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Discovery of Dark Matter

1970's: Vera Rubin and co. found that rotation
curves are flat, indicating presence of dark matter

Rotation Curve of Galaxies
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DISTRIBUTION OF DARK MATTER IN NGUC 3198
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Our Universe Needs Dark Matter

Astrophysical Observations

Dark Matter
25%

S

All consistent with ~25%
dark matter
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Characteristics of dark matter  """™"™" &
O : neutHo V APN i
Dark matter must be... T e f
a. -10 neutralino ¥ —
» No charge e i P
. . < -15 =
* Stable on cosmological times E! g
* Have mass, moving slow T Y _;
» Weak interactions with regular matter ol e ;
* Interacted enough in the early Universe to come to ;| Braviein® By :
thermal equ”ibrium _405 meV eV GeV. . Maour
+ local density: p = 0.39 + 0.03 GeV/cm3 S
Leading Candidates:
_ WIMPs: Weakly Interacting Massive
Axions -
mass ~10-% — 106 eV rarticles
L _ -mass of 1 GeV - 10 TeV
- Peccei-Quinn solution to the strong-CP . .
- weak scale cross sections results In
problem 4

observed abundance



Direct Detection Dark Matter Searches

: 220 km/s
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Earth (30 km/s)

Rates Peak in June.

(Modified from: NASA/CXC/M.Weiss)
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“Snowmass 2022”: U.S. Dark Matter Program

Dark Matter Mass
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WIMP Searches
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New Technology

Xe neutrino fog

Currently excluded
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‘Worldwide effort, no sign yet of WIMPs
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Haystac =~
Axmn Searches e.d. HAYSTAC Experlment

4.0 Magnet: 9 Tesla.

crowave c&




Current status of Direct Dark Matter Searches
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Schumann, J. Phys G 46 103003 (2019)
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WIMP mass [Ge\//czl

No sign of spin dependent WIMPs
>10-46 cm2 @ 30 GeV

No sign of spin-dependent WIMPs
>10-40 cm?

Experiments driving innovations toward low
mass dark matter searches

Difficult to reconcile DAMA vs. other
experiments


https://iopscience.iop.org/article/10.1088/1361-6471/ab2ea5

DAMA/Nal & DAMA/LIBRA

First claim for dark matter detection in 1997

» Phase & Period consistent with dark matter =

* Two generations:
- DAMA/Nal: 100 kg (1996 - 2003)

- DAMA/LIBRA-phasei: 250 kg (2003 -

* Background: ~ 1 count/keV/kg/day

* 1.33 ton-yr over 14 annual cycles
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http://arxiv.org/abs/1002.1028

DAMA Sees Annual Modulation

1-3 keV

DAy G ———— Modulation persists in DAMA Phase 2
NSNS | e (1-6) keV: 9.50 from 1.13 ton- year
.. | «(2-6)keV: 12,90 from 2.46 ton-year

"™« Mod. amplitude: (0.0103 +/- 0.0008) cpd/kg/keV
AL Ry T : * Phase: (145 +/- 5) days
Z P - period: (0.999 +/- 0.001) year
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https://arxiv.org/abs/1805.10486
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Zombie physics: 6 baffling results that just won't Seasonally spooky dark matter
die

... Since the late 1990s, however,
physicists on the DAMA experiment

... have been detecting what could be the
Seice Castolvecch! interactions of dark matter with crystals of
30 October 2015 sodium iodide.

To celebrate Halloween, Nature brings you the undead results that physicists can neither
prove — nor lay to rest.

\ Rights & Permissions

“Nobody has been able to come up with a
conclusive argument as to what they’re seeing,”
says Reina Maruyama, a physicist at Yale
University in New Haven, Connecticut.

Two planned experiments in the southern
hemisphere, where the seasons are reversed,
could bring a resolution: one called DM-Ice...

http://www.nature.com/news/zombie-physics-6-baffling-results-that-just-won-t-die-1.18685



[Itwitter.com/ktfreese/status/888730718477713408
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One Model Explains
Summary DAMA /LIBRA, CoGENT, NS
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A testable conventional hypothesis for the DAMA-LIBRA annual modulation
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Interpretation of the DAMA Result

About interpretation

See e.g.: Riv.N.Cim.26 n.1({2003) 15 MPD13(2004)2127, EPJC47(2006)263,
IUMPA21(2006) 1445, EPJC56(2008)333, PRD84(2011)05501 4,
IJMPA28(2013)1330022

...and experimental aspects...
* EXxposures

* Energy threshold
e Detector response (phe/keV)

oo m.odels‘. sl * Energy scale and energy resolution
. * Which particle? e Calibrations
R. Bernabel * Which interaction coupling? o Stability of all the operating conditions.

* Which Form fOCéTOFS for each e Selections of detectors and of data.
target-materials  Subtraction/rejection procedures and

* Which Spin Factor? stability in time of all the selected windows

* Which nuclear model framework? and related quantities

 Which scaling law? e Efficiencies

* Which halo model, profile and  Definition of fiducial volume and non-
related parameterse uniformity

e Streams?  Quenching factors, channeling, ...

Uncertainty in experimental parameters, as well as necessary assumptions on various related
astrophysical, nuclear and particle-physics aspects, affect all the results at various extent, both In
terms of exclusion plots and in terms of allowed regions/volumes. Thus comparisons with a fixed set of
assumptions and parameters’ values are intrinsically strongly uncertain.

No experiment can be directly compared in model P. Be”h

—_ independent way with DAMA ~ IDM2016




Nal Experiments: a Global Effort

DAMA
SABRE

COSHES COSINE-100 P'CO"ON + Boulby

‘ ANAIS
- Canfranc

Gran Sasso Yangyang * Kamioka

* South Pole

DM-Ice17 g ,T .



https://images.squarespace-cdn.com/content/v1/60a46a4157b5c705f287b0c6/1644890807195-DBW4JT8NYZQBASW27WF5/sabre_south_vessel_annotated.jpg?format=750w
https://www.mpp.mpg.de/en/research/cosinus
https://sabre.lngs.infn.it/index.php/detector/
https://indico.cern.ch/event/1107937/contributions/5100411/attachments/2559990/4412288/DSU_22_MMartinez.pdf
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Phys. Rev. D 90, 092005 (2014)

DM-Icel17 . o
* 17 kg, Nal(TI) .
* Deployed December 2010 g
» 2200 m.w.e. overburden v I
* >99% uptime j
* 3.5 years physics data T e B

v
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DM-Ice-17 Construction & Deployment

Design begin Feb. 2010 Detector —S"S—é bly | Shlpment to Antarctlg

Revive NAIAD Xxtals

20



IceCube Detector Completion
( December 2010




SCIENCE, Jun 2023

lceCube & neutrinos of Milky Way
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COSINE-100

http://cosine.yale.edu

+ DM-ICE

Norea Invitible
Muss Search Experiment

* 107 kg of Nal(Tl) detectors, former DM-lce and KIMS collaborations

* Taking data since September 2016.

- Joint effort between KIMS & DM-Ice
- 8 Nal(Tl) crystals with 106 kg in total

» Located at Yangyang Underground
Laboratory (Y2L), South Korea

« ~700 m rock overburden

YangYang Laboratory (Y2L)
e
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Situated at YangYang Pumped Storage Power Plant
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http://cosine.yale.edu

COSINE-100 Nal(Tl) Crystals

* 8 crystals, total 106 kg, result of R&D with Alpha Spectra
* U/Th/K below DAMA, 210Po very close

* High Light yield

* Challenge: putting it all together

* Total Background: 2 - 4 x DAMA’s avg.

* Crystal 5 & 8 used primarily for veto due to low light yield

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

Crystal | gy Powder L0 i) (opb) e (o0 (PolkeV)
Crystal 1 8.3
Crystal2 | 9.2 AS-C  2.06+0.06 |82.7+12.7] <0.12
Crystal3 | 92 AS-wSI 0.76+0.02 | 41168 | <0.04
Crystal4 | 18.0 AS-WST 0.74+0.02 | 39.5+8.3
Crystal5 | 180 ~ AS-C  2.06 +0.05 [ 86.8+10.8
Crystal6 | 125 AS-WSII 1.52+0.04 | 122+45f <0.018
Crvstal 7 | 125 AS-WSII 1.54+0.04 | 18.8+5.3
a0 S DM-ICE o[ 55 Asc  205:005 [56.15%81
s et DAMA <0.5 < 20 0.7 - 10

20



Nal(Tl) Detectors

Eur.Phys.J. C 78 107 (2018)
arXiv:1806.09788

Two PMTs coupled to each

crystal

Waveform for all crystals + liquid
scintillator recorded when both
PMTs cross ~0.2 p.e. threshold

Calibration via sources through

tubes

Calibration Tubes

310
290

&0

Reina Maruyama

Wright Lab, Yale University

620

370
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COSINE-100 Experimental Setup

2000 L Liquid Scintillator
Tag 49K to veto 3
keV background

ever

Plastic Scintillators

T

Calibration Tubes
N —

| g lysl.al Assembly ’:)
g ﬁ. . . .\l
Lead Shielding (20 cm) Cu Box (3 cm) ] e \‘

Reina Maruyama Wright Lab, Yale University |
£90



COSINE-100 Construction

Q.

Jan. 2016
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Trigzer Rzle (Hz)

Trigger Fate (Hz)

Trigger Rale (He)

COSINE-1

00 Operation

rytal T4 Long-term Rate

i’ ___I"_“ ,’llll H“ {HY i le"1H Mlh‘w“]”g ||||y ‘| H ;
Jt R R e m’l Pm' ‘Lﬂ“‘" i (R WL o Tlm'l
JWW R 29, 15h
Crystal Trlgger Rate (aII crystals) ~13 Hz
% '1 l”lll _hd 'l lI l‘*“uh ] tl ll .& l:l ed l lxl.ml'{”‘l ‘ d'll‘”'l“ 1‘.
<~ Muon’ Detector Rate ~12 Hz e
SET1 (59.5 days) - Background modeling,
detector understanding, and WIMP analysis
SET2+SET3 (585 days) - Annual modulation

analysis

Reina Maruyama

Wright Lab, Yale University

Livetime (day)

Data taking since Sep. 2016

Stable operation
~90% live time
Near 100% uptime when not calibrating

Data taking ended in 2023, move to Yemilab

500

400

W
o
o

N
o
o

100

0

COSINE-100 Accumulated Data

COSINE-100 Preliminary
Total Livetime :463.2 days (93.4.%). ... eeeeeiiiiiiiiieiieeees
Good Data :451.9 days ( 91.1 %)

" Calibration

12/31, 10h
30

12/31, 04h



Environmental Control & Monitoring

24,29 °C
24.28 °C
24,27 °C

24,26 °C
24.25 °C

24,24 °C
24,23 °C

24,22 °C
5/31

== Detectar Room A-side
LS (2) bottom LS
Between Leads and (

¥ Temperature

Temperature

L A

— Humidity
80 YH "N A AN AN A A A ARA A A A AAPAAAANNAAN A EIAAARA Nt

60 %H

[ dta - "" a¥a\¥a /’. Ll A AP A AT LA AN ) ) ) : i i _ )
40 %H RAARAAARARARRARAAAAARARRRAMARRAARRARAAS Nal PMT Current Variation (A-side, micro Ampere) Nal HV Variation {A-side, Volts)

? Cutrent/Voltage

0 %H

5/31 6/2 gl ———————— ——

— Humidity A (between Cu and Pb) — Humidity B (§ - T

. ge . .y &/d 67 /1 6/d &7
- Humldlty (A|r Condlnoner) = Nall1 =pMNall2 =Nali3 =~Nall4 Nal I & = NalHV1 == N2IHVZ =~ NalHV3 = NalHV4

Nal i & Nall? Nal ' B Nal HV 5 N2IHV® Nal HY 7 Nal HY &

< 0.1 oC temperature fluCtuation Of CryStals in LS, Nal PMT Current Variation (B-side, micro Ampere) ; Nal HV Variation (B-side, Volts)

0.5°C/2% humidity inside shielding

Online monitoring of 150+ environmental
variables including radon, daq rates, etc.

Reina Maruyama

6/d 67

== N3l151 ==Nall52 == Nall53 == Nali 54 Nal | 55 == Nal HV 51 == NalHY 2 == Na' KV53 = NalHV54
Nal 158 Nall 57 Nal | 58 Nal Hv 55 Nal HY 26 Na' kv 57 Nal HV 58

Wright Lab, Yale University 31



PMT Waveforms

Anode Waveform Dynode Waveform
ADC (0-120 keV) ADC (50-10,000 keV)
count ¢ e | count
™ 40 l " I I 0
2000 [ - r
s 30_ 60_
1500 — 200 “ 50_—
L . 40
- 10! -
~} u 30 —
o0 Rt bald :
L 600 800 1000 1200 1400 1600 1800 2000 2200 2400 20?
500 10—
E 0
0 : 1 ‘ — | . b -
0 — 500' ’ 1000 ] ;‘r"'(‘j ’ 2000 ) .'l?ﬁf)(; ] 1110'30 ’ 32500 = 4000 RN T T T . ' | | -

i |
3500 4000

Time Bin (2ns) 0 500 1000 1500 2000 2500 '.' 3000 |
Time Bin (2ns)

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
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Event Selection: Asymmetry & Charge/Peak

- Additional noise reduction:

Charge asymmetry between 2 PMTs
In each crystal

Charge/peak: Average charge per
SPE

BDT
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50

45—
40—
35—
30—
25—
20—
15—

10

1080604020 02040608 1
Asymmetry

25

10

35



Low Energy Spectrum

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

2 - 4 counts/keV/kg/day in region of interest depending on the crystal

210Pb (t12 = 22 yr), U/Th in internal components (crystal growing/raw material)

210Pb on crystal & PTFE surface
Cosmogenic components: 125] (59 d), 19°Cd (461 d), 3H (12 yr)
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Eur.Phys.J. C 78 (2018) 490

Background in Data vs. Simulations

Crystal C7 single hit low energy spectrum + model

i _ _ E [ Data — Total simulation Internal
Data compares well with Geant4 simulation 3L Gosmogenic — Suface — Externa
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COSINE-100: no excess over known backgrounds

Same target medium, potential for variation among crystals
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Nature 564, 83 (2018)
Sci Adv. 2021 Nov 12;7(46):eabk2699
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* Rules out WIMPs for DAMA with 60 days of data
* 1.7 yrs of data excludes WIMPs for pessimistic quenching factor
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Phys. Rev. D. 106, 052005

2.8 yrs of COSINE-100 not yet conclusive

0.04
0.014 - COSINE-100 1-6 keV
003 ¢ DAI\/L’\_/N al + l_).!\.MA/L%BRA COSINE-100 2-6 keV
I ¢ COSINE-100 Single-Hit 012 & DAMA1.6kev
g oo {T f ¢  COSINE-100 Multiple-Hit | I DAMA 2.6 keV
Z '}{1 t | 1: 0.010
§ 0.01 - % I & }0 I %F} ¢ % % % L : k <l
51 OOO chess8ss8sinsnnss I .......... {* ....%..*.. .&i. %é;. ‘é‘i%‘“‘"“”u“. %.% ........ "a..% ........ 'E‘
. I 1 2 0.006
5 [ - | £
E | ! 0.0041
'5 —0.02
=, . |
—0.03- 0.002 | i
—0.04 ' ' ' - - - - l - 0.000 - o W
0 2 4 6 o 10 12 14 16 18 20 —-0.010 —-0.005 0.000 0.005 0.010 0.015 0.020
Fnergy [keV] Amplitude [dru]

* 0.0067 £0.0042 cpd/kg/keV @ 1 — 6 keV
* Consistent with both DAMA and zero modulation
* Data ready for 3 more years exposure
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Modulation introduced with DAMA-like analysis

COSINE analysis
Fit for background, s
/ exponentials

Fit residual for modulatiore

COSINE-100 data
-Single hit, 1-6 keV - Slngle h|t 1-6 keV .
- b - E
= } - by o
i ; i . . +W§
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500 ' 1ooo 500 ' ‘ooo

Days from Jan. 1%, 2016
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-It residual for modulation

|

~70 modulation
opposite phase

Impossible to confirm
without rate vs. time
from DAMA
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Nal Experiments: a Global Effort

DAMA
SABRE

COSHES COSINE-100 P'CO"ON + Boulby

‘ ANAIS
- Canfranc

Gran Sasso Yangyang * Kamioka

* South Pole

DM-Ilcel17



https://images.squarespace-cdn.com/content/v1/60a46a4157b5c705f287b0c6/1644890807195-DBW4JT8NYZQBASW27WF5/sabre_south_vessel_annotated.jpg?format=750w
https://www.mpp.mpg.de/en/research/cosinus
https://sabre.lngs.infn.it/index.php/detector/
https://indico.cern.ch/event/1107937/contributions/5100411/attachments/2559990/4412288/DSU_22_MMartinez.pdf

ANAIS-112, Canfranc Underground Laboratory (LSC, Spain

THE DETECTOR:

3x3 matrix of 12.5 kg
Nal(Tl) cylindrical modules
=112.5 kg of active mass

Two hlgh QE 20cm lea;j
PMTs per detector 10 cm ancient lead

Anti-Rn box

Active vetoes

" ’i“’?

40 cm neutron shielding

ANAIS-112 modulation results:

*1.5y: Phys. Rev. Lett. 123, 031301 (2019)
o 2y: J. Phys. Conf. Ser. 1468, 012014 (2020)

o 3y: arXiv: Phys. Rev. D 103, 102005 (2021)
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Detector effects

,,,,,

* e.g. quenching factor & channeling

- Potential variation among crystals

. . ,% ) 7 -
Measurement @ TUNL in collaboration w/ ANAIS  ["pr sics (Conference series) 2156 (2022) 012065
/Results for Na: \ " Results for |- \
* No differences among different crystals
* QF,,~20% @ 30 keVNR, but energy calibration method changes the energy . Lower energy threshold
dependence (non-linearity!) s r needed for this measurement
ézs; - | — J . 525— SRS, S R— .J * Only upper limits for two of
a Lo | . 14 - K 1] . the crystals
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9K contribution (600uBq) and flat background 1count/(keV kg d)

o
T 1.4
>
0-8 ;rt’::"‘.,; REEE A ’.' R R
E “.
004 < (1-B)keVee
" 0.4% (this is what DAMA would see)
* Nal crystals as cryogenic detectors o
. NR vs ER via TES sensors + SQUIDs:
: 02 'A Dark matter events from simulation
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SABRE-North/South

~0.1 dru background
Unambiguous test by running in both hemispheres

Goal

Discovery
B Exclusion

SABRE South
Preliminary
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. The Effect of an Electric Field on the
¢ Spectrum Lines of Hydrogen.

By

Toshio Takawine and Usabnro Voeshida.

(Received Januwary 26, 10:17.)

§ 1. Introduction.

In 1013, the effect of an electric field on spectrum lines was

o gﬂ — EB investigated by Stark®, and also by Lo Surdo® under different experi-
— mental conditions.

In a series of subsequent investigations undertzken by Stark

YOShlda UsaburO | and' others, several elements beside hydrogea and helitm were also

examined. The results relating to these researches are collected in

KyOtO Un|VerSIty, ~1 930 Stark’s *‘ Elektrische Spektralanalvse chemischer Atome.’?
(My great grandfather)
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https://en.wikipedia.org/wiki/%C5%8Cyama_Sutematsu
https://en.wikipedia.org/wiki/%C5%8Cyama_Sutematsu
https://en.wikipedia.org/wiki/Ury%C5%AB_Shigeko
https://en.wikipedia.org/wiki/Tsuda_Umeko
https://en.wikipedia.org/wiki/Iwakura_Mission
https://en.wikipedia.org/wiki/Iwakura_Mission

Developing Tools for Discoveries

Advancing frontiers of nuclear, particle, and
astrophysics including studies of neutrinos; searches
for dark matter; understanding matter; exploration of
quantum science and observations of the early

Universe.
https://wlab.yale.edu



https://wlab.yale.edu
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“Snowmass 2022”: U.S. Dark Matter Program

Dark Matter Mass
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“Snowmass 2022”: U.S. Dark Matter Program

Dark Matter Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 10M,

di F A—

classic
thermal DM WIMP

v, DM

“Interaction Strength”

G N self-interactions, dark radiation, light relics, etc

-—e— bosong ——-  —— Snowmass 2022

fermions —@@@M@

Reina Maruyam wave-like DM particle-like DM 93



Conclusions

« DAMA sees annual modulation

* No signal from other direct detection experiments
* ANAIS-112 & COSINE-100 offer direct test, no clear observation of modulation
 However, no explanation for DAMA'’s signal

 SABRE & COSINUS may offer new information

e Nal to continue with dark matter searches
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