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This point in time…

Jorge Cham PhD comics 2012
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Where are we, and where are we going?

arXiv:2104.07634

Reports, Reviews, and Roadmaps

https://snowmass21.org/submissions/cf

https://arxiv.org/pdf/2104.07634.pdf
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View from altitude
• WIMP/high mass particle dark matter is a viable, motivated  dark matter model.
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• We have trusty liquid noble technologies that should be used to look for dark matter until we see 
many neutrino-induced nuclear recoils. 

• They can do other DM/BSM searches, neutrino physics, & neutrino astronomy 

• New detectors and technologies are coming to probe lower mass particle DM.  

• When proven, they should also be used until neutrino events are seen. 

• We should be prepared for discovery at any moment, and have multiple technologies ready for 
confirmation. 

• WIMP searches fit into a wider ecosystem of dark matter searches, all are important.
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Outline
• Particle Dark Matter Models 
• Where are we in the WIMP paradigm? 

• Direct Searches for Particle Dark Matter 
• High Mass: Liquid Nobles 
• Lower Mass: Multiple Technologies 

• Expectations for the Future 
• Direct Detection plans 
• Meshing with other searches

Tom Chitty 2016, New Yorker
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Old Slide of the WIMP Miracle
Particles with masses of ~100 GeV 
and interactions at the weak scale 
would give current dark matter 

density of .3 GeV/cm3

WIMPs fit naturally with SuSY:  
lightest neutralino, the LSP 

14
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But I was asked …
Particles with masses of ~100 GeV 
and interactions at the weak scale 
would give current dark matter 

density of .3 GeV/cm3

WIMPs fit naturally with SuSY:  
lightest neutralino, the LSP 

15

• Hasn’t a ‘true’ WIMP already been ruled out? 

• Isn’t SUSY discredited since the LHC hasn’t seen anything?
M. Pospelov IDM Plenary
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A more recent discussion of models
• Canonical Dark matter is: 

• non-relativistic 
• electrically neutral 
• limited self-interactions 
• density of DM ~0.3 GeV/cm3 

• Some theories push these boundaries 
• Can dark matter candidates fit with other 
theories or open problems?

Randall Munroe, 2018, XKCD
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An updated cartoon for particle dark matter

 SNOWMASS CF1 Convener’s Report
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SI Direct DM status

Michael Lucibella 2014, APS.org

arXiv:2203.08084

http://aps.org
https://arxiv.org/abs/2203.08084
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SI Direct DM status

Michael Lucibella 2014, APS.org

arXiv:2203.08084

http://aps.org
https://arxiv.org/abs/2203.08084
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DM as Moore’s Law

Shengchao Li, SNOWMASS CF1 Convener’s Report
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Liquid Noble TPCs
• Self-shielding, large fiducial masses

• Primary Scintillation (S1) with some recombination and de-excitation in 

the liquid

• Ions drift in TPC electric field

• Amplification region in gas creates proportional light (S2)

• S2/S1 provides particle ID and discrimination

• Events are hundreds of microseconds (set by electron drift velocity)

• Strong position reconstruction 

• Argon can use timing of S1 light for pulse shape discrimination



Palladino WIMPs RICAP 2022 22

LZ and XENONnT

• 2 very sensitive detectors with new 
results 
• Talks Tuesday and Wednesday
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LXe Results
• LZ leading Limits from an initial run  
• XENONnT lowest backgrounds, which are electronic recoils, rules out past excess from XENON1T 
• Electronic recoils give sensitivity to solar axions, ALPs, Dark Photons, and the neutrino magnetic 
moment

arXiv:2207.03764

LZ

arXiv:2207.11330 Altheuser talk

LZ

XENON1T

XENONnT

https://agenda.infn.it/event/29838/contributions/176723/attachments/95819/131815/20220907-althueser_RICAP22_XENONnT.pdf
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DarkSide 50 + 20K
• ~50 t liquid argon time projection chamber 
• Under construction at LNGS in Italy 
• Innovations in photosensors, underground 
argon production (reduced Ar-39 
background), 

NRER
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DarkSide Technologies

SiPM, fabrication underway 

Gadolinium loaded acrylic TPC wall 
for neutron veto

Agnese talk

https://agenda.infn.it/event/29838/contributions/176922/attachments/95937/132012/RICAP_pagnes.pdf


Palladino WIMPs RICAP 2022 26

What technology makes sense?

arXiv:2203.08297

https://arxiv.org/abs/2203.08297
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Technologies for  Low Mass  Searches

R. Strauss IDM plenary

But also!

SuperCDMS, CRESST, EDELWEISS 
COSINUS, TESSERACT

Zema talk

https://agenda.infn.it/event/29838/contributions/174824/attachments/95936/132008/Ricap%202022.pdf

Also described in semiconductors: Esposito talk

https://agenda.infn.it/event/29838/contributions/177015/attachments/95949/132027/RICAP_2022_VZema.pdf
https://agenda.infn.it/event/29838/contributions/174824/attachments/95936/132008/Ricap%202022.pdf
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The Future

But particle astrophysicists
 want DETECTORS to find 

Dark Matter
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Get to the Neutrino Fog: Xe

LUX     
    L

Z     
  X

LZD

Figure 2: The evolution of dark matter direct detection experiments using the liquid xenon technology.

3 Proposed Work
Since the first results from the XENON10 detector more than a decade ago, the LXe-TPC

technology has been the leading technique in the hunt for dark matter. Successive programs
have refined and improved the TPC operation with significant R&D over the past fifteen years,
leading to a mature and robust design of multi-tonne scale detectors (Fig. 2). In this section we
describe the basic features of the design, and identify some areas that need further development
to be successful at the envisioned 100-tonne scale.

The basic work plan in support of the goals outlined in Sec. 1.1 can be broken down into a
few specific objectives: reduction of radon backgrounds, the scale-up of LXe handling and cryo-
genics, and enhancing signal collection with high voltage and optics. Together, these objectives
lead into operating a Demonstrator, completing simulations of the G3 detector, and produc-
ing a Technical Design Report. We outline preliminary deliverables and milestones in Table 1.
Research conducted by domestic and international partners will complement our proposed work.

3.1 Hardware Design
The baseline design of a LXe TPC, as executed in XENONnT and LZ, consists of a cylindrical

field cage made of PTFE reflectors on the side, several electrodes on top and bottom to provide
drift and extraction fields, and photomultiplier (PMT) arrays at top and bottom to detect signals
generated in the LXe target for position, energy reconstruction, and event type discrimination.
While the baseline design has remained essentially unchanged as the target mass has scaled up
from a few kilograms to several tonnes, each increase in size has required solving new technical
challenges. The move to a G3 experiment will be no different, and we have identified three
main areas as challenges at the G3 scale: radon reduction, liquid xenon handling, and signal
collection. The team will therefore investigate both scaled-up designs from current detectors
(XENONnT and LZ) as well as alternative designs for these focus areas. These hardware designs
will be tested and optimized in small tests at various institutions, and the most promising ones

A Generation-3 Xenon Detector 6/10
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What else can be done with a big detector?

Figure 1: Some of the many science channels accessible to a generation-3 liquid xenon experiment. Shown
here is the XENON1T TPC for illustration.

in detectors. For example the dark matter particle may upscatter followed by de-excitation
resulting in a nuclear recoil followed by photon emission [Bramante et al., 2016].

An ‘ultimate’ direct dark matter detector as proposed here will conclusively probe the dark
matter parameter space down to a signal from astrophysical neutrinos, which constitute a back-
ground for dark matter detection. It will obtain sensitivities to many theoretically-interesting
and yet-unexplored dark matter candidates and probe the coupling of dark matter to the Higgs
boson. The proposed program will allow the realization of the G3 LXe experiment complemen-
tary to the next generation of astrophysical searches and the high-luminosity LHC.

1.2.2 Neutrinos for Solar Physics, Particle Physics, and Supernova Physics

A G3 LXe detector will be sensitive to astrophysical neutrinos from the Sun, atmo-
sphere, and supernovae. This presents exciting opportunities for studying neutrinos in a new
realm, including through the novel channel of Coherent Elastic Neutrino-Nucleus Scattering
(CEvNS) [Akimov et al., 2017].

A G3 LXe detector will provide an independent measurement of the neutral current com-
ponent of the solar 8B neutrino flux, measured to be right in between that predicted by the
low and high metallicity Standard Solar Model [Agostini et al., 2018]. Such a detector will also
provide a new observation of the electron recoil energy spectrum induced by elastic scattering of
pp neutrinos, thus improving measurements of the Sun’s neutrino luminosity. Importantly, this

A Generation-3 Xenon Detector 3/10
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GADM programme

Testera LeptonPhoton21

https://indico.cern.ch/event/949705/contributions/4555514/attachments/2370966/4049321/LeptonPhoton2021.pdf
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Resolve the DAMA/LIBRA Signal

Time (days)

Belli IDM 2022

13.7  Sigma

Thompson LLWI 22SciAdv 7 46 ‘21

Multiple NaI detectors
 investigating

ANAIS, COSINE
SABRE, COSINUS

Zema talk

Is it just an analysis artifact? arXiv:!!"#$"%&%#

https://indico.cern.ch/event/1075471/contributions/4667968/attachments/2395251/4095341/Thompson%20Lake%20Louise%202022.pdf
https://www.science.org/doi/10.1126/sciadv.abk2699
https://agenda.infn.it/event/29838/contributions/177015/attachments/95949/132027/RICAP_2022_VZema.pdf
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Use new technologies for lower masses

OSCURA

• NEWS-G 
• PICO 
• SENSEI & other Si 
• SBC 
• TESSERACT 
• QUEST-DMC
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Directional Detection

• Solid and gaseous directional detectors 
• Can probe under the neutrino fog, first place to look is at low mass

Dho talk

https://agenda.infn.it/event/29838/contributions/176441/attachments/95852/132026/Directional_Searches.pdf
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Neutrinos from Primordial Black Holes

• PBH evaporation neutrinos could be seen in direct detectors 
R. Calabrese talk

https://agenda.infn.it/event/29838/contributions/174819/attachments/95696/131605/RICAP%202022.pdf
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Complementarity

R. Wechsler, SNOWMASS Cosmic Probe Plenary
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A Unified Vision coming from SNOWMASS

A Chou, SNOWMASS Dark Matter Plenary
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Our Current Status

A Chou, SNOWMASS Dark Matter Plenary
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If we Delve Deep, Search Wide

A Chou, SNOWMASS Dark Matter Plenary
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Launching into the future
• WIMP/high mass particle dark matter is a viable, motivated  dark matter model. 

• There are wider models of particle DM that cover broader mass and interaction strength 
parameter space that are also well motivated. 

• We have trusty liquid noble technologies that should be used to look for dark matter until we see 
many neutrino-induced nuclear recoils. 

• They can do other DM/BSM searches, neutrino physics, & neutrino astronomy 

• New detectors and technologies are coming to probe lower mass particle DM.  

• When proven, they should also be used until neutrino events are seen. 

• We should be prepared for discovery at any moment, and have multiple technologies ready for 
confirmation. 

• WIMP searches fit into a wider ecosystem of dark matter searches, all are important.
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Delve Deep, Search Wide
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In Memoriam

Noel Palladino

My Uncle who said, upon my
 leaving neutrino astronomy for Direct DM,

“So you’re going from searching
 for the almost impossible

 to the actually impossible?”

Andrew Hime

Spokesperson for MiniCLEAN
(my first DM experiment)
Single Phase liquid Ar/Ne

goal of DM and neutrino physics
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Jeff Kinney Diary of a Wimpy Kid
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More Cartoons

Anthropomorphic WIMP 
from Symmetry magazine

X X

?

SM SM

Direct (Scattering) 

Collider 
 (Production) 

Indirect 
 (Annihilation) 

Make Break 

Shake 

Bake 
Theorists 
 (Models) 
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More Cartoons
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More Cartoons
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More Cartoons



Palladino WIMPs RICAP 2022 48

Experiments Currently running
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Experments Currently running, cont’d
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Planned Experiments
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Potential Future Experiments
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Evidence for Dark Matter

Bullet cluster
red: hot gas

blue: dark matter
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Wavelike Dark Matter

arXiv:2203.14915

https://arxiv.org/abs/2203.14915
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DEAP-3600
• Single phase Liquid Argon (3.3 t) 
• Operating since 2016 at SNOLAB in Canada 
• Results: 

• SI and EFT framework limits from 231 live days 
• Planck-scale DM Multi-scatter limits from 813 live-days 

• Hardware upgrades coming: 
• Fill to neck 
• tag neck alphas 
• filter dust

arXiv:2005.14667

arXiv:2108.09405

Mielnichuk LLWIarXiv:1902.04048

https://arxiv.org/pdf/2005.14667.pdf
https://indico.cern.ch/event/1075471/contributions/4667972/attachments/2395199/4095262/LLWI-2022%20(3).pdf
https://arxiv.org/abs/1902.04048


Palladino WIMPs RICAP 2022 55

Ultraheavy dark matter

arXiv: 2203.06508 
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A Modern WIMP view

arXiv:2203.08084
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High Mass Particle DM Beyond the WIMP

arXiv:2203.08084
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arXiv:2104.07634Limits! Projections!

https://arxiv.org/pdf/2104.07634.pdf
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Direct Detection Sensitivities

arXiv:2203.08084
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SuperCDMS SNOLAB
• Cryogenic thermal phonon technology 

• iZIP (phonon and ionization) and HV sensors 
• Ge (1.4 kg) and Si (0.6 kg)  

• Under construction at SNOLAB 
• Operations beginning Fall 2023
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Technologies for  Low Mass  Searches

R. Strauss IDM plenary

But also!
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SuperCDMS Calibrations
• Calibrating low energy 
nuclear recoils is difficult 

• Discrepancies in the field 
• Definitely divergent from 
Lindhard theory 

• Projections for Si more 
conservative than 
preliminary measurements

Cushman LLWI

Si Ge- CDMS

https://indico.cern.ch/event/1075471/contributions/4671273/attachments/2395280/4096796/LakeLouiseCushman_novideo.pdf
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SuperCDMS: Science with new prototypes

Cushman LLWI



Palladino WIMPs RICAP 2022 64

XENONnT
• 5.9 t liquid xenon TPC 

• Operating at LNGS in Italy since Sept ’21 
• Radon/krypton reduction with cryogenic distillation 
and custom pump 

• Drift field is a little low

Pienaar TAUP 21

https://indico.ific.uv.es/event/6178/contributions/15899/attachments/9214/11930/2021_TAUP_JPienaar.pdf
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LZ

• 10 t liquid xenon 
• Operating at SURF in South Dakota USA 
• Planned for 1000 live days over ~5 years

Excluded area

What we will study

arXiv:1802.06039

Simulation events
before Veto

Simulation
events after veto:

we search 
inside dotted

• Many talks in 
parallels this 
afternoon and 
tomorrow
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Next Generation Liquid Xenon
• 50-100 t liquid xenon TPC 
• Combination of XENONnT/DARWIN and LZ 
collaborations 

• Location TBD 
• Joint workshop last spring, meeting this summer

arXiv:2104.07634

arXiv:2203.02309

https://files.slack.com/files-pri/T01602WL334-F039L92R60N/download/image.png?origin_team=T04R0FSH2
https://files.slack.com/files-pri/T01602WL334-F039L92R60N/download/image.png?origin_team=T04R0FSH2
https://arxiv.org/pdf/2203.02309.pdf


• April Showers Bring May Flowers:  

• Good things are coming 
• Strong chances for Discovery 
• Headlining experiments and small tests 
• Many more DM candidates and experimental 
techniques to explore than we considered a 
decade ago

67
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arXiv:2104.07634

https://arxiv.org/pdf/2104.07634.pdf
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arXiv:2104.07634
Eur.Phys.J.Plus(2018)133:131 
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 arXiv:2104.07634

https://arxiv.org/abs/2203.14915
https://arxiv.org/pdf/2104.07634.pdf
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arXiv:2203.08297

https://arxiv.org/abs/2203.08297
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arXiv:2203.08084

https://arxiv.org/abs/2203.08084
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The Main Options

arXiv:2104.07634

https://arxiv.org/pdf/2104.07634.pdf
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arXiv:2203.08084

https://arxiv.org/abs/2203.08084
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