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Community Goals for Dark Matter Detectior

Figure 1 — Program and Timeline in Baseline Scenario (B)

Index: M Operation = Construction MR&D, Research P:Primary S:Secondary
§ Possible acceleration/expansion for more favorable budget situations

Goal: a dark matter experiment so sensitive
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How close are we? What are our options?

wUltimate goal e —— R ——

detect DM or reach neutrino floor/fog 10739 arXiv:2203.08084 |
wCurrent best SI WIMP limits* J ! Snowmass 2021:
% Mh’b g 2tNJ:\t’ SN 2% YI 3y, 1041 DM Direct Detection to the Neutrino Fog
€ hardest ye I (approx. new LZ limit overlaid) |
wWWIMPs remain str_ongl)émotivateq NI ‘ — ‘
e.g.EWmultipletslive @bove neutrino for € 10431 VSN R |
wA future, larger detectorg.g.XLZD) is I
likely to hit fis target S 104
with dedicated R& D “
“
wAlso worth exploring: 10747 £
wHydrogen doping B\
(Sﬁm eg(endent+ lowmass reach) 2
¢ Hydro -49 NMSSM - 2
wCrystal xenon _ 10 -
(radon reduction);, CrystalLiZe R T C 4w i
1 10 100 1000 10*
MDM [GeV]

*LZ WS2024, arXiv:2410:17036
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https://arxiv.org/abs/2410.17036

Xe Dual Phase TP£

wTypical reconstructed info
(for each scatter):

Time

S2
wS1(prompt scintillation) total area
wS2(ionization signal) total area
wX, Yposition (S2 PMT hit pattern) Diaens
wZ (from nt between S1 and S2) Particle Drift time

indicates depth

wWeighted sum of S1, S2 givesoll energy

. S1
wS1/S2 ratio impliesecolil type

wDominant backgrounds are

_ Incoming
electron recoilsER Particle

wWIMP interactions are
nuclear recoilsNR
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Advantages of Xenon

wHigh mass numbary p o 1
w Efficient energy transfefor & (100) GeV WIMPs
w Boost in WIMRross sectio® =

w High density ~2.9 g/chiwhen liquid
w More target mass / detector volume

w Effectiveself-shieldingfrom external gammas
w Isotopes w/ nuclear spin advantageous $pin-dependentWIMPs
w Scalableand monolithic
w Readily purified(e.g.removal of chemical impurities like,O
wNo longlived radioisotopes
wHigh scintillation yield 178 nm detectable w/o wavelength shifter

w Scintillation + ionization effective &R/NR discrimination

wlakeaway:
wXenon TPCs are the clear winner for higtass WIMPs X o §
wAlsomulti-physics detectorsneutrinolessR2 dzo t S o0 Sul RSOl ez I'[taXz RI NJ




Operational Xenon
Dark Matter
Experiments

SIDEBY-SIDE DETECTOR COMPARISON




Three Currentl{)peratlng Xenon TPCs
it E,fﬂgif

Y 2
7,

XENOMT PandaXaT

7 tonnesactive Xe 5.9tonnesactive Xe 3.7tonnesactive Xe
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Electric Field / Wire Grids

XENOMT:
A Parallel wire grids
A Cathode wire broke, causing shor
A Reduced drift field23 V/icm)

= weaker ER/NR discrimination

Giue Ring]
2 -Glue Joint
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=

4.50 T
L-Z Preliminary---._.

LZ. | ‘ e tritium B’s _
Woven meshes guard Do i L e e
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https://doi.org/10.1016/j.nima.2021.165955
https://arxiv.org/abs/2410.17036
https://indico.global/event/652/contributions/16972/

Veto Systems

LZ:GdLS OD + skinXe XENOMT:. Gdwater OD
92% neutron tag eff., 3% dead time; 53% eff., 1.6% dead time;
Liquid Xenon (LXe) 0-0.2 neutrons / 3.3onne-yr 1.1 ++ 0.4 neutrons / 2.@onne-yr

arXiv:2412.05264

Time projection
chamber (TPC

PandaXx4T:water OD + skibhXe
arXiv:2411.14355y2

Phys. Rev. Lett. 134, 011805 (2025)

Outer detector
(veto)

Outer detector
PMTs

LXe Skin (vetg

Water tank LZ detector design: NIM A, 163047 (2020)
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https://arxiv.org/abs/2412.05264
https://arxiv.org/abs/2411.14355
https://doi.org/10.1103/PhysRevLett.134.011805
https://www.sciencedirect.com/science/article/pii/S0168900219314032

Radon removal XENOMT

ACryogenic distillatiorg highly effective at fewonne scale
A Up to 4x reduction w/ liquid + gas purificatien~0.9uBgkg

AER backgrounds above ~30 keV dominated"bypr@ler weak decays!
ASee also Rn taggifiys. Rev. D10(2024)1,012011
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= No RRS i { { Data 85Kr Solar » Materials — 133Xe
0 G 3 _ GXe + LXe RRS 50
4
= 4 0.07 stat. + 0.17 sys.) nBqkg !

B gl S0 D S SR L

= : 40

2

3 : 3

g = 4 30

g g >

g g (1.87 4+ 0.02 stat. & 0.09 sys.) pBgkg =

i g ______________________________________________________ E 20

= = (0.90 = 0.06 stat. £ 0.07 sys.) pBakg™ 8§

2 i 1ot >

: % WW%—'WW

= i

£ ﬁ by i 10

:N] y: L L L L

g0 _ 6 o

2_ d‘] l. T L 3 L 5 L N n ’I ’.r 7 s 7 1. < H N S L -2 , \ , . \
ul 01 ug 01 ep 01 ct 01 ov 01 un 01 ul 01 ug 01 ep 01
2021 2021 2021 2021 2021 2022 2022 2022 2022 0 20 40 60 80 100 120 140

Energy [keV] - 4

XENOM T radon removalarXiv:2502.042090ow-energy ER analygisiys. Rev. Lett. 129, 161805 (2022)
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https://doi.org/10.1103/PhysRevD.110.012011
https://arxiv.org/abs/2502.04209
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.161805

Radon removalLZ

LZ Preliminary

AGas phase charcoal chromatography

ARadon tagging flow state controlled for high efficiency j
A60% tag efficiency, 15% false positives.8 uBgkg (untagged) *°F
ATagged events kept as a sideband (no loss of live time) E

Fl
t=25 min L0
- |
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https://indico.global/event/652/contributions/16973/
https://indico.global/event/652/contributions/16973/
https://indico.cern.ch/event/1390649/contributions/6061507/

Xenon DM Experiments at a Glance

Active Xe massg@nnes)

Drift field (V/cm) 97(woven mesh) 23(para||e| wires; shorted 93 (mesh)
cathode)
Veto systems GdLS neutron vetd, Xe Gdwater neutron veto Water neutron vetoLXe
skin gamma veto skin gamma veto
Radon mitigation Gas chromatography; Distillation; radon tagging N/A
radon tagging
Near future plans Continued operation (2028 Opening now, fix cathode Upgrade to 20T (~2027)
Physics search strengths* WIMPs Electron recoil DM Light DM /neutrinoless
Low NR backgrounds Low ER background double beta decay**
High ER/NR discrimination Poor ER/NR discrimination LessXe mass
Somebkgsreduced

* Relative to each other; all are competitive WIMP searches compared with other technologies™Best natural Xe detector limits
for 136XearXiv:2412.13979
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https://arxiv.org/abs/2412.13979

Dark Matter
Search Results

WORLBDLEADING SCIENCE NOW




Limiting Backgrounds Over 5 OOM

Phys. Rev. Lett. 123 241803 (2019)
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10735 Radiogenic ER background
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https://doi.org/10.1103/PhysRevLett.123.241803
https://doi.org/10.1103/PhysRevLett.134.111802
https://arxiv.org/abs/2410.17036
https://doi.org/10.1103/PhysRevLett.130.261001

Heavy WIMPsSpinindependent
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https://arxiv.org/abs/2410.17036

Heavy WIMPsSpinindependent
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https://arxiv.org/abs/2410.17036

Heavy WIMPs Spirdependent
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https://arxiv.org/abs/2410.17036

Effective Field Theory Operators
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https://doi.org/10.1103/PhysRevLett.133.221801
https://doi.org/10.1103/PhysRevD.109.092003

Light WIMPs

WXENOMT:
Phys. Rev. Lett. 134, 111802 (2025)

wNote also PandaXT results:
Phys. Rev. Lett. 130, 021802 (2023)
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o
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0.0f o
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S1 BDT score quantile S2 BDT score quantile S2pre/Alpre quantile
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ER dark matter (higher energy)

=11 ~15

wXENOMT PRL 129, 161805 (2022) AR [ g/ | (ORAm
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https://doi.org/10.1103/PhysRevLett.134.071004
https://doi.org/10.1103/PhysRevLett.134.041001
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Spin-independent scattering (A* scaling)
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https://doi.org/10.1103/PhysRevD.109.112010

R&D and Plans for
Future Xenon Detectors

GO BIG OR GO HOME




XLZD

wCollaboration brings together scientists from XENON, LZ, and DARWIN

wPlan for staged approach:
wFixed radius + cryostat vessel

wVariable height field cage
w40T->60T->80T active

wSee XLZD Design BoakXiv2410:17137
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https://arxiv.org/abs/2410.17137

Xenon Key Challenges

wRadonremoval (reduced emanation, continuous purification)

wHigh voltage e.g.wire grids (related: fewelectron and fewphoton noise)

w~Photosensors (many channels, high LCE needed)
LZ WS 2024 fit result:

w~High circulation rates to maintain chemical purity | Dominant!
arXiv:2410:17036
LZ Prelimi 40 GeV/c? WIMP i

relminary W B/ SR Accidentals Source Pre-fit Constraint Fit Result
214p, Bg 743 + 88 733 + 34

N 212p}, 4 218pg Bs 627 £ 75 63.7 £ 7.4

4.25 85Kr + Ar fBs + det. s 162 £ 22 161 + 21
Tritium+ *C Bs 58.3 + 3.3 59.7 + 3.3

4.00 Solar v ER 102 + 6 102 + 6
127%e + 125Xe EC 3.2+ 0.6 2.7+ 0.6

= 375 '#*Xe DEC 19.4 + 3.9 21.4 £ 3.6
-g 136Xe 2038 55.6 + 8.3 55.8 + 8.2
= 8B+hep v NR 0.06 + 0.01 0.06 + 0.01
& 350 Atm. v NR 0.12 + 0.02 0.12 + 0.02
= Accidentals 2.8+ 06 2.6 + 0.6

_g? 325} Detector neutrons - 0.0192

- 40 GeV/c® WIMP - 0.0t0¢

3.00f Total 1210 + 91 1203 + 42
2.75 T

Permanently removable w/ distillation

Sle [phd] ' Residual from calibrations; transient
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https://arxiv.org/abs/2410.17036

Xenon Purification and Circulation

wXENONnNTRas proven distillation to be highly effective for Rn removal attiemne scale
wTargeting 10:additionalRn reduction and ~10x larger magssnproven!

wLiquidphase purification offers the prospect of higher circulation rates
wLZ demonstrated chromatography for Kr removal; Rn removal when cold?

LXepump &
motor

= om

) (npt phsmt)

cryogenic . — | . il : '
"“f;f!f?,f,“’ Liquid purification,
Xecllpse(Cqumbla)

52 e TS for Kr remcpval
outer LS SLAC ‘*&& ~
\'esgcls : : (outcrv sel) ( ) N
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Radon emanation mitigation

wSurface coatings with ultrapure copper (MPIK Heidelberg)

w???Rn reduction factor of 1500 with 5 um copper
and highactivity Rn source

wSee alsoCrystaliZe

Coating

\ Material O ?*°Ra

surface

recoil
range

i Electrochemical plating
@ MPIK Heidelberg '
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High Voltage R&BGrids

wWhat design is optimal for reduced/ghoton emission,
mechanical stability?

Phase IT Vessel

wWoven grids mitigate risk of shorts (LZ, SLAC)

wlLargescale tests of breakdown, precursors, chemical treatments

wUnderground testing?

Assemd xtraction Region

_
4 P i
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Photosensors and Readout

wBaseline design uses PMTs
wCold PMT readout (SLAG0ASIC, Rochester)

wDigitalSIPMs; SPADs + digital readout on device
wDark counts 8x102 Hz/mmn? active area @LXe temps

wReduced dark count VUMPMs
Digital SIPMs@ Heidelberg

' ’ } i "‘ul.'-D \) 5.
e | VUV4_2

SiPMtesting @ Nagoya
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Alternative Xe
Approaches

FOR WHEN A ~STONNESCALBEJP OF EXISTING TECHNOLOGY
L{bQ¢ ! 5+9b¢'wh'{ 9bh'!' DI Chw _ h'




HydroX

wlmproved sensitivity to low DM masses 10798
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HydroX
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