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Abstract

We present results from a search for solar axions with the COSINE-100 experiment. We find no evidence of solar

axion events from a data-set of 6,303.9 kg·days exposure and set a 90 % confidence level upper limit on the axion-

electron coupling, gae, of 1.70 × 10−11 for an axion mass less than 1 keV/c2. This limit excludes QCD axions heavier

than 0.59 eV/c2 in the DFSZ model and 168.1 eV/c2 in the KSVZ model.

Keywords: Solar axion, COSINE-100, Dark Matter

1. Introduction

The axion, a pseudo-Nambu-Goldstone boson intro-

duced by Wilczek [1] and Weinberg [2], appears in the

Peccei-Quinn solution of the strong CP problem [3].

Even though the original axion model [1, 2] was ruled

out by laboratory experiments, KSVZ (Kim-Shifman-

Vainstein-Zakharov) [4, 5] and DFSZ (Dine-Fischler-

Srednicki-Zhitnitskii) [6, 7] invisible axion models are

not excluded by either terrestrial experiments or astro-

physics considerations [8].

In these models, astrophysical objects such as the Sun

would be intense sources of axions [9] that would be

produced via the following processes [10]:

Email address: hyunsulee@ibs.re.kr (H.S. Lee)
1Present address: Department of Physics, Carleton University, Ot-

tawa, Ontario, K1S 5B6, Canada

• Compton scattering: γ + e→ e + a

• Axio-recombination: e + A→ A− + a

• Axio-deexcitation: A⋆ → A + a

• Axio-bremsstrahlung: e + A→ e + A + a

• Electron-electron collision: e + e→ e + e + a

where e is an electron, a is an axion and A is an atom.

The total solar axion flux on the surface of the Earth is

estimated in Ref. [10] and shown in Fig. 1 (a).

In this paper, we present results from a solar ax-

ion search performed with the COSINE-100 experi-

ment [11, 12, 13]. A data-set corresponding to a

59.5 day exposure with a 106 kg array of low back-

ground NaI(Tl) crystals is analyzed. We assume that ax-

ions are produced in the Sun and propagate to the Earth.
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We restrict the search to axion masses (ma) that are less

than 1 keV/c2 to match the validity range of the flux cal-

culations [10].

Axions could produce signals in the NaI(Tl) crystals

through their coupling to photons (gaγ), electrons (gae),

and nuclei (gaN). The coupling gae can be observed

via scattering off atomic electrons in the crystals by

the axioelectric effect [14, 15, 16, 17, 18], a + A →

e + A+ where A is either a Na or I atom. This fa-

vors DFSZ (non-hadronic) axions that have direct cou-

plings to leptons; KSVZ (hadronic) axions do not have

tree-level couplings to leptons and are strongly sup-

pressed [19]. The cross section for axio-electric inter-

actions [17, 18] is,

σae(Ea) = σpe(Ea)
g2

ae

βa

3E2
a

16παm2
e

(1 −
β

2/3
a

3
), (1)

where Ea is the axion energy, σpe is the photoelectric

cross section in either Na or I [20], gae is the axion-

electron coupling, βa is the axion velocity relative to the

speed of light, α is the fine structure constant, and me is

the electron mass. Cross sections for the case of gae = 1

for both Na and I atoms are shown in Fig. 1 (b).

2. COSINE-100 setup and data analysis

2.1. COSINE-100 experiment

COSINE-100 is a dedicated experiment to test the

observation of annual modulation in the event rate ob-

served by DAMA/LIBRA experiment [21, 22] utilizing

a 4 × 2 array of NaI(Tl) crystals with a total mass of

106 kg located at the Yangyang underground laboratory.

The crystals are immersed in 2,200 L of linear alkyl ben-

zene (LAB)-based liquid scintillator (LS), which acts as

a veto for multiple-hit events [23]. Shielding structures

of copper, lead, and plastic scintillator surround the liq-

uid scintillator to reduce the background contribution

from external radiation and to veto cosmic-rays [11, 24]

as shown in Fig. 2. Data from the two-month period be-

tween 20 October 2016 and 19 December 2016 are used

in this analysis. During the period, the detector oper-

ation was very stable and there were no environmental

abnormalities.

Each crystal is coupled to two high quantum

efficiency photomultiplier tubes (PMTs), model

R12669SEL from Hamamatsu photonics, that are

specially selected for their high quantum efficiency. An

event is triggered when coincident single photoelec-

trons in both PMTs from a single crystal are observed

within a 200 ns time window. If an event is triggered,

waveforms from all eight crystals are recorded during

8 µs windows around the hit [25]. The eight crystals

are named crystal-1 to crystal-8. Six crystals have light

yields of approximately 15 photoelectrons/keV so that

2 keV analysis thresholds can be applied. However,

two crystals, crystal-5 and crystal-8, have lower light

yields and present 4 keV and 8 keV analysis thresholds,

respectively [11, 12]. The energy calibration was done

with two internal contamination in the crystals: the

3.2 keV X-rays from 40K and the 46.5 keV γ-rays from
210Pb.

2.2. Event selection

Because of the low cross-section for solar axion in-

teractions, a solar axion may interact at most only once

while traversing the COSINE-100 detector. An axion

candidate event is defined as a signal in one crystal and

no signal in any other crystals, the liquid scintillator or

the muon detector. Events with hits in other crystals or

the liquid scintillator are selected as multiple-hit events

and used for the development of event selection criteria,

energy calibration, efficiency determination and back-

ground assessment as described in Refs. [12, 26, 27].

The low-energy single-hit events corresponding to

the solar axion search data-set are mostly non-physics

events that are primarily caused by PMT-induced noise

that is coincident between two PMTs coupled to differ-

ent ends of the same crystal. These coincident noises

could be due to radioactivity in the PMT glass and/or

circuitry, the discharge of accumulated space charge in

the PMTs, PMT dark current, and after-pulses from

gas ionization inside the PMT [11, 28]. Fortunately,

pulse shapes of the PMT-induced noise are significantly

different from the NaI(Tl) scintillation signals. The

DAMA group developed an efficient cut based on the

ratio between “fast” charge (0-50 ns), X1, and “slow”

charge (100-600 ns), X2 [29, 30]. We also demonstrate

that the ratio of X1 and X2 (X1/X2) is an essential pa-

rameter to remove the PMT noise events [11, 28]. How-

ever, only applying X1/X2 selection is not enough to

remove all of the noise events. For this, we needed

to require a balance of the deposited charge from two

PMTs (Asymmetry) and a limit on mean charge of each

cluster (QC/NC) for efficient selection of the scintillat-

ing signals [11, 28]. Comparisons of the three parame-

ters, discussed above, between radiation induced scintil-

lation dominant 60Co calibration data and the PMT in-

duced noise dominant single-hit physics data are shown

in Fig. 3. (The single-hit physics data also contain the

scintillating signals as well.) Each parameter has a good

ability to discriminate between the PMT noise pulses

and the scintillating-light induced signals.
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Figure 1: (Color online) (a) The flux of solar axions on the Earth considering the Compton scattering, axio-recombination, axio-deexcitation, axio-

bremsstrahlung and electron-electron collision mechanisms [10] for an axion-electron coupling (gae) value of 10−13 is shown. (b) Axio-electric

cross sections for Na (dotted red line ) and I (solid black line) atoms are presented for ma = 0.0 keV/c2 and gae = 1.

Figure 2: Schematic of the COSINE-100 experiment. The

NaI(Tl) (106 kg) detectors are immersed in a 2,200 L LAB-LS bath

that is surrounded by successive layers of shielding.

To use these parameters, multivariate machine learn-

ing algorithms, Boosted Decision Trees (BDTs) [31],

are trained to discriminate the PMT-induced noise

events from radiation induced scintillation events. In

addition to the aforementioned variables, we use the

charge-weighted mean time of pulses, the total charges,

and a time for 95% charge accumulation etc. as dis-

cussed in Refs. [12, 32]. Signal-rich multiple-hit events

produced by Compton scattering of γ-rays from a 60Co

calibration source, weighted to match the energy spec-

trum of the expected background, were used to train the

scintillation signal while single-hit events from the ax-

ion search data were used for the training of the PMT-

induced noises and signals. The BDT output for the
60Co calibration data and the single-hit physics data are

shown in Fig. 4. This figure shows good discrimination

of the PMT noises and the scintillating signals from the

axion search data for energies above 2 keV.

The efficiencies of the selection criteria are deter-

mined from the 60Co source calibration data and are

consistent with those measured using the multiple-hit

events in the physics data that contain 3.2 keV 40K peaks

as shown in Fig. 5. Approximately 70 % selection ef-

ficiency at 2 keV is obtained for the low-threshold six

crystals as one can see in Fig. 5.

2.3. Data analysis

After application of the event selection criteria, the

predominant backgrounds in the solar axion search re-

gion of interest (ROI) are γ and β radiation events

produced by radioactive contaminants internal to the

crystals or on their surfaces, external detector compo-

nents, and cosmogenic activation. These backgrounds

are modeled using the Geant4 [33] based detector sim-

ulation described in Ref. [26]. Several sources of un-

certainties in the background model are included in this

analysis. The largest uncertainties are those associated

with the efficiency, which include statistical errors in the

efficiency determination with the 60Co calibration and

systematic errors derived from the independent cross-

checks (see Fig. 5). Uncertainties in the energy res-
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Figure 3: Event selection parameters: the ratio of fast and slow charge (a); the balance of accumulated charge between two PMTs (b); and the

average charge of each cluster (c); developed to remove PMT-induced noise are presented for the scintillation dominant 60Co calibration data (top)

and the PMT noise dominant single-hit physics data (bottom).

olution and nonlinear responses of the NaI(Tl) crys-

tals [34], as well as 210Pb modeling [26] are accounted

as systematic uncertainties. Figure 6 shows the compar-

ison of the measured energy spectrum and the estimated

one using the simulated events with their associated un-

certainties.

In the simulation program, solar axion interactions

are generated using the solar axion flux and cross sec-

tion discussed in section 1. Simulated events are then

analyzed using the same event selection criteria as those

applied to data. In Fig. 6, the simulated solar axion en-

ergy spectra for ma = 0 keV/c2 and 1 keV/c2, and for gae

= 1× 10−10 are overlaid on the measured background

spectrum of crystal-7. No difference between the two

spectra is evident. We, therefore, use only two axion

masses to describe axion signals between 0 keV/c2 and

1 keV/c2.

To estimate the solar axion signal, a binned maximum

likelihood fit to the measured energy spectrum is ap-

plied, defined as,

L =

Nch∏

i

Nbin∏

j

µ
ni j

i j
e−µi j

ni j!

Nbkg∏

k

e
−

(xk−αk )2

2σ2
xk

Nsyst∏

l

e
−

y2
l

2σ2
yl , (2)

where Nch is the number of crystals, Nbin is the number

energy bins, Nbkg is the number of background compo-

nents, Nsyst is the number of systematic nuisance pa-

rameters [35], ni j is the number of observed counts and

µi j is the total model expectation by summing all Nbkg

background components and a solar axion signal com-

ponent after application of a shape change due to Nsyst

systematic effects. In the first product of Gaussians, xk

is the amount of the kth background component, αk is

the mean of xk and σxk
is its uncertainty. In the second

product of Gaussians yl is the lth systematic parameter

and σyl
is its uncertainty. All crystals are fit simulta-

neously. The Bayesian Analysis Toolkit [36] is used

with probability density functions that are based on the

shapes of the simulated solar axion signals and the eval-

uated backgrounds. As seen in the formula, a linear

prior for the signal is applied. The means and uncertain-

ties of the Gaussian priors for the various components of

the backgrounds are determined from the model fitted to

the data [26]. To avoid biasing the axion search, the fit-

ter was first tested with pseudo-experiments. For each

axion mass, we performed 1,000 simulated experiments

with the expected backgrounds and no axion signals in-

cluded. From this procedure, we calculate the expected

90% confidence level (CL) limits.

Data fits are performed for two selected solar axion

masses: 0 keV/c2 and 1 keV/c2. A maximum likelihood

fit with ma = 0 keV/c2 is shown in Fig. 7. For both

masses, the data fits found no excess of events that could

be given by solar axion signals in our data. The pos-
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Figure 6: (Color online) Energy spectrum of the data with applied ef-

ficiency (points) is compared with the predicted background spectrum

for crystal-7, with 1σ and 2σ uncertainty bands. The simulated axion

energy spectra for ma of 0 keV/c2 (dotted red line) and 1 keV/c2 (solid

blue line) for gae = 1×10−10 are overlaid for comparison.

terior signal probabilities were consistent with zero in

both fits. A limit on the axion-electron coupling of gae

< 1.70 × 10−11 at 90% CL for axion masses in the 0–

1 keV/c2 range is set. The axion-electron coupling is a

model-dependent coupling. In the DFSZ model, gae is

proportional to cos2 β [19], where cot β is the ratio of the

two Higgs vacuum expectation values of the model [37].

In the KSVZ model, it depends on E/N [19], where E

and N are the electromagnetic and color anomaly of the

axial current associated with the axion field [37]. For

the KSVZ model, E/N is zero as described in Ref. [38]

but, a much broader range of possibilities exists in ax-

ion models [39, 40]. For the DFSZ model, we use

cos2 β = 1 to include most variants of the two mod-

els. These are the same choice as the recent experimen-
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tal interpretations [41, 42, 43, 44, 45, 46]. QCD axions

heavier than 0.59 eV/c2 in the DFSZ model and 168.1

eV/c2 in the KSVZ model are excluded using the param-

eter described above. Figure 8 shows the observed 90%

CL limit with the ±1σ and ±2σ bands from pseudo-

experiments compared with the various other experi-

mental results. The result obtained with the COSINE-

100 data is approximately five times poorer than the cur-

rent world-leading limit obtained by the LUX experi-

ment [46]. This is mainly due to a relatively small ex-

posure, as well as a relatively large background level.

A larger data-set with lower background crystals make

NaI(Tl) detectors an interesting target for future solar

axion searches.

3. Summary

A search for solar axions with a 59.5 day exposure

of the 106 kg NaI(Tl) crystal array of the COSINE-

100 dark matter search experiment has been performed.

Here we apply a recent prediction for the solar axion

flux that assumes that axions produce electron recoil

signals in the NaI(Tl) detector through the axio-electric

effects. There is no excess of events that could be at-

tributed to solar axion interactions and this translates

into an axion-electron coupling limit gae < 1.70 × 10−11
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Figure 8: (Color online) The observed 90% CL exclusion limits (red

line) on the axion-electron coupling (gae) for the first 59.5 days data

of COSINE-100 are shown together with the 68% and 95% probabil-

ity bands for the expected 90% CL limit assuming the background-

only hypothesis. The limits are compared with the results set by

XMASS [41], EDELWEISS-III [42], KIMS [43], XENON100 [44],

PandaX-II [45], and LUX [46] experiments together with indirect as-

trophysical bounds of solar neutrino [47]. The inclined lines show two

benchmark models of the DFSZ (cos2 β = 1) and KSVZ.

for axion masses in the 0–1 keV/c2 range. This excludes

QCD axions heavier than 0.59 eV/c2 in the DFSZ model

and 168.1 eV/c2 in the KSVZ model.

Acknowledgments

We thank the Korea Hydro and Nuclear Power

(KHNP) Company for providing underground labora-

tory space at Yangyang. This work is supported by:

the Institute for Basic Science (IBS) under project code

IBS-R016-A1 and NRF-2016R1A2B3008343, Repub-

lic of Korea; UIUC campus research board, the Alfred

P. Sloan Foundation Fellowship, NSF Grants No. PHY-

1151795, PHY-1457995, DGE-1122492, WIPAC, the

Wisconsin Alumni Research Foundation, United States;

STFC Grant ST/N000277/1 and ST/K001337/1, United

Kingdom; and Grant No. 2017/02952-0 FAPESP,

CAPES Finance Code 001, Brazil.

References

[1] F. Wilczek, Problem of Strong P and T Invariance in the Pres-

ence of Instantons, Phys. Rev. Lett. 40 (1978) 279–282. doi:

10.1103/PhysRevLett.40.279.

[2] S. Weinberg, A New Light Boson?, Phys. Rev. Lett. 40 (1978)

223–226. doi:10.1103/PhysRevLett.40.223.

[3] R. D. Peccei, H. R. Quinn, CP Conservation in the Presence of

Instantons, Phys. Rev. Lett. 38 (1977) 1440–1443. doi:10.

1103/PhysRevLett.38.1440.

6



[4] J. E. Kim, Weak Interaction Singlet and Strong CP Invariance,

Phys. Rev. Lett. 43 (1979) 103. doi:10.1103/PhysRevLett.

43.103.

[5] M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Can Con-

finement Ensure Natural CP Invariance of Strong Interac-

tions?, Nucl. Phys. B 166 (1980) 493–506. doi:10.1016/

0550-3213(80)90209-6.

[6] A. R. Zhitnitsky, On Possible Suppression of the Axion Hadron

Interactions. (In Russian), Sov. J. Nucl. Phys. 31 (1980) 260,

[Yad. Fiz.31,497(1980)].

[7] M. Dine, W. Fischler, M. Srednicki, A Simple Solution to the

Strong CP Problem with a Harmless Axion, Phys. Lett. B 104

(1981) 199–202. doi:10.1016/0370-2693(81)90590-6.

[8] M. Tanabashi, et al., Review of Particle Physics, Phys. Rev. D

98 (2018) 030001. doi:10.1103/PhysRevD.98.030001.

[9] P. Sikivie, Experimental tests of the ”invisible” axion, Phys. Rev.

Lett. 51 (1983) 1415–1417. doi:10.1103/PhysRevLett.51.

1415.

[10] J. Redondo, Solar axion flux from the axion-electron coupling,

JCAP 1312 (2013) 008. doi:10.1088/1475-7516/2013/

12/008.

[11] G. Adhikari, et al., Initial Performance of the COSINE-100 Ex-

periment, Eur. Phys. J. C 78 (2018) 107. doi:10.1140/epjc/

s10052-018-5590-x.

[12] G. Adhikari, et al., An experiment to search for dark-matter in-

teractions using sodium iodide detectors, Nature 564 (2018) 83–

86. doi:10.1038/s41586-018-0739-1.

[13] G. Adhikari, et al., Search for a dark matter-induced annual

modulation signal in NaI(Tl) with the COSINE-100 experi-

mentarXiv:1903.10098.

[14] L. M. Krauss, J. E. Moody, F. Wilczek, A Stellar Energy Loss

Mechanism Involving Axions, Phys. Lett. B 144 (1984) 391–

394. doi:10.1016/0370-2693(84)91285-1.

[15] S. Dimopoulos, J. A. Frieman, B. W. Lynn, G. D. Starkman,

Axiorecombination: A New Mechanism for Stellar Axion Pro-

duction, Phys. Lett. B 179 (1986) 223–227. doi:10.1016/

0370-2693(86)90570-8.

[16] F. T. Avignone III, R. L. Brodzinski, S. Dimopoulos, G. D.

Starkman, A. K. Drukier, D. N. Spergel, G. Gelmini, B. W.

Lynn, Laboratory limits on solar axions from an ultralow-

background germanium spectrometer, Phys. Rev. D 35 (1987)

2752–2757. doi:10.1103/PhysRevD.35.2752.

[17] M. Pospelov, A. Ritz, M. B. Voloshin, Bosonic super-WIMPs as

keV-scale dark matter, Phys. Rev. D 78 (2008) 115012. doi:

10.1103/PhysRevD.78.115012.

[18] A. Derevianko, V. A. Dzuba, V. V. Flambaum, M. Pospelov,

Axio-electric effect, Phys. Rev. D 82 (2010) 065006. doi:

10.1103/PhysRevD.82.065006.

[19] A. V. Derbin, I. S. Drachnev, A. S. Kayunov, V. N. Muratova,

Constraints on the axion-electron coupling constant for solar ax-

ions appearing owing to bremsstrahlung and the Compton pro-

cess, JETP Lett. 95 (2012) 339–344, [Pisma Zh. Eksp. Teor.

Fiz.95,379(2012)]. doi:10.1134/S002136401207003X.

[20] M. Berger, et al., XCOM: Photon Cross Sections Database,

http://physics.nist.gov/PhysRefData/Xcom/html/

xcom1.html. doi:10.18434/T48G6X.

[21] R. Bernabei, et al., Final model independent result of

DAMA/LIBRA-phase1, Eur. Phys. J. C 73 (2013) 2648. doi:

10.1140/epjc/s10052-013-2648-7.

[22] R. Bernabei, et al., First Model Independent Results from

DAMA/LIBRAPhase2, Nucl. Phys. At. Energy 19 (2018) 307–

325. doi:10.15407/jnpae2018.04.307.

[23] J. S. Park, , et al., Performance of a prototype active veto sys-

tem using liquid scintillator for a dark matter search exper-

iment, Nucl. Instrum. Meth. A 851 (2017) 103–107. doi:

10.1016/j.nima.2017.01.041.

[24] H. Prihtiadi, et al., Muon detector for the COSINE-100 experi-

ment, JINST 13 (2018) T02007. doi:10.1088/1748-0221/

13/02/T02007.

[25] G. Adhikari, et al., The COSINE-100 Data Acquisition System,

JINST 13 (09) (2018) P09006. doi:10.1088/1748-0221/

13/09/P09006.

[26] P. Adhikari, et al., Background model for the NaI(Tl) crystals in

COSINE-100, Eur. Phys. J. C 78 (2018) 490. doi:10.1140/

epjc/s10052-018-5970-2.

[27] G. Adhikari, et al., Understanding NaI(Tl) crystal background

for dark matter searches, Eur. Phys. J. C 77 (2017) 437. doi:

10.1140/epjc/s10052-017-5011-6.

[28] K. W. Kim, et al., Tests on NaI(Tl) crystals for WIMP search

at the Yangyang Underground Laboratory, Astropart. Phys. 62

(2015) 249–257. doi:10.1016/j.astropartphys.2014.

10.004.

[29] R. Bernabei, et al., The DAMA/LIBRA apparatus, Nucl. In-

strum. Meth. A592 (2008) 297–315. doi:10.1016/j.nima.

2008.04.082.

[30] R. Bernabei, et al., Performances of the new high quantum

efficiency PMTs in DAMA/LIBRA, JINST 7 (2012) P03009.

doi:10.1088/1748-0221/7/03/P03009.

[31] J. H. Friedman, Greedy function approximation: A gradient

boosting machine, Ann. Stat. 29 (2001) 1189–1232. doi:

10.1214/aos/1013203451.

[32] G. Adhikari, et al., COSINE-100 and DAMA/LIBRA-phase2 in

WIMP effective modelsarXiv:1904.00128.

[33] S. Agostinelli, et al., GEANT4: A Simulation toolkit, Nucl.

Instrum. Meth. A 506 (2003) 250–303. doi:10.1016/

S0168-9002(03)01368-8.

[34] L. Swiderski, et al., Response of doped alkali iodides measured

with gamma-ray absorption and Compton electrons, Nucl. In-

strum. Meth. A 705 (2013) 42–46. doi:10.1016/j.nima.

2012.11.188.

[35] P. Sinervo, Definition and Treatment of Systematic Uncertain-

ties in High Energy Physics and Astrophysics, eConf C030908

(2003) TUAT004.

[36] A. Caldwell, D. Kollar, K. Kroninger, BAT: The Bayesian Anal-

ysis Toolkit, Comput. Phys. Commun. 180 (2009) 2197–2209.

doi:10.1016/j.cpc.2009.06.026.

[37] G. G. Raffelt, Astrophysical axion bounds, Lect. Notes Phys.

741 (2008) 51–71. arXiv:hep-ph/0611350, doi:10.1007/

978-3-540-73518-2_3.

[38] E. Armengaud, et al., Axion searches with the EDELWEISS-

II experiment, JCAP 1311 (2013) 067. doi:10.1088/

1475-7516/2013/11/067.

[39] S. L. Cheng, C. Q. Geng, W. T. Ni, Axion - photon cou-

plings in invisible axion models, Phys. Rev. D 52 (1995) 3132–

3135. arXiv:hep-ph/9506295, doi:10.1103/PhysRevD.

52.3132.

[40] L. Di Luzio, F. Mescia, E. Nardi, Redefining the Axion Window,

Phys. Rev. Lett. 118 (3) (2017) 031801. arXiv:1610.07593,

doi:10.1103/PhysRevLett.118.031801.

[41] K. Abe, et al., Search for solar axions in XMASS, a large

liquid-xenon detector, Phys. Lett. B 724 (2013) 46–50. doi:

10.1016/j.physletb.2013.05.060.

[42] E. Armengaud, et al., Searches for electron interactions induced

by new physics in the EDELWEISS-III Germanium bolometers,

Phys. Rev. D 98 (2018) 082004. doi:10.1103/PhysRevD.

98.082004.

[43] Y. S. Yoon, et al., Search for solar axions with CsI(Tl) crystal

detectors, JHEP 06 (2016) 011. doi:10.1007/JHEP06(2016)

011.

[44] E. Aprile, et al., First Axion Results from the XENON100 Ex-

7



periment, Phys. Rev. D 90 (2014) 062009. doi:10.1103/

PhysRevD.90.062009.

[45] C. Fu, et al., Limits on Axion Couplings from the First 80

Days of Data of the PandaX-II Experiment, Phys. Rev. Lett. 119

(2017) 181806. doi:10.1103/PhysRevLett.119.181806.

[46] D. S. Akerib, et al., First Searches for Axions and Axionlike

Particles with the LUX Experiment, Phys. Rev. Lett. 118 (2017)

261301. doi:10.1103/PhysRevLett.118.261301.

[47] P. Gondolo, G. G. Raffelt, Solar neutrino limit on axions and

keV-mass bosons, Phys. Rev. D 79 (2009) 107301. doi:10.

1103/PhysRevD.79.107301.

8


	1 Introduction
	2 COSINE-100 setup and data analysis
	2.1 COSINE-100 experiment
	2.2 Event selection
	2.3 Data analysis

	3 Summary

