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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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http://gifna.unizar.es/anais/wp-content/uploads/2017/05/ANAIS112_1.jpg
http://gifna.unizar.es/anais/wp-content/uploads/2017/05/ANAIS112_2.jpg

Main Differences with DAMA/LIBRA A

Background =1
Rates cpd/kg/keV
Background Time
Modeling Independent
Veto Systems No Vetos
Plastic ScintillatorMuon Veto

Quenching QF = 0.3

Factors

@\PA Sophia Hollick 7


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

ANAIS-112 Exposure Aug 3, 201/ —-Aug 17/, 2023
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1.5y: Phys. Rev. Lett. 123, 031301 (2019)
2y: J. Phys. Conf. Ser. 1468, 012014 (2020)

3y: Phys. Rev. D 103, 102005 (2021)
3y + ML: Comm. Phys. 7, 345 (2024)
6y PRL 135, 051001 (2025), arxiv: 2502.01542
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Analysis Strategy 4@&

pia = [Roa(fddpes a(ts) + (1 — fa)driae(t; +|5m cos(w(t; — to))|]MdAEAt

[1-6] keV

* Fit the 9 detectors simultaneously with 45-day bins

>
2
;53 5 =D0
* Amounts to 19 free parameters 3 45 o
S 4 |
* ANAIS-112 Background Model: o 35 — | [o
©
— 3 -D5
25 =D6
: £
: : 15
* Expected Modulation Signal: TR
* Fixed period of 1 year with peak phase of June 2" days after August 3, 2017 (days)

* Use 1—6 and 2—6 keV energy regions to compare with DAMA/LIBRA signal region
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Modulation Results (6-years)
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* Rejection of DAMA/LIBRA signal to|4.00 and 3.50

e Consistency with no modulation
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Accounting for Quenching Factors

ﬁ(a < (E) [~ QF <1
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* QFs change the effective energy region
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Accounting for Quenching Factors

Null hyp x%ndf: 416.51/423 [p_=0.580] Mod hyp y2/ndf: 416.51/422 [p_=0.566]
PRL 135, 051001 (2025) S, = (0.0000 + 0.0034) (cpd/kgrkeV)
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COSINE-100 and ANAIS-112 Collaborations

COSINE-100

Plastic
Scintillator
Panel

2-inch
PMT

Yangyang, . Canfranc,
South Korea Location Spain
September L August
2016 Comissioning 2017
61.3 kg 112.5 kg

£ detectors Active Nal(TI) Mass

9 detectors

Liquid
Scintillator
Veto

Lead(20cm)

~85%, 95%
at 1.0, 1.5
keV

Efficiency

ORIGINS THE DARK MATTER DATA CENTER

Excellence Cluster

*data found at

~25%, 80%
at 1.0, 1.5
keV

Thesis: Ivan Coarasa
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http://gifna.unizar.es/anais/wp-content/uploads/2017/05/ANAIS112_2.jpg
https://cosine.ibs.re.kr/
https://gifna.unizar.es/anais/
https://inspirehep.net/literature/2081400

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 9 N © £ £ n O
m e . .
= 3 éi’ T e ‘5? o § o 5 __,.'_.}’ __,.'_'_.}" separately with effective
& 5 & .0 s S < & 0 half-life = 33.8 +/- 8 years
~ @ K = K= :
N el from continuous Rn-222
N ~ contamination
N

COSINE-100 Background 2021
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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@%

* Proof of concept with 3-year datasets from both experiments

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

E 0.15- 0.15-
g’ 0.10- + ' 0.10-
T 4
@ 0.05F + \l ]l + + + }11# + ‘ 0.05F- } + * +
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© s
5 —0.05 } HH JfH J[ f ! ] ~0.05} | |
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DE}’E Ej]'lCE_]El]'L 1, 2016 DEIYS since ]an. 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
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6 years combined 4@;&

S 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 0005 | Ao * Exclude DAMA at 4.7c in 1-6
o : | 3o
© 2o keV and
,§ —0.010 1o 3.50in 2-6 keV
S -0.015 . .
[1-6] keV  [2-6] keV

Energy ROI COSINE 6-year ANALIS 6-year Combine Simple

1-6 keV 0.0017 + 0.0029 -0.0004 + 0.0025 0.0005 + 0.0019

N. Carlin et.al PRL 2025 2-6 keV 0.0053 £ 0.0031 0.0011 £ 0.0025 0.0027 £ 0.0019
https://doi.org/10.1103/9j7w-qplc
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Conclusions

.
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* ANAIS-112 strongly
challenges dark matter
as an explanation to
the DAMA/LIBRA
modulation signal
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Thank you for your attention!

Centro de Astroparticulas y
Fisica de Altas Energias
Universidad Zaragoza

1 i St s
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Y. Ortigoza, A. Ortiz de Soldrzano, T. Pardo, J. Puimeddn, M. L. Sarsa, C. Seoane
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Europea NextGenerationEU/PRTR (AstroHEP) and the Gobierno de Aragén. Funding from Grant FPA2017-83133-P, Consolider-Ingenio 2010 Programme under grants MULTIDARK
CSD2009-00064 and CPAN CSD2007-00042, the Gobierno de Aragdén and the LSC Consortium made possible the setting-up of the detectors. The technical support from LSC and
GIFNA staff as well as from Servicios de Apoyo a la Investigacion de la Universidad de Zaragoza (SAls) is warmly acknowledged.
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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,)
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ANAIS-112 constant QF hypothesis lodine %@J&

5 lodine QF
§ 105_ - -DAMA 1996 ANAIS
§ s DAMA [2-6] keV
;g” 6- ANAIS [1.3 - 4] keV .
) No modulation
S 4 observed,
! S .A —————=, Energy (keVnr) Sensitivity 4. 40
50T 35 45 51 g3 72 ENergy (kevee) DAMA PRL 135, 051001 (2025)

ANAIS [1.3 - 4] keVee

— 1.l2 . 1..8 | 2:4 . 3..0 | 3l.6 | 4‘.2 . 4‘:.8 Energy (kevee) ANAIS

22.2 — 66.7 keVnr

C A P/\ M. Martinez, CAPA (U. Zaragoza) 1
TAUIP 2025 Xichane (China) 24—-30 Augc 2025



ANAIS-112 energy-variable QF hypothesis

e

. Sodium data: (ANAIS(1)+COSINE-100) well fitted to a * lodine data: Linear hypothesis T. Pardo PhD thesis
Modified Lindhard model with two free parameters (pg, p1) i
S 200 S e
> S 8-
£ 15 o B
L I C L
2 i‘ T ANAIS(1) 2024 = 6F . |
Q 10 T COSINE-100 2024 > B “I
@] - Lindhard modified - L * '''' DAMA 1996
© N p, = 0.072 £0.007 / p, = 0.007 + 0.002 G:g 4_— = ANAIS 2024
Z 5 . ——— Linear O e QF, energy dependent
C a=138+04/b=0.094 +0.008 — 2; l | | « COSINE-100 2024 |
C 0y ! ! R — —_ L
00 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100
energy (keV, ) energy (keVNR)
/ \ =10°
Modified Lindhard model: MR s (1) GFu(E) ANAIS(T)

Pog(€)

QF(Eng) = 1+ 909

po = 0.072 4+ 0.007

\

g(e) =3e%1> +0.7¢%6 + ¢

€ = p1EnR

p1 = 0.007 £ 0.002

/

—+= sim
—+ data

QF (E)

E 3
Y

5 2
| \\“««f .

e

Rate (c/keV/kg/day
2

-
o

C L [ I TR I Y TR I N
0 20 30 40 50 60 70 80 S0 100
energy (keV)

o

Geant4 simulation of
on-site neutron
calibration in good
agreement with these

QF!
/
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TAUP 2025, Xichang (China) 24-30 Aug 2025
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ANAIS-112 energy-variable QF hypothesis 4@?

T. Pardo PhD thesis

SODIUM IODINE
0.06 0.06
: —— ANAIS-112 cte Na-QF (20%) : —e— ANAIS-112 cte I-QF (6%)
— 004 — —— ANAIS-112 variable Na-QF — __ —e— ANAIS-112 variable I-QF
& B x 0.04 Q
>Z - —— DAMA/LIBRA phase-2 >2 N —— DAMA/LIBRA phase-2
2 o002~ ty 2 002kt
V2 ~ 8§ A
x : ++++++*-_E+ T < : ++++++1* 44 R
Q 0 m-------::f‘__ - =l o 1] IR— iyttt oy A1 --
S == +¢F:|E_++¢|=ﬁ¢ﬂ;.a$+ Bk S Ol
s -0.02 — O E_ -0.02 :_ ¥ of
3 - i 00001; ........... L LT 8.':-1.1.'3.:-.-:-:--.'.1.'-:--. 8 — :‘%f, oooolé._. ------- .---.'-..'.‘.'.._.;._...'...'.,.\..'.;.;.,'s;...
£ _ __ id;_uum;— TI7 1 1 . e _| —_ gm-oom;—- TITt+ B 08 i
o —0.04% = S o 004 5 SR
_006 - | | | 004 5 I 10 20 I 30 -uIJ Iso 9”]9?3"'("9?’"50 —006 —_I o u: l oI 2ol 4:) Ieo lao l: luol “:’ ‘:"’ :?neig('je{/?l)
0O 10 20 30 40 50 60 70 0 50 100 130 200
energy (keV ) energy (keV )
ANAIS-112 variable Na-QF in [10-20] keV: ANAIS-112 variable I-QF in [33.3—66.7] keVg:
Null hypothesis: y?/NDF = 2.95/3 (p-value = 0.4) Null hypothesis: y?/NDF = 4.82/3 (p-value =0.18)

Modulation hypothesis: y2/NDF = 14.9/3 (p-value = 1.9%103) Modulation hypothesis: y?/NDF = 8.66/3 (p-value = 0.03)
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Backgrounds in Nal(Tl) Detectors %@J}*

Adhikari, G. etal. Eur. Phys. J. C 81,837 (2021). J Amaré et al 2021 J. Phys.: Conf. Ser. 2156 012175
>, ~ B
S . : COSINE-100 @® 12F =
T 4 Single-hit Events = %ﬂ ANAIS-112 data
2 L — Data — Total MC Internal o | g nodel
S [ — External — Cosmogenic — Surface S o & oae
2 3 a |
~— B u E i
i) B I
c 3 [
8 2__ E ........_T_______
O B anrlgrg;.l [Fuan'n.l'!lcI J
| M| 4 .{
1__/‘1-‘_‘-‘-‘\‘ ;
T .
- ‘“‘—\\_\\ E - ,.-'f
0_"'!"":"'||_"-'__'II _I.I.I.I.II.I.I.I.IIIIIIJJJJJ]JJJJJJIII
5 10 15 20 10 20 30 40 50 60
Energy [keV] energy (keV)

* 40K and %1°Pb internal isotopes dominate the background

* 3H, 22Na, and others are cosmogenic radioisotopes activated by cosmic-rays
o 238 232Th, 40K and 219Pb in external “dead” material also contaminate

* Surface %1°Pb is observed and replenished in COSINE-100 exposure to 22?Rn
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Background Comparison 4@&

Rate (cpd/kg/keV\V/)

[ cm —_— ~No SO . (b | SO

RERRSR=CanRERrI AR RS s DAMA/LIBRA’s background
O = S if"‘ ................................ is reportedly lower than
: +

- C§: ;:' “ both COSINE-100 and
s L Wi ANAIS-112

P T RS MO L
| O ! 4
O )
e == {}
O - ;
ey
S -
@—8: -------------------- f ----- i‘ -------------------------------------------------------
el
O 4 - e —I—
el S . 4
2= i ¢ 2 28 8 =
< [.3E ¢ = E £ %
® ogE / S B R = 5 I =
| . S
= [ 8% z 2
3= - S= { £ =
s S I .
J. Amatét al, 2025.
arxiv:2502.01542
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Study of systematics with MC simulations %@;&

20000 MC pseudo-experiments with ANAIS parameters (background evolution and measured
efficiencies), with and without adding the modulation observed by DAMA/LIBRA

Fit bias study

No bias is observed and similar standard deviations than found in the ANAIS—112 6-year results

Efficiency stability study

o 0% eff var
2% eff var
5% eff var
10% eff var

=

B 0% eff var
W 1% eff var
2% eff var

- [1-B] keV - [ Blkev

=> Including variations in efficiency around mean value

counts/bin {a.u.)
[=]
(=]

T
counts/bin (a.u.)
=
[==]

» We recover in all cases the right modulation
amplitude enlarging the standard deviation

« The y? distribution point at efficiency fluctuations s AN|AIS oF
well below 2%, which do not compromise the - l :
. . . 0 0
5|gn|f|cance of our result 001 0 0.07 Smu{_gzpd{kgmea]ua 300 350 400 450 500 550 600 ;‘250

=» Introducing a linear dependence with time (decreasing or increasin Lo
g P ( g g) At the level of the variations

= Introducing an annual modulation or antimodulation observed in our efficiencies

PRL 135, 051001 (2025)

C A PA M. Martinez, CAPA (U. Zaragoza) ’e
TAUIP 2025 Xichane (China) 24—-30 Augc 2025




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
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Pseudo Study 4@;&

d Ensembles Of 9 ﬂ 1500 - g 0.6
. = =1
modulations are E E
generated from g 1000 g 04
@ w
+ 2, =
bkgd quels 2 ] = o
Poissonian - —
+ =
* 00 0 001 0.00 0.01 " o0 2 0 2
+0.0025 Bias cpd/kg/keV Pull Factor
+ 0.005
oors K I O
+ 0.0105 COSINE SETZ Bkgd 0.2+/-1 0.3 +/-0.9
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
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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
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DAMA/LIBRA Background Data -

6 R. Bernabei et.all, Progress in Particle and Nuclear Physics 114 (2020) 103810
+ Data

DAMA/LIBRA-phasel » — DAMA/LIBRA-phase?2
10 | ~=uPp (surface
~ B [ — continuum due to high-energy y/B contribution
= a — upper limit So
% 8 B % > 4 ~88%oflallts
)
< 6 | 0.87sodium-22 peak? 3
S 4t -
L 4 r 3
) - - ~
= 2 r + 2 l
m B e et e e -1 \
0 C | IR AR ! —_— ]
2 4 6 8 10 ‘
Energy (keV) NS ewwETTe |
0 10 20 30 40 50 60 70 80 9 100

Energy, keV
DAMA/LIBRA-phase?

* Reproduce with simulation

Software energy threshold Partially ascribed
of the experiment to 40K

/ Rdy e Simulate the DAMA/LIBRA detector

Rate (cpd/kg/keV)
=N

limit of S,
| \L_\/ in GEANT4 with known geometry
0 . e N oo |
0 2 4 6 8 10
Energy (keV)
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Optimize the Signal

Mt. Yemi e .
W SN S, Active
Go Underground “ / -
40cn/
The 3em
Use Shielding
I
" 204 cm
Use Pure Scintillators
10-11 Vue des Alpes © Home to COSINE-100
° e Home to ANAIS-112 Passive
e Home to DAMA/LIBRA
1107 WIPP
[ J

~ ¢ Soudan
g %o
° 10 Kamioka Boulby
™ ® o
] LSC PY
o LNGS
o 107 SURF
S *
S LSM

10—5.

SNOLAB
e (CJPL
[ ]
106 : : : : - :
1000 2000 3000 4000 5000 6000 7000

Depth (m.w.e.)
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