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We present results from a search for solar bosonic dark matter using the annual modulation method with
the COSINE-100 experiment. The results were interpreted considering three dark sector bosons models:
solar dark photons, Dine-Fischler-Srednicki-Zhitnisky (DFSZ) and Kim-Shifman-Vainshtein-Zakharov
(KSVZ) solar axions, and Kaluza-Klein solar axions. No modulation signal compatible with the expected
from the models was found from a dataset of 2.82 yr, using 61.3 kg of Nal(T1I) crystals. Therefore, we set a
90% confidence level upper limits for each of the three models studied. For the solar dark photon model, the
most stringent mixing parameter upper limit is 1.61 x 10~'# for dark photons with a mass of 215 eV. For the
DFSZ and KSVZ solar axion, and the Kaluza-Klein axion models, the upper limits exclude axion-electron
couplings, g,., above 1.61 x 107! for axion mass below 0.2 keV; and axion-photon couplings, Gayy» aOVE
1.83 x 107" GeV~! for an axion number density of 4.07 x 10'> cm™3. This is the first experimental search
for solar dark photons and DFSZ and KSVZ solar axions using the annual modulation method. The lower
background, higher light yield and reduced threshold of Nal(Tl) crystals of the future COSINE-200
experiment are expected to enhance the sensitivity of the analysis shown in this paper. We show the
sensitivities for the three models studied, considering the same search method with COSINE-200.
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I. INTRODUCTION

Although considerable astrophysical and cosmological
evidence demonstrates the existence of dark matter [1-7],
very little is known about its particle properties. For already
some time, the main dark matter candidate that has been
searched for by direct detection experiments is the weakly
interacting massive particle (WIMP) [8], and, to date, no
convincing evidence for dark matter has been reported [9].
DAMA/LIBRA is the only experiment to claim the
observation of events caused by dark matter, albeit its
results are refuted by several experiments [10-17].
Moreover, with the absence of any signal at colliders, in
recent years the dark matter searches have considered new
scenarios that have non-WIMP-like dark matter particle
candidates. Bosonic dark matter is considered in different
scenarios, including dark photons, which could mediate
interactions between Standard Model particles and the dark
sector [18], and axions, which could provide a solution to
the CP issue in the QCD [19]. Even though cosmological
and astrophysical observations determine stringent upper
limits for bosonic dark matter [20—24], with the sensitivity
enhancement of modern dark matter detectors, some
experiments are already capable of examining unexplored
regions in the parameter spaces, attracting the interest to the
direct search of these particles. Since they would be created
in processes common in stellar interiors, the Sun is a
potential source of axions and dark photons on Earth [25].

Most experiments study solar bosonic dark matter
particles looking for excess events in electronic recoils
[26-29]. However, in experiments with multiple years of
data taking, it is also possible to search for an annual
modulation in the detectors’ event rate that is caused by the
variation of the distance between Earth and Sun during the
year [30]. Although the search for excess events is a more
sensitive procedure, it is often model dependent, while the
annual modulation search method is more general, and its
results could be interpreted in the context of any solar dark
matter model. In particular, we consider three commonly
studied solar bosonic dark matter models as guides for this
analysis.

This paper presents the results of the search for solar
bosonic dark matter expected annual modulation in the
COSINE-100 experiment. A dataset of 2.82 yr, using
61.3 kg of Nal(Tl) crystals was analyzed. Three different
models for solar dark matter were studied: dark photons
[25], Dine-Fischler-Srednicki-Zhitnisky (DFSZ) and Kim-
Shifman-Vainshtein-Zakharov (KSVZ) axions [31-35],
and Kaluza-Klein (KK) axions [36]. This work is the first
to present results from the annual modulation search
method for solar dark photons and DFSZ and KSVZ solar
axions.

The sensitivities for these models that will be provided
by the future COSINE-200 experiment are also presented
and discussed. The COSINE-200 Nal(Tl) crystals will have
approximately 10 times lower background, a lower energy

threshold, and higher light yield than the current COSINE-
100 crystals, enhancing the detector’s sensitivity to the
analysis presented in this paper.

II. EXPERIMENT

The COSINE-100 experiment is installed in the A5
tunnel at the Yangyang underground laboratory (Y2L), in
South Korea. The main COSINE-100 detectors are eight
ultrapure Nal(T1) crystals, with a total of 106 kg, which are
immersed in 2200 liters of the liquid scintillator (LS) [37].
Surrounding the LS are copper and lead shields surrounded
by plastic scintillators (PS) that detect cosmic rays that
transverse that apparatus [38]. The LS and PS act as active
shields, since they can detect background radiation present in
the detector. The copper and lead act as passive shields, and
reduce external background that could hit the crystals.
Figure 1 shows a schematic of the COSINE-100 experiment.

All eight encased crystal detectors are placed on an acrylic
table in a 4 x 2 array. They were developed in cooperation
with Alpha Spectra Inc. After their production, the crystals
were encapsulated in oxygen free copper tubes, and quartz
windows were attached to their end faces. R12669SEL
photomultiplier tubes (PMTs) from Hamamatsu photonics
are coupled to each end of the crystals. Every PMT has two
outputs: the anode, whose signals are used for events with
energies below 100 keV, and the dynode, whose signals are
used for events with energies up to a few MeVs. Both output
signals are sent to preamplifiers before being processed by
the 500 mega sample per second fast-analog-to-digital
converter (FADC) modules.

Signals from the PMTs coupled to the LS and PS
detectors are processed by 63.5 mega sample per second
ADC (M64ADC) modules.

Plastic scintillators

\\‘.‘_ 20 cm lead

3 ¢cm copper

| I= ..

Nal(Tl) crystals

FIG. 1. Schematic of COSINE-100 detector, showing the
positioning of Nal(TI) crystals, as well as the passive and active
shields [39].
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If a signal from a certain PMT is above the 6 mV
threshold [based on the pulse height], the FADC opens a
coincidence window of 200 ns and waits for a coincident
signal from the other PMT of the crystal. If the coincidence
happens, the trigger and control board generates a global
trigger, and the data from all FADC and M64ADC modules
are saved.

Environmental variables in the laboratory room such as
temperature, radon, and humidity levels are monitored and
controlled in real time, while slow physics parameters
related to background rates and detector stabilities, are
monitored through the Grafana application [40] by shifters.

Details of the COSINE-100 components, data acquisition
and monitoring systems are described in Refs. [41-43].

III. ANNUAL MODULATION

Annual modulation in the event rate measured by the
detector is one method of detecting solar dark matter. Just
like the expected annual modulation generated by WIMPs
from the Galactic halo [44], this search method has a
benefit of being independent of the nature of the interaction
between dark matter and the detector. Also, the background
event rate is not expected to show a modulation behavior,
creating a reliable way to distinguish between dark matter
and background events. Even though the background does
exhibit a time varying behavior, as detailed in Sec. VII B, a
correct treatment of each background component should
not create a bias in the modulation results of the analysis.

The expected annual modulation originates in the Earth’s
elliptical orbit. If the Sun emits dark matter particles, then
the expected flux on Earth should be higher when the Earth
is at the perihelion, and lower when the Earth is at the
aphelion. This solar dark matter flux variation on Earth
should lead to an annual modulation in the measured
event rate.

The solar dark photons and solar DFSZ and KSVZ
axions models suggest the measured event rate is propor-
tional to d=2, while the solar KK axions model suggest it is
proportional to d~*, where d is the distance between the
Earth and the Sun, which can be written as

d(t):a(1+ecoszﬂ<tT_t0)), (1)

where a = 1.496 x 10'! m is the semimajor axis of Earth’s
orbit, e = 0.0167 is Earth’s orbit eccentricity, t, = 3 days
is the phase corresponding to January 3, approximately
Earth’s perihelion date, and 7 = 1 sidereal year is the
period.

Assuming R o« d™%, where R is the event rate, its
expression can be written as

R:c<1+ecosLT_t°)>_z. 2)

Expanding this expression up to second order since
2r(t—1y)

e COS T

< 1, the event rate is expected to be
27(t — 1)

R~ Ry + 2eRy (cos T

3 27(t — ¢
+§ecos2 M) (3)

where R, is the event rate when the distance between

Earth and the Sun is d = a = 1.496 x 10'! m.
In this case, the annual modulation in the event rate will
follow:

27(t — ¢ 27t — ¢
A_2=A<COSM+%€COSZM), (4)

where A is the amplitude.
Assuming R o« d~*, and also expanding up to second
order, the event rate is expected to be

27(t —tg)
R~ Ry, +4e Ry, (cos %

5 5 2m(t = to)
+5ecos T . (5)

In this case, the annual modulation in the event rate
should be

27(t — ¢ 5 27(t — ¢
A_4:A<COSM+§€COSZM), (6)

where A is the amplitude.

The R,,, value depends on the parameters of each
studied model, e.g., on the dark photon or axion mass,
as well as the mixing parameter (¢), the axion-electron
coupling constant, or the axion-photon coupling constant.
From the observed amplitude of the expected modulation, it
would be possible to determine the parameters of the model
considered.

IV. DARK PHOTONS

Dark photons have been the subject of many recent intense
theoretical studies and experimental searches. This is because
they naturally occur in some simple extensions of the
Standard Model, and could help solve the hierarchy problem
or explain the anomalous muon magnetic moment [45,46]. In
string theory, the prediction of dark matter candidates often
conjectures the existence of dark photons [47].

The dark photon would be a boson that belongs to the
dark sector, and could be the mediator of an interaction
between dark matter particles, or between the standard
model and the dark sector [18]. Although it is sterile for
standard model interactions, it would have a kinetic mixing

122004-3
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term with the ordinary photon. Hence, it would be possible
to detect it directly through an effect very similar to the
photoelectric effect.

Most of dark photon models consider that its mass
originates from the Stueckelberg mechanism [48]. The
Higgs [49] and Stueckelberg mechanisms are equivalent in
the limit of a dark Higgs mass that is much higher than the
dark photon mass. The analysis done in this work is valid if
the dark photon mass comes from the Stueckelberg
mechanism.

The Lagrangian that describes the system composed of
the ordinary photon and the dark photon is [50]

1 L1 L Mpp € ,
L::_ZA”IJAﬂ _ZB”DB” +TB/4B”_§A#DB” y (7)

where A is the field associated to the ordinary photon, B is
the field associated to the dark photon, mpp is the dark
photon mass, and ¢ is the kinetic mixing parameter.

Considering dark photons with mass below 100 keV, the
main source on Earth would be stars, in which a high rate of
dark photons is produced by the oscillation of ordinary
photons, and should depend on the dark photon mass, as
well as the stars’ composition and temperature [51].
Specifically on Earth, the main source of dark photons
would be the Sun.

The production rate of photons inside the Sun can be
determined from the solar opacities, which consider proc-
esses like the inverse Compton, Bremsstrahlung, and the
photoelectric effect, and also depends on the composition
and temperature as a function of the radius inside the Sun
[25]. The dark photon production rate in the Sun is connected
to the oscillation probability of a photon into a dark photon in
a homogeneous medium, which depends on the assumed
dark photon polarization [50]. Thus, it is necessary to
calculate independently the longitudinal and transverse dark
photon polarization fluxes on Earth.

According to the procedure described in Refs. [49,50,52],
the dark photon fluxes on Earth with longitudinal and
transverse polarizations, and for different masses were
calculated, as is shown in Fig. 2.

For solar dark photons with mass below around 5 eV, the
flux due to the longitudinal polarization is dominant, while
for higher masses, the flux due to the transverse polariza-
tion is dominant. For dark photon masses below around
5 eV and above 316 eV, most dark photons with transverse
polarization and energy above 1 keV are generated in the
bulk of the Sun [25]. For small masses, the resonant region
[when w,(r) = mpp, where w,(r) is the plasma frequency
inside the Sun] is in the outer layers of the Sun, which
contributes negligibly to the total flux on Earth. For
intermediate masses, the resonant region makes the most
important contribution to the flux. Since the highest value

of w, inside the Sun is about 316 eV, for dark photon

Solar Dark Photon Flux

mpp =100 eV
1038 | —— mpp=1keV
—— mpp=10 eV
— mpp=1eV

1035 {

N
1032 4\ I\
\,

eV-lcm=2s71)

102° §

1
2

(

1026

doT' L
dE

1023 §

1020
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Energy (keV)

FIG. 2. Dark photon fluxes on Earth with longitudinal polari-
zation (dashed lines) and transverse polarization (solid lines), for
100 eV (orange), 1 keV (green), 10 eV (purple), and 1 eV (blue)
masses.

masses above this value there is no resonant region inside
the Sun, and the total flux on Earth decreases.

From the solar dark photons flux on Earth with longi-
tudinal and transverse polarizations, the expected event rate
in the COSINE-100 Nal(Tl) crystals can be calculated
according to [26]

1 do;

— =T 71, 8
PrallDp dE absT,L ( )

RT.L =

where pya = 3.67 g/cm? is the Nal density, vpp is the
ratio between solar dark photons velocity and the light

velocity, d%" is the dark photons flux on Earth with
longitudinal or transverse polarization, and Iy, is the
dark photons absorption rate with longitudinal or transverse
polarization in Nal(TI) crystal. The absorption rate of solar
dark photons in the COSINE-100 detector was calculated

as described in Ref. [49].

V. DFSZ AND KSVZ AXIONS

Another recently studied dark sector boson is the axion,
whose existence was not originally proposed as a new dark
matter candidate, but, instead, as an explanation for the
nonviolation of the CP symmetry in the strong interaction.
However, its properties make it well suited as a dark matter
candidate.

In hadronic axion models, such as the KSVZ, the
dominant axion coupling would be to photons, while in
nonhadronic models, such as the DFSZ, the dominant
coupling would be to electrons (denoted as g,,).
Considering the axion coupling to electrons, the processes
of axion generation are denominated ABC, which include
the production by axio-Bremsstrahlung in electron-ion (9)
and electron-electron collisions (10), by Compton (11),
electronic deexcitation by axions (12), and recombination
by axions (13).

122004-4
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Considering the axion coupling to photons, axions could
be produced by the Primakoff and photocoalescence
processes [30]. In hadronic models, axion coupling to
photons is dominant, and both of these processes should be
considered when studying solar axions. On the other hand,
in nonhadronic models, axion coupling to electrons is
dominant and has to be considered in solar axion studies.

e +I->e +1+a, 9)
e +e »e +e +a, (10)
y+e —e +a, (11)
I'>1I+a, (12)

e +I1->1 +a. (13)

Figure 3 shows the solar axion flux on Earth from each of
the cited processes in Egs. (9)-(13).

The spikes found in the solar axion flux on Earth are due
to the electron binding energies in the atoms present inside
the Sun. At the energies of the spikes, there is a resonant
axion producion for the electronic deexcitation and recom-
bination [processes (12) and (13)].

In COSINE-100, the axion detection method that is
considered is the axioelectric effect in the Nal(Tl) crystals,

Solar Axion Flux on Earth

8 E
—— Total Flux
Bremsstrahlung Flux

— 71 —— Compton Flux
I —— Primakoff Flux X 103
© 6 —— Atomic Recombination and Deexcitation Flux
[
>
9 54
S
T4
>
[¢]
~ 3
n
o
o
— 2
X
=
o 17

o -

00 25 50 7.5 100 125 15.0 17.5 20.0
Energy (keV)

FIG. 3. Solar axion flux on Earth considering the axion-
Bremsstrahlung process (orange), Compton (green), Primakoff
(purple), and electronic recombination and deexcitation by axions
(blue). Couplings of g,, = 5.11 x 10™"", m, = 0.01 eV, and
Gayy = 1.02 % 10719 GeV~! were considered, since these are
typical values for axions from nonhadronic models. The flux
for the Primakoff effect was multiplied by 10° for better
visualization and has not been considered in the total flux (black).

which depends only on its coupling to electrons (g,,).
Therefore, it is possible to consider only the axion electron
coupling, with higher sensitivity to nonhadronic models,
such as the DFSZ. The g,, coupling depends on the model
considered in the analysis. For instance, for DFSZ axions, it
is proportional to cos® 3, where cot /3 is the ratio between
the expected vacuum value of the two Higgs bosons in the
model proposed in Ref. [53]. For KSVZ axions, it depends
on E/N, where E is the coefficient of the electromagnetic
anomaly and N is the coefficient of the color anomaly. For
the DFSZ model, axions could couple to leptons at tree
level, while for the KSVZ model, axions could only couple
to leptons at the one-loop level.

The event rate in the Nal(Tl) crystals is given by the
following expression [54]:

1 do,
Mtotal dEa

(022NN, + 01 N1), (14)

where M, is the mass sum of all five crystals analyzed,

D - .
4% is the solar axion flux on Earth, o} and o}, are the
a

axioelectric cross sections for Na and I, respectively, and
Nna and N; are the number of Na and I atoms in the
crystals, respectively.

The axioelectric cross sections in the Na and I atoms can
be calculated from the photoelectric effect cross section:

3E292 2/3
— T radae [ _T4 , 15
Cae = Ore T6mam2p, ( 3 > (13)

where o, is the photoelectric cross section, which can be
obtained from Ref. [55], E, is the axion energy, a is the fine
structure constant, m, is the axion mass, and /3, is the axion

velocity, which is defined as f, = /1 — %ﬁ'
The COSINE-100 collaboration has already published

the search for solar DFSZ and KSVZ axions with 59.5 days
of data, where no excess events were observed [54]. The
detection method focused on the axioelectric effect, and the
determination of the g,, constant was the objective. Since
the interaction between axions and leptons is suppressed in
the KSVZ model, the search for DFSZ axions was favored.
Low energy events in the crystals were analyzed (from 2 to
20 keV), since the solar axion spectrum favors energies
from 0.5 to 10 keV. The measurements were consistent with
the background hypothesis and an upper limit for g,, and
the axion mass was determined.

VI. KALUZA-KLEIN AXIONS

In the KK model, axions would propagate in extra
dimensions, and could be observed with different mass
values. In the KK theory, light particles with masses of
O(eV) to O(keV), such as the axions, could propagate in

122004-5
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extra dimensions, and would be observed in the conven-
tional four dimensions with different mass states. Such
mass values would be quantized, and dependent on the
number of extra dimensions “n” [56]. Although the case of
n = 1 is already ruled out since it would cause distortions
in the Newtonian gravity, n = 2 is a possibility, implying a
separation of the mass states of 1 eV.

In hadronic models, in which the coupling between
axions and photons g, is much higher than g,,, and the
main processes in solar axion production are the Primakoff
effect and photocoalescence, axion propagation in extra
dimensions could solve the coronal heating problem in the
Sun [57]. Due to the different possible masses in this
model, part of solar axions would be produced with
velocities smaller than the escape velocity, and would be
bound to the solar gravitational well. The number density of
KK axions is calculated to be proportional to d~*. Also, due
to the accumulation of KK axions in orbits around the Sun
that have existed since the beginning of the Solar System,
some of these axions would be in orbits that cross the Earth,
and could decay into two photons inside detectors. The
coupling between axions and photons, which leads to this
decay, is written as g,,,, and the mean decay time is
given by

T, = fiﬂy (16)

gayyma

Hence, another analysis shown in this work is the search
for solar KK axions, considering their coupling with
photons, with the COSINE-100 experiment. It is expected
that the rate of axions decay inside the Nal(TIl) crystals
should be proportional to d~*, implying in a event rate
annual modulation given by expression (5).

The expected event rate in the COSINE-100 crystals can
be described by

2
_ 1 ey
PNal 047

namgf(my), (17)

where png = 3.67 g/cm® is the Nal density, n, is the
numerical density of axions at Earth, m, is the observed
axion mass, and f(m,) is the axion mass spectrum [58].

Considering the axion numerical density when Earth is at
aphelion is Myppetion = 3.81 x 10'* m™3, and when Earth is
at perihelion iS Rpeinelion = 4.36 X 10'% m™2, according to
Ref. [30], the expected spectra of the KK axions in the
COSINE-100 crystals are as shown in Fig. 4.

The event rate has a maximum for energies around 9 keV.
Therefore, for this model, the region of interest is between 4
and 16 keV, which is advantageous for the COSINE-100
crystals, since their efficiency is near 100% in this energy
region [59].

KK Solar Axion Energy Spectrum

—— Aphelion
—— Perihelion

Rate (107% DRU)

25 50 7.5 10.0 125 150 17.5 20.0
Energy (keV)

FIG. 4. Expected solar KK axions in the COSINE-100 Nal(Tl)
crystals when Earth is at aphelion (blue), and perihelion (red),
assuming Ryppetion = 3-81 % 101 m™2, nperinerion =4.36 X 101 m™2,
and g,, = 9.2 x 107 GeV~'.

VII. DATA ANALYSIS

The analysis was performed using data from five
COSINE-100 crystals, for which the dark photon and
axion hypothesis, resulting in an annual modulation, was
tested. The mass of the five used crystals sum up to 61.3 kg
of Nal(Tl). Also, according to the studied bosonic dark
matter particles production in the Sun, and to Egs. (3)-(6),
(8), (14), and (17), the expected event rate and modulation
amplitudes in COSINE-100 crystals for 1 keV energy bins,
from 1 to 20 keV, were calculated. Then, the observed
amplitudes from the data were compared with the calcu-
lated amplitudes. Based on the background model for each
crystal, which is thoroughly studied by the collaboration
[60], the expected modulation fits were performed for each
1 keV energy interval, with the phase fixed in #, = 3 days
and period fixed in 7 =1 sidereal year. For the dark
photons, DFSZ and KSVZ axions, and KK axions, masses
from 1 eV to 20 keV, 107 to 0.2 keV, and numerical
densities from 10" to 10> m™3, respectively, were studied.

A. Event selection

Event selections were applied to data in order to reduce
or remove background from muons, photons, and beta
radiation, as well as remove part of the events that originate
from noise, which are dominant in energies below 20 keV.

Only single-hit events were analyzed. Since the inter-
action probability of dark matter particles with the detector
is very small, when an interaction occurs, it should happen
in only a single crystal. Also, events generated by muons,
or generated in the crystals up to 30 ms after a muon is
tagged, were removed, including phosphorescence events
activated by muons.
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Currently, COSINE-100 works with a threshold of
1 keV, and the noise event selection has an efficiency of
around 60% near the threshold. The main parameter used
by the collaboration to reduce noise events is a boosted
decision tree (BDT), and is based on a machine learning
algorithm, which uses the boosted decision tree technique.
Different crystal signal properties are used to define the
“BDT” score for each event, such as the mean time, the
energies of the first half and second half, and the amplitude
of typical signals from noise and scintillations [59]. Data
measured in the crystals calibration with a ®Co source are
used to define the cuts in the “BDT” parameter for each
crystal. Figure 5 shows the “BDT” parameter values
considering the calibration data and 2.82 years physics
dataset, which was analyzed in this work.

(a)
BDT Event Selection Crystal 3 - ®°Co Calibration

—— BDT Cut

Energy (keV)

10°

(b)

BDT Event Selection Crystal 3

20 - 10°

= —— BDTCut
18
16
1 102
o
5 12
5 10
Q
c 8
w 10!
6
a
2
17 B 100
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
BDT
FIG. 5. “BDT” event selection for crystal number 3. (a) Data

from the detector calibration with a %%Co source. (b) Physics data
taken for around three years. The “BDT” selection removes
events to the left of the magenta solid line. In order to define the
“BDT” cut, it is required that the purity of scintillation events to
the right of the magenta line is at least 99.8%. The 1 keV
threshold is represented by the black dashed line.

Noise events typically have low values of the “BDT”
parameter, whilst scintillation events have higher values.

The %°Co calibration data is used to determine the “BDT”
event selection efficiency for each 0.25 keV energy interval
in each crystal. The efficiencies for crystal number 2 are
shown in Fig. 6.

B. Annual modulation fit

The background for each crystal is well studied by the
collaboration, leading to the possibility of obtaining the
initial activity of each of its background components. The
COSINE-100 background model consists of a component
with constant background, composed of radionuclides with
very long decay time, as the *°K, 23U, and ?*’Th nuclides,
and eight components with exponential activities, repre-
sented by 219Pb, 12ITe, 121" Te, 127mTe, 3H, 19%Cd, ?’Na, and
138n. Then, for each crystal, the background can be
described as

8
B, =C,+ Y aje, (18)
i=1

where B, represents the event rate due to the background in
the nth crystal, C, represents the event rate due to the
constant background component in the nth crystal, and a; ,
and /; represent the initial event rate and the decay constant of
the ith component of cosmogenics in the nth crystal,
respectively.

Considering this background model and the expected
modulation (4) for the solar dark photon and solar DFSZ
and KSVZ axion models (R « d~?2), the event rate in each
crystal can be described as

8
R, =C,+ Y ape™ +A,. (19)
i=1

Efficiency Crystal 2

1:001 W

0.98 4
0.96 +

0.94

oa| T

0.90 -

Efficiency

0.88 1

0.86 1

3 4
Energy (keV)

FIG. 6. Efficiencies for the “BDT” event selection in crystal 2
for energies from 1 to 6 keV. Above 6 keV, the detection
efficiency is considered to be 100%.
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Considering the expected modulation (6) for the KK
solar axion model (R « d~*), the event rate in each crystal
should be

8
R, =Cy+ > aie™ +A, (20)
i=1

where R, represents the event rate in the nth crystal, A_,
and A_, represents the expected modulation, which is given
by Egs. (4) and (6), and should be the same for all crystals.

Expressions (19) and (20) were fitted to physics data of
the five Nal(T1) crystals analyzed after event selection. The
background components (C, a;,) were allowed to be
independent for each crystal, but the modulation ampli-
tudes (A) were forced to be the same for all crystals.
Furthermore, the fits were performed in energy intervals of
1 keV, in order to refine the search for the modulations,
using Monte Carlo techniques based on a Bayesian analysis
approach [61], similarly to the procedure adopted in the
COSINE-100 WIMP annual modulation analysis [62]. The
posterior distribution of the activities of each background
component (C,, and a; ,) and the modulation amplitude (A)
were calculated by

P(AD) :N/dC/daL(D

where N is a normalization constant, A is the modulation
amplitude, C and a are vectors related to the activities of the
constant and exponential components of the background,
respectively, z(A,C,a) are the prior distributions also
related to the background components and the modulation
amplitude, D represents the observed data, and
LD ,a) is the likelihood which was generated with
Poissonian probabilities (P) by

,a)rn(A,C,a), (21)

bm

L(DI|A, C. a) HHP D,j|E,;), (22)

where Ny, 1s the number of time bins in the nth crystal and

D,; and E,; are the observed and expected number of
events, respectlvely, in the nth crystal and jth time bin. E,;
is obtained from the integration of the expected event rate
(R,) over the duration of the jth time bin. Since five crystals
were analyzed, the first product has five terms.

Activities of each background component were con-
strained by considering Gaussian priors as the initial
activities, represented by C and a in Egs. (19) and (20).
The mean and statistical and systematic uncertainties
considered in the priors were taken from the measured
values in the collaboration background study [60,62]. For
the modulation amplitude, a flat prior was considered.

1 -2 keV - Rate xd2

- 1 + Pyl
2.5 +‘+ T+Y'H* +++"—“H T +++‘++*?++9 w:hf e ‘-“7‘##‘ L|li*+__
%g : + Crystal 2
3o ' +n '
01 Pyt Wb b +
5 %'5‘ W, iy gyt ot i ato L
et 1:g< <+ Crystal 3
8 35
1 +4 1,
% :2“5) PP e +*--+*+++ sttt st
. n ?q_#*__
o 2.0 4+ Crystal 4 +
o+
C 3.59
9 3.01 :
L gg‘ oy r+nﬂ+1'*7+ ‘I+“.+:+‘ *H+l++7 s *+"+Y ! #ﬁﬁ#;qu 4
1:5 1 4+ Crystal6
%gz LHF +7++"" t‘,.‘ s Bttt gt LAY WP Ahpbid,
04 + crystal7
400 600 800 1000 1200 1400

Days Since January 1%, 2016

FIG. 7. Event rate for all crystals analyzed (blue data points),
considering 15 days time bin and 1-2 keV energy range. The fit
(red curves) for this energy range resulted in an amplitude of
—0.0250 £ 0.0106 DRU. The vertical black dotted lines refer
to the aphelion dates, and the dashed lines refer to the
perihelion dates.

Figure 7 shows the event rate for each of the five
crystals analyzed, as well as the fit of expression (19) to
the 1-2 keV energy range.

Since expressions (19) and (20) for the expected modu-
lation are very similar, the amplitude results from the fits of
both models are almost the same for all energy intervals.
Figure 8 shows the obtained results for both expected
modulation amplitudes.

C. Upper limits

Assuming R o d~2, the expected amplitudes can be
obtained from the calculated spectra for d=a =
1.496 x 10'" m, according to Egs. (23) and (24).

R,

aphelion — (1 T 6)2 , (23)
R,

Rperihelion = (24)

(1-¢)

where Rphelion and Rperinelion are the spectra when Earth is at
aphelion and perihelion, respectively; and R, is the spectrum
ford = a = 1.496 x 10'' m.

The expected amplitude spectrum is then given by
Eq. (25).
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FIG. 8. Amplitudes for the expected modulations simultaneous

fits for each energy interval. (a) Considering the R  d~> model.
(b) Considering the R < d™* model. The dashed black line
represents the null modulation hypothesis.

Rperihelion - Raphelion ) (25)

(Amplitude) = 7

The amplitude spectra for two different values of ¢ and
mass of solar dark photons, and considering 1 keV energy
bins are shown in Fig. 9.

As seen in Fig. 8, the observed amplitudes are all
compatible with the no modulation hypothesis within 3¢,
and many of them are negative, which means a phase
different from the fixed 7y = 3 days. Hence, it is possible
to determine upper limits for the parameters of each studied
model (coupling constant or mixing parameter and particle
mass) according to the Feldman-Cousins method [63].
Figure 10 shows the 90% confidence level (CL) upper limits
for the solar dark photons model determined in this work.

In the same way as for the solar dark photons, the event
rate generated by DFSZ and KSVZ solar axions should be
proportional to d~2. Figure 11 shows the calculated
amplitudes for the expected modulation.

As the expected modulation is the same as in the solar
dark photon model, no modulation compatible with the
expected modulation was observed. Figure 12 shows the
upper limits with 90% CL determined from this analysis.

For solar dark photons with mass below 2 keV, the
90% CL upper limits determined in this analysis (Fig. 10)

Solar Dark Photon Expected Amplitude

m m=100.0eV, =6 X 10"
m=4.4keV, =15 X 10712

0.25 A

0.20 ¢

0.15 4

0.05 4

Expected Amplitude (DRU)

0.00 ¢

1 2 a 6 8 10 12
Energy (keV)

FIG. 9. Amplitudes for the expected annual modulation in the
event rate for solar dark photons with mass of 100 eV and € =
6 x 10~'* (blue) and solar dark photons with mass of 4.4 keV and
€ = 1.5 x 1072 (orange). The amplitudes above 12 keV are very
small, and were not shown in the plot.

are in the lower 20 band of the projected sensitivity. The
same behavior is seen for DFSZ and KSVZ solar axions
(Fig. 12), but the limits of this analysis are below the 2¢
projected sensitivity band. This behavior is due to the
modulation amplitude results from the data fit (Fig. 8)
combined with the spectra shape of both dark matter
models, especially for the energies below 8 keV. In this
region, most obtained amplitudes are negative, and the

Solar Dark Photon Limits

10-%°

1011

10—12

10712

Mixing Parameter (¢)

10714

10715 ] — COSINE-100 - Modulation Analysis
—— XenonlT SE Limits

10° 10! 102 103 10*
DP mass (eV)

FIG. 10. Exclusion plot for solar dark photons, showing the
90% CL upper limits determined in this analysis. The black line is
the upper limit derived from the COSINE-100 2.82 dataset
analyzed. The red line shows the median of projected sensitivity.
The 1o and 2¢ bands are shown by yellow and green shaded
regions, respectively. Upper limits determined by Sun observa-
tions [52], red giants and horizontal branch stars studies [26], and
from the XENONIT experiment [64] are also shown for
comparison.
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FIG. 11. Expected amplitudes for DFSZ and KSVZ solar axions
in the COSINE-100 crystals for each 1 keV energy interval.
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O
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FIG. 12. Exclusion plot for DFSZ and KSVZ solar axions
showing the 90% CL upper limits determined in this analysis.
Limits from XMASS [28], XENONI100 [27], LUX [29],
and values theorized by DFSZ and KSVZ models are also
shown for comparison. The projected sensitivity (red line) was
Gue = 2.49 x 107!, and the upper limit from the physics data
analysis (black line) was g,, = 1.69 x 107!,

spectra for both models are higher and more relevant to the
upper limits determination. The combination of these two
factors leads to limits better than the median of the
projected sensitivity. The modulation amplitudes derived
from this analysis are anticorrelated to the COSINE-100
WIMP analysis modulation amplitudes [62] as a conse-
quence of the phase shift of both analysis.

For KK solar axions, considering R o« d~*, the expected
amplitudes for different numerical axion densities at Earth
were calculated, from n, = 10'° m= up to ny = 105 m=3,
as shown in Fig. 13.

KK Axion Expected Amplitude

10t ne=101°m=3
— np=3.35X102m3
ne=10%m™3
g 1071
8
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2 1073
a
IS
<C
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2
[}
(]
[N
X
w 1077
10~° T T T T T T T T T
1 2 4 6 8 10 12 14 16 18 20
Energy (keV)
FIG. 13. Expected amplitudes in the Nal(Tl) crystals, consid-

ering g,,, =2 x 107" GeV~!, and ny = 10" m= (red), ny =
3.35 x 102 m™3 (blue), and n, = 10> m™ (green).

KK Solar Axion Limits

10~°

10-10

1071

Gayy (Gev1)

1012

1073 { — COSINE-100 - Modulation Analysis
—— XMASS Limits

NEWS Limits

Benchmark Model

10-14
101 10% 10% 10% 10% 10%

no (m~3)

FIG. 14. Upper limits with 90% CL determined for the solar
KK axion model from this analysis. Projected sensitivity with its
1o and 20 bands are shown by the red line and yellow and green
bands, respectively. Upper limits from XMASS [24] (magenta),
NEWS [65] (cyan), and the g,,, and n, values that could explain
the solar coronal heating problem (orange) are also shown for
comparison.

Figure 13 also shows that the observed modulation
amplitudes were not compatible with the expected modu-
lation amplitudes. Figure 14 shows the upper limits
determined from this analysis.

VIII. SENSITIVITY FOR COSINE-200

The COSINE collaboration is planning to upgrade the
COSINE-100 detector to an experiment with 200 kg of
Nal(TI) crystals, known as COSINE-200. The research on
powder purification and improved growing of Nal(TIl)
crystals has resulted in detectors with less contamination
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COSINE-200 Expected Background

Event Rate (DRU)

M
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2.0 4.0 6.0 8.0 10.0 12.0

Energy (keV)

14.0 16.0 18.0

FIG. 15. Background model for COSINE-200 crystals used for
our sensitivity study, based on our expectation for COSINE-200.
Contribution from each component is show in colored lines.
Contribution from Te series and ''*Sn are expected to be very
small, and can be neglected.

from internal K and 2!°Pb when compared to COSINE-
100 crystals, leading to the development of crystals with
reduced background. The expected background is based on
tests with an ultrapure small crystal with a mass of 0.61 kg.
Based on a Geant-4 simulation of the COSINE-100 detector,
and assuming the internal background activities measured
in the small crystal, a background model has been devel-
oped considering a heavier crystal of 12.5 kg, the aimed
size of future COSINE-200 crystals, positioned inside the
current COSINE-100 shielding. The background activity is
expected to be lower than 0.5 DRU in the ROI, as shown in
Fig. 15 and discussed in Ref. [66].

Improvements in the crystals encapsulation have also
been significant, being possible to achieve a light yield of
22 NPE/keVee (NPE is the number of photoelectrons) in
Nal(T1) crystals, higher than approximately 15 NPE/keVee
of COSINE-100 crystals. A new encapsulation method has
been developed without the need of a quartz window and an
optical gel, as done for COSINE-100 [67]. Although this

Solar Dark Photon Limits

10-10

Solar Axion Limits

new encapsulation requires a more difficult procedure, it
can provide a more efficient PMT collection of scintillation
photons from the crystal.

Research in the context of Nal(Tl) scintillation behavior
for room and lower temperatures are also undergoing. It has
been reported that reducing the operation temperature of
Nal(T1) crystals from 22 °C (room temperature) to —35 °C
can increase the light yield in about 5% [68,69]. Also, the
decrease of the crystals’ operational temperature can
enhance the separation power between nuclear and elec-
tronic recoil events using pulse shape discrimination (PSD)
techniques, by increasing the scintillation waveforms decay
time. COSINE-200 Nal(TI) crystals are expected to work in
a low temperature of —35°C, in order to benefit from
these facts.

Finally, the study of improved noise-scintillation events
selection in low energy can result in a decrease in the
experiment analysis threshold. New parameters with better
separation power at low energies are being studied for the
BDT selection, as well as considering the raw waveforms
directly in the machine learning techniques used for BDT
training. Not only can this upgraded event selection be
harnessed in COSINE-200, but it can also reduce the analysis
threshold in upcoming COSINE-100 studies as well.

Due to improvements in the purification of Nal(Tl)
powder leading to a reduced radionuclide contamination;
upgrades in the crystals encapsulation, increasing the
scintillation photons collection; reduced temperature of
operation of the crystals, enhancing its light yield; and the
development of methods capable of discriminating scintil-
lation events from noise events with good efficiency, an
analysis threshold of 5 NPE is expected for COSINE-200,
meaning an energy threshold of roughly 0.2 keV if a light
yield of 22 NPE/keV is assumed.

Based on the expected background spectrum, and con-
sidering an energy threshold of 0.2 keV, it is possible to
project COSINE-200 sensitivity for the analysis performed
in this work. Similarly to the procedure adopted in the
analysis for COSINE-100, 1000 pseudodatasets were
generated based on the expected COSINE-200 background.

KK Solar Axion Limits
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FIG. 16. Projected sensitivity for the solar dark photon (left), DFSZ and KSVZ solar axion (center), and KK solar axion (right) models,

considering future COSINE-200 experiment Nal(Tl) crystals.
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Two years data exposure with 200 kg of Nal(TI) crystals
were considered. Figure 16 shows the projected COSINE-
200 sensitivity for the three models studied in this work.

Considering the solar dark photon model, the projected
sensitivity show a considerable improvement compared to
COSINE-100 physics data upper limits for dark photon
masses below approximately 40 eV. However, for higher
masses, the improvement is not as good. This behavior is
due to the threshold reduction from 1 to 0.2 keV. For lower
masses, the solar dark photon spectrum for energies below
1 keV is higher than for energies above 1 keV. For masses
below approximately 30 eV, it should be possible to begin
probing regions unexplored by the solar luminosity limits.

Considering the DFSZ and KSVZ solar axion and the
KK solar axion models, the projected sensitivity improve-
ment comes mostly from the background reduction and
increasing total crystal mass, since the spectra for these
models is very low for energies below 1 keV.

IX. CONCLUSION

A search for the expected solar dark matter annual
modulation has been performed with a dataset of 2.82 years
using 61.3 kg of Nal(Tl) crystals of the COSINE-100
experiment. Even though this search method is general, and
could be applicable to any solar dark matter model, for
specificity, three bosonic dark matter models were consid-
ered in the analysis: solar dark photons, DFSZ and KSVZ
solar axions, and Kaluza-Klein solar axions. In this annual
modulation analysis, amplitudes compatible with the
expected modulations for each of the three studied models
were not found. Consequently, upper limits for the kinetic
mixing parameter and mass of the solar dark photon, for the
coupling constant between axions and electrons and mass
of the solar DFSZ and KSVZ axion, and for the coupling
constant between axions and two photons and mass of the
solar KK axions were determined. The most constraining
limits for the models exclude solar dark photons with

mixing parameter above 1.61 x 10'# for a mass of 215 eV,
DFSZ and KSVZ solar axions with axion-electron coupling
above 1.61 x 107! for an axion mass below 0.2 keV, and
Kaluza-Klein axions with axion-photon coupling above
1.83 x 107" GeV~! for an axion number density of
4.07 x 1013 cm™3. For each of the three models, the
obtained upper limits are less stringent than limits from
other experiments or astrophysical observations that were
based on investigations of distinct phenomena, with differ-
ent model dependence. Projected sensitivity for the two-
year dataset of the future COSINE-200 experiment will
provide an appreciable improvement for low solar dark
photon masses due to reduction of the detector threshold
from 1 to 0.2 keV. Examination of regions unexplored by
solar luminosity limits should begin to be possible with the
COSINE-200 detector. Nevertheless, this is the first search
for an annual modulation from solar dark photons and solar
DFSZ and KSVZ axions, exploiting a model independent
analysis in the context of these two solar dark matter
candidates.

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) wunder project code IBS-R016-Al, Grants
No. NRF-2021R1A2C3010989 and No. NRF-
2021R1A2C1013761, Republic of Korea; NSF Grants
No. PHY-1913742, DGE-1122492, 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, 2022/12002-7
and No. 2022/13293-5 FAPESP, CAPES Finance Code
001, CNPq 131152/2020-3, Brazil.

[1] V.C. Rubin, W. K. Ford, Jr., and N. Thonnard, Extended
rotation curves of high-luminosity spiral galaxies. IV.
Systematic dynamical properties, Sa — Sc, Astrophys. J.
Lett. 225, L107 (1978).

[2] P. Zyla et al., Review of particle physics, Prog. Theor. Exp.
Phys. 2020, 083C01 (2020), and 2021 update.

[3] F. Zwicky, Republication of: The redshift of extragalactic
nebulae, Gen. Relativ. Gravit. 41, 207 (2009).

[4] A. Green, Dark matter in astrophysics/cosmology, SciPost
Phys. Lect. Notes 1, 37 (2022).

[5] E. Pécontal et al., Review of observational evidence for dark
matter in the universe and in upcoming searches for dark
stars, Eur. Astron. Soc. Publ. Ser. 36, 113 (2009).

[6] G. Lemson and T.V. Consortium, Halo and galaxy for-
mation histories from the millennium simulation: Public
release of a VO-oriented and SQL-queryable database for
studying the evolution of galaxies in the A-CDM cos-
mogony, arXiv:astro-ph/0608019.

[7] M. Markevitch, A. H. Gonzalez, D. Clowe, A. Vikhlinin, W.
Forman, C. Jones, S. Murray, and W. Tucker, Direct
constraints on the dark matter self-interaction cross section
from the merging galaxy cluster 1E 0657-56, Astrophys. J.
606, 819 (2004).

[8] K. Saikawa and S. Shirai, Precise WIMP dark matter
abundance and standard model thermodynamics, J. Cosmol.
Astropart. Phys. 08 (2020) O11.

122004-12


https://doi.org/10.1086/182804
https://doi.org/10.1086/182804
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1007/s10714-008-0707-4
https://doi.org/10.21468/SciPostPhysLectNotes.37
https://doi.org/10.21468/SciPostPhysLectNotes.37
https://doi.org/10.1051/eas/0936016
https://arXiv.org/abs/astro-ph/0608019
https://doi.org/10.1086/383178
https://doi.org/10.1086/383178
https://doi.org/10.1088/1475-7516/2020/08/011
https://doi.org/10.1088/1475-7516/2020/08/011

SEARCH FOR SOLAR BOSONIC DARK MATTER ANNUAL ...

PHYS. REV. D 107, 122004 (2023)

[9] M. Schumann, Direct detection of WIMP dark matter:
Concepts and status, J. Phys. G 46, 103003 (2019).

[10] R. Bernabei et al., First model independent results from
DAMA/LIBRA-phase2, Universe 4, 116 (2018).

[11] A.H. Abdelhameed, G. Angloher, P. Bauer, A. Bento, E.
Bertoldo, C. Bucci et al., First results from the CRESST-111
low-mass dark matter program, Phys. Rev. D 100, 102002
(2019).

[12] G. Adhikari et al., Strong constraints from COSINE-100 on
the DAMA dark matter results using the same sodium iodide
target, Sci. Adv. 7, eabk2699 (2021).

[13] D. Akimov et al., Limits on inelastic dark matter from
ZEPLIN-III, Phys. Lett. B 692, 180 (2010).

[14] E. Armengaud et al., Constraints on low-mass WIMPs from
the EDELWEISS-III dark matter search, J. Cosmol. Astro-
part. Phys. 05 (2016) 019.

[15] Q. Wang et al., Results of dark matter search using the full
PandaX-II exposure, Chin. Phys. C 44, 125001 (2020).

[16] C. Savage, A. Scaffidi, M. White, and A. Williams, Lux
likelihood and limits on spin-independent and spin-dependent
wimp couplings with luxcalc, Phys. Rev. D 92, 103519 (2015).

[17] E. Aprile et al., Dark Matter Search Results from a One Ton-
Year Exposure of XENONIT, Phys. Rev. Lett. 121, 111302
(2018).

[18] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi,
The Physics of the Dark Photon (Springer International
Publishing, New York, 2021).

[19] R.D. Peccei and H.R. Quinn, CP Conservation in the
Presence of Pseudoparticles, Phys. Rev. Lett. 38, 1440
(1977).

[20] C. O’Hare, -cajohare/axionlimits: Axionlimits, https:/
cajohare.github.io/AxionLimits/ (2020).

[21] A. Caputo, A.J. Millar, C. A.J. O’Hare, and E. Vitagliano,
Dark photon limits: A handbook, Phys. Rev. D 104, 095029
(2021).

[22] T. Mombicher, Dark matter searches at LHCb, in Proceed-
ings of The European Physical Society Conference on High
Energy Physics—(PoS(EPS-HEP2021)) (2002), 10.22323/
1.398.0185.

[23] L. Di Luzio et al., Probing the axion-nucleon coupling with
the next generation of axion helioscopes, Eur. Phys. J. C 82,
120 (2022).

[24] N. Oka et al., Search for solar Kaluza-Klein axions by
annual modulation with the XMASS-I detector, Prog.
Theor. Exp. Phys. 2017, 103C01 (2017).

[25] J. Redondo, Atlas of solar hidden photon emission, J.
Cosmol. Astropart. Phys. 07 (2015) 024.

[26] H. An, M. Pospelov, J. Pradler, and A. Ritz, New limits on
dark photons from solar emission and keV scale dark matter,
Phys. Rev. D 102, 115022 (2020).

[27] E. Aprile et al., First axion results from the XENON100
experiment, Phys. Rev. D 90, 062009 (2014).

[28] K. Abe et al., Search for solar axions in XMASS, a large
liquid-xenon detector, Phys. Lett. B 724, 46 (2013).

[29] D. S. Akerib et al., First Searches for Axions and Axion-
Like Particles with the LUX Experiment, Phys. Rev. Lett.
118, 261301 (2017).

[30] O. Naoya, Search for solar Kaluza-Klein axion by annual
modulation with the XMASS-I detector, PhD thesis, Kobe
University, 2017.

[31] A.P. Zhitnitskii, Possible suppression of axion-hadron
interactions, Sov. J. Nucl. Phys. (Engl. Transl.) 31, 2 (1980).

[32] M. Dine, W. Fischler, and M. Srednicki, A simple solution
to the strong CP problem with a harmless axion, Phys. Lett.
104B, 199 (1981).

[33] J.E. Kim, Weak-Interaction Singlet and Strong CP Invari-
ance, Phys. Rev. Lett. 43, 103 (1979).

[34] M. Shifman, A. Vainshtein, and V. Zakharov, Can confine-
ment ensure natural CP invariance of strong interactions?,
Nucl. Phys. B166, 493 (1980).

[35] T. Dafni, C. A. J. O’Hare, B. Laki¢, J. Galan, F. J. Iguaz, I. G.
Irastorza, K. Jakov¢i¢, G. Luzén, J. Redondo, and E.R.
Choliz, Weighing the solar axion, Phys. Rev. D 99, 035037
(2019).

[36] L. DiLella and K. Zioutas, Observational evidence for
gravitationally trapped massive axion(-like) particles, As-
tropart. Phys. 19, 145 (2003).

[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., Muon detector for the COSINE-100
experiment, J. Instrum. 13, T02007 (2018).

[39] G. Adhikari et al., Searching for low-mass dark matter via
the Migdal effect in COSINE-100, Phys. Rev. D 105,
042006 (2022).

[40] Grafana Application, https://grafana.com (accessed: 2022-
09-01).

[41] G. Adhikari et al., Initial performance of the COSINE-100
experiment, Eur. Phys. J. C 78, 107 (2018).

[42] G. Adhikari et al., The COSINE-100 data acquisition
system, J. Instrum. 13, PO9006 (2018).

[43] H. Kim et al., The environmental monitoring system at the
COSINE-100 experiment, J. Instrum. 17, TO1001 (2022).

[44] F. Froborg and A.R. Duffy, Annual modulation in direct
dark matter searches, J. Phys. G 47, 094002 (2020).

[45] T. Gherghetta and B. von Harling, A warped model of dark
matter, J. High Energy Phys. 04 (2010) 039.

[46] C. Cazzaniga et al. (NA64 Collaboration), Probing the
explanation of the muon (g-2) anomaly and thermal light
dark matter with the semi-visible dark photon channel, Eur.
Phys. J. C 81, 959 (2021).

[47] A. Karozas, S.F. King, G.K. Leontaris, and D.K.
Papoulias, Low scale string theory benchmarks for hidden
photon dark matter interpretations of the xenonlt anomaly,
Phys. Rev. D 103, 035019 (2021).

[48] H. Ruegg and M. Ruiz-Altaba, The Stueckelberg field, Int.
J. Mod. Phys. A 19, 3265 (2004).

[49] H. An, M. Pospelov, and J. Pradler, Dark Matter Detectors
as Dark Photon Helioscopes, Phys. Rev. Lett. 111, 041302
(2013).

[50] J. Redondo, Helioscope bounds on hidden sector photons, J.
Cosmol. Astropart. Phys. 07 (2008) 008.

[51] H. An, M. Pospelov, and J. Pradler, New stellar constraints
on dark photons, Phys. Lett. B 725, 190 (2013).

[52] J. Redondo and G. Raffelt, Solar constraints on hidden
photons re-visited, J. Cosmol. Astropart. Phys. 08 (2013) 034.

[53] G. G. Raffelt, Astrophysical Axion Bounds (Springer, Berlin
Heidelberg, 2008), pp. 51-71.

[54] P. Adhikari et al., A search for solar axion induced signals
with COSINE-100, Astropart. Phys. 114, 101 (2020).

122004-13


https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.3390/universe4110116
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1126/sciadv.abk2699
https://doi.org/10.1016/j.physletb.2010.07.042
https://doi.org/10.1088/1475-7516/2016/05/019
https://doi.org/10.1088/1475-7516/2016/05/019
https://doi.org/10.1088/1674-1137/abb658
https://doi.org/10.1103/PhysRevD.92.103519
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.22323/1.398.0185
https://doi.org/10.22323/1.398.0185
https://doi.org/10.1140/epjc/s10052-022-10061-1
https://doi.org/10.1140/epjc/s10052-022-10061-1
https://doi.org/10.1093/ptep/ptx137
https://doi.org/10.1093/ptep/ptx137
https://doi.org/10.1088/1475-7516/2015/07/024
https://doi.org/10.1088/1475-7516/2015/07/024
https://doi.org/10.1103/PhysRevD.102.115022
https://doi.org/10.1103/PhysRevD.90.062009
https://doi.org/10.1016/j.physletb.2013.05.060
https://doi.org/10.1103/PhysRevLett.118.261301
https://doi.org/10.1103/PhysRevLett.118.261301
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1103/PhysRevD.99.035037
https://doi.org/10.1103/PhysRevD.99.035037
https://doi.org/10.1016/S0927-6505(02)00186-X
https://doi.org/10.1016/S0927-6505(02)00186-X
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1088/1748-0221/13/02/T02007
https://doi.org/10.1103/PhysRevD.105.042006
https://doi.org/10.1103/PhysRevD.105.042006
https://grafana.com
https://grafana.com
https://doi.org/10.1140/epjc/s10052-018-5590-x
https://doi.org/10.1088/1748-0221/13/09/P09006
https://doi.org/10.1088/1748-0221/17/01/T01001
https://doi.org/10.1088/1361-6471/ab8e93
https://doi.org/10.1007/JHEP04(2010)039
https://doi.org/10.1140/epjc/s10052-021-09705-5
https://doi.org/10.1140/epjc/s10052-021-09705-5
https://doi.org/10.1103/PhysRevD.103.035019
https://doi.org/10.1142/S0217751X04019755
https://doi.org/10.1142/S0217751X04019755
https://doi.org/10.1103/PhysRevLett.111.041302
https://doi.org/10.1103/PhysRevLett.111.041302
https://doi.org/10.1088/1475-7516/2008/07/008
https://doi.org/10.1088/1475-7516/2008/07/008
https://doi.org/10.1016/j.physletb.2013.07.008
https://doi.org/10.1088/1475-7516/2013/08/034
https://doi.org/10.1016/j.astropartphys.2019.07.004

G. ADHIKARI et al.

PHYS. REV. D 107, 122004 (2023)

[55] M. Berger et al., XCOM: Photon cross section database,
http://physics.nist.gov/xcom (accessed: 2022-09-05).

[56] O. Klein, Quantentheorie und fiinfdimensionale Relativi-
titstheorie, Z. Phys. 37, 895 (1926).

[57] J. Klimchuck, How do we solve the coronal heating
problem?, in SOHO 15 Coronal Heating, edited by R. W.
Walsh, J. Ireland, D. Danesy, and B. Fleck (ESA Special
Publication, St. Andrews, Scotland, 2004), Vol. 575,
p- 2.

[58] B. Morgan, N.J.C. Spooner, M.S. Armel-Funkhouser,
D. H. H. Hoffmann, J. Jacoby, D.P. Snowden-Ifft, and K.
Zioutas, Searches for solar Kaluza—Klein axions with gas
TPCs, Astropart. Phys. 23, 287 (2005).

[59] G. Adhikari et al., Lowering the energy threshold in
COSINE-100 dark matter searches, Astropart. Phys. 130,
102581 (2021).

[60] G. Adhikari et al., Background modeling for dark matter
search with 1.7 years of COSINE-100 data, Eur. Phys. J. C
81, 837 (2021).

[61] R. van de Schoot et al., Bayesian statistics and modelling,
Nat. Rev. Methods Primers 1, 1 (2021).

[62] G. Adhikari et al., Three-year annual modulation search
with COSINE-100, Phys. Rev. D 106, 052005 (2022).

[63] G.J. Feldman and R. D. Cousins, Unified approach to the
classical statistical analysis of small signals, Phys. Rev. D
57, 3873 (1998).

[64] E. Aprile et al. (XENON Collaboration), Emission of single
and few electrons in XENONIT and limits on light dark
matter, Phys. Rev. D 106, 022001 (2022).

[65] Q. Arnaud, L. Balogh, C. Beaufort, A. Brossard, J. Caron,
M. Chapellier et al., Solar Kaluza-Klein axion search with
NEWS-G, Phys. Rev. D 105, 012002 (2022).

[66] B.J. Park et al., Development of ultra-pure Nal(Tl) detec-
tors for the COSINE-200 experiment, Eur. Phys. J. C 80,
814 (2020).

[67] J. Choi, B. Park, C. Ha, K. Kim, S. Kim, Y. Kim, Y. Ko, H.
Lee, S. Lee, and S. Olsen, Improving the light collection
using a new Nal(Tl) crystal encapsulation, Nucl. Instrum.
Methods Phys. Res., Sect. A 981, 164556 (2020).

[68] S. Lee, G. Kim, H. Kim, K. Kim, J. Lee, and H. Lee, Study
on Nal(Tl) crystal at —35°C for dark matter detection,
Astropart. Phys. 141, 102709 (2022).

[69] H. Lee, J. Jeon, K. Kim, W. Kim, H. Lee, and M. Lee,
Scintillation characteristics of a Nal(TI) crystal at low-
temperature with silicon photomultiplier, J. Instrum. 17,
P02027 (2022).

122004-14


http://physics.nist.gov/xcom
http://physics.nist.gov/xcom
http://physics.nist.gov/xcom
https://doi.org/10.1007/BF01397481
https://doi.org/10.1016/j.astropartphys.2005.01.002
https://doi.org/10.1016/j.astropartphys.2021.102581
https://doi.org/10.1016/j.astropartphys.2021.102581
https://doi.org/10.1140/epjc/s10052-021-09564-0
https://doi.org/10.1140/epjc/s10052-021-09564-0
https://doi.org/10.1038/s43586-020-00001-2
https://doi.org/10.1103/PhysRevD.106.052005
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.106.022001
https://doi.org/10.1103/PhysRevD.105.012002
https://doi.org/10.1140/epjc/s10052-020-8386-8
https://doi.org/10.1140/epjc/s10052-020-8386-8
https://doi.org/10.1016/j.nima.2020.164556
https://doi.org/10.1016/j.nima.2020.164556
https://doi.org/10.1016/j.astropartphys.2022.102709
https://doi.org/10.1088/1748-0221/17/02/P02027
https://doi.org/10.1088/1748-0221/17/02/P02027

