
Physics of the Two Infinities Conference, Tokyo, Japan, Nov. 2025

1

J. Pedro Ochoa-Ricoux

Recent Advances in Reactor 
Neutrino Measurements



Basic Principles 
of Reactor Neutrino Experiments
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Neutrino Basics
• We need to understand neutrinos if we want to understand our universe!

− They are invaluable astronomical (and terrestrial) messengers
− They are the second most abundant particle in the universe
− Their oscillatory behavior is beyond the Standard Model

P. Ochoa-Ricoux, P2I 2025

• The principle behind neutrino oscillations: neutrino mixing

ii i vUv ∑= *
αα

How they interact 
( )νe, νμ, ντ

How they propagate 
( )ν1, ν2, ν3

where the matrix U is parameterized in terms of three 
mixing angles (θ12,θ13,θ23) and one CP-violating phase δ 

The mass splittings  determine the oscillation frequenciesΔm2
ij = m2

i − m2
j



Reactor Antineutrinos

4

νeνe

νe νe
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νe
νe

νe

n→ p + e- + ν̄e

− A 1  core produces in one minute more neutrinos than the NuMI and BNB beams produce in a typical yearGWth

Credit: nobelprize.org

✘Fission

• Nuclear reactors are a flavor-pure, widely available, cost-effective, extremely intense and 
well-understood source of electron antineutrinos:

∼ 1020 ν̄e/(s ⋅ GWth)

P. Ochoa-Ricoux, P2I 2025



Antineutrino Detection
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− Coincidence between prompt positron and delayed neutron signals allows for powerful 
background rejection

− Energy of positron preserves information about energy of incoming :ν̄e

• The primary detection channel is the Inverse Beta Decay (IBD) reaction*:

Eν̄e
≈ Eprompt + 0.78 MeV

nucleus

n

e+

μs

ns

γ

γ

γ

p
νe
_ + p → e+ + n  ν̄e

Prompt signal: 
 kinetic 

energy loss + 
annihilation

e+ Delayed signal:   
capture on Hydrogen 
(nH) or Gadolinium 
(nGd) and subsequent 
gamma-ray emission

n

• Only ’s are detectable via CC interactions; other flavors are kinematically inaccessibleν̄e

* Disclaimer: there is an emerging program 
using CEvNS to search for new physics at 
reactors, but time will not permit to cover it

P. Ochoa-Ricoux, P2I 2025

• Archetypical reactor  detector: liquid scintillator target surrounded by photomultiplier tubes (PMTs)ν̄e



Reactor Antineutrino Oscillations
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• Reactor neutrino experiments provide an excellent platform to make precision measurements 
of neutrino oscillation:

− No dependence 
on  and θ23 δCP

− Access to 
 and the mass ordering

θ12, θ13, Δm2
21,

Δm2
31

Pν̄e→ν̄e
(L, E) = 1 − sin2 2θ12 cos4 θ13 sin2 Δm2

21L
4E

− sin2 2θ13 (cos2 θ12 sin2 Δm2
31L

4E
+ sin2 θ12 sin2 Δm2

32L
4E )
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− Look at how ’s 
oscillate (disappear) into 
other flavors

ν̄e

− Baseline is set by 
physics goals

P. Ochoa-Ricoux, P2I 2025
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Several Generations of Reactor Neutrino 
Experiments

Discovery of the 
Neutrino (1956)

KamLAND 
(2002-2011)

The  generation 
(~2011-2023)

θ13
K.K. Joo
Chonnam National University
February 15, 2011

Status of the RENO Reactor 
Neutrino Experiment

RENO = Reactor Experiment for Neutrino Oscillation
(For RENO Collaboration)

Research Techniques Seminar @FNAL

Next generation

Still producing results!

Short-Baseline 
Experiments 
(~2015-2023)

P. Ochoa-Ricoux, P2I 2025

New results just 
released yesterday!!

Disclaimer: there is also exciting R&D happening (e.g. LiquidO) that unfortunately there is no time to cover



Highlights of Recent Results 
from the previous generation of experiments
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• There are three experiments dedicated to precisely measuring :θ13

− < 2 km baseline means only need “small” detectors (tens or hundreds of tons)

− Looking for small  (<10%) disappearance, so key is keeping systematics under control 

Data taking: 2011 - 2020 Data taking: 2011 - 2017 Data taking: 2011 - 2023
Notes: all reactors are LEU; flags indicate location of experiment, not composition of collaboration

− Near/far relative comparison allows to largely cancel uncertainties in flux prediction and correlated 
detection efficiencies

Experimentsθ13

P. Ochoa-Ricoux, P2I 2025

Gd-doped  
liquid scintillator

liquid 
scintillator 
γ-catchermineral oil

192 
PMTs

Using Daya Bay as an example 
(NIM A 811, 133 (2016))

• Surrounded by instrumented shields
• Three-zone detectors 

https://www.sciencedirect.com/science/article/abs/pii/S0168900215015636
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Final Oscillation Measurements

Prompt-energy Spectra
19

EH1 EH2

12

EH3
χ2/ndf = 559/518

Far hall

• Extract  and  from relative near/far rate and spectral distortionθ13 Δm2
32

P. Ochoa-Ricoux, P2I 2025

3158 days of data
Daya Bay

3800 days of data
RENO

1276 live-days of data
Double Chooz

PRD 111, 112006 (2025)

P. Solid’s talk at TAUP 2025PRL 103, 161802 (2023)

https://journals.aps.org/prd/abstract/10.1103/dc6j-5ky6
https://indico-cdex.ep.tsinghua.edu.cn/event/175/contributions/2481/attachments/875/1291/TAUP2025_Soldin_DoubleChooz.pdf
https://journals.aps.org/prd/abstract/10.1103/dc6j-5ky6
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Global Landscape for  and sin2 2θ13 |Δm2
32 |

P. Ochoa-Ricoux, P2I 2025

Current reactor measurements of θ13 will likely 
remain the most precise for a long time

Consistent Results with Accelerator 
Experiments for |Δm2

32 |

There is a proposal for a next-generation  experiment using LiquidO technology called SuperChooz 
that there is no time to cover

θ13

https://liquido.ijclab.in2p3.fr/superchooz/
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Reactor  Emission Characterizationν̄e

the “5 MeV bump”

• Double-Chooz and Daya Bay have recently released new results with their full data sets:

P. Ochoa-Ricoux, P2I 2025
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Most precise IBD yield  
(0.8% precision)

σ
Double Chooz

Most precise total, 235U and 239Pu spectra  
(1.3%, 3% and 8% precision at 3 MeV, respectively)

Daya Bay
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FIG. 2. The extracted 235U (left) and 239Pu (right) IBD yield spectra in terms of reconstructed energy of prompt signals are
shown as black points. For comparison, the HM and SM2023 predictions are drawn in red and blue respectively. The SM2023*
with the empirical parameter ω = 0.7 is drawn in magenta. The ratios between data and the HM model are shown in the
bottom panels, as well as the ratios of SM2023 and SM2023* to HM. The error bars in the data points represent the square
root of the diagonal elements of the covariance matrix for the extracted spectra. The error bands for the HM and SM2023
predictions reflect the uncertainties inherent to each model. Only the central values of SM2023* are plotted, as its complete
error budget is not provided.

uncertainty contributes less than 5% of the total uncer-
tainty budget. As shown in the right panel of Fig. 1,
the Daya Bay flux shows 5.0% deficit with respect to the
HM model, while it is consistent with the KI and SM2023
models.

By factorizing out the rate di!erence from the models
to Daya Bay data, a shape-only comparison is therefore
performed. And it turns out that the Daya Bay spectrum
shape shows a clear excess around 5 MeV with respect
to the HM model at more than 5ω significance and the
SM2023 model at 3ω significance in the 4 to 6 MeV energy
range using the method from Ref. [43].

The total IBD yield can be considered as the combi-
nation of the four major isotopic yields from 235U, 238U,
239Pu and 241Pu. Each nuclear isotope yields unique εe
spectrum and flux due to di!erent fission yields and beta
decay branches. With the burning of reactor fuel, the
fraction of isotopes evolves, inducing an evolution of the
total IBD yield. The e!ective fission fraction Fi viewed
by one AD is defined as

Fi =
6∑

r=1

Wth,rfi,r
L2
r

∑
i fi,rei

/
6∑

r=1

Wth,r

L2
r

∑
i fi,rei

, (2)

to study the IBD yield evolution. In commercial reactors,
during one fuel cycle, the 235U fraction decreases mono-
tonically, and the 238U fraction remains approximately
constant, while the 239Pu and 241Pu fractions both in-
crease monotonically. Based on the data from all near

ADs, the average e!ective fission fractions of the 4 iso-
topes are determined at Daya Bay to be F 235 : F 238 :
F 239 : F 241 = 0.564 : 0.076 : 0.304 : 0.056.
The F239 is chosen to represent the fuel evolution sta-

tus. In the following analysis, the F239 is first calculated
on a weekly basis; then 20 groups are defined based
on the weekly F239 values; the IBD data is then cate-
gorized into the 20 groups, leading to an evolved IBD
yield with F239. The evolution of the IBD yield rate can
be approximated with a linear relation with respect to
F239, where the slope dωf/dF239 is determined to be
[→1.96± 0.11(stat.)± 0.07(syst.)]↑ 10→43cm2/fission.
The evolution of the total IBD yield spectrum sf en-

ables a decomposition of the isotopic spectra, denoted as
si, according to the following ϑ2 analysis:

ϑ2 = ϑ2(sf ,F, si, ω) + ϑ2(s238, s241). (3)

The ϑ2 analysis constructs for each F239 group the dif-
ference between measured total spectrum (sf ) and cor-
responding prediction that is the combination of isotopic
spectra (si) according to the e!ective fission fractions
F. The ω represents nuisance parameters encompassing
systematic uncertainties from the reactor, detector and
background [43, 45, 56]. The evolution of isotopic fission
fractions is degenerate, because the 239Pu and 241Pu frac-
tions evolve in a similar manner, and the 238U fraction is
stable during the fuel burning. In order to reduce the de-
generacy and extract the 235U and 239Pu spectra, exter-

PRL 134, 201802 (2025)

~7% deficit in total flux with respect to the Huber-
Mueller (HM) model at short baselines is known as the 

“Reactor Antineutrino Anomaly” (RAA)
Reminder: in LEU reactors, fissions originate from 235U, 

239Pu, 241Pu and 238U fissions

https://indico-cdex.ep.tsinghua.edu.cn/event/175/contributions/2481/attachments/875/1291/TAUP2025_Soldin_DoubleChooz.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802
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The RAA and Sterile Neutrinos

P. Ochoa-Ricoux, P2I 2025

Disposition : Titre et contenu

18

Short Baselines - Global Context

Ø Success of the short baseline experimental 
program.

Ø Strong limits set on q14 from complementary 
measurements. The sterile neutrino hypothesis 
is rejected over most of the RAA phase space. 

Ø Strong tension with the BEST contour. See D. 
Gorbunov’s talk on Friday.

à Joint analysis of reactor data is of great 
interest.

From D. 
Lhuillier’s talk 
at Neutrino 

2024

5

nal constraints based on the HM model are introduced on
the 238U and 241Pu spectra through ω2(s238, s241), given
that 238U and 241Pu are minor contributions at Daya
Bay. The external constraints are loosely set by consid-
ering enlarged uncertainties with respect to the HM orig-
inal ones. The shape uncertainty of the 238U spectrum is
set to be 10-35% in 0.7-8 MeV, and the rate uncertainty
is set to be 10%, which covers the uncertainties from data
and also the di!erence between data and model [33]. The
uncertainty of the 241Pu spectrum is set to be 7-35% for
the shape, and 10% for the rate. Consistent results are
obtained when the SM2023 model replaces the HMmodel
in the ω2(s238, s241) term.

The extracted 235U and 239Pu spectra, i.e., s235 and
s239, are shown in Fig.2. The 235U and 239Pu spectra
reach an unprecedented precision of 3% and 8%, respec-
tively, in the 3 MeV region, leading to a 15% improve-
ment compared to previous Daya Bay results [22]. The
statistical uncertainty still contributes more than 50% for
both spectra.

The 235U spectrum measured at Daya Bay di!ers from
the HM model with a deficit below 4 MeV with more
than 4ε significance. However, it di!ers from the SM2023
model most notably with an excess between 5 and 7
MeV which reaches about 3ε significance. The SM2023*
model, despite showing agreement with the STEREO
235U spectrum [27], disagrees with the Daya Bay 235U
spectrum above 5 MeV as illustrated in Fig.2. The pre-
cision of the Daya Bay 239Pu spectrum is insu”cient to
di!erentiate between models.

In terms of the shape-only comparison, the Daya Bay
235U and 239Pu spectra di!er from both the HM and
SM2023 models with a bump around 5 MeV. Based on
the method detailed in Ref. [22, 43], the local shape-only
discrepancy from 4 to 6 MeV for the 235U spectrum is
quantified at 4ε level when comparing the Daya Bay mea-
surement with both the HM and SM2023 models, while
that for the 239Pu spectrum is less than 2ε due to the
relatively large uncertainty in the measurement.

The fission fractions of 239Pu and 241Pu exhibit an ap-
proximate proportionality. Thus, as proposed in Ref. [22],
the reconstructed energy spectra of 239Pu and 241Pu can
be treated as a single combined component, named as Pu
combo. This is defined as scombo = s239 + ks241, where
the scombo stands for the spectrum of Pu combo and the
coe”cient k = 0.185 is derived by fitting the correlation
between F239 and F241. The Pu combo approach reduces
the reliance on the model for s241 and the relative uncer-
tainty in scombo is 30% less than that of s239 with negligi-
ble impact on s235. The Supplemental Material contains
the scombo results.

In analogy with the spectrum decomposition, the
235U and 239Pu flux rates, denoted as ε235 and ε239,
can also be extracted through a ω2 analysis similar
to Eq.(3) by replacing 25 energy bins by an integrated
bin. The rate decomposition gives ε235 and ε239, respec-
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FIG. 3. The extracted isotopic reactor ωe fluxes of 235U and
239Pu in terms of IBD yield are represented by the black
point. The green contours indicate the ε235 and ε239 two-
dimensional allowed regions with 1ε, 2ε, and 3ε significance.
For comparison, the HM, KI and SM2023 model values are
provided for ε235 as 6.62± 0.14, 6.27± 0.13 and 6.16± 0.20,
and for ε239 as 4.34 ± 0.11, 4.33 ± 0.11 and 4.41 ± 0.15, in
units of 10→43cm2/fission.

tively, as [6.16 ± 0.04(stat.)± 0.08(syst.)± 0.08(model)]
and [4.16 ± 0.07(stat.)± 0.09(syst.)± 0.18(model)] →
10→43cm2/fission, as shown in Fig.3. The systematic un-
certainty and the uncertainty from the model constraint
of 238U and 241Pu are equally dominant for ε235, while
the uncertainty from the model constraint is dominant for
ε239. The precision of ε235 and ε239 has been improved by
about 15% compared to the previous results in Ref. [22].
Daya Bay determines the ratio ε235/ε239 = 1.48 ± 0.07
consistent with the measurements from DANSS [28],
NEOS-II [30] and RENO [57].

The Daya Bay 235U flux shows a 7.0% deficit in com-
parison with the HM value with about 3ε significance,
while it is only 1.8% lower than the KI prediction and
well consistent with the SM2023 prediction. The Daya
Bay 239Pu flux shows respective 4.1%, 3.9% and 5.7%
deficit to the HM, KI and SM2023 model predictions
in this analysis with full dataset, while it was consis-
tent with models in previous measurements using partial
data [21, 22]. However, considering its relatively large un-
certainty, this deficit has only about 1ε significance.

Thanks to the flux decomposition analysis, Daya Bay
is able to examine the possible contributing isotopes re-
sponsible for the reactor antineutrino anomaly in total
rate with respect to the HM model. Hence, several hy-
pothesis tests are performed. In the previous Daya Bay
publication [21], only the HM central values are consid-

All isotopes as contributors to RAA 
disfavored at 1.4σ

Daya Bay
239Pu vs. 235U IBD yields

Experiments searching for oscillations at very short baselines have 
mostly come up empty handed. There is a claim from Neutrino-4 that 

is in  tension with PROSPECT and STEREO> 5σ

Short-Baseline Reactor 
Neutrino Program

Sterile Neutrino Searches 
at Short Baselines

• Sterile neutrino hypothesis as explanation of RAA remains disfavored: 

(chart courtesy of B. Roskovec)

PRL 134, 201802 (2025)

https://agenda.infn.it/event/37867/contributions/233974/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802


Next Generation 
of Reactor Neutrino Experiments
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Reactor Antineutrinos in SNO+
• SNO+ is a multi-purpose liquid scintillator detector at SNOLAB in Canada

− Same as SNO but filled with liquid scintillator (LS) instead of heavy 
water

− 2.1 km underground, 9362 PMTs, 0.780 kton of LS

5

TABLE II. Expected and fitted signal and background counts.
Expectations use oscillation parameters from Ref. [16] and
show only systematic uncertainties (the geo-ω IBD rate is un-
constrained). The first Fit column is SNO+ only, the second
Fit column is with externally-constrained oscillation param-
eters, and the last Fit column is with the cut on the (ε, n)
classifier. For the latter, the expected count sum is 198. See
text for details.

Expected Fit Fit (con.) Fit (ε, n) cut

Reactor IBD 140± 6 120± 5 136± 6 130+6
→5

Geo 238U IBD 29 38+15
→14 38+15

→14 27+8
→7

Geo 232Th IBD 8 11± 5 12+6
→5 8+2

→3

(ε, n) p-scatters 80± 24 63± 19 58+20
→19 22± 6

(ε, n) other 12± 10 7± 5 7± 5 7± 4
ε-p 7± 6 4+6

→4 3+6
→3 3+6

→3

Atmospheric ω 4± 3 6+3
→2 6± 3 5± 2

Sum 281 249 259 202
Observed 246 246 246 185

protons, as well as cross sections, and further studies are
underway to model it. A total of 7.46±6.19 214Bi214Po ω-
p coincidences are expected across both datasets, where a
common systematic uncertainty of 83% was determined,
reflecting variations induced by the tail construction pro-
cedure.

Atmospheric Neutrino Background — Interactions
of atmospheric neutrinos with the scintillator can also
produce signals with accompanying neutrons. Charged-
current interactions often produce high-energy deposi-
tions that are removed by the 1-s veto and by requiring
only one prompt and one delayed event. Neutral cur-
rent quasi-elastic interactions can produce neutrons with
energies O(10) MeV.

The expected atmospheric neutrino rate was estimated
using GENIE Neutrino Generator version 3.4.2 [20]. The
flux from Bartol [21] in the Solar-max phase and at
the SNO+ location served as input for neutrinos above
100 MeV, while the smaller component below 100 MeV
was taken from Ref. [22]. Neutrino oscillations were ap-
plied with the NuCraft package [23].

Applying all event selection criteria to the simulated
sample resulted in an expectation of 4.4 coincidences in
the full dataset. The systematic uncertainties of the dif-
ferent components in the calculation combine to a total
uncertainty of 68%. The predicted prompt energy spec-
trum was consistent with a uniform distribution between
0.9 MeV and 8.0 MeV, which is assumed in the analysis.

Spectral Analysis and Results — A total of 246 coin-
cidences were selected in the two datasets. This is com-
pared with the expected numbers of signals and back-
grounds in Table II. The expectations in each dataset
are 101 and 180 coincidences, which are consistent with
the observations of 103 and 143, respectively. Additional
information is provided for each dataset in Supplemen-
tal Material [7]. The prompt energy distribution of the
combined dataset is shown in Fig. 2.

FIG. 2. Energy distribution of prompt events and best-fit
predictions. Upper panel: fit with !m2

21 and sin2 ϑ12 uncon-
strained. Lower panel: with constraints and the cut on the
(ε, n) classifier, which is applied only below 3.5 MeV.

Two independent fitter frameworks used extended log-
likelihood functions to fit the unbinned prompt energy
spectrum. Both frameworks produced consistent results,
one set of which is presented and summarized in Tables II
and III. In addition to the two oscillation parameters, we
fit the geoneutrino rate and U/Th ratio, and scalings to
the cross section and branching ratios for the (ω, n) chan-
nels. The normalizations of these and the other back-
grounds were treated as fully correlated across the two
datasets with the same relative constraints, together with
a common scale for the reactor predictions. The detector-
related systematics, including the energy resolution, a
linear energy scale (with a separate 3% uncertainty for
protons as in Ref. [2]), and a nonlinear scaling related to
Birks’ constant kB , were constrained with distinct uncer-
tainties for each dataset (see Table I).
The best-fit oscillation parameters are !m2

21 =
(7.93+0.21

→0.24) → 10→5eV2 and sin2 ε12 = 0.505 ± 0.134. All
best-fit detector systematic parameters are consistent
with expectations and the resulting energy spectra are
shown with the data in Fig. 2.
The log likelihood distribution is shown in Fig. 3 as a

function of the two oscillation parameters, fitting for all
the other parameters at each point. The SNO+ !m2

21
result is compatible with the PDG 2025 global result [16]
to 1.4ϑ. The best-fit !m2

21 is larger than previous mea-
surements, which was already hinted at by the previous

− 60% of reactor ’s from three nuclear complexes in Ontario at 
240 km, 350 km and 355 km 

ν̄e

SNO+
Data from May 2022 to 

July 2025

arXiv:2511.11856

P. Ochoa-Ricoux, P2I 2025

https://arxiv.org/abs/2511.11856


JUNO at a Glance
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• The Jiangmen Underground Neutrino 
Observatory (JUNO) is a large multi-purpose 
experiment recently completed in China:

- 35 m diameter sphere with 20 ktons of liquid scintillator (LS) surrounded by water Cherenkov detector

- Unprecedented energy resolution of 3% at 1 MeV 

~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

smaller ~3 ton 
satellite detector 

- 52.5 km from two major nuclear power plants (8 reactors)

Details about the experiment were provided 
by Luca Pelicci on Monday

P. Ochoa-Ricoux, P2I 2025

https://indico.in2p3.fr/event/35255/contributions/161321/attachments/95706/150770/JUNOStatus_P2I_Pelicci.pdf
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A Long Journey

2013 2015 Dec 2024

Project 
start Start of civil 

construction

Beginning 
of detector 
installation 

End of 
detector 

installation

2022

Aug 2025

Tunnel Digging

Start of Detector Installation

Feb 2024

End of water 
filling

End of LS 
filling

water filling LS filling physics data

November 
19, 2025

First Results 
Announced!

P. Ochoa-Ricoux, P2I 2025



Low-Level Detector Performance
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• Large PMTs (LPMTs):

5.2 Large PMT running status

A total number of 20,348 20-inch PMTs have been installed and operated in JUNO since the
LS filling phase. Table 1 shows the total number of 20-inch PMTs installed in CD and WCD,
respectively. A total of 22 PMTs (0.11%) have been found dead until November 2025, possibly
due to water leakage, or unstable operation of the HV modules. About 2% to 3% of the operational
PMTs are found be to flashing, with a typical phenomenon of a sudden increase of counting rate
from the flasher PMT. As a result, the peak rate could reach more than 1 MHz. The potential
origin of the flashing process could come from discharge of spacers or other components in the
PMTs [62, 63]. It is expected that a large fraction of flashing PMTs can be recovered in the near
future.

CD WCD
Hamamatsu NNVT NNVT
R12860-50 GDB6201 GDB6201 Total

Installed 4939 12657 2404 348 20348

In operation 4936 12638 2404 348 20326
Dead 3 19 0 0 22

Table 1: Summary of the running status of the large PMTs installed in the CD and WCD. Dead
PMTs are primarily due to HV trip.

The operational high voltages of the PMTs (see left plot of Figure 5) were established based on
a comprehensive analysis of the PMT detection e!ciency, single-photoelectron charge spectrum,
single-channel trigger threshold, and flashing probability. Contributions from the dynode and
MCP-PMTs are presented separately.

The dark count rate (DCR) is a critical parameter in PMT operation, monitored through
both online hit counting in the electronics and o”ine analysis of periodic triggers. The right
plot of Figure 5 shows the o”ine-measured DCR distribution during a typical physics run. The
average DCR values are 20.6 kHz and 22.7 kHz for dynode and MCP-PMTs, respectively. While a
direct comparison of these values with the mass testing results in [16] is challenging due to di#ering
operational conditions, such as ambient temperature, PMT gain, trigger thresholds, and electronics
noise levels, a decrease of the average DCR with time was observed.

Figure 5: Left: High Voltage distribution of the large PMTs at an operational gain of 0.65→107 and
0.72→107 for dynode-PMTs and MCP-PMTs, respectively. Right: Large PMTs DCR distribution.

5.3 Large PMT gains

To characterize the single-photoelectron (SPE) charge distribution, two di#erent gain definitions
are introduced: the peak gain (Gp) which corresponds to the peak position of the SPE charge
distribution, and the mean gain (Gm), which represents the average value of the SPE charge
distribution. The PMT gain is extracted by fitting the charge spectra obtained from calibration or
periodic trigger data. For calibration, a stable light intensity ensures that the Number of Photo-
Electrons (NPE) detected by each PMT follows a Poisson distribution with mean occupancy µ.
This is achieved using either a radioactive or laser source in the CD centre: for the former, events
are selected by vertex and energy cuts around the source peak; for the latter, an external trigger is

20

− Lost 16 LPMTs during installation in the Central Detector (CD)
− As of now, have lost an additional 22 LPMTs (0.1%)
− Approximately 300 large PMTs flashing at any one time
− 20.6 kHz and 22.7 kHz of Dark Count Rate (DCR) for 

dynode and MPC-PMTs, respectively
• Electronics:
− Low noise levels (roughly 0.055 PE)
− Threshold at 0.2-0.3 PE

− Threshold at 200 keV
• Trigger:

• Calibration:
− Multiple artificial calibration sources deployed 

around central axis (1D) and in 2D plane 

Charge distribution (total PE) of calibration points after DCR subtraction
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Light-Yield and Residual Non-Uniformity
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• Light-yield and residual non-uniformity are essential to achieve the target energy resolution for 
the mass ordering measurement
− See ~1600 PE/MeV with 68Ge and ~1780 PE/MeV for nH capture throughout most of the fiducial 

volume, higher than design
methods.− Residual non-uniformity is well within ±1% in the r<16.5 fiducial volume
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Energy Non-Linearity
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±

• Energy non-linearity (NL) characterized to 
better than 1% precision

− Good agreement between NL measured with 
LPMTs and small PMTs (which are virtually linear)
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IBD Selection
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• 59.1 days of good data:
− From August 30th to November 2nd

− Muon and multiplicity vetos

• Exploit temporal and spatial coincidence of 
prompt and delayed events to extract signal

− Energy cut
− Time ( ) and space ( ) coincidence Δt Δd

Fig. 7 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 ω= 203.1±7.7 µs. The
deviation of the first point is due to the !t > 5 µs cut and is therefore not included in the fit. c, Spatial separation !d of
the prompt and delayed vertices.

to reject cosmogenic backgrounds, (4) a multi-
plicity cut to further reject neutron-related back-
ground from undetected muons and instrumental
backgrounds. Prior to these selections, the spon-
taneous light emission in PMT (“flashers”) was
suppressed by applying cuts on the standard
deviations of the PMT hit multiplicity and tim-
ing distributions. The overall detection e!ciency
was determined through a detailed evaluation of
individual selection criteria. Independent analy-
ses using alternative 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 5µs < ”t < 1 ms,
and a spatial separation ”d < 1.5 m between
prompt and delayed signals.

Energy-selection e!ciencies were validated
with calibration data. The prompt-energy cut was
fully e!cient 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 uncertainty due to energy reso-
lution. The temporal-coincidence e!ciency, deter-
mined from an exponential fit to the ”t distribu-
tion of IBD candidates, was 96.8% with a 0.02%
relative uncertainty due to capture-time varia-
tion. The spatial-correlation cut preserved 98.3%
of events with a relative uncertainty of 0.1%,

derived from the reconstructed IBD ”r distribu-
tion. Both the temporal- and spatial-coincidence
e!ciencies are verified using AmC sources and MC
simulations.

Fiducial volume cut: Prompt positron can-
didates are required to have radius R < 16.5 m
and |z| < 15.5m to strongly suppress acciden-
tal and cosmogenic neutron backgrounds and to
minimize the impact of biases in the reconstruc-
tion algorithms. Alternative analyses used di#er-
ent vertex reconstruction algorithms and adopted
slightly di#erent criteria, such as applying a sep-
arate R < 17.2m for the delayed signal, or
limiting the polar region cut only around z axis
(|z| > 15.5 m and ω =

√
x2 + y2 < 2m). Across

all reconstruction methods and FV definitions,
the total e!ciency variation remained below 1%.
Figure 8 shows the radial distributions of prompt
IBD candidates 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 e!ciency is obtained from the geo-
metrical volume fraction accepted in the selection
(80.6%), under the assumption of a uniform IBD
distribution within the FV. We performed inde-
pendent estimations using a 12B sample and a
high-energy (>3.5MeV) IBD sample by calcu-
lating the fraction of these events reconstructed
inside the FV relative to the total. These results
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to reject cosmogenic backgrounds, (4) a multi-
plicity cut to further reject neutron-related back-
ground from undetected muons and instrumental
backgrounds. Prior to these selections, the spon-
taneous light emission in PMT (“flashers”) was
suppressed by applying cuts on the standard
deviations of the PMT hit multiplicity and tim-
ing distributions. The overall detection e!ciency
was determined through a detailed evaluation of
individual selection criteria. Independent analy-
ses using alternative 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 5µs < ”t < 1 ms,
and a spatial separation ”d < 1.5 m between
prompt and delayed signals.

Energy-selection e!ciencies were validated
with calibration data. The prompt-energy cut was
fully e!cient 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 uncertainty due to energy reso-
lution. The temporal-coincidence e!ciency, deter-
mined from an exponential fit to the ”t distribu-
tion of IBD candidates, was 96.8% with a 0.02%
relative uncertainty due to capture-time varia-
tion. The spatial-correlation cut preserved 98.3%
of events with a relative uncertainty of 0.1%,

derived from the reconstructed IBD ”r distribu-
tion. Both the temporal- and spatial-coincidence
e!ciencies are verified using AmC sources and MC
simulations.

Fiducial volume cut: Prompt positron can-
didates are required to have radius R < 16.5 m
and |z| < 15.5m to strongly suppress acciden-
tal and cosmogenic neutron backgrounds and to
minimize the impact of biases in the reconstruc-
tion algorithms. Alternative analyses used di#er-
ent vertex reconstruction algorithms and adopted
slightly di#erent criteria, such as applying a sep-
arate R < 17.2m for the delayed signal, or
limiting the polar region cut only around z axis
(|z| > 15.5 m and ω =

√
x2 + y2 < 2m). Across

all reconstruction methods and FV definitions,
the total e!ciency variation remained below 1%.
Figure 8 shows the radial distributions of prompt
IBD candidates 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 e!ciency is obtained from the geo-
metrical volume fraction accepted in the selection
(80.6%), under the assumption of a uniform IBD
distribution within the FV. We performed inde-
pendent estimations using a 12B sample and a
high-energy (>3.5MeV) IBD sample by calcu-
lating the fraction of these events reconstructed
inside the FV relative to the total. These results
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background components are also summarized in
Table 1.

Antineutrinos (ωe) Candidates Summary

DAQ live time (days) 59.1
ωe candidates 2379

Selection E!ciencies (%) ε ϑrel

Fiducial volume 80.6 1.6
PMT flasher rejection >99.9 negligible
µ veto 93.6 negligible
Multiplicity 97.4 negligible
Prompt-delayed coinc. 95.1 0.13

Total e!ciency (εtot) 69.9 1.6

ωe signal (cpd1)
w/o εtot corrected 33.5± 1.7
w/ εtot corrected 47.9± 2.6
Non-oscillated ωe 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(ϖ, 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

Table 1 Event selection and backgrounds. The table
lists the IBD selection criteria with their respective
e!ciencies (ε) and relative uncertainties (ϑrel), alongside
the measured or expected pre-fit and best-fit background
rates. The ωe signal rates were derived both with and
without applying the e!ciency 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 Methods. The best-fit values for the
backgrounds come from the spectral fit.
1cpd ↑ counts per day

Background evaluation: The main back-
grounds for this analysis are represented by cos-
mogenic 9Li/8He isotopes, geoneutrinos, 214Bi-
214Po, and antineutrinos from other world reac-
tors. Other minor backgrounds are either strongly
suppressed by the selection cuts, or are intrinsi-
cally small. More details are provided in Methods.

The dominant background originated from
cosmogenic 9Li/8He ω-n decays was suppressed
using a spallation neutron veto. The total and
residual rates were evaluated by fitting the time
distribution of candidate events since cosmic
muons, before and after application of the spal-
lation neutron veto, respectively. The 9Li/8He
ratio was constrained by the measurement from

Daya Bay [44]. The dependence of the 9Li/8He
rate on visible muon energy was compared with
Geant4 [45] simulations, and a systematic rate
uncertainty of 34% was assigned to encompass
fitting uncertainties and data–simulation dis-
crepancies. 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 Daya Bay data [46]. This comparison con-
strained the spectral shape uncertainty to 20%.
Other long-lived ω–n emitters were estimated
using FLUKA [47, 48] and Geant4 [45] simulations
and found to be negligible.

Geoneutrinos, electron antineutrinos emitted
in 238U and 232Th decay chains in the Earth’s inte-
rior, are indistinguishable from reactor neutrinos
on an event-by-event basis. Based on geologi-
cal crust and mantle models, their predicted flux
yields (1.1–2.4) IBD events per day interacting in
the LS assuming 100% detection e!ciency [28].
Taking the variations across the models, we
adopted 1.75 events/day with a 40% uncertainty.
A 5% shape uncertainty accounts for the two
spectral models used [49, 50], the 238U/232Th com-
positional variations, and oscillation e”ects. An
additional 10% uncertainty was applied to the
nominal 232Th-to-238U signal ratio of 0.29.

World reactor backgrounds—antineutrinos
from distant reactors beyond the primary signal
sources—were estimated using operational data
from Chinese nuclear plants [51] and the global
PRIS database [52]. This background contributes
to 1.26 IBD events per day at the JUNO site,
with 10% rate and 5% shape uncertainties.

The ω-ε cascades from 214Bi-214Po (radon
daughters) introduce a correlated background, in
which delayed ε signals can have reconstructed
energies elevated into the neutron capture region,
either due to ϑ’s from excited 214Po states [53] or
to elastic scattering on protons [54]. Other back-
grounds (Table 1) were measured or simulated and
found to be subdominant (see Methods).

Reactor–neutrino signal prediction:
Antineutrinos in reactors are produced from ω
decays of neutron-rich fission fragments of 235U,
238U, 239Pu, and 241Pu. The reactor operational
data, especially thermal power, fission fractions
and spent fuel information served as inputs to the
flux prediction model. The flux model was decom-
posed into a component common to JUNO and

13
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background components are also summarized in
Table 1.

Antineutrinos (ωe) Candidates Summary

DAQ live time (days) 59.1
ωe candidates 2379

Selection E!ciencies (%) ε ϑrel

Fiducial volume 80.6 1.6
PMT flasher rejection >99.9 negligible
µ veto 93.6 negligible
Multiplicity 97.4 negligible
Prompt-delayed coinc. 95.1 0.13

Total e!ciency (εtot) 69.9 1.6

ωe signal (cpd1)
w/o εtot corrected 33.5± 1.7
w/ εtot corrected 47.9± 2.6
Non-oscillated ωe 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(ϖ, 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

Table 1 Event selection and backgrounds. The table
lists the IBD selection criteria with their respective
e!ciencies (ε) and relative uncertainties (ϑrel), alongside
the measured or expected pre-fit and best-fit background
rates. The ωe signal rates were derived both with and
without applying the e!ciency 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 Methods. The best-fit values for the
backgrounds come from the spectral fit.
1cpd ↑ counts per day

Background evaluation: The main back-
grounds for this analysis are represented by cos-
mogenic 9Li/8He isotopes, geoneutrinos, 214Bi-
214Po, and antineutrinos from other world reac-
tors. Other minor backgrounds are either strongly
suppressed by the selection cuts, or are intrinsi-
cally small. More details are provided in Methods.

The dominant background originated from
cosmogenic 9Li/8He ω-n decays was suppressed
using a spallation neutron veto. The total and
residual rates were evaluated by fitting the time
distribution of candidate events since cosmic
muons, before and after application of the spal-
lation neutron veto, respectively. The 9Li/8He
ratio was constrained by the measurement from

Daya Bay [44]. The dependence of the 9Li/8He
rate on visible muon energy was compared with
Geant4 [45] simulations, and a systematic rate
uncertainty of 34% was assigned to encompass
fitting uncertainties and data–simulation dis-
crepancies. 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 Daya Bay data [46]. This comparison con-
strained the spectral shape uncertainty to 20%.
Other long-lived ω–n emitters were estimated
using FLUKA [47, 48] and Geant4 [45] simulations
and found to be negligible.

Geoneutrinos, electron antineutrinos emitted
in 238U and 232Th decay chains in the Earth’s inte-
rior, are indistinguishable from reactor neutrinos
on an event-by-event basis. Based on geologi-
cal crust and mantle models, their predicted flux
yields (1.1–2.4) IBD events per day interacting in
the LS assuming 100% detection e!ciency [28].
Taking the variations across the models, we
adopted 1.75 events/day with a 40% uncertainty.
A 5% shape uncertainty accounts for the two
spectral models used [49, 50], the 238U/232Th com-
positional variations, and oscillation e”ects. An
additional 10% uncertainty was applied to the
nominal 232Th-to-238U signal ratio of 0.29.

World reactor backgrounds—antineutrinos
from distant reactors beyond the primary signal
sources—were estimated using operational data
from Chinese nuclear plants [51] and the global
PRIS database [52]. This background contributes
to 1.26 IBD events per day at the JUNO site,
with 10% rate and 5% shape uncertainties.

The ω-ε cascades from 214Bi-214Po (radon
daughters) introduce a correlated background, in
which delayed ε signals can have reconstructed
energies elevated into the neutron capture region,
either due to ϑ’s from excited 214Po states [53] or
to elastic scattering on protons [54]. Other back-
grounds (Table 1) were measured or simulated and
found to be subdominant (see Methods).

Reactor–neutrino signal prediction:
Antineutrinos in reactors are produced from ω
decays of neutron-rich fission fragments of 235U,
238U, 239Pu, and 241Pu. The reactor operational
data, especially thermal power, fission fractions
and spent fuel information served as inputs to the
flux prediction model. The flux model was decom-
posed into a component common to JUNO and
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• Backgrounds amount to ~14% of reactor IBDs

− Correlated  signals from decay of long-lived 9Li/8He

− Geo-neutrinos: emitted from the decay of U and Th in the 

Earth

− Neutrinos from other nuclear power plants (World reactors)

β − n
• Main backgrounds: 

except for the prompt–delayed coincidence tim-
ing. With the FV, the rate was determined to
be (4.9 ± 0.3) → 10→2 /day. The uncertainty is
dominated by o!-window event statistics.

Atmospheric neutrino neutral-current
interactions on carbon nuclei produce neutrons,
generating correlated IBD-like backgrounds [77].
The rate was estimated using state-of-the-
art neutrino interaction models [78, 79] with
the Honda atmospheric flux calculation [80].
Model dependence was evaluated by comparing
GENIE 3.0.6 [78] and NuWro 19.02 [79] genera-
tors, including initial nuclear models and final-
state interaction variations, with nuclear de-
excitation simulated via TALYS [81]. The model-
averaged prediction gives 0.12 /day (pre-selection)
with a conservative 50% uncertainty covering
interaction modeling, de-excitation, and flux sys-
tematics. Spectral shape uncertainty was deter-
mined from deviations among the selected models.

Neutron backgrounds: Cosmic-ray muons
untagged by the WP or passing through the sur-
rounding rock produce energetic neutrons that
create correlated backgrounds through two mecha-
nisms: fast neutrons mimic IBD signals via proton
recoil followed by neutron capture, while double
neutrons arise from sequential capture of two neu-
trons. The muon veto (>99.9% e”cient) and the
stringent FV cut reduced these to negligible lev-
els (see Fig. 8) . Simulations predict residual rates
of 0.02 /day (fast neutrons) and 0.05 /day (dou-
ble neutrons), concentrated near the LS edge and
confirmed with corner-clipping muon data. The
fast-neutron spectrum was obtained from muon-
tagged events, while the double-neutron prompt
spectrum used the IBD delayed-capture shape.
Both backgrounds were assigned a conservative
100% uncertainty, supported by the absence of
excess events in the > 12 MeV IBD sideband (fast
neutrons) and near the edge of the FV in Fig. 8
(double neutrons).

13C(ω, n)16O background: Alpha particles
emitted by radioactive contaminants of the LS
can be captured on 13C nuclei (1.1% isotopic
abundance), resulting in the emission of MeV-
scale neutrons. A prompt signal can arise before
the delayed neutron capture from neutron elas-
tic scattering on protons, its inelastic interactions
with 12C, or from de-excitation ε’s emitted by
16O nuclei produced in excited states, yielding
a signature that mimics that of an IBD signal.

Fig. 10 Temporal distribution of reactor neutri-
nos. 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 NPP. The NPP
reduced the power output due to the occurrence

of Super Typhoon Ragasa on September 24th.

This background has been recently revised using
the open-source SaG4n software [82] as well as
Geant4 based simulations. The detector response
to reaction products was simulated with JUNO
MC. Considering the achieved radiopurity of the
LS, this background was found to be very small
(0.04 /day). About 95% of the backgrounds origi-
nates from ω decays of 210Po that is out of secular
equilibrium with the 238U chain. Rate and shape
uncertainties of 25% or 50% were assigned by dif-
ferent groups considering di!erent approaches in
tuning the MC response, in particular to protons
and ω’s.

Reactor flux prediction and

uncertainties

The predicted number of IBD events in
reconstructed-energy i-th bin is

Ni =C →

Erec
i+1∫

Erec
i

dErec

∫
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→1

d cos ϑ
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Good correlation between predicted 
and expected reactor IBD rate after 

background subtraction

P. Ochoa-Ricoux, P2I 2025

Note: YJ stands for Yangjiang, a Nuclear Power 
Plants with 6 reactors seen by JUNO
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Oscillation Fit
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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. Shaded red region represents
expected antineutrino signal. Black dotted line represents
non-oscillated reactor neutrino expectation. Backgrounds
are indicated by other solid color lines. b, Residuals quan-
tifying the statistical consistency between data and the
complete model. c, Ratio of the measured oscillated spec-
trum to non-oscillated prediction.

the Daya Bay experiment [55, 56], plus a subdom-
inant term covering their di!erences, 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 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 incorpo-
rated the complete sequence of e!ects from reactor
neutrino production to signal detection (details
in Methods): reactor fluxes evaluated via a semi-
model-independent combination of Daya Bay near
detector data [55, 56] and theoretical models [57,
58], baselines from JUNO site to multiple reactors

Fig. 4 Results on solar oscillation parameters. Con-
fidence intervals of sin2 ω12 and !m2

21 from a spectral fit
of measured prompt antineutrino energy spectrum shown
in Fig. 3. Shaded elliptically-shaped areas correspond to
1ε, 2ε, and 3ε confidence levels. The upper panel pro-
vides the one dimensional !ϑ2 for sin2 ω12 obtained by
profiling !m2

21 (blue line) and the blue shaded region
as the corresponding 1ε interval. The right panel is the
same, but for !m2

21, with sin2 ω12 profiled. The star marks
the best fit values of JUNO, and the error bars show
their one-dimensional 1ε confidence intervals. Results from
other measurements of reactor neutrinos (KamLAND [13]
and SNO+ [54]) and solar neutrinos (combined Super-
Kamiokande (SK)+SNO [61]) are shown for comparison.

as provided in Ref. [5], time-dependent fission frac-
tions, neutrino oscillation including Earth’s mat-
ter e!ects [59, 60], interaction cross section [40,
41], detector response, and estimated backgrounds
(Table 1).

Systematic uncertainties in the reactor flux
prediction, shown in Table 2, are dominated by the
1.2% contribution from the Daya Bay reference
spectrum [56], 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 primar-
ily shaped by solar oscillation parameters ”m2

21

and sin2 ω12, with a weaker dependence on ”m2
31.

Due to the currently limited statistics, our oscil-
lation analysis concentrated on determining the

14

• Consistent results from three independent 
analyses: 

• Unoscillated  spectrum constrained 
through joint fit with released Daya Bay data 

ν̄e

− Own selections, reconstructions, background 
estimations, detector response characterizations, 
and fitting implementation

− Detector response accounted for 
individually for JUNO and Daya Bay

• Frequentist analysis with binned χ2

Elisa Percalli - Oscillation Physics with Reactor Antineutrinos in JUNO

First measurement of reactor neutrino oscillations 
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The best ait result for the sol″r 
oscill″tion p″r″meters, on ″n 

″ntineutrino s″mple of ~59 d″ys is:

World leading precision

Δm2
21 = (7.50 ± 0.12) ∼ 10×5feV2 (1.55%)

sin2 ν12 = 0.3092 ± 0.0087 (2.81%)

(at JUNO)

PDG 2025 JUNO

2.5 % 1.5%

3.9 % 2.8%

Δm2
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sin2 ν12
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Contours and Global Landscape
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the Daya Bay experiment [55, 56], plus a subdom-
inant term covering their di!erences, 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 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 incorpo-
rated the complete sequence of e!ects from reactor
neutrino production to signal detection (details
in Methods): reactor fluxes evaluated via a semi-
model-independent combination of Daya Bay near
detector data [55, 56] and theoretical models [57,
58], baselines from JUNO site to multiple reactors

Fig. 4 Results on solar oscillation parameters. Con-
fidence intervals of sin2 ω12 and !m2

21 from a spectral fit
of measured prompt antineutrino energy spectrum shown
in Fig. 3. Shaded elliptically-shaped areas correspond to
1ε, 2ε, and 3ε confidence levels. The upper panel pro-
vides the one dimensional !ϑ2 for sin2 ω12 obtained by
profiling !m2

21 (blue line) and the blue shaded region
as the corresponding 1ε interval. The right panel is the
same, but for !m2

21, with sin2 ω12 profiled. The star marks
the best fit values of JUNO, and the error bars show
their one-dimensional 1ε confidence intervals. Results from
other measurements of reactor neutrinos (KamLAND [13]
and SNO+ [54]) and solar neutrinos (combined Super-
Kamiokande (SK)+SNO [61]) are shown for comparison.

as provided in Ref. [5], time-dependent fission frac-
tions, neutrino oscillation including Earth’s mat-
ter e!ects [59, 60], interaction cross section [40,
41], detector response, and estimated backgrounds
(Table 1).

Systematic uncertainties in the reactor flux
prediction, shown in Table 2, are dominated by the
1.2% contribution from the Daya Bay reference
spectrum [56], 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 primar-
ily shaped by solar oscillation parameters ”m2

21

and sin2 ω12, with a weaker dependence on ”m2
31.

Due to the currently limited statistics, our oscil-
lation analysis concentrated on determining the
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Good agreement with previous results!

https://arxiv.org/abs/2511.14593
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source is approximately 3.4% (left plot of Figure 13). If fitting the resolutions using the equation
below:

ωE/E =
√
a2/E + b2, (8)

the stochastic term a is →3.3% and the constant term b is →1%. These values may evolve because
of on-going studies on the precise fitting of gamma spectra and the uncertainty estimate. In
addition, the energy resolution for ε is generally degraded compared to that for electrons, due to
the additional energy smearing introduced by Compton scattering processes.

Figure 18: Energy resolution as a function of energy measured with ε sources placed at the CD
centre.

The contributions of major factors to the total energy resolution budget were also evaluated,
including the quenching e!ect, Cherenkov light contribution in scintillation processes, dark noise,
and single photoelectron charge smearing, among others. Preliminary analyses suggest that the
slightly worse energy resolution in data may be primarily attributed to partial treatment of 14C
pileup in the 68Ge data, resulting from the intrinsic 14C concentration of (3–5)↑10→17 g/g in the
liquid scintillator. Dedicated e!orts are currently underway to improve the energy resolution.

Additionally, the energy resolution across the entire detector volume has been systematically
evaluated using 214Po events from the 238U decay chain. Owing to the pronounced quenching of
ϑ particles in the LS, the reconstructed energy of 214Po is approximately 0.93 MeV. The energy
resolution is presented as a function of the radial volume (R3) in Figure 19. Except for a slight
degradation near the detector boundary, the resolution for 214Po reaches 2.8%. A comparative
analysis between these ϑ events distributed in the whole volume and the ε events at the centre is
expected to refine our understanding of the energy resolution in the near future.

7 Muon detection in JUNO

Cosmic-ray muons traversing the liquid scintillator can produce spallation products such as 9Li,
8He, 12B, 8Li, 8B, and 11C. These unstable isotopes can mimic the correlated signals of reactor
neutrino IBD events or the single-electron scattering signals induced by solar neutrinos. Moreover,
untagged muons in the WCD can generate fast-neutron backgrounds in the CD.

The WCD employs a regional trigger logic for the PMTs: the detector sphere is divided into
ten trigger zones, five in the upper and five in the lower hemisphere, arranged in petal-shaped
sectors. In addition, 3 zones are defined for the three rings of PMTs mounted on the water pool
walls. A local trigger threshold is defined for each zone, requiring about 30 PMT hits to generate a
trigger validation signal. In addition, a cross-zone trigger condition is applied to pairs of adjacent
zones, where a combined total of approximately 40 fired PMTs is required. The specific thresholds
are fine-tuned individually according to the noise characteristics of each zone. This hierarchical
trigger design e!ectively reduces the overall detector threshold and improves the e”ciency for
muon detection.

To ensure high detection e”ciency in theWCD, water transparency is of paramount importance.
A dedicated device was developed for online monitoring of water transparency. Installed at the
bottom of the water pool, the system is equipped with five 20-inch MCP-PMTs, LEDs, and optical
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• More is coming! 
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− Energy resolution is almost at design level; further improvements expected with better calibration and 
energy reconstruction

Figure 19: Energy resolution versus R3 evaluated using 214Po with a reconstructed energy of
about 0.93 MeV.

fibers [78]. After the pool was filled, the water transparency was continuously monitored using this
setup. During the water filling stage (from 18 December 2024 to 1 February 2025), water circulation
inside the detector was not yet active, resulting in a water attenuation length of approximately
25 m at a LED wavelength of 400 nm (see blue points in Figure 20). Once water circulation began,
the attenuation length increased sharply and eventually stabilized at around 60 m. A second
rise in the attenuation length was observed at the start of the science runs, corresponding to the
completion of full nitrogen sealing of the water pool. These improvements are consistent with the
observed increase in water resistivity (overlaid in green in the plot of Figure 20).

The top plot of Figure 21 shows the rate of muons tagged in the CD (→5 Hz) and in the WCD
(→9 Hz). The lower panel of the same figure shows the muon tagging e!ciency in the WCD,
calculated by studying the temporal correlation between events with a muon tagged in the WCD
and those detected in the CD. From 1 September to 6 November 2025, the WCD achieved a muon
tagging e!ciency nearly equal to 1, with a small geometrical ine!ciency arising from the top
chimney that links the CD to the calibration house.

7.1 Muon track reconstruction

According to track multiplicities, muons can be classified as single muons or muon bundles. These
muon bundles are often produced in the same hadronic interaction occurring a few tens of km
away from the detector, and therefore, they tend to reach the JUNO detector with track directions
almost parallel to each other.

In JUNO, the current muon classification method is a cluster-finding algorithm applied to the
PMT charge. The basic principle is that a muon passing through the detector will create localized
clusters of high charge on the PMTs, typically at the detector entry and exit points. The algorithm
identifies hit-clusters by searching for PMTs with high collected charge.

Several muon reconstruction methods are employed in JUNO. The baseline method relies on
the identification of local charge clusters and, for events with two or more clusters, reconstructs the
muon track(s) assuming down-going muons and connecting the measured entry and exit points,
evaluated as the charge-weighted positions of the PMTs within the identified clusters, with a
straight lines. In addition, a few Machine Learning based methods were developed for reconstruct-
ing muons in atmospheric neutrino interactions in JUNO [79, 80]. Two models were employed
in this study: one based on DeepSphere [81], a graph convolutional neural network dedicated to
processing sperical image-like data directly, and a second algorithm based on CoAtNet [82], a
hybrid architecture that integrates convolutional operations and self-attention mechanisms. The
DeepSphere-based model groups PMT charge signals into pixels following the HEALPix sampling
scheme [83] before feeding them into the network. The CoAtNet-based model maps the PMT
charge information onto a two-dimensional (ωPMT,εPMT) grid, where ωPMT and εPMT denote
the zenith and azimuthal angles of each PMT in the detector, respectively. Both models are trained
to identify the entry and exit points of the muons, and the line connecting the two are defined as
the reconstructed muon track.
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− Will enable measurements of  and the mass ordering (in addition to higher precision on  and )Δm2
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Concluding Remarks
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Parting Thoughts

Stay tuned!
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• A bright future is on the horizon

• Reactor neutrino experiments continue to make unique contributions to the field:
− As of yesterday, reactor experiments have leading precision for 3 out of 6 oscillation parameters

• Nuclear reactors are excellent neutrino sources

− Expect some exciting results and, hopefully, some surprises

− Also expected to have leading precision for and to make a unique measurement of neutrino 
mass ordering

|Δm2
31 |
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• Our empirical knowledge of reactor  emission continues to improveν̄e
− Important for fundamental physics, non-proliferation applications, and as a stringent test of nuclear data inputs
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