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We report the results of a search for inelastic scattering of weakly interacting massive particles (WIMPs)

off 127I nuclei using NaI(Tl) crystals with a data exposure of 97.7 kg · years from the COSINE-100

experiment. The signature of inelastic WIMP-127I scattering is a nuclear recoil accompanied by a 57.6 keV

γ-ray from the prompt deexcitation, producing a more energetic signal compared to the typical WIMP

nuclear recoil signal. We found no evidence for this inelastic scattering signature and set a 90% confidence

level upper limit on the WIMP-proton spin-dependent, inelastic scattering cross section of 1.2 × 10−37 cm2

at the WIMP mass 500 GeV=c2.

DOI: 10.1103/PhysRevD.108.092006

I. INTRODUCTION

An abundance of astronomical observations indicates

the existence of invisible dark matter in the Universe [1,2].

Among the various candidates for the particle dark matter,

the weakly interacting massive particle (WIMP) [3,4] is a

prominent candidate that is well motivated by theoretical

models beyond the standard model of particle physics

[5–9]. Several direct [10] and indirect [11] detection

experiments, as well as collider production experiments

*
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[12], have tested this hypothesis, but no clear evidence has

been yet observed [13].

Most direct detection experiments have focused on

WIMP-nucleus elastic scatterings reactions, which result

in nuclear recoils with energy spectra that fall exponentially

[14]. These spectra typically have a maximum energy of

less than 100 keVnr (kilo-electron-volt nuclear recoil

energy). In case of scintillation or ionization measurement

detectors, nuclear recoil energies are quenched to less than

10 keVee (kilo-electron-volt electron-equivalent energy)

due to the detector responses [15–21]. Considering the

exponentially falling recoil spectra, understanding low-

energy events close to the threshold is beneficial for WIMP

elastic scattering [13,22–24].

On the other hand, when WIMP scatters from a target

nucleus in a detector, it may excite the nucleus to a higher

energy state. In this so called WIMP-nucleus inelastic

scattering scenario [25–27], the subsequent deexcitation of

the nucleus emits a characteristic γ-ray that is detected in

addition to the nuclear recoil energy transferred from the

WIMP-nucleus interaction. In this scenario, the inelastic

interaction produces a relatively high-energy signature that

is well above the detector’s threshold. Since the nuclear

excitation in inelastic scattering is a spin-dependent inter-

action, the observation of WIMP inelastic scattering would

provide insight into spin properties of WIMPs. In the model

of Ref. [28], inelastic scattering channels can have better

sensitivity for some ranges of WIMP model parameters.

Previous searches for WIMP inelastic scattering have

focused on excited states of 127I [29] or 129Xe [30–32]. In

the case of 129Xe, the inelastic nuclear excitation of the

39.6 keV state relies on the WIMP-neutron spin-dependent

interaction. With a 26% natural abundance of 129Xe, the

exclusion limits on the WIMP-neutron inelastic scattering

channels have been obtained [30,32].

The 127I nucleus has complementary advantages over the
129Xe nucleus; it has almost 100% natural abundance and

odd proton numbers sensitive to WIMP-proton spin-

dependent interaction. The first excited level of 127I is a

7=2þ state of 57.6 keVabove the 5=2þ ground state, with a

half-life of 1.9 ns [26]. Therefore, the WIMP-127I inelastic

interaction signal would be a combination of the nuclear

recoil and the 57.6 keV deexcitation energies. The

ELEGANTS-V NaI(Tl) experiment [29] reported limits

on the events rate with energies in this region. In this paper,

we report a search for the WIMP-127I inelastic scattering

events from the COSINE-100 NaI(Tl) crystal detectors in

the signal region of 35–85 keVee.

II. EXPERIMENT

The COSINE-100 experiment [33] is located at the

Yangyang underground laboratory in South Korea, with

an overburden of approximately 700 m [34]. The COSINE-

100 detector, as shown in Fig. 1, consists of an array of

eight ultrapure NaI(Tl) crystals [35,36], total weight of

106 kg. The NaI(Tl) crystal assemblies are immersed in an

active veto detector comprised of 2200 l of linear alkyl-

benzene (LAB)-based liquid scintillator (LS) that attenu-

ates or tags the influence of radioactive backgrounds

observed by crystals [37]. The LAB-LS is surrounded

by a 3 cm thick layer of oxygen-free copper, a 20 cm thick

lead shield, and plastic scintillator panels that tag and veto

cosmic ray muons [34,38]. Each crystal is optically coupled

to two photomultiplier tubes (PMTs).

An event is triggered when a signal corresponding to one

or more photoelectrons occurs in both PMTs of a crystal

that are within a 200 ns time window. If at least one crystal

satisfies the trigger condition, signals from all crystals and

the LAB-LS are recorded. The signals from the crystal

PMTs are 8 μs long waveforms that start 2.4 μs earlier than

the trigger position and are processed by 500 MHz flash

analog-to-digital converters (FADCs). In addition to the 5th

stage dynode readouts for high energies (50–3000 keVee),

the low-energy (0–100 keVee) anode readouts are stored by

the FADCs. The LAB-LS and plastic scintillator signals are

processed by charge-sensitive FADCs. Muon events are

triggered by coincident signals from at least two plastic

scintillator panels. A trigger and clock board reads the

trigger information from individual boards and generates a

global trigger and time synchronizations for all of the

modules. Details of the COSINE-100 data acquisition

system are described in Ref. [39].

The analysis presented here utilizes data from October

2016 to July 2018, corresponding to 1.7 years of exposure,

which were used for our first annual modulation search [40]

and themodel-dependentWIMP dark matter search that was

based on the shape of the energy spectra [41]. During the

1.7 year data-taking period, no significant environmental

FIG. 1. Schematic of the COSINE-100 detector. The NaI(Tl)

detectors are immersed in the 2200 l LAB-LS that is surrounded

by layers of copper and lead shielding.
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anomalies or unstable detector performance were observed.

Three of the eight crystals are excluded from this analysis due

to their high background, high noise, and low light yield,

resulting in a total effective mass of 61.3 kg [40,41].

III. WIMP-127I INELASTIC SCATTERING

SIGNALS

An inelastic scattering event that occurs in 127I results in

the nuclear recoil together with the emission of the

57.6 keV γ-ray from the deexcitation. The nuclear recoil

event rate depends on the velocity distribution of the

WIMPs in the galactic dark matter halo and the nuclear

form factor for the spin-dependent interaction. The differ-

ential nuclear recoil rate per unit energy of the nuclear

components is described as follows [42]:

dR

dEnr

¼
ρχ

2mχμ
2
σ

Z

vmax

vmin

d3fðv; tÞ; ð1Þ

where R is the event rate per unit target mass and unit time,

Enr is the nuclear recoil energy, ρχ is the local dark matter

density,mχ and μ are the WIMP mass and the reduced mass

of WIMP and 127I nucleus, respectively, and σ is theWIMP-

nucleus scattering cross section for the inelastic interaction.

The integral is performed from the minimum velocity vmin

required to excite a 127I nucleus to the maximum velocity

vmax, which is the same as the galactic escape velocity vesc.
Because of the excitation energy Eex, vmin is increased from

the minimum velocity of the typical nuclear recoil (v0) as
follows:

vmin ¼ v0 þ
v2thr
4v0

; ð2Þ

where v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

mtargetEnr

2μ2

q

, mtarget ¼ the mass of 127I, and

v2thr ¼
2Eex

μ
.

The cross section can be expressed in terms of the cross

section of the WIMP-proton spin-dependent interaction

σp by

σ ¼
4

3

π

2J þ 1

�

μ

μp

�

2

SðEnrÞσp; ð3Þ

where J ¼ 5=2 is the spin of the 127I ground-state, μp is the

reduced mass of the WIMP and the proton, and SðEnrÞ is
the nuclear form factor of inelastic WIMP-127I scattering.

We use a recent calculation of SðEnrÞ for the
127I inelastic

interaction in Ref. [27]. We assume the standard halo model

of the WIMP velocity distribution, fðv; tÞ [43,44],

fðv; tÞ ¼

8

>

>

<

>

>

:

1

Nesc

�

3

2πσ2v

�

3=2
e−3½vþvEðtÞ�

2=2σ2v ;

for jv þ vEðtÞj < vesc

0; otherwise;

ð4Þ

where Nesc is a normalization constant, vE is the Earth

velocity relative to the WIMP dark matter, and σv is the

velocity dispersion. The standard halo model parametriza-

tion is used with the local dark matter density ρχ ¼

0.3 GeV=c2=cm3, vE ¼ 232 km=s,
ffiffiffiffiffiffiffiffi

2=3
p

σv ¼ 220 km=s,

and vesc ¼ 544 km=s [45].
Because of the short half-life of 1.9 ns of the 57.6 keV

excited 127I state, the energy deposited in the detector will

be the sum of the nuclear recoil energy and the deexcitation

energy of 57.6 keV. Since the nuclear recoil energy is

quenched to the visible electron-equivalent energy with

approximately 5%–10% levels [15], the visible energy is

expressed as follows:

Evis ¼ fðEnrÞ × Enr þ Eex: ð5Þ

Here, fðEnrÞ is the energy-dependent quenching factor for

nuclear recoils. In this search, we use the measured

quenching factor of iodine from Ref. [15] with an empirical

model described in Ref. [46]. Figure 2 shows the simulated

inelastic scattering energy spectra for the WIMP masses of

50, 500, and 5000 GeV=c2 based on Eq. (1). In these

energy spectra, energy resolutions of individual crystal

detectors [36] are taken into account. The nuclear recoil

energy is more relevant for high-mass WIMPs, and long

tails of the energy spectra at high energy are evident.

FIG. 2. The expected energy spectra for WIMP-127I inelastic

scattering in the COSINE-100 detector are shown for WIMP

masses of 50, 500, and 5000 GeV=c2. The spectra include the

nuclear recoil energy and the deexcitation energy.
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IV. DATA ANALYSIS

A. Event selection

In order to suppress cosmic-ray muon-induced events,

the crystal hit events that are coincident with muon

candidate events in the muon detector [34,38] within

30 ms are rejected. Additionally, we require that the leading

edges of the trigger pulses start later than 2.0 μs after the

start of the recording, that the waveforms from the hit

crystal contain more than two single photoelectrons, and

that the integral waveform area below the baseline does not

exceed a certain limit. These criteria reject muon-induced

phosphor events and electronic interference noise events.

A multiple-hit event is one in which more than one crystal

has a signal containing more than four photoelectrons in an

8 μs time window or has an LS signal above an 80 keVee

thresholdwithin4 μs of thehit crystal [37].A single-hit event

is classified as onewhere only one crystal has a hit, and none

of the other detectors meets the above criteria. In this

analysis, only single-hit events are used.

In the signal region around 57.6 keVee energy, there is a

few-percent-level contamination from the high energy tail

of PMT-induced noise events. However, these events are

efficiently rejected with the boosted decision tree-based

discriminant, as described in Refs. [47,48]. The selection

efficiencies for the scintillation events are estimated from

calibration data using a 60Co source, which are Compton

scattered events of 1.17 and 1.33 MeV γs, to be more than

99% in the 35–85 keVee signal region [47].

B. Backgrounds

GEANT4 [49]-based simulations are used to understand

the contribution of each background component [36]. The

fraction of each of these is determined from a simultaneous

fit to the single-hit and multiple-hit events. For the single-

hit data, we consider the fit energy range between 35 and

85 keVee that covers the dominant inelastic signal range of

50–70 keVee. Figure 3 presents the crystal 4 energy

spectrum in the results from the Ref. [36] background

model superimposed. In this ROI, the dominant back-

grounds are the internal 210Pb, which produces a 46.5 keV

γ-ray with a few keVAuger electrons, and 129I, which emits

a 39.6 keV γ-ray and a β particle. Table I presents the

expected background composition and the observed data in

the 50–70 keVee energy region of the single-hit events for

the five crystals. As shown in this table, the observed data

agree well with the sum of the expected backgrounds.

We consider various sources of systematic uncertainties

in the background and signal models. Errors associated

with the energy resolution, the energy scale, and the

FIG. 3. Measured energy spectrum in the ROI of crystal 4

(black points) and its background model (blue solid line) with the

68% (yellow band) and 95% (green band) confidence intervals

are presented. The expected contributions to the background from
210Pb (red dashed line), 129I (green dotted-dashed line), and other

components (black dotted line) are indicated. In the 50–70 keVee

energy region, 210Pb and 129I are the dominant background

components.

TABLE I. The background expectations and observed data in the 50–70 keVee energy range for single hits of the 1.7 year COSINE-

100 exposure are summarized, with only statistical uncertainties being considered.

Crystal 2 Crystal 3 Crystal 4 Crystal 6 Crystal 7

Internal 210Pb 424500� 2400 155800� 4200 290000� 9100 486300� 8200 420900� 5100

40K 8400� 200 3700� 100 8800� 100 2100� 200 2300� 200

Others 100� 10 100� 10 100� 10 100� 11 100� 10

External 238U 87200� 1900 68600� 1600 24900� 2100 71100� 1600 67300� 1700

228Th 11600� 2500 17500� 1900 38700� 2800 34300� 2400 29300� 2100

Others 6400� 600 3400� 600 13400� 1000 12200� 900 8100� 1200

Cosmogenic 129I 157700� 3200 148200� 3300 331000� 5300 230300� 4200 313100� 5100

127mTe 1900� 300 2900� 100 2100� 100 800� 100 800� 100

Others 100� 8 2500� 280 32500� 900 18100� 1600 13600� 1600

Total (expected) 707900� 5100 402700� 5900 742800� 9800 855300� 9800 855500� 8000

Data 716352 410655 746285 856789 864034
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background modeling technique are accounted for in the

shapes of the signal and background probability density

functions, as well as in rate changes as described in

Ref. [41]. These quantities are allowed to vary within their

uncertainties as nuisance parameters in the data fit used to

extract the signal. The largest systematic uncertainty comes

from the error associated with the 210Pb background

modeling, which is due to its dominant contribution and

its substantial shape change in the ROI as shown in Fig. 3.

This error includes uncertainties in the energy resolution,

energy scale, and depth profiles of 210Pb on the surface of

the NaI(Tl) crystals, which were studied with a 222Rn-

contaminated crystal [50] and were varied within their

uncertainties.

C. Signal fit

To search for evidence of the WIMP-127I inelastic

scattering signals, a Bayesian approach with a likelihood

function based on Poisson probability, described in

Ref. [41], is used. The likelihood fit is applied to the

measured single-hit energy spectra between 35 and

85 keVee for several WIMP masses. Each crystal is fitted

with a crystal-specific background model and a crystal-

correlatedWIMP signal for the combined fit by multiplying

the five crystals’ likelihoods. The means and uncertainties

for background components, which are determined from

modeling [36], are used to set Gaussian priors for the

background. The systematic uncertainties are included in

the fit as nuisance parameters with Gaussian priors.

Prior to the data fit, the fitter was tested with simulated

event samples. Each simulated dataset is prepared byPoisson

random extraction of the modeled background spectrum,

assuming a background-only hypothesis. Marginalization to

obtain the posterior probability density function (PDF) for

each simulated sample is performed to set the 90% confi-

dence level upper limits. The 1000 simulated experiments

result in �1σ and �2σ bands of the expected median

sensitivity.

Fits to the data are performed for each of the 12 WIMP

masses considered in the same way as the simulated data.

As an example, the data fit with a WIMP mass of

500 GeV=c2 is presented in Fig. 4. The summed event

spectrum for the five crystals is shown in Fig. 4(a), which

corresponds to the null observation. For comparison, the

expected signal for the WIMP mass 500 GeV=c2 with a

spin-dependent cross section of 3.6 × 10−36 cm2 is over-

laid. This cross section is 30 times higher than the measured

90% confidence level upper limit. Figure 4(b) shows the

posterior PDF and its cumulative distribution function of

data for this example.

No excess of events that could be attributed to

WIMP-127I inelastic interactions is found in the 12 different

WIMP masses considered. The posterior probabilities of

the signal were consistent with zero in all cases, and

90% confidence level limits are determined, as an example

shown in Fig. 4(b). Figure 5 shows the 90% confidence

level exclusion limits from the COSINE-100 data with�1σ

and �2σ expected bands of exclusion limits from the

simulated experiments.

(a) (b)

FIG. 4. (a) The black-filled circles represent the data points showing the summed energy spectra from the five crystals. The solid blue

line indicates the result of the fit with a 500 GeV=c2 WIMP mass signal. The expected signal shape of the 500 GeV=c2 WIMP mass is a

red solid line, assuming WIMP-proton spin-dependent cross sections of 3.6 × 10−36 cm2, which is 30 times higher than the

90% confidence level upper limit. (b) It is an example of the posterior probability density function (PDF) and cumulated density function

(CDF) for the 1.7 year COSINE-100 data and a WIMP mass of 500 GeV=c2. The posterior PDF is scaled so that the maximum value is

one. In this PDF, the best fit (i.e., the most probable cross section) points to a null signal. Therefore, we set the 90% confidence level

upper limit. The exclusion limit at a 90% confidence level is obtained from the CDF matched with 0.9. The yellow and green areas

represent the 1σ and 2σ confidence intervals, respectively.
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For comparison, we interpret a 90% confidence level

upper limit of ELEGANTS-V from the inelastic scattering

event rate of 9.8 × 10−2 counts=kg=day [29] as the

WIMP-127I inelastic scattering cross section, as shown in

Fig. 5. Although extracted event rates depend on the WIMP

mass, we assume the same event rates of the ELEGANTS-V

interpretations considering similar shapes of signal spectra

due to the dominant deexcitation energy of 57.6 keV. Our

results improve the exclusion limit by order of magnitude

from the previous search for the same channel and are the

most stringent result to date in the spin-dependent WIMP-

proton cross section via the inelastic scattering channel.

Because of the dominant background from 210Pb of

46.5 keV γ with Auger electrons to ROI, the inelastic

WIMP-127I scattering signal for the low-mass WIMP is

encompassed with the 210Pb background as one can see in

Fig. 2. It is also affected by the systematic uncertainty of the
210Pb modeling, especially from the energy scale that

increases uncertainties of the event rates near the signal

region and increases the fluctuation of the expected limit

bands, as one can see in Fig. 5. Compared with the

ELEGANTS-V interpretation, which assumes flat back-

ground, the low-mass WIMP limit from this work reflects

the influence of the 210Pb background.

Our R&D program for the development of low-back-

ground NaI(Tl) crystal detectors has resulted in NaI(Tl)

detectors with significantly reduced 210Pb background

[51,52], which will be applied to the COSINE-200 experi-

ment [53]. With the realization of the COSINE-200 experi-

ment, the sensitivities to search for the WIMP-127I inelastic

interaction will be enhanced.

V. CONCLUSION

We performed a search for WIMP-127I inelastic scattering

events from 57.6 keV deexcitation γ with the nuclear recoil

in the 1.7 year COSINE-100 data. The single-hit energy

spectrum was fitted with signal and background models in

the energy range of 35–85 keVee. We found no evidence of

the WIMP-127I inelastic interaction signals, allowing us to

set 90% confidence level exclusion limits on the WIMP-

proton spin-dependent interaction cross section. The best

limit is 1.2 × 10−37 cm2 of a WIMP mass of 500 GeV=c2.
It is the most stringent limit for the spin-dependent WIMP-

proton interaction using WIMP-nucleus inelastic scattering

process.

ACKNOWLEDGMENTS

We thank the Korea Hydro and Nuclear Power

(KHNP) Company for providing underground laboratory

space at Yangyang and the IBS Research Solution

Center (RSC) for providing high performance computing

resources. This work is supported by the Institute

for Basic Science (IBS) under Project Code IBS-R016-

A1 and Grants No. NRF-2019R1C1C1005073, No. NRF-

2021R1A2C3010989, and No. NRF-2021R1A2C1013761,

Republic of Korea; NSF Grants No. PHY-1913742 and

No. DGE-1122492 and WIPAC, the Wisconsin Alumni

Research Foundation, United States; STFC Grants No. ST/

N000277/1 and No. ST/K001337/1, United Kingdom;

Grants No. 2021/06743-1, No. 2022/12002-7, and

No. 2022/13293-5 FAPESP, CAPES Finance Code 001,

CNPq 303122/2020-0, Brazil.

[1] D. Clowe, M. Bradač, A. H. Gonzalez, M. Markevitch, S.W.

Randall, C. Jones, andD. Zaritsky, A direct empirical proof of

the existence of dark matter, Astrophys. J. 648, L109 (2006).

[2] N. Aghanim et al. (Planck Collaboration), Planck 2018

results—I. Overview and the cosmological legacy of planck,

Astron. Astrophys. 641, A1 (2020).

[3] B. W. Lee and S. Weinberg, Cosmological lower bound on

heavy-neutrino masses, Phys. Rev. Lett. 39, 165 (1977).

[4] M.W. Goodman and E. Witten, Detectability of certain dark

matter candidates, Phys. Rev. D 31, 3059 (1985).

[5] G. Jungman, M. Kamionkowski, and K. Griest, Super-

symmetric dark matter, Phys. Rep. 267, 195 (1996).

FIG. 5. The observed 90% confidence level exclusion limits on

the WIMP-proton spin-dependent cross section of WIMP-127I

inelastic interactions from the 1.7 year COSINE-100 data are

shown, along with the �1σ and �2σ bands for the expected

sensitivity under the background-only hypothesis. The limits are

compared with a WIMP interpretation of the ELEGANTS-V

upper limit of 57.6 keVee event rate for the WIMP-127I inelastic

scattering hypothesis.

G. ADHIKARI et al. PHYS. REV. D 108, 092006 (2023)

092006-6

https://doi.org/10.1086/508162
https://doi.org/10.1051/0004-6361/201833880
https://doi.org/10.1103/PhysRevLett.39.165
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1016/0370-1573(95)00058-5


[6] M. E. Peskin, Supersymmetric dark matter in the harsh light

of the Large Hadron Collider, Proc. Natl. Acad. Sci. U.S.A.

112, 12256 (2014).

[7] M. Throm, R. Thornberry, J. Killough, B. Sun, G. Abdulla,

and R. E. Allen, Two natural scenarios for dark matter

particles coexisting with supersymmetry, Mod. Phys. Lett.

A 34, 1930001 (2019).

[8] D. Hooper and S. Profumo, Dark matter and collider

phenomenology of universal extra dimensions, Phys.

Rep. 453, 29 (2007).

[9] C.-R. Chen, M.-C. Lee, and H.-C. Tsai, Implications of the

little Higgs dark matter and T-odd fermions, J. High Energy

Phys. 06 (2014) 074.

[10] J. Billard et al., Direct detection of dark matter—APPEC

committee report*, Rep. Prog. Phys. 85, 056201 (2022).

[11] J. Conrad and O. Reimer, Indirect dark matter searches in

gamma and cosmic rays, Nat. Phys. 13, 224 (2017).

[12] O. Buchmueller, C. Doglioni, and L.-T. Wang, Search for

dark matter at colliders, Nat. Phys. 13, 217 (2017).

[13] R. L. Workman et al. (Particle Data Group Collaboration),

Review of particle physics, Prog. Theor. Exp. Phys. 2022,

083C01 (2022).

[14] M. Schumann, Direct detection of WIMP dark matter:

Concepts and status, J. Phys. G 46, 103003 (2019).

[15] H.W. Joo, H. S. Park, J. H. Kim, S. K. Kim, Y. D. Kim,

H. S. Lee, and S. H. Kim, Quenching factor measurement

for NaI(Tl) scintillation crystal, Astropart. Phys. 108, 50

(2019).

[16] J. I. Collar, A. R. L. Kavner, and C. M. Lewis, Response of

CsI[Na] to nuclear recoils: Impact on coherent elastic

neutrino-nucleus scattering (CEνNS), Phys. Rev. D 100,

033003 (2019).

[17] L.W. Goetzke, E. Aprile, M. Anthony, G. Plante, and M.

Weber, Measurement of light and charge yield of low-

energy electronic recoils in liquid xenon, Phys. Rev. D 96,

103007 (2017).

[18] P. Agnes et al. (DarkSide Collaboration), Calibration of the

liquid argon ionization response to low energy electronic

and nuclear recoils with DarkSide-50, Phys. Rev. D 104,

082005 (2021).

[19] K. Ramanathan et al., Measurement of low energy ioniza-

tion signals from Compton scattering in a charge-coupled

device dark matter detector, Phys. Rev. D 96, 042002

(2017).

[20] J. I. Collar, A. R. L. Kavner, and C. M. Lewis, Germanium

response to sub-keV nuclear recoils: A multipronged ex-

perimental characterization, Phys. Rev. D 103, 122003

(2021).

[21] A. Bonhomme et al., Direct measurement of the ionization

quenching factor of nuclear recoils in germanium in the keV

energy range, Eur. Phys. J. C 82, 815 (2022).

[22] P. Agnes et al. (DarkSide-50 Collaboration), Search for low-

mass dark matter WIMPs with 12 ton-day exposure of

DarkSide-50, Phys. Rev. D 107, 063001 (2023).

[23] J. Aalbers et al. (LZ Collaboration), First dark matter search

results from the LUX-ZEPLIN (LZ) experiment, Phys. Rev.

Lett. 131, 041002 (2023).

[24] E. Aprile et al. (XENON Collaboration), First dark matter

search with nuclear recoils from the XENONnT experiment,

Phys. Rev. Lett. 131, 041003 (2023).

[25] J. Ellis, R. Flores, and J. Lewin, Rates for inelastic nuclear

excitation by dark matter particles, Phys. Lett. B 212, 375

(1988).

[26] J. D. Vergados, H. Ejiri, and K. G. Savvidy, Theoretical

direct WIMP detection rates for inelastic scattering to

excited states, Nucl. Phys. B877, 36 (2013).

[27] R. Sahu, D. K. Papoulias, V. K. B. Kota, and T. S. Kosmas,

Elastic and inelastic scattering of neutrinos and weakly

interacting massive particles on nuclei, Phys. Rev. C 102,

035501 (2020).

[28] G. Arcadi, C. Döring, C. Hasterok, and S. Vogl, Inelastic

dark matter nucleus scattering, J. Cosmol. Astropart. Phys.

12 (2019) 053.

[29] K. Fushimi, H. Ejiri, R. Hazama, N. Kudomi, K. Nagata,

H. Ohsumi, K. Okada, and J. Tanaka, Search for exotic

nuclear transition by using the large volume NaI detector

of ELEGANTS V., Nucl. Phys. B, Proc. Suppl. 35, 400

(1994).

[30] T. Suzuki et al. (XMASS Collaboration), Search for WIMP-

129Xe inelastic scattering with particle identification in

XMASS-I, Astropart. Phys. 110, 1 (2019).

[31] E. Aprile et al. (XENON Collaboration), Search for WIMP

inelastic scattering off xenon nuclei with XENON100, Phys.

Rev. D 96, 022008 (2017).

[32] E. Aprile et al. (XENON Collaboration), Search for inelastic

scattering of WIMP dark matter in XENON1T, Phys. Rev. D

103, 063028 (2021).

[33] G. Adhikari et al. (COSINE-100 Collaboration), Initial

performance of the COSINE-100 experiment, Eur. Phys.

J. C 78, 107 (2018).

[34] H. Prihtiadi et al. (COSINE-100 Collaboration), Muon

detector for the COSINE-100 experiment, J. Instrum. 13,

T02007 (2018).

[35] P. Adhikari et al. (COSINE-100 Collaboration), Back-

ground model for the NaI(Tl) crystals in COSINE-100,

Eur. Phys. J. C 78, 490 (2018).

[36] G. Adhikari et al. (COSINE-100 Collaboration), Back-

ground modeling for dark matter search with 1.7 years of

COSINE-100 data, Eur. Phys. J. C 81, 837 (2021).

[37] G. Adhikari et al., The COSINE-100 liquid scintillator veto

system, Nucl. Instrum. Methods Phys. Res., Sect. A 1006,

165431 (2021).

[38] H. Prihtiadi et al. (COSINE-100 Collaboration), Measure-

ment of the cosmic muon annual and diurnal flux variation

with the COSINE-100 detector, J. Cosmol. Astropart. Phys.

02 (2021) 013.

[39] G. Adhikari et al. (COSINE-100 Collaboration), The

COSINE-100 data acquisition system, J. Instrum. 13,

P09006 (2018).

[40] G. Adhikari et al. (COSINE-100 Collaboration), Search for

a dark matter-induced annual modulation signal in NaI(Tl)

with the COSINE-100 experiment, Phys. Rev. Lett. 123,

031302 (2019).

[41] G. Adhikari et al. (COSINE-100 Collaboration), Strong

constraints from COSINE-100 on the DAMA dark matter

results using the same sodium iodide target, Sci. Adv. 7,

abk2699 (2021).

[42] P. Zyla et al. (Particle Data Group Collaboration), Review of

particle physics, Prog. Theor. Exp. Phys. 2020, 083C01

(2020).

SEARCH FOR INELASTIC WIMP-IODINE SCATTERING WITH … PHYS. REV. D 108, 092006 (2023)

092006-7

https://doi.org/10.1073/pnas.1308787111
https://doi.org/10.1073/pnas.1308787111
https://doi.org/10.1142/S0217732319300015
https://doi.org/10.1142/S0217732319300015
https://doi.org/10.1016/j.physrep.2007.09.003
https://doi.org/10.1016/j.physrep.2007.09.003
https://doi.org/10.1007/JHEP06(2014)074
https://doi.org/10.1007/JHEP06(2014)074
https://doi.org/10.1088/1361-6633/ac5754
https://doi.org/10.1038/nphys4049
https://doi.org/10.1038/nphys4054
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.1016/j.astropartphys.2019.01.001
https://doi.org/10.1016/j.astropartphys.2019.01.001
https://doi.org/10.1103/PhysRevD.100.033003
https://doi.org/10.1103/PhysRevD.100.033003
https://doi.org/10.1103/PhysRevD.96.103007
https://doi.org/10.1103/PhysRevD.96.103007
https://doi.org/10.1103/PhysRevD.104.082005
https://doi.org/10.1103/PhysRevD.104.082005
https://doi.org/10.1103/PhysRevD.96.042002
https://doi.org/10.1103/PhysRevD.96.042002
https://doi.org/10.1103/PhysRevD.103.122003
https://doi.org/10.1103/PhysRevD.103.122003
https://doi.org/10.1140/epjc/s10052-022-10768-1
https://doi.org/10.1103/PhysRevD.107.063001
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevLett.131.041003
https://doi.org/10.1016/0370-2693(88)91332-9
https://doi.org/10.1016/0370-2693(88)91332-9
https://doi.org/10.1016/j.nuclphysb.2013.09.010
https://doi.org/10.1103/PhysRevC.102.035501
https://doi.org/10.1103/PhysRevC.102.035501
https://doi.org/10.1088/1475-7516/2019/12/053
https://doi.org/10.1088/1475-7516/2019/12/053
https://doi.org/10.1016/0920-5632(94)90290-9
https://doi.org/10.1016/0920-5632(94)90290-9
https://doi.org/10.1016/j.astropartphys.2019.02.007
https://doi.org/10.1103/PhysRevD.96.022008
https://doi.org/10.1103/PhysRevD.96.022008
https://doi.org/10.1103/PhysRevD.103.063028
https://doi.org/10.1103/PhysRevD.103.063028
https://doi.org/10.1140/epjc/s10052-018-5590-x
https://doi.org/10.1140/epjc/s10052-018-5590-x
https://doi.org/10.1088/1748-0221/13/02/T02007
https://doi.org/10.1088/1748-0221/13/02/T02007
https://doi.org/10.1140/epjc/s10052-018-5970-2
https://doi.org/10.1140/epjc/s10052-021-09564-0
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1088/1475-7516/2021/02/013
https://doi.org/10.1088/1475-7516/2021/02/013
https://doi.org/10.1088/1748-0221/13/09/P09006
https://doi.org/10.1088/1748-0221/13/09/P09006
https://doi.org/10.1103/PhysRevLett.123.031302
https://doi.org/10.1103/PhysRevLett.123.031302
https://doi.org/10.1126/sciadv.abk2699
https://doi.org/10.1126/sciadv.abk2699
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104


[43] J. Lewin and P. Smith, Review of mathematics, numerical

factors, and corrections for dark matter experiments based

on elastic nuclear recoil, Astropart. Phys. 6, 87 (1996).

[44] K. Freese, M. Lisanti, and C. Savage, Colloquium: Annual

modulation of dark matter, Rev. Mod. Phys. 85, 1561 (2013).

[45] M. C. Smith et al., The RAVE survey: Constraining the local

galactic escape speed, Mon. Not. R. Astron. Soc. 379, 755

(2007).

[46] Y. J. Ko et al. (COSINE-100 Collaboration), Comparison

between DAMA/LIBRA and COSINE-100 in the light of

quenching factors, J. Cosmol. Astropart. Phys. 11 (2019)

008.

[47] G. Adhikari et al. (COSINE-100 Collaboration), Lowering

the energy threshold in COSINE-100 dark matter searches,

Astropart. Phys. 130, 102581 (2021).

[48] G. Adhikari et al. (COSINE-100 Collaboration), Searching

for low-mass dark matter via the Migdal effect in COSINE-

100, Phys. Rev. D 105, 042006 (2022).

[49] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4: A

simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.

A 506, 250 (2003).

[50] G. H. Yu, C. Ha, E. J. Jeon, K. W. Kim, N. Y. Kim, Y. D.

Kim, H. S. Lee, H. K. Park, and C. Rott, Depth profile study

of 210Pb in the surface of an NaI(Tl) crystal, Astropart. Phys.

126, 102518 (2021).

[51] B. J. Park et al. (COSINE Collaboration), Development of

ultra-pure NaI(Tl) detectors for the COSINE-200 experi-

ment, Eur. Phys. J. C 80, 814 (2020).

[52] H. Lee et al., Performance of an ultra-pure NaI(Tl) detector

produced by an indigenously-developed purification

method and crystal growth for the COSINE-200 experiment,

Front. Phys. 11, 1142765 (2023).

[53] Y. J. Ko and H. S. Lee, Sensitivities for coherent elastic

scattering of solar and supernova neutrinos with future NaI

(Tl) dark matter search detectors of COSINE-200/1T,

Astropart. Phys. 153, 102890 (2023).

G. ADHIKARI et al. PHYS. REV. D 108, 092006 (2023)

092006-8

https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1103/RevModPhys.85.1561
https://doi.org/10.1111/j.1365-2966.2007.11964.x
https://doi.org/10.1111/j.1365-2966.2007.11964.x
https://doi.org/10.1088/1475-7516/2019/11/008
https://doi.org/10.1088/1475-7516/2019/11/008
https://doi.org/10.1016/j.astropartphys.2021.102581
https://doi.org/10.1103/PhysRevD.105.042006
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.astropartphys.2020.102518
https://doi.org/10.1016/j.astropartphys.2020.102518
https://doi.org/10.1140/epjc/s10052-020-8386-8
https://doi.org/10.3389/fphy.2023.1142765
https://doi.org/10.1016/j.astropartphys.2023.102890

