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The evidence for the existence of Dark Matter (DM) is overwhelming, and it cc
from a wide variety of astrophysical measurements, e.g.

Velocity dispersion of spiral galaxies
1970s: Ford and Rubin discovered that
galaxies rotation are flat. The simplest
explanation is thagalaxies contain far
more masgshan can be explained by the G i e
bright stellar objects in the galactic disks. SRt S

Bullet cluster and gravitational lensing
Lensing and optical observation of two galaxy
clusters collision. The DM particlésue) interacting
only weakly could pass through each other more
easily than the baryonic mattepi(k).
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DM cantitdates

Interaction strength with normal matter (SM)

neutrino

108 neutrino

107'2 neutrino

10-'8 neutrino

Neutrino

WIMP

(neutralmo,
- KK photon)

Sterile
neutrino

DARK MATTER CANDIDATES:

M&Vne\f e\r‘ KQVNeVGeVTeV

io*ﬂlg

N

9 kg ONIO%s 0%k 10% 10  10%%

NO-SEE-UHS NG LEMSIIIG ASTRONOVMERS
ELEC‘I'R)NS PAINTED OﬁEusna GAMMA NEUTRON  S0LAR SYSTEM
VITH SPACE. CAMOUFLAGE 8-BALS mmurﬁs RAvs  STARDATA ~ STABILTY

(—BLACK HOLES, msowrw —.

MAYBE THOSE ORBIT LINES IN SPACE.
DIRGRAMS ARE. REAL AND VERY HEAVY

Source:xkcd

The mostsearched candidatesre socalled\Veakly

Interacting Massive Particles (WIthat decoupled
when non relativistic and are provided by many theories
beyond the SM like SUSY

1V Il Hidden sector
- — — — — — — — ——————— - ’
peV meV eV keV MeV GeV TeV 10%-10" TeV
Particle mass
102'eV peV neV peV  meV eV keV  MeV GeV TeV M,
IIl....IlllllIllIllIllIIIIllIllIllI”_.lIl
I h pre-infl. QCD axion i b general thermal WIMP :
post-infl. sterile
fuzzy DM CD axion neutrino ADM
“classical” < &
QCD axion non-thermal WIMP (FIMP)
QCD axion standard
thermal WIMP

[Direct detection of dark mattar APPEC committee report,
Julien Billard et &2022Rep. Prog. Phys. 85 056201]

(e.g. SUSY neutralino)
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Detedtion @flDatk/Matier

direct

4

= High-energy neutrinos,
I

gammas
look at overdense
regions in the sky.
Astrophysicdackgrounds
difficult

MissingeET, moneébject >
Si0OX

Can it establish that the
new particle is the DI
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SM states SM states

Direct detection

A Nuclearrecoilsfrom elasticscattering
A Non relativistic
A Coherency: dependence on A.
A SpinDependent (SD) and Sgimdependent (SI)
A Mainly nuclearrecoilsbut alsopossibleinteractions
with electrons(Low mass WIMBearche¥
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The WV spaetim o faore )
Standardecoll spectrum i.e. differential event rat@er unit detectormass:
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Fimall WWINVIR spacira

\ M,=20 GeV and 0§,=10"* cm’
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In areal experimentthere will be alsoa nuclearrecoil acceptancdunction,! 'O , whichtakesinto account
all the background<suts,the WIMPsignalselectionefficiencyandthe experimentalresolution

The total number of WIMP
events is then given by
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Direct seatrbbes/whthdlgdidabbd ecetente

In this sector, liquid noble elements are commonly used:

U High densityinexpensive

U Good scalability ttarge masses

U Easyto purify
U Large ionizatiorgcintillation yields

U Low energy threshold (O(10 keV))

U Background suppression
U Passiviactive shielding
U Low intrinsic radioactivity

U ERbackground discrimination with Pulse Shape Complementarity of different elements
Discrimination (PSD) expecially in argon greatvalue in case of an excess

M. Cadeddu, The DarkSide experimental program, PASCOS 2024 9



Dugitphaseaaggam AP Gononkipg mtisielpl

U S1= Primary scintillation in liquidr

U S2=Secondary electroluminescenaeAr gas pocket
52
U Event 3D reconstruction:
U S1 & S2 full energy deposition
1 U Drifttime © 0 © vertical (z) position
: >_Sl U S2 Channel top light pattefh xy position

S2 light fraction

M. Cadeddu, The DarkSide experimental program, PASCOS 2024 10



Puilsesshapdictseninnatdh (PSS dgoarc

£ Joohe 5 5 U Argon scintillation has a fast component witlf @s decay time
g 3 EP (singlet), or a slower component with.6 >s (triplet) decay time
3F Electron Recoil (ER) 1, § depending on the nature of incident particle.
T Mostly triplet Za= § U NRproduces morety, eand lesst, states than ER.
F Jm™V fy,= the fraction of S1 light collected in the first 90 ns.
“05_ _g 20 V f90 rejection betterthanx 1.5x10 [10.1016/j.physletb.2015.03.012]
- —:-300 ) [ N— _ . - S
m__‘_'z' = i . 0 ) 1'9 [ 1'350 Electron Recoil
sample time [us .
£ e 30 e -
3 3753— . —3-50 92 ................................................................
8 E Nuclear Recoil (NR) 3
FE Mostly singlet EM el .
3605— —E-ZDD s
smsE- 3250 Nuclear Recoil __._.._.- e B RIS ol e o BB TS
- p 3 9 ) 100 150 200 250 300 350 400 450
350— —-300 s1 (PE)
s, % Thanks to PSI®lectron recoil backgrounds can be identified
ot e tine ) and removed in WIMP searchks
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Badicgounds

[Arxiv:2406.10339]

-6 —— MUTE + DAEMONFLUX "
Exte rnal 10 (;‘ggg) ~=- Mei &+Hime (2006) I nte rn al .
10-7 Soudan . -
A muons(cosmic) éiﬂ;b‘uifpf&oo% . LNGS w8>Kr and Radon, removed ffijtering

w dzy RS NH NZ dzy R“ ¢‘8=I-AGMUTE

L 0 FlatEarth SURF(L2017)

w ! NEAR-yR¥duced using underground Ar
] g e w NBlIR2dzi otac¢asz {Ltasz
oY Super-Kamiokande (2018)

A gamma(natural radioactivity) ® e 010 o 200a P @ NI & A R drlorti -detajzidmbveddy
®w LI} AaAGS aKA SRR ™ fiducialization
w YFGSNRIt ast SOlrey
w t{5 RAGONAYAYI l&q&v%%nwgrtical Depth, h (km.w.c)

7

A neutrons(natural radioactivity and cosmogenic induced)
(Can mimic the WIMP signal)

w dzy RSNENRdzyR f I 6
w LI aaA0S yR I O0AOBS &aKASt RAY3
w YFOGSNRAIE aStSOGA2y t2¢ |3 ¢K O2y il YAYL

w O2KSNBYy(G Stl adaro ¢HENSENNgURINOY dzOf S
elastic electron scatteringarxiv:2307.08842] > |

M. Cadeddu, The DarkSide experimental program, PASCOS 2024




Neultrinoss

U Coherent elastic neutrinaucleus scattering (CES)

can produce nuclear recoils thatimic WIMPs

Neutrino floor/fog

Limit on experimental sensitivity for any detector!

[arxiv:2109.03116]
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nucleoncross section [pb]

SI WIMP

U Solar’B at low energies
U Atmospheric at high energies
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How to go beyond?
U Directionality(see the RED experimejatxiv:2307.15459)|
U Spectral information

U Effective background subtraction requires
decreasing systematics

U Precisemeasurements and description GE NS
Cross sectiofarxiv:2402.16709& improved subGeV
atmospheric models
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The akkSiele rprogniam

20132021 2027-2037 Far futureX

DarkSidel0 DarkSides0 DarkS|de20k @LNGS Argo @SNOLAB
Technical prototype Science detector. First Novel photosensor technology.  Ultimate LArDM
No dark matter goal bkgfree results with ~ First peek into the neutrino  detector. Push well into
UAr Best limits for low fog. Nominal exposure: 200 t ythe neutrino fog. Nominal
mass WIMP search. exposure: 3000ty
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The pastssueeess Db RaiksSERR

U 50 kg duabhase argon TPC operated at Laboratori Nazionali del Gran Sass [@iN@3410.0653]

A Challenge: intrinsic ! @ decay

Solution: extract low radioactivitgrgon from underground
(UAr)source ( ! @epletion factor >1400)

Activeshielding:

A Neutron and i Veto: 4 m diameter filled with 3@nne
boron-loaded liquid scintillator with veto efficiency above
99.8 %

A Muon Veto (Water Cherenkdetector 100&tonne
Cosmic Ray Veto) with veto efficiency above 99.5%

A Designed to be backgrourfcee (<0.1 background events
In the nominal exposuden the S1+S2 analysis (high mass
WIMP region)

Scintillate
vessel

Argon
RE

M. Cadeddu, The DarkSide experimental program, PASCOS 2024
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Low W NVPhmasssearehesharkadkSde

DarkSide50 low massionization

(S2only) analysis J
&

PROS: g
U S2 signals are amplified in Gpassible :5'
to identify single ionization electron .-

U Energy threshold for nuclear recoilswn a
to 0.6 ke, (corresponding to 4 electrons§

U Unique sensitivity to few GeVs DM

WIMP-N

CONS:

U PSD and-£oordinate reconstruction are w
unavailable

U Minimal fiducialization (only radial)

U Nomorebkgfree© Background model
needed

107
107
10—41
10-42
10—43
10—44
10—45
10-46
10—4?
10—48
10—49

10—50

S2only

[arXiv: 2207.11966 (2022)]

S1 & S2
[arXiv: 1802.07198 (2018)]

— B

Low mass WIMP

0.1<m, <10 GeV

10

ey

102 10° 104

WIMP mass [GeV]

High mass WIMP
m,, > 10 GeV
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RecenttDS0 resiuits :
3
¢?10—35: E ;Ig
U DarkSide50 most recent analyses: g8 i
10736 { W
s
i WIMP-Nucleus arXiv: 2207.11966 (2022}3 i 3°
U Migdal effect arXiv 2207.11967 (2022) g 10-38.
U WIMP-electron arXiv 2207.119684022) % i :
10—39E -2
s i
§\ 10-40 =
. : " 10 “100 1600
U Search for dark matter annual modulation with m, (MeV/c?)
DarkSide50 arXiv:2307.07249 (2023)
.;T' 34 429 4[9 68 92 116 146 162
4 OGddd8 238 a8 NDKSR FT2NI°F i Yzﬁ*cfzfs” F‘;:*?Q:.’%Ey
using the ionization signal of the DarkSEeliquid = ““l t+ nass
argon TPQNo significant signature compatible with% °**
dark matter is observed in the electron recoil A
equivalent energy range above 40 eVehe lowest 2 °flo.
GKNBakK2f R SOSN) I OKASISR R D¢
A -0.3
% 0.04 0.06 5.0 1OI.O 15I.0 20.0

Relies on «Long term temporal
stability»[arXiv: 2311.18647 (2023)]

Energy [keV]

10—3!

M. Cadeddu, The DarkSide experimental program, PASCOS 2024

-35 i
10 | Migdal effect
107
107
10738 [ —-- DsS50 MIG ER (2022)
_3g [|— DS50 NQ (2022)
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_a1 [|~ XeneonlT 2020
10 J — Cresst=III 201%
1072 | —— XenonlT ME 2019
10743 77" DS50 NQ 2018
—— DS50 QF 2018
10 44 I I 1
0.030. 05 0.1 0.3 0.5 1 3 5 10
mey [GeV/c?]
| DS-50 0.06-2.0 keV
. (Best fit)
I (68%)
1071 mmm (95%)
P 777 RAverage bias
1 0—2 lissrsrrrrrsssorssrssrsssssarssssssslsssssssssssoss s oo s sssss ot ol s s s s st et o s s s s s ssss
10731
F e
N | R

>\'
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=
Q

[y
Q
w

1071}

DAMA 2-6 keV
COSINE 2-6 keV (95%)
5] ANAIS 2-6 keV (95%)
i) LUX 2-6 keV (90%)

¥} XE100 2-5.8 keV (90%)

S- 046

3 y""gﬁes fa ‘NJ§
(68%)

L (95%)

F 777 BAverage bias

L A .
100 200 300
Phase [day (since 2015-01-01)]
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GlobdlpgarDDM alabatation

All joined together in 201% build future LArbased dark matter detectors

> 500 Collaborators, > 100 institutes distributed across 14 countries

A u“

DarkSide-50 @LNGS NPT e
;‘": § & &
R 0. ASTROCENT /(&) .

-,@ » NIR *"“'

DEAP 3600 @SNOLAB
I

) Ay
ER 2 L e
+E9 INFN ﬁPN K &G
e WSTITUT DE PHYSIOUE NICLEARE wews
i ORSAY
i oy
fgeid) .' LPNHE Polne(hi\a

(& UQ

.'ll NATIONAL v
RESEA ‘(, CENTER
"KURCHATOV
QY iNsTiTUTE"

State
s University 1: Pacific Northwest
 *THE REAL SCIENCE _ o Ao
' 3

SAPIENZAE

UNIVERSITA DI RON

| Trento Institute for
Fundamental
and Applicatons
g X

5 2~ E THE 1 NIVERSITY OF. 7Y
0 O CHIC AGO
EUNIVERSITEDE °" &
SHERBROOKE g \scr @ Toraid
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Dariksdiae2 0k

U DarkSide20k in Hall @Laboratori Nazionali §
del Gran Sasso LNGS (ltaly)

U Below 1400 mof rock (3400m.w.e)

U Muon flux reductiorfactorx 10f

Under construction at LNGS

X . . . I . I h TP
A x 50 (20) tonnes active (fiducialin a dual phase TPC AArvolumet 6501)

: Outer muon veto.
A 32 tonnes of UAr acting as neutron veto

SS Vessel

x 32t of UAr
Neutron veto

A2 Wi AN

A Light Readout: large array of custom cryogenic-low
noise SIPMSTPC readout: 21 n? cryogenic SiPMs)

a\ \ .s‘-.

UArvolume { 50t)
Inner detector

“\'%

Position reconstruction resolution:
U x lcmin XY

Ux1lmminZ M. Cadeddu, The DarkSide experimental program, PASCOS 2024
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Undetgrounthaggon @hdyplitticaton

Extraction

39Ar radioactivityin AAr:
of emitter (Ta2: 269yr, Q: 565
keV).x 1 Bg' kg in AAr.

URANIA Colorado (US)

® LYRdAGNALE & Olthe 1da DLl pis P" G

~ ~ Ve ~ v

w 9ELISOGSR I NB2y® R de + ([0

99.99%;
wUArextraction rate: 25830
kg/day and 120 t over two years

Purification Assaying and delivery

ARIA UArdistillation plant ?

W /szasy)\o R)\au)\ff.lu)\z
w ¢KNBS aSOuAz2yay ozuaidz
modules (12 m each), top condengeB50m

w [/ KSYAOlIf LIzZNAFTFAOIFGAZ2Y

® CANRG Y2 R
according to specs W|th N
nitrogen in 2019:ur. Phys. SR8 77880 NI DArT: Measurement of the activity
C (2021p1:359)] “"‘ ‘?sﬁ N/ I S\  of the 3°Ar @LSC, Canfranc, Spain
Vim=SR\od o { Apyfa3direr detector for
1.42 kg of liquidJAr
w 2Afft 0S APMOL f
detector, acting as an active veto.
w3%Ar depletion factor sensitivity:

U.L. 90% CL.%610% [2020 JINST 15 P02024

- : P
b

wArrun completed at

w b2g ¢2NJ
full assembly

M. Cadeddu, The DarkSide experimental program, PASCOS 2024
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DatikSdiae? 0k goyste sa@ac i ghghamass

WIMP

U Nominal exposure
Fid. 10 YA (20x10)t yr

(0 Instrumental background &

DS20k aims to have 0.1
bkg eventsn 200t yr

U Expected neutrinos

x 3.3eventsin 200 tyr

[cm?]

10-44 Exclusion 90%

pMSSM1l [EPJ C 78 256 2018]
B Ar v-fog [PRL127 251802 2021]

Complex WIMP [EPJ C 8 992 2022]
" Real WIMP [EPJ C 82 1 2022]

10—41 \

-
-
&
» .
- -
----------

10—48

XENONnT 90% CL excl. [2303.14729]
LZ 90% CL excl. [2207.03764]
XENONnT 5 y (20.2 t yr)

LZ 2.7 y (15.3 t yr)

DarkSide-20k Fid. 5 y (100 t yr)

*+ DarkSide-20k Fid. 10 y (200 t yr)
DarkSide-20k Ext. 10 y (460 t yr)

10—49

© ARGO Fid.

(3000 t yr)

© XLZD (1000 t yr)

0.01 0.1 1
M, [TeV/c?]
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DatikSdiae? 0k sensithiinpyddifghti stark

matter panticies

Nuclear Recoil Energy [keVg]

Events / (0.25 N, x kg x day)

393

21

.4 1.5 12 55
T L ' ' I L I
Electron Recoil Energy [keVg]
.04 0.20 3.10 11
I T ' ' T T
—— Model ~ - PDMs -- SE
—————— ¥ar - TEC ~ CEWNS |
- - Bgr Vessel - V-ES

50

100

170

Number of Electrons

[

o
|
B
=)

[
o
|

A

[

Dark Matter-Nucleon Oy [cmz]
= =
o o
5 5

10744

10745

L IIIIII|

T IIIIII|

V T Illll'l.ll. T IIIIIIII

my [GeV/c?]

Check the presentation today @IDM 2024

DS-20k - 1 year
QF - Ne-=2

DS-20k - 1 year
QF - Ne- =4

DS-50 - QF - 2023
PandaX-4T 2023
XENONnT 2023
PandaX-4T 2023
LUX 2021
XENON1T 2021
Pico-60 2019
CDMSlite 2018
LUX 2017

CDMS 2013
Cogent 2013
DAMA/LIBRA 2008
Excluded region

LAr Neutrino fog n=2

o[ Q! |j ddarie vad Uffelen and

arXiv:2407.058113
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Conclusions

Dark matter is still one of the biggest
enigmas of our century.

Liquid argon TPC technology has proven
to be a very powerful tool for discovering
WIMPSs thanks to the success of
DarkSides0!

The R&D phase for the 2Bk detector is
complete, ancconstruction has starteth
Hall C of LNGS.

The underground argon procurement and
characterization projects are ongoing
(URANIA, ARIA, and DAXITDM).

Data taking is expected in 2027

M. Cadeddu, The DarkSide experimental program, PASCOS 2024
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