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The ANAIS-112 experiment

Universe 4, 116 (2018), 1805.10486
Progress in Particle and Nuclear Physics 114 (2020)

@A/LIBRA experiment at LNGS uses ~250kg Nal(TI) as target and it has been
taking data for more than 20 years with a total exposure of 2.86 ton x year

2-6 keV

008 — DAMA/LIBRA-phasel (1.04 tonxyr); ; 3 — DAMA/LIBRA-phase2 (.53 tanxyr)

0.04 [

L A A oA A
Mo e i

-0.04 |

INE-UTA NN

B T
SN N TR TR N
KR Akl

—o]

Residuals (cpd/kg/keV)

Lol ‘ MR . Ll i Ll L Ll ‘ L L ‘ Ll
4000 5000 6000 7000 8000 9000
Time (day)

DAMA/LIBRA data favor the presence of a modulation with proper features
at 13.7¢ CL in the 2-6 keV & 11.8c CL in the 1-6 keV

~0.06 L

nea NOt compatible with the results of other much sensitive
” experiments assuming general halo/interaction models

— Q ANAIS’ goal is to confirm or refute in a model independent way \
the DAMA/LIBRA positive annual modulation result with the same target and
technique (but different experimental approach and environmental conditions)
at the Canfranc Underground Laboratory (@Spain) with 112.5 kg of NalI(Tl)

More details on the ANAIS-112 set-up here:
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The ANAIS-112 experiment

M3 years of analyzed data are compatible with absence of modulation and §
incompatible with DAMA/LIBRA with a sensitiviy >2.5¢0 in [1-6] & [2-6] keV
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— Q ANAIS' goal is to confirm or refute in a model independent way
the DAMA/LIBRA positive annual modulation result with the same target and
technique (but different experimental approach and environmental conditions)
at the Canfranc Underground Laboratory (@Spain) with 112.5 kg of NalI(Tl)
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The ANAIS-112 experiment

M3 years of analyzed data are compatible with absence of modulation and §
incompatible with DAMA/LIBRA with a sensitiviy >2.5¢0 in [1-6] & [2-6] keV
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Best fit incompatible with

DAMA/LIBRA at 3.9(2.8)c
for [1-6] ([2-6]) keV

I. Coarasa et al, JCAP11(2022)048
I. Coarasa et al, JCAP06(2023)E01
Soon in arxiv !!
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Sensitivity with 3 years data:
290 for [1-6] and [2-6] keV
.
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The ANAIS-112 experiment

X

April 27, 2024 @VIEWS 2024, Vienna

3 years of analyzed data are compatible with absence of modulation and
ncompatible with DAMA/LIBRA with a sensitiviy >2.5¢0 in [1-6] & [2-6] keV
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Sensitivity with 3 years data:
290 for [1-6] and [2-6] keV
.
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Reanalysis of three-year
exposure using machine
learning techniques
recently released !!

*

I. Coarasa et al, JCAP11(2022)048
I. Coarasa et al, JCAP06(2023)E01
Soon in arxiv !!

50 sensitivity at reach
in late 2025 !!




The ANAIS-112 experiment
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The ANAIS-112 background model te

External components screening with HPGe at LSC
Detailed Geant4 MC simulation

for each detector including Internal activity directly assessed: 40K, 210Pb

Cosmogenic activity: short-lived Te and I isotopes,

3H, 22Na, 109Cd, 113Sn

@J. Amare et al., EPJC79 (2019) 412
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The ANAIS-112 background model

External components screening with HPGe at LSC
Detailed Geant4 MC simulation

for each detector including Internal activity directly assessed: 40K, 210Pb

gv

Cosmogenic activity: short-lived Te and I isotopes,
3H, 22Na, 109Cd, 113Sn

ANAIS-112 data

@J. Amare et al., EPJC79 (2019) 412
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The ANAIS-112 background model

External components screening with HPGe at LSC
Detailed Geant4 MC simulation

for each detector including Internal activity directly assessed: 40K, 210Pb

gv

Cosmogenic activity: short-lived Te and I isotopes,
3H, 22Na, 109Cd, 113Sn

ANAIS-112 data
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mry low energy, main contribution to background
from internal contamination @Nal(Tl) crystal:
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The ANAIS-112 background model

Detailed Geant4 MC simulation Robust overall agreement

for each detector includin
2 Strong discrepancy in [1-2] keV

ANAIS-112 data
ANAIS-112 sim
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The ANAIS-112 background model

'@ Cosmogenic isotopes and 210Pb are decaying---

Our model predicts time evolution of the background
detector by detector and reproduce satisfactorily the
time evolution inside and outside the ROI
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The ANAIS-112 background model

MC model is used in the

'@ Cosmogenic isotopes and 210Pb are decaying--- '@ annual modulation analysis

Our model predicts time evolution of the background
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® weare revisiting the ANAIS-112 Geant4 model
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® weare revisiting the ANAIS-112 Geant4 model

The ANAIS-112 Geant4 model / «  3x3 matrix of 12.5 kg Nam

geometry has been extended ' cylindrical modules + PMTs
| . 30 cm lead
8 8 . Anti-Radon box @
000 . 40 cm PE/water @
. 16 anti-muon vetoes @
| ==
= ==
\ Cd109 calibration source /
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® weare revisiting the ANAIS-112 Geant4 model

The ANAIS-112 Geant4 model
geometry has been extended

geant4-v9.4.1 N geant4-v10.7.0

(2019) (2024)

—

-

Geant4 version has been updated
(physics models, decay schemes: )

—
<

Rate (c/keV/kg/dm

I | I | | | | | | | | I | | | | | | |
500 1000 1500 2000

: o energy (keV)
Same contaminations

Differences in [100-300] keV caused by the
N contribution from natural chains @PMTs

Tamara Pardo Yanguas 5
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® weare revisiting the ANAIS-112 Geant4 model
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The ANAIS-112 Geant4 model S ossE —
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Geant4 version has been updated 3 et
. 0.65F
(physics models, decay schemes: ) % SN S
' . o ' energy (keV) . . .
o= Trigger efficiency Coincidence definition

Effort to ensure that simulations
take into account the experimental
characteristics of ANAIS DAQ
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to
six-year exposure, a series of improvements are being implemented

%
® weare revisiting the ANAIS-112 Geant4 model

The ANAIS-112 Geant4 model
geometry has been extended

New filtering protocol based on

machine learning techniques
-

Geant4 version has been updated
(physics models, decay schemes: )
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® weare revisiting the ANAIS-112 Geant4 model

The ANAIS-112 Geant4 model
geometry has been extended

Enhancement of the
calibration strategy
(LE, ME & HE)

New filtering protocol based on
machine learning techniques
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® Wweare revisiting the ANAIS-112 Geant4 model

Multiparametric fit to the different

components @ANAIS background

WORK IN
PROGRESS
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to EER
six-year exposure, a series of improvements are being implemented PROGRESS
¢ . @ﬁ
® Wweare revisiting the ANAIS-112 Geant4 model
Multiparametric fit to the different
components @ANAIS background
” /9 crystals (K40, Pb210, Th232, U238, U235, 3\
5 Na22, Cd109, Sn113, I's,Te's)
o
( /\ 18 PMTs (k40,Ra226,Th232,U238,U235)
2]
-
O
i Others: 9 Cu housing, 18 SiPads, 18 Quartz
Q windows (K40, Ra226, Th232, U238)
= + Air inside the shielding (Rn222)
@ QRoman Lead (Pb210) /
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® Wweare revisiting the ANAIS-112 Geant4 model

’ Pdf for each det is built taking into account the
contribution from itself and from other sources

Multiparametric fit to the different

components @ANAIS background
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The ANAIS-112 background model

In order to perform the annual modulation analysis corresponding to -
. 0 . . 0 WORK IN
six-year exposure, a series of improvements are being implemented PROGRESS

%
® Wweare revisiting the ANAIS-112 Geant4 model

’ Pdf for each det is built taking into account the
contribution from itself and from other sources

Multiparametric fit to the different
components @ANAIS background Need to valorate

: 10° ¢ :
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PROGRESS feasibility !! 10 i T
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The ANAIS-112 experiment %gfy
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Can DAMA/LIBRA result be directly compared to ANAIS result?

ANAIS & DAMA use the same target material, NaI(Tl), and are
-‘/ calibrated with gamma sources ———— direct comparison in

keVee(*)
y (*) keVee: electron-equivalent ke>

o
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Can DAMA/LIBRA result be directly compared to ANAIS result?

ANAIS & DAMA use the same target material, NaI(Tl), and are
-‘/ calibrated with gamma sources ———— direct comparison in

keVee(*) @ 'NR
L
Q F __ LNR

y (*) keVee: electron-equivalent ke>
LER

0. In a scintillator, an electron recoil (ER)

produces much more light than a nuclear
recoil (NR) of the same energy
e
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ANAIS & DAMA use the same target material, NaI(Tl), and are @ = ,‘;;f
/" calibrated with gamma sources ———y» direct comparison in
keVee(*) @ AR ’i,;,e
G
(*) keVee: electron-equivalent ke> & 250 o
$ 0 ot
§ 150}
. 100 —
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\ %‘g 5000 — QF=0.05 )
In most of the models, DM is supposed to produce NR S 4000 —oRoor g
@ ~—— QF=0.09 ~
Experiments must be compared in the NR-energy scale, @ 3000

which requires a precise knowledge of the QFs ‘ 2000 -

A 1000
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Can DAMA/LIBRA result be directly compared to ANAIS result?

O\O 50 L DAMA 1996 Spooner 1994  + Tovey 1998  » Gerbier 1999
:/ | m Chagani 2008 4 Collar 2013 v Xu2015 * Joo 2018
i
O 40—
o
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D) B0 e T -
-g i l + bl “I ¥
N *

S 20 I L *y.:? hl-p ' T
S e T
S 10 *
z
Z O Lo | | I L | R

10 10

energy (keVNR)

QFNa,DAMA =0.3

Decreasing with energy

Still too many uncertainties in the QF values
and energy dependences for Nal
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Can DAMA/LIBRA result be directly compared to ANAIS result?

g 50 L DAMA 1.996 Spooner 1994 + Tovey 1998 ¥ Gerbier 1999
Z“(J\'I :@:' *§ 40
'% N L - l
AN g')\- o T Ao
& | AR R LR
* - S B l N L
Determining the c 20 ! ilr by B T
L QF is crucial to 5 w0 ! “f LA |
(= support the direct s
2 1N : Z T | ! ! L]
model independent 0 B e
testing of energy (keV )
DAMA-LIBRA,;
systematic QFnopava = 0.3

Neutron interactions are
relevant for a DM experiment
because they produce NR of

the target nuclei as WIMPs do

Decreasing with energy

Still too many uncertainties in the QF values
and energy dependences for Nal
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Can DAMA/LIBRA result be directly compared to ANAIS result?

oy o QF determination for ANAIS-112 crystals is ongoing:
:@I g . i two approaches are followed in parallel

Determining the

Y QF is crucial to o, small size : ANAIS
;@Ib support the direct @} Monochromatic 252Cf crystals
o model independent o not heutron T
testing of ANAIS POREES greater reliance @
DAMA-LIBRA; crystals on MC model
systematic

Multiple scattering is one of the most relevant differences

]
I
I—
N 4
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Neutron calibration program

Monochromatic
neutron
source

In collaboration with Yale (from COSINE
collaboration) and Duke researchers @ TUNL
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Neutron calibration program

Monochromatic
neutron

source 20
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@ The Na-QF derived from the
different energy calibrations
considered are not compatible

D. Cintas. New strategies to improve the sensitivity of
the ANAIS-112 experiment at the Canfranc Underground
Laboratory. PhD Thesis. Universidad de Zaragoza, 2023

Q arXiv:2402.12480




Neutron calibration program
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Neutron calibration program

@ The Na-QF derived from the
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Neutron calibration program

Eight calibration runs since April 2021 using a 252Cf neutron source
at different positions in the ANAIS-112 set-up
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Neutron calibration program

Eight calibration runs since April 2021 using a 252Cf neutron source
@ at different positions in the ANAIS-112 set-up

+Sm A @ June

time>
s \/

@ December
© &

On-site neutron
calibrations can be an
important cross-check!!
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Results on the quenching factor

Our aim Determine the QF for our crystals by a precise quantitative
comparison between measurement and simulation
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Results on the quenching factor

Our aim Determine the QF for our crystals by a precise quantitative
comparison between measurement and simulation

Modeling the Na-QF and [-QF for Na and I recoils is an essential input for these simulations
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Results on the quenching factor

Our aim Determine the QF for our crystals by a precise quantitative
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Results on the quenching factor

Our aim Determine the QF for our crystals by a precise quantitative
comparison between measurement and simulation

Modeling the Na-QF and I-QF for Na and I recoils is an essential input for these simulations
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Eee = QF X ENR

Large ANAIS-112 crystals exposed to fast
neutrons show rates at low energy dominated
by multiple scattering

Nuclear recoils produced by the elastic
scattering of the neutrons are dominant are
dominant up to 50 keVee

11




Results on the quenching factor
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Results on the quenching factor
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Results on the quenching factor

B

Comparison between data and

simulation with QFNa(E) and QFNacte

data
Em—— simulation result using
constant QF, .=0.21, QF =0.06

simulation result using
L energy dependent OFNa(E), QFI=0.06

N
5
> 10°]
=
>
()
S
8 L
_9 |
©
oC
102§
1

April 27, 2024 @VIEWS 2024, Vienna

> 3 4 5 6 7 8 9 10
energy (keV)

Rate (c/keV/kg/day)

Tamara Pardo Yanguas

10

IIHII‘

data
I simulation result using
constant QF, .=0.21, QF =0.06

simulation result using
I energy dependent QFNa(E), QFI=0.06

10 20 30 40 50 60 70 80 90 100
energy (keV)




Results on the quenching factor

B

Comparison between data and

goog agreement !!
. . . s |
simulation with QFNa(E) and QFNacte Fitting has not been attempted (yet)! J) ™\

WORK IN
PROGRESS
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9’ QFNa(E) provides a robust agreement 9’ QFNa(E) seems to be favoured over QFNacte !!!
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The ANAIS-112 experiment
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The ANAIS-112 optical simulations %@%

@ Optical processes play a fundamental role in the building of the detector signal
@
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The ANAIS-112 optical simulations

@ Optical processes play a fundamental role in the building of the detector signal
@

Understand the
pulse shape
characteristics of
light signals with
different origin
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The ANAIS-112 optical simulations

@ Optical processes play a fundamental role in the building of the detector signal

total trigger rate dominated by
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pulse shape
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light signals with
different origin
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The ANAIS-112 optical simulations

A MC simulation using the unified optical model of GEANT4 package has been developed and it is
being applied for simulating the detector response to specific components of the background

collection
J enirgy i absorption ionf,::s slt\/loTtons
eposition -
- > photocathode
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The ANAIS-112 optical simulations

A MC simulation using the unified optical model of GEANT4 package has been developed and it is
being applied for simulating the detector response to specific components of the background
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Q’ By including the LC and the SER of the ANAIS-112 PMTs, the detector output signals are also
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The ANAIS-112 optical simulations

A MC simulation using the unified optical model of GEANT4 package has been developed and it is
being applied for simulating the detector response to specific components of the background

@ Some results have been obtained (ongoing)
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The ANAIS-112 optical simulations

A MC simulation using the unified optical model of GEANT4 package has been developed and it is
being applied for simulating the detector response to specific components of the background
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The ANAIS-112 optical simulations

A MC simulation using the unified optical model of GEANT4 package has been developed and it is
being applied for simulating the detector response to specific components of the background

@ Some results have been obtained (ongoing)
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Better description of the
PMT geometry and the optical
properties of the detector
components
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TO SUM UP t

Currently, many efforts trying to provide an independent confirmation of DAMA/LIBRA signal with the same
target. ANAIS—112 and COSINE—100 in data-taking. ANAIS—112 is taking data in stable condition at LSC since
3rd August 2017 with excellent performances. Up to now it has accumulated more than 660 kgxy exposure.

Sensitivity improved with machine-learning techniques. ANAIS—112 observes no modulation and discards
DAMA/LIBRA DM interpretation with ~ 30 sensitivity in [1-6] keV ([2-6] keV). For the first time, a direct
test (i.e. model independent) of DAMA is at reach with >30 sensitivity. 50 sensitivity in late 2025.

The Geant4 package is a toolkit used in several analyses performed within the ANAIS-112 experiment:
background modeling, quenching factor estimation, and optical simulations. The background model of the
full ANAIS-112 experiment is currently under revision and upgrading. Regarding QF, QFNa(E) provides a
robust agreement and seems to be favoured over constant QF when comparing data and simulations.
Furthemore, a MC simulation using the unified optical model of GEANT4 package has been developed.

ANAIS-112 annual modulation analysis corresponding to six-year exposure is underway.
New results will be released soon !!

POPC
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Neutron calibration program

Seven calibration runs since April 2021 using a 252Cf neutron source

@ at different positions in the ANAIS-112 set-up
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Neutron calibration program

Seven calibration runs since April 2021 using a 252Cf neutron source

@ at different positions in the ANAIS-112 set-up
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Neutron calibration program

Seven calibration runs since April 2021 using a 252Cf neutron source

at different positions in the ANAIS-112 set-up
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Neutron calibration program

Seven calibration runs since April 2021 using a 252Cf neutron source

at different positions in the ANAIS-112 set-up
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Results on the quenching factor

Our aim Determine the QF for our crystals by a precise quantitative
comparison between measurement and simulation

The ANAIS-112 Geant4 model has been extended for simulating the neutron calibration
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Results on the quenching factor
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Results on the quenching factor
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Results on the quenching factor
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Results on the quenching factor
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Results on the quenching factor
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3-year annual modulation analysis in 1.3 — 4 keV

Null hyp ¥%ndf: 968.31/963 [pml=0.446]
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preliminary

> Qu, = 0.30 in DAMA/LIBRA
> Q. = 0.20 in ANAIS—112

DAMA [2 — 6] keV — ANAIS [1.3 — 4] keV

Best fit modulation amplitude S,, = (—0.0019 + 0.0050)
counts/keV/kg/day compatible with zero at 1o

Best fit incompatible with DAMA/LIBRA at 2.4

Sensitivity with 3 years data: 20
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Annual modulation with new analysis

Following

PRD103(2021)102005
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 10-day bins. Chi-square minimization: y? = ¥,(n; — u;)%/o?,
where the expected number of events y; for detector d in time bin i is given by:

Hiag = lRo,d (1 + fd¢éwk%,d(ti)) + S cos(w(t; — to))] MqAEAt
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Annual modulation with new analysis

Following

PRD103(2021)102005
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 10-day bins. Chi-square minimization: y? = ¥,(n; — u;)%/o?,
where the expected number of events y; for detector d in time bin i is given by:

d¢%<%,d (ti)) + M4AEAt

Decaying background, modeled by MC Modulation signal

(fixed period and phase)

)]

( Sl
PRGSO R N

Constant background
(long-lived isotopes
and residual noise)

[1-6] keV MC bkg model _
for every detector| |

ot 19 free parameters: Ry 4, f 4, S

N
[6))

—_
L O N

Phicg.a (cpd/kg/keV)

O
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———  Nuclear recoil spectrum fﬁ for Na, m,=10 GeV/¢*

Stiegler Rol
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