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Availability of
very sensitive
and radiopure
particle
detectors

WIMPs interact (although
weakly) with ordinary matter

Analysis of signatures of
a Dark Matter particle

Experiments have to interaction are key for a
be shielded against  positive result

all possible
backgrounds and
profit from active
background rejection
techniques




Positive identification of WIMP against backgrounds could
be allowed by analyzing DM signatures, as annual

modulation in the detection rate
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One single experiment using Nal(Tl) as target has reported evidence of a signal
compatible with Dark Matter observing a model independent annual modulation
Other much sensitive experiments do not have any hint, however, comparison is model

dependent
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Is possible a model independent confirmation or refutation?
Nal(T1) as target is more interesting than ever (although not aiming at the neutrino floor)

Can DAMA/LIBRA result be a door into new Physics or just systematics?
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DAMA/LIBRA experiment

@ LNGS, Laboratori Nazionali del Gran Sasso, Italy

DAMA / Nal (1995-2002) DAMA / LIBRA (2003-2010)

Bl 9 x 97 kg Nal(TI)
5 (3x3 detector matrix)
* 7 annual cycles
¥ ° Exposure:029 ton xy

«25 x 97 kg Nal(TI)
(5x5 matrix)

*7 annual cycles

DAMA / LIBRA — phase2 (2011-2018) * Exposure : 117 ton x y

«25 x 97 kg Nal(TI)
(5x5 matrix)

*7 annual cycles

*Exposure : 113 ton x y
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Data ref
All PMTs replaced eaSe

in
with new ones of Ma" C/) 20
higher Q.E. 78



DAMA/LIBRA experiment — Phase 2

Model Independent DM Annual Modulation Result

experimental residuals of the single-hit scintillation events rate vs time and energy

DAMA/LIBRA-phase1+DAMA/LIBRA-phase2 (2.17 ton x yr)

2-6 keV

* [ ¢=——————— DAMA/LIBRA-pHasel (L4 tonxyr) ——————> | | 4———— DAMA/LIBRA-phase2(1.13 tonxyf) ——————>

Residuals (cpd/kg/keV)

Time (day)

Fit on DAMA/LIBRA-phase1+
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' Absence of modulation? No Acos[o(tt,)] ;

;‘7 *2-6 keV: X2/d0f=1993/1 02= P(A=0) =2.9X10'8 continuous Ii;'les: tO =1525 d, T=1.00 y |
2-6 keV

A=(0.0095+0.0008) cpd/kg/keV
| y2/dof = 71.8/101 11.9¢ C.L.

Borrowed from Rita Bernabei @
LNGS Scientific Committee
The data of DAMA/LIBRA-phasel +DAMA/LIBRA-phase2 favor the presence of a Meeting
modulated behavior with proper features at 11.9 o C.L. LNGS March 2018




DAMA/LIBRA experiment — Phase 2

Energy distribution of the modulation amplitudes

Max-likelihod  analysis DAMA/NaI + DAMA/LIBRA-phasel 3.
R(t)=S,+S, cos[w gt ~t, )] vs ®
here T=2x/w=1yr and t,= 152.5 day DAMA/LIBRA-phase?2 5
=
%0'05:_ AE = 0.5 keV bi £
- = 0.5 keV bins
20.025 - +, R 74,
g 0 : T ?
a L
B : 9
EO-OZS [ v2(6-20 keV)/dof = 35.8/28 (P-value=15%) ﬂ:
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Energy (keV)
The S,, energy distributions obtained in DAMA/NaI+DAMA/LIBRA-phl and in
DAMA/LIBRA-ph2 are consistent in the (2-20) keV energy interval: Borrowed from Rita Bernabei @

(2-20) keV w2/d.0.£=32.7/36  (P=63%)

e s Meeting
| X T =N RO 5 6y kev v2/d.0.£=10.7/8 (P=22%)

LNGS March 2018

] LNGS Scientific Committee




Other Nal DM experiments around the world
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DM-ice17 @ South Pole u
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Borrowed from Yeongduk Kim @ RENATA meeting, Canfranc February 2018



ANAIS-112 experiment at LSC




* Confirmation of DAMA-LIBRA modulation signal -> same target and techique /

different experimental approach / different environmental conditions affecting
systematics

* At Canfranc Underground Laboratory, @ SPAIN (under 2450 m.w.e.) taking data
since August 2017

* 3x3 matrix of 12.5 kg cylindrical modules = 112.5 kg of active mass
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12.5 kg cylindrical Nal(TI) detectors built

@ Alpha Spectra, Co (US) from Nal selected powder
& developing specific radiopurity protocols
Housed in OFE copper @ AS

Mylar windows allow for LE calibration

2 x HQE PMTs Ham12669SEL2 coupled at
LSC clean room

Electroformed copper PMT housing
prepared at LSC facility




ANAIS-112 consists of a matrix of 3x3 modules of Nal(Tl)

dn-43s TI-STVNV

Calibration system:
109Cd sources on flexible wires in a Radon free

system which allows the simultaneous calibration
of the 9 modules
Energies 119 keV / 22.6 keV / 880 keV




Active vetoes

1 .

|

|

. Y

2,5m ' | b
| ' J ' |
. ‘ | /(‘JFJL
i g
0
20 cm lead Anti-Rn box 30m
10 cm ancient lead - -
40 cm neutron shielding Neutron shielding

Anti-Rn box

z
;
5
2
&




* DAQ hardware and software designed and tested with previous set-ups -> ROBUST
* Individual PMT signals digitized and fully processed (14 bits / 2GS/s)

Trigger at phe level for each PMT

Logical AND coincidence in 200ns window for each module triggering

Redundant energy conversion (with QDCs for HE)

Preamplifiers designed at UZ
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* DAQ hardware and software designed and tested with previous set-ups -> ROBUST
* Individual PMT signals digitized and fully processed (14 bits / 2GS/s)
* Trigger at phe level for each PMT
Logical AND coincidence in 200ns window for each module triggering
Redundant energy conversion (with QDCs for HE)
Preamplifiers designed at UZ
Electronics at air-conditioned-room to decouple from temperature fluctuations

DAQ PC

Optical Fiber DAQ
Software
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Monitoring of environmental parameters has been ongoing along ANAIS-112 DM run.

It consists of several windows for monitoring N, flux; temperatures at electronics, inner
shielding, laboratory, preamplifiers, etc.; radon content in laboratory air; relative humidity;
HV supply to every PMT; muon rates; etc.

All the data are saved every few minutes and alarms have been set on the most relevant
parameters sending an alarm message to ANAIS GLIMOS through Telegram.
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ANAIS-112 General Performance
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ANAIS-112 General Performance




The ANAIS-112 Dark Matter Run started on August 3, 2017

Accumulated live time in the first year: 34172 days
in the half second year: 185.36 days

total: 52708 days

LIVE TIME (94.5%) LIVE TIME (95.2%)

DOWN TIME (2.6%) DOWN TIME (2.6%)
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The ANAIS-112 Dark Matter Run started on August 3, 2017

Accumulated live time in the first year: 34172 days
in the half second year: 185.36 days

Time (%)
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Periodic 1°°Cd calibrations

They allow monitoring (and if LA g
necessary correcting) possible gain

drifts in the modules.
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Periodic 1°°Cd calibrations

They allow monitoring (and if
necessary correcting) possible gain
drifts in the modules.

Evolution of the positions of °°Cd
lines along ANAIS-112.

All the modules, except D4 and D5,
have been very stable during this
period of data taking.
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Excellent light collection

Detector  Average Light collected  Standard deviation

(phe/keV)
DO 14.532 0.102
D1 14.745 0.169
D2 14.506 0.104
D3 14.453 0.109
D4 14.483 0.090
D5 14.572 0.158
D6 12.707 0.104
D7 14.743 0.137
D8 15.994 0.076

JINST 7(2012)03009 After a period of tests and
optimizations in data taking

in this new configuration

—
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Second upgrade on Nov/Dec 2010: EErEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEE
all PMTs replaced with new ones it

1 DAMA/LIBRA-phasel: 5.5-7.5 ph.e./keV
of ilghar G2, S DAMA/LIBRA-phase2: 6-10 ph.e./keV

Larger and much more homogeneous than the
light collection for DAMA/LIBRA —phase 2
detectors
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Muon rates onsite are being monitored along the ANAIS-112 DM run.
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The underground muon flux is annually-modulated! -> We should care about muons
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* (delayed) effect of muons in PMTs? ANAIS can test these hypotheses
* slow phosphorescence in Nal?




Muon rates onsite are being monitored along the ANAIS-112 DM run. g
Muon related events 102 1 1 1 » E
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Muon rates onsite are being monitored along the ANAIS-112 DM run.

Muon related events Most of the removed events fall in the Rol
are triggering ANAIS
DAQ time since muon < 1 sec

time since muon < 1 & mult=1

MOSt of them are time since muon < 1 sec & mult=1 & n>1 & n>1

removed by
rejecting 1 second

o

counts/keV/kg/day
o

after a veto trigger

The fraction of live 1
time rejectecl after
the application of this 107

filtering amounts only

o 0 2 4 6 8 10
to a 3%. energy (keV)
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Muon rates onsite are being monitored along the ANAIS-112 DM run. 5
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Monitoring of environmental parameters has been ongoing along ANAIS-112 DM run.

Temperature inside ANAIS-112 shielding -> _
It has stabilized after the first six months <

of data taking %
For the first year: g
Mean value: 19.24°C

Standard deviation: 048°C

3)

Temperatures at the electronics -> Fully 9‘9’

decoupled from Hall B temperature 5
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Monitoring of environmental parameters has been ongoing along ANAIS-112 DM run.

Radon content and Relative Humidity in different positions
but outside the ANAIS-112 shielding

Radon content (Bg/m?)
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ANAIS-T12 Data Analysis




We have refined and tuned event selection procedures developed from previous
ANAIS set-ups.

-> using preferably non-blinded event populations (outside the region of interest,
coincident events, etc.), although finally, we have unblinded about 10% of the total
statistics from the first year (34 days selected randomly, amounting 32.9 days live
time) for background assessment and final tuning of some of the procedures.

109C4
external Acceptance DATA in ROI
calibrations efficiencies
BLINDED
LE
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pulse area

Calibration @ HE (above 50 keV) 3
we estimate energy by linearizing the pulse area — QDC relation for each module and
calibrating with background lines (every two weeks)
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Effectively triggering below 1keV

bulk 22Na and 49K events

identified by coincidences with 22Na-522Ne
high energy gammas

Populations at very LE well L%kev

N tagged by the coincidence { ->4%Ar
3.2k

energy detector B (keV)

087 keV from 22Na is actually below our analysis
threshold, but clearly above our trigger threshold
Selection by the coincidence allows to use these
events (almost free from noise/background)
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Effectively triggering below 1keV
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Calibration @ LE (below 50 keV)

- Periodic Cd calibrations every two weeks provide peaks very close to Rol -> first
calibration step to correct for any gain drift

- Known background lines from contaminants in the bulk in the Rol allow to increase
the accuracy of our calibration procedure -> adding one and a half months of bckg
to recalibrate energy using the median of the 40K and %?Na lines selected by the
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-Single Hit events

PMT noise filtering protocols are mandatory to reach 1 keV energy threshold

-Biparametric cut to properly select events
with pulse shapes from Nal(Tl) scintillation

fsoonsA(t)dt
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fosoo " A(D)dt

" _ 24t
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10 % data unblinded

background @ Rol
(random distribution)

— i

detector 1 [2 - 6 keV]
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Log(u, [us])

-Events arriving more than 1 second
after a muon

Live Time (after cut) = 51116 days

-Asymmetric events rejection
(E<2keV), number of peaks >4 at each
PMT

(a) bkg (1 keV <E < 2 keV)
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(c) calibration (1 keV < E < 2 keV)
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1.- Biparametric cut to properly select events with pulse shapes from Nal(Tl) scintillation
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* Cut in (Py, up) plane selected by fixing a 78% acceptance
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2.- Asymmetric events (<2 keV): accept events with number_of_peaks identified > 4 @
every PMT
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Checking the filtering protocols with 4°K and 22Na populations

Time evolution of the rate compatible with decay constants
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ANAIST12 background model

Detailed background models based on Geant4 Monte Carlo simulation and
accurate quantification of background sources

.. . Detector 10K 232Th 23817 210py
Internal activity directly assessed (mBa/kg)  (mBa/ke) (mBa/kg)  (mBa/ke)
: - . 40K 210 DO 1.3340.04 (4+1) 10—3 (10+2) 102  3.1540.10
by different techniques: “°K, <°°Pb, natural = 1° 1332004 3.15£0.10
Chai D2 1.074£0.03  (0.7£0.1) 10—3  (2.7£0.2) 10-3  0.7£0.1
ains D3 0.70+0.03 1.840.1
D4 0.5420.04 1.840.1
D5 1.1140.02 0.7820.01
L. D6 0.95+0.03  (1.320.1) 10—3 0.8140.01
ACthl'ty from external components D7 0.96+£0.03  (1.040.1) 10—3 0.80+0.01
D8 0.76+£0.02  (0.420.1) 10—2 0.74+0.01

measured with HPGe detectors at Canfranc

Cossnogenic activity in crystals (22Na, short life | and Te isotopes, Tritium, 09Cd, 3G,
etc.

40K and 22Na peaks and 29Pb (bulk+surface) and 3H continua are the
most significant contributions in the very low energy region
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ANAIST12 background model

The comparison of measured rate for coincident events attributable to 22Na decaying in
the bulk with the simulated rate (using as input the 22Na initial activity determined
according to a different signature, coming from high energy events) allows us to conclude
that PMTs events rejection procedure and calculated efficiencies work fine down to 1 keV
and even below
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ANAIST12 background model

Overall description of measured data at all energy ranges above 2 keV in coincidence and
anticoincidence is good
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ANAIST12 background model

Overall description of measured data at all energy ranges above 2 keV in coincidence and
anticoincidence is good

HE total and coincidence rates
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| total rate, 0.1-2 MeV | coincidences, 0.2-2 MeV
Detector Measurement Simulation Deviation | Measurement Simulation Deviation

(kg=t d—1) (kg=1 d-1) (%) (kg=t d—1) (kg=1d-1) (%)

D0 092.6+0.5 1048.0 5.6 102.3+0.2 108.9 6.5
D1 1000.440.5 1038.6 3.8 107.0£0.2 108.9 1.7
D2 798.8+0.4 842.8 5.5 09.1+0.2 106.9 7.8
D3 920.2+0.5 910.9 -1.0 107.3+0.2 109.1 1.6
D4 956.9+0.5 1012.5 5.8 156.7+0.2 158.4 1.1
D5 1010.24+0.5 1082.8 7.2 215.9+0.2 216.9 0.5
D6 929.1+0.5 089.7 6.5 154.5+£0.2 158.3 2.4
D7 909.7+0.5 990.8 8.9 152.2+0.2 159.0 4.5
D8 904.8+0.5 976.8 8.0 159.3£0.2 158.9 -0.3
ANAIS-112 | 035.8+0.1 088.1 5.6 | 139.4+0.1 142.8 2.9




ANAIST12 background model

Overall description of measured data at all energy ranges above 2 keV in coincidence and
anticoincidence is good
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ANAIST12 background model g
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Overall description of measured data at all energy ranges above 2 keV in coincidence and E
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ANAIST12 background model

Overall description of measured data at all energy ranges above 2 keV in coincidence and
anticoincidence is good

| 1 to 2 keV | 2 to 6 keV
Detector Measurement Simulation Deviation Measurement Simulation Deviation

(keV—1 kg—1 d—1) (keV—1 kg—1 d—1) (%) (keV—1 kg—1t d—1) (keV—1! kg—t d—1) (%)

DO 6.624-0.12 4.37 -34 4.584-0.05 4.53 -1.0
D1 6.5540.12 4.36 -33 4.6610.05 4.46 -4.4
D2 3.624-0.09 1.84 -49 2.4440.04 2.27 -7.0
D3 6.404+0.12 2.77 -57 3.164+0.04 2.97 -6.2
D4 5.5440.11 2.73 -51 3.124+0.04 2.88 -7.6
D5 5.844-0.12 1.84 -68 2.96+0.04 2.34 -20.9
D6 4.164+0.10 2.04 -51 2.90+0.04 2.42 -16.3
D7 3.784+0.09 2.03 -46 2.61+0.04 2.42 -T.4
D8 3.7440.09 1.94 -48 2.2940.04 2.18 -5.1
ANAIS-112 | 5.144-0.03 2.66 -48 3.194-0.01 2.94 -7.9

Below 2 keV the background model is not able to explain the rate increase in about a 50%.
The unexplained events below 2 keV could be due to non-bulk scintillation events leaking in
the Rol or some unknown background source not considered in our model. Further work in
these directions is ongoing.
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First results on dark matter annual modulation from ANAIS-112 experiment
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ANALIS is a direct detection dark matter experiment aiming at the testing of the DAMA/LIBRA annual modu-
lation result, which standing for about two decades has neither been confirmed nor ruled out by any other exper-
iment in a model independent way. ANAIS-112, consisting of 112.5 kg of sodium iodide crystals, is taking data
at the Canfranc Underground Laboratory, Spain, since August 2017. This letter presents the annual modulation
analysis of 1.5 years of data, amounting to 157.55 kg xy. We focus on the model independent analysis searching
for modulation and the validation of our sensitivity prospects. ANAIS-112 data are consistent with the null
hypothesis (p-values of 0.65 and 0.16 for [2-6] and [1-6] keV energy regions. respectively). The best fits for
the modulation hypothesis are consistent with the absence of modulation (5, = —0.0044 = 0.0058 cpd/kg/keV
and —0.0015 £ 0.0063 cpd/kg/keV, respectively). They are in agreement with our estimated sensitivity for the
accumulated exposure, supporting our projected goal of reaching a 3¢ sensitivity to the DAMA/LIBRA result
in 5 years of data taking.

ANAIS-112 First Results on Annual

modulation
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Time evolution of the rate of different event
populations in 1.5 years of ANAIS-112 data
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40K events (coincidence selected)

-Multiple hit (M=2) events in 1-6 keV region
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-single hit eventsin 3-5 keV region

Background estimated evolution ~ Exponential + constant fit
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We fit the ANAIS-112 time-binned data in 1-6 / 2-6 keV energy regions to:

R(t)=Ry+R;i-exp(—t/T)+S,,-cos(®-(t+¢)).

T is fixed to the value obtained from
our background model

w is fixed (corresponding to 1year
period)

¢ is fixed to have the maximum of the
cosine function in June, 2™

S,, is fixed to O to analyze the null
hypothesis and left unconstrained for the
modulation hypothesis
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Null hypothesis is well supported by the %2 test (p-values of 0.67 and 018 for 2-6 and 3
1-6 keV energy regions) E
Best fits for the modulation hypothesis have p-values slightly lower than for the null
hypothesis '
S, =—0.0044 + 0.0058 cpd/kg/keV (2-6 keV energy region) 5
S, =—0.0015 + 0.0063 cpd/kg/keV (1-6 keV energy region) o
0.015 g
Best fits are incompatible 3 oot W . é.
at 2.50 (2-6 keV energy 2 _ —8— DAMA/LIBRA result
region) and 196 (1-6 keV g. E} 0.005 3
energy region) with g E’ oL B Pl | T ANAIS-112 best fi 8—
DAMA/LIBRA results 8 S I 16 sensitivity s
c_g §; 0.005t | | exposure 1.5y 9
8 ool o 26 sensitivity 3’
& exposure 1.5y I
-0.015

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




—

estimated sensitivity at 10 and 20
for the present ANAIS-112

exposure

-0.02

-0.04

g ] © nullhyp . . g
Modulation amplitudes in tkeV T e _modulation hyp | " o
energy bins have been calculated & 0'5:_ T R L
from 1to 20 keV _ E_s - . . ° i
% i 1o 5
All the amplitudes in the Rol are %0.04_— 2
compatible with O and in general % - —e— this result g
p-values are larger for the null 2 02 "l‘ + —»— DAMAJLIBRA phase2 g
hyp. than for the modulation hyp. E i + ++’l=+ i j_ # g.
S of Tt ] st qﬁr ﬁ{*
Green and yellow bands show our - B ' + g—
- &
o]
=
O
S

Orr
&)
—_—
o

—5 70
energy (keV)




":—L:)":l \/ )

ANAIS-112 Sensitivity

l.vl’\'.(:“\‘ e <




Eur. Phys. J.C  (2019) 79:233 THE EUROPEAN M)
https://doi.org/10.1140/epjc/s 10052-019-6733-4 PHYSICAL JOURNAL C {Ejl;)%cel&;gr

Regular Article - Experimental Physics

ANAIS-112 sensitivity in the search for dark matter annual

modulation
arXiv:1812.02000

I. Coarasa!>@®, J. Amaré2, S. Cebrian'-, C. Cuesta'>*, E. Garcia!?, M. Martinez!>>, M. A. Olivan'~,
Y. Ortigoza'?, A. Ortiz de Solérzano'~, J. Puimedén'?, A. Salinas'->, M. L. Sarsa'?, P. Villar'?, J. A. Villar'-

: Grupo de Fisica Nuclear y Astroparticulas, Universidad de Zaragoza, Calle Pedro Cerbuna 12, 50009 Zaragoza, Spain

2 Laboratorio Subterrdneo de Canfranc, Paseo de los Ayerbe s/n, 22880 Canfranc Estacion, Huesca, Spain

3 Fundacién Agencia Aragonesa para la Investigacion y el Desarrollo, ARAID, Avenida de Ranillas 1-D., 50018 Zaragoza, Spain
4 Present Address: Centro de Investigaciones Energéticas, Medioambientales y Tecnologicas, CIEMAT, 28040 Madrid, Spain

> Present Address: Centro de Investigacién de Recursos y Consumos Energéticos, CIRCE, 50018 Zaragoza. Spain

Received: 5 December 2018 / Accepted: 28 February 2019
© The Author(s) 2019

ANAIS-112 Sensitivity




Statistical significance of our result
is determined by the standard
deviation of the modulation

amplitude distribution, 5(Sm)

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

We project our sensitivity with our
updated background, efficiency
estimates and its errors and live time
distribution
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Model dependent exclusion at reach in five years using 1-6 keV data
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v'ANAIS-112 is taking data using 112.5 kg of sodium iodide and is running smoothly
* 1year and a half of data-taking completed by last February blind - analysed for model
indpendent annual modulation and sent for publication

* We confirm our sensitivity projections to DAMA/LIBRA result -> 30 at reach in about three years
from now

* Null hypothesis is well supported by the %2 test

* Best fits are incompatible at 2.50 (2-6 keV energy region) and 190 (1-6 keV energy region) with
DAMA/LIBRA results

Careful low energy calibration (from external gamma sources and bulk emissions)
Excellent light collection of ~15 phe/keV and triggering below 1 keV,, in all modules
1 keV,, analysis threshold

Good background understanding but in 1-2 keV energy region, dominated by crystal
activity (2'0Pb, 40K, 22Na, 3H)




v'Next future...

 Data taking will continue in the same conditions, together with a blank module to
monitor non-Nal(Tl)-scintillation events, BUT... ANAIS is only funded until December'19.
ASKING FOR FUNDING in the next national call.

* Excess of events in 1-2 keV energy region has to be understood

* Measurement of Scintillation Quenching Factor for nuclear recoils already performed at
TUNL laboratories (Duke University, US) in collaboration with Yale / Duke Univ.,
investigating possible dependence on crystal quality, WORKING ON DATA ANALYSIS

 Combining data between COSINE-100 and ANAIS-112 would allow to reach 30
sensitivity to DAMA/LIBRA result sooner

Plan to make ANAIS data public after use to allow independent analysis
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