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Abstract COSINE-100 aims to conclusively test the
claimed dark matter annual modulation signal detected by
DAMA/LIBRA collaboration. DAMA/LIBRA has released
updated analysis results by lowering the energy threshold
to 0.75 keV through various upgrades. They have consis-
tently claimed to have observed an annual modulation. In
COSINE-100, it is crucial to lower the energy threshold
for a direct comparison with DAMA/LIBRA, which also
enhances the sensitivity of the search for low-mass dark mat-
ter, enabling COSINE-100 to explore this area. Therefore, it
is essential to have a precise and quantitative understand-
ing of the background spectrum across all energy ranges.

a e-mail: tksxk752@naver.com
b e-mail: ejjeon@ibs.re.kr

This study expands the background modeling from 0.7 to
4000 keV using 2.82 years of COSINE-100 data. The mod-
eling has been improved to describe the background spec-
trum across all energy ranges accurately. Assessments of the
background spectrum are presented, considering the nonpro-
portionality of NaI(Tl) crystals at both low and high energies
and the characteristic X-rays produced by the interaction of
external backgrounds with materials such as copper. Addi-
tionally, constraints on the fit parameters obtained from the
alpha spectrum modeling fit are integrated into this model.
These improvements are detailed in the paper.
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1 Introduction

There have been many attempts to detect dark matter parti-
cles known as weakly interacting massive particles (WIMPs)
by observing the recoil of nuclei resulting from interac-
tions between WIMPs and nuclei [1,2]. However, except for
the DAMA/LIBRA experiment, no other evidence has been
found so far. The DAMA/LIBRA experiment uses an array
of NaI(Tl) crystals to observe the annual modulation phe-
nomenon of dark matter. They have consistently observed
annual modulation signatures [3–5]. According to their find-
ings, the model-independent annual modulation signature
results were obtained with a 9.6 σ C.L. in the energy range
of 1 to 6 keV in Phase 2 [6]. Furthermore, they have lowered
the energy threshold to 0.75 keV and are still reporting con-
sistent results. However, DAMA’s signal conflicts with the
null results of other experiments assuming the standard halo
model of dark matter [7].

COSINE-100 is an experiment to detect annual modu-
lation using an array of NaI(Tl) crystals totaling to 106 kg
to test the DAMA/LIBRA signal COSINE-100 has tested
on the DAMA/LIBRA results using model-dependent [8]
and model-independent [9] methods with a 1 keV threshold.
However, to directly test the DAMA/LIBRA’s new 0.75 keV
threshold, COSINE-100 needs to lower the energy thresh-
old to below 1 keV. By lowering the energy threshold, the
sensitivity of the search for low-mass dark matter is also
improved, allowing COSINE-100 to explore this area more
effectively. To achieve this, a more accurate background
model, which encompasses the low-energy region, is needed.
Some radioisotopes, such as 22Na, produce both low- and
high-energy emissions associated with each other. Thus, it is
important to develop a more accurate background model that
encompasses both low- and high-energy regions, including
the 3–4 MeV region. Moreover, a comprehensive understand-
ing of the high-energy regions can be utilized for detecting
boosted dark matter signals in COSINE-100 [10].

We developed a background model using 2.82 years
of COSINE-100 data, with an exposure of approximately
173 kg·years of live time. The model was expanded to cover
the energy range from 0.7 to 4000 keV, providing a more con-
crete and accurate representation of the background spec-
trum. In developing this model, we performed the energy
calibration that accounts for the nonproportionality of the
NaI(Tl) crystals, as studied in [11]. Since the MC sim-
ulations do not implement a nonproportional scintillation
response, we incorporated the calibration curve derived from
the experimental data into the simulated background spec-
trum. This ensures that the simulated spectra reflect the true
energy response of the NaI(Tl) crystals, enhancing the accu-
racy of the background model. The detailed methodology is
described in Sects. 3.1 and 3.3.

The γ /X-rays emitted by background sources can excite
atoms in copper or materials close to crystal detectors, pro-
ducing X-rays with energies in the few keV range. These X-
rays contribute to the backgrounds observed at low energies
and are included in this study to improve modeling accuracy.
Additionally, we conducted a separate study to model the
alpha spectrum [12]. We integrated the constraints from the
alpha model fit to refine the current approach. The details are
provided in Sect. 4.

2 The COSINE-100 experiment

The COSINE-100 experiment uses NaI(Tl) crystals like
DAMA/LIBRA. Eight crystals weighing 8 to 18 kg each
are aligned in two layers and immersed in a 2200 L of lin-
ear alkylbenzene (LAB)-based liquid scintillator (LS) act-
ing as an active/passive shield. The LS is contained in an
acrylic box container, surrounded by a 3 cm thick copper
box, a 20 cm thick lead-brick castle, and plastic scintillator
panels to shield it from external backgrounds. The NaI(Tl)
crystal used in the experiment is cylindrical and wrapped
with about ten layers of 250µm thick Teflon. It is optically
coupled with a 12.0 mm thick quartz window at both ends,
with a 1.5 mm thick optical pad in between. This is encap-
sulated with 1.5 mm thick OFE copper. The quartz at both
ends of the crystal encapsulator is optically coupled with 3-
inch Hamamatsu R12669SEL photomultiplier tubes (PMTs)
using a small amount of high-viscosity optical grease [13].
The experiment started on September 22, 2016, and ran until
April 2023. Throughout the data-taking periods, environ-
mental variables were monitored and controlled to maintain
stability. For instance, the crystal temperature was kept at
24.2 ± 0.1 ◦C [14]. We used the data collected for 2.8 years
until June 2019 to improve the background modeling.

To verify the recent results of DAMA/LIBRA, it is nec-
essary to lower the energy threshold below 1 keV and ensure
that the background level in the WIMP region of interest
(ROI) below 6 keV is comparable to the 1 to 2 counts/keV/day
(dru) level. Our previous COSINE-100 background model-
ing has shown that the average background level in the (1–
6) keV region is 2.85±0.15 dru [15]. To improve the under-
standing of backgrounds, we need to lower the energy thresh-
old while still attaining high event selection efficiency at low
energy. The crystals’ effective light yield was estimated to
be 15 photoelectrons per keV using the 59.6 keV γ ray from
214Am, which is more than twice that of DAMA/LIBRA.
However, below 2 keV, the scintillation events are contam-
inated by PMT noise events. [16]. As the energy decreases,
it becomes increasingly challenging to separate the noise
events, as there are only a few pulses. To address this issue,
we implemented a multi-layer perceptron (MLP) network
based on noise-separating pulse-shape discriminating (PSD)
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parameters. As a result, we were able to achieve a threshold of
0.7 keV with 20% efficiency for event selection and less than
1% noise contamination [17]. This can enhance background
modeling in the extended energy region down to 0.7 keV.

In the low-energy region, there is the influence of not
only 3H and 210Pb but also peaks of 0.87 keV from 22Na and
3.2 keV from 40K. A better understanding of their contribu-
tions can be achieved by analyzing the background distribu-
tion extended to 0.7 keV. This analysis can enhance modeling
accuracy by incorporating the crystal’s nonproportionality in
the background obtained through Geant4-based Monte Carlo
(MC) simulations.

3 Energy calibration

As described in Sect. 2, optically coupled PMTs with NaI(Tl)
crystals are configured to generate two readouts: a high-gain
signal from the anode and a low-gain signal from the 5th-
stage dynode, each acquired in independent channels. For
these two readouts, the high-gain anode signals are used for
low-energy events up to 90 keV, while the 5th-stage dynode
signals are used above this energy. Accordingly, calibration
is performed separately for the low- and high-energy regions,
taking nonproportionality into account. The following sec-
tion discusses the approach to energy calibration, with an
emphasis on nonproportionality.

3.1 Energy calibration and energy resolution in low energy
region

It is well-known that the relationship between the energy of
an incident gamma ray and the amount of light produced in
scintillation detectors such as NaI(Tl) is not linear [18–23].
This nonproportionality in the ROI of dark matter search
should be considered carefully, and it is essential to account
for it when calibrating the gamma energy accurately. Previ-
ous calibration studies of COSINE-100 have reported about
20% nonproportionality at the 1 keV level compared to the
50 keV energy response [15]. As this could significantly
impact WIMP detection, a thorough understanding of the
detector response, including the extended threshold region,
is necessary. To achieve this, a detailed study on measur-
ing nonproportionality was conducted in [11]. In the refer-
ence, internal peaks from the NaI(Tl) crystals, such as the
0.87 keV peak from 22Na, the 3.2 keV peak from 40K, the 25
and 88 keV peaks from 109Cd, 28 keV from 113Sn, 39 keV
from 125I, 49 keV from 210Pb, and 67 keV from 125I, were
modeled to measure the relative light yield as a function of
incident gamma energy. A model describing the relative light
yield as a function of energy was then developed to account
for the nonproportionality of five NaI(Tl) crystals (C2, C3,
C4, C6, and C7), with three crystals excluded due to high

noise rates and low light yields. This calibration curve was
subsequently applied to the simulated background spectrum
to properly account for the nonproportionality of each crystal
in this study.

Another important parameter of the NaI(Tl) scintillation
detector is energy resolution, crucial for dark matter search
at low energies. It is usually expressed as the full width at
half maximum of the peak and is affected by factors such as
nonproportionality, crystals’ inhomogeneity, and the Pois-
son fluctuation of the number of photoelectrons produced
by the PMT. In the work published in [11], we modeled
the energy resolution as a function of the incident gamma
energy considering the above-mentioned effects. We vali-
dated it by conducting a waveform simulation [24], which
described the characteristics of the data well and in good
agreement, including the direct measurement of light yield
at 0.87 keV. This allows us to apply the resolution model
to the lower energy region. Based on these studies, we have
determined the energy-dependent resolution for each crystal,
as shown in Fig. 1, and used it to smear the MC simulation.

3.2 PMT charge asymmetry correction

When we compared the MC spectrum smeared with the
energy-dependent resolution to the data, we found a discrep-
ancy in the energy range of around 80 keV for the single-hit
events defined to have signals in only one of the crystals.
According to the background simulations, events in this range
are primarily due to the backgrounds from PMTs attached to
the crystals. Specifically, there are X-ray deposits at 74.8 and
77.1 keV from the decay of 214Pb in the 238U chain. On the
other hand, external backgrounds far from the crystals con-
tribute to this energy range for multiple-hit events, and the
MC spectrum agrees well with the data in this range.

This discrepancy is due to the asymmetry of the loca-
tion of the background sources. If a background source from
PMT contamination deposits its energy, more photons will
be collected at the contaminated PMT than at the PMT on the
opposite side. This discrepancy should also be incorporated
into the Monte Carlo simulation. To verify this, we examined
the PMT charge asymmetry between single-hit events and
multiple-hit events at different energy intervals. The charge
asymmetry is defined as,

Charge Asymmetry = Q1 − Q2

Q1 + Q2
, (1)

where Q1 and Q2 are the charges measured by each PMT
attached to the crystal. As shown in Fig. 2a, while there is a
noticeable difference in charge asymmetry in the 75–95 keV
range between the single and multiple hit events, the differ-
ence is much smaller in the low energy region. We also com-
pared the energy distribution of the events for the high charge
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Fig. 1 Energy-dependent resolution used for each crystal. The resolution fit is based on internal peaks from the NaI(Tl) crystals, measured in [11]

Fig. 2 a Comparison of the PMT charge asymmetry between single-
and multiple-hit events in various energy intervals. The difference
between the distributions is prominent only in the single-hit events

above 75 keV. b The energy spectrum of single-hit events for large and
small charge asymmetry. Each small asymmetry and large asymmetry
correspond to the yellow and pink colored region, respectively, in a

asymmetry (pink area) and the low charge asymmetry (yel-
low area), as seen in Fig. 2b. In the high charge asymmetry
case, we observed that the energy spectrum shifted towards
higher energies above 75 keV, where contributions are pre-
dominantly attributed to PMT contamination. To accurately
account for spectral shifts due to PMT charge asymmetry, we
used the simulated background spectrum from PMT contam-
ination to generate two spectra representing the energy dis-
tributions in high and low charge asymmetry regions. These
spectra were used in the modeling fitting, extending up to
90 keV, with the fractional activity floated to account for the
effects of charge asymmetry.

3.3 Energy calibration in the high-energy region

We also evaluated nonproportionality at high energies above
90 keV [11]. To do this, we measured the light yields of
the prominent gamma peaks from the high-energy spectrum,
which included 295 keV from 214Pb, 511 and 1274 keV from
22Na, 609 and 1764 keV from 214Bi, 1461 keV from 40K,
and 2615 keV from 208Tl. These measurements are in good
agreement with previous measurement [25].

In the background spectrum, the influence of 22Na and
208Tl is dominant above approximately 2000 keV, and the
nonproportionality of multiple gamma rays from the decay
of 22Na or 208Tl contributes to the distortions in the spectral
shape of the backgrounds. This is discussed in detail in the
following section.
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Fig. 3 a Fitted energy peak values from 22Na source data. b Model-
ing result of C6 single-hit energy spectrum over a 1.7-year data period.
Black lines represent the data, while 22Na and other MC modeling
results are denoted by the red and yellow regions, respectively. This
result is from previous modeling work [15] and is not well-matched to

the data. c Time spectrum showing count rates from all crystals in the
2800 – 2950 keV energy range over a 3-year data period. The dashed
vertical lines in b indicate the corresponding energy range. The time-
dependent data rate is fitted using an exponential function, resulting in
a half-life of 3.04 ± 0.60 years

Fig. 4 Effects of non-proportionality corrections on high-energy multi-gamma emitting isotopes. a, b Comparison of 22Na and 208Tl spectra with
and without non-proportionality correction. c Modeled spectra for high-energy 22Na and 208Tl with and without non-proportionality correction

3.3.1 22Na energy calibration

Approximately 90% of 22Na decays to an excited state of
22Ne through the positron emission. This is followed by
22Ne∗ transitioning to the stable 22Ne isotope by releasing
a gamma ray of 1274.6 keV with a 5.3 ps mean lifetime.
The final-state positron immediately annihilates two 511 keV
gamma rays, and as a result, we expect three peaks at 511,
1274.6, and their sum of 1785.6 keV. We examined these radi-
ations using a 22Na source, by placing it near the COSINE-
100 crystals and measured three peaks, as shown in Fig. 3a. It
was observed that the sum peak position is not in agreement
with the expected value and is located at around 1818 keV.
While the peaks of 511 and 1275 keV agree well with expec-
tation. This discrepancy occurred because the combined non-
proportionality effect on each 511 and 1274 keV peak is
greater than the nonproportionality effect on the 1786 keV
peak alone. This effect occurs in high-energy regions of the
background spectrum, dominated by 22Na.

Figure 3b shows that the previous background modeling
results do not fit the data well. When the event rate in the
2800–2950 keV region was evaluated over time and fitted

with an exponential function, a fitted half-life of 3.04 ± 0.60
was obtained (Fig. 3c). This value, within its uncertainty, is
consistent with that of 22Na (2.6029 ± 0.0008 years). The fit
result indicates that the events in this region are from 22Na
decay, but the energy spectrum is not well reproduced by
the Monte Carlo simulation. It is because multiple gamma
rays are emitted during the 22Na decay, which is summed
with the positron spectrum having an endpoint of 545 keV
and distributed up to a Q-value of 2842 keV. In such cases,
the summed background spectrum could be distorted by the
combined nonproportionality effect.

In Fig. 4a, we compared the contribution of 22Na with
and without the effect of nonproportionality. We noticed an
approximately 80 keV shift in the sum peak for two 511 keV
gammas, 1274 keV gamma, and positron emissions. Simi-
larly, 208Tl decay generates multiple gamma rays, such as
2614, 583, and 277 keV, and the pileup energy is affected
by approximately 20 keV shift due to nonproportionality,
as shown in Fig. 4b. As a result, Fig. 4c shows that the
improved background modeling precisely describes the data
in the high-energy region, expanding to 4000 keV by consid-
ering nonproportionality. This makes it possible to accurately
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determine the fractional contribution of the 22Na background
and evaluate its impact at low energy. This is because 10%
of the 22Na decay occurs through EC capture, which results
in X-rays of 0.87 keV emitted from k-shell electron capture.

4 Background modeling

We simulated contributions from all potential sources to
assess the background spectrum in the modeling. These
include internal backgrounds from the NaI(Tl) crystal detec-
tors and external backgrounds from PMTs, greases, PTFE
reflective sheets, copper encapsulators, bolts, cables, acrylic
supports, liquid scintillator (LS), copper box, and a steel
structure that supports the lead block housing. We evaluated
background radiation caused by radioisotopes in the decay
chains of 238U, 232Th, 40K, and 235U within the crystals and
materials of the detector system included in the experimental
enclosure. Furthermore, we evaluated the effects of surface
contaminants and backgrounds from cosmogenically acti-
vated isotopes within the NaI(Tl) crystals.

To generate these background spectra, we utilized a
COSINE-100-specific simulation framework based on Geant4
[26–28], developed for modeling 59.5 days and 1.7 years of
COSINE-100 data [15,29]. The simulated energy distribu-
tions are reconstructed by smearing them with a Gaussian
shape based on the resolution function obtained from Sect. 3
and normalized by the measured activity. The data is fit-
ted with the summed simulated spectrum to construct the
background model, using the binned-likelihood fit method
[15]. During the fit, the amount of each background source is
constrained within the uncertainties of the measured activity
[12,13,30], allowing for floating unknown fractional activi-
ties. Detailed descriptions are provided in the following sec-
tions.

4.1 Constraints on internal backgrounds

For internal contaminations, radioactive α-decay can be rec-
ognized by high-energy peaks in the background spectrum,
corresponding to individual alpha peaks from the decays of
238U and 232Th. In a separate study [12], we analyzed alpha-
alpha time-correlated events, by finding an α event followed
by a delayed coincidence α event in a given time window.
This analysis focused on decay sub-chains such as 228Th–
208Pb for internal 232Th, which are dominant at high energies.
This method enables us to measure the activity levels of these
sub-chains. In the modeling fit, these measurements constrain
the fractional activity of 232Th backgrounds as prior informa-
tion. In addition, we used the measurement for 210Po to con-
strain the activity of 210Pb by assuming secular equilibrium of
the decay chain. Another significant background component
contaminating the crystal is the 40K isotope, which notably

Fig. 5 Comparison of the MC spectrum of 210Pb on the PTFE surface
with 210Pb in the PTFE bulk. The exponential mean depths of 2, 3,
and 5µm for 210Pb on the PTFE surface are inferred from the alpha
spectrum modeling [12]

impacts the low-energy spectrum, resulting in X-ray emis-
sions at 3 keV. Its activity can be accurately measured using
the 1460 keV decay [13]. This measurement is also used to
constrain the fractional activity in the fit.

4.2 Position dependence of background contaminants in
PMTs

PMTs comprise three main components: the PMT window,
body, and stem. Each component may have different levels
of contamination due to the materials it is made of. How-
ever, measuring PMTs’ activity is done collectively as assem-
bled modules, reflecting a combined contribution from all
three components. During the simulation of the background
spectrum, variations in the position of background contam-
inants on these components resulted in differences in the
spectral shape, particularly in the middle energy range of a
few hundred keV. Given PMTs’ significant role as external
background sources, their impacts are studied in the model-
ing process. PMT background simulations are conducted for
each component, and spectral shape changes are treated as
systematic uncertainty.

4.3 Surface 210Pb

There is a low-energy background contribution due to the
beta decay of 210Pb (β−, 63.5 keV, 22.3 years) on the crys-
tal surface. This occurs because when the 210Bi-excited state
undergoes de-excitation, it emits low-energy electrons and
γ /X-rays. Some of these emissions can partially escape the
crystal, depending on their depth relative to the surface. This
contribution was evaluated by measuring the surface depth
profile, revealing its influence at various depths [31]. The
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impact of surface depth-dependent backgrounds is consid-
ered in the current modeling process.

Furthermore, a study of the alpha spectrum modeling [12]
found that the continuum below 2.2 MeV is caused by the
presence of 210Po on the surface of the PTFE reflector sur-
rounding the NaI(Tl) crystal. Based on the alpha modeling,
it was determined that the PTFE surface contamination has
exponential depth profiles with mean depths of 2–5µm. The
differences in their spectral shapes at various depths are illus-
trated in Fig. 5. The peaks around 10 and 46 keV, which are
prominent for the PTFE bulk contamination, result from X-
rays and the 46.5 keV γ -ray emitted from the decay of 210Pb,
respectively. Conversion electrons contribute peaks around
28 and 40 keV, while beta electrons contribute to a contin-
uum between peaks at low energy. Depending on their pene-
tration depth, conversion electrons can escape partially from
the PTFE surface and deposit energy in the crystal, similar
to the crystal surface contaminant. These impacts on back-
grounds are considered in the modeling process.

4.4 K-shell X-ray emission from copper

To improve the accuracy of background modeling at low
energies around 8 keV, where the MC spectrum does not fully
describe the data, we introduce the X-rays induced by the
interaction of external backgrounds with materials such as
copper. The NaI(Tl) crystals are encapsulated by a 1.5 mm-
thick copper cylinder, and in the presence of these back-
grounds, X-ray emission is possible. Specifically, there are
X-ray emission lines at 8.038 and 8.905 keV, corresponding
to the mean energies of Kα and Kβ transitions of copper. The
copper surface may be contaminated by a radioactive sub-
stance from outside, such as 222Rn, resulting in the implan-
tation of 210Pb in its surface, similar to how the PTFE sur-
face is contaminated with 210Pb. γ /X-rays emitted during the
decay of the surface 210Pb can then induce X-ray emissions
in copper. We simulated this energy spectrum in a copper
encapsulator by irradiating a 12 keV γ -ray, similar to the X-
ray energy from the decay of 210Pb, as shown in Fig. 6, and
incorporated it into the modeling process.

4.5 Background models

The data and Monte Carlo (MC) spectra are divided into
four channels: single-hit low- and high-energy, multiple-
hit low- and high-energy channels. Each channel utilizes
an extended fitting energy range: the single-hit low-energy
channel uses an energy range of [6, 90] keV, the multiple-hit
low-energy channel utilizes a fitting region of [0.7, 90] keV,
and both high-energy channels employ a fitting range of
[90, 4000] keV. The fitter simultaneously fits each chan-
nel to determine the fractional activity of the background
sources. Figure 7 displays the background modeling results

Fig. 6 The simulated energy spectrum of copper K-shell X-ray emis-
sion by shooting 12 keV γ -ray. The black dashed line is the raw MC
spectrum, and blue solid line represents the spectrum after applying
detector smearing effect summarized in Fig. 1

for crystal C2 as a representative. The top two plots show
the single-hit low- and high-energy spectra, while the bot-
tom two plots present the multiple-hit spectra. Consequently,
the high-energy spectrum shows good agreement between
data and MC across the entire energy region. Similarly, the
low-energy spectrum is well-modeled, with no significant
discrepancies observed. The WIMP search region of inter-
est, which is grey-shaded and spans from 0.7 to 6.0 keV, is
excluded from the likelihood fitting procedure and represents
an extrapolation based on the modeling results. The average
of the extrapolated MC spectra for five crystals can be found
in Fig. 8.

The single-hit low-energy spectrum shown in Fig. 8 is
mainly affected by surface 210Pb, cosmogenic isotope 3H,
and internal radioactive isotopes 40K and 210Pb, which are
represented by different colors (magenta, blue, and hatched
area, respectively). The 210Pb contamination on the NaI(Tl)
crystal surface, PTFE reflector, and the copper encapsula-
tor’s surface significantly influences the low-energy region.
According to the results in Table 1, surface contamination
contributes to more than one-third of the total counts in
most crystals. Additionally, there is a contribution from inter-
nal radioactive isotopes 210Pb and 40K, along with cosmo-
genic components such as 3H, 22Na, and 109Cd. The activi-
ties of these isotopes were measured in our previous works
[12,13,30] and were used to constrain their fractional con-
tributions in the modeling fit.

5 Conclusion

The COSINE-100 project has gathered data from October 21,
2016, to March 14, 2023. This study presents the outcomes
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Fig. 7 Background modeling result for C2. The fitting region starts at 6 keV for single-hit events and 0.7 keV for multiple-hit events. The shaded
region is excluded from the fitting, and the MC spectrum is extrapolated from the higher energy fitting results

Fig. 8 Energy spectrum averaged over 5 crystals for single-hit events.
Values below 6 keV are extrapolated from fitting results in other energy
regions

of background modeling using a dataset spanning 2.82 years
with a 0.7 keV energy threshold. The new analysis incorpo-
rates a more precise treatment of the non-proportional energy
response of the NaI(Tl) detectors, taking into account both
the low- and high-energy channels. This improved under-
standing allows for a more accurate assessment of the 22Na

0.87 keV peak in the low-energy channel, as well as the multi-
gamma energy deposits from 22Na and 208Tl around 2.8 MeV
and above 3 MeV in the high-energy channel, setting the
upper energy threshold of the modeling at 4 MeV. Addi-
tionally, the depth profile of surface 210Pb contamination in
the PTFE reflector is included in the enhanced background
modeling based on the study of the alpha background mod-
eling. With the improved understanding of the surface 210Pb
in the PTFE reflector, it is found that it can affect the low-
energy spectrum as much as the crystal surface 210Pb con-
tamination. The improved background modeling explained
the overall energy spectrum and accurately represented the
extrapolated WIMP ROI (single-hit energy of 0.7–6 keV)
using the MC spectrum for the background. In the extrapo-
lated WIMP search ROI, the background rate was measured
as 3.167 ± 0.022 Counts/kg/keV/day in 5 crystals on aver-
age, with the dominating background modeled as internal
3H, 210Pb, and surface-contaminating 210Pb.
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Table 1 Single-hit event rates for major background sources and data in the 0.7 to 6 keV range, with error values representing the 1σ likelihood
fit uncertainty

Unit [Counts/kg/keV/day] Crystal 2 Crystal 3 Crystal 4 Crystal 6 Crystal 7

Data 3.241 ± 0.007 3.363 ± 0.008 3.177 ± 0.005 2.830 ± 0.006 2.864 ± 0.006

Total simulation 3.321 ± 0.227 3.476 ± 0.162 3.231 ± 0.128 2.942 ± 0.062 3.008 ± 0.079

Internal
210Pb 1.290 ± 0.007 0.382 ± 0.003 0.448 ± 0.004 1.117 ± 0.003 1.075 ± 0.003
40K 0.218 ± 0.002 0.098 ± 0.001 0.108 ± 0.001 0.045 ± 0.001 0.047 ± 0.001

Others 0.0054 ± 0.0007 0.0018 ± 0.0003 0.0013 ± 0.0003 0.0011 ± 0.0002 0.0011 ± 0.0002

Surface

Crystal surface 210Pb 1.096 ± 0.166 1.166 ± 0.107 0.636 ± 0.089 1.162 ± 0.020 1.201 ± 0.018

PTFE 210Pb 0.044 ± 0.006 0.104 ± 0.005 0.039 ± 0.004 0.052 ± 0.004 0.037 ± 0.003

Copper K-shell X-ray 0.011 ± 0.002 0.016 ± 0.002 0.014 ± 0.001 0.009 ± 0.001 0.002 ± 0.001

Cosmogenics
3H 0.561 ± 0.040 1.605 ± 0.035 1.818 ± 0.025 0.477 ± 0.028 0.566 ± 0.0020
22Na 0.0145 ± 0.0001 0.0116 ± 0.0003 0.0211 ± 0.0001 0.0158 ± 0.0004 0.0202 ± 0.0001
109Cd 0.0120 ± 0.0002 0.0435 ± 0.0023 0.0943 ± 0.0017 0.0116 ± 0.0002 0.0115 ± 0.0431
121mTe – 0.0018 ± 0.0001 0.0038 ± 0.0001 0.0025 ± 0.0001 0.0023 ± 0.0001

Others 0.0131 ± 0.0007 0.0057 ± 0.0004 0.0166 ± 0.0004 0.0130 ± 0.0008 0.0102 ± 0.0004

External 0.068 ± 0.006 0.071 ± 0.007 0.056 ± 0.004 0.052 ± 0.005 0.055 ± 0.009
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