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Rubin’s Rotation Curve

Rubin, VVera C, Ford, W. Kent, Jr, Thonnard, N. (1978)
Rubin, Vera C, Ford, W. Kent, Jr. (1970) Extended Rotation Curves of High-luminosity Spiral Galaxies.

Rotation of the Andromeda Nebula from a Spectroscopic Survey of Emission Regions IV. Systematic Dynamical Properties, Sa->Sc.
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https://ui.adsabs.harvard.edu/link_gateway/1970ApJ...159..379R/doi:10.1086/150317
https://ui.adsabs.harvard.edu/link_gateway/1978ApJ...225L.107R/doi:10.1086/182804
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https://iopscience.iop.org/article/10.1086/508162/meta
https://chandra.harvard.edu/photo/2006/1e0657/more.html

Dark Matter Candidate; WIMP

Other Particle Macroscopic

« WIMPzilla «Macros
- Self-interacting «MaCHOs
- Superfluid «Primordial BHs

Weak Scale D a rk
Modified Gravity
« Super-Symmetry

. ) -MOG
« Extra Dimensions .TeVes

]
Little Higgs «MoND :
Effective Field Theory -Emergent Gravity
Simplified Models

Neutrinos Light Bosons

-Standard Model v -QQD A>I<ions :
. Sterile neutrinos - Axion-like Particles

«Fuzzy Dark Matter .
G.Bertone, T. M. P. Tait (2018)

A New Era in the Quest for Dark Matter
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https://arxiv.org/abs/1810.01668
https://arxiv.org/abs/1810.01668

WIMP Search Experiments
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https://www.cresst.de/pictures/img_1860.jpg
https://www.snolab.ca/wp-content/uploads/2020/09/20211006_152525-1-scaled.jpg
https://www-sk.icrr.u-tokyo.ac.jp/xmass/_images/photo/library/gallery/100209-2-s.jpg
https://lz.lbl.gov/wp-content/uploads/sites/6/nggallery/detector-photos-1/thumbs/thumbs_ScanningForDust_TPC.jpg
https://science.purdue.edu/xenon1t/wp-content/uploads/2020/06/p1190664m-300x266.jpg

WIMP Search Experiments

COSINE-100, 2021, 97.7 kg-year
COSINE-100, 2021, 97.7 kg-yr, Migdal effefct
CDEX-1B, 2019, 737.1 kg-d;: CDEX-10, 10{2.8 kg-d; Migdal effec
DAMAJLIBRA, 2008, noion channeling
PICO-60, 2019, 1404 kg-d

XMASS, 2018

PandaX-Il. 2017, 54 ton—d

LUX, 2019, Migdal (Heavy scalar), 1.ded kg
LUX, 2017, 34 ton-d

LZ, 2022, 330 t-day

XENONAIT, 2019, 22 t-day

XEMONTT, Migdal, 2019, 22 t-day

DAMIC, 2020

DarkSide-50, 2018

DEAP-3600 (231 days, 2019)
CRESST-IN, 2019, 3.64 kg-d

LZ expected sensitivity

XENONRT 20ty expected sensitivity

Meutrino background for a Xe target
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And much more..
Dark Matter Mass [GeV/c?
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https://supercdms.slac.stanford.edu/dark-matter-limit-plotter

Standard Halo Model and /Innual Modulation

 Weakly interacting particles

distribute spherically.

* ppm = 0.3 GeV/cm3
(~ #3/m3 if MmpmMm = 100 GeV)

« The WIMP wind varies annually.
* Vo = 217 km/s, vgy = 30 km/s.
« Maximum on 152.5 day.

el , - There’ll be a MODULATION in
BEHET B TR WIMP signal!
— | Vi ‘December
F. Froborg and A R. Duffy (2020)
J. Phys. G: Nucl. Part. Phys. 47 094002
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https://doi.org/10.1088/1361-6471/ab8e93
https://doi.org/10.1088/1361-6471/ab8e93

Annual Modulation in DAMA/LIBRA Experiment

-l » « DAMA/LIBRA is an underground WIMP
~ search experiment at the GSNL, Italy.

* Radiopure Nal(Tl) crystals are used.

Q .  Initially 100 kg, and now ~250 kg.
’ :‘ AN W) f  Full exposure: 2.86 t - yr (since 2002)
 Annual modulation detected!
E  13.4 0 at 2~6 keV. Phase and period are also consistent.
DAMA/LIBRA

* But no other experiments could reproduce the result...

Residuals (cpd/kg/keV)
|
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https://dama.web.roma2.infn.it/wp-content/uploads/2021/10/Lib_upg2010_5.jpg
https://www.bing.com/ck/a?!&&p=0259fc26a0e8653bJmltdHM9MTY4MDA0ODAwMCZpZ3VpZD0xMjRmMTViZS00OTQzLTYwZTMtMzE4NC0wN2M1NDhkMDYxZjAmaW5zaWQ9NTE4OA&ptn=3&hsh=3&fclid=124f15be-4943-60e3-3184-07c548d061f0&psq=P.Belli%2c+EPS-HEP+Conference+(2021)&u=a1aHR0cHM6Ly9iZWxsaS53ZWIucm9tYTIuaW5mbi5pdC9iZWxsaV9FUFMyMDIxLnBkZg&ntb=1
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Here Comes GOSINE-

100

COSINE

OSINE-100
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https://cosine.yale.edu/gallery/photos
https://cupweb.ibs.re.kr/en/facilities-and-equipment/underground-labs/y2l/
https://cosine.yale.edu/gallery/photos

Here Comes COSINE- 100!

106 kg of Nal(Tl) crystals are used,
just like DAMA!

CUPWEB

Lee Seung Mok SNU-NAPP Workshop 10 Mazr(;zé


https://cosine.yale.edu/gallery/photos
https://cupweb.ibs.re.kr/en/facilities-and-equipment/underground-labs/y2l/
https://cosine.yale.edu/gallery/photos

~ - 106 kg of Nal(TI) crystals are used,
just like DAMA!

Data taking since 2016
at 700m deep Y2L, Yangyang
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https://cosine.yale.edu/gallery/photos
https://cupweb.ibs.re.kr/en/facilities-and-equipment/underground-labs/y2l/
https://cosine.yale.edu/gallery/photos

Here Comes CO.S‘INE— 100!

Plastic
Scintillator =i quu1d Scintillator

Panel y bused)

Copper Box
(3cm)

COSINE-100

“ Nal(Tl)

Data taking since 2016 - y - Crystal
at 700m deep Y2L, Yangyang

3-inch PMT
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https://cosine.yale.edu/gallery/photos
https://cupweb.ibs.re.kr/en/facilities-and-equipment/underground-labs/y2l/
https://cosine.yale.edu/gallery/photos
https://link.springer.com/content/pdf/10.1140/epjc/s10052-018-5590-x.pdf
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431
https://iopscience.iop.org/article/10.1088/1748-0221/13/02/T02007

Crystals of COSINE-100

« 8 low background Nal(TIl) crystals developed with Alpha Spectra Inc..

 Light yield is high. Typically ~15 p.e./keV.
* Note that DAMA’s is 5~10 p.e./keV.

 Attached with R12669SEL PMT, W|th qucmtum efficiency ~35 %

. T W 27\
* 12 mm quartz and 1.5 mm optical pad RN \ ; ‘ il
were inserted. PR\ N R R
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https://cosine.yale.edu/gallery/photos

Crystals of COSINE-100

« 8 low background Nal(TIl) crystals developed with Alpha Spectra Inc..

 Light yield is high. Typically ~15 p.e./keV.
* Note that DAMA’s is 5~10 p.e./keV.

« Attached with R12669SEL PMT, with quantum efficiency ~35 %.

* 12 mm quartz and 1.5 mm optical pad were inserted. - Spooner 1994 + Collar 2013 (Na)
: 9 T(;\:ei); :998 Cﬁllar 2013 (I)
« Quenching factor was measured in detail. » Stigler 2017 Simon 2003

H
o

® This measurement (Na) Chagani 2008
This measurement (l)

« We saw energy dependency.
« DAMA used constants. 0.30 for Na and 0.09 for I.
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https://doi.org/10.1016/j.astropartphys.2019.01.001

COSINE-100 Data Taking

- Data taken smoothly.

Running Running Connected  connected Connected 2046 421

* From Sep. 2016 to Mar. 2023.

 ~94 %, 6.0 years of good data.
« Monitored a lot of DAQ/Env variables. :
- Stable energy scale. e, 2w oo e o s e of B m o

New row

New row
« Closed on last 14t Mar for upgrade!
L Nal PMT Current Variation (A-side, micro Ampere) Nal HV Variation (A-side, Volts) Preamplifier Output Voltage
3 20 6.00V

COSINE-100 Accumulated Data

Total Livetime :2232.7 days ('95.
Good Data :2193.2 days { 93.9

Crystal 4 x*/ndf=16.4/19
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First 59.5 days; Nature volume 564, pp.83-86 (2018)

« Select events,
« We used BDT, a multivariate analysis

algorithm for noise rejection.

Lee Seung Mok

- (/v scintillation signal

200 400 600
Time from trigaer (ns)

- PMT noise (fast decay)

200 400 600 800 1000
time (ns)

B and y events from ¢°Co calibration
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—+— p and y events from multiple-hit selection

—#— X-ray events from “°K (2-4 keV)
+ Nuclear recoil events (neutron beam)
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https://www.nature.com/articles/s41586-018-0739-1#Fig7

First 59.5 days; Nature volume 564, pp.83-86 (2018)

« Select events,

« Simulate the background spectrum, e Dala Internal

. U-238, Th-232, K-40, Pb-210, Cd-109, H-3, .. — Expected background [l Surface
— I 10 (systematic) [ ] Cosmogenic
+20 (systematic) .| External
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https://www.nature.com/articles/s41586-018-0739-1#Fig7

First 59.5 days; Nature volume 564, pp.83-86 (2018)

» Select events, -+ Data internal

— Best fit — Best fit + WIMP B surface

: P +10 (systematic) [ ] Cosmogenic
« Simulate the background spectrum, ' ¥

+20 (systematic) I External
 And compare with WIMP spectrum.
« DAMA:m =10 GeV/c?,0 = 2.35 x 10749 cm?.

Lee Seung Mok SNU-NAPP Workshop 18 Mar-31
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https://www.nature.com/articles/s41586-018-0739-1#Fig7

First 59.5 days; Nature volume 564, pp.83-86 (2018)

» Select events,

« Simulate the background spectrum,
 And compare with WIMP spectrum.

« We've rejected DAMA'’s signal.
 Butitis model-dependent.

e Let’s see the modulation!

Lee Seung Mok
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https://www.nature.com/articles/s41586-018-0739-1#Fig7

3 Years Modulation; phys. Rev. D 106, 052005 (2022)

* Improved bkg modeling
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005

3 Years Modulation; phys. Rev. D 106, 052005 2022

* Improved bkg modeling enabled us or Crystal 2
to fit without bias. |

N bicga

R (1|S,.a'.p.) =a + Zﬁie"lk’ +S,,cos(w(t—1y)). (1)
k=1

Component Average activity (dru)

(2.74 £0.23) x 10°
(1.41 £0.18) x 10°
(1.12 4+ 0.15) x 10°
(1.35 £ 0.08) x 10~!
(4.13+£0.39) x 102
(1.55 £ 0.16) x 1072
( ) %
( ) X
( ) X
( ) X

Event Rate [dru]

Crystal 7
6.59 +0.52) x 1073

5.88 4+ 1.34) x 1073 | e '
1.50 £ 0.16) x 10~ '

T ' e 800 1000 1200
507 +123)x10*
Days Since Jan. 1%, 2016
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005

3 Years Modulation; phys. Rev. D 106, 052005 (2022)

* Improved bkg modeling enabled us

to fit without bias Full Model Single Exponential

N bicga

R (1|S,.a'.p.) =a + Zﬁ};e‘)‘k’ +S,,cos(w(t—1y)). (1)
k=1

50 1 50 1

0 - 0 - - -
—0.02 0.00 0.02 —0.02 0.00 0.02
Bias [dru] Bias [dru]

A

No. Experiments

Component Average activity (dru)

(2.74 £0.23) x 10°
(1.41 £ 0.18) x 10°
(1.12 £0.15) x 10"
(1.35 £ 0.08) x 107!
(4.13+£0.39) x 102
(1.55+£0.16) x 1072
( ) X
( ) X
( ) X
( ) X

Mean Bias x 1073 [dru]

6.59 +0.52) x 107~ . . . . :
5.88 4+ 1.34) x 1073 . 2.5 5.0 7.5 10.0
1.50 +0.16) x 103 Injected Modulation Amplitude x 1073 [dru]

5.07 +£1.23) x 10°*
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005

3 Years Modulation; phys. Rev. D 106, 052005 (2022)

* Improved bkg modeling enabled us

to fit without bias.
— 099.7% HDR
 Our best fit did not match with that 95.5% HDR

Best Fit
--=- SHM Phase
DAMA Best Fit /g

of DAMA/LIBRA.
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150 200
Days Since Jan 1

3
Probability [dru~! d~!]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005

3 Years Modulation; phys. Rev. D 106, 052005 (2022)
* Improved bkg modeling enabled us
to fit without bias.

 Our best fit did not match with that
of DAMA/LIBRA.

« Another Nal(TI) experiment, called

Sm (cpd/kg/keV)

ANAIS-112, also showed similar

result, but with opposite direction.

« What Was the Modulation?

Lee Seung Mok SNU-NAPP Workshop
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005
https://www.bing.com/ck/a?!&&p=b4dc383a64db5703JmltdHM9MTY4MDA0ODAwMCZpZ3VpZD0xMjRmMTViZS00OTQzLTYwZTMtMzE4NC0wN2M1NDhkMDYxZjAmaW5zaWQ9NTE2Ng&ptn=3&hsh=3&fclid=124f15be-4943-60e3-3184-07c548d061f0&psq=Phys.+Rev.+D+103%2c+102005+(2021)&u=a1aHR0cHM6Ly9saW5rLmFwcy5vcmcvZG9pLzEwLjExMDMvUGh5c1JldkQuMTAzLjEwMjAwNQ&ntb=1
https://www.bing.com/ck/a?!&&p=b4dc383a64db5703JmltdHM9MTY4MDA0ODAwMCZpZ3VpZD0xMjRmMTViZS00OTQzLTYwZTMtMzE4NC0wN2M1NDhkMDYxZjAmaW5zaWQ9NTE2Ng&ptn=3&hsh=3&fclid=124f15be-4943-60e3-3184-07c548d061f0&psq=Phys.+Rev.+D+103%2c+102005+(2021)&u=a1aHR0cHM6Ly9saW5rLmFwcy5vcmcvZG9pLzEwLjExMDMvUGh5c1JldkQuMTAzLjEwMjAwNQ&ntb=1

Was It a Statistical lllusion? sciren 13, 4676 (2023)

1 (b) Single-hit at 1;6 keV
1 1

« COSINE data + DAMA analysis method E:

i o
= Annual Modulation! "aE'a'

Q :Sept. 16 - Aug. 17:5 pt. 17 - Aug. 18: S pt.18-Aug.19:
E (d) Residual rate a+t 1-6 keV
< I +
= [T 4
L [ ﬂ t {
a)

(a) Single-hit at 1-6 keV

E

e b
c

o

c
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o

x (c) Residual rate at 1-6 keV
0 :

O E

= M t ) t
7p
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https://doi.org/10.1038/s41598-023-31688-4

Was It a Statistical lllusion? scirep 13, 4676 (2023)

« COSINE data + DAMA analysis method | [ o
= Annual Modulation!
« COSINE bkg model + DAMA event rate
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https://doi.org/10.1038/s41598-023-31688-4

Was It a Statistical lllusion? sciren 13, 4676 (2023)

« COSINE data + DAMA analysis method
=2 Annual Modulation!

« COSINE bkg model + DAMA event rate
= Annual Modulation!
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https://doi.org/10.1038/s41598-023-31688-4

Was It a Statistical lllusion? scirep 13, 4676 (2023)

« COSINE data + DAMA analysis method
= Annual Modulation!
« COSINE bkg model + DAMA event rate

- Annual Modulation!
even same amplitude!
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https://doi.org/10.1038/s41598-023-31688-4

Further Exclusion of WIMP

« 1.7 years data gave stronger
constraints on WIMP.  COSINE-100 5.5 days

« Science Advances. 7,46 (2021) — DAMA/LIBRA-phasef
* Energy threshold lowered to 1 keV. DAMAJ/LIBRA-phase1 (DAMA QF)

—e— COSINE-100 1.7 years
 Background modeling improved.

|:| 1o expected
|:| 20 expected

+ Data
- Expected * 1o
I:l Expected + 20

E Range not included in modeling
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https://www.science.org/doi/10.1126/sciadv.abk2699

Further Exclusion of WIMP

 Lower WIMP mass could be probed
considering the Migdal effect.
+ Phys. Rev. D 105, 042006
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.042006

Evolving Analysis Techniques; Event Selection
 We are trying energy threshold less than 1 keV.

 Many useful variables have been developed, using likelihood, FFT, intense works, ...
« Aggregated those variables with MLP.

* 0.75 keV threshold is about to be achieved. 0.5 keV is under validation.

* Deep learning on the ‘waveform’ is also being studied.

E =0.75~1keV

DLcut X Precut

- Signal Sample :
- Noise + Signal

Lee Seung Mok SNU-NAPP Workshop 31 Me;r(;gg



Evolving Analysis Techniques; Background Modeling

« 1.7 years data modeling was done.
e Eur. Phys. J.C. 81837 (2021)
 More radioactive components
- Better cosmogenic activity estimation
* Non-proportional response considered.

Single-hit Events
— Data — Total MC — Internal
— External — Cosmogenic Surface

Counts /keV/kg/da

2000
Energy [keV]

Multiple-hit Events
— Data — Total MC — Internal

— Crystal 2
— External — Cosmogenic Surface

—+ Crystal 3

—+- Crystal 4
—+ Crystal 6
—+- Crystal 7
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https://link.springer.com/article/10.1140/epjc/s10052-021-09564-0

Evolving Analysis Techniques; Background Modeling

« 1.7 years data modeling was done.

* For 3 years data...
* Fitting multiple channels simultaneously.

C3 single-hit lo-energy C4 single-hit lo-energy

i sutacs 1 vetopmt
07_GRND 25 0 - Tew e

counts (dru)
counts (dru}
counts (dru)

P 4 s e
i e : el e

i AP RIS

A
il 4y
R e b
A e b ey
i nw“‘mww Wiy

35 40
energy (keV) energy (keV)

C7 single-hit lo-energy

@
13

i vetopmt
—— Total

counts (dru}

SNU-NAPP Workshop 33 Mar-31

Lee Seung Mok
2023



Evolving Analysis Techniques; Background Modeling

« 1.7 years data modeling was done.

* For 3 years data...
* Fitting multiple channels simultaneously.
« Measuring non-proportionality of Nal(TI) crystals.

SNU-NAPP Workshop 34 Mar-31

Lee Seung Mok
2023



Evolving Analysis Techniques; Background Modeling

1.7 years data modeling was done. Measured gamma deposit on spare crystal
: by Alpha Spectra inc.

* For 3 years data...
* Fitting multiple channels simultaneously.
« Measuring non-proportionality of Nal(TIl) crystals.
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Evolving Analysis Techniques; Background Modeling

« 1.7 years data modeling was done.

* For 3 years data...
* Fitting multiple channels simultaneously.
« Measuring non-proportionality of Nal(TI) crystals.

—— COSINE 1.7 years nPR -4+ Spare Crystal

Internal Peaks Measurement by
~ 77 D. Engelkemeir's (1956)
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Evolving Detector; COSINE-100 Upgrade

 The detector was disassembled recently.
« COSINE-100 successfully completed a 7-year journey.
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Evolving Detector; COSINE-100 Upgrade

 The detector was disassembled recently.
* Planning upgrades aiming for higher light yield.

* Re-encapsulation without quartz.
« Cask-shape machining.
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Evolving Detector; COSINE-100 Upgrade

 The detector was disassembled recently.
* Planning upgrades aiming for higher light yield.

* Re-encapsulation without quartz.
« Cask-shape machining.
* Operation at —35°C.
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Evolving Detector; COSINE-100 Upgrade

 The detector was disassembled recently.

* Planning upgrades aiming for higher light yield.
* Moving to our new sweet home, Yemilab!
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Evolving Detector; COSINE-100 Upgrade

 The detector was disassembled recently.
* Planning upgrades aiming for higher light yield.

* Moving to our new sweet home, Yemilab!
s |
i T_SBB
®ypp fmalion ganfranc ;L

« 6 large underground lab in the world.
 We are moving in this summer!
Kamioka Yemilab |

—_
1y
o)
<

®souiby Gipras
sed) . -
“”°"° . Callio Lab INO
SUHF Gran Sasso ) Modane (+ multiple levels) (proposed)
w/ LBNF @ Baksan

(in progress)

1&09 SURF w/ LBNF
(+ 4850L proposed) SNOLAB
‘ (+ proposed)
(7400L proposed)

Jinping - CJPL I+l

=
o
o
E
L
x
5
i 1E-08
~
o
S
=

SNU-NAPP Workshop 41 Mar-31
2023

Lee Seung Mok



Evolving Detector; COSINE-100 Upgrade

Condition for COSINE 100(upgrade)
Light yields: 22 PEs/ keV 1year with all 8 crystals utilized
COSINE 100 level background
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Stay Tune! This Summer Will Be Fun!

17 institutes, around 50 people > 2"°' collaboration meting (2017)
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