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Abstract: The detection and cross-section measurement of Coherent Elastic Neutrino–Nucleus Scat-
tering (CEvNS) are vital for particle physics, astrophysics, and nuclear physics. Therefore, a new
CEvNS detection experiment is proposed in China. Undoped CsI crystals, each coupled with two
Photon Multiplier Tubes (PMTs), will be cooled down to 77 K and placed at the China Spallation
Neutron Source (CSNS) to detect the CEvNS signals produced by neutrinos from stopped pion decays
occurring within the Tungsten target of CSNS. Owing to the extremely high light yield of pure CsI
at 77 K, even though it only has a neutrino flux 60% weaker than the COHERENT experiment, the
detectable signal event rate is still expected to be 0.074/day/kg (0.053/day/kg for COHERENT).
Low-radioactivity materials and devices will be used to construct the detector, and strong shielding
will be applied to reduce the radioactive and neutron background. Dual-PMT readout should be
able to reject PMT dark count background. Using all the strategies mentioned above, we hope to
reach a 5.1σ signal detection significance within six months of data collection with four 3 kg CsI. This
paper will discuss the experiment’s design, as well as the estimation of the signal, various kinds of
background, and expected signal sensitivity.

Keywords: neutrino scattering physics; neutrino detectors; spallation neutron source

1. Introduction

In general, the non-trivial interplay between neutrinos and individual nucleons, as
well as the complex structure of the nucleus, makes a precise understanding of the interac-
tion between neutrinos and the nucleus difficult to achieve. However, when the momentum
transfer between a neutrino and a nucleus is small enough, which means the scattering
would be elastic and the de Broglie wavelength corresponding to the transferred momen-
tum much larger than the scale of the nucleus, from the point of view of the neutrino, the
nucleons inside the nucleus hold almost the same position. Therefore, when calculating
the cross section, the phases of scattering amplitudes contributed by different nucleons
are almost the same, leading to a coherent enhancement of the cross section. This is the
so-called coherent elastic neutrino–nucleus scattering (CEνNS) process.

The measurement of the CEνNS signal would benefit various aspects of physics.
For particle physics, it provides a good way to measure the Weak-Mixing Angle in low
momentum transfer circumstances and serves as another inspection of the Standard Model.
For dark matter searching, a good knowledge of the CEνNS signal helps with the searching
of WIMP dark matter candidates in which the CEνNS signals, as an important background,
are hard to distinguish from real dark matter signals. For astrophysics, it points out a new
way to detect solar neutrinos and supernova neutrinos, as their energy perfectly meets the
coherent criterion. The accurate measurement of the cross section of the CEνNS process also
helps to understand the outburst of core-collapsed supernovae whose energy is released
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mainly through neutrinos with energy of tens of MeV [1]. For nuclear physics, it can be
used to measure the form factor of the nucleus when the exchanged momentum is large
enough to introduce some non-coherent effect due to the structure of the nucleus, but
also small enough to keep the scattering elastic. In addition, the CEνNS process has no
threshold limit. Hence, the reactor neutrino spectrum under the 1.8 MeV threshold of IBD
process can be measured by the CEνNS process and the experiment’s results could provide
a good examination of nuclear physics models.

Since the measurement of the CEνNS process is vital for different fields of physics,
many scientists have been devoted to this area since the first theoretical prediction was
published by Daniel Z. Freedman in 1974 [2]. Owing to the coherent enhancement, its cross
section is approximately proportional to the square of the neutron number in the nucleus [3],
making it much larger than any other neutrino–matter interactions. However, the signal
produced by the recoiled nucleus is so weak that the CEνNS signal had not been observed
until 2017 by the COHERENT collaboration using π+ decay-at-rest neutrinos from the
Spallation Neutron Source (SNS) in Oak Ridge [4]. There are also many other groups
trying to detect CEνNS signals using reactor neutrinos with various kinds of technologies
applied. For instance, a cryogenic superconductor calorimeter was selected by NUCLEUS
in France [5] while an astronomical CCD was applied by CONNIE in Mexico [6].

Despite the significant effort that has been put into the searching of CEνNS signal,
independent CEνNS signal detection verification still remains a blank to fill. Here, we
propose the CLOVERS experiment: Coherent eLastic neutrinO(V)-nucleus scattERing
at China Spallation Neutron Source (CSNS). The CSNS provides neutrinos with almost
the same spectrum as SNS in Oak Ridge. The experiment design and the estimation of
signal and background are discussed in Sections 2 and 3. A sensitivity estimation and the
experiment schedule are presented in Sections 4 and 5.

2. Experiment Design

The common difficulties faced during neutrino detection experiments are the low
cross section, weak signal, and high background. The CEνNS experiment shares the latter
two challenges, while the first one is alleviated by the coherent enhancement of the cross
section. The observable energy generated by the recoiled nucleus is only several keV, which
requires the detector’s threshold to be very low. Since the signals are weak, the background
must be strongly suppressed to ensure that the signals are not overwhelmed. Therefore, an
optimized shielding structure is necessary. The following part of this section describes our
selection of the neutrino source and our design of the detector and shielding structure.

2.1. Selection of Neutrino Source

The China Spallation Neutron Source (CSNS) has been selected as our neutrino source.
It is located in Dongguan, Guangdong province, in China. At CSNS, a beam of protons
is accelerated to 1.6 GeV and impinges on a Tungsten target with a repetition rate of
25 Hz. Neutrinos, including νµ, ν̄µ, and νe, are generated by the decay of target-stopped
π+ resulting from the proton impingement. As a result, the neutrinos are highly pulsed,
which is advantageous for suppressing background signals that are evenly distributed in
time. The energy of neutrinos produced by π+ decay-at-rest primarily ranges between 20
and 50 MeV, which is approximately one order of magnitude higher than that of reactor
neutrinos (Figure 1). This higher energy range makes the detection of CEνNS signals
much easier.

Currently, CSNS is operating with a beam power of 140 kW. According to simulations
performed using FLUKA, the neutrino production rate is estimated to be approximately
0.17 neutrinos per proton per flavor at CSNS [7]. Our detector will be placed on a platform
located 7.7 m above the target. Considering the thickness of the shielding structure and the
detector encapsulation to be 2.8 m, the neutrino flux at the detector’s location is calculated to
be 2.42 × 1010/cm2/h/falvor. This corresponds to approximately 60% of the flux observed
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in the COHERENT experiment [8]. Figure 2 shows the platform (left) and its relative
position within CSNS (right).

Figure 1. Neutrino energy spectra of reactors (red) and spallation neutron source (blue). The energy
neutrinos from spallation neutron are significantly higher reactor neutrinos [9,10].

Figure 2. Scene picture of the platform (left) and its relative postion in CSNS (right). The platfrom is
8.2 m right above the Tungsten target.

2.2. Detector Design

To achieve a recoil energy threshold of approximately 1 keV, a detector as shown in
Figure 3 has been designed. The detector consists of several sub-detectors housed in a large
Dewar. Each sub-detector is composed of a PTFE fabrication shell, two R11065 Hamamatsu
photomultiplier tubes (PMTs), and one 3 kg undoped cesium iodide (CsI) crystal. The
Dewar will be filled with liquid nitrogen to immerse the sub-detectors and maintain a
stable cryogenic temperature of 77 K. While the light yield of undoped CsI is lower than
that of CsI(Na) and CsI(Tl) at room temperature [11,12], it increases by more than 15 times
when cooled down to 77 K [11,13]. When coupled with R11065 PMTs, the light yield of
undoped CsI has been reported to reach 33.5 PE/keVee [14], more than twice that of CsI(Na)
measured by the COHERENT collaboration at room temperature [8]. The high light yield
enables us to lower the threshold.

The two PMTs in each sub-detector form a coincidence system to reject backgrounds
generated by a PMT dark count background, including electron emission on the cathode or
dynodes, and Cherenkov light generated by charged particles passing through the PMT
window. This background dominates in the COHERENT CsI(Na) experiment [8] in the
few photoelectron (PE) region. Since the PMT dark count background is independent from
one PMT to another, this background can be suppressed by three orders of magnitude by
applying a two PMT readout coincidence system, which requires at least one photoelectron
to be detected in each PMT. The suppression effect is discussed in detail in Section 3.2.
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The four sub-detectors also form an anti-coincidence system. The probability of
one particle producing signals in more than one sub-detector is negligible for neutrinos
but much larger for fast neutrons and γ rays. Events in which scintillation signals are
observed in more than one sub-detector will be regarded as background. This strategy can
significantly reduce the fast neutron background. The details of the effect of this strategy
are discussed in Section 3.2.

Figure 3. A schematic of the detector. The detector contains four sub-detectors in a Dewar filled with
liquid nitrogen. Each sub-detector is composed of one 3 kg undoped CsI and two R11065 PMTs.

2.3. Shielding Structure

In order to achieve a 5σ detection of the CEνNS signal in approximately one year, the
background event rate needs to be reduced to the same magnitude as the CEνNS signal. To
achieve this goal, a preliminary shielding structure as shown in Figure 4 has been designed.
Inside the Dewar (gray), the four sub-detectors are surrounded by a 5 cm-thick layer of
OHFC (oxygen-free high-conductivity copper) to shield against the radioactive background
produced by the stainless steel in the Dewar and the inner layer shielding materials. Outside
the Dewar, there is a 30 cm thick layer of HDPE (high-density polyethylene), followed by a
60 cm-thick layer of lead. The lead shield aims to reduce the γ-ray background, while the
innermost layer of HDPE is designed to slow down and stop fast neutrons produced by
high-energy neutrons (>50 MeV) interacting with lead nuclei. The lead shield is encased by
a 5 cm-thick µ veto plastic scintillator to tag cosmic ray events. The outermost layer consists
of 80 cm-thick HDPE, which serves as a strong moderator for fast neutrons. The total
thickness of HDPE in this design reaches 1.1 m because the fast neutrons escaping from
the Tungsten target are expected to be the main background on the platform. A detailed
discussion of the fast neutron background is provided in Section 3.2.

It is important to note that this shielding structure is preliminary. As the on-site
background measurement on the platform at CSNS is currently underway, this design will
be adjusted and optimized based on our measurement results.
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Figure 4. A schematic of the preliminary shielding structure design. The shielding components from
the inside out are as follows. (1) Yellow green: 5 cm OHFC. (2) Gray: Dewar. (3) Yellow: 30 cm HDPE.
(4) Green: 60 cm Lead. (5) Red: 5 cm µ veto plastic scintillator. (6) Blue: 80 cm HDPE.

2.4. Data Taking Strategy and Event Selection

A data-taking strategy is proposed, taking into consideration the characteristics of the
neutrino source and the detector. The strategy is outlined as follows:

1. The 25 Hz proton beam trigger signal provided by CSNS will be used as an external
trigger for the experiment’s data collection, suppressing steady-state backgrounds
such as cosmic rays and environmental noise by four orders of magnitude. Each
trigger corresponds to one event, which will be referred to later.

2. A complete waveform signal from each PMT will be recorded by a flash ADC with
a sampling rate of 1 GHz. Each waveform will extend for 50 µs, with a 10 µs signal
region and a 40 µs pretrace. Offline waveform analysis will be applied to extract
CEνNS signal candidates.

3. Every event will be recorded with a time tag and a µ veto tag. By referencing the time
tag to the beam power monitor of CSNS, fluctuations in the proton beam power can
be neutralized. The µ veto tag signal from the µ veto system will also be used to reject
events that may be contaminated by cosmic rays.

Although the 25 Hz proton beam trigger can reduce the steady-state background
by four orders of magnitude, certain event selection criteria are still required to further
reduce the background to meet the standard mentioned in Section 2.3. The criteria are
listed as follows:

1. The event must not be tagged by the µ veto system in order to reject events that may
be contaminated by cosmic rays.

2. For each waveform, the number of photoelectrons (NPE) found in the pretrace region
should be smaller than 3 to suppress the afterglow background introduced by other
particles hitting the CsI detector just a few microseconds before the trigger.
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3. For each sub-detector, at least one PE should be detected in both PMTs. This criterion
aims to reduce the PMT dark count background, which is independent from one PMT
to another.

4. For the entire detector system, events with more than one sub-detector satisfying
criterion 3 would be excluded, as neutrons and γ rays are much more likely to produce
signals in different sub-detectors.

These event selection criteria, in combination with the proton beam trigger and µ veto
system, will help further reduce the background and enhance the sensitivity of the CEνNS
signal detection.

The selection efficiencies of all criteria for CEνNS signals have been investigated.
However, the efficiencies of the first two criteria need to be determined on-site once the
entire detector and shielding system have been constructed; these are currently not ready.
Hence, the efficiencies of similar cuts applied by the COHERENT collaboration are adopted
in the sensitivity estimation in Section 4 [8]. The adopted efficiencies are 98.9% for criterion
1 and 73.8% for criterion 2. Considering that the cosmic ray levels and other steady-
state backgrounds responsible for most afterglow events should be similar in CSNS and
SNS, while the afterglow of undoped CsI at 77 K is much weaker than that of CsI(Na) at
room temperature, these estimations of the efficiencies for the first two criteria should be
conservative overall.

The efficiency of criterion 3 is considered by assuming that the probabilities of scintil-
lation photons being detected by the two PMTs are equal on average, which is reasonable
enough considering the longitudinal symmetry of the detector. An analytical calculation
based on the binomial distribution has been carried out to estimate the selection efficiency
of scintillation signals for different numbers of detected photoelectrons (NPE). The effi-
ciency of criterion 4 is considered to be 100%, since the possibility of a single neutrino
producing signals in different sub-detectors is negligible.

Figure 5 shows the estimated CEνNS signal selection efficiency for different numbers
of detected NPE. The green and blue lines represent the efficiencies of the µ veto and
afterglow cuts, respectively, as taken from [8]. Both cuts have constant efficiencies for all
events. The black line represents the total efficiency of all criteria obtained by multiplying
the efficiency of each cut together. Criterion 3 contributes to the rising shape of the curve,
and its efficiency is equal to the efficiency for all scintillation events, including signals
generated by particles depositing energy in CsI.

Figure 5. Efficiency of event selection criteria. Green: Efficiency of µ veto cut [8]. Blue: Efficiency of
afterglow cut [8]. Black: Total Efficiency.
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3. Estimation of CEνNS Signal and Background

With the experiment design described above, the CEνNS signal and background in
this experiment can be estimated. In this analysis, the detector is assumed to be composed
of four 3 kg undoped CsI sub-detectors, totaling 12 kg of undoped CsI. The data-collection
time is assumed as half a year. Based on the results obtained in this analysis, the expected
sensitivity of this experiment can be determined.

3.1. Estimation of CEνNS Signal

The estimation of the CEνNS signal involves two steps. First, we need to consider the
CEνNS recoiled energy distribution of nuclear recoils induced by neutrinos. Second, we
need to take into account the energy response of the detector to recoiled nuclei in order to
obtain the expected spectrum of NPE detected by the PMTs.

The expected CEνNS recoiled energy distribution can be calculated numerically by
considering the neutrino flux, detector mass, and the CEνNS differential cross section [3].
Figure 6 shows the calculated result, including the total event rate distribution and the
event rates for the three different neutrinos generated in CSNS. The total CEνNS event rate
reaches 303 events per half year per 12 kg of detector mass, equivalent to 0.14 events per
day per kg.

Figure 6. Expected recoiled energy distribution of CEνNS interaction detected by a 12 kg cryogenic
undoped CsI detector 10.5 m away from the Tungsten target with a half-year of data collection. The
contributions from different flavors of neutrinos and different isotopes are also shown.

The energy response of the detector to recoiled nuclei involves two steps. First, the light
yield with respect to the energy deposited through the ionization process, which is often
calibrated using γ rays or β rays. Second, the quenching factor (QF) of the detector material,
which represents the efficiency of nuclear recoil energy transformation into ionization
energy. For this estimation, a light yield of 33.5 PE/keVee for undoped CsI at 77 K [14] is
adopted. The quenching factor of undoped CsI is based on measurements conducted by
the COHERENT collaboration [15]. By convolving the recoiled energy distribution with the
energy response of the detector, Figure 7 is obtained, which shows the expected spectrum
of photoelectrons detected by the PMTs.
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Figure 7. Expected NPE spectra of CEνNS signal. Contributions from different flavors of neutrinos
are also shown.

3.2. Estimation of Background

The background in the CEνNS experiment arises from various sources. (i) Beam-
related neutrons (BRN) are produced when protons impinge on the Tungsten target. Al-
though a shield consisting of 6.7 m of steel and 1 m of concrete is placed between the target
and the platform, some fast neutrons can still escape and reach the platform. These fast
neutrons can generate nuclear recoil signals by scattering with Cs and I nuclei, which are
indistinguishable from real CEνNS signals and cannot be reduced by the proton beam
trigger. (ii) The PMT dark count events can occur within the signal region of the recorded
waveform. Since most CEνNS signals and most PMT dark count signals generate only a few
detectable photoelectrons (PEs), the PMT dark count background could be significant in the
low NPE region. (iii) The materials and devices used to construct the detector and shield
unavoidably contain some long-lived radioactive isotopes. Their decay can introduce γ
and β background in the detector. (iv) The environmental γ background, resulting from
the decay of long-lived radioactive isotopes in rock and building materials, is present
everywhere, including the platform.

To evaluate the influence of these backgrounds on the experiment, a simulation
software framework based on Geant4 has been developed. This framework allows for a
detailed investigation of the different types of background. All the results presented in the
following sections are obtained assuming a detector consisting of four 3 kg undoped CsI
sub-detectors and a data-collection time of half a year.

3.2.1. Beam Related Neutron Background

A 3He multi-sphere neutron spectrometer was utilized to measure the neutron spec-
trum on the platform and outside the facility. Figure 8 presents the unfolded neutron
spectrum on the platform, obtained using a method similar to the one described in [16]. The
integrated neutron flux from Figure 8 is 4.8 × 10−2 n/cm2/s, which is approximately
one order of magnitude higher than the flux measured outside the facility, which is
5.3 × 10−3 n/cm2/s. Using this neutron spectrum as input and considering the entire
shielding structure, a simulation was conducted to assess the amount of neutron back-
ground generated. After applying all the event selection criteria, the surviving neutron
background spectrum is shown as the orange line in Figure 9. It is important to note
that according to the simulation, event selection criterion 4 can reject over 70% of the
neutron background.
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Figure 8. Neutron spectrum measured by a 3He multi-sphere neutron spectrometer.

Figure 9. The summary of contributions of background from different sources after all cuts applied.
PMT dark count background (green) dominates in the low NPE region, while the BRN background
(orange) prevails in the high NPE region. The radioactive background (red) contributes a low-flat
component, and the environmental background (purple) is too weak to be seen. Four 3 kg undoped
CsI sub-detectors are considered.

3.2.2. PMT Dark Count Background

A PMT dark count spectrum at 77 K was obtained by setting the data acquisition
system to a self-trigger mode and adjusting the threshold to trigger single-photon electron
(SPE) signals. The dark count rate was measured to be an average of 111 Hz and remained
stable over a 24-h data-collection period. To investigate the effect of criterion 3 on this
background, a toy Monte Carlo analysis was performed. Four pairs of PMTs from the
four sub-detectors were considered. Figure 10 illustrates the background level with and
without the application of event selection criterion 3. The PMT dark count background can
be suppressed by three orders of magnitude by this criterion.
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Figure 10. PMT dark count spectra with (blue) and without (orange) applying event selection criteria
3. Four couples of PMTs of four sub-detectors are considered. Event selection criteria 3 can suppress
this background by three magnitudes.

3.2.3. Long-Lived Radioactive Isotopes Background

The concentrations of different long-lived radioactive isotopes in various materials
and devices are provided in Table 1. The impact of the decay radiation from these isotopes
was simulated, taking into account their decay chains and assuming a state of decay
equilibrium. Figure 11 illustrates the energy deposition spectrum in CsI resulting from the
radioactive backgrounds of different materials and devices. It is evident that the radioactive
background from the CsI crystal itself dominates.

Figure 11. The spectra of energy deposited in CsI from radioactive isotopes in different materials
and devices. Four 3 kg undoped CsI sub-detectors are assumed. The background from CsI (blue)
dominates, followed by background from stainless steel of the Dewar (purple), PMTs (red) and
Copper (orange). The contribution from liquid nitrogen (green) is very small.
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Table 1. The concentration of radioactive isotopes in different materials and devices.

PTFE Fe HDPE PMT Lead LN2 1 CsI OFHC

K40 0.343 60 43.3 37.1 - - - -
Ra226 0.12 - - - 3 - - -
Ra228 0.11 - - - - - - -
Th228 0.065 - - - 1 - - -
U238 1.96 - 19.8 5.2 0.12 - - 0.077
Ac228 - 70 - - - - - -
Bi214 - 25 - - - - - -
Pb212 - 70 - - - - - -
Pb214 - 25 - - - - - -
Th234 - 200 - - - - - -
Tl208 - 70 - - - - - -
Th232 - - 12.2 13.4 - - - 0.005
Pb210 - - - - 240,000 - - -
Ar39 - - - - - 0.01 - -
Co60 - 17 - - - - - -
Cs137 0.17 6 - - - - 150 -
Cs134 - - - - - - 50 -

Unit mBq/kg mBq/kg mBq/kg mBq/PMT mBq/kg mBq/kg mBq/kg mBq/kg

Reference Xenon1T [17] ILIAS
ANAIS [18] Xenon1T [17] Taishan

LAr [19]
EDELWEISS

[20]
Taishan
LAr [19] KIMS [21] Xenon1T [17]

1 The background of liquid nitrogen is estimated by assuming the nitrogen reaches a purity of 99.99% and the
remaining impurities are all argon. The radioactive background level of atmosphere argon is taken from [19].

3.2.4. Environmental γ Background

The contribution of environmental γ background was estimated using the spectrum
shown in Figure 12 as input. This spectrum was measured by the CDEX collaboration
in CJPL (China Jinping Underground Laboratory) [22]. It should be noted that an under-
ground environment such as CJPL is expected to have stronger radioactivity from 222Rn and
other radioactive isotopes in the surrounding rock, making this estimation conservative.

Figure 12. The environmental γ background redraw from the measurement by CDEX collaboration
in CJPL [22].

According to our simulation, owing to the strong shielding effect of lead against γ
radiation, the number of γ rays capable of penetrating the shielding and depositing energy
in the CsI detector is extremely low. Consequently, the contribution of environmental γ
background is negligible and not visible in Figure 9.
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3.2.5. Summary of Background

After applying all the event selection criteria, Figure 9 provides a summary of the
contributions of background sources that survive all cuts. In the region of NPE smaller than
five, the dominant background contribution comes from PMT dark counts. In the higher
NPE region, the background from beam-related neutrons (BRN) becomes more prevalent.
The radioactive background contributes a relatively low and flat component, while the
environmental background is too weak to be visible.

Indeed, there are other possible background sources such as neutrino-induced neu-
trons (NIN) and cosmic ray-induced short-lived radioactive isotopes (CRSRI). However,
these backgrounds have been found to be negligible by the COHERENT collaboration [8].
The event rates of both NIN and CRSRI depend on the specific shielding structure. The NIN
event rate also relies on the neutrino flux, while the CRSRI event rate is proportional to the
cosmic ray rate. In our estimation, we neglect the contributions from NIN and CRSRI. This
is based on the fact that our experiment shares a similar neutrino flux, shielding structure,
and overburden to cosmic rays with the COHERENT experiment, with differences within
one order of magnitude.

4. Expected Sensitivity

Using the estimated signal and background spectra mentioned above, the expected
sensitivity of this experiment can be evaluated. Figure 13 depicts the expected spectra of
CEνNS events, background events, and their summation with all event selection criteria
applied. This evaluation assumes a detector consisting of four 3 kg undoped CsI sub-
detectors and a data-collection time of half a year.

Figure 13. The expected spectra of CEνNS events (dashed red), background events (shadowed gray)
and their summation (solid blue) with all event selection criteria applied. Four 3 kg undoped CsI
sub-detectors are considered. The first few bins of background and the summation reach out of the
y-axis range because the PMT dark count background is very high in this region.

A signal region between 4 and 72 NPE is selected to maximize the signal-to-background
ratio. The lower limit of 4 NPE is chosen to exclude most of the PMT dark count back-
ground, corresponding to a detection threshold of approximately 1.5 keVnr for nuclear
recoils. Within this signal region, the total detectable signal event rate is 0.074/day/kg,
which is higher than the 0.053/day/kg event rate estimated by COHERENT [4]. The total
background event rate is 0.386/day/kg, equivalent to 160/half year/12 kg and 833/half
year/12 kg, respectively. The composition of the background events is listed in Table 2.
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Table 2. The event rates in signal region after cut of different kinds of background.

Background Type Event Rate in Signal Region after cut/half
year/12 kg

Beam related neutron 666

PMT dark count 160

Radioactive isotopes 7

Environmental γ negligible

Neutrino induced neutron negligible

Cosmic ray induced radioactive isotopes negligible

The expected confidence level (C.L.) of this experiment is calculated using the follow-
ing formula:

C.L. =
Nsig√

Nsig + Nbkg

, (1)

where Nsig is the expected event number of CEνNS signal and Nbkg is the expected event
number of the background. Based on the experiment setup assumed above, the C.L. is
expected to reach 5.1σ in half a year. Figure 14 illustrates the expected C.L. varying with
different detector mass and data-collection time.

Figure 14. The expected confidence level varying with different detector mass and data-collection
time. If a 12 kg CsI detector is employed and collecting data for half an year (180 days), the C.L. can
reach 5.1σ (the pentagram).

Systematic uncertainties of this experiment mainly arise from the uncertainties of the
neutrino flux and the quenching factor of CsI. However, these uncertainties can be reduced
to 2–3% through dedicated experimental measurements, making them small enough com-
pared to the statistical uncertainties [15,23]. Therefore, the systematic uncertainties are not
considered in this preliminary sensitivity estimation.

Please note that the contribution to the C.L. from the arrival time profile of events with
respect to the proton beam trigger has not been included in this estimation yet. Since the
arrival time profile of CEνNS signals is highly correlated with that of the proton beam, it
significantly differs from the arrival time profiles of the PMT dark count and radioactive
background, which are evenly distributed in time. Thus, if the contribution to the C.L. from
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the arrival time distribution is also taken into account, the confidence level will certainly
be improved.

5. Experiment Schedule

Referring to Table 2, it is evident that the BRN is the dominant background in this
experiment. Therefore, it is crucial to have precise knowledge of the flux, spectrum, and
spatial distribution of the BRN on the platform. To achieve this, several liquid scintillator
detectors capable of discriminating between neutrons and gamma rays have been installed
on the platform to obtain more accurate measurements of the neutron background.

In parallel, the testing of a detector prototype capable of accommodating two 3 kg
CsI crystals is currently underway. The cryogenic system is functioning reliably, and the
feasibility of this detector design has been confirmed.

Our plans for 2023 include completing the commissioning of the detector and finalizing
the construction of the shielding system. If all goes according to plan, we anticipate starting
the data-collection phase in 2024.

6. Summary

The measurement of CEνNS signal enjoys great significance among various aspects of
physics. When placing a 12 kg cryogenic undoped CsI detector inside a strong shield on a
platform 7.7 m away from the Tungsten target in CSNS, with some event selection criteria
employed to enhance the signal-to-background ratio, the detector threshold is expected
to be lowered to 1.5 keVnr (nuclear recoil energy). The detectable CEνNS event rate is
expected to be 160 events/half year and the total background rate could be suppressed to
833 events/half year. Within a half-year data-collection period, a 5σ detection of CEνNS
signal is anticipated. If the dedicated measurement of neutron background and the test of
the prototype progress smoothly, the data collection is anticipated to start in 2 years.

Author Contributions: Conceptualization, C.S. and Q.L.; methodology, all authors; software, C.S.
and T.L.; validation, all authors; formal analysis, C.S. and T.L.; investigation, all authors; resources,
Q.L. and T.L.; data curation, all authors; writing—original draft preparation, C.S.; writing—review
and editing, C.S. and Q.L.; visualization, all authors; supervision, Q.L. and T.L.; project administration,
Q.L. and T.L.; funding acquisition, Q.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
Nos. 12221005 and 12175241) and the Fundamental Research Funds for the Central Universities.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ott, C.D.; O’Connor, E.; Gossan, S.; Abdikamalov, E.; Gamma, U.; Drasco, S. Core-collapse supernovae, neutrinos, and

gravitational waves. Nucl. Phys. B-Proc. Suppl. 2013, 235, 381–387. [CrossRef]
2. Freedman, D.Z. Coherent effects of a weak neutral current. Phys. Rev. D 1974, 9, 1389. [CrossRef]
3. Drukier, A.; Stodolsky, L. Principles and applications of a neutral-current detector for neutrino physics and astronomy. Phys. Rev.

D 1984, 30, 2295. [CrossRef]
4. Akimov, D.; Albert, J.; An, P.; Awe, C.; Barbeau, P.; Becker, B.; Belov, V.; Brown, A.; Bolozdynya, A.; Cabrera-Palmer, B.; et al.

Observation of coherent elastic neutrino-nucleus scattering. Science 2017, 357, 1123–1126. [CrossRef] [PubMed]
5. Angloher, G.; Ardellier-Desages, F.; Bento, A.; Canonica, L.; Erhart, A.; Ferreiro, N.; Friedl, M.; Ghete, V.; Hauff, D.; Kluck, H.;

et al. Exploring CEvNS with NUCLEUS at the Chooz nuclear power plant. arXiv 2019, arXiv:1905.10258.
6. Aguilar-Arevalo, A.; Bertou, X.; Bonifazi, C.; Cancelo, G.; Castañeda, A.; Vergara, B.C.; Chavez, C.; D’Olivo, J.C.; Dos Anjos, J.C.;

Estrada, J.; et al. Exploring low-energy neutrino physics with the Coherent Neutrino Nucleus Interaction Experiment. Phys. Rev.
D 2019, 100, 092005. [CrossRef]

7. Huang, M.Y. Study of accelerator neutrino detection at a spallation source. Chin. Phys. C 2016, 40, 063002. [CrossRef]

http://doi.org/10.1016/j.nuclphysbps.2013.04.036
http://dx.doi.org/10.1103/PhysRevD.9.1389
http://dx.doi.org/10.1103/PhysRevD.30.2295
http://dx.doi.org/10.1126/science.aao0990
http://www.ncbi.nlm.nih.gov/pubmed/28775215
http://dx.doi.org/10.1103/PhysRevD.100.092005
http://dx.doi.org/10.1088/1674-1137/40/6/063002


Phys. Sci. Forum 2023, 8, 19 15 of 15

8. Scholz, B. First Observation of Coherent Elastic Neutrino-Nucleus Scattering; Springer: Berlin/Heidelberg, Germany, 2018.
9. Avignone, F.T. Potential new neutrino physics at stopped-pion sources. Prog. Part. Nucl. Phys. 2002, 48, 213–222. [CrossRef]
10. Riyana, E.S.; Suda, S.; Ishibashi, K.; Matsuura, H.; Katakura, J.i.; Sun, G.M.; Katano, Y. Calculation of low-energy electron

antineutrino spectra emitted from nuclear reactors with consideration of fuel burn-up. J. Nucl. Sci. Technol. 2019, 56, 369–375.
[CrossRef]

11. Amsler, C.; Grögler, D.; Joffrain, W.; Lindelöf, D.; Marchesotti, M.; Niederberger, P.; Pruys, H.; Regenfus, C.; Riedler, P.; Rotondi,
A. Temperature dependence of pure CsI: Scintillation light yield and decay time. Nucl. Instrum. Methods Phys. Res. Sect. A Accel.
Spectrometers Detect. Assoc. Equip. 2002, 480, 494–500. [CrossRef]

12. Woody, C.; Levy, P.; Kierstead, J.; Skwarnicki, T.; Sobolewski, Z.; Goldberg, M.; Horwitz, N.; Souder, P.; Anderson, D. Readout
techniques and radiation damage of undoped cesium iodide. IEEE Trans. Nucl. Sci. 1990, 37, 492–499. [CrossRef]

13. Mikhailik, V.B.; Kapustyanyk, V.; Tsybulskyi, V.; Rudyk, V.; Kraus, H. Luminescence and scintillation properties of CsI: A
potential cryogenic scintillator. Phys. Status Solidi (b) 2015, 252, 804–810. [CrossRef]

14. Ding, K.; Chernyak, D.; Liu, J. Light yield of cold undoped CsI crystal down to 13 keV and the application of such crystals in
neutrino detection. Eur. Phys. J. C 2020, 80, 1146. [CrossRef]

15. Akimov, D.; An, P.; Awe, C.; Barbeau, P.S.; Becker, B.; Belov, V.; Bernardi, I.; Blackston, M.A.; Bock, C.; Bolozdynya, A.; et
al. Measurement of scintillation response of CsI[Na] to low-energy nuclear recoils by COHERENT. JINST 2022, 17, P10034.
[CrossRef]

16. Li, R.; Li, Y.; Wang, Z.; Li, Q.; Zhan, L.; Cao, J. Ambient Neutron Measurement at Taishan Antineutrino Observatory. arXiv 2022,
arXiv:2209.02035.

17. XENON Collaboration. Material radioassay and selection for the XENON1T dark matter experiment. Eur. Phys. J. C 2017, 77, 890.
[CrossRef]

18. Benjamin Wise, J.L. Concentration of Radioactive Isotopes of Stainless Steel. Database id: 60b4f3ecae890f84b01b2e0c. 2017.
Available online: https://www.radiopurity.org (accessed on 4 April 2022).

19. Wei, Y.T.; Guan, M.Y.; Liu, J.C.; Yu, Z.Y.; Yang, C.G.; Guo, C.; Xiong, W.X.; Gan, Y.Y.; Zhao, Q.; Li, J.J. Prospects of detecting the
reactor ν̄e-Ar coherent elastic scattering with a low threshold dual-phase argon time projection chamber at Taishan. arXiv 2020,
arXiv:2012.00966. [CrossRef]

20. Armengaud, E.; Augier, C.; Benoı^t, A.; Bergé, L.; Bergmann, T.; Blümer, J.; Broniatowski, A.; Brudanin, A.; Censier, B.; Chapellier,
M.; et al. Background studies for the EDELWEISS dark matter experiment. Astropart. Phys. 2013, 47, 1–9. [CrossRef]

21. Kim, T.Y.; Cho, I.S.; Choi, D.H.; Choi, J.M.; Hahn, I.S.; Hwang, M.J.; Jang, H.K.; Jain, R.K.; Kang, J.K.; Kim, H.J.; et al. Study of the
internal background of CsI(Tl) crystal detectors for dark matter search. Nucl. Instrum. Meth. A 2003, 500, 337–344. [CrossRef]

22. Ma, H.; She, Z.; Zeng, W.H.; Zeng, Z.; Jing, M.K.; Yue, Q.; Cheng, J.P.; Li, J.L.; Zhang, H. In-situ gamma-ray background
measurements for next generation CDEX experiment in the China Jinping Underground Laboratory. Astropart. Phys. 2021,
128, 102560. [CrossRef]

23. Akimov, D.; An, P.; Awe, C.; Barbeau, P.S.; Becker, B.; Belov, V.; Bernardi, I.; Blackston, M.A.; Bolozdynya, A.; Cabrera-Palmer, B.;
et al. A D2O detector for flux normalization of a pion decay-at-rest neutrino source. JINST 2021, 16, P08048. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/S0146-6410(02)00127-8
http://dx.doi.org/10.1080/00223131.2017.1291370
http://dx.doi.org/10.1016/S0168-9002(01)01239-6
http://dx.doi.org/10.1109/23.106667
http://dx.doi.org/10.1002/pssb.201451464
http://dx.doi.org/10.1140/epjc/s10052-020-08712-2
http://dx.doi.org/10.1088/1748-0221/17/10/P10034
http://dx.doi.org/10.1140/epjc/s10052-017-5329-0
https://www.radiopurity.org
https://doi.org/10.1007/s41605-021-00243-y
http://dx.doi.org/10.1016/j.astropartphys.2013.05.004
http://dx.doi.org/10.1016/S0168-9002(03)00346-2
http://dx.doi.org/10.1016/j.astropartphys.2021.102560
http://dx.doi.org/10.1088/1748-0221/16/08/P08048

	Introduction
	Experiment Design
	Selection of Neutrino Source
	Detector Design
	Shielding Structure
	Data Taking Strategy and Event Selection

	Estimation of CENS Signal and Background
	Estimation of CENS Signal
	Estimation of Background
	Beam Related Neutron Background
	PMT Dark Count Background
	Long-Lived Radioactive Isotopes Background
	Environmental  Background
	Summary of Background


	Expected Sensitivity
	Experiment Schedule
	Summary
	References

