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PHYSICS

COSINE-100 full dataset challenges the annual
modulation signal of DAMA/LIBRA
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For over 25 years, the DAMA/LIBRA collaboration has claimed to observe an annual modulation signal, suggesting
the existence of dark matter interactions. However, no experiment using different target materials has observed a
dark matter signal consistent with their result. To address this puzzle, the COSINE-100 collaboration conducted a
model-independent test using sodium iodide crystal detectors, the same target material as DAMA/LIBRA. Analyz-
ing data collected over 6.4 years by the effective mass of 61.3 kilograms, with improved energy calibration and
time-dependent background modeling, we found no evidence of an annual modulation signal, challenging the
DAMA/LIBRA result with a confidence level greater than 3c. This finding represents a substantial step toward re-
solving the long-standing debate surrounding DAMA/LIBRA’s dark matter claim, indicating that the observed

modulation is unlikely to be caused by dark matter interactions.

INTRODUCTION

Cosmological observations indicate the existence of dark matter,
which is thought to constitute most matter in the Universe (1, 2). A
favored explanation for this dark matter is a population of weakly
interacting massive particles (WIMPs) (3) that are potentially de-
tectable through their rare interactions with atomic nuclei in ter-
restrial experiments (4). Over the past three decades, extensive
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efforts have been devoted to detecting WIMPs directly by observing
their elastic scattering oft atomic nuclei. However, no experiment
has yet produced conclusive evidence for their existence (5, 6).

One of the most intriguing claims for dark matter detection
comes from the DAMA/LIBRA experiment, which has reported a
periodic modulation in its event rate for over 25 years (7-10). Ac-
cording to theoretical predictions concerning WIMP dark matter
within the standard halo model (11, 12), event rates in a direct de-
tection experiment are expected to exhibit an annual modulation
due to the relative motion of Earth with respect to the galactic halo
(13-16). Therefore, DAMA/LIBRA’s observation of a modulation
signal has been widely interpreted as potential evidence of dark
matter interactions. However, this claim remains unverified by other
experiments. A key challenge in evaluating the DAMA/LIBRA sig-
nal is determining whether the observed modulation is genuinely
caused by dark matter or by experimental or systematic effects. Re-
solving such discrepancies requires model-independent experimen-
tal comparisons, where different groups attempt to reproduce the
result using the same target material, independent experimental
setups, and distinct analysis frameworks. The ideal approach to such
comparisons is to minimize differences in detector response and
systematic uncertainties while ensuring that the methodologies
used are robust, transparent, and unbiased. These principles provide
the foundation for rigorously testing DAMA/LIBRAS claim.

DAMA/LIBRA observed a modulation amplitude of 0.0191 + 0.0020
counts day ™' kg™ keV " in the 1- to 3-keV low-energy range, with
high statistical significance levels in several energy ranges above
106 (7-10). If this signal is attributed to WIMP interactions, it
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contradicts findings from other direct detection experiments using
different target materials (17-23), which have found no evidence of
dark matter within the parameter space allowed by DAMA/LIBRA.
This discrepancy is especially pronounced in annual modulation
analyses with liquid xenon detectors, which show no modulation
signals (24-26). However, none of these other experiments have
used sodium iodide crystals as DAMA/LIBRA, leaving the question
of whether the target material plays a critical role in detecting poten-
tial WIMP signals.

To address this question, sodium iodide-based experiments
such as COSINE-100 (27) and ANAIS-112 (28) have been launched
to independently verify DAMA/LIBRA’ findings using similar
detectors (29-32). COSINE-100 has conducted model-dependent
analyses using low-energy spectra to search for WIMP signals, find-
ing no evidence consistent with DAMA/LIBRA when interpreted
within the standard halo model (33, 34). The ANAIS-112 experi-
ment has published model-independent results from 3 years of data,
reporting a modulation amplitude of —0.0034 + 0.0042 counts
day ™ kg™ keV " in the 1- to 6-keV energy range, which is consis-
tent with no modulation and incompatible with the DAMA/LIBRA's
findings (35). Recent improvements in ANAIS-112s analysis have
further enhanced their sensitivity to 2.8c with respect to the DAMA/
LIBRA signal in both the 1- to 6-keV and 2- to 6-keV ranges (36).
Similarly, COSINE-100’s 3-year data analysis reported no modula-
tion (37), although a slightly positive mean value introduces some
uncertainty. The previous results of the two experiments are sum-
marized in Tables 1 and 2. While these findings are promising, nei-
ther experiment has yet achieved the statistical sensitivity required
to definitively confirm or refute DAMA/LIBRA results, highlight-
ing the need for higher statistics.

One challenge in comparing these experiments lies in the nucle-
ar recoil quenching factors (QFs), which represent the scintillation
light yield from sodium or iodine recoils relative to electron recoils
at the same energy. DAMA/LIBRA has reported higher QFs for their
Nal(T1) crystals (38) compared to the measurement from COSINE-100
(39). Although recent measurements from other groups, including

ANAIS-112 and SABRE, are consistent with each other and with
COSINE-100s findings (39-42), the possibility that DAMA/LIBRA’s
crystals exhibit higher QFs remains unresolved. This discrepancy
suggests that previous model-independent comparisons (35, 37) be-
tween experiments may not fully account for dark matter-nuclei
interactions (38). ANAIS-112 recently examined this issue, report-
ing no modulation and finding a 2.3¢ inconsistency with DAMA/
LIBRAS signal when accounting for QFs (36).

Here, we present results from a search for dark matter-induced
annual modulation in the full COSINE-100 dataset, corresponding
to 5.8 years of high-quality data with a reduced energy threshold of
0.7 from 1 keV (43). Unlike our previous analyses (37, 44), we adopt
an energy calibration as closely aligned with DAMA/LIBRA cali-
bration as possible to ensure a rigorous comparison. We also con-
sider a range of QF scenarios to address the potential effects of
differing nuclear recoil responses. This study aims to provide a com-
prehensive and statistically robust test of the DAMA/LIBRA claim
within the framework of Nal(Tl)-based dark matter searches.

RESULTS
Experimental setup
The COSINE-100 detector comprises a 106-kg array of eight low-
background thallium-doped sodium iodide crystals, each optically
coupled to two photomultiplier tubes (PMTs). These sodium iodide
crystal assemblies are submerged in 2200 liters of liquid scintillator,
enabling the identification and subsequent reduction of radioactive
backgrounds observed by the crystals (45). The liquid scintillator is
surrounded by copper, lead, and plastic scintillator to reduce back-
ground contributions from external radiation and cosmic-ray muons
(46). Further details of the setup are provided elsewhere (fig. S1) (27).
COSINE-100 was installed at the Yangyang Underground Labo-
ratory (Y2L) in Korea, located underground at a water-equivalent
depth of approximately 1800 m (46, 47), and conducted physics
data-taking operations from October 2016 to March 2023. Following
the completion of data collection at Y2L, the COSINE-100 detector

Table 1. Summary of phase-fixed fits in the electron recoil signal regions. We summarize the modulation amplitudes obtained from the COSINE-100 full
dataset in the three different electron-equivalent energy ranges of 1 to 3, 1 to 6, and 2 to 6 keVe.. These results are compared with modulation amplitudes
obtained from COSINE-100 3-year (37) and 1.7-year (44) data, ANAIS-112 3-year data (36), and DAMA/LIBRA (70). Note that the energy ranges of the COSINE-100
full dataset and DAMA were linearly calibrated, while the previous results of COSINE-100 and ANAIS-112 adopted nonproportional calibration. The errors

indicate the 68.3% confidence intervals.

Dataset Energy (keVee) Amplitude (counts day ™' kg™ keV.. ")

COSINE-100 full dataset 1-3 0.0004 + 0.0050

DAMA/LIBRA-phase2 -3 00191 200020
1-6

ANAIS1 123 gy o

DAMA/LIBRA-phase2 - "~ 0.0105 + 0.0009

COSINE-100 full dataset 26 00053400031

COSNE00 3 yemrs I oo0et s ooaay

COSINE-100 1.7 years e " 00083+00068

ANAIS 112 3 gy D oot s o0gy

DAMA/Nal + DAMA/LIBRA 26 00100+00007
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was disassembled and relocated to Yemilab (48, 49), a recently con-
structed, deeper underground laboratory in Korea, and an upgrade
of the COSINE-100 is currently being installed at Yemilab (50).
Throughout the 6.4-year data-taking period at Y2L, no notable
environmental abnormalities or unstable detector performances
were observed, achieving more than 95% time efficiency for collecting
physics data (see Fig. 1A). For this analysis, we use the full data-
set of COSINE-100 operations, totaling an effective live time of

5.8 years. Eight low-background thallium-doped sodium iodide
crystals were operated; however, two of these crystals had low light
yields and one had a high PMT-induced noise rate. These crystals
were therefore excluded from this analysis, resulting in a total effective
mass of 61.3 kg (34, 37, 44) and an effective exposure of 358 kg-year
used for this analysis.

Various monitoring devices were installed in the COSINE-100
detector system to ensure stable data-taking and systematic analysis

Table 2. Phase-fixed fit result in the nuclear recoil signal region. The modulation amplitudes obtained from the COSINE-100 full dataset in the nuclear recoil
energy of 6.7 to 20 keVy, is compared with those obtained from ANAIS-112 3-year data (36) and DAMA/LIBRA (70). The errors indicate the 68.3% confidence

intervals.

Dataset Energy (keV,,) Amplitude {counts day'1 kg'1 [units of (3.3 keV,,,)]"}
COSINE-100 full dataset 6.7-20 0.0013 + 0.0027

DAMA/Nal + DAMA/LIBRA 6.7-20 0.0100 + 0.0007

ANAIS-112 3 years 6.7-20 0.0017 + 0.0025

A T T T T T ]
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Fig. 1. COSINE-100 detector details. (A) Operation overview. The COSINE-100 detector collected dark matter search data from 21 October 2016 to 14 March 2023,
amounting to 6.4 years of operation. We analyzed 358.4 kg-year high-quality data to search for dark matter-induced modulation signals. (B) QF comparison. The sodium
QFs measured by COSINE-100 (red solid line) (39) and DAMA (blue dashed line) (55) are displayed, highlighting the signal area from 5 to 20 keV,, (bright area). (C) Nonpro-
portionality of the COSINE-100 crystals (52). The light yields for various energy of y- and x-rays are displayed relatively to the value at 50 keV. To directly compare with
DAMAV/LIBRA, keVee unit here does not incorporate such a nonproportional response. (D) Event selection efficiencies. The event selection efficiencies are compared across
the energy range of keVee, based on the linear calibration from five COSINE-100 crystals (43), with those from DAMA/LIBRA-phase1 (54) and DAMA/LIBRA-phase2 (74).
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of the annual modulation (51). These devices monitored the tem-
peratures in the tunnel, detector room, and liquid scintillator, as well
as humidity, radon levels, high voltages and currents to the PMTs,
and thermal and fast neutron rates, along with the data acquisition
systems. Continuous monitoring allowed verification of the stability
of the environment and detector in real time. In addition, monitor-
ing of internal x-ray peaks at 3.2 and 0.87 keV from the decay of *’K
and **Na, respectively, ensured the stability of low-energy calibra-
tion and gain of the sodium iodide detectors (see fig. S2).

The total scintillation light of an event, the indicator of its ener-
gy, was calculated using the integration of the waveform over a 5-ps
time window. For a long time, it has been known that the relation-
ship between deposited energy and the scintillation light produced
in sodium iodide is nonlinear, which is called the nonproportional-
ity phenomenon. The nonproportionality in the COSINE-100 crys-
tals was also measured, using internal y and x-ray lines, and external
y radiation incident on a sample crystal, as shown in Fig. 1C (52).
This enhanced the understanding of the background contributing
to the COSINE-100 detector (53). Previous annual modulation
analyses from the COSINE-100 experiment (37, 44) used a cali-
brated energy scale that accounted for the nonproportionality of
the detectors. However, the DAMA/LIBRA analysis used a simple
linear energy calibration using various y lines (54), resulting in a
slightly different energy scale in the low-energy signal regions. In
the analysis presented here, an electron-equivalent energy calibra-
tion similar to DAMA/LIBRA (54) is adopted, with a linear calibra-
tion using the 59.5-keV y line. We use a unit of apparent energy
called kilo-electron volt electron-equivalent (keVe.) for DAMA/
LIBRA-like linear calibration.

One notable challenge is the discrepancy between nuclear-recoil
QFs of sodium and iodine reported by the DAMA/LIBRA collabo-
ration (55) and recent measurements by other groups (39-42). The
DAMA/LIBRA collaboration measured the response of the sodium
iodide crystal to nuclear recoils induced by neutrons from a ***Cf
source. The measured responses were compared with simulated
neutron energy spectra to obtain the constant QF values of 0.3 for
sodium and 0.09 for iodine, without energy dependency (55).

However, the recent measurements by other groups used mono-
chromatic neutron beams with neutron tagging detectors that mea-
sure elastically scattered neutrons at a fixed angle relative to the
incoming neutron beam direction, providing accurate knowledge of
the nuclear recoil energy transferred from incoming neutrons to
sodium or iodine nuclei (39-42). QF values (~0.13 for sodium
and ~ 0.05 for iodine at 10 keV of nuclear recoil energy) from these
measurements differ substantially from DAMA/LIBRA QF results.
DAMA/LIBRA pointed out that comparisons with other sodium
iodide-based experiments did not fully account for their QF results
in the case of dark matter-nuclei interactions (38).

Here, we consider the possibility of different QF scenarios for the
DAMA/LIBRA crystals compared to the COSINE-100 crystals. Al-
though both sodium and iodine interactions can be considered, we
focus on the sodium nuclei because of the strong constraints on the
iodine interaction that come from xenon-based dark matter search
experiments (22, 23), where xenon has a similar atomic mass num-
ber to iodine. The nuclear-recoil equivalent energy (a unit of keVy,)
considers different QF values between DAMA/LIBRA (55) and
COSINE-100 (39). For example, the 2- to 6-keV,, energy region of
DAMA/LIBRA corresponds to 6.67 to 20 keV,, which corresponds

Carlinetal., Sci. Adv. 11, eadv6503 (2025) 3 September 2025

to 0.85 to 3.12 keV,, in COSINE-100 (see Fig. 1B). A cross-check
incorporating the iodine QF is provided in Materials and Methods.

Data analysis

To obtain radiation-induced scintillation events, one has to separate
PMT-induced noise events that are predominantly triggered and re-
corded in the low-energy signal regions. A multivariate machine
learning technique has been developed to characterize the pulse shapes
to discriminate these PMT-induced noise events from radiation-
induced scintillation events (43, 56). To improve the discrimination
power, we categorize noise types and evaluate likelihood scores in
both the time domain and frequency domain, enhancing the separa-
tion between scintillation events and PMT-induced noise events.
Scintillation-rich data samples were collected by installing a **Na
source and by requiring a coincidence condition with high-energy at
neighboring crystals or liquid scintillator, to tag the characteristic y-
rays of 511 or 1274 keV (see Materials and Methods).

Multilayer perceptron (MLP) networks are subsequently trained
with these scintillation-rich *Na calibration data samples alongside
PMT noise-dominant single-hit physics data. Requiring less than
1% noise contamination in the selection criteria for the MLP output
score, we reached an energy threshold of 0.7 keV (43), where a unit
of kilo—electron volt corresponds to reconstructed energy close to
the true energy, considering the nonproportionality of sodium io-
dide crystals (52). The event selection efficiency for scintillation
events is evaluated with the **Na calibration dataset, as shown
in Fig. 1D, and is cross-checked with waveform simulation data (57)
as well as with nuclear recoil calibration data (39).

Because mismodeling of the time-dependent backgrounds poten-
tially induces modulation-like signatures (37, 58), we have launched
further investigations into the backgrounds in the COSINE-100 de-
tector. Improved energy calibration of electron recoil events through
the nonproportionality measurement (52) and improved under-
standing of internal contamination through internal o« measurement
(59) allowed this to be achieved over extended energy ranges from
0.7 to 4000 keV for electron/y background (53). The most prominent
background components are *H (half-life of 12.3 years) and *'°Pb
(half-life of 22.3 years). Internal 20pp g separated from surface 2opy,
contaminated on the crystal surface or the Teflon wrapping sheet,
because the measured half-life of a particles from bulk !°Po, a decay
product of *'°Pb, is consistent with 22.3 years, while the lower-energy
o particles from surface *'°Po have a measured effective half-life of
33.8 + 8.0 years (59). This difference in half-lives is attributed to the
continuous emanation of **’Rn by the crystal encapsulation material
and contamination of the crystal surface or the Teflon wrapping
sheet (59).

To search for a modulation signal in the data, the dataset was
prepared to correspond to the number of events in each 15-day time
bin after applying the event selection. The model describing the data
consists of a dark matter-induced modulation signal and time-
dependent backgrounds, represented by sinusoidal and exponential
functions, respectively. Thus, the event rate of the ith sodium iodide
detector is defined by

- t—d Nbkgd
R,»(t; A ¢, Cy ki>=A cos<2n T >+ ]ZCIjexp(—XU t)

(1)
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where A and ¢ represent the amplitude and phase of the modulation
signal, respectively, and T'is Earth’s orbital period of 365.2 days. The
initial event rate and decay constant of the jth background compo-
nent are denoted by Cj; and A, respectively, for a total of Nyjgq = 10
components. The evaluated detector live time and selection efficien-
cies were applied to the model.

A Poisson likelihood was constructed to compare the model and
data throughout every crystal simultaneously, and we used a Bayesian
approach to determine the modulation amplitude from the likeli-
hood. Each background component is controlled by the correspond-
ing Cj;, constrained by the activity and its uncertainty, including both
statistical and systematic, estimated from the background modeling
(53). The flat component, which is the sum of long-lived elements
such as *’K, #*U, and ***Th, was free-floated to account for the non-
modulating component of the dark matter-induced signals. The de-
cay constant );; for the exponential terms remains fixed during the
analysis, except for that of the surface ’°Pb component, which may
effectively vary because of the potential emanation of **Rn (see Ma-
terials and Methods).

The primary analysis fixes the phase of the modulation ¢ to the
maximum occurring on 02 June, 152.5 days from the start of the
calendar year, as predicted by the standard halo model (13-16), and
searches for modulation signals in the energy ranges of 1 to 3,2 to 6,
and 1 to 6 keVe., where DAMA/LIBRA reported annual modulation
signals (10). In addition to the same electron-equivalent energy
ranges, we search for annual modulation signals in the same nuclear
recoil energy region of 6.67 to 20 keVy,, taking into account the
different sodium nuclear recoil QFs of DAMA/LIBRA (55) and
COSINE-100 (39) (see Materials and Methods for the consideration
of iodine QF). This range corresponds to 2 to 6 and 0.85 to 3.12 ke V.
for DAMA/LIBRA detectors and COSINE-100 detectors, respec-
tively. Although all results are summarized in Materials and Methods,
the main text focuses on the results in the energy ranges of 1 to 3 and
6.67 to 20 keV ;.

To prevent bias in the search for an annual modulation signal, the
fitter was tested with simulated event samples before unblinding the
full dataset. Each simulated dataset is generated by Poisson random
sampling from the modeled time-dependent background rates with
assumed modulation signals. Seventeen ensembles with modulation
signals evenly varied from —2 to 42 times the modulation amplitude
of DAMA/LIBRA, including the null hypothesis, were tested. We
found no bias attributed to the fitter for a wide range of modulation
signals, as shown in fig. S3. Every technique used for this analysis had
been developed using 3-year or less data, without providing their time
information in the region of interest (52, 53). The time-dependent
information of the full dataset was unblinded after the methodology
was verified on the basis of these simulated experiments.

With a phase-fixed fit, we find best-fit modulation amplitudes of
0.0004 + 0.0050 and 0.0017 + 0.0029 counts day " kg™* keV,. " in
the 1- to 3- and 1- to 6-keV. energy ranges, respectively. Considering
different nuclear recoil QFs, the best-fit for the 6.67- to 20-keV,,
range is 0.0013 = 0.0027 counts day_1 kg_1 [units of (3.3 keV,,)] 7,
where 3.3 keV/,, corresponds to 1 keV,, for the DAMA/LIBRA sodium
QF of 0.3. Figure 2 shows the observed event rate over time overlaid
with the phase-fixed best-fit model for 1 to 3 keV.. (Fig. 2A) and 6.67
to 20 keV,,, (Fig. 2B). For visualization purposes, we draw the nor-
malized event rate, although the likelihood fit uses raw event counts
per each 15-day time bin. The bottom of each plot presents the re-
sidual event rates averaged over five crystals. The fitted background

Carlinetal., Sci. Adv. 11, eadv6503 (2025) 3 September 2025

components were subtracted from the event rates to calculate the re-
siduals, where the modulation signals were not subtracted. Red-solid
lines present the best fit including the modulation signals, while the
blue-dashed lines correspond to the DAMA/LIBRA’s annual modu-
lation signals (10).

Figure 3 presents the marginalized posterior distributions of the
modulation amplitudes in the 1- to 3- and 6.67- to 20-keV,, regions,
compared with the reported modulation amplitudes from DAMA/
LIBRA (10). The distributions of modulation amplitude measure-
ments from ensembles of 300,000 simulated experiments are over-
laid. They were simulated with injected annual modulation signals,
the same as DAMA/LIBRA's observation in each energy range, con-
sidering Gaussian fluctuation within the reported uncertainty. These
ensemble measurements are compared with the measured modula-
tion amplitude from the COSINE-100 data to evaluate the hypoth-
esis test between DAMA/LIBRA and COSINE-100. The significance
of the COSINE-100 data ruling out DAMA/LIBRA’s annual modu-
lation hypothesis is 3.57c for 1 to 3 keV, and 3.25¢ for 6.67 to
20 keVy,, respectively. The cross-check that accounted for the iodine
QF revealed a 2.80c level of inconsistency with the DAMA/LIBRA
claim (see Materials and Methods). Tables 1 and 2 summarize the
results from the phase-fixed fits in different signal regions. The mea-
sured modulation amplitudes from the COSINE-100 data generally
agree well with null signals but disfavor the DAMA/LIBRA signal.

We also search for an annual modulation signal by allowing
both the amplitude and phase of the signal to vary in the fit. The
two-dimensional posterior distributions obtained from the phase-
floated modulation search are shown in Fig. 4, highlighting the
best-fit points of the model along with the 68.3, 95.4, and 99.7%
probability contours. The annual modulation amplitudes and phas-
es reported by the DAMA/LIBRA experiment are also displayed for
comparison. As seen in the figure, the results from the phase-
floated modulation search agree with a null observation but disfa-
vor the DAMA/LIBRA signal above the 3o level, consistent with
the fixed-phase search.

Lastly, in Fig. 5, we present the best-fit modulation amplitude as
a function of electron recoil energy at 0.75 to 20 keV and nuclear
recoil energy at 5 to 66.7 keV,, for both single-hit and multi-hit
events in phase-fixed fits. We find that the % test on the sideband
regions of 6- to 20-keV. (20 to 66.7 keV,,;) single-hit and 0.75- to
6-keVe, (5 to 20 keV,,,) multiple-hit are consistent with no modula-
tions, with a P value of 0.46 (0.82) and 0.26 (0.41), respectively.
In the signal region of single-hit 0.75 to 6 keVe. (5 to 20 keVy,),
COSINE-100 results are consistent with no modulation, with P values
of 0.34 (0.26). However, the hypothesis tests for DAMA/LIBRA’s
annual modulation compared to the COSINE-100 results have a P
value of only 0.003 (0.0003). The COSINE-100 data strongly favor
the no modulation hypothesis.

DISCUSSION

COSINE-100 found no evidence of annual modulation signals using
the same target material as DAMA/LIBRA, with energy calibra-
tions specifically matched to those of DAMA/LIBRA. This model-
independent analysis of the full dataset, spanning 6.4 years of
operation, disfavors DAMA/LIBRA’s annual modulation signals, with
a 3.57c confidence level for electron recoil energies of 1 to 3 keVe and
a 3.23c level for sodium nuclear recoil energies of 6.67 to 20 keV,,.
With no modulation signals observed in the COSINE-100 dataset,

50f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

A 1-3 keVee B 6.7-20 keVp,
4l WM’* y J Crystal 2 25T T Crystal 2
) TR G ot = TR R L +
>$ o ’w" - ]"""’"""’**Ww’a’c'”m e 2or WMWWHW 1Ww{ "”'**"‘*’“‘"’u‘.“:’*’w.:asfwm"’um-
] 1 1 L 1 I () 1 n n n 1 n 1 n L 1 n n n 1 n n n 1 n n " 1 "
Y, X 250
> 4 wﬂ“”“ﬁ.ﬂ”&’% Crystal 3 m W‘”"’"’Wu”‘éw Crystal 3
v ) -#’-0-‘ M ’Q LW "IRY) m 20| + il 4.'_ g
% al | | LA ‘ “ "Imn'”“o ‘w,s:&“ L {“'alu'vm . ”3":"%!."“”:*""%‘:“";— Nt . | Tty ""‘W;‘*W“h“ Ltmsfum W'. N% 4»““«4;
®» ©
3 4 L,
A [ Crystal 4 T 2 v g, Crystal 4
§ sl LT *"""Ww.».,. "v"‘”m M*ww ., =% 2.0 "ma"um‘rw«fmw’ W "
8 1 | | T T TN e e - Q :? 15E ) ) ’f’ ’o“"mewwhww*_
) w
@ 4r | Crystal 6 >20h, e J Crystal 6
< J"' bos R R OO
g M “WW‘”“””WM‘VQ .‘“‘\3”‘0 VM-;"& qu_ g 150, I 0"" tat MVMM“.; ‘,’%'ﬁg%“?w,bmfw__
c ) TR - F— TR - T L
ro) C
> 35k Crystal 7 3 + Crystal 7
i L_,w. " o 2.0 Y M)
#i *‘W aw*‘m“’w KAR) o H i*.s’”‘ T TP Y)
2oL, I Pttt g (T TSI it o
0.1Ff 0.06 f
< 0.05F < 0.03F
3 : 3 :
= 0 2 0
] b 2 X
0C -0.05F 0C -0.03 F
_01 E 1 1 1 1 1 1 1 _006 E 1 1 1 1 1 1 1
2017 2018 2019 2020 2021 2022 2023 2017 2018 2019 2020 2021 2022 2023
Year Year

Fig. 2. The event rates over time of each detector and modulation fit of the COSINE-100 full dataset. (A) Event rates in the 1- to 3-keVee energy region. (B) Event rates
in the 6.7- to 20-keV,, energy region. The event rates (data points with 68.3% error bars) are calculated in 15-day intervals and compared to the phase-fixed best-fit
model (red dashed lines). In the bottom panels, the average residual event rates (data points with error bars) are shown, where the fitted background has been subtracted.
These residuals are presented in 60-day intervals. Overlaid on the residuals are the fitted modulation components (red dashed lines) and the DAMA/LIBRA observations
(blue dotted lines).
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Fig. 3. Posterior distributions of modulation amplitudes from the COSINE-100 phase-fixed fits and the expected distributions for measurements assuming the
DAMA/LIBRA signals. (A) Modulation amplitude distribution in the 1- to 3-keVe, region. (B) Modulation amplitude distribution in the 6.7- to 20-keV,, region. The red re-
gions represent the posterior distributions obtained from the COSINE-100 full dataset. The blue regions in the bottom panels show the distributions of best-fits from
simulated data, assuming the expected COSINE-100 background and the observed DAMA/LIBRA signals. The uncertainty in DAMA/LIBRA's observations has been consid-
ered during the simulation. The vertical solid lines indicate the best-fit modulation amplitudes for COSINE-100 (red) and the DAMA/LIBRA best-fit values (blue) with 68.3%
errors. The other line styles indicate each probability region. The distributions are normalized to have a maximum value of unity for the comparison.
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the hypothesis that DAMA/LIBRAs annual modulation is caused by
dark matter interactions is increasingly difficult to support.

MATERIALS AND METHODS

COSINE-100 detector and operation

The COSINE-100 experiment was located 700 m below the surface
at the Y2L in eastern Korea. A cut-out view of the detector is shown
in fig. S1. It began physics operation on 21 October 2016 and con-
cluded on 14 March 2023, for relocation of the experimental site to
Yemilab (48, 49), a recently constructed, deeper underground labo-
ratory in Korea with approximately four times lower muon rate than

Carlinetal., Sci. Adv. 11, eadv6503 (2025) 3 September 2025

Y2L. An upgrade of the COSINE-100 (COSINE-100U) experiment
at Yemilab is currently being installed to increase light collection
with an improved crystal encapsulation (60, 61) and increased light
output by operating at —30°C (62).

During the 6.4-year operation period, no substantial environ-
mental abnormalities or severe instabilities in NalI(Tl) detector be-
havior were observed. Physics data-taking efficiency was achieved
at a level of 95.6%, as shown in Fig. 1A. A small portion of the data
was affected by an exceptionally high trigger rate, typically caused
by high-energy cosmic ray muons. When such spikes were detected,
the entire 2-hour data file was excluded from the analysis to avoid
any bias from muon-induced long-lived phosphorescence, resulting
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ina 1.8% data reduction. In addition, a specific type of PMT-induced
noise occasionally increased during certain periods, affecting only
one of the eight NaI(T1) crystal detectors at a time (34, 37, 44). These
affected periods, comprising about 2.7% of the data, were further
removed from the analysis on a detector-by-detector basis to avoid
any noise-induced modulation signals. After these filtering steps,
the remaining “high-quality data” amounted to 358.4 kg-year.

The small reduction in efficiency was primarily due to the occa-
sional monthly long calibration campaigns using “°Co and **Na to
obtain low-energy scintillation-rich samples. Multiple-hit events
recorded during these calibration campaigns with the “°Co and **Na
sources provided a large sample of Compton scattering events. For
%Co calibration, we irradiate y-rays using a 1-uCi disk source out-
side the liquid scintillator and required multiple-hit signals above
100 keV from the liquid scintillator or nearby crystals. For **Na
calibration, we prepared two stainless steel cases suitable for the
calibration tube using standard isotope solutions with approximate-
ly 50 Bq activities. Two calibration tubes were installed in the cali-
bration holes in the middle of the eight crystals (27). We required
multiple-hit events with energy above 200 keV considering three y-
rays of two 511 keV and one 1275 keV.

The stability of detector operation was ensured by monitoring
various environmental factors (51). In addition, we checked the sta-
bility of the low-energy calibrations using two monoenergetic peaks
emitted from the decay of internally contaminated *°K and **Na.
Both isotopes decay through electron capture, emitting characteris-
tic high-energy y-rays and low-energy cascade x-rays of 3.2 keV for
K and 0.87 keV for *Na. By tagging the characteristic 1460- or
1274-keV v lines from the surrounding liquid scintillator or other
crystals, the two low-energy x-ray peaks can be identified. The sta-
bility of the 0.87 and 3.2 keV lines was maintained within statistical
uncertainty throughout the 6.4-year data-taking period, as seen in
fig. S2. The increase in uncertainties of the 0.87 keV peak from **Na
is expected because of its 2.6-year half-life, which causes a decrease
in statistics over time. In contrast, no such effect is observed in the
3.2 keV peak from *°K, which has a much longer half-life of 10° years.

Energy calibration for comparison with DAMA/LIBRA

In the low-energy electron recoil calibration in the range of 0 to 100 keV,
the DAMA/LIBRA experiment studied various external y sources
and internal x-rays or y lines (54). External y sources are **' Am
and *’Ba, which provided 30.4-, 59.5-, and 81.0-keV peaks. Internal
x-rays from *°K provided 3.2-keV peak, and internal '*I and '*I
provided 39.6-, 40.4-, and 67.3 keV lines with § or Auger electrons.
The linear fit to the calibration points was adopted as shown in fig. 20
of (54). From this figure, one can see that their linear fit started from
the origin and passed through the center of the 59.5-keV calibration
point, possibly because of large calibration samples of **' Am regu-
larly used for running conditions (54). Although we found nonpro-
portionality of scintillation light output from our sodium iodide
crystals as in Fig. 1C (52), we used a calibration method similar to
DAMA/LIBRA for this analysis, with a linear fit starting from the
origin and using the 59.5-keV peak, and defining keV.. as the unit
keV electron-equivalent energy from this linear calibration.

To test DAMA/LIBRAS signal under the assumption of it being a
nuclear recoil signal, we accounted for the QF difference reported by
the DAMA experiment (55) and the COSINE-100 experiment (39).
As the nuclear recoil signal of iodine atoms is strongly constrained by
other dark matter search experiments, such as LZ (23), XENON (22),
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PandaX-4T (21), and KIMS (63), we focused on sodium nuclei only.
The QF of a thallium-doped sodium iodide crystal from the same ingot
of COSINE-100 crystal-6 and crystal-7 was measured independently
using a monoenergetic neutron generator through the deuteron-
deuteron nuclear fusion reaction. As shown in Fig. 1B, the sodium
QF from the COSINE-100 measurement (39) was approximately half
of the DAMA measurement (55) in the region of interest.

Event selection

As DAMA/LIBRA reported the results with a 0.75-keVe. energy
threshold (10), we have reduced the analysis threshold from 1 keV
(56) to 0.7 keV by applying multivariate machine learning tech-
niques (43). The 0.7-keV threshold considers nonproportionality of
sodium iodide crystals (39) and corresponds to 0.54 keV.. with
DAMA-like linear calibration. There are a couple of updates from
previous selection (56), as we used a month-long 22Na calibration
data instead of ®*Co calibration data with higher probabilities of the
scintillation-rich events from three coincident y-radiations. Various
likelihood and mean time-related parameters were developed for
the separation of specific types of noise events. Instead of using a
boosted decision tree, we used MLPs, with two hidden layers, using
the TMVA package (64) of CERN ROOT framework (65). The up-
dated event selection is described in detail elsewhere (43).

We have evaluated the selection efficiency using **Na calibration
data as a function of energy in the keV,, unit and presented in Fig. 1D.
Simulated waveforms (57) verified the efficiency from 22Na calibra-
tion data. Small deviations in the selection efficiency affected the
background modeling process, which in turn affected the final activity
estimations. We quantified this impact and included it as a sys-
tematic uncertainty in the activity values. The responses of the MLPs
were compared across distinct data-taking periods, showing a con-
sistent distribution of scores. The updated event selection process
and its validation are described in detail elsewhere (43).

Simulated experiments
The simulated datasets were prepared using a time-dependent back-
ground model of each crystal for a 15-day time bin. The initial event
rate for each background component was randomly drawn from a
Gaussian distribution with mean and SD being the activity and er-
ror estimated from the background modeling (53). In addition, the
decay constant of surface *'°Pb had a Gaussian random fluctuation
from the measured value of 33.8 & 8.0 years (59). Several values of
A, the modulation amplitude, are chosen for the simulated experi-
ments. The expected number of events in the kth time bin of the ith
detector, Ej, is calculated as
Eik — Ri (tk) At m, AE 8Ellcive time) 8Eselection) (2)

where R; is the event rate model in Eq. 1, m; is the mass of ith detec-
tor, and At and AE are the widths of the time bin and energy range,
respectively. The efficiency of live time and event selection were also
accounted for. The dataset is generated by randomizing the number
of events in each time bin via a Poisson distribution.

The model is compared to each dataset via a Poisson binned like-
lihood function

By et 3)
L= H HT ;

i k
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where n;, is the number of measured or generated events in kth
time bin of ith detector. We used Gaussian constraints for the
nuisance parameters

C—HC 2 }\—p}‘ 2
- - 1 ij P 1 gy
ni<C,~, 7‘1‘)= Hexp _E< = > X ex -5 o

j ij ij

(4)
where Cjj and A;; are the initial event rate and the decay constant,
respectively, of the ith crystal jth background. Ten time-dependent
background components are considered: internal *'°Pb, surface
210pp, 3y, 127me, 12im e, 135 199Cd, 22Na, and “’Co, and a long-
lived flat component (37). For the mean pg and SD Gg of the Gaussian

constraints, we use the values and uncertainties estimated from
background modeling (53). The values in the 1- to 3-keV,. range are

provided in table S1 as an example. With the exception of surface *!°Pb,
known decay constants are used as pixj, and A are fixed to p?}, while

the surface *'°Pb has pikj = 33.8 years and G?”j = 8.0 years from the «
background study (59). Those nuisance parameters are marginal-

ized out to obtain the posterior probability density function (PDF)
for the modulation amplitude

P(A, ¢)=NJ£(A, ¢; C, A) dC dhr (5)

where N is a normalization factor. The prior probability for the
modulation amplitude is incorporated into N because we choose a
flat prior. An analysis tool was developed to obtain the posterior
PDF by using the Metropolis-Hastings (66, 67) Markov chain Monte
Carlo (MCMC) algorithm (68, 69), and this tool has already been
used for various searches of dark matter in the COSINE-100 experi-
ment (34, 70, 71).

Figure S3A shows a posterior PDF obtained by Eq. 5 as an ex-
ample of a simulated experiment. As shown in the figure, the medi-
an and lo confidence interval can be estimated, indicating the
modulation amplitude and its uncertainty. For the bias test, a full
factor z can be defined as

my — Iy

=~ ©)
where my and 6,4 are the measured modulation amplitude and its
uncertainty from the simulated experiment, while I, is the input
modulation amplitude of the simulated experiment. The full factor
should be identical to the standard normal distribution if there is no
bias, and fig. S3B shows the distribution from various simulated ex-
periments in 1 to 3 keVe. (fig. S3, F to H for other energy regions).
The results of the bias test with varying modulation amplitude can
be seen in fig. S3 (C to E), where the observed bias is negligible, less
than 0.5%, compared to the modulation amplitude reported by the
DAMA/LIBRA experiment.

Data fit and significance

We searched for the electron recoil signal in the following three en-
ergy ranges: 1 to 3, 1 to 6, and 2 to 6 keV,,, and the nuclear recoil
signal in 6.67 to 20 keV,, which corresponds to 2 to 6 keV,. in the
DAMA/LIBRA detector. The same Bayesian approach discussed and
tested with the simulated dataset was applied, where 7, the number
of events in the time bin, was obtained from the COSINE-100 full
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dataset. A 15-day time bin was adopted, and no systematic effect was
observed by changing the time bin width from 1 to 60 days. Ten
MCMC chains were fitted with 100,000,000 samples generated for
each chain to make the result robust to the initial condition. All
the chains converged successfully with consistent measurements
within the sensitivity of the experiment. The posterior distribu-
tions of the modulation amplitude in phase-fixed fits are presented
after accumulating along the 10 chains, in Fig. 3 (1 to 3 keV,. and
6.67 to 20 keV,,) and fig. S4 (1 to 6 and 2 to 6 keV..), showing clear
Gaussian shapes.

To test the claim of the dark matter-induced annual modulation
signals observed by DAMA/LIBRA, we performed simulated ex-
periments assuming COSINE-100 backgrounds with modulation
amplitudes the same as the DAMA/LIBRA experiment for 300,000
simulated datasets for each energy range. For each simulated ex-
periment, the injected modulation amplitude I, was randomly se-
lected from a Gaussian distribution with mean and variation from
the modulation amplitude and the associated uncertainty of the
DAMA/LIBRA experiment (10). Each simulated experiment gen-
erated 1,000,000 MCMC samples and found the best-fit result.
Distributions of the best-fit modulation amplitude assuming
COSINE-100 backgrounds and DAMA/LIBRA’s signals are shown
in Fig. 3 (1 to 3 keV, and 6.67 to 20 keV ;) and fig. S4 (1 to 6 and 2
to 6 keVe). Distributions from 300,000 simulated experiments
also followed the Gaussian distribution. Our measurements (red
vertical lines) were away from the distributions of the simulated
experiments assuming DAMA/LIBRA’s annual modulation signals,
especially for 1 to 3 and 6.67 to 20 keV,,, with above 3o deviations.
The measured modulation amplitudes from the COSINE-100 full
dataset are summarized in Tables 1 and 2, along with the modulation
amplitudes measured by COSINE-100 3-year data (37), DAMA/
LIBRA (10), and ANAIS-112 (36).

To check the compatibility of the model with the data, we calcu-
lated the * of the number of events from the best-fit expectation.
The distributions of the x> were obtained by 25,000 simulated ex-
periments assuming no modulation signal and are shown in fig. S5
(A to D). The XZ values calculated from the COSINE-100 full data fit
are also displayed as red arrows, which fell within the expected dis-
tribution. A similar check for the uncertainty of the modulation am-
plitude was also performed and found that uncertainties from the
COSINE-100 full data fit are in agreement with uncertainty distri-
butions obtained from the 25,000 simulated experiments as shown
in fig. S5 (E to H).

Annual modulation signals with arbitrary phases were also searched
for. In these fits, the phase term ¢ was set to follow a flat prior in the
same way as the modulation amplitude term A in Eq. 5. The same
number of chains and MCMC samples were fitted as in the phase-
fixed fits and are presented in Fig. 4 (1 to 3 keV. and 6.67 to 20 keV ;)
and fig. S6 (1 to 6 and 2 to 6 keV.). The probability density regions
with 68.3, 95.5, and 99.7% were estimated after smoothing the poste-
rior distributions using Gaussian kernel density estimation (72, 73).
A similar significance of disfavoring the DAMA/LIBRA modulation
signals without 2 to 6 keV.,, as in the fixed-phase search, is obtained
as shown in the two figures.

Consideration of iodine recoil

To address the QF inconsistency problem, the annual modulation in
the 6.67 to 20 keV,, range has been reported throughout this article,
where keV,, refers to nuclear recoil energy using the sodium QF
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values measured by DAMA/LIBRA and COSINE-100, respectively.
A similar comparison can be made using the iodine QF. Although
xenon-based experiments have strongly constrained the heavy-
nucleus recoil interpretation of the DAMA/LIBRA claim, it is, in
principle, still possible to hypothesize a particle with different cou-
plings to iodine and xenon. To test this possibility, we report the
modulation amplitude after calibrating the energy scale using the
iodine QF values measured by each experiment in this section.

DAMA/LIBRA reported a constant iodine QF value of 0.09 (55),
which implies that their 2- to 6-keV., energy range corresponds to
22.21066.7 keV 1, where ke V. 1 denotes the iodine recoil-equivalent
energy. This range is then converted into the visible energy range of
1.23 to 4.31 keV,, for COSINE-100, using iodine QF values of 5 to
6% measured in the same recoil energy range (39). The same statisti-
cal method was applied to extract the annual modulation signal
from the data. The average event selection efficiency was found to be
greater than 98% in this energy range.

The annual modulation signal in the 22.2- to 66.7-keV,,, | range
was measured to be 0.0015 + 0.0029 counts day™* kg™ [units of
(11 keVy, 1)] ~1 Here, 11 keV, 1 corresponds to 1 keVe. based on the
iodine QF used by DAMA/LIBRA. This result is consistent with the
null signal hypothesis within 16 confidence level, while showing a
large discrepancy from the DAMA/LIBRA result of 0.0100 + 0.0007
counts day_1 kg_1 [units of (11 keV ;. oI L

The distribution of the best-fit modulation amplitudes was ob-
tained from 300,000 simulated datasets, assuming the COSINE-100
background and the DAMA/LIBRA signal, including its uncertain-
ty. As shown in fig. S7, 2.80c significance was observed from this
best-fit distribution in comparison with the DAMA/LIBRA result.
This cross-check poses another challenge to the iodine recoil inter-
pretation of the DAMA/LIBRA signal.
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