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naeHtTudurrkauma yactuy, (particle identification)
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o Scintillation photons
o High light yield (~40,000/MeV)
o Little self absorption

o lonization electrons
o Similar yield to that of photons
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o Low electron affinity, long drift distances L e
e : 8 it : : : indicates depth
o Amplification of ionization signals possible = l
' Outgoing >
Particle a4\
o Particle identification Incoming
Particle

o Energy partition between photon/electron
o Time profile of scintillation

o Position reconstruction
o Accurate 3D position possible

An 1illustration of signal generation in a dual-phase
xenon TPC detector.



Advantages of a liquid target:

Easy to purify
* Fluid nature
« Chemically inert

Scalable

« Little light/electron attenuation
« Rapid size expansion possible

Self shielding

* Low intrinsic radioactivity
« Monolithic target volume

Little radiation damage

XENON10
detector
15cmx15cm,
2005

LUX-ZEPLIN detector 150cmx150cm, 2021



What makes LXe the most favorable target?

Rich Physics Goals

® Probe many DM models
© SI&SD & EFT
0  Inelastic etc.
0  Heavy or sub-GeV
o  ALPs, dark photon
o etc.
e Neutrino astrophysics
o  Elastic scattering of solar
neutrinos (pp)
©  CEvNS of B8 neutrinos
o0 Supernova neutrinos
e Neutrino physics
o Ovbb with Xe-136
o  DEC with Xe-124

Reasonable
Cost

Mature Technology

Large target
o0  online purification of the liquid/gas
target
©  multi-ton target demonstrated
0  Next generation: 50~100 ton
Low background
© Intrinsically pure and purifiable
o  self-shielding
o 3D localization
o ER/NR discrimination
Low threshold
o keV threshold with both charge and
light
o O(10) eV threshold with charge only



Rapid progress in 10 yrs

XENON10
DarkSidel0
XENON100
ZEPLIN

LUX
DarkSide50
DEAP3600
XENONI1T
PandaX-Il
PandaX-4T
XENONNT
LZ

DarkSide-20K
DARWIN/G3?

Limit Scalar Cross-section at 60 GeV/c? [cm?]

Dark Matter Searches: Past, Present & Future
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[leTeKkTOpbl Cc paboyen cpenon — Xe, LXe

Poccusa: RED-100 (Xe, Ar) - CERINS
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RED-100 is a two-phase noble gas emission
detector. Contains ~250 kg of LXe, ~100 kg in

The sensitive volume ~ 45 cm in diam ~ 45 cm in
height, is defined by the top and bottom
optically transparent mesh electrodes and field-
shaping rings.

PMTs are Hamamatsu R11410-20 (low-
background); 38 in total (2 x 19)

Drift field is ~ 0.5 + 1 kV/cm;
Field in EL region is ~ 7 + 10 kV/cm (in the gas

Size of the EL region — 1 cm. The expected
number of photoelectrons per one electron
extracted to the gas phase ~ 80.

Yctponucteo getektopa P34-100:

1 — BHeLWHWIA (TENNbIN) cocya KpuocTaTa,

2 — BHYTPEHHUIA (XOnoAHbli) cocya KpuocTaTa,

3 — BepxHsas maTpuua us gesatHaguatv ®3Y Tuna
HAMAMATSU R11410-20,

4 — ceTuaTblit aHOA U BbITAMMBaoLas ceTka,

5 — pabounii 06beM, OKPYKEHHbI TehIOHOBBIM
oTpaxarenem co BCTPOEHHbIMM NonesafaoLumm
anekTpogamu,

6 — ceTyaTblii KaToa,

7 — HUWKHAS MaTpuua U3 aesaTHaguatn ®3Y,

8 — HWKHUI LeHTPanbHbIi TENMOCHEMHMK C
TEPMOCUGDOHOM,

9 — megHas oboriMa Ans HWxHel maTpuusl P3Y,

10 — MeAHbBIN KOXYX XONOAHOro cocyaa KpuocTara,

11 — 0AnH 13 AByX BOKOBbLIX TENNOCHEMHUKOB C
TepmocudoHamm,

12 — mepHas oboiima BepxHei maTpuupl P3Y,

13 — rnbkuit TENNoBOI MOCT,

14 — BepXHWIi LeHTpanbHbIi TENNOCBEMHUK C MEAHBIM
AUCKOM, Ha KOTOPOM KOHZAEHCUPYETCA KCEHOH,

15 — TennousonupyoLwmii NnoABec Ha 0OCHOBe MaTepuana
Vespel,

16 — cunbhoHHas Tennoeas passsa3ska Ha Tpybonposoae
ans BbiBoga kabeneii.



[leTeKkTOpbl Cc paboyen cpenon — Xe, LXe

EU: XENONNT (Xe) — TemHas maTepus, akcMoHbl, OREIE Xe-136 , conHEYHble HENTPUHO

The XENON1T experiment
@ LNGS (ltaly)

I UNIVERSITA
DEGLI STUDI
w DELL’ AQUILA
XENON

XENONNT: the next detectorw s

5.9 t liquid Xe

XENON

494 PMTs

(83x XENONT1T)
LNGS hall B
XENONTT XENONNT
pure \::toe: C:yogen'cs Background
1500 m overburden N - —— reduction:
(3600 m.w.e.) and‘ purification qul’"d Xe - Material selection and
u, purification screening
r + Radon distillation
" system column T
l (’i"m‘r‘ﬁ‘ 47" (~1 500 slpm) 8 gz::;’n—free purification
A- ﬂ ik
Ef
Active neutron ;
, veto with Gd High energy
Google street view: tinyurl.com/Ingstour _loaded water readout

TPC inside the Water Tank + Ancillary systems: purification, Krypt | Cryostat filled with ~8.6 t of LXe

distillation, cryogenics, DAQ, slow control, Xenon storage o 6 wks for cool down and filling through gas purifiers

(high temperature getters)
o Started LXe circulation and electron lifetime
measurements with dedicated purity monitor
e [nitial purification of LXe volume with GXe
purification system @ 60 slpm
e Cryogenic LXe purification
o Started with a high-efficiency O: filter (copper on
alumina support)
o Electron lifetime went from 100 us to 5 ms in 5 days!
o Continuous improvement with decrease in outgassing
o Reached >10 ms after ~1 month of operation



[leTeKkTOpbl Cc paboyen cpenon — Xe, LXe

USA: LZ(LUX+ZEPLIN) — (Xe) - TeMmHaa matepusa, akcuoHbl, ORI Xe-136 , conHeYHble HEUTPUHO

Z LZ overview

-
N

gp | LIP Coimbra |

Liquid Xenon TPC:
e 1.5 mdiameter by 1.5 m height
e Active Mass: 7t

o 623 kg of 136Xe
o  741kg of **Xe
e Fiducial: 5.6t

e 494X3"PMTs Titanium
cryostats

Existing
water tank

Lo

Gadolinium-loaded

) o liquid scintillator veto
3 components veto detector: | -
e \Water Tank + Gadolinium-loaded LXe heat =
scintillator b 120 Outter
exchanger —» :
- . 2 - ! detector
e Liquid Xe skin tower - ' PMTs

Scientific program
1. WIMP search
2. Neutrino physics searches

2v2B — Q= 826 keV ('**Xe)

o 0v2B - Q= 2458 keV (1*°Xe)
= Requires good energy Cathode high 7 tonne active volume

. . ) voltage connection  liquid XeTPC. 10 tonnes total
resolution for high energies (50 kV cathode)

' o



A Next-Generation Liquid Xenon Observatory for
Dark Matter and Neutrino Physics

ER Background [evts x (t d keV) ]

4 . H
10 = Kiloton-scale xenon detectors for neutrinoless
. —_.EEEEEP‘I}P double beta decay and other new physics
= searches
o0 arXiv:2110.01537v2
10E" o XENON100 . PO
5 oLUX A Next-Generation Liquid Xenon Observatory
= oPandaX-1I for Dark Matter and Neutrino Physics
- XENONIT PandaX-4T arXiv:2203.02309v1
107 = XENONNT
= “n
- LZ
107 solar neutrinos (pp. "Be) DARWIN / G3 Ana poctuxkeHuna yyscTButenbHoctn ~ 1030 net
- — ORIER Xe-136, npeanonaraeTtca co3gaHme
1073 1It:|r3 ] '1'[']_1 — "': E— Illll{:} — KM/IOTOHHbIX AeTeKTOpOoB, H-p 3 KT Xe-nat (~ 300 T

Target Mass [t] Xe-136)



Why Argon? And Why Liquid?

. ’ Simplified model LAr first excited state
Dense 40% more dense than water — many nuclear centers for interaction

Abundant 1% of the atmosphere — “cheap”, we can build big detectors! Ridbera ncinas

lonizes easily 55,000 electrons / cm excited energy state ==

High e" lifetime Noble liquid! L NN
i s 4 a ; . 128nm photon v

Lots of scintillation light Transparent to light produced (128 nm) Y

Ground state energy of LAr

Self-trapped exciton luminescence

Two detection mechanisms:
lonization Charge and
Scintillation Light




[leTeKkTOpbl ¢ paboyen cpenon — Ar, LAr

» DarkSide-20k and ARGO * LEGEND
= WIMP Dark Matter search = Neutrinoless double beta decay
= Argon is primary WIMP target = Argon shield surrounding HPGe detectors
= Argon related background: 3°Ar decay = Argon related background: 42K decay
= Masses required: (**Ar daughter)
v DarkSide-20k — 50 tons * Mass required:
v ARGO — 300-500 tons v 0(10 tons)
« COHERENT * DUNE
= Coherent elastic v-nucleus scattering = Low-energy neutrino program
= Argon is primary neutrino target = Argon is primary neutrino target
= Argon related background: 3°Ar = Ar related backgrounds: 42Ar, 3%Ar, and 42K
= Masses required: = Mass potentially needed:
v SNS/COHERENT — 1 ton v' 17 ktons/module

v' CAPTAIN-MILLS — 10 tons



[leTeKkTOpbl ¢ paboyen cpenon — Ar, LAr

EU: DarkSide50 — (UAr) - TemHan maTepus

Water Cherenkov detector (passive shield and yVETO)
Stainless steel vessel filled with 1kt of ultra pure water.

80 8" PMTs.

Liquid scintillator detector (y,nVETO)
30t Boron loaded scintillator.

110 8" PMTs

Boiler for gas pocket

*veld cage rings
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PTFE refiector

ITO cathode

Cathode window

Bottem PMT array

TPC housed in stainless steel cryostat
PTFE cylinder ¢ 36.5 cm X 36.5 cm
with the inner surfaces coated with
TPB (128nm to 420nm).

38 3" Hamamatsu R11065 PMTs (19 on
top and 19 on bottom).

Filled with 46kg of Underground
Argon (UAr).




[leTeKkTOpbl ¢ paboyen cpenon — Ar, LAr

EU: DarkSide20K — (UAr) - TeMHaa maTepua, akCUOHbI, CO/THEYHbIE HENTPUHO

DarkSide-20k

Sealed acrylic TPC filled
with Underground by

Argon (UAr): 50 tonnes p kside-20k | \% ~ﬂ @
in total

| |||| UAr Condenser Gas Pumps

Membrane cryostat
< < " Optical & EM
filled with Atmospheric barrier

Argon (AAr): based on
the ProtoDUNE cryostat ~ nveto

2% Gd doped acrylic

panels as neutron veto e

SiPMs as photosensors:
8280 channels in TPC,
~3000 channels in Veto

Cryostat



[leTeKkTOpbl ¢ paboyen cpenon — Ar, LAr

~7

Pacific

Northwest  DarkSide-50 Underground Argon

in the atmosphere: 3°Ar
activity of 1 Bg/kg

DS-50 measured 3°Ar
specific activity of
0.73 £ 0.10 mBqg/kg

residual 3°Ar likely from
air infiltration during
extraction

Events / [50 PE x kg x s]

104. — AAr Dat
39Ar ata
10—2 ZAAr -—— UAr Data
400 ——— UAr MC Total
21031 60,
103 609 keV 1?;,7 Mev “°Co MC *Kr
I G (- ——— MC *°Ar
10" \ / Lgswev
- / 1.77 MeV 208,
1073 %‘.,t)sz MeV
106 C: Cryostat
P: PMTs
10”7 F: Fused Silica
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S1 [PE]

UAr: 3°Ar < 0.07% of AAr



The XENON science program® =

WIMP search

-Spin independent
-Spin dependent
-Low-E (sub GeV) DM
-Dark photons
-Axion-like particles

Hay4yHaAa nporpamma

DELL'AQUILA

XENON

Neutrino properties

-Neutrinoless double-beta decay
of 136Xe

-Double-electron capture in 24Xe
-Neutrino magnetic moment

SuperNovae

-Supernova neutrinos
-Multi-messenger
information for DM
experiments

From the Sun

-Solar axions
-8B solar neutrinos
-pp neutrinos

= WIMP dark matter detection

— Darkside-20K & GADMC
— Especially important for extending the reach of ionization-only analysis

= Neutrino physics via the CEVNS channel”

— Sterile neutrino searches

— Neutrino magnetic moment searches
— Non-standard interactions and new light mediators
— Flavor-blind observation of supernovae, including potential insight into the mass hierarchy™

* Anti-proliferation technology

— Reactor fuel cycle monitoring with antineutrino CEVNS

LR

LZ Physics Reach

LZ physics reach extends
beyond vanilla WIMPs:

.

.

.

.

Solar axions
Axion-like particles
(ALPs)

2vPp of 134Xe with
competitive sensitivity to

ov@p

Enhanced sensitivity to
low mass DM through
Migdal effect

Leptophilic dark matter

Neutrino magnetic
moment

Mirror dark matter

arxiv:i2102.11740
arxiv:2104.13374
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[MepcneKkTusbl UCNONb30BaHUA ABYXda3HbIX AeTeKkTopos B BHO

HoBaa noasemHas nabopartopms,
B VXK€ CYLLEeCTBYIOLLEN BbipaboTKe

Photo of the cavity at
2620 m depth

1)

2)

3)

10 m

10 m ' 12m

MNpeanonaraemsiii naaH pabor:
MpoBegeHne R&D wnccnepoBaHW: a) BO3MOXHA YCTaHOBKA
petektopa (konun) RED-100 B noag3zemHon nabopatopum JIHOU
BHO, uenb nogrotoBka nHppactTpyktypbl BHO. Co3aaHune paboueit
rpynnbl (konnabopunm) NUAU-MUDOU-MTY-OUAU(?).
Pa3paboTka getektopa ¢ pabounm obbemom 7 T, CTPOUTENBCTBO
HOBOM Noa3emHon nabopatopun.
Mpn Hanuuum HOBOWM nNoAa3emMHOM nabopaTopuK, OLEHKA
BO3MOXHOCTU CO34aHMA aeTektopa ob6bemom 20-50 TOHH
pabouero BellecTBa.



A summary list of the OvpB ongoing and proposed experiments

Experiment | Isotope | Mass | Technique | Present Status | Location |
CANDLES-III [68] | **Ca [305kg]| "t (CaFy scint. crystals [ Operating | Kamioka |
CDEX-1 [69] Ge 1 kg “""Ge semicond. det. Prototype CJPL
CDEX-300v [69] Ge |225 kg “"TGe semicond. det. Construction | CJPL
LEGEND-200 [16] Ge |200 kg “""(Ge semicond. det. Commissioning| LNGS
LEGEND-1000 [16] “Ge | 1ton “""Ge semicond. det. Proposal
CUPID-0 [19] *¥Se | 10kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem [70] ¥25e 7 kg “"TSe foils/ tracking Operation Modane
SuperNEMO [70] *Se | 100 kg “""Se foils/tracking Proposal Modane
Selena [71] #2Se “nrSe, CMOS Development
IFC [72] *2Se ion drift SeFg TPC Development
CUPID-Mo [17] Mo | 4 kg Li*""MoOa,scint. bolom. Prototype LNGS
AMoRE-T [73] WMo | 6 kg 40Cal”MoOy4 bolometers Operation |YangYang
AMoRE-I [73] Mo | 200 ke **Ca'®Mo0, bolometers Construction | Yemilab
CROSS [74] 100N o 5 kg Li2'%°MoOy, surf. coat bolom. Prototype Canfranc
BINGO [75] 1000 o Li*"" Moy Development LNGS
CUPID [28] Mo | 450 kg Li*""MoO4,scint. bolom. Proposal LNGS
China-Europe [76] H6cd “*TCdWO, scint. crystals Development CJPL
COBRA-XDEM |[77] 160d (0.32 ke mtCd CZT semicond. det. Operation LNGS
Nano-Tracking [78] 16cq "tCd CdTe. det. Development
TIN.TIN [79] 1248n Tin bolometers Development INO
CUORE [10] 9Te | 1 ton TeOs bolometers Operating LNGS
SNO-+ [80] B0Te | 3.0t | 0.5-3% "*‘Te loaded liq. scint. |Commissioning| SNOLab
nEXO [29] 136 ¥e 5t Lig. *""Xe TPC/scint. Proposal
NEXT-100 [81] 15%e | 100 kg gas TPC Construction | Canfrane
NEXT-HD [81] 1%6Xe | 1ton gas TPC Proposal | Canfranc
AXEL [82] H6xe gas TPC Prototype
KamLAND-Zen-800 [13]| 'Xe |745 kg “""Xe disolved in lig. scint. Operating Kamioka
KamLAND2-Zen [41] | "™Xe “»"Xe disolved in lig. scint. Development | Kamioka
LZ [83] 1% Xe | 600 kg |Dual phase Xe TPC, nat./enr. Xe| Operation SURF
PandaX-4T |63] 136Xe |3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONDT [84] 136Xe |5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN [85] "Xe |50 ton Dual phase Xe TPC Proposal LNGS
R2D2 [86] 136 e Spherical Xe TPC Development
LAr TPC [87] 136%e | kton Xe-doped LR TPC Development
NuDot [88] Various Cherenkov and scint. in lig. scint.| Development
Theia [89] Xe or Te Cherenkov and scint. in lig. scint.| Development
Slow-Fluor [90] Xe or Te Slow Fluor Scint. Development
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[MepcneKkTusbl UCNONb30BaHUA ABYXda3HbIX AeTeKkTopos B BHO

NpoBepeHue R&D pabor

N3yyeHne doHa: TUN 3aLLNTbI, KOHCTPYKLMOHHbIE MaTepuanbl (TUTaH/HeprKaBelowasa CTanb)

Pa3paboTKka «HOBbIX» PpoTOCEHCOPOB (OTeyecTBeHHOe nponssoacTso P3IY, SiPM)

Pa3paboTka cuctembl ouncTkm Xe, ana bonbwmx obbemom 6naropogHbix rasos (Kr-85 H-3, 0,, N, u 1.4.)
Pa3spaboTKa TexHonormm Aobblym NoA3eMHOIo aproHa, UM NPomn3BoACTBO «0beaHEHHOro» aproHa (bes3 Ar-
39 n Ar-41)

N3yyeHne 0gHO31EeKTPOHbIX LUYMOB, CHUXKEHME NOpPOra AeTeKTopa

OboralleHHbIM KceHoH no Xe-136 ans noucka b1BP, macca > 5 TOHH

CuHTte3 «wndrtepa» 1,1,4,4-tetpadunnmnn-1,3-6yraamnen (TPB), «cmeweHmne» VUV Lar ¢ 128 Hm B obnactb 420
HM (ecnm He ncnonb3oBaTb) YyBcTBUTENBHbIE K VUV doTOCEHCOPDI
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Urania

« will be located next to the previous location in Colorado, USA
 will extract UAr from same source as DS-50

« extraction and chemical purification plant to be built by Polaris
 capable of extracting UAr at rate of 300 kg/day with 99.99% purity

187 Co2 2HD €02 18T ARGON IND ARGON
PURIFICATION

b= T
- ::'3'.':' - EE
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Dealing with radio contaminant in argon

= 39Aris a cosmogenic background in argon from the
atmosphere (~1 Bqg/kg)

= Argon from certain underground sources are depleted of
3Ar

= Further isotopic purification through cryogenic
distillation is possible

10*

E AAr Data at 200 V/cm
- (LSV Anti-coinc.)
102 UAr Data at 200 V/em
= (LSV Anti-coinc.)
2 o e %%Kr (Global Fit)
10°E
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(P. Agnes, et al. (DarkSide collaboration) Phys. Rev. D 93, 081101(R) (2016))
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Hamamatsu VUV4 units to be utilized

= Hamamatsu has developed a
generation of VUV-sensitive

Silicon PhotoMultipliers (SiPMs) \/

— Appreciable Photon Detection

Efficiency (PDE) down to argon S13371 series S13370 series
scintillation wavelengths Quoted PDEs for VUV4 and prev. generation

PDE measurement data

= Main goal: quantify the IO . ind. i i
performance of Hamamatsu’s B | || e
VUV4 SiPMs for: T~
— Direct argon scintillation light 8 15% |

detection - ] pa— el
— General operation in liquid argon b 140 v —

wavelength (nm)




Scintillation light production

» Ar; = 2Ar+Yy (vuv)
Excitation Ar*
W.__ +Ar
l Ar
lonization l e l i
Arz* - Ar* Ars = 2 Ar+Y (Vuv)
Art T Ar; +
Ar

Ar



Backgrounds for
Nuclear Recoil
Searches

Dominant backgrounds for
WIMP dark matter nuclear
recoil (NR) searches are
electron recoils (ER).
Upcoming experiments will
face challenging backgrounds
that cannot be eliminated by
shielding and fiducialization.

Rate [counts/kg/day/keV ]

LUX-ZEPLIN Projections

Phys. Rev. D 101, 052002

Ky

l L L L A

" 1l PE) S 1
50 100 150 200
Electronic recoil energy [keV]

Electron
Recoils



The DarkSide Program

L) * |
.T [ ]\'

'W, Ir ll_.: ‘

loading...

21cm 36 cm 36 cm
> 2011-2013 > 2013-2020 > 2019-2020 > 2022

DS-10 DS-50 DS-ProtoO DS-Proto1 DS-20k ARGO &
M 10 kg LAr M 46 kg LAr M 10 kg LAr M 175 kg LAr M 20t LAr DS-LowMass
Q GranSasso,IT @ Gran Sasso, IT Q@ CERN, CH Q@ CERN, CH Q GranSasso,IT  Proposed

detect t h
First functional ®) 378 - 10 cm? Test bench for new  Validation of O 74 - 108 cm? bglce»i/ (r)mrjut(:ir:)gs
prototype in @1TeV (1.4 yr DS-20k detector and PDM @1TeV (10 yr floor and expand
program exposure) technologies components exposure)

mass sensitivity



Property | Gas scintillation | Gas scintillation | Liquid phase Ease of Kinetic match
wavelength lifetime ionization energy | purification | to light particles

Argon 128 nm ~3.2 us 14.3 eV

Xenon Difficult A=131.29



0312

81 Flange of

3" R11410-21 photomultiplier tubes faceplate

10) Flange

3) PMT hody of stem

Low radioactivity components

11) Getter
7} L-shaped insulation

1) Quartz faceplate

Reliable at liquid xenon temperature (PMT window)

@) Shield

\__ 5 pyhgdes ¥

4) Electrode
dizk

High performances at xenon scintillation light
(QE|175 nm = 34%)

97 Stem

2) Aluminium

Linearity conserved up to 1 MeV seal

Low power dissipation into the detector("

- Elgnal grnund Behrens &, (PhD thesis, UZH)
(1) 0.024 W at -1500 V with total resistance of 92.5 MO Mayani D. (PhD thesis, UZH)



3" window, VUV-transparent silica

Low-temperature bi-alkali photocathode: QE 30% - 40% at 175 nm
Low dark count rate: O(10) Hz at -100°C

Low intrinsic radioactivity: < 13 mBqg/PMT in 238U and 0.4 +- 0.1
mBg/PMT in 228Th

5 EAE (™15

EPJC 75, 546 (2015)

0.30

R11410 QE (Lyashenko 2014)
at room temperature | 0.25
at-110°C

INST 9 P11021

o
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I

r0.20

<
i

Known issues: Light emission and imperfect leak tightness

Developed new and improved old PMT testing strategies to detect £0.15

these issues
Tested in total 368 new R11410-21 PMTs for the XENONRT

EXPEF]H“IEHT over several years

r0.10

<
I
I

Quantum efficiency [%]
o
L

85..283F [ 0.05
=== |LXe spectrum (Fujii 2015)

<
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L¥e emission intensity [a.u.]
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