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Community Goals for Dark Matter Detection

May 7, 2025LCTP SPRING SYMPOSIUM 2025

Goal: a dark matter experiment so sensitive 
ǘƘŀǘ ƛǘǎ ǇǊƛƳŀǊȅ ƭƛƳƛǘŀǘƛƻƴ ƛǎ Χ
background neutrinos!
 

I have done a terrible thing. 
I have postulated a particle 
that cannot be detected.
- Wolfgang Pauli, 1930
(not an experimentalist)
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Goal: a dark matter experiment so sensitive 
ǘƘŀǘ ƛǘǎ ǇǊƛƳŀǊȅ ƭƛƳƛǘŀǘƛƻƴ ƛǎ Χ
background neutrinos!

ΧǘŀƪƛƴƎ Řŀǘŀ ƛƴ мл ȅŜŀǊǎ ƻǊ ƭŜǎǎ

I have done a terrible thing. 
I have postulated a particle 
that cannot be detected.
- Wolfgang Pauli, 1930
(not an experimentalist)
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Community Goals for Dark Matter Detection

May 7, 2025LCTP SPRING SYMPOSIUM 2025

Goal: a dark matter experiment so sensitive 
that its primary limitation is Χ
background neutrinos!

Χtaking data in 10 years or less

Χand then discover dark matter with it

I have done a terrible thing. 
I have postulated a particle 
that cannot be detected.
- Wolfgang Pauli, 1930
(not an experimentalist)
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How close are we? What are our options?

May 7, 2025LCTP SPRING SYMPOSIUM 2025

ωUltimate goal: 
detect DM or reach neutrino floor/fog 

ωCurrent best SI WIMP limits* 
ϤмҌ ƻǊŘŜǊ ƻŦ ƳŀƎƴƛǘǳŘŜ ŀǿŀȅΧ 
the hardest yet

ωWIMPs remain strongly motivated, 
e.g. EW multiplets live above neutrino fog

ωA future, larger detector (e.g. XLZD) is 
likely to hit this target 
with dedicated R&D

ωAlso worth exploring:
ωHydrogen doping 

(spin-dependent + low-mass reach) 
ς HydroX
ωCrystal xenon 

(radon reduction) ς  CrystaLiZe

*LZ WS2024, arXiv:2410:17036

https://arxiv.org/abs/2410.17036
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Xe Dual Phase TPCs
ωTypical reconstructed info 

(for each scatter):
ωS1 (prompt scintillation) total area

ωS2 (ionization signal) total area

ωX, Y position (S2 PMT hit pattern)

ωZ (from ɲt between S1 and S2)

ωWeighted sum of S1, S2 gives recoil energy

ωS1/S2 ratio implies recoil type
ωDominant backgrounds are 

electron recoils (ER)

ωWIMP interactions are 
nuclear recoils (NR)

LCTP SPRING SYMPOSIUM 2025

S1

S2
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field
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Advantages of Xenon
ωHigh mass number ὃ ρσπ
ωEfficient energy transfer for ᴤ(100) GeV WIMPs

ωBoost in WIMP cross section θ ═  

ωHigh density ~2.9 g/cm3 when liquid
ωMore target mass / detector volume

ωEffective self-shielding from external gammas

ωIsotopes w/ nuclear spin advantageous for spin-dependent WIMPs

ωScalable and monolithic 

ωReadily purified (e.g. removal of chemical impurities like O2)

ωNo long-lived radioisotopes

ωHigh scintillation yield, 178 nm detectable w/o wavelength shifter

ωScintillation + ionization effective at ER/NR discrimination

ωTake-away:
ωXenon TPCs are the clear winner for high-mass WIMPs
ωAlso multi-physics detectors: neutrinoless ŘƻǳōƭŜ ōŜǘŀ ŘŜŎŀȅΣ ![tǎΣ ŘŀǊƪ ǇƘƻǘƻƴǎΣ aLatǎΣ ƴŜǳǘǊƛƴƻǎΣ Χ



Operational Xenon 
Dark Matter 
Experiments
SIDE-BY-SIDE DETECTOR COMPARISON
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Three Currently-Operating Xenon TPCs

LZ
7 tonnes active Xe

XENON-nT
5.9 tonnes active Xe

PandaX-4T
3.7 tonnes active Xe
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Electric Field / Wire Grids

LZ grids paper, 
NIM A 165955 (2022)      

LZ WS2024, 
arXiv:2410:17036

XENON-nT: 
Å Parallel wire grids
Å Cathode wire broke, causing short 
Å Reduced drift field (23 V/cm) 

= weaker ER/NR discrimination

LZ:
Woven meshes guard 
against broken wires

Drift field 97 V/cm

PandaX-4T: 
Meshes, 93 V/cm drift field

Xu UCLA DM 2025

XENON-nT

LZ

https://doi.org/10.1016/j.nima.2021.165955
https://arxiv.org/abs/2410.17036
https://indico.global/event/652/contributions/16972/
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Veto Systems
LZ: Gd-LS OD + skin LXe 

92% neutron tag eff., 3% dead time; 
0-0.2 neutrons / 3.3 tonne-yr

XENON-nT: Gd-water OD 
53% eff., 1.6% dead time; 

1.1 +/- 0.4 neutrons / 2.0 tonne-yr
arXiv:2412.05264 

PandaX-4T: water OD + skin LXe   
arXiv:2411.14355v2, 

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

Liquid Xenon (LXe) 
Time projection 
chamber (TPC)

LXe Skin (veto)

Outer detector 
(veto)

Outer detector 
PMTs

Water tank LZ detector design: NIM A, 163047 (2020)

LZ

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
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Radon removal ς XENON-nT
ÅCryogenic distillation ς highly effective at few-tonne scale
ÅUp to 4x reduction w/ liquid + gas purification -> ~0.9 uBq/kg

ÅER backgrounds above ~30 keV dominated by 2nd order weak decays!

ÅSee also Rn tagging Phys. Rev. D110(2024)1, 012011

XENON-nT radon removal: arXiv:2502.04209; low-energy ER analysis Phys. Rev. Lett. 129, 161805 (2022)

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
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Radon removal - LZ
ÅGas phase charcoal chromatography

ÅRadon tagging ς flow state controlled for high efficiency
Å60% tag efficiency, 15% false positives -> 1.8 uBq/kg (untagged)

ÅTagged events kept as a sideband (no loss of live time)

Amarasinghe 
UCLA DM 2025

Cottle LIDINE 2024

https://indico.global/event/652/contributions/16973/
https://indico.global/event/652/contributions/16973/
https://indico.cern.ch/event/1390649/contributions/6061507/
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Xenon DM Experiments at a Glance

LZ XENON-nT PandaX-4T

Active Xe mass (tonnes) 7 5.9 3.7

Drift field (V/cm) 97 (woven mesh) 23 (parallel wires; shorted 
cathode)

93 (mesh)

Veto systems Gd-LS neutron veto, LXe 
skin gamma veto

Gd-water neutron veto Water neutron veto, LXe 
skin gamma veto

Radon mitigation Gas chromatography; 
radon tagging

Distillation; radon tagging N/A

Near future plans Continued operation (2028)Opening now, fix cathode Upgrade to 20T (~2027)

Physics search strengths* WIMPs 
Low NR backgrounds
High ER/NR discrimination

Electron recoil DM 
Low ER background
Poor ER/NR discrimination

Light DM / neutrinoless 
double beta decay** 
Less Xe mass
Some bkgs reduced

* Relative to each other; all are competitive WIMP searches compared with other technologies**Best natural Xe detector limits 
    for 136Xe arXiv:2412.13979

https://arxiv.org/abs/2412.13979


Dark Matter 
Search Results
WORLD-LEADING SCIENCE NOW
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Limiting Backgrounds Over 5 OOM

Radiogenic ER background 
leakage into NR band 
(mostly 222Rn daughters, e.g. 214Pb)
Eventually: neutrinos

Accidental S1+S2 coincidence backgrounds 
(delayed photons + electrons)

S2-only + Migdal effect:
Grid radiogenic backgrounds, delayed e-s
(No ER/NR discrimination)

Phys. Rev. Lett. 123 241803 (2019)

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

arXiv:2410:17036

Phys. Rev. Lett. 130, 261001 (2023)

Argon

Argon

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
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Heavy WIMPs - Spin-independent

LZ WS2024, arXiv:2410:17036

https://arxiv.org/abs/2410.17036


May 7, 2025LCTP SPRING SYMPOSIUM 2025 18

Heavy WIMPs - Spin-independent

LZ WS2024, arXiv:2410:17036

https://arxiv.org/abs/2410.17036
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Heavy WIMPs ς Spin-dependent

LZ WS2024, arXiv:2410:17036

https://arxiv.org/abs/2410.17036
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Effective Field Theory Operators
ωLZ Relativistic Interactions: 

Phys. Rev. Lett. 133, 221801 (2024)

ωEFT Operators: Phys. Rev. D 109, 092003 (2024)

https://doi.org/10.1103/PhysRevLett.133.221801
https://doi.org/10.1103/PhysRevD.109.092003
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Light WIMPs
ωXENON-nT: 

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

ωNote also PandaX-4T results:
Phys. Rev. Lett. 130, 021802 (2023)

https://doi.org/10.1103/PhysRevLett.134.111802
https://doi.org/10.1103/PhysRevLett.130.021802
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ER dark matter (higher energy)
ωXENON-nT: PRL 129, 161805 (2022) 

ωPandaX-4T: 
PRL 134, 071004 (2025)
PRL 134, 041001 (2025)

ωLZ: PRD 108, 072006 (2023)

XENON-nT

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.161805
https://doi.org/10.1103/PhysRevLett.134.071004
https://doi.org/10.1103/PhysRevLett.134.041001
https://doi.org/10.1103/PhysRevD.108.072006
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Ultraheavy DM / MIMPs
ωLZ: Phys. Rev. D 109, 112010 (2024)

https://doi.org/10.1103/PhysRevD.109.112010


R&D and Plans for 
Future Xenon Detectors
GO BIG OR GO HOME

May 7, 2025LCTP SPRING SYMPOSIUM 2025 24
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XLZD
ωCollaboration brings together scientists from XENON, LZ, and DARWIN

ωPlan for staged approach:
ωFixed radius + cryostat vessel 

ωVariable height field cage 

ω40 T -> 60 T -> 80 T active

ωSee XLZD Design Book: arXiv:2410:17137

May 7, 2025LCTP SPRING SYMPOSIUM 2025

~3 m

https://arxiv.org/abs/2410.17137
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Xenon Key Challenges
ωRadon removal (reduced emanation, continuous purification)

ωHigh voltage, e.g. wire grids (related: few-electron and few-photon noise)

ω~Photosensors (many channels, high LCE needed)

ω~High circulation rates to maintain chemical purity

*   Permanently removable w/ distillation

** Residual from calibrations; transient

LZ WS 2024 fit result:
arXiv:2410:17036

*

**
**

Dominant!

https://arxiv.org/abs/2410.17036
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Xenon Purification and Circulation
ωXENONnT has proven distillation to be highly effective for Rn removal at few-tonne scale
ωTargeting 10x additional Rn reduction and ~10x larger mass ς unproven!

ωLiquid-phase purification offers the prospect of higher circulation rates

ωLZ demonstrated chromatography for Kr removal; Rn removal when cold?

May 7, 2025LCTP SPRING SYMPOSIUM 2025

Liquid purification,
Xeclipse (Columbia)

Distillation at Münster

Liquid purification, 
chromatography 
for Kr (Rn) removal 
(SLAC)
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Radon emanation mitigation
ωSurface coatings with ultrapure copper (MPIK Heidelberg)

ω222Rn reduction factor of 1500 with 5 µm copper 

and high-activity Rn source

ωSee also: CrystaLiZe

May 7, 2025LCTP SPRING SYMPOSIUM 2025

Electrochemical plating
@ MPIK Heidelberg
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High Voltage R&D - Grids
ωWhat design is optimal for reduced e-/photon emission, 

mechanical stability?

ωWoven grids mitigate risk of shorts (LZ, SLAC)

ωLarge-scale tests of breakdown, precursors, chemical treatments

ωUnderground testing?

May 7, 2025LCTP SPRING SYMPOSIUM 2025

2.7 m

Pancake @ Freiburg SLAC
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Photosensors and Readout
ωBaseline design uses PMTs

ωCold PMT readout (SLAC cryo ASIC, Rochester)

ωDigital SiPMs ς SPADs + digital readout on device
ωDark counts < 3x10-2 Hz/mm2 active area @LXe temps

ωReduced dark count VUV SiPMs

May 7, 2025LCTP SPRING SYMPOSIUM 2025

SiPM testing @ Nagoya

Digital SiPMs @ Heidelberg



Alternative Xe 
Approaches
FOR WHEN A ~50 TONNE SCALE-UP OF EXISTING TECHNOLOGY 
L{bΩ¢ !5±9b¢¦wh¦{ 9bh¦DI Chw ¸h¦
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HydroX
ωImproved sensitivity to low DM masses 

+ spin-dependent models with hydrogen-doping

ωPotential LZ upgrade

May 7, 2025LCTP SPRING SYMPOSIUM 2025
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HydroX
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