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ANAIS-112

Annual Modulation with Nal Scintillators

J. Amaré, J. Apilluelo, S. Cebrian, D. Cintas, |. Coarasa, E. Garcia, M. Martinez, Y. Ortigoza, A. Ortiz de

Soldérzano, T. Pardo, J. Puimeddn, M. L. Sarsa, C. Seoane

e

7 Universidad
https://gifna.unizar.es/anais/ ML Zaragoza

GOAL: Confirmation/refutation of DAMA-LIBRA modulation
signal with the same target and technique (but different
experimental approach and environmental conditions)

Projected sensitivity: 30 in 5 years data-taking

THE DETECTOR:

3x3 matrix of 12.5 kg J'*NAIS' |
Nal(Tl) cylindrical modules _—=—1 v | .
=112.5kgofactive mass | | ke~

Two high QE N w

PMTs per detector

{

S
L0
WHERE: At Canfranc Underground

Laboratory, @ SPAIN (under 2450 m.w.e.)

R

taking data since August 2017

M. Martinez, CAPA (U. Zaragoza)
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ANAIS-112 vs DAMA/LIBRA
/ 9 Nal(Tl) scintillating crystals (Alpha \

25 Nal(TI) scintillating crystals (Sain Gobam
10.2x10.2%25.4 cm3, 9.7 kg each
TOTAL MASS: 250 kg

Spectra, same as COSINE)
3” 12 cm ¢ x30 cm, 12.5 kg each

TOTAL MASS: 112.5 kg
Active vetoes / | \

™~

OFHC low
radioactive
copper

Low radioactive

S
=i

| lead

Surface

Y A 104 OROVILLE (USA) |

/

Cadmium
foils

IMB (U

SA)
SOUDAN (USA)
/KAMIOKA (Japan) N o
BOULE
, _=ui NGS

- .. E (USA)

.3 [~ ‘ i z’ '
\ | ~{ i 104} ;
l@\\\*\\ﬂ ‘ ﬁ LoL 5 / MONT BLANC (Switzeland)
O/~ | U & i ST. GOTHARD (Switzerland) ©  FREJUS (France) 7 \
~—J i

Polyethylene/
Paraffin

Concrete from
GS rock

BAKSAN (Russia) SUDBURY (Canacda)

20 cm lead Anti-Rn box

10 cm ancient lead 40 cm neutron shielding K 1C'_Ro 10|00 QOIO%epth ?[rjlr%[.)w.e) 4060 5000 sooo/
shielding: _ shielding:
* 10 cm of ancient Pb +20 cm Of_ Pb e >10 cm of OFHC Cu + 15 cm of Pb
* Anti-Rn metallic box flushed with N2 gas * Anti-Rn: Plexiglas box flushed with N2 gas
* 40 cm Polyethylene/water tanks e 10/40 cm Polyethylene/paraffin + Cd foils

* Active muon vetoes /K e No muon veto /
3
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ANAIS-112 vs DAMA/LIBRA

Low energy calibration — Rol [1-6 keV]

* Periodical calibrations every ~10 days with} Detectors equipped with a Mylar windo

. Cali - it 109
241Am source (30.4 keV (composite), 59.5 Calibration with 1%°Cd sources (11.9 keV,
keV). Linear calibration down to threshold 22.6 keV and 88.0 keV) every two weeks

* Linearity check and corrected @ 3.2 keV for gain correction
Guides for with whole statistics . «Calibration in the ROI with internal bulk
81 keV .
241Am 13000 ¢ (7B contaminants 2?Na (0.9 keV) and %K (3.2
sources \y_ i keV) (whole statistics)
: :gg : 12000 _ 59.5 kel‘ g 03 g 03
£ 00t 2 oo | 67.3 keV Soasf [| ot 1§
g 0 :: 8000 (12°1) = 22Nga
. ) 4 146079 keV oot 110.87
100 4000 _ 30.4 keV o keV
E L 40
HIWAY W32k A e . ,
0 5000 10000 15000 20000 0 10 20 30 40 50 60 70 80 90 2Na->**Ne 3.2k i el e Bire s B
TD channel Encrgy (keV) . . energy (keV) energy (keV)
S E
; 6 L Q S s e . .
£ o fortwers enery threshold Rate in the Rol $Elef . . | Non proportionality < 25 keV
gl L - '7,’: ¢ ear "
__g- q - 3 2 k V o 14%f: ;earz (20%)
S 2 f © T 0% | o Linear calibration in 2 ranges:
% - R n = _E' I . yeard g :
T U U PP S — 12 ear 5
o 0 1 L | | L | | I L L | 1 | | I L -5) % ,: IIIIIIIII _— ) 1_10 keV [ROl]

Energy (keV)

80
energy (keV) ¢ 10-100 keV /
4
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ANAIS-112 neutron calibrations

SINCE APRIL 2021: periodic in-situ neutron calibrations with 2>2Cf source

| o - NR elastic +Ca|ibration . .
- D10 L ‘gcattering |- secgroun NR population in the ROI!! Used for:
@E@)®) S e A s = Training population for ML-event
i N | V. \ B 10'— ‘-Mr' 'l | ‘. M
[EIRIE] Pk s OF o i Selection
RNV © i . . .
101010 = P~ = Efficiency calculation
oo ® n-situ QF cross-check (via MC)
0 10 20 30 40 50 60 70 80 90 100
energy (keVee)
4 Neutron calibration for event selection

BDT (15 parameters) trained with:
Signal events: on-site neutron calibrations. Events in [1-2] keV range

Noise events: blank module similar to ANAIS—112 modules, but without Nal(TI) crystal
BDT cut defined for every detector and energy bin:

o

. - background
< r - = - SIGNAL 140
- r O 08 5
e 16 30.8? m oe
- i 4 GCJ L — detector 0 04
o 12 ‘© 06— —— detector 1 0.2
10 % r detector 2 0
- detector 3
' : 'i _.‘_E O.4r detector 4 ji .
? ¢ |9 — detector 5 ; §
% 4 o2l — detector 6 -0.6
. 2 TE — detector 7 08¢
=, L detector 8 1= PR PRI T T - 0
1 . . 2 4 6 8 10

2

4 energy (keV) S/

3
energy (keV)
TAUP 2025, Xichang (China) 24—30 Aug 2025

6 8 10
energy (keV)
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ANAIS-112 vs DAMA/LIBRA

\ “é”‘ ‘
2

il
Lightin the PMT
(asymmetriclight-sharing)

N Scintillation (bulk) light
X1= Area(from 100 to 600 ns)=Area(from 0 to 600 ns) g\/
X2 = Area(from 0 to 50 ns)=Area(from 0 to 600 ns)
1= (G -X) Standard analysis (4) - New parameters (11)
ES = = ! ES > 0.54 (0.60) in 1-3 (3-6) keV XSO nsA(D) DX _ nphey — nphe,
2 PSSy DT mmoms ey AR S e nphe
— Background.—— Ons : ons  AC) pheg + nphe,
o - 1.2 . xns
T N T e : p _ ZiAits D cap. = 2ons A x = 50,100,200,300,400,
T ' L PTOYA Mo g T yimar g py 500, 600, 700, 800 ns
| g : _J
0.8 - ..
. Boosted Decision Tree (BDT)
;g 0.6
% 8 10° E . Neu 1 L
0.4 - E E """'".,_._ 1'2 keV Bkg C 2
’ 10°s = « Blank 08— ©
: O DAIVIA ph2 1035_ N\, % L C: ‘ — detector 0
2] A DAMA ph1 P S
j e ", L moah e
e | o bRl oo
el W T AvAvauemaph CI
(JINST 7 P03009 (2012) LT e T ey (kevjé
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ANAIS-112 Data-taking overview

ANAIS—112 accumulated exposure

0T T T e |
e dato ‘ek <y - - E from Aug. 3, 2017 to Aug. 17, 2023

600
500

400

300[ 02

Exposure (kg x y)

200

|IIII|TTIT

100

DOwn .
tln‘je
(Ene (2 7%)

8y Calibrations)

1 1

I | 1 I

] ] i
R R B T Lo

1 1

7000 1500 2000
Days since Aug. 3, 2017

 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)
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Stability checks

Event selection efficiency stability
109Cd calibration and
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Considering independently

(e=<e>)/<£>

3 220~
3 [1-8] keV | 200~ [1-8] keV
2 180
3 M 160
3 o=0.13% || ¥ o=030%
3 120
3 100
3 80F
B 80—
E 407
. J
~004 002 0 002 004 0=%6a oz 0 00z 004
(e~(e))/e) (e<eN)/(e)
180 ‘r[
:Z DAMA/LIBRA-phase2 reports a similar
“:;2 spread o = 0.30% in [1-8] keV
;?80
60
40 | R. Bernabei et al., Prog. Part. Nucl.
2 '1 Phys. 114 (2020) 103810

: : 16
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Annual modulation analysis strategy

Focus on model independent analysis searching for modulation
=» In order to better compare with DAMA/LIBRA results
use the same energy regions ([1-6] keV, [2-6] keV)

Fix period 1 year and phase to June 2"

=> Simultaneous fit of the 9 detectors in 45-day bins. Chi-square minimization: y? = ¥;(n; — ui)z/aiz, where the
expected number of events u; for detector d in time bin i is given by:

pi,d = [Ro,a(fdg ) 4 (1 = fa)Psiat(ts)) +]MdAEAt

~~

PRL 135, 051001 (2025)

—~ 6 . .
%J 5.5E [1-6] keV MC bkg model — . MOdPIatlon signal
'\é 4_2 for every detector | [o ¢ (fixed period and phase)
~-D2
5 o C background
. ~D4
g s 05 onstant ackgroun 19 free parameters: Ry 4, fa, S
= 25 ros (DM and residual noise) ‘
o9 12 —
=SS E
< 0 1000 2000 3000

days after August 3, 2017 (days)
M. Martinez, CAPA (U. Zaragoza) TAUP 2025, Xichang (China) 24—-30 Aug 2025



PRL 135, 051001 (2025)

Annual modulation results with 6 years

B DAMA/LIBRA
oo ® ANAIS-112
ANAIS-112 rejects the DM origin of the DAMA/LIBRA modulation signal at ~ 40 C.L. . 0'15 B COSINE-100
e ~ . .
(@)]
[1-6] keV Null hyp y2/ndf: 451.34/423 [p,_=0.164] £ ooos o .l. oo
= _ Q
5 det Ipm=0.544 Mod hyp y2/ndf: 451.31/422 [pva|=0.156] é‘(b. 0 *+ { 30
= c _ ] 40
‘SE Sy = (-0.0004 + 0.0025) (cpdkglkeV) 2 Oz‘z: 5¢
5 :_+ det 1 [p-val=0.545] 3.6 : det 5 [p-val=0.115] \_é ‘ _— .
- 34 ¢ -0.015
45 32 E— . 0.02
> E > 3E + -0.
g E ' ' 3k [1-6] keV  [2-6] keV
E" 28 * det 2 [p-val=0.243] E E det 6 [p-val=0.161] )
g 26 3 °F Results well in agreement
— (=3 L
= 241 o el with projections:
g ek det3pval0963 | & 3 N sot7 (pval=0259] 2017 2019 2021 2023 2025 2027
35 - 25 ; [1-6lkeV Gy result
- - — 5 \ ,__/"'
35 - det 4 [p-val=0.004] 25 det 8 [p-val=0.372] 5' 4 !
: gy N 21
ﬁ' S 5{50‘ L 'mlm' o "Jaloul o '2[]:{]0 | lj_ — ‘5{50‘ — ‘1DLD'EI‘ — ‘15}.]0‘ — ‘ZD:EID 1 ESUIt
K days after August 3, 2017 (days) days after August 3, 2017 (days) / R T T R

. ) ) real time (yr) LO
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PRL 135, 051001 (2025)

Modulation amplitude vs energy

1o
20
0.04 36
—— ANAIS-112 Single-hit
—— DAMAJ/LIBRA-phase?2
0.02 +++ +

-0.02

S,, (cpd/kg/keV)

-0.04

-0.003F- ANAIS-112 Multiple-hit
0 5 10 15 20
energy (keV)

S, (cpd/kg/keV)
o
|III|III|III!III|III|II
+-

-0.06

I
0 5 10 15 20
energy (keV)
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toyMC study of systematics

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

PRL 135, 051001 (2025)

B 0% eff var
2% eff var
5% eff var
10% eff var

-
I

[ [1-AlkeV - [ ElkeV

=» Including variations in efficiency around mean value

counts/bin {a.u.)
=
==
T

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

=
b= !
T T | LI T
counts/bin (a.u.)
= =
i =
T T 1T T

=
i
T

* The y? distribution point at efficiency fluctuations ... ANAIS 0oF
well below 2%, which do not compromise the - I F
. g 1] 0
5|gn|f|cance of our result 001 0 0.01 smuﬁgsdfkgfkee'f'? 300 350 400 450 500 550 600

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

= Introducing an annual modulation or antimodulation observed in our efficiencies

M. Martinez, CAPA (U. Zaragoza) TAUP 2025, Xichang (China) 24—-30 Aug 2025
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ANAIS-112 Open data

ORIGINS

Excellence Cluster | HE DARK MATTER DATA CENTER

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

ANAIST12-6years Available Resources

Resource

Event Data

Description

Experimental event data in counts/keV/kg/day (corrected by efficiency
and live time) in 45 days bins.

One CSV file for each detector DO-D8 for for [1-6] keV energy region,
another for [2-6] keV energy region and one more for [1.3-4]keV.

Format:
bin_center(days), events(counts/keV/kg/d) , error(counts/keV/kg/d)

Simulated Background

MC simulated background in counts/kg/day for every detector D[0-8] in
energy regions [1-6] keV, [2-6] keV and [1.3-4] keV in 15 days bins.

Format:
bin_center(days), events(counts/kg/d).

Efficiency vs energy for every detector(0-8) from 1-6 keV.

Efficiency Format:
bin_center(keV), efficiency, error.
Live Time Live time in days for every 45-days bin

M. Martinez, CAPA (U. Zaragoza)

Chi2 Minimization (RooFit)

Fitting Root macro (RooFit).
ROQT Version v6-20-00-rc1

Perform the chi2 minimization according to arXiv:2502.01542 equation (2).
output: figures (5), (6) and (7) of the supplemental material

Usage:
allZmodFit(int enel, bool useMC=1)

Input parameters:

enel, enekE: initial and end energies. Possible valuves:

(1, 6) -> fit [1-6] keV (figure 5, supplemental material). (2, 6) -> fit [2-6] keV
(figure 6, supplemental material). (1.3, &) -> fit [1.3-4] keV (figure 7,
supplemental material)

useMC: background model

1(default) -> use MC background model (equation 2) 0 -> use single
exponential approximation for background (this result is not included in
arXiv:2502.01542)

TAUP 2025, Xichang (China) 24-30 Aug 2025

13



Livetime (years)

Combined analysis ANAIS-112 & COSINE-100 (3y)

300
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100

= 700F i
X - 4 datia 1€1€2° g\/
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=3 - (3¢ 9% a oY e
o 500F NGV s
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Residuals (cpd/kg/keV)

Exposure (kg-years)

oo 16T keV f\ﬁf\'gigo ii?:ﬁijsiglpm
oo 4 U4t i Wi
oo M* wﬂ H+#w\mf JWM WWWWw ! ﬁ W

Modulation (cpd/kg/keV)

1 1 | | 1 1 1 1
200 400 600 800 1000 1200 1400 1600

0.0

0 012 ¥ L | ¢ DAMALIBRA COMBINED 3 years DATA

.00 | [ s et | s incompatible with

[ % { { © MM DAMA/LIBRA’s DM
0.000 - Iii . I 30 ] )
20 interpretation of annual

OO .. modulation at 3.7c ([1-6]
—0.010 .

keV) and 2.60 ([2-6] keV)

—0.015

[1-6] keV  [2-6] keV

S 0015
i ¢ DAMA/LIBRA
. S 0.010 4 ¢ COSINE-100 6y
Work in progress to S ooos [ s Awszey 00
combine data for total ¢ °™ fiy =i 0«\‘6\“3
e s . 8 -0.005 2 C
statistics + systematic £, ,, - o PR
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Impact of the hypothesis of different quenching factors

ANAIS-112 rejects the DM origin of the DAMA/LIBRA modulation signal at ~ 40 C.L.

But this is true for a direct comparison in electron-equivalent energy

For candidates interacting with the nuclei (i.e., standard WIMPs) the light produced by the nuclear recoil is
quenched, and the quenching factor (QF) may be different in ANAIS and DAMA — DIFFERENT ENERGY SCALE

_ signalyg/keV

F(E) =
QF(E) signalgg [keV

Up to date there is not a theoretical model to describe the QF and the energy dependence.

The QF has to be measured experimentally to correct the energy scale

M. Martinez, CAPA (U. Zaragoza) TAUP 2025, Xichang (China) 24—-30 Aug 2025
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QF measurement ANAIS-112 vs DAMA/LIBRA

~

252Cf calibration

Er = Edet/QF

C R
N\

Hypothesis: constant QF
Spectrum fitted to:

E E
Y (Eger) = oNaGna (=) + g Gy (=22
dNa qi

Gx(Eg) = exp(a; xE + az xE3 + a3 xEg
SOOOODK

250000 F

w.)

Result:
(2175161 = :3()(y6
C?Is} = 9%

200000 (',

150000 "

Number of counts {a

100000

50000

0 L - ';.'t'"r--u-- J PN
0 10 20 30
E(keV)

\ Phys. Lett. B 389 (1996) 757_769

M. Martinez, CAPA (U. Zaragoza)

-~

Phys. Rev. C 110 (2024) 014613

* Compatible values for the 5 crystals

* Noticeable differences for Na-QF foy
different energy calibrations
(Nal non-linearity)

* Lower QF than DAMA/LIBRA
measurement — DIFFERENT

\__ ENERGY SCALE

Measurements @ TUNL (Duke Univ.)
5 different Nal(Tl) crystals (ANAIS &
COSINE) in the same setup

Collimated, quasi-monoenergetic neutron beam
|

/
Backing detmms‘ [
/

~500-nm LiF layer on 0.25-mm aluminum

+2.3-MeV proton beam

HDPE collimator '

Close-geometry backing detector

35 =
| --DAMA 1996 + ANAIS(1) * ANAIS(2) + ANAIS(3)
30 fememmemeecmecessescecsessssesssscessesasessaad

25

Na Quenching Factor (%)

L L L I s | L 1 I
20 30 40 50 60 70 80
energy (keVNR)

;‘\o~ 4
< - -DAMA 1996 ANAIS
= 10
K R
S s
w
(=)}
£ 6
£
e 4
()
p== ]
g 2
]
1] M W T - ——— J
20 40 60 80

Energy (keVnr)
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ANAIS-112 constant QF hypothesis

6.7 — 20 keVnr

= 30 H----------.-.____________.I Sodium QF I
g F - -DAMA 1996
(0]
i 26— + ANAIS(1)
% - $ ANAIS(2)
s 20 i + ANAIS(3)
3t it H
15 |— t
1 ] 1 1 1 1 1
0 10 20 30 40 Energy (keVnr)
06121824 3 5 5 Energy (kevee) DAMA
. . ANAIS[L.3-4] keVee .
K 04081216 2 4 § Energy (kevee) ANAIS
4 22.2 — 66.7 keVnr
12¢
g o --DAhlA1996 ANAIS I lodine QF I
5 Foeeeee-. ..
S 8
L
e 8
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g 4
=]
a 2
¢ -~ Energy (keVnr)
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No modulation observed, sensitivity 4.40
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ANAIS-112 energy-variable QF hypothesis

Sodium data: (ANAIS(1)+COSINE-100) well fitted to a * lodine data: Linear hypothesis
Modified Lindhard model with two free parameters (pg, p1) 1
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ANAIS-112 energy-variable QF hypothesis
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ANAIS-112 variable Na-QF in [10-20] keVx:
Null hypothesis: ¥?/NDF = 2.95/3 (p-value = 0.4)

T. Pardo PhD thesis
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Modulation hypothesis: y%/NDF = 14.9/3 (p-value = 1.9%x103)
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Outlook

* ANAIS-112 rejects DM as an explanation of the DAMA/LIBRA modulation signal at ~ 40 C.L. for DM interacting with

electrons PRL 135, 051001 (2025)
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* ANAIS-112 strongly challenges DM as an explanation for the DAMA/LIBRA modulation signal for DM interacting with
nuclei, even taking into account possible QF effects
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Outlook

ANAIS-112 rejects DM as an explanation of the DAMA/LIBRA modulation signal at ~ 40 C.L. for DM interacting with
electrons

ANAIS-112 strongly challenges DM as an explanation for the DAMA/LIBRA modulation signal for DM interacting with
nuclei, even taking into account possible QF effects

Upcoming Nal experiments will enhance the exclusion of the DAMA signal as DM. new ANAIS+ project
(Nal+SiPM to reduce threshold). Combined ANAIS+COSINE total exposure results in progress.

Understanding the DAMA/LIBRA signal could be beyond our possibilities without direct access to their data
and analysis procedures, BUT:

expression of intent to INFN-LNGS to merge know-how, experience, and equipment among ANAIS, COSINE, and
SABRE collaborations for operating DAMA/LIBRA detectors:

* Direct search for modulation in same/different setup
* Independent measurement of DAMA/LIBRA NR quenching factors

OPEN SCIENCE IS A MUST

ANAIS-112 & COSINE-100 data freely available for downloading:
https://www.origins-cluster.de/odsl/dark-matter-data-center/available-datasets/anais (3+6 years data with scripts)
https://www.origins-cluster.de/odsl/dark-matter-data-center/available-datasets/cosine (3 years data)

21
M. Martinez, CAPA (U. Zaragoza) TAUP 2025, Xichang (China) 24—-30 Aug 2025


https://www.origins-cluster.de/odsl/dark-matter-data-center/available-datasets/anais
https://www.origins-cluster.de/odsl/dark-matter-data-center/available-datasets/cosine%20(3

Thank you for your attention!

Centro de Astroparticulasy
Fisica de Altas Energias
Universidad Zaragoza
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