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Dark Matter in 2001
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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—either of which would constitute a major discovery of physics 

beyond the standard model.”
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Dark Matter Today

From A. Chou, Cosmic Frontier Plenary at Snowmass
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TeVPA!
Dark Matter Today

From A. Chou, Cosmic Frontier Plenary at Snowmass
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Dark Matter Today

From A. Chou, Cosmic Frontier Plenary at Snowmass

TeVPA!

C. Bartram N. Kurinsky
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“Direct Detection” of Dark Matter

A. Monte

• Naturally sensitive to >GeV particles by kinematics and technology
• Great for WIMP hunting at the TeV scale
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Direct Detection of Dark Matter

• Very rare process
• Current best limits <10-47 cm2

• Path length in lead of ~10 
million 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

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

•Goal: Maximize sensitivity to DM while minimizing backgrounds 

Xe

Ge

Si
 Ar 

 Ne
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Direct Detection at ~1 TeV

R. Lang

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

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

• Low thresholds important but not quite as vital
• Explore as many interactions as possible (e.g. SD/SI/EFT)
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More exposure
Reduce backgrounds

Lower threshold
Lighter targets

(Reduce backgrounds)
N. Kurinsky

• Limited at low mass by detector threshold

• Limited at high mass by density

• Eventually limited by neutrinos
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Neutrino Fog

R. Lang
• O’Hare (2109.03116) supported by Snowmass (2203.08084) define “neutrino fog” 
• Rebranding of neutrino floor to better capture the actual effect

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



11

Neutrino Fog

R. Lang
• O’Hare (2109.03116) supported by Snowmass (2203.08084) define “neutrino fog” 
• Rebranding of neutrino floor to better capture the actual effect

• Index n - how fast one makes progress with respect to background
• Increase in sensitivity by x10 requires 10n more exposure 
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Direct Detection at ~TeV scale

R. Lang

• Liquid Noble Detectors
• Liquid Xenon (LZ, XENONnT, PandaX, XLZD)
• Liquid Argon (DEAP, DarkSide, Argo)

• Bubble Chambers
• PICO

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

• Surfaces are the enemy
• ER/NR discrimination
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PICO 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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R. Lang

• Family of chambers with increasing 
size
• PICO-60 - world’s most sensitive 

SD proton result
• PICO-40L - running now
• PICO-500 under construction

• See O. Harris yesterday in parallel

PICO Bubble Chambers

https://indico.uchicago.edu/event/427/contributions/1482/
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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



2

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 Noble TPCs



LIDINE 2019
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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!
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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
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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

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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We’re into the fog!

R. Lang

● Two new papers that begin with “First measurement of Solar 8B neutrinos…”

XENONnT, 2408.02877
2.73 sigma

PandaX, 2407.10892
2.64 sigma
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And still pushing WIMP sensitivity!

• New WIMP results from LZ (released at TeVPA!) and PandaX
• See S. Haselschwardt from Monday and Q. Wang yesterday

https://indico.uchicago.edu/event/427/contributions/1325/
https://indico.uchicago.edu/event/427/contributions/1281/
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What are we looking for? (Spin Independent)

CF Snowmass 2203.08084
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From Bottaro et al, 2205.04486 - “The Last Complex WIMPs Still Standing”
Pure electroweak WIMP candidates - tree-level Higgs process vanishes, so small cross sections

What are we looking for? (Spin Independent)
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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

30

P5 Report December 2023
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P5 Report

31

• 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

32

• DOE response to P5 (M. Procario, DPF, May 2024)
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XLZD Consortium

R. Lang

Several successful XLZD meetings already 
completed

White paper at 2203.02309

Official collaboration coming together
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XLZD Consortium

R. Lang
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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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Summary
2001 Snowmass report - single 3 page section on dark matter and relic particles

36

“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 24 years!  Doubling every 1.2 years!
• Much faster than Moore’s Law!  A triumph of human ingenuity!
• No WIMPs :(

37

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

• LZ, TeVPA, S. Haselschwardt (2024)
• Best limit at 2.2 x 10-48 cm2 
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Losing the narrative?

38
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• DarkSide operating a prototype 

distillation column to isotopically 

separate 39Ar from 40Ar

Lights in the dark
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Lights in the dark

40

• XENONnT at ~15 events/
tonne/year/keV 

• LZ has zero candidate 
events in a 4.2 tonne-years 
of exposure 

These numbers are incredible! 
Suppression by a factor of a 
trillion!
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Lights in the dark

41

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
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Sensitivity Goal

• 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 one more push



Hugh Lippincott, UCSBFuture of HEP

Opportunities and Challenges

42

This is a problem worth solving! 

I’m eager to see what’s next!
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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
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Directionality

R. Lang
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Dark Matter at ~TeV and beyond

From A. Chou, Cosmic Frontier Plenary at Snowmass

TeVPA!
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TeVPA!
Dark Matter at ~TeV and beyond
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Next-generation direct and 
indirect searches; new low-

threshold experiments.

TeVPA!
Dark Matter at ~TeV and beyond
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R. Lang
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TeVPA!
Dark Matter at ~TeV and beyond



• Dark matter poses a profound and exciting challenge to our understanding 
of fundamental physics. 

• Maximize the probability of discovery 

• Delve Deep: Fully explore high-priority theoretical target regions (e.g., 
WIMPs and QCD axions).


• Search Wide: Deploy new techniques and pathfinder experiments to 
access unexplored dark matter scenarios and lay the groundwork to go 
deep on future targets.


• Dark Matter Crosses Boundaries: Complementarity across frontiers including 
a vibrant theory program is critical for the discovery and characterization of 
dark matter and dark sectors.

Dark Matter at TeV scales (and beyond)
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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

57

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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Sodium Iodide

R. Lang

• DAMA

This is 24 years!!!

• ANAIS, COSINE, SABRE, PICO-LON, DM-ICE
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XENON1T Excess

R. Lang• Exquisite background control with expectation of further reductions
• New limits on ALPs, dark photons, axions, neutrino magnetic moment

• Knut Mora at IDM2022 - 2207.11330

https://indico.cern.ch/event/922783/contributions/4892806/attachments/2484143/4264990/IDM2022_presentation_XENONnt_moraa.pdf
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LZ

R. Lang

• LXe TPC, 7 tonnes active
• Located at SURF, SD, USA
• GdLS neutron veto
• Filled in Fall 2021
• All systems working well
• First results a month ago!

• ~25 ER cts/keV/tonne/yr
• See S. Eriksen tomorrow

at 5:10

2017 2018 2019 2020 2021 2022

TDR and 
CD-3 TPC Complete

TPC Underground

Cryostat sealed

Commissioning

SR1 starts

Science!Cold GasCryostat arrives

PMT arrays arrive

Grid weaving Xe filling

OD filling

OD Construction

Electronics
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What are we looking for? (Spin Dependent)

CF Snowmass 2203.08084


