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We report limits on weakly interacting massive particle (WIMP) dark matter derived from three years of

data collected by the COSINE-100 experiment with NaI(Tl) crystals, achieving an improved energy threshold

of 0.7 keV. This lowered threshold enhances sensitivity in the sub-GeV mass range, extending the reach for

direct detection of low-mass dark matter. Although no excess of WIMP-like events was observed, the

increased sensitivity enabled a model-insensitive comparison between the expectedWIMP signal rate—based

on mass limits from our data—and DAMA’s reported modulation amplitude. Our findings strongly disfavor

the DAMA signal as originating from WIMP interactions, fully excluding DAMA/LIBRA 3σ allowed

regions and providing enhanced WIMP mass limits by an order of magnitude in the spin-independent model

compared to previous results. In the spin-dependent model, cross-section upper limits were obtained in the

mass range [0.1–5.0] GeV=c2, with additional sensitivity to sub-GeV WIMPs through the inclusion of the

Migdal effect. These results represent substantial progress in low-mass dark matter exploration and reinforce

constraints on the longstanding DAMA claim.
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Dark matter, a nonluminous form of matter, is believed to

account for approximately 27% of the total mass-energy of

the Universe, yet its exact nature remains one of the biggest

mysteries in physics. While its presence is inferred through

gravitational effects on cosmic structures, direct detection

of dark matter particles has proven challenging [1,2].

Among the leading candidates for dark matter are weakly

interacting massive particles (WIMPs), which are hypoth-

esized to interact with ordinary matter via the weak

interaction [3]. Despite decades of extensive searches, no

conclusive evidence for WIMPs has been observed, with

the notable exception of the controversial results from the

DAMA/LIBRA experiment, which claims evidence for

dark matter interactions using NaI(Tl) crystals [4,5].

However, this result has yet to be corroborated by other

direct detection experiments, which have not observed

similar signals [6]. To directly test the DAMA/LIBRA

claim, COSINE-100 conducts a dark matter search using

the same NaI(Tl) target. Previous publications detail the

data acquisition system (DAQ) [7], noise rejection down to

0.7 keV [8], and background modeling with Geant4 [9].

Physics analyses include a model-dependent exclusion of

the DAMA/LIBRA 3σ-allowed region using 1.7 years of

data [10], and a model-independent modulation search

based on 6.4 years of data, which shows a discrepancy

with the DAMA/LIBRA signal at more than 3σ [11].

Additionally, Ref. [12] shows that a time-dependent back-

ground can produce a modulation similar in amplitude but

opposite in phase to that of DAMA/LIBRA when using

their analysis method. Similarly, the ANAIS experiment,

also employing NaI(Tl) crystals, reported modulation

results that do not support DAMA’s annual modulation

signal [13,14]. These findings highlight the importance of

further increasing sensitivity to low-mass dark matter by

lowering the energy threshold and expanding the search to

lower WIMP mass ranges [15–18]. In this Letter, we report

WIMP mass limits based on a reduced energy threshold of

0.7 keV, advancing constraints on low-mass dark matter

and providing a rigorous test of the longstanding DAMA

findings.

COSINE-100 [19] is located at the YangYang under-

ground laboratory (Y2L) in South Korea, beneath 700 m of

rock (equivalent to 1890 meters of water) [20,21]. The

experiment consists of eight NaI(Tl) detectors with a total

mass of 106 kg. Each crystal is coupled to two three-inch

Hamamatsu R12669SEL photomultiplier tubes (PMTs) via

12 mm quartz light guides. The crystal is wrapped in ten

layers of 250 μm PTFE reflectors and enclosed in a 1.5 mm

copper case. Because of high background levels and low

light yields from three crystals, this analysis uses data from

only five crystals, with an effective mass of 61.3 kg, labeled

C2, C3, C4, C6, and C7 [22]. The crystals are immersed in

2200 L of linear alkylbenzene (LAB)-based liquid scintil-

lator (LS) as an active veto detector [23,24]. The LS is

housed in a 1 cm thick acrylic box, surrounded by 3 cm of

copper and 20 cm of lead to shield against external

radiation. Plastic scintillators on the outermost layer are

used to veto muon-induced events [25,26].

The COSINE-100 experiment operated from September

22, 2016, to March 14, 2023. This analysis uses data

collected up to November 21, 2019, corresponding to a live

time of 2.86 yr. The detector, including its energy scale, was

verified to be stable throughout the data-taking period [27].A

validated background model is available above the 0.7 keV

threshold, motivating the use of this dataset. Events were

collected by two PMTs attached to each crystal, with the

photon signals amplified in a preamplifier and digitized by an

analog-to-digital converter (ADC) at a sampling rate of 500

Megasample per sec. The ADC, connected to the trigger

control board (TCB), recorded events satisfying specific

trigger conditions, capturing waveforms over an 8 μs win-

dow starting from 2.37 μs before the trigger time [7].

PMT-induced noise is particularly prominent in the low-

energy region below 2 keV [28], where the WIMP is

expected to deposit energy in the region of interest (ROI)

below 6 keV.Although the noise is categorized as type-1 and

type-2, its origin remains unclear. However, it exhibits

distinct pulse shapes compared to scintillation signals from

electron and nuclear recoils in NaI(Tl), especially in timing

characteristics. These differences are captured using pulse-

shape discrimination (PSD) parameters in both time and

frequency domains. To enhance noise rejection, a multilayer

perceptron (MLP) was applied based on these features [8].

The MLP was trained using scintillation-rich samples

from γ rays at 511 keV or 1274 keV from a 22Na source,

tagged by a coincidence condition with high-energy events

in neighboring crystals or the liquid scintillator. A subset of

single-hit events from physics data, dominated by PMT-

induced noise, was used as the noise sample. Using PSD

parameters, the MLP could effectively classify events

within theWIMP ROI, achieving stringent selection criteria

with less than 1% noise contamination and approximately

20% scintillation detection efficiency down to eight photo-

electrons, equivalent to an energy threshold of 0.7 keV [8].

Although the MLP was trained on electron-recoil

events, it is not expected to distinguish them from nuclear

recoils, which exhibit similar or shorter mean-times below

2 keV [29]. In contrast, PMT-induced noise shows longer

mean-times in this energy range [28]. This was validated by

comparing selection efficiencies using 137Cs and 2.43 MeV

neutron beam data [30]. These measurements were con-

ducted on a sample crystal made from the same ingot as the

COSINE-100 crystals. The selection efficiency was found

consistent between electron and nuclear recoils, as shown

in Fig. 1. The efficiency comparison was conducted with

the selection criteria for the sample crystal adjusted to

achieve the same selection efficiency as C2.

With scintillation events dominating the remaining data,

quantitatively understanding these events is essential to

identify any nuclear recoil events from WIMP-nucleon
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interactions. In the COSINE-100 detector, scintillation events

arise largely from background radioactive isotopes and are

categorized as either single hit or multiple hit, depending on

their coincidencewith signals in the liquid scintillator (LS) or

another crystal. Removing multiple-hit events significantly

reduces the background, as WIMP-induced signals are

expected only in single-hit events. In particular, the prominent
40K background in theWIMP search region, with its 3.2 keV

x-ray emission, can be tagged with 65%–75% efficiency

using LS veto tagging [24]. Both single-hit and multiple-hit

events are used tomodel the background comprehensively, as

multiple-hit events offer valuable insights into the back-

ground within single-hit events.

Background modeling is performed by fitting the data to

spectra generated from Geant4 [31] simulations of back-

ground components [9]. The fit covers the [6–4000] keV

range for single-hit events and the [0.7–4000] keV range

for multiple-hit events, with the [0.7–6] keV region of the

single-hit spectrum extrapolated from higher energy fit

results to avoid bias in WIMP signal interpretation.

Background components include internal sources within

the NaI(Tl) crystal and external sources from detector

materials such as PMTs, copper, LS, acrylic, and steel

structures. Radioisotopes from the 238U, 232Th, 40K, and
235U decay chains are considered across these background

sources. Scintillators like NaI(Tl) crystals are known to

exhibit a nonlinear relationship between the energy of

incident radiation and light output. This nonproportional

energy response of the COSINE-100 NaI(Tl) crystals [32]

is applied in developing the energy calibration curves,

optimized for the extended threshold region by utilizing the

0.87 keV x-ray peak from 22Na decay. The resulting

calibration curves, along with energy resolution and

event selection efficiency for each crystal, are incorporated

into the simulations. The fractional contributions of the

background sources are determined by the fit, with some

constrained by the measurements obtained from the pre-

vious analyses [19,33,34]. Background studies identify the

dominant sourceswithin theWIMP search region as internal
40K and 210Pb contamination in the crystal, cosmogenic 3H,

and surface 210Pb on both the crystal and surrounding PTFE

reflector. The activity of 3H is well understood from

cosmogenic production rate calculations [33], and the

contribution from 40K is characterized by its distinctive

3.2 keV x-ray emission observed in both single- and

multiple-hit events [24]. The internal 210Pb activity in the

crystal is monitored through the 5.3 MeV α decay meas-

urement from 210Po [34]. Surface 210Pb contributions from

the crystal and PTFE reflector were assessed by modeling

depth profiles from 222Rn contamination tests [35] and

analyzing the COSINE-100 alpha background [34]. These

profiles were then applied to simulate the surface back-

ground spectrum.

The background modeling results for single- and multi-

ple-hit events are shown in Fig. 2. Differences between data

and model across the full energy range of [0.7–4000] keV

remain within the 2σ systematic uncertainty bands. To

validate the fit results, potential sources of systematic

uncertainty in the background spectrum were investigated,

including (1) activity uncertainties of background radioiso-

topes, (2) event selection efficiency, (3) energy-dependent

resolution, (4) calibration, (5) surface 210Pb, and (6) PMT

background position. Uncertainties in radioisotope activity

are derived from fit errors in background modeling, with

systematic variations arising from measurement uncertain-

ties in background source activities. For event selection,

statistical uncertainties inMLP signal selection are included,

along with efficiency differences between nuclear and

electron recoils. Calibration uncertainties account for the

nonproportional energy response model, while energy-

dependent resolution uncertainties are derived from the fit

errors in the resolution function, as detailed in Ref. [32]. The

spectrum of surface 210Pb is depth dependent, and the profile

from Ref. [35] is used to account for depth-related uncer-

tainties. Additionally, while the PMTs attached to the

crystals are contaminated with radioactive sources, the

precise location of this contamination within the PMTs

remains unclear. The energy deposition spectrum from these

contaminants varies with distance from the crystal, so the

spectral uncertainty due to PMT position (from the window

to the base) is also considered.

To estimate the contribution of nuclear recoil events from

dark matter interactions in the data, the WIMP energy

spectrum was simulated using the publicly available DMDD

package [36]. The nuclear recoil rate, when recoil energy is

Enr, is calculated using the following equation:

dR

dEnr

¼
ρχ

2mχμ
2
σðqÞ

Z

∞

vmin

d3v
fðv; tÞ

v
; ð1Þ

0.7 1.0 1.5 2.0 2.5 3.0 3.5

Energy [keV]

0.2

0.4
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1.0
E

ff
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n
c
y

C2 1

Neutron

Gamma

FIG. 1. A comparison of MLP selection efficiency down to

0.7 keV between the 1σ band of COSINE-100 C2 and the

electron-recoil and nuclear-recoil selection efficiencies from the

NaI(Tl) crystal sample.
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where mχ is the dark matter mass, μ is the reduced mass of

the dark matter particle and the target nucleus, v is the dark

matter velocity, and σðqÞ is the WIMP-nucleus scattering

cross section as a function of the momentum transfer q
[37]. Here, we assume a velocity-independent scattering

cross section, as in standard spin-(in)dependent inter-

actions. The local dark matter density is set to

0.3 GeV=c2, and time-dependent velocity distribution

fðv; tÞ follows the standard halo model (SHM).

σðqÞ ¼ σSIF
2

SIðqÞ þ σSDF
2

SDðqÞ; ð2Þ

while FðqÞ denotes the nucleus form factor. The cross

section for spin-independent (SI) interaction is defined as

σSI ¼
4

π
μ
2½Zfp þ ðA − ZÞfn�

2; ð3Þ

when fp and fn are coupling constants to protons and

neutrons, respectively, and A and Z are the mass and proton

numbers of the nucleus. Similarly, the cross section for

spin-dependent (SD) interaction is defined as

σSD ¼
32

π
G2

Fμ
2

�

J þ 1

J

�

½hSpiap þ hSnian�
2; ð4Þ

when GF is the Fermi coupling constant, J is the ground

state angular momentum of the nucleus, hSpi and hSni are
the average proton and neutron spin contributions, and ap
and an are the axial four-fermion WIMP-proton and

WIMP-neutron couplings. In this Letter, the SI model

for the isospin-conserving case, where fp ∼ fn, has been

considered. It is noteworthy that the NaI(Tl) target can be

employed for both SI and SD interactions due to the proton-

odd compositions of 23Na and 127I, which results in a

relatively high value for hSpi. Additionally, the simulation

of the Migdal effect [15,38,39], an ionization process

induced by the sudden momentum change of the target

nucleus, has also been performed [40]. The simulated

nuclear recoil spectrum was converted to electron-equiv-

alent energy using newly measured quenching factors

(QFs) from Ref. [41]. These measurements, extending

down to 3.8 keVnr for Na (QNa ¼ 11.2%) and

6.1 keVnr for I (QI ¼ 4.9%), correspond to 0.43 and

0.30 keVee, respectively—well below the 0.7 keV analysis

FIG. 2. Results of background modeling for (top) single- and (bottom) multiple-hit events summed over five crystals, shown with the 1

and 2σ systematic uncertainty band.
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threshold. Unlike DAMA/LIBRA, which used fixed values

of 30% for Na and 9% for I over the entire energy range,

COSINE-100 applies energy-dependent QFs, accounting

for the nonproportional scintillation response. Because

different QF assumptions are used, the COSINE-100 upper

limits shift upward relative to the DAMAQF case, resulting

in a more conservative exclusion. A direct comparison

under identical QF assumptions was reported in our

previous analysis of COSINE-100 1.7-year data [10].

The probability of a WIMP signal in the data was

evaluated using a likelihood function based on Bayes’

theorem, with the background components, systematics,

and WIMP signal as input parameters [10]. The posterior

distribution of theWIMP-nucleon cross section was derived

by the multivariable fit procedure based on the Markov

Chain Monte Carlo sampling method [42,43], implemented

via the Metropolis-Hastings algorithm [44,45]. The fit was

performed on the single-hit energy spectrum in the 0.7 to

15 keV range for WIMP signals from both SI and SD

interactionmodels across severalWIMPmasses. The impact

of the fit rangewas evaluated and found to be negligible. The

means and uncertainties of the fractional activities for the

background components, determined from modeling, were

used as Gaussian priors, and systematic uncertainties were

treated as nuisance parameters with Gaussian priors. The

background and systematic parameters were allowed to vary

independently in each crystal channel, while the WIMP

signal strength was constrained simultaneously across all

crystals. The resulting posterior distribution of the signal

strengthwas found to be consistentwith a no-signal scenario

in both SI and SD channels. The fit spectrum for an mχ ¼

11.5 GeV=c2 WIMP at a 90% confidence level (CL) is

shown as a solid blue line in Fig. 3 (upper panel) with the

summed spectrum from the five crystals represented by

black cross markers. The dashed red line represents the

simulated WIMP signal combined with the background,

assuming a WIMP-nucleon cross section of 1.5 × 10−4 pb

for a mχ ¼ 11.5 GeV=c2 WIMP in the SI model, which

corresponds to the lower bound of the DAMA/LIBRA 3σ

contour [46] using DAMA’s QF [47] for WIMP-sodium

interactions. The lower panel shows the ratio of the data to

the best fit with the 1σ and 2σ bands of systematic

uncertainty. The ratio of the DAMA/LIBRA signal to our

best fit is also shown as a dashed red line.

The excess events in the DAMA/LIBRA signal were

evaluated by directly comparing the observed modulation

amplitude (ADAMA) with the total event rate limit (RCOSINE)

from this analysis. While the calculation of RCOSINE

assumes a WIMP mass of 11.5 GeV=c2, the comparison
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itself is considered model insensitive, as it contrasts two

measured quantities with minimal reliance on specific

model assumptions. This approach follows the method

proposed by the COSINUS experiment [48]. The values of

RCOSINE and ADAMA are compared across the energy ranges

of [1–3], [1–6], and [2–6] keV. The RCOSINE values for a

mχ ¼ 11.5 GeV=c2 WIMP at the 90% CL were calculated

to be (0.0048, 0.0020, 0.0006) in three energy ranges, while

DAMA’s modulation amplitudes are (0.019� 0.002,

0.010� 0.001, 0.0096� 0.0007). Additionally, we per-

formed this comparison across the entire WIMPmass range

from 7 to 1000 GeV=c2, observing consistent rates, with

the maximum rate being (0.0067, 0.0031, 0.0009) at

mχ ¼ 18.8 GeV=c2. The expected WIMP signal rates are

generally about 10% of DAMA’s modulation amplitude

and reach about 30% at maximum, making them signifi-

cantly lower than the ADAMA values across all three energy

ranges. This suggests that the annual modulation signals

observed by DAMA are unlikely to arise from WIMP

interactions.

To calculate the expected 90% CL upper limit on the

WIMP-nucleon SI interaction cross section as a function of

WIMP mass, 1000 pseudoexperiments were generated

under the null hypothesis by Poisson sampling from the

modeled background spectrum. The systematic effects

were propagated by drawing the associated components

within their quoted uncertainties to obtain the expected

rates, from which event counts were Poisson sampled.

These systematic uncertainties were also included in the fit

of the simulatedWIMP signal and background model to the

pseudoexperiment data as nuisance parameters with

Gaussian constraints [10]. The resulting distribution of

90% CL upper limits defines the 1σ and 2σ expected

sensitivity bands, shown as the green and yellow regions in

Fig. 4. The observed 90% CL upper limits from three years

of COSINE-100 data are represented by filled black circles.

Figure 4(a) presents the results for the SI model, covering

WIMP masses ranging from 7 to 1000 GeV=c2. The

previous COSINE-100 data are shown as a red solid line,

while the DAMA/LIBRA 3σ allowed region, fully excluded

in this analysis, is depicted as a dashed blue line. The results

from the COSINE-100 1.7-year data excluded all the

DAMA/LIBRA 3σ regionswhen different QFswere applied

[10]. This analysis achieves WIMP mass limits that are

improved by an order of magnitude over the previous result.

The SD model results, shown in Fig. 4(b), focus on WIMP

masses ranging from 0.1 to 5 GeV=c2, providing competi-

tive cross-section limits around 2.5 GeV=c2 compared to

other experimental searches [16,17,49]. Particularly, the

inclusion of the Migdal effect significantly enhances sensi-

tivity to the low-mass WIMPs below 1 GeV=c2 in the SD

model. The sensitivity of the COSINE-100U experiment, an

upgraded version of COSINE-100 with a ∼40% enhance-

ment in light yield [50], is expected to probe unexplored

parameter spaces for WIMP masses, potentially reaching

extremely low-mass regions down to 20 MeV=c2 when

considering the Migdal effect. While theoretical uncertain-

ties to the Migdal effect are not evaluated in this Letter,

understanding their impact will be important for future low-

mass dark matter searches.
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