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We foresee JUNO to be the world’s largest liquid-scintillator detector of 20 kton upon its comple-
tion, with unprecedented light yield and photo-coverage. JUNO provides us an excellent equip-
ment to search for nucleon decay in parallel to its rich neutrino program, particularly via the decay
channels predicted by the supersymmetric unified theories. The particle identification capability
of JUNO is the key to tag the cascaded decays and de-excitations. I shall highlight the activities
in nucleon decay searches at JUNO with the anticipation of the first data.
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1. Introduction

Proton decay is an important prediction of Supersymmetry Grand Unified Theories (SUSY-
GUTs). The smoking gun of SUSY over classical GUTs is that ? → ā + dominates ? → 4+c0.
Many SU(5) SUSY-GUTs predicts ? → ā +, and Super-Kamiokande (SK) has given the lower
limit of partial lifetime. The limit is 5.9 × 1033 year in 2014 and 8.2 × 1033 year in 2019 [1, 2].
Some SU(5) SUSY-GUTs have been ruled out, e.g., minimal SUSY SU(5) predicts 1028 year to
1032 year [3]. Some of them are still possible, e.g., SUGRA SU(5) predicts 1032 year to 1034 year,
while SUSY SU(5) in 5D predicts 1034 year to 1035 year [3]. Therefore, the limitation given by
experiments should reach 1035 year scale to prove them.

The detection of ? → ā + is focused on  + because the energy of ā is low, and ā is invisible
in detectors.  + mainly follows 2 decay paths. The first one is  + → `+a`, while `+ decays into a
Michel electron afterwards. The second one is  + → c+c0. c0 has a short lifetime (84.3± 1.3) as,
and decays into 2W very fast. c+ decays into a muon: c+ → `+a`. Therefore, the decay of  +

could be divided into 3 parts: the signal of  + itself, the decay daughters and the Michel electrons.
Figure 1 shows a simulated histogram of the three signals.

Figure 1: The time signature of  + [4].

In a water Cherenkov detector,  + is below the threshold and invisible; so is the `+ produced
by c+. SK uses the W ray from 15N de-excitation to indentify  + [1]. Undagoitia et al. investigated
that liquid scintillator is ideal for identifying  + [5]. The idea was realized by KamLAND in 2015,
which gave a result of 5.4 × 1032 year partial lifetime [6].

2. Sensitivity of JUNO on proton decay

2.1 JUNO experiment

Jiangmen Underground Neutrino Observatory (JUNO) is a large liquid scintillator (LS) detector
to be online, shown in Figure 2. The center detector is a 20 kt LS acrylic container, covered by 17612
20-inch photomultiplier tubes (PMTs) and 25600 3-inch PMTs. The PMTs cover 78 % of the LS
sphere. The 3-inch PMTs feature a larger dynamic range without saturation, making them suitable
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for  + detection, as its energy is mainly 0.5 GeV. Figure 3 shows the relative position of the PMTs
in different sizes.
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Figure 2: The structure of JUNO [7].

Figure 3: The 20-inch PMTs and the 3-inch PMTs.

2.2 Atmospheric neutrino background

The vertex reconstruction is achieved by fitting multiple pulses on 3-inch PMT hits, incorpo-
rating photon time-of-flight correction. The rising edge is found at the residual time histogram.
Figure 4a shows a  + hit time histogram fit with double-pulse  − ` template. Figure 4b shows the
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fit on an atmospheric neutrino signal, which is the most important background of proton decay. To
avoid degeneracy, a minimal separation of 7 ns between two pulses is required. The hypotheses are
discriminated by j2 ratios.
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(a) Double-pulse fit of a  + signal.
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(b) Double-pulse fit of an atmospheric neutrino signal.

Figure 4: Double-pulse fit of different signals [8].
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(a) The  + signal.
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(b) The atmospheric neutrino signal.

Figure 5: Histogram of energy of first pulse �1 and the second pulse �2, for different kind of signals [8].

The double-pulse fit results in the energy of the first pulse �1 and the second pulse �2. The
scatter plot of the individual pulse energies in Figure 5 is different for  + signal and atmospheric
neutrino signal. In Figure 5a, two decay modes of  + construct the two clusters in the histogram.
The upper one is  + → c+ + c0. The lower one is  + → `+ + a`, which is the most possible decay
mode. In the `+ decay mode, some of the energy is carried by an invisible a`, thus �2 is lower. In
Figure 5b, atmospheric neutrino signals produce single pulse, so �2 is small. Therefore, the events
outside the red box are rejected as background.
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2.3 Simulation setup

The sensitivity study is powered by simulation. The atmospheric neutrino events are gener-
ated by GENIE 3.0.2 [9], with final state interaction taken into account. The  + is generated by
a customized GENIE. It considers nuclear shell structure, and calculates proton mass considering
binding energy. The hadron-nucleon model is also turned on, for  += →  0? interaction. The
customized GENIE is also used to generate excited energy spectrum of residual nuclei. TALYS
1.95 [10] with excited energy spectrum is used as input to handle de-excitations.

In the detector response simulation, SNiPER [11], a JUNO-customized Geant4 [12] is used for
energy deposition and scintillation optics.  + and atmospheric neutrino are uniformly distributed
in the LS sphere in the simulation.

2.4 Evolution of the efficiency
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(a) The evolution of detection efficiency and background
count. From right to left.
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(b) The predicted sensitivity of JUNO by the running time.
SK result in 2019 is also marked on the plot [8].

Figure 6: The sensitive study result of JUNO for ? → ā +.

Figure 6a shows the evolution of the detection efficiency, applying each cut methods. It finally
gives 36.9 % efficiency for background level 0.2. For comparison, the efficiency of KamLAND in
2015 is 44 % [6]. KamLAND gives better detection efficiency because JUNO is larger and requires
the cut to be more stringent. Compared to SK, JUNO as an LS detector has advantages: SK searches
signals by prompt de-exitation W at 9.1 % efficiency, c+c0 at 10 % efficiency and mono-energetic
muon with background [1].

As shown in Figure 6b, the sensitivity increases by the time, and scales linearly with exposure
because it is a background-free search. After 10 years, the exposure of JUNO will be 200 kt · year,
and the lower limit of partial lifetime will be 0.96 × 1034 year at 90 % confidence level [4].

2.5 Future developments

The research depends on the  − c and  − ` templates. It could be more sensitive to event
locations directions with careful calibration. A Bayesian model could be used to distinguish single
pulse and double pulses, instead of a constant time difference of the two fitted pulses. The sensitivity
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research uses only the hit time from 3-inch PMTs, because the number of PE hit on the 20-inch PMTs
could be easily larger than one, causing pile-up and saturation. Figure 7a shows the difference of
the waveforms from the two kinds of PMTs. To solve the problem, a waveform analysis method
based on FSMP [13] could be applied.
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(a) The waveforms of 3-inch PMT (SPMT) and 20-inch PMT
(LPMT).
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Figure 7: Characteristics of the simulation data [8].

The selection based on reconstruction of muon and Michel electrons also decreases the detec-
tion efficiency in a large scale. In the sensitivity study, define the tagged Michel electron number
as #" and the correlated distance as Δ!" . #" should be 1 or 2, while Δ!" ≤ 80 cm. Figure 7b
shows the distribution of Δ!" and the cut, which reduces many  + → c+c0 events. To improve the
efficiency, multi-point and segment reconstruction for muon and multiple Michel electrons should
be developed.

3. Ongoing study: invisible neutron decay

There is an ongoing study in JUNO on invisible decay modes of neutrons [8]. The neutron in
12C may decay in two invisible modes: = → inv (12 C → 11 C∗) and == → inv (12 C → 10 C∗).
The decay products are invisible, so the detection focus on the de-excitation products of 11 C* and
10 C*. Some de-excitation modes of the excited residual nuclei can produce a triple coincidence
signal [8]. The study shows that the sensitivity of 10 years data taking of each decay mode is
g/�(= → inv) > 5.0 × 1031 year at 26.7 % efficiency, and g/�(== → inv) > 1.4 × 1032 year at
42.3 % efficiency.

4. Summary

While some of SU(5) SUSY-GUTs are still viable, ? → ā + is still the most interesting process
predicted. Liquid scintillators are ideal to identify  + is this prediction and measure its energy.
There are other nucleon decay searches at JUNO, e.g., invisible neutron decay = → inv and == →
inv. After 10 years of data taking, the expected sensitivities at 90 % confidence level are g/�(? →
ā +) > 0.96 × 1034 year, g/�(=→ inv) > 5.0 × 1031 year and g/�(==→ inv) > 1.4 × 1032 year.
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