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Direct observation of coherent elastic 
antineutrino–nucleus scattering

N. Ackermann1, H. Bonet1, A. Bonhomme1,4, C. Buck1 ✉, K. Fülber2, J. Hakenmüller1,5, 
J. Hempfling1, G. Heusser1, M. Lindner1, W. Maneschg1, K. Ni1, M. Rank3, T. Rink1,6,  
E. Sánchez García1, I. Stalder3, H. Strecker1, R. Wink2 & J. Woenckhaus3,7

Neutrinos are elementary particles that interact only very weakly with matter. 
Neutrino experiments are, therefore, usually big, with masses in the multi-tonne range. 
The thresholdless interaction of coherent elastic scattering of neutrinos on atomic 
nuclei leads to greatly enhanced interaction rates, which allows for much smaller 
detectors. The study of this process gives insights into physics beyond the Standard 
Model of particle physics. The CONUS+ experiment1 was designed to !rst detect elastic 
neutrino–nucleus scattering in the fully coherent regime with low-energy neutrinos 
produced in nuclear reactors. For this purpose, semiconductor detectors based  
on high-purity germanium crystals with extremely low-energy thresholds were 
developed2. Here we report the !rst observation of a neutrino signal with a statistical 
signi!cance of 3.7σ from the CONUS+ experiment, operated at the nuclear power plant 
in Leibstadt, Switzerland. In 119 days of reactor operation (395 ± 106) neutrinos were 
measured compared with a predicted number from calculations assuming Standard 
Model physics of (347 ± 59) events. With increased precision, there is potential for 
fundamental discoveries in the future. The CONUS+ results in combination with other 
measurements of this interaction channel might therefore mark a starting point for a 
new era in neutrino physics.

Neutrinos are known for their tiny interaction rate with matter. This is 
why they are usually very hard to detect, despite their high abundance.  
The most common detection channels, such as the inverse beta decay 
reaction or neutrino–electron scattering, usually require target masses 
in the tonne to kilotonne range. In the Standard Model (SM) of parti-
cle physics, neutrinos can couple with quarks by the exchange of a 
mediating Z boson. For small momentum exchanges, the possibility 
of coherent scattering of neutrinos on the sum of all nucleons of an 
atomic nucleus was predicted in 1974 (ref. 3). For this interaction, the 
reaction rate (cross-section) is enhanced by few orders of magnitude 
as it scales approximately with the squared number of neutrons in 
the target nucleus. Therefore, it is, in principle, possible to construct 
neutrino detectors on the kilogram scale using this channel.

It took 43 years after its prediction until coherent elastic neutrino–
nucleus scattering (CEνNS) was first detected in 2017 by the COHERENT 
experiment in a scintillating crystal of caesium iodide4. Later, COHERENT  
confirmed the measurement with argon5 and germanium (Ge)6 as target 
materials. Here, the neutrinos are generated at a Spallation Neutron 
Source (SNS) when pions decay at rest. A complementary approach for 
CEνNS detection is to use nuclear reactors as a source. An advantage 
is the lower neutrino energies compared with the SNS source, which 
offers an enhanced sensitivity for several parameters in beyond the 
standard model (BSM) theories. At higher neutrino energies above 
approximately 10 MeV, there is a transition from the fully coherent to 

the partially coherent regime, and uncertainties related to the nuclear 
structure become relevant. Measurements at the reactor can be used to 
get a clean, coherent scattering signal and set an anchor point for the 
cross-section. With this knowledge, experiments such as COHERENT 
can study the nuclear structure of the corresponding target isotope 
with higher-energy neutrinos. Nuclear reactors provide a very high 
flux of pure electron antineutrino, whereas the accelerator-based SNS 
source involves several types of neutrinos, including muon neutrinos 
and antineutrinos.

There is a long history of successful experiments using reactor anti-
neutrinos as sources, including the first neutrino detection in 1956 
(ref. 7). In recent years, reactor experiments have allowed us to study 
neutrino oscillation parameters8–11 and constrain the existence of sterile 
neutrinos12–15. Today, there is a worldwide effort to measure CEνNS 
near nuclear reactors16–25. In terms of neutrino oscillation studies, it 
is a complementary approach because the CEνNS process is sensi-
tive to the three known neutrino flavours, whereas the inverse beta 
decay, as a standard detection technique, is sensitive only to electron 
antineutrinos. There is a wide range of studies that can be addressed 
in CEνNS measurements. For example, they are highly relevant for 
probing nuclear structures, for astrophysical studies and for present 
and future dark matter experiments, which are limited in sensitivity 
by the CEνNS rate of solar neutrinos. Recently, indications for a CEνNS 
signal were found in dark matter experiments with xenon as target26,27. 
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实验：反应堆源 + 双相型氙时间投影室

‣ 中微子通量 :  

成功探测关键： 

• 亚-keV 低阈值探测 

• 实验本底控制
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低阈值探测策略：S2-only 分析
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延迟电子(DE)本底与抑制
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p高能 S2 / μ 子事件后产生 
p持续时间数百毫秒，呈幂律分布 
p地表 μ 事例率约 10 Hz，延迟电子堆叠事例率高于 CEvNS 信号

❖ Phys. Rev. D 110, 072011 (2024)

信号接受率 本底剩余率

波形判别 ~ 80% ~ 10%

响应分布 + 时空关联 ~ 52% ~ 0.01%

PMT响应分布+高能事件时空关联 波形形状
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damping resistors

parallel capacitors
✦阳极通道：单电子、  低能 S2 
✦打拿极通道：  子与高能 S2 
✦双通道同步记录：为高能事件时空关联提供信息

CEνNS
μ

• 阳极饱和拐点 ~40 PE/ns  
• 扩展后读出范围~1000 PE/ns

PMT响应分布+高能事件时空关联
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电子反冲(ER)与核反冲(NR)本底的来源及抑制

❖ Phys. Rev. D 110, 072011 (2024)

NR本底主要来源: 
• 反应堆/环境中子 
• 宇宙线中子 
• 子诱导中子μ
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7 m
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实验预期结果

事例数/(32kg·year)
总背景数 1687.8

NR 宇宙中子本底 339.9
NR 缪子诱导中子本底 1.7
ER：β, γ放射性本底 21.1
延迟电子本底 1325.1

CEνNS 4639.7
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Abstract

Coherent elastic neutrino-nucleus scattering ( ) provides a unique probe for neutrino properties beyond

the Standard Model physics. The reactor neutrino liquid xenon coherent scattering experiment (RELICS), a

proposed reactor neutrino program using liquid xenon time projection chamber technology, aims to investigate

the  process of antineutrinos o! xenon atomic nuclei. In this work, the design of the experiment is

studied and optimized based on Monte Carlo simulations. To achieve a su#ciently low-energy threshold for

 detection, an ionization-only analysis channel is adopted for RELICS. A high emission rate of delayed

electrons after a big ionization signal is the major background, leading to an analysis threshold of

120 photoelectrons in the  search. The second largest background, nuclear recoils induced by cosmic-ray

neutrons, is suppressed via a passive water shield. The physics potential of RELICS is explored with a 

exposure at a baseline of 25 m from a reactor core with a 3 GW thermal power. In an energy range of 120–

300 photoelectrons, corresponding to an average nuclear recoil from 0.63 to 1.36 keV considering the liquid

xenon response and detector-related e!ect, we expect 4639.7  and 1687.8 background events. The

sensitivity of RELICS to the weak mixing angle is investigated at a low momentum transfer. Our study shows that

RELICS can further improve the constraints on the nonstandard neutrino interaction compared to the current

best results.

See 12 more figures
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering ( ) is a Standard Model (SM) weak neutral current process

postulated in 1974 [1] . The incoming neutrino sees the nucleus as a whole during scattering with a cross section

proportional to the nucleon number squared in the full coherency regime when the neutrino energy is smaller than 

. Despite this process having a relatively large cross section, the detection is challenging due to the ultralow

deposited energy in keV or sub-keV nuclear recoil scale. This process had evaded experimental discoveries for decades

until 2017 when it was first observed by the COHERENT Collaboration with neutrinos produced by the Spallation

Neutron Source (SNS) at Oak Ridge National Laboratory scattering o! a CsI scintillator [2]  and later confirmed with a

liquid argon detector [3]  in 2020. These measurements of o!er new probes for diverse physical phenomena.

can provide new constraints on the SM physics and the physics beyond it (BSM). The weak mixing angle is related to

the cross section [4] . Any deviation from the SM prediction in measurement can be an indication of new physics. is

also a valuable tool to constrain nonstandard neutrino interactions (NSIs) [5] , search for sterile neutrinos [6] , verify

the existence of nontrivial neutrino electromagnetic properties [7] , study the nuclear structure [8] , and understand

the core-collapse supernova explosions [9] . In addition, the signal from the solar or atmospheric neutrinos is expected

to be an irreducible background for the next-generation dark matter direct detection experiments, such as PandaX-xT

[10] and XLZD [11] using xenon as a detection target [12,13]. A precise measurement of this process, especially one

with a xenon target, can provide valuable information for dark matter experiments digging into the so-called “neutrino

floor/fog” [14–16].

The observation of by the COHERENT Collaboration opened the way to experimental studies. While the neutrino beam

has been the primary source for the discovery, the antineutrino from nuclear reactors provides an alternative chance

for detection. Therefore, the nuclear reactors with large antineutrino fluxes delivered with typical energies of a few

MeV, which is in the full coherency regime of , have been proposed as attractive complementary facilities for several

experiments. Because of the considerably low recoil energy and complex background, the reactor is harder to detect.

Many e!orts are underway with reactor neutrinos, such as [17–28]. Benefiting from the higher flux and lower energy

of reactor neutrinos compared with the SNS neutrino beam, the detection of reactor can provide a complementary

sensitivity in most fields of the physical phenomena mentioned above through new couplings [29,30] and also

potential applications such as nuclear safeguards [31].

In this context, the reactor neutrino liquid xenon coherent scattering experiment (RELICS) is a reactor neutrino

experiment using liquid xenon time projection chamber (LXeTPC) technology. LXeTPC is one of the leading

technologies for rare event searches, such as detecting dark matter and neutrinoless double decay [11,32–36].

Benefiting from its ultralow threshold by using the ionization-only channel [37,38] and reduced background, the

LXeTPC is an excellent approach for reactor detection. The RELICS experiment is proposed to be located near the

Sanmen nuclear power plant in Zhejiang province, China. At a baseline to the reactor core, the average neutrino flux

available for RELICS is .

This work is organized as follows. The operation principle and the design of the detector as well as the shielding

system, are described in detail in Sec.  II . The simulation framework is introduced in Sec.  III . In Sec.  IV , we predict

the expected event rates from the Sanmen nuclear reactor. Section  V  discusses a dedicated simulation of background

contributions. The physics potential of RELICS is provided in Sec.  VI . A summary is presented in Sec. VII .

II. EXPERIMENTAL DESIGNS

A. RELICS detector

The LXeTPC technology consists in measuring the energy deposited from particle interactions by simultaneously

detecting the prompt scintillation light (S1) and delayed ionization charge (S2) [39]. The S1 is produced by the direct

excitation of xenon atoms and the recombination of electron-ion pairs in LXe. The S2 is proportional to the number of

liberated electrons extracted into gas xenon (GXe), which are then amplified via electroluminescence. Both S1 and S2

are recorded by photosensors, usually photomultiplier tubes (PMTs), on top and bottom arrays of the time projection

chamber (TPC). This allows a three-dimensional (3D) vertex reconstruction with a subcentimeter precision, and the

S2/S1 ratio can be used to discriminate between nuclear recoil (NR) and electronic recoil (ER) for background reduction.

Typically, the energy threshold of LXeTPC is limited by the S1 signal in the range of photoelectrons (PEs). The inherent

S2 amplification provides an alternative approach to decrease the energy threshold by utilizing the ionization-only

channel, usually called the “S2-only” analysis. This approach can reduce the energy threshold to a few ionization

electrons (equivalent NR energy below ) by sacrificing the NR/ER discrimination and depth information, which, in the

case of detection, can be largely compensated by the high signal-to-background ratio profited from the intense reactor

neutrino flux.

A preliminary 3D mechanical design of the RELICS detector is shown in Fig.  1 . A cylindrical TPC of 24 cm in height and

28 cm in diameter sits in a double-layer stainless steel (SS) vessel, which provides a stable cryogenic environment. The

target volume containing an active LXe of approximately 44 kg is defined by 12 interlocking and light-tight

polytetrafluoroethylene (PTFE, Teflon) panels. The active LXe is then viewed by two arrays of 64 Hamamatsu R8520-406

PMTs on top and bottom. A fiducial mass of 32 kg LXe with only a radius selection of 12 cm can be well defined for

search under S2-only analysis. A “diving bell” structure is mounted above the top PMT array to control the liquid level.

Five etched SS electrodes, including two grounding screenings on top and bottom to protect PMTs from high voltage,

anode, gate, and cathode to provide a nominal drift field of , and an extraction field of in GXe are installed. To ensure

the uniformity of the drift field, the target volume is encircled by several field-shaping rings made from oxygen-free

high thermal conductivity copper. The TPC is surrounded by approximately 62 kg of LXe, which acts as a active veto for

background suppression. The LXe veto volume is instrumented with 48 R8520-406 PMTs. To achieve a high light

collection, the inner surface of the inner vessel is covered with a thin PTFE foil. It is worth noting that the LXe veto is

designed to reduce the background by times by removing the coincidence events inside the TPC and in the LXe veto

layer. All materials for the detector construction will be carefully selected to ensure low intrinsic radioactivity.

FIG. 1.

The RELICS detector with the inner SS vessel, diving bell, veto PMTs, and the center TPC consisting of the top and bottom PMT arrays,
anode, gate and cathode electrodes, copper field shaping rings, and PTFE reflector.

B. Shielding system

Near-reactor neutrino experiments usually operate with shallow overburdens. Thus, the high-energy cosmic-ray

neutrons are supposed to be one of the main backgrounds for the NR searches from . A su#cient neutron shielding

structure, such as water, is required to slow down and absorb the neutrons. Meanwhile, the cosmic muon and its

induced secondaries are expected to be another major background. A highly e#cient active muon veto

anticoincidence system is also critical to the success of this type of experiment.

Figure  2  shows the design of the RELICS shielding system based on Monte Carlo (MC) simulations, which is detailed

in Sec.  V . The design has been optimized to satisfy the requirement of the detection. The LXe detector is placed

inside a shield of of water contained in a SS tank. A 5 m water shield on top can suppress the cosmic-ray neutron-

induced background to a controlled level. With such a water tank, the external neutrons and ’s from the laboratory

environment and the nuclear reactor can be reduced to negligible levels. In close to the LXe detector, a muon veto

detector is installed. The veto detector is made of 8 cm thick plastic scintillator (PS) equipped with wavelength-shifting

fibers and silicon photomultipliers to collect and detect the scintillation light. A high veto e#ciency of 99% is expected

for the RELICS experiment.

FIG. 2.

The LXe detector with a 8 cm thick PS muon veto detector inside a SS water shield tank. The center of the LXe detector is 2 m above ground.

III. SIMULATION FRAMEWORK

The MC simulation framework of the RELICS experiment (RelicsSim) is built upon a Geant4-based BambooMC toolkit [40].

Full detector geometry is implemented, including the detailed detector components and the shielding system. Various

types of particle interactions are studied by simulation to evaluate the expected signal and background. Subsequently,

RelicsAPT, which inherits from the Appletree [41] framework developed by XENONnT Collaboration [42], is adopted to

convert the energy depositions into observable S1 and S2 signals. The conversion is based on the intrinsic light yield ( )

and charge yield ( ) in LXe and is convoluted with the detector-related signal detection and reconstruction e!ects.

A. Liquid xenon response

Particle interaction in LXe will produce photons and electrons. The NEST model can characterize this process [43] after

considering the fluctuations in scintillation, ionization, electron-ion recombination, and their drift field dependence. In

RelicsAPT, the and from NEST (v2.3.6) at drift field are used with no uncertainty assigned for NRs larger than . To

quantify the uncertainty of light and charge yields for events, the and bands in XENON1T solar neutrino search [44] are

adopted for NRs less than . and bands are scaled to make the center curve connected to NEST at . The final and of NRs

applied in RelicsAPT are shown in Fig.  3 . These light and charge yield responses and their uncertainties comparable to

the XENON1T model are chosen as a benchmark model in this analysis to illustrate its impact on the sensitivity to and

new physics beyond the Standard Model. For ERs, and from NEST (v2.3.6) are used without uncertainties. In the -LXe

veto region, both and are modeled with zero electric fields.

FIG. 3.

The (upper) and (lower) model of NR in RelicsAPT. For less than , the XENON1T yields model in neutrino search [44] is adopted and scaled to
the NEST model at . For larger than , the NEST model is used with drift field.

B. Detector-related e!ects

In addition to the intrinsic LXe response model, the detector-related e!ects must be considered when interpreting the

observed S1 and S2 signals. The main detector parameters are considered based on the expected detector

performance listed in Table  I , as a conservative estimation.

TABLE I.

The detector-related parameters.

Optical parameters

PTFE reflectivity (LXe and GXe) 99% [45]

LXe Rayleigh scattering length 30 cm [46]

LXe absorption length 50 m [47]

Electrodes reflectivity 57% [48]

Signal generation

PMT quantum e#ciency () 33% [49]

PMT collection e#ciency () 75% [49]

Double PE probability () 21.9% [50,51]

Detector operation

Drift field 500 V/cm

Electron lifetime 1.2 ms [32]

To explore the capability of the RELICS detector on the ionization-only detection channel, the light collection e#ciency

(LCE) of S2 is simulated by RelicsSim with the optical parameters listed in Table  I . The LCE map is shown in Fig.  4 . An

averaged value of is estimated based on the S2 LCE map, the properties of the PMTs, such as , , and that are also listed

in Table  I , and a 100% electron extraction e#ciency on the liquid surface. An electron lifetime of 1.2 ms is applied for

S2 estimation considering the probability of electron loss to electronegative impurities during their drift. Under these

hypotheses, we assume a 100% trigger e#ciency at (120 PE) targeted detection threshold for RELICS sensitivity study.

FIG. 4.

The S2 LCE map with both top and bottom PMT arrays. Simulations are performed by generating S2 photons in the GXe region below the
anode.

IV. EXPECTED EVENTS

The SM of particle physics well predicts the process—a neutrino of any flavor scatters o! a nucleus via boson exchange

coherently over the whole nucleus at a low momentum transfer ( ). The di!erential cross section can be written as

where is Fermi’s coupling constant, is the weak nuclear charge, is the ground state elastic form factor, is the mass of

the target nucleus, is the nuclear recoil energy, and the incident neutrino energy. is required to ensure coherence,

where is the nuclear radius. This condition can be largely satisfied when .

For neutrinos scattering in a target medium, the expected event rate can be expressed as Eq.  (2) , where is the number

of targets per unit mass, and is the incident neutrino flux,

For the reactor neutrinos with energy above 2 MeV, the Huber-Mueller model [52,53] is adopted for the spectra

calculation, whereas the Vogel et al.’s calculation [54] is used for below the 2 MeV region, which has never been

experimentally explored due to the 1.8 MeV energy threshold of inverse decay reaction. We assume a fuel mixture of

(56.1%), (7.6%), (30.7%), and (5.6%) [55], the total neutrino flux can be estimated with a 3 GW reactor core at 25m

distance, and then the event rate in xenon medium can be obtained accordingly as shown in Fig.  5  (red). The event

rate in the RELICS region of interest (ROI) of [120, 300] PE is overlaid with (purple) and without (black) signal

acceptance, respectively, which will be detailed in Sec.  V .

FIG. 5.

The expected event rate in xenon medium from reactor neutrino with a flux of . The event rate in the RELICS ROI of [120, 300] PE with and
without signal acceptance are overlaid.

V. BACKGROUND CONTRIBUTIONS

The complexity of the backgrounds is one of the main challenges of reactor detection. To overcome this challenge,

dedicated background simulations have been conducted to optimize the design of the shielding system for RELICS,

using RelicsSim and RelicsAPT. The background contributions can be divided into five categories according to their origin,

such as (Sec. V A) cosmic-ray neutrons, (Sec. V B) cosmic muons, (Sec. V C) detector materials, and (Sec. V D) internal

background from LXe. The last one is (Sec. V E) delayed electrons, which have been observed by large LXeTPC

searching for dark matter and should be treated carefully.

This section describes all the background components and is summarized in Sec. V F. The uncertainties are due to the

limited number of simulated exposures. The following criteria are applied to MC data to select the background events

that can mimic signals:

(i) LXe veto: The -LXe veto exhibits a good background suppression because the background events are more likely to

deposit energy in both active LXe and -LXe veto regions. The event will be removed if it contains an NR (ER) energy

larger than 500 (100) keV in the LXe veto region.

(ii) Single scatter: Given the small interaction cross section of a neutrino, the probability of a neutrino having more

than one interaction in the sensitive LXe volume is negligible. We required that the must be less than in an NR event

and the second largest energy deposition of the less than 5% of the largest one in an ER event.

(iii) Fiducial volume (FV): Events are required to be within the center 12 cm radius fiducial to reduce background at the

edge of the TPC, leading to a total FV of 32 kg.

(iv) S2 width: For S2-only analysis, the event depth cannot be accurately estimated. The S2-width cut was developed to

remove the events around the liquid-gas interface, especially for the backgrounds from detector materials.

(v) In addition, dedicated selection methods are developed to suppress backgrounds out of the delayed electrons, such

as the waveform- and pattern classifiers. These two criteria are described in detail in Sec. V E.

A. Background induced by cosmic-ray neutrons

The cosmic rays that travel through the atmosphere can produce a variety of radiation particles, such as neutrons,

protons, pions, etc., through spallation reaction on nitrogen, oxygen, etc. [56,57]. Among them, the high-energy

cosmic-ray neutrons (CRNs) can easily pass through the shield and deposit energy in the RELICS detector. The main

purpose of the water shield design is to block the CRNs. The size of the water tank is optimized based on the MC

simulation. The CRN flux is calculated using the cosmic-ray shower generator (CRY) source [58]. Figure  6  shows the

energy spectrum of the CRNs from the CRY as the blue curve outside the water shield. Analyzing the MC data shows

that only CRNs with energy greater than can deposit energy in LXe, which indicates that the neutrons from the nuclear

reactor and laboratory environment with energy less than 10 MeV [59] that is also shown in Fig.  6 , cannot contribute

to the backgrounds.

FIG. 6.

The energy spectrum of the CRNs (blue) from CRY calculation. A red dashed line shows the neutrons that can deposit energy in LXe in the
search region. The energy spectrum of the reactor and environmental neutrons from the measurement of CONUS [59] experiment is
overlaid.

After processing the MC data and passing the LXe-veto, single-scatter, and FV selections, the CRN-induced NR

background rate is estimated to be in ROI of searching, with the recoil energy spectrum shown in Fig.  7  (top). In

addition, the secondaries of CRNs will also induce ER background in LXe, with a rate of , which is shown in Fig.  7

(bottom).

FIG. 7.

Top: the NR background distributions from CRNs (dark magenta) and cosmic muons (red). Bottom: the ER background distributions from
detector materials (blue), CRNs (dark magenta), cosmic muons (red), (sandy brown), and (light blue).

B. Background induced by cosmic muons

The RELICS detector will operate without overburden. Hence, special attention has to be paid to the muon-related

background. Even though muons can be tagged with 99% e#ciency by the PS veto detector, the neutron background

produced by muon interacting with the detector materials is still one of the main background components. Dedicated

simulations are performed to evaluate the muon-induced backgrounds. The energy and angular distributions of

muons follow the Shukla-Sankrith model [60]. The energy deposition in LXe that is caused by muon-induced fast

neutron and related ’s are recorded by RelicsSim and then filtered with LXe-veto, single-scatter, and FV selections.

Assuming a 99% muon tagging e#ciency in veto time, the muon-induced NRs and ERs are in and in , respectively. The

corresponding spectra are shown in Fig.  7 .

C. Neutrons and ’s from the detector materials

Materials constructing the detector contain radioactive contamination. The selection of the materials requires an

extensive radioactivity screening campaign for rare event search experiments. The radioactive contamination for all

the materials is considered in the RELICS MC model to evaluate the background contribution from these materials.

Currently, the radioactivity of isotopes from XENON100 [61] is adopted. A dedicated e!ort is also being carried out to

select clean materials for the RELICS experiment, leading to similar radioactivity for most of the materials.

The NR background rate induced by neutrons is around one event per year and completely negligible in the ROI. ER

background induced by ’s is studied in this work. The decay of these isotopes is generated and confined uniformly in

the corresponding detector component in the simulation. By applying successive selection criteria, including LXe-veto,

single-scatter, and FV selections, the spatial distribution of ER background events inside the active LXe volume in the

energy region of is shown in Fig.  8 . Figure  7  (bottom) shows the corresponding energy spectrum, which is more

than 1 order of magnitude higher than other ER background components. The average ER background rate is in the FV

volume.

FIG. 8.

Spatial distribution of ER background from detector materials inside the active LXe volume in the energy region of . The red line indicates
the 12 cm radius fiducial selection.

1. S2-width selection

As shown in Fig.  8 , a large amount of background events are located close to the liquid-gas interface. These

backgrounds are mainly from the radioactivity of PMTs and cannot be suppressed with the selection in “z” in an S2-only

analysis. However, and as demonstrated in [37], the pulse shape of S2 signals can discriminate background happening

at the liquid-gas interface to signals distributed uniformly in depth z. A toy MC simulation was conducted to consider

the drift and di!usion properties of the electron clouds in LXe to optimize such a selection. We simulate S2s and their

pulse shape parameters with z distributions shown in Fig.  8  with energy in the ROI. The S2s are simulated via RelicsAPT

where the NEST model is incorporated. The S2 pulse shape is simulated using the electron di!usion model , where is

the longitudinal di!usion coe#cient, is the electron drift velocity, and is the width of the single-electron waveform [62].

In our simulation. , , and .

A uniformly distributed signal is simulated using the same procedure. The distributions of the S2 width are shown in

Fig.  9 , for both the signal and ER background from the detector materials. A threshold of on S2 width can give an

average background rejection power of 94%, with a high signal acceptance of 86%.

FIG. 9.

The distributions of the S2 width from the uniformly distributed signal and ER background from detector materials. The dark region is the
event that is being rejected by the S2-width criterion.

D. Internal backgrounds in LXe

Radioactivity in LXe can directly deposit energies and produce background in the ROI. These radioactivities mostly

come in the form of noble gases, such as argon, krypton, xenon, and radon. This section describes how these

radioactivities are created and evaluates their contribution to the ROI.

1. Intrinsic and

Krypton mixes into xenon gas when it is extracted from the air. , regardless of its low abundance of in natural krypton,

is one of the main backgrounds in any LXe experiments searching for rare events. The concentration of krypton in

xenon is usually reduced below parts per trillion (ppt) level in dark matter search experiments, such as XENON1T and

PandaX-4T, through distillations with dedicated columns [63,64]. In RELICS, we assume a concentration of 10 ppt and

expect as shown in Fig.  7  (bottom), which is a subdominant component.

The other intrinsic background in LXe comes from the decays of , which emanates from any material touching xenon

gas or liquid. The emanated di!uses homogeneously inside the LXe volume within its relatively long half-life of

3.8 days. The decay of is another important background component in the ROI in the decay chain of . With similar size

of TPC and materials, the radioactivity of in RELICS is comparable to XENON100. Assuming a conservative radioactivity

of as achieved by the XENON100 experiment [61] ( ), the expected ER background rate is estimated as as shown in Fig. 

7  (bottom), which is also a subdominant component in the search.

2. Cosmogenic isotopes and

The RELICS experiment, which is to be operated without overburden, is inevitably exposed to cosmic radiation. We

consider cosmogenic radioactive isotopes through the activation and spallation of xenon atoms. In particular, and are

known cosmogenic backgrounds in LXeTPCs [34,65] due to their characteristic x rays or Auger electrons through

electron capture process and their relatively long half-life of 36.4 and 35.0 days, respectively.

Natural xenon does not contain . can be produced from when cosmogenic muons kick o! a neutron in the nucleus

with a cross section of [66]. Additionally, we consider another production channel through the neutron capture on with

an upper limit cross section of at 95% CL [66]. The production rate of in LXe is calculated based on its production cross

section, the muon flux [60], and thermal neutron flux [67]. The decays to via electron capture (EC) process, with a half-

life of 36.4 days. We assume that the production and decay of reach equilibrium before deploying the RELICS detector

inside the shielding. The estimated equilibrium decay rate is less than 9.5 atoms/day/kg. The shielding system of

RELICS can attenuate neutrons e#ciently, and the equilibrium decay rate can decrease to 0.79 atoms/day/kg after .

Following the EC, the is left primarily populating at the excited state of either 375 or 203 keV, which promptly decays to

the ground state with -ray emissions. The EC occurs from either the K, L, M, or N shell electrons and is subsequently

filled with electrons from higher levels via emission of x rays or Auger electrons with total energy (relative intensity) of

32.2 keV (83.4%), 5.2 keV (13.1%), 1.1 keV (2.9%), or 186 eV (0.7%), respectively. The final background contribution from

is simulated with RelicsSim. The double-scatter criteria can remove most of these background events due to the

simultaneous - and x-ray or Auger electrons emission. If EC capture is happening from the N shell electrons with a

binding energy of 186 eV, it may contribute background in the ROI when the emitted rays, either with energy of 375

and 203 keV, escape from the LXe detector, and the active LXe veto. The event rate from 186 eV energy deposition is

less than after all the selection criteria described above, which is negligible for search.

We consider three possible mechanisms for production in xenon, following the approaches in [68]. First is the

extremely low content of in the atmosphere, which is generated by spallation of through , neutron capture of , or

cosmic bombardment of calcium-containing soils, via . This mechanism only needs to be considered in the context of

air leaks of an LXe detector, which is strictly limited to below 0.1 L/yr to ensure the purity level of LXe. Second is the

spallation of detector materials, especially iron in steel. However, its contribution is greatly suppressed due to the slow

di!usion rate of argon in steel [68]. Last is the direct spallation of xenon atoms by high-energy cosmogenic protons

and neutrons. Only the last possibility is considered in this work. The semiempirical formula by Silberberg and Tsao

was used to calculate the spallation cross section [69]. The CRY is used to calculate the proton spectrum. The neutron

spectrum of Gordon et al. [70] is adopted for cosmogenic neutron estimation. The production rate of this process is

estimated to be 0.024 atoms/kg/day with an uncertainty of [68]. The produced decays to the ground state of via EC and

subsequently deposits energy via x rays or Auger electrons. The total energy (relative intensity) for K, L, and M shells is

2.82 (90.2%), 0.270 (8.9%), and 0.018 keV (0.9%), respectively. As a result, the background rate of in the ROI is below

and completely negligible for search.

E. Delayed electrons

In addition to the background components induced by real physical sources, another type of background must be

considered in the ROI. This background is caused by a high emission rate of delayed electrons after S2 signals in the

TPC, which could be incorrectly identified as a candidate in S2-only analysis. Such background has been observed by

large LXeTPCs experiments searching for dark matter particles in deep underground laboratories, such as XENON1T

[71], PandaX-4T [38], and LUX [72]. The source of this background is not well understood yet, but we can roughly divide
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RELICS 原型机：完整系统集成与运行验证

10
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维持稳定的液氙运行状态 
持续去除电负性杂质，并注入内部刻度源
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RELICS 原型机：数据采集与数据分析
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RELICS 原型机：内部刻度源标定

12
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来源：Phys. Rev. D 96, 112009
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Somewhat novel presentation, copied from Carlos.
Keep meaning to compare these numbers between papers, make sure the literature is in consensus.
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•  

• ：液氙内闪烁光子探测效率  

• ：电离电子经过拉出液面与电致发光的放大

能力 

E = W ( S1
g1

+
S2
g2 )

g1 0.1082 PE/ph
g2

27.11 PE/e−



RELICS 原型机：单电子信号与亚 keV 低阈值验证

13

邵科皓｜墙报 5-03｜粒子物理实验技术 
❖ Eur. Phys. J. C 86, 348 (2026)

• 单电子增益： 气氙中电致发光的放大能力 34 . 30 ± 0 . 01 PE/e−

13
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上图：单电子信号波形面积、上升时间分布 
下图：单电子波形面积分布直方图

电致发光过程示意图



RELICS 原型机：纯化模型建立

❖ arXiv:2604.12572

纯化模型在原型机数据验证 模型预测正式实验电子漂移寿命演化 
2天时间内达到  量级∼ ms

14

于佳辰｜flash 报告｜7月17日 11:58–11:59｜分会场 IV



Hamamatsu 
R8520-406

24
cm

RELICS 实验规划

陈江宇｜墙报 5-06｜粒子物理实验技术 
王俊｜flash 报告｜7月17日 11:26｜分会场 IV
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总结

实验目标： 在三门核电站利用双相氙时间投影室测量反应堆 CEνNS。 

技术进展： 原型机已完成系统集成与稳定运行，验证单电子读出和亚 keV S2-only 探测能力。 

近期计划： 2026 年于西湖大学完成 RELICS-10 建设与测试运行，2027 年开展反应堆现场数据

采集，后续推进 RELICS-50。
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实验目标： 在三门核电站利用双相氙时间投影室测量反应堆 CEνNS。 

技术进展： 原型机已完成系统集成与稳定运行，验证单电子读出和亚 keV S2-only 探测能力。 

近期计划： 2026 年于西湖大学完成 RELICS-10 建设与测试运行，2027 年开展反应堆现场数据

采集，后续推进 RELICS-50。
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Backup1: RELICS-50 探测器设计

Hamamatsu 
R8520-406

24
cm

•  液氙有效质量 

• 上下各 64 个 1 英寸光电倍增管阵列 

• 高电场设计，提高电荷产额与提取效率 

•  被动水屏蔽 

• 低本底材料选型 

• 塑料闪烁体  子反符合系统

32 kg

7 × 7 × 7 m3

μ



Backup2: 宇宙线缪子反符合

Path 1:  Muon Active Veto Boards
Path 2:  TPC PMT Dynode Readout

Plastic scintillator bars w/ SiPM to tag muons Dynode recovers otherwise saturated anode signal

SiPM 波形

Muon spectra

arXiv: 2510.24196

Range: keV → MeV 



Preliminary 

Preliminary 

 20 kg-年曝光量  
 探测反应堆 ALPs

Backup3: 轴子物理探测



Backup4：核反冲电子产额

• 电场依赖项：  

• 电子数产额：

ς(ℰ, ρ) = γℰδ ( ρ
ρ0 )

ν

Qy(E, ℰ, ρ) =
1

ς(ℰ, ρ)(E + ϵ)p (1 −
1

1 + (E/ζ)η )



Backup5：非标准相互作用(NSI)测量

Qeff ≃ QW + (2Z + N)εuV
ee + (Z + 2N)εdV

ee

非标准中微子相互作用(NSI)参数的限制， 
描述中微子与上下夸克的非轴矢量相互作用的强度

❖ Phys. Rev. D 110, 072011 (2024)



Bakcup6: 电子反冲(ER) 本底与抑制

R位置筛选后、S2时间宽度筛选前的ER本底平均事例率： 

 @ (3.1 ± 0.1) × 10−1 kg−1 ⋅ day−1 ⋅ keVER [0,20] keVer

R cut < 12 cm

 S2 width > 0.22 µs
-- Cosmic Ray neutron

-- Cosmic Muon

-- Material

LXe intrinsic -- Rn222 -- Kr85 

238U,235U,232Th, 
40K,60Co,137Cs

85Kr 
222Rn

ER 拒绝效率  ≈ 94%    CEvNS 接受效率 ≈ 86%

σS2 ∝ tdrift

❖ Phys. Rev. D 110, 072011 (2024)


