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Abstract: The Jiangmen Underground Neutrino Observatory (JUNO) is a 20-kiloton liquid scintillator neutrino de-
tector, located 650 meters (1800 m.w.e.) underground in Jiangmen, Guangdong, China. JUNO is primarily designed
for reactor neutrino measurements and has been taking data since 2025. With the largest mass of its kind and an ex-
cellent energy resolution, JUNO is a leading observatory for high-precision measurements of MeV neutrinos. The
standard global trigger system serves as the primary trigger for JUNO. We present a newly developed multi-messen-
ger trigger system that extends the capabilities of the global trigger by providing a lower energy threshold and an in-
dependent monitoring capability. Using simulations constrained by the trigger rate observed during the 2025 opera-
tion, the effective energy threshold is estimated to be approximately 110+21 keV, providing a lower threshold con-
figuration suitable for low-energy event analysis. The system shows the potential to further reduce the threshold to
well below 100 keV. Based on the multi-messenger trigger system, an astrophysical monitor has been developed to
receive and process external alerts from other messengers, such as gravitational-wave observations. A Transient
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Neutrino Burst Monitor is integrated to detect short-time-scale neutrino burst events and enables real-time monitor-

ing of transient astrophysical phenomena. The system is sensitive to neutrino bursts from core-collapse supernovae

within a distance of about 250 kpc.

Keywords: xxxxx

DOI: 10.1088/1674-1137/aeb3f7 CSTR:

I. MULTI-MESSENGER ASTRONOMY

Within the past decade, the detection of gravitational
waves [1] and the discovery of an extra-galactic high-en-
ergy neutrino flux [2, 3] have opened a new era of multi-
messenger astronomy. Extreme cosmic events such as
core-collapse supernovae and neutron star mergers are
expected to produce multiple messengers—gravitational
waves, neutrinos, electromagnetic radiation, and cosmic
rays—within a short time span.

SN1987A has been a major milestone in neutrino as-
tronomy, when a handful of MeV-scale neutrinos were
detected by Kamiokande-II [4], IMB [5], and Baksan [6]
several hours before the optical signal [7]. This discov-
ery demonstrated that neutrinos escape promptly from the
collapsing core, initiated a new observational era, and
even constrained fundamental properties of the electron
antineutrino [8]. Future galactic supernovae are expected
to deliver unprecedented statistics: ~ 99% of the gravita-
tional binding energy is carried away in neutrinos over
~10 s [9, 10, 11]. Models of the neutrino emission pre-
dict a short (30-50 ms) neutronization burst [12], fol-
lowed by the intense accretion and cooling phases of the
proto-neutron star, and possible additional bursts from
quark—hadron phase transitions [13, 14, 15]. In addition, a
detectable pre-supernova neutrino flux is expected from
late stellar burning stages [16].

Core-collapse supernovae occur in the Milky Way at
an estimated rate of 1-3 per century [17, 18, 19], making
them the most promising nearby sources of astrophysical
neutrinos. The next galactic core-collapse supernova is
expected to be observed with unprecedented statistics by
current and next-generation neutrino detectors such as
Super-Kamiokande [20], IceCube [21], KM3NeT [22],
DUNE [23], Hyper-Kamiokande [24] and JUNO [25].

Among them, JUNO, which began physics data tak-
ing in August 2025 [26, 27], is a 20-kton liquid-scintillat-
or detector and the largest of its kind to date. Its excellent
energy resolution and wide sensitive energy range make
JUNO one of the most powerful experiments for super-
nova neutrino observation. JUNO is capable of detecting
all flavors of post-shock neutrinos in the O(10)MeV en-
ergy range thanks to its sensitivity to multiple interaction
channels, including inverse beta decay, neutrino—proton
and neutrino—electron elastic scattering. For a typical
galactic distance of 10 kpc and representative supernova

parameters, JUNO is expected to record approximately
7000 events for a 20 M, progenitor [28] (including all in-
teraction channels based on the Nakazato model [29] and
a characteristic neutrino luminosity of order ~ 10°* erg/s).
The high statistics across multiple interaction channels
uniquely position. JUNO to provide precise measure-
ments of the time, spectral, and flavor evolution of super-
nova neutrinos.

For binary neutron star mergers, gravitational waves
are predicted ‘to precede neutrinos by tens of milli-
seconds during the in-spiral phase [30], whereas in core-
collapse supernovae the two messengers are released
nearly simultaneously under certain conditions [31]. Both
phenomena are expected to emit neutrinos with luminos-
ities of order ~ 10° erg/s, with typical neutrino energies
of ~ 10—20 MeV as predicted by simulations [32], though
the spectral details remain uncertain [33]. Galactic mer-
ger rates, however, are very low (10°-10"* yr~!) [34,
35], and searches for neutrino counterparts of GW170817
yielded null results, likely due to geometric collimation or
distance limitations [36].

This paper reports on a new multi-messenger trigger
system designed for JUNO to maximize its astrophysics
potential. During the 2025 operation, the system simula-
tion-based estimated an effective energy threshold of ap-
proximately 110+21 keV, with the capability to be fur-
ther reduced to well below 100 keV. This low threshold
enables JUNO to perform broadband monitoring of the
transient neutrino sky. Furthermore, it provides a power-
ful tool for exploring low-energy physics.

The content of this paper is arranged as follows. Sec-
tion 2 briefly introduces trigger and monitor systems of
the JUNO detector. The multi-messenger trigger system
is presented in Section 3, organized in two subsections:
Section 3.1 presents the trigger algorithms, hardware ar-
chitecture, data-taking status in 2025, and trigger effi-
ciency simulation-based estimation. And Section 3.2 in-
troduces the astrophysical monitor, including the Transi-
ent Neutrino Burst Monitor based on the trigger and the
External Alert Processor, which receives and processes
alerts from external observatories and other multi-mes-
senger facilities. The performance and potential of the
JUNO multi-messenger trigger system for core-collapse
supernova neutrinos are presented in Section 4. Finally, a
summary and discussion is given in Section 5.
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II. THE JUNO DETECTOR AND TRIGGER SYS-
TEMS

JUNO is the largest liquid scintillator (LS) detector of
the coming decade, with a 20-kton active target located
650 m underground in Jiangmen, Guangdong, China. One
of its primary scientific goals is to determine the neutrino
mass ordering through precision measurement of reactor
neutrino oscillations at a medium baseline of about 53 km
from the Yangjiang and Taishan Nuclear Power Plants
[37].

The Central Detector (CD) consists of a 35.4 m dia-
meter acrylic sphere filled with 20 kton LS, instrumented
with 17,596 high-quantum-efficiency 20-inch PMTs and
25,587 3-inch PMTs, providing over 75% photocathode
coverage. This configuration yields a photoelectron col-
lection of about 1785 PE/MeV at the detector centre [26],
corresponding to a measured energy resolution of about
3.4% at 1 MeV scale, a critical requirement for resolving
the neutrino mass ordering. Surrounding the CD is a cyl-
indrical Water Pool (WP) equipped with 3352 PMTs to
function as a water Cherenkov detector. It serves simul-
taneously as a cosmic muon veto and as shielding against
external radioactivity. On top of the water pool, a plastic
scintillator Top Tracker (TT) further improves muon
tracking capabilities. A schematic view of the detector
layout is shown in Figure 1. Further technical details can
be found in Refs. [38, 26]. In standard data-taking opera-
tion, JUNO employs a global trigger system as the
primary event selection mechanism for data acquisition.
The global trigger is designed to efficiently collect phys-
ics events while suppressing detector noise and uncorrel-
ated backgrounds. In the current configuration, the glob-

Top Tracker

al trigger corresponds to an effective energy threshold of
approximately 200 keV, below which the trigger effi-
ciency rapidly decreases. This threshold is optimized for
reactor neutrino measurements and general physics ana-
lyses.

Two systems, the Prompt Monitor and the Online
Monitor, have been developed within JUNO to perform
real-time searches for core-collapse supernova (CCSN)
neutrino bursts [25]. The Prompt Monitor is implemen-
ted on the global-trigger board, while the Online Monitor
is based on the data acquisition (DAQ) system and the
Online Event Classification (OEC) framework. Early de-
tection of CCSN. neutrinos enables a fast warning of the
explosion and is essential for low-latency multi-messen-
ger observations. Figure 2 shows the visible energy spec-
tra of the different interaction channels in JUNO, which
are summarized in Table 1, expected for the 30 M, Na-
kazato model [29].

To ensure a clean background, the Prompt Monitor
and the Online Monitor operate with a low-energy
threshold of about 8 MeV. However, this choice inevit-
ably suppresses a large fraction of the vpES and veES sig-
nals. These channels still provide significant statistics
above the global trigger threshold, while even lower-en-
ergy interactions such as CEVNS lie entirely below the
current detection range.

This observation motivates the development of a
lower-threshold trigger system, the multi-messenger
(MM) trigger. In addition to providing prompt CCSN
alerts, the MM trigger is designed to receive and process
external alerts from other experiments and messengers,
which motivates its name. Beyond rare CCSN events, the
lowered energy threshold potentially enables the study of

Cover

C
Il ., Calibration House

Top WCD PMT ;_ A

Water pool

Earth magnetic field

=~~~ —su=t Chimney
Acrylic spherical
vessel filled with LS
SS structure
CD PMT

g

compensation Coils

$ WCDPMT

?43.5m

Supporting legs

Fig. 1.
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Fig. 2. (color online) Visible energy (E,) spectra of differ-

ent interaction channels in JUNO for a 30 M, core-collapse
supernova (Nakazato model [29]). The dashed vertical line in-
dicates the effective energy threshold of the global trigger at
approximately 200 keV. The dotted vertical line shows the
lower energy bound of the Prompt and Online monitors at
about 8 MeV.

sub-MeV neutrino physics, including pp-chain solar neut-
rinos [39], which probe the dominant energy production
mechanism in the Sun. The enhanced low-energy sensit-
ivity of the MM trigger is also particularly important for
searches for neutrino magnetic moments (vMM) [40],
which can be probed via veES. A non-zero- vMM intro-
duces an additional contribution to the cross section that
scales as 1/T, where T is the electron recoil energy, lead-
ing to a strong enhancement at low energies. By signific-
antly lowering the detection threshold, the MM trigger
provides a unique opportunity to probe such effects in
both steady solar neutrino fluxes and transient CCSN sig-
nals.

The MM trigger system has been integrated into the
JUNO data acquisition flow since the commissioning
stage. In this work, we use real trigger rates together with
simulations to estimate the achievable energy threshold of

the MM trigger system, and we present the performance
of the newly developed monitor based on early data col-
lected in 2025. These first results demonstrate the capab-
ility of the MM trigger system, and as JUNO continues
stable operation, more comprehensive and increasingly
precise results are expected in the future.

III. MULTI-MESSENGER TRIGGER SYSTEM

A. Low Energy Threshold Trigger

Lowering the energy threshold to the sub-MeV re-
gime introduces-significant challenges from detector
backgrounds, which are dominated by PMT dark noise at
the raw data level. To suppress these backgrounds, we de-
velop a likelihood-based trigger algorithm that exploits
the spatial non-uniformity of physical signals in contrast
to the uniform distribution of dark noise. The algorithm is
implemented on a FPGA and integrated into the JUNO
data acquisition chain for real-time processing.

The performance of the MM trigger is evaluated us-
ing early data collected in 2025 by comparing its trigger
rate with the global trigger. Based on trigger rate and sim-
ulations, we estimate that the MM trigger can achieve an
effective energy threshold of approximately 110+21
keV. The feasibility of the low-energy performance is
further studied using simulations of dedicated calibration
sources.

1. Low Energy Background

In the energy region around and below 200 keV, the
dominant noise sources include the dark noise of the 20-
inch PMTs, the S-decay of “C in the LS, and radioactive
isotopes in the PMT glass, in order of importance by their
contributions to the data bandwidth.

e Dark noise: Thermal emission and spontaneous
electron emission inside the PMTs cause random single
photoelectron signals even in the absence of light. There
are 17,596 20-inch PMTs in the CD, and the average dark

Table 1. Summary of supernova neutrino interaction channels in JUNO.
Channel Process Visible Energy Range
IBD Inverse Beta Decay (7, +p — e +n) 0(10) MeV
vpES Neutrino-Proton Elastic Scattering (v+p — v+ p) sub-MeV
veES Neutrino-Electron Elastic Scattering (v+e¢™ - v+e™) sub-MeV to O(10) MeV
N2(v,,e) v, Charged-Current on carbon (v, + '2C — e~ + 2N) 0(10) MeV
B(7,,e") v, Charged-Current on carbon (v, + 2C — ¢* + 12B) 0(10) MeV
C2(v) Neutral-Current excitation (v+'2C — v+ 2C*) 15.11 MeV (y)
CEVNS 2C Coherent Elastic Neutrino-Nucleus Scattering (v + 2C — v +!2C) sub-MeV
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noise rate is roughly 20 kHz, which would generate an
enormous amount of data. Although the dark count rates
vary among individual PMTs, the dark noise rate aggreg-
ated over the spatial regions used by the trigger al-
gorithm is approximately uniform. This macroscopic spa-
tial uniformity allows the trigger algorithm to effectively
suppress the vast majority of random dark-noise signals.

e fS-decay of “C in LS: Naturally occurring "“C in
the liquid scintillator undergoes beta decay, producing
low-energy electrons with a maximum energy of 156
keV. It is the dominant source of physical background
around ~ 100 keV.

e Radioactive isotopes in PMT glass: 2*U and
22Th present in the LPMT glass [38] undergo radioact-
ive decay, emitting beta or gamma particles that can pro-
duce Cherenkov light in the surrounding water. Due to
the intrinsically low light yield of Cherenkov radiation
and the fact that these events originate at the detector
edge, their effective visible energy is typically below
~ 100 keV.

At the raw data level, PMT dark noise is by far the
dominant background source. Even without storing full
waveforms and retaining only the basic LPMT charge
and timing information, the data bandwidth is ~8 GB/s.
Such a high data rate makes it impractical to record all
signals and necessitates an efficient real-time trigger sys-
tem. To suppress this background, we develop a likeli-
hood-based trigger algorithm that exploits the approxim-
ately uniform aggregate dark-noise rate across the spatial
regions used by the algorithm. Before introducing the
trigger algorithm in detail, we first describe the electron-
ic hardware system that enables real-time data collection
and processing in JUNO.

2. Electronic Hardware System

The JUNO CD is instrumented with 17,596 20-inch
PMTs and is read out by a hierarchical electronic system,
as illustrated in Figure 3. In the standard JUNO electron-
ics chain, the analog PMT signals are first digitized by
5,878 Global Control Units (GCUs) [41, 42], each con-
nected to three PMTs. The GCUs extract basic hit in-
formation by applying a threshold to the digitized signals.
A hit is defined as a summed signal above the threshold
from up to three PMTs connected to a GCU, computed
every 16 ns (one clock cycle). These hits are then trans-
mitted to the Back-End Cards (BECs), which forward the
digitized hit information to the Reorganize and Multiplex
Units (RMUs) [43]. The RMUs aggregate the data and
send them to the Central Trigger Unit (CTU), where the
global trigger is formed. In addition to the CD PMTs, the
CTU also receives hit information from the WP PMTs,

PU
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Fig. 3. (color online) Schematic diagram of the JUNO trig-

ger electronics system. The standard global trigger data flow
is shown in blue, while the MM trigger data flow is indicated
in purple,

providing additional inputs for the global trigger forma-
tion. The global trigger decision is then distributed back
to all GCUs, initiating a synchronized readout of PMT
data, which are subsequently transmitted to the DAQ sys-
tem for event building.

Building upon this standard infrastructure, the MM
trigger system introduces an additional processing chain.
Instead of relying solely on the CTU, the MM system re-
ceives hit information from the BECs and routes it to the
Gather Units (GUs). Each GU integrates a White Rabbit
(WR) timing system [44], providing timestamps with 8 ns
resolution for precise synchronization. The time-aligned
hit data are then transmitted to the Processing Unit (PU),
where the trigger algorithms are executed in real time.
The PU generates trigger decisions and sends the corres-
ponding trigger information to the DAQ system. In paral-
lel, the DAQ continuously receives trigger-less PMT in-
formation (time and charge, TQ) from the GCUs. Based
on the MM trigger decisions, the DAQ selectively builds
events from the TQ data stream. The firmware architec-
tures of PU and GU are presented in Appendix A.

The PU, which serves as the core of the MM trigger
system, is implemented on a TeraBox-1100L FPGA PCle
server [45], as shown in Figure 4(a), equipped with a Xil-
inx UltraScale+ FPGA and a host CPU. The likelihood-
based trigger algorithms described in Section 3.1.4 are
deployed on the FPGA to enable fast, real-time pro-
cessing. In parallel, a data link from the CTU provides
WP global trigger information to the PU, which is used
for muon veto in the monitor.

Figure 4(b) illustrates the host software architecture
of the PU. It continuously extracts trigger information
from the FPGA and forwards it to the DAQ system, while
also sending slow control commands, such as trigger
threshold settings, back to the FPGA. Benefiting from a
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(a) Photograph of the PU TeraBox system.
Fig. 4.

multi-threaded architecture, the trigger data is processed
in parallel by different functional modules for real-time
monitoring and data handling. They can generate and
send alert messages to the DAQ. In addition to this
primary functionality, the software further provides ser-
vices including local file storage, external alert pro-
cessing, and trigger rate monitoring.

3. Data Acquisition System for MM trigger

The DAQ system reads out the full detector data over
the network. The data from individual detectors (e.g., CD
and WP) are segmented and assembled at fixed time in-
tervals to form time fragments, which-serve as the basic
units for online processing. Online  processing is per-
formed on a per-time-fragment basis [46].

For MM-triggered events, as illustrated in Figure 5,
the raw T/Q data stream has a bandwidth of approxim-
ately 8.5 GB/s. Guided by the timing information
provided by the MM trigger, the DAQ system selects T/Q
data within a predefined time window (700 ns, from
tigeer — 300 NS 1O fyigeer +400 ns) and assembles them into
MM events. After event building, the data is stored loc-
ally on site, while a fraction of about 1% is transferred to
the IHEP data centre for immediate access and analysis
by the collaboration. This fraction is chosen according to
the available network bandwidth between the JUNO on-
site facility and the IHEP data centre.

4. Trigger Algorithm

This section describes the trigger algorithms used in
JUNO, i.e., the standard global trigger and the likelihood-
based MM trigger.

Global trigger. The standard JUNO global trigger is
formed in the CTU based on a multiplicity algorithm. The
hits from all PMTs are summed within a fixed 304 ns
time window, and a trigger is issued when the total multi-
plicity exceeds a threshold of about 350 hits [26], which
corresponds to an energy of approximately 200 keV.

Likelihood-based MM trigger. To achieve a lower
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Fig. 5. (color online) The schematic design of data acquisi-
tion system for the MM trigger of JUNO.

energy threshold, we introduce a likelihood-based trigger
algorithm. The key idea is to exploit the difference
between the spatially uniform distribution of dark noise
and the clustered topology of physical events. A trigger
time window of 192 ns is adopted, chosen as a comprom-
ise between suppressing dark noise and preserving signal
clustering in space and time. Within each time window,
the 17,596 PMTs are divided into a space—time grid with
B, X Byx By =4x4x4 bins. Here, B, = 4 means the 192 ns
trigger time window is equally divided into four 48 ns
temporal bins. Because the JUNO central detector is
spherical, the position of each PMT is naturally defined
by its polar angle 6 and azimuthal angle ¢. Therefore, the
spatial term By X By =4 X4 represents a uniform binning
of PMT positions in cos® and ¢ across the entire sphere.
The likelihood is constructed as the product of Poisson
probabilities over all 64 bins:

(D

where N, denotes the number of hits in bin (i, j,k), and 4
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is the expected number of pure dark-noise hits per bin. It
is calculated as A= RyAT Npmr/(B; X BgX B,), where
Rk 18 the average PMT dark-noise rate, AT = 192 ns is
the trigger window, Npyr = 17,596 is the number of 20-
inch PMTs, and B, x B, x B, = 64. For the 2025 operation,
we conservatively used Ry, = 30 kHz, compared with the
measured average of approximately 20 kHz. This gives
A~ 1.58.

In practice, the FPGA in the PU evaluates a scaled
negative log-likelihood, —1n L, using pre-calculated look-
up tables. A trigger is issued when the summed likeli-
hood value exceeds a predefined threshold. Figure 6 (a)
shows the accumulated dark noise hits across the 16 spa-
tial bins during the light-off test. This demonstrates that
the aggregated dark noise is approximately uniform
across these regions, fluctuating by about 10%.

The dependence of the MM-trigger rate on the likeli-
hood threshold is shown in Figure 6 (b). Dark noise and
radioactive backgrounds from PMT glass are efficiently
suppressed with increasing threshold, while *C decays
dominate the trigger rate for —In £ thresholds larger than
120. Figure 7 shows the trigger rates observed during the
2025 data-taking period with a MM-trigger —In.L
threshold of 218. The global trigger rate is about 400 Hz,
while the MM-trigger rate is around 7 kHz. The JUNO
main system uses two types of 20-inch PMTs: dynode-
PMTs and Micro-Channel Plate (MCP) PMTs. The ob-
served time variation of the trigger rate-is mainly associ-
ated with variations in the overall PMT dark count rate, to
which the low-threshold MM trigger is particularly sens-
itive. Comparing simulation and data, we find that the ob-
served MM-trigger rate is predominantly due to '*C de-
cays.

5. Trigger Threshold

Considering the observed MM-trigger rate of about 7
kHz, which is predominantly driven by '*C decays, we
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Fig. 6.

use a representative '“C concentration of 4.0x 1077g/g to
constrain the trigger operating condition. This value is
chosen as the central value of the range (3—5)x107g/g
reported in the JUNO initial performance results [26].
Under this condition, the trigger efficiency is evaluated
using the official JUNO simulation software [47], as
shown in Figure 8. In the simulation, electrons are gener-
ated uniformly throughout the full liquid scintillator
volume, with energies sampled in the range of 0-300 keV
and isotropic initial directions. Nominal PMT dark noise,
with individual PMT dark count rates and an average rate
of about 20 kHz, is included to reproduce realistic detect-
or conditions. The dark count rates are kept constant in
time in the. simulation. The effective MM-trigger
threshold is ‘defined as the visible energy corresponding
to 50% trigger efficiency. Based on the simulation, this
value is approximately 110 keV, as indicated by the or-
ange curve corresponding to the operating condition. Sev-
eral systematic effects are considered in evaluating the ef-
fective threshold. For the electronic threshold drift, we
vary the hit threshold around the nominal GCU threshold
of about 0.25 PE reported in [26]. For the spatial non-uni-
formity of the PMT dark count rates, we compare the
nominal simulation using the individual PMT dark count
rates with a simulation in which all PMTs are assigned a
fixed dark count rate. The optical-model uncertainty is
evaluated by varying the Rayleigh scattering and light at-
tenuation lengths within their measured uncertainties [48,
49]. The energy non-linearity uncertainty is estimated by
varying the Birks quenching constant, guided by inde-
pendent low-energy measurements of the liquid-scintillat-
or response [50]. The detector-position dependence is
evaluated by dividing the liquid-scintillator volume into
seven equal-volume radial regions and taking the stand-
ard deviation of the trigger thresholds obtained in these
regions. Since event-by-event vertex reconstruction is not
performed at the FPGA trigger level, this position de-
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(color online) The evolution of the MM and Global trigger rates (left axis) and the median dark count rates (measured by the

GCU FPGA) of MCP and Dynode PMTs (right axis) during data taking.
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(color online) The trigger efficiency as a function of

trigger rate configurations. The markers represent the simu-
lated response of the calibration sources (**' Am and ??°Ra) at
these specific thresholds. The horizontal error bars account for
the uncertainty in the deposition process from gamma energy
to visible energy, while the vertical error bars represent the
uncertainty associated with the event reconstruction al-
gorithm.

pendence is treated as a systematic uncertainty. The sys-
tematic uncertainty is summarized in Table 2, dominated
by the detector-position dependence ( ~ 20 keV), with the
total reaching about 21 keV in quadrature.

For the initial design of the MM trigger, assuming a
total trigger rate of 30 kHz and a '*C concentration of
1.0x 107" g/g, the simulations indicate an effective en-
ergy threshold of about 25 keV (green curve). Under
these conditions, the 30 kHz budget is composed of ap-
proximately 22 kHz from '*C decay and 8 kHz from the
combined contribution of PMT dark noise and radioact-
ive isotopes in the PMT glass.

Table 2.
threshold.

Systematic error budget for the effective energy

Uncertainty source Value [keV]

Electronic threshold drifts 3

Spatial non-uniformity of PMT dark noise 2
Optical model variations 3
Detector-position dependence 20
Energy non-linearity 6

Total 21

If the JUNO acquisition system can be upgraded in
the coming years to operate at a total trigger rate of 30
kHz, for example through increased data bandwidth and
DAQ throughput, the energy threshold could be reduced
to approximately 72 keV, as illustrated by the blue curve
in Figure 8. This indicates that even in the presence of a
higher-than-expected '*C concentration, the MM trigger
would still enable the recording of events well below 100
keV, maintaining a significant advantage in low-energy
sensitivity compared to the Global Trigger. However, it
should be noted that successfully triggering on these low-
energy events does not guarantee their successful detec-
tion in offline analysis, as the substantial background
must still be mitigated.

6. Calibration Methodology

Because the actual in-situ low-energy calibration
campaigns have not yet been conducted, this section
presents a simulation-based study to demonstrate the pro-
posed procedure for calibrating the trigger efficiency. The
low-energy calibration sources have already been pre-
pared, but their deployment is currently being scheduled
within the overall JUNO calibration program, which pri-
oritizes measurements related to neutrino oscillation stud-
ies during the current data-taking phase. To achieve the
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excellent energy resolution required by JUNO, multiple
radioactive sources have been deployed for detector cal-
ibration [51]. Since the MM trigger operates at a low en-
ergy threshold, dedicated low-energy calibration sources
are needed to characterize and validate the trigger effi-
ciency (see Fig. 8). Following the procedure of Ref. [52],
a 2'Am source (59.5 keV gamma, activity 6 kBq) and a
226Ra source (186 keV gamma, activity 960 Bq) are
chosen from the set of calibration sources, as they cover
the relevant low-energy range of interest for the MM trig-
ger.

We performed simulations combining “*C with either
21 Am or 2**Ra and applied three visible-energy selection
thresholds: 25, 72 and 110 keV. Ny, denotes the number
of T/Q pairs associated with each MM-triggered event
within a 700 ns time window. The raw Ny, distributions
from the calibration sources are difficult to separate from
the C background due to the high intrinsic *C rate. A
reconstruction algorithm (described in Appendix B) is
therefore applied; events are selected according to
[Freco = Tsourcel < 7ewr. TWO examples of Nry spectra after
this spatial selection are shown in Figure 9. The choice of
rew 18 Optimized to balance signal statistics and back-
ground rejection. For the low energy 2*! Am source (59.5
keV), a tight cut of r,,=0.7 m is adopted to maximize
the signal-to-background ratio against the intense '“C
background. Conversely, for the higher energy ?**Ra
source (186 keV), a looser cut of ., =2 m is used to in-
crease the statistics of calibration events. As an example,
we apply a 25 keV visible-energy threshold in Figure 9(a)
to demonstrate the trigger performance in an ideal low-
threshold scenario, and a 110 keV threshold in Figure
9(b) corresponding to the current operating conditions.
Meanwhile, a pure *C spectrum is used as the control
sample.

To extract the calibration-source signal, the pure *C
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spectrum is modelled with a Gaussian plus an exponen-
tial tail to account for the pile-up of multiple '“C events;
the shape parameters obtained from this background fit
are then fixed. The combined spectrum ('*C+source) is
fitted by adding an additional Gaussian component rep-
resenting the calibration source, and the amplitude of this
component yields the measured source event rate. To ac-
count for the position-dependent response, this measured
rate is averaged over six equal-volume positions along
the z-axis. After correcting this averaged rate for the rel-
evant factors — decay branching ratio, gamma escape
probability, and reconstruction efficiency — the MM
trigger efficiency is derived and presented in Figure 8.
The 59.5 keV gamma from >*! Am corresponds to an aver-
age visible energy of approximately 39 keV, while for
226Ra the visible energy is about 135 keV. To estimate the
uncertainty caused by scintillator nonlinearity, we used
different Birks constants measured in the MeV range [53]
and the sub-100 keV range [50]. This gives an uncer-
tainty of 4 keV and 11 keV, respectively, which is in-
cluded in the horizontal error bars. The vertical error bars
reflect the uncertainty associated with the event recon-
struction procedure. At the 25 keV threshold, the extrac-
ted 2*!' Am signal yields a trigger efficiency of about 92%,
in good agreement with the expectation from the effi-
ciency curve. For the ??°Ra source, the extracted efficien-
cies are approximately 95% and 81% at the 72 keV and
110 keV thresholds, respectively, which are also consist-
ent with the corresponding curves. These results demon-
strate that using radioactive calibration sources is a suit-
able and reliable method to validate the trigger perform-
ance with real data.

B. Astrophysical Monitor

Astrophysical neutrinos are often emitted by transient
sources, such as core-collapse supernovae, type la super-
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(color online) Simulation (a): The number of T/Q pairs (N,) spectrum of pure 'C and '“C + 2! Am after reconstruction cut

and 25 keV energy threshold. (b): The number of T/Q pairs (Ny,) spectrum of pure '“C and '“*C + ?**Ra after reconstruction cut and
110 keV energy threshold. In both simulations, the calibration sources are positioned at the center of the detector (z =0).
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novae, neutron star mergers, and others. One of the main
scientific goals of the MM trigger is to search for transi-
ent bursts of astrophysical neutrinos, with core-collapse
supernovae serving as a representative benchmark (see
Section 4).

To achieve this, the Transient Neutrino Burst Mon-
itor, which identifies neutrino burst candidates based on
real-time trigger information, and the External Alert
Processor, which ingests alerts from external observator-
ies and coordinates follow-up data acquisition, are imple-
mented and executed in real time within the PU. As of the
time of this study, no astrophysical neutrino burst or asso-
ciated multi-messenger coincidence has been observed by
JUNO.

1. Transient Neutrino Burst Monitor

The workflow of the Transient Neutrino Burst Monit-
or is demonstrated using data collected in 2025, as illus-
trated in Figure 10, while the corresponding parameter
configuration is summarized in Table 3. Each trigger con-
tains only two key quantities: the trigger time and the
number of trigger hits (trigger M) within the trigger time
window. This minimal information is intentionally used
to enable a fast and low-latency alert generation, avoid-
ing computationally expensive reconstruction steps such
as position or energy reconstruction. As the trigger al-

gorithm described in Section 3.1.4 operates with a fixed
time window, the first step of the workflow is to merge
re-triggers originating from the same physical signal.
After applying the trigger M selection, the triggers are
divided into two channels: a high energy channel and a
low energy channel. The high energy channel primarily
targets IBD events, while the low energy channel focuses
on vpES and veES events.

Trigger N;; Calibration. To establish the relation-
ship between trigger Ny, and energy, Americium—Car-
bon (AmC) calibration sources were deployed in the
JUNO CDJ[51]. The AmC source produces 'O through
the reaction '3C(a,n)!%0. In this process, three gamma
rays with energies of 6.1 MeV, 4.4 MeV, and 2.2 MeV
are emitted, and the corresponding peaks can be ob-
served in'Figure 11(a). Figure 11(b) shows the trigger Ny
peaks obtained from a position scan along the z-axis. The
Ny value for each peak is determined directly by identi-
fying the position of the maximum bin in the distribution.
To properly account for the detector geometry, a volume-
weighted average is applied, where each measurement
point is weighted by the volume of its corresponding
spherical shell. The resulting mean trigger Ny; values for
the three energies are summarized in Table 4. Based on
these calibration points, the boundaries of the low energy
and high energy channels are determined through linear

High Energy Channel

Muon
Veto

Selection

Bayesian Blocks
Algorithm

Merge N_hit

Trigger—

Re-triggers Selection

Low Energy Channel

Count

Sliding Window

-

Likelihood Ratio
Test

Fig. 10. (color online) The workflow of Transient Neutrino Burst Monitor.

Table 3.

High and low energy channels parameter configuration. The lower boundary of the low energy channel is determined by the

system trigger threshold (—In £ threshold of 218), which corresponds to the lower limit of the energy range discussed in Section 3.1.4

and Section 3.1.5.

High Energy Channel Low Energy Channel
Parameter Value Parameter Value
Trigger N,;, Range [7000, 53000] Maximum N, 7000

(Energy Range [MeV]) [5, 40]
WP Veto PMT Cut 400
WP Veto Time [ms] [-0.01, 1.5]

IBD Delay Trigger N, Range [2685, 4285]

IBD Delay Time Range [ms] [0.01, 1]

(Energy Range [MeV]) [0.1, 5]

Window Length [ms] 5

32-37
Baseline
(updated every 10 mins)

Common Parameters

TS (FAR=1/week)

TStotal (FAR:I/mOI’lth)

35
42
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(color online) (a) The trigger Ny spectrum of the AmC source deployed at the detector position (0,0,600) cm (blue solid

line), based on data collected in 2025. The red solid line represents the intrinsic detector background, measured during an independent
control run without the calibration source deployed, covering an equivalent time interval. The vertical dashed lines mark the positions
of the three distinct peaks (P1, P2, and P3) corresponding to the gamma emissions from the AmC source. (b): The trigger N,;, peaks of

three energies with different AmC source positions.

Table 4. Average trigger Ny, from the AmC source. The quoted standard deviations are obtained by combining in quadrature the in-
trinsic peak width of the N, distribution and the variation of the peak position with source deployment location.
Energy 2.2 MeV 4.4 MeV 6.1 MeV
Trigger N, per event 3485 +291 6681 + 624 8575+ 686

interpolation and extrapolation. The trigger Ny; cut of the
high energy channel is set to [7000,/53000], which cor-
responds approximately to an energy range of [5, 40]
MeV. Similarly, the low energy channel is defined with a
maximum trigger Ny; of 7000, corresponding to an upper
energy limit of approximately 5 MeV. Its lower bound-
ary is not defined by a sharp Ny cut, but is instead in-
trinsically determined by the system trigger threshold
(-InL threshold of 218), which corresponds to an en-
ergy of approximately 0.1 MeV.

Muon Veto. Cosmic-ray muons constitute a domin-
ant background in the monitoring of transient neutrino
bursts. In particular, muon-induced spallation can pro-
duce bursts of correlated events that mimic genuine astro-
physical signals. If not properly suppressed, such events
can significantly increase the false alert rate. Therefore,
using the WP PMTs to identify muons and apply a veto to
CD trigger events is essential. As shown in Figure 3, once
the CTU detects more than 400 hits in the WP, it issues a
WP trigger to the PU, which is used as a muon veto sig-
nal. At this threshold, the rate of cosmic-ray muons in the
WP is approximately 9 Hz. Based on this veto signal, a
veto time window of [-0.01, 1.5] ms is applied. The up-
per bound of 1.5 ms is chosen to suppress muon-induced
secondary signals, in particular fast neutrons produced by
muon interactions, while the small negative offset of
—0.01 ms accounts for possible timing offsets between
the CD and the WP, providing a safety margin for syn-

chronization. Given the muon rate and the veto window
length, this corresponds to a dead time of only about
1-2% of the total live time. This level of dead time is
considered acceptable given the effective suppression of
muon-induced backgrounds. After applying the muon
veto, backgrounds from muons and fast neutrons — with
typical lifetimes of around 200 us — can be efficiently
rejected. Long-lived daughter isotopes such as °Li and
8He remain as residual backgrounds. Figure 12 shows the
measured veto efficiency in the high energy channel. The
efficiency is calculated in a data-driven way as the num-
ber of CD high-energy trigger events
(Nuic € [7000,53000], dominantly muons) that have a coin-
cident WP trigger, divided by the total number of such
CD high-energy trigger events. The average efficiency is
approximately 97%. However, this performance gradu-
ally improves with increasing My, and the veto effi-
ciency can reach over 99% in the range of [20000,50000].
For Ny, greater than 30000, the efficiency shows a slight
decrease. This occurs because higher-energy muons pro-
duce more afterpulses and secondary particles. These ef-
fects lead to longer continuous signals that can occasion-
ally exceed the fixed 1.5 ms veto window.

IBD Selection. The IBD channel provides a clean sig-
nature for v, detection in JUNO, with a characteristic
prompt—delayed coincidence topology that enables effi-
cient background suppression. The prompt signal origin-
ates from a positron, followed by annihilation into two
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Fig. 12.
NP > 400 and a veto time window of [-0.01,1.5] ms.

0.511 MeV yp-rays. The delayed signal comes from a 2.2
MeV p-ray emitted when the neutron is captured by a pro-
ton, approximately 200 us after the prompt signal. In the
Transient Neutrino Burst Monitor, only the energy and
time-coincidence information is used, while spatial recon-
struction is intentionally omitted to ensure a fast and low-
latency monitoring process. Based on the AmC calibra-
tion runs, the time window and trigger N intervals for
the delayed signal are chosen to be [10 ps, 1 ms] and
[2685, 4285], respectively. The lower bound of 10 ps is
chosen to suppress PMT after pulses, while the upper
bound of 1 ms corresponds to approximately five times
the neutron capture time, ensuring high neutron detection
efficiency. The Ny interval is determined based on the
2.2 MeV peak at 3485 from Table 4, which is extended to
3485 +800. This range is applied to both the AmC and
background data to achieve the best signal-to-back-
ground ratio shown in Figure 11(a). With this delayed-
signal selection applied to the AmC source data, the neut-
ron selection efficiency is about 92%.

We summarize the impact of the successive back-
ground reduction steps in the high energy channel as fol-
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Fig. 13.
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Measured muon veto efficiencies in the high energy channel. The veto condition is defined by a WP trigger threshold of

lows. As shown in Figure 13(a), the application of the
trigger- Ny selection results in a background rate of ap-
proximately 0.8 Hz, dominated by cosmic-ray muons.
The subsequent muon veto suppresses this rate to about
0.03.Hz. With the addition of the IBD delayed coincid-
ence selection, the background is further reduced to ~64
events per day (0.00074 Hz), achieving a sufficiently low
level for reliable burst monitoring in the high energy
channel. The residual background is primarily composed
of reactor neutrinos, remaining muons, and muon-in-
duced correlated events.

Bayesian Blocks Algorithm. After applying IBD se-
lection in the high energy channel, the corresponding trig-
ger is regarded as a high energy event candidate, and its
event time is used as input to the monitoring algorithm.
The monitoring algorithm employed is the Bayesian
Blocks Algorithm (BBA), which is a model-independent
method that makes no assumptions regarding the time
profile, time scale, or signal strength [54, 55]. The BBA
aims to determine whether the event rate within a given
time interval is statistically stable. This is achieved by fit-
ting the event rate in real time using a piece-wise con-
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(color online) (a) The background data of high energy channel. (b) The FAR versus TS,y -
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stant model. Technically, the time interval is divided into
one or more segments, each referred to as a block. With-
in each block, the event rate is assumed to be constant,
but it may change at the boundaries between blocks. The
best-fit model is obtained by maximizing a likelihood
defined using the Cash statistic [56]. In practice, the BBA
is applied to a time-ordered sequence of the most recent
50 high energy event candidates. For further technical de-
tails on the BBA implementation in the MM trigger, refer
to Appendix C and the original references [54, 55]. The
BBA produces a test statistic (TS) to quantify the pres-
ence of a burst:

L
—2m<49), ifL, > L,
TShigh = L

0, otherwise

Here, L, denotes the likelihood under the single-block
hypothesis, and L, corresponds to the likelihood under a
multi-block hypothesis with an increasing block rate.

Low Energy Channel. In the low energy channel, the
monitoring is performed by counting the number of  trig-
gers within a fixed 5 ms time window and comparing it
with an expected baseline. The choice of the-5 ms win-
dow is motivated by the fact that low energy neutrino sig-
nals are expected to precede the IBD-dominated high en-
ergy signal by ~10 ms, as will be discussed in-Section
4.2.

TS =] {’““ (Z) ‘<"—b>] , Jifn>b
0, ifn<b

Here, n is the number of low energy triggers ob-
served within the 5 ms window, and b is the expected
number of triggers estimated from a baseline. The
baseline is dynamically evaluated every 10 minutes us-
ing the average trigger rate in the low energy channel,

and typically falls within the range of 32—-37 counts per 5
ms window, as summarized in Table 3.

Correlation and Alert Threshold. The final step in
the workflow of the Transient Neutrino Burst Monitor is
to correlate the high energy and low energy channels in
order to form the alert decision. In the current implement-
ation, an alert condition is first identified in the high en-
ergy channel using the BBA, requiring the detection of a
multi-block structure with an increasing block rate. Only
if a high energy burst is identified, the corresponding test
statistic TSpign 1S combined with the low energy test stat-
istic TSiow, Which is evaluated within the 5 ms time win-
dow associated with the last high energy event candidate.
The total test statistic is then defined as

TS0t = TSiow + Tshigh

In typical background events, TSy, is predominantly
driven by TSpig, With TSy, providing only a minor con-
tribution. To determine the alert threshold, the relation-
ship between TSy, and the false alert rate (FAR) is eval-
uated using one month of 2025 data through an offline
scan, as shown in Figure 13(b). Based on this study, the
threshold values of TS =35 and 42 correspond to
FARs of 1/week and 1/month, respectively.

A False Alert Example. An example of a false alert
observed in March 2026 is shown in Figure 14. In this
case, the alert is issued by a high energy muon. Approx-
imately 0.1 s before the alert time, a muon event with
Nii > 5% 10° is observed, whose duration significantly
exceeds the 1.5 ms online muon veto window. This event
is followed by four high energy events occurring within a
short time interval, as shown in the inset. The BBA parti-
tions the corresponding time series into two blocks with
an increasing event rate, satisfying the burst condition in
the high energy channel. This results in a high test statist-
ic of TSigy = 55.16. Within the associated 5 ms window,
the low energy channel yields TS, =3.06. The com-
bined test statistic therefore exceeds the predefined alert
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Fig. 14.

(color online) A false alert example observed in March 2026. The star markers denote high energy event candidates, and the

shaded region shows the Bayesian Block rate. The inset shows a zoomed-in view of the candidate cluster associated with the alert, in
the 5 ms window used for the low energy channel. The annotated values in the main panel indicate the resulting TSy, and TSy, for

this event.
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threshold, issuing the alert. While such cases are very
rare, future strategies will apply different veto window
lengths based on the muon energy. This example illus-
trates that the current Transient Neutrino Burst Monitor is
primarily driven by the high energy channel. The correla-
tion procedure is initiated by the BBA condition in the
high energy channel, and the total test statistic is typic-
ally dominated by TSp. Future developments of the
monitor will focus on enhancing the role of the low en-
ergy channel.

2. DAQ Response to Neutrino Burst Alerts

Once a transient neutrino burst is identified by the
Transient Neutrino Burst Monitor, the MM trigger sends
an alert to the DAQ system, which then switches to a
dedicated trigger-less acquisition mode. In this mode, the
full charge and time information of all PMT signals are
continuously recorded, ensuring that no potentially relev-
ant data is lost.

Given the extreme rarity of astrophysical neutrino
bursts and the low false alert rate achieved by the monit-
or, this trigger-less mode is implemented to maximize the
completeness of the recorded dataset without causing ex-
cessive data throughput. For a typical core-collapse su-
pernova neutrino burst, which lasts on the order of 10 s,
the DAQ system maintains this mode for a time window
of +£60 s around the alert time. This strategy guarantees
that the full temporal evolution of the neutrino signal is
captured, including possible early or delayed compon-
ents beyond the main burst duration, thereby providing a
comprehensive dataset for subsequent offline analysis.

3. External Alert Processor

The External Alert Processor continuously receives
alert notifications from multiple external experiments via
the General Coordinates Network (GCN) webpage [57],
including signals from gravitational-wave detectors,
gamma-ray satellites, and other transient astrophysical
observatories. For example, between June 18 and July 18,
2025,111 gravitational-wave alerts [58] were received by
the PU. The latency between the gravitational-wave event
time and the alert receipt time is shown in Figure 15. The
mean latency is about 77 seconds, with a maximum re-
corded latency of approximately 500 seconds. Upon re-
ceiving an external alert, the PU sends a tag to the DAQ
system, which enables an extended data acquisition
mode. In this mode, instead of the nominal ~1% data
transfer, all MM trigger event data within a time window
of +20 minutes around the alert time are recorded and
transferred to the IHEP data centre for analysis (see Sec-
tion 3.1.3). This +20-minute window is chosen based on
the maximum alert latency. It safely covers the 500
seconds delay, ensuring that the complete MM trigger
event data around the true astrophysical event time is cap-
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time difference between the actual gravitational-wave event
and the moment the alert is received by the PU.

tured.

Such alerts are particularly important for events like
binary neutron star mergers or neutron star-black hole
mergers, which are expected to emit not only gravitation-
al waves but also MeV-scale neutrinos and potentially
gamma-ray bursts. Coordinated multi-messenger observa-
tions of these events allow for coincidence analyses
between gravitational-wave signals and neutrino detec-
tions, significantly enhancing sensitivity to weak neut-
rino signals while reducing background. This, in turn, en-
ables detailed studies of the astrophysical source proper-
ties, including the total energy release, neutrino emission
mechanisms, and jet dynamics[33, 35, 32].

IV. SYSTEM PERFORMANCE FOR SUPERNOVA
NEUTRINO BURSTS

Massive stars with M > 8 M, end their lives in core
collapse supernovae (CCSN) [59]. The gravitational col-
lapse of the stellar core releases a gigantic amount of en-
ergy in a very short time. The gravitational collapse pro-
duces a very hot and dense core, in which neutrinos are
created in huge numbers. Since only neutrinos can es-
cape from this dense environment, they serve as ideal
messengers for observing CCSNe. Neutrino emission
from a CCSN proceeds through several distinct phases:
core collapse and neutrino trapping, neutronization burst,
accretion, and cooling [60]. During the accretion phase,
neutrinos are emitted from the hot, dense environment
surrounding the proto-neutron star (PNS), offering direct
insight into the explosion mechanism [61]. Consequently,
precisely reconstructing the neutrino light curve (time
evolution) across these early phases is crucial for unravel-
ing the dynamics of the supernova explosion.

Besides probing the astrophysical explosion mechan-
ism, the stellar core collapse also provides a unique op-
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portunity to study fundamental physics under extreme
conditions that are not accessible in terrestrial laborator-
ies [62]. Furthermore, in the subsequent cooling phase,
neutrinos of all flavors are emitted with approximately
thermal spectra. This allows for detailed studies of PNS
properties and enables the search for potential exotic
physics, such as axions or sterile neutrinos [63, 64].

Figure 16 shows the neutrino luminosity for different
neutrino flavors of a 27 M, CCSN as an illustrative ex-
ample. The observations of neutrinos from all these
phases are essential for testing CCSN models.

A. Alert Performance Based on Real Background

Building upon the workflow and background levels
established in Section 3.2.1, this section evaluates the
overall alert performance of the Transient Neutrino Burst
Monitor. Here, we estimate the FAR using real back-
ground data to determine the required alert thresholds and
utilize simulated supernova neutrinos as the signal input
to assess the alert efficiency and alert time.

In this work, four representative supernova neutrino
models are adopted, including two models from the Na-
kazato simulations [29] and two from the Garching simu-
lations [62]. The Nakazato models correspond to progen-
itor masses of 13 M, and 30 M, both with solar metalli-
city (Z=0.02) and a shock revival time of 300 ms. The
Garching models correspond to progenitor masses of 11.2
My and 27 M,, both employing the Shen equation of
state, with configurations that include convection and
nucleon potential effects. These four models are chosen
to represent a range of progenitor masses and provide a
benchmark set for evaluating the detector response to
core-collapse supernova neutrino bursts.

Further out from the neutrino-sphere — the effective
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collapse supernova (Garching model [62]). Here, v, repres-

(color online) Neutrino luminosity of a 27 M, core-

ents the heavy-flavor neutrinos (v, and v.), and ¥, represents
their corresponding antineutrinos.

surface of last scattering where neutrinos decouple from
dense stellar matter and begin to stream freely — the fla-
vor transformation of supernova burst neutrinos is gov-
emned by the Mikheyev—Smirnov—Wolfenstein (MSW)
matter effects [65, 66]. These effects modify the neutrino
energy spectra depending on the matter density profile
and the neutrino mass ordering. As a result, the flavor
composition of neutrinos arriving at Earth is determined
by the initial fluxes at the source and the MSW-induced
transition probabilities.

After accounting for the MSW flavor transitions with-
in the progenitor, scaling the incident neutrino flux ac-
cording to the distance of the CCSN, and applying the
channel-dependent cross sections in the detector, the su-
pernova neutrino interactions are generated. To obtain
realistic hit signals, the full detector response is pro-
cessed using the official JUNO simulation software [47],
which includes the simulation of optical photon propaga-
tion, PMT responses, and front-end electronics. As de-
tailed in Section 3.2.1, the background is evaluated using
events directly sampled from data. The simulated super-
nova hit signals are then mixed with the real background
data and used as the input to the Transient Neutrino Burst
Monitor. By applying the purely data-driven threshold
parameter of TSy, = 42, which ensures a FAR of one per
month, the resulting alert performance is evaluated and
presented in Figure 17. Under this configuration, the
Transient Neutrino Burst Monitor is capable of achieving
a 100% alert efficiency for 4 CCSN models within 100
kpe, covering the Milky Way as well as the Large and
Small Magellanic Clouds. Beyond this distance, the de-
tection efficiency gradually decreases. However, as illus-
trated in the left panel of Figure 17, the monitor still
maintains a 50% alert efficiency up to distances ranging
from approximately 220 kpc to 280 kpc, depending on
the progenitor mass and the specific emission model. Fur-
thermore, the right panel of Figure 17 demonstrates the
alert time of the system. For a typical supernova located
in the Large Magellanic Cloud, the alert can be issued
within less than 0.1 seconds after the core bounce. This
alert time refers to the simulated time from core bounce
to the alert trigger; the measured latency between the
event occurrence and the reception of the corresponding
alert by the DAQ system is approximately 1 seconds.

Compared to the Prompt Monitor and the Online
Monitor introduced in Ref. [25], the Transient Neutrino
Burst Monitor exhibits a reduced detection reach at large
distances. In particular, the distance corresponding to a
50% alert efficiency is smaller than the ~350 kpc repor-
ted in previous studies. This difference mainly arises
from the use of real data to determine the trigger
threshold in this work, whereas previous studies relied on
Monte Carlo simulations. In real data, additional back-
grounds not fully modeled in simulations, such as flasher
PMTs[26], require a more conservative threshold setting
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(color online) Expected alert efficiency (left panel) and alert time relative to the core-bounce moment (right panel) for the

Transient Neutrino Burst Monitor with supernova neutrinos from Nakazato (13 and 30 M,) and Garching (11.2 and 27 M,) models at
different distances. Both normal ordering (NO) and inverted ordering (I0) are shown. The false alert rate (FAR) is 1/month.

and therefore lead to a reduced sensitivity.

Despite this reduction, the Transient Neutrino Burst
Monitor offers important advantages. In particular, it em-
ploys a Bayesian Blocks-based algorithm, which “is
largely model-independent and therefore robust against
uncertainties in the neutrino emission models. In addition,
the inclusion of a dedicated low energy channel further
enhances the sensitivity to soft neutrino signals. The po-
tential of the low energy channel for independent alerts
will be discussed in Section 4.2.

Together with the MM-trigger system, the three mon-
itoring systems provide independent alert channels, en-
suring a more robust and reliable supernova neutrino alert
system for JUNO. In addition to performing trigger-less
data acquisition and storage, the DAQ system transmits
alert information from these monitoring systems to the
SNEWS 2.0 network [67]. This allows alerts from differ-
ent monitoring systems to be shared and supports the is-
suance of combined alerts.

B. Future Prospects of the Low Energy Channel for In-
dependent Alerts

In the current configuration of the Transient Neutrino
Burst Monitor, the low energy channel is only evaluated
after a burst is identified in the high energy channel. This
choice is motivated by the fact that the IBD-dominated
high energy channel is relatively clean, while the low en-
ergy channel is more susceptible to non-physical events,
such as flasher PMTs. Nevertheless, the low energy chan-
nel has significant potential for independent alerts. To ex-
plore this possibility, we consider the performance of the
low energy channel alone. Since the background level, in-
cluding non-physical contributions, is not yet stably de-
termined from real data, the alert threshold is derived
from simulations. In particular, a threshold of TSy, =25,

corresponds to a false alert rate (FAR) of 1/month under
the “assumption of Poisson fluctuations of baseline. It
should be emphasized that this simulation assumes Pois-
son-distributed background and does not include non-
Poissonian clustered contributions (e.g. PMT flashers,
14C pile-up and noise bursts), which could increase the
true FAR above the simulated value of 1/month.

As shown in Figure 18, taking the Nakazato 30 M,
model as an example, we compare the performance of the
current Transient Neutrino Burst Monitor with that of the
low energy channel alone. In terms of alert efficiency, the
low energy channel is able to achieve full coverage of the
Large Magellanic Cloud (LMC), demonstrating that it
can independently provide effective alerts for typical
Galactic and nearby extragalactic supernovae. Regarding
the alert timing, at close distances (e.g., ~10 kpc), the
low energy channel can issue alerts earlier than the cur-
rent high energy dominated monitor by approximately
~10 ms. At the LMC distance of 50 kpc, the low energy
channel can provide alerts approximately 20-30 ms earli-
er than the current monitor. This improvement arises be-
cause the low energy channel is sensitive to all neutrino
flavors through additional interaction channels such as
vpES and veES. As illustrated in Figure 16, the v, emis-
sion precedes the v, emission, leading to an earlier rise of
the signal in the low energy channel. As the distance in-
creases (e.g., beyond ~70 kpc), the advantage in alert
timing gradually diminishes due to the reduced statistics
in the low energy channel. The earlier alert provides addi-
tional timing information on the rising phase of the super-
nova neutrino burst, which can be combined with other
neutrino detectors for time correlation and supernova tri-
angulation; it should therefore be regarded as an addition-
al timing benefit rather than a reduction of the overall
end-to-end alert latency.

The supernova simulations include MSW matter ef-
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(color online) Alert performance of the low energy channel for supernova bursts, shown for the Nakazato 30 M, model. The

alert efficiency (left) and the alert time relative to the core-bounce moment (right) are compared between the current Transient Neut-
rino Burst Monitor and the low energy channel alone, for both normal ordering (NO) and inverted ordering (IO). A false alert rate

(FAR) of 1/month is assumed.

fects but not neutrino self-interactions or collective fla-
vor conversions, including fast flavor conversions
(FFCs). As a conservative benchmark, we consider the
50% conversion of the v, flux due to fast flavor depolar-
ization [68]. Under this assumption, the early-alert time
speed-up at 10 kpc is reduced by approximately 1-2 ms,
and corresponding 50% alert-efficiency distances de-
crease from 95 kpc to approximately 77 kpc for IO and
from 110 kpc to approximately 89 kpc for NO. The qual-
itative advantage of the low-energy channel remains un-
changed.

V. CONCLUSION

In this work, we have presented the JUNO Multi-
Messenger trigger, a low-threshold trigger and real-time
alert system designed to extend JUNO's sensitivity to
sub-MeV neutrino signals. The system operates with a
trigger rate of approximately 7 kHz under the current
data-taking conditions, and simulations indicate an effect-
ive energy threshold of about 110+21 keV, significantly
lower than the global trigger. Using early data collected
in 2025, we demonstrate the working principle of the
Transient Neutrino Burst Monitor and its real-time opera-
tion. The performance of the monitor has been further
evaluated using representative core-collapse supernova
models. The use of real data for threshold determination
results in a more conservative sensitivity compared to
previous simulation-based estimates, reflecting the im-
pact of detector backgrounds. In addition, the low-energy
channel has been investigated for its potential in inde-
pendent alerts. The MM trigger operates in parallel with
other monitoring systems in JUNO and is integrated with
the DAQ to provide automated alerts to the SNEWS net-
work.

Overall, this work demonstrates the feasibility of the

MM trigger as a low-threshold and real-time system for
neutrino detection and burst monitoring. The current low-
energy performance estimates are still primarily based on
simulation, and dedicated in-situ calibration and longer-
term background characterization are required to fully
validate the low-threshold performance and its stability in
real data. With further calibration and background optim-
ization, stable operation at low energy is expected to be
achievable, enabling the MM trigger to further enhance
JUNO's capability for supernova neutrino observations
and multi-messenger astronomy.
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APPENDIX A: FIRMWARE

The MM trigger's GUs adopt a hardware architecture
closely resembling that of the CTU [26], but their intern-
al firmware is completely different. In total, five GUs col-
lect trigger hit signals from 134 BECs and forward the
processed data to the PU as shown in Figure Al(a). Each
GU integrates a White Rabbit (WR) timing system [44],
which provides timestamps with an 8 ns resolution to en-
sure precise synchronization among all PMTs. Commu-
nication between the GU and the BECs relies on the Gig-
aBit Transceiver protocol [69]. This protocol is specific-
ally chosen because it ensures a fixed and deterministic
data transmission latency, which is essential for real-time
trigger synchronization. It supports a bandwidth of 8
Gbps by transmitting 128 bits per 62.5 MHz clock cycle.
In addition, the GU firmware incorporates the [Pbus pro-
tocol [70], allowing remote configuration and firmware
updates via the WR network. To facilitate the likelihood
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(a) Hlustration of the GU firmware.
Fig. Al

algorithm (detailed in Section 3.1.4), the GU firmware
pre-aggregates the incoming PMT hits into 16 spatial
groups, which directly correspond to the 4 x4 spatial bins
used in the likelihood calculation. The aggregated hit in-
formation, paired with precise WR timestamps, is then
transmitted to the PU via the GBT protocol for the final
trigger decision.

Upon receiving the trigger hit information from the
five GUs, the PU first synchronizes the incoming data
streams based on their timestamps. This alignment is ne-
cessary because the GUs are distributed across two differ-
ent electronics rooms with varying optical fiber lengths.
Once synchronized, the raw 16 ns hit data are integrated
into 48 ns time bins. Four consecutive 48 ns bins are then
grouped to form a 192 ns time window, which is continu-
ously fed into the fast likelihood-based trigger algorithm
(Figure A1(b)). This algorithm evaluates the spatial and
temporal clustering of hits. A trigger, containing the trig-
ger timestamp and the number of hits, is issued to the
host computer when the likelihood exceeds a configur-
able threshold. The PU firmware receives a WP trigger
signal from the CTU via a high-speed GTY transceiver
link, operating at 5 Gbps with a custom 8b/10b-encoded
protocol. This signal is then forwarded to the PU soft-
ware shown in Figure 4(b), serving as a muon veto for the
Transient Neutrino Burst Monitor.

APPENDIX B: RECONSTRUCTION ALGORITHM

The vertex reconstruction used in this analysis is a
time-based algorithm that determines the event vertex
r=(x,y,z) and the emission time ¢, from the first t-q
(time and charge) pair signals recorded by the PMTs. The
method is based on VTREP[27] framework, which is a
timing-based vertex reconstruction algorithm, with op-
timizations tailored for MM low-energy events. For a tri-
al vertex, the expected photon time-of-flight (TOF) to
PMT iis

TOF _ Tleff
ToF = =

3 |r_ri|7

(B1)
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(color online) Structure of the GU and PU firmware:

where n; 1s the effective refractive index and r; is the
PMT position. The time residual is defined as

fes — tl_:HT _

! ! TOF) ,

(to+1] (B2)
where 1T represents the measured first hit time (FHT) of
the i-th PMT. The distribution of {£**} is used to identify
the dominant photon-arrival cluster.

The main reconstruction algorithm proceeds in two
stages. First, a coarse radial scan is performed along the
direction of the initial seed vertex to identify a region
whose residual-time pattern is most compatible with the
observed early photon population. Second, a multivariate
minimization refines (z,r) using a likelihood function
that quantifies the agreement between measured and pre-
dicted PMT times. The likelihood is constructed from the
PMT timing response and modeled as

(ﬁ%)z] ’

o2 (B3)

Lity,r) =] exp [—

where o; is the timing resolution parameter. To handle
the timing asymmetry, a bifurcated o; is used: ocany
(dominated by PMT transit-time spread) for #* <0, and a
larger o7y for £ > 0 to account for scattering and scintil-
lation decay tails. The final vertex estimate is obtained by
maximizing £, or equivalently minimizing —In £:

(fy,F) = arg r?in [=1n L(ty,1)]. (B4)

This vertex reconstruction algorithm operates well for
events in a wide-range-energy region, including MM low
energy events, with enough accuracy and fast reconstruc-
tion speed. According to MC estimation, for 110 keV
simulated events, the vertex spatial resolutions in x, y and
z directions have Gaussian-fit widths of about o ~ 0.64
m, respectively, while the corresponding full-distribution
RMS values are about 1.0 m, which meet the analysis re-
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quirements for '*C.

APPENDIX C: BAYESIAN BLOCKS ALGORITHM

The Bayesian Blocks Algorithm (BBA) is a non-para-
metric and model-independent method for detecting stat-
istically significant variations in the rate of events [54,
55]. Unlike conventional methods that require fixed-size
time bins or assume a specific signal time profile, the
BBA adaptively partitions the time axis into
segments—referred to as blocks—such that the event rate
within each block is statistically consistent with a con-
stant value. This feature makes the algorithm particularly
well suited for identifying transient or burst-like signals
of arbitrary duration and shape, such as those expected
from a supernova neutrino burst.

C.1.

Given a sequence of event times {t;}, the algorithm
seeks the optimal segmentation that maximizes a fitness
function constructed from the Poisson likelihood of each
block. For a block spanning a time interval Ar that con-
tains N events, the corresponding fitness function is
defined using the Cash statistic [56]:

Mathematical Framework

F(N,At) =N {m (%) - 1} ,

where the first term corresponds to the Poisson log-likeli-
hood of a constant event rate, and the second term en-
sures proper normalization. The total fitness of the seg-
mentation is the sum of the fitness values of all blocks.

To prevent overfitting—i.e., the creation of excess-
ively many blocks—a prior penalty is introduced. The op-
timal division points, called change points, are obtained
via dynamic programming by maximizing the sum of
block fitness minus the prior term.

C.2.

In the Transient Neutrino Burst Monitor described in
Section 3.2.1, each trigger provides a timestamp and an
associated number of trigger hits (Trigger Ny ). After ap-
plying the high-energy selection, muon veto, and IBD
delayed-coincidence requirement, the remaining triggers
define a time series dominated by residual background
events. Detecting a sudden rise in the event rate can in-
dicate the onset of a supernova burst.

The BBA is applied to this time series in real time.
Under-the null hypothesis (H,), the interval is modeled as
a single block with a constant background rate. Under the
burst hypothesis (Hy), the data favor a segmentation with
at least one additional block whose rate is higher than the
background. Comparing the likelihoods of these hypo-
theses yields a test statistic:

Application in the MM Trigger System

—ZIH(L()/LI), L1 > LO,

TShigh =
0, Ly < L,

where Ly and L; denote the Poisson likelihoods under the
single-block and multi-block hypotheses, respectively. A
non-zero TSy, indicates the detection of a statistically
significant increase in the event rate.
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