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Dark matter annual modulation

_,arXi,V“2903*04545V3 Expected dark matter signal rate

June 2nd
Dec 2nd

dR /dEg
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Recoil energy [keV]

* The Earth’s orbit creates a seasonal "WIMP wind”
% Maximum velocity expected between June 2" and 3 (~152.5 days)

 For a give energy bin : R(t) = Ry(t) + Acos (ZTH(t — <P))
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Residuals (cpd/kgkeV)

A Persistent Signal : The DAMA/LIBRA Anomaly

DAMA/LIBRA 2-6 keV
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The DAMA/LIBRA Experiment & Claim

« 250 kg Nal(TI) crystal array at
Gransasso (ltaly)
» Observed clear annual modulation
for over 25 years
** Claimed dark matter discovery
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« 250 kg Nal(Tl) crystal array at
Gransasso (ltaly)

Observed clear annual modulation z**

Residuals (cpd/kg/keV)

for over 25 years © ol
** Claimed dark matter discovery
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The DAMA/LIBRA Experiment & Claim

JCAP 04, 010 (2009)
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The DAMA/LIBRA Experiment & Claim
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Annual modulation search with different target

PRL 11§, 101101 120175

~o— - PRD 98, 062005 (2018)
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A Puzzling Discrepancy : DAMA vs other experiments
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Requiring Model-independent test with same Nal(Tl) crystals
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Apple-to-Apple Comparison with Nal(Tl) crystals
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Annual modulation search practice

Measured event rate as a function of time R(t)

R(t) = Ry (£) + A cos (‘%(r - <p))
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Phys. Rev. D 106, 052005 (2022)
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components

1-3 keV

Ro(t) = Z Cijexp (—Aij t)

Time-dependént background
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Precise background understanding is key factor
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Modulation analysis adopted by DAMA/LIBRA

Eur. Phys. J. C 73, 2648 (2013)

Period Mass (kg) Exposure (kg xday) (@—p7)
DAMA/LIBRA-1 Sept. 9, 2003-July 21, 2004 232.8 51405 0.562
DAMA/LIBRA-2 July 21, 2004-Oct. 28, 2005 2328 52597 0.467
DAMA/LIBRA-3 Oct. 28, 2005-July 18, 2006 232.8 39445 0.591
DAMA/LIBRA-4 July 19, 2006-July 17, 2007 232.8 49377 0.541
DAMA/LIBRA-5 July 17, 2007-Aug. 29, 2008 232.8 66105 0.468
DAMA/LIBRA-6 Nov. 12, 2008—Sept. 1, 2009 2425 58768 0.519
DAMA/LIBRA-7 Sep. 1, 2009-Sept. 8, 2010 242.5 62098 0.515
DAMA/LIBRA—phase| Sept. 9, 2003-Sept. 8, 2010 379795 ~ 1.04 ton x N N o N o o N
§ S & o & S o
DAMA/Nal + DAMA/LIBRA-phasel: 1.33 ton x yr . 44 ;ﬂ mq,” J”w &? . &?
. o & % 2.6 keV & e 0
Calculate residual rates of each §onfT .
£ o002 | jﬁ% 3 | ‘ |
early cycle (Sept.~Aug.) G e T SN
yearly Cy PL g. ER R T s Al A S
® 00s b 3505 - 2000 : 4"030 5000 500
) ( 5 5 5500
Nucl. Phys. At. Energy 19, 307 (2018) Time (day)

DAM;?Q;E:&?;& hase2 Period Mass, kg Exposure, kg - d (a—PB?
1 Dec. 23, 2010 - Sept. 9, 2011 Commissioning of phase2
2 Nov. 2,2011 - Sept. 11, 2012 242.5 62917 0.519
3 Oct. 8, 2012 - Sept. 2, 2013 242.5 60586 0.534
4 Sept. 8, 2013 - Sept. 1,2014 242.5 73792 0.479
5 Sept. 1, 2014 - Sept. 9, 2015 242.5 71180 0.486
6 Sept. 10, 2015 - Aug. 24, 2016 242.5 67527 0.522
7 Sept. 7, 2016 - Sept. 25, 2017 242.5 75135 0.480

DAMA/LIBRA-phase2 | Nov. 2, 2011 - Sept. 25, 2017 411137 =113t yr 0.502

DAMA/Nal + DAMA/LIBRA-phasel + DAMA/LIBRA-phase2: 2.46 t - yr

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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G 5 in

What if there is time-dependent background?

« Time-dependent background model of DAMA/LIBRA

% Yearly average to obtain residual rate

R(t) = Ro(t) + Acos (%”(t—qo)) Assuming : Ry(t) = C

« However, if there is time-dependent background..
Sci. Rep. 13, 4676 (2023)

JHEP 04, 137 (2020)
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Compatible modulation with DAMA/LIBRA

Residual [countskeVikg/day)  Rate [counts’keV /kg/day)

0

Time dependent (Days)

Consistent modulation amplitude but,

Opnnosite phase

Hyun Su Lee, Center for Underground Physics (CUP),
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What if we use wrong background model?
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Sci. Rep. 13, 4

676 (2023)
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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The background truly constant

 The DAMA/LIBRA analysis assumes a constant, time-
Independent background

 However, experiments like COSINE-100 and ANAIS-112
have modeled time-dependent backgrounds

ﬁ 5

From DAMA/LIBRA Phase-Il
Prog.Part.Nucl.Phys. 114 (2020) 103810
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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The background truly constant

 The DAMA/LIBRA analysis assumes a constant, time-
Independent background

 However, experiments like COSINE-100 and ANAIS-112
have modeled time-dependent backgrounds

6 ANAIS-112 COSINE-100
1 E+02 - D3 sim % D3 data PMTs
« external activity = crystal 40K - crystal 210Pb

« crystal cosmogenics - crystal 3H - other crystal activity

—
o
o

EPJC 81, 837 (2021)

teflon 210Pb
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o Lalamat ERJ 0, 412 (2019) | 103 External (PMT)
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 15



DAMA/LIBRA's latest 3 years data

« The latest 3 years data of phase-2
R. Cerulli @ IDM2024

rl 2-3keV cr 12, 2-3 keV cr 7, 1-2 keV
L ={ 011 + 0. nzz} cpd/ke/keV S5 = (0.014 + 0.020) cpd/kg/keV Sy = (0,014 + 0.020) cpd fkg/keV
I ": L4 ;*‘-': 2 AE : i I : :
ol R 2l K Ak - S A ol L I 1 L
EIREETATTR LA 1 T AT TR il (18 )
[ il | b 1 | e e T e AT
] LE | "'r.':h__.- i ' ?:_- 1

cr 16, 2-3 keV

- cr17.23keV L er20. 12 keV
S = (D014  0.024) cpd/ke/keV

Sm = (D.0Z7 £ 0.016) cpd/ke/keV Sm = (0.027 % 0.016) cpd/ke/keV
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« Desirable to show full data and to study detailed fit
parameters and correlations

Hyun Su Lee,

Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Energy calibration (electron recoil) of DAMA/LIBRA

Energy calibration Resolution
18000 0.4
- DAMA/LIBRA
16000 NIMA 592, 297 (2008) ‘ o35
14000 03f
. 12000 F ozsl
o [
= 10000 @ f
= A [=]
2 8000 F
F‘ [ 015
6000 [
[ 01
4000 F
[ 005
2000 F
o B B
0 10 20 30 40 50 60 70 80 90 E'? (kev'?)

Energy (keV)

 Linear fit to various calibration points (internal x-ray, gamma-ray
and external sources)

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 17



Relative Light Yield/Electron Energy

15
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09

Energy calibration (electron recoil)

NIMA 45, 372 (2010)
Alkali Halide Electron Responses

T Y T

—&— Nal(Tl)
-w— Csl(Tl)
= —+— Csl(Na)

1

10 100
Electron Energy (keV)

Electron response

EPJC 84, 484 (2024)
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Hyun Su Lee,

Center for Underground Physics (CUP),
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Energy calibration (nuclear recoil)

Nuclear-recoil energy calibration (keV,,)

o 35F - ; ;
- C V) s — e
= a1 | DAMA/LIBRA (~30%)
S i ! L DAMA Na QF /
O - -
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= : Cotar G013 . Xupois L PRC 110, 014614 (2024)
e/ - e Joo(2018) ® Bignell (2021) 5
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PRC 110, 014614 (2024)

DAMAV/LIBRA used 232Cf neutron source and compared with simulated spectrum
Recent measurements used mono-energetic neutron beams with neutron tagging detectors

However, different QFs between DAMA/LIBRA’s crystals and other experiments’ crystals
may be possible

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 19



Livetime (years)

COSINE-100 experiment (2016~2023)

| Physics run data: 6.12 years (95.65%) 5

I T e @éiéé‘?ﬁ?’”/ « YangYang underground laboratory

_ ‘?\“*9&\ < October/2016 ~ March/2023

_ + Decommissioning

i “* Move to Yemilab

i “* Upgrade of detector for high light yield

Hyun Su Lee,

Center for Underground Physics (CUP), Institute for Basic Science (IBS) 20



COSINE-100 Background understanding
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Good understanding of background
contributions oS R

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 21



Comparison with DAMA : Energy calibration

Linear calibration to 59.54 keV : keV,
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ysics (CUP),

Institute for Basic Science (IBS) 22



Modulation fit of COSINE-100 full data

R;(t) = Acos (t-9) z Cije_’liftg.

Modulation signals 10 time-dependent components

COSINE-100 full dataset

DRU = cou nts/kg/keV/day

= Crystal 2 Crystal 3 6.7~20 keVm
2 . ] : _i'ql,hu,‘“l,!h : g : : | Data Tel27m
o 27 .L‘\.u.\' ! : f‘r"Hﬁw TOPUNTR :
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R g : : ‘ i TR Rt S A S S ~--- Pb210 bulk ~--- €d109
s -______ _______ et SIS MU VUM IS S ---- Pb210 surface Na22
“ ;52;;;;;;;Q;;§§§ZEEEZ??EZEEEZEEEEEZE?EEE bossiiisiiiioisosiizmoemosoiiziioooo s " Cos0
3 Crystal 4 Crystal 6 Crystal 7
O 2 Wi ' . e I
D1 s ¥ N SN S n ] - i .
© ikl g P
Q: i g e e oo s fesefesfefe et i e e e b e e L et T L P H : - : - 2
0 ::‘::===-----=_=-::_=====--------------------------. ::::::::::::::::::::::::::::::::‘:::::::::::::::::: ; H :
2017 2019 2021 2023 2017 2019 2021 2023 2017 2019 2021 2023

No modulation signal observed !!

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 23



V]

Measurement Distribution Posterior Distribution

COSINE-100 full dataset fits

1-3 keV,, Electron recoil Nuclear recoil ¢ 7-20 keV,,
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Amplitude
(counts/day/kg/keVee)

COSINE-100 full dataset fits

Phase floated 2-dimensional fit for COSINE-100 full dataset

1-3 keV, b 6.7-20 keV,,
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COSINE-100 full dataset fits

Electron Recoil
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COSINE-100 full dataset disfavors DAMA/LIBRA in
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ANAIS-112

« 112.5 kg detector (nine modules)
- ¢l * Physics run started from Aug.
= | 2017 (currently running
‘ ~ experiment)
I « Canfranc Underground Laboratory
(850 m rock overburden)

~15 photoelectrons/keVv
Similar with COSINE-100

~95% live time

Dead Time (2.2 %)
Down Time (3.1 %)

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 27
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Background understanding of ANAIS-112

. Phys. J. C 79, 412 (2019)

Phys. Rev. D 103, 102005 (2021)
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* Time-dependent backgrounds are modeled
“ Simulation underestimates background events below 2 keV

» Various background hypothesis have been studied

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Modulation analysis with 6 years data

Ui g = [Roq(1+ fabhis.al

rate (cpd/kg/keV)

.ff)} 1 S,”{‘OS(&J{T; —Ig}}]MdAEM.
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Minimizing:

2 = Z(nld ur,d)

Hyun Su Lee,

Center for Underground Physics (ClI
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ANAIS-112 modulation results

Electron recoil energy Nuclear recoil energy
- 1o —
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Phys. Rev. Lett. 135, 051001 (2025)

* ANAIS-112 results are incompatible with DAMA/LIBRA

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 30



ANAIS-112 modulation results

0.02

—#— DAMAJ/LIBRA result
0.015— -

—eo— ANAIS-112 6 y best fit
0.01—- _ - /

—&— Cosine-100 6.4 y best fit
0.005—

exposure 6.0y

0

20 sensitivity
—0.005+- exposure 6.0y
3G sensitivity

* 1o sensitivity

S, (counts/keV/kg/day)

—0.01— exposure 6.0 y
- - 4o sensitivity

0,015 exposure 6.0 y
96 sensitivity

002 exposure 6.0y

[1-6] keV [2-6] keV Phys. Rev. Lett. 135, 051001 (2025)

« Best fit are incompatible with DAMA/LIBRA results at 4.0c
and 3.50 Iin 1-6 keV and 2-6 keV, respectively

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 31



Modulation (cpd/kg/keV)

Combined analysis between COSINE and ANAIS

ANAIS-112: PRD 103, 102005 (2021)

Combining published data (~ 3years) -4qNE_100: PRD 106, 052005 (2022)
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Combining 6 years modulation result

0.015

pamaLisra ArXiv:2503.19559, Phys. Rev. Lett. (in press)
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 32



What's next for DAMA/LIBRA??

DAMA/LIBRA
* End of data taking (2024)
** All crystals were remained in the Gran Sasso (LNGS)
*» Desirable to study comprehensive time-dependent analysis
s Sent “Letter of Intent” by Spokespersons of Nal(Tl) experiment to LNGS
director to understand reason of the modulation signals
Crystal development
% ANAIS-112 and COSINE-100 detectors have ~2-3 times higher background
+» Better if we have lower background detectors (letter than DAMA/LIBRA)

LQSABRE, PICO-LON, COSINE-200 try to develop low-background Nal(TI)
crystals

UCOSINUS developed cryogenic detector to discriminate electron recaoil
background

ANAIS-112 will take more data to reach 5 sigma level conclusion
COSINE-100U will provide additional information for lower energy

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 33




Summary

 Annual modulation is interesting channel to search dark
matter interaction

« DAMA/LIBRA's modulation signals are disfavored with
ANAIS-112 and COSINE-100 with significance more than 3
sigma

* Further efforts to understanding DAMA/LIBRA's signals are
ongoing

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 34
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Modulation fit
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Nal-based experiments running or proposed
- Advantages of Nal(Tl) == E=sroll el =] o= I

DAMA/LIBRA LNGS Nal(TL) 250 running

“* Well known technology

. ANAIS-112 LSC Nal(TL) 112.5 running

*» Possible to grow ~10 kg crystals
COSINE-100  Y2L Nal(T)  106/61.3  upgrading

. . .

* ngh Ilght OUtp'Jt COSINE-200 Yemilab Nal(TL) ~200 in preparation

. . .

K Qomblnatlon of low-mass (Na) and g,gge LNGS+  Nal(T)  ~50 in preparation

high-mass (I) element North /South  SUPL

‘:’ PrOton Odd element COSINUS LNGS Nal ~1 in preparation

PICOLON Kamioka Nal(Tl) ~50 in preparation

« Disadvantages of Nal(Tl)
“* Hygroscopic crystals
% Less n/gamma separation (i.e. liquid xenon or photon-sensitive detectors)

« So far, NalAD, DM-Ice, KIMS-Nal, DAMA/LIBRA, ANAIS-112 and
COSINE-100 released DM search results with Nal(TI) crystals

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 37
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