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The Jiangmen Underground Neutrino Observatory (JUNO) is the largest underground liquid
scintillator experiment in the world, currently under construction in southern China. JUNO aims
to determine the neutrino mass ordering as its primary experimental goal by measuring the energy
spectrum of reactor neutrinos. Its central detector consists of 20-kton liquid scintillator and
more than 17,000 20-inch photomultiplier tubes. Vertex reconstruction and particle identification
capability are important components in the event selection to suppress the backgrounds of the
reactor neutrino events. The former is also crucial to understand the non-uniform energy response
of the detector to achieve 3%/

√
𝐸 [MeV] of the energy resolution. In this proceedings paper, a

data-driven method of reconstructing the event vertex position as well as separating positron and
𝛼/fast-neutron is discussed. Both of the algorithms can be developed with the radioactive neutron
(Americium-Carbon) source which is planned to be regularly deployed to calibrate the JUNO
detector responses. We present the detailed methodology and reconstruction performances using
the JUNO detector simulation.
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1. Introduction

The JUNO detector in Jiangmen, China [1], is the world’s largest underground liquid scintillator
(LS) detector shown in Figure 1, expected to start data taking in 2024. The primary physics target
of the experiment is to determine the neutrino mass ordering by precisely measuring the energy
spectrum of the reactor electron anti-neutrinos. The 20 kton LS volume in a spherical acrylic vessel
with a radius of 17.7 m works as a neutrino target, viewed by about 17,600 20-inch photomultiplier
tubes (PMTs) and 25,600 3-inch PMTs to detect scintillation light from charged particles inside the
LS volume to measure their deposited energy. The acrylic vessel and PMTs are strengthened by the
stainless steel structure and immersed in the water region. JUNO will detect electron anti-neutrinos
(�̄�𝑒) from nuclear power plants (NPPs), located about 53 km away from the detector, through the
inverse beta decay (�̄�𝑒 + 𝑝 → 𝑒++𝑛) in the LS volume. Some of the �̄�𝑒’s generated at NPPs oscillate
(change) into other flavor neutrinos during their flight, and the oscillation probability depends on
the neutrino energy as well as the true neutrino mass ordering. Consequently, the sign of the mass
ordering appears in the positron deposited energy spectrum produced by surviving �̄�𝑒’s.

This proceeding mainly discusses the vertex reconstruction and particle identification algo-
rithms, and the precise vertex reconstruction is one of the key points to correct the non-uniformity
of the energy scale inside the detector and also to define the fiducial volume to reduce the influence
by radioactive (external) backgrounds. Eliminating the 𝛼 particles and fast neutrons based on the
particle identification algorithm can also help to reduce the amount of the backgrounds in the reactor
neutrino analysis. We have developed the vertex and particle identification algorithms using the
JUNO offline simulation software [2] and present their performances estimated with the JUNO
detector simulation.

Other event reconstruction algorithms which have been developed for the reactor neutrino
analysis in JUNO can be found elsewhere [3–10].

2. Calibration Systems in JUNO

A variety of calibration source deployment systems [11] will be installed in the JUNO detector
as depicted in Figure 2, making it possible to calibrate the position-dependent detector response.
Every system can place a radioactive 𝛾-ray/neutron source within its peculiar movable coverage.
This study mainly uses the radioactive neutron source (Americium-carbon, 241Am13C source [12],
6.1 MeV 𝛾-ray from 16O∗ after the 𝛼 − 𝑛 reaction and 2.2 MeV 𝛾-ray from neutron capture in LS).

The movable calibration sources also provide a chance to develop an event vertex reconstruction
tool in a data-driven way because the source location can be regarded as “a true event location”
in the calibration data, and the PMT response for the given source locaiton can be modeled based
on the experimental dataset. In this study, the JUNO detector simulation is used to generate “fake
experimental data” and the vertex and particle identification algorithms have been developed using
the 241Am13C neutron source calibration events along the central axis, which is covered by the
automatic calibration unit shown in Figure 2. Besides the 241Am13C source events, uniformly
distributed 2.2 MeV 𝛾-ray events, which are produced by neutron captures on hydrogen, inside
the detector are also exploited to further improve the performance of the vertex reconstruction
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Figure 1: A schematic of the JUNO detector. Taken from [1].

algorithm. Such uniformly distributed neutron events are expected to be available from cosmogenic
neutrons, which are produced as cosmic-ray muon spallation products.

3. Vertex Reconstruction and Particle Identification Algorithm

3.1 Vertex Reconstruction Algorithm

The vertex position of each event inside the LS volume is reconstructed by maximizing the
following likelihood (𝐿):

𝐿 =
Unhit PMTs∏

𝑗

𝑃𝑞
𝑗 (unhit|𝜇exp

𝑗 )
Hit PMTs∏

𝑖

𝑃𝑞
𝑖 (𝑄

obs
𝑖 |𝜇exp

𝑖 )𝑃𝑡
𝑖 (𝑡𝑖,residual |𝑅, 𝜃𝑖,PMT, 𝑄

obs
𝑖 ,Total Charge),

𝜇
exp
𝑖 = 𝜇

exp
𝑖,0 (𝑅, cosΘ, 𝜃𝑖,PMT) × Total Charge,

𝑡residual
𝑖, = 𝑡first hit time

𝑖 − T.O.F.(𝑥, 𝑦, 𝑧) − 𝑡0,

𝑅 =
√
𝑥2 + 𝑦2 + 𝑧2,

Total Charge =
Hit PMTs∑

𝑖

𝑄obs
𝑖

where 𝑡first hit time
𝑖 is the first photon hit time at the 𝑖th PMT in the event timing window, (𝑥, 𝑦, 𝑧)

denotes the event position, 𝑡0 is the event time, Θ specifies the event location in terms of the
zenith angle , 𝜃𝑖,PMT is the relative angle between the vertex position and the 𝑖th PMT location
(see Figure 3), T.O.F. is the time-of-flight of the photon between the event vertex position and
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Figure 2: A schematic of the JUNO calibration system. Automatic calibration unit (ACU) can place the
calibration source along the detector central axis. With cable loop system (CLS), a calibration source can
be deployed at positions apart from the detector central axis in one specific vertical plane. Guide tube is a
tube attached to the outer surface of the acrylic sphere, and a source can be deployed along the tube. Taken
from [11].

PMT location, 𝑄obs
𝑖 is the observed charge at the 𝑖th PMT, 𝜇exp

𝑖 is the expected charge at 𝑖th PMT,
and 𝑃𝑞 (𝑃𝑡 ) is the charge (timing) probability density function (P.D.F.). This algorithm uses the
reconstructed first photon hit time at each PMT in each event from the PMT waveform reconstruction
algorithm, deconvolution algorithm [13].

3.2 Timing P.D.F.

The timing profile of the scintillation light emission is calibrated and tabulated using the
241Am13C source events along the central axis of the detector. The calibration source location
is used for the time-of-flight calculation, and position as well as observed charge dependence is
taken into account in the timing P.D.F. building as a function of (𝑅, 𝜃𝑖,PMT, 𝑄

obs
𝑖 ,Total Charge). An

exemplary residual time distribution is shown in Figure 4.

3.3 Charge Map

Because the observed charge at individual PMT depends on the spacial relation ship between
the vertex and PMT positions, charge prediction map has been prepared using the neutron samples
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Figure 3: Coordinates used in the vertex and particle identification algorithm. The position is described as
(𝑥, 𝑦, 𝑧), Θ denotes the zenith angle of the vertex position and 𝜃𝑖,PMT is the relative angle between the vertex
position and the PMT location.

Figure 4: Exemplary plot for the timing P.D.F. used in the vertex reconstruction and particle identification
algorithm. The timing distribution for fast-neutrons has a longer tail compared to that for 2.2 MeV 𝛾-rays.

uniformly distributed inside the detector. By subdividing the detector into many small volumes
(voxels), the change of the observed charge value is captured and the charge map is also tabulated
as a function of (𝑅, cosΘ, 𝜃𝑖,PMT). When the charge map is build, each charge value is normalized
by the total charge in each event to make the charge map energy independent. The event location of
each neutron (2.2 MeV 𝛾-ray) event is reconstructed by applying an independent time-based vertex
reconstruction algorithm.

3.4 Charge P.D.F.

Charge probability density function is the probability of observing𝑄obs with the given expected
charge of 𝜇exp. In the photon counting measurement, the observed number of photons basically
follows the Poisson distribution with the mean luminosity of 𝜇. However, due to the charge
amplification performance of the 20-inch PMT [14], this relationship does not work well in the
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Figure 5: Exemplary plots for the observed charge distribution, Poisson distribution and the predictions from
the charge P.D.F. Because of the JUNO MCP PMT charge amplification performance, the charge distribution
has a longer tail and it is not well described by the Poisson distribution.

event reconstruction stage. Therefore, this study constructs the charge P.D.F. (distribution) as a
function of mean charge value based on the laser samples. By generating laser events with various
light intensities, charge distributions at different mean charge values (light intensities) can be directly
calibrated and tabulated for the reconstruction algorithm. A few exemplary plots of the observed
charge distribution, Poisson distribution and the predictions from the charge P.D.F. are shown in
Figure 5.

3.5 Particle Identification Algorithm

The scintillation light profile depends on the particle type as shown in Figure 4. Almost pure
fast-neutron samples are available from the 241Am13C source events, and the timing P.D.F. for fast
neutrons and 2.2 MeV 𝛾-rays are build separately. After the event vertex position is determined, the
likelihood values for the 𝛾-ray assumption and 𝛼/fast-neutron are evaluated individually. By taking
the difference of − log 𝐿 between the two assumptions, the particle type estimation is carried out.

4. Results

The vertex resolutions for positron events have been evaluated at different energies and are
shown in Figure 6. The radial vertex resolution around 1 MeV energy deposition point is estimated
to be better than 9 cm.

As for the particle identification algorithm, it is found that about 68% (36%) of 𝛼 particles
(fast-neutrons) can be rejected while keeping the signal efficiency as high as about 99%. The
separation between the positron events and 𝛼 particles events are also shown in Figure 6.

5. Conclusion

We have developed the vertex reconstruction and particle identification algorithms based on
radioactive neutron source as well as cosmogenic neutron events. A variety of the parameter inputs
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Figure 6: Left: Radial vertex resolutions for position events as a function of the positron deposited energy,
which is sum of the particle kinetic energy and 1.022 MeV positron annihilation energy. Right: Δ log 𝐿

distribution for the particle identification for positron events with the kinetic energy of 0 MeV and 𝛼 particle
events with the kinetic energy from 1 to 10 MeV. The vertical dashed line denotes the separation threshold.
The positive Δ log 𝐿 value indicates 𝛾-ray/positron-like, while the negative Δ log 𝐿 value indicates 𝛼/fast-
neutron-like.

such as timing P.D.F., charge map, and charge P.D.F., are derived from the calibration events. Based
on the detector simulation study, the vertex resolution of the lowest energy positron events has been
estimated to be about 9 cm and the algorithm is capable to reject about 68% (36%) of the 𝛼 particle
(fast-neutron) events with keeping the 99% of the signal positron events.
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