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Outline :

* Introduction to direct Dark Matter searches
* Direct detection experiments with Noble liquid double phase TPC; why Argon target ?
* The DarkSide program and the current DarkSide-50 experiment at LNGS

e New DarkSide-50 results :

— “Low-mass Dark Matter Search with the DarkSide-50 Experiment” ArXiv:1802.06994

— “Constraints on Sub-GeV Dark Matter-Electron Scattering from the DarkSide-50
Experiment” ArXiv:1802.06998

— “DarkSide-50 532-day Dark Matter Search with Low-Radioactivity Argon” ArXiv:
1802.07198

* Next goals : zero instrumental background DM direct detection with large scale LAr TPC

* The DarkSide-20K project: proposal for a 20t fiducial LAr TPC and future developments
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Structure

Standard Model matter only ~1/5 of tot. matter in the Universe
DM candidates in several BSM physics theories (axions,...)

But one class referred as WIMPs (Weakly Interacting Massive
Particle) has appealing features known as WIMP miracle: ———
in Uni. expansion equilibrium between DM ann. and prod. leads
to current relic density for DM masses in 1GeV-1TeV range
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Dark Matter evidences

Supernova

Lensiﬁg

Cold DM preferred for structure formation

Several gravitational evidences from :
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Complementary searches for DM

g < 10s MeV

Direct Detection:
through coherent elastic
scattering on nuclear
matter.

(wide WIMP mass range)
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Scattering
X¥Pp==xX+p

Vs ~ few TeV

Production at LHC:

in pairs through high
energy partonic inelastic
collisions (WIMP mass
range limited)
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Direct detection experimental techniques
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Phonons

Ge, Si: SuperCDMS CaWO0,.CRESST
Ge: EDELWEISS

CaFs, CFal: PICO

Ge: CoGeNT, CDEX Nal: DAMA/LIBRA

Sl: DAMIC Csl: KIMS

CFa: DRIFT, DMTPC, LXe: XENON, COSINE, SABRE

MIMAC, Newage LUX, PandaX L Xe: XMASS
S LAr: DEAP-3600
DarkSide-50

Cosinus

Charge Light
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Argon as target for Dark Matter

- Abundant in nature (1% in atmosphere), limited cost.
- High scintillation light yield of ~ 40 g / keV
- Lower x-sec. than Xe at high WIMP mass but higher recoil energy spectra at low WIMP mass :

% 100 Ge Xe Ar Si | Eioo| Ge Xe Ar Si
"\: my =100 GeV
2 my=10GeV | = |
o 2 4 8 10 0 10 20 30 40 5
F. Pilo - ICNFP 2016 Exeeshoalke V] ) (keV] 5
- Very different singlet/triplet scintillation decay times = very good discrimination power :
LAr LKr LXe
Atomic number 18 36 54
Physical Boiling point at 1 bar, T, (K) 873 1198 165.0
properties Density at T, (g/cm’) 1.40 2.41 2.94
W (V) 23.6 20.5 15.6
Fano factor 0.11 ~0.06 0.041
Ionisation Drift velocity (cm/us) at 3 kV/cm 030 0.33 0.26
Transversal diffusion coefficient
at 1 kV/em (cm%%) ~20 ~80
Decay time?, fast (ns) 5 2.1 2.2
slow (ns) 1000 80 27/45
Scintillation Emission peak (nm) 127 150 175
Light yield” (phot./Mev) 40000 25000 42000
Radiation length (cm) 14 47 2.8
Moliere radius (cm) 10.0 6.6 5.7
Issues: Excellent discrimination power!

- scintillation light at 128nm, needs wavelength shifter TPB and 87K critical temp for PMTs

- high relative abundance of radioactive 3°Ar isotope (beta emitter with 1Bg/Kg in Aar)
19 March 2018 Sandro De Cecco



Dual phase Time Projection Chamber

1 - Nuclear Recoil excites and ionize Liquid Ar producing
scintillation light S1 detected by top and bottom photosensors

2 - ionization electrons are drifted to the Ar gas pocket region
were they induce a second delayed scintillation light S2 signal

- Time difference between S1 and S2 gives vertical position
while fraction of S2 in each photo-sensor gives x-y position.

l —
lonization Excitation |

Recoil can be wnth electrons (ER) or nuclei (NR). lonization and | L

direct excitation of Ar* to form Ar,* dimer that emits light.

Electrons | Ar* | Ar
. : s . : ﬁ - -
Dimer excitons Ar,* emits light in singlet or triplets. Aro*| Aro" |
Different singlet/triplet fractions for ER and NR — |
. . . . Ar" r A
(NR ~70% singlet, ER ~70% triplet) diff. exc. mechanism. ‘ singlet | Triplet
Ar ions can recombine and form excited Ar** states. 1 ]
Recombination | m

Also, NR ion.+thermic energy loss = NR quenching (less S2)
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Dual phase TPC Electron Recoil rejection

S1-S2 At ~ O(10 us) drift time > z position

< >
Due to Nuclear quenching, ionization o -
signal and hence S2 scintillation, is less | |
intense for NR than for ER F N R
> separation power in 52/51 sof-
F | S1 52

gives an ER rejection factor of 200-300 :

| o‘é-/
Typically used in Xenon experiment 2\
(same in Argon) as only ER vs NR | 4? ER
discriminant. 3
But, unique to Argon : Pulse Shape o \
Discrimination (PSD) due to longer tails “E of e
in ER Sl Signal' M\O‘\n‘g zlo clo :o 80 ul»o 120
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LAr Pulse Shape Discrimination

Electron and nuclear recoils produce different excitation densities in the argon,
leading to different ratios of singlet and triplet excitation states

T singlet ~ / NS
T triplet ~ 1500 NS
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LAr TPC DM search backgrounds :

DM signal extremely rare and consists in ~10 keV energy deposit in the detector leading to

~10 photons detected. Backgrounds divided in two classes, NR and ER :

Signal Rate:
* 100 GeV, 10*> cm? WIMP

~10"%evt/kg/day Nuclear recoils:
el e « p~10*evt/kg/day

Detector material purity: U and Th
decay chains, mostly (¢, n) neutrons.

e a~10evt / m 2 / d ay — Surface events: fiducial x-y cut and

radon suppression filter

Electron recoils:
° 39Ar ~9, 104 th/kg/d ay ’Inner volume events:

- PSD + ARGON DEPLETION

| ¢ y~1.102evt/kg/day programs URANIA & ARIA
(also Cherenkov bck. = cuts)

And also, solar and atmospheric:

— YV - electron Scattering ——) reducible ER: with PSD

— coherent 'V - nucleus scattering p irreducible NR

KEYS :

clean materials, active veto shieldings and Depleted Ar
19 March 2018 Sandro De Cecco 10




Depleted Ar from underground source

40 40 Energy [keV_ ]
Ar from 9K decay underground 20 40 60 80 100 120 140 160 180 300
39Ar cosmogenic *°Ar(n,2n)3°Ar in atmosphere ¥

50d Atmospheric Ar (ROI)

0.9
0.8
= 3%Ar § emitter (565 keV) with 269y T, , 0.7
Atmospheric Ar act. 1Bg/kg from 3°Ar 0-¢
0.5
0.4
- expect UAr depleted in 3°Ar 0.3
— extract Ar from underground source 0.2
0.1
- in 2015: fill of DS-50 with Underground Argon ®7s0 100 150 200 250 300 350 400 450

S1 [PE]
. 1422kg-d background free AAr exposure
arXiv:1510.00702v1 [astro—ph.CO] 2 Oct 2015 ER rejection with PSD >1.6x107 (stat. limited estimate)

x1400 3°Ar depletion ! ' — RAr Data k3

Energy [keV ]

- 107 40 60 80 100 120 140 160 180 200
n . S T A B B B A BT A R
y vAr D " 70d Underground Ar (ROI)
o ata 0. .
o 10 WIMP Search Region 250
] —— UAr MC Total
B 214g; 60, © //_’_’—
X 103 609 kev 1.17 Mev “Co MC *°Kr -
-~ @ e %éig)"ev.ox —— MC **Ar ’ 99%—| NR acceptance contours from
10 / Y AmBe in DS50 + SCENE
o (®) 21495
1n /' 1.77 Mev 208,
= 5 7 (C4P) 2.62 MeV
< 10 (P)
o /!
C: Cryostat
® 10° ry
0] P PMTS
@ 107 used Sili
Fitted 8Kr act|V|ty |n UAr 2.05 + O 13 mBag/kg
o [, Fitted 3°Ar activity in UAr: 0.73 + 0.11 mBa/kg , , | | | | | | - |
10 " 5""2000 2000 6000 8000 10000 12000 12000 16000 18000 20000 00 100 150 200 250 300 350 '406" 450
S1 [PE] S1 [PE]
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AAr + Uar = background free demonstrated for exposure >5.5 t yr = Scaling to multi-ton LAr targets possible



The DarkSide staged program

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 ..~

Past Present »

... > 300t
DarkSide-50 (50kg) DarkSide-20k (20t)
DarkSide-10 (10kg) Sensitivity to WIMP- Sensitivity to WIMP-nucleon
Technical prototype nucleon cross section cross section 1048 cm?
No Dark Matter goal 10*4 cm? for a WIMP (10 cm?) for a WIMP
mass of 100 GeV/c? mass of 100 GeV/c? (1 TeV/)

19 March 2018 Sandro De Cecco
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DarkSide-50 LAr TPC and vetoes

DarkSide-50 in LNGS hall C :

- 50 kg LAr active mass

- 19 PMTs top /19 PMTs bottom cryogenic (LT bi-alkali
photocathodes)

- Active neutron veto with borate-scintillator

- Data taking since 2014 until ~2018

Liquid Argon TPC
153 kg %°Ar-Depleted
Underground Argon

Target

4 m Diameter
30 Tonnes
Liquid Scintillator
Neutron Veto

10 m Height
11 m Diameter
1,000 Tonnes
Water Cherenkov
Muon Veto

19 March 2018 Sandro De Cecco 13



Neutron background active veto

\Water Tank
11 m diameter x 10 m high Neutron mean free path 1-10 cm, can be

° 80 PMTs tagged with multiple hits in TPC and in LSV :

@ Active muon veto

e tag cosmogenic neutrons

Passive neutron and
shielding

Liquid Scintillator Veto

@ 4 m diameter sphere
@ Boron-loaded: PC + TMB
e 110 8" PMTs
@ Active neutron veto
e tag neutrons in TPC .....
@ in situ measurement of . . Liquid
neutron BG Multiple S2 signal e
] Scintillator
@ Passive neutron and v
shielding Energy spectrum of neutron captures in LSV
10 = °°**F AmBe neutron calibration data
Observe neutron capture on 1°B through : g 0-0016 f\
S 0.0014 i
. iE —> o TLi+
° 93.6%: 1B + n = 'Li* + « AL ,' B{n'a) Livy
TLi* = "Li + ~ (478 keV) 0.001 |-
0 6.4%: OB + n = "Li (1015 keV) + « (1775 keV) =

'
A
'
!

!
a (1775 keV) equivalent to 50—60 keVe ,’
!

\
0.0004 [}
>99.1% efficiency to veto neutrons with capture signals. ;4. \“, / ‘\
Ex. : in current DS-50 data <0.02 n predicted after veto 0 "MWWWW ey
and tOtal Of 2 +- 2 tagged events. o '5|o' = 'ul)o' = '1;0' = '2(|)o' = '2;0' - '3(|)o' = '3;0' 200

Signal [PE]
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NR calibration in LAr TPC

Use pure sample of single nuclear recoils from neutron source by : exposing small LAr TPC to
neutron beam SCENE exp. @ Notre Dame (2013); and ARIS exp. @ ALTO Orsay (2016)
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Recoil Energy [keV]

Energy [kev“]
20 40 60 80 100 120 140 160 180 200

and with in situ calibration in DS-50 TPC with

4 lpr== T T ML T Wl A | YT T ML
“ ols 4 uom meam AmBe-AmC neutron source the LAr TPC
0-8 NR band 0o |€—— response to NR measured in SCENE.
i . .
I = NR acceptance bands in f90 PSD variable:
0.6 ) i 100,
0.5 8140 ® g0 &
0.4 $ 120 80 &
o e \ 5 100;— £90 distribution E7° g
0.2 80; % acceptance E:Z oe
ot 60; é4o
= ;is0 200 250 300550 400 450 o il
Sl [PE] zoi —20
r Z —10
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ER calibration in LAr TPC

External Calibration: Internal Calibration:

» 83mKrinjected into the argon flow
* Decays by internal conversion or Auger electrons
* Monoenergetic total signal

* A robotic arm (called CALIS) deploys
gamma sources and neutron sources
* 57Co (y’s at 122, 136 keV)

« 137Cs (y at 662 keV) * Used tf) study scin'FiIIation light yield, z-dependence of light
o 133Bg (y’s at 81, 356, 383 keV) collection, 52/51 yleld
* AmBe (neutrons +y’s) S3mKr

39.1 keV 76% IC(30 keV)+A(2 keV)

(1.83 h) 9% IC(18 keV)+A (10 keV)+2xA(2 keV)
15% IC(18 keV)+X(12 keV)+A(2 keV)

Test of the MC code 9.4 keV | 95%  1C(7.6 keV)+A(1.8 keV)
. (154 ns) | 59 7(9.4 keV)
DATA-MC comparison: 57Co source next to the cryostat 83Ky
16000 a 2400
C All pulses T 2200 83mK 39 i
C r + >°Ar (AAr @ null field
14000~ —4— DS50 >’Co 2 2000 ( @ )
1zooof— G4Ds M 1800
- single pulse S samKr Light Yield:
E —+— DS50 - N 1400 7.9 + 0.4 PE/keV @ null field
8000 G4DS " N 1200 7.0 £ 0.3 PE/keV @ 200 V/cm
- ot 1000
6000 — o L 800
4000 ***** . e "X 600
C e O ern - % 400
2000 :’P*::':: *****N*: ::_: x> ** ** 200
o: e N T R B R B
() 200 400 600 800 1000 200 0 1000 2000 3000 4000 5000 6000 7000
S1 [pe] S1 [PE]
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New DarkSide-50 result :

Low-mass Dark Matter Search

ArXiv:1802.06994

Sandro De Cecco
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Low mass DM scatterring off Argon

Low mass DM scattering, Ar recoil Energy : Low Mass WIMPs: < 20 GeV/c?
2 2 2 2 2
Ey = T _2BavY oo ker ( My ) (100 GeV) - Range: 0.7-15 keV,,
2my my 100 GeV My Lighter nucleus, larger reco
Ar

my ~37 GeV energy

Form, = 10 GeV ) E~1.4 KeV A
- S2ionization signal only 2

X

(no S1)

below threshold for S1 signal at ~6 keV, (2 keV,,)

but above S2 threshold ~ 0.4 keV,, (0.1 keV.,) - Profile Likelihood Analysis

Low mass WIMPs E spectra for Ar, Ge, Xe

0p= 10% cm? i

10° =
: --%-- Xe: M,=2 GeV/c?

-4+ Ge: M =2 GeV/c*

--%-- Ar: M =2 GeV/c’
10* . -
—4— Xe: M,=4 GeV/c*]

—>|<— Ge: M =4 GeV/c2]

dR/dE [counts kg day ' keV]

—f— Ar: M =4 GeV/c®

- few electrons drift
- gas pocket amplification
- S2 signal

III
10

—_
<2
—_

19 March 2018 Sandro De Cecco ER [keV]18



Measuring ionization only events

Detection efficiency :

Acceptance estimated with data/MC
Fiducialization: use volume under 7 central
PMTs —> drives acceptance, at ~40%

0.5

0.45

Acceptance
o
b °
v L

o
-

IIIIIIIIIIIIIII'IIIIIIIIIIIIIIIIIIIIIIIllllll

(=]
o
wu

......
V.

D
.
P P

Fiducialization
x Trigger efficiency

x S2 Identification (fy, < 0.15)

PR SRR NSRS SRR ST SN SR

S

Single-electron lineshape :

- PMTs have zero dark rate at 88K

- Radioactivity very low in the detector

- One ionization electron (Ne = 1) under
center PMT gives an S2 signal of 2311 PE

- The gain in the gas region (~70 PE/e-,
reduced to 23 PE/e- when accounting for

the 30% QE of the PMTs)

10 20 30

P Y
40 50 60 70 80 90

-
-
- = U
T T

Events/[0.05 N_xkgxday]
o

[
]
»

- Sensitive to a single extracted electron
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Low Mass: Electron and Nuclear Recoil Scales

Electron Recoil energy scale :

With first 100 days UAr dataset, very
low-energy ER calibration peaks from
3Ar (ty, = 37d). *Ar lines :

E=0.27 keV > Ne=11
E=2.8 keV—> Ne=47.9

Nuclear Recoil lonization yield Qy:

NR primary ionization yield in LAr
from MC template fit (red line) to
DS-50 Am-Be and Am-13C neutron
spectra data

Uncertainty red band from
deviations wrt external neutron
calibrations (ARIS, SCENE).

19 March 2018
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44+ AmBe - AmC - ARIS -
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Low Mass: Nuclear Recoil Scale AmBe and AmC fit

MC + lonization model ! fit to NR data from AmBe and AmC.
(11 F. Bezrukov, F. Kahlhoefer, and M. Lindner, Astropart. Phys. 35, 119 (2011).

900 100p—
ook T oof; e e AmC
700:— % Single s2 805 % Single S2
6005— SN s1 o+ s2 70: N 51 + 82
: 500p— - %’%
& a00 - £ Z’égi
> - S a0l
B 300f- @ rj’%;
: {,?///’,‘*
200 ;//
2 ] 2o
10075, it :/
0 "A////‘///,Z/.(% B AR
020 ST 40 50 60 70 80 90 100
N.-
AmBe neutrons selected in coincidence with No gamma emission correlated with AmC
4.4 MeV gamma in the veto (alpha,n) reaction
Random/correlated background strongly Gammas from 2**Am decay accounted with MC
suppressed
Accidentals subtracted using UAr normalized by
Strong inefficiency for S2 only events the exposure

No inefficiency

19 March 2018 Sandro De Cecco 21



Low Mass DM ionization only search background :

E [keVnr]
1 2 3 4 5 6 7 8 9 101112131415
102 ——— ! -
. . 1 2 . -
- ' E [keVee] | ,
. : 0 _ | 5
—_ : : DM spectra 0,=10"*° cm? Data _ §1° _
B\ 10 . . ——— G4DS MC All SIE=
o . . M,=2.5 GeV/c S 4 3
¥ : u , — Cryostat y-rays 02 X — ¥
o - : : M,=5.0 GeV/c ——— PMTs y-rays 1 2—510 o
~ 1A M,=10.0 GeV/c’ —— ¥Ar + ®¥kr « 3 «
" : s
= s L %
— 2=l x
-1 L p— b
~ 10 § ~ E ~
n — 7 - )
- - & -
= | 0 —=10'0
> _2 - — >
m 10° g3 ®
- 100 |
B : : —=1072
10—3 1 1 a 1 1 I 1 1 1 I 1 L 1 1 I Ll 1 l 1 1 1 I L L L l 1 1 1 1 I 1 1 1 L I 1 1 1 1 :
0 5 10 15 20 25,/ 30 35 40 45 50
R High energy spectra —j:;rh
< oy
I In high N, region, dominant ER
2 backgrounds, level prediction with

>| extrapolation from high energy
spectrum MC fit, in very good
agreement with data (at % level).

10

\
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500 1000 1500 2000 2500 3000 Cecco
Energy [keV]
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Low Mass DM ionization only search background :

E [ keVnr]

1 2 3 4 5 6 7 8 9 101112131415
102 #ﬁWWMWMML#JM =
— . . 1 2 -
. . E [keVee] | .
| " ] ? 0 2
p— B : - DM spectra 0,=10"* cm? Data 3 - §10 _
e 10 ) ——— G4DS MC All J % 3 >
o — : : M,=2.5 GeV/c 4 3 4 3
y — ' v ) — Cryostat y-rays e — ¥
o — : . M,=5.0 GeV/c — PMTs y-rays B o —10 o
. - = ]
~ 1 . M,=10.0 GeV/c’ —— *¥Ar + ®kr ] j =
) 1 ¢ d
: > >
) e
_1 L p— b
~ 10 - E -
/)] [/ — w0
- 1 & -
) 0 —=10'0
> 2 & 3 &
m 10 =
: 100 |
] 1 I 1 L 1 1 I 1 1 1 1 l 1 1 1 1 I L L 1 l 1 1 1 1 I 1 1 1 L I 1 1 1 1 :
i5 | 10 15 20 25 30 35 40 45 50
1 1
: : Ne‘
Excess of events wrt to : !
background prediction | N, > 7 analysis threshold In high N, region, dominant ER
due to trapped/delayed | for My > 3.5 GeV. In this region backgrounds, level prediction with
electrons peak. | Data MC agreement is good extrapolation from high energy
: spectrum MC fit, in very good
Also seen by XENON100. 1 N_ > 4 analysis threshold agreement with data (at % level).
. . e
Further studies ongoing. for My < 3.5 GeV. Region dominated
by excess of Data over MC
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Low Mass DM 90% C.L. exclusion limit result :

Dark Matter-Nucleon Oy, [cm?]

- Profile Likelihood Method for N_>4 and N_>7 thresholds shown respectively for My < 3.5 GeV and My > 3.5 GeV

Assuming quenching a

non-stochastic process
-38
1078 =
: \
107 -
10%° = e
[ with binomial quenching
10-41 L—— fluctuation model
10—42 L_—roreees DarkSide-50 Binomial
— -~ = DarkSide-50 No Quenching Fluctuation
[ = NEWS-G 2018 = «eeens LUX 2017
— = XENONI1T 2017 . PICO-60 2017
10—43 —— PICASSO 2017 -.=.CDMSLite 2017
— ———— CRESST-III 2017 - ---. PandaX-II 2016
— XENON100 2016 DAMIC 2016
- = = CDEX 2016 CRESST-II 2015
10744 f— - - - - SuperCDMS 2014 CDMSlite 2014
§ COGENT 2013 CDMS 2013
:_ CRESST 2012 DAMA/LIBRA 2008
— Neutrino Floor
10—45 1 1 L 1 ! ) 1
5x107" 1 2 4 5 6 7 8 910

3 2
M, [GeV/c"]

- Uncertainties for both WIMP signals (NR ionization yield, single electron yields) and BG spectrum (rates, ER ioniz. yield)

Due to lack of knowledge about fluctuation at very low recoil energy, two cases :

- Binomial fluctuation for NR energy quenching, ionization, and recombination processes.
- No Fluctuation for NR energy quenching process. Corresponding to apply hard cut off in quenched energy ~0.6 keV .
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S2-only analysis interpretation for DM-electron scattering

2

. q 1 (mx)
E ——~—eV X |—=
R=4 = X e

For m, =100 MeV  m) Eg~50eV

to be compared with electron
binding energies in Argon 16-34 eV

E)P ~16.08 eV, E3S ~ 34.76 eV

- ultra low mass DM scattering on e can ionize Argon

DM-electron differential scattering rate :

dR Px Oe

P Px
dinE.  my 842,

<> [ daal 00 1o (@) 7o)

Tested in the two “light” and “heavy mediator regimes :

|Fom(q)|? =

19 March 2018

]-7 Mmed > Mg

(ame/q)*, Mmea < ame

x kg x day]

o

Events / [N

x kg x day]

e

Events / [N_.
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107 =
1072 =
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N.-
E [keVee]
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10? | | | | |
10 DM spectra 6x=1°-33 cm? Data

M, =10 Mev/c?

M,=100 Mev/c’

M,=1000 Mev/c’

G4DS MC All
Cryostat y-rays
PMTs y-rays
¥Ar + %Kr
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S2-only analysis interpretation for DM-electron scattering

[em?]

Ce

Dark Matter-Electron

Fom ~ 1 = heavy mediator Fom < 1/92 = light mediator
DM DM
10736 = 103! =
B < —
L S 1032
-37 bm E
107" = g —
— 3_1 10733 =
- [4] —
b =
_ 9 -
- = ~
E, 10 =
1078 = bl =
- m —
- Fp=1 = - Fpuxl/q’
— = DarkSide-50 ¥ 10¥ = DarkSide-50
~ == XENON100 8 = = XENON100
- == XENON10 [  —— XENON10
10—39! r | 1 1 1 TR | 1 1 1 R | 10_36 P | 1 1 1 PRI | 1 1 1 PRI |
10 10? 10° 10 102 10°
M, [MeV] M, [MeV]

Profile Likelihood Method is used

Uncertainties from ER ionization yield and single electron yields are included both DM
spectra and BG spectra. Rates uncertainties are included in BG spectra.

In the case of a heavy mediator, FDM = 1, we improve the current exclusion limit in the
range from 20 MeV/c? to 80 MeV/c?.
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Q, [e/keV, ]

Low Mass : toward better insight on NR response

Small LAr TPC exposure to ALTO tandem

lonization yield for Nuclear recoils: Licorne neutron beam (Li + p 2 n + Be)
} i Ey [kev,,] The ARIS experlment (2016)
1100 — |”|l.1|? T T m —r— 1'1'11']' |1|° L l'llvlllllllo — = 0 8 T T
- 1 ‘ 10 10? 10° P E ' ! ]
9 Exe [kev,,] - Lindhard's model Mei's model -
= 0.7— ]
s -1 W o DS50/G4DS ¢ aris 3
- - A MicroCLEAN * W. Creus et al. .
= 0.6 =
’ = // ////M'a'h ¥ - ¢ scene Y ware 7
°E "’l% o, R l 0.5 =
5 i_ ")ﬁ"/«' /l \ - =
— Xe Data . 04:_ ‘ _:
a4 LUX 2016 W I C ]
%  ZEPLIN-III 2011 ‘:‘f'-‘:,-n "'j - T o ®
3 XENON10 2011 Data ), ) g,".. . "w' 3 — ] i
E (] ] Manzur et al. 2010 ¢ aris T ‘ﬂ:l 'o Lo _|
2—4 XENON10 2009 Q SCENE ? = 7
— 0OA¢aprile et al. 2006 4#AmBe - AmC - ARIS - SCENE 0.2 . —]
! _xe e dBl ukov et a 2011 i ;:::i :: :i. :21: Cross Calibrated :é down to 7 keV reCOIl energy .
: | .‘ R L . bl L ol L Ol_l 1 Lo | il

1 I 1 1 1 1 1
0F——— .
1073 102 107 1 2
/ € 10 10 Energy [keV ]
.

RARS -rxiv:1801.06653

Region of interest for GeV Dark Matter masses ~
at <= 1keV recoil energy.

- need direct measurements at LOW ENERGY on neutron beams in the near future ...

19 March 2018 Sandro De Cecco
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future ReD experiment at LNS

All Lsci detector share same distance L
to the TPC and same scattering angle 0,
(hence same recoil energy)

The charged Different azimuth position correspond to
particle signal can different 6,. b | i -
be used as start for
B+T>C+n o TOFmeasurement Lsc
B/ '6c) ] LSc

reconstructed from kine
event by event

ez (Ar recoil wrt E field)
TPC

Vary L, beam energy and 0 <L
Study recoil energy and angular spread >~
due to detector geometry to find >
optimal comprimes between

acceptance and resolution
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New DarkSide-50 result :

High Mass Dark Matter search
based on 532-day

with Low-Radioactivity Argon

ArXiv:1802.07198



High mass WIMP search

a Blind Analysis of 534 live-days of data

Blinding box (red outline) 3 ) I
shown with 71-day data: : e e p : . 10°
PR D 93, 081101 (2016) e e .
0.8 _ ey X T ha )
- 4 = 10
fqo = S1 fraction in first 90 ns . -
i - 10’
Goal: design an analysis that 0 R
will have <0.1 event of 0.4 lr— 102
background in the to-be- iy
designed search box. 0.2 10

=

Final box chosen: dashed red 05 ™ 200 300 200 =00 500
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Nuclear recoil backgrounds

neutron

Neutrons Alpha’s

Background rejection:
TPC: multi-scatter
LS Veto: efficiency from Am-C for TPC
single-NR: 0.9964+0.0004
Water Cherenkov Veto for

Background rejection:

* Very high S1, small fraction at low
energies (cut at S1<460 PE)
e Self-vetoing in DS-50!
e SmallornoS2
cosmogenics * Long scintillation tail from

Neutrons in data are counted. TPB fluorescence

Energy [MeV]

107 - o .
£ Lapke £ 3 - I
- - h
. 1.6 —}— »at
1 n+ 0B — o + “Lj Data : #*H§ m’
0.08— ’ ’ Me - 'F Degraded: ! "
L * 12 underTPB ¢ ! T e
0.06 __ | E 1 :_ “* L}l t" — !I‘po
- |" | S oef & ! fvt Full energy in
B = ¥ \
0.04 . 8 " £ % | A  LAr
E | n+1B — o+ 7Li* + y S 0.6/~ .’”ﬁ‘ \ *'I L "f ;
0.0z ' “* f o 0.4 -m‘”"‘“ 4 |l ‘; '.
to s
B : ||| M |“ o.zE2 A Foo
0 .' B L C L0 ot b - “v"’ ﬁ. ,
Covw bbb b v b b b L1 ol ..310.. JIS‘Il“IO ‘rs*‘ %10
0 50 100 150 200 250 300 350 400 450 500
Energy [PE] Sl (PE) XlOOO
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Electron recoils backgrounds

Internal 3°Ar and 3°Kr + external gammas S1 + Cherenkov

—Cryo
f— s
> 10 |‘ = o soco l [ l l l l l l l
Q W . 28y L \
~ 10 ARV [\ sy ,85K;p 7 5 Fused Silica Y Fused Silica

=4 . A NS ' Ar gas pocket Ar gas pocket
(o] - : ), o .
e - : i
N 10 \
w o E s1 3 T Wost 3
oF . g g
0 WE b - VNP
> E ‘. ‘: ". WM«W\A ." . -“ = LAr LAr
o B o 3 SR

10 = v La A ! N,
= . ' W /\‘ A i
- ' \.) l\ \ \ '\\w
1 i N T SR S PV B PR |l NP B P
0 500 1000 1500 2000 2500 3000
Energy [keV] Fused Silica Cherenkov BG Teflon Cherenkov BG

—> y-ray multiple Compton scatters in LAr and in nearby Cherenkov radiator (Fused Silica
PMT window or PTFE ) : prompt Cherenkov light adds to S1 signal rise = large f90

Cherenkov
ER Background rejection: s2/s1 Normal ER | coincidence
H§ 1.8:_ ............................... 90
 Underground Ar a F 80
e S1 fraction in max PMT R R L 70
* PSD: fy, =S1 fraction in first 90 ns 2 o e SRR . N
§ F ‘0
Design cuts to reduce ER to : °-sE " | 30
0.6 a - .. S .
< 0.08 event of Total background I S T i AR
o | 7C');day£UAr"iData'{
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High mass WIMP search acceptance and background

Summary of analysis cuts acceptances: Total WIMP acceptance:

Cut Livetime/Acceptance 020 20 60 80Enerf:o [ki‘;,gl 140 160 180 200

All channels 545.6 d A =

Baseline 545.6 d oy

Time since prev 545.3 d 0-8-"

Veto present 536.6 d s OE

Cosmo activ 532.4 d § 0.6F I

Muon signal 0.990 ¢ o.55

Prompt LSV 0.995 9 0.4 Total cut acceptance

Delayed LSV 0.835 5 o £, NR Acceptance

Preprompt LSV 0.992 0.2 Overall NR Acceptance

N pulses 0.978 0.1

S1 start time 1 | L

S1 saturation 1 0 50 100 150 zooSl fggl 300 350 400 450

Min uncorr S2 0.996

gg-?ggn 0-297 Total background expectation :

Min corr 52/S1 0.995 Background Events surviving all cuts

Max corr 52/51 0.991 Surface Type 1 0.0006 = 0.0001

5 b shape Do Surface Type 2 0.00092 + 0.00004
p ' Radiogenic neutrons <0.005

51 TBA 0.998 Cosmogenic neutrons <0.00035

Long S1 tail 0.987 g : :

Radial cut 0.84 Electron recoil 0.08+0.04

S1 NLL >0.99 Total 0.09 £ 0.04

Combined 0.609

Goal of < 0.1 events achieved: open the box!
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All analysis cuts + LS veto to remove neutron candidates : zero events in the signal region

f90

19 March 2018

Energy [keV ]
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High mass 90% C.L. exclusion limit result
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DarkSide-20k best future competitor: LZ Xe exp.

N

LZ Spin-Independent WIMP Sensitivity

3 1 0—39
- = = | 7 90%CL Median (Baseling) === Zeplin-Iil (2011)
-4 —— = LZ 90%CL Median (Goal) PandaX (2016) 10
SE\ o s
- CMSSM (20)
-6 g— 1 0-42
_ 104
g &) -
—~ -8F \ 104
na - \ (&)
el E \ 45 o
e _9 e \ 10' 5 (Dbc:.
o e
i) e \\ \// -46
10 \ =10
B — ’/
11 \\\ ’/’/’/ | 1047
35 S — — ” —
_1 2 e S — 1 0-48
- N coh t ! eventf nce
== v=N coheren ignifica -
-13 L scattering ::c; :(;gt:;nne_years 10 49
: 1 1 L R | 1 1 1 1 L T | 1 1 1 1 I e R | '50
-14 10
10 10? 10°

WIMP mass [GeV/c?]

« Baseline WIMP sensitivity is 2.3 x 10 cm? @ 40 GeV/c? (arXiv:1703.0914).
* 1000 days, 5.6 tonne fiducial mass.
* Begin on-site assembly spring 2018, install underground 2019, first data spring 2020.
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DarkSide-20k best future competitor: LZ Xe exp.

LZ backgrounds summary
5.6 tonnes, 1000 days

NR (cts)

(w/ SF rej.)
Subtotal (Detector Components) | 9}w_0.072

Intrinsic Contamination Backgrounds | ER (cts)

222Rn (1.81 uBa/k 681
mn_éﬂ.ﬂﬂ-:B:fkg;'—' 111 \~ Gamma backgrounds

Radon dominates_ natKr (0.015 ppt g/g) 25 ; (PMTS., cryostat) are
ER backgrounds natAr (0.45 ppb g/g) 2 . negligible.
210Bi (0.1 uBg/kg) 40 -
Laboratory and Cosmogenics 5 0.06
Fixed Surface Contamination 0 0.39

Subtotal (Non-v counts)

pp solar neutrinos,
__~ clastic scattering on
67 atomic electrons

Physics Backgrounds

™ Coherent neutrino
L, scatte‘rmg on xenon
nuclei

Subtotal (Physics backgrounds)
Total

Total (with 99.5% ER discrimination,

Not a 0-background search :
at high exposures intrinsic limitation from Radon and solar pp v Electron Recoils
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Scaling to large DAr exposures, next steps :

ArDM A Single|Global Program for Direct Dark Matter Search
DarkSide [ Currently taking data: ArDM, DarkSide-50, DEAP-3600
DEAP ext step:[DarkSide-20k at LNGS (2021-)

MiniCLEAI§ Last Step: 300 tonnes detector, location t.b.d (2027-)

=
o
-

DarkSide-20k approved by
INFN and LNGS in April

| 2017 and by NSF in Oct
.. 2017

=772 = Officially supported by
=" |LNGS, LSC, and SNOLab
30 tonnes (20 tonnes

e e """]ofiducial) of low-radioactivity

WIMP mass [TeV/c?

underground argon

DS-20 ‘

pemmeeem 14 m2 of SiPM coverage
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Underground/Depleted Ar :

b
K e

<

RANIA & ARIA projects

Plant expansiogy

* URANIA:

* Replacement of the Ar extraction plant in Colorado to
reach capacity of 100 kg/day of UAr

» Cost: 3.2M€ =& |
* MIUR/INFN Progetto Premiale 2013 (2.3M€) . | = J
« NSF + other US sources (0.9M€) extraction of UAr with activity (measured by DS-50) of

| on wi - 0.730.11)x10°Ba/k
« discussion with CERN towards the possibile (0.7320.1)x vKg

commissioning and test at the Neutrino Platform . dedicated stage suppression of ®°Kr

* ARIA:

» 350 m tall distillation column in the Seruci mine in
Sardinia for chemical and isotopic purification of UAr

R&D Column
30 cm diameter
350 m height

“““ N

™~ I

\
m‘xiuﬁﬁﬁﬂm\

* Exploits finite vapor pressure difference between 39Ar/
40Ar (39Ar reduction factor of 10 per pass at the rate
of 100 kg/day)

* Protocollo di Intesa between INFN and Regione
Sardegna

TR el T

‘= Production Column
o Cost: 12.56M€ = 150 cm diameter
« INFN (4M€) Hﬁ'ﬁﬁi N B 350 m height =

« CARBOSULCIS (4.5M€) Seruci | —>removal of chemical impurities at 1t of Ar/day; also

of ®Kr with factor 1000 per pass
* Regione Autonoma Sardegna (2.7M€)

10kg/day isotopic distillation for **Ar —>rate too low for DS-20k

Seruci Il —>150kg/day for *°Ar : 30t —> 200d
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DarkSide-20k Tech. Proposal, baseline design :

Baseline design :
(arXiv:1707.08145)

30 ton total, 20 ton fiducial UAr

Liquid Argon target extraction and purification
from underground (URANIA, US) and 3°Ar
depletion with cryogenic distillation (ARIA,
Sardinia)

15m? of cryogenics SiPM photosensors (low
radioactivity, increased LY) - assembly and test
at Nuova Officina Assergi - NOA

high efficiency LS active neutron veto

15m diameter water tank muon veto , Events in ROl Background
Background 100 ¢ yr] ! (100t yr] !
Internal 3/4’s 1.8 x 108 0.06

ER background from residual 3°Ar Internal NRs negligiblf negligible

. e~ -Vpp scatters 2.0 x 10 negligible

SS/Ti cryostat' and PTFE largest sources of (a, n) . ™ 8/ i 005

Nuclear Recoils backgrounds External NRs <81 <0.15
Cosmogenic 3/7’s 210 <0.01

- a 100 ton yr background free exposure : _Cosmogenic NRs . <0.1

v-Induced NR 1.6 -

19 March 2018 Sandro De Cecco 40



DarkSide-20k, design evolution :

- a ProtoDUNE like large cryostat (8x8x8 m3 inner dim.) filled with750t AAr, also as shielding
- Much simpler design and concept : allows for fully radio-pure materials close to TPC

- Fully scalable to future modular and/or larger size (300 tons)

Internal : polyurethane ~78 cm, 90 kg/m?, heat input ~6.5 W/m?

Radio pure Copper/Titanium Vessel Plastic Scintillator Veto,
separation between outer AAr and inner (solid) with Boron,
TPC Depleted Ar. Gadolinium or Lithium

doping for neutron

capture. R&D on going
19 March 2018 Sandro De Cecco 41




DarkSide-20k, design evolution :

- a ProtoDUNE like large cryostat (8x8x8 m3 inner dim.) filled with750t AAr, also as shielding
- Much simpler design and concept : allows for fully radio-pure materials close to TPC

- Fully scalable to future modular and/or larger size (300 tons)

DarkSide-20

LNG technology : firm GTT

)/

Internal : polyurethane ~78 cm, 90 kg/m?, heat input ~6.5 W/m?

DarkSide-20k Inner detector : Vessel + Depleted LAr TPC
- Ultra radio pure Copper/Titanium Vessel removes higher source of n background

- TPCreflector change from PTFE to Acrylic + 3M foils, will reduce significantly Cherenkov

and n backgrounds

- Increase fiducial mass 20t>30t, TPC
19 March 2018 Sandro De Cecco
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DarkSide-20k and GADMC high mass projections :

10—41
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On the way to DarkSide-20k : DS-proto

- Testing the full scale components intended for
use in DarkSide-20k

= O(1m) linear dimensions to validate mechanics
and SiPM photosensors

= ton scale to test full size DarkSide-20 cryo
system

TPC assembly and integration test

- All the components of the prototype designed
and built in the different institutions of the
DarkSide Collaboration

* Is currently under construction, to be assembled and
tested at CERN starting 2018 and later at LNGS

= will perform cryogenic tests and
eventually more at Cern facilities until
mid-2019 (agreement )

= proposal to run the test underground at

LNGS approved by the collaboration in
June 2017

19 March 2018

Sandro De Cecco



Very preliminary low mass limit projections

- With intermediate size (~1ton) dedicated LAr TPC detector, before DS-20k operations :

- Underground Ar purification with URANIA (remove Kr) + isotopic 3°Ar distillation with ARIA
- low radioactivity SiPM and ultra radio pure criostat (copper or Titanium)
- to be run underground with passive and/or active veto system

scale current expected limit vs exposure/Ar purity/radio-pure materials :

10738

current expected limit Ne
................ copper, 25k kg day, urania
................ copper, 25k kg day, urania+aria
-------- copper, 50k kg day, urania
-------- copper, 50k kg day, urania+aria
copper, 100k kg day, urania
copper, 100k kg day, urania+aria
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Summary

* Background free high mass WIMPs search mode established with DarkSide-50 operations
with underground Argon:

— Starting large exposure future experiments with > 20t (> 300t) DAr target to reach sensitivity at
the atmospheric neutrino floor level for WIMP from O(10 GeV) to multi TeV masses

— in the frame of GLADMC Global Liquid Argon Dark Matter Collaboration (INFN, NSF, Canada ...)
merging all the existing LAr collaborations (DEAP3600, ArDM, DarkSide)

— At the 2020 horizon DarkSide-20k and DS-proto (2018) already under advanced design, R&D and
construction. External calibration ReD experiment also planned.

* New lonization based low mass DM search mode, with DarkSide-50 LAr TPC, results in
world leading exclusion limit in few GeV’s WIMPs mass range.

— This opens the way to medium term future dedicated LAr TPC optimized for S2 only analysis,

potential to reach the solar neutrino floor level with only an order of magnitude higher exposure.

* DARKSIDE experimental program: is very rich, diversified and exciting with many
opportunities for new ideas to develop both for detector physics and dark matter analysis
results from now on, and through the next decade.
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