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We report the results of a search for inelastic scattering of weakly interacting massive particles (WIMPs)
off > nuclei using Nal(Tl) crystals with a data exposure of 97.7 kg - years from the COSINE-100
experiment. The signature of inelastic WIMP-'?"] scattering is a nuclear recoil accompanied by a 57.6 keV
y-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 x 10™%7 c¢m?
at the WIMP mass 500 GeV/c>.

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
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[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 y-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 127 [29] or 2Xe [30-32]. In
the case of '2Xe, the inelastic nuclear excitation of the
39.6 keV state relies on the WIMP-neutron spin-dependent
interaction. With a 26% natural abundance of '>’Xe, the
exclusion limits on the WIMP-neutron inelastic scattering
channels have been obtained [30,32].

The '?’I nucleus has complementary advantages over the
129% e nucleus; it has almost 100% natural abundance and
odd proton numbers sensitive to WIMP-proton spin-
dependent interaction. The first excited level of '?'I is a
7/27" state of 57.6 keV above the 5/27 ground state, with a
half-life of 1.9 ns [26]. Therefore, the WIMP-!2"I inelastic
interaction signal would be a combination of the nuclear
recoil and the 57.6 keV deexcitation energies. The
ELEGANTS-V Nal(Tl) experiment [29] reported limits
on the events rate with energies in this region. In this paper,
we report a search for the WIMP-'?"] inelastic scattering
events from the COSINE-100 Nal(TI) 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

Plastic scintillators

72 I I

-

Nal(TI) crystals

FIG. 1. Schematic of the COSINE-100 detector. The Nal(TI)
detectors are immersed in the 2200 1 LAB-LS that is surrounded
by layers of copper and lead shielding.

eight ultrapure Nal(TIl) crystals [35,36], total weight of
106 kg. The Nal(TI) crystal assemblies are immersed in an
active veto detector comprised of 2200 1 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 ps long waveforms that start 2.4 ps 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 the model-dependent WIMP 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
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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-12"] INELASTIC SCATTERING
SIGNALS

An inelastic scattering event that occurs in '?I results in
the nuclear recoil together with the emission of the
57.6 keV y-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 Py / Ummax
=—2= df(v, 1), 1
rmat i AT M

’min

where R is the event rate per unit target mass and unit time,
E,, is the nuclear recoil energy, p, is the local dark matter
density, m, and y are the WIMP mass and the reduced mass
of WIMP and '*"I nucleus, respectively, and ¢ is the WIMP-
nucleus scattering cross section for the inelastic interaction.
The integral is performed from the minimum velocity v,,;,
required to excite a '?’I nucleus to the maximum velocity
Vmax» Which is the same as the galactic escape velocity vg.
Because of the excitation energy E.,, v, is increased from
the minimum velocity of the typical nuclear recoil (v,) as
follows:

2

v
_ thr
Vmin — Vo + 4 s (2)
Yo
Mgroet E,
where vy = | /=25, My = the mass of 1271, and
2 __2E
Uthr - ﬂex'

The cross section can be expressed in terms of the cross
section of the WIMP-proton spin-dependent interaction
o, by

4 r u\2
= — —_ E
o 3 2.] + 1 <ﬂp> S( nl')o-p’ (3)

where J = 5/2 is the spin of the '*'I ground-state, 4, is the
reduced mass of the WIMP and the proton, and S(E,,) is
the nuclear form factor of inelastic WIMP-'?"I scattering.
We use a recent calculation of S(E,,) for the '*/I inelastic
interaction in Ref. [27]. We assume the standard halo model
of the WIMP velocity distribution, f(v,t) [43,44],

1 ( 3 >3/26—3[V+VE(1)]2/2512

)
Nese 2n0;

flv.1) =

for v+ vg(1)| < vese (4)

0, otherwise,

where N 1S a normalization constant, vg is the Earth
velocity relative to the WIMP dark matter, and o, is the
velocity dispersion. The standard halo model parametriza-
tion is used with the local dark matter density p, =
0.3 GeV/c?/em?®, vg = 232 km/s, 1/2/30, = 220 km/s,
and v.. = 544 km/s [45].

Because of the short half-life of 1.9 ns of the 57.6 keV
excited '?'1 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 = f(Enr) X Enr + Eex- (5)

Here, f(E,,) 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.

: —— 50 GeV/c? (0p=1x10'35 cm?)
0.004 — 2 36
8 : -- 500 GeVic? (6,=2x10 cm?)
> L -+=+ 5000 GeV/c? (c, = 1x 10°° cm?)
() L
= 0.003 -
o) L
=< C
‘>“n L
3 0.002 |-
—
w -
-t L
:Cs L
3 0.001
o L
ol | u-w-'“l"'". R B R R
30 40 50 60 70 80 90

Energy [keVee]

FIG. 2. The expected energy spectra for WIMP-'?"I inelastic
scattering in the COSINE-100 detector are shown for WIMP
masses of 50, 500, and 5000 GeV/cz. 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 ps 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 ps time window or has an LS signal above an 80 keVee
threshold within4 ps of the hitcrystal [37]. A single-hitevent
is classified as one where 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 %%Co source, which are Compton
scattered events of 1.17 and 1.33 MeV ys, 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

10
E . data
9 = —;I;gtal
¢ 8
g 7 ; 129)
e
g%
3 4F
5 3F
S 2F
1E
0 i S S I D B SEaT it ol i Al AT

70 75 80 85
Energy [keVee]
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
210ph (red dashed line), '?°I (green dotted-dashed line), and other
components (black dotted line) are indicated. In the 50-70 ke Vee

energy region, 2!Pb and '*I are the dominant background
components.

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 >'°Pb, which produces a 46.5 keV
y-ray with a few keV Auger electrons, and '?°I, which emits
a 39.6 keV y-ray and a f 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

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 210py 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 238y 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 1291 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 2'°Pb 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 2!%Pb on the surface of
the Nal(Tl) crystals, which were studied with a 2*’Rn-
contaminated crystal [50] and were varied within their
uncertainties.

C. Signal fit

To search for evidence of the WIMP-'?’I 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-
correlated WIMP 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.

10°
120 — Data
F Best Fit
100~ Cl+%
% 10 - [ +2
E 80 —— Myp =500 GeV/c® (o, = 3.6 x 10°° cm?)
© C
3" C
e 60
i) C
c -
3 40
o C
20
oF
35 -
= 12
L\L 1.1
s — __
© 09
O 08
Energy (keVee)
(a)
FIG. 4.

Probability

Prior to the data fit, the fitter was tested with simulated
event samples. Each simulated dataset is prepared by Poisson
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 =1o and £2¢ 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/c? 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/c? with a
spin-dependent cross section of 3.6 x 10736 cm? 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-'?"] 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 +1¢
and £2¢ expected bands of exclusion limits from the
simulated experiments.

0.8

Upper limit at 90% confidence level

0.6—
L —— Scaled Posterior PDF
0.4— --- CDF
r 10
L 20
0.2
0 . N L L1 X107
0 0.1 0.2 0.3 0.4 0.5
WIMP-proton cross section [cm?]
(b)

(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 /c> WIMP mass signal. The expected signal shape of the 500 GeV /c? WIMP mass is a
red solid line, assuming WIMP-proton spin-dependent cross sections of 3.6 x 10736 cm?, 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 /c?. 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 1o and 20 confidence intervals, respectively.
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FIG.5. The observed 90% confidence level exclusion limits on
the WIMP-proton spin-dependent cross section of WIMP-'2"T
inelastic interactions from the 1.7 year COSINE-100 data are
shown, along with the 10 and +2¢ 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-'?"I inelastic
scattering hypothesis.

For comparison, we interpret a 90% confidence level
upper limit of ELEGANTS-V from the inelastic scattering
event rate of 9.8 x 1072 counts/kg/day [29] as the
WIMP-'?7] 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 2!Pb of
46.5 keV y with Auger electrons to ROI, the inelastic
WIMP-'?"I scattering signal for the low-mass WIMP is
encompassed with the >!%Pb background as one can see in
Fig. 2. Itis 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 2!%Pb background.

Our R&D program for the development of low-back-
ground Nal(TI) crystal detectors has resulted in Nal(TI)
detectors with significantly reduced 2'°Pb 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-'27] inelastic
interaction will be enhanced.

V. CONCLUSION

We performed a search for WIMP-'?"I inelastic scattering
events from 57.6 keV deexcitation y 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-'?"] 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 x 10737 cm? of a WIMP mass of 500 GeV/c?.
It is the most stringent limit for the spin-dependent WIMP-
proton interaction using WIMP-nucleus inelastic scattering
process.
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