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We present new constraints on dark matter interactions using 1.7 years of COSINE-100 data.
The COSINE-100 experiment, consisting of 106 kg of tallium-doped sodium iodide (NaI(Tl)) target
material, is aimed at testing DAMA’s claim of dark matter observation using the same NaI(Tl)
detectors. Improved event selection requirements, a more precise understanding of the detector
background and the use of a larger data set considerably enhances the COSINE-100 sensitivity for
dark matter detection. No signal consistent with the dark matter interaction is identified, and rules
out model-dependent dark matter interpretations of the DAMA signals in the specific context of
standard halo model with the same NaI(Tl) target for various interaction hypotheses.

INTRODUCTION

Astronomical observations continue to indicate that
the Universe is made mostly of non-luminous, invisible
dark matter [1, 2]. Several types of new fundamen-
tal particles have been proposed as candidates for the
dark matter [3] such as weakly interacting massive par-
ticles (WIMPs) [4, 5], but no de�nitive signal has been
seen despite concerted e�orts by many collaborations [6].
One exception is the much-debated claim by the DAMA
collaboration of a statistically signi�cant annual modu-
lation in the event rate of their experiment [7{9] with
a period and phase consistent with that expected from
WIMP dark matter [10{12]. This is controversial because
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if it is interpreted as a signature for WIMP interactions,
it con
icts with other direct search experiments [13{15]
that report null signals in the regions of parameter space
that are allowed by the DAMA signals.

Several groups have been working to develop new
experiments with the aim of reproducing or refuting
DAMA's results using the same NaI(Tl) detector mate-
rial [16{20]. The COSINE-100 experiment is one of them
that is currently operating with 106 kg of low-background
sodium iodide crystals at the Yangyang underground lab-
oratory [21, 22]. An analysis of the initial 59.5 days
of COSINE-100 data showed that the annual modula-
tion signal reported by DAMA is inconsistent with the
explanation using spin-independent interaction between
WIMPs and sodium or iodine nuclei in the context of the
standard halo model [21]. However, this �rst result left
open interpretations using certain alternative dark mat-
ter models [23, 24], dark matter halo distributions [25],
and detector responses [25, 26] that could allow room for
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c o n si st e n c y b et w e e n D A M A a n d C O SI N E- 1 0 0. M o d el
i n d e p e n d e nt s e ar c h e s of a n a n n u al m o d ul ati o n si g n al u s-
i n g 1. 7 y e ar s d at a w er e al s o r e p ort e d b ut w e r e still n ot
s e n siti v e e n o u g h t o c o n cl u si v el y c h all e n g e t h e D A M A o b-
s er v ati o n [ 2 2]. H er e w e pr e s e nt r e s ult s fr o m a n a n al y si s
of 1. 7 y e ar s of C O SI N E- 1 0 0 d at a wit h i m pr o v e d e v e nt s e-
l e cti o n r e q uir e m e nt s a n d a n e n er g y t hr e s h ol d t h at h a s
b e e n r e d u c e d fr o m 2 k e Ve e t o 1 k e Ve e, w h er e k e Ve e i s
kil o el e ctr o n v olt el e ctr o n- e q ui v al e nt e n er g y [ 2 7]. We fi n d
a n or d er of m a g nit u d e i m pr o v e m e nt i n s e n siti vit y, s u ffi-
ci e nt f or t h e fir st ti m e t o str o n gl y c o n str ai n t h e s e alt er-
n ati v e s c e n ari o s, a s w ell a s t o f urt h er str e n gt h e n t h e pr e-
vi o u sl y o b s er v e d i n c o n si st e n c y wit h t h e WI M P- n u cl e o n
s pi n-i n d e p e n d e nt i nt er a cti o n h y p ot h e si s [ 2 1].

R E S U L T S

E x p e ri m e n t

C O SI N E- 1 0 0 i s l o c at e d at t h e Y a n g y a n g U n d er gr o u n d
L a b or at or y i n S o ut h K or e a wit h a 7 0 0 m r o c k o v er-
b ur d e n [ 2 1, 2 2].  T h e e x p eri m e nt c o n si st s of ei g ht
l o w- b a c k gr o u n d t h alli u m- d o p e d s o di u m i o di d e ( N aI( Tl))
c r y st al s arr a n g e d i n a 4 × 2 arr a y wit h a t ot al t ar g et m a s s
of 1 0 6 k g. T h e arr a y i s i m m er s e d i n 2, 2 0 0 L of li q ui d
s ci ntill at or u s e d t o i d e ntif y e v e nt s i n d u c e d b y r a di o a cti v e
b a c k gr o u n d s o ur c e s t h at ar e i n si d e or o ut si d e t h e cr y s-
t al s [ 2 8]. T h e li q ui d s ci ntill at or i s s urr o u n d e d b y c o p-
p er a n d l e a d s hi el d s, a n d pl a sti c s ci ntill at or s t o r e d u c e
t h e b a c k gr o u n d c o ntri b uti o n fr o m e xt er n al r a di ati o n a s
w ell a s t a g a n d r ej e ct e v e nt s a s s o ci at e d wit h c o s mi c-r a y
m u o n s [ 2 9]. E a c h N aI( Tl) cr y st al i s o pti c all y c o u pl e d
t o t w o p h ot o m ulti pli e r t u b e s ( P M T s) wit h t h e si g n al s
r e c or d e d a s 8 µ s w a v ef or m s. A tri g g er i s g e n er at e d w h e n
a si g n al c orr e s p o n di n g t o o n e or m or e p h ot o el e ctr o n s o c-
c ur s i n e a c h P M T wit hi n a 2 0 0 n s ti m e wi n d o w [ 3 0].

T h e a n al y si s pr e s e nt e d h er e utili z e s 1. 7 y e ar s of
d at a, pr e vi o u sl y u s e d f or t h e fir st a n n u al m o d ul ati o n
s e ar c h [ 2 2], a n d b a c k gr o u n d m o d eli n g wit h a 1 k e Ve e e n-
e r g y t hr e s h ol d [ 3 1]. T h e d at a w e r e a c q uir e d b et w e e n O c-
t o b er 2 1, 2 0 1 6 a n d J ul y 1 8, 2 0 1 8. T hr e e of t h e ei g ht
c r y st al s w er e o b s er v e d t o h a v e hi g h n oi s e r at e s i n t h e
r e gi o n of i nt er e st ( R OI) a n d w er e e x cl u d e d fr o m t h e
a n al y si s, r e s ulti n g i n a n e ff e cti v e d at a e x p o s ur e of 9 7. 7
k g ·y e ar [ 2 1, 2 2].

It w a s f o u n d t h at P M T n oi s e c a u s e s t h e m aj orit y of t h e
t ri g g er e d e v e nt s i n t h e R OI. A m ulti v ari a bl e b o o st e d d e-
ci si o n tr e e ( B D T) [ 3 2] w a s u s e d t o c h ar a ct eri z e t h e p ul s e-
s h a p e s t o di s cri mi n at e t h e s e P M T-i n d u c e d n oi s e e v e nt s
f r o m r a di ati o n-i n d u c e d s ci ntill ati o n e v e nt s [ 2 1, 2 2]. T o
i m pr o v e t h e di s cri mi n ati o n p o w er, a li k eli h o o d s c or e w a s
i ntr o d u c e d a s a n i n p ut tr ai ni n g v ari a bl e t o t h e B D T
t h at r at e s h o w w ell t h e w a v ef or m m at c h e s eit h er s ci n-
till ati o n e v e nt s or P M T-i n d u c e d n oi s e e v e nt s. T h e li k e-
li h o o d s c or e p arti c ul arl y e n h a n c e s t h e r e m o v al of n oi s e
p ul s e s a n d all o w s u s t o c o mf ort a bl y o p er at e wit h a 1
k e Ve e t hr e s h ol d [ 2 7]. T h e B D T i s tr ai n e d wit h s a m pl e s
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N u cl e ar-r e c oil E v e nt s f or a T e st Cr y st al

FI G. 1. E ffi ci e n ci e s f o r β / γ a n d n u cl e a r - r e c oil e v e n t s.
Bl u e d o t s s h o w t h e e ffi ci e n ci e s f o r β / γ e v e nt s f o r o n e of t h e
C O SI N E- 1 0 0 c r y s t al. Bl a c k a n d r e d d o t s a r e e ffi ci e n ci e s of
β / γ a n d n u cl e a r- r e c oil e v e nt s, r e s p e c ti v el y, f o r a s m all- si z e
t e s t c r y s t al s. T hi s t e s t c r y s t al w a s c u t f r o m t h e s a m e i n g o t
of t h e C O SI N E- 1 0 0 c r y s t al a n d u s e d f o r t h e n e u t r o n b e a m
m e a s u r e m e nt.  All m e a s u r e m e nt s a r e c o n si s t e nt wi t hi n t h e
s y s t e m a ti c u n c e r t ai nt y of t h e e ffi ci e n c y s h o w n i n g r e y b a n d.

of s ci ntill ati o n-ri c h 6 0 C o c ali br ati o n d at a a n d P M T- n oi s e
d o mi n a nt si n gl e- hit p h y si c s d at a. T h e m ulti pl e- hit e v e nt s
c o n si st of i n-ti m e hit s i n m ulti pl e cr y st al s or li q ui d s ci ntil-
l at or t h at c a n n ot b e c a u s e d b y d ar k m att er i nt er a cti o n s.
T h e e v e nt s el e cti o n e ffi ci e n ci e s f or s ci ntill ati o n e v e nt s ar e
e v al u at e d wit h t h e 6 0 C o c ali br ati o n d at a s et a n d cr o s s-
c h e c k e d wit h t h e p h y si c s d at a, a s w ell a s n u cl e ar r e-
c oil e v e nt s. T h e e ffi ci e n ci e s fr o m t h e 6 0 C o c ali br ati o n
d at a w er e f o u n d t o b e c o n si st e nt wit h pr e vi o u sl y m e a-
s ur e d e ffi ci e n ci e s f or n u cl e ar r e c oil e v e nt s o bt ai n e d u si n g
a m o n o e n er g eti c 2. 4 2 M e V n e utr o n b e a m [ 3 3] a s s h o w n i n
Fi g. 1. T h e e ffi ci e n c y di ff er e n c e s a n d t h eir u n c ert ai nti e s
ar e i n cl u d e d a s a s y st e m ati c u n c ert ai nt y.

B a c k g r o u n d m o d eli n g

E v e nt s i n t h e r e m ai ni n g d ar k m att er s e ar c h d at a s et
pr e d o mi n a ntl y ori gi n at e fr o m e n vir o n m e nt al γ a n d β r a-
di ati o n s. S o ur c e s i n cl u d e r a di o a cti v e c o nt a mi n a nt s i nt er-
n al t o t h e cr y st al s or o n t h eir s urf a c e s, e xt er n al d et e ct or
c o m p o n e nt s, a n d c o s m o g e ni c a cti v ati o n [ 3 1]. I n or d er t o
u n d er st a n d t h e s e e v e nt s, t h e b a c k gr o u n d s p e ctr u m f or
e a c h i n di vi d u al c r y st al i s m o d el e d u si n g c o m p ut er si m u-
l ati o n s b a s e d o n t h e G e a nt 4 t o ol kit [ 3 4].

E v e nt s ar e cl a s si fi e d a c c or di n g t o t h eir e n er g y: 1 –
7 0 k e Ve e ar e l o w e n er g y a n d 7 0 – 3 0 0 0 k e Ve e ar e hi g h e n-
er g y. T h e si n gl e- hit a n d m ulti pl e- hit d at a ar e s e p ar at e d
i n t h e b a c k gr o u n d m o d eli n g of t h e N aI( Tl) cr y st al s. T o
u n d er st a n d t h e b a c k gr o u n d s p e ctr a, G e a nt 4- b a s e d si m-
ul ati o n e v e nt s ar e g e n er at e d a n d r e c or d e d i n a f or m at
t h at m at c h e s t h at of t h e C O SI N E- 1 0 0 d at a a c q ui siti o n
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FI G. 2. E n e r g y s p e c t r a of si n gl e - hi t a n d m ul ti pl e - hi t e v e n t s. P r e s e nt e d h e r e a r e s u m m e d e n e r g y s p e c t r a f o r t h e fi v e
c r y s t al s ( bl a c k d o t s ) a n d t h ei r b a c k g r o u n d m o d el s ( r e d s oli d li n e ) wi t h t h e 6 8 % a n d 9 5 % c o n fi d e n c e i nt e r v al s. T h e e x p e c t e d
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 i nt e r n al r a di o n u cli d e c o nt a mi n a ti o n 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,
c o s m o g e ni c a c ti v a ti o n, a n d e x t e r n al b a c k g r o u n d s a r e i n di c a t e d. T h e 1 – 6 k e V r e gi o n of t h e si n gl e- hi t s p e c t r u m i s m a s k e d b e c a u s e
t h e s e e v e nt s a r e n o t u s e d f o r t h e b a c k g r o u n d m o d eli n g.

s y st e m. E n er g y r e s ol uti o n s a n d s el e cti o n e ffi ci e n ci e s f or
e a c h cr y st al ar e a p pli e d. 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 m e a s ur 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
WI M P si g n al i n t h e R OI. D et ail s of t h e b a c k gr o u n d m o d-
eli n g f or t h e d at a s et ar e d e s cri b e d el s e w h er e [ 3 1].

T h e b a c k gr o u n d c o m p o n e nt s ar e di vi d e d i nt o f o ur c at-
e g ori e s: i nt e r n al c o nt a mi n ati o n, s urf a c e c o nt a mi n ati o n,
e xt er n al s o ur c e s a n d c o s m o g e ni c a cti v ati o n. T h e 2 3 8 U,
2 3 2 T h, 4 0 K, a n d 2 1 0 P b c o nt a mi n ati o n s i n t h e cr y st al c o n-
stit ut e t h e i nt er n al b a c k gr o u n d. T h e 2 1 0 P b c o nt a mi n a-
ti o n s o n t h e cr y st al s urf a c e a n d a dj a c e nt m at eri al s ar e
t h e s urf a c e c o m p o n e nt. B a c k gr o u n d s fr o m 2 3 8 U, 2 3 2 T h
a n d 4 0 K i n t h e P M T s, li q ui d s ci ntill at or, a n d t h e s hi el d
m at eri al s c o n stit ut e t h e e xt er n al s o ur c e s. I n or d er t o e s-
ti m at e c o ntri b uti o n s fr o m c o s m o g e ni c a cti v ati o n, w e u s e

a ti m e- d e p e n d e nt a n al y si s t h at t a k e s i nt o a c c o u nt t h e
c o s mi c-r a y e x p o s ur e ti m e o n t h e gr o u n d a n d t h e c o oli n g
ti m e i n t h e u n d er gr o u n d l a b or at or y of e a c h i n di vi d u al
cr y st al [ 3 5].

T h e m o st d o mi n a nt b a c k gr o u n d c o m p o n e nt s i n t h e
R OI ar e g e n er at e d b y i nt er n al r a di o n u cli d e c o nt a mi n a-
ti o n a n d b y c o s m o g e ni c a cti v ati o n. T hi s i n cl u d e s 2 1 0 P b
a n d 4 0 K i nt er n al c o nt a mi n a nt s, a n d 2 1 0 P b s urf a c e c o n-
t a mi n ati o n. T h e c o ntri b uti o n t o t h e R OI fr o m c o s m o-
g e ni c a cti v ati o n i s m o stl y d u e t o 3 H wit h s o m e a d diti o n al
c o ntri b uti o n s fr o m 1 1 3 S n a n d 1 0 9 C d. B a c k gr o u n d m o d-
eli n g w a s p erf or m e d i n d e p e n d e ntl y f or e a c h i n di vi d u al
cr y st al, a n d Fi g. 2 s h o w s t h e a c c u m ul at e d r e s ult of t h e
m o d el fit t o d at a a n d t h e s y st e m ati c u n c ert ai nti e s.

S e v er al s o ur c e s of s y st e m ati c u n c ert ai nt y ar e i d e nti-
fi e d a n d i n cl u d e d i n t hi s a n al y si s. T h e l ar g e st s y st e m ati c
u n c ert ai nti e s ar e t h o s e a s s o ci at e d wit h t h e e ffi ci e n ci e s,
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w hi c h i n cl u d e st ati sti c al err or s i n t h e e ffi ci e n c y d et er mi-
n ati o n s wit h t h e 6 0 C o c ali br ati o n a n d s y st e m ati c err or s
d eri v e d fr o m t h e i n d e p e n d e nt cr o s s- c h e c k s of t h e p h y si c s
d at a a n d t h e n u cl e ar r e c oil e v e nt s. U n c ert ai nti e s i n t h e
e n er g y r e s ol uti o n a n d n o nli n e ar r e s p o n s e s of t h e N aI( Tl)
c r y st al s [ 3 6] a ff e ct t h e s h a p e s of t h e b a c k gr o u n d a n d si g-
n al s p e ctr a. T h e d e pt h- pr o fil e s of 2 1 0 P b o n t h e s urf a c e of
t h e N aI( Tl) cr y st al s, st u di e d wit h a 2 2 2 R n c o nt a mi n at e d
c r y st al, ar e v ari e d wit hi n t h eir u n c ert ai nt y [ 3 7]. V ari a-
ti o n s i n t h e l e v el s a n d t h e p o siti o n s of e xt er n al Ur a ni u m
a n d T h ori u m d e c a y- c h ai n c o nt a mi n a nt s ar e al s o t a k e n
i nt o a c c o u nt. E ff e ct s of e v e nt r at e v ari ati o n s a n d p o s si-
bl e di st orti o n s i n t h e s h a p e s of s p e ctr a ar e c o n si d er e d i n
s y st e m ati c u n c e rt ai nti e s.

D a r k m a t t e r i n t e r p r e t a ti o n s

We c o n si d er v ari o u s WI M P m o d el s t o d et er mi n e t h e
p o s si bl e c o ntri b uti o n fr o m WI M P i nt er a cti o n s t o t h e
m e a s ur e d e n er g y s p e ctr a u si n g t h e si m ul at e d d at a. T h e
D A M A / LI B R A- p h a s e 2 d at a [ 9] w e r e f o u n d n ot t o b e
c o m p ati bl e wit h t h e c a n o ni c al m o d el [ 1 1, 2 6], w hi c h i s a n
i s o s pi n- c o n s er vi n g s pi n-i n d e p e n d e nt i nt er a cti o n b et w e e n
WI M P a n d n u cl e u 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, a n d i s t h e m o st c o m-
m o nl y u s e d i nt er pr et ati o n of t h e dir e ct d et e cti o n of t h e
WI M P d ar k m att er [ 3 8]. H o w e v e r, a n i s o s pi n- vi ol ati n g
i nt er a cti o n i n w hi c h t h e WI M P- pr ot o n c o u pli n g i s di ff er-
e nt fr o m t h e WI M P- n e utr o n c o u pli n g, pr o vi d e s a g o o d
fit t o t h e o b s er v e d a n n u al m o d ul ati o n si g n al s fr o m t h e
D A M A / LI B R A- p h a s e 2 d at a [ 1 1, 2 6]. T o i nt er pr et t h e
D A M A / LI B R A d at a a n d c o m p ar e wit h t h e C O SI N E-
1 0 0 d at a, w e u s e t h e b e st fit v al u e s of t h e e ff e cti v e c o u-
pli n g of WI M P s t o n e utr o n s a n d t o pr ot o n s ( f n / f p )
o bt ai n e d f or t h e si m ult a n e o u s fit of D A M A / LI B R A-
p h a s e 1 a n d D A M A / LI B R A- p h a s e 2 d at a d e s cri b e d el s e-
w h er e [ 2 6]. We al s o i nt er pr et t h e r e s ult s of t h e C O SI N E-
1 0 0 d at a i n t h e c a n o ni c al m o d el f or t h e c o m p ari s o n wit h
t h e D A M A / LI B R A- p h a s e 1 o nl y d at a.

We u s e t h e n u cl e ar r e c oil q u e n c hi n g f a ct or ( Q F)
f r 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 s [ 3 3] ( q u e n c hi n g f a ct or i s t h e r ati o of t h e s ci ntill a-
ti 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 or el e ctr o n r e c oil f or t h e s a m e e n er g y). I n t h o s e
m e a s ur e m e nt s, n e utr o n t a g gi n g d et e ct or s at a fi x e d a n-
gl e r el ati v e t o t h e i n c o mi n g n e utr o n b e a m dir e cti o n pr o-
vi d e u n a m bi g u o u s k n o wl e d g e of t h e d e p o sit e d e n er g y. We
o bt ai n e d a str o n g e n er g y d e p e n d e n c e of t h e n u cl e ar r e-
c oil Q F s. M o d eli n g s of t h e Q F m e a s ur e m e nt s d e s cri b e d
i n R ef. [ 2 6] ar e a p pr o pri at e d f or t hi s a n al y si s ( s u b s e-
q u e ntl y r ef err e d t o a s n e w Q F). H o w e v er, m o st st u d-
i e s i nt er pr eti n g t h e D A M A / LI B R A’ s r e s ult s h a v e u s e d
si g ni fi c a ntl y l ar g er Q F v al u e s t h at w er e r e p ort e d b y t h e
D A M A gr o u p i n 1 9 9 6 [ 3 9] ( s u b s e q u e ntl y r ef err e d t o a s
D A M A Q F), t h at w er e o bt ai n e d b y m e a s uri n g t h e r e-
s p o n s e of N aI( Tl) cr y st al s t o n u cl e ar r e c oil s i n d u c e d b y
n e utr o n s fr o m a 2 5 2 Cf s o ur c e. T h e b e st d e s cri pti o n of t h e

m e a s ur e d n u cl e ar r e c oil s p e ctr a fr o m t h e 2 5 2 Cf s o ur c e o b-
t ai n e d 3 0 ± 1 % a n d 9 ± 1 % f or t h e s o di u m a n d i o di n e Q F
v al u e s, r e s p e cti v el y, a s s u mi n g n o e n er g y d e p e n d e n c e of
t h e Q F v al u e s. T h e v al u e s o bt ai n e d fr o m t h e n e w m e a-
s ur e m e nt s ar e a p pr o xi m at el y 1 3 % a n d 5 % f or t h e s o di u m
a n d i o di n e, r e p s e cti v el y, at 2 0 k e V nr w h er e k e V nr i s kil o-
el e ctr o n v olt n u cl e ar r e c oil e n er g y [ 2 6]. E ffi ci e nt n oi s e
r ej e cti o n a s w ell a s c orr e ct e v al u ati o n of tri g g er a n d s el e c-
ti o n e ffi ci e n ci e s ar e e s s e nti al f or pr o p e r e sti m ati o n of t h e
q u e n c hi n g f a ct or s [ 3 3, 4 0, 4 1]. E v e n t h o u g h t h e m e a s ur e-
m e nt s of t h e D A M A Q F v al u e s w er e r e q uir e d t o c h e c k
t h e e ffi ci e n c y e v al u ati o n s a s w ell a s n o e n er g y- d e p e n d e nt
Q F a s s u m pti o n [ 4 0], t h e h y p ot h e si s of di ff er e nt Q F s [ 2 5]
i n t h e N aI( Tl) cr y st al s u s e d b y D A M A / LI B R A a n d
C O SI N E- 1 0 0 n e e d s t o b e c h e c k e d.  N ot e t h at r e s ult s
fr o m t h e a n al y si s of t h e pr e vi o u s 5 9. 5 d a y s of C O SI N E-
1 0 0 d at a wit h a 2 k e Ve e t hr e s h ol d w er e n ot s u ffi ci e nt t o
e x cl u d e all t h e D A M A / LI B R A 3 σ r e gi o n s w h e n di ff er e nt
Q F s ar e u s e d [ 2 6].
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FI G. 3. E x a m pl e fi t r e s ul t s f o r a 1 1. 5 G e V / c 2 W I M P
m a s s i n t h e c a s e of f n / f p = − 0 .7 6 . P r e s e nt e d h e r e i s
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 s h o w n wi t h 6 8 % c o n fi d e n c e l e v el e r r o r b a r s ) a n d t h e
b e s t fi t ( bl u e 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.
Fi t t e d 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 i nt e r n al r a di o n u-
cli d e c o nt a mi n a ti o n 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, c o s m o g e ni c a c ti v a ti o n, a n d e x t e r n al b a c k g r o u n d s
a r e 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 o n fi d e n c e l e v el 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. F o r p r e s e nt a ti o n p u r p o s e s, w e
i n di c a t e t h e si g n al s h a p e ( r e d li n e ) a s s u mi n g a WI M P- p r o t o n
c r o s s s e c ti o n of 2. 5 × 1 0 − 2 p b c o r r e s p o n di n g t o t h e D A M A b e s t
fi t v al u e f o r t h e WI M P- s o di u m i nt e r a c ti o n u si n g t h e D A M A
Q F v al u e s.

T o s e ar c h f or e vi d e n c e of a WI M P si g n al i n t h e d at a,
a B a y e si a n a p pr o a c h wit h 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 u s e d. 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
1 5 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. 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 WI M P si g n al f o r t h e c o m bi n e d
fit b y m ulti pl yi n g t h e fi v e c r y st al s’ li k eli h o o d s. M e a n s
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( B)

FI G. 4. E x cl u si o n li mi t s o n t h e W I M P - p r o t o n s pi n -i n d e p e n d e n t c r o s s s e c ti o n f o r t h e i s o s pi n - vi ol a ti n g i n t e r -
a c ti o n. T h e 3 σ all o w e d r e gi o n s of t h e WI M P m a s s a n d t h e WI M P- p r o t o n c r o s s- s e c ti o n a s s o ci a t e d wi t h t h e D A M A / LI B R A-
p h a s e 1 + p h a s e 2 d a t a ( bl u e s oli d c o u t o u r s ) u si n g t h e n e w Q F v al u e s i n t h ei r b e s t fi t f o r ( A ) s o di u m s c a t t e ri n g a n d ( B ) i o di n e
s c a t t e ri n g h y p o t h e s e s a r e c o m p a r e d wi t h t h e 9 0 % c o n fi d e n c e l e v el e x cl u si o n li mi t s f r o m t h e C O SI N E- 1 0 0 d a t a ( bl a c k- s oli d-li n e ),
t o g e t h e r wi t h t h e 6 8 % a n d 9 5 % p r o b a bili t y b a n d s f o r t h e e x p e c t e d 9 0 % c o n fi d e n c e l e v el li mi t 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. T h e d a s h e d bl u e c o nt o u r s s h o w t h e all o w e d r e gi o n s of t h e D A M A / LI B R A- p h a s e 1 + p h a s e 2 d a t a u si n g t h e D A M A
Q F v al u e s. F o r c o m p a ri s o n, li mi t s f r o m t h e i ni ti al 5 9. 5 d a y s C O SI N E- 1 0 0 d a t a [ 2 1] a r e s h o w n b y t h e p u r pl e- s oli d-li n e. I n e a c h
pl o t, w e fi x t h e e ff e c ti v e c o u pli n g r a ti o s t o n e u t r o n s a n d p r o t o n s f n / f p t o t h e b e s t fi t v al u e s of t h e D A M A d a t a.

a n d u n c ert ai nti e s f or b a c k gr o u n d c o m p o n e nt s, w hi c h ar e
d et er mi n e d fr o m t h e m o d eli n g [ 3 1], ar e u s e d t o s et G a u s-
si a n pri or s f or t h e b a c k gr o u n d. T h e s y st e m ati c u n c er-
t ai nti e s ar e i n cl u d e d i n t h e fit 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 pri or s ( s e e t h e s e cti o n of m at eri al s a n d
m et h o d s).

A g o o d fit t o t h e D A M A / LI B R A- p h a s e 2 d at a w a s
o bt ai n e d wit h t h e i s o s pi n- vi ol ati n g i nt er a cti o n [ 1 1, 2 6].
We si m ult a n e o u sl y u s e t h e D A M A / LI B R A- p h a s e 1 a n d
p h a s e 2 d at a t o fit t hr e e p ar a m et er s: t h e WI M P m a s s,
t h e WI M P- pr ot o n cr o s s- s e cti o n, a n d f n / f p . T h e b e st
fit s w er e o bt ai n e d f or t w o di ff er e nt v al u e s of f n / f p

f a v ori n g WI M P- s o di u m a n d WI M P-i o di n e i nt er a cti o n s
a s f n / f p = − 0 .7 6 a n d − 0 .7 1, r e s p e cti v el y.  F or t h e
b e st fit v al u e s of f n / f p , t h e 3σ all o w e d r e gi o n s i n t h e
WI M P- m a s s a n d t h e WI M P- pr ot o n cr o s s- s e cti o n p ar a m-
et er s p a c e s ar e o bt ai n e d [ 2 6].

T h e C O SI N E- 1 0 0 d at a ar e fitt e d t o e a c h of t h e dif-
f er e nt WI M P m a s s e s f or e a c h f n / f p v al u e u si n g o nl y
t h e n e w Q F v al u e s. A n e x a m pl e of a m a xi m u m li k eli-
h o o d fit f or a 1 1 .5 G e V / c 2 WI M P a n d f n / f p = − 0 .7 6
WI M P si g n al i s pr e s e nt e d i n Fi g. 3. 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 f or
a 1 1 .5 G e V / c 2 WI M P wit h a s pi n-i n d e p e n d e nt WI M P-
p r ot o n cr o s s s e cti o n of 2 .5 × 1 0 − 2 p b, t h e c e ntr al v al u e of
t h e D A M A / LI B R A b e st fit u si n g t h e D A M A Q F v al u e s
f or t h e WI M P- s o di u m i nt er a cti o n, i s s h o w n b y t h e r e d
s oli d li n e. N o e x c e s s of e v e nt 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 f or t h e c o n si d er e d WI M P
si g n al s. T h e p o st eri or pr o b a biliti e s of si g n al s ar e c o n-

si st e nt wit h z er o i n all c a s e s a n d 9 0 % c o n fi d e n c e l e v el
li mit s ar e d et er mi n e d ( s e e Fi g. S 1 0). Fi g ur e 4 s h o w s t h e
3 σ c o nt o ur s of t h e D A M A / LI B R A d at a i n t h e b e st fit
v al u e s of f n / f p u si n g t h e n e w Q F v al u e s a n d t h e D A M A
Q F v al u e s t o g et h er wit h t h e 9 0 % c o n fi d e n c e l e v el u p p er
li mit s fr o m t h e C O SI N E- 1 0 0 d at a u si n g t h e s a m e f n / f p

a n d t h e n e w Q F v al u e s. T h e 9 0 % c o n fi d e n c e l e v el li m-
it s fr o m t h e 1. 7 y e ar s C O SI N E- 1 0 0 d at a s h o w a p pr o xi-
m at el y a n or d er of m a g nit u d e b ett er li mit s t h a n t h o s e of
o ur pr e vi o u s r e s ult s u si n g 5 9. 5 d a y s d at a a n d e x cl u d e t h e
D A M A / LI B R A all o w e d 3 σ r e gi o n s f or b ot h s et s of Q F
v al u e s.

E v e n t h o u g h t h e D A M A / LI B R A- p h a s e 2 d at a d o n ot
fit w ell t o t h e c a n o ni c al m o d el, t h eir p h a s e 1 d at a h a s
b e e n s h o w n t o b e w ell fit wit h a n i s o s pi n- c o n s er vi n g
s pi n-i n d e p e n d e nt WI M P- n u cl ei i nt er a cti o n [ 1 0, 2 6]. T h e
9 0 % c o n fi d e n c e l e v el 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 c a n o ni c al m o d el ar e al s o o bt ai n e d. Fi g ur e 5
s h o w s t h e 3 σ all o w e d r e gi o n s t h at ar e a s s o ci at e d wit h
t h e D A M A / LI B R A- p h a s e 1 si g n al u si n g t h e n e w Q F v al-
u e s a n d t h e D A M A Q F v al u e s t o g et h er wit h t h e 9 0 %
c o n fi d e n c e l e v el u p p er li mit s fr o m t h e C O SI N E- 1 0 0 d at a
u si n g t h e n e w Q F v al u e s. T h e s e li mit s m o stl y e x cl u d e
t h e D A M A / LI B R A all o w e d r e gi o n e v e n w h e n di ff er e nt
Q F v al u e s ar e c o n si d er e d f or e a c h e x p eri m e nt.

I n a d diti o n, w e h a v e c h e c k e d e a c h o p er at or i n a n a s-
s ort m e n et of n o n-r el ati vi sti c e ff e cti v e fi el d t h e or y m o d el s
w h er e pr e vi o u s n ull r e s ult s fr o m t h e 5 9. 5 d a y s C O SI N E-
1 0 0 d at a d o n ot f ull y c o v er t h e 3 σ r e gi o n s of t h e
D A M A / LI B R A d at a f or a f e w o p er at or s [ 2 3].  T h e
1. 7 y e ar s d at a i s n o w f o u n d t o f ull y c o v er t h e 3 σ all o w e d



6

)2WI M P M a s s ( G e V/ c
1 0

21 0
3

1 0

WI
M

P-
pr

ot
o
n 

SI
 

Cr
os

s 
S
ec

ti
o
n 

(
p
b)

6−1 0

5−1 0

4−1 0

3−1 0

2−1 0

1−1 0 C O SI N E- 1 0 0 5 9. 5 d a y s

D A M A/ LI B R A- p h a s e 1

D A M A/ LI B R A- p h a s e 1 ( D A M A Q F)

C O SI N E- 1 0 0 1. 7 y e ar s

 e x p e ct e dσ1

 e x p e ct e dσ2

FI G. 5. E x cl u si o n li mi t s o n t h e W I M P - n u cl e o n s pi n -
i n d e p e n d e n t c r o s s s e c ti o n of t h e i s o s pi n - c o n s e r vi n g
i n t e r a c ti o n. T h e o b s e r v e d ( fill e d ci r cl e s wi t h bl a c k s oli d
li n e ) 9 0 % c o n fi d e n c e l e v el e x cl u si o n li mi t s o n t h e WI M P-
n u cl e o n s pi n-i n d e p e n d e nt c r o s s s e c ti o n f r o m t h e C O SI N E- 1 0 0
a r e s h o w n t o g e t h e r wi t h t h e 6 8 % a n d 9 5 % p r o b a bili t y b a n d s
f o r t h e e x p e c t e d 9 0 % c o n fi d e n c e l e v el li mi t, 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. T h e li mi t s a r e c o m p a r e d wi t h
a WI M P i nt e r p r e t a ti o n of t h e D A M A / LI B R A- p h a s e 1 3 σ al-
l o w e d r e gi o n u si n g t h e n e w Q F ( bl u e- s oli d- c o nt o u r s ) a n d t h e
D A M A Q F ( bl u e- d a s h e d- c o nt o u r s ) [ 1 0].

r e gi o n s f or e a c h m o d el a s s u mi n g t h e D A M A Q F v al u e s,
a s c a n b e s e e n i n Fi g. 6.

D I S C U S S I O N

Aft er t h e r el e a s e of t h e i niti al 5 9. 5 d a y s C O SI N E- 1 0 0
d at a wit h n ull o b s er v ati o n s u si n g t h e s a m e N aI( Tl) t ar-
g et m at eri al, a f e w p o s si biliti e s w er e s u g g e st e d t h at pr e-
s er v e t h e c o n si st e n c y b et w e e n t h e D A M A / LI B R A a n d
C O SI N E- 1 0 0 r e s ult s [ 2 3, 2 5, 2 6].  T h e r e s ult s of t hi s
a n al y si s, wit h 1. 7 y e ar s a c c u m ul at e d C O SI N E- 1 0 0 d at a
a n d i m pr o v e d a n al y si s t e c h ni q u e wit h a 1 k e Ve e e n er g y
t hr e s h ol d d o n ot f a v or t h e s e s u g g e st e d p o s si biliti e s. A
m o d el i n d e p e n d e nt d at a a n al y si s of t h e a n n u al m o d ul a-
ti o n wit h s e v er al y e ar s C O SI N E- 1 0 0 d at a i s r e q uir e d f or
a n u n a m bi g u o u s c o n cl u si o n, n e v ert h el e s s t h e r e s ult s pr e-
s e nt e d h er e pr o vi d e str o n g c o n str ai nt s o n t h e d ar k m att er
i nt er pr et ati o n 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 wit h t h e s a m e N aI( Tl) t ar g et m at eri al 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 a-
t 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 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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APPENDIX

event selection

An event satisfying the trigger condition of coincident
photoelectrons in both of the crystal's readout PMTs
within 200 ns is acquired with 500MHz 
ash analog-to-
digital converters and recorded as a 8 �s long waveform
starting 2.4�s before occurrence of the trigger [30]. In the
o�ine analysis, muon-induced events are rejected when
the crystal hit event occurs within 30ms after a muon
candidate event in the muon detector [29, 42]. Addition-
ally, we require that leading edges of the trigger pulses
start later than 2.0�s after the start of the recording,
waveforms from the crystal contain more than two sin-
gle photoelectrons, and the integral waveform area below
the baseline does not exceed a limit. These criteria re-
ject muon-induced phosphor events and electronic inter-
ference events. A multiple-hit event has accompanying
crystal signals with more than four photoelectrons in an
8�s time window or has a liquid scintillator signal above
an 80 keVee threshold within 4�s [28]. A single-hit event
is classi�ed as one where the other detectors do not meet
these criteria.
During the 1.7 years data-taking period, no signi�cant

environmental abnormality or unstable detector perfor-
mance was observed. The high light yield of the six crys-
tals, approximately 15 photoelectrons/keVee, allowed an
analysis threshold of 2 keVee in the previous analysis.
However, the other two crystals had lower light yields
and required higher analysis thresholds of 4 keVee and
8 keVee respectively [17, 21]. Since their direct impact on
the WIMP search is not substantial, we do not include
single-hit events from these two crystals in the WIMP
search analysis, although they were used in the identi�-
cation of multiple hits.
In the low-energy signal region below 10 keVee, PMT-

induced noise events predominantly contribute to the
single-hit physics data in two di�erent ways. The �rst
class has a fast decay time of less than 50 ns compared
with typical NaI(Tl) scintillation of about 250 ns. The
second class, that occurs less often than the �rst, has
di�erent characteristics of slow rise and decay time, as
characterized in Refs. [21, 23]. Noise events of the sec-
ond class are intermittently produced by certain PMTs.
We have developed monitoring tools for data quality ver-
i�cation, including monitoring event rates of the second
class of noise. If a crystal had an increased rate due to
the second class of noise, the relevant period of data was
removed. One crystal detector had this class of noise for
the whole period, but for the other �ve detectors more
than 95% of the recorded data could be used without the
second-class noise-induced events.
A boosted decision tree (BDT) was developed to sep-

arate scintillation signals from the �rst class of noise.
The fast PMT-induced events with energies greater than
2 keVee were e�ciently removed by the BDT, which is
based on multiple parameters [21, 23] the balance of

the deposited charge from two PMTs, the ratio of the
leading-edge (0{50 ns) to trailing-edge (100 ns{600 ns)
charge, and the amplitude weighted average time of the
signal. However, with this BDT, the scintillation events
with energies below 2 keVee were contaminated by an ex-
ponential increase in noise events.

We developed new parameters to characterize the
PMT-induced noise events for e�cient selection of the
scintillation events below 2 keVee. Two likelihood param-
eters for an event are constructed by templates derived
from data samples enriched alternatively in scintillation-
signal events and noise-signal events. A 60Co source that
produces low energy electron signals through Compton
scattering is used to generate the signal enriched sample.
Fast decay events in the single-hit data sample are used
as the noise enriched sample.

The likelihood parameter of the event is calculated as,

lnL =
X
i

�
Ti �Wi +Wi ln

Wi

Ti

�
; (1)

where Ti and Wi are the height of the i
th time bin in the

reference template and event, respectively. Likelihood
parameters for the scintillation signal events (lnLs) and
the PMT-induced noise events (lnLn) are evaluated for
each event. With these, we de�ne a likelihood score as,

pl =
lnLn � lnLs
lnLn + lnLs

; (2)

where large pl for an event implies that the event is
more closely matched to the scintillation signal than the
PMT-induced noise events. The updated BDT is trained
with the likelihood score. This provided good discrim-
ination against PMT-induced noise events and enabled
us to lower the threshold to 1 keVee [27]. A BDT score,
a single discriminating parameter created by combining
the various selections for input parameters according to
their corresponding importance, for the single-hit physics
data near the energy threshold (1{1.25 keVee) is pre-
sented in Fig.7. With these selection criteria, we reduced
the PMT-induced noise contamination level to less than
0:5%.

Event selection e�ciencies for the electron recoil events
were evaluated with the 60Co calibration data. The ef-
�ciency is calculated by integrating the model distribu-
tion for the scintillation signals and the PMT-induced
noise events shown in Fig. 7. A specialized apparatus
with a monoenergetic 2.42MeV neutron beam was used
to measure the selection e�ciencies of the nuclear recoil
events [33]. This measurement was performed with a
small-size test crystal that was cut from the same ingot
as a crystal used for the COSINE-100 experiment. The
e�ciencies determined for the electron recoil events and
the nuclear recoil events are consistent within the 5%
level as shown in Fig. 1. Systematic uncertainties in the
e�ciency measurements account for deviations from dif-
ferent measurements, as well as from the 60Co calibration
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FI G. 7. B D T - s c o r e di s t ri b u ti o n of e v e n t s a t t h e 1 –
1. 2 5 k e V. T h e B D T di s t ri b u ti o n of t h e si n gl e- hi t p h y si c s
d a t a i s fi t t e d b y t h e g r e e n f u n c ti o n t h a t c o n si s t s of a n
a s y m m e t ri c G a u s si a n di s t ri b u ti o n f o r t h e s ci ntill a ti o n e v e nt s
( d a s h e d bl u e ) a n d a n e x p o n e nti al f u n c ti o n f o r t h e P M T- n oi s e
e v e nt s ( d o t t e d r e d ). T h e t hi c k m a g e nt a li n e s h o w s a B D T
c ri t e ri o n f o r t h e e v e nt s el e c ti o n.

d at a a n d t h e si n gl e- hit p h y si c s d at a.

s y s t e m a ti c u n c e r t ai n ti e s

I n a d diti o n t o t h e st ati sti c al u n c ert ai nti e s i n t h e b a c k-
g r o u n d a n d si g n al m o d el s, 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 ar e t a k e n i nt o a c c o u nt. Err or s i n t h e s e-
l 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 b a c k gr o u n d m o d eli n g t e c h ni q u e tr a n sl at e i nt o u n-
c ert ai nti e s i n 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
p r o b a bilit y d e n sit y f u n cti o n s, a s w ell a s t o r at e c h a n g e s.
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 er-
t ai nti e s a s n ui s a n c e p ar a m et e r s i n t h e li k eli h o o d fit.

T h e m o st i n fl u e nti al s y st e m ati c u n c ert ai nt y i s t h e er-
r or a s s o ci at e d wit h t h e e ffi ci e n ci e s s h o w n a s t h e s h a d e d
r e gi o n i n Fi g. 1. T hi s i s b e c a u s e t h e e ffi ci e n c y s y st e m ati c
u n c ert ai nt y m a xi m all y c o v er s t h e st ati sti c al u n c ert ai nti e s
i n t h e R OI. We i n cl u d e t w o t y p e s of s y st e m ati c v ari ati o n s
i n t h e e ffi ci e n c y err or. At fir st, w e a c c o u nt m a xi m u m
v ari ati o n s of t h e u n c ert ai nt y a cr o s s t h e wi dt h of t h e e n-
e r g y bi n t o pr o vi d e ± 1 σ r a n g e s a s s h o w n i n Fi g. 8 ( A).
R el ati v e u n c ert ai nti e s s h o w n i n Fi g. 8 ( B) 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 of t h e b a c k gr o u n d a n d si g n al i n
t h e li k eli h o o d f u n cti o n ( s e e E q. 8 a n d E q. 9). H o w e v er,
d u e t o t h e d o mi n a nt err or s i n t h e R OI, w e c o n si d er m a x-
i m u m s h a p e di st orti o n s t h at c a n mi mi c t h e WI M P si g n al
a s s h o w n i n Fi g. 8 ( C). It s r el ati v e u n c ert ai nt y i s s h o w n
i n Fi g. 8 ( D) a n d i n cl u d e d a s a n ui s a n c e p ar a m et er.

I n t h e b a c k gr o u n d m o d el fit, t h e l e v el s of b a c k g r o u n d
a cti viti e s ar e li mit e d b y G a u s si a n c o n str ai nt t er m s a d d e d
t o t h e li k eli h o o d f u n cti o n a s d et er mi n e d b y m e a s ur e d a c-
ti viti e s a n d t h eir u n c ert ai nti e s. T h e s y st e m ati c u n c er-
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FI G. 8. S y s t e m a ti c u n c e r t ai n t y of t h e e v e n t s el e c ti o n
e ffi ci e n c y Bl a c k d o t s wi t h e r r o r b a r s i n ( A ) a n d ( C ) p r e s e nt
t h e e v e nt s el e c ti o n e ffi ci e n c y a n d a s s o ci a t e d s y s t e m a ti c u n c e r-
t ai nt y. ( A ) T h e u p p e r ( bl u e- s oli d li n e ) a n d l o w e r ( r e d- d a s h e d
li n e ) li mi t s i n 1σ u n c e r t ai nti e s a n d ( B ) t h ei r a s s o ci a t e d r el-
a ti v e u n c e r t ai nt y a r e s h o w n. I n a d di ti o n, t h e m a xi m u m di s-
t o r ti o n s of s h a p e t h a t c a n mi mi c t h e WI M P si g n al a r e a c-
c o u nt e d ( C ). H e r e t h e bl u e- s oli d li n e s t a r t s f r o m t h e u p p e r
1 σ i n t h e fi r s t e n e r g y bi n ( 1 – 1. 2 5 k e V ) a n d e v e nl y m o v e s t o
t h e l o w e r − 1 σ i n t h e l a s t e n e r g y bi n ( 4. 7 5 – 5 k e V ). T h e r e d-
d a s h e d li n e r e p r e s e nt t h e o p p o si t e c h a n g e s of t h e e ffi ci e n c y
s y s t e m a ti c. ( D ) R el a ti v e u n c e r t ai nti e s a s s o ci a t e d wi t h ( C )
a r e s h o w n. T h e e ffi ci e n c y s y s t e m a ti c i s a c c o u nt e d a s n ui s-
s a n c e p a r a m e t e r s i n t h e li k eli h o o d u si n g a b o v e t w o- t y p e s of
t h e r el a ti v e u n c e r t ai nti e s.

t ai nti e s a s s o ci at e d wit h t h e b a c k gr o u n d m o d eli n g i n cl u d e
t h e u n c ert ai nti e s of t h e a cti viti e s e sti m at e d b y t h e b a c k-
gr o u n d m o d el fit. I n a d diti o n, di ff er e nt l o c ati o n s of e xt er-
n al r a di o a cti v e c o nt a mi n ati o n s ar e t a k e n i nt o a c c o u nt b y
g e n er ati n g e xt er n al c o ntri b uti o n s at di ff er e nt p o siti o n s.
B a c k gr o u n d c o ntri b uti o n s fr o m 2 1 0 P b c o nt a mi n ati o n o n
t h e s urf a c e of t h e N aI( Tl) cr y st al s w er e st u di e d wit h a
s m all N aI( Tl) c r y st al e x p o s e d t o 2 2 2 R n fr o m a 2 2 6 R a
s o ur c e [ 3 7]. D e pt h pr o fil e s fr o m t w o e x p o n e nti al c o m p o-
n e nt s w er e m o d el e d t o fit t h e 2 2 2 R n c o nt a mi n at e d cr y st al
a n d m at c h e d t o t h e t e st- s et u p d at a [ 3 1]. U n c ert ai nti e s i n
t h e m e a s ur e d d e pt h pr o fil e s ar e pr o p a g at e d i nt o s y st e m-
ati c u n c ert ai nti e s. We g e n er at e t h e b a c k gr o u n d m o d el
a s s o ci at e d wit h e a c h s y st e m ati c v ari ati o n a n d a c c o u nt
r el ati v e u n c ert ai nt y t o b e a d d e d a s t h e n ui s s a n c e p ar a m-
et er.

T h e e n er g y c ali br ati o n i s p erf or m e d b y tr a c ki n g t h e
p o siti o n s of i nt er n al β a n d γ p e a k s fr o m r a di o a cti v e c o n-
t a mi n ati o n s i n t h e cr y st al s, a s w ell a s wit h e xt er n al γ
s o ur c e s [ 3 1].  T h e n o nli n e ar d et e ct or r e s p o n s e of t h e
N aI( Tl) cr y st al s [ 3 6] i n t h e l o w e n er g y r e gi o n i s m o d-
el e d wit h a n e m piri c al f u n cti o n a cr o s s all cr y st al s [ 3 1].
S u btl e di ff er e n c e s f or e a c h cr y st al fr o m t h e g e n er al n o n-
li n e arit y m o d el of t h e N aI( Tl) cr y st al s ar e e v al u at e d t o
c o n si d er t h e s y st e m ati c u n c ert ai nt y o n t h e e n er g y s c al e.
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The energy resolution for each crystal is evaluated during
the calibration process. In particular, tagged 0.8 keVee
(22Na) and 3.2 keVee (40K) X-ray lines in the multiple-hit
data are used to determine the energy resolution for low-
energy events. Statistical uncertainties associated with
the number of tagged events are regarded as the reso-
lution systematic. Figure 2 shows a comparison of the
background model to the data together with �1� and
�2� bands of the systematic uncertainties that are eval-
uated from the quadrature sum of each systematic com-
ponent. The relative errors are used for the nuisance
parameter of the background.

expected WIMP signal

The di�erential nuclear recoil rate per unit target mass
for elastic scattering between WIMPs of mass m� and
target nuclei of mass M is [10],

dR

dEnr
=

��
2m��2

�(M; Enr)

Z
v>vmin

d3v f(v; t); (3)

where �� is the local dark matter density, Enr is the
nuclear recoil energy, �(M;Enr) is the WIMP-nucleus
cross section and f(v; t) is the time-dependent WIMP
velocity distribution. The reduced mass � is de�ned as
m�M=(m�+M) and the minimum WIMP velocity vmin
is
p
MEnr=2�2.

For the WIMP velocity distribution, we assume the
Standard Halo Model (SHM) [43],

f(v; t) =

8>><>>:
1

Nesc

�
3

2��2v

�3=2
e�3[v+vE(t)]

2=2�2v ;

for jv+ vE(t)j < vesc
0; otherwise,

(4)

where Nesc is a normalization constant, vE is the Earth
velocity relative to the WIMP dark matter and �v is the
velocity dispersion. The SHM parameterization is used
with the local dark matter density �� = 0:3 GeV=cm

3
,

vE = 232 km=s,
p
2=3 �v = 220 km=s and the galactic

escape velocity vesc = 544 km=s [44].
The e�ective �eld theory operators and nuclear form

factors described in Refs. [45{48] are used to model
the nuclear responses in the di�erential cross section.
The generalized spin-independent response [47] is used
for both the isospin-conserving and the isospin-violating
spin-independent (SI) interactions. For isospin-violating
SI interactions, the WIMP-nucleon coupling coe�cient
ratio, fn=fp is �xed to the best �t values for the
DAMA/LIBRA data [26]. These nuclear responses, in-
cluding form factors, are implemented using the pub-
licly available dmdd package [49] to evaluate the WIMP-
nucleus cross section, �(M;Enr) in Eq. 3 (raw signal spec-
tra). We subsequently apply the quenching factors, en-
ergy resolution, and selection e�ciency to obtain the ex-
pected nuclear recoil rate in electron-equivalent energy
for the detector, dR=dEee. Figure 9 shows dR=dEnr (A)

and dR=dEee (B) spectra for three di�erent WIMP mod-
els assuming WIMP-proton cross section equal to 1 pb.

In addition, the WIMP signals are generated in the
context of a non-relativistic e�ective theory of WIMP-
nucleus scattering that has been tested using previous
data without full coverage of the DAMA/LIBRA 3� al-
lowed regions [23]. For simplicity, we assume that one
of the e�ective operators allowed by Galilean invariance
dominates in the e�ective Hamiltonian of a spin-half dark
matter particle at a time. We use the best-�t neutron-
over-proton coupling ratio of the DAMA/LIBRA-phase2
data assuming the DAMA QF reported in Ref. [12], for
each operator. The dmdd package [49] is also used to
generate signal spectra by the e�ective operators. A few
operators are not evaluated because the dmdd package
does not include form factors for these operators. Here,
we assume the DAMA QFs for the COSINE-100 data for
a simple comparison.

Bayesian approach

A Bayesian approach is adopted to extract the WIMP
signal from the COSINE-100 data. For each WIMP inter-
action model, a posterior probability density in terms of
the WIMP-proton cross section �WIMP is obtained from
the Bayes' theorem using a marginalization of the likeli-
hood function that includes the prior [38],

P(�WIMPjM) =N
Z
d�

Z
d� L(Mj�WIMP; �; �)

� �(�WIMP);
(5)

where P(�jM) is a PDF and L(Mj�;�;�) is the like-
lihood function. The prior �(�WIMP) has a constant
and zero values for positive and negative �WIMP, respec-
tively. The normalization constant N makes the inte-
gral of the posterior PDF unity and M represents the
measured data. The � and the � denote the nuisance
parameters to control the e�ect by systematic uncertain-
ties. Because the measurements are independent and fol-
low Poisson probabilities, the likelihood function is built
as a product of Poisson probabilities,

L(Mj�WIMP; �; �) =
NcrystalY

i

NbinY
j

[Eij(�WIMP; �; �)]
Mij

Mij !

� e�Eij(�WIMP; �; �) � �(�; �);
(6)

where i and j denote the crystal number and the en-
ergy bin, respectively, andMij is the number of observed
events for crystal i in jth energy bin. The �(�;�) is a
term for constraining nuisance parameters by systematic
uncertainties.

The expected number of events, denoted as
Eij(�;�;�), is obtained as the sum of the number
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FI G. 9. E n e r g y s p e c t r a of t h e W I M P si g n al. ( A ) R a w e n e r g y s p e c t r a f o r t h r e e di ff e r e nt WI M P m o d el s wi t h WI M P- p r o t o n
c r o s s s e c ti o n of 1 p b. ( B ) T h e e x p e c t e d e n e r g y s p e c t r a wi t h WI M P- p r o t o n c r o s s s e c ti o n of 1 p b f o r t h e t h r e e WI M P m o d el s
w h e n t a ki n g a c c o u nt of t h e q u e n c hi n g f a c t o r s, d e t e c t o r r e s ol u ti o n s, a n d s el e c ti o n e ffi ci e n ci e s a s s u mi n g 1. 7 y e a r s C O SI N E- 1 0 0
d a t a.

of e v e nt s i n t h e si g n al a n d b a c k gr o u n d,

E i j (σ W I M P , α , β ) = S i j (σ W I M P , α ) + B i j (α , β ), ( 7)

w h er e t h e n u m b er of b a c k gr o u n d e v e nt s B i j (α , β ) a n d
si g n al e v e nt s S i j (σ, α ) ar e g e n er at e d fr o m t h e si m ul at e d
e x p eri m e nt s t hr o u g h t h e b a c k gr o u n d m o d eli n g a n d t h e
WI M P si g n al di s c u s s e d a b o v e, wit h e ff e ct s b y s y st e m-
ati c u n c ert ai nti e s. T h e s y st e m ati c u n c ert ai nt y a ff e cti n g
t h e b a c k gr o u n d m o d el i s i n cl u d e d a s a f u n cti o n of t h e
n ui s a n c e p ar a m et er α a n d β , a s

B i j (α , β ) =

N s y s t

k

( 1 + α i k i j k )

N b k g d

l

( 1 + β il ) · B M C
i j , ( 8)

w h er e B M C
i j i s t h e n u m b er of b a c k gr o u n d e v e nt s o bt ai n e d

f r o m t h e m o d el. T h e n ui s a n c e p ar a m et er α i k c o ntr ol s t h e
e ff e ct of t h e e n er g y- d e p e n d e nt u n c ert ai nt y, i j k , w hi c h i s
1 σ r el ati v e err or f or k t h s y st e m ati c u n c ert ai nt y. M e a n-
w hil e, a n ot h er n ui s a n c e p ar a m et er β il a dj u st s t h e a cti v-
it y f or lt h b a c k gr o u n d c o m p o n e nt. T h e c orr e s p o n di n g
i m p a ct o n t h e WI M P si g n al i s c o n si d er e d b y m e a n s of
t h e e x pr e s si o n,

S i j (σ W I M P , α ) =

N s y s t

k

( 1 +α i k i j k )·T i ·M i ·R j (σ W I M P ; m χ ),

( 9)
w h er e M i a n d T i d e n ot e t h e m a s s a n d d at a e x p o s ur e f or
c r y st al i, a n d R j i s t h e e x p e ct e d r at e of WI M P- pr ot o n

i nt er a cti o n t hr o u g h a n i nt e gr ati o n of d R / d E e e i n t h e j t h

e n er g y bi n. E a c h n ui s a n c e p ar a m et er i s c o n str ai n e d wit h
e v al u at e d u n c ert ai nt y a s s u mi n g a G a u s si a n di stri b uti o n,

π (α , β ) =

N c r y s t a l

i

N s y s t

k

e x p −
α 2

i k

2

N b k g d

l

e x p −
β 2

il

2 δ 2
il

,

( 1 0)
w h er e δ il i s t h e u n c ert ai nt y of t h e a cti vit y of t h e lt h b a c k-
gr o u n d c o m p o n e nt. A M ar k o v C h ai n M o nt e C arl o [ 5 0,
5 1] vi a M etr o p oli s- H a sti n g s al g orit h m [ 5 2, 5 3] i s u s e d
f or t h e m ulti v ari a bl e i nt e gr ati o n i n p o st eri or P D F. We
d e v el o p e d o ur o w n B a y e si a n t o ol f or t hi s pr o c e s s. A
c o m p ari s o n wit h a p u bli cl y a v ail a bl e B a y e si a n a n al y si s
t o ol kit [ 5 4] w a s d o n e f or t h e i niti al 5 9. 5 d a y s C O SI N E-
1 0 0 d at a a n d b ot h t o ol s s h o w e d c o n si st e nt r e s ult s.

T o a v oi d bi a si n g t h e WI M P s e ar c h, t h e fitt er w a s
t e st e d wit h si m ul at e d e v e nt s a m pl e s.  E a c h e x p eri-
m e nt al d at a i s pr e p ar e d b y P oi s s o n r a n d o m e xtr a cti o n
fr o m t h e m o d el e d b a c k gr o u n d s p e ctr u m [ 3 1], a s s u mi n g
a b a c k gr o u n d- o nl y h y p ot h e si s. M ar gi n ali z ati o n t o o b-
t ai n t h e p o st eri or P D F f or e a c h si m ul ati o n s a m pl e i s p er-
f or m e d t o s et t h e 9 0 % c o n fi d e n c e l e v el e x cl u si o n li mit s a s
s h o w n i n Fi g. 1 0. T h e 1 0 0 0 si m ul at e d e x p eri m e nt s r e s ult
i n 6 8 % a n d 9 5 % b a n d s of t h e e x p e ct e d li mit pr e s e nt e d i n
Fi g s. 4 a n d 5. T h e d at a fit s ar e d o n e i n t h e s a m e w a y a s
t h e si m ul at e d d at a. Fi g ur e 1 0 s h o w s t h e p o st eri or P D F s
a n d t h eir c u m ul ati v e di stri b uti o n f u n cti o n s ( C D F s) of
d at a f or t w o di ff er e nt WI M P m o d el s. T h e C D F pr o vi d e s
t h e 9 0 % c o n fi d e n c e l e v el e x cl u si o n li mit f or e a c h fit.

[ 1] D. Cl o w e e t al., A di r e c t e m pi ri c al p r o of of t h e
e xi s t e n c e of d a r k m a t t e r, A st r o p h y s. J. 6 4 8 , L 1 0 9

( 2 0 0 6 ).
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