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Annual Modulation Signature

* Galaxy’s dark matter halo has a

uniform distribution . wi ' i S

* Sun orbits galaxy center Cygnus N[

e Earth orbits Sun

e Fastest "wind" on June 2
e 152.5 days after January 1
* Minimum on Dec. 2

K. Freese et.al.
PRD 33 (1986) 3495-3508.
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DAMA/LIBRA and Nal(Tl)
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DAMA/LIBRA Collaboration
Nucl. Phys. At. Energy 19 (2018)

2-6 keV

DAMA/LIBRA-phasel {1 04 tbnxyr)

<——— DAMA/LIBRA-phase2 (1.13 tonxyr) — =

Time (day)

 DAMA/LIBRA: 250 kg of Nal(Tl) operated 2003-2025 at LNGS
* Purest Nal(Tl) detectors in DM experiment (1 cpd/kg/keV)

* Observe modulation signal over 20 annual cycles

* 130 significance, 2.5 ton = yr exposure
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Direct Detection Community

* Much of the WIMP phase
space has been explored
and excluded
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* DAMA appears in the
excluded region for many
experiments
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* Note: No other experiment
in this plot uses Nal(Tl)
target material
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https://supercdms.slac.stanford.edu/science-results/dark-matter-limit-plotter
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COSINE-100 and ANAIS-112 Collaborations

COSINE-100

Yangyang
! Location
South Korea
Plastic
Scintillator
““‘i ‘ Panel

Canfranc,
Spain
Moveable
Water Tank
September oL August | [ /D/\D\n\ﬂ Shielding
— 2016 Comissioning 5017 Ld A
2-inch '
PMT s G Active Nal(TI) Mass 112.5ke
5 detectors 9 detectors —
@\ [y
~85%, 95% ~25%, 80% Plastic
Liquid at 1.0, 1.5 Efficiency at 1.0, 1.5 Scintillator
Scintillator keV keV Muon Veto
Lead(20cm) Veto
RS
Q@+ DMICE = X
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http://gifna.unizar.es/anais/wp-content/uploads/2017/05/ANAIS112_2.jpg
http://gifna.unizar.es/anais/wp-content/uploads/2017/05/ANAIS112_1.jpg
https://cosine.ibs.re.kr/
https://gifna.unizar.es/anais/

Motivation to Combine Data %&V

* Using published 3-year data for both experiments, a 3o significance can be
achieved

* ANAIS and COSINE provide open access to 3-year counting rates and background models
at the Dark Matter Data Center (DMDC)

ANAIS 3y & COSINE 1.7y Sensitivity Projections

* Combining data directly allows for: o 6] o ; |
6] keV ; r
° Validation Of analysis methodologies 4_ ......................... ......................... e e
* Confirmation for compatibility of results | | : | :

* Promote the open access of data within the ——
Com m u nlty :) 1= ......................... .......................... | — cosINE-100 |

| — Combined

00 1 2 3 4 5 6
Thesis: Ivan Coarasa real time (yr)

C#\PA Sophia Hollick 7


https://www.origins-cluster.de/odsl/dark-matter-data-center/available-datasets/anais
https://inspirehep.net/literature/2081400

Simple Combination 4@&

Perform x? Minimization of Independent Experiment Results:

> 0.015 + DAMA/LIBRA
ﬁ ¢ COSINE-100
A B = 001041 T% % ¢ ANAIS-112
SAZ 5 B2 1 E ' e COSINE+ANAIS
— ¢ 30
1 1 - 1, 1 = 0.005- 1 —¢ 20
5A2 T 3B? 5A2 T §B2 = L | 1o
~ 0.0001+ ¢ = + 1=
g ¢ L
.= —0.005 -
e Assumes < -
. > —0.010-
 Uncertainties are well understood Tg
* Results are free from systematics S —0.015 - -
[1-6] keV [2-6] keV

* Experiments are compatible

C#\PA Sophia Hollick 8



Steps for Combination — Residuals Method 4@%

Subtract ANAIS Bkgd
Model fit

ANAIS 3-year counting rate

COSINE 3-year counting Subtract COSINE Bkgd

rate Model it COSINE 3-year residual rate

* Confirm individual experiment results COSINE and ANAIS residuals combined on same

timeline

* Compare fitting methodologies
* Frequentist vs Bayesian

Fit a Modulatlon to Combined Residual Rates

e Confirm data compatibility

G\PA Sophia Hollick



ANAIS-112’s Background Model 4@%

Single Exponential Decay ANAIS Daily Rate (cpd/kg/keV) single-hits 1-6 keV

RT (tz) —_ RO . (]_ _I_ fe_ti/T) 337 — fit Detector 6
3_0-_ 3 t + + data
MC-PDFs 25 A i P : :
. 600 800 1000 1200 1400 1600
¢bk9d(tz) =1 _I_)\qubkgd( ) Days Since Jan. 1, 2016
ftA) =Ae™™

* Single exponential describes

Energy X2 /ndf x2/ndf _
the ANAIS 3-year data wel

1-6 keV 1.23 1.11 * Allows for straightforward
9.6 keV 1.08 1.05 fitting of backgrounds

J Amaré et al 2021 J. Phys.: Conf. Ser. 2156 012175

C#\PA Sophia Hollick 10


https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012175

COSINE-100s Background Model 4@%

SINGLE NRC 2-6 keV .

; i .t Component  Half life

R(t) = E C'|+ E Aje J 1001 I DAMA 219Ph 22.20 years
i j=1 ---- Threshold 6102(310 Zgz)&?m

E _ : VS

10-2- 121 19.3 days

12ImTe 154 days

. . 123me 119.2 days

* COSINE crystals fit with: s 1 141 R0 1 1 — 1mTe 5740 days

. 127m

e Constant term from long-lived 3HTe 121%62days
.32 years

backgrounds 107 10904 461.3 days

. £ i3l £ 22Na, 2.60 years
Sum o exponentla ecays 1rrom 113g, 115.08 days

10_8 - *
surface Pb210 treated

short-lived radioisotopes

¥ X om £ £ M OO N O £ £ n O
m -‘- . .
= 3 éi’ T o H = ‘5? A § o 5 __,.'_.}’ __,.'_'_.}" separately with effective
SIS 7 @ s S < & 0 half-life = 33.8 +/- 8 years
~ & K = K= :
T from continuous Rn222
N ~ contamination
N

COSINE-100 Background 2021

G\PA Sophia Hollick 11



https://link.springer.com/article/10.1140/epjc/s10052-021-09564-0
https://link.springer.com/article/10.1140/epjc/s10052-021-09564-0
https://link.springer.com/article/10.1140/epjc/s10052-021-09564-0

Combine Data and x? Fit 4@%

S 015 (a) Single Hit [1-61keV | | (b) Single Hit [2-6] keV

<

g’ 0.101 ' 0.10

= I

% 0.05r- + }l ]l 1[ + + hl# + . 0.05(

@ 0.00- | ~ 0.00F

«

=) L ]l f ]l _ L

g —0.05 { } + HH H + ] 0.05

O _0.10- -0.10F-

m | | | |

W

= 0.03} | n 0.03f

S 0.00 | }i‘:’z‘l + T 4“\_};/? 0.00[-

-5 ~ | _+_

g —0.03[ % | | I 1 | +J -0.03[, | | ! ! ! !
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

Days since Jan. 1, 2016

Perform a modulation fit with:
-Least-Squares Method with x? Statistics
-MCMC Method with Bayesian Statistics

N. Carlin et.al PRL 2025 Plot with equal binning
https://doi.org/10.1103/9j7w-gplc and timeline

C#\PA Sophia Hollick 12




Results %@JV

, > 0.015
* Since no é ¢ DAMA/LIBRA
systematics found 5 0.010 e Least-Squares
for thg two § 0,005 e Simple
experiments,can § e MCMC
I -
combine E v.000 W 30
g w20
= —0.005 1o
&
. = —0.010 Energy | Combined Amplitude DAMA
‘ Frequentistand g
-0.015 : .
areycompatib|e| E [1-6] keV  [2-6] keV 1-6 keV -0.0003 £ 0.0028 3.60
2-6 keV 0.0023 £ 0.0029 2.60

N. Carlin et.al PRL 2025
https://doi.org/10.1103/9j7w-gplc

Cﬂ\PA Sophia Hollick 13



6 years combined 4@;&

> 0.015
é ¢ DAMA/LIBRA
= 0.010 + ¢ COSINE-100 6y
g_ 0005 | ¢ ANAIS-112 6y * Expected results from 6 years
% | : . ¢ Combined 6y datasets
= 0.000- _Il - ji = 50
= . .
S _0.005- | =t * Sensitive to DAMA at 5.30 in
o : | 3o
© 2o 1-6 keV and
,§ —0.010; 1o 5.00in 2-6 keV
S -0.015 : .
(1-6] keV  [2-6] keV

Energy ROI *COSINE 6-year *ANAIS 6-year Combine Simple

1-6 keV 0.0017 + 0.0029 0.0007 + 0.0025 0.0011 + 0.0019

N. Carlin et.al PRL 2025 2-6 keV 0.0053 £ 0.0031 0.0030 £ 0.0025 0.0039 + 0.0019
https://doi.org/10.1103/9j7w-qplc

C#\PA Sophia Hollick 14




summary 4@%

* COSINE-100 and ANAIS-112 are compatible Nal(Tl) experiments

e Separate treatment of experiment backgrounds allows for direct combination of residuals
* Combined annual modulation search provides 3o exclusion of DAMA/LIBRA

* Combined 3-year analysis finds
k“““ no modulation at 3.70 in 1-6 keV
= and 2.60 in 2-6 keV “Nﬂl{ 1R 1

|
|
|

* Expected 6-year combination to find
no modulation at 4.70 in 1-6 keV
and 3.50 in 2-6 keV

C#\PA Sophia Hollick 15


http://gifna.unizar.es/anais/wp-content/uploads/2017/05/ANAIS112_2.jpg

Thank you for your attention! 4@;&
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Accounting for Quenching Factors

.

ER(E) < FR(E)

* QFs change the effective energy region

6.7 20 eV,
o.o QF < 1 ‘ ‘ >
26 DAMA/LIBRA keV
e ] >
0.85 -~ 3.12 COSINE-100 keV,,
25 | DAMA Na QF ] g
2 13 - 40 ANAIS-112 eV,
% 20 ] ”
% S \ Configuration 6.7-20keV,,
3 COSINE Na QF
3 10 Q COSINE-100 (2024) 0.0013 £ 0.0027
. L See also ANAIS-112 (2025) 0.0000 £ 0.0023
3 | This Study 6-year 0.0005+0.0017 | §5 20
0 2|o III 410 I'I 6I0 III slo I'I 1c|)0 DAMA/LIBRA-phase2  0.0102 + 0.0008
Nuclear Recoil Energy (keVp,)
C#\PA Sophia Hollick 18



Pseudo Study %@;&

E 1500 E 0.6
* Ensembles of 9 : 5
. =
modulations are g 1000 g 04
generated from & 4
P4 500 A 0.2
bkgd models + i =
Poissonian 0 i .0 b, , .
=0.01 0.00 0.01 -2 0 2
* 0.0 Bias cpd/kg/keV Pull Factor
+ 0.0025 . y -
£ 0.005 m
+ 0.0075 COSINE SETZ Bkgd 0.2+/-1 -0.3+/-0.9
+ 0.0105 ANAIS Single Exp. 0.3+/-0.6 5+/-0.6 18

Combined Residuals 1+/-0.5 -4 +/- 0.5 15

* Bias = Fit — Injected Signal
* Bias Error = Standard Deviation / sqrt(# of entries) ~1000 Experiments

C#\PA Sophia Hollick 19



Visual Respresentation of Bias Effect 4@}%

Combined Modulation Sensitivity and [Nilllléasel Bias  Combined Modulation Sensitivity andiDANMAISIGHaICAse Bias

0.015 0.015
DAMA/LIBRA
COSINE-100
COSINE+ANAIS
ANAIS-112
COSINE-100
COSINE+ANAIS
ANAIS-112

3o

20

lo

T

—I 0.010 -

0.010

0.005 0.005

II#-+..’Q

0.000 0.000

Modulation Amplitude (cpd/kg/keV)
Modulation Amplitude (cpd/kg/keV)

—0.005 -0.005

-0.010 —0.010 A y

-0.015 T T -0.015 T T
[1-6] keV [2-6] keV [1-6] keV [2-6] keV
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COSINE data — Obtaining Residuals

e

COSINE Daily Rate (dru)

Residuals Method — COSINE 1-6 keV

3.5 -
_ el L o + + ++Cry5ta| > Sum of Exponentials Background Model

0 F + . . .

O ¥ . / Fit the daily rate with the chosen model

25T + data as in COSINE-100 PRD 106, 052005 2021

COSINE Residual Rate (d :
05 F esidual Rate (dru) Residuals
e D for all crystals, though onl
t it 4 bt o h T rone ystals, though only
000 1 I m AU r crystal 3 shown here
0.5 | . . . . . . _ _
COSINE All Residual Rate (dru) Modulation Fit

0.15 | / Combine crystal residuals and fit a

0.10 - + modulation

0.05 . 4 .

o { ++ . HL* + +| l #IH L llﬁ 1 H Pi# Energy ROl | This Study (dru) COSINE (dru)
005 | T ﬂf f } ”Hf 'ﬂ“ﬁ LA N 1-6 keV 0.0069 + 0.0042  0.0067 + 0.0042
0.10 ] ]L f P 2-6 keV 0.0048 + 0.0047  0.0050 + 0.0047

200 400 600 800 1000 1200 1400
Days Since Jan. 1, 2016
Sophia Hollick 21
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005

Time (In)dependent Background Subtraction Methods

* If a background decays g | e 2 ~ % :
exponentially over time, the : S S e | )
subtracted background must ; =
account for this decay B =i

* If a background does not decay S ' HE £
over time (is flat), the subtracted &| = *i ..... 5 : ..... :
background can be assumedto ¢ T g ) ik )
be the average annual rate o B g R

COSINE Collaboration Sci Rep 13, 4676 (2023).

CAPA
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Response from DAMA

e

F

e

0.5 |

Investigation on the rate time dependence

The last three published years of DAMA/LIBRA—-phase?2 (in which there was continuity
pbetween one year and the next) analysed considering the same bckg

Sl orl,2-3keV
% i % Sn T(O 011 4 0.022) cp%d/krj
. |I [' w % | { \

H i ||I 0 _l-.g_ , _ .--' I Lk .. i T 1!

~

eV

1200

cr 16, 2-3 keV

i

a% \ .i,i ||| |

]-%H T R A

cr 12, 2-3 keV
S, = (0.014 + 0.027) cpd/kg/keV

R. Cerulli IDM 2024

_ cr7,1-2keV ;{

T

=( .01410.04)cpd/ g /ke\
" ﬂ

- cr17,2-3keV

- cr 20, 1-2 keV
Sm = (0.027 + 0.016) cpd/kg/keV |

T

sm (oz +0

|||J i | | I||

H

PRI I S T L L PR PR I
400 600 800 1000 1200 1400

CGAPA
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https://agenda.infn.it/event/39713/contributions/234151/
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Liguid Scintillator Veto 4@%

* Nal(Tl) detectors immersed in 2200 L active LAB liquid scintillator veto

* Scintillator contained in acrylic vessel lined with reflector

* LS veto ~80% efficient at rejecting “°K events :
E © O Total Events
sf— o A Nal Only Events
3 F ©
% °F ® (Coincident Events
ﬂ‘_ 40K 2 E e
L ) PR | Bok "
- N @)
- %o O o
/] N\ g 0 %A AN
e e —
N Liquid Scintillator = I o T AT ARAARAAA

o
V]

4 6 8 10 12 14 16 18 20
COSINE-100: Nuclear Instruments 1006:165431 (2021) Energy (keV)
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https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431
https://doi.org/10.1016/j.nima.2021.165431

Efficiency Differences

* ANAIS-112 suffers a dramatic efficiency drop below 1.4 keV
e COSINE-100 is able to maintain efficiencies of ¥85% down to 1 keV

COSINE-100 ANAIS-112
1.00' 1 — P e f——
| — e ————
W - ===
0.98 1 — i ==
+ ~.0.8 — = — detector 0
0.96 2 [ 4 — detector 1
?0_94 %J 0.6 | == detector 2
] = -
o -{- HHG:J . detector 3
E 0.92 T 0.4 - == detector 4
4 = detector 5
0.90 o -,
— ; — detector 6
0.88 - 0.2 B — detector 7
0.86 . + PRD 106, 052005 2021 | PRD 103, 102005 (2021), (updated result 2024) detector 8
) T T T T T T 1 | | 1 | 1 1 1 1 | | | 1 1 | 1 |
1 2 3 4 5 6 01 1.5 2 2.5 3
Energy (keV) energy (keV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052005
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.102005
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.102005
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.102005
https://arxiv.org/pdf/2404.17348

Alpha Spectra Crystals

* ANAIS
Detector Powder Name  Date of arrival at Canfranc
Do, D1 <90 ppb K December 2012
D2 WIMPScint-I1 March 2015 Component Half life
D3 WIMPScint-II1 March 2016 210py, 22.20 years
D4, D5 WIMPScint-I11 November 2016 60Co 5.27 years
D6, D7, D8 WIMPScint-II1 March 2017 1257 59.4 days
121
* COSINE am i
123mg 119.2 days
125m e 57.40 davs
Crystal | Mass Size Powder | Exposure | Radioactivity 12Tm e 106 days
(kg) | (diameterxlength) Type Time | cooling time at SH 12.32 years
(inches) (years) Y2L (years) 19Cd 461.3 days
Crystal-1 | 8.3 5.0x7.0 AS-B 2.17 3 2Na 2.60 years
Crystal-2 | 9.2 4.2x11.0 AS-C 0.92 2.75 138n 115.08 days
Crystal-3 | 9.2 4.2x11.0 AS-WSII >0.92 1.2
Crystal-4 | 18.0 5.0%x15.3 AS-WSII 1.83 0.5
Crystal-6 | 12.5 4.8%x11.8 AS-WHIII 0.5 0.6
Crystal-7 | 12.5 4.8%x11.8 AS-WSIII 0.5 0.6

C#\PA Sophia Hollick



Refurbish Old Crystals for COSINE-100U

e

Quartz glass Nal (TI)

Optical pad

crystal

Optical grease

a) C6 machining

. Photomultiplier

e Search for low-mass WIMPs

VVIIVIF-Proworil o Cross secLuorn (pp

|
B —_ o [Sa]

9} N00L-3NISOI . o} [epBIN N00}-INISOI . i

[
97 N00L-ANISOD . 07 1epBIN NOO0L-INISOD

o
b 20
N 2540 rm
o (9p]
e (0]
E 4 ' Tl = -
il =7 13500 <SG ) g | Qm';ao E
i b) Crystal-PMTs assembly™ "~ 4+ ‘ = n =
= :
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QO
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w
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