysis, except for the prompt-delayed coincidence timing. 



Within the FV, the rate was determined to be (4.9 ± 0.3) × 10−2 day−1. The 
uncertainty in the rate and shape of this background was estimated 
from the statistics of off-window events.

Atmospheric neutrino neutral–current interactions on carbon nuclei 
produce neutrons, generating correlated IBD-like backgrounds93. The 
rate was estimated using state-of-the-art neutrino interaction mod-
els94,95 with the Honda atmospheric flux calculation96. Model depend-
ence was evaluated by comparing GENIE 3.0.6 (ref. 94) and NuWro 19.02 
(ref. 95) generators, including initial nuclear models and final-state 
interaction variations, with nuclear de-excitation simulated by TALYS97. 
The model-averaged prediction is 0.12 day−1 (pre-selection), with a con-
servative 50% uncertainty covering interaction modelling, de-excitation 
and flux systematics. A 50% bin-to-bin spectral shape uncertainty was 
determined from deviations among the selected models.

Neutron backgrounds. Cosmic-ray muons untagged by the WP or 
passing through the surrounding rock produce energetic neutrons that 
create correlated backgrounds through two mechanisms: fast neutrons 
mimic IBD signals by proton recoil followed by neutron capture, where-
as double neutrons arise from sequential capture of two neutrons. The 
muon veto (>99.9% efficient) and the stringent FV cut reduced these to 
negligible levels (Extended Data Fig. 3). Simulations predict residual 
rates of 0.02 day−1 (fast neutrons) and 0.05 day−1 (double neutrons), con-
centrated near the LS edge and confirmed with corner-clipping muon 
data. The fast-neutron spectrum was obtained from muon-tagged 
events, whereas the double-neutron prompt spectrum used the IBD 
delayed-capture shape. Both backgrounds were assigned a conserva-
tive 100% rate uncertainty, supported by the absence of excess events 
in the >12 MeV IBD sideband (fast neutrons) and near the edge of the FV 
in Extended Data Fig. 3 (double neutrons). The fast-neutron spectrum 
uncertainty was evaluated by comparing constant and first-order (lin-
ear) fits; the difference was taken as a conservative estimate of 60%. The 
double-neutron spectrum is more sensitive to energy-scale uncertain-
ties: a 50% shape uncertainty was conservatively assigned by applying 
a uniform ±1% shift to the reconstructed energy of the entire spectrum 
and comparing the resulting distribution with the nominal one.

13C(α, n)16O background. Alpha particles emitted by radioactive con-
taminants of the LS can be captured on 13C nuclei (1.1% isotopic abun-
dance), resulting in the emission of MeV-scale neutrons. A prompt 
signal can arise before the delayed neutron capture from neutron 
elastic scattering on protons, its inelastic interactions with 12C, or 
from de-excitation γs emitted by 16O nuclei produced in excited states, 
yielding a signature that mimics that of an IBD signal. This background 
has been recently revised using the open-source SaG4n software98 
as well as Geant4-based simulations. The detector response to reac-
tion products was simulated with JUNO Monte Carlo. Considering the 
achieved radiopurity of the LS, this background was found to be very 
small (0.04 day−1). About 95% of the backgrounds originate from α 
decays of 210Po that is out of secular equilibrium with the 238U chain. 
Rate and shape uncertainties of 25% or 50% were assigned by different 
groups considering different approaches in tuning the Monte Carlo 
response, in particular to protons and αs.

Reactor flux prediction and uncertainties
The predicted number of IBD events in reconstructed-energy ith bin is 
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where Erec is the reconstructed prompt energy, Eνe
 the antineutrino 

energy and Lr is the baseline from reactor core r to JUNO. ee is the elec-
tron antineutrino survival probability, Sr the emitted spectrum of  
core r, θ the positron scattering angle, σ

θ
d

d cos
 the IBD cross-section38 and 

R is the detector response function. The overall normalization factor 
C includes the number of free target protons Np, the live time and the 
IBD selection efficiencies.

Np was determined from the total LS volume, density and hydrogen 
mass fraction, using a geometric survey of the acrylic vessel, flow moni-
toring during filling and dedicated elemental analyses of LS samples. 
Combining these measurements yielded Np = (1.442 ± 0.014) × 1033.

For each core r, the source spectrum is 

S E N S E S E( ) = [ ( ) + Δ ( )], (3)r ν
r

ν r νf MIe e e

where N r
f  is the total number of fissions, derived from the reactor  

thermal power, fission fractions and energy per fission99. The term SMI 
is a component common to JUNO and Daya Bay and is parameterized 
in a segmented, largely model-independent (MI) form, 
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i

N

i i νMI 0
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where S0 is a smooth reference spectrum, Bi are basis functions local-
ized in the ith neutrino energy bin, allowing local deviations from 
the reference shape; the coefficients αi are free parameters con-
strained by the Daya Bay measurement; N = 25 defines the granular-
ity of the parameterizatoin, that is, how many segments are allowed 
for reactor neutrino flux variations in the fit. This construction 
allowed the combined JUNO and Daya Bay fit to absorb most uncer-
tainties in the absolute reactor spectrum into {αi}, whereas JUNO 
remained primarily sensitive to the oscillatory distortions governed 
by mΔ 21

2  and θsin2
12.

The residual term ΔSr accounts for differences between individual 
reactors and the Daya Bay configuration, including small changes in 
effective fission fractions, contributions from spent nuclear fuel (SNF) 
and non-equilibrium corrections for long-lived fission fragments49,87. 
The SNF contribution was calculated using the refuelling history and 
SNF inventory provided by the nuclear power plants, including the 
shutdown effect100. Reactor thermal power, fission fractions and fis-
sion energies were taken from standard reactor simulations99,101–103, 
with uncertainties at the few-per-mille to per cent level. SNF and 
non-equilibrium corrections are assigned 30% relative uncertainties 
but contribute only at the sub-percent level to the total flux. Differences 
in effective fission fractions between the JUNO and Daya Bay data sets 
were below 1%, implying that the relative flux normalization between 
the two experiments is known at about 0.1% level for a 10% uncertainty 
in the isotopic reference spectra.

Uncertainties in thermal power, fission fractions, SNF and non- 
equilibrium effects were treated as correlated among cores within the 
same power plant and uncorrelated between different plants. Extended 
Data Table 1 summarizes the uncertainties in the predicted non- 
oscillated antineutrino signal, which serve as inputs for the calculated 
νe rates in Table 1. The resulting time evolution of the predicted IBD 
rate, compared to the measured rate with backgrounds subtracted, is 
shown in Extended Data Fig. 6; the observed variations closely track 
the known reactor power history.

Statistical methods
The first 59.1 days of JUNO data were analysed with a semi-model- 
independent strategy that combines the prompt-energy spectrum of 
JUNO with reactor antineutrino measurements from Daya Bay46,47,104 
and state-of-the-art reactor flux calculations105–107. A segmented spec-
tral function (equation (4)) was used in the prediction μ( , , )p η α  (equa-
tion (2)) and shared between JUNO and Daya Bay, so that Daya Bay data 
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anchored the overall normalization and coarse spectral shape, whereas 
JUNO was primarily sensitive to the fine oscillation pattern. 
Summation-based reactor flux models provided the underlying spec-
tral shape and its theoretical uncertainty at the level of (10−20%).

Oscillation parameters were obtained in a frequentist fit using a 
binned χ2 function constructed according to the Combined Neyman–
Pearson (CNP) method51: 

χ μ D V μ D λ

λ χ θ m
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2
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where D is the observed IBD prompt-energy spectrum and V is the total 
covariance matrix. The CNP prescription defines the bin-wise statisti-
cal variance in V in a way that reduces known biases of traditional χ2 
definitions for Poisson data. The vector p contains the oscillation 
parameters of interest, η denotes nuisance parameters describing 
detector response, backgrounds and overall flux normalization. To 
ensure a rigorous treatment of external inputs, we distinguish between 
the data sources used for flux and oscillation constraints. The reactor 
antineutrino flux (rate and spectral shape) is constrained by a simul-
taneous fit to the data from the Daya Bay near detectors, whereas the 
constraints on mΔ 31

2  and θsin2
13 are derived predominantly from the 

near-far relative measurements in ref. 41, without directly incorpora
ting the underlying raw spectral data. Accordingly, the term incor-
porated the corresponding flux constraints from the Daya Bay near- 
detector data by directly using the inputs from refs. 46,104, which 
included the data, the detector response and the covariance matrix 
describing the measurement uncertainties. An independent analysis 
constrained the reactor flux by employing αλ ( )flux

2  with nuisance terms 
as implemented in ref. 47, achieving virtually identical results. The 
parameter α is defined in equation (4). The term χosc

2  incorporates  
the published Daya Bay constraints on θsin2

13 and mΔ 31
2 (ref. 41) to lift 

the intrinsic degeneracy in mΔ 31
2  rather than to fix their values.  

This is achieved using two separate one-dimensional penalty terms, 
an approach warranted by the negligible correlation between the 
parameters.

The residual dependence on reactor flux modelling was quantified 
by constructing a nominal summation model based on the latest 
nuclear databases and generating an ensemble of alternative spectra 
that encode plausible fine structures. These spectra were propagated 
through ensembles of toy data and analysed with the same fit. The 
additional model-dependent uncertainty on mΔ 21

2  and θsin2
12  was 

below 0.3% after optimizing the segmentation of the spectral func-
tion, and was negligible compared with the current total uncertainties.

Three independent analysis chains implemented this framework 
with different treatments of V, spanning statistically dominated to 
fully correlated systematic descriptions, and yielded mutually consis
tent results. Confidence regions in the θ m(sin , Δ )2

12 21
2  plane were 

obtained from iso-Δχ2 contours at 1σ, 2σ and 3σ levels. A toy Monte 
Carlo analysis based on the Feldman–Cousins approach108 has been 
used to validate the applicability of Wilks’s theorem and assess the 
accuracy of the iso-Δχ2 contours. The distribution of nuisance- 
parameter pulls shown in Extended Data Fig. 7 represents the largest 
deviations from nominal values among the common parameters most 
strongly correlated with the fitted solar neutrino oscillation param-
eters, illustrating the stability of the fit and the agreement among the 
three analyses.

Data availability
Raw experimental data from the JUNO detectors are not publicly acces-
sible due to their complexity and volume. Source data for Figs. 3, 4, and 
Extended Data Fig. 2 are, however, provided. Furthermore, inquiries 
regarding the data and posteriors used in this result may be directed 
to the collaboration.

Code availability
The JUNO Collaboration develops and maintains the code used for the 
simulation of the experimental apparatus and statistical analysis of the 
raw data used in this result. This code is shared among the Collabora-
tion, but because of the size and complexity of the codebases, it is not 
publicly distributed. Inquiries regarding the algorithms and methods 
used in this result may be directed to the Collaboration.
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Extended Data Fig. 1 | Reactor neutrino oscillation at different baselines. 
Survival probability ee  of 4 MeV reactor νe vs. baseline. Red: slow solar 
oscillation ( mΔ 21

2 ); blue: total ee including fast atmospheric oscillations 
( mΔ 31

2 ). Experimental baselines: JUNO (orange, 52.5 km) near solar oscillation 
maximum, Daya Bay near/far (pink), KamLAND (green). Circle sizes scale with 
detector sizes.



Extended Data Fig. 2 | Energy scale non-linearity calibration. a, Scintillator 
non-linearity from γ calibration sources deployed at the detector’s center: 
single-γ sources (solid circle), multiple-γ sources (hollow rhombus), and  
the best-fit curve (red). b, Measured cosmogenic 12B β− spectrum (points) 

compared to prediction (purple line), with a best-fit 12N component (green 
dashed line)of 2.7% identified via its high-energy shoulder. c, Measured 11C β+ 
spectrum (points) and the best-fit model (green line). d, Non-linearity response 
model for electrons (blue), γ’s (red), and positrons (green).
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Extended Data Fig. 3 | Spatial distribution of reactor neutrino candidates. 
Prompt-event counts versus reconstructed cubic radius (R3) are shown for the 
three vertex algorithms: OMILREC (blue), VTREP (green), and JVertex (orange). 
Horizontal bars indicate R3 bin widths; vertical dashed lines mark the FV 
boundary (16.5 m) and detector edge (17.7 m). The inset shows the uniform 
event density within the FV, with the dashed line indicating the mean count level. 
The rising counts beyond the FV are primarily due to accidental coincidences, 
with minor contributions from fast- and double-neutron backgrounds.



Extended Data Fig. 4 | Reactor neutrino candidates characteristics.  
a, Two-dimensional prompt-versus-delayed energies (with enlarged delayed 
energy window) showing the 214Bi-214Po cluster at Ed ~ 1 MeV and the IBD selection 
region (dashed red box). The inset shows the delayed-energy spectrum, 
featuring a clear neutron-capture peak at Ed ≃ 2.23 MeV (blue dashed line).  

b, Temporal correlation following an exponential decay with a fitted neutron- 
capture time of τ = 203.1 ± 7.7 μs. The deviation of the first point is due to the  
Δt > 5 μs cut and is therefore not included in the fit. c, Spatial separation Δd of 
the prompt and delayed vertices.
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Extended Data Fig. 5 | 9Li/8He background analysis. a, Measured 9Li/8He rates 
across muon visible energy, comparing data before and after the SPN veto.  
The residual 9Li/8He rates are shown prior to efficiency correction but after the 
application of all selection cuts. b, Spatial- and temporal-distribution of IBD 
candidates before the SPN cut shown relative to preceding SPN events. A clear 
cluster of 9Li/8He events is visible at the origin. The red box indicates the SPN 
veto criteria.



Extended Data Fig. 6 | Temporal distribution of reactor neutrinos. Rates  
of antineutrino candidates (after subtraction of the mean background rates), 
shown in one week time bins (black points with statistical error) are compared 
to the prediction (red line). Arrows indicate operations on the cores YJ1 and YJ4 
of the Yangjiang nuclear power plants. The power plants reduced the power 
output due to the occurrence of Super Typhoon Ragasa on September 24th.
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Extended Data Fig. 7 | Three analyses post-fit comparison. Post-fit pulls of 
selected nuisance parameters in the three independent JUNO analysis chains. 
From left to right, these parameters correspond to the detection efficiency, the 
double-neutron rate, the 9Li/8He rate, the geoneutrino rate, and the 214Bi-214Po 
rate. Coloured markers with vertical error bars show the best-fit shift and 1σ 
uncertainty of each parameter relative to its prior, (xfit − xprior)/σprior, for Analyses 
I–III, while the shaded band denotes the ± 1σ prefit range and the dashed line 
indicates zero pull.



Extended Data Table 1 | Summary of detector and reactor related 
uncertainties on the predicted reactor neutrino rate
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