Chinese Physics C  Vol. 48, No. 7 (2024) 073002

Detecting neutrinos from supernova bursts in PandaX-4T*

Binyu Pang (JE#:F)>® Abdusalam Abdukerim (FIA &R HIA - B #f 76 J1AKR) Zihao Bo (##1-5%)*
Wei Chen (Bfi)* Xun Chen (i:51)° Chen Cheng (F£/%)° Zhaokan Cheng (f{JEfil)’ Xiangyi Cui (#HF£4%)"
Yingjie Fan (3£9:7%)° Deqing Fang (F157%)!° Changbo Fu (f57Ki%)'° Mengting Fu ({7 5)"

Lisheng Geng (Bk 7 F1)'>'*!*  Karl Giboni* Linhui Gu (Hi#kE)* Xuyuan Guo (3457C)° Chencheng Han (5 &%)’
Ke Han (3#7)* Changda He (fif#lli5)* Jinrong He ({f4:5¢)° Di Huang (3i1)*  Yanlin Huang (32 %5)"
Junting Huang (B512#£)* Zhou Huang (¥%#])* Ruquan Hou ({%£i%4>)° Yu Hou (£#4E)'® Xiangdong Ji (ZE[n4R)"
Yonglin Ju (Fi 7K #K)'®  Chenxiang Li (Z/R)*  Jiafu Li (EFKE) Mingchuan Li (2544 )1])°  Shuaijie Li (27!
Tao Li (Z2¥%)®  Qing Lin (M5)'3"  Qilianglaing Liu (XI71.28)"**"  Congcong Lu (FEEREE)'  Xiaoying Lu (7 IE51)>?

Lingyin Luo (F#F)!!  Yunyang Luo (¥ =)  Wenbo Ma (5 3C1#)*  Yugang Ma (43I
Yajun Mao (EW.7)""  Yue Meng (# )*° Xuyang Ning (‘TJHBH)* Ningchun Qi (#8 T°%&)°
Zhicheng Qian (£ K)* Xiangxiang Ren (fE#£#£)>® Nasir Shaheed™® Xiaofeng Shang (7 5 Xl)*
Xiyuan Shao (AREETE)*  Guofang Shen (FH [E[)'?  Lin Si (F1#£)* Wenliang Sun (PDSCR)®  Andi Tan (iR %3H)"7
Yi Tao (Fg25)*  Anging Wang (EZ%JK)> Meng Wang (E£#§)>* Qiuhong Wang (FEFkZL)"°
Shaobo Wang (/0 1#)*?!  Siguang Wang (L&) )" Wei Wang (M) Xiuli Wang (L. 7510)"
Zhou Wang (ESH)*>'  Yuehuan Wei B A ¥)® Mengmeng Wu (i$55%)7 Weihao Wu (3R 4EH )

Jingkai Xia (2 4:48)* Mengjiao Xiao (4 21%)"” Xiang Xiao (M #)’ Pengwei Xie (§iM8fF)"! Binbin Yan (FHExt)!
Xiyu Yan (B> Jijun Yang (154k%)* Yong Yang (#5)"  Yukun Yao (BkEH)*  Chunxu Yu (Wi4fifi)?
Ying Yuan (3Z5)* Zhe Yuan (Ji¥)"° Xinning Zeng (% #£7°)* Dan Zhang (51" Minzhen Zhang (5K&hi)*
Peng Zhang (5KM%)° Shibo Zhang (5K1H1#)* Shu Zhang (5K)” Tao Zhang (5K¥%)* Yang Zhang (5K i)>%*

Yingxin Zhang (7K3#-0>)*® Yuanyuan Zhang (3K[E €)' Li Zhao (#% #1)* Qibin Zheng (4 )"
Jifang Zhou (JEF77%)° Ning Zhou (A1 79)*°  Xiaopeng Zhou (J&/MH)'?  Yong Zhou (JEl7K)®  Yubo Zhou (JE4E1H)*

'New Cornerstone Science Laboratory, Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai, 200240, China
*Research Center for Particle Science and Technology, Institute of Frontier and Interdisciplinary Science, Shandong University, Qingdao 266237,
Shandong, China
3Key Laboratory of Particle Physics and Particle Irradiation of Ministry of Education, Shandong University, Qingdao 266237, Shandong, China
“School of Physics and Astronomy, Shanghai Jiao Tong University, Key Laboratory for Particle Astrophysics and Cosmology (MoE), Shanghai Key
Laboratory for Particle Physics and Cosmology, Shanghai 200240, China
*Shanghai Jiao Tong University Sichuan Research Institute, Chengdu 610213, China
®School of Physics, Sun Yat-Sen University, Guangzhou 510275, China
’Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-Sen University, Zhuhai, 519082, China
¥Department of Physics,Yantai University, Yantai 264005, China
Key Laboratory of Nuclear Physics and Ton-beam Application (MOE), Institute of Modern Physics, Fudan University, Shanghai 200433, China
'%School of Physics, Peking University, Beijing 100871, China
"School of Physics, Beihang University, Beijing 102206, China
“International Research Center for Nuclei and Particles in the Cosmos & Beijing Key Laboratory of Advanced Nuclear Materials and Physics, Bei-
hang University, Beijing 100191, China
3School of Physics and Microelectronics, Zhengzhou University, Zhengzhou, Henan 450001, China
"“Yalong River Hydropower Development Company, Ltd., 288 Shuanglin Road, Chengdu 610051, China
13School of Medical Instrument and Food Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China
1%School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
"Department of Physics, University of Maryland, College Park, Maryland 20742, USA

Received 13 March 2024; Accepted 16 April 2024; Published online 17 April 2024

* This project is Supported in part by the National Natural Science Foundation of China (12090060, 12090063, 12105052, 12005131, 11905128, 11925502), and the
Office of Science and Technology, Shanghai Municipal Government, China (22JC1410100)

¥ E-mail: jianglai.liu@sjtu.edu.cn (Spokesperson)
* E-mail: yangzhangsdu@email.sdu.edu.cn (Corresponding author)

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP? and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

073002-1



Binyu Pang, Abdusalam Abdukerim, Zihao Bo et al.

Chin. Phys. C 48, 073002 (2024)

'8State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China, Hefei 230026, China
“Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China
2School of Physics, Nankai University, Tianjin 300071, China
2ISJTU Paris Elite Institute of Technology, Shanghai Jiao Tong University, Shanghai, 200240, China
22School of Physics and Astronomy, Sun Yat-Sen University, Zhuhai, 519082, China

Abstract: Neutrinos from core-collapse supernovae are essential for understanding neutrino physics and stellar

evolution. Dual-phase xenon dark matter detectors can be used to track explosions of galactic supernovae by detect-

ing neutrinos through coherent elastic neutrino-nucleus scatterings. In this study, a variation of progenitor masses

and explosion models are assumed to predict neutrino fluxes and spectra, which result in the number of expected

neutrino events ranging from 6.6 to 13.7 at a distance of 10 kpc over a 10-s duration with negligible backgrounds at
PandaX-4T. Two specialized triggering alarms for monitoring supernova burst neutrinos are built. The efficiency of
detecting supernova explosions at various distances in the Milky Way is estimated. These alarms will be implemen-
ted in the real-time supernova monitoring system at PandaX-4T in the near future, which will provide supernova

early warnings for the astronomical community.
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I. INTRODUCTION

Massive stars greater than eight solar masses fre-
quently end their lives as core-collapse supernovae (here-
after referred to as SN), but these phenomena are consid-
erably rare and occur only approximately three times per
century in our galaxy [1]. Each SN explosion ejects a sig-
nificant amount of material and lasts for approximately
10 s. The total energy released by an SN burst is approx-
imately 10% erg, with 99% carried away by neutrinos [2].
The first recorded SN neutrinos were from SN 1987A
located in the Large Magellanic Cloud. Approximately 20
neutrino events were detected [3—5], marking the begin-
ning of the galactic neutrino astronomy. These neutrino
events provide significant insights into the theoretical
models of SN explosions and offer constraints to the fun-
damental properties of neutrinos. However, our present
understanding remains inadequate for a thorough compre-
hension of stellar dynamics and neutrino properties at ex-
treme conditions owing to the low statistics of the ob-
served SN neutrino events. Many neutrino experiments
and observatories have been designed with full readiness
to observe imminent SN explosions.

During an SN explosion, numerous neutrinos are
emitted from the central region of the star at nearly the
speed of light. In contrast, electromagnetic radiation ex-
periences a delayed travel compared with the neutrinos
owing to the smaller velocity of outward shock waves
[6]. The delay may vary from several minutes to several
days depending on the SN progenitors. Neutrino obser-
vatories located on the Earth can utilize the abrupt in-
crease in the neutrino event rate to provide a prompt alert
of the occurrence of an SN explosion in our galaxy to
trigger followup optical observations. To date, several ex-
periments have established dedicated SN monitoring sys-
tems [6—8] and initiated joint observations with the SN

early warning system (SNEWS) [9, 10].

Freedman indicated that coherent elastic neutrino-
nucleus scattering (CEvNS) can occur when the incident
neutrino energy is on the order of MeV [11]. This im-
plies a large cross section, o, ~ N°G%E? /4r, where N rep-
resents the neutron number of the target nuclei, Gr is the
Fermi constant, and E, is the neutrino energy [12]. Such
a process has been observed in the COHERENT experi-
ment with neutrinos from the spallation neutron sources
with an average energy about 30 MeV, providing a sens-
itive tests on the Standard Model of particle physics [13].
Hence, direct detection dark matter experiments using li-
quid xenon (LXe), for example, the operating XENON-
nT/LUX-ZEPLIN/PandaX-4T experiments [14—16] and
the proposed DARWIN [17] and PandaX-xT experiment
[18], are appropriate options for detecting SN neutrinos
owing to the large neutron number of the nucleus of
about 80. As the fiducial mass of these experiments in-
crease to above a ton and even ten-ton level, the CEVNS
process demonstrates the increasing competitiveness in
the detection of astrophysical neutrinos compared with
other neutrino interaction channels. The CEVNS process
is sensitive to all neutrino flavors equally, thereby com-
plementing the studies of experiments that have particu-
lar sensitivity to an individual neutrino flavor [19, 20]. A
prominent challenge is that the momentum transfer of the
process is very small, resulting in low nuclear recoil (NR)
energy in the order of keV, which is difficult to detect.
Thus far, no experiment has observed astrophysical neut-
rinos via the CEVNS process.

In this paper, the SN model from the Garching group
(hereafter referred to as Garching model) is utilized to ob-
tain the neutrino emission spectrum of an SN explosion
[21, 22]. For comparison, a model proposed by Nakazato
et al. is also discussed [23]. We do not consider neutrino
oscillations as we are solely focusing on the overall neut-
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rino flux. By considering the neutrino flux, cross section,
exposure, and detection efficiency, the total number of
expected neutrinos in PandaX-4T is obtained. A method
for accurately predicting the false alert rate is developed.
Based on this framework, two specialized triggering
alarms, golden and silver, for monitoring SN burst neutri-
nos are introduced, which can be easily implemented at
the software level. Furthermore, the probability of detect-
ing SN explosions in our galaxy out to 50 kpc is estim-
ated. In addition, with the commissioning data acquired
from PandaX-4T, an upper limit for the occurrence of SN
explosions in the Milky Way is extracted.

The remainder of this paper is organized as follows.
The PandaX-4T experimental setup and data processing
are described in Sec. II. The detection of SN neutrinos at
PandaX-4T is presented in Sec. III. The trigger algorithm
is discussed in Sec. IV. The detection probability and the
upper limit of SN bursts are described in Sec. V. The con-
clusions are contained in Sec. VI.

II. PANDAX-4T EXPERIMENTAL SETUP AND
DATA PROCESSING

The PandaX-4T experiment at China Jinping Under-
ground Laboratory (CJPL) has been on operation since
November 2020. The cosmic-ray muons are effectively
shielded by a rock overburden of approximately 2,400 m.
The detector is located within an ultra-pure water shield
measuring 13 m in height and 5 m in radius. This config-
uration reduces the impact of the radioactivity that origin-
ates from the ambient environment. The detector is a
dual-phase xenon time projection chamber (TPC) with
about 3.7-t of LXe in the sensitive volume and 368
Hamamatsu R11410-23 3-inch photo-multipliers (PMTs)
that are arranged in a concentric circular (compact
hexagonal) for top (bottom) array. The peripheral back-
ground is vetoed by an outer array of 105 Hamamatsu
R8520 1-inch PMTs. An upward drift and acceleration
electric field for electrons are provided by the three of
four transparent stainless steel electrodes. More details
are available in [24].

When incident particles pass through LXe, they can
generate excited xenon atoms and electron-ion pairs.
These particles are detected through the coincidence ob-
servation of photon signals from the prompt scintillation
(S1) and the delayed electro-luminescence (S2). The
photo-electron (PE) signals are digitized by a CAEN
V1725B digitizer, which operates at a sampling rate of
250 MHz. The digitizer operates in the self-trigger mode,
in which any PMT pulse exceeding the threshold of 1/3
PE is recorded. The data are transferred to multiple
readout servers and then to a dedicated data-aggregation
server in Jingping for further processing and writing to
disks. The Data are then transferred to servers located in
Chengdu for offline physical analysis [25]. The commis-

sioning data from November 28, 2020 to April 16, 2021
with a calendar time of ~86 days are utilized in this
study. Detailed operation conditions of the detector and
event reconstructions are discussed in [16].

III. DETECTION OF SN NEUTRINOS AT
PANDAX-A4T

A. Coherent elastic neutrino-nucleus scattering

The CEVNS process can be expressed as
VIV+A > V/V+A, Q)

where v/v is any individual flavor of neutrinos/antineutri-
nos, and A represents the mass number of the target nuc-
lei. The NR energy spans from zero to a maximum value
of Enax = 2E%/(2E, +my) ~ 2E2/m,, where m, is the mass
of the target nucleus. The differential cross section of the
CEvNS process can be expressed as [11, 12]

do G2 ny mAENR
E,.Exg) = 0. <1 - 7>
dENR( )= O 2E2
X FZ(CI)®(Emax - ENR)? (2)

where Enr represents the NR energy of the target nucle-
us, O(E . — Exr) 1s the step function with a value of 1 (0)
for positive (negative) argument, and Q, is the weak
charge:

0,, = N —Z(1 - 4sin’6,), (3)

where Z is the atomic number of the target nucleus, 6,, is
the weak mixing or Weinberg angle with a value of
sin’6,, ~ 0.23 [26], and F(q) is the Helm-type form factor
[27], which is defined as

3j] (qu) e_%(qxﬁ’
qro

F(g) = )

where the momentum-transfer ¢= 2msEng, 71o=
Vr? =552 with a nuclear radius of r = 1.2A4% fm and nuc-
lear skin thickness s of about 0.5 fm, and j,(gry) is the
first-order spherical Bessel function [28, 29]. Figure 1
shows the differential cross section of Eq. (2) at different
neutrino energies. Note that the CEVNS exhibits a much
larger scattering cross section [12] than inverse beta de-
cays and neutrino-electron elastic scatterings [13] but res-
ults in a relatively low NR energy in keV to several tens
of keV. The abundance distribution of xenon isotopes is
considered in the calculation.
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Fig. 1.
CEVWNS process as a function of NR energy. Three different

(color online) Differential cross section of the

neutrino energies are shown for xenon nuclei.

B. Energy spectrum of SN neutrinos

The SN explosion consists of three stages: the phase
of the shock burst, the post-bounce accretion, and Kelvin-
Helmbholtz cooling [21]. The total emission energy, aver-
age energy of neutrinos, and variations in the physical
process will lead to different expected fluxes and energy
spectra of neutrinos in theoretical models. In this study,
we utilize the Garching model as the typical model,
where the neutrino energy spectrum can be characterized
using Keil-Raffelt-Janka (KRJ) parametrization [30]. The
differential flux at time #,,, which is defined as the time
after the SN core bounce, can be expressed as [31, 32]

(14 (2 )7
CE (1)) T (1 +(130))

)V(Ipb)ex |:_ (,y+ I)EV
(E\(tp))

6
dF(Eva tpb)

x(wft;b» } (%)

where v represents one of the six types of neutrinos,
L,(t,,) is the neutrino luminosity, (E,(t,,)) is the mean en-
ergy of neutrinos at time fy, and I'(1+y(fy)) is the

Gamma function. The spectral index () canbe ob-
tained as [31]

(Ey(t)*) _ 2+ ()
(Eu(tpn))  1+y(tp)’

(6)

where (E,(t,,)*) represents the mean of E,(z,,)*. Here, we
use models with two benchmark progenitor masses
M,=112M, and M, =27 M, (M, is the solar mass),
employing the LS220 nuclear equation of state (EoS)
[33], to predict the neutrino fluxes and the energy spectra.
In contrast, the Nakazato model with M, = 20 M,,, metal-
licity Z=0.02, and shock revival time #., =200 ms is also
used [23]. Figure 2 depicts the time-integrated neutrino
number spectrum of all types of neutrinos. For a clear
visual comparison between the models, neutrino energies

are shown only up to 40 MeV. Because the neutrino flux
from an SN explosion is predominantly concentrated
within the first few seconds after the core bounce, we
have approximated the integration time for the Nakazato
model to be 10 s. The fraction of neutrino flux beyond 10
s is negligible. For the Garching models, we integrate
from the core bounce time to the end time of the models
since the models do not extend to 10 s.

54
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7y L
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S 8001

2 L 11.2 My, , Garching
= [
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Fig. 2.
function of the neutrino energy for all types of SN neutrinos

(color online) Time-integrated neutrino number as a

from the core bounce time to the later 10 s (end time of the
models) using the Nakazato (Garching) models.

C. Observable in liquid xenon detectors

When neutrinos interact with xenon atoms through
the CEVNS process, the differential event rate can be de-
scribed as

dNO mdetNA « do
—2 (Exp) = E, E
dENR( ) M,(4nD?) J i dENR( »Exe)
x f(E,)dE,, (7)

where mg. = 2.67 t is the effective mass of LXe in this pa-
per, N, is Avogadro's constant, M, is the molar mass of
xenon atoms, and the expression mg.Ns/M, is the total
number of xenon atoms in the detector. D is the distance
from Earth to the SN. To produce a recoil energy above
Exr, we must have a minimum neutrino energy, which
can be expressed as E™" = vm,Exg/2 and is the lower
limit of the integral in Eq. (7). f(E,) is the energy spec-
trum for the sum of all neutrino types, as depicted in Fig.
2. Practically, integrating over E, € (E™",100 MeV) is
sufficient. Considering the detection efficiency e(Engr),
the effective differential event rate is [34]

dN dN,
—(ENr) = €(E —— (ENR)-
dENR( NR) = €( NR)XdENR( NR) 3

To obtain the detection efficiency, we perform a
Monte Carlo (MC) simulation [35, 36]. First, the light
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yield (L,) and charge yield (Q,) of NR events in LXe are
studied using the Noble Element Simulation Technique
(NEST) v2.3.6 parameterization [37, 38], with paramet-
ers tuned using the calibrations as described in [16, 39].
In the simulation, we have considered various detector ef-
fects, including the quantum effects of PMTs and the
non-uniformity of the detector. 2x 10° events are simu-
lated for each mono-energetic point ranging from 0.1 to
30 keV, with a step size of 0.1 keV. Subsequently, L, and
O, are used as the inputs for the waveform simulation
(WS) [36], which can generate complete waveforms. To
mimic the detector response of the simulated events, we
consider the effects of afterpulsing from PMTs and
delayed electrons in the WS process.

The simulated events are processed with similar pro-
cedures as in the experimental data. The total efficiency
primarily consists of three parts: the signal reconstruc-
tion, data quality selection, and region-of-interest (ROI).
The signal reconstruction and data quality selection were
discussed in detail in a previous analysis [39]. To im-
prove the detection efficiency, we loosen several data
quality selection cuts and adjust the ROI. Two ROIs are
used: one corresponds to the golden alert, which is
stricter in triggering SN alarms than the silver one. The
former (latter) is defined to have S1 ranging from 2.1 to
100 PEs (1.65 to 100 PEs) and S2 ranging from 80 to
3500 PEs (same). This is detailed in Sec. IV. The
magenta dashed (red solid) line depicted in Fig. 3 shows
the detection efficiency as a function of NR energy for
the golden (silver) alarm. A decrease in efficiency occurs
at energies above 15 keV, which is attributed to the diffu-
sion cut on the drift electrons in the selection process.
The total detection efficiency is 20% (23%) for the
golden (silver) alarm in the Garching model with
M, =27 M, and other two SN models used in this paper
have similar efficiencies. Note that, to maximize the de-
tection efficiency, this study does not use the NR/ER cut
based on the ratio between the number of the ionized
electrons and the photons. Additionally, this can be re-
vived in the PandaX-nT experiment owing to the much
larger target mass.

The NR spectrum of CEvNS before (gray) and after
(black) the efficiency (red solid) correction in LXe is
shown in Fig. 3. The total expected number of observ-
able neutrinos Ny, which is primarily from the high-en-
ergy neutrinos (approximately 15 to 30 MeV), as shown
in Fig. 2, can be expressed as

dN
Nobsz/m(ENR)dENRa 9

here, we perform the integration up to 30 keV because
fluxes above this value have a negligible impact on Ngps.
To increase Ny, we desire a high detection efficiency.
The numbers of SN neutrinos using the Garching and Na-

e —o.o

"os
o7

—— Efficiency (Silver trigger) 750'6

10

Efficiency (Golden trigger) g )
H0.4

o3
1o.2
Ho.1

Number of events / (keVx 2.67 tonnes )
|
5]
Efficiency

0 5 10 520

25 3
Eyn [keV]

Fig. 3.
(red solid) and golden trigger (magenta dashed) as a function

(color online) Detection efficiencies of silver trigger

of NR energy; the expected neutrino spectrum before (gray)
and after (black) the efficiency (red solid) correction. The
Garching model with a progenitor mass of 27 M, and the
LS220 EoS is used. The distance from SN to Earth is as-
sumed to be 10 kpc.

kazato models at two different distances of 10 kpc and
168 pc are listed in Table 1, where 10 kpc (168 pc) is ap-
proximately the distance from the center of the Milky
Way (Betelgeuse) to Earth. Ref. [31] shows that an S2
only method can increase the SN signals by a factor of
about 3 but would also potentially increase the back-
grounds. The S1-S2 method provides similar results as
ours. The background event rate, as listed in Table 2, is
negligible compared with the event rate of the SN signals
as listed in Table 1. Betelgeuse is considered a potential
candidate for an SN explosion [40], which would provide
an effective handle to distinguish between different mod-
els by observing the number and spectrum of NR events
owing to the short distance. For a Betelgeuse explosion,
the design of the data acquisition must address the chal-
lenge of high data rate during the explosion.

IV. SN NEUTRINO TRIGGER ALGORITHM

A. Trigger algorithm

The explosion of an SN would result in a sudden in-
crease in the event rate within a short period of several

Table 1. Number of expected SN neutrinos from 10 kpc and
168 pc in PandaX-4T for golden and silver alarms. Two
Garching models are used with M, =11.2 M, and M, =27 M,
via the LS220 EoS. Nakazato model with M, =20M,, Z
(metallicity)= 0.02, and #., (the shock revival time) =200 ms
is used for comparison.

Golden alarm Silver alarm

SN model
D=10kpc 168 pc 10 kpc 168 pc
20 M Nakazato 7.2 2.6x10* 8.3 2.9x10*
11.2 Mg Garching 6.6 23x10* 7.7 2.7x10*
27 M Garching 13.7 49x10* 159 57x10*
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Table 2.
alerts with the silver trigger mode using the DD, AmBe, and
physical data as listed in the fourth and fifth columns. The
second and third columns list the event rate and the calendar

Comparison of the observed and expected false

time of the dataset.

Data type Rate/s Calendar time Observed Expected
DD 3.61x1073 3.58 days 40 38
AmBe 3.12x1073 5.7 days 49 46
Physical 3.6x1074 86.1 days 8 9.8

seconds in the detector, providing a unique opportunity to
observe this phenomenon in the Milky Way. The soft-
ware-based SN trigger can provide a method for monitor-
ing SN explosions as soon as data files are written into
the disk clusters. The trigger algorithm consists of three
parts: 1) event builder, 2) selection of signal candidates,
and 3) SN neutrino trigger. The event builder process in-
volves clustering PMT hits into signal pulses and classi-
fying these pulses into S1s and S2s, where the classified
S1s and S2s are paired to build incident events. The size
of each file decreases significantly after the event builder
process, from 1 GB to approximately 100 MB. During the
commissioning phase, the background event rate is stable.
To select suitable event candidates, the basic cuts de-
rived from the analysis of the solar ®B study [39] are used
to suppress background events. The events that survive
the cuts are used to investigate the false alert rate, which
is discussed in Sec. IV.B. For the SN neutrino trigger,
when the trigger algorithm identifies the first candidate, it
serves as the starting point of the search time. Sub-
sequently, the total number of events is counted within
the following ten-second time window. If the counted
number exceeds the specific threshold Ny, a prompt alert
is issued. For clarity, if another candidate appears outside
of the time window, it will become a new starting point
of the search time, and the same process continues. When
an alert is issued, the information including the start time
of the alert and the total number of candidates in the time
window are sent simultaneously to the experts of the
PandaX-4T SN group through e-mail. The relevant data
files are stored in the designated directory for further ex-
amination by the experts. The entire process takes sever-
al minutes for each individual file on average.

B. False alert
We assume that the number of events observed by the
detector follows a Poisson distribution. The probability
for the number of events in a time window Tsy being no
less than the threshold value Ny, follows

Nipe—1

PNiw; Tsns Tog) = 1 — Z ;engSN(rbgTSN)", (10)

n=0

where r,, is the mean background event rate. The false
alert rate per week using a fixed time window Tgsy can be
expressed as

3600-24-7
Reaise = Tip(Nthr;TSN;rbg) (11)
SN

The backgrounds are primarily composed of material
radioactivity, environmental radioactivity, contamination
from tritium calibration, and additional radioactive
sources in xenon such as ?*?Rn [24]. To improve the SN
detection probability while simultaneously reducing the
false alert rate, we investigate various combinations of
Tsy and Ny, at a certain event rate r,,. Eventually, a suit-
able combination of the values is selected, with Tgy = 10
s and Ny, = 2. Unless stated otherwise, we will use this
default setting. The false alert rate is predicted with a
two-step procedure. In the first step, we can calculate the
number of false alert rate for a given event rate r,, and
time window using Eq. (11). Note this number is for the
case of the fixed time window (i.e., the subsequent time
window is seamlessly connected to the previous time
window; therefore, no time gap occurs between any two
time windows), and in our algorithm, we use the sliding
time window (i.e., the time of the candidate is used as the
start of the time window, and a time gap may occur
between two neighbour time windows). A schematic of
sliding and fixed time window is shown in Fig. 4. In the
second step, the ratio between the numbers of false alerts
with the sliding and fixed time windows is calculated
based on a toy MC simulation. Hereafter, the former (lat-
ter) is referred to as the SW (FW) method. In the toy MC
simulation, events are randomly sampled assuming a spe-
cific event rate, followed by the counting of the total
number of false alerts with the SW and FW methods. To
reduce the uncertainty of the mean ratio value, hundreds
of simulations are performed for each event rate. Figure 5
shows the ratio as a function of the event rate.

We must emphasize three characteristics in Fig. 5.
First, when the rate is lower than 10~* s™', the ratio gradu-
ally converges to 2. A mathematical explanation can be
provided based on the the settings for this study. At the
low rate, each alert comprises only two candidates with
the parameters of Tsy = 10 s and Ny, = 2; this is because
the probability of greater than two candidates appearing
within 10 s is significantly lower than that of exact two
candidates. If two candidates occur within a 10-s win-
dow in a total time length that can be divided into N inter-
vals, with each interval being 5 s and N being suffi-
ciently large, there are 3N/2 and N/2 scenarios for two
candidates occurring in different intervals for the SW and
FW methods, respectively, whereas the number of the
scenarios for two candidates occurring in same intervals
is N/2. Therefore, theratiois BN/2+ N/2)/(N/2+N/2) = 2.
A ratio of 2 can also be explained as (1, X 10 8)/(7,g X5 s)
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and fixed time windows. The parameters used are Tsy = 10 s,

(color online) Ratio of the false alerts using sliding

Nur =2, and the uncertainty results from the estimation of the
mean values. The curve is connected through the data points
via the linear interpolation, and the data points are calculated
from the toy MC simulations.

because the first candidate appears at the start (middle on
average) of a 10-s window for the SW (FW) method.
Note that the number of false alerts expected from Eq.
(11) agrees with the number counted from the toy MC
simulation using the FW method. In contrast to the SW
method, the FW method divides the time length into uni-
form intervals according to the time window Tgy and
counts the false alerts within each interval. Second, the
ratio reduces to a value below 1 because, with a higher
rate, the possibility of more than two CEvNS events pil-
ing up in a single sliding window increases, leading to
fewer triggers. Third, the ratio converges to 1 at a high
event rate greater than 5 s as the two methods exhibit
negligible differences in these cases.

C. Validation of false alert rate

To validate the false alert rate described above, we
have used experimental data including the deuteron-deu-
teron (DD), AmBe neutron calibration, and commission-
ing physical data to test the trigger algorithm. Eq. (11)
enables the inverse calculation of the corresponding back-
ground event rate for a given false alert rate. As stated in
Sec. III.C, two trigger modes (golden and silver) for the
commissioning physical data have been selected, which
correspond to false alert rates (background event rates) of

one per month (~22x10™ s') and one per week
(~3.6x10* s, respectively. The ROI is essential in
regulating the false alert rate, which is used as a refer-
ence to rapidly adjust the ROI in the commissioning
physical data. The numbers of the expected false alerts
are consistent with the observed, as listed in Table 2. For
simplicity, only the results with silver trigger mode are
shown. The scenario in which the two candidates fall in-
to two separate files has been considered.

V. DETECTION PROBABILITY AND UPPER
LIMIT OF SN BURSTS

The detection probability of the SN explosions is
same as that in Eq. (10), with the change of r,, to ren,
where rsy is the event rate of SN neutrinos. Figure 6
shows the probability of detecting SN explosions at dif-
ferent distances in the golden and silver trigger modes
with the Garching model, assuming a progenitor mass of
M, =27M,. The PandaX-4T detector would have a
100% probability of detecting SN explosions in the
golden and silver trigger modes assuming the SN is loc-
ated 10 kpc from Earth.

We predict that 3.4 false alerts would occur in the
physical data in the golden trigger mode and one is ob-
served. The p-value for this downward fluctuation is
14.7%. An upper limit at the 90% confidence level (C.L.)
is extracted to be 1.6 using the Feldman-Cousin method
[41], which is equivalent to 678.2 per century on the rate
of core-collapse supernovae in our galaxy out to 10 kpc.

VI. CONCLUSIONS

The NR spectra of the CEVNS process from SN neut-
rinos are investigated in PandaX-4T, leading to the ex-
pected number of neutrino events ranging from 6.6 to
13.7 by varying the mass of the progenitor stars and the
explosion models at a distance of 10 kpc with a time dur-

100
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30F
20fF
10F
0

-& Silver trigger

-e- Golden trigger

Detection probability [%]

0 10 20 30 40 50
Distance [kpc]

Fig. 6. (color online) Detection probability of the SN explo-
sion as a function of distance from the SN to Earth. The
Garching model is used with M, =27 M, via the LS220 EoS.
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ation of 10 s in the golden trigger mode. The uncertain-
ties in the parameters of the SN theoretical models will be
significantly reduced when future SN explosions are ob-
served by the detectors on Earth. Neutrino detectors can
provide an early warning for the multi-messenger astro-
nomy, which can better explain the SN dynamics from
different aspects. The algorithm to predict the false alert
rate is established and validated using experimental data.
It takes several minutes to search for SN bursts for each
individual file and a bit longer if candidates falling into
two separate files are considered. The detection probabil-
ity for SN explosions within the Milky Way is given,
which suggests that the PandaX-4T detector can monitor
SN explosions in the Milky Way. The upper limit of SN
bursts at 90% C.L. is determined to be 678.2 per century
in our galaxy out to 10 kpc. In the future, the trigger al-

gorithm will be integrated into the online SN monitor sys-
tem in PandaX-4T, facilitating real-time monitoring of
SN bursts in our galaxy.
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