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Initial performance results of the JUNO detector
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Abstract: The Jiangmen Underground Neutrino Observatory (JUNO) started physics data taking on 26 August
2025. JUNO consists of a 20-kton liquid scintillator central detector, surrounded by a 35 kton water pool serving as a
Cherenkov veto, and almost 1000 m* of plastic scintillator veto on top. The detector is located in a shallow under-
ground laboratory with an overburden of 1800 m.w.e. This paper presents the performance results of the detector,
extensively studied during the commissioning of the water phase, the subsequent-liquid scintillator filling phase, and
the first physics runs. The liquid scintillator achieved an attenuation length of 20:6 m at 430 nm, while the high cov-
erage PMT system and scintillator together yielded about 1785 photoelectrons per MeV of energy deposit at the de-
tector centre, measured using the 2.223 MeV y from neutron captures on hydrogen with an Am-C calibration source.
The reconstructed energy resolution is 3.4% for two 0.511 MeV y at the detector centre and 2.9% for the 0.93 MeV
quenched 2'Po alpha decays from natural radioactive sources. The energy non-linearity is calibrated to better than
1%. Intrinsic contaminations of 2**U and **Th in the liquid scintillator are below 10'® g/g, assuming secular equilib-
rium. The water Cherenkov detector achieves a muon detection efficiency better than 99.9% for muons traversing
the liquid scintillator volume. During the initial science runs, the data acquisition duty cycle exceeded 97.8%,
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demonstrating the excellent stability and readiness of JUNO for high-precision neutrino physics.

Keywords: Neutrino oscillations, JUNO, Detector performance
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I. INTRODUCTION

The Jiangmen Underground” Neutrino -Observatory
(JUNO) was proposed to determine the Neutrino Mass
Ordering (NMO) [1, 2]. The detector is-located at a shal-
low depth in an underground laboratory under the Dashi
Hill (about 650 m of overlying rocks, corresponding to
1800 m.w.e.), very close to Jinji town, 43 km south-west
of Kaiping city, in the prefecture-level city Jiangmen,
Guangdong province, China. The location has been
chosen to be at an equal 52.5 km distance from the
Yangjian and Taishan nuclear power plants, optimized
for measuring the NMO [3, 4]. JUNO consists of a 20-
kton Liquid Scintillator (LS) Central Detector (CD), a 35
kton Water Cherenkov veto Detector (WCD), and a 1000
m? plastic scintillator Top Tracker (TT). With an unpre-
cedented large target mass and high energy resolution,
JUNO will usher in a new era of precision measurements
in the neutrino sector, aiming world-leading sub-percent
precision on the oscillation parameters Am3,, Am3,, and
sin”f;, [5]. As discussed in these publications [3, 6],
JUNO has a very rich physics program, since it will be
possible to detect neutrinos and anti-neutrinos produced
from terrestrial and extra-terrestrial sources: supernova
burst neutrinos [7] and diffuse supernova neutrino back-
ground [8], geo-neutrinos [9], atmospheric neutrinos [10],
and solar neutrinos [11—13]. Finally, JUNO is sensitive to

physics searches beyond the Standard Model of Particle
Physics, such as studies of proton decay in the p —» K*v
channel [14], neutrinos generated by dark matter annihil-
ation in the Sun or in the galactic Halo [15], and other
non standard interactions. An extended overview of the
JUNO physics goals can be found elsewhere [6].

The civil construction of the JUNO underground lab
started in January 2015. The installation of the Stainless
Steel support structure started on 19 December 2021
while the first panel of the acrylic vessel was installed on
27 June 2022. The installation of the photomultiplier tube
(PMT) modules and electronics boxes started on 23 Octo-
ber 2022 and finished on 17 December 2024. After a
thorough cleaning of the inner surface of the acrylic ves-
sel, CD and WCD were filled with purified water
between 18 December 2024 and 2 February 2025. The
water in the CD was exchanged with purified LS between
8 February 2025 and 22 August 2025. The detector com-
missioning was carried out simultaneously with the wa-
ter filling and LS exchange. The TT started to be as-
sembled on 7 January 2025, after the top of the WCD was
closed, and it was completed on 11 June 2025. After sev-
eral days of detector calibration, the physics data taking
started on 26 August 2025. This paper will briefly intro-
duce the primary detector components as well as the
filling and commissioning efforts, followed by the first
detector performance results.
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II. THE JUNO DETECTOR

A schematic drawing of the JUNO detector can be
seen in Figure 1: where the CD, the WCD, and the TT are
explicitly indicated. Also shown is the CD chimney,
which connects the CD with the calibration house for the
calibration of the detector. The JUNO reference system is
show in Figure 1 with the origin of the axes in the CD
centre. In the following sections only the components rel-
evant to the presented results will be discussed in details.
Further details on all JUNO hardware and physics poten-
tials can be found here [6].

A. The JUNO Central Detector

The CD is a 20 kton LS target contained in a spheric-
al acrylic vessel with an inner diameter of 35.4 m. The
vessel has been built by bonding, in place, 263 pieces of
highly transparent spherical panels, with a 120 mm thick-
ness; it is kept in position by means of 590 bars that con-
nect the acrylic sphere to a stainless steel (SS) structure
which supports the CD. The SS structure has a spherical
shape with an inner diameter of 40.1 m and serves mul-
tiple purposes: to safely support the CD during the con-
struction, filling and operational phases, and to support
the JUNO photon detector systems and their readout elec-
tronics.

Photon detection in JUNO is realized with two inde-
pendent systems, with the photocathode directed towards

the centre of the CD. The main system consists of 17596
20-inch PMTs, (referred in the following as "large
PMTs") installed on the SS structure. Two types of PMTs
have been employed: 4939 dynode-PMTs (model
R12860-50, produced by Hamamatsu Photonics K.K.
(HPK), Japan) and 12657 Micro-Channel Plate photomul-
tipliers, MCP-PMTs, (model GDB6201, produced by
Northern Night Vision Technology Co. (NNVT), China).
Details on the testing and acceptance procedure of the 20-
inch PMTs can be found here [16]. In addition, 25587 3-
inch PMTs (referred in the following as "small PMTs")
have been produced from Hainan Zhanchuang Photonics
Technology (China) and installed in the space between
the 20-inch PMTs. The small PMTs constitute a comple-
mentary photodetection system with a wider dynamic
range than the large PMTs. They enhance JUNO's over-
all performance by improving calibration precision and
mitigating instrumental non-linearities [17]. Details on
the testing and acceptance program of the 3-inch PMTs
can be found here [18, 19].

B. The JUNO Veto System

The CD is complemented with two independent veto
detectors designed to provide an efficient discrimination
and reduction against environmental radioactivity and
background related to residual cosmic muons crossing the
LS target.

The water pool is a cylinder with 44 m height and
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Fig. 1.

(color online) Schematic view of the JUNO detector. The spherical Central Detector (CD) contains 20 ktons of organic Liquid

Scintillator (LS) enclosed in an acrylic vessel, serving as neutrino target. It is surrounded by a cylindrical Water Cherenkov Detector
(WCD) filled with ultra-pure water. The Top Tracker (TT) positioned above the setup measures crossing muon tracks with high preci-

sion.
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43.5 m diameter and consists of the WCD with 35 kton
active mass and remaining 5 kton of water located
between the outer surface of the acrylic vessel and the SS
structure supporting the PMTs, and forming a buffer re-
gion for the photomultiplier system. The walls and
ground floor of the cylinder are covered by a 5 mm thick
High Density Polyethylene liner to reduce radon diffu-
sion from the rock walls to the water pool.

The Cherenkov photons produced by charged
particles travelling through water are detected by 2404
20-inch MCP-PMTs positioned on the SS structure and
facing the outer walls of the water pool. The WCD is op-
tically separated from the CD thanks to Tyvek® reflect-
ive foils covering the complete outer lateral surface of the
SS sphere. In addition, Tyvek® foils completely cover the
water pool walls and basement to increase the light col-
lection efficiency. To further improve the Cherenkov
light collection acceptance, four additional rings of PMTs
have been installed on the water pool walls. Two rings at
z=20.66m and z=18.98 m realized with 348 20-inch
MCP-PMTs and two rings at z=17.05m and z = 16.05 m
made with 600 8-inch PMTs (from the former Daya Bay
experiment [20]), with respect to the CD centre. A" sys-
tem of 135 LED flashers which are deployed on the wall
and the bottom of the water pool provides a timing calib-
ration of the PMTs.

The top of the water pool is covered by a black rub-
ber layer and sealed using gas-tight zippers. This- cover-
ing layer is placed about one meter higher than the WCD
water level; the residual volume-is filled with nitrogen
with a slight overpressure (few hundreds Pa) with respect
to the experimental hall atmosphere to prevent radon con-
tamination entering the water pool.

Coils are mounted on the SS structure to compensate
for the Earth's magnetic field and minimize its impact on
the photoelectron collection efficiency of the PMTs. The
average residual Earth's magnetic field strength within the
volume surrounded by the coils is about 0.05 G. Impact
on the PMT detection efficiency of PMTs is smaller than
1% according to the measurement published in [21].

On top of the water pool, an array of plastic scintillat-
or detector, the TT [22], has been installed. It covers
about 60% of the top surface of the WCD and it has been
designed to precisely measure muons crossing the detect-
or. These tracks can then be used as a reliable muon
sample to independently tune and validate the track re-
construction in the CD and WCD. Moreover these tracks
can also be used to refine the constraint on cosmogenic
backgrounds as well as fast neutrons induced by muons
traversing the rock surrounding the WCD by looking for
a correlation in space and time with the CD and WCD.
As described in detail in [22], the TT is composed of 63
"walls", distributed in 3 vertical layers of 7x3 walls
placed horizontally in a grid pattern. Each wall is con-
structed by placing horizontally in a support structure 8

modules, each with 64 plastic scintillator strips, in 2
levels aligned in perpendicular directions. The light pro-
duced by a muon crossing the plastic scintillator is collec-
ted by a wavelength shifting optical fiber and directed to
a specific channel of each multi-anode PMT (model
H7546, produced by HPK, Japan) located at each end of
the fiber. Each wall has a sensitive surface of about
6.8 mx 6.8 m with a granularity to identify the crossing
position of a muon of 2.64 cmx2.64 cm. Thanks to this
granularity and the distance of consecutive layers of TT
walls (about 1.5 m in.most of the surface), the TT is ex-
pected to achieve a median angular resolution of 0.2° to
track muons. While the ' TT modules had been fabricated
for the OPERA experiment [23], the electronics used to
read out all 63488 channels and supporting structure of
the TT were redesigned for JUNO to account for the dif-
ferent operation conditions.

C. Auxiliary JUNO facilities

Several auxiliary plants and facilities have been con-
structed to support the preparation, installation, and oper-
ation of the JUNO detector. The following sections
provide a brief overview of those systems relevant to the
detector filling and commissioning phases.

1. The water plants

The water supply for the WCD and the other major
experimental needs is provided by a dedicated plant de-
signed to provide High-Purity Water (HPW) with high
fluxes, up to 100 tons/hour. An additional Ultra Pure Wa-
ter (UPW) plant [24], with smaller capacity (4 tons/hour),
has been designed to reduce radioactive contaminants,
such as **’Rn that could contribute to the detector back-
ground [25]. The UPW plant employs an online radon re-
moval system, that thanks to micro-bubble generators and
multistage degassing membranes [24], shows a greater
than 99.9% **Rn removal efficiency, reducing the radon
concentration in water down to 1 mBq/m® satisfying the
stringent JUNO design requirements [6] for the Water
Extraction plant and for the OSIRIS detector, which are
both described in the following sections. The HPW sys-
tem has been operated continuously during the detector
filling phase and will be operated in recirculation mode
during detector running phase. In addition, a very sensit-
ive online radon concentration monitor [24], capable of
detecting very low radon concentrations is in operation to
monitor the radon concentration in water.

In this water system, online measurements of the res-
istivity and oxygen concentration, and sampling measure-
ments of particulate matter and radium concentration of
the ultrapure water, were performed. The resistivity re-
mained consistently above 18.16 MQ-cm, the dissolved
oxygen concentration ranged between 1 and 2 ppb, the
particulate count was approximately 100 particles/L, and
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the radium concentration was measured and maintained
below 4 uBq/m*® and measured with a self-developed ap-
paratus [26].

2. The LS purification system

The 20,000 tons of LS to be filled into the Central
Detector (CD) constitute the active target of the JUNO
experiment. The selected LS mixture consists of four
components, in different concentrations: the core is made
of linear alkyl benzene (LAB) as solvent, doped with 2,5-
diphenyloxazole (PPO) as primary fluor, 1,4-bis(2-
methylstyryl)benzene (bis-MSB) as wavelength shifter,
and butylated hydroxytoluene (BHT) as antioxidant.
After several tests done at the Daya Bay laboratory, the
final concentration of the fluors was determined to be 2.5
g/L PPO and 3 mg/L bis-MSB, to be diluted in purified
LAB [27]. It was successively decided to dose also about
42.7 mg/L BHT, in order to prevent long-term optical de-
gradation and ensure an excellent transparency of the LS
during the expected 20-year JUNO lifetime.

Even if the LAB and the powders have been supplied
by specialized companies with low levels of U and Th
contaminations, a complete system of purification plants
has been designed and constructed to improve the optical
and radiopurity properties of the LS, right before filling
the CD. Starting from the raw materials delivered by the
suppliers, the following purification steps are carried out
at the JUNO site to produce the final LS mixture:

o the raw LAB is firstly purified above ground by fil-
tering it through alumina powder (A1,05), in order to en-
hance light transmittance and improve transparency [28];

e the purified LAB is sent to a distillation plant oper-
ated under partial vacuum [29], to discard high boiling
contaminants such as U, Th and K compounds;

o the third step performs mixing of the purified LAB
solvent with PPO, bis-MSB and BHT solutes in higher
concentration, producing the so-called LS master solu-
tion. An additional water washing of this solution is per-
formed to purify PPO and bis-MSB mainly from U and
Th. After purification, the master solution is further di-
luted with distilled LAB until the final JUNO recipe is
obtained and then transported to the underground laborat-
ory by means of a dedicated 1.3 km long stainless-steel

pipe.

Two additional purification plants operate in the un-
derground laboratory in a dedicated hall, right before de-
livering the purified scintillator to the CD:

e the water extraction plant [30] is used to further re-
duce the amount of polar contaminants and other residues

containing U/Th compounds, especially those introduced
by PPO and bis-MSB;

e gas stripping [29] with high purity nitrogen [31] is
the final stage of the purification procedure and is very
effective in removing radioactive gases (***Rn, **Kr, *’Ar)
and remaining gaseous impurities (for instance oxygen,
which could cause quenching in the LS).

All these plants have been tested and optimized dur-
ing several joint commissioning campaigns from 2023
until the start of the LS filling, together with OSIRIS for
monitoring early radiopurity levels.

3. The OSIRIS system

As a final stage of LS radiopurity control, the pre-de-
tector- OSIRIS (Online Scintillator Internal Radioactivity
Investigation System) can monitor ton-scale samples of
LS for radon, ***U, **Th, ?'’Po and "*C levels [32]. The
system is based on a 20-ton scintillator volume, surroun-
ded by 80 large PMTs and shielded by a 9-by-9-meter
cylindrical water tank. Background levels are assessed by
measuring decays based on their scintillation signals: Bi-
Po coincidence analyses, both for *'*Bi-*'*Po and *"’Bi-
212po cascade decays, allow to extract Bi-Po rates and
time development, while spectral analysis is used for
2%po and '"C. Given LS batch size and background
levels, the maximum sensitivity that OSIRIS could
achieve in extended runs was better than 10" g/g for #**U
and 10™'® g/g for #*Th [33].

4. Thefilling, overflow and circulation system

The Filling, Overflow and Circulation (FOC) system
is an auxiliary equipment of the JUNO CD which is com-
posed of one storage tank and two overflow tanks, each
with a volume of 50 m®, an ultrapure nitrogen flushing
system and several tanks, pipelines, circulation pumps
and monitoring sensors to manage both purified water
and liquid scintillator inside the detector. The tanks put in
connection the purification plants producing the LS with
the detector acrylic sphere through the top chimney.
Moreover, the FOC delivers high purity water to the CD
and pure water from the HPW plant to the WCD.

It has been designed with three main functions:

1. synchronous filling of the CD and WCD with high-
purity water during the first JUNO filling phase, and re-
placing water in the CD with LS during the second JUNO
filling phase;

2. circulate the LS from the detector passing through
the underground LS purification system, in case online
re-purification is needed;
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3. control and stabilize the LS level in the CD within
20 cm following the LS temperature changes in the range
(21£1.4) °C during the JUNO running phase, by means
of the overflow tanks.

D. The calibration system

Energy and timing calibration are key ingredients for
the proper understanding and analysis of JUNO data.
Moreover, according to the design goals and expected
sensitivities [4], the energy scale of the LS must be
known to better than one percent. As described here [17],
JUNO has developed a complex and multiform strategy
to determine the energy scale and correct non-linearities
and non-uniformities in the detector response. It consists
of several independent pieces of calibration hardware that
are able to place different sources in different positions
along the central axis of the CD, on a circle at the LS-ac-
rylic vessel boundary, and in the region in between have
been designed and built. These are:

e the Automatic Calibration Unit (ACU) [34], which
allows to deploy multiple radioactive sources, a laser
source, or auxiliary sensors, such as a temperature sensor,
one at a time, along the CD central axis;

e the Guide Tube (GT) calibration system [35] has
been designed to deploy a radioactive source along a giv-
en longitude on the outer surface of the acrylic vessel;

e the Cable Loop System (CLS) [36] allows to ac-
cess off-axis calibration positions to investigate non-uni-
formities of the detector response. Adjusting the length of
two connecting cables, the system can move a source on a
vertical half-plane, covering about 79% of a CD vertical
plane with a positional repeatability better than 10 mm
[36]. An ultrasonic positioning system is deployed in the
CD to determine the source location with a 3 cm preci-
sion [37, 38];

e the Remotely Operated Vehicle (ROV) [39] allows
to deploy radioactive sources throughout the full detector
volume. It is a compact cylindrical module equipped with
jet pumps, a vertical positioning device, and an umbilical
cable that provides power, control, and mechanical sup-
port. Guided by combined ultrasonic and pressure-sensor
feedback, the ROV can be moved to nearly any location
inside the central detector, offering broad spatial cover-
age and useful cross-checks with other calibration subsys-
tems.

III. JUNO FILLING AND LS PROPERTIES

Filling and commissioning of the JUNO detector were
carried out simultaneously from 18 December 2024 to 22

August 2025. To monitor the in-situ LS quality and avoid
Radon leakage to LS, the JUNO detector has kept run-
ning since 3 February 2025. Large PMT waveforms in
the global trigger window are readout and reconstructed
by the data acquisition system (DAQ), followed by the
online event reconstruction for vertex and energy determ-
ination. Cascade decays from *'“Bi and *'*Po are selected
to provide a real-time monitoring of *?Rn levels in the
CD. Thanks to the careful leakage checks and the nitro-
gen protection of all pumps and valves of the LS purifica-
tion and filling systems, and the real-time ***Rn level
monitoring, the average “*Rn contamination in the fresh
LS is smaller than 1. mBg/m’, much better than the re-
quired 5 mBq/m® which corresponds to 102* g/g *'°Pb, the
ideal case of solar neutrinos [12].

A. JUNO detector filling

Prior to filling, the CD acrylic vessel was cleaned in
two steps. First of all a large amount of water mist was
generated inside the CD through a self-developed water
mist generation device, improving the air cleanliness in-
side the CD from class 10000 to class 100. Then, the in-
ner surface of the acrylic vessel is rinsed thoroughly with
water sprayed by a custom 3D rotating nozzle capable of
flushing water with high pressure. The second step clean-
ing judgement standard is to test and compare the water
quality of the inlet water and outlet water, with monitor-
ing items including water particle size, water absorbance,
and ICP-MS water quality detection. The water used in
both steps is produced by the ultra pure water system.

The whole filling process was carefully performed by
the FOC system, which is responsible for filling both the
CD and the WCD while controlling liquid level syn-
chronization and pressure balance, to ensure the structur-
al integrity of the CD.

The filling procedure has been structured in two main
phases:

e a simultaneous filling of the CD and the WCD with
pure water is first performed, to balance buoyancy and
mechanical stresses on the CD acrylic vessel;

e afterwards, the exchange between water and scintil-
lator inside the CD is gradually and smoothly exploited
by pumping water out from the bottom of the CD and
loading newly produced scintillator from the top.

1. Pure water filling phase

The water filling process for the JUNO CD is a metic-
ulously controlled operation designed to ensure structural
integrity and safety, while preparing for the subsequent
scintillator filling. The process involved synchronous
filling of both the CD and WCD, with stringent require-
ments for water purity and liquid levels management, to
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avoid pressure imbalances that could exceed the safety
thresholds for the CD acrylic vessel.

The water produced by the HPW plant met exception-
ally high purity standards, including U and Th content at
or below 10 g/g, *?Rn concentration below
10mBq/m* and ***Ra concentration under 50 uBq/m’
[24]. Additional specifications require water resistivity
exceeding 18 MQ-cm, oxygen content below 10 ppb, and
particle levels compliant with JUNO's rigorous cleanli-
ness standards. To guarantee these parameters, the water
undergoes supplementary purification via a super filter
before entering the CD.

The filling process incorporated comprehensive struc-
tural monitoring with displacement sensors tracking CD
components (chimneys, TT bridge, and stainless-steel
grid structure) and 20% of the acrylic vessel's support
rods equipped with load cells and temperature sensors, all
monitored in real-time by operators.

Safety and monitoring systems were the backbone of
this complex operation. Five redundant level meters
provided precise measurements, with CD monitoring
achieving ~0.2% accuracy and WCD measurements
maintaining ~0.2% precision. The entire process ' fol=
lowed strict level difference limits derived from finite
element analysis, with automatic activation of an 'on-off’
safety mode should any parameters exceed predeter-
mined alarm thresholds. These comprehensive measures
ensured both operational safety and structural-integrity
throughout the filling process.

The successful completion of this massive undertak-
ing saw approximately 64,000 tons of pure water filling
the whole system to a height of 43.5 m within just 46
days, from 18 December 2024 until 2 February 2025.
While a minor calibration issue with the WCD level
gauge was noted, continuous rod force monitoring con-
firmed the detector's structural stability throughout the
operation. This achievement not only prepared the CD for
subsequent LS filling but also established the necessary
ultra-low contamination environment crucial for JUNO's
scientific mission.

2. Liquid scintillator filling phase

The principal and most time-consuming phase of the
detector filling procedure concerned the replacement of
pure water by the LS produced and purified online at the
JUNO facility. As during the water phase, the structural
integrity of the CD must be preserved, also taking into ac-
count for the different densities of the two liquids
(0.856 g/cm® for LS and roughly 1g/cm® for water),
which leads to increasing buoyancy imposed on the ves-
sel and the connecting bars as the exchange progresses.
To compensate for the density gap and keep the pressure
difference within the allowed ranges, the liquid level in-
side the acrylic vessel was progressively raised during the

LS exchange process. Several parameters, including level
and pressure balances, position or stress variations of the
connecting rods, temperatures and flow-rate, were con-
tinuously monitored to ensure a smooth filling and detect-
or safety. Water was removed using a self-priming pump
connected at the bottom chimney. Simultaneously, the
purified liquid scintillator was loaded from the top chim-
ney at 7m’/h, resulting in about 168 m?/day and 6
months scheduled to complete this phase.

The highly demanding quality required in terms of ra-
diopurity and optical features of the JUNO liquid scintil-
lator had to be preserved also passing the FOC system
and inside the vessel for the whole lifetime of JUNO.
Specific treatments and precision cleaning of all internal
surfaces, together with a careful material selection and
screening [40], were adopted to avoid contamination of
the LS.

To avoid *Rn leakage into LAB or LS during the
six-months LS production and filling period, several
measures were taken into account:

e During production and transportation, the LAB was
sealed under nitrogen gas at 0.8 bar in custom transport
tanks. The on-site storage tank was likewise maintained
under nitrogen protection. The PPO and bis-MSB were
enclosed in double-layer, vacuum-sealed bags to ensure
containment integrity, such that failure of one layer
would not compromise the other.

e All components of the liquid scintillator purifica-
tion and filling systems were required to have a leak rate
below 10* mbarxL/s. Flanges were sealed with double
O-rings, and the intermediate space was purged with ni-
trogen for additional protection. Certain valves and
pumps were further safeguarded by external nitrogen-
filled enclosures.

e The acrylic sphere's upper chimney and the calibra-
tion housing are continuously purged with nitrogen to
maintain a slight positive pressure, preventing the infiltra-
tion of radon-rich external air into the acrylic vessel.

e During the LS filling process, a continuous high-
purity nitrogen flow (~ 10 m*/h) was maintained in both
the tanks and calibration house to establish positive pres-
sure barriers against radon intrusion, with dedicated
sensors monitoring the positive pressure.

e Real-time “*Rn activity is monitored by tagging
21Bi-**Po cascade decays during data taking of the
JUNO detector.

e In case of deviations from the average radon levels,
LS batches of 3 to 5 tons were inserted into the OSIRIS
system. By sourcing LS before and after the stripping
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plant, it was easily to quickly identify subsystems con-
tributing additional radon and take efficient countermeas-
ures.

The LS filling phase of JUNO CD was completed on
22 August 2025.

B. LS transparency

Regarding optical requirements, an excellent transpar-
ency and an attenuation length exceeding 20 m at a 430
nm photon wavelength are essential to achieve good en-
ergy resolution in JUNO [41, 42].

As previously described, a sequence of five purifica-
tion plants have been realized on-site aiming to reach the
desired requirements, both for radiopurity and optical
properties of the scintillator. LS samples were regularly
taken from various positions of the sequence for the at-
tenuation length measurements using the method de-
scribed in [43, 44]. As can be seen from Figure 2, al-
though approximately 500 m’ of low-quality LS were
produced initially due to yellowish PPO and acid wash-
ing of the master solutions, the average attenuation length
eventually reached 20.6 m at a photon wavelength of 430
nm.

C. LS radio-purity

A preliminary evaluation of the concentration of nat-
ural contaminants, 2*U and 2**Th, in the JUNO LS can be
performed through the identification of fast decay coin-
cidences, characteristic of both decay chains. The *'*Bi-
24Py B-a coincidence, with an average time delay of
At =237 us, and the *"*Bi-*'?Po f-a coincidence, with an
average time delay of Ar=443ns, are powerful decay
signatures that enable the determination of the progenitor
concentrations, under the assumption of secular equilibri-
um. In this case, the assumption is not fully valid during
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Fig. 2. The LS attenuation length was measured throughout
the six-month filling phase at a photon wavelength of 430 nm.
Approximately 500m® of low-quality LS were identified,
primarily due to yellowish PPO. The average attenuation
length of all LS batches reached 20.6 m.

the initial ~15 days after detector filling; however, for the
purpose of this work, only the average concentrations
over the first two months of data taking, 30 August to 31
October 2025, are reported. All details of the analysis -
including radionuclide time evolution, event selection,
and cut efficiencies - will be presented in a dedicated pa-
per. For the present study, we select a fiducial detector
volume of slightly less than 16 kton by imposing a radial
cut R<16.5m and an additional cut on the vertical co-
ordinate |z| < 15.5 m. Within this volume, we estimate a
28U contamination of (7.5+0.9)x 107 g/g and a **Th
contamination of (8.2+0.7)x 1077 g¢/g. Both results for
#%U and *’Th are one order of magnitude better than
JUNO requirements 'for the NMO [4] analysis, and are
fully compliant with the solar neutrino analysis require-
ments [12].

We 'have also estimated the amount of *'°Po uni-
formly distributed within the LS. As observed in previ-
ous experiments, such as Borexino, an out-of-equilibri-
um concentration of this isotope is present and gradually
decreases according to its 138.4-day half life. The estim-
ated 2'°Po rate at the end of detector filling (late August
2025) is approximately 5x 10* cpd/kton, while the aver-
age rate during the data-taking period from 30 August
2025 to 31 October 2025 is (4.3+0.3)x 10* cpd/kton,
within the previously defined fiducial volume (R < 16.5 m
and |z] < 15.5 m).

IV. JUNO COMMISSIONING AND DATA PRO-
CESSING

The JUNO experiment utilizes a full PMT waveform
readout system to achieve unprecedented energy resolu-
tion, enabling precise reconstruction of charge and time.
Moreover, to maximize the readout capability during su-
pernova burst events within 3 kpc, time and charge data
computed by the electronics are read out on a triggerless
basis. The design of the electronics, trigger, and data ac-
quisition systems was driven by physics requirements,
and their performance was rigorously validated during the
commissioning phase. This section provides a brief de-
scription of the online and offline systems' design and im-
plementation, as well as the detector calibration strategy.

A. Large PMT readout electronics and trigger

The large PMT readout electronics is composed of
two blocks: the front-end (FE) electronics, located at few
meters from the PMTs, and the back-end (BE) and trig-
ger electronics which is located in the two electronics
rooms in the JUNO experimental hall. The FE electron-
ics has been installed underwater on the same SS support-
ing PMTs, inside a stainless steel box called UWBox.
The installation of the UWBoxes proceeded in parallel
with the construction of the JUNO detector. In total, 5878
UWBox are connected to the CD PMTs, while 803 UW-
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boxes read out the WCD PMTs. In addition, 116 UW-
boxes serve the remaining 20-inch PMTs installed on the
walls of the water pool. Apart from very few cases, a set
of three PMTs is connected to one UWbox through a
50 Q, coaxial cable. Each UWbox reads out, independ-
ently from each other, three PMTs and contains three
High Voltage Units (HVU) and one Global Control Unit
(GCUL).

The GCU incorporates a Xilinx Kintex-7 FPGA
(XC7K325T) which performs all the digital signal pro-
cessing and interacts with the Data Acquisition (DAQ)
and Slow Control (DCS) systems. Digitalized large PMT
waveforms are triggered in the FPGA via a Continuous
Over Threshold Integral method, generating hit signals
for global trigger and pairs of charge and time. Besides
the local memory available in the FPGA, a 2 GB DDR3
(Double Data Rate Type 3) memory is available to
provide a larger buffer for collected waveforms and trig-
gerless charge-time pairs in case of arrival of neutrinos
bursts from the explosion of a Supernova. The connec-
tion between FE and BE/Trigger electronics is realized
thanks to a synchronous link running on a CAT6 com-
mercially available cable; in addition, a so-called asyn-
chronous link running through a CAT5 commercially
available cable, connects the GCUs to the DAQ and DCS.
Finally, a low resistivity power cable is used to bring a 48
V power voltage to the GCUs. These cables are embed-
ded inside a stainless steel bellow which is welded to the
UWBox on one side, and connected to the electronics
room equipment, above water, on the other side.

The synchronous link provides a deterministic, low-
latency, and bidirectional communication channel
between the GCU and the BE electronics located above
water. It plays a critical role in the timing and trigger dis-
tribution system and also serves as the backbone for pre-
cise timing synchronization based on the IEEE 1588-
2008 Precision Time Protocol (PTP) [45], enabling nano-
second-level alignment between FE and BE components.

The Back-End Card (BEC) is responsible for direct
communication with the GCUs installed underwater. The
basic encode/decode protocol between BEC and GCU is
a modified Trigger Timing and Control (TTC) link pro-
tocol [46]. The BEC has been designed to root the incom-
ing trigger request signal and the TTC commands from
the GCU and to distribute a 62.5 MHz clock signal to
each GCU, and the trigger validation signals from the
trigger electronics. A Reorganize and Multiplex Unit
(RMU) [47], hosts three mezzanine cards and is respons-
ible for communication between 21 BECs and the Cent-
ral Trigger Unit (CTU).

A global clock and triggering system is crucial to en-
sure high-speed and efficient readout of the waveforms
for a large number of channels. The global trigger (also
called multiplicity trigger) scheme relies on information
from all PMTs to form a unified trigger decision that ini-

tiates the readout process for all instrumented PMTs. In
each GCU, the digitized waveforms are processed in the
FPGA and, if the signal goes above a threshold of 5 times
the electronic noise of a channel, a logical “hit' signal is
generated. The “hit' signal goes back to zero, when the
waveform goes below the same threshold. A trigger prim-
itive is computed by summing the “hit' signals over a
maximum of 3 PMTs connected to the GCU. The sum is
computed every 16 ns (1 Clock cycle). This logical sig-
nal is sent to BEC through the synchronous connection.
Inside each BEC, all trigger validation signals coming
from a maximum of 48 GCUs (i.e. maximum 144 PMTs)
are summed and sent to'the CTU, through the RMU. The
CTU computes a global trigger validation by adding all
the received signals and compares them to a single
threshold. The sum is computed in a 304 ns time window
and in case a threshold of 350 PMTs is reached, a trigger
validation signal is broadcasted to all the GCUs (through
the RMUs and BECs). A trigger timestamp is transmitted
to all GCUs together with the trigger validation signal. In
addition to the multiplicity trigger, a periodic trigger at a
50 Hz rate is issued during normal runs to study the PMT
dark noise.

B. Small PMT readout electronics

The readout electronics [48] for the 25,587 3-inch
photomultipliers (small PMTs) follows a similar two-tier
architecture as the large PMT system, with front-end (FE)
electronics located 5 to 10 meters from the PMTs and
back-end electronics installed in the surface electronics
rooms of the experimental hall. The FE electronics are
housed underwater in cylindrical stainless-steel enclos-
ures, the UWBs, mounted on the detector's stainless-steel
structure supporting the acrylic vessel and PMTs. Each
UWRB serves 128 PMTs, organized as eight groups of six-
teen photomultipliers selected to have similar gain and
glass thickness so that a common high voltage can be ap-
plied at a common depth in the water pool. Each group of
sixteen PMTs is powered through a High Voltage Unit
(HVU), and sixteen HVUs are installed per UWB to
provide redundancy. The HVUs are integrated on two
large 64-channel High-Voltage Splitter (HVS) boards
[49] that distribute the high voltage and simultaneously
decouple the PMT analog signals from the same coaxial
cables. The 128 coaxial cables connecting the PMTs are
interfaced to the UWB through eight underwater feed-
through connectors, each handling sixteen channels. The
decoupled signals are transmitted to the ABC front-end
readout board, which digitizes and packages charge and
time information via eight 16-channel CATIROC ASICs
[50] controlled by a Kintex-7 FPGA. The associated
GCU control board provides power regulation, slow con-
trol, synchronization, and data transmission to the (back-
end) DAQ. The complete system achieves low noise
levels of 0.04 PE well below (its self-trigger level) the
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targeted 0.33 PE trigger threshold, a crosstalk below
0.4% across the channels, and a bandwidth of 57 MB/s
capable of handling high-rate scenarios.

C. Large PMTs data acquisition and Online Event
Classification

All the large PMT GCUs asynchronous links, are con-
nected to dedicated network switches, and from there
through optical fiber to the DAQ servers. The JUNO
DAQ [51] is a distributed system which is responsible for
acquiring and processes the GCU data stream and as-
semble it with the trigger information coming from the
CTU. For each trigger, a customizable readout window of
1 us (1008 ns, to be precise) is extracted from the digit-
ized stream and packeted in a 2032 bytes waveform pack-
et containing the signal samples and metadata (PMT
identification code, timestamp, and other data). The DAQ
sorts the single PMT waveforms according to the
timestamp and performs the event building. Data coming
from the CD and WCD are processed in the same way,
but in separate streams. At a trigger rate of 500 Hz, a
large amount of data (up to 20 GB/s) is generated.

The Online Event Classification (OEC) system, which
aims to identify reactor and atmospheric neutrino events
to save full waveforms, to identify events only saving
waveforms for fired PMTs, to tag event of less interest to
save reconstructed charge and time information only, is
therefore performed on the basis of physics considera-
tions. The system reconstructs in real-time PMT wave-
forms and position and energy of each event. The recon-
structed quantities for each event are written to a buffer
called OECevt that contains vertex, energy, track and pre-
liminary tag information (i.e., low, medium, high energy).
The OECevts are ayalyzed in an individual High Event
Classification (HEC) node which is capable of identify-
ing spatial and temporal correlations and CD-WP correla-
tions. According to high-level tags (e.g. Inverse Beta De-
cay's prompt-delayed, primary muon, spallation neutron),
OEC decides whether to save or discard the waveforms
collected by the DAQ for a given event. In this way, 90
MB/s raw data are saved to disk and transferred to off-
line computing centres.

Raw data quality and detector performance are mon-
itored in real time by the DAQ and the OEC systems. The
OEC Monitor is designed to track detector performance
and data quality in real-time by leveraging event recon-
struction and classification results. It processes both
channel-level and event-level information to generate a
suite of configurable metrics and histograms. These met-
rics and histograms are customizable via JSON settings
and are displayed through the DAQ web interface, en-
abling shifters to promptly assess detector status. A par-
ticularly critical function of the OEC Monitor is its cap-
ability to monitor *’Rn rate in CD during liquid scintillat-

or filling, calibration source deployment, or other activit-
ies with risks of radon leakage. This rapid detection as-
sisted shifters in locating the issue and taking timely ac-
tions, such as halting LS filling, thereby helping to main-
tain the low background conditions essential for achiev-
ing the experiment's physics goals.

D. The offline and computing framework

The JUNO offline software system (JUNOSW), has
been built upon the SNiPER (Software for Non-collider
Physics Experiments) framework [52]. JUNOSW is struc-
tured around several core .components to ensure efficient
and scalable data-processing:

e Algorithms, which perform event-level operations
such as calibration and reconstruction;

e Services, which provide shared functionalities such
as-geometry management [53] and input/output (I/O)
handling;

e Tasks, which orchestrate the execution flow and
mediate interactions among algorithms and services;

e the Event Data Model (EDM) [54] which is built on
ROOT [55] and it facilitates efficient data storage and re-
trieval with support for scheme evolution;

e and the visualization tools [56, 57], which combine
the detector geometry [58] and event data to display de-
tector and event information for simulation, reconstruc-
tion and analysis.

Once raw data arrive at the IHEP data centre, they are
reprocessed and converted into ROOT-based RAW
(RTRaw) data using JUNO EDM. During the calibration
stage, RTRaw data undergo waveform reconstruction and
channel-to-channel variation corrections to produce calib-
rated event records. This is followed by the reconstruc-
tion stage, which extracts key physical observables, such
as the total deposited energy, the interaction vertex co-
ordinates point-like events, and the direction of track-like
events. The outputs from both stages-calibrated data and
reconstructed results are consolidated into the Event
Summary Data (ESD) format, which serves as the
primary input for subsequent physics analyses.

JUNO collaboration owns a Distributed Computing
Infrastructure (DCI), an implementation of a grid com-
puting system based on Worldwide LHC Computing Grid
(WLCG). JUNO uses DIRAC [59] as main JUNO DCI
core, and then a set of services installed in JUNO DCI
sites: IHEP Computing Centre in China, CC-IN2P3 in
France, INFN CNAF in Italy, and JINR in Russia. In this
model, IHEP serves as the Tier-0 data centre, while other
data centres in Europe function as the Tier-1. raw-data in
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byte stream format is transferred from the JUNO on-site
to Tier-0 via a dedicated network (100 Gbps between
IHEP and Europe, 10 Gbps between INFN CNAF and
JINR). Upon arrival, the data is registered in a DIRAC-
based file catalogue and subsequently distributed to Tier-
1 centres. The raw-data file is also archived in a tape lib-
rary with two redundant copies.

E. Calibration strategy

The ACU has been designed as a primary tool to pre-
cisely calibrate the energy scale of the detector, to align
the PMTs timing, and partially monitor the position-de-
pendent energy scale variations. The design [34] foresees
four independent spools mounted on a turntable. Each
spool is capable to unwind and deliver the source via
gravity through the central chimney of the CD, with posi-
tioning precision along the z-axis better than 1 cm. Dur-
ing the routine calibration runs, three sources are regu-
larly deployed : a neutron source, a gamma source and a
pulsed UV laser source carried by an optical fibre with a
diffuser ball attached to the end [60, 61]. The fourth spool
can either carry a radioactive source, or a temperature
sensor, or a floater to help monitor the interface of LS
and water.

By means of CLS, sources are moved ona z-y plane.
The relative precision on the source positioning has been
measured to be better than 3 cm. The GT allows to de-
ploy a source along the acrylic vessel surface at two spe-
cific azimuthal angles, ¢ = 123.4°_and ¢ =267.4°. 1t al-
lows to verify the response of the detector at the bound-
ary between the LS and the PMT water buffer. During the
GT calibration runs, an Am-Be source-is used as a proxy
of prompt and delayed signal.

The operation of the CLS system was incompatible
with the LS filling process due to a conflict in the top
chimney, preventing its use for calibration during this
period. However, upon the LS reaching the bottom level,
an Am-Be neutron source was deployed by the GT sys-
tem at positions z = —16 m and —17.2 m. A comparison
between the monitored neutron rate as a function of LS
level and the corresponding simulations allowed for a
precise prediction of the LS exchange end time, with an
uncertainty of merely 12 minutes. This corresponds to a
precision of 6x 107 relative to the total six-months ex-
change duration. Subsequent to the filling of the CD, a
comprehensive calibration campaign was conducted util-
izing the ACU, GT, and CLS systems, as depicted in
Figure 3.

During the stable physics data taking period, UV laser
runs were taken at the detector center weekly or after
hardware changes. The Am-C neutron source was bi-
weekly deployed at the detector center and at £14 m. An-
other comprehensive calibration with more CLS posi-
tions is under preparation.
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Fig. 3. (color online) Sources positions during the intensive

calibration runs-after LS filling finished. The blue points show
the positioning along the z-axis of the source with the ACU,
the orange points show the GT positioning along the acrylic
vessel surface, while the red points show an example of points
taken on the z-y plane with the CLS.

V. DETECTOR PERFORMANCE RESULTS

Accurate energy measurement in LS detectors is fun-
damentally dependent on the precise reconstruction of
charge and time from PMT waveforms. This section de-
tails the foundational steps taken to achieve this in JUNO.
We describe the careful tuning of the PMT high voltages
and the calibration of their gains and time offsets using a
laser source. The results of these procedures are presen-
ted herein.

A. Large PMT waveform reconstruction

The JUNO analysis chain starts from waveform re-
construction of 20-inch PMTs. Two different waveform
reconstruction algorithms have been developed: COTI
(Continuous Over-Threshold Integral) and a deconvolu-
tion-based method. Due to its simplicity and comparable
robustness to the deconvolution method, the COTI al-
gorithm has been adopted as baseline. The basic prin-
ciple of COTI involves the following steps, also shown in
Figure 4:

e Calculate the baseline by averaging the initial 24 ns
segment of the digitized PMT waveform.

e Move to the next 8 ns time window, and search for
five consecutive points that surpass the pre-defined
threshold relative to baseline.

e If such a sequence is detected, it indicates the pres-
ence of a pulse. The first over-threshold point will be
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(color online) Left: Principle of the Continuous Over Threshold Integral (COTI) method for the waveform reconstruction. Fur-

ther details are in the text. Right: Pedestal RMS of all CD large PMT channels. The average noise'is 2.6 ADC count (0.16 mV), equi-
valent to about 0.05 PE. in amplitude for PMTs running at 107 gain.

identified as the start of the pulse, and the baseline will be
kept unchanged. Otherwise, the baseline calculation win-
dow will shift forward by 8 ns and be updated.

e Upon identifying a pulse, COTI searches the sub-
sequent 8 ns window for three consecutive points falling
below the threshold. The first of them will be designated
as the pulse end time.

e Finally, the pulse charge is computed by numeric-
ally integrating the waveform between the start and end
points.

The electronics grounding has -been  carefully de-
signed and built. The average pedestal RMS is about 2.6
ADC count (0.16 mV), equivalent to about 0.05 PE in
amplitude for PMTs running at 107 gain. This excellent
low noise level is the result of a successful grounding
scheme and isolation between the dirty and clean
grounds. It allowed the PMTs running at lower gains
while keeping a reasonable good trigger efficiency. After
considering the PMT waveform shape, equivalent
threshold is about 100 ADC-ns and 0.25 PE for JUNO
large PMTs running at (6 to 7)x10° gain.

B. 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 opera-
tion of the HV modules. About 2% to 3% of the opera-
tional PMTs are found be to flashing, with a typical phe-
nomenon 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 compon-
ents in the PMTs [62, 63]. Recent studies indicate that
about 70% flashing PMTs can be operated at a lower

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.

CD WCD
Hamamatsu NNVT Total
NNVT GDB6201
R12860-50 GDB6201
Installed 4939 12657 2404 348 20348
In operation 4936 12638 2404 348 20326
Dead 3 19 0 0 22

gain, such as 3x10°.

The operational high voltages of the PMTs (see left
plot of Figure 5) were established based on a compre-
hensive analysis of the PMT detection efficiency, 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 count-
ing in the electronics and offline analysis of periodic trig-
gers. The right plot of Figure 5 shows the offline-meas-
ured DCR distribution during a typical physics run. The
average DCR values are 20.6 kHz and 22.7 kHz for dyn-
ode and MCP-PMTs, respectively. While a direct com-
parison of these values with the mass testing results in
[16] is challenging due to differing operational condi-
tions, such as ambient temperature, PMT gain, trigger
thresholds, and electronics noise levels, a decrease of the
average DCR with time was observed.

C. Large PMT gains

To characterize the single-photoelectron (SPE) charge
distribution, two different gain definitions are introduced:
the peak gain (G,) which corresponds to the peak posi-
tion of the SPE charge distribution, and the mean gain
(G,.), 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
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(color online) Left: High Voltage distribution of the large PMTs at an operational gain of 0.65x 107 and 0.72x 107 for dynode-

PMTs and MCP-PMTs, respectively. Right: Large PMTs DCR distribution.

trigger data. For calibration, a stable light intensity en-
sures that the Number of Photo-Electrons (NPE) detected
by each PMT follows a Poisson distribution with mean
occupancy u. 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 provided by a
monitor PMT illuminated by a split laser beam. For peri-
odic trigger data, dominated by PMT dark noise, a clean
sample of SPE waveforms is obtained by selecting single-
pulse events. Minor contamination from scintillator or de-
tector radioactivity introduces a small multiple-PE frac-
tion, which is neglected in the fit. In this work; laser data
are used to determine the PMT gain precisely, while peri-
odic trigger and laser calibration data are employed to ex-
tract the DCR and monitor gain stability.

Figure 6 shows two typical charge spectra from laser
calibration data, one from a dynode-PMT (left) and the
other from an MCP-PMT (right). It's worth noting that
both charge spectra exhibit distinct structures: the dyn-
ode-PMT shows a small shoulder in the low-charge re-
gion, whereas the MCP-PMT features a long tail in the
high-charge region. To account for these characteristics,
two different SPE charge response models have been de-

L B e e e e e e S N B e e e e LA

PMT type: Dynode
x?/NDF: 0.95

Peak gain: 0.71 x 107
Mean gain: 0.64 x 107

103:"

Entries

tos ew'el

Charge [1 x 107]
Fig. 6.

0o 1 2 3 4 5 6

veloped: a double Gaussian model for the HPK dynode-
PMT and a recursive model for the MCP-PMT. The
measured charge spectrum from the laser source incor-
porates not only the SPE component but also multiple-PE
components. The latter can be expressed as the n-times
convolution of the SPE charge spectrum. Due to complic-
ated SPE charge response model, it's challenging to de-
rive the analytical form for the multiple-PE spectrum, we
instead adopt a fast numerical method based on Fourier
transforms, as proposed in [64]. The red curves in Figure
6 represent the best fits to the charge spectra, with the
dashed lines indicating the contributions from up to 5
PEs.

Figure 7 shows the peak gain (left) and mean gain
(right) distributions for the two types of large PMTs. For
dynode PMTs, the average peak gain is G, =0.72-10’
and while the average mean gain is G, = 0.65-107. For
MCP-PMT, the average peak gain is G, =0.53-107 and
the average mean gain is G,, = 0.72-107. The mean gain
is considered a more physical quantity, and dividing the
charge of a pulse by the mean gain yields an unbiased es-
timate of NPE. Gain stability in time is monitored using
laser calibration data, and the result are shown in Figure
8. Both dynode-PMTs and MCP-PMTs demonstrate a re-

103 F PMT type: MCP E
x?/NDF: 0.95
Peak gain: 0.59 x 107

Mean gain: 0.70 x 107

Charge [1 x 107]

(color online) Representative examples of the PMT gain calibration fits. The left and right figures show the results for a dyn-

ode- and an MCP-PMT, respectively. The solid curves represent the best fit to the charge spectra, with the individual contributions

from up to 5 PEs shown as dashed lines.
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determined from a new laser calibration run.

markable gain stability throughout the first two month of
science runs data.

D. Large PMT timing

PMT time synchronization is a very important in-
gredient for event vertex reconstruction and data analysis.
In JUNO the synchronous link operates across long-dis-
tance CAT6 cables (up to 100 m), and it involves distinct
and asynchronous clock domains on the transmitter BEC
and receiver GCU sides. Although the clocks are fre-
quency-synchronized, using a modified dedicated ver-
sion of the IEEE 1588 protocol [45], they may exhibit an
unknown and random time-offset that must be recalib-
rated with an ad-hoc procedure. To align all the GCUs
time offsets, special calibration runs with a laser source
are performed. The laser [65] is a picosecond laser with a
tunable pulse width between 15 ps and 50 ps and with op-
tical peak powers between 50 mW and 1.5 W. It is pos-

sible to operate it with high repetition rates with very low
jitters. Two optical heads are employed in JUNO with
wavelength of 420 nm and 266 nm: the JUNO LS is trans-
parent to the former frequency photons, while the latter
wavelength photons are completely absorbed by JUNO
LS and create scintillation photons that propagate in the
LS towards the PMTs.

The setups used for the laser calibration runs are the
following:

e the laser head is connected through an optical fiber
to a half-reflecting mirror that splits the laser beam.

e one part of the laser is sent to the JUNO detector in-
side an optical fiber connected to an optical diffuser ball
(made of PTFE) which is deployed with the ACU along
the central axis of the CD;
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e the other part of the beam reaches the photo-cath-
ode of a monitor PMT (model R8520-406, from HPK)
which is used to measure the 1, of the events, thanks to its
very small transit time spread (less than 1 ns).

This values are computed on a single event basis and
stored in the raw-data for timing corrections.

The plots of Figure 9 show a typical comparison ex-
ample of the residual time distribution, for a dynode-PMT
(left) and for a MCP-PMT (right), defined as:

t = Hirst—hit — ITOF — Lref—PMT > (D

where #5._py 18 the time of the first photon giving a sig-
nal in any CD PMT, #1oF is the time needed by the optic-
al photons to reach the PMTs' photocathode and #.¢_pyr 1S
the time measured by the monitor PMT. The residual tim-
ing distribution observed by each PMT in the LS phase is
fitted with two exponentially modified Gaussians, each
defined as the convolution of a Gaussian and an exponen-
tial function, both superimposed on a dark-noise compon-
ent to extract the peak position and the width of the distri-
bution:

a 2,u+0'2/71—2t) (,u+0'2/‘rl—t>
)= —exp| ——— Jerfc | ————
f() 27’1 p( 27’1 \/Ea'
_ 20, 2
+(1 a)exp<2,u+0'/72 2t)erfc<'u+o- /T2 t),
2‘1‘2 2T2 \/Eo'
(2)

In this model, the Gaussian term (x and o) describes
the PMT time response, while the exponential term rep-
resents the LS light-emission time profile. The paramet-
ers 7; and T, correspond to the fast and slow components
of the LS emission, respectively.

An estimation of the PMTs Transit Time Spread
(TTS) can be extracted using a laser run taken during the
full water phase of JUNO. One of the parameters of the
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Fig. 9.

model used to fit the PMT residual time is proportional to
the PMT TTS. The left plot of Figure 10 shows the distri-
bution of the PMT TTS for the dynode- (blue curve) and
MCP-PMTs (red curve) as measured during the JUNO
water phase runs. The right plot of Figure 10 shows a
comparison of the PMT time offset in different runs, as
measured during the science runs. The spread of the dis-
tribution show that the PMTs waveform readout can be
aligned to better than 1 ns, that is the ADC sampling
time.

VI. ENERGY CALIBRATION AND RECON-
STRUCTION IN THE CD

The detector's, energy response is a key parameter in
neutrino oscillation experiments. In large liquid scintillat-
or detectors, this response is typically described in terms
of three components: energy resolution, particle- and en-
ergy-dependence (non-linearity), and spatial dependence
(non-uniformity). This section first introduces the light
yield of the JUNO detector, then describes the methods
used for vertex and energy reconstruction. The perform-
ance of these reconstruction algorithms is then presented.

A. Calibration sources

Regular calibration runs are carried out to ensure
stable control of the JUNO detector's energy scale. At the
beginning of the science runs, between 23 and 26 August
2025, an extensive calibration campaign was conducted
to determine the overall calibration constants. Thereafter,
weekly calibration runs are performed with an Am-C
neutron and laser sources.

Table 2 show a list of calibration sources and laser
used during JUNO's commissioning and first science
runs; they are grouped according to particle type (y, n and
laser photons). Most of the sources were deployed with
the ACU and used to perform scans along the CD central
z-axis. The neutron sources were operated also with the
CLS and GT calibration systems.
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(color online) Residual time distribution for a typical dynode-PMT (left) and MCP-PMT (right). The curves on the plot repres-

ent a fit to the data with different components. A description is given in the text.
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large PMTs kept stable in one week.

Table 2. Artificial y, neutron, and laser calibration sources
operated in JUNO
Source Energy System Activity
Gamma Sources
%Ge 0.511 x 2 MeV ACU 595 Bq®
BCs 0.662 MeV ACU 140 B¢
*Mn 0.835 MeV ACU 521 Bq®
K 1.460 MeV ACU 13 Bq
“Co 1.173+1.333 MeV ACU 165Bq®
Neutron Sources
neutron + 6.13 MeV ('°0’)
S (n,y)p 2.223 MeV ACU 130 Bq
(n,y)"’C 4.94 MeV CLS 100 Bq
(n,y)*Fe 7.63 MeV, etc.
. neutron + 4.43 MeV (°C")
*'Am-"Be GT 30 Bq
(n,y)p 2.22 MeV
Optical Calibration
Optical pulses
Laser ACU 50 Hz
(420 nm and 266 nm)

* Reference activity measured on 6/21/2023. ® Reference activity measured on 4/6/2021.

Figure 11 shows the visible energy, expressed as
NPE, collected during different calibration runs. The plot
shows the position of the full energy peaks for the gamma
sources (as lines) and of the prompt and delayed peaks
for the Am-C source (blue and red filled areas, respect-
ively). As illustrated, the set of radioactive sources used
in JUNO spans a wide energy range. The NPE is ob-
tained as the sum of the reconstructed photoelectrons
from all large PMTs: for each PMT, the reconstructed PE
is defined as the ratio of the charge integral to the mean
gain. The average contribution from the PMT dark noise,
as measured using the periodic trigger for each run, has
been subtracted from each event.

A radioactive Am-C calibration has been chosen as

neutron source in JUNO. The a decaying from **'Am in-
teracts with °C producing a neutron and an '°O" excited
state. The latter de-excites with the emission of one or
two 9. The neutrons thermalize in the LS and eventually
are captured by either a 'H or '*C nucleus, resulting in
characteristic y emissions 2.223 MeV and 4.94 MeV, re-
spectively. This results in a characteristic prompt/delayed
coincidence event signature, similar to that produced by
an Inverse Beta Decay (IBD) interaction. The left plot of
Figure 12 shows a typical NPE spectrum for neutron cap-
ture on H (left peak) and on '*C (right peak). The right
plot of Figure 12 shows the time difference between the
delayed (neutron capture) and the prompt, '°0* — 0+,
signals. Data exhibit a typical exponential shape with a
neutron capture time, 7= (209.8 +1.9) us. The inset fig-
ure in the right plot shows a scatter plot of the prompt and
delayed NPE signals.

In addition, there is a 10 mm stainless-steel enclosure
of the AmC source to attenuate the 60 keV gamma rays
from **'Am decays. It result in neutron captures *°Fe,
3Cr, and **Ni, etc., releasing gamma rays with total ener-
gies from 7 MeV to 10 MeV. These high-energy gamma
rays provide unique constraints to the energy scale de-
termination.

The left panel of Figure 13 presents a typical recon-
structed energy spectrum from the ®*Ge y calibration
source. ®*Ge mainly undergoes EC to ®*Ga which decays
B+ decay to ®®Zn, and the emitted positron promptly anni-
hilates with an electron, producing two 511 keV ys. The
right panel of Figure 13 shows the average LY of the
JUNO LS in response to the total 1.022 MeV energy de-
position from these ys. The measured LY exceeds 1600
PE/MeV for source positions within |z| < 15 m, surpass-
ing initial expectations [66]. Additionally, as shown in
Figure 12, the LY for 2.223 MeV vy is found to be 1785
PE/MeV at detector centre. The difference in LY values
stems from the non-linear energy response of the LS,
which will be discussed later.
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Fig. 13. (color online) Left: reconstructed energy spectrum for a ®Ge calibration source placed at the CD centre. Data points are com-
pared to the simulation predictions. Right: LY measured with the ®*Ge and the AmC sources.

The primary factor for the enhanced LY is the im-
proved transparency of both the LS and water. The meas-
ured attenuation lengths are 20.6 m for the LS at 430 nm
and greater than 70.0 m for water at 400 nm, outperform-
ing the simulated values of 20.0 m and 40.0 m, respect-
ively. After updating these key parameters in the simula-

tion, the observed LY is well reproduced. It should be
noted, however, that edge-related systematic effects are
still under investigation, and further calibration data and
analysis refinements are ongoing to improve the spatial
response modeling.
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B. Vertex and energy reconstruction in the CD

Several studies have been conducted on vertex and
energy reconstruction using simulation data. In [67—71],
a simultaneous vertex and energy reconstruction method
named OMILREC was introduced, which constructs
PMT time and charge maps using ACU and CLS calibra-
tion data. Another approach, VTREP, following the
concept presented in [72], utilizes *'*Po background
events in the BiPo cascade decay to build the charge map
for energy reconstruction Additionally, during the detect-
or commissioning phase, a separate vertex reconstruction
method called JVertex was developed.

Vertex reconstruction primarily relies on PMT timing
information. After correcting for photon time-of-flight
(TOF) and event start time, residual hit times of the PMT
signals are obtained. The three vertex reconstruction
methods have independent vertex searching algorithms:

e JVertex employs a maximum-likelihood estimation
method constructed from first hit times after time-of-
flight subtraction. The event vertex is obtained by minim-
izing the negative log-likelihood, treating the trigger time
as a free nuisance parameter. Light propagation effects
are accounted for by introducing an effective refractive
index equal to 1.60. The minimization uses all first hits
recorded by the large PMTs and it is performed over cor-
responding time Probability Density Functions (PDFs).
These PDFs are derived from AmC calibration.data de-
ployed with the ACU system and are constructed using
only Dynode PMTs, which provide the best timing per-
formance. No dependence on the calibration source posi-
tion is observed. Separate PDFs are produced according
to the detected photon multiplicity, to account for cases
where multiple photons are registered by the same PMT
within its time resolution.

e OMILREC also employed a time likelihood func-
tion which can be constructed using the observed first hit
time of PMTs and the residual hit time PDF to recon-
struct the vertex. The overall strategy is similar to that of
JVertex. However, both Dynode and MCP PMTs were
used, and their time PDFs were constructed from **Ge
source data at the CD centre separately. In addition, to
improve the vertex reconstruction performance for the
R>15 m region where total reflection could occur when
scintillation photons enter water, the charge information
of the PMTs was also used to constrain the vertex. A
charge likelihood function was constructed using the ob-
served and expected PMTs' charge, the latter of which
highly depends on the event vertex. The combined time
and charge likelihood functions were maximized to ob-
tain the most probable vertex.

e VTREP searches for the point at which the distribu-
tion of residual times becomes the sharpest. It starts with

an initial vertex position estimated using the charge- and
time-weighted barycentre of the fired PMT positions. Be-
cause photons that arrive later at the PMTs are more af-
fected by scattering and internal reflections during
propagation, PMTs with late hit times are assigned smal-
ler weights in the initial (barycentre) vertex estimation.
The final vertex estimate uses the summation over PMTs
with residual times within +30 ns of the residual timing
distribution to suppress contributions from PMT dark
noise, as well as from scattered and reflected photons.

The reconstruction performance was evaluated using
a ®®Ge calibration source deployed along the z-axis. Fig-
ure 14 presents the bias and resolution of the reconstruc-
ted vertex at different z positions. The results show that
the vertex bias for all three methods remains within 10
cm across almost the entire detector. OMILREC demon-
strates superior vertex resolution, particularly near the de-
tector edge, which is attributed to its incorporation of
PMT charge information. Biases of the reconstructed x
and y are within 3 cm for all positions along the z axis.

The OMILREC and VTREP algorithms further recon-
struct particle energy using the observed PMT charge in-
formation. The energy is obtained by searching for the
value that maximizes the following likelihood function:

Unhit LPMTs

L(E.) = H Pj(unhiﬂ/lj,exp)

J

Hit LPMTs
X H Pi(Qi,obsl,ui,exp)v (3)
#i,exp = /li,S +,ui,dark (4)

Here, P(unhit|u) denotes the probability that no photons
are detected for a given predicted charge u, while P(Q|u)
represents the probability of observing a charge Q for the
predicted charge u. The predicted charge consists of con-
tributions from scintillation and Cherenkov light (us), as
well as from dark noise hits (ugan).

Since the predicted light intensity from a particle de-
pends on the spatial relationship between the particle and
the PMT positions, it is tabulated as a map (OMILREC)
or function (VTREP) of the vertex position and the relat-
ive angle to the PMT. OMILREC uses the *Ge calibra-
tion source along the ACU and a events from *'*Po dis-
tributed in the whole volume to construct the map, while
VTREP uses ?"*Po events to obtain the function. The
probability density functions, P(unhitly) and P(Q|u), rep-
resent the PMT charge response at different light intens-
ity levels and are calibrated using laser runs with varying
light intensities.
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The residual spatial dependence of the energy recon-
struction, i.e., the energy non-uniformity, has been quan-
tified using 2'*Po « decays and neutron captures from re-
actor antineutrino IBD reactions, as shown in Figure 15.
Within the central region of R < 16.5m, the OMILREC
reconstructed energies for both o particles and y exhibit a
uniformity better than +1%, while VTREP shows a
slightly worse resolution.

C. Energy non-linearity

In LS detectors, the reconstructed energy does not de-
pend linearly with the particle's deposited energy, due to
particle-dependent quenching effects and the presence of
Cherenkov radiation. Additional non-linearity can be in-
troduced during the charge reconstruction of PMT wave-
forms [73]. The nonlinear energy response has been ex-
tensively studied in experiments such as Daya Bay [74],
Borexino [75], and Double Chooz [76]. Owing to the
shared LAB-based liquid scintillator formulation, JUNO
is expected to exhibit an intrinsic nonlinear response sim-
ilar to that observed in Daya Bay. Furthermore, the
charge reconstruction performance of the large PMTs is
being verified by cross-checking with the small PMT sys-
tem based on counting hit PMTs and thus linear in this
energy regime due to their photon-counting operation.
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(color online) Bias and resolution of reconstructed z for the ®*Ge source deployed via ACU.

The energy non-linearity, defined as the ratio of the
visible energy to the deposited energy (E,;s/E), was stud-
ied using various y calibration sources deployed at the de-
tector centre. Here, E.; is quantified as the total collec-
ted charge divided by a conversion factor anchored to the
2.223 MeV y from neutron capture on hydrogen, which is
normalized to 1. Eg, represents the total energy depos-
ited by the y. The non-linearity is plotted as a function of
the effective y energy, defined as the energy of a single y
for mono-energetic sources, or the average energy per y
for sources emitting multiple y per decay. Figure 16(left)
shows the energy non-linearity measured by large and
small PMT systems. The consistency of the two measure-
ments at the level of the current +0.5% uncertainty indic-
ates that any instrumental nonlinearity in the response of
the large PMTs is below this level. This is confirmed by
dedicated laser calibration runs where the large PMT re-
sponse is directly benchmarked against the linear re-
sponse of the small PMT system. Figure 16(right) shows
an excellent agreement within £1% between data and
simulation.

The Energy of a reactor antineutrino is primarily car-
ried by the positron in IBD reactions. Kinetic energy de-
posit of positrons is similar to electrons, while the anni-
hilation y's deposit energy primarily via Compton scatter-
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(color online) The residual spatial dependence of reconstructed energies for OMILREC (left) and VTREP (right). Recon-

structed energy is uniform to better than +1% in the R < 16.5 m region for OMILREC, while slightly worse for VTREP.
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(color online) Left: non-linearity energy response measured by the large PMT and small PMT systems, indicating less than

+0.5% instrumental non-linearity in the reactor anti-neutrino energy region. Right: comparison of the y energy non-linearity between

data and simulation, with a consistency better than +1%.

ings with electrons. Thus, the non-linear energy response
model for (y, e”, e*) is built based on electrons. The total
light yield, L, for a given deposited energy, Eyep, is mod-
elled as the sum of two components: the quenched scintil-
lation light, Ly, and the Cherenkov light, L.

LY(Edep) = LYS(Edep) +fC ' LYC(Edep) P (5)

where f- is the Cherenkov effective scaling factor. The
scintillation light quenching is modeled using Birks' law.
The light yield per unit path length, dLYs/dx, is given by:

dLYS _ S ~dEdep/dx
dx  1+kp-dEgp/dx+kc-(dEgep/dx)?’

(6)

where § is the scintillation efficiency, dEq.,/dx is the
stopping power of the particle in the scintillator, and &g
and k¢ are Birks' constants. The total quenched scintilla-
tion light, Lg, is obtained by integrating this expression
over the particle's track by summing over discrete energy
depositions from the JUNO Monte Carlo simulations
and/or ESTAR [77] database data. The Cherenkov light
contribution, LY¢, is obtained from JUNO Monte Carlo
simulations.

Once the total light LY is computed for any particle,
the non-linearity is defined in eq. (7) as the ratio of the
light yield to the deposited energy. To link the energy
scales, all particle-specific non-linearity curves (y, e”, e*)
are normalized to a single anchor point. In the top plot of
Figure 17, all scales are normalized to the LY of the y
from n-H capture (Ey, =2.223 MeV). In addition, the in-
strumental non-linearity fi,s. is introduced and modelled
with a simple linear term fi,i (Eyi) = 1—k;- Eyis, Where
the parameter k; is determined from data and constrained
with the small PMT system. The normalized non-linear-

ity for-any particle becomes:

Erec — LY(Edep) i Eanchor
Edep Edep

}’ll(Edep) = . ﬁnsL s (7)

Lanchor

where E o =2.223MeV and LYo 1S the light yield
for that specific particle and energy.

The data used in the determination of energy non-lin-
earity consist of multiple y calibration sources in the de-
tector centre, the 8~ spectrum from cosmogenic "*B de-
cays in a R<16.5 m fiducial volume, and the B8* spec-
trum from cosmogenic ''C decays in a R <16.5 m fidu-
cial volume. The top plot of Figure 17 shows the recon-
structed energy for single and multiple y calibration
sources divided by the expected deposited energy. The
orange curve is a fit to the data modelling the y non-lin-
earity predicted by the Monte Carlo, including the Cher-
enkov and quenching contributions as follows. The mod-
els use a pre-computed look-up table, derived from
Geant4 simulations, that gives the Cherenkov yield C(E})
as a function of an electron's kinetic energy E;. The mod-
el predictions also agree well with ''C and '*B spectra.

D. Energy resolution

The energy resolution is a key parameter for determ-
ining the neutrino mass ordering. Figure 18 shows the en-
ergy resolution achieved for y at the detector centre. The
resolution for the ®*Ge source is approximately 3.4% (left
plot of Figure 13). If fitting the resolutions using the
equation below:

og/E = \/a*/E +b?,

the stochastic term a is ~3.3% and the constant term b is
~1%. These values may evolve because of on-going stud-

®)



Angel Abusleme, Thomas Adam, Kai Adamowicz et al.

Chin. Phys. C 50, (2026)

Fig. 17.

trum.

5.0

Erec / Edep

Norm. residuals

103

102

Counts / 0.25 MeV

10t

o

—5

Norm. residuals

Py
Th-Fe | n-Ni Tn»Cr
Best fit v
—— Predicted e ]
—— Predicted e ™
¢ Data (single y) ]
¢  Data (multi )
U ® é ¢ é ¢ ®
P T T hd g T ¢ - 24
0 2 4 6 8 10
Effective Deposited Energy Eg,, [MeV]
> 12500 1
o
1 = 10000 ]
O
=
o 7500 1
—— Best fit (Total) ~
Lo Best fit ('’B) 3 . *E 5000 ]
R T G \‘\ = L
Best fit (**N) }* 8 2500 —— Best fit (1'C) ]
$ Data \ $ Data
1 L 1 ‘I '1‘2 0 1 1 1
g
g 5
TV L PV OOt SRR LA WO T RAPTOPL, S o IR 3F SRR T S 1 SO SR
T T W = IR B LA I | 4 T
g
4 6 8 10 12 14 16 <Z$5 -0 1.0 1.2 14 1.6 1.8

Reconstructed Energy E,.. [MeV]

Reconstructed Energy E,.. [MeV]

(color online) Energy non-linearity fitting results. Every study simultaneously fit the y calibration sources, cosmogenic '*B
and ''C energy spectra. Top: y calibration sources non-linearity. Bottom left: B energy spectrum. Bottom right: the ''C energy spec-

®¥7Cs

4Mn

@ ®Ge

P 4UK

@ n-H

e %Co

EH—C Y 160*

Fig. 18.

2 3

4 5
E,.. [MeV]
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ergy measured with y sources placed at the CD centre.

ies on the precise fitting of gamma spectra and the uncer-
tainty estimate. In addition, the energy resolution for y is
generally degraded compared to that for electrons, due to
the additional energy smearing introduced by Compton
scattering processes.

The contributions of major factors to the total energy
resolution budget were also evaluated, including the
quenching effect, Cherenkov light contribution in scintil-
lation 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 '‘C
pileup in the ®*Ge data, resulting from the intrinsic '*C
concentration of (3-5)x107!7 g/g in the liquid scintillator.
Dedicated efforts are currently underway to improve the
energy resolution.

Additionally, the energy resolution across the entire
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detector volume has been systematically evaluated using
21%po events from the 2**U decay chain. Owing to the pro-
nounced quenching of a particles in the LS, the recon-
structed energy of *"*Po is approximately 0.93 MeV. The
energy resolution is presented as a function of the radial
volume (R?) in Figure 19. Except for a slight degradation
near the detector boundary, the resolution for *'*Po
reaches 2.8%. A comparative analysis between these «
events distributed in the whole volume and the y events at
the centre is expected to refine our understanding of the
energy resolution in the near future.

VII. MUON DETECTION IN JUNO

Cosmic-ray muons traversing the liquid scintillator
can produce spallation products such as °Li, *He, “B, *Li,
’B, and ''C. These unstable isotopes can mimic the cor-
related signals of reactor neutrino IBD events or the
single-electron scattering signals induced by solar neutri-
nos. Moreover, untagged muons in the WCD can gener-
ate 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 wa-
ter pool walls. A local trigger threshold is defined for
each zone, requiring about 30 PMT hits to generate a trig-
ger 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 re-
quired. The specific thresholds are fine-tuned individu-
ally according to the noise characteristics of each zone.
This hierarchical trigger design effectively reduces the
overall detector threshold and improves the efficiency for
muon detection.

To ensure high detection efficiency in the WCD, wa-

ter 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 fibers [78]. After the pool was filled,
the water transparency was continuously monitored us-
ing this setup. During the water filling stage (from 18
December 2024 to 1 February 2025), water circulation in-
side 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 in-
creased 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 comple-
tion of full nitrogen sealing of the water pool. These im-
provements 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
efficiency in the WCD, calculated by studying the tem-
poral correlation between events with a muon tagged in
the WCD and those detected in the CD. From 1 Septem-
ber to 6 November 2025, the WCD achieved a muon tag-
ging efficiency nearly equal to 1, with a small geometric-
al inefficiency arising from the top chimney that links the
CD to the calibration house.

A. Muon track reconstruction

According to track multiplicities, muons can be clas-
sified as single muons or muon bundles. These muon
bundles are often produced in the same hadronic interac-
tion 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.
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(color online) Energy resolution versus R? evaluated using *'*Po with a reconstructed energy of about 0.93 MeV.
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ution of WCD muon tagging efficiency for muons passing CD.

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 detect-
or 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 identifica-
tion 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 posi-
tions of the PMTs within the identified clusters, with a
straight lines. In addition, a few Machine Learning based
methods were developed for reconstructing muons in at-

10/07 10/15 10/23 10/31 11/08

Date
(color online) Top panel: cosmic-ray muon rates in CD and WCD in September and October 2025. Bottom panel: Time evol-

mospheric neutrino interactions in JUNO [79, 80]. Two
models were employed in this study: one based on Deep-
Sphere [81], a graph convolutional neural network dedic-
ated to processing spherical image-like data directly, and
a second algorithm based on CoAtNet [82], a hybrid ar-
chitecture that integrates convolutional operations and
self-attention mechanisms. The DeepSphere-based mod-
el groups PMT charge signals into pixels following the
HEALPix sampling scheme [83] before feeding them in-
to the network. The CoAtNet-based model maps the PMT
charge information onto a two-dimensional (Gpmr, dpmr)
grid, where Gpyr and ¢pyr denote the zenith and azimuth-
al 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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Figure 22 shows the angular distributions in terms of
the zenith (left) and azimuth (right) angles of the recon-
structed single muons. The plot shows the WCD only re-
constructed muons using the baseline method, and the
muons reconstructed in the CD with two different meth-
ods. To simulate the muon flux and angular distributions
in the underground experimental hall, high- and low-pre-
cision topographic maps of the Dashi Hill region were
combined to generate a realistic, digitized mountain pro-
file. Sea-level muons were simulated using a modified
Gaisser formula [84, 85], which provides a more accur-
ate description of the low-energy spectrum and large-
zenith-angle muons. The rock traversal length for each
muon was computed via interpolation based on the digit-
ized terrain. The muons were then propagated through the
rock using the MUSIC code [86, 87] to obtain the under-
ground Monte Carlo muon sample. As clearly shown in
Figure 22, the simulation exhibits good agreement with
the experimental data, indicating that the mountain pro-
file is accurately represented in the simulation.

Finally, Figure 23 illustrates an event display of a
through-going muon. The entry and exit points recon-
structed in the CD (left) and WCD (right) are compared
with the predictions from the TT. The muon track recon-
struction is expected to further improve as additional TT

— MC
020F 4 wC 1
+ CD(Charge cluster)
= + CDML)
T 0.15 #
i}
<
= 0.10
= 0.
13
>
m
0.05
0'080 0.2 04 0.6 0.8 1.0
cosf

Fig. 22. (color online) Left: Single muon cosé distribution. Right:
ent reconstruction algorithms and simulation is visible.

10%
Charge

Fig. 23.

data become available in the near future.

VIII. Conclusion

JUNO, with its 20 kton of liquid scintillator target and
35 kton of water Cherenkov veto detector is the largest li-
quid scintillator based experiment ever built. This paper
presented a description of the final configuration of the
experiment and its physics performances measured first
in the two months pure water phase, afterwards during
the six months liquid scintillator filling phase, and finally
during the first two months of science runs.

The majority of detector subsystems have entered op-
eration meeting or exceeding design expectations. In par-
ticular, the photon detection system achieves state-of-the-
art performances for a large target-mass neutrino detect-
or: the 20-inch PMTs exhibit a low dead-channel fraction
0f 0.11% and an average dark noise rate below 23 kHz.

All-auxiliary JUNO facilities, the high purity water
plant and the LS purification systems have performed ac-
cording to specifications allowing to start operation in a
smooth way. The calibration system is being used regu-
larly to perform the timing and energy calibration of the
detector, to determine the energy scale and to correct for
non-linearities and non-uniformities in the overall detect-
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or response.

A careful selection of the materials, a cleaning pro-
gram for the detector surfaces and operation of the high
purity water plant and the LS purification systems have
allowed for remarkable results in the radiopurity of the
LS target. The #*U and **’Th concentrations have been
measured as (7.5£0.9)x10"'7g/g and (8.2+0.7)x
10-7g/g, respectively, one order of magnitude better than
the design requirements for NMO [4] determination and
fully compliant for the ®B solar neutrino measurement
program [11]. Moreover, the amount of *'’Po was meas-
ured at the end of the LS filling at about 5 x 10* cpd/kton,
decreasing to an average (4.3+0.3)x 10* cpd/kton over
the first two months of science runs.

The energy response of the JUNO detector is well un-
derstood. The non-linearity has been calibrated with a
precision better than 1%, which is a remarkable result
achieved after only two months of data taking. In addi-
tion, a high light yield of 1785 PE/MeV has been
achieved at the centre of the central detector, exceeding
the expectations. We have reached an energy resolution
of 3.4% for the two 0.511 MeV y from **Ge, and ongoing
efforts, including *C pileup discrimination, development
of advanced reconstruction methods, and a refined under-
standing of Cherenkov contributions, are expected to im-
prove it in the near future. We believe that the JUNO de-
tector has met its design objectives and is now fully ready
to achieve its physics goals.
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