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About me

* Born and grew up in Johannesburg, South Africa

* undergraduate at Wits University 1998-2002

* went to USA for PhD & postdoc

* Faculty @ Stony Brook U.in New York since 201 |

* Particle theorist, but work with many experimentalists

(e.g., co-spokesperson of SENSEI)



Direct-Detection of Sub-GeV
Dark Matter: A New Frontier

An opportunity for PAUL!?



Direct-Detection of Sub-GeV
Dark Matter: A New Frontier

>> 100 papers over past few years

will give brief, incomplete overview,
and focus on one example (SENSEI)
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Sub-GeV “particle-like” dark matter

1 meV 1eV 1 keV 1 MeV 1 GeV 1 TeV

“wave-like™ “particle-like” DM WIMPs
DM :

DM Absorption DM Scattering

DM DM DM
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Some Current Constraints & Projections

- LZ, XENONNT, and PandaX w/ multi-ton detectors are
dominating search for WIMPs
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What about DM w/ mass < GeV !
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What about DM w/ mass < GeV !

- Constraints are weak, event rates are potentially large,
and small experiments can search for DM
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What about DM w/ mass < GeV !

- Constraints are weak, event rates are potentially large,
and small experiments can search for DM
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What about DM w/ mass < GeV !

- Constraints are weak, event rates are potentially large,
and small experiments can search for DM

- But need ultrasensitive detector & control over “new’ backgrounds
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Kinematics of sub-GeV DM scattering

Energy [eV]
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Elastic WIMP-nucleus scattering
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Energy [eV]

Elastic WIMP-nucleus scattering
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Energy [eV]

Available DM kinetic energy is much larger!
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Available DM kinetic energy is much larger!
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Can transfer entire DM kinetic energy in inelastic scatters

Vol
DM/.

V2,

* DM-e scattering

RE, Mardon,Volansky



Can transfer entire DM kinetic energy in inelastic scatters

* DM-e scattering

RE, Mardon,Volansky

* DM-N scattering
via Migdal effect

Migdal;Vergados & Ejiri; Bernabei;
Ibe, Nakano, Shoji, Suzuki

* DM scattering w/

collective modes
(e.g. optical phonons)

Knapen, Lin, Pyle, Zurek




Various target materials w/ various excitation energies, e.g.

1 keV/c2 1 MeV/c2 1 GeV/c?
<« l | : I | > Dark
matter
Noble liquids (Xe, Ar) @ mass
i
Semiconductors (Si, Ge, SiC) m

Scintillators (GaAs, Nal, Csl) o,,;%\:,‘

o° 0 o®
0’.‘60
ode'o0
j---------!-
Superfluid helium \j

o ¢ ! 0 1 4 ! ! 1 1 | |
Molecular gases and liquids ;g‘-

Polar materials (GaAs, sapphire)

Dirac materials 3D (ZrTe5) Dirac materials 2D (graphene)

Superconductors (NbN, WSi)

R. Essig, “The low-mass dark matter frontier,” Physics 13, 172, 2020



Various target materials w/ various excitation energies, e.g.

1 keV/c? 1 MeV/c? 1 GeV/c?
<« l l I l : —> Dark
matter
Noble liquids (Xe, Ar) @ mass
]
Semiconductors (Si, Ge, SiC) ﬁ\‘

signal consists of one to a few electrons



Dark Matter — Electron Cross Section [cm?]

Exciting experimental progress in past decade:
e.g., DM-electron scattering

2012
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Dark Matter — Electron Cross Section [cm?]
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Dark Matter — Electron Cross Section [cm?]
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Dark Matter — Electron Cross Section [cm?]

Exciting experimental progress in past decade:
e.g., DM-electron scattering

2012 2024
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several ultrasensitive detectors can measure
the produced charge (2-phase TPCs, Skipper-CCDs, TES,...)




Discuss one example:

SENSE]

silicon Skipper-CCDs
(bandgap ~ 1 eV)

can probe ~MeV DM



The SENSEI Collaboration
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SENSEI detection concept

SkiPPeI‘-CW
conduction pixel
\valence band

DM would create one or a few electron-hole pairs in a pixel

\& >




Skipper-CCD operation (SENSEI)

a0 .
~ 2 cm X 10 cm, 5.4 Mpix



Skipper-CCD operation (SENSEI)
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Skipper-CCD operation (SENSEI)
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Skipper-CCD operation (SENSEI)
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Skipper-CCD operation (SENSEI)
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Skipper-CCD operation (SENSEI)
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Skipper-CCD operation (SENSEI)
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~2 cm X 10 cm, 5.4 Mpix

repeatedly measure charge to
achieve sub-electron readout noise

: /\ Tiffenberg et.al. 2017
serial oSe @
register

readout




Skipper-CCD operation (SENSEI)

quadrant 2

quadrant 1 quadrant 3

g~

~2 cm X 10 cm, 5.4 Mpix

repeatedly measure charge to
achieve sub-electron readout noise

: /\ Tiffenberg et.al. 2017
serial oSe @
register

readout

designed at LBNL and fabricated at
Teledyne DALSA Semiconductor



SENSEI has two DM detectors operating

@Fermilab (near Chicago) @SNOLAB, Canada
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* ~100 m underground * ~2,000 m underground (no muons)

* some lead shielding * better shielding



Dark Matter Results from SENSEI

SENSEI@Fermilab: three science runs
e 1 prototype Skipper-CCD (0.0947 gram)

e 2018: surface 1804.00088, PRL
e 2019: ~100m underground 1901.10478, PRL.
e 1 science-grade Skipper-CCD (1.925 gram) Editor’s suggestion
e 2020: ~100m underground 2004.11378, PRL,

Editor’'s suggestion

SENSEI@SNOLAB: one science run

e 6 science-grade Skipper-CCDs (~12 gram) 2312.13342,
e 2023: ~2,000m underground submitted o PRL
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* Leading constraints for
several dark matter models

. : “freeze-in DM”

RE, Mardon, Volansky, 2011

Chu, Hambye, Tytgat, 2011

RE, Fernandez-Serra, Soto, Mardon, Volansky, Yu 2015
Dvorkin, Lin, Schutz, 2019

* Detector upgraded, next
science run ongoing
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iting Skipper-CCD program ahead

* SENSEI: ~100 gram (SNOLAB)
* DAMIC-M: ~1 kg (Modane, ~2024)
* Oscura: 10 kg (R&D funded, ~2026)



Summary: an opportunity for PAUL?

* Direct detection of dark matter is a vibrant field

* PAUL will not compete with “big” (ton-scale) experiments
searching for WIMPs (XENONNT, LZ, PandaX, DarkSide...)

* BUT: small “inexpensive” experiments with ultrasensitive
detectors and small collaborations (~10-30 scientists) can search
for “sub-GeV” dark matter and produce world-leading science

(discussed one example: SENSEI)

* Excellent training ground for students; exposure to the many
aspects needed to create a successful experiment; any one

person can have a big impact
* Fast-moving, dynamic field

* How best to attract interested groups!



Thank you



Some references providing summaries & overviews

 RE, Mardon, Volansky, “Direct Detection of Sub-GeV Dark Matter,” Phys. Rev.,
D85, p. 076007, 2012, arXiv: 1108.5383

« M. Battaglieri et al., “US Cosmic Visions: New ldeas in Dark Matter 2017
Community Report,” arXiv: 1707.04591

* Report of the Workshop “Basic Research Needs for Dark Matter Small Projects
New Initiatives” is available online at: https://science.osti.gov/-/media/hep/pdf/
Reports/Dark _Matter New Initiatives_rpt.pdf

* R. Essig, “The low-mass dark matter frontier,” Physics 13, 172, 2020

« Y. Kahn and T. Lin, “Searches for light dark matter using condensed matter
systems,” arXiv:2108.03239

* R. Essig et al., “Snowmass2021 Cosmic Frontier: The landscape of low-threshold
dark matter direct detection in the next decade,” in Snowmass 2021, arXiv:
2203.08297



Many challenges remain,
and much remains to be done...

e.g.
* Understand (novel) low-energy backgrounds
* Increase detector sensitivity & target mass

* Understand/calibrate detector response to dark matter



More
SENSEI
results

2312.13342

Dark Matter — Electron Cross Section [cm?]

Dark Matter — Nucleon Cross Section [cm?]
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