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Preamble (1/2)

d In XXt century, problems solved by postulating a new particle

/ —

— QM and Special Relativity: Antimatter
— Nuclear spectra: Neutron

" Continvious spectruny n pdecay T Neuwrino.
— Nucleon-nucleon nteractions: Pion

— Absence of lepton number violation: Second neutrino

— Flavour SU(3): Gy

— Flavour SU(3): Quarks

— FCNC: Charm

— CP violation: Third generation
— Strong dynamics: Gluons

— Weak interactions: W=, 78

— Renormalizability: H

Courtesy of J. Ellis
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Preamble (2/2)

d In XXIth century, problems from observational cosmology
Standard Model (SM) of Particle Physics

N i ~ Antimatter ?

- matiére -

. ol s
matiere sombre % '
27% 2 | %

i

énergie sombre

68% ?

No particle in SM has the required properties to be Dark Matter (stable, non-relativistic,
very feebly interacting) - all candidates come from Beyond SM theories

[—) Dark Matter = puzzle of fundamental physics ... that calls for new physich
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Dark Matter (DM) Search

1 Many dark matter candidates in a gigantic phase space

A
1] 1
14 g
2 0t 1401.6085 / o (fb)
— 10"
- N -16
2 B —
-— 2t e
o®
5 gl |
3 . :8_{* B Axion S 10_5
‘-I6 g m-ﬂ“ B Black Hole
(7)) 8 ' :g ;‘ ® Gravitino | 10'13
| &9 &0
o 6| .l ¥ Moduli
e = ;g'i‘: m Q-ball
o = o | W Sterile Neutrino
w 14 -
o ¢ - W Strangelet
© o ® WIMP
1g-1® B WIMPzilla
10 ot
e m' |U e 1073 m m“ 1u’ m' i m'“ w‘ :u‘* Iu |u’ lu“ 1{;-“' erP" Hj*’ |{;4‘ m'qs
p Mass (GeV)

60 orders of magnitude !

Only a few of them are also strongly motivated by particle physics, i.e. solving current
theoretical SM problems - WIMP (gauge hierarchy pb), AXion (~no CP violation in strong interaction),
Sterile neutrino (neutrino mass and mixing)
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DM WIMP Search (1/4)

O Experimental challenges in the direct search for WIMP dark matter
= WIMP = Weakly Interactive Massive Particle*

(sz) ; DM Halo

o

00 1401.6085 yd o (o)
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]
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(' -g :g? @ A l B Axion \
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% ‘T s ( . ) Very feeble interaction with SM —‘13 . balanced by the

5 91052 ;g:. N— W Gretung 10" abundance of DM

o £ 0% i g’“sz:]‘ particles** stream from
0™ 3
| % W Sterile Neutrino our galaxy halo > .
bl 2 B Strangelet 0(01) GeV/cm?3 moving
o] 8 u WIMP at v=230 km/s wrt earth
:E :::’ .. 6 B WiMPzilla **produced in very early Universe, but directionless
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4 orders of magnitude
* Lots of attention in the community since 80’s :

- 3 3 i
O.(1 0°)/m* > Very LOV.V occupapcy given |OV\{ © Supersymmetry (SUSY) provides a very nice
- High mass - visible signal provided the bkg is under control candidate for WIMP, the lightest SUSY particle y,

[2 experimental challenges : very large volume + very low background ]
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DM WIMP Search (2/4)

1 Dual Phase TPC (Time Projection Chamber) filled with noble liquid (xe, Ar) ...

Nuclear Recoil (NR) ® excon v Many scint.
: | }* photons
— = n, WIMP_ o= < @ v Few
d o 10 nm
0 [
Electron Recoil (ER) v Few scint.
= e, Y Vb;\/\ lnteraiﬁons gt ;Hé-"- Tu ,"". photons
W= VY % o B | 5-. \.1.. v Many
| P - “ceamwa  electrons
=5 S © e
bers of Da de-50 7 | 0.5 um
s+ Signal (NR) Bkg(ER)
= Combine scintillation (S1) and ionization (S2) s2

= Remove very efficiently the ER (e, y) background
= Reconstruct (E, X, vy, z) of the recaoill

N Photo-Electron (PE)
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DM WIMP Search (3/4)

d ... very sensitive to WIMP dark matter (e.g. m,= 200 GeV)
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v Very large volume =» scalable technology (from kg to multi-ton)
v Very low background = ”shielded” / underground expt + low noise electronics

[ LXe / LAr dual phase TPC are leading the race ! ]
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DM WIMP Search (4/4)

 Very hectic competition between the Dual Phase TPC experiments
= One order of magnitude improvmentin 1 GeV -- 10 TeV since one year !
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DarkSide-50 experiment

O First generatlon I|qU|d argon TPC (2015-2018)

Rn-Free 3 y , ki \-\ Bosnia a;'hf
Gehoa o' o Herzegownaf
Clean Room b B

S,talnless steel

ﬁr‘yostat
contalnmg UA J

=

= 50 kg of purified liquid argon (uAry)  Muon and neutron veto :

= 38 PMTs sensitive to 1 PE Water (1000 t) + Scint. (30 t) 1400 m underground
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Low Mass WIMP search

0 S2-only events
= Recoil energy O(1) keV giving O(1) photo-electron (PE) = S1 very low
= But in the 1cm gaz pocket, 1 electron gives 231 PE - S2 visible ! Pre121(2018) 081307
= Better than Xenon detector a priori (Ar atom lighter than Xe)

- Complication because of no $1
* No ER (bkg) / NR (signal) discrimination
* No vertical information = no fiducialisation in z

'WMQMSmm
below the liquid

+ DS-50 is a small detector

« Electron drift time < 376 us
— » Electron lifetime >10ms (high LAr purity)
Outgoing =>» ~All electrons reach the gas pocket

Particle

T Electrons
drifting in E4
0.2 kV/cm

&

' "

. s1

shifter (1482420 nm)

Incoming
Particle

(128 nm y)

R DS-50 very favorable to search for low

mass WIMP by counting Nb of electrons
(provided you understand the bkg !)
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Low Mass WIMP 2018

1 DS-50 very sensitive to low mass (1-5 GeV) WIMP

= Using N, very good signal / background separation (intrinsically)
= Fair background description for N, 2 7 (but not 4<N_,<7)

= 2018 world leader in the 1.8 - 5 GeV mass range
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[Possible to further increase the sensitivity - Improved analysis in 2022 ]

(Ne >4 instead > 7 !)

3 papers : 2207.11966, 2207.11967, 2207.11968

CPPM

*
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Low Mass WIMP 2022

1- More data
= No significant break with calibration campaign
= Argon very stable in temperature (+/-0.02 K) and pression (+/-0.005 psi)

37Ar residual period 2018 analysis *

(70 days)  ..lp g = This Work

Single electron capture -

bl HE
A H:

AmBe
Er

transition with half life 35 dayg, I E

{days)
(5,
2

~ 650 live-days of
high data quality
(12/2015 > 02/2018)

Accumulated Livetime
L] Hak S
(=] {+] [+]
(=] [ =] [=]

[
L=
L=

=]

[1] 100 200 300 400 500 il 700 200

Days from 12-12-2015

| Increase data by 80% wrt 2018 |
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Low Mass WIMP 2022

2- Improve selection of one and only one isolated S2
= Remove background coming by the TPC walls using fiducialisation (as in 2018)
= Remove S1 with fraction of PE in the first 90 ns (f3q<0.1, 100% efficient to remove S1)
= Remove pile-up (At, t,,;), spurious electrons (AT), surface o (S2/S1)

~ 4 SIGNAL (>90 PE) BACKGROUNDS _
E f <0|.S10|ated * tpeak : unresolved SZPII:eLujr!::esolved S1+S2 | SPUFIOUS Electron *Pulse finder cannot
15 " 0264ty tyg<6is | 1 | Ateus | At<o2ps | AT<20ms distinguish two
o start (e-cloud drift) ! - ! pulses 2 us apart
PN AT>20ms ! i .. .
< ! : L T (ms)
Fiducialisation Spurious electrons (SE)
. S 107ee. BT > 20 ms All Normalised to
: ¢ AT in [0.8, 2] ms AT>20 dat t
Active TPC 1065 ¥ A% eE 12,200 ox Ii?/etirrTeSinaR?)SI"e
Volume 2 oo™
_ 8 L% ., LiGhtisolg
F !dUCIal . . 3104% ‘dg&(\' 90" 00%® ’”;"*?’* ¢++it’::n+ C*Llf+ "
Ne= AN DAY
) $ oot f ot
N\t J “E Ty o A
T T £
= Take the central top 7 PMTs T e e 7T
= Signal acceptance : 41% = SE from liquid surface or impurities

= Signal acceptance : 97%
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Low Mass WIMP 2022

2- Improve selection of one and only one isolated S2

= Low N, region cleaned by quality cuts > Natural cut-off N.=4 *
= |If S1is present before S2, keep the event - extend to N,=170 (was 50 in 2018)

Nuclear Recoil Energy [keVp,]

0.4 0.7 1.5 12 55 3583
1 T 1 —T1 . g . |
Electron Reccil Energy [keVer]
0.04 0.08 0.20 3.10 11 21
: ] t SN ! ! ! I y |
3 — :Z Events rejected by quality cuts + Final sample
Multiple-pulses & & 2 Zvents rejected by At cut Single-pulse events
Plleup events \ ol 5 | Events rejected by alpha cut Two-pulses events
o SIS
SE events &  * ;
Incorrectly triggered events
™
(=]
Surface-a events =—> [f
~—
n 102
I /4 :
2 bW ¥ TFinal sample Final sample
e (Sz-only} ; . [ (.S.]TSZ)

3 5 10 50 100 170
Number of electrons

[ 40% signal efficiency in Rol 4 < Ne <170 and 350 k data evts ]

12 kton.day
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Low Mass WIMP 2022

PARTICULES DE MARSEILLE

3- Improve the background model (ER)
= |dentify all ER sources in LAr, cryo, PMT

[ Estimate activity of radio-active components ...
O ... and their energy spectrum

Require single scatter event (E___.=E.. X, Y, Z)

Cryostat

Convert E,.,; to Number of Electrons (N,)|

! .

Fano Factor

Correct for electron lifetime vs vertical position (small)

Model the PMT response (radial efficiency + Single Electron Response)

Final N, spectrum for the background
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Background Model (1/4)

3a- Evaluate more finely - decays of 3°Ar and 8Kr in LAr

O Estimate activity (mBq) ...
Q ... and energy spectrum analytically
(assume uniform spatial distribution in TPC)

Activity measured by fitting the data of high E
S1 spectrum 3515 and 8414 mBq

Energy spectrum shape with up-to-date atomic
exchange and screening effects inc. uncertainties

(Ar @ 14%) (35Kr @ 5%)
2 —— AAr Dat
PRD 93 (2016) 081101 o.004— X. Mougeot, ARI 134 (2018) 225, 39Ar nominal
w 10°? = 154 (2019) 108884 i -
u Efieig=0 ——) ( ) t+1sigma Q-value
X B Mgy 0oy o . tlsigma screen/exch
o 10 609 keV 1.17 MeV *°Co 0.003 — -
™) (C+P)  (C+F) %éig)uev MC *°Ar — [ 2018 spectrum
X 40. .
g t -
=) 10 \ %13?6 Mev 214, I ‘-"J N
N / / 13# MeV Sk 1' r o i \
o 7 () oy - = 0.002mecccccccce il —————— R \
w107 3 S M - ! ! \
/ ‘: 1 : \
~ 10°% : Cryostat - b | I \
a 0.001 - ! ' '
E‘ P: PMTs [ ! ! \
2 107 : Fused Silica ! ' \
5] [ 1 : |
I |
qoe b b e o L Yo V
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 107500 eV 10° 10 keV 102
$1 (PE) (Ne=11) (Ne=45)

Energy (keV)

[In Rol, predicted event rates are 0.7 £ 0.1 and 1.7 £ 0.1 mHz]

(3%Ar @14%) (85Kr @5%)
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Background Model (1/4)

3a- Evaluate more finely - decays of 3°Ar and 8Kr in LAr
= New expected Ne shape for background model

Electron Recoil Energy [keVg,]

0.04 0.10 0.20 0.55  1.10 3.10 11 21
L | | N
8151 T --dﬂ_’“:"r‘
@ | W Sl R
A e
o 1.0 ot
: A \m
— e : .
r v . + ]
« [ os yJeAtomicunc. T lonisation’response unc
wl-o | | 1 1 1 | 1 1 1 1 1 1
z L — L
s 7
=~
b
Eo-s — 39r
[£9]
85Kr
3 e S T 36 3 — 755 170

Number of electrons

[Add new uncertainties on energy spectrum shape (x70% at low energy) ]
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Background Model (2/4)

3b- Evaluate more finely cryostat and PMT component contributions

O Estimate activity (Bq) ...
Q ... and energy spectrum using DS50 Geant4 description

* Radioactive isotope activity measured Each isotope is simulated uniformly in the
in extensive material assay campaign material and decaying particles are tracked over
(@ 10-20%) all DS-50 geometry with Geant 4
Location Activity Location Activity
and source [Bq] and source [Bq] ‘ Stem
4ATh 0.19 £+ 0.04 2227L | 016+ 0.03 PMT ____ (backplate)
s 2®Uup | 130457 238 up | 1.06 +0.22
g FUlow GBBJIS&?% £ 238U low| 0.34:+0.03 r &X-rays
= 2 0.04575 g5 £25y | 0.05+001
| $2Co 1.38 + 0.1 40 939 + 0.32 Crvostat
K 01655755 | |5 S*Ma | 0.05+0.02 y
& 22T | 0.07+0.01 r &X-rays \
9 [2%8y up | 4.2240.88 - N .
2 P38U low| 0.34£0.03 A Ceramic
(3 235U 0.21 = 0.03 Body Insulator
40k 0.61 +0.08 (Kovar)
3 60c, 0.17 + 0.02
&

[In Rol, predicted event rates are 0.57 * 0.04 and 3.5 * 0.4 mHz ]
(cryo @7%) (PMT @12%)
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Background Model (2/4)

3b- Evaluate more finely cryostat and PMT component contributions
= Summing all contributions = New expected N, shape for the background model

Electron Recoil Energy [keVg,]

0.04  0.55 4.60 11 17 21
8.0 I | | !

Events / (1 Ne x 1000 Decays)

T i —— PMTs

oL
il | | — — Cryostat
0'03 20 60 100 140 170

Number of electrons

[Add uncertainties from MC statistics and ionisation response]

e
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Background Model (3/4)

3c- Better calibration of the ionisation yield (Q, Ne / keV) at very low E

Convert E to Number of Electrons (Ne)

PR A36 (1987) 614
Ar*-e- recombination (r) with p=N;/E | Electron drifting field (V/cm)

Thomas-Imel model (Cy,,) / /

0 = (1-7)N; 200 In(1+pECpox/200)

_ -> Model with 2 free parameters (C,,, and p) %

E ECpox
7Ar L1-shell > Q = 45.7+/-7.0 e/keV " ----__ __ ER:*Ar and 3°Ar
i ~80 -
E(L1) = 0.179 keV 4 DS50 data B Bahed oo

500 , [ { Dpss0 Far

: Neflt =12.0+0.5 —— Monte Carlo 50 l W i, s
400? - <Nprimaries> = 4+1 ZAI“F 0l e ‘ 37Cl m\ ~——— Thomas-Imel
wof- | > No=8.2£1.3 _ l ; -7 PRD 104 (2021) 082005

Counts / 1 e”

€= 9.260.9 Vicm |
PU p =54.4%7.3 keVler ",

[+ Toproduce 1 e, E= 0.02 keV \\\

Source of primaries :
electrons, X-rays, and
UV photons

lonization Yield Q(e-/keV)

N Ni=1, p > 1/0.02 = 50 keV-', r>0 ——
~100 b e e e e LT _Ulllﬂ!l s N
Number of reconstructed electrons .-’ 0.06 keV Energy (keVer) 21 keV

[ Have a model to extrapolate Q down to O (0.1 keV) (Ne=3) ]
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Background Model (4/4)

3d- Validate the PMT response model with 3’Ar

| Fano Factor |

Correct for electron lifetime vs vertical position (small)

¥

Model the PMT response (radial efficiency + Single Electron Response) *

37

37 0 - . ata
Art e Cl . "Ar period +K e DS idts | with all effects
I 3001 (after subtraction from + + Monraccarle d ibe ab
l laverage Ne from data period) escribe above
400
from L1 (0.28 keV, 303%) ‘o i ; X?INDFE=83/64 | |nt(L1)/ Int (K) = 0.10+0.01 agrees
or K (2.85 ke, 50%) 1 so NeM=A20205 with predictions 0.1000.005
0 i L1
l & 200
3 | fit = -
Source of primaries : 8 100k N,ft = 4822 Fand(? I_ O.10i%0(|3_29_ree§ W'_th
electrons, X-rays, and i Ly ﬁrit 'Cgoﬂszig E)Se r ionization
UV photons oF D — , B uct.. 0. +0.
; T 'ﬂTﬂ + Hﬂ( NIM 134 (1976) 353
100 S T T e s 866 80

Number of Reconstructed Electrons

[ Very good agreement between prediction and data (amplitude + shape) ]

“Dec 2022
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Signal Model (1/2)

4- Improve the signal model (NR)

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

CPPM

Q0 WIMP spectrum from Standard Halo Model (SHM)|
O Voq. =544 km/s, v, =238 km/s, X
O Uy =232 km/s, and pp,, =0.3 GeV/c?/cm3

Require single scatter event (E..=E. . X, Y, Z)

recoil —

* Convert E_, to Number of Electrons (Ne)

L

Quenching fluctuations '
0 2 4 6 8 10
‘ Energy[keVnr]

Correct for electron lifetime vs vertical position (small)

L

Model the PMT response (radial efficiency + Single Electron Response)

Rate[events/day/kg/keVnr]

—
!

Final Ne spectrum for the signal
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Signal Model (2/2)

4a- Better calibration of the ionisation yield (Q, Ne / keV) at very low E

AmC source

Liquid Scintillator

40 Calibration Cryostat

Source Holder Stainless Steel
-
& /

< I
Y

shielded with 2mm thick lead
to stop 59.5 keV gammas

AmC = neutrons

1400 Sl
1200 o
S A
1000 E
J
800 /
n |y }
0 - I TPC Teflon
400 o L -40 LAr Buffer Lateral Wall
2 “ ' Vacuum
-~V i
200 o |
g ’.
4.7 MeV . L
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 -40 -20 0 2 40
Energy [keV) x [cm]
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Signal Model (2/2)

4a- Better calibration of the ionisation yield (Q, Ne / keV) at very low E

AmC source

shielded W|th 2mm thlck lead
to stop 59.5 keV gammas

AmC - neutrons

1400 S]]
:__Wl. ‘/lr.
A
1200 7oA ]
A n

J 1

1000
800

600
400 j\f
200 o

I 4.7 MeV

—__._.-—/f N—
2%00 2500 3000 3500 4000 4500 S000 5500 6000 6500
Energy [keV)

Pure sample of low energy single scatter neutrons

Counts / 1 e”
'—l
o

100

/

+ DS50 AmC data
UAr + 2%lam MC
mm 2*am Mc

wmw Sl “’*"“*‘**“r’+w+ﬂfﬁ#*
if WWWWWWWMN*'W N‘W

Other 2TAm gammas
not stopped by the shielding

100 150 200 250 300
Number of Reconstructed Electrons

[Large sample of low E neutrons used to calibrate the ionization yield ]
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Signal Model (2/2)

4a- Better calibration of the ionisation yield (Q, Ne / keV) at very low E

AP 35 (2011) 119

PR A36 (1987) 614 £~ 0.01 E,,./ keV, x dimensionless *s,~0.145Vs : visible rate (S1+S2)
Ar*-e recombination (r) with o — 6l — eGo(D || -5, : “invisible” (quenching) rate
Thomas-Imel model (C,,,) T T P G (eD+Ge () estimated with ‘85 Ziegler model

0= (A-7)N; _ 200 In(1+Bk . Cyox/200) 5 Model with 2 free parameters (Cy,, and A%k
e ECpox

NR : AmC and AmBe

1401 ; 120 == Fit of DS50 AmC+AmBe, ARIS, SCENE
120:_ Amc 9 n ca'ibration g i | Fit of DS50 AmC+AmBe | (with a %2 analysis)
. B i S i
s (after bkg subtraction) i’, T Fit of ARIS and SCENE (recasted to DS50 settings)
| 100 e] i
(] [ L —_
5 sah T s Cpox = 8.110.2 Vlcrr;
s M ° | B =(6.8£0.3)x10 *
o 60 S= > l At E=0.4 keV (s=4e-3)
A - T} PRD 104 (2021) 082005 [ oos, S/0.= 0.1
5 4or ! o I N meaning that 10 % of E
(3] - I = Y4 : goes into electrons
- ot S50 d ) [ s i= - ~
20: n- AmC data 2 i ,é‘ -+ aris —~>Ni = 7e3x4e-3x0.1 ~ 3|
0-_— Ziegler etzal. (x*“/NDF=320/246) hag o 2__ + SCENE .
[ —— Moliere ()2/NDF=300/246) b - & Joshi et al.
oo LN L \ [ O hllh a Wi e R T T L 5 Ll ‘
3 J4 5 10 20 30 40 50 100 250 0.4 1 2 3 5 10 20 50 100 250
Number of Reconstructed Electrons
*
Ne=3 4 keV Energy (keVnr) 288 keV

[ Measured Q down to O (0.5 keV) using calib. data (lowest energy ever calibrated in LAr) ]
(Ne=3)
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Fit (1/5)

O Pre-fit distributions for each background

2018 Analysis._

This Work < This Work
Energy (keV) - Enerqy (keV) ’
0,038 0,205 1.101 11.475 20964 0.038 0.205 1.101 11.475 20.964
T T T ' T T T
i ]- Internal dominates low Ne " aul ]
e e st ¢ ! ] o chii S— 10-if== Internal ! ! i
== pMmT -. p— =~ External
Loy = Cryostat g i
o L] : .
™ > i e
E 102 S 102 i
- I
£ 2 e
T - - _
o W
o e
=] -l
D10 g 107
i) 1] b
i 2018
--—-'_ Internal
~=-. External
10-+ ] | 1 10 4 i — "
3 10 30 100 T70 10 30 100 170
Number of electrons Number of electrons

[Background model more robust and extended to N.=170 wrt 2018 ]
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Fit (2/5)

4 Likelihood function with 10 (11) nuisance parameters

] =

L=\ ]I Plulmius, 00| I] 96716:,26)) x| ] G (mllmi(8),6m:(©))

;|
H

4 e bins H; ¢ i € bins

Poisson probability of Gaussian penalties Statistical uncertainties of the
observing n; events in the| |to account for the hsimulated sample

ith-bin with respect to nuisance

the expected ones, parameters (6, and

mi(ps,@), with s the AB are the nominal

'signal strength | central values
" |and uncertainties)

Name| Source Affected components

o |Arv |uncertainty on the fiducial volume WIMP, ©Ar, ™ Kr, PM1s, Cryostat

B [Aa |14.0% uncertainty on Ar activity WAr

% Agyr |4.7% uncertainty on ""Kr activity Kr

E A [11.5% uncertainty on activity from PMTs PMT

~ |Acryo | 6.6% uncertainty on activity from the cryostat Cryostat
Qr+ |0.4% uncertainty on the ** Kr-decay Q-value BKr

: Qa, |1% uncertainty on the 7 Ar-decay Q-value *YAr

* B Sk~ |spectral shape uncertainty on atomic exchange and screening effects| " Kr

77 |94- | spectral shape uncertainty on atomic exchange and screening effects *Ar R YR

Q" |spectral shape systematics [rom ER ionization response uncertainty | Ar, ™ Kr, PMTs, Cryostat ey
2. |spectral shape svstematics from NR ionization response uncertainty | WIMP
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Fit (3/5

4 Putting all together ... and fitting the bkg

Electron Recoil Energy [keVg,]
0.04 0.13 0.20 0.55 1.10 3.10 11 21

—_ | T T T \ \ I
3 Post-fit
o OoSt-1i :
- 10 Nuisance Parameters
- - q - Fiducial
X + + + - - g e - - — _7 b | N _\!gjy_m_e_ B __AF_V-f_ B —T_ L 0.01 0.00 0.00 0.01 0.01 -0.13 -0.32 BN
z@ i q_.—r‘-—"-_':". o A ACrya* )——o—( -0.08 0.01 0.06 0.00 0.01 -0.04 -0.15 =0.
N 2 ’_,__J:'“F:W__. RS el , Bkg BApMT H -0.16 0.01 0.06 -0.00 0.01 0.04 0.
{“. g8 | el I . ] amplitudes Ay [l 0.07 -0.03 -0.03 0.05 -0.05 EIICEMER
o [E— i
- ! Aar | er— 0.10 0.02 -0.04 0.03 0.11 [ESCTMRIN 0.04 -0.04 -0.13
+ DarkSide-50 Data —— BMTS | ---------------" g JERE Sy Ry
Q r -0.01 -0.01 gs@lvl 0.11 -0.05 0.01 0.01 0.01
% “ Fitted Model 85y Bkg N |
/)] 30 Qarf }—o—( 0.05 -0.00 0.00 0.01
-Ié % Shapes Sk |——— -0.03 0.06 0.06 0.00
? 104 Cryostat
e I s f s woeqp- 4 _______________ Sarp___ oL
g gg: MO SN YR L m ev:..xw.mwmmw lonization AL R e o ks
-0. 25;_ , ." Al .-l 1Tt Yield -2 . 0 2 9—%%" % %,. % ‘?7,\ % i’@ ‘i\ i‘},
3 7 10 20 30 50 100 (0-90) /88 %

Number of Electrons

[AII nuisance parameters within +/- 1 o and correlations understood]
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Fit (4/5)

4 Putting all together ... and fitting the bkg

Events / (0.25 No x kg x day)

102

1073

104
0.25

-0. 25

.04

Electron Recoil Energy [keVg,]
0 13 0 20 0.55 1.10 3.10

11 21

[ \
Post-flt

.. f +ot
AL )
s e
+ DarkSide-50 Data —— PMTs
~—— Fitted Model 85kr
395,
Ly Cryostat
I ¢4
E_ i o - “‘ -._'.’ ; ._;_,. _-_-,‘ Attt ‘.- LRI ;‘c,, q@www
= Pl '
3 7 10 20 30 50 100

Number of Electrons

60 —— Gaussian fit

Residuals

70

s0f
a0f
3of
zof

10f

of

Pre-fit pulls
t pPost-fit pulls

X2/ndf = 30.0 / 24
M =0.03 £ 0.03
o=1.1%0.03

\_2\\\0\ .2

(data - model) /error

[Background model describes very well the data in 4 < Ne < 170 after the fit ! ]
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Fit (5/5)

4 ... and superimposing the low mass WIMP signal
= No model for quenching fluctuations - Show without (NQ) or with (QF)

Events / (0.25 N x kg x day)

= Impact at low N,

Nuclear Recoil Energy [keVp,]

0.4 1.0 1.5 3.2 5.4 12 55 393
| ! I I I I I ' I
0.081- + Data e, | NQ
=—— Background Model " g T QF
B o ok10-4 o2 - Binomial fluctuations for Ne with
X , n= nQuanta = E(visible keVnr) /0.02
0.02fF ST == Mym1.6 cevie p=0.5
\+ i h -- T —— M,=3 Gev/c? - E=0.02 keV to produce 1 quanta
N b e {
0.01 J’\Jr\ { M A\ — M,=5 GeV/c?
e H_* * My=10 Gev/c?
0.005F - \
: \
\
\ 3 \
1 \ ! | L "- | -‘ | [ 1 1 R
3 7 10 20 30 50 100 170

Number of Electrons

[Very different shape between signal and background ]
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New limits (1/4)

O WIMP - Nucleus
= Gain one order of magnitude over 2018 (e.g. at 3 GeV)

2207.11966

e , —— DS50 2022

b | PandaX-4T 2022
LUX 2021

——— DAMIC 2020

—— XenonlT 2020

—— Cresst-III 2019

——— Pico-60 2019

—— XenonlT Migdal 2019

-~ D850 2018

----- CDMSlite 2017
PICASSO 2017
CDMS 2013
Cogent 2013
DAMA/LIBRA 2008
LAr Neutrino Floor

10——39
1040 L

10—41 L

Dark Matter-Nucleon Og; [cm2]
= =
e 8

10—44 L

10745 >
1.2 2.0 3.0 4.0 5.0 6.07.0 10.0

M, [GeV/c?]

[ Most stringent limits on WIMP in [1.2 — 3.6] GeV mass range ]
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New limits (2/4)

1 WIMP - Nucleus + Migdal

= Migdal effect (ME) : additional ionization of the Ar atom following the WIMP scat.
v" This is still a theoretical prediction pending experimental evidence !
= Allows to extend the limit at very low mass (was not done in 2018)

Nuclear Recoil Energy [keV ]
0.5 1.1 1.6 3.5 5.7 12 49 288 10—34 220711967
‘ . — : | S | — £
Electron Recolil Energy [keV_] ‘ o™ 35§
0. 04 0.13 0.20 0.55 1.10 3.10 11 21 5 10 E [ | | [
—_ E 1 l l ' 1 —‘35 2 = -36f
Sy C g5 = 10 cm =10 E
] [/] £
o r + Data o} -37
10 10 3 I N
x B === Background Model a E
o i , Q , rasfl= DS50 MIG 2022)
~ i — my = 1.0 GeV/c L F|——- DS50 NQ (2022)
x 2 [3] -39
. 1c —— my, = 0.5 GeV/c 5 10 f[— Ds50 QF (2022)
= B 4 _aof il
- — m, = 0.1 Gev/c’ 110"k PandaX-4T 2022
o ) o a1l XenonlT 2020
e 107 | § 10_4;_ Cresst-III 2019
~ s 10 L= XenonlT ME 2019
ﬂ 10—2: V) 10_43;—--- DS50 NQ 2018
g H :|— Dpss0 oF 2018
I’El glo'“’.\.wm " T IR ‘ .
-3 ‘ N . ] 0.030.05 0.1 0.3 0.5 1 3 5 10
10 7 10 20 30 50 100 170

2
GeV
Number of Electrons My [ /e ]

[Most stringent limits on WIMP+Migdal in [0.04 — 4] GeV mass range]
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New limits (3/4)

4 Light Dark Matter, ALP, Dark Photon — electron
= Can constraint models in 2D plane electron coupling — M(new particles)

Electron Recoil Energy (keV..)

0.13 0.20 0.55 1.10 3.10 11 21
81505 25 140 3.10 1 2207.11968
s > —~ 1073 —————— ey BT 510732
4+ DarkSide-50 Data & 3 E I A ] %
Background Model o I L
10-38
_ 3 g 110-33 16
™ H 1 0-37L o
3 10 37E 3
- yte>X2>y+e e L8
> = 10738 3107 =
,‘g LDM: Fpy = 1, &, = 5x1077% cm? ﬁ ] *
— m, = 50 MeV/c? @ ;-39 1 o
x a 10 a
- —— m, = 500 MeV/c? mx»ame R : 410735 o
i = i - se1 (20%° ]
.-'-: LDM: Fpu = (amo/q)?, Ga = 5%107%% cm® B 10740 Fpy = 1 xonond? (2019 R Fou = (omo/q)? - B
x ==+ m, = 50 MeV/c? 'd F 3 F E 2
H | L PR | . L gy " ey . L H
2'1]10—3 ——- m, = 500 HeV/c® mX«ame 10 100 1000 10 100 1000
" | I | Il ————— m, (MeV/c?) m, (MeV/c?)
o
= : . |
()] [ = —101?
~ o 10711 E E SuperCDMS (2020)
ﬂ .?: ks SuperCDMS (2020) ;10_13 :
g Absorption = 4 I i 3
[ 102 10-121 i b
> ic Qi 3 10749
4 Monoenergetic signal a R
I e e T T AR ]
rons Tolas: - -12 AR 1
Axion-Like Particle: gpe = 5x10 .:41 - 9(1}2‘01.3) :10715ﬁ
m = 0.3 keV/c? W 107 , E )
] r DarkSide-50 (2022) =]
Dark Photon: x = 3x1071% g < AT - i
v i 8 A o r XenonlT (2019) ¢& : ?__ backide-so (2022)  XemoniT (2019) E 10~
é 10714 - X-ray & y-ray (2022) # ‘ = : 7
S | | MR | | e b L E L el L T | L coa il 10—-17
1073} _ | 0.1 1 10 0.1 1 10
i 7 10 20 30 50 100 170 m, (keV/c?) my (keV/c?)

Number of Electrons (N.)

[Most stringent limits on Light Dark Matter, ALP and dark photon at few places]
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New limits (4/4)

U Sterile v — electron ,
= v, mix with an active state via angle |Uea|
» |nelastically scatter on electron

-2
I.r} 10 ] T I T I I T T T T | T
™ o
& 5
()
S i
0 (0]
4&‘ o
Ul
Y10-2 H
IZ?II "E: 1073 63Ni B Spectrum (1999) —
Q s TR OISO A e BRSNS SRS 1 ol
=z AT
L
C— 1/ . :
L)S_FE ! e+E g DarkSide-50 (2022)
Sterile Neutrine: |[U.|? = 5x1072 -8
wm NuSTAR (2020)
107 | | ' sadi e 4 TI | | ! |
C TN N | T T T 1 1 1 10—IIIIIIIIII1IIIIIIiIIII
4 7 10 20 30 50 100 170 0 15 20 25 30 35
Number of Electrons (N.) m, (keV/c?)

extend down to 10-13!

[ First DM direct detection expt to set limit on sterile v (much above indirect limit though) ]

05-Dec 2022 CPPM Marseille Low Mass WIMP Search with LAr 34



Next step : DS-20k

 LAr dual phase TPC technology is demonstrated

SS vessel

o2
.": 'i
2=l
o == £
‘-f—: —¥ ©
== |
!

20 SNOLab (3 t.yr)
TPC target 50kg Purified Ar X » 3.6t Atmosph. Ar =—— 50 t Purified Ar

Lab (fid. data) LNGS (0.04 t.yr) LNGS (200 t.yr)

x14

TPC wall Stainless Steel Acrylic Acrylic

TPCnbch.  38PMT XT___, 255 PMT X8, ~200k SiPM - ~2000 channels

TPC techno Dual Phase Single Phase Dual Phase

Veto Scint (30t) + Water (1000t) Water (250 t) Ar in vessel (30 t) + ProtoDUNE (700 t)
[inner] [outer] [inner] [outer]

Will be the largest TPC ever build for Dark Matter searches !
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DS-20k Purified Argon

[ Argon depleted in 3°Ar (UAr) extracted from a deep mine in USA
= 39Ar produced by cosmic rays on 3°K (T,,=269 yr) : O(1) Bg/kg > Reduce to O(1) mBqg/kg

107

PRD 93 (2016) 081101
Eqoq=0

—_— AAr Data

— s — UAr Data
S 10
% —— UAr MC Total
24py %0co — 85
o 10° 609 keV 1.17 MeV °°Co MC "Kr
» (C+P) (C+’< (ng‘}Mev;n MC 3°Ar
—4 1546 Mev
£ 10 / (p) 21qBi
P 1,77 Mev 208y
(e ] [ C+P
n 10° E P 2,62 Mev
= Vi

\ .
n 107° & C: Cryostat
E’ — P: PMTs
0 L07 - Fused Silica
] =

10_B _I | | I | 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
S1 (PE)
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DS-20k Purified Argon

[ Argon depleted in 3°Ar (UAr) extracted from a deep mine in USA
= 39Ar produced by cosmic rays on 3°K (T,,=269 yr) : O(1) Bg/kg > Reduce to O(1) mBqg/kg

JINST 15
P02024
(2020)

Characterise UAr with 10% precision

Characterisation: DArT
Measurement of the 32Ar depletion factor

1 liter TPC
in 1 ton ArDM
cryostat (veto)

)(,a"

EPJC 81, 359 (2021
Full scale =~ Demonstrator

P

-

r
S

Boat
6-12 ton/trip
2.5 month/trip

S el o

Production: Urania
= Commercial-scale plant to extract UAr
* Located in Southwestern Colorado ' |
= UAr extracted from CO, well gas at the tonne scale
Extract highly pure 0.3 ton / day (90 ton/yr)

[

Purification: Aria

* 350 m tall cryogenic distillation column to purify UAr and
isotopically separate argon and other elements
* Located in refurbished carbon mine shaft in Sardinia, Italy

Purify 1 ton / day
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DS-20k PhotoSensors

250 000 Silicon Photo Multipliers (SiPMs)
= Custom cryo. SiPMs : 108 gain, PDE (420 nm) >42%, DCR < 20 Hz/Tile, 5,=15 ns, SNR>15
= PDU installation at top/bottom inside the TPC and outside for inner neutron veto*

Acrylic
protection

Neutron Veto :
3.2% coverage .-~
1c - |

2 TPC + Veto =
) ~8500 + 2500 Tiles

| (~20 + 5 m?)

~2100 + 600 ch.

TPC

Electronic

__________

(~1 cm? each), grouped by 4 > 4 ch.

* Quter Veto : 8 arrays lowered from the proto-DUNE flanges (0.5% coverage, 1 /MeV)
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DS-20k PhotoSensors

1 250 000 Silicon Photo Multipliers (SiPMs)
= Custom cryo. SiPMs : 108 gain, PDE (420 nm) >42%, DCR < 20 Hz/Tile, 5,=15 ns, SNR>15
= PDU installation at top/bottom inside the TPC and outside for inner neutron veto

[ SiPM delivered and PDU electronic design frozen ]
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DS-20k Inner Detector

d Inner detector (TPC + neutron veto) compact and simple
= High degree of integration in the TPC

v TPC walls also serve as overall mechanical structure, Faraday cage, grounding, neutron moderator
v" Minimize type and amount of passive material to lower the background

= TPC — vessel gap used for the neutron veto : instrumented with SiPMs

TPC with SiPM Stainless steel Vessel

Anode plate
(ground)

3.5m
\

Gd Acrylic TPC walls
with reflector panels
(TPB coated on 43 m?2)

Cathode plate

(-73 kV)
Reflector panels +

PEN foils on 174 m?
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High Mass WIMP (1/2)

1 DS-20k optimized to be background free
» Fiducial volume: 70 (30) cm away in z (r) from the TPC walls = 20 t LAr, single scatter
» ER background: purified argon, S2/S1, S1 PSD - negligible
= NR background: LNGS, material selection + cleaning+assay, neutron veto - suppressed

<mBq/kg 238U, 2%U, 252Th activity  222Rp daughters O(500) Neutron moderated by Acrylic
- O(107) n / decay, E ~ MeV captured by Gd > <8 MeV y

S1 Pulse Shape Discrimination (Rgg>108)* Eaergy [kev,]
p - 10_. .2|u| . I-ill'.'ll . IGlﬂl . IEIDI . .l?u. . I.'I.TOI . I:I.'IIIIII . I:I.«?vl.'i'I . .1|Bu. . Iz?ul
» | Ar ——NR (mainly fast scint.) ""mu.sif_ -_' nB O 09+/ 0. 04
10°® ——ER (mainly slow scint. 0.8 —----o---- N
* PRD 100 (2019) 022004 3
107 -
90 = S1(90ns) / S1tot 0.5 DS-50, ~15 t x day
- 0.4 (~1 day of DS-20k !)
0.3 - ER : i
10°* 0.2 -
“Fast scint. (6 ns) pLl PRD 98 (2018) 102206
Slow scint. (1600 ns) GE....|....|....|....|....|....|....|....|....|..

0 1 2 6 7 0 50 100 150 200 250 300 350 400 450
Time [us) S$1 (PE)

[ Expect ~0.1 bkg event in 10 years of running (200 ton.year)*]

* Note: expect ~3 irreducible evts from v NR
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High Mass WIMP (2/2)

1 Good discovery potential for high mass WIMP

10_44 E . . . .
= 5o Discovery Sensitivity
10—45 =— I’l “‘ \,7-4 \,*e
= | G
Es : oﬂ“
&r f. = | LR
8104 | at\ls“\c
Q = |
= =
-o B
B10vE 5
Q =
v = :
2 ==
104 s o
O = “ DARWIN ARGO ===~
= v-floor Xe \ Ars L
1070 &= b = T
10—50_1 IllIII 1 1 1 IIIIlI 1 1 | IlII[I 1 1 1 L1 111
3 5 10 30 50 100 300 1000 3000 10*

WIMP mass [GeV/c?]

[ DarkSide-20k and Xenon expts complementary for high mass WIMPs ]
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Status of DarkSide-20k

J TDR to LNGS December 2021

= |Installation: started in September 2022 and planned to be completed by end 2026
» Physics: first run in 2027. Run during 10 years (= 200 t.yr)

Hall C in LNGS
Feet of the Proto-DUNE
AAr Cryogenics  ProtoDUNE Cryostat UArLrvogemcs UAr Transportation Skid and Storage cryostat in H a" C

Cryogenics Support Structure O,

pPDU assembly

e

1
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Conclusions

1 Dark matter WIMP search is in a very exciting period

= Recently explore one order of magnitude from 1 GeV to 10 TeV !
= Still no sign of WIMPs

1 First generation Liquid Argon dual phase TPC (DS-50, 2015-18)
» Demonstrated feasibility of the technology (50 kg purified LAr)
= Background free at high WIMP mass
= Very sensitive to low mass WIMP with final analysis
v" Model electron (nuclear) recoil ionization yield down to 0.06 (0.4) keV
v Accurate background modelling down to Ne =4

v" World best limit atin 1 - 4 GeV
v If Migdal effect, can go down to 0.04 GeV

CPPM

d Next generation Liquid Argon dual phase TPC (DS-20k, 2027-37)
» Largest Dark matter TPC ever build (50 tons of purified LAr, x1000 DS-50)
= Starting now installation in Gran Sasso - first physics in 2027
= Optimised to be background free at high WIMP mass: High discovery potential
* Low WIMP mass search potential ... to be evaluated »

PARTICULES DE MARSEILLE

CPPM
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Conclusions
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DM WIMP: Miracle

® WIMPs decouple from thermal
equilibrium

® freeze—outwhenT  H

WIMP relic abundance : ”
V32 1 et
" =~ =

((w2er) (35))

Oann — C.S. for WIMP pair—annihilation in the early Universe

v — their relative velocity, (. ..)—thermal average

Oann ™~ Oweak ™ 1IN = 107 Db = Qh? ~ 1

DM DM DM DM ! DM DM
| : |
1 1 !
! : h '
1 I
! N
N N N N ! N N
10-38 cm? | 1043 cm? | 1048 cm?
free, vector ! tree, scalar | loop
@’ my, E a® mf ! ot m;
L g ' os1 & ! os1 =
Z i h ! W
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DM WIMP: Search

=
it $ B
. . a2 S 3 . N
in astrophysical 5 = S=  pp - Higgs - invisible,
objects, e.g. with 2 5 T O EMss+X (and other
KM3NeT, CTA, ... &5 53 SUSY searches)
O T =
25 2a
S3 ¥ Gl 9 i -
S >

Efficient scattering now
(Direct detection)

with galaxy halo WIMPs on SM particles
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Radio active background (1/4)

37-Ar

(=35 days)
Produced by solar
v+37Cl->37Ar+e

37Ar+ 0 e i
18 -ll 17
from L1 (0.28 keV, 8%)

or K (2.77 keV, 90%)
shells

39-Ar
(t =269 yr)

Produced by cosmic

rays on 40Ar

(100%)

Endpoint =565 keV
Mean = 220 keV

85-Kr

(t=10.8 yr)

Produced by cosmic rays on 8Kr + nuclear
fission. It was unexpected to found it
underground at such a level. This could have
been produced by natural fission or
atmospheric leaks (PRD 93 (2016) 081101).
Improvements to the UAr extraction facility are
expected to completely remove 8Kr

85, _ 10.73y By
l 56 B_AM—° 0.514
Source of primaries : 83m-Kr : £
electrons, X-rays, and (,C =1.83 hl') stable 8RB ’
UV photons . : ) . . &Y
P njected in the LAr for calibration e
PRESLE010) 03503 o Endpoint = 687 keV
I=1/2- i Mean = 251 keV
Tz =1,83 h
Interngl o 22011
conversion _ E=32,1517(5) keV
- electron I=7/2+ —
+ X-ray of A TIO5
41 .5 keV a
i=oize___ Kry E=94keV
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Radio active background (2/4)

232-Th 238-U
(t =4.5 Gyr)

Uranium u p

Protactinium

Thorium

Radium

Astatine
Polonium
212 Polonium
Bismuth
Lead
Lead
208
Thallium
Mercury
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Radio active background (3/4)

40-K 60-Co
(t=1.2 Gyr) (t = 5.2 yr)
W 9Co

E = 0.05 MeV \.2x10%y 5272 a 0.31 MeV B7 s988%

CE

E = 132 MeV
8.8 % 0.12%

B 1.48 MeV B~ 1.1732 MeV vy

40
Ar[cxcil-ecl stale
E = 1.51 MeV
016 %
E.C.

E = 1.46 MeV
11 %
T Ray

E = 0.49 MeV ACs  ———
0.006 % {(fundamental state)
E.C.

1.3325 MeV y
E: F:llt'rg:,' of reaction

11 % : Fraction of 40K affected
Decay wpe

mh[
(fundamental state) {E.C. : Electron capture)

L]
o
P
—
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Radio active background (

WARRP, astro-ph/0603131 DS-50, PRD 93 (2016) 081101
—~ 10*
Y AAr Data
> 10 E
_92 ---- Data — 102 UAr Data
E; % ¥ z UAr MC Total
-3 2145« 60
= B c 85.
c 10 BX o 107 608 kev 1.17 Mev ‘Co MC TKr
S c : (C+P)  (C+F) }cf%#eiﬂ e S
10‘ L i 10 \ / 1 46 MeV oy
E fu 1.77 Mev 208
o g o / s 2 E% MeV
gl " n 10° (®)
10
g | ~
- ‘If‘ w 10° C: Cryostat
10° i 4 u P: PMTs
E ‘ ‘ ® o7 F: Fused Silica
F | | 1]
1077 L H RIS AL R N SR T (O (TR S NS (T

10°®
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DS-20k simulation (1/2)

T Recoil |
1 Realistic scheme — ER: a=N,, /N~ 0.21 [based on 70s/80s

measurements]

| NR: a=Ng,/Nion ~ 1
ﬁmp mp Assumed independent of E l
NIM A269 (1988) 291
PhysRev A9 (1974) 1438
Electroluminescence. (YS2~ 300)
\ Electrons Art

PhysRev B13 (1976) 1649

<]

r=1 at null field

Excited atoms

Singlet (6ns) Triplet(1600ns)

Empirical models (ER~NR‘ Recombination r(E) | ﬁ
1.1 — .1.:
ﬁ E AI', E=200Vlcm —— PARIS Q'.” D_gf_ Ar
~— 1 - F ——NR
et 5 g _ . .
o of DokeBirks > NR—malnIY singlet
i = —> peaky signal
0.8[ Q e
: 3 ® F
0.71 : LD 1052
i i o c
0.6- ® Compton e ok a 0 4K
ISP, v E ER=mainly triplet
E ¢ oy, o > —> scattered signal
0.4f oot le - ~ C oaf
013:J!EJJI1IIIIIIIIEJJIlllllll!ll w OE\ | |\lll|||\III|IIII|IIII|IIII|II\I|IIII‘IIII
0 50 100 150 200 250 300 0 10 20 30 40 5.0 - 60 70 80 90 100
Energy (keV) Vieible Energy [kevea]
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DS-20k simulation (2/2)

X+Ar

1-f f (energy lost to electrons = inelastic collisions)
X+Ar

X+Art X+Ar"
Electrons S2 =N, ,-r(E)N;,,,

/\Excitatiomnbﬂ N.. lonization
Ar h (photons [128 nm] 2> X

(recoil) 1/@}'{% A‘\r' Yg,=electroluminescence yield)
As
Quenching (energy not lost to Ar? Arx
electrons = elastic collisions) triplet singlet N,
ER: 1-f=0 Ar;.‘. e-
NR:1-f=0.5 2Ar +y 2Ar+y
l f t [ ]
— showe) e e Summary ER:
Empirical models (for NR)
W " F . s Lindiard medel o W = effective work to extract one
g 1 N quantum (ex or ion) = 19.5 eV
...5 0_45:_.Alfcm Photons (128 nm) S1
- _ NIM A269 (1988) 291
- 0.4;— _Nex+r(E)XNion
“"_ 0.35;—
0.35- _Arz Edep=W(Nex+Nion)
- 7 ) ; . triplet singl
0.25~ __— I gt 11e 1s )
) et B Sy | | W(Ngyr(E)Niop) > ST
E 2Ar+y 2Ar + b
0.5t 1801.06653 (slow) (Fast) WxYg,[1-r(E)IN;,, > S2
0.1 b "1‘0 - . e ‘1:12
Energy (keVnr)

[Compton scaterrin%amd i)hoto-electric effect for ﬁhotons /I\Siln)elastic scaterring and capture for neutrons] .
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Background: a surface

SIGNAL BACKGROUND
Isolated 2. ¢ , o + photo-electron Note: pulse finder

A
f40<0.1 peak ! from cathode fati ;
%0 0.2 A=ty by <61iS S1 | | cannot distinguish
tstart (e-cloud drift) | 51 ‘ two pulses 2 us
AT>20ms J, fo0>01 i S2 apart
<100 ps ; i »1 (Ms)

o decays very close (or in) the TPC walls

1. Electrons are “reabsorbed” by the wall

2. Large number of photons emitted =» Large S1

3. Some photons may create one or two electrons on the
cathode

4. These one or two electrons are drifting up = low S2

NPE

= Abnormally large value for $S1/S2. Rejected by cutting
on S1/S2 — the cut has been adjusted with calibration data
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Background: spurious electron

A SIGNAL BACKGROUNDS
Isolated S2 ¢ Spurious Electron
f90<0.1 peak 1
0'2<At=tpeak'tstart<6p5 AT<20 ms
tstart (e-cloud drift) £ 0.1
| AT>20ms 90m
» T (ms)
E
_ = 71

—_ preliminary —e&— Uncorrelated Rate _'_"0 9

> M 1
g | —a— Correlated Rate _:O g

& —e— Correlated Fraction |

= 10l —0.7

o H = = =1
A4 E = —0.6 Q
] - = :
s o — _: 0 - 5 (4]
=z + B = ]
N d —0.4 Y]
ol - o — a *oo o0 - B
o 10-5 [ERE. ———" e S L < o O 3 0.3
b 10—2 = e a0 e, i _f 0.2
~ = e

) - | % )

L = =

o I A 1w 1 1 1 g

S 10 (] 200 400 600 800 1000

M 0.25E Days since 4/1/15

0.00E R s
-0.25- . . % . .
3 7 30-70% of Spurious electrons can be explained by the

presence of a parent event (large S1 with >1000 PE)
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Signal acceptance
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Background: PMT and Cryostat

ThetI;MT a”:, thf CW?Stat components 1) correct the 60Co rate for the time
are the combination o elapsed between the measurement and the
- 238U avg dataset date
- 232Th ‘
- 235U
- 60Co
- 40K 2) break the contribution of the PMT in 3
- 54Mn (PMT) subcomponents (body - stem - ceramic)
| | E
G4DS has spatial generators and an /,/ |y
accurate description of the detector | | end
geometry and materials 3 fﬁi ":ll‘ [[iH
o 53 em ' :- |
The predicted event rate in the TPC is . - 8 o
obtained by using the screening Y = . /h
measurement results. . | & ' - |
Ceramic Stem  Kovar | Ceramic Stem Kovar
“Co 0 0 1 el V] 0.8 0.2 0
0K 0.2 0.8 0 || B8Uppper | 0.8 02 0
Th| 03 07 0 || ™Uwe| 05 05 0
G. Koh's thesis
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Calibration: AmBe Neutron

NRs from AmBe selected with a three-fold coincidence

Impact of the coincidence on TPC data

Capture
1.471 MeV o

TPC trigger on S1 |

|
+ 0.478 MeV y 'loi ol 81 I s 400 ps
! ¥ Neutron capture
AmBe Neutron prqmpt = '
i [ Veto
| TPC trigger on S2 I
NR i s
Prompt s1 -10; OI 52 400 M
4.4 Mev . i I | "
Y Neutron prompt=» : - putTAN SApRaLne
1 I Veto
m”**""*"w 4+ DS50 AmBe data 6ol *+ DS50 AmBe data Tl
t - 4t
102 ¢ +*#++ ER background [ —— Zziegler et al. (X2/NDF=346/246) I i
E ¥ - S TL R een e
: +++ 50 Moliare (X?/NDF=353/246) IR
e L #+n+ | . I
o ik
N ++ i o °F
i 101 HH *ﬁ * -~ L
0 E *’ * 30
¥ r woor
3 i C
o r
10° 10f
SO S (N Sy | e — ——— =
100 200 300 200 500 C | b n | | B Sy
Number of Reconstructed Electrons 3 4 5 10 20 30 40 50 100 250

Number of Reconstructed Electrons
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Calibration: 3’Ar

PRL 121 (2018) 081307

10 = =
= y % 0.6 =
[ First 100 days o L/K BRRatio=0.11+0.01 |

2 o - J
10° g —— Last 500 days 2, =
. Single S2(500d) % 3
10 #t— s1 + S2(500d) & —-
i ~ 0. 3
m —
u —]
1 g -

Events / [0.5 N,_. x kg x day]

10_2 )v’,\r"} 3=
_3 ! 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 _I
107, 20 20 60 20 100

FIG. 3. Spectrum showing cosmogenic >7Ar contribu-
tions and their decay as discussed in the text. Black: first
100 days of present exposure. Dark blue: last 500 days.
Red and cyan show respectively the contributions to the
dark blue spectrum from events with only an S2 pulse
and from events with a single S1 and a single S2 pulse.
Inset: normalized difference of black minus dark blue,
showing the two peaks from *"Ar decay.
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DS-20k : Next project of GADMC

DalikSide-EO ?___!_'FGS MiniCle a;; s;n‘l:b D ar kS i d e- 20 k

by the Global Dark Matter Argon Collaboration

ArDM @ Canfranc
DEAP @ Snolab

B

& ‘r ASTROCENT @u@ L 1_;_*
&&f L] St .sﬁk. 8
-~ =3¢ 'B'Fermllab @ﬁ Ol=lg:
B @1 d"ﬁ ﬂ‘.ﬂéj@ %Ju
- )
ﬂ@!:lm f@*.....,._ leﬁz)ﬁ
Qv '““ﬂlmﬁﬂ* Vi

o e R o TRlUME
MNO?FHI%E_DO

umld.
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DS-20k: prototypes

O Prototyping
» Validate technological choices (e.g. integrated TPC)
= Test the cryogenic system for the TPC (at CERN - LNGS)
= Measure on-site performance of the SiPM - input for simulation

Spring 2023 End 2023

October 2019

Proto-0atCERN

25x25x10 cm?
1 PDU Proto-0 at Naples

25x25x10 cm?2 60x60x40 cm?
2 PDUs 10 PDUs
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DCR {Hz/mm?)

DS-20k: SiPM Performance

106 _
3 ize = i = :
105 ' Cell size = 25 1-“'“' > E a * 100(10) [K] (9.8 « 0.3 [V]) #1
E [ eSF-4V > a b .
10 | esF-6V oE s 280(KI(10[V]) #4
3 3 -=LF-4V = - _
10 F | =LF-6V 60~ i ",
2 r C i E 8 oF iy
107 ¥ bt R dedl PR gan
3 - el g A "* L
10! RCRAT R TIR AW
J T i 0 LT s w3
F LY B ’ b2 T
10° ] 5 S Y B =g
3 OE8 Ny
10 [ 3 ' | L]
102§ E
! 10—
10° ' ' ' ' ' ok i | P IS P | il B
0 50 100 150 200 250 300 200 350 400 450 500 550 600
Temperature (K) o il
spec spec
2000~ BeRdrncka required achieved
1 PE PDE @ 420 nm = 40% = 42%
s DCR (87 K) 250 Hz / tile ~ 20 Hz / tile
o
= . igrg e
g correlated noise probabilities -
¢ 1000 (afterpulses, cross talk) <50% +50% <10% +35%
SiPM gain > 1E6 > 1EB
500-
SNR after ABMA filter =8 > 15
0+ time resolution ~ 10 ns ~15 ns
0 1 2 3 H s 6

Filtered amplitude [pe]
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Low Mass detector project

U Building on the success of DS-50
= Optimized for a low-electron counting experiment

TABLE I. Conceptual detector design parameters.

Parameter Value

TPC active LAr mass 1.5¢

TPC fiducial LAr mass 1t R RONEER, TRRERER

TPC fiducial cylindrical radius 45 em

TPC height 111em IR i
: ___—optical barrier

TPC diameter 110em

TPC PDM number 864 - TPC photosensors

TPC PDM peak‘efficiency 40% ~ (same at bottom)

TPC gas pocket thickness lcm 1

TPC electroluminescence field |6.5kV /em Rexghariversal

TPC drift field 200V /em

Aecrylic vessel mass 0.144t Deplated, sxgon
i . 2 active(fiducial)

PDM dimensions 5 X bem simss -1 B CIYE

PDM buffer veto thickness 10cm

PDM buffer veto total mass 0.3t PDM Buffer Veto

Bath veto UAr mass 4.5t Eamme Bk kop)

Bath veto minimum thickness 28cm S

Cryostat inner height 215cm

Cryostat inner diameter 170 em T vVeto photosensors

Cryostat wall thickness 0.5¢m -

T1i support structure total mass 0.1t - Double walled cryostat

[ Time scale and location not known ]
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Low Mass detector project

U Physics reach
= Sensitivity strongly connected to spurious electron background understanding

~36
g 10" 8 = No quenching fluctuations
Y 107 |
= '~ Binomial fluctuations
':ﬁ 1{}‘335—--- ------ :
E 10290 2209.01177C
@ aL
g 10 %.\ '_ CRESST-III
i — X z .
42 LN
S 10 -u\
o eiin
-‘é 10 S e XENON1T
1ﬂ—44 : '_ ------ . il
ol i, L TN A N il
: et :
104 - (index n) | | | 1 \ '—|
s Vo b i : 2 3 4 5678490 20

m, [Ge'\r,’czl

[ Could reach the neutrino floor between 1 and 10 GeV ]
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Comparison with Xenon

U S2-only analysis
= Very complicated to compare
= Xenon background not under control in low energy region (5 < Ne < 10) because of

8B solar neutrino scattering (largely unknown)

Extracted electrons Electron Recoil Energy [keVe,]

3 4 o 7 10 20 30 40 50 70 0.04 0.13 0.20 0.55 1.10 3.10 11 21
i I L L R L 1 P 1 J f LN I FRN TR T | ] ] ! I ¥ Tt |

Mean energy in flat ER spectrum [keVe,| Nuclear Receil Energy [keVp,]

0.15 0.2 0.3 05 0.7 1 2 3 0.4 1.0 1.5 3.2 5.4 12 55 393
Te T T T T T T T L I T I I
= ) ) = 0.08 ~+ Data
l'—“? 10° | o 290 GeV /o2 = 3 ~—— Background Model
= - eEE %
% \d 2 0,=2x10"%' cm?
= 02k PRL 123 (2019) 251801 ) :
o L 0.02 wwe My=1.6 GeV/c
8 : == M,=3 Gev/c?
= 1
= < : 0.01 —— M,=5 Gev/c?
= 0 : M,=10 Gev/c?
-{ . @  0.005
@
& 1071 @ | _
00 120 150 200 500 1000 3000 A 2 30 50 a9 iw
s . Number of Electrons

s2 |PE)

05-Dec 2022 CPPM Marseille Low Mass WIMP Search with LAr 66



