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Current Dark Matter Field
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• Liquid Xenon detectors provide currently the best sensitivity to spin-
independent WIMP scattering 

• No other experiments could confirm the dark matter signal: tension with 
the DAMA result 

• More exclusion limits cannot answer this question

arXiv: 1609.06154
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• Located at South Pole 

• Two 8.5 Kg NaI(Tl) crystals 

• Installed: Dec. 2010, Physics run: Jun. 2011 - Jan. 2015 

• Goals 

- Demonstrate the feasibility of deploying and operating 
NaI(Tl) detectors in the Antarctic ice  
for a dark matter search 

- In situ measurement of the  
radiopurity of the Antarctic ice  
at 2450 m depth 

- Study environmental stability 

- First search for annual modulation  
with NaI(Tl) in the Southern  
Hemisphere

DM-Ice17 Experiment
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Why the South Pole?
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• If found, the same dark matter signal in  
both hemispheres 

• Seasonal variation reversed in phase 

- Opposite muon rate, tagging of muons verified by IceCube/
DeepCore 

• Overburden from 2450 m ice (2200 m.w.e.) 

- Negligible environmental radioactivity: ppt 238U/232Th, ppb 40K 

- Stable temperature under ice 

• Support infrastructure of Amundsen-Scott South Pole Station
Jay Hyun Jo
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• Analysis threshold at 4 keV 

• 3 keV peak from 40K contamination in the crystals, ~15 keV feature 
from surface 238U contamination on the copper encapsulation 

• The data are consistent with the null hypothesis in each energy bin

Low Energy Event Rates
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• Comparing sinusoidal modulation to background subtracted event rates 

• Maximum likelihood fits for DAMA and DM-Ice17 

• Period/phase fixed with 1 year/June 2 

• Dark matter modulation amplitudes are  
consistent at all energies with  
both no modulation and the  
DAMA signal

Annual Modulation Allowed Region

6
Energy (keV)

0 2 4 6 8 10 12 14 16 18 20

   
   

   
 M

od
ul

at
io

n 
Am

pl
itu

de
 (c

ou
nt

s 
/ d

ay
 / 

ke
V 

/ k
g)

-0.04

-0.02

0

0.02

0.04

0.06 DM-Ice17 Det-1

DM-Ice17 Det-2

DAMA/LIBRA

DM-Ice17 4-6 keVee 
Best Fit 1-year modulationDAMA/LIBRA

Det-2

Det-1

0 0.05 0.1 0.15 0.2
0

4
π

2
π

4
π3

π

4
π5

2
π3

4
π7

~Oct. 1 

~Apr. 1

~Jul. 1

DM-Ice17 4-6 keVee (BF, 68%, 95%, 99%)

expected dark 
matter phase

DAMA/LIBRA, 2-4 keVee (99%) 
   analysis on data from arXiv:1308.5109

Jan. 1

modulation 
amplitude

Barbosa de Souza et al., Phys. Rev. D 95, 032006 (2017)



Jay Hyun Jo

• The strongest exclusion limit in the Southern Hemisphere 

• To test DAMA result, more mass, lower background, and 
lower analysis threshold are required

DM-Ice17 Exclusion Limit
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• A joint effort between  
DM-Ice and KIMS 
collaboration 

• 8 crystals with 106 kg in 
total 

• Located at Yangyang 
underground laboratory 
(Y2L), South Korea, with 
~700 m rock overburden 

• Physics run started 
September 2016

COSINE-100

8

+
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COSINE-100 Shielding Structure
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Plastic Scintillators

Lead Shielding (20 cm) Cu Box (3 cm)

NaI(Tl) Crystals  
(106 kg)

Filled with Liquid Scintillator  
(2L)
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Crystal Installation
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COSINE-100 NaI(Tl) Crystals

11

• 8 crystals with total mass of ~106 kg 

• Preliminary background values estimated both at R&D and 
COSINE setup  

• Average light yield ~15 p.e./keV

Preliminary
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• 40K emits 1460 keV gamma with 3 keV Auger electron energy 
deposition in NaI crystal 

• Tagging 1460 keV events with LS enables to veto 3 keV 
background events

Crystal-LS Coincidence Events
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214Bi 40K

208Tl (Th-chain)
214Bi

• Gamma spectrum shows pronounce background peaks 
including 1460 keV from 40K 

• Dynamic range for high energy signals is > 5 MeV

COSINE-100 High Energy Spectrum
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PreliminaryCrystal 6

JHJ, DBD2016
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ROI

Crystal 1

• 10 days of data, current set of event selection applied (not final!) 

• Depending on crystal, background level ~3 dru at the region of interest 

• Cosmogenic peaks remain in certain crystals 

• There are still room for improvements 

COSINE-100 Low Energy Spectrum
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• Work in progress, Geant4 framework 

• Using NaI energy spectrum in R&D setup for the first step 

• Surface 210Pb is suspected to be the dominant background, followed by 
40K internal to crystal

COSINE-100 NaI Crystal Simulation

15

Simulation within R&D array (C3) Detector Geometry at COSINE-100

Data
Total MCSurface 210Pb

40K

Preliminary
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• 2-4 dru flat background is assumed 

• 2 years of data with 1 keV analysis threshold will give comparable 
sensitivity with DAMA’s 90% C.L allowed region 

• If observed, 600 kg⋅years of data will give ~7 sigma result (2 dru bkg 
assumed)

COSINE-100 Projected Sensitivity
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• WIMP interpretation of DAMA signal is in tension with other experiments: 
Independent NaI(Tl) experiments are needed 

• DM-Ice17 

- DM-Ice17 demonstrates South Pole as viable underground location for dark 
matter experiments 

- DM-Ice17 set the strongest Southern Hemisphere dark matter exclusion limit 

• COSINE-100 

- COSINE-100 is running with 108 kg of NaI(Tl) crystals, with lower 
backgrounds and better technology 

- Initial performances of COSINE-100 are promising, expecting to have DAMA-
comparable sensitivity in ~2 years 

• Very exciting time for NaI dark matter search…stay tuned!

Conclusion

17



Jay Hyun Jo 18

Backups
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Interpretation of the DAMA Result

19

June

December

DAMA energy threshold
Savage et al. arxiv:0808:3607
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DM-Ice17 Detector Component/Crystal Contamination

20

9

TABLE I. Contamination levels of DM-Ice17 detector components in mBq/kg. Quartz measurements are from ILIAS database
for ‘Spectrosil B silica rod’ [59], and PMT levels are from the low-background ETL 9390B datasheet (with increased 238U).
Components that were measured specifically for this experiment at SNOLAB [41] are indicated by *. Components not shown
in Fig. 11 are indicated by †.

Material 40K 232Th 238U 238U 235U 60Co

(234Th) (226Ra)

Quartz Light Guides 0.50± 0.03 < 4.9 12 ... ...

ETL 9390B PMT 9300 1000 2400 ... ...

Steel Pressure Vessel * 13.77± 6.38 6.49± 0.96 118.31± 60.11 2.28± 0.72 8.79± 1.68 7.19± 0.82

Drill Ice * 3.71± 1.36 0.55± 0.17 6.69± 3.02 0.39± 0.14 0.38± 0.21 0.12± 0.05

Silicone Optical Gel * † 39.50± 18.60 < 0.12 2.08± 1.10 38.50± 61.00 0.96± 1.30 0.32± 0.42

PTFE Supports * † 0.34± 5.09 0.52± 0.44 < 0.41 24.46± 21.37 1.92± 0.72 < 0.089

Copper Plate * † < 5.13 < 1.22 0.17± 0.92 < 0.67 3.56± 1.79 < 0.12

Glacial Ice † ⇠ 3⇥10�4 ⇠ 4⇥10�4 ⇠ 10�4 ... ...
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FIG. 11. The beta/gamma energy spectrum in keVee from
Det-1 (black) and comparison to simulation (red). The
simulated contributions of significant detector components
are shown separately. Simulated contaminant levels are de-
rived from data-based estimates and radioassays (see Table I
and Table II).

During construction, excess stock from the stainless
steel pressure vessel, PTFE supports, and copper plate,
as well as the silicone gel used for optical coupling, were
set aside to be measured at SNOLAB’s low-background
counting facility [41]. Samples of the drill water were
taken just prior to heating and recirculation. Eleven wa-
ter samples were taken at varying depths on eight sep-
arate holes. The contamination levels measured in the
extracted drill water show no significant dependence on
the depth or the order in which the holes were drilled;
Table I shows the average measured contamination.

The contamination levels for the quartz light guides
were taken from the ‘Spectrosil B silica rod’ values on
the ILIAS database [59]. The contamination levels for
the low-background ETL 9390 PMTs were provided in
the vendor data sheet; the 238U-chain level was increased
by 95% to better match data. The contamination levels

of the NaI crystals were derived from spectral features in
data validated by simulation (see Sec.VB). The PTFE
light reflector and copper enclosing the crystal (Saint-
Gobain encapsulation) were simulated with bulk con-
tamination levels matching the newer materials (PTFE
supports and OFHC copper plate measured at SNO-
LAB); a surface contamination (0 – 10µm) in the copper
of 40mBq of 238U-chain was included to better match
data (see Sec. VI). The glacial ice contamination is esti-
mated using using dust impurity levels measured by Ice-
Cube [44] scaled to appropriate contamination levels [45]
(see Sec. II C and [36]). The contributions from contami-
nation in the PTFE supports, copper rods and plate, sil-
icone optical gel, quartz light guides, drill ice, and glacial
ice were simulated and found to be insignificant.
Detector and background modeling were performed

using the 4.9.5 release of the Geant4 software pack-
age [60, 61]. The physics list utilizes the standard electro-
magnetic interaction models with atomic relaxation [62]
as demonstrated in the “rdecay02” example code.

B. Backgrounds from NaI crystals

The alpha lines between 4.0 and 7.5MeV were used
to measure the 238U and 232Th contaminations in the
NaI(Tl) crystals. The events in these lines are expected
to be dominated by those occurring in the bulk of the
NaI(Tl) crystals. The spectrum from each PMT is com-
pared to the Geant4-based simulation and contamina-
tion levels are evaluated from the respective peak areas
(see Fig. 12). Both 238U- and 232Th-chains appear to be
broken, as described in Table II. The cause of the shoul-
ders observed in the peaks of the alpha spectrum is under
investigation.
The scintillation yield of the NaI(Tl) detectors is lower

for alpha than for gamma interactions. The measured al-
pha quenching factors are ↵/� = 0.435+0.039E↵(MeV )
and ↵/� = 0.47 + 0.034E↵(MeV ) for Det-1 and Det-2,
respectively, consistent with those reported in [55].
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FIG. 12. The energy spectrum in the alpha region of 238U
and 232Th and chains in the NaI(Tl) crystal as measured
with PMT-1b of Det-1 (black) and simulation (red). Com-
parison to simulation yields contaminant level estimates of
the 238U- and 232Th-chains in the crystal (see Table II). The
energy scale shown takes into account the correction from the
gamma-calibrated spectrum using the quenching factor (see
text).

TABLE II. Contamination in the DM-Ice17 NaI crystals as
determined by simulation comparison to data spectral fea-
tures. The activity levels in the two detectors are consistent
within the ⇠ 30% error of these numbers. Both 238U- and
232Th-chains were observed to be broken.

Isotope Subchain Activity

(mBq/kg)
40K 17
129I 1

232Th
232Th 0.01

228Ra– 208Tl 0.16
238U– 234Pa 0.017

238U
234U– 230Th 0.14

226Ra– 214Po 0.90
210Pb – 210Po 1.5

For short-lived isotopes 214Po (238U-chain) and 212Po
(232Th-chain), activities are estimated by Bi-Po events
from data (see Sec. VC). This analysis supports the con-
tamination levels derived from the alpha spectrum.

The contamination levels of 40K and 129I were mea-
sured by using their continuous beta spectra with end-
points at 1311 keV and 154 keV, respectively, to match
the simulation with the data.

C. Bi-Po events

For short-lived isotopes in a decay chain, it is pos-
sible to observe parent and daughter decays in a sin-
gle recorded waveform (see Fig. 13). For the ⇠ 600 ns
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FIG. 13. An example Bi-Po waveform recorded in the
ATWD1 channels of PMT-1a (black) and PMT-1b (red). The
first peak is the beta decay from 212Bi, and the second larger
peak is from the alpha decay of 212Po (t1/2 =299 ns).

sample window of DM-Ice17, this most commonly oc-
curs for the 232Th-chain decays 212Bi ! 212Po ! 208Pb
(212Po t1/2 =299± 2 ns [53]). A secondary contribu-
tion to the double-event population comes from the
238U-chain decays 214Bi ! 214Po ! 210Pb (214Po
t1/2 =164.3± 0.2µs [53]).

Because the high-energy alpha event is delayed, a
larger portion of the waveform tail is truncated. This loss
results in a correlated suppression of the calculated mean
time and calibrated energy of these events (see Fig. 10).

The time between the two energy depositions in the
waveform yields a distribution dominated by the expo-
nential component due to 212Bi over the approximately
flat continuum due to 214Bi (see Fig. 14). The exponen-
tial component of the fit yields a half-life of 298.6± 4.0 ns,
consistent with 212Po being the source of these events.
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from 212Bi decay (green, dot-dashed), flat continuum from
214Bi decay (blue, dotted), and composite fit (red, dashed)
are overlain on data (black, solid).

This analysis and the simulation comparison to the al-
pha peaks (see Sec. VB) yield similar results for the levels
of contamination observed in the NaI crystals (see Ta-
ble III).

Detector Component

Crystal



Jay Hyun Jo

• Ice environment provides stable temperature 

- Fast decrease during freeze-in 

- Slower decrease over a few months after freeze-in 

- < 0.025˚C daily RMS 

• PMT gain stability: <2% in 2 years, smaller than energy resolution

DM-Ice17 Temperature Stability

21

3.5-yr consistent dataset

Cherwinka et al., Phys. Rev. D 90 (2014) 092005
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FIG. 5. Relative uncalibrated peak position of the 46.5 keV
210Pb (top) and 609 keV 214Bi (bottom) gamma peaks demon-
strating DM-Ice17 gain stability. The 46.5 keV peak has ap-
proximately constant light collection, while the 609 keV peak
has a < 2% decrease over two years.

the light collection e�ciency at the prominent 609 keV
and 46.5 keV peaks in the uncalibrated energy spectrum
(see Fig. 5). The 609 keV peak from 214Bi exhibits a small
(< 2%) decrease in light collection over two years. The
46.5 keV peak from 210Pb exhibits no significant trend
with < 2% fluctuations. PMT-2b deviates from the trend
of the other PMTs at both peaks, showing relative in-
creased gain of a few percent. No time-dependent cali-
bration is applied to the presented data because the gain
fluctuations are less than the energy resolution of the
detectors; shorter datasets are used for the energy res-
olution analysis (see Sec. IVC) to limit systematic error
of gain drift. No variation is observed in the peak areas
within the measurement errors.

The total coincident event rate for each detector
is ⇠ 2.5Hz and shows a gradual decrease with time
(0.027Hz/yr for Det-1 and 0.013Hz/yr for Det-2). No
variation with time is observed in the PMT trigger
thresholds extracted from dark noise (non-coincident)
data runs.

D. Detector livetime

In the two-year dataset presented here, DM-Ice17 took
data nearly continuously, with a total livetime of 98.94%
(Det-1) and 98.92% (Det-2). The downtime is primarily
from 10 extended (> 1 hour) interruptions due to power
outages, test runs, and DAQ errors. Normal uninter-
rupted data sets achieve a ⇠ 99.75% livetime, with small
downtime introduced as the DAQ transitions between
runs. A ⇠ 0.7ms deadtime after each event (⇠ 2.5Hz
event rate) introduces an additional ⇠ 0.18% downtime.

IV. DETECTOR RESPONSE

A. Data processing and calibration

Events passing the trigger threshold and coincidence
window requirements are digitized in situ by the DOM-
MB (see Sec. II B). The digitized waveforms are then sent
to the hub in the ICL and compiled into one-hour runs.
The data are transmitted via satellite to the University
of Wisconsin–Madison for processing.

O✏ine data processing consists of waveform correc-
tions and energy calibration. The waveform is first base-
line adjusted and then corrected for the frequency re-
sponse of the passive electronic components.

The energy calibration begins by integrating the entire
corrected waveform (⇠ 600 ns for ATWD). The resulting
spectrum for each PMT is calibrated into keVee using
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FIG. 6. The calibrated energy spectrum with prominent lines
identified for both Det-1 (black) and Det-2 (green). ATWD0
(the highest gain channel) is used for the low-energy plot
(top), and ATWD1 is used for the high-energy plot (bot-
tom); the spectra from these two channels overlap well from
100–1000 keV. The nonlinear response of NaI requires that
separate calibrations be applied for the two energy regions.
All lines depicted are included in calibration fits and energy
resolution analysis.
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• Resolution assessed from 
same background peaks 
giving calibration 

• Comparable resolution to 
other similarly sized NaI 
experiments

DM-Ice17 Energy Resolution

22

8

)ee Energy (keV
10 210 310

 / 
E

σ 

-110

1

)ee Energy (keV
10 210 310

 / 
E

σ 

-110

1
DM-Ice17 Det-1
DM-Ice17 Det-2

 NaI32x1x1 cm
ANAIS
DAMA
NaIAD

FIG. 8. Energy resolution of Det-1 (black) and Det-2 (red)
compared to ANAIS-25 (blue, dotted) [54], DAMA/LIBRA
(magenta, dashed) [55], NaIAD detector DM77 (cyan, dot-
dashed) [38], and a 2x1x1 cm3 NaI detector (green, solid) [56].
The discontinuity in the DAMA resolution is due to switching
ADC channels at ⇠ 80 keV. The internal contamination lines
were fit with a Gaussian plus linear background, the quantity
� is the fitted standard deviation and the error bar is the
fitted parameter error.

moving the two-PMT coincidence trigger requirement
during regularly scheduled dark noise runs. The light
yield is measured by comparing the peak location of the
65.3 keV calibration line from 125I to that of the SPE
peak. The measured light yields are 5.9± 0.1 pe/keV and
4.3± 0.1 pe/keV for Det-1 and Det-2 respectively.

D. Pulse shape discrimination for alphas

Alpha events can be separated from gammas via pulse
shape discrimination. Alphas produce shorter scintil-
lation waveforms than gammas, leading to observable
di↵erences in the behavior in the tail of the recorded
waveforms [55, 57]. A comparison of average alpha and
gamma waveforms, as recorded in the ATWD1 channel,
is shown in Fig. 9. Longer time windows are available in
the FADC channel; however, the pulses are saturated for
MeV events and therefore are not used in this analysis.

A parameter referred to as the mean time (⌧) quantifies
the decay behavior of waveforms and is defined numeri-
cally as

⌧ =

n0+99P
n=n0

(n� n0) (ADCn)

n0+99P
n=n0

ADCn

,

where ADCn refers to the charge collected in the nth
time bin of the waveform and n0 is the time when the
waveform first reached 50% of its maximum. To account
for variations in the time between the start of scintilla-
tion and the start of the recorded waveform, the mean
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FIG. 9. An average of 100 normalized gamma and alpha wave-
forms as recorded in the ATWD1 channel of PMT-1a. Particle
identification is possible through pulse-shape discrimination.

time calculation begins at n0 and samples 100 bins. The
separation observed (see Fig. 10) using the mean time pa-
rameter is consistent with that reported by other NaI(Tl)
experiments [55, 58], although our shorter sampling win-
dow reduces the calculated mean time.
Above 2000 keVee, gamma and alpha separation via

the mean time nears 100%. These two bands can be accu-
rately represented by Gaussian functions with nonover-
lapping tails; in the 2500 – 3500 keVee region, less than
one misidentified event is expected for the 24 months of
data presented here.
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FIG. 10. Waveform mean time values from Det-1 demonstrat-
ing separation between electron recoils (blue, ⌧ ⇡ 180 ns) and
alpha events (red, ⌧ ⇡ 165 ns). The diagonal band at lower ⌧
(green) is composed of Bi-Po events (see Sec.VC).

V. BACKGROUND ANALYSIS

A. External backgrounds

The energy spectrum over 100 – 3000 keV from the
DM-Ice17 data shows good agreement with simulations
based on radioassays of components and data-based es-
timates (see Fig. 11). The background levels of the two
detectors are comparable, and the spectrum from Det-1
is shown as representative of the two. The contamination
levels used in the simulation are listed in Table II for the
NaI crystals and in Table I for all other components.

Cherwinka et al., Phys. Rev. D 90 (2014) 092005
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Event Types
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Cherwinka et al., Phys. Rev. D 90 (2014) 092005
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DM-Ice17 Background Model

24

• β/γ separated from alpha with PSD 

• Well matched by background model 

• Largest contamination from crystals and PMTs at <100 keV due to U/Th/K 

• Negligible contribution from the ice

208Tl (Th-chain)

208Tl (Th-chain) + 
214Bi (U-chain) 40K

213Bi (U-chain)

214Pb (U-chain)

Cherwinka et al., Phys. Rev. D 90 (2014) 092005
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DM-Ice17 Background Model: Low Energy Region

25

• Below 5 keV, background is 
dominated by 

- 40K and 210Pb in NaI(Tl) 

- PMTs 

- Surface 210Pb and Light 
guides 

• 7.9±0.4 dru observed 
between 6.5-8 keV

Cherwinka et al., Phys. Rev. D 90 (2014) 092005
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• OFE Cu-encapsulated NaI crystal is attached with two 3-inch PMTs 

• PMT: R12669 from Hamamatsu, 35% Quantum Efficiency at 420 nm 

• Outer surface of crystal and PMT cap is wrapped with Vikuiti 
reflective films

COSINE-100 Crystal-PMT Assembly

26
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• The same events read in two channels: Anode and Dynode 

- Anode signal with waveform sensitivity at single-photon level: Primary 
channel for dark matter search 

- Dynode signal for high energy events: helps in understanding better the 
internal backgrounds in the crystals

Crystal PMT Waveforms
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Time Bin (2ns)

Anode Waveform 
(0-120 keV)

Dynode Waveform 
(50-10,000 keV)

Time Bin (2ns)

ADC  

count

ADC  

count
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Resolution @ 60 keV
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Am-241 ADC sum (Anode) Am-241 ADC sum (Dynode)
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• 241Am source (60 keV gamma) used to calibrate PMTs 

• Gain is matched to have 60 keV peak at the mid-range of FADC 
dynamic range 

• Single Photoelectron spectrum were fitted to calculate PMT light yield

Calibration/Light yield calculation
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60 KeV gamma SPE
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LS for COSINE-100

31
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• Looking at charge ratio between rising edge and falling edge 
of a pulse gives good noise separation power

COSINE-100 Event Selection
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Noise
Gamma Slow charge  

fraction (X1)
Fast charge  
fraction (X2)

Time (ns)

Slow charge  
fraction (X1)

Fast charge  
fraction (X2)

Time (ns)
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• Additional noise reduction cuts have been developed: 

- Charge asymmetry between 2 PMTs in each crystal 

- Charge/peak: Average charge per SPE
33

PMT Noise

Gamma

Average charge per SPE

COSINE-100 Event Selection
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• Pulse Shape Discrimination technique works well for alpha separation 

• Using charge-weighted mean time 

• With separated alpha events, estimation of 210Po background can be 
performed 

- 0.5~3 mBq/kg for COSINE-100 crystals

Pulse Shape Discrimination for Alpha
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Alpha

Gamma

Mean Time (us)

Energy (keV)

Preliminary
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Examples of Signal Events (Anode Channel)
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> 1 MeV

100 keV

3 keV
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• 10 days of data, current set of event selection applied (not final!) 

• Depending on crystal, background level ~3 dru at the region of interest 

• Cosmogenic peaks remain in certain crystals 

• There are still room for improvements 

Low Energy Spectrum
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210Pb 125I

ROI

Preliminary
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COSINE-100 Low Energy Spectrum (< 20 keV)
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Crystal 7

Crystal 4

Preliminary
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Average charge/SPE cut
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