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Evidence of Dark Matter
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DM dominates all the
structures of the Universe!
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DM candidates

What we know:

- lifetime > > age of Universe

*No (or very very small) interaction with light
* Non baryonic

 Cold (or Warm) (Moving non-relativistically when galaxies started to form)
* Beyond the Standard Model
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DM candidates

What we know:

- lifetime > > age of Universe

*No (or very very small) interaction with light
* Non baryonic

« Cold (or Warm) (Moving non-relativistically when galaxies started to form)
* Beyond the Standard Model
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WIMPs

Weakly interacting Massive Particles (WIMPs) very well motivated

 For the observed DM density, o corresponds to
the one expected for a new weak-interacting
particle

« WIMPs predicted in many extensions of the
Standard Model such as SUSY
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a termal relic
0.1pb
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Jungman et af hep-ph/9506380

...but not only thermal WIMPs...
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Structure of the Universe

N

~Millennium Run
10.077.696.000’ particles

Springat &t al, (2004)
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Structure of the Universe
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Milky way dark matter halo

Dark Matter Halo

Density ~ 0.4 GeV / cm?3

Earth :
V ~ 200 km/S WIMPea.r.th i 108 _ 1010 S—‘l m—2
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WIMP direct detection

Expected rate @ Earth:

WIMPs scatter Wimp Halo
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dR  poMpe: - j f) 13
- 2 WN
dER 2TnWTnWN vmin v
A
TARGET DEPENDENT!
s 2 - - : ' ' ' :
<18 M= 100 GeV, —Xe Naive approximation: SHM
E 1.6 Gg = 1e-46 cm = i Isothermal sphere |
S 14 —Ar = V=220 km/s
T 1.2;; _Nal I Vose ~ 530 km/s |
© 0.8F 5 |
0.6F I l
0.4F
02—% I ]
00I | I‘Ill(l)l Hzl{jl Iél(l)l I‘;_]_O 50 60 70 8I0 9'0 100 0 1(I)0 260 360 4EI}O SEI}O 660 700 800
keVyr v (km/s)

11
M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019



Annual modulation

Vorbital =30 km/ ok
- 60ﬁ° = Due to the Earth revolution
around the Sun, the relative
speed Eath-halo present a cosine-
v =220 km/s like behavior with 1 year
v~ 2 periodicity and small amplitude
' et <t (~ 7%)

to (2" June)

02 04 06 0.8 1
year fraction
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Annual modulation

v" Cosine behaviour
dR :
—(E,0) ~ So(E) + S (E)cos w(t — to) v 1year period
v' Maximum around June 2nd
Where v Weak effect (1-10%)
1/dR dR v | ti le at |
s (E) = §<d_E (E.to) _d_E(E' f+ 182)> Only noticeable at low energy
v Phase reversal at low E
Hard to mimic by background!
\ 1yr
dR < >
p om aR
\ summer ENR
winter_» S,
Enr Julne 2nd time
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Annual modulation

Caveat: the modulation (phase and amplitude) depends on
the halo model, in particular of the presence of substrucutre

SHM Debris Flow Stream

———Standard Halo Model
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Freese, Lisanti, Savage, Rev. Mod. Phys 85 (2013)
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DAMA/LXe

DAMA/Nal

DAMA/LIBRA

DAMA/RED 1 bekg DAMA/Ge

or sampling meas.

> http://people.romal.infn.it/dama



DAMA/Nal & DAMA/LIBRA (phase 1)

DAMA / Nal (1995-2002)
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The data support the presence of a modulation
(1y period, phase on May 20th) at 6.3c CL
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DAMA/Nal & DAMA/LIBRA (phase 1)

DAMA / Nal (1995-2002)

S T

1 . 10 x 9.7 kg Nal(TI)

(3x3 matrix)
« 7 anual cycles

 Expusure :0.29 ton x vy

o 2-6 keV
= ! T > CIMIe I 5« IVoe V i «VIibe VI >
3 0.05 ] /}\ +§ % 5 | | ;&
L s mzﬁﬁlf\%mr&
3 LY AR N N
= r 1 ; | : 1 4 H H i
ER
x 0.1 PP PR FURT (Y S U S ST U RS S S SRS R A SR R E
S00 1000 1500 2000 2500

Time (day)

Riv. Nuov. Cim., 26 (2003) 1

0.06

0.04

0.02

—0.02

Residuals (cpd/kg/keV)

—0.04

—0.06

DAMA / LIBRA (2003-2010)
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The data support the presence of a modulation The data support the presence of a modulation

(1y period, phase on May 20th) at 6.3c CL

M. Martinez. F. ARAID & U. Zaragoza

(1 y period, phase on May 20th) at 9.2c CL
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DAMA/Nal & DAMA/LIBRA (phase 1)

Residuals (cpd/kg/keV)

M. Martines. r. AnAILU & L. Ldidgusd

DAMA / Nal (1995-2002)
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2011-2013 exciting times

counts / 30 days
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2011-2013 exciting

times

counts / 30 days
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CRESST (2011)

Excess of events in WIMP region in
two experiments:
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2011-2013 exciting times
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2011-2013 exciting times
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e CRESST-II (2014-2015) with an upgraded detector did not confirm the excess
e CoGeNT’s signal significance decreased with time (3.4y by 2014) to below 2.

Different interpretations among the collaboration.
* CDMS-II-Si signal very small. No more data

M. Martinez. F. ARAID & U. Zaragoza

Freiburg, December 18, 2019
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Interpreting DAMA/LIBRA ph1 as WIMPs

DAMA clearly sees an annual modulation at 12.9¢

1 0
E 39 CRESST-lI
3 1 0 = - DAMA/LIBRA
ba 1 0_41 FCDMSIitée /
DarkSide-50 ~y )
g 1 0—43 \ SuperCDMS DarkSide-50
Q) 45 g o lF.’uxd G
P = e, anda
O 1 0 = 'Be ) \ ~ | Xenon1T
=) .::.E.i:neutrmos sBe \ = =
g 1 0_47 ~ neutrinos “
o —49 ‘\‘ ________ -
= 1077 & Smem—
E B atmospheric and DNSB neutrinos
10—51 2 .
1 10 10 10

WIMP mass (GeV)

M. Martinez. F. ARAID & U. Zaragoza

But the signal is in
strong tension with
the most sensitive
experiments, even
assuming more
general
halo/interaction
models!
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Other annual modulation searches

“A search for annual and diurnal rate “Direct dark matter search by annual
modulations in the LUX experiment”, modulation with 2.7 years of XMASS-| data”,
Phys. Rev. D 98, 062005 (2018) Phys. Rev. D 97, 102006 (2018)
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DAMA/LIBRA phase2 (2011-2018)

1805.10486, Nucl. Phys. At. Energy 19, 307 (2018)

,2 more points

all PMTs replaced with new
ones of higher Q.E.
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Interpretation of the 1 keV point

Best fit point with mass 8.2 GeV with

— ¥ = 44.7 for 8 degrees of freedom (5.1
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0041 * DAMA/LIBRA ph2
— Na
0.03F —
1 — Total
0.02r }
001
i

0.00 =

-0.01p
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Ionization Energy [keVee|

1804.01231, Baum, Freese, Kelso “Dark
Matter implications of DAMA/LIBRA-
phase2 results”

“the observed annual modulation signal is no
longer well fitted by canonical (isospin conserving)
spin-independent WIMP nucleon couplings”

M. Martinez. F. ARAID & U. Zaragoza
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Interpretation of the 1 keV point

Best fit point with mass 8.2 GeV with

| x’ = 447 for 8 degreesof freedom (5.17)
0.04 ‘|
2 H \
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107 E 3 "L
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1804.01231, Baum, Freese, Kelso “Dark

Matter implications of DAMA/LIBRA-
phase2 results”

“the observed annual modulation signal is no
longer well fitted by canonical (isospin conserving)
spin-independent WIMP nucleon couplings”

M. Martinez. F. ARAID & U. Zaragoza
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1907.06405 , Bernabei et al. “Improved
model-dependent corollary analyses after
the first six annual cycles of DAMA/LIBRA-
phase2”

“at present level of
uncertainties the DAMA data,
if interpreted in terms of DM
particle inducing nuclear
recoils through Sl interaction,
can account either for low and
large DM particle mass and
for a wide range of the ratio
fn=fp, even including the ol 7 ié?
“standard" case fn=fp = 1." o150

&oy, (pb)

“the purely SD scenarios are in
good agreement with the DAMA

capability of detection among
targets with dierent unpaired
nucleon.”

Freiburg, December 18, 2019

results and can explain the dierent

27



Interpreting DAMA/LIBRA ph1 as WIMPs

DAMA clearly sees an annual modulation at 12.9¢

&GS 107
= 39 CRESST-II
3 1 O - M. DAMA/LIBRA
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DarkSide-50 |
g 1 0_43 \ SuperCDMS DarkSide-50
o) P~ I—-. — i
O o T andaa
S, 1 0 7Be ; i | Xenon1T
- .Emeutrmos Bae} = i
g 1 0_47 : neutrinos “ -
o —49 ‘\~~ ____________
= 10°F N
E =3 atmospheric and DNSB neutrinos
10—51 2 3
‘ 10 10 10

M. Martinez. F. ARAID & U. Zaragoza

WIMP mass (GeV)

Dark matter or
systematics?

TO AVOID ANY
MODEL DEPENDENCE,
WE NEED A
PROOF/DISPROOF
WITH THE SAME
TARGET
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Nuclear recoil quenching factor

An ER produces much more light
than a NR of the same energy!

The spectra are calibrated with X/y sources,

so it is given in keVee(*). In order to be
interpreted as NR, Q has to be measured to
correct the energy scale:

_ signalyg/keV

 signalgp/keV

(*) keVee: electron-equivalent keV

First Nal quenching factor measurements (Spooner’94) : Qn, = 0.3 Q; = 0.09

Mod Amplitude WIMP 50 GeV

0.006

0.005F
0.004
0.003
0.002
0.001
OF

Sm (c/keVee/kg/day)

-0.001=

0 10 20 30 40 50 60 70 80 90 100
Energy (keVNR)
M. Martinez. F. ARAID & U. Zaragoza

WHAT | WOULD MEASURE:
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Freiburg, December 18, 2019
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Nuclear recoil quenching factor

Quenching Factor (%)

Recent measurements give lower values. Na quenching decreses when decresing the energy.

- Astrop. Phys. 108 (2019) 50
50 |— o Spooner 1994 « Collar 2013 (Na)

+ > Tovey 1998 o Collar 2013 (1)

r Gerbier 1999 o Xu2015

L o Stiegler 2017 o Simon 2003
40 (— ® This measurement (Na) o Chagani 2008
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M. Martinez. F. ARAID & U. Zaragoza
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==== DAMA quenching factors

== New measurements
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Quenching Factor (%)

Nuclear recoil quenching factor

Recent measurements give lower values. Na quenching decreses when decresing the energy.

- Astrop. Phys.‘lé)S (2019) 50

B Tovey 1650 : Sy ) areeldepend e
rbier 1999 o 201
o fL. Is t ere.a (large) epen ence of the
0 S Thsmeaswomentl) 8"“’3"‘("‘?"8 2) quenching factor with the crystal?
- ﬁ - Impurities
30 I
- Tllevel

20

Crystal quality

10

Illlllllllllll]llllllIIII

10 10°

Cosine+Anais combined measurements @
TUNL (Duke Univ.)

different Nal(Tl) crystals in the same setup
Results soon!
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Nal experiments around the World

SABRE NORTH (LNGS)

ANAIS 112 (LSC) ‘?E’ o

cosinus (LNGS) COSINE-100 (Y2L)

kklbh“ra>

PICO-LON
(Kamioka)

[ SABRE SOUTH
(Stawell)

=

33
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Nal experiments around the World

IN DATA-TAKING SABRE NORTH (NGS) IN DATA-TAKING

Since Aug 2017 Rsince Sep 2016
#| ~60 kg Nal(Tl)

PICO-LON
(Kamioka)

| SABRE SOUTH
(Stawell)

.

M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019
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Why took so long?

Large mass

Ce MTe Stable conditions over years
SenSItIVIty X \ ? High efficiency at very low energy

Very low radioactive background!!

* The main contribution to the background comes from the crystal itself

* Long effort of ANAIS team looking for ultra pure Nal(Tl), R&D with Alpha Spectra
— crystals now used by ANAIS-112 and COSINE-100

* However, up to the date, the quality of the DAMA crystals has not been reached by

any group
210
40 210pp 34 -m (R mRaAe)

DAMA
(Saint Gobain) 13 0.01-0.03

ANAIS/COSINE

0 2 4 6 g 10 (Alpha Spectra) 18-44 0.7-3
energy (keV) ;
5
M. Martinez. F. ARAID & U. Zaragoza

Freiburg, December 18, 2019



COSINE-100

From Y. J. Ko @ TAUP2019

JINST 13 T02007 (2018) Nucl. Instrum. Meth. A 851 103 (2017)
4t Muon Counter

57 pléatic. scintilalor panals Liquid Scintillator  Data-taking started in Sep 2016, Y2L

2200-L LAB-based LS for vet
2-inch PMT(H7195)s for muon counter g s

5-inch PMT(R877)s for LS detector ( S ou t h K orea )

_—

JINST 13 T06005 (2018) -

Neutron Monitoring
Fast neutron detector
(Liquid scintillator)

8 ultra low-background Nal(Tl) crystals
with 106 kg in total (but only ~60 kg
usable for DM search)

“M—
Thermal neutron detector
(®He gas detector)

* Inside lead shielding and Liquid Scintillator
tank to reject coincident events (%°K!)

"_

3-inch PMT Nal(Tl) detector . .
Shields 8 low-background crystals * Muon veto & neutron monltorlng

Each crystal is encapsulated in copper
3-cm thick copper box

Two 3-inch PMTs for each crystal
20-cm thick lead shielding (R12669SEL)

Eur. Phys. J. C. 78 107 (2018) Exposure of COSINE-100

NEXT STEP: COSINE-200 (2020?) 1000~ cosne mprmmay e 2

— Total Livetime :1006.1 days ( 94.1 %)

Goal: Run 200 kg Nal(Tl) in the same set-up, with 800" == Good Data 981.4 deys (91.6 %)
improved background (lower than DAMA/LIBRA)

Status: Power purification, crystal growing and
handling facilities established, buy a factor 2 or

Sett
First

Livetime (day)
(2]
o
o

200 TN S
5 5 - Set2
more improvement in bkg is needed. ) i ) First annupl modulation analysis
. . 12/31, 05h 12/31,11h 12/31,17h
From G. Adhikari @ TAUP2019 / \
Sep 30, 2016 July 17, 2018
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COSINE-100 results

SET1 (59.5 days)

FromY.J. Ko @ TAUP2019

Background + WIMP
signal is fit to data:

— Model dependent exclusion of
DAMA/LIBRA-phasel (*)

- Spin Independent interaction

- Maxwellian velocity distribution

"‘10 * NAIAD (2000-2003)

!\% == DAMA. :\Iasa;ragu Ll al (3o, 2009)

gm »

i3]

3

%10 “

_§m “

g Nature 564

L ol

2 (2018) 83-86

5

| P L "
10 10° 5107 10*
WIMP Mass (GeV/c?)

(*) But not excluded in effective models (COSINE

coll. & S. Scopel, JCAP 1906 (2019) 06, 048)
M. Martinez. F. ARAID & U. Zaragoza

Phys.Rev.Lett. 123

(2

Modulation Amplitude (counts/keV/kg/day)
s °

0.

019) 031301

0.04

Livetime (day)

SET2 (1.7 y, 97.7 kg-year exposure)

ounts’keV/kg/day)

DAMA/LIBRA
e

Amplitude (c

5 20 2% 300 )
15 20 Phase (Days)
Energy (keVee) (Days)

At 68.3% C.L., result is consistent
with both a null hypothesis and
DAMA/LIBRA's best fit value.

Exposure of COSINE-100

Ax?
Z <
z
~ N
q Q
o1

Set3
1000 COSINE-100 Preliminary
Total Livetime :1006.1 days ( 94.1 %)
800 [ wmmmm= Good Data :981.4 days ( 91.8 %)
600 — : =
| Set1 |
400 First physics analysis
200[— ‘ :
Calibration Set2 . )
0 R i First annuPl modulation analysis
12/31, 05h 12/31, 11h \ 12/31,17h

Sep 30, 2016 July 17, 2018

Freiburg, December 18, 2019
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SABRE

SABRE NORTH (LNGS) SABRE SOUTH .
(stawell e Ultra-clean Nal(Tl) (Princeton)

* Two sites (LNGS/ Stawell)

From S. Copello @ TAUP2019

Proof of Principle: one Nal crystal in LS vessel

First crystal (3.5 kg)
arrived @ LNGS on August 2019

DAMA 13 0.01-0.03
ANAIS 18-44 0.7-3
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PICOLON

From K.Fushimi @ TAUP2019

KamLAND-PICO

1000 kg Nal(Tl) 'l

n

SCP“‘U? ~2030
: . 2\
GOAL: Development of highly - 250g Na(T) 40\
radiopure Nal(Tl) scintillator e
X7
Funded!
ot 35 MJPY
\) P \mﬁ\cat
"
8\\ Ingot26 Ingot37 Ingot71 Ingot76 DAMA
Sta’w‘{\ 20';9\ (2015) (2016) (2018) (2019)
G NS Size 3'GX3”  ApX3#  3"PX3”  5"oX4”(*) [BIXEN
40K (ppb) 2630 120 <20 <20 200 13

232Th (ppt) 0.4%0.5 3.7+0.5 1.7%0.2 =
238U (ppt) 4.7%£0.3 59+03 9.7*+0.8 4.4=*0.2

210pp 30+7 2300 1076 ~560 10-33
(1Ba/kg)
Method Resin for  126+cation double re- Pbresin +
Pb resin crystallizat double re-
ion crystallizat
ion

M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019
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COSINUS

First Nal detector with particle discrimination
(Two channel approach: HEAT and LIGHT)

With a moderate exposure of
few O(100) kg-days , can
confirm or rule-out a nuclear
recoil origin of the
DAMA/LIBRA dark matter
claim

Light Yield

Schaffner, K. et al. J Low ¥ Present threshold:
Temp Phys (2018). X e 8.26 keVyy
https://doi.org/10.1007/s @ ' o (Goal: 1 keVy;)

........................

60 70
~0.6 keVee: energy threshold for LD Energy (keV)

M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019
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ANAIS-112 o~

. . e e s Universidad
Annual Modulation with Nal Scintillators il Zaragezs
J. Amaré, |. Coarasa, S. Cebrian, E. Garcia, M. Martinez, M.A. Olivan, Y. Ortigoza, A. Ortiz de Sol6érzano, P%TL\ LS
J. Puimedon, A. Salinas, M.L. Sarsa, J.A. Villart, P. Villar La;,Zfon-osm,, S
GOAL: WHERE:
Confirmation of DAMA-LIBRA At Canfranc Underground Laboratory,
modulation signal -> same target and @ SPAIN (under 2450 m.w.e.)

technique / different experimental
approach / different environmental
conditions affecting systematics

THE DETECTOR:

3x3 matrix of 12.5 kg Nal(Tl) cylindrical
modules = 112.5 kg of active mass

L

4

ks

5 = v
S
P - i il [
7

§ 800 m rock

taking data since August 2017
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ANAIS-112: experimental setup%@%

Active vetoes

Anti-Rn box
10 cm ancient lead
40 cm neutron shielding

b bl el

Muon veto: 16 plastic
scintiffators

M. Martinez. F. ARAID & U. Zaragoza

2,5m

* 9 Nal(Tl) cylindrical
crystals (12.5 kg each) in
3x3 matrix

 Ultrapure Nal powder
(Alpha Spectra Inc)

« Each coupled to two
Hamamatsu R12669SEL2
PMT (QE ~40%)

Neutron shielding (water tanks
+ polyethylene)

30m

43
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ANAIS-112: Low energy calibration

Detectors equipped with a Mylar window!
Radon-free system for low energy calibration:

 109Cd sources on flexible wires (radon-free)
* Energies: 11.9, 22.6 and 88.0 keV
« Simultaneous calibration of the nine modules

* Performed every two weeks

M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019
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ANAIS-112: Muon Veto

Flujou @ LSC In ANAIS we flag every muon
o\ e S 10X Flujo w @ LNGS that cross the shielding and
® o set a (configurable) dead-time
c KA/KA,LN after every passage
* LSC” T "r;zzi'sffNé’?;‘w.u (DAMA/LIBRA has no muon
L ST. GOTHARD (Switzerland) ©  FREJUS (France )
s ‘ ‘ ‘ BAKSAN (R uuuuu ia) SUDBURY(C ada) VetO)
Depth (m.w.e.)
The underground muon flux is annual-modulated! e L e B

LVD " DAMA (2- 4keV)

:i 2t i%%% ﬁ#ﬁﬁ%ﬁ%% A

L 2-4 keV
qTXIU 1295 3675 . muons —e— |

Lo e
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

days since Jan 1, 2001

percent residuals
= S R B

But still some open questions:
» (delayed) effect of muons in PMTs?
» slow phosphorescence in Nal?

M. Martinez. F. ARAID & U. Zaragoza

No role for muons in the DAMA annual modulation results

DAMA reply:

* Modulation phase inconsistency = I&l

« Muons interacting directly in the ™" | lemt B [F=)
detectors do not fulfill the DM J el
requisites

« Not enough muon-induced fast e —
neutrons to account for the o
signal

ANAIS can test these hypotheses

Freiburg, December 18,2019 4°



ANAIS-112: Data acquisition system

* Individual PMT signals digitized and fully
processed (14 bits, 2 GS/s)

 Trigger at phe level for each PMT signal
« AND coincidence in 200 ns window

* Redundant energy conversion by QDC
 Trigger in OR mode among modules

 Electronics at air-conditioned-room to decouple
from temperature fluctuations

« Muon detection system: tag every muon event to
offline processing

8 it
-
I
. DAQ PC
-
< =
23 £ i
4‘:‘ 2 P (%) Optical Fiber DAQ
- g = Software
9o &
ge 5
= B
=
L3

-
zll

LOW ENERGY

\sl[
all

ELAYED TRIGGER

x
1
|
| ell
|
|
|
|

e
g 51

DETECTORO

gereciono | 1
TRIGGER | I
I_

==
TRIGGER

M. Martinez. F. ARAID & U. Zaragoza

I -

Voltage (mV)

S o &

\ \ i L . ,
0 200 200 500 800 7000 200
Time (ns)

MATACQ

i

CFD

2y [

Nal ) QDC (HE) D—Trigger
|:att.
PMT1

’:

> e

MATACQ

Voltage (mV)
b &b A b o 0w

s 1 1 L 1
200 400 600 800 1000 1200

Time (ns)

Freiburg, December 18, 2019
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ANAIS-112: Slow control

Monitoring environmental parameters since the start of DM run

— Monitoring:
Rn content, humidity, pressure, different temperatures, N, flux, PMT HV, muon rate, ...

Data saved every few minutes and alarm messages implemented

— Stability checks:
gain, trigger rate, ...

& W [Update graph in 12 9 sec

@ [Updisie graph in 5.8 ser GENERAL HVSUPPLY EMVIRONMEMTAL SHIELDING FREAMPLIFIERS ELECTROMICS RATE  ALARMS VETOS

OIMERAL WV SUPPLY ENVIRONMENTAL SHIELDING PREAMPURERS ELECTRCMICE RATE ALARMS  VETOS L
W
BES ServidaGenerl deApara ACQUISITION
T C) [ 25 - ANAIS - SlowControl AML  alabwesiigackin. SAI
Hes () I T Universidad Zaragoza
- - Teaml(C) 23.10
| VME ] | NIM 1 -'I | N2 7| ). 2450
Tume(C) [EEEIN Trmo(C) ST TorziC) BEENN (1:0K) e i
et I o) R T e . % , File A112DM.0015.114.root.
(i —
; Raden (Bam3) PR Block 0.0 Rate 5.3
35  Ques(n/min) 423
BOEN Tga:1C) oeriiaon 13:62:26 | Num.Blocks |6.0 Run Rate
Hgas(%) @ NewData @ Errer
“ Save data(s)
nic) |38 Tocc) B0 L Laa i (TR
ri(ee) (S rH%) 10- (S
| | ACQUISITION 9 Rurflste [,
A IE - START i
SIDE1 - il I SIDEQ Date 2017-11-02 165411 . 1
Eackground g
Vi) 5055 ViV (5012 o
Vi-(\) -6.023 = = V(W) 5010 ol
. File AT12DM D015 77 raet *
Rale, 546 .
1000 10000 10200 10500 10430 W00 ME0® 107D WEOD 1060 11000 1190 MALD 11H0 1400
BeniciT. Hiock 210 TIME HOURS)

B GhEew T onerel Dok 0 | 711060054 et
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Detector Response: duty cycle & stability

Excellent duty cycle

1st year

100
90
80,
70
60,
50
40
30
20
10|

Time (%)

Electric Power Failure
Dnown time @ LSC

D Dead time
D Live time

I

0

31/08/17 31/10/17 3111217 02/03/18 02/05/18 02/07/18

System Time

Time (%)
o
(=]

2nd vear

Live time (94.4 %)

Down Time (2.7 %)

D Down time
D Dead time
D Live time

Dead Time (2.9 %)

01/09/18 31/10/18 31/12/18 02/03/19 02/0519 02/07119

System Time

Good total rate and gain stability

©
<t
< | po D1 D2
o,
o'
= = v = T S R I T
¢ .
a -~ E-———
g — —
g
I D3 D4 D5
% PMT HV changed
o — P
— ——
en—— PU—
o 104 nmpi— | oL ——
N S T [ LT I
b5
Z | D6 D7 D8
o' o
e oo o A o ;
Cal number Cal number Cal number

M. Martinez. F. ARAID & U. Zaragoza

Evolution of 199Cd lines from calibrations
along the whole data-taking (~ 2 year)
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-« Effectively triggering below 1 keV,_,

- 03
% bulk 22Na and 4°K events emorcasine | 5 _—-
™ identified by coincidences 22Na it S
L 1 . .
8 " with high energy gammas
g 01-;}
% 0 0.05 “”
5 146079 keV : .,
{/ S 1 2 a a8 Wiz adE .
_)40 Ar 127 energy (keV) energy (keV)
B Y
500 1022erg;d\mlesc?tg:A (keV) : 2Na->*’Ne

M. Martinez, ARAID & UZ - Iniciacidn a la investigacion en Fisica de Astroparticulas y Altas Energias 12/12/2019



energy detector B (keV)

Effectively triggering below 1 keV,_,

500

1000

\1500"
energy detector A (keV)

1

1

0
3.2k

bulk %?Na and “°K events
identified by coincidences
with high energy gammas

1% keV
{ ->4Ar

127

22Na->22Ne

Detector respose: threshold

- 03 ©
> { >
;0 X*/NDF: 42.9 /14 §
Zoo2sk 2025
° 22 © Faok
02 Na 0.2F
0.15 0.15
B,
0.1 0.1 ¢
0.05 005“’\
> -,
0 1 L Nl ola s .
0 i BTE3 @ 5 e 0 1 2 3 4 5 @8

energy (keV)

energy (keV)

Energy threshold limited by PMT noise filtering protocols efficiency

- Multiparametric cuts to properly select events with pulse shapes from Nal(TI) scintillation
(efficiency computed on 19°Cd calibration and 22Na and 4°K coincidence populations)

REJECTED EVENTS

M. Martinez, ARAID & UZ -

.............................

b)+

.............................

PMTO

d).

Violtage (mV)

Vatage
3 &

o owbiodhéd b
T i

.......................

00
Time |ns)

Iniciacidn a la investigacidn en Fisica de Astroparticulas y Altas Energias 12/12/2019
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Background & efficiency

o 10° 3 84| deto [ det1 [ det2
2 u raw spectrum 8 s P -
S .—- s LA S A
g_ " filtered and efficiency-corrected
) :
107 § : 7
A 10% unblinded data 2ap detd - detd  dets
— 107
10 E\ 8,[ dets det 7 det 8
2 —— —
iy % //// A P
20 40 60 80 100 101 2 3 4 5 1 3 4 5 &1 3 4 5 6
‘—'—’ energy (keV) energy (keV) energy (keV) energy (keV)
z % o
> gf ,"10% unblinded
> 7 b data
£ A h
NS 5
S’ 53 " 4y
() = L’LL_k
E 4: lhhl J‘uﬁhmn
X 3 S M %w DAMA/LIBRA
2k e o R Universe 4, 116 (2018),
J_ —~—— _ 1805.10486
2 4 8 ‘SO
Energy (keV

Amaré et al., Eur. Phys. J. C (2019) 79:228, 1812.01472
M. Martinez. F. ARAID & U. Zaragoza
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Background model

At very low energy (<20 keV), most

significant contributions come Prediction of the time evolution of
from the crystal itself rates from the model: cosmogenic
isotopes (®H, %°Na, ...) and ?19Pb:

« 40K and %2Na (T1/2 =2.6 y) peaks
. 210ph (bulk+surface) (T,, = 22.3)
* SH (Ty, =12.3Y)

Do D1 D2

5 , T . . . : . 20 o 0 . 15 e
- D8 total sim = D8 data Ry oo e R T Rl e . g
» 40K + 210Pb e i =
- cosmogenics < 3H o
4 - other crystal activity - external activity
xx-;{( -
53 -
2 I
X% ;;
3.~ | x
= 2 % = |- e X x
S 3 i -""“;‘Qa- %%
ey o x XX X x X’& g oK
- [ mm— b
ﬁ‘f"". ._.:- l ... ""’--...__,_
0 . —_— o
0 2 4 6 8 10 12 14 16 18 20
energy (keV)

Very good agreement with data
except between 1-2 keV

Amaré et al., Eur. Phys. J. C (2019) 79:412, 1812.01377
M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019



RESULTS ON ANNUAL MODULATION

.




Analysis strategy

Background decay rate in the
Rol consistent with our
background model (in green)

R(t) = Ry + Ryexp(—t/t) + S, cos(w(t + ¢))

b) M1 [3-5] keV rate = 3.02 + 0.58exp(-1/420.9) (cpd/kg/keV)
36 B ¥2/NDF = 50.0 / 52 [pval=0.55]
S E 1.5 years data
L 34 2
£ 32F— 1=1.04 i 2
a
S 4F ayM1[1-6] kev rate = 2.94 + 0.87exp(-t/1217.8) (cpd/kg/keV)
() ¥NDF = 59.4 / 52 [pval=0.22]
T 3.8
o
3.6
34F = f=1.28
0 200 00 500
days after August 3, 2017

* Focus on model independent analysis
searching from modulation

* In order to better compare with
DAMA/LIBRA results, we use the same
energy regions ([1-6] keV, [2-6] keV) and fit
parameters

M. Martinez. F. ARAID & U. Zaragoza

Fixed parameters:

T (background model)

w (freq. corresponding to a
period of 1 year)

¢ (maximum in June, 2"9)

Freiburg, December 18, 2019

55



1st Annual modulation results 157.55%

ng yr

Least squared fitto: R(t) = Ry + Ry exp(—t/7) + 8, cos(w(t + ¢))

Fixed parameters:

T (background model)

w (freq. corresponding to a
period of 1 year)

¢ (maximum in June, 2"?)

S, fixed to 0 in the null
hypothesis and left
unconstrained for the
modulation hypothesis

arXiv:1903.03973

0.2¢ mod hyp: Sm = (-0.0044 + 0.0058) (cpd/kg/keV)
- [2-6] keV —> y2/NDF = 47.4 | 52 [pval=0.65]
0.1 null hyp — %2/NDF = 48.0 / 53 [pval=0.67]

a5

——

H + DAMA mod hyp: Sm = 0.0102 (cpd/kg/keV)
+ -u-q:..] l

i
T

% B
-0
3‘- C mod hyp: Sm = (-0.0015 + 0.0063) (cpd/kg/keV)
S 02 —5 x2INDF = 62.0 / 52 [pval=0.16]
g [1-6]keV null hyp —> ¥2/NDF = 62.0 / 53 [pval=0.18]

0.1 + + DAMA moihyp: Sm = 0.0105 (cpd/kg/keV)

Eobii tod T !
L + + T + + + | + "'-,..:T-

o
-
| =7
—

oII

Phys. Rev. Lett., 123, 031301 (2019)

M. Martinez. F. ARAID & U. Zaragoza

100 200 300 400 500
Days after August 3, 2017

DAMA/LIBRA result with 1 —free parameter is
shown for comparison
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https://arxiv.org/abs/1903.03973

1st Annual modulation results /...

ng yr

[2-6] keV — Sm=-0.0044 + 0.0058 c/keV/kg/d (SPAMA =0.0102 cpd/kg/keV)

[1-6] keV —» Sm=-0.0015 + 0.0063 c/keV/kg/d (SPAMA = 0.0105 cpd/kg/keV)

* Null hypothesis is well supported
by the y?test (p-values=0.18, 0.67)

 Best fits for the modulation
hypothesis have p-values slightly
lower than for the null hypothesis

* Best fits are compatible with no
modulation and incompatible at
2.50 (2-6 keV) and 1.90 (1-6 keV)
with DAMA/LIBRA results.
Sensitivity (1.5y) 1.80

arXiv:1903.03973
Phys. Rev. Lett., 123, 031301 (2019)

M. Martinez. F. ARAID & U. Zaragoza

0.015

0.01

e
o
o
a

pd/kg/keV)

-0.005

C

(

modulation amplitude

-0.01

-0.015

—=— DAMA/LIBRA result

—o— ANAIS-112 best fit

1o interval

exposure 1.5y

2o interval

exposure 1.5y

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

The statistical significance of our result is
determined by the standard deviation of the
modulation amplitude distribution, a(S,,)

Freiburg, December 18, 2019
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https://arxiv.org/abs/1903.03973

2 years results

M. L. Sarsa @ TAUP2019

NEW!

V.2 mod hyp: Sm = (-0.0029 £ 0.0050) (cpd/kg/keV)
— [2-6] keV — x%INDF = 67.0 / 71 [pval=0.61]
— null hyp — ¥%NDF = 67.4/ 72 [pval=0.63]
01— ++ + DAMA mod hyp: Sm = 0.0102 (cpd/kg/keV) — yNDF = 74.5 | 75 [pval=0.49]
o i L
— 'l' + 1] T + T T
0 + + + — + -¥ﬁ-ﬂ-l - +
e ;
{ -0‘1 — " " 1 " " " L a "
3” — mod hyp: Sm = (-0.0036 + 0.0054) (cpd/kg/keV)
s 02 — ¥2/NDF = 88.0 / 71 [pval=0.08]
S — [1-6] keV null hyp — 2/NDF = 88.5 / 72 [pval=0.09]
0.1 + + DAMA mq.d hyp: Sm = 0.0105 (cpd/kg/keV) — y2/NDF = 95.5 / 75 [pval=0.06]
- [
AT AT N Y
-uﬁL+ t

O

M. Martinez. F. ARAID & U. Zaragoza

200

200 600
Days after August 3, 2017

Freiburg, December 18, 2019
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2 years results 2136

M. L. Sarsa @ TAUP2019 YPREL“@NE‘F | Q

[2-6] keV — Sm=-0.0029 + 0.0050 c/keV/kg/d (SEAMA =0.0102 cpd/kg/keV)

[1-6] keV > Sm=-0.0036 + 0.0054 c/keV/kg/d (SEAMA =0.0105 cpd/kg/keV)

« Null hypothesis is well supported by the y?test (p-values=0.09, 0.63)
 Best fits for the mod. hypothesis p-values slightly lower than for the null hypothesis

* Best fits are compatible with no modulation and incompatible at 2.60 with
DAMA/LIBRA results. Present sensitivity 20

1.5 years (PRL 123 (2019) 031301) 2 years (TAUP 2019)

0.015 0.02
© 8 0015
-g 0.01 + - -g —— DAMA/LIBRA |
= —=— DAMAVLIBRA result = o oo L " result
a >
< g 0.005 e _92 0.005 —o— ANAIS-112 best fit
© = —s— ANAIS-112 best fit © S5 o

D 0 c 0 1o sensitivity

5 % winterval 2 % exposure 2.0 y
T Q. . clnterva T 90005 26 sensitivity
= O 0.005 exposure 1.5y S O
0 = S ~ -0.01 exposure 2.0y
8 -0.01 2c interval o 3o sensitivity
£ ' exposure 1.5y £ 0015 exposure 2.0 y

-0.015 -0.02

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

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

M. Martinez. F. ARAID & U. Zaragoza Freiburg, December 18, 2019



2 years results

M. L. Sarsa @ TAUP2019 YPR‘I VARV {

The absence of modulation is well supported also when we consider 1 keV bins in the Rol
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M. L. Sarsa @ TAUP2019

R(t) = Ry + Ry exp(—t/t) + S, cos(w(t + ¢))

Fixed parameters:

T (background model)
w (freq. corresponding to a
period of 1 year)

Free parameters:
ROr er Sm ’ ¢

M. Martinez. F. ARAID & U. Zaragoza
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2-6 keV
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Calculating the sensitivity

Least squared fitto: R(t) = Ry + R, exp(—t/t) + S,,, cos(w(t + ¢))

Three free parameters (Ry, R1,Si)
3.5¢

3'452_+ + |_[2;6;| keV The experimental sensitivity is given
2 afft T | bythe standard deviation of the
< 33:_1[ + ]LJfH— + Jr | modulation amplitude o(S,,), that
%’3‘255_ {.H’ H. #HH. can be calculated analytically from :
g 32 + } Hva I# - Updated background

3.15;—" o T.HT H.} H' H _} | Effici timat dit

B H"H H++ ]L Jr{ iciency estimate and its error
sosE +++ Live time distribution
3E \ ) L

) ! . | 1 ! 1 : 1 !
0 200 400 600
Days since Aug. 3, 2017

See details in Coarasa et al., Eur. Phys. J. C (2019) 79:233, 1812.02000
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Expected sensitivity

We quote our sensitivity to DAMA/LIBRA result as the ratio S2AM4 /5(S,)

- -

- S | = ANAIS-112 expected sensitivity |

68% C.L. SPAMA
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Expected sensitivity

We quote our sensitivity to DAMA/LIBRA result as the ratio S2AM4 /5(S,)

* 1.5 and 2 y data confirm
our sensitivity projection
to DAMA/LIBRA result

- < 1.5.y..| = ANAIS-112 expected sensitivity |
68% C.L. SPAMA

* Present sensitivity: 20

* 30 at reach in 2.5 years
from now

o 1 2 3 4 5 s
real time (y)
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Model dependent (S| interaction)

Likelihood 90% - 90%

[2,6] keV

Gg (Pb)

10*

10" L |JCAPO4(2009)010 |
£ | DAMA 90%
I~ | ] DAMA 35
|| DAMA 55

My e (GeV)
* Standard halo model .

* Spin-independent interaction
* pp =0.3GeV/cm? .
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Summary

* Annual modulation is a distinctive signature of Dark Matter

* One positive signal (DAMA/LIBRA) for more than 20 years, in strong
tension with other experiments

e Currently, many efforts trying to confirm / rule out DAMA/LIBRA signal
with the same target. COSINE-100 and ANAIS-112 in data-taking

e ANAIS results compatible with absence of modulation and incompatible

with DAMA/LIBRA at 2o after 2 years of data-taking. 3¢ sensitivity at reach
in about 2.5 years from now.
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DANKE!!
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