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DAMA’s Signal Not Spin-Independent WIMPs X’
I ETTER Nature 564, 83-86 (2018)

https://doi.org/10.1038/s41586-018-0739-1

An experiment to search for dark-matter
interactions using sodium iodide detectors
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The DAMA EXxperiment

> Nal(Tl) experiment: 250 kg @ LNGS > 0.05
> Avg background: ~1 count/keV/kg/day Eoo.ozs -
> Looking for annual modulation of rate 8 0 |

DAMA/LIBRA

- Phase 1

20.025 |-
7) | - Phase 2
June -0.05 h_l 1 I | | I 1 | I— I | — | l | I l | I — l | I — l ) I l 1l 1 | l 1|
WIMPWind V)~ O 2 4 6 8 10 12 14 16 18 20
Energy (keV)
2.6 eV arXiv:1805.10486
%‘ < ——— DAMA/LIBRA-pHasel (1 04 tbnxyr) ————> | < DAMA/LIBRA-phase2 {113 fomxyr) —
e oot ‘1% modulatlon S e e
0.02 -_ : : : : ) ; I s ;
§ o Ko AU\ n. EIPNIRED P NIV o> NI £ SRIT7, &
E M T N T TS et . 3 TR )
= -0.02 o 9 : : ! | : :
_ | | , Z 004 [ 14+ cycles 120 0‘ (2 6 keV)
» How to confirm this signal’ /AR U G S S S S TS S N S S SEEEEY

Time (day)

e Use same target material: Nal(Tl)
e Have low enough backgrounds: modulation amplitude is small
e | ook for time dependent components in backgrounds
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Nal(Tl) Global Effort

KIMS (+ DM-Ice)

¥

SD:BMRAE ; COSINE-100 '
COSINUS Gran Sasso + Australia Yangyang & 2 amioka PIC_OLON 4

Eur.Phys.J. C 78 (2018) 107
Eur.Phys.J. C 78 (2018) 490
Eur.Phys.J. C 77 (2017) 437
JINST 13 (2018) T02007 L
Phys.Rev. D 90 (2014) 052006(Csl) &>

Nature, 564, 83-86 (2018)

IceCube Lab
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COSINE-100

» DM-Ice + KIMS collaborations = COSINE

» 106 kg of Nal(Tl) from Alpha Spectra

» 2 tons of passive liquid scintillator veto for
background tagging

» Location: YangYang Underground
Laboratory (Y2L), South Korea (~700 m

; The S,
d University ¢ A
S Of ?D 1398 5

7, %y

Sheffield. S el

[
AP WISCONSIN Yale Physics run:
UNIVERSITY OF WISCONSIN-MADISON Since Sept 201 6
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COSINE-100

» DM-Ice + KIMS collaborations = COSINE

YangYang Laboratory (Y2L)
» 106 kg of Nal(Tl) from Alpha Spectra T e |
g (T1) pha Sp TR —
» 2 tons of passive liquid scintillator veto for
background tagging .
Depthi
| 700m |
> Location: YangYang Underground \ Ay
Laboratory (Y2L), South Korea (~700 m et |
COSINE
at A5 tunnel
Cope Ss
TR S SFRTL
- es Situated at YangYang Pumped Storage Power Plant

Sheffield.

()

AP WISCONSIN Yale

:
\\\""I/ UNIVERSITY OF WISCONSIN-MADISON

Physics run:
Since Sept 2016
Estella B. de Souza - Yale University Lake Louise Winter Institute 2019
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COSINE-100 Shielding Structure

Plastic Scintillators

Nal(Tl) Crystals
(106 kg)

Lead Shielding (20 cm)

Estella B. de Souza - Yale University Lake Louise Winter Institute 2019 11
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Crystal = Mass Size (inches Powder a Rate K <% “%¢Th  Light Yield
(kg)  diameterxlength) (mBg/kg)  (ppb) (ppt)  (ppt)  (PEs/keV)
Crystal-1 8.3 5.0x 7.0 AS-B 3.204+0.08 34.7x4.7 <002 13%+04 149=x1.5
Crystal-2. 9.2 4.2 x 11.0 AS-C 2.061+0.06 60.6x4.7 <0.12 <0.6 146 £1.5
Crystal-3. 9.2 4.2 x 11.0 AS-WSII  0.76 £0.02 34.3+3.1 <004 04+02 155+1.6
Crystal-4  18.0 5.0 x 15.3 AS-WSII = 0.74+0.02 33.3+3.5 <0.3 149 +1.5
Crystal-5  18.3 5.0 X 15.5 AS-C 2.06 £0.00 82.3x5.5 24+0.3 7.3 £0.7
Crystal-6  12.5 4.8 x 11.8 AS-WSIIT  1.52+0.04 16.8+25 <0.02 06402 146+1.5
Crystal-7. 12.5 4.8 x 11.8 AS-WSIII 1.54+0.04 18.7+ 2.8 <0.6 14014
Crystal-8 18.3 5.0 X 15.5 AS-C 2.064+0.00 054.3+£3.8 <l4 3.0+ 0.3
< 0.5 < 20 0.7—-10 0.5-7.5 5.0—7.5

Lake Louise Winter Institute 2019

> Light yield: up to 15 p.e./keV

Eur. Phys. J. C78 (2018) 107

» R&D goal: intrinsic background ~DAMA’s

> Main challenge: produce crystal with desirable
levels of 40K & 210Pb

» Intrinsic backgrounds: from crystal powder/growing

12



Estella B. de Souza - Yale University

Crystal =~ Mass Size (inches Powder a Rate K <% Z2Th  Light Yield
(kg) diameterxlength) (mBg/kg)  (ppb) (ppt)  (ppt)  (PEs/keV)
Crystal-1 8.3 5.0x 7.0 AS-B 3.20+0.08 34.7+4.7 <002 13+04 149+15
Crystal-2 9.2 4.2 x 11.0 AS-C 206 £0.06 60.6 4.7 <0.12 <0.6 14.6 = 1.5
Crystal-3 9.2 4.2 x 11.0 AS-WSII 0.76 +£0.02 343+3.1 <004 04+0.2 155+1.6
Crystal-4 18.0 9.0 X 15.3 AS-WSII 0.744+0.02 33.3+3.5 <0.3 149+ 1.5
Crystal-5 18.3 9.0 X 15.5 AS-C 2.06 £0.00 82.3x5.5 2.4+4+0.3 7.3 0.7
Crystal-6 12.5 4.8 x 11.8 AS-WSIII 1.52+0.04 16.8+25 <0.02 06=+0.2  146=x1.5
Crystal-7 12.5 4.8 x 11.8 AS-WSIII 1.54+0.04 18.7+2.8 <0.6 14.0+1.4
Crystal-8 18.3 5.0 X 15.5 AS-C 2.00£0.00 54.3+3.8 <1l.4 3.0+ 0.3
< 0.5 < 20 0.7—10 0.5-7.5 55—7.5 |

Lake Louise Winter Institute 2019

> Light yield: up to 15 p.e./keV

Eur. Phys. J. C78 (2018) 107

» R&D goal: intrinsic background ~DAMA’s

> Main challenge: produce crystal with desirable
levels of 40K & 210Pb

» Intrinsic backgrounds: from crystal powder/growing

13
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Crystal =~ Mass Size (inches Powder a Rate K <% “%¢Th  Light Yield
(kg) diameterxlength) (mBg/kg) ' (ppb) (ppt)  (ppt)  (PEs/keV)
Crystal-1 8.3 5.0x 7.0 AS-B 3.20+0.08 34.7+47 <0.02 13+04 149+1.5
Crystal-2 9.2 4.2 x 11.0 AS-C 2.06 :0.06 60.6 4.7 <0.12 <0.6 146 £1.5
Crystal-3 9.2 4.2 x 11.0 AS-WSII 0.76 £0.02 34.3+3.1 <004 04+02 155+1.6
Crystal-4 18.0 5.0 x 15.3 AS-WSII  0.74+0.02 33.3+3.5 <0.3 149 +1.5
Crystal-5 18.3 5.0 X 15.5 AS-C 2.06 £0.06 82.3x5.5 24+0.3 7.3 £0.7
Crystal-6 12.5 4.8 x 11.8 AS-WSIIT  1.52+0.04 16.8+25 <0.02 06402 146+1.5
Crystal-7 12.5 4.8 x 11.8 AS-WSIII  1.54+0.04 18.7+ 2.8 <0.6 14014
Crystal-8 18.3 5.0 X 15.5 AS-C 2.06+0.050 054.3+£3.8 <l4 3.0+ 0.3
< 0.5 < 20 0.7—-10 0.5-7.5 5.0—7.5

Lake Louise Winter Institute 2019

> Light yield: up to 15 p.e./keV

Eur. Phys. J. C78 (2018) 107

» R&D goal: intrinsic background ~DAMA’s

> Main challenge: produce crystal with desirable
levels of 40K & 210Pb

» Intrinsic backgrounds: from crystal powder/growing

14
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COSINE-100 Backgrounds

> Full detector simulation with Eur. Phys. J. C78 (2018) 490

Geant4 + multi-channel fit: E _
background well modeled 2,,L :
% - F ~+ Data — Total MC Internal
g F ;
» Main low energy g | — Cosmogenic ~— Surface — External
= 1
backgrounds: 3 Pl
. : v
e |nternals: crystals’ intrinsic : .

contaminants - K/U/Th

- N
Illllll I I lﬁ—i.
2 -

chains o _
e Cosmogenics: dominated EM
by 3H in R.O.l (2-20 keV) \ /\
o Surface: 210Pbincrystals  qp2l—L 1 1 1 1 | e VPR B BT W
0 10 20 30 40 50 60 200 400 600 800 10001200140016001800
and teflon surfaces Energy (keV)
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COSINE-100 Backgrounds & Fit

30
—|— Data (Single-hit, 2-70 keV)
1500 — —e— Data
Best Fit
25 MC 10 syst. band N +1o (systematic)
%} N ‘ﬁ +20 (systematic)
a-1) Low energy zoomed SN * Best Fit+ WIMP
% ) 9y MC 2 ¢ syst. band E) Qc el g ; (2?§5x;g4° cm? at 10 GeV/c?)
- R o 1000|" - T
o 20 = S $¢
=< O €
> ? ~ 2 1]
> = S ;
15 3 o N = 500
? 2 4 6 8 10 e 1SR
% Energy (keV) : .. _|Internal Cosmogenic
8 10 0\ . '.. B Surface External
00 n - ,\Q?’\ 0 : . . . - r - T
b 6 - v " — —
o N . = 0.2
;Q o% 1 " g o%—w—ﬁ%-whlf—é—é-{h&*—
J VLR > ’ R Y B SRR R ¥
S0
-J.- = -0.2—
2 4 6 8 10 12 14 16 18 20
Energy (keV)
10 20 30 40 50 60 70
Energy (keV)

» Estimated systematics: resolution, efficiency, energy scale, simulation package, PMT background
» Crystals are fitted simultaneously to a WIMP-signal model, for different WIMP masses

Estella B. de Souza - Yale University Lake Louise Winter Institute 2019 16



Spin-Independent WIMP Search

10
—e— Data Internal 108 TPy —
— — BeSt fit — BeSt flt . WIMP - SurfaCe NE ; _________ DAMA-I(\la Sa-vage )et al (30, 2009)
N o (systematic) Cosmogenic % —  eeseeeees DAMA-| Savage et al (30, 2009)
-39 | [ ] COSINE- % expected (1o
81— +20 (systematic) External 810 N | | cosmejgg gg; exgec:eg 80))
3 L COSINE-100 observed limit (90% C.L., 2018)
n — Exposure: 6303.9 kg day
og §1O‘40 =
% 5 F
) = B
“g E 10~4 =
@) —
8 = -
S el
'9 ;10 42 E—
< -
cf)-10—43_lllll | | IIIIII| | | IIIIII| | | I 1 1 1 11
10 102 ,10° 10*
WIMP Mass (GeV/c")
L — 10 GeV/c2 WIMP @ 2.35x10-40cm?
i%%léﬁ u u
0 , . , , , , , » Exclusion of DAMA/LIBRA-phasel spin-
0.1 . .
g iIndependent signal, standard halo model
T iInterpretation
]
e : : :
8 44l > First time excluded with same target
20 25 30 35 40 45 50 55 6.0 material

Energy (keV)
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Annual Modulation Search

Crystals Averaged Rate, 2-6 keV

0.5 — [ | [ ] 0.15 (o r o rr . rrrrrrrrr o 1 1 1 T T 1 T T T [ T T T]
_§‘ 0.4 :_P rel I m I nary . Blinded data, COSINE-100 Preliminary _§' 01 E_ ) —+— Blinded data, COSINE-100 Preliminary ;
[ — - (o) Sinusoidal fit, period and phase fixed > - .
§ 0.3 : B I I nded, 9 /O Of tOtaI data Mock data with % 0.05 — ** ~+7 DAMA/LIBRA .
Q — - . L — T | :—
% 0.2 ) i ] full statistics ﬁ NS ‘ﬂww‘j.r-.mm«w SRR P S
g 0.1 — | __ g . T —L 2 005 —
e — — | o e — —
= 0 f~ 1 | jr S i == - + g o — —
5 - EE # + | + | T s E i -
L 01— i " [ ! T 015 — .. -
T = -- T T " S OF Preliminary E
= — —— B B =
@ = " " z 021 Blinded, 9% of total data =
4 — | m -

_03 25|O | | | | 3(')0 | | | | 35| | | | | 4(')0 | | | | 45I0 | | | | 5(|)O | | | | 55|0 | | | | 6(')0 | | | | 65|0 | | | | 7(|)0 | _025 | | | 2] | | | 4|. | | | 6| | | | 8] | | | 110 | | | 1|2 | | | 1'4 | | | 1I6 | | | 118 | | ;0

Day from Jan. 1, 2016 Energy (keVee)
10°¥ T B T B B B B
1\ RN DAMA allowed region (90%C.L., 35, 50)
. . (y 3 : R NEE COSINE-100, 5 years of data, 2-6 keV__
» Data blinded: only 9% of total data 109 N ] = No G, 08, CB, Median Senshivty G0%0.L}
T SRR —— ——  No C5, C8, Median Sensitivty (90%C.L.)
N =10 0= 20
10_39 f s & oo : : T EEE - : :

(L l'l'l'l]l"

» Full data analysis will be using 585+
days of data

S| WIMP-nucleon cross section (cm?)

-
o
I
o

[ Illlllll [ Illlllll [ llllllll [ llllllll [ IIIHII{ T

107 ._;
» Stay tuned! 5
10 =
10! . iiiiii1i0 . "; . 10

WIMP Mass (GeV)
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Summary

» COSINE-100 has been running since September 2016.

» 60 days of data strongly disfavors spin-independent WIMPs as the cause for DAMA’s
signal.

> Modulation model independent test: need for 5-year data anticipated. Analysis of 2
years of data on the way.

1078 £
G = NAIAD (2000-2003)
g — eeeeaaa- DAMA-Na Savage et al (30, 2009) 0.15 T
~ — | mmsssssas DAMA-I Savage et al (3o, 2009) = — _ o .
81 0_39 | |:| COSINE-100 90% eXpeCted (10_) g 0.1 — ) + Blinded data, COSINE-100 Preliminar y .
'f.) [ ] COSINE-100 90% expected (20) g - .
D ——  COSINE-100 observed limit (90% C.L., 2018) & 0.05— + DAMA/LIBRA ]
(7)) — . 4 — —— B ]
o . Exposure: 6303.9 kg day ?B - F’“ ; : =
»n1074° = o 1 e ikt .s-wir“ M’*w,;mﬁmlw
S F g F -
B = -0.05— —
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Status of the Field

—36
10 7 E =
Q138 C i [P,
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Calibration Tubes
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Acrylic Table
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counts/day/kg/keV

Estella B. de Souza - Yale University

Low Energy Spectrum

10 . . . .
OF - ket Crystal-1 (Sample-B)
BE- bbb e Crystal-2 (Sample-C)
[ S S S —d— Crystal-4 (WIMPScint-11)
6 L s iieesehencanaatan
= —|— Crystal-6 (WIMPScint-111)
5E .
4
3
2
1:
=NETETE BT B B R T BT B
2 4 6 8 10 12 14 16 18

20

Energy (keVee)

» 2 -4 counts/keV/kg/day in R.O.|

counts/day/kg/keV

N
o)

N
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—
U'I

10—

(/O

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

\é’/

2;’10P'b (bulk§+SL§|rfa§ce)§

Leadlng edge

Surface contamlnatlo
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Energy (keVee)

Lake Louise Winter Institute 2019
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Liquid Scintillator Veto

'(3 B B ernal K40
T —~ 5 29 Preliminary —r
45F + Data (vetoed < f ——
of 2
= . - 1= s PMT Th232
s— 4;_ —_— Flt § LSU:(;S
> - S InsneTrgztzzl U238
& 3.5 { — Subtracted 4K N — e
) — 2 [ e A A
—_ | — [le- (B keV) S e g of- 10 2,
S 15 Preliminary T i
/T N\ s M AN —
0.5 . 11, + 4 - ' iRl
N |_|qu|d Scintillator /T 05. P AT TR AT -LTF'":F = |++++| +++|+-H— 107 E—A | . "
1 2 3 4 5 6 7 8 9 10 E""ii;-l L1 [ | L1 11 f ) | i T""a- N
Energy(keV) 0 500 1000 1500 2000 2500 3000

Energy (keV)

» 40K emits a 1460 keV gamma with 3 keV Auger electron energy deposition in the crystal

> Tagging the 1460 keV events with LS enables to veto the 40K 3 keV background events

> The liquid scintillator background is well modeled with simulation

Estella B. de Souza - Yale University Lake Louise Winter Institute 2019 24
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Cosmogenics

Underground for 0.6 yrs
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Muon Detector

e Muon veto with 37 plastic scintillator
panels

e Events correlated with muon taggeo

 Muon-induced events in Nal(Tl) under
investigation

.

Crintiadi et al 2018 JINST 13 102007

Light guide
2-inch PMT

Vikuiti reflector Optical cement

Plastic scintillator
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COSINE-100 Muon Background

N N o o A 8 Il
3
<

s

400

7 ........................... a IO g IO ............................................. ................................... L P rel i m i n ary —F_ Data

380 Const Line Fit

, . 4t
e

—
<

cm

(

360

|I|I‘III‘|I

340

320

IllIIHI‘

I
3
Rate muons/m?/day

300

Total Muon Flux

98 1 1 B

280

X?/NDF = 23/32
Muon rate = 347 1,  34,,;) muons/m?/day

|||||‘||||II|‘|I|

f

Preliminar

10 L e o o o l | I I | I ! | ! I | | ! | ! ! | ! l | ! | | | ! | ! ! |
10 ] — 5 3 ‘i EEE— t-l) S [6| S 09-27-16 10-27-16 11-26-16 12-26-16 01-25-17 02-24-17 03-26-17 04-25-17 05-25-17 06-24-17

Date

Equivalent Vertical Depth (km.w.e)

o Muon flux at COSINE-100 is ~3.98 x 10-7/cm?/s (344.29 muons/m2/day)

e Rate has been consistent throughout the physics run

e Muon selection used to veto muon-induced crystal events

Estella B. de Souza - Yale University Lake Louise Winter Institute 2019 27



O

Charge Rati

Event Selection

Bin (2 ns/bin)

600 800 1000 1200 1400 1600 1800 2000 2200 2400

600 800 1000 1200 1400 1600 1800 2000 2200 2400

difim
i
Y-,

=

|
-

| |
- -

LO - LO
T

O
o
QN —

SIUBAS JO JOQUINN

Bin (2 ns/bin)
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NoIse separation power

Jr.Phys.d. C 78 107 (2018)
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PMT Charge Asymmetry

o Additional noise reduction cuts have been developed:

Charge asymmetry between 2 PMTs in each crystal

Charge/peak: Average charge per SPE
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* New development of event selection criteria based on multivariate analysis on going
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Selection Efficiency/Low Energy Spectrum
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- ~70% efficiency at 2 keV

- 2 - 4 counts/keV/kg/day in region of interest depending on the crystal
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WIMP Analysis
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Crystal Growing R&D

Needs to grow our own crystal With - 100 kg Nal erystal (ingot) grower
low(er) background and better
understanding of the crystal

L

Body top ® 63.7 ~ 72.3 mm
Ll
f‘i : o

Body middle ® 67.6 ~ 78.8 mm (body)

5 t‘,.
o -‘:‘
’ “;;
SR

| Aoty §
Body bottom.® 79.6 ~ 84.1 mm
v

Powder purification system and
crystal growers are available at IBS
facility

Went through many trials and errors, — .
found ways to reduce background T
contamination in powder & improve <
growth condition of Nal(Tl) crystals e

Current measurements show great
improvements! 95 |
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Possible Joint Analysis: COSINE-100 + ANAIS
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