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Ugh!
Another direct DM

search review... _ _ o
1.Direct detection trivia

2.DarkSide status and perspectives
* [he experimental program
e DarkSide-20k overview
e Detector design
* Photo-detection system

* Argon target procurement
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Thermal anisotropies Galaxy velocities Rotation curves
multipole expansion Gravitational lensing (Bullet Gravitational lensing
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Convincing evidence at all scales
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~ Where should we J08k?
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~70 orders of magnitude and a zoo of theoretical models!
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Hunt it down’!‘
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Annihilation in SM particles

Universe is our lab! ¢/
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e Non relativistic regime (v << C)

e Signal: nuclear recoils (NR)
e Coherent scattering
enhancement (A2)

e High energy suppression (F2)

e Rate exponential in obs. energy

* owNn and ppom degenerate

Particle physics
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Nuclear physics

Astrophysics
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e Non relativistic regime (v << C)

- Signal: nuclear recoils (NR)

e Coherent scattering

enhancement (A2)

e High energy suppression (F2)

* owNn and ppom degenerate

e Rate exponential in obs. energy
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-nergy loss mechanisms in
matter depend on energy scale

ROl for DM direct search
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overlap of electron shells
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o \ariety of experiments exploiting all channels e Sensitivity to 2 excitation channels

e Phonon observation requires cryogenics e ER/NR discrimination = background rejection
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Radiogenic and cosmogenic bAgkgrounds

From above From below Solution
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* Natural radioactive Isotopes:
 Excessive muon rate at surface U and Th chains, non-actinides e Onion-like structure:

* Radioactive isotopes activated ¢ Material assay and selection 1. Muon veto
R/NR 2. Neutron veto

* Neutron generation » Particle identification:

* Go underground! e Fiducialization: surface events 3. WIMP detector
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* Neutrinos neutral current

e Coherent scattering on nuclei
e 8B at low energies

.

Atmospheric v at high energies

WIMP mass [GeV/c?]

 Background-free sensitivity for
exposures reaching 1 event

Ditferent energy thresholds

—nvelope forms the neutrino floor
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o, [pb]

Target complementafity

What if we actually observe somethmg’?

p=3460Vm v, =544 kms, ‘-mms =1

My = 25, 50, 250 GeV/c?
Ar, Ge, Xe separate

" arXivi1012.3458

80

10°

8
v

* p:oaeov.un V.. sumsv-mms T
‘ My = 25, 50, 250 GeV/c?

Ar, Ge, Xe combined

- arXiv:1012.3458

” .

10°

m, eVt

A positive observation with more than one target will help constraining My and o
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Search with liquified noble elements

High density ¢/
Self screening

Good scalability

e Easy(-ish) purification, also
online ¢/

e Scintillation: good light yield ¢/ ———— - -

Physical Boding point at 1 bar, T, (K) 8573 1198 165.0
propertics Density at T, (g/m”) 1.40 2.4 2.94
® | t V WicV) 236 20.5 15.6
onisation Fano factor 011 “006 0041
lonisation Drift velocity (cm/us) at 3 kV/cm 030 0.33 0.26

Transversal diffusion cocfhicient

® E q reJeCtlon V at 1 kViem (cm*A) ~2 t\,”

Decay time*, fast (ns) 5 2.1
slow (ns) 1000 80

Radiatson length (cm) 14 4.7 .5
Molere radius (cm) 100 6.6 57

e NR guenching at low energies X B Light yekd (phot./Me) / 25000 200

Excellent discrimination power!

10



'ER rejection in LAF
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DEAP-3600
Eur. Phys. J. C 81,823 (2021)
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B,y rejection better than 108
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e 39Ar Is a cosmogenic Isotope
e 3-decay with 565 keV endpoint and ~269y of half life
e ~1Bqg/kg in atmospheric Ar

e No activation in Ar from deep gas reservoirs (UAr)
e Suppression factor ~1400 demonstrated in DS-50

o | | | e Possibly higher depletion factor
e Rejection possible with PSD, but there’s pile-up!
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e Reliable fiducialization

e Multiple scattering rejection
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A multi-stage approach
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DarkSide-10 DarkSide-50

e First prototype « Science detector DarkSide-20k @ LNGS Argo @ SNOLAB
+ Helped to refine TPC  + Demonstrated the use of UAr  * Novel technologies - Ultimate LAr DM detector

design

- First background-free results - First peek into the neutrino fog * Push well into the neutrino fog

- Demonstrated a light | |

yield >9PE/keVee . Best limits for low mass * Nominal exposure: 200ty * Nominal exposure: 3000ty

WIMP searches
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Como Grande

g Nanguiston, W Aqn g0 e Below ~1400m of rock (3400 m.w.e)

N

e Muon flux reduction factor ~106

e 3 main experimental halls (20x100x18 ms3)

7 By 4
Fagiai V. Fregga  Faglia di Fontan
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SANNTLANT AN

NEOAANTE ANT AN

Nested detectors structure:
ProtoDUNE-like cryostat (8x8x8ms3) - Muon veto
Ti vessel separating AAr from underground UAr.

Neutrons and y veto

WIMP detector: dual-phase TPC hosting 50t of LAr
Fiducial mass: 20 tonnes

Multiple detection channels for bkg supression:

Neutron a
3andy af

er cu

ter cuts: < 0.1in 10y
ts: <0.1In10vy

Position reconstruction resolution:
~1cmin XY
~1mmin/Z

20
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. 107 SN 1 2 iy N
+ .

E ( ) ( ) (C+F) ‘ox _ - MC 39Ar ‘-.c .....

10 B \ 1.46 MeV e
=) / (P) 21eg4 0.6~
n / tél;)mv 2080 “2 ‘r°
= ) 7 2.62 MeV -
- 107 - (8) -
m . 0.4}
£ 106 C: Cryostat
® P: PMTs .
- 107 F: Fused Silica 2B
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o AL A

o
(] N
id

105"~ Z000 8000 6000 8000 10000 12000 14000 16000 18000 20000 . S s
S1 [PE] S1 [PE]
Electron Recolls (ER) Nuclear Recoils (NR)
39Ar [3 decays Radiogenic neutrons, mainly from (a,n)
vy decays from U, Th chains + non actinides reactions.
(“°K, 80Co, 137Cs) Cosmogenic neutrons, from materials activation
Surface events due to residual muon flux
Radon progeny Atmospheric neutrinos
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39Ar 3 decays —=—p Use of UAr, PSD Radiogenic neutrons, mainly from (a,n) reactions.
40 o0 137 ' ' : . . .
(9K, %0Co0, 197Cs) —pMaterial selection, PSD  cosmogenic neutrons, from materials activation
Surface events due to residual muon flux =3 Nuon Veto
| Atmospheric Neutrin0s - = |rreducibl
Radon progeny ; Surface cleaning o ed e
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* Integration of TPC and VETO in a single object

* TPC Vessel:
* top and bottom: transparent pure acrylic
* lateral walls: Gd-loaded acrylic + reflector +
WLS
* anode, cathode and field cage made with
conductive paint (Clevios)
* TPC readout: 21m2 cryogenic SiPMs

* Veto:

* TPC surrounded by a single phase (S1 only)
detector in UAr

* TPC lateral walls + additional top&bottom

planes in Gd loaded acrylic (PMMA)

o to thermalize n (acrylic is rich in Hydrogen)
O neutron capture releases high energy vy

* Veto readout: 5 m2 cryogenic SIPMs

29
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ol But...there’s no such thing as a free meal! EEERNNIESESEEE
e Higher dark rate and correlated noises (after-pulse, cross-talk)
e Small area (many channels)

e High output capacitance (highyelectronic noise, low bandwidth)



AT -0

‘ Step SlPMs development ‘

o NUV vs

RG
e (Cell pitch a
o E field profi

e =

DC

3 choice (Po1)
fill factor (FF) optimization

R+CN reduction

32

PDE (%)

A. Gola et al.,Sensors 19, no. 2, (2019), 308 | -@-OV= 2V

— *0QV= 3V
::3: 40pm cell pitch | *OV=4V
/ o \ *QV=15V
0% Foat R > OV= 6V
: 0 O\ *0V=8V
15 e\ DS20k
...... oy T T W N
40%
30%
20%
: emission
10% .
250 350 450 550 650 750

Wavelength (nm)
PDE = QF x Pot x FF
PDE > 55% @ 290K




Step 1: SlPMs develoi’"’ment

= B 11 I : : : ' !
1] 100_ ........................................ R | ........................... TR P REPPE
2 - l | |
- | ; i
5 S T ! 1 AN
: S T 1 I N
80 | : ........ oo | .................... : ...................... : .................
—':— 6.16 [V]
—%— 9.16 [V]
60 : 11 16 [V] .........
—&— 10[V] - Resin
{i Transmittance Lar
] e . . ........................... i ...................
! i
:
i :
..... L TSSOSO OO S
‘M: o
2ne L
O— .......................

e NUV vs RGB choice (Po1) >0 0 > P00 70 Wg\(/)glength [n?r(l)]o
e (Cell pitch and till factor (FF) optimization PDE = QE X Po1 X FF

e E field profile = DCR+CN reduction PDE ~50% in LAr
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Step 1: SiP Ms d ev,elo',’:’}i'f.‘

Primary DCR

quenching
oxide top metal resistor 5

Primary DCR

—
—
4 "%
— = ‘: - L
2 p—
. . © 3 Tl X3
0 2 n"-epi-layer S - o
T - P .
nl.‘.':...:::i. a p— '
o - o L.

:'.:’ s 2 - . ‘ ; . o’ _ o‘-. . . .
Vi @ n*-substrate N . ~Aftdr Sulse : L e el
pun R4 S e -

% = » & . a ° .
Diffused AP 1 [ IMW
- e . At L ™
- 2

* 100" 107 107 10 1 10 10°
Delay Time [s]

107" 10

e Noises can be primary or correlated
e Primary: DCR
e (Correlated: AP, DICT, DeC

o Different generation mechanism
e Different behavior
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106 60%

Cell size = 25 um T =77K
. 50% RQ =12 MQ at 77K

-o-SF-4V
/ Cell size = 25 um

104 - SF-6V
10 3 wLF-4V 40% ‘ =LF Low AP
o LF

&% LF-6V
10 2

10
100
10
10

10°

30%

DCR (Hz/mm?)
Afterpulse (%)

20%

10%

103 1 i 1 1 L 0% i L 4 A
0 50 100 150 200 250 300 1 3 5 7 9 11

Temperature (K) Overvoltage (V)
e DCR has 2 generation mechanisms e AP dangerous to PSD

e [hermal agitation dominant @T>100K e Suppressed by introducing a dopant into
e [ield-assisted tunneling @T<100K the SPAD junctions.

e E field profile engineered to suppress tunneling. e DICT suppressed by the low E field
35




» -Q.
ey

Step 2: readout electronics design...
Vbias

l

| i I

Sector Vbias

| Mixed series/parallel
% JAN é JAN % configuration
% AN % /\ % /\ Reduce Cin@TIA
é é é Preserve BW

6 Ccm? 6 cm? 6cm?

| | | |
W TIA v
g : : :

M. D'Incecco et al., TIA . |
IEEE Trans. Nucl. Sci.,

65, 4, (2018), 1005 - Summin g stage .
1011 , \ /
to readout 24 SIPMs

PDM

M. D'Incecco et al.,IEEE Trans. Nucl. Sci., 65, 1, (2017), 591-596

cal MOk X TIA
so% — ) Transimpedance amplitier (TIA) High Bandwidth and Low Noise

\Vee

SIPM = current generators + huge output capacitance (~50pF/mm2)

B v —— SNR is reduced wrt a single SIPM, but still very high

C >0 out

T T e Power dissipation is < 250mW per PDM
36
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1000+

%
¢ . . R . . 500 -
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15 30 ' |
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0

dgezxy

L ) L

45 60 75 90 105 120
Filtered Amplitude [A.U.])

VSV
IR Y

. | Switch from 4 sectors (6cm?) to 1 single 24cm? unit

TWA
’ | ' ’ . q - Power dissipation < 50mW per tile
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 SIPM development and readout electronics design are only the beginning
of the journey!

 Wire-bonding and die-bonding procedures finalized.

 Materials and components are continuously being assayed and selected
to ensure the fultillment of radio-purity requirements.

* Final assembly to happen at the NOA packaging facility (in LNGS, Italy).
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First PDU prototype with 25 channels PDU with 25 channels, less material Final PDU: 16 tiles grouped
in 4 or 8 readout channels

e Several prototypes of Photo-Detection Units (PDU) have been produced and tested in LN and LAr.

e All the requirements on gain, SIPM noises, SNR and timing resolution are met or exceeded.

e \Mass production soon to start in a dedicated tacility (NOA).
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The journey of UAr e,;’tfactlon

« COs well In Cortez, CO, USA;

* Industrial scale extraction plant;

* Plant ready to be shipped,;

* Civil work ongoing;

* EXpected argon purity at outlet: 99.99%:;
» UAr extraction rate: 250-330 kg/day;




The journey cf UAr p _-j_;rlg;_;; catlon
* Sketch of ARIA when - Drawmg and picture of ARIA
fully assembled '__c:_llstlllatlon colu rototype

ARIA: UAr distillation plant

* Cryogenic distillation column in
Sardinia (ltaly).

* Installed in the shaft of a coal mine

* [hree sections: bottom reboiler, 28
central modules (12 m each), top
condenser

* Chemical purification rate: 1 t/day

| r

* First module operated according to
specs with nitrogen in 2019 (Eur.
Phys. J. C (2021) 81:359)

* Run completed with Ar at the end of | i} ‘,
2020: results to be published soon. %‘; (7% AR

* Full assembly to start within 2022

-----------------




» LSC, Canfranc, Spain

__

* Single-phase inner detector for 1.42 kg of liquid UAr

* Will be installed inside ArDM detector, acting as an active veto.
* 39Ar depletion factor sensitivity: U.L. 90% CL. 6 x 104 (2020 JINST 15 P02024).
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e Sensitivity: 6.3 x 1048 cm?
fora 1 TeV/c2 WIMP (90% C.L.) “

10-‘7

*(50) discovery:
2.1 x 10-47 cm?

Os; [cm?)

e Nominal exposure:
(20)(10) t yl’ 10-4%

e |nstrumental Background:
0.1 events in 200 t yr

-49
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Pros:
e | ow energy threshold:
e 100% Trigger eff. > ~30P

45

Low Mass WIMP search = search with“low” energy events

Lower the energy threshold = Look at the S2 only events

S2 >> S1 (23PE/e in DS50)

Cons: No St

e NO position reconstruction in z

e No PSD = No ER rejection

e Poor timing reconstruction,

limited to the TPC drift time
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3 10743 k- - CDMSLite 2017 e CRESST-III 2017 Sensitivity down to
e -.= EDELWEISS-III 2016 . PandaX-II 2016 5

= XENON100 2016 DAMIC 2016 ~2GeV/c
o I~ - = CDEX 2016 CRESST-II 2015
> 1044 - - - - SupexCDMS 2014 CDMSlite 2014

= COGENT 2013 CoMs 2013

- CRESST 201 | DAMA/LIBRA 2008 . :

p— Neutr no Floor ]
ﬁ _45, AN 1 e Two models for Qy
8 10 T 5 3 4 E €8¢ ~ - No fluctuation
-~ 6X10 1 2 3 4 5 6 780910 O tluctuations

DarkSide Collaboration, “Low-Mass Dark Matter My [GeV/ c?] - Binomial fluctuations

Search with the DarkSide50 Experiment”
Phys. Rev. Lett. 121 081307 (2018)
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structural supports 1O reduce the beta bkg:

me/vete ® CNEMIcAl puritication of UAr in ARIA to remove 85Kr.

optical barrier

e |sotopic separation of 39Ar in ARIA.

TPC photosensors
(same at bottom)

Threshold 2 e

=

<
B
S

Acrylic vessel

Depleted argon

active(fiducial)
mass:1.5(1)t

PDM Buffer Veto

(same at top)

-

<
TS
un

Bath Veto

Dark matter-nucleon o , [cm?]

Veto photosensors

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

Prellmlnary _________ o

67 10 20 30

Double walled cryostat
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10> 2x107 10°
Ar activity [uBq/kg]



C° nce Ptu aI sketch '_of' -L

TPC/Veto
optical barrier

l
?
n

TPC photosensors
(same at bottom)

Acrylic vessel

Depleted argon
active(fiducial)
mass:1.5(1)t

PDM Buffer Veto
(same at top)

Bath Veto

Veto photosensors

Double walled cryostat
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To reduce the gamma bkg:

* very pure acrylic vessel

very pure SiPM-based photosensors with ASIC

readout

low radioactivity SS cryostat

XY fiducialization cut (10cm)

Offset between TPC and optical planes

Instrumented
an active gamnr

Ar voO

Ma Ve

ume outside TPC to act as
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e [he combination of pure materials and
active veto reduces the gamma bkg of

10-1 _..Pre||m.|.n.ar.y ............. ............... ............... ............... .............. 3 orders of magnitude.

DS- 50 ref y—rays ; |
+3°Ar (730100 uBq/kg) . * [he beta spectrum reduction here

+85Kr (1900+100 pLBq/kg) aSSUMeSs:

- - - 39Ar (—73' uBq/kg) Complete removal of 85Kr

__________________________________________________________________________________________________________________________________________ o %10 reduction thanks to
5 5 5 5 5 5 5 32 improvement in the extraction

= ............... ............... -----________---.-i'aéh-/-];g) ’[echnlques Of JAr

i T o - a x10 reduction with isotopic

10SE ___________ “Odag M Og=10migy distillation in ARIA

-------------------------------------------------------

counts/Ne /kg/day

B R T T N e e The rate of SE is not yet understood,
107, 5 10 15 20 25 30 35 40 45 50 nor predictable with the current

Ne~ Knowledge. Used to set an energy
threshold.
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Sensitivity projecti
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Contacts: 2
claudios@prirﬁeton.edu :
hysics Department, 373 Jadwin Hall

(609) 933-8160
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High active mass
Simple design

411 coverage, high light yield

Bonus (for LAr): ER rejection
via PSD on scintillation light

No claim of observation

......

@SNOLAB @Kamioka

oL =\
\ 5 ,

Observator
e L B Fead

‘.

\ s -Rev. D 652804 (July 2019) . V.
DEAP-3600 XMASS-I
e 3279 (824) kg of active (fid.) mass e 832 (97) kg of active (fid.) mass
e 5 cm acrylic vessel, 255 PMTs o 042 2"-PMTs

e Cherenkov muon veto (300t HoO) e Cherenkov muon veto

& N4
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B ac kg roun ds S m | D 550 0

2 3 4 5 6 7 8 9 101112131415 Expected BKGs
Bt 10°¢ 1 2 ) ' o 3Ar + 85Kr (3 spectra
S e s s eTLe . e Compton continuum
« 10 L —— G4D8 MC ALl 3 5 (PMTs+Cryostat)
' — Cryostat Y-rays —

g M.=5.0 GeV/c’ . m:.' .{_";‘ ! 10’;_:“0 o~
W M,=10.0 GeV/c’ — Ypr + "gyr * = “‘ Unexpected BKGs
- ,o:; _*l .:é * 1-2-3e- event rate.
— - - -nergy threshold set by
~ P spurious electron
" 5 “é 1o‘§ background.
£ 10 2 p P ame o . .
o ot ~ *Likely dueto trace
SPpe =P P PP T = impurities in LAr

0 5 10 15 20 t%S 30 35 40 45 50 capturing drifting

© electrons.
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> Bremsstrahlung . e
S 107 10-29L [. Spin-independent  _
L 10°
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T -1
E 10 7 ‘\ B
o)) N, — LM
= 70-2 |0—35—- < ‘ —
: \\\
— 1 -3
Lu% 0 |0—38_— CDEX (BREM) —  LUX (Migdal) ,
T 104 EDELWEISS (Migdal) — NEWS-G \‘
T ——  CDEX (Migdal) —  CDMSlite w— S2-only data (XENONIT)
T 10-5 104 — (’RE.IS’S'I‘-III — DarkSide — SI—SZduI;n,lXEN()NI'I'b =

106 | WRET 0.06 0.1 0.2 0.5 1.0 2.0
102 107 109 107 WIMP Mass [GeV/c2?]

: Eth EgetlkeVee :
e Different approach e New way of probing very low

e Small probability wrt normal NR  WIMP masses

e A recoiling nucleus (at low E) can
produce excitation or ionisation e ER events with higher e Sensitivities down to 60 MeV/c2
of the electrons of its own atom observable energy

e Several collaborations published
e New theoretical approach to an e Events that would be under this analysis. Strongest limit up
old prediction threshold are detectable to date from Xenon-1T
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Mod u | atlcn W|th SA

The Iong standlng modulatlon DAMA/LIBRA

‘;o \.n

1»0 l ,.‘.:
)

“‘"l"'lﬂl “nh' :l
'

- : > IDDAMA ) & DAMA LIEBHA . l?ﬂf“on(

N, 1P ss AN AR ‘M= "ul |

e Exposure: 1.13 ton x year (6y) SABRE Proof of PrlnCIpIe

o o
Veto vessel

e Sensitive mass: about 250 kg of g i * ACtive background rejection
radio-pure Nal(Tl) crystals C"MTI S | oW energy threshold

e Statistical significance: 9.50 in PMT
(1-06)keVand 1290 in (2 - 6)keV

* Hemispheres: seasonal effects

* High purity crystals
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Solid state detector ~3g/cms3
Target: C, N, O, Ag, Br

High spatial resolution

411 tracking

Large scalability: OP

Current microscope could

3 s

;z 28— _:

226 =

_E 24 2 =

E_E 4

5 22 =3 i =

E 2 errereegen > =

. P = : . e ]

4 = 18} . e " —

500nm 500nm 500nm f: 1 6; s, ]

ﬁ . ; § ) .’; ..:.‘.-. 2 ‘2 —:

Mw~10GeV/c2 NR track«200nm R 3

12F- L-'..:}:{-.': e i £

m m :':_ . v'...:f .“..‘.'.' .lA':... e vms b el S i i _:

TraCKs scannlng Wlth 1—111LAJJLLIJILJJILljllllllljllllllllllLLJ—
50 100 150 200 250 300 350

select >100 nm length tracks

optical microscopes

Track lenath Tnml

032

S
®

S
-

-
o
s
Y

WIMP-nucleon cross section [cm2]
=) =)
S =

%

Curr nt r d ut blty
Extr apolat on lower energy ability
Intrinsic detection ability

—_
o
o

RA (20t) Current scan speed: 30g/y
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My impression: experimentalist

community is willing to explore .,

the low mass range

excluded by CMB

- - : N
. »
-
PR . i .
B 8 i . .. L ~
3 RN e B
_~';.. - . . O
oA Ty - -

General strategy

e |dentity a material with suitable
: . . -30 | o (g .
Ve Terra incognita: DM could lie at ™ Lxisting excitation modes (maximize
any cross-section betweer exclusions energy deposition)
CMB limits and neutrino floor . 10%
-
O
L . ~1020 e Select excitation producin
Ve No need for glant detectors: © 040 | | P | J
Rate ~ number density ~ 1/Mow maximal signal at given energy
. + (and efficient transport
10 ‘ :
Xe Need to lower the energy mechanism)
L h reS h O | d neutrino-dominated
1 0-50 I P O TP BN
o100 100 100 10°  10° e Design sensors with low En

1072
Xe Sackgrounds at this energy
scale are completely unknown

Dark Matter Mass [MeV]
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and low dark noise



e [ransfer of kinetic energy to
nuclel becomes inefficient 108

at high mass mismatch ® 10°
< 10*
: Q.
e Changing target (Xe to He) S 10°
. TTR
helps only of a factor 10 In = 10
mass 3 10°
@ . 0
o 10
2 10"
* Electrons as target T
10
| o | 10
e Collective excitations with 10

low effective mass
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