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Introduction to COSINE-100

DAMA/LIBRA Experiment

* No experiment to succeed the direct detection of DM, except DAMA/LIBRA
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Introduction to COSINE-100

DAMA/LIBRA Experiment

* No experiment to succeed the direct detection of DM, except DAMA/LIBRA
« DAMA/LIBRA experiment

- Search for annual modulation signature by DM

The Highs

In June, Earth moves
at its fastest speed
through the dark

matter halo.

The Lows
In December,
Earth moves at

its slowest speed.

&

Sun and Earth Earth passes

move in the through many

same relative dark matter
direction particles
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Earth and Earth
sun orbits encounters
are opposed fewer particles
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A Seasonal Search for Dark Matter

The DAMA experiment aims to directly detect dark matter by looking
for flashes potentially caused by dark matter particles interacting
with ordinary matter. The search strategy depends

on Earth’s varying velocity through

the dark-matter-infused Milky Way. Milky Way
disc
Earth's
orbit
around
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Introduction to COSINE-100

DAMA/LIBRA Experiment

* No experiment to succeed the direct detection of DM, except
« DAMA/LIBRA experiment

- Search for annual modulation signature by DM
- DM observation at 12o0 C.L (2-6 keV, 2.17-ton-yr)
- Compatible with the nature of DM candidates

DAMA/LIBRA

(4 =0.0096 + 0.0008 counts/day/kg/keV, ¢ = 145 £ 5 days, 7= 0.9987 £+ 0.0008 yr)

2-6 keV
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Introduction to COSINE-100

DAMA/LIBRA Experiment
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* Only observed in DAMA/LIBRA

- Nal(Tl) crystal is special for DM interaction?
- Many efforts to test DAMA/LIBRA’s signal, using Nal(Tl) crystal.
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Introduction to COSINE-100

COSINE-100 Collaboration

 DM-Ice and KIMS joint effort to search for DM interactions

- ~50 collaborators in 17 institutes
- To verify the DAMA/LIBRA’s claim via the same target material

DM-ICE -+

University
a9 Of
Sheffield.
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Introduction to COSINE-100

COSINE-100 Collaboration & Experimental Site

DM-Ice and KIMS joint effort to search for DM interactions
- ~30 collaborators in 17 institutes
- To verify the DAMA/LIBRA’s claim via the same target material

_ angyan Undergrounasiaboratorys(Y21s)

-

- ~700-m rock overburderf&'i.-ﬂ_:‘h T

- Data taking started in Sep. 2016.

Depth
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COSINE-100 Detector

Detector Configuration

* 8 low-background Nal(Tl) crystals w/ 106 kg in total
- U/Th/K levels are less than DAMA, but total o (~219Pb) are higher than DAMA
- Total background: 2-3 times that of DAMA
- Higher light yield (15 p.e/keV) than DAMA (5-10 p.e/keV)

e Crystal encapsulation (copper)
 Two 3” PMTs (R12669SEL) for each crystal

Nal(T1)

Crystal £\ phys. J. C 78, 107 (2018)
Eur. Phys. J. C 78, 490 (2018)

Nal(Tl) detector

8 low-background crystals

Copper encapsulation
Two 3” PMTs
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COSINE-100 Detector

Detector Configuration

Nucl. Instrum. Meth. A 851, 103 (2017)
Nucl. Instrum. Meth. A 106, 165431 (2021)

* Liquid scintillator (LS) as an active veto Liquid Scintillator

- 2200-L LAB-based LS & 5” PMTs (R877) 2200-L LAB-based LS for veto
5” PMTs for LS detector

- Designed to accommodate twice as many crystals
» Upgradable to COSINE-200

Eur. Phys. J. C 78, 107 (2018)
Eur. Phys. J. C 78, 490 (2018)

3-inch PMT Nal(Tl) detector
8 low-background crystals
Copper encapsulation
Two 3” PMTs

Eur. Phys. J. C 78, 107 (2018) g 4 \
Passive Shields
3-cm thick copper box
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COSINE-100 Detector

Detector Configuration

JINST 13, T02007 (2018), JCAP 02, 013 (2021)

Nucl. Instrum. Meth. A 851, 103 (2017)
Nucl. Instrum. Meth. A 106, 165431 (2021)

41 Muon Counter Liquid Scintillator

37 plastic scintillator panels 2200-L LAB-based LS for veto
2” PMTs (H7195) for muon counter 5” PMTs for LS detector

JINST 13, T06005 (2018)

LPastic scintillators
: 7 20 cm lead

Neutron Monitoring
Fast neutron detector
(Liquid scintillator)

Nal(TI) crystals

» _
.

Thermal neutron detector
(3He gas detector)

Eur. Phys. J. C 78, 107 (2018)
Eur. Phys. J. C 78, 490 (2018)

3rinch PMT Nal(Tl) detector

) \ |
Passive Shield O\ 8 low-background crystals
assive Ields Copper encapsulation

3-cm thick copper box Two 3” PMTs

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

20-cm thick lead shielding
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COSINE-100 Detector

Monitoring

Phys. Rev. Lett. 123, 031302 (2019)

* Monitoring system (> 200 parameters) 2 o Temperature
- DAQ system: trigger rate, electronics status 0024:;&:;:;—:::“
- Stable environmental parameters b | - oo
- Monitoring for neutron rates _°r ) Humidity .
E,L
W ) Radon .

Temperature: 24.2 + 0.1°C at crystal
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COSINE-100 Detector

Monitoring & Operation

\ . Phys. Rev. Lett. 123, 031302 (2019)
* Monitoring system (> 200 parameters) ool ) Temperature

— Crystal
i

- DAQ system: trigger rate, electronics status 0024f..,“»w»—“\———~——fk ~

)______‘...—‘
i Mw’_,——-————-—‘_—‘

e

=-Room

- Stable environmental parameters 22

- Monitoring for neutron rates 60 o) Hamiety foom

Stable running from Sep. 30, 2016 (5.6 years) poL

- DAQ efficiency ~93% (calibration runs, power outage) Y T r—

— LS Top

— Room

- Exposure time: ~2100 days if?
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DM Search

WIMP EXxtraction Analysis

10°% e
< = — NAIAD (2000-2003)
e E e DAMA-Na Savage et al (30, 2009)
3 F =ssssssas DAMA-I Savage et al (30, 2009)
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T e - Spin Independent (SI) WIMP
- Standard Halo Model (SHM)
- Excluding region allowed by DAMA/LIBRA
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DM Search

WIMP Extraction Analysis

« SET2 data (1.7 years)

- Improvements

WIMP-search Data

s
o

Counts /keV/kg/day

10*
ol
10°
o
3
|__0. 102
> Analysis threshold (2 keV — 1 keV) 8
» Background modeling 10
-0.4F ‘ stropart. Phys. 130, 102581 (2021)
et
Energy (keVee)
Eur. Phys. J. C 81, 837 (2021)
Single-hit Events
— Data — Total MC — Internal
[\ | — External — Cosmogenic Surface
e
7 V
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DM Search

WIMP EXxtraction Analysis

« SET2 data (1.7 years)

Improvements

> Analysis threshold (2 keV — 1 keV)

» Background modeling

Fully cover the alternative scenarios
» Different QF & EFT operators

Sci. Adv. 7, eabk2699 (2021)
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DM Search

WIMP Extraction Analysis

« SET2 data (1.7 years)

- Improvements

> Analysis threshold (2 keV — 1 keV)
» Background modeling

- Fully cover the alternative scenarios
» Different QF & EFT operators

- Sub-GeV DM search via Migdal effect

—
(@]
)

—
o
w

—

1073

WIMP-nucleon Sl Cross Section (pb)

2022 DPF Meeting

10° 3x10°
WIMP mass (MeV/c?)

17

WIMP-proton SD Cross Section (pb)

WIMP-proton Sl Cross Section (pb)

Sci. Adv. 7, eabk2699 (2021)

—— COSINE-100 59.5 days
—— DAMA/LIBRA-phase1
----- DAMA/LIBRA-phase1 (DAMA QF)

—
<

1072
—e— COSINE-100 1.7 years
|:| 1o expected
-3
10 [ ] 20 expected

- -
Se

—
o
A

—
o
&

—
o
&

1 | 1 1 1 1 1111 | 1 1 1 1 | I | |
10 10? 10°
WIMP Mass (GeV/c?)

~--
o

10 Collar =
- N
10 PICO-60
— '
- )
102 | Phys. Rev. D 105, 042006 (2022)
L I L
2x10° 10° 3x10°

WIMP mass (MeV/c?)

Nal Experiments — Y.J. Ko@IBS



DM SearCh Introduction to COSINE-100

Modulation Analysis DAMA/LIBRA Experiment

* No experiment to succeed the direct detection of DM, except DAMA/LIBRA

* DAMA/LIBRA experiment
- Search for annual modulation signature by DM

Introduction to COSINE-100 ==

In June, Earth moves

DAMA/LIBRA Experiment

through the dark

rk matter by looking

matter halo

* No experiment to succeed the direct detection of DM, exc
 DAMA/LIBRA experiment The Lows

In December,

Earth moves at

- Search for annual modulation signature by DM

its slowest speed

- Compatible with the nature of DM candidates.
(4 =0.0096 + 0.0008 counts/day/kg/keV, ¢ = 145 + 5 days, 7= 0.9987 + 0.0008 yr)

2-6 keV
S % fe—————— DAMA/LIBRA-phasel (1.04 tonxyr) — > | <——— DAMA/LIBRA-phase2 (1.13 tonxyr) ——————>
§ 0.04 : | ' : H : | :
0.0
&
2
o
3
0
g
& o,
|
4000 5000 6000 7000 8000
Time (day)

* Annual modulation analysis
- DAMA/LIBRA observation
- Model independent analysis
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DM Search

Modulation Analysis

Phys. Rev. Lett. 123, 031302 (2019)

| 20
o 4ﬁ
> C ]
N2 10
i : COSINE-100, 1.7 yrs e ]
Expected Standard Halo 99.7% C.L. QQ Qq COSINE-100 data-SET?
o004 95.5% C.L.
= 68.3% C.L. _ Amp. =0.0092 + 0.0067 cpd/keV/kg
3 (Feidman Covsing - Phase = 127.2 + 45.9 days
o Best-Fit _
§0.02
% > Configuration Amplitude [cpd/kg/keV]  Phase (Days)
< L COSINE-100 0.0092 + 0.0067 127.2 +45.9
. e . DAMA/LIBRA (Phasel + Phase2)  0.0096 + 0.0008 145+ 5
s 10 %0 B0 N0 300 350 COSINE-100 0.0083 + 0.0068 152.5 (fixed)
COSINE-100 (Without LS) 0.0024 + 0.0071 152.5 (fixed)
DAMA/LIBRA-phase1+2 ANAIS-112 —0.0044 + 0.0058 152.5 (fixed)
Amp. = 0.0096 + 0.0008 cpd/keV/kg DAMA/LIBRA (Phasel + Phase2)  0.0095 + 0.0008 152.5 (fixed)
Phase = 145 + 5 days
« SET2 data (1.7 years)
- 2-keV threshold
- Agree w/ both null & DAMA hypothesis
2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS

19



DM Search

Modulation Analysis

Phys. Rev. Lett. 123, 031302 (2019)
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Probability [dru~! d~1]

 SET3 data (3 years)

1-keV threshold

- Improvement in background model

20
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Phys. Rev. D 106, 052005 (2022)
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DM Search

DAMA-like Method w/ COSINE-100 data

* Trying to use a method similar to DAMA, for COSINE-100 data

4.2
41

3.9
3.8
3.7
3.6
3.5
0.2

Rate

0.1

Residual

- ldea from JHEP 20, 137 (2020)
- No LS/muon veto, 600 ns integration window & event selection
- Residual fit for yearly average

Very strong (~70) negative modulation

N IS N R N B

(a) Single-hit at 1-6 keV

arXiv:2208.05158 [hep-ex]

| 5 P e A N |

: (b&Slngle-hit at 1:6 keV

] 1 1 1
' Sept. 16 - Aug. 17' Sept. 17 - Aug. 18’ Sept. 18 - Aug. 19!

Rate

Residual

Sm =-0.046 + 0.006

(e) Single-hit at 2-6 keV

._ ¢

1 (f) Single-hit at 2-6 keV

BT

1] 1]
! Sept. 16 - Aug. 17 1 Sept.17-Aug. 18 1 Sept.18 - Aug. 19 +

(g) Residual rate at 2-6 keV

it b gt T
t

R PR Ol M NN ESNE [P W |

(h) Residual rate Ft 2-6 keV

¢ t

500 7000
Days from Jan. 1, 2016

(c) Residual rate at 1-6 keV

[

(d) Residual rate a; 1-6 keV

Sm =-0.044 + 0.006

51
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DM Search

Bias in DAMA’s Method

_ i - Jrongived ey [l short-ived | L
* Trying to use a mett e =
2 N E /Soﬂwam energy threshold
- |dea from JHEP 20, = 4 [N < ‘r’ DAMA/LIBRA-phase2
% { WDAMA/LIBRA-Phase1 g L0
- No LS/muon veto, 6 & A g ti—— |
. S =0 5 10 15 20
10 Energy (keV)

$'t' DAMA/LIBRA-phasef

i,

£ L0

0

arXiv:2208.05158 [hep-ex]

2000 4000
Time (days)

 DAMA background level + COSINE-100 background composition

- Pseudo experiments based on null hypothesis

0 | | |
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DM Search

Bias in DAMA’s Method

2-6 keV

DAMA/ LIBRA

<— DAMA/LIBRA phase2 (1 13 tonxyr)

Nuel. Phys At Energy 19, 307-325 (2018)

.,Awa
TR

1 i " i

7000 8000
Time (day)

%‘ i ]?AMAQ:/LIBRA-pli:asel (1.04 tonxyr) ——>

* Trying to use a method simila s B AN D A

F L@l bbb I ¥eel 1Sn=0.0096 20,0008
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) I | b e | | | | 1 1 4000 5000

< 1 | L, 4 I I I
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% [ 1 1 [ [ [ 1 [ |"“"“"’i’“m“w [ A 1 1 1

B

§ e S H e

O.S_L 1 I I 1 1 1 I 1 1 I 1 1 1

g: ) arXiv:2208.05158 [hep-ex]

S

< T ;

‘g o— + - : L 1 t ‘ 4 0t } P t

é + + {l | + + ++ \ \ + ,' + +

5 | t

% Sm = -0.0098  0.0008

4000

T|me dependent (Days)

DAMA background level + COSINE-100 background composition

- Pseudo experiments based on null hypothesis

- Residual fit for yearly average

- Similar amplitude to DAMA, but opposite phase

2022 DPF Meeting
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DM Search

Other Scenarios

e Other scenarios of DM
- Solar axion

- Inelastic boosted dark matter

Phys. Rev. Lett. 122, 13802 (2019)

} 102 :
10 10 - ——— COSINE-100 obssrved - .."
L [[] COSINE-100 expectsd (1) B o
B [[] CoSINE-100 expeciad (20) B e
- solarv /S - e
o)% 10_115_;_*;7‘;'1';"_': @ Epewessam_ A T w102
Y AN (= YTo' Y [1// J i A B E
B [ « m=20MeV, m2=>40MeV, 71=100
i I~ [ m=10MeV, rnz=1 5MeV, yI=50
Astropart. Phys. 114/101 (2020) m=6MeV, m,=7.5MeV, y =20
10—12 1 IlIIllI 11 lIlllII L1 11l 11 IlIIIlI L1 il 10-4 1 L1 1 1 I 1 1 1 1 1 L1 1
107 10%  10° 102, 107 1 1 10 102
Axion mass (keV/c%) my (MeV)
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DM Search

Other Scenarios

e Other scenarios of DM
- Solar axion

- Inelastic boosted dark matter

* Ongoing analysis

- WIMP-iodine inelastic scattering

- Boosted dark matter
- Bosonic super-WIMP

107"°
(a) Pseudoscalar

107"

@ 1012

10713
== COSINE-100 (Abs + Cmp)

= = 1+ COSINE-100 (Abs only)
L

»kev\o“ﬂ

107

m, (keV/c?)
2(.0{—& s1 1 IVIUULIII&

10 10° 10°

10

1078

107"

10

]

—

S
8

y

S
W
W

slastic WIMP-proton cross section [cm
o o o o o
5 4 & & %

= Upper limit at 90% CL
I:l 10 (Sesitivity)
|:| 2 o (Sesitivity)
= = ELEGANTS V (1994)

-1
107 g 10*
m. 6 MeV, m,: 7.5 MeV, v : 20 I
: """"""" m,: 20 MeV, m,: 20.0 MeV, Yy 100
1072 S m;: 10 MeV, m,: 10.0 MeV, 0 50
= ---- m;6MeV,m,;:6.0MeV,y:20 , o
U 102 -
107 &
|
10°

(b) Vector Boson

s COSINE-100 (Abs + Cmp)

= = 1« COSINE-100 (Abs only)
L

10?
m, (keV/c?)

10°
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Plan for Next Phase

Crystal Development

Eur. Phys. J. C 80, 814 (2020)

e Goal: lower background level than DAMA/LIBRA _w Qe DAMA
- COSINE-100: 2-3 times higher than DAMA/LIBRA
- In-house development for the entire process

—

\\\\\

Cou nts/keV/kg/day
Q

> Nal powder purification

-h
2
N
o

> Crystal growing

10 20 20 40 50
Energy (keV)

> Detector assembly

K 210Pb
[ppb]  [mBa/kg]

Powder 5 - <20 <20
Aug., 2018 Gz 3.8+0.3 26 + 7 <6
Sep., 2019 8 0.01 £ 0.02 11+4 72

DAMA <20 0.01~003 87124 2~31
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Plan for Next Phase

Crystal Development

* Goal: lower background level than DAMA/LIBRA

- COSINE-100: 2-3 times higher than DAMA/LIBRA
- In-house development for the entire process

> Nal powder purification

> Crystal growing | all| ' —pmem

> Detector assembly e ..__~___:__59J_(9 j_lﬁQth_____

- Full size grower
> Designed and built based on small test grower
> Successful seeding and growing ~10-cm ingot

Full size grower
100 kg ingot

ation factory
powder load

2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS
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Plan for Next Phase

Lowering 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

(NPE = the number of photoelectrons)

| ‘ 15 pe/keV

COSINE-100 encapsulation | Siticon Gl
(uarts Glasy
Ml M Oprical Pad
;—‘\\ ;‘
F ~23 p.e/keV
37 PMT
e Nucl. Instrum. Meth. A 981, 164556 (2020)
" New design
2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS
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Plan for Next Phase

Lowering 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

e Event selection

- Improved multi-variable technique
» ~0.5 keV (7 p.e) of energy threshold achievable

- Deep learning

1-dimensional Inception Module

_-¥ 1dconv (length1) -._~

-
~
~
~

1d conv (length 1) --» 1d conv (length 35 N

-

1d conv (length 1) --> 1dconv (length5) - ~.*",

max pool (length 3) --» 1d conv (length 1)

2022 DPF Meeting o9

Energy [keV]

-
o

—
>
]
r
o=
2
v
c
i

b H N W B !~ W
1 -

P
tn tn

i

-t IIII|IIlI|IIII]II]IIIIII]IIIIIIIII]IIIIIIIII

3.5

Preliminary
hh1

Entries 563211 1
. Mean x  -0.4837
Mean v 1.84
Sid Dew x 02654
Sid Devy 1203 (

15(

—10(

=== Physics run Single hit 1~5 keV (Scint + Noise)
Scintillation Sample 1~5 keV

| T I ,f|

0.2 04 06 08
NN Prediction
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Plan for Next Phase

Lowering Threshold

* Nov [ o
Di FoM = £—= @
- VI oh+0y ; 0 +
- ~Fk '%‘ m,,: mean of y peak
- = m,: mean of neutron peak ?
%5 4~ 0n:oof neutron peak &
- It \ ) gy o of y peak
=]
> ° a4
° iC i :
=ve D +22°C
-Im ¥ o -+ -35°C
> . | | |
20 40 60
De Energy (keV)

1 ~7

* Low temperature measurement

- Improved PSD fory & n
- ~10% increased o quenching
- Increased light yield

» 27.6 = 0.3 p.e/keV — 28.9 = 0.2 p.e/keV

2022 DPF Meeting

n

Q
)]
0
D
=

Number of events

30

Energy vs. Meantime

208T] 2,615 MeV y peak

.

0.02} ¥

£

> f
(0] |
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>

O

(&)

0.01—

—-22°C
- -35C

‘. by $4pite Gl | # oot o ¢ o b s § o
0 2500 3000 3500 2000
Energy (keV)
241Am 59.4 keV
---22°C i

200~ __35°C

100 R

| 1 IL - " T ] '_ . 1) — ™
0500 1000 1500 2000

Number of Photoelectrons
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Plan for Next Phase
Upgrading COSINE-100

* Moving from Y2L to Yemilab

- Late next year, 2023
- Operation at -35°C

10% 1t
- Surface
0 OROVILLE (USA) Y2L
1) Gty
& Yemilab
n el
e 10
) B GRAN SASSO (italy)
o HOMESTAKE (USA)
-4 / /  SUDBURY (Canada)
10 1 CANFRANC (spain) /' y ,/BAKSAN (Russia)
ST. GOTHARD (Switzeriand) A \
n FREJUS (France)
8" MONT BLANC (France)
10 T T 1 1 r
0 1000 2000 3000 4000 5S000 6000
Depth (m.w.e)
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Plan for Next Phase
Upgrading COSINE-100

* Moving from Y2L to Yemilab

- Late next year, 2023

- Operation at -35°C

- Recovering unused crystals

- New technique of encapsulation

A

//IIIIIIIIIIIIIIIIIIIIIIIIIIIII
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§
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Plan for Next Phase

Sensitivity Study

2022 DPF Meeting

— 10 E SI-WIMP Sensitivity |
5 107k
o . = —— COSINE-100 (Upgrade)
< 107 COSINE-100 (SET2) — COSINE-200
=100 3 COSINT-1T
(@] =
§ 105 = \s‘\
) 10° - ﬁ\\\\ Y \\
c 1075 ~— N _ i
8 10_72 T ~ S~ DarkSide-50
—_— E Rt —
(&] = \\ —
g 10_8:?' \
d— o[ \ ]
= 0=
= 100
= SIWIMP
10—11 =
1 10

WIMP Mass [GeV/c?]

10?

33

WIMP-proton Cross Section [pb]

22 PE/keV light yield
5 PE thrshold
No systematic uncertainty

F SD-WIMP Sensitivity
10 = \ —— COSINE-100 (Upgrade)
sk \ | — COSINE-200
E \ —— COSINT-1T
15N \
Z\ \
10—1 E \ ....... . KlMS CSl
LF O PandX-Il T
1 0 ; \‘\\\ \\\\
102 e
= SD WIMP T —T
107
C i L] i
1 10 10

WIMP Mass [GeV/c?]
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Plan for Next Phase
Sensitivity Study

10°
10*
10°
10?

10

— —
Q o
o L=

10°°
107
10°°
10°°
107

WIMP-nucleon Cross Section [pb]

107
1072
1078
107
10°°
10°¢
107
10°®
10°°

WIMP-nucleon Cross Section [pb]

10—10
107"
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SET2

SI-WIMP Sensitivity
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—— COSINT-1T

/]

~ Dar

-

kSide-50

——

SI WIMP

|

10

WIMP Mass [GeV/c?]

10?

WIMP Mass [MeV/c?]
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Introduction to NEON

Coherent Elastic Neutrino-Nucleus Scattering
Q scattered
. CEVNS 4 neutrino

Phys. Rev. D 9, 1389 (1974)

- Predicted by D. Z. Freedman at 1974

Science 357, 1123-1126 (2017)

- First measurement by COHERENT collaboration at 2017 nuclear
(stopped pion source) @
- Sharing the same experimental signature w/ DM searches /
> Similar detection technique: cryogenic bolometers @
> The neutrino floor secondary
recoils
. ; : . ; - - . . : scintillation
w 30 Beam OFF 1r Beam ON 1
g 15t . + + {t
N U TTRAN A AR
B . . . . . . . . . . 1072
5 15 25 35 45 5 15 25 35 45 1073 _
o ' ' ' ' Nu'mber of'photoelelctrons (I?E) ' ' ' ' 104 2
& Beam OFF v, =uy, mv, Beam ON 10° $
S 457 1T prompt n 1 10° &
u\; 30t 107 8
TR
AN FUETVE TS ENT VT SA
2 +‘++- + _+‘f T++ *? ++$ 107"
oy S : : : . . : : . . : s : : 2=
1 3 5 7 9 11 1 3 5 7 9 L) 0@
Arrival time (us) NE L o - 10_14
"o 1 2 3456 197 20 30 102 2x107 1070
\\& L - #IMP Mass [GeV]
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Introduction to NEON

Coherent Elastic Neutrino-Nucleus Scattering

 Neutrinos in reactor
- Rich neutrino source

- Low v energy
> Full coherency region
> Complementary observation

fission process in a nuclear reactor
Nd

O—» Neutron *epr ,@
@, Electron ice P 4 *
“A ‘ 144) 5 @ O\‘

« Anti-neutrino (= 4

P 4
144 " A
- /ﬁo\‘

el %
O” (some IOSS)
—

@ o 435U

Gamma

235) 236, 238 QO"'
0-»+@—>®—» O» —»0-»+@—>@—> O\O"
@ @
Chain Reaction }—’

UuKr\aO\’ - zij
¥. \ )'mU
o Rb QO > @ .
;‘ ? \ 239\p
“Sr @ C-» Y ’
o o
source: nobelprize org ; ‘ \®
v
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Introduction to NEON

Coherent Elastic Neutrino-Nucleus Scattering

 Neutrinos in reactor Science 357, 1123-1126 (2017)
. . ---- '%Cs CEVNS —— Pb v, NIN total
- Rich neutrino source I W CENS  eeeees Pb v, NIN 1n
Ve 2l cc 000 e Pb v, NIN 2n

- Low v energy

e

T IIIIIIII T IIII‘-I-,{Il T IIIIIIII T IIIIIII[ T T

> Full coherency region

107 =

> Complementary observation

Cross-section (10 cm?)

- CEVNS measurement

1072

» High cross section, but too low recoil energy
(heavier target — higher cross section, lower recoil energy) 10°

> Shallow overburden — high background rate 5

Neutrino Energy (MeV)

- For...
» Testing Standard model & searching new physics
> MeV-scale Weinberg angle, non-standard interaction, neutrino magnetic moment, neutron form factor

> Reactor antineutrino anomaly, anomalous spectra of reactor neutrinos

2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS
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Introduction to NEON

Collaboration & Experimental Site

 To observe the CEVNS in reactor
- Nal(Tl) crystal: technique from COSINE-100
- ~20 collaborators in 5 institutes

2022 DPF Meeting 38 Nal Experiments — Y.J. Ko@IBS



Introduction to NEON

Collaboration & Experimental Site

e To observe the CEVNS in reactor
- Nal(Tl) crystal: technique from COSINE-100
- ~20 collaborators in 5 institutes

e-Yeonggwano, ,/ o N . S
7 Koréa ; ' ‘ ===
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Introduction to NEON

Collaboration & Experimental Site

* To observe the CEVNS in reactor
- Nal(Tl) crystal: technique from COSINE-100

- ~20 collaborators in 5 institutes S s;\

O RENO/far

o .Yé;ongéiiva ng,
.wKoréa+”
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Introduction to NEON

Collaboration & Experimental Site

e To observe the CEVNS in reactor

- Nal(Tl) crystal: technique from COSINE-100
- ~20 collaborators in 5 institutes | TR

o RENO/far

F
e Yeonggwang, s 5~ 7 >
P N e ST .
~Koréa

< ‘.’
~- N

- ﬁer Plant.
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Introduction to NEON

Collaboration & Experimental Site

e To observe the CEVNS in reactor

- Nal(Tl) crystal: technique from COSINE-100
- ~20 collaborators in 5 institutes

o RENO/far

F
e-Yeonggwany, o +% 2 4 4
e T Tt SS aa
+Korea

N€e. 2020

[ K |

- B =

r ﬁer Plant.

\"

2022 DPF Meeting
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Introduction to NEON

Collaboration & Experimental Site

 To observe the CEVNS in reactor
- Nal(Tl) crystal: technique from COSINE-100
- ~20 collaborators in 5 institutes

. Yeonggwang,
. .nKorea+

im fuel (3$% 235U)
20—mw’e'%verburden

N
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Introduction to NEON

Detector Configuration

Shields
!y 20/30-cm thick PE (n0)
| gy 2-9-cm thick B-PE
10/15-cm thick lead shield (y)

. R (D) [d

. ' ¢
s fom N AEDE . )

2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS
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Introduction to NEON

Detector Configuration

Liquid Scintillator
Passive shield
Tagging radiations
— background reduction
10 5-inch PMTs

2022 DPF Meeting 45

Shields
!y 20/30-cm thick PE (n9)
| gy 2-9-cm thick B-PE
10/15-cm thick lead shield (y)
par—._ | R (©) Ty

|

R, i - [1 s
B2 ’! AN b S RE W

= i ¢
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Introduction to NEON

Detector Configuration

- Active Target
Liquid Scintillator p i g ~ 6 Nal(Tl) crystals

Passive shield \Gakidt e 16.8 kg of total mass

Tagging radiations B . | ~24 NPE/keV light yield o,

— background reduction e = P ‘

10 5-inch PMTs . ~Jif vy N

VI“;(‘ \_ /; “

Shields
.+30-cm thick PE (n9)
- 2.5-cm thick B-PE
10/15-cm thick lead shield (y)

2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS
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Introduction to NEON

Operation

* Monitoring system
- DAQ system: trigger rate, electronics status

- Environmental parameter e

0 %H
05/01 06/01 08/01 09/01 10/01

hub2 — hub3
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Introduction to NEON

Operation

* Monitoring system

- DAQ system: trigger rate, electronics status

- Environmental parameter

* Running from Apr, 2022

- Upgrade for noise issue

- ~83% DAQ efficiency (power outage)

117-day reactor-on & 52-day reactor-off data

06/01 07/01

— Inside LS — detectorroom — tunnel

05/01 07/01

hub2 — hub3

Temperature

10/01

Humidity

s ﬂ"\"n’

\’\\N“d\’N Ay

08/01 10/01

—————— 100% Effici

— —— DAQON - 13500 Reactor ON
3 2001 —— Good Runs 500075 FB{e(ajc;\or OFF
o © 38.6 days =l

' : O (17.2%) DOWN
~ 2500 = "16.7 days
g 150 Reactor-on 3 o
N 20007 117.2 days

L bt (52.3%)

E 1009 1500 3 51.8 days
- — °O

o 1000 & (23.1%)

2 50l o

© Reactor-off 500
()

L0
2022-05  2022-06 2022-07  2022-08  2022-09 2022-10 2022-11
Date
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Introduction to NEON

Waveform Simulation for Event Selection

* Waveform simulation
- Multiplier process (PMT), digitizing (ADC) & triggering (TCB)
Waveform generation

Parameter development for event selection

Training sample for ML/DL

200/— Data waveform
s
©
S
Eg 100
@) |
(@]
()] -
<€
0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 2000 4000 6000 8000
Time [ns]
Simulation
> 200 waveform
I
S)
8 100_
O L
o
< »
0

1 1 1 1 I
0 2000

000
Time [ns]

1 ] h 1 1
6000 8000
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ADC Counts (0.61 mV)
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arXiv:2210.01386 [hep-exX]

Data waveform

000
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Introduction to NEON

Waveform Simulation for Event Selection

 \Waveform simulation

- Multiplier process (PMT), digitizing (ADC) & triggering (TCB)

- Waveform generation
- Parameter development for event selection
- Training sample for ML/DL

SPE distribution (241Am)

* Tuning simulation & f L — Dats
. . bt B et .-:L:!dp" L . .
- Single photoelectron properties o W T Simulation
> Shape, height/width, low gain SPE 102 f ig‘"'ﬂ . Simulation (low gain)
) l|I ﬁ
l |‘
11'.1‘\-“1 L
104 i w h
‘M i
10— ‘
::1 | I l I I | l | 1 | 1 I l | | | ' Il 1 |
0 500 1000 1500 2000 2500 3000
bunch charge[ADC]
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Introduction to NEON

Waveform Simulation for Event Selection

 \Waveform simulation

Multiplier process (PMT), digitizing (AL

Waveform generation

s % 8 &

Parameter development for event sele.

Training sample for ML/DL

* Tuning simulation

- Single photoelectron properties
> Shape, height/width, low gain SPE

Training via BDT

w

Simu@latiori

energy

2022 DPF Meeting

energy

Frdmdet gt

plp2.

3 B 8 s ¥ 8
TrrT T

NN NN NN WA .-

s 8 & % B 8 &
FreeerrTIT T
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T NIN
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—— Single events
— Multiple events
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Introduction to NEON

Background Modeling

50—

B — Data
— Fit

IN
o
\

K40

w
S
\

N
o
\

Number of Events

i --=-- Constant Background

10[~ T [ ' !
VAU Y i
S ST} 5 20
Energy [keV]
Coincident events
Crystal Mass (kg) Size natK | o Rate  *'Pb  *'°Po(***Th chain) ***Po(***U chain)
(inch, D x L) | (ppb) | (mBq/kg) (mBq/kg) (1Bq/kg) (1Bq/kg)
NEO-1 1.62 3 x4 50420 | 2.164+0.02 1.8940.26 1.6+0.7 10.6+4.2
NEO-2 1.67 3 x4 137428 7.78+:0.03 7.46+0.73 <59.8 <57.2
NEO-3 1.67 3 x4 46+20 | 0.5640.01 0.53+0.13 <3.6 <11.2
NEO-4 3.35 3 X8 22411 10.764+0.01 0.69+0.18 1.6+0.8 <3.3
NEO-5 3.35 3 X 8 <29 10.76x0.01 0.68+0.17 1.6£0.5 2.91+1.6
NEO-6 1.65 3 x4 <38 10.94+0.01 0.88+0.21 5.84+1.3 11.043.3
COSINE-100(C6) 12.5 4.8 x 11.8 1743 | 1.52+0.04 1.46+0.07 2.5+0.8 < 0.25
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Introduction to NEON

Coincident events

Meantime VS Energy

Background Modeling
50F
i — Data
40— — Fit
g - - === Constant Background
Z 301 K40
s |
E S
10—~ "7~ + % I | + + ﬂlﬁ 35—
4 toht } 25
‘ \ ‘ | ‘ =5
° > Energ‘I)lo[keV] ; : %_

1 L

3 ‘2.62. .2.64 2.66 2.68 2.7 2.72 2.74 - 2.8 ‘ 28
Meantime[us]
Crystal Mass (kg) Size natK | o Rate | #'Pb  *'°Po(***Th chain) ***Po(***U chain)
(inch, D x L) | (ppb) |(mBg/kg)| (mBq/kg) (1Bq/kg) (1Bq/kg)
NEO-1 1.62 3 x4 50£20 ||2.1640.02| 1.89+0.26 1.6+0.7 10.614.2
NEO-2 1.67 3 x4 137128||7.781+0.03| 7.46£0.73 <959.8 <57.2
NEO-3 1.67 3 x4 46420 ||0.56+0.01]0.53%0.13 <3.6 <11.2
NEO-4 3.35 3 X8 22411 |0.7640.01|0.69+0.18 1.6+0.8 <3.3
NEO-5 3.35 3 X8 <29 ]10.76£0.01|0.6840.17 1.6£0.5 2.9£1.6
NEO-6 1.65 3 x4 <38 ||0.94£0.01|0.8840.21 5.8+1.3 11.0+3.3
COSINE-100(C6) 12.5 4.8 x 11.8 17£3 ||1.52+0.04|1.464-0.07 2.510.8 < 0.25
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a-a coincidence

Introduction to NEON

Background Modeling

Number of Events

— Data

— Fit
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NEO-1 1.62 3 x4 50£20 ||2.1640.02| 1.89+0.26 1.6+0.7 10.614.2
NEO-2 1.67 3 x4 137128||7.781+0.03| 7.46£0.73 <959.8 <57.2
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Introduction to NEON

Background Modeling

— Internal

— External
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NEO-1 1.62 3 x4 50+£20 2.1640.02 1.8940.26 1.6£0.7 10.6+4.2
NEO-2 1.67 3 x4 13728 7.78+0.03 7.46%0.73 <59.8 <H7.2
NEO-3 1.67 3 x4 46+20 0.56+0.01 0.53%0.13 <3.6 <11.2
NEO-4 3.35 3 X8 22+11 0.76%+0.01 0.6940.18 1.6+0.8 <3.3
NEO-5 3.35 3 X8 <29 0.76%£0.01 0.68+0.17 1.6£0.5 2.91+1.6
NEO-6 1.65 3 x4 <38 0.94+0.01 0.88+0.21 5.8+1.3 11.043.3
COSINE-100(C6) 12.5 4.8 x 11.8 173 1.52+0.04 1.4630.07 2.5%0.8 < 0.25
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Introduction to NEON

Sensitivity .
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* ~80 days of reactor-off period & 120-day-on data (23.1%)
+ 30 days
Discovery sensitivities at 30
B |
: 6 NPE (Joo) Sep. 2022
_10°F ! l
=~ 'V
s | :
go) L ﬁ """"""" i
Q S I L
o L i
o i
5 B i
S 0
-g 10? C 1
S :
o L i
: : S NPE (Xu) — — T T |
- : (a) 7 counts/kg/keV/day Mid-Dec.
A B P B B S Apr. 2022 Aug. 2022
50 100 150 200

2022 DPF Meeting Nal Experiments — Y.J. Ko@IBS

57



Summary

* COSINE-100

- To test the DAMA/LIBRA’s signature w/ the same target, Nal(Tl)

- WIMP extraction analysis
> Excluding the region allowed by DAMA/LIBRA

» Alternative scenarios are also covered, such as EFT & different QF
- Modulation analysis

» Model independent test

> Cannot draw any conclusion yet
- Plan for next phase

» Lower background, lower threshold
> COSINE-100 upgrade will start in the middle of next year.
> Preparations for COSINE-200 are also underway.

 NEON
- To observe CEVNS w/ reactor neutrinos

- Detector has been running stably since last Apr.
- Event selection & background modeling are ongoing.
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Phenomenological Condition

 There is no sign of SI WIMPs for > ~10-46 cm? at 30 GeV/c2. .

107

107

Phys Rev. D 98, 030001 (2018)

* Recent projects focus on the very low mass range below s o
10 GeV/c2. =, == Tk
« DAMA/LIBRA experiment NN =
- Search for Dark matter (DM) annual modulation signature - PR
- 25x9.7-kg Nal(Tl) crystals @ LNGS, ltaly T T eien 7T
- 1.04-tonxyr exposure S
y&% y&% 6 keV g o 500@% 500@% Booef»
S 0.9 ? : ' DAMA/LIBRA 250 kg (1 04 t()nxyr) ' ' ' ;
% 0.04 [ | : |
0.02 |
" %\ J/%% ,% m\ J}%\ y{&
w P R e e i e K
= .
g oot 7 50 sugnlflcance Eur Phys J C73 2648 (2013)
006 3500 4000 4E>IO|O SOOO 5500
Time (day)

- DAMA/LIBRA claimed an observation of the DM at 7.50 C.L.
» Using single-hit events in the 2-6 keV
» Signal consistent with DM in terms of phase and period
(phase = 144 + 8 days & period = 0.998 + 0.002 yr)



DAMA/LIBRA-phase2

e 1.13-tonxyr exposure
* The analysis threshold was lowered from 2 keV to 1 keV in phase2
* DM annual modulation signal is also observed in phaseZ2.

- Signal significance o 6 keV

N - DAMA/LIBRA -phas ez ~250 kg a. 13t y) ‘ : ‘
> 9.60 C.L. w/ phase2 only (1-6 keV, 1.13-tonxyt) 2 Zii g | |
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- The results are still compatible with the nature of DM candidates.

> phase = 145 + 5 days & period = 0.9987 + 0.0008 yr
> Measured amplitude of annual modulation is 0.0096 + 0.0008 counts/day/kg/keV.

* There are several experiments using the Nal(Tl) to test DAMA/LIBRA’s signal.



Global Efforts using Nal(T]
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Global Efforts using Nal(Tl)

Development of low-background Nal(TI)
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Global Efforts using Nal(Tl)

ANAIS

@ Canfranc

@ LNGS

COSINUS

Astropart Phys 106, 1 (2019)
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using Nal(Tl

TS In data taking

@ Canfranc
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ANAIS-112

Nine 12.5-kg Nal(Tl) modules (112 kg in total)

Since Aug. 2017

1-keV threshold

2~5 cpd/kg/keV (dru) background at 2 keV (DAMA ~ 1 dru)

First result w/ 1.5 years

- There is no modulation observation, but uncertainties are not enough to rule out
DAMA/LIBRA.

Residual spectrum Modulation Amplitude

» 1o

0.2
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e Recent results

- Time dependent background modeling based on

ANAIS-112

cosmogenic understanding

- Three kinds of modeling for modulation fit

U = [RO‘Pbkg(ti) + SmCOS((D(ti — t()))]MAEAt.

¢bkg(tl) — 1_|_fe—ti/’r,
Oig (i) = 1—|—f¢bkg( ;). — MC background model (eq.5)

Hia = [Roa(1+ faliS (1)) + Smcos(@(t; — 10))|MAEAT,

- Data supports the absence of modulation and

incompatible with the DAMA/LIBRA at 3.30 (2.60)
for 1-6 keV (2-6 keV).

rate (cpd/kg/keV)

5.5F [1-6] keV
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-D5
~-D6
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-D8
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— single exponential (eq.4) 0.2
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E q’ 0005 e N ... D
© < —e— ANAIS-112 best fit
c 2 0
(@) — 1o sensitivity
% -8_ -0.005f | e exposure 3.0 Yy
— MC background model for each module (eq.6) =& 20 sensitivity
'8 _001 I 00 RN 0 PR exposure 30 y
E _001 5 e 30- Sen3|t|V|ty
exposure 3.0 y
-0.02
[1-6] keV  [2-6] keV
arXiv:2103.01175
2 A
. X “/NDF Nuisance Sm
Energy region Model null hyp params. cpd/kg/keV p value mod p value null
eq. 4 1327107 3 -0.0045+0.0044 0.051 0.051
[1-6] keV eq. 5 143.1/108 2 -0.003640.0044 0.012 0.013
eq. 6 1076 /972 18 -0.003440.0042 0.011 0.011
eq. 4 115.7 /107 3 -0.0008+0.0039 0.25 0.27
[2-6] keV eq. 5 120.8 / 108 2 0.000440.0039 0.17 0.19
eq. 6 1018 /972 18 0.00034-0.0037 0.14 0.15




Muon Detector

o 37 plastic scintillator panels surround the lead shield, at the outmost layer.
Muon rate has been monitored.

Muon correlated events in Nal(Tl) crystal are vetoed.

Charge of top-side (a.u.)
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Internal background of LS is low enough.

Tagging multiple-hit events for vetoing g —Daa e e e
- ~20% of tagging efficiency for 2-6 keV i E o seetm h
- 40K events

> One of the main background sources at low energies

LS Veto System

Detector response is well understood with a GEANT4-based simulation.

> Tagging efficiency of 40K ~ 70%

Nuclear Inst. Methods in Physics Research, A 1006, 165431 (2021) 107525 '

Counts/kg/day/keV
EEN

8)
Ole A AO@OO%O

© O Total Events

o A Nal Only Events
O

® (Coincident Events

&0 . ~70% veto efficiency

3 A

° NN
£ 2 .ﬁ 3.2-keV 40K peak

00 2IIl4lIIGIIIBI.I1O.II12lII14Ill16IlI18II.20

Energy (keV)

10

0
E . wh T "..\'\'...\'0'-""'. .

= Py 5y o o st ese o ® .
1:&%‘!{0“’-‘- "m‘u";:é'::’.‘ﬁ": e L R '...npﬂ: i-::..:-:’: Feer

data/fit ratio

500 7000 1500 2000 2500 3000

Energy (keV)

<« 40K
7 e (3 keV)

[N\
_/_
[N\
L~
Liquid Scintillator |:>




Event Selection

Astropart. Phys 130, 102581 (2021)

Development of a new likelihood parameter I T
based on pulse shape > 18 * WIMP-search data _
- Boosted decision tree (BDT) is used to separate & o :
the signals from the noises. “g
Further studies are ongoing $ oo
» Improved multi-variable technique : nts | |
» Deep learning T et
i > 3 7
Energy (keV)
E L E L Y. Evgntsm“-*
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Improvements in Event Selection

Next update : Lowering threshold to 0.5keV

Waveform difference according to event types
Astropart. Phys. 130 (2021) 102581

e T
0.03—
§ L Scintillation Events
£ r PMT Noise Events
T (Type I+1l)
0.02— Type-ll PMT Noise Events
0.01
o — [———
2000 2200 2400 2600 2800 3000

Time [ns]

Next update : Lowering

threshold to 0.5keV

New parameter development example : Fourier Transformed Likelihood parameter

Energy [k -

Example of effective parameters : Likelihood parameter
Astropart. Phys. 130 (2021) 102581

Likelihood Parameter

PR " PR PR
< o L] 10

Energy[keV]

Lowering Threshold 1 keV — 0.5 keV

* Lowest limit on few GeV WIMP mass is
expected.

+ Type 2 Noise hard to be separated from
scintillation in 0.5 ~ 1 keV region.

w
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New BDT example

Lowering Threshold 1 keV — 0.5 keV

O
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IS

+ Lowest limit on few GeV WIMP mass is
expected.

+ Type 2 Noise hard to be separated from
scintillation in 0.5 ~ 1 keV region.

* New Parameters & BDT for Type2 Noise is
being developed.

BDT Training




Counts /keV/kg/day

>
1)

Counts /keV/kg/d

Background Modeling

EPJC 81, 837 (2021)
Astropart. Phys. 126, 102528 (2021)

* Main background in low energy region
- Contamination of crystals from K/U/Th
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- Cosmogenic activation (mostly 2H)

- 210Pb on crystal surface

(6-3000 keV)

u \

Single-hit Events
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Multiple-hit Events
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Improvements

- Better understanding of surface 219Pb
- Adding 291 and rock y (298Tl)

Energy scale adjustment
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Improvements in Background Modeling

Next update : Improved background modeling

Background modeling in 1.7 years data Background modeling in 3 years data
'E:w: E Single-hit Events < - % |
T bmwe. te | Proportionality | £
£ correction °
2000 S
Energy [keV]
Ex) Non-proportionality effect on 22Na 3y 2 st
[True energy ] [ Considering non-proportionality ] i §11keV
1274keV
(511 + 511 + 1274 ) keV (511 X f(511) + 511 X f(511) + 1274 x £(1274)) keV ‘”"Qm
= 2296 keV ~ 2334 keV 0 5 SN S N
1 10 10° ‘ose(kev‘)c

——— ~40 keV Difference ! Ressarch Section A /430, 2-5(1699)
Reference energy nonlinearity of

Modeling updates Nal(T)) Crystal

+ Solved not poor modeling in high-energy region(~2.8MeV) by fixing crystal energy proportionality
problem

« Extended fitting region 3 MeV — 4 MeV Naactvity estimation

5 —_ mf'
= , o
g “Na E 08 - - 4
E —4— Fitted € os_
> -
g +— Measured (Double) 2 b =
° = E
2 —— Measured (Triple) Z
<
asf- ' -
| Emg|

.+ 03
* 02
[2]=

ST - 22Na gives peak at 0.8 keV,
with ~2.6 years half life!

Modeling updates

+ Solved not poor modeling in high-energy region(~2.8MeV) by fixing crystal energy proportionality
problem

+ Extended fitting region 3 MeV — 4 MeV
+ Mismatch between Data and Modeling in 22Na have been solved.




DAMA Signal Test

Bayesian method

- Markov chain monte carlo (MCMC) via Metropolis-Hastings

Binned likelihood function
Systematics

- Background, Resolution, Efficiency, Surface 219Pb, PMT activity & position
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Bayesian Approach

e Posterior, marginalization

P(M|o) 7'('(0‘)7[: Prior for WIMP signal (flat)

~ TdoP(M|o) (o) Baves theorem

P(o|M)

w: Constraints for systematic uncertainties
P(Mlo) = L(o|M) = /da/dﬁﬁ(a\M, a, B)P(a, B) Marginalization for a & 8

Using Markov chain Monte Carlo via Metropolis-Hastings algorithm

Metropolis-Hastings Algorithm

Choose an arbitrary parameter set pt
and an arbitrary probability density g(x|y)

l‘\ Fill the parameter set pt

Generate a candidate to Marginal PDF
p’ from g(p’[py)

!

Calculate the
acceptance ratio a

}

Generate a random Accept the
number B in [0, 1] candidate p’ — pt




Bayesian Approach

* Posterior, marginalization, and Poisson likelihood
7. Prior for WIMP signal (flat)
Plo|M) = P(M|o) (o)

fdJP Mlo) 7(o) Bayes’ theorem
w: Constraints for systematic uncertainties

P(Mlo) = L(o|M) = /da/dﬂﬁ o|M, a, B)i(a, B) Marginalization for o &
Nerystal me MU Measured Number

L(o|M, o, B) = H H exp(—E;;)

E;: Expected Number

Eij(o-a «, 6) :Sij(0-7 a)+Bij(a7 5)

R S;: WIMP signal
i signa
Sij(o, a) = || (1 + airese) Ti M; Ri(owmap; my) J
k air. Nuisance parameter
Ngyst ei. Relative uncertainty Back J model
Bjj: Background moae
Bij (Oé, 6) — H (1 + azkezgk) Z(l + le)Bql,\ﬁC ” 9
3 I pii: Nuisance parameter for fraction of background component
Nsyst a2 kagd 62 G . t - t f - t
o _ oxp [ — Lk oxp [ — il aussian constraints for nuisance parameters
otoc 1= T oo () TF o (522

oBjj: Fraction uncertainties in background model



Signal Test & Sensitivity

e Signal test for DAMA signal

- Pseudo data based on hypothesis assuming DAMA

- mwive = 18.6 GeV/c2, owimp = 2.25x10-4 pb

x10°

-y

Posterior Distribution for Signal Test
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Signal Test & Sensitivity

e Signal test for DAMA signal

- Pseudo data based on hypothesis assuming DAMA
- mwivp = 18.6 GeV/c2, owive = 2.25x10-4 pb

* Detector sensitivity

- 1000 Pseudo-data sets based on null hypothesis

- Sensitivity curve at 90% CL

40000

30000

20000

10000

Posterior Distribution for Sensitivity
(mwivp = 24.2 GeV/c?)
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—— Posterior PDF
—— Fitted by Gaussian
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Best-fit Result for Crystal2

—— Pseudo data
— True Model
—— Best Fit
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Energy [keV]

|
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WIMP EXxtraction Analysis

* Trying to extract WIMP signal from data

* No significance for WIMP signal in data

Total counts/0.25 keVee

Data/Best Fit
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WIMP EXxtraction Analysis

* Trying to extract WIMP signal from data

* No significance for WIMP signal in data

WIMP-proton Sl Cross Section (pb)

Exclusion Limits for Isospin-conserving Sl Interaction
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WIMP EXxtraction Analysis

* Trying to extract WIMP signal from data
* No significance for WIMP signal in data Posterior Distribution

(mwimp = 20.4 GeV/c2)
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WIMP Extraction A

* Trying to extract WIMP signal from data

* No significance for WIMP signal in data

WIMP-proton S| Cross Section (pb)

WIMP-proton Sl Cross Section (pb)

Exclusion Limits for Isospin-conserving Sl Interaction
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* No significance for WIMP signal in data

Exclusion Limits for Isospin-conserving Sl Interaction
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WIMP EXxtraction Analysis

* Trying to extract WIMP signal from data
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WIMP Signal via Migdal Effect

* Migdal Effect
- Nuclear recoil = boost of electrons — secondary radiation

)¢

X ray P

" Bremsstrahlung
lonization/excitation of the atom

— Secondary radiation
(Migdal effect)

lonization electron
It results in a kinematic
boost of electrons.

Auger electron
PRL 123, 241803 (2019)



WIMP Signal via Migdal Effect

* Migdal Effect

- Nuclear recoil = boost of electrons — secondary radiation
- Differential rate

Nuclear recoil energy Quantum numbers Binding energy
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Electron recoil energy
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WIMP Signal via Migdal Effect

* Migdal Effect

- Nuclear recoil = boost of electrons — secondary radiation
- Differential rate & visible energy

Nuclear recoil energy Binding energy

Quantum numbers
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Low-Mass Search for WIMP

 The same method/data to SET2 extraction analysis
Data, background model, systematic uncertainties & bayesian approach

Only signal templates are different.

» Using Migdal process

» Nuclear recoil not considered

Search range extends down to 200 MeV/c=2.
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Bosonic Super-WIMP

A dark matter candidate

Two types of BSW: pseudoscalar & vector boson
XMASS, Majorana & XENON100

- Below 100 keV/c?

Search area has been expanded by
- SuperCDMS & EDELWEISS-III ~500 keV

- GERDA ~1000 keV/c?
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BSW Signal

* Absorption process can make signals in the detector

BSW (a: pseudoscalar, V: vector boson : .
atom (a:p ’ ) absorption cross section can be expressed

A+a/V = A+e” w/ photoelectric cross section.
Oabs,aV ~ 2 3mC2L Oabs,VU ~ g/
Up_e(w = mV) C ~ Jae 167T()4mg ’ o'p_e(w = mV) C ~ o - Cross Section for the Pseudoscalar
_ _ PRD 78, 115012 (2008) 5 meqr\“‘*m
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Compton-like Process

* In high-mass region, an additional process can be dominant.

e +a/V —e” +v (Compton-like Process)

o = g2 - /1 dcos qlAp
cmp,a T Jae 0
dmelk| J_, By + me — k| cos, +y as well as e- are also emitted.
. B I
Iy o 1 e al Ay From 150 keV, Comptlon like process
Ocmp,V = K —3me!k| » COS U Ey, +me — |k|cos®, dominate over absorption process, for

the Germanium case.

2(me + £, — |k| cos65)

PRD 104, 083030 (2021)

where |q| =

Cross Section for Pseudoscalar Cross Section for Vector Boson
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BSW Signal Generation

* Electron/gamma energy

- Absorption process

A+a/V - A+e”

Mayy ~ Ke K.: electron kinetic energy

- Compton-like process
e +a/V—e +7
" gamma energy mi/v + 2mw

w —
2 (me +w— \/w2 — mg/vcosﬁ)
mqv. BSW mass

(w ~ ma/v)

w: BSW energy

mfb/v + 2memy v

2(7716 _+'77la/l/)

2
/ ma/V

K.=w—w ~
2(7716 + 77La/‘/)

- Electron/gamma generation via COSINE-100
detector simulation
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Extraction Analysis

 BSW extraction analysis
- Bayesian approach

. PWM|o) (o)
PlolM) = [doP(M]o) (o)

- Simultaneous fitting for 5x2 channels: 5 crystals & single/multiple-hit channels

¢ Single-hit spectra
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Extraction Analysis

 BSW extraction analysis
- Bayesian approach

. PWM|o) (o)
PlolM) = [doP(M]o) (o)

Simultaneous fitting for 5x2 channels: 5 crystals & single/multiple-hit channels

Search range: 100 mass points from 10 to 1000 keV/c2

- In the mass region greater than 200 keV/c2, similar to GERDA
First result of using Compton-like process

Exclusion Limits for Pseudoscalar Exclusion Limits for Vector Boson
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Crystal Development

* Goal: lower background level than DAMA/LIBRA
- COSINE-100 has 2-3 times higher background than DAMA/LIBRA

- In-house development for the entire process J. Rad. Nucl. Chem. 317, 1329 (2018)
JINST 15, C07031 (2020)

» Nal powder purification

U [ppb] Th [ppb]

< 0.01

K [ppb] Pb [ppDb]

Initial 248

19.0 < 0.01

UGl < 16 0.4 < 0.01 < 0.01

Filter unit

=

Purificatjon factory
~70-kg powder load

Receiver tank 1,2 Conical dryer



Crystal Development

* Goal: lower background level than DAMA/LIBRA
- COSINE-100 has 2-3 times higher background than DAMA/LIBRA
- In-house development for the entire process

> Nal powder purification

210Pb 238U 232Th

» Crystal growing [mBa/kg] [Ba/kg] [Ba/kg]

» Detector assembly 5 - <20 <20
Growing with test grower 684 3.8+0.3 26 = 7 <6
8 0.01 + 0.02 11+4 7 +2

<20 0.01 ~0.03 8.7 £ 124 2 ~ 31

RV SE

=

D.mema. Expected background
o AMA |

! External

—h

A
S

Counts/keV/kg/day

Eur. Phys. J. C 80, 814 (2020)
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Crystal Development

* Goal: lower background level than DAMA/LIBRA
- COSINE-100 has 2-3 times higher background than DAMA/LIBRA
- In-house development for the entire process

> Nal powder purification
» Crystal growing
» Detector assembly
- Full size grower
» Designed and built based on small test grower
» Successful seeding and growing ~10 cm ingot

-~2007kg pdwder Seed holder

<Crystal dimension>

<Powder charging>




DAMA/LIBRA with COSINE-200

e COSINE-200 experiment

Next phase of COSINE-100
Use the COSINE-100 shield
Ultra pure Nal(TI) crystal (< 1 dru = cpd/kg/keV)

It is scheduled to launch in the first half of 2023.
* Model-independent conclusion of DAMA/LIBRA is

possible within 3 years.

172 §
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COSINE-100 run
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Trigger Simulation Tuning

* Tuning parameters
- SPE shape, height, width
- Pedestal RMS, PMT gain, waveform shape
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Trigger Simulation Tuning

* Low-gain SPE
- They can make some bias for few p.e analysis

<107 Charge [SPE Peak] 10 Charge [SPE Peak]

5 20 T T T oy 20— T

-~ 0.0 0.5 1.0 1.5 2.0 -~ - 1 2 3 4
- - - 18_—

: i 1 photoelectron : 16:— 2 photoelectrons
(V] - [ o
Q 15_ n o
14
> B > C
- o + 12
3 ok 3ok
- 1o - 10
Q B Q C
@ I ® 8
Q = a -
o} o 0 6F
N5 N OF
¥ | o ak
.—’ o 2-

i lllllllllllllllllllll‘ - e cz’l AL - l A1 A1 AL lll A1 AL lll A A1 AL o - ke L‘

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 1 2 3 4 5

Charge [SPE Mean] Charge [SPE Mean]

<107 Charge [SPE Peak] o Charge [SPE Peak]
20 T 20T

2 4 e 8

T A T T é T T é T T 1I0 T T 1I2 | T 1]4

[
o0
[
o0

5 photoelectrons 10 photoelectrons

x
> L B C
» _F » _F
ol — - —
n - n -
§16:— §16:—
14 14
> o > C
6.: 12 ‘.: 12
:: 10F ':“ 10F
i i
o 6fF o 6F
o 4:_ o 4:_
2F 2F

: llllllllllll ‘l G:lL lllllllllllllllllll l‘Lll

cb 2 4 6 e 10 4 6 a 10 12 14 16 18

Charge [SPE Mean] Charge [SPE Mean]

arXiv:1602.03150v2



- They can make some bias for few p.e analysis

Trigger Simulation Tuning

* Low-gain SPE

- Trying to describe them via a model
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- They can
- Tryingto c

0.0025

o] | LOW-Gain S

Trigger Simulation Tuning

* Low-gain SPE

> Low-gair

> Low-gair
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