
Searching for low-mass dark matter via Migdal effect in COSINE-100

G. Adhikari,1 N. Carlin,2 J. J. Choi,3 S. Choi,3 A. C. Ezeribe,4 L. E. França,2 C. Ha,5 I. S. Hahn,6, 7, 8 S. J. Hollick,9

E. J. Jeon,10 J. H. Jo,9 H. W. Joo,3 W. G. Kang,10 M. Kauer,11 H. Kim,10 H. J. Kim,12 J. Kim,5 K. W. Kim,10

S. H. Kim,10 S. K. Kim,3 W. K. Kim,8, 10 Y. D. Kim,10, 13, 8 Y. H. Kim,10, 14, 8 Y. J. Ko,10, ∗ H. J. Kwon,8, 10

D. H. Lee,12 E. K. Lee,10 H. Lee,8, 10 H. S. Lee,10, 8, † H. Y. Lee,10 I. S. Lee,10 J. Lee,10 J. Y. Lee,12 M. H. Lee,10, 8

S. H. Lee,8, 10 S. M. Lee,3 D. S. Leonard,10 B. B. Manzato,2 R. H. Maruyama,9 R. J. Neal,4 S. L. Olsen,10

B. J. Park,8, 10 H. K. Park,15 H. S. Park,14 K. S. Park,10 S. D. Park,12 R. L. C. Pitta,2 H. Prihtiadi,10 S. J. Ra,10

C. Rott,16, 17 K. A. Shin,10 A. Scarff,4 N. J. C. Spooner,4 W. G. Thompson,9 L. Yang,1 and G. H. Yu16

(COSINE-100 Collaboration)
1Department of Physics, University of California San Diego, La Jolla, CA 92093, USA

2Physics Institute, University of São Paulo, 05508-090, São Paulo, Brazil
3Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea
4Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

5Department of Physics, Chung-Ang University, Seoul 06973, Republic of Korea
6Department of Science Education, Ewha Womans University, Seoul 03760, Republic of Korea

7Center for Exotic Nuclear Studies, Institute for Basic Science (IBS), Daejeon 34126, Republic of Korea
8IBS School, University of Science and Technology (UST), Daejeon 34113, Republic of Korea
9Department of Physics and Wright Laboratory, Yale University, New Haven, CT 06520, USA

10Center for Underground Physics, Institute for Basic Science (IBS), Daejeon 34126, Republic of Korea
11Department of Physics and Wisconsin IceCube Particle Astrophysics Center,

University of Wisconsin-Madison, Madison, WI 53706, USA
12Department of Physics, Kyungpook National University, Daegu 41566, Republic of Korea

13Department of Physics, Sejong University, Seoul 05006, Republic of Korea
14Korea Research Institute of Standards and Science, Daejeon 34113, Republic of Korea
15Department of Accelerator Science, Korea University, Sejong 30019, Republic of Korea

16Department of Physics, Sungkyunkwan University, Suwon 16419, Republic of Korea
17Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

(Dated: January 12, 2022)

We report on the search for weakly interacting massive particle (WIMP) dark matter candidates
in the galactic halo that interact with sodium and iodine nuclei in the COSINE-100 experiment
and produce energetic electrons that accompany recoil nuclei via the the Migdal effect. The WIMP
mass sensitivity of previous COSINE-100 searches that relied on the detection of ionization signals
produced by target nuclei recoiling from elastic WIMP-nucleus scattering was restricted to WIMP
masses above ∼5 GeV/c2 by the detectors’ 1 keVee energy-electron-equivalent threshold. The search
reported here looks for recoil signals enhanced by the Migdal electrons that are ejected during the
scattering process. This is particularly effective for the detection of low-mass WIMP scattering
from the crystals’ sodium nuclei in which a relatively larger fraction of the WIMP’s energy is
transferred to the nucleus recoil energy and the excitation of its orbital electrons. In this analysis,
the low-mass WIMP search window of the COSINE-100 experiment is extended to WIMP mass
down to 200 MeV/c2. The low-mass WIMP sensitivity will be further improved by lowering the
analysis threshold based on a multivariable analysis technique. We consider the influence of these
improvements and recent developments in detector performance to re-evaluate sensitivities for the
future COSINE-200 experiment. With a 0.2 keVee analysis threshold and high light-yield NaI(Tl)
detectors (22 photoelectrons/keVee), the COSINE-200 experiment can explore low-mass WIMPs
down to 20 MeV/c2 and probe previously unexplored regions of parameter space.

I. INTRODUCTION

A number of astrophysical observations provide evi-
dence that the dominant matter component of the Uni-
verse is not ordinary matter, but rather non-baryonic
dark matter [1, 2]. Theoretically favored dark mat-
ter candidates are weakly interacting massive parti-
cles (WIMPs) [3, 4]. Many direct searches for WIMP
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dark matter in deep underground laboratories have been
performed and have yet to find a signal [5–11]. In light
of the absence of signal in the WIMP dark matter mass
range of GeV/c2 to TeV/c2, there is an increasing inter-
est in low-mass dark matter particles in the sub-GeV/c2

mass range [12–19].

In this paper, we report on low-mass dark matter
searches for WIMP-nuclei interactions by looking for elec-
tron recoils induced from secondary radiation via the
Migdal process [20, 21] in COSINE-100 data. Data used
for COSINE-100 searches has a 1 keVee analysis thresh-
old [22, 23], where the unit keVee is the electron recoil-
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equivalent energy in kiloelectron volts. Since the total
energy in the Migdal electron and the nuclear recoil is
larger than the deposited energy of typical elastic nu-
clear recoil, our searches are extended to WIMP masses
as low as 200 MeV/c2.

In the future, this search can be enhanced by lowering
the analysis threshold through multivariable analysis or
deep machine learning techniques, as discussed in Sec-
tion V, where we evaluate sensitivities of the COSINE-
200 experiment, which will have lower analysis thresh-
old, reduced internal background by controlled crystal
growth [24] and improved light yield using a novel en-
capsulation method [25].

II. EXPERIMENT

The COSINE-100 experiment [26] is installed in the
Yangyang underground laboratory (Y2L) utilizing the
space provided by the Yangyang pumped storage power
plant in South Korea [27, 28]. The laboratory is lo-
cated at a vertical depth of 700 m that provides a water-
equivalent overburden of 1800 m [29]. A 2-km-long drive-
way provides access to the laboratory as well as air
ventilation. The laboratory is equipped with a clean-
room and an air-conditioning system providing a low
dust level, and constant temperature and humidity of
24.21±0.06◦C and 36.7±1.0%, respectively [26, 30]. The
contamination level of 222Rn in the room is measured to
36.7±5.5 Bq/m3. The readout electronics, high voltages
that are applied to photomultiplier tubes (PMTs), and
data acquisition system are also monitored and stably
maintained [30].

The COSINE-100 detector, shown in Fig. 1, consists of
a 106 kg array of eight ultra-pure NaI(Tl) crystals each
coupled to two PMTs. The crystal array is immersed
in an active veto detector comprised of 2,200 L of lin-
ear alkylbenzene (LAB)-based liquid scintillator (LS) to
attenuate or tag the influence of external or internal ra-
diations [31, 32]. The LAB-LS is contained within a box
made with 1 cm thick acrylic and 3 cm thick oxygen-free
copper that is surrounded by a 20 cm thick lead shield.
An outer array of plastic scintillation counters is used to
tag and veto cosmic-ray muons [29, 33].

An event is triggered when coincident single photoelec-
trons in both PMTs that are coupled to a single crystal
are observed within a 200 ns time window. If at least one
crystal satisfies the trigger condition, data from all crys-
tals and the LAB-LS are recorded. The signals from the
crystal PMTs are processed by 500 MHz flash analog-
to-digital converters and are 8µs long waveforms that
start 2.4µs before the trigger. The LAB-LS and plastic
scintillator signals are processed by charge-sensitive flash
analog-to-digital converters. Muon events are triggered
by coincident signals from at least two plastic scintilla-
tors. The LAB-LS signals do not generate triggers, ex-
cept in the case of energetic muon events that are coinci-
dent with one of the muon detector panels. A trigger and

NaI(Tl) crystals

Plastic scintillators

2,200 L LS

3 cm copper
20 cm lead

FIG. 1. Schematic of the COSINE-100 detector. The
NaI(Tl) (106 kg) detectors are immersed in the 2,200 L LAB-
LS that is surrounded by layers of copper and lead shielding.

clock board read the trigger information from individual
boards and generate a global trigger and time synchro-
nizations for all of the modules. Details of the COSINE-
100 data acquisition system are described in Ref. [34].

III. MIGDAL EFFECT

Direct detection of WIMP dark matter with mass be-
low sub-GeV/c2 is limited by an energy threshold of the
detector in the range about 0.1–1 keVee. Because the nu-
clear recoil energies from WIMP-nuclei interactions are
quenched (the scintillation signals from nuclear recoils
are only an order of 10 % of the signals from the same
energy deposition of electrons [35–38]), this energy range
corresponds to 1–10 keVnr, where keVnr is kiloelectron
volt nuclear recoil energy. The WIMP-nucleus interac-
tion used in typical direct detection searches assumes
that the electron cloud is tightly bound to the nucleus
and that the orbit electrons remain in stable states. How-
ever, energy transferred to nuclei after collision may lead
to excitation or ionization of atomic electrons via the
Migdal process [20, 21]. This process can lead to the pro-
duction of energetic electron-induced signals that are pro-
duced in association with the primary nuclear recoil. For
a WIMP-nucleus interaction, even if the electron equiva-
lent energy implied by the quenching factor is below the
energy threshold of the detector, these Midgal-effect sec-
ondary electrons can produce electron equivalent energy
that are above the threshod, making detectors sensitive
to sub-GeV/c2 dark matter interactions. Several experi-
mental groups have already exploited this effect to search
for dark matter with sub GeV/c2 masses [39–43].

The differential nuclear recoil rate per unit target mass
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f or el a sti c s c att eri n g b et w e e n WI M P s of m a s s m χ a n d
t ar g et n u cl ei of m a s s M i s [ 4 4],

d R n r

d E n r
=

ρ χ

2 m χ µ 2
σ (M, E n r )

v > v m i n

d 3 v f (v , t), ( 1)

w h er e ρ χ i s t h e l o c al d ar k m att er d e n sit y, E n r i s t h e
n u cl e ar r e c oil e n er g y, σ (M, E n r ) i s t h e WI M P- n u cl e u s
c r o s s s e cti o n a n d f (v , t) i s t h e ti m e- d e p e n d e nt WI M P
v el o cit y di stri b uti o n. T h e r e d u c e d m a s s µ i s d e fi n e d a s
m χ M / (m χ + M ) a n d t h e mi ni m u m WI M P v el o cit y v mi n

i s M E n r / 2 µ 2 .
T h e r at e of i o ni z ati o n d u e t o t h e Mi g d al e ff e ct f or a

n u cl e ar r e c oil e n er g y E n r a c c o m p a ni e d b y a n i o ni z ati o n
el e ctr o n wit h e n er g y E e e i s gi v e n b y t h e n u cl e ar r e c oil i n
E q. 1 m ulti pli e d b y t h e i o ni z ati o n r at e [ 2 1],

d R

d E e e
= d E n r d v

d 2 R

d E n r d v

×
1

2 π
n,l

d

d E n r
p c

q e
(n, l → E e e − E n,l ).

( 2)

H er e p c
q e

i s t h e pr o b a bilit y f or a n at o mi c el e ctr o n wit h
q u a nt u m n u m b er ( n, l ) a n d bi n di n g e n er g y E n,l t o b e
ej e ct e d wit h a ki n eti c e n er g y E e e − E n,l , a n d q e i s t h e
el e ctr o n m o m e nt u m i n t h e n u cl e u s r e st fr a m e. W h e n t h e
s h ell v a c a n c y i s r e fill e d, a n X-r a y or a n a u g er el e ctr o n
wit h e n er g y E n,l i s e mitt e d. T hi s t a k e s i nt o a c c o u nt t h e
f a ct t h at t h e e mitt e d el e ctr o n m a y c o m e fr o m a n i n n er
o r bit al a n d t h e r e m ai ni n g e x cit e d st at e will r el e a s e a d-
diti o n al e n er g y w h e n r et ur n s t o it s gr o u n d st at e. T h e
di ff er e nti al pr o b a bilit y r at e s f or s o di u m a n d i o di n e w er e
c al c ul at e d i n R ef. [ 2 1]. Fi g ur e 2 s h o w s t h e di ff er e nti al
i o ni z ati o n r at e s a s a f u n cti o n of t h e el e ctr o n r e c oil e n-
e r g y E e e f or s o di u m a n d i o di n e n u cl ei c o n si d eri n g t w o
di ff er e nt WI M P m a s s e s.

T hi s d e s cri pti o n a s s u m e s i s ol at e d at o mi c t ar g et s t h at
i nt er a ct wit h WI M P p arti cl e s [ 2 1, 4 5], w hi c h f or i n n er-
s h ell el e ctr o n s pr o vi d e d a c orr e ct e sti m at e of t h e e x p e ct e d
si g n al r at e. F or o ut er el e ctr o n s, t h e c o m pli c at e d el e c-
t r o ni c b a n d str u ct ur e a n d cr y st al f or m f a ct or c a n af-
f e ct t h e r at e f or t h e Mi g d al e ff e ct a n d si g ni fi c a ntl y i m-
p r o v e d s e n siti vit y i n s e mi c o n d u ct or s h a s b e e n r e p ort e d
i n R ef s. [ 4 6, 4 7]. I n t hi s a n al y si s, w e f oll o w t h e at o mi c
t ar g et a p pr o xi m ati o n b e c a u s e at o ur a n al y si s t hr e s h ol d,
i n n er s h ell el e ctr o n s ar e t h e d o mi n a nt c o ntri b ut or s t o t h e
Mi g d al pr o c e s s.

I V.  D A T A A N A L Y S I S

We u s e d at a o bt ai n e d fr o m O ct o b er 2 0 1 6 t o J ul y 2 0 1 8,
c orr e s p o n di n g t o 1. 7 y e ar s e x p o s ur e t h at w er e u s e d f or
o ur fir st a n n u al m o d ul ati o n s e ar c h [ 4 8] a n d t h e m o d el-
d e p e n d e nt WI M P d ar k m att er s e ar c h u si n g t h e e n er g y
s p e ctr a [ 2 3]. D uri n g t h e 1. 7 y e ar s d at a-t a ki n g p eri o d, n o
si g ni fi c a nt e n vir o n m e nt al a n o m ali e s or u n st a bl e d et e ct or
p erf or m a n c e w er e o b s er v e d. Si x of t h e ei g ht cr y st al s h a v e

Q u e n c h e d E n er g y ( k e V e e)

2−1 0×2 1−1 0 1−1 0×2 1 2 3 4 5

R
at

e 
(c

o
u
nt

s/
k
g/

d
ay

/k
e

V
e
e)

3−
1 0

1−1 0

1 0

3
1 0

5
1 0

)2 = 1. 0 G e V/ c
WI M P

S o di u m ( N R; m

)2 = 1. 0 G e V/ c
WI M P

S o di u m ( m

)2 = 1. 0 G e V/ c
WI M P

I o di n e   ( m

)2 = 0. 2 G e V/ c
WI M P

S o di u m ( m

)2 = 0. 2 G e V/ c
WI M P

I o di n e   ( m

FI G. 2.  E x p e c t e d si g n al s wi t h o u t e n e r g y r e s ol u ti o n f r o m
WI M P- n u cl ei s pi n-i n d e p e n d e nt ( SI ) i nt e r a c ti o n vi a t h e
Mi g d al p r o c e s s a r e p r e s e nt e d f o r WI M P m a s s e s of 0. 2 G e V / c 2

a n d 1. 0 G e V / c 2 a s s u mi n g WI M P- n u cl e o n SI c r o s s- s e c ti o n of
1 p b. S o di u m a n d i o di n e s p e c t r a p r o d u c e d b y t h e Mi g d al ef-
f e c t a r e s e p a r a t el y p r e s e nt e d a n d c o m p a r e d wi t h t h e n u cl e a r
r e c oil s p e c t r u m of WI M P- s o di u m i nt e r a c ti o n f o r 1. 0 G e V / c 2

WI M P m a s s. H e r e t h e n u cl e a r r e c oil e n e r g y i s q u e n c h e d t o
t h e el e c t r o n r e c oil e n e r g y u si n g t h e m e a s u r e d q u e n c hi n g f a c t o r
r e p o r t e d i n R ef. [ 3 7]. Al t h o u g h t h e n u cl e a r r e c oil d e p o si t i s
b el o w t h e 1 k e Ve e e n e r g y t h r e s h ol d, t h e el e c t r o n e n e r g y f r o m
t h e Mi g d al e ff e c t c a n p r o d u c e a b o v e- t h r e s h ol d si g n al s.

a hi g h li g ht yi el d of a p pr o xi m at el y 1 5 N P E / k e Ve e, w h er e
N P E c orr e s p o n d s t o t h e n u m b er of p h ot o el e ctr o n, a n d
e n a bl e s a n a n al y si s t hr e s h ol d of 1 k e Ve e. T h e ot h er t w o
cr y st al s h a d l o w er li g ht yi el d s a n d r e q uir e d hi g h er a n al-
y si s t hr e s h ol d s [ 2 6, 4 9]. Si n c e t h eir dir e ct i m p a ct o n t h e
l o w- e n er g y si g n al s e ar c h i s n ot s u b st a nti al, w e d o n ot
i n cl u d e t h e s e t w o cr y st al s i n t hi s a n al y si s.

I n t h e o ffli n e a n al y si s, m u o n-i n d u c e d e v e nt s ar e r e-
j e ct e d w h e n t h e cr y st al hit e v e nt s a n d m u o n c a n di d at e
e v e nt s i n t h e m u o n d et e ct or [ 2 9, 3 3] ar e c oi n ci d e nt wit hi n
3 0 m s. A d diti o n all y, w e r e q uir e t h at t h e l e a di n g e d g e s of
t h e tri g g er p ul s e s st art l at er t h a n 2. 0 µ s aft e r t h e st art
of t h e r e c or di n g, t h at t h e w a v ef or m s fr o m t h e hit cr y st al
c o nt ai n m or e t h a n t w o si n gl e p h ot o el e ctr o n s a n d t h e i n-
t e gr al w a v ef or m ar e a b el o w t h e b a s eli n e d o e s n ot e x c e e d
a li mit. T h e s e crit eri a r ej e ct m u o n-i n d u c e d p h o s p h or
e v e nt s a n d el e ctr o ni c i nt erf er e n c e e v e nt s. A m ulti pl e- hit
e v e nt i s o n e i n w hi c h m or e t h a n o n e cr y st al h a s a si g-
n al wit h m or e t h a n f o ur p h ot o el e ctr o n s i n a n 8 µ s ti m e
wi n d o w or, h a s a n L S si g n al a b o v e a n 8 0 k e Ve e t hr e s h ol d
wit hi n 4 µ s of t h e hit cr y st al [ 3 2]. A si n gl e- hit e v e nt i s
cl a s si fi e d a s o n e w h er e o nl y o n e cr y st al i s hit a n d n o n e
t h e ot h er d et e ct or s m e et t h e a b o v e crit eri a.

I n t h e l o w- e n er g y si g n al r e gi o n b el o w 1 0 k e Ve e, P M T-
i n d u c e d n oi s e e v e nt s c o ntri b ut e t o t h e si n gl e- hit WI M P-
s e ar c h d at a. Alt h o u g h P M T n oi s e i n v ol v e s c o m pl e x p h e-
n o m e n a t h at ar e f ar fr o m b ei n g c o m pl et el y u n d er st o o d,
w e c at e g ori z e t w o di sti n ct cl a s s e s of t h e P M T-i n d u c e d
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FI G. 3. T h e di s t ri b u ti o n of t w o i n p u t p a r a m e t e r s, m e a n- ti m e p a r a m e t e r (l ef t ) a n d t h e li k eli h o o d p a r a m e t e r ( c e nt e r ), a n d o u t p u t
B D T s c o r e s ( ri g ht ) a r e p r e s e nt e d s e p a r a t el y f o r t h e WI M P- s e a r c h d a t a ( t o p ) a n d 6 0 C o c ali b r a ti o n d a t a ( b o t t o m ). D e t ail s of
all p a r a m e t e r s a r e d e s c ri b e d i n [ 2 2].

n oi s e e v e nt s. T h e fir st cl a s s h a s a f a st d e c a y ti m e of l e s s
t h a n 5 0 n s, c o m p ar e d wit h t y pi c al N aI( Tl) s ci ntill ati o n of
a b o ut 2 5 0 n s. T hi s cl a s s of n oi s e e v e nt s m a y b e i n d u c e d
b y r a di o a cti v e d e c a y s of U, T h, a n d K i n si d e t h e P M T
m at eri al s. T h e s e d e c a y s m a y g e n er at e ultr a vi ol et a n d / or
vi si bl e p h ot o n s i n si d e t h e P M T s. T h e s e c o n d cl a s s, t h at
o c c ur s l e s s oft e n t h a n t h e fir st, i s c h ar a ct eri z e d b y sl o w
ri s e ti m e s ( a b o ut 1 0 0 n s) a n d d e c a y ti m e s ( a b o ut 1 5 0 n s),
a s d e s cri b e d i n R ef s. [ 4 9, 5 0]. T hi s cl a s s of n oi s e m a y b e
c a u s e d b y a c c u m ul at e d c h ar g e s o m e w h er e i n t h e P M T
a ri si n g fr o m t h e hi g h v olt a g e a n d s u b s e q u e nt- di s c h ar gi n g
t h at pr o d u c e s a fl a s h i n si d e t h e P M T s. T hi s cl a s s n oi s e
e v e nt s ar e i nt er mitt e ntl y pr o d u c e d b y c ert ai n P M T s. We
h a v e d e v el o p e d m o nit ori n g t o ol s f or d at a q u alit y v eri fi-
c ati o n, i n cl u di n g m o nit ori n g e v e nt r at e s of t h e s e c o n d
cl a s s of n oi s e. If a cr y st al h a s a n i n cr e a s e d r at e d u e t o
t h e s e c o n d cl a s s of n oi s e, t h e r el e v a nt p eri o d of d at a i s
r e m o v e d. O n e cr y st al d et e ct or h a s t hi s cl a s s of n oi s e f or
t h e w h ol e d at a-t a ki n g p eri o d; f or t h e ot h er fi v e d et e ct or s
t h e s e c o n d- cl a s s n oi s e-i n d u c e d e v e nt s ar e a b s e nt d uri n g
m or e t h a n 9 5 % of t h e d at a t a ki n g p eri o d. T h e e ff e cti v e
d at a e x p o s ur e f or t h e fi v e cr y st al s i s 9 7. 7 k g ·y e ar.

T h e fir st cl a s s of P M T n oi s e-i n d u c e d e v e nt s i s e ffi-
ci e ntl y r ej e ct e d b y a b o o st e d d e ci si o n tr e e ( B D T)- b a s e d
m ulti v ari a bl e a n al y si s t e c hi ni q u e [ 5 1]. T h e p ar a m et er s
u s e d i n t h e B D T i n cl u d e t h e b al a n c e of t h e d e p o sit e d
c h ar g e fr o m t w o P M T s, t h e r ati o of t h e l e a di n g- e d g e ( 0 –
5 0 n s) t o tr aili n g- e d g e ( 1 0 0 n s – 6 0 0 n s) c h ar g e, a m e a n-
ti m e p ar a m et er, w hi c h i s a l o g arit h m of t h e a m plit u d e
w ei g ht e d a v er a g e ti m e of t h e e v e nt s, a n d a li k eli h o o d p a-

r a m et er f or s a m pl e s of s ci ntill ati o n- si g n al e v e nt s a n d t h e
f a st P M T-i n d u c e d e v e nt s [ 2 2, 2 3]. Fi g ur e 3 s h o w s i n-
p ut p ar a m et er s of m e a n-ti m e a n d li k eli h o o d, a s w ell a s
o ut p ut B D T s c or e s f or c ali br ati o n s a m pl e s a n d WI M P
s e ar c h d at a. T hi s pr o c e d ur e r e d u c e s t h e n oi s e c o nt a mi-
n ati o n l e v el t o l e s s t h a n 0. 5 % a n d m ai nt ai n s a n 8 0 % s e-
l e cti o n e ffi ci e n c y at t h e l o w e st e n er g y bi n ( 1 – 1. 2 5 k e Ve e)
c a n b e a c hi e v e d [ 2 2].

G e a nt 4 [ 5 2]- b a s e d si m ul ati o n s ar e u s e d t o u n d er st a n d
t h e c o ntri b uti o n of e a c h b a c k gr o u n d c o m p o n e nt [ 5 3 –
5 5], a s w ell a s t o v erif y t h e e n e r g y s c al e s a n d r e s ol u-
ti o n s. We cl a s sif y f o ur c at e g ori e s of t h e N aI- d e p o sit e d
e v e nt s b a s e d o n t h eir e n er gi e s a n d d et e ct or m ulti pli ci-
ti e s. Si n gl e- hit a n d m ulti pl e- hit e v e nt s ar e f urt h er di-
vi d e d i nt o l o w- e n er g y e v e nt s 1 – 7 0 k e Ve e a n d hi g h- e n e r g y
e v e nt s 7 0 – 3 0 0 0 k e Ve e. T h e fr a cti o n of e a c h b a c k gr o u n d
c o m p o n e nt i s d et er mi n e d fr o m a si m ult a n e o u s fit t o t h e
f o ur c at e g ori z e d di stri b uti o n s. F or t h e si n gl e- hit e v e nt s,
o nl y 6 – 3 0 0 0 k e Ve e e v e nt s ar e u s e d t o a v oi d a bi a s of t h e
si g n al i n t h e r e gi o n of i nt er e st ( R OI). A d et ail e d d e s cri p-
ti o n of o ur m o d eli n g of t h e b a c k gr o u n d wit h t h e s a m e
d at a i s d e s cri b e d i n R ef. [ 5 5].

We c o n si d er v ari o u s s o ur c e s of s y st e m ati c u n c ert ai nti e s
i n t h e b a c k gr o u n d a n d si g n al m o d el s. Err or s a s s o ci at e d
wit h t h e s el e cti o n e ffi ci e n c y, t h e e n er g y r e s ol uti o n, t h e
e n er g y s c al e, a n d t h e b a c k gr o u n d m o d eli n g t e c h ni q u e ar e
a c c o u nt e d f or t h e s h a p e s of t h e si g n al a n d b a c k gr o u n d
pr o b a bilit y d e n sit y f u n cti o n s, a s w ell a s i n r at e c h a n g e s
a s d e s cri b e d i n R ef. [ 2 3]. T h e s e q u a ntiti e s ar e all o w e d t o
v ar y wit hi n t h eir u n c ert ai nti e s a s n ui s a n c e p ar a m et er s i n
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t h e d at a fit u s e d t o e xtr a ct t h e si g n al.

T o e sti m at e t h e d ar k m att er si g n al e n h a n c e m e nt t h at
i s pr o vi d e d b y t h e Mi g d al e ff e ct, w e g e n er at e si g n al s
b a s e d o n E q. 2 f or v ari o u s i nt er a cti o n m o d el s a n d di ff er-
e nt m a s s e s i n t h e s p e ci fi c c o nt e xt of t h e st a n d ar d WI M P
g al a cti c h al o m o d el [ 5 6, 5 7]. B ot h a s pi n-i n d e p e n d e nt
( SI) i nt er a cti o n b et w e e n WI M P a n d n u cl e o n s a n d a s pi n-
d e p e n d e nt ( S D) i nt er a cti o n b et w e e n WI M P a n d pr ot o n
a r e c o n si d er e d i n t hi s a n al y si s. B e c a u s e b ot h s o di u m a n d
i o di n e h a v e n o n- z er o pr ot o n s pi n d u e t o t h eir o d d n u m-
b er s of pr ot o n s [ 5 8, 5 9], N aI( Tl) d et e ct or s ar e s e n siti v e
t o t h e WI M P- pr ot o n S D i nt e r a cti o n s. R e s p o n s e s t h at
i n cl u d e f or m f a ct or s a n d pr ot o n s pi n v al u e s of t h e n u cl ei
a r e i m pl e m e nt e d fr o m t h e p u bli cl y a v ail a bl e d m d d p a c k-
a g e [ 5 9 – 6 3]. T h e e n er g y s p e ctr a of el e ctr o n- e q ui v al e nt
e n er g y f or t h e d et e ct or ar e si m ul at e d wit h t h e e n er g y r e s-
ol uti o n s of t h e d et e ct or s a n d t h e n u cl e ar r e c oil q u e n c hi n g
f a ct or s ( Q F s), w h er e Q F i s t h e r ati o of t h e s ci ntill ati o n
li g ht yi el d fr o m s o di u m or i o di n e r e c oil r el ati v e t o t h at
f r o m el e ctr o n r e c oil f or t h e s a m e e n er g y. We u s e d t h e
Q F v al u e s fr o m r e c e nt m e a s ur e m e nt s wit h m o n o e n er g eti c
n e utr o n b e a m [ 3 7]. T h e m e a s ur e m e nt s w er e m o d el e d u s-
i n g a m o di fi e d Li n d h ar d f or m ul a [ 6 4] a n d d e s cri b e d i n
R ef. [ 6 5]. E x a m pl e s of q u e n c h e d si g n al s p e ctr a fr o m t h e
Mi g d al e ff e ct of t h e WI M P- n u cl e o n SI i nt er a cti o n s f or
t h e WI M P m a s s e s of 0. 2 a n d 1. 0 G e V / c 2 ar e pr e s e nt e d
i n Fi g. 2. T h e o ut p ut e v e nt s ar e s u bj e ct e d t o t h e s a m e
s el e cti o n crit eri a t h at ar e a p pli e d t o t h e d at a.

A B a y e si a n a p pr o a c h i s a d o pt e d t o e xtr a ct t h e WI M P
i nt er a cti o n si g n al s u si n g t h e Mi g d al e ff e ct fr o m t h e
C O SI N E- 1 0 0 d at a. A li k eli h o o d f u n cti o n b a s e d o n P oi s-
s o n pr o b a bilit y i s b uilt i n cl u di n g c o n str ai nt s t h at r e fl e ct
t h e k n o w n l e v el s of t h e b a c k gr o u n d c o m p o n e nt s. T h e
li k eli h o o d fit i s a p pli e d t o t h e m e a s ur e d si n gl e- hit e n er g y
s p e ctr a b et w e e n 1 a n d 6 k e Ve e f or e a c h WI M P m o d el
wit h v ari o u s m a s s e s. E a c h cr y st al i s fitt e d wit h a cr y st al-
s p e ci fi c b a c k gr o u n d m o d el a n d a cr y st al- c orr el at e d d ar k
m att er si g n al. T h e c o m bi n e d fit i s c o n str u ct e d b y m ul-
ti pl yi n g li k eli h o o d s of t h e fi v e cr y st al s. T h e s y st e m ati c
u n c ert ai nti e s ar e i n cl u d e d a s n ui s a n c e p ar a m et er s wit h
G a u s si a n c o n str ai nt s. T h e s a m e m a c hi n er y w a s u s e d f or
t h e WI M P d ar k m att er s e ar c h e s u si n g t h e s a m e d at a s et
b ut wit h o nl y t h e e n er g y fr o m t h e n u cl e ar r e c oil s wit h-
o ut t h e Mi g d al e ff e ct [ 2 3]. A n e x a m pl e of t h e fit f or
t h e SI i nt er a cti o n f or a WI M P m a s s of 1. 1 G e V / c 2 i s
s h o w n i n Fi g. 4. T h e s u m m e d e v e nt s p e ctr u m f or t h e
fi v e cr y st al s i s s h o w n t o g et h er wit h t h e b e st- fit r e s ult.
F or c o m p ari s o n, t h e e x p e ct e d si g n al s f or WI M P m a s s e s
( cr o s s- s e cti o n s) of 0. 2 ( 1 0 7 ) a n d 1. 0 G e V / c 2 ( 1 0 2 p b) ar e
p r e s e nt e d t o g et h er. N o si g ni fi c a nt si g n al f or e v e nt e x-
c e s s t h at c o ul d b e attri b ut e d t o WI M P i nt er a cti o n s i s
f o u n d a n d 9 0 % c o n fi d e n c e l e v el ( C L) li mit s ar e d et er-
mi n e d fr o m t h e m ar gi n ali z ati o n of t h e li k eli h o o d f u n c-
ti o n.  Fi g ur e 5 s h o w s t h e 9 0 % C L u p p er li mit s fr o m
t h e C O SI N E- 1 0 0 d at a f or t h e WI M P- n u cl e o n SI i nt er-
a cti o n s ( A) a n d t h e WI M P- pr ot o n S D i nt er a cti o n s ( B)
c o m p ar e d wit h t h e li mit s fr o m X E N O N 1 T [ 4 2], E D E L-
W EI S S s urf a c e m e a s ur e m e nt [ 4 0], a n d C D E X [ 4 1] u si n g
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FI G. 4. A n e x a m pl e of t h e fi t f o r a WI M P m a s s 1. 1 G e V / c 2

u si n g t h e Mi g d al e ff e c t i s p r e s e nt e d.  T h e s u m m e d e n e r g y
s p e c t r u m f o r t h e fi v e c r y s t al s ( bl a c k fill e d ci r cl e s ) a n d t h e
b e s t fi t ( bl u e s oli d li n e ) f o r w hi c h n o WI M P si g n al s a r e o b-
t ai n e d, a r e s h o w n t o g e t h e r wi t h si g n al s p e c t r a f r o m WI M P
m a s s e s a n d SI c r o s s- s e c ti o n s of 0. 2 G e V / c 2 a n d 1 0 7 p b ( r e d
d a s h e d li n e ), 1. 0 G e V / c 2 a n d 1 0 2 p b ( g r e e n d o t t e d li n e ). T h e
fi t t e d di s t ri b u ti o n i s b r o k e n d o w n i nt o c u m ul a ti v e c o nt ri b u-
ti o n s t o t h e b a c k g r o u n d f r o m e x t e r n al s o u r c e s, t h e s u rf a c e of
t h e c r y s t al s a n d n e a r b y m a t e ri al s, i nt e r n al r a di o n u cli d e c o n-
t a mi n a ti o n s, a n d c o s m o g e ni c a c ti v a ti o n, a s i n di c a t e d. T h e
g r e e n ( y ell o w ) b a n d s a r e t h e 6 8 % ( 9 5 % ) C L i nt e r v al s of t h e
s y s t e m a ti c u n c e r t ai nt y o b t ai n e d f r o m t h e li k eli h o o d fi t.

t h e Mi g d al e ff e ct, a s w ell a s C R E S S T-III [ 1 0], C R E S S T
Li Al O 2 G [ 6 6], D ar k Si d e- 5 0 [ 6 7], PI C A S S O [ 6 8], C D M-
Slit e [ 6 9], E D E L W EI S S s urf a c e [ 4 0], C oll ar [ 7 0], a n d
PI C O- 6 0 [ 7 1] r e s ult s. H er e, o ur s e ar c h e xt e n d s t o t h e
l o w- m a s s WI M P of 2 0 0 M e V / c2 . Alt h o u g h o ur li mit s d o
n ot c o n si d er e art h s hi el di n g e ff e ct s [ 4 0, 7 2, 7 3], w e f o u n d
n o si g ni fi c a nt i m p a ct o n t h e u p p er li mit s u si n g t h e v e r n e
c o d e [ 7 4]. B e c a u s e of t h e r el ati v el y hi g h er t hr e s h ol d e n-
er g y a n d b a c k gr o u n d r at e s, o ur s e ar c h c a n n ot i n v e sti g at e
t h e u n e x pl or e d p ar a m et er s p a c e. T hi s will b e a d dr e s s e d
i n t h e f ut ur e wit h i m pr o v e d d et e ct or s a n d a n al y si s m et h-
o d s.

V.  S E N S I T I V I T Y F O R C O S I N E - 2 0 0

A n e ff ort t o u p gr a d e t h e o n- g oi n g C O SI N E- 1 0 0 t o
t h e n e xt- p h a s e C O SI N E- 2 0 0 h a s r e s ult e d i n t h e pr o-
d u cti o n of N aI( Tl) cr y st al s wit h r e d u c e d i nt er n al b a c k-
gr o u n d fr o m 4 0 K a n d 2 1 0 P b [ 2 4, 7 5, 7 6] a s w ell a s a n i n-
cr e a s e d li g ht yi el d of 2 2 N P E / k e V [ 2 5]. T h e r e cr y st ali z a-
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FI G. 5. Li mi t s o n WI M P- n u cl e o n SI i nt e r a c ti o n ( A ) a n d WI M P- p r o t o n S D i nt e r a c ti o n ( B ) i n d u c e d b y t h e Mi g d al e ff e c t f r o m
t h e C O SI N E- 1 0 0 d a t a ( bl a c k d o t s ) a t 9 0 % C L a r e c o m p a r e d wi t h X E N O N 1 T [ 4 2], E D E L W EI S S s u rf a c e m e a s u r e m e nt [ 4 0],
a n d C D E X [ 4 1] wi t h t h e Mi g d al e ff e c t, a n d C R E S S T-I I I [ 1 0], C R E S S T Li Al O 2 G [ 6 6], D a r k Si d e- 5 0 [ 6 7], PI C A S S O [ 6 8],
C D M Sli t e [ 6 9], E D E L W EI S S s u rf a c e [ 4 0], C oll a r [ 7 0], a n d PI C O- 6 0 [ 7 1].

ti o n m et h o d h a s a c hi e v e d c h e mi c al p uri fi c ati o n of t h e r a w
N aI p o w d er wit h s u ffi ci e nt r e d u cti o n of K a n d P b c o n-
t a mi n ati o n [ 7 5, 7 6]. A d e di c at e d K yr o p o ul o s gr o w er f or
s m all t e st cr y st al s h a s pr o d u c e d l o w- b a c k gr o u n d N aI( Tl)
c r y st al s wit h r e d u c e d 4 0 K a n d 2 1 0 P b of l e s s t h a n 2 0 p p b
a n d 0. 5 m B q / k g, r e s p e cti v el y, c orr e s p o n di n g t o b a c k-
g r o u n d r at e s of l e s s t h a n 1 c o u nt s / d a y / k g / k e Ve e at t h e
1 – 6 k e Ve e R OI [ 2 4]. A f ull- si z e K yr o p o ul o s gr o w er h a s
b e e n b uilt f or t h e 1 0 0 k g- si z e cr y st al i n g ot a n d will pr o-
vi d e a p pr o xi m at el y 2 0 0 k g of l o w- b a c k gr o u n d N aI( Tl)
d et e ct or s f or t h e C O SI N E- 2 0 0 e x p eri m e nt.  T h e e x-
p e ct e d b a c k gr o u n d l e v el of t h o s e cr y st al s i s l e s s t h a n
0. 5 c o u nt s / d a y / k g / k e Ve e i n t h e R OI a s s h o w n i n Fi g. 6.
T hi s e sti m at e i s b a s e d o n t h e m e a s ur e d b a c k gr o u n d l e v el s
f or s m all t e st cr y st al s a s di s c u s s e d i n R ef. [ 2 4].

A hi g h li g ht yi el d of t h e N aI( Tl) cr y st al i s cr u ci al f or
e n a bli n g l o w- e n er g y t hr e s h ol d s b el o w 1 k e Ve e. Wit h a n
o pti mi z e d c o n c e ntr ati o n of t h alli u m d o pi n g i n t h e cr y s-
t al, w e a c hi e v e d hi g h li g ht yi el d of 1 7. 1 ± 0. 5 N P E / k e Ve e,
sli g htl y l ar g er t h a n t h at of t h e C O SI N E- 1 0 0 cr y st al of
a p pr o xi m at el y 1 5 N P E / k e Ve e. F urt h er i n cr e a s e i n t h e
li g ht c oll e cti o n e ffi ci e n c y b y ∼ 5 0 % i s p o s si bl e wit h a n
i m pr o v e d e n c a p s ul ati o n s c h e m e a s d e s c ri b e d i n R ef. [ 2 5]
t h at dir e ctl y c o n n e ct s t h e cr y st al a n d P M T s wit h o ut a n
i nt er m e di at e q u art z wi n d o w f or w hi c h a 2 2 N P E / k e Ve e
li g ht yi el d i s r e p ort e d.

T h e t y pi c al tri g g er r e q uir e m e nt of t h e C O SI N E- 1 0 0
e x p eri m e nt i s s ati s fi e d wit h c oi n ci d e nt p h ot o el e ctr o n s i n
t w o P M T s att a c h e d t o e a c h si d e of t h e cr y st al at a p pr o x-
i m at el y 0. 1 3 k e Ve e. H o w e v er, t h e P M T-i n d u c e d n oi s e
e v e nt s ar e d o mi n a ntl y tri g g e r e d b el o w e n er gi e s of a f e w
k e Ve e. T h e m ulti v ari a bl e B D T pr o vi d e d a 1 k e Ve e a n al y-
si s t hr e s h ol d wit h l e s s t h a n 0. 1 % n oi s e c o nt a mi n ati o n a n d
a b o v e 8 0 % s el e cti o n e ffi ci e n c y [ 2 2]. A k e y v ari a bl e i n t h e
B D T i s t h e li k eli h o o d p ar a m et er u si n g t h e e v e nt s h a p e s of
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FI G. 6. E x p e c t e d b a c k g r o u n d s p e c t r u m ( bl u e s oli d li n e ) of t h e
C O SI N E- 2 0 0 c r y s t al b a s e d o n t h e d e v el o p e d l o w- b a c k g r o u n d
N aI ( Tl ) c r y s t al [ 2 4] i s c o m p a r e d wi t h e x p e c t e d si g n al s u si n g
t h e Mi g d al e ff e c t f o r WI M P- n u cl e o n SI i nt e r a c ti o n s of m a s s e s
a n d c r o s s s e c ti o n s of 0. 2 G e V / c 2 , 1 0 0 p b ( r e d d a s h e d li n e ) a n d
1. 0 G e V / c 2 , 1 p b ( g r e e n d o t t e d li n e ), r e s p e c ti v el y. A d o mi-
n a nt b a c k g r o u n d c o nt ri b u ti o n i s e x p e c t e d f r o m t h e i nt e r n al
4 0 K a n d 2 1 0 P b r e m ai ni n g af t e r p u ri fi c a ti o n.

t h e s ci ntill ati o n-li k e e v e nt s a n d t h e P M T-i n d u c e d n oi s e-
li k e e v e nt s. A f urt h er i m pr o v e m e nt of t h e l o w- e n er g y
e v e nt s el e cti o n i s o n g oi n g wit h t h e C O SI N E- 1 0 0 d at a b y
d e v el o pi n g n e w p ar a m et er s f or t h e B D T a s w ell a s e m-
pl o yi n g a m a c hi n e l e ar ni n g t e c h ni q u e t h at u s e s r a w w a v e-
f or m s dir e ctl y. C O SI N E- 2 0 0 t ar g et s a n a n al y si s t hr e s h-
ol d of 5 N P E ( 0. 2 k e Ve e), w hi c h i s si mil ar t o t h e e n er g y
t hr e s h ol d t h at h a s alr e a d y b e e n a c hi e v e d b y t h e C O H E R-
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E N T e x p eri m e nt wit h C sI( N a) cr y st al s [ 7 7].
T h e C O SI N E- 2 0 0 e x p eri m e nt c a n b e r e ali z e d i n a 4 × 4

a rr a y of 1 2. 5 k g N aI( Tl) m o d ul e s b y r e pl a ci n g cr y st al s
i n si d e t h e C O SI N E- 1 0 0 s hi el d [ 2 6]. T h e C O SI N E- 2 0 0
e x p eri m e nt will r u n at l e a st 3 y e ar s f or a n u n a m bi g u-
o u s t e st of t h e D A M A / LI B R A a n n u al m o d ul ati o n si g-
n al s [ 7 8]. I n a d diti o n, t hi s d et e ct or c a n b e u s e d f or
g e n er al d ar k m att er s e ar c h e s, e s p e ci all y f or l o w- m a s s
WI M P s vi a t h e Mi g d al pr o c e s s. A s s u mi n g t h e b a c k-
g r o u n d r e d u cti o n s h o w n i n Fi g. 6, a hi g h li g ht yi el d of
2 2 N P E / k e Ve e, a n d a n a n al y si s t hr e s h ol d of 5 N P E c or-
r e s p o n di n g t o 0. 2 k e Ve e, t h e s e n siti viti e s of t h e C O SI N E-
2 0 0 e x p e ri m e nt ar e e v al u at e d b el o w u si n g t h e Mi g d al ef-
f e ct.

)2WI M P m a s s ( M e V/ c

21 0
3

1 0

C
o
u
nt

s 
(/

k
g/

yr
)

3−
1 0

1

3
1 0

6
1 0

2 0
3

1 0×3

S o di u m ( SI; 1 p b)

I o di n e   ( SI; 1 p b)

S o di u m ( S D; 2 0 0 p b)

I o di n e   ( S D; 2 0 0 p b)

FI G. 7. T h e e x p e c t e d si g n al c o u nt s u si n g t h e Mi g d al e ff e c t f o r
a o n e y e a r of d a t a a s s u mi n g 0. 2 k e Ve e a n al y si s t h r e s h ol d a r e
p r e s e nt e d a s a f u n c ti o n of WI M P m a s s e s f o r SI ( bl u e fill e d
p oi nt s ) a n d S D i nt e r a c ti o n s ( g r e e n o p e n p oi nt s ) f o r 1 k g of
s o di u m ( ci r cl e p oi nt s ) a n d 1 k g of i o di n e ( t ri a n gl e p oi nt s ).
T h e c r o s s- s e c ti o n s f o r t h e SI a n d S D i nt e r a c ti o n s a r e a s s u m e d
t o b e 1 p b a n d 2 0 0 p b, r e s p e c ti v el y.

We g e n er at e t h e WI M P i nt er a cti o n si g n al s i n cl u di n g
t h e Mi g d al e ff e ct s a s di s c u s s e d a b o v e. H er e w e a s s u m e
a o n e y e ar d at a e x p o s ur e wit h 2 0 0 k g cr y st al s a n d t h e
af or e m e nti o n e d d et e ct or p erf or m a n c e s. P oi s s o n fl u ct u a-
ti o n s of t h e m e a s ur e d N P E ar e c o n si d er e d f or t h e d et e c-
t or r e s ol uti o n. Fi g ur e 7 pr e s e nt s t h e e x p e ct e d si g n al r at e
a s a f u n cti o n of t h e WI M P m a s s f or 1 k g of s o di u m a n d
1 k g of i o di n e f or di ff er e nt i nt er a cti o n s a s s u mi n g 0. 2 k e Ve e
t hr e s h ol d. A s o n e c a n s e e, s o di u m h a s a n a d v a nt a g e f or
t h e l o w- m a s s WI M P s e ar c h e s wit h t h e Mi g d al pr o c e s s.
I n t hi s s c e n ari o, t h e C O SI N E- 2 0 0 e x p eri m e nt c a n pr o b e
t h e s u b- G e V / c 2 WI M P wit h m a s s d o w n t o 2 0 M e V / c 2 .

We u s e a n e n s e m bl e of si m ul at e d e x p eri m e nt s t o e s-
ti m at e t h e s e n siti vit y of t h e C O SI N E- 2 0 0 e x p eri m e nt,
e x pr e s s e d a s t h e e x p e ct e d cr o s s- s e cti o n li mit s f or t h e
WI M P- n u cl e o n SI a n d WI M P- pr ot o n S D i nt er a cti o n s u s-
i n g t h e Mi g d al e ff e ct i n t h e c a s e of n o si g n al s. F or e a c h
e x p eri m e nt, w e d et er mi n e a si m ul at e d s p e ctr u m f or a

b a c k gr o u n d- o nl y h y p ot h e si s wit h a s s u m e d b a c k gr o u n d
fr o m Fi g. 6. A g a u s si a n fl u ct u ati o n of e a c h b a c k gr o u n d
c o m p o n e nt a n d a p oi s s o n fl u ct u ati o n of e a c h e n er g y bi n
ar e c o n si d er e d f or e a c h si m ul at e d e x p eri m e nt. We t h e n
fit t h e si m ul at e d d at a wit h a si g n al- pl u s- b a c k gr o u n d h y-
p ot h e si s wit h fl at pri or s f or t h e si g n al a n d G a u s si a n
c o n str ai nt s f or t h e b a c k gr o u n d s b a s e d o n u n d er st a n d-
i n g of t h e N aI( Tl) cr y st al s [ 2 4, 5 5]. E x a m pl e s of si g n al
s p e ctr a u si n g t h e Mi g d al e ff e ct f or SI i nt er a cti o n s wit h
WI M P m a s s e s ( cr o s s s e cti o n s) of 0. 2 G e V / c 2 ( 1 0 0 p b) a n d
1. 0 G e V / c 2 ( 1 p b) ar e pr e s e nt e d i n Fi g. 6. T h e s a m e
B a y e si a n a p pr o a c h i s u s e d f or t h e si n gl e- hit e n er g y s p e c-
tr a b et w e e n 5 N P E ( 0. 2 k e Ve e) a n d 1 3 0 N P E ( 6 k e Ve e) f or
e a c h WI M P m o d el f or s e v er al m a s s e s. T h e 1 σ a n d 2 σ
st a n d ar d- d e vi ati o n pr o b a bilit y r e gi o n s of t h e e x p e ct e d
9 0 % C L li mit s ar e c al c ul at e d fr o m 2 0 0 0 si m ul at e d e x-
p eri m e nt s.  Fi g ur e 8 s h o w s t h o s e 1 σ a n d 2 σ r e gi o n s,
f or t h e C O SI N E- 2 0 0 e x p eri m e nt u si n g t h e Mi g d al ef-
f e ct. T h e li mit s o n t h e WI M P- n u cl e o n SI i nt er a cti o n
s h o w n i n Fi g. 8 ( A) ar e c o m p ar e d wit h t h e c urr e nt b e st
li mit o n t h e l o w- m a s s WI M P s e ar c h e s of X E N O N 1 T wit h
Mi g d al, D ar k Si d e- 5 0, a n d t h e e x p e ct e d s e n siti viti e s fr o m
f ut ur e li q ui d Ar ( T E A- L A B) [ 4 3], X e [ 4 6], a n d Si [ 4 7]
wit h Mi g d al. We al s o v erif y n o si g ni fi c a nt i m p a ct o n t h e
u p p er li mit s u si n g t h e v e r n e c o d e [ 7 4]. T h e C O SI N E-
2 0 0 e x p eri m e nt h a s a p ot e nti al t o pr o b e u n e x pl or e d c r o s s
s e cti o n v al u e s f or t h e WI M P m a s s b el o w 2 0 0 M e V / c 2 . I n
c a s e of t h e WI M P- pr ot o n S D i nt er a cti o n s s h o w n i n Fi g. 8
( B), o ur pr oj e ct e d s e n siti viti e s ar e c o m p ar e d wit h t h e
c urr e nt b e st li mit s fr o m X E N O N 1 T wit h Mi g d al, PI C O-
6 0, C D M Slit e [ 6 9], C oll ar [ 7 0], a n d PI C A S S O. T a ki n g
a d v a nt a g e s of o d d- pr ot o n n u m b er s i n b ot h i o di n e a n d
s o di u m, t h e pr oj e ct e d s e n siti viti e s fr o m t h e C O SI N E- 2 0 0
e x p eri m e nt s c a n pr o b e u n e x pl or e d p ar a m et er s p a c e s of
WI M P m a s s e s b el o w 2 G e V / c 2 .

V I.  C O N C L U S I O N

We c o n si d er t h e Mi g d al e ff e ct t o s e ar c h f or t h e l o w-
m a s s d ar k m att er u si n g t h e C O SI N E- 1 0 0 d at a. Wit h
1 k e Ve e a n al y si s t hr e s h ol d, o ur s e ar c h e xt e n d s d o w n t o
2 0 0 M e V / c 2 WI M P m a s s. We h a v e i n v e sti g at e d t h e e x-
p e ct e d s e n siti viti e s of t h e C O SI N E- 2 0 0 e x p e ri m e nt wit h
a t ot al m a s s of 2 0 0 k g, a 1- y e ar p eri o d of st a bl e o p er a-
ti o n, a b o ut 0. 5 c o u nt s / d a y / k e Ve e / k g b a c k gr o u n d r at e,
a n d 0. 2 k e Ve e e n er g y t hr e s h ol d. I n t hi s s c e n ari o, t h e
C O SI N E- 2 0 0 d et e ct or c a n e x pl or e l o w- m a s s d ar k m att er
d o w n t o 2 0 M e V / c 2 , wit h a p ot e nti al t o pr o b e c urr e ntl y
u n e x pl or e d p ar a m et er s p a c e s f or b ot h SI a n d S D i nt er-
a cti o n s.

A C K N O W L E D G M E N T S

We t h a n k t h e K or e a H y dr o a n d N u cl e ar P o w er
( K H N P) C o m p a n y f or pr o vi di n g u n d er gr o u n d
l a b or at or y s p a c e at Y a n g y a n g. T hi s w or k i s s u p p ort e d
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)2WI M P m a s s ( M e V/ c

21 0 31 0

WI
M

P-
n
uc

l
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o
n 

SI
 

Cr
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s 
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ti
o
n 

(
p
b)

7−1 0

4−1 0

1−1 0

21 0

51 0

)σC O SI N E- 2 0 0 ( MI G D A L; 1

)σC O SI N E- 2 0 0 ( MI G D A L; 2

( A)

X E N O N 1 T ( MI G D A L)

D ar k Si d e- 5 0

T E A- L A B ( MI G D A L; S e n siti vit y)
 ( MI G D A L; S e n siti vit y)

-

X e 1 0 0 k g- yr 2 e

 ( MI G D A L; S e n siti vit y)

-Si 1 k g- yr 2 e

2 0 31 0×3

)2WI M P m a s s ( M e V/ c

21 0 31 0

WI
M

P-
pr

ot
o
n 

S
D 

Cr
os

s 
S
ec

ti
o
n 

(
p
b)

1−1 0

21 0

51 0

81 0

)σC O SI N E- 2 0 0 ( MI G D A L; 1

)σC O SI N E- 2 0 0 ( MI G D A L; 2

( B)
X E N O N 1 T ( MI G D A L)

PI C A S S O

PI C O- 6 0

C oll ar

C D M Slit e

2 0 31 0×3

FI G. 8. C O SI N E- 2 0 0 e x p e c t e d 9 0 % C L li mi t s u si n g t h e Mi g d al e ff e c t o n t h e WI M P- n u cl e o n SI c r o s s- s e c ti o n ( A ) a n d t h e
WI M P- p r o t o n S D c r o s s- s e c ti o n ( B ) a r e p r e s e nt e d a s s u mi n g t h e b a c k g r o u n d- o nl y h y p o t h e si s i n di c a ti n g t h e 1 σ a n d 2 σ s t a n d a r d
d e vi a ti o n p r o b a bili t y r e gi o n s o v e r w hi c h t h e li mi t s h a v e fl u c t u a t e d. T h o s e li mi t s a r e c o m p a r e d wi t h t h e c u r r e nt b e s t li mi t s
f r o m t h e X E N O N 1 T Mi g d al [ 4 2], D a r k Si d e- 5 0 [ 6 7], PI C A S S O [ 6 8], C D M Sli t e [ 6 9], C oll a r [ 7 0], a n d PI C O- 6 0 [ 7 1] t o g e t h e r wi t h
t h e s e n si ti vi t y li mi t s f r o m f u t u r e li q ui d A r e x p e ri m e nt ( T E A- L A B ) [ 4 3], X e [ 4 6], a n d Si [ 4 7] wi t h Mi g d al.

b y: t h e I n stit ut e f or B a si c S ci e n c e (I B S) u n d er pr oj e ct
c o d e I B S- R 0 1 6- A 1 a n d N R F- 2 0 2 1 R 1 A 2 C 3 0 1 0 9 8 9,
R e p u bli c of K or e a; N S F Gr a nt s N o. P H Y- 1 9 1 3 7 4 2,
D G E 1 1 2 2 4 9 2, WI P A C, t h e Wi s c o n si n Al u m ni R e s e ar c h

F o u n d ati o n, U nit e d St at e s; S T F C Gr a nt S T / N 0 0 0 2 7 7 / 1
a n d S T / K 0 0 1 3 3 7 / 1, U nit e d Ki n g d o m; Gr a nt N o.
2 0 1 7 / 0 2 9 5 2- 0 F A P E S P, C A P E S Fi n a n c e C o d e 0 0 1,
C N P q 1 3 1 1 5 2 / 2 0 2 0- 3, Br a zil.
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