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Dark Matter with Liquid Nobles
Where are we and what comes next?



Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters and 
collisions

• Large scale structure

• Cosmic microwave 
background
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Dark Matter 25 years ago
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2001 Snowmass report - single 3 page section on dark matter and relic particles

“Particle physics offers two different hypotheses for the 

dark matter—WIMPs and axions…”
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It’s 
probably
WIMPs, 
right?

The WIMP “Miracle” 
(WIMP = Weakly Interacting Massive Particle) 

A sampling of 
available dark 
matter candidates 

Particles with mass and 
couplings at the weak scale 

yield cross sections that 
correspond to ~correct relic 
density of cold dark matter 
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WIMPs as Thermal Relics
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• When I say WIMP, I basically mean a thermal relic
• Paradigm inherently includes the possibility of detection (DM was once in 

thermal equilibrium with Standard Model) 
• Don’t have to worry about initial conditions

• But it’s true, WIMP candidates come out of several theoretical extensions to 
the Standard Model (Supersymmetry being a prominent example)
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Searching for WIMPs with Direct Detection
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• Historically sensitive to >GeV particles by kinematics and technology
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Direct Detection
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• Very rare process
• Current best limits <10-47 cm2

• Path length in lead of ~1000 
light years

• Luckily, there are lots of particles 
flying around (in theory)
• Can look for a few counts in a 

detector per year

• Backgrounds, backgrounds, 
backgrounds
• 1012 per tonne/year on surface

Rate(cts/tonne/yr) for 10-47 cm2, 100 GeV

•Goal: Maximize sensitivity to DM while minimizing backgrounds 

Xe

Ge

 Ar 

 Ne
Si
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More exposure
Reduce backgrounds

Lower threshold
Lighter targets

• Limited at low mass by detector threshold

• Limited at high mass by density

• Eventually limited by neutrinos
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Neutrino Fog
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• Atmospheric and solar neutrinos can interact coherently with nuclei
• Indistinguishable from dark matter -> Neutrino Fog (TM)
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Direct Detection
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• Must go underground to evade cosmic rays
• Several labs around the world

SNOLAB



Hugh Lippincott, UCSBCIPANP2025

Direct Detection
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• More sensitivity -> scale up target…
• Now into multi-tonne scales

• …while reducing backgrounds
• Radiopurity 
• Self shielding (size helps!)
• Discrimination (nuclear vs electron recoils)

• Explore as many interactions as possible (e.g. SD/SI/EFT)
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Custom Dark Matter Detectors
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Challenge Solution

Extremely rare interaction Large target mass - scalable

Energy depositions of ~10 keV or 
below Low energy thresholds

Backgrounds -  
Impurities Purification

Backgrounds -  
Detector Self shielding

Backgrounds - Internal/Detector Discrimination

Unknown particle physics Sensitivity to multiple types 
interaction
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Challenge Solution

Extremely rare interaction Large target mass - scalable

Energy depositions of ~10 keV or 
below Low energy thresholds

Backgrounds -  
Impurities Purification

Backgrounds -  
Detector Self shielding

Backgrounds - Internal/Detector Discrimination

Unknown particle physics Sensitivity to multiple types 
interaction

Noble Liquids!
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Direct Detection with liquid nobles

R. Lang

• Liquid Xenon (LZ, XENONnT, PandaX, XLZD)
• Liquid Argon (DEAP, DarkSide, Argo, SBC)
• Liquid Helium (HERALD/TESSERACT,…)

• Things they (mostly) share
• Liquids - scalable (get a bigger bucket)
• 3D position reconstruction

• Surfaces are the enemy
• ER/NR discrimination

Images from LZ/XENONnT
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Ignore me
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Liquid Noble TPCs

R. Lang

Drift time 
gives z 
position  

(~0.5 mm resolution)

S2 light 
pattern 

gives x-y 
position 

(~few mm resolution)

S1-S2 relative 
size gives 
event-type 

discrimination

Cathode
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abundance, dark matter has not yet been directly
detected in terrestrial experiments. Many theoreti-
cal models predict particles with appropriate phe-
nomenological properties, such as those described
in [2, 3]. One such candidate is the weakly inter-
acting massive particle (WIMP). In such models,
the elastic scattering of WIMPs with nuclei produces
low energy (.100 keV) nuclear recoils (NRs) [4]. Di-
rect detection experiments seek to observe this sig-
nature; current results limit the spin-independent
WIMP-nucleon scattering cross section to be less
than 9.0⇥ 10�47 cm2 at 100 GeV/c2 at 90% C. L. [5].

Detecting these rare, low energy signals is facili-
tated by a large target mass with exceptionally low
backgrounds, below 1 event per tonne per year. Pre-
vious experimental results demonstrated the e↵ec-
tiveness of liquid argon (LAr) for achieving these
conditions [6, 7]. Ease of purification, high scintil-
lation e�ciency and transparency to its own scin-
tillation light makes it well-suited for a multi-tonne
WIMP detector. The DEAP-3600 experiment uses
the unique scintillation time profile of LAr to achieve
pulse shape discrimination (PSD) [8]. It has pre-
viously been shown that PSD can be used to sup-
press electronic recoil (ER) backgrounds by a factor
better than 2.7⇥ 10�8, in an energy range of 44–
89 keVee [9].

The results presented here are from the
DEAP-3600 experiment, using non-blinded data
collected from November 4, 2016 to October 31,
2017. DEAP-3600 has previously performed the
first WIMP search with a single-phase LAr de-
tector (measuring scintillation only), during a
14.8 tonne·day total exposure [6]. In this paper, the
results are updated to a 758 tonne·day total expo-
sure collected during 231 live-days. The result is the
most sensitive dark matter search performed using
a LAr target for WIMP masses above 30GeV/c2.
This analysis shows the strongest background dis-
crimination using PSD in any dark matter search, at
the level of 4.1+2.1

�1.0 ⇥ 10�9 for 90% NR acceptance
in the dark matter search region of 15.6–32.9 keVee.

II. DETECTOR AND DATA ACQUISITION

The DEAP-3600 detector is located approxi-
mately 2 km (6 km water-equivalent) underground
at the SNOLAB facility near Sudbury, Ontario,
Canada. In the current run, the detector has been
operating with a LAr target since November 4, 2016.
The analysis of data from a previous run is discussed
in [6]. For the data collection period discussed here,
the total mass of the LAr target is (3279± 96) kg.

FIG. 1. Cross section of the DEAP-3600 detector compo-
nents located inside the water tank (not shown). Inside
the steel shell are inward-looking PMTs, light guides,
filler blocks, and the acrylic vessel (AV), which holds
the liquid argon target and the gaseous argon layer. Lo-
cated on the outer surface of the steel shell are muon
veto PMTs. Above this, a steel neck contains the neck
of the AV, acrylic flowguides and the cooling coil. The
neck is coupled to a central support assembly on which
the glovebox is located. Shown also is the neck veto fiber
system (green).

This value of the total LAr mass is calculated using
the same method as described in [6].

A. Detector description

A cross-sectional diagram of the DEAP-3600 de-
tector is shown in Figure 1. The complete design of
the detector is detailed in [10]. The detector con-
sists of ultra-pure LAr contained in a 5 cm thick ul-
traviolet absorbing (UVA) acrylic vessel (AV). This
UVA acrylic was chosen to reduce the amount of
Cherenkov light originating from the acrylic. The
top 30 cm of the AV is filled with gaseous argon
(GAr). The GAr/LAr interface is 55 cm above the
equator of the AV. The GAr and LAr regions are
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LAr Single Phase

R. Lang

• Exquisite pulse shape discrimination (PSD) 
ER from NR using timing of light

• 3D reconstruction possible, easier as you go 
bigger
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Liquid Xenon Detectors (LZ, XENONnT, PandaX)



LIDINE 2019
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TOP PMT ARRAY 

EXTRACTION 
REGION 

TOP SKIN  
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REVERSE-FIELD 

REGION 
BOTTOM PMT ARRAY



22



23

LZ OD



LAr Detectors
• DEAP-3600 upgrade nearly complete - goal to understand rare neck and dust  

backgrounds
• DarkSide-20k detector at LNGS under construction

• 20 tonnes underground argon fiducial, ~700t total Ar
• Installation happening now!

Later today: D. Huff - DM Searches with LAr in DEAP-3600 and DarkSide-20k
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Some recent developments

R. Lang

• Calibration is key - e.g.:
• LZ - High stats of ER (background) 

distribution using dispersed tritium 
(CH3T) - ~160k events!

• LZ and XENON have now used YBe to 
calibrate low energy NR

• Allows for precise modeling in final 
analysis, enables discovery

LZ Preliminary

https://indico.cern.ch/event/1188534/contributions/5429332/attachments/2674694/4637858/LZ_PASCOS%202023.pdf
https://agenda.infn.it/event/39713/contributions/237829/attachments/123564/181262/xenonnt-cevns-newresults-idm-2024.pdf


26

Some recent developments

R. Lang

• Many rare event searches, e.g. (not complete):
• ~Planck scale DM from DEAP, XENON, LZ
• EFT and inelastic searches from PICO, XENON, 

LZ, DEAP
• Electron recoil searches in XENON, LZ, PandaX
• Low mass results from DarkSide
• Lots of models in PandaX
• E.g. Tomorrow night: A. Garai - DEAP-3600 and 

charged-current 8B measurements in liquid argon

DS-50

https://arxiv.org/abs/2108.09405
https://arxiv.org/pdf/2304.10931
https://arxiv.org/pdf/2402.08865
https://arxiv.org/pdf/2301.08993
https://arxiv.org/pdf/2210.07591
https://arxiv.org/pdf/2312.02030
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.082001
https://arxiv.org/pdf/2207.11330
https://arxiv.org/pdf/2307.15753
https://arxiv.org/abs/2408.07641
https://inspirehep.net/files/f6fdf2670cc4738223d7879121c15da4
https://arxiv.org/pdf/2308.01540
https://www.nature.com/articles/s41586-023-05982-0
https://arxiv.org/pdf/2206.02339
https://arxiv.org/pdf/2205.15771
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Progress is hard!

• Each detector must grapple with a 
new set of backgrounds e.g. 
• Accidentals in LXe-TPCs
• Dust and geometry in 

DEAP-3600
• Neutrinos…?
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But we’re into the fog!

R. Lang

● XENONnT and PandaX reported “Indications of Solar 8B neutrinos” last 
year

XENONnT, PRL 133, 191002
2.73 sigmaPandaX, PRL 133, 191001

2.64 sigma

Tomorrow night: D. Wenz - The first 
measurement of CEvNS of solar 8B 
neutrinos in the XENONnT experiment



29

And still pushing WIMP sensitivity!

2410.17036

Later today: C. Amarasinghe - Results and status of the LZ experiment
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It’s 
probably
WIMPs, 
right?

The WIMP “Miracle” 
(WIMP = Weakly Interacting Massive Particle) 

A sampling of 
available dark 
matter candidates 

Particles with mass and 
couplings at the weak scale 

yield cross sections that 
correspond to ~correct relic 
density of cold dark matter 
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What are we looking for?

CF Snowmass 2203.08084
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From Bottaro et al, 2205.04486 - Electroweak WIMP candidates - 
tree-level Higgs process vanishes -> small cross sections

What are we looking for?
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More exposure
Reduce backgrounds

Lower threshold
Lighter targets

• Limited at low mass by detector threshold

• Limited at high mass by density

• Eventually limited by neutrinos
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More exposure
Reduce backgrounds

Lower threshold
Lighter targets

• Limited at low mass by detector threshold

• Limited at high mass by density

• Eventually limited by neutrinos
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XLZD Collaboration
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R. Lang
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XLZD Collaboration
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• 60-80 tonne LXe-TPC, 3 m x 3 m (x2 scale up from LZ/XnT)
• Neutron and muon vetoes
• Site - several options (LNGS, Boulby, SURF, SNOLAB)
• Physics case: 2203.02309
• Design book: 2410.17137 7
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 43]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates where the overlaid shading (labelled as ATLAS) illustrates
model regions excluded by ATLAS [25,27,28].

inside the detector. In addition, leakage from the more
numerous electronic recoil (ER) backgrounds into the
nuclear recoil signal region will need to be controlled.
With a target suppression of 222Rn to 0.1µBq/kg and
natKr to 0.1 ppt, the processes dominating electron re-
coils will be those from solar (mostly pp) neutrinos scat-
tering o↵ electrons and naturally occurring 136Xe in the
LXe [44]. Background reduction strategies to achieve
these goals are further discussed in Section 5.

With a conservative 200 t·y exposure, assuming a
successful suppression of radioactive backgrounds be-
low the irreducible neutrino backgrounds and negligi-
ble leakage of electron recoil events from solar neu-
trinos into the signal region, the experiment will de-
liver an order of magnitude improvement in exclusion
sensitivity and discovery capability compared to cur-
rent experiments. For a 40GeV/c2 WIMP it will reach
90% exclusion sensitivity down to a cross-section of
2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-
section of 7 ⇥ 10�49 cm2. In order to be the definitive
xenon experiment, the detector must be capable of run-
ning up to a 1000 t·y exposure without becoming lim-
ited by backgrounds from radioactive impurities, mak-
ing it sensitive to a potential 3� evidence at a cross-
section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as
shown in Fig. 2. In case of a discovery, XLZD could
also shed light on the nature of the WIMP-nuclear re-
sponses [45].

2.2 Neutrinoless Double Beta Decay

The lepton number violating neutrinoless double beta
(0⌫��) decay process is another critical signature for
Beyond Standard Model physics. Its detection would
reveal the nature of neutrinos, and under the assump-
tion of light-neutrino exchange and Standard Model
interactions, the half-life will yield insights into their
mass ordering. With 8.9% abundance of 136Xe in nat-
ural, non-enriched xenon, the observatory will instru-
ment 5.3 tonnes of this isotope, aiming to observe 0⌫��-
decays above the background spectrum shown on the
left of Fig. 3. The corresponding half-life sensitivity
projections for the 0⌫��-decay, derived using a Figure-
of-Merit estimator [46] in corresponding optimal fidu-
cial volumes, are shown on the right of Fig. 3 for the
XLZD detector with either 60 or 80 tonnes target mass.
The sensitivity is estimated for a range of detector per-
formance parameters and background assumptions, as
discussed below, represented by a band for each target
mass between a nominal (lower bound) and an opti-
mistic (upper bound) scenario.

The backgrounds to a 0⌫��-decay signal, shown
on the left of Fig. 3, are caused by �-rays emitted
from detector materials and electron-induced signals,
with the latter being uniformly distributed in the de-
tector volume. Two of these uniform backgrounds are
irreducible: the continuous spectrum induced by so-
lar 8B neutrinos scattering o↵ electrons and leakage
of the 2⌫�� decay spectrum of 136Xe into the 0⌫��
energy region of interest (ROI). The latter is highly
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ARGO

R. Lang

▸ ArDM, DS-50, DEAP-3600, and MiniCLEAN jointly formed the Global Argon Dark 
Matter Collaboration (GADMC) 

▸ A 300-tonnes fiducial argon detector filled with underground argon 

▸ 3000 tonne×year exposure to reach into the neutrino fog
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Dark Matter 25 years ago
2001 Snowmass report - single 3 page section on dark matter and relic particles
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“Current searches are already exploring the parameter space of 

supersymmetric WIMPs [10-1000 GeV], with prospects for a factor of a 

hundred improvement in the coming years.”
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WIMPs

• Factor of >1,000,000 improvement in <25 years!  Doubling every 1.2 years!
• Much faster than Moore’s Law!  A triumph of experimental physics!
• No WIMPs :(

40

• CDMS PRL 84: 5699, (2000)
• Best limit at 3 x 10-42 cm2 

• LZ, 2410.17036 (2024)
• Best limit at 2.2 x 10-48 cm2 
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yield cross sections that 
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Dark Matter today
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Dark Matter today
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Broadening the mass reach (with noble gases)
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• Scintillating Bubble Chamber (SBC) 
• Liquid argon bubble chamber 
• Goal: ER rejection at ~100 eV 

threshold 
• Calibration run this summer/fall 

at FNAL 
• SNOLAB chamber to follow

SBC at Fermilab

See B. Broerman this afternoon, also 
G. Putnam, Wed 19:00 neutrino session)
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• Down to the MeV region - TESSERACT/HERALD 
• TES sensors measuring energy deposition in 

liquid helium (and other detector media) 
• Energy deposition induces phonons induces 

evaporation at liquid surface 
• Superfluid target free of low energy excess 

(LEE) observed in similar detectors

Broadening the mass reach (with noble gases)

S. Hertel, UCLA DM 2025

https://indico.global/event/652/contributions/16903/attachments/57488/110414/tesseract_UCLA_2025.pdf
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• Down to the MeV region - TESSERACT 
Project 

• Approved to proceed (Dark Matter New 
Initiatives) 

• Two low background, shielded cryostats 
at Modane Laboratory in France 

• Targets can be swapped between 
technologies

Broadening the mass reach (with noble gases)

S. Hertel, UCLA DM 2025

https://indico.global/event/652/contributions/16903/attachments/57488/110414/tesseract_UCLA_2025.pdf
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Dark Matter today
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Glass Half Empty?
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• It can feel like we know less now than we did 
before
• What was “axions or WIMPs” is now 50 orders 

of magnitude
• No guarantees of discovery
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Glass Half Full?
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• A factor of a million improvement in sensitivity in 25 
years
• e.g. XENONnT at 15 events/tonne/keV/year 
• Factor of 1012 suppression!

• Explosion of ideas to search wide and delve deep!
• These are opportunities!  

Part of DS-20k distillation column

LZ Outer Detector
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Glass is always full
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STEAMfest at Woodlawn School, NC

• Dark Matter exists
• Without it, we wouldn’t be 

here
• It’s worth understanding

• There are no guarantees
• We learn a lot on the way

https://steamfest.woodlawnschool.org/is-the-glass-half-empty-or-half-full/
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Glass is always full
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STEAMfest at Woodlawn School, NC

• Dark Matter exists
• Without it, we wouldn’t be 

here
• It’s worth understanding

• There are no guarantees
• We learn a lot on the way

Liquid noble detectors are leading the way at >GeV 
scales, and pushing the boundaries at MeV scales! 

https://steamfest.woodlawnschool.org/is-the-glass-half-empty-or-half-full/
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Opportunities and Challenges
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This is a problem worth solving! 

I’m eager to see what’s next!
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Liquid noble “DM” at this conference…
• Monday afternoon, 15:30 session:

• B. Broerman - Scintillating Bubble Chambers for Rare Event Searches
• (See also G. Putnam, Wednesday 19:00 neutrino session)

• D. Huff - Dark Matter Searches with Liquid Argon in DEAP-3600 and 
DarkSide-20k

• C. Amarasinghe - Results and status of the LUX-ZEPLIN (LZ) experiment
• Tuesday evening, 19:00 session:

• A. Garai - The DEAP-3600 dark matter search and charged-current 8B 
measurements in liquid argon

• D. Wenz - The first measurement of coherent elastic neutrino-nucleus 
scattering of solar 8B neutrinos in the XENONnT experiment

• Thursday afternoon, 14:00 neutrino session:
• A. Schneider - Dark Sector Searches with Coherent CAPTAIN-Mills

• Several double beta decay talks (Monday 15:30 session, Tuesday 13:30 session, 
19:00 session)

• Not to mention LAr TPCs for neutrinos
• Apologies if I missed your talk!
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Lights in the dark
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• Four multi-tonne detectors operating simultaneously, with more on the way!
• Demonstration of technological maturity

• Building these detectors is hard! 
• Every time we build one, we find something we want to do better

• Ready for another push



57

Bubble Chambers

R. Lang

• Thermodynamics set sensitivity
• Need heat (energy) and density to 

make bubbles
• ER do not cross density threshold
• Acoustics provide further rejection

• Fluorine target with ~3 keV threshold
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What is a WIMP and why is one attractive?
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• Weakly Interacting Massive Particle
• Subgroup of “Thermal Relic”

• Produced in big bang - initially in 
thermal equilibrium with normal 
matter (Standard Model)
• Decouples from normal matter as 

universe expands and cools

• Continues self-annihilating until 
density is too small
• Density frozen since that time

• Current observed density matches 
“weak scale” interaction strength
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Snowmass and P5
• Today, dark matter is one of the biggest mysteries in particle physics

• Most commonly mentioned 
topic in Snowmass LOIs

59

P5 Report December 2023
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Snowmass and P5
• Today, dark matter is one of the biggest mysteries in particle physics today
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• Over 100 pages of dedicated Snowmass reports in CF
• High prominence in other frontiers
• Dedicated Complementarity report
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P5 Report
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• Recommendation 2d: 
• An ultimate Generation 3 (G3) dark matter direct detection experiment 

reaching the neutrino fog, in coordination with international partners 
and preferably sited in the US (section 4.1).
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P5 Report
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• DOE response to P5 (M. Procario, DPF, May 2024)



XLZD / SNOLAB FPW

Key endorsements & roadmaps

10

“This improvement in reach would provide 
coverage of important benchmark WIMP 
models, such as most remaining potential dark 
matter parameter space under the 
constrained minimal supersymmetric 
extension to the Standard Model.”

“APPEC strongly supports the European leadership role in Dark Matter direct 
detection, underpinned by the pioneering LNGS programme, to realise at least 
one next-generation xenon (order 50 tons) and one argon (order 300 tons) 
detector, respectively, of which at least one should be situated in Europe.  
APPEC strongly encourages detector R&D to reach down to the neutrino floor 
on the shortest possible me scale for WIMP searches for the widest possible 
mass range.”

• Astroparticle Physics European 
Consortium (APPEC) mid-
term roadmap 

• Helmholtz roadmap (DE)
• UKRI funds to develop XLZD
• SERI roadmap (CH)
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Neutrino Fog

64

• Index n - how fast one makes progress with respect to background
• Increase in sensitivity by x10 requires 10n more exposure
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Neutrino Fog

R. Lang

• Future progress can be made with better measurements of the atmospheric 
neutrino flux
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Neutrino Fog

R. Lang

• Future progress can be made depending on target
• Fluorine based SD detector can go deeper than xenon-based SD detector
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Directionality

R. Lang

• Directionality can identify WIMP wind 
with only handful of events
• Ideal case - 3D direction plus energy
• Experimentally challenging

• Cygnus program doing R&D now to 
enable large scale directionality
• Physics program for dark matter and 

neutrinos described in 2102.04596



68

Directionality

R. Lang
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R. Lang
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Plan for next decade

R. Lang
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Liquid Xenon TPCs

R. Lang

~15 years



LOW RADIOACTIVITY ARGON

URANIA
▸ Procurement of 50 tonnes of UAr from same 

Colorado source as for DS-50 

▸ Extraction of 250 kg/day, with 99.9% purity 

▸UAr transported to Sardinia for final chemical 
purification at Aria

ARIA
▸Big cryogenic distillation column in Seruci, 

Sardinia 

▸ Final chemical purification of the UAr 

▸Can process O(1 tonne/day) with 103 reduction of 
all chemical impurities 

▸Ultimate goal is to isotopically separate 39Ar from 
40Ar (at the rate of 10 kg/day in Seruci-I)



FUTURE DETECTOR

ARGO
▸ ArDM, DS-50, DEAP-3600, and MiniCLEAN jointly formed the Global Argon Dark 

Matter Collaboration (GADMC) 

▸ A 300-tonnes fiducial argon detector filled with underground argon 

▸ 3000 tonne×year exposure to reach the neutrino floor

73

GADMC experiments cover the WIMP hypothesis from 1GeV/c2 to several hundreds of TeV/
c2 masses in the search for spin-independent coupling. 
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What are we looking for? (Spin Dependent)

CF Snowmass 2203.08084


