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Motivation

ÅAnnual Modulation Searches with an 

array of NaI(Tl) crystals 

ȢⱭsignificance

Claimed an observation of the dark matter 

DAMA/LIBRA experiment

Eur. Phys. J. C 73:2648 (2013) 

Clear Modulation at 2 -4keV
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DAMA/LIBRA phase 1

1.33 ton -year
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DAMA/LIBRA phase 1

1.33 ton -year

arXiv:1805.10486

Nucl. Phys. At. Energy 19, 307 (2018)
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DAMA/LIBRA-phase2

ÅEnergy threshold reached 

1keV with better PMTs

ÅStill there is modulation 

ÅSignificance 

×1-6 keV : ȢⱭ (phase 2)

×2-6 keV : 12.9Ɑ(phase 1+2)

ÅIncreased modulation 

amplitude below 2keV

Energy spectrum at ROI

1 keV energy threshold

arXiv:1805.10486

Modulation amplitude
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Global NaI(Tl) efforts

6

KIMS/COSINE  

@ Yangyang

PICO-LON 

@ Kamioka

DM-Ice @ South Pole

SABRE 

@ Stawell

ANAIS  

@Canfranc

DAMA 

@ LNGS

SABRE 

@ LNGS

COSINUS 

@ LNGS
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ANAIS-112

Å3x3 matrix of 12.5 kg cylindrical modules = 112.5 kg

ÅAll crystals built from Alpha Spectra Co (US) with selected 

powder and specific radiopurity protocols

ÅTwo Hamamatsu R12669SEL PMTs

ÅHigh light yields :13~16 photoelectrons/keV (DAMA 5-10)

ÅTaking  physics data  since Aug. 2017 at Canfranc (Spain)

M. Sarsa
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ANAIS-112

Å2~5 counts/keV/kg/day (dru) 

background @ 2keV

×DAMA ~ 1 dru

Signal

Noise

arXiv:1812.01472
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1 keV energy threshold!!



Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

ANAIS-112 : Sensitivity of 5 years operation

1-6 keV

arXiv:1812.02000 2-6 keV

1-6 keV
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PICO-LON

ÅDevelopment of low-background NaI(Tl) crystals in Japan
A. Kozlov @ VCI 2019
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PICO-LON : Background

Kamioka
A. Kozlov @ VCI 2019
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SABRE

4ò(D) X 8ò(H) ingot

S. Copello @ NDM2018
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SABRE-PoP (Proof of Principle)

ÅTest setup (PoP) is ready in LNGS

ÅExpected background level ~0.36 dru (2-6 keV) 

based on Geant4 MC simulation

Astropart . Phys. 106, 1 (2019) 
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Simulation
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COSINUS

ÅSimultaneous measurement of photon and phonon using pure 

NaI crystals (low temperature detector)

×Nuclear recoil can be identified almost perfectly

ÅPerforming test measurements of pure NaI crystals using 

CRESST cryostat @ LNGS
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arXiv:1711.01482
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KIMS

NaI(Tl) crystals : Background 

understanding and rejection

EPJC 77, 437 (2017)

Astropart . Phys. 62, 249 (2015)

EPJC 76, 185 (2016)

NIMA, 851 (2017) 103

Pulse shape discrimination for 

nuclear recoil separation

arXiv:1806.06499

JHEP 08, 93 (2015)

Astropart . Phys. 102, 51 (2018)

Astropart . Phys. 108, 50 (2019)
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DM-Ice17

ÅDM-Ice17 in South pole (Jun.2011 ïJan.2015)

From R. Maruyama 

PRD 93 042001 (2016)PRD 90 092005 (2014)
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Two 8.47 kg crystals

2200 m.w.e overburden

Proof of principle of 

south pole experiment

PRD 95 032006 (2017)
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COSINE project (Since 2015)

KIMS and DM-Ice joint effort to search for dark matter 

interactions in NaI(Tl) scintillating crystals. 

(Goal to test DAMA/LIBRA experiment)

5 countries,

14 institutes, 

~50 members
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Underground Laboratory
YangYang Pumped 

Storage Power Plant 

YangYang(Y2L) Underground Laboratory

Minimum depth : 700 m / Access to the lab by car (~2km)

(Upper Dam)

(Lower Dam)

(Power Plant)

KIMS/COSINE (Dark Matter Search)

AMoRE (Double Beta Decay Experiment)

Seoul

Y2L

700m

1000m

RENO

NEOS

Center for Underground Physics

IBS (Institute for Basic Science) 

Since 2003

Since 2014
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Seoul

Y2L

IBS
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COSINE-100 construction

19



Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Physics run since Sept/2016

COSINE-100 detectors
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Eur. Phys. J. C 78 (2018) 107

Eur. Phys. J. C 78 (2018) 490

JINST 13 (2018) P09006

JINST 13 (2018) T02007

JINST 13 (2018) T06005 
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COSINE-100 shield
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2200 L liquid scintillator
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COSINE-100 shield

~80% veto efficiency 
of 3keV x -ray
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2200 L liquid scintillator
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COSINE-100 operation

ÅStable physics run

×>90% physics data

×>95% good runs

ÅOperating more than 2.5 years 
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1ºC

Calibration

COSINE -100 exposure

Sep/30 (2016)

July/17 (2018)

First physics analysis

Annual Modulation 
analysis

Dec/18 (2016)
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> 200 parameters are monitored

24

Slow monitoring
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COSINE-100 NaI(Tl) crystals

8 crystals, 106 kg in total
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COSINE-100 NaI(Tl) crystals

Å8 crystals, total 106 kg

ÅDifferent quality crystals from crystal R&D with 

Alpha Spectra (US)

ÅFor best cases, U/Th/K are lower than DAMA

ÅTotal alphas (~210Pb) are higher than DAMA

Eur. Phys. J. C 78 (2018) 107
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Fast (mostly PMT induced) event rejection

ÅCharge ratio (DAMA cut) is effective to reject fast noise but, it is not 

enough to remove all the noise!!

Signal
Noise

Signal

NoiseNoise

Charge Ratio (DAMA noise rejection parameter)

Charge Asymmetry Average cluster charge

Signal
Noise

Signal

SignalNoise

Eur. Phys. J. C 78 (2018) 107

Astropart . Phys. 62 (2015) 249
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Pure electron recoil samples

ÅTwo weeks long 60Co calibration data

×Used to model scintillating events

×Used to estimate signal efficiency
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Machine learning to remove PMT induced noise
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PMT noise (fast decay)

Discrimination 

parameters
♫Ⱦ♬

scintillation 
(calibration)

PMT noise 
(fast decay)

Machine learning (BDT) is more 

effective at low energy

ἋἫἫἽἵἽἴἩἼἭἬἿἩἾἭἮἷἺἵἻ

machine learning

Scintillation

Noise
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Machine learning to remove PMT induced noise

♫Ⱦ♬
scintillation 
(calibration)

ἋἫἫἽἵἽἴἩἼἭἬἿἩἾἭἮἷἺἵἻ
Discrimination 

parameters

PMT noise 
(fast decay)

PMT noise 
(discharge)

Boosted Decision Tree (BDT)

Scintillation

Noise
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Event selection efficiency

~70% efficiency at 2keV
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Background understanding (initial two month ïSET1)
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Single hit event
(6-2000 keV)

P. Adhikari et al., Eur. Phys. J. C 78 (2018) 490

Data
Total MC

Multiple hit events
(2-2000 keV)

Crystal 7



Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Expected background @ 2-6 keV (SET1 data)
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P. Adhikari et al., Eur. Phys. J. C 78 (2018) 490

Components Background 2-6 keV (dru)

Internal 210Pb 1.50 +/- 0.07

Internal 40K 0.05 +/- 0.01

Surface 210Pb 0.38 +/- 0.21

3H (Cosmogenic) 0.58 +/- 0.54

109Cd (Cosmogenic) 0.09 +/- 0.09

Other cosmogenic 0.05 +/-0.03

External 0.03 +/- 0.02

Total expected 2.70 +/- 0.59

Data 2.64 +/- 0.05

Crystal 7

DAMA : 1 dru
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59.5 days data (2-20 keV)

34

Background modeling was done only using only 6- 2000keV events

All crystals
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59.5 days data (2-20 keV)
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Background modeling was done only using only 6- 2000keV events

(i.e.) WIMP signal
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Data Fit with 10 GeV WIMP signal

No Sign of signal excess
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COSINE-100 excludes DAMA/LIBRA-phase1ôs interpretation with the 

spin-independent WIMP interaction in Standard Halo Model

Consistent with other null experiments

Limit on WIMP-nucleon cross section
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First time with same NaI (Tl) target

Nature 564, 83 (2018)
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Boosted inelastic dark matter search

Theory: PRL 119, 161801 (2017) PLB 780, 543 (2018)

Effectively ton scale detector taking advantages of  2 ton liquid scintillator
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arXiv:1811.09344
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Annual Modulation (Side band study)

ÅAmount of internal backgrounds were constrained

ÅFloating 3H and other cosmogenic components 

ÅSide bands are well explained by known background
39

Single 6 -10 keV

C5 & C8 were excluded due to low light output

C1 was excluded due to uncontrolled PMT induced noise (discharge) 

Multiple 2 -6 keV
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Modulation fit result with SET2 (2016.9~2018.7)

Config Amplitude Phase (days)

COSINE-100 Ȣ Ȣ 152.5 (fixed)

Without LS πȢππςτπȢππχσ 152.5 (fixed)

DAMA πȢππωυπȢπππψ 152.5 (fixed)

COSINE-100 πȢππωςπȢππφχ ρςχτφ

DAMA πȢππωφπȢπππψ ρτυυ

Preliminary

Preliminary

Our data are consistent with both 

DAMA/LIBRA and no dark matter 

2~6 keV result

2~6 keV result
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Analysis with 1 keV energy threshold

41

Understand signal-like events

and noise-like events at low

energies

Develop new parameter to

reject noise-like events

effectively

Preliminary

Preliminary
Likelihood parameters for noise rejection

New parameters are used as inputs 
for multi -variable technique

(boosted decision tree)

Boosted Decision Tree

Calibration data


