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ANAISHZEXPERIMENT R e )
s RELEVANT EXPERIMENTAL FEATURES AND PERFORMANCE

ANNUAL MODULATION RESULTS FORTHREE YEARS g

PRESENT STATUS AND PROSPECTS: J . _



Analysis of signatures of DM parficle interactions
are key for a posifive result

Experiments have to be shielded against all possible backgrounds and
profit from passive /active bekg rejection techniques

! s ® Requirement of very sensitive & radiopure particle detectors
*}' o DM parficles interact (although weakly) with ordinary matter with unknown
couplin e

Umin



~ Annual modulation in dark matter inferaction rate

ﬁ—i ;I)A)-y&.-"LI;BRA:rphasét'-z (153 t(r;ui:x:iyrp f l f l f l
' : arXiv:2110.04734

0,07 : i : i ] : | : i : | : i : i : i : i ; 1 ; 1 H H 1
; Ty ' Pk : : ' : T i ; o T : ' PR : L i i i

l I)A}'I%'&.-'IIBRA—phasél (1.04 tolilxyrj}i—g—i)

Residuals (cpd/kg/keV)

.5‘{}_;_, - 5,-...!_;,_- COSW ':f — ip :'

t,=154.2 days

200 300
days since ' Jan

Umax

Relative velocity Earth ~halo changes along the year dR o My, f f(v) .
- — OwN dv

S(Ep,t) =—— =
( R ) dER memﬁ/N
v



| -ANNUAL MODULATION RESULT PUZZLE

"OTher very sensmve expenmen'rs do not huve uny hint on DM m’reruchons -> Strong tensmn even &
'ussumlng more generul hqu/ln’reructlon models BUT MODEL DEPENDENT s

| Same target and same signal would
| reduce most of the uncertainties und
B model dependenues AR
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S T R o Direct DeTechon of Dark N\uﬂer APPEC CommﬂTee Report
WIMP mass [GeV/c?) w10 07634 R R e




COSINUS LNGS Bolometer Nal, Nal(T1)

CINDAMTAKNG  Nex akby R Muruvomu N DATATAKING
- N25kg - ——_ fAB'j_E(LNGS)A_ e 61,3k (effec’nve muss) |
-~ Since g 17 /" EEEEEE 2 - ] \ Since Sepﬂ6 |

PICO LON _
(Kamioka) 1B

Experiment Laboratory Technology Target
DAMA /LIBRA LNGS Scintillator Nal(TI)
ANAIS-112 LSC Scintillator Nal(Tl)
COSINE-100 Yangyang Scintillator Nal(TI)
SABRE LNGS,Stawell Scit or Nal(Tl)
PICOLON Kamioka Scintillator Nal(TI)

 Direct Detection of Dark N\aﬁer APPEC Commlﬂee Report
arXiv:21 04 07634 -



AnnuoI modulonon wrrh NoI

N - Scintillotors
B . Confrrmonon of DAN\A LIBRA modulonon srgnol > same torge’r ad |
gl gl ’rechnrque / different experimental opprooch / drfferent envrronmenrol
A | condrnons oﬁecnng sys’remotrcs o

. . M Confronc Underground Loboro’rory, @ SPAIN (under 2450 m. w e )
’rokrng dat srnceAugus’r 20_7 | Sl e

= . 3x3 matrix of 12.5 kg cyIrndncoI modules = HZ 5 kg of octrve moss
grown @ AIpho Specrro nc. i P

vl . HE Pl\/\Ts coupled or LSC cIeon room
. ' . DATA ANALYSIS ROI BLINDED




Relevont experimental featress ~—~— [JPY]

24 K ‘°9Cd SourCes on erX|bIes wires in Rodon free cohbrohon
2 Y system for 5|mu|mneous collbrohon of the nme modules |

. ExceIIent Ilgh’r coIIectlon in oII the nine modules ~ 15 D6 /keV .
(]2 7 ]5 8 p e/keV) 9 7/9 modules between 14 Oond 15. 0 p e/keV'-

Lorger ond more homogeneous Thon Thot of DAN\A/LIBRA modules



: Relevun’r experlmen’ml feu’rures

b A_,H

ANAISHZsetup T y et - A — |

e 10 m archueologlcol Ieud
o 20 cm low acfivity lead
“ Tight box preventing Rudon entrance I
16 plostic scintillators acting as muon veto system i
e 40 (m polyethylene / Wuter | |

o

:'-'ANAISHZ -
~ eIndividual PMT signals digitized ond fuIIy processed

- (14bits /265/s)
- -Tngger af p.e. level for euch PMT + Log|cal AND

 coincidence in 200ns window
3 -RobusT/ Low nmse/TesTed th prewous pro’roTypes |






'*?‘j-*ff - Coribingtion o penodlcal extemal callbrahon using 10°(¢ (880 :
~22.6.and 11.9 keV) every two weeks and “°K and 22Na |n1ernu| .
contamination background ||nes (3 yi und 0.9 keV) every 1. 5 |
~months S | e

e ™ - R0 callbrdted with 226 119 320nd 0. 9 keV

Gl the RO vith ighacurgy £

| Even’rs @ROI from K
8 and 2No selected by
§ the coincidence with o

| HE gamma masecond
| module ot |




Blmd unu|y5|s strutegy

. ] (s|ngle hlt) events in the ROI (1 6 keV) kep’r BLINDED from beglnmng

. "M2 in the RO und - cullbruhon even’rs used for flne tumng unuIyS|s und determlnu’non of
e efﬁuenues qung ’rhe first yeur | | L 0

o 'U"bl'"d'"g 1 '0% .'_(30;d'0YS -rﬂndomzly_ Chosen) -._Of The first yeurfor buck-gr'ound ussessméﬂf o R
B genra prfornnce: » ) EVENTS SELECTION CRITERIA from ’rhe flrst

Ee s _ Am“reet ., EPJU() (20]9 228 |  year analysis are kept for subsequeni analy5|s
T S UPDATlNG EFFlClENClES .




| - Slngle 1li events | R |
-8 EvenTs orrlvmg more than 1 second oﬂeru muon mTeruchng |n The veTo system -_

_ Ourmgger raTe is dommoted by evenTs non- compohble WITh bulksclnnllanon

-l . Tlme behawor companble WITh Nal scmhllunon consTunT blpuromemc cu’r ,

y . nghT shoring between The 2 PN\Ts companble WITh bulk scmhllonon number of"'
peoks >4 ot each PN\T | . A < e




~ Events selection procedure developed beforeunblinding :

Geneulprfrmnc; . Robust esfimate of The efhuencles usmg ‘09Cd / 22Na and 40K events BEFORE
g . Amaré et al., EPIC79 IS UNBLINDING / upduted for the Three yeers ene|y5|s | S
(2019) 228 R |

B Row dafa e
| I Nal scintillation time behaviour/biparametric cut [
1l Npeaks >4 at both PMTs

Rate (c/keV/kg/d)

B B Single Hits:




§ General performance: [ Robust eshmoTe of The eﬁluencles usmg ‘09Cd / 22Na and 40K events BEFORE
~ PENEEHI AR UNBLINDING / updated for the three years un0|y5|s | .
(2019) 228 o Choice of analysis threshold > TkeV | _
SoE LT T e Worklng on muchlne Ieurmng ’rechmques toi |mprove re|ect|on
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- Events selection procedure developed before unblinding :

 Efficiency and calibration stabilty checks using OK ond 22Na populations

“K (M2) [2-5] keV | §
rate = (0.091:0.001) (cpd/kg/keV) :
¥/NDF = 114.5/ 109 [pval=0.34] | |

e i"!l' I |:|':' | i!!ii .'“ || III_!L i

2ol Constntfor 0K

_j?ifé“"Ar e

500 1000
days after August 3, 2017 B
2Na (M2) [0-2] keV :

= (0.117:0.002)exp(-t(1481:65) (cpdkglkeV)
Y2/NDF = 116.9 / 108 [pval=0.26]

Rate (cpd/kg/keV)

{ - Exponenhul decuy for 22Na >r— 1481 + 65d
e (vs1370d) B - R




~ Robust background model  PEETTNEITCEEE

. ROI bockground domrnored by me 40K ond cosmogenrc rsoropes
0s°H >hrgher Thon DAN\A/LIBRA .

K Good ogreemenr in all energy regions, but underesrrmored in
1 2 keV energy regron / Work in progress |

| energg rjjke\ffr -
- Comparison after unblinding three-years data
) Bockground model wosesroblrshed before unblrndrng |

M2 [1-6] keV | py _
ate = (0.053+0.003)exp(-t/(369+69)) (cpd/kg/keV) M1 [6-10] keV

¢*/INDF = 120.6 / 107 [pval=0.17] rate = (0.532+0.172)exp(-t/(1846+828)) (cpd/kg/keV)
y2INDF = 89.3 / 107 [pval=0.89]

o Qur modeI predrcrs rrme evolunon of rhe
 background detector by detectorand
reproduce satisfactorily the time

evolurron oursrde the ROI R s

ays ae August 3, 217 | _ gust 3, 2017

Rate (cpd/kg/keV)
Rate (cpd/kg/keV)




PHYSICAL REVIEW D 103, 102005 (2021)

Annual modulation results from three-year exposure of ANAIS-112

ths / /
hﬂps / /

N\ODEL INDEPENDENT ANALYSIS
~ Minimizing:

| 313 95 kg x y (95% Ilve tlme for the flrst three yeurs operuhon )

. Improved buckground modellmg
o (Checking of systematics and con5|stency of the

reSU“S | N | | | : | _. Ju{ — [RI:I(}E?EJEZ_EE;’ |Ef :' -+ x_.lg,l li'“-ﬂ: w EE; — E{] :' I']Jlli(jEAE
. S|mU|uT|on of MC pseudo expenmenTs fo unulyze bms L T
und checkmg sensy -, o;are number of events (and Poisson uncertainty) in-
men i ~10d bins corrected by live fime and efficiency 17



https://link.aps.org/doi/10.1103/PhysRevD.103.102005
https://arxiv.org/abs/2103.01175
https://arxiv.org/abs/2103.01175

ANAISHZ rhree yeers results unnuul modulurron unulysrs _'

| Three rndependen’r buckground modeIIrng procedures

- _'l Exponenrrully decuyrng buckground >1, f Ro free param..

" | - '- . .;' '  . T .. . o o e . Inn - '- » Hi = [R{] (,';"'r'.?.ﬂ:_s'.-g (1; ) + S;pcos(@(t; —tp) I].UAEAF | |
- 2.Probability distribution function derived from background model | ™ o
 Corrected by g factor f and a constant term-,_RO, bothfree -
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[1-6]keV
Null hyp x2/ndf: 131.97/107 [p_=0.051]

Mod hyp S_ = (-0.0045 + 0.0044) (cpdf'kg!ke\/)
x?/ndf: 130.91/106 [p,_=0.051]

M PR PR BT B
400 600 800 1000

2

[1-6]keV
Null hyp x/ndf: 143.13/108 [p_=0.013]

Mod hyp S_ = (-0.0036 + 0.0044) (cpdf'kg!ke\/)
Y?Indf: 142.46/107 [p,_=0.012]

N PR BT ST BRI B
200 400 600 800 1000

days after August 3, 2017 (days)

[2-6]keV
Null hyp y2/ndf: 115.73/107 [p__=0.265]

Mod hyp S_ = (-0.0008 + 0.0039) (cpd;kgfkeV)
¥*Indf: 115.69/106 [p__=0.245]

o

L l L 'l L I L L L I L L 'l I L
400 600 800 1000

!'-III|III

[2-6]keV
Null hyp y2/ndf: 120.79/108 [p _=0.189]

Mod hyp S_ = (0.0004 + 0.0039) (cpd;kgfkeV)
x*Indf: 120.78/107 [p,_=0.171]

2

o

500 400 600 800 7000
days after August 3, 2017 (days)




| ANAIS ] 12 rhree yeurs results unnuul modulurron unulysrs

Three rndependen’r buckground modeIIrng procedures G

-~ i} Exponenrrully decuyrng buckground >1, f RO free param..

| | . " Ui = [Ro®pkelti) + Smeos((ti —1o) ) ]MAEAr 3
2. Probubrlrry drs’rrrbu’rron func’rron derrved from bucquound modeI i o o e
. fcorrecred by a factor f and a constont ferm, RO, borh free

tf?rr rr,|_1+rc}ffrrf .

8]

[1-6] keV

(cpd/kg/keV)

.3 Probubrlrry drsrrrbu’rron func’rron for every detector ’ro uccount for
- possible systematic effects related with the drfferent buckgrounds
- and effrcrencres of the drfferent modules 2

6
5
5
4.5F
4
3.5
3
25

rate

—_—
[GHS]

1000 2000 3000
days after August 3, 2017 (days)

R



NuII hyp x?/ndf: 1075.81/972 [p

£4000F  detector 0 [1 - 64 keV
53800 ¥?Indf: 107.61/107
© 2600 [pvaI=U.465]

Va|=0,011]

Mod hyp x2/ndf: 1075.15/971 [p
S, = (-0.0034 + 0.0042) (cpd/kg/keV)

=0.011] Null hyp %2%/ndf: 1018.19/972 [p=0.148]

o " —~3000,
£4000F  detector 1 18] key detector 2[1-6]keV | £,500f detector 0[2-6keV | 2 detector 12 - 6] kev
o 2800 x*Indf: 107.14/107 | © x?Indf. 111.77/107 | 52800

¥2Indf: 162.71/107
‘ [p,_=0.000]

£a000F detector 3 [1 - 6] keV
o ¥¥/ndf: 1 2. 2 /107
32300 p 0.612]

days after August 3, 2017 (days)

detector 6 [1 - 6] keV
¥2Indf: 1 23 /107
0.147]

2400

10 days )

2200
]

200
L
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1600

0 200 400 600 800 1000

days after August 3, 2017 (days)

2indf: 1 107
‘ ., -o 056]

0 260 400 600 800 10IDD 0
days after August 3, 2017 (days)

days after August 3, 2017 (days)

L L
200 400 600 800 1000

—~2800
detector 4 [1 -6l keV | =

2)'n::if 77 /107 | <2600fF
[p,=0.727] | =

=2400F
a

£2200

2000p

1800

keV
107
p —O 707]

detector 3[2-6] keV | %1900

detector 5 [1 - 6] keV ey v2Indf: 1 90 /107
n

df: 143.49/107
[p, =0.011]

detector45 -6
2/ndf: 98.5

0

days after August 3, 2017 (days)

500400 6008001000

£2200F  detector 7 [1 - 6] keV | £1900
52100 x2/ndf: 1 23 /107 | ©1g00
22000 0.609] 31 700

detector 8 [1-6]keV | 2,,00k detector 6[2-6]keV | 2 detector?% 6] keV
¥?ndf. 132.03/107 | © ,Cfndf 9.98/107 | <1500 ?Indf: 89.90/107
. [p,=0.051] | =1600 [p,=0.672] Z 1400 [p,=0.883]

13000 260 460 660 BC-I'O 1'3.00 0
days after August 3, 2017 (days)

days after August 3, 2017 (days)

2[.30 460 660 860 10.00 0 200 400 600 800 1000 0 200 400 600 800 1000

days after August 3, 2017 (days)

days after August 3, 2017 (days)

Mod hyp y?/ndf: 1018.18/971 [p,_=0.143]
S,, = (0.0003 £ 0.0037) (cpd/kg/keV)

detector2[2 6] keV
¥%/ndf: 115.23/107
[p —O 276]

= detector 5 [2 - 6] keV
§1800 2Indf 1 1.70/107
21700 [p,, =0.003]

2 detector8[2 6] keV
© 1300 x2/ndf: 111.65/107
e} [p,, =0.360]

0 2(.‘.'0 460 660 8(.‘.'0 10.00
days after August 3, 2017 (days)




- ANAIS-_HZ ’rhreeyeurs TGSUhs—G""Uu\ moduld’rion unu\ysis :

. Du’ru support ’rhe ubsence of modulu’non in both energy reglons und three buckground
= models / All of them prowde computlble results S |

x“/INDF nuisance Sm

Energy region Model e
null hyp params u:.-[.n;'l,-"k}_;{..-"kc.-\-'

p-value mod p-value null
[1-6] keV 143.1/ 108 2 -0.0036+0.0044 0.012 0.013

[076/972 18 -0.00344+0.0042 0.011 0.011

[2-6] keV [20.8 / 108 2 0.00044-0.0039 0.17 0.19
10187972 18 0.0003+0.0037 0.14 0.15

. Results of the thlrd upprouch for bckg modellmg show sllghtly Iower cr(Sm)
expected is tuken for the compunson wﬂh DAMA/LIBRA R



- ANAIS-112 three years results — annual modulation analysis

B - Bést fits are incompoﬁble with DAMA/LIBRA
RPN (ol at 3.3 und 26c in [] 6] und [2 6] _
bt keV energy reglons i

207 sensitivity
exposure 3.0y
37 sensitivity

e owosre20y B Sensmvny s 012 5 und 2 7 c |n [] 6] und.
[1-6] keV  [2-8] keV/ B [2 6] kev energy reglons T |

o &= =
i = =i ==
n = | n = n [ ]

(cpd/kg/keV)
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Sensiﬂviyposect: ' |
g |. Coarasa et al,, EPJ79 (2019) 233
e We should be weII u’r 30 from DAMA/ LIBRA resul’r wnhln’_

the scheduled 5 years of data faking (due in August
2022) wnhout uny upgrude or unu|y5|s |mprovement

. FuII ugreemen’r wnh our ‘0 pnorl sensmvﬂy es’nmm‘es

| Smhshcal 5|gn|f|cance of our resul’r s determlned by the smndord
deviation of the modulation amplitude distribution, o(5m)

.We quote our SenSITIVITy to DAMA/ LIBRA result o as The runoS DA / c Sm s

~ We project our sensitivity with our Upduted buckground eﬁluency esnmﬂtes und- |
- its errors und ||ve Tlme dISTrIbUTIOH B IR U ST

real time (y)



- ANAIS- 1 ]2 ’rhree years resul’rs - unnuu\ modulu’non unu\y5|s
ConS|s’rency (hecks
A Tlme blnnlng > checked bln S|zesfrom5’ro 30 duys NegI|g|b|e eﬁect

b . 1 2yeurs/2 3 yeurs
Compuhble resuITs |

'._-Phuse free unu|y5|s B| e U
g oo I AN g B T g

\
bl || |
: | } A \ | | J i \ . N1 | !
; = i 260 LIS L AN A [l I\ A 2 N 2 | A A [ M\
. 1?* 0 ) ki "I'I,I' Wk \ ,"‘.'“ Vv | A [an w,-'\.,," \ \J | Ra! . u | AN U ’ul Wi~ \n M \ JI'I”| | A | | A fo
: - é— '- S 'Jl-} 0.01 0.02 0.03 0.04 0.05 ] 0.01 0.02 0.03 0.04 0.05 0 0.01 (
B . . =, @ 0o frequency (days™ frequency (days™)
- - I ) ) ) . . _0.02 0.02 e
. = i - _0.03
) - . - - ) - . SES T o0 100 0 100 —100 0 00 —200 —~100



ARl 2Preseanxperimemu| Stats = ‘

. Dutu tuklng is progressmg smoo’rhly wnh more thun 95% ||ve ’nme >f|ve yeurs W||| be
completed byAugus’r 2022 e |

e We are developlng muchlne Ieurnlng techmques (bused on BDT) toi improve our sensmvny > 2
e Prehmmary results are. very prom|smg > reunaly5|s of3ye0rs to be publlshed soon -~~~

e We plon To measure uT Ieust one more yeor s
~inorder toreach 4o sensitivity:
(ot reach W|_Th_1he |_m_proved anolysls) e

Rate (counts/keV/kg/day)




| Corollury
Is thi 0 “MODEL INDEPENDEN

" testlng of DAMA/ LIBRA resuIt'-’

Response of boh de’rectors fot

e energy depositions from dark mnﬂer pnr’ncles couId be dn‘ferent -

> we shouId |mprove knowIedge on RESPONSE FUNCTION for nuclenr rec0||s

Quenching Factor (%)

Energy (keV)

= Scln’nIInnon produced by nuclear rec0|Is [ quenched wnh respect ’ro eIeciron e
recoils (used for calibration) | e

: Todny snII too many. uncertuln’nes in ’rhe QF vnIues und dependences for Nol

~We have mensured QF for different crystnls in S|m|Inr condmons work |s in
- - progress, but results will appear soon - | o
SRS Effects of non- propornonulny in I|ght y|e|d under study

_We are nIso worklng in d|rect Nchllbrnnons wmneutrons_ ‘onsite” 'j S



: Summory ond Ou’rlook ___ SRR
. ANAIS 112 s faking data using 1125 kg of sodrum |od|de o’r LSC ond s runnrng smooTth

~» Careful low energy calibration (from external gamma sources and bulk emissions) A
_' » Fxcellent light collection of ~15phe/keV and rrrggerrng below] keVeern oII modules s

-« 1keV,, analysis threshold - | e |
e Good bockground undersrondrng (but |n ] 2keV energy regron) ROI bkg domrnored by crys’rol ocnvny (me 40K 22No 3H)

: . 3yeors of data bIrnd onolysed for modeI rndependen’r onnuol modulotron -
~ lWe confirm our sensitivity projections fo DAMA,/LIBRA result -> 3c af reach in 2022

3 oNull hyporhesrs is well supported and best fits are mcompohble at3.3c (1 -6 keV energy regron) ond 2. 76 (2 6 keV
energy regron ) with DA/\/\A/LIBRA resulrsésensr’nvrry 25 270 e | 5

 - We aim at tes’rrng DAMA/ LIBRA at 4c CL n two yeors from now o .

o Weare measuring quenchrng foc’rors on Nal crys’rols ond deveIoprng neutron colrbro’non onsrre pmtocols n
| order fo drscord possrble sysTemonc uncerrornrres in rhe comporrson wrrh DAN\A/LIBRA oy
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