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Motivation
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https://indico.desy.de/event/28202/contributions/106080/attachments/67283/83800/belli_EPS2021.pdf
https://arxiv.org/pdf/2104.07634.pdf
https://arxiv.org/abs/1805.10486

Annual modulation

* Given a spherical halo of dark
matter in the Milky Way that is
not co-rotating with the galaxy, a
flux of dark matter is expected
in the Solar System (aka “WIMP
wind”)

* Earth orbits the Sun at an angle I bark matter component
relative to this flux. Therefore an
annual modulation of the dark

matter flux on Earth is expected
* Claimed origin of DAMA signal

Background components
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COSINE-100

Entrance

/

Power Plant *“ Lower

+Dam

* Formed out of the KIMS and DM-Ice experiments
and based at the Yangyang Underground
Laboratory in South Korea

e 700 m rock overburden

* Approx 150 km from Seoul and 300 km from
Daejeon (location of the Institute for Basic
Science)

e Operational since 2016
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COSINE-100 detector

e 8 high-purity Nal(TI) crystals
e Total mass 106 kg
 ~15 p.e/keV
* Two PMTs per crystal

 Liquid scintillator active veto
e 2200 L volume
e Qutfitted with 18 PMTs
* Signals with LS coincidence are vetoed for
DM searches

. CopFer (3 cm) and lead (20 cm) passive
shielding

 Plastic scintillators for 4t active muon
veto
e 37 panels
* Also veto signals with muon coincidence in
DM searches

e Constant monitoring of environmental
variables

* Fully upgradable to COSINE-200

Plastlc scintillators

20 cm lead
3 cm copper

2,200 L LS

Nal (Tl) crystals

\vﬁw) The e(,,
W University Robbie Neal » 5/20
%@&éjﬁ?& Sheffield.

ICHEP 2022

o



Detector operation

* Mostly continuous operation

T T W N— T — Lo T
° Thljee short breaks ngO fggg | | COSINE-100 Prelminary N L -
calibration runs (two *“Co and 18997, - Total Liveime 19338 days (947%) ey
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* ¥93% good data 2016 2017 2018 2019 2020 2021
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calibration runs, power
outages etc
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First dark matter search

* Model dependent search with
59.5 days of data (single-hit
data)

e The COSINE-100 Collaboration. An experiment to search
for dark-matter interactions using sodium iodide
detectors. Nature 564, 83—86 (2018)

 Excludes DAMA in terms of

10-38
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spin-independent interactions e T Go%conicence ) 4
between WIMPs and sodium or g5
iodine in the context of the §% owl
standard halo model 28
* Not an annual modulation S 10E

(model independent) search - Spin independent cross section limits
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https://www.nature.com/articles/s41586-018-0739-1.pdf

* Uses lowered 1 keV low energy
threshold and improved background
model as in 3 years annual modulation
search

* Fully excludes DAMA with alternative
WIMP EFT operators and QFs

Proton spin-independent cross section
for isospin violating interaction
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Further model dependent search (1.7 years data)

WIMP nucleon spin-independent cross
section for isospin conserving interaction

-1
10 —— COSINE-100 59.5 days
—— DAMAJ/LIBRA-phase1

w0k T DAMAJ/LIBRA-phase1 (DAMA QF)
—e— COSINE-100 1.7 years
[ ] 10 expected

107 [ ] 20 expected

WIMP-proton S| cross section (pb)

10 | |102 10°
WIMP mass (GeV/c?)

COSINE-100, Strong constraints from COSINE-100 on the DAMA
dark matter results using the same sodium iodide target, Science
Advances 7, 46, (2021)
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https://www.science.org/doi/10.1126/sciadv.abk2699
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First annual modulation search (1.7 years data)

* 2-6 keV energy range
searched

Ay?

N

COSINE-100, 1.7 yre

Expected Standard Halo
.04 TN CL

Floated phase

e Consistent with both
DAMA and null
hypotheses

SEINCL

. 68, 3% C.L (Faldman-CoLsing

2-6 keV Rate (counts/keV/kg/day)

Amplitude {counts/keVikg/day)

..3601...

st
Phase (Days)

* Modulation amplitude
of 0.0092+0.0067

Adhikari, G., et al. "Search for a dark matter-induced annual
modulation signal in Nal (Tl) with the COSINE-100 experiment."
Physical review letters 123.3 (2019): 031302.
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3 t4
38 Cwstalz

| DAMALIBRA maxlma
GOO

Days Since Jan 1, 2016

400

counts/day/kg/keV and

Configuration - DOF p-value Amplitude (cpd/kg/keV) Phase (d)
p h ase Of 127 . ) +45. 9 COSINE-100 175.3 174 0.457 0.009220.0067 127 2E45.9
- DAMA/LIBRA (Phasel+FPhaze2) --- .- .- (0.0096 00008 145+
d f ﬂ d h f COSINE-100 176.6 176 0473 0.0083£0.0068 152.5 lmm;
ay or Oate p aSe |t COSINE-100 (Without LS) 194.7 175 0.147 0.0024£0.0071 152.5 (fixed)
ANAIS-112 480 53 067 -0.0044£0.0058 152.5 (fixed)
DAMA/LIBRA (Phasel+Phase2) 71.8 101 0.988 0.0095£0.0008 152.5 (fixed)
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https://arxiv.org/abs/1903.10098

Improvements for second annual modulation search

350

* Low energy threshold lowered from 2 keVto < MT Noies Events.
1 kev 0.02— g';izfl:-::':ﬁ Noise Events
* New parameter based on likelihood of event _
waveform compared with signal and noise oot
templates !
* This likelihood parameter is used in the trainingof [ J ~—"—"———=_
an updated BDT variable, effective to 1 keV e el
COSINE-100, Lowering the energy threshold in COSINE-100 dark matter
° B DT tra | N | N g searches Astroparticle Physics 130 (2021): 102581
samples taken from_.. Old BDT . New BDT

0Co calibration run *__ssesee..
(signal) and physics .E
run (noise)

250

100

50
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https://www.sciencedirect.com/science/article/pii/S0927650521000256?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0927650521000256?via%3Dihub

e Background model updated from one used in
1.7 years search
* Gives improved and more accurate fit

* Fitting method changed from considering a
single exponential background model to each
short-lived component being considered
separately

Npkga

R;(t|S,, a;, B;) = at + Z ,B,ie"'lkt + S, cos(w(t — ty))
k=1

( . ]\ Y J

Fixed across crystals

|

Modulation component
S is modulation amplitude

Crystal specific

|

Background components:
Total rate Constant (long-lived backgrounds)

Event Rate [dru]
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Improvements for second annual modulation search

—— Total Model SH 12mTe  —— 113gp
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Energy [keV]

e Updated background model created
using first 1.7 years of data
e Geant4 used for MC simulations

o "Background modeling for dark matter search with 1.7
years of COSINE-100 data." The European Physical

Journal C 81.9 (2021): 1-9.

Exponential (short-lived backgrounds)
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https://arxiv.org/abs/2101.11377

Three years modulation search fitting

* Bayesian fitting approach

3.0+ + + Crystal 2
HE ot Hy 1 +
2.5 4 ] +
 Fitting procedure verified with pseudo-data —
Tysia
= 304 H
E N P P T *
* Data normalised by live-time and efficiency in15day g 251 _
bins before fitting 2 ., M Crystal 4
re 7 -
Npkgd 5 251 S piytiat
— L i ,—A,t B Crystal 6
R;(t|Sym, a;, Bi) = at + Z pre k" + 8, cos(w(t —ty)) E=2s0 Pty bt ol
% 2.25- o T
k=1 1
2.75 . Crystal 7
T +
— : ‘ M e e
Fixed across crystals 400 600 800 1000 1200 1400

Crystal specific |
Days Since Jan. 1%, 2016

Background components:
Total rate Constant (long-lived backgrounds)
Exponential (short-lived backgrounds)

Modulation component
S is modulation amplitude
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Probability [dru~!]

0.014 - COSINE-100 1-6 keV
COSINE-100 2-6 keV
0.0124 ¢ DAMA 1-6 keV
DAMA 2-6 keV
0.010
0.008
0.006 -
0.004 -
0.002 -
| : : I
0.000 . : - — 1 5
—0.010 —0.005 0.000 0.005 0.010 0.015 0.020

Amplitude [dru]

152.5 days

e No modulation seen in sidebands

Modulation Amplitude [dru]

0.04

0.03 1

0.02 4

0.01 4

0.00 1

—0.01 1

—0.02 1

—0.03 1

-0.04

Also consistent with both DAMA and null hypothesis

Three years modulation search results (fixed phase)

§ DAMA/Nal + DAMA/LIBRA

e Three-year annual modulation search with COSINE-100 arXiv:2111.08863

} {}“ J | 5 COSINE 100 Muliple i ﬁ
................... J”}l{‘* i1“lh]***J%]§FfFfLF

20
Energy [keV]

Best-fit modulation amplitude of 0.0067 £ 0.0042 counts/day/kg/keV at 1-6 keV with phase fixed at
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https://arxiv.org/abs/2111.08863

Three years modulation search results (floated phase)

1-6 keV 2-6 keV

* Also search for a modulation with phase floated

for 1-6 keV
* Again consistent with both modulation and null hypotheses

0.030 0.030
99.7% HDR 99.7% HDR
0.025 - 95.5% HDR 0.025 - 95.5% HDR
68.3% HDR 68.3% HDR
E 0.020 1 w Best Fit E 0.0201 w Best Fit
=l -==- SHM Phase = -==- SHM Phase
o <= DAMA Best Fit a: DAMA Best Fit
S 0.015 | - S 0.015
% E* _________
5 0.010 - gy £0.010
0.005 0.005
0.000 0.000
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Days Since Jan 1 Days Since Jan 1
1 2 3 4 5 0.5 1.0 1.5 2.0 2.5 3.0
Probability [dru~! d~1] x1071 Probability [dru~! d1] x10~

« Best fit modulation amplitude of 0. 0094100973 counts/day/kg/keV and phase of 194.5%300 days
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* Work currently underway
on further lowering of low
energy threshold to 0.5 keV

* Significantly updated BDT

focussed on rejection of low
energy noise events

e Signal training sample comes
from 6 week 22Na calibration
run

* Fitting method and
background model also

2000
1800
1600

800
600

Improvements for third annual modulation search

COSINE-100 Accumulated Data

............................................................................................................

...........................................................................................................................................................

.................................................................................................................................................................................................

12/31, 10h
2021

12/31, 05h
2020

i
12/31, 23h
2019

12/31,17h
2018

,05h 12/31,11h

2017
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_ Projected improved sensitivity 3 years -> 4.8 years

=k
=]
[+

e Using pseudo-data, improved

sensitivity for 1-6 keV ROl in 200 SET4 pseudo (1-6 keV)
4.8 years data has been SET3 physics (1-6 keV)
estimated 400

&

300

* Posteriors for SET3 physics data
and SET4 pseudo data (both 1-6
keV) shown

Arbitrary units

200

100

IIII|IIII|IIII|IIII|IIII|II><

* Expected decrease in

uncertainty in best fit T I st N P AR T A il
modulation amplitude from oL O eitde g %02 00
+ 0.0042 to £ 0.0031

cpd/kg/keV
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Other physics efforts with COSINE-100

* Using COSINE-100 data to test DAMA background subtraction method (see
poster by Hafizh Prihtiadi)

» Searches for WIMPs via the Migdal effect
e Muon rate studies
e Studies of novel radio-isomers

e Searches for exotic DM
* |nelastic boosted DM
* Solar axions
* Bosonic super-WIMPs

ICHEP 2022
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Beyond COSINE-100

* COSINE-100 apparatus is designed with
upgrade to 200 kg of Nal possible with
minimal alteration

* In house crystal growth with goal of
similar or lower background than DAMA

* Currently ~2-3 times higher background than

DAMA é

* Novel crystal encapsulation to give ~50% &
increase in light yield

——m—— Ty i s S et AN S

——— ——— —

10

9

;!

10"

\‘ w—— COSINE-200 1 year
= COSINE-1T 1 year
~ KIMS Csl

- PandaX-ll

— PICO-60 CFgq

\/

WIMP-protor} SD interactionl

1

10 10° 10°
Mass [GeV/c?]
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Summary

* COSINE-100 has searched for dark matter with Nal to test the positive
signal from DAMA/LIBRA

* Excludes DAMA/LIBRA signal in several model dependent cases in the
context of the SHM

* Neither DAMA/LIBRA signal or null modulation hypothesis is yet ruled
out in annual modulation search from three years of data taking

* Five years search to be finalised soon

* Work on upgrade to COSINE-200 ongoing
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Dete Cto r- Sta bi I ity ] Crvstal 2 X indi=15.0/19
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3.14
 Many-pronged effort to ensure detector . [ovrs FRE=TIE0

Sta b|||ty 3.2 { 3 } }

L . ST Mt A A ek ek I it i
* Constant monitoring of environmental and TR — S

detector variables 7 331
. . . § 32 pebmdedopdegopacttdegogetaedatopyopa-

* Regular checks of gain shifts from looking at 2 31
internal peakS Eﬁ 2.3 Crystal 6 xﬁndf:l?.}ilg
 Additional verification in ROI during physics 32 '--]-—-+—i-f—-}-{---*—T—{--LT—-L--H—}-H——--

searches, e.g. by tracking peaks in ROl of - * t
intEFESt 134 Crystal 7 + *-Lx ndf=20.2/19
,,,,,,,, T
4I.'I]-l.'] Ell']ﬂ B{Im 1 UIDG IE.I[J[J 1400
Days Since Jan 1 2016
3.2 keV 9K peak in each crystal
during SET3
Temperature of various detector and laboratory thermometers since
beginning of data taking
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'Pseudo-data validation

* Ensemble of 1000 pseudo- E 0014 {| e sersmeod
. . = —0.2 + + SET3 data
experiments created for five Lo t
different modulation amplitudes 0o § o
in each modulation analysis = 5] t ! 4 b | —— sET3 data
$-9.01
=

0.0 2.5 5.0 7.5 10.0
. . . Injected Modulation Amplitude x 1073 [dru]
* Each pseudo-experiment is fitted
using the same fitting process a
physics data to search for biasand

find expected uncertainties

% <«—— SET4 method
} % SET4 data

* Measured bias is of an order of
magnitude smaller than expected
uncertainty so no adjustment is -
required

s o s
w n - o -
—|||\‘HH‘4—4—H—|—PIII|IIII|IIIIf.
S
———
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e Detector down-time now
modelled in MCMC of fitter
and log likelihood minimised

* Previously data was scaled
to 100% live-time then x?
minimised

* Good agreement between
both method in SET3 data

Counts/Day/keV/kg

New fitting method SET4

Crystal 7

t H 1t

400 600 800 1000 1200 1400
Days Since Jan. 15, 2016

Days frem 2006-01-0

SET3 data shown
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'COSINE data with DAMA technique

(— (a) Single-hit at 1-6 keV Exponential subtracted | [~} (béSingle-hil at 116 keV \Yearly-averaged
Suggested that DAMA'’s analysis can generate "'.IZ § it
ulation signal g E ;
. 3.7 —E
* Tested with COSINE-100 data with DAMA 35— S : : ;
35— . . 4\ |~ Sept.16- Aug. 17" Sept. 17 - Aug. 18 Sept. 18 - Aug. 19!
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WIMP search via Migdal effect e
105§— -i10 I:lﬂcr
I = Mye = 0.2 GeV/c?, 6, = 107 pb
* WIMPs can interact with Nal crystals and produce energetic 3 ol Moo = 1.0 GOVIE?, 6, = 107 pb
electrons alongside nuclear recoil via Migdal effect o E- Cosmogeni
* Good candidate for searching for low mass DM <3 4;_,_._.—-—+ T ——
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* No WIMP signal observed

* Adhikari, G., et al. "Searching for low-mass dark matter via the Migdal effect in 102
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https://arxiv.org/pdf/2110.05806.pdf

Muon rate studies

. Pla(sjticdscintillator shielding for muon veto allows muon rate at COSINE-100 to be
studie

e 952 days of data studied

* Expected annual modulation in muon rate observed
e Limits also placed on diurnal muon modulation

* Atmospheric temperature above Y2L also measured

e Prihtiadi, Hafizh, et al. "Measurement of the cosmic muon annual and diurnal flux variation with the COSINE-100 detector." Journal of
Cosmology and Astroparticle Physics 2021.02 (2021): 013.
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https://arxiv.org/pdf/2005.13672.pdf

Solar axion search

* Solar axions searched for using SET1 data

. Attemgot to observe via the axio-electric effect
the effects of axions coupling with Nal crystals

* No axion signal observed

e Adhikari, P., et al. "A search for solar axion induced signals with COSINE-100."
Astroparticle Physics 114 (2020): 101-106
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https://www.sciencedirect.com/science/article/pii/S0927650519301124

Plan for Next Phase

Efforts for Lower Threshold

* Novel technique of crystal encapsulation
- Direct attachment of crystal to PMTs
- ~50% increased light yield
- It will be applied to COSINE-200 detector assembly
15 p.e/keV

(NPE = the number of photoelectrons)
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Blois 2022: Exploring the Dark Universe o7 Dark Matter search with COSINE-100 — Y.J. Ko@IBS
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Next update : Lowering threshold to 0.5keV
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New parameter development example :
End time parameter & Fourier Transformed Likelihood parameter
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, Lowering Threshold 1keV — 0.5keV
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|:> s « Type 2 Noise hard to separated from scintillation
2
; in 0.5 ~ 1 keV region.
| Type 2 206, 3 « New Parameters & BDT for Type2 Noise is being
[ 3 developed.
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