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PICO collaborators stand inside the freshly welded and completed PICO-500 pressure

vessel at SNOLAB.
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What is the goal?

What are my goals for this talk?

| will focus on direct detection of particle-like
interactions.
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What is the goal?

What are my goals for this talk?

| will focus on direct detection of particle-like
interactions.

Production by colliders [1, 2], detection through
astronomy [3, 4], and direct detection of wave-like
candidates (e.g., axions) [5, 6]" are all important.

The Axion Dark
Matter [
Experiment

Discovering Sub-GeV Dark Matter with the
Light Dark Matter eXperiment

.. Valentina Dutta
*L% F\ﬁ)(\ (:u.-mgj.-}mluuu.n’ !i:

“If you're curious about perspectives on wave-like searches, ask me
at the end.

Paving the way across the fields
antihelium production and astroparticles
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What is the goal?

What are my goals for this talk?

| will focus on direct detection of particle-like
interactions.

Production by colliders [1, 2], detection through
astronomy [3, 4], and direct detection of wave-like
candidates (e.g., axions) [5, 6]" are all important.
A discovery in any one broad area will necessarily
lead to measurements and ideas across all
approaches’. All of us must be ready.

The Axion Dark
Matter [
Experiment

Discovering Sub-GeV Dark Matter with the
Light Dark Matter eXperiment

S Valentins Dutts
-LBMX (qungl‘MulluuUln' !:,

“If you're curious about perspectives on wave-like searches, ask me
at the end. & =

TFor example, the AMS-02 Helium and LHCb Ap, business shown by | e e e shesparies
Lesya [7] :
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What is the goal?

What are the edges of the map?

T T T T
Milky Way Halo Gravitational Lensing Survey
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The map ignores (on
purpose) constraints from
freeze-in/freeze-out* and
progress in direct detection
searches (we’ll circle back
to those in a bit).

The focus here is on
external constraints that are
"safe" in the sense that they
are motivated by
simple(-ish) principles or
independent astronomical
interpretations.

“Feel free to ask me why later.
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What is the goal?

Dark matter particles should be all around us

S. Sekula (SNOLAB, Queen’s, Laurentian)

ASPEN2026 — DM EXPERIMENTS

The local density is
estimated to be about
0.3—0.6 GeVem 3"
The average speed of
dark matter is
estimated from solar
motion through the

galaxy (v = 240 km/s).

e.g. po =
(0.44+0.13) GeVem™3
from a recent analysis of
Gaia DR3 K-type dwarf star
data [8] and
(0.324£0.03) GeVem™?
from the work David Shih
shared yesterday [3].
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Direct detection has some core principles

Dark matter and standard model matter have
some coupling besides gravitation by which
they can interact.

L]

\
\\ WIMPs and Neutrons
\\ scatter from the

\ Atomic Nuclélis

\

Photons and Electrons
scatter from the
Atomic Electrons
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What is the goal?

Direct detection has some core principles

Dark matter and standard model matter have
some coupling besides gravitation by which
they can interact.

Atomic matter will respond in some way that
results in the release of energy: ionization,

\ )

X wbsandnewons o scintillation, phonons (heat), etc.

\\ scatter from the
\ Atomic Nuclélis

Photons and Electrons
scatter from the
Atomic Electrons
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Direct detection has some core principles

Dark matter and standard model matter have

some coupling besides gravitation by which

they can interact.

Atomic matter will respond in some way that

& . results in the release of energy: ionization,

X whesandveon S e scintillation, phonons (heat), etc.

\ Rome st N The interactions can be elastic or inelastic. The

\ ol ¥ : sensitivity to elastic collisions is optimal when
m, ~ Mgareet- INelastic collisions relax that

o constraint but are more challenging to
detect/interpret.
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What is the goal?

So you want to build a dark matter detector...

@ Identify a medium that, when its
atoms are struck they acquire

energy (“recoil energy”) which they
then transfer into a detectable
forms (e.g. ionization, scintillation,
heat, phonons, acoustic power,
changes in phase, ...)

S. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS February 5, 2026



What is the goal?

So you want to build a dark matter detector...

o o
e

It will need supporting
structures to maintain its
integrity and isolate it from
the environment.
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What is the goal?

So you want to build a dark matter detector...

Uranium,
Thorium,
Potassium
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So you want to build a dark matter detector...




Purge or process the air and
detector systems to remove radon




Layers of shielding to moderate/stop neutrons,
stop gamma rays, and protect the inner
components from the outer components.

Sometimes the shields are
active, to help “tag”
exterior backgrounds that
create interior signals.
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ere have we been?

lere have we been?
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Where have we been?

Underground Laboratories

LEGEND A map with markers
Bt Bt Bty Sty m pm. ehca ondararound tan g showing underground
(B::huﬁlghv i Sﬂudan Soudan Underground Lab a “ﬂﬂo Q f . I Ay h
SHITRE S U St nan iy ﬁ N acilities and the

INO: India-based Neutrino Observatory WIPP: Waste Isolation Pilot Plant . .

NS Laborror Nasonal 6ol Gran Sesso YL Yanyang Lab intensity of muons vs.

depth. The symbols *
and T indicate a
conceptual lab and a
lab that formerly
hosted experiments,
respectively.
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Where have we been?
Common technologies for target design

Solid Liquid

lonization, phonons, Heat, ionization, scintillation, lonization
scintillation vibration

S. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS February 5, 2026 16



Where have we been?

Interpretations of detector scattering observations: cross-section and mass
sensitivity [9, 10]
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All Nuclear Recoil limits are scaled to a local dark matter density of 0.3 GeV/c?

The state of constraints on particle-like dark matter for Snowmass 2013. A few example
experiments are used: DAMA/LIBRA, XENON100, and a projection of SuperCDMS-SNOLAB
from that era.
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Where are we now?

=
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Where are we now?

A Map of Current Dark Matter Direct Detection Experiments (Axions Included)

symmetry
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Where are we now?

Example: SNOLAB in Sudbury, Ontario, Canada

3 Shaft Pit 5 Shaft

7000 Level

9630 Level

S. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — D PERIMENTS ary 5, 2026



Where are we now?
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Where are we now?

A busy, multidisciplinary underground laboratory

SNOLAB -

At a Glance Cube Hall (NEX02.0/XLZD Concept)
DEAP-3600, PICO500, NEWS-G
(ARGO Concept)

Electrical
Shop

Halo Stub
HALO
potential breakthrough for
Future Expansion

Current Experiments
Future Experiments
Laboratory Facilities
Experiment Areas

J-Drift

SENSEI, DAMIC,
Machine

Oscura

Utilities

(Theia Concept) Ladder Labs
PICO40, SBC, CUTE,
Plants SuperCDMS _z
UPW, Scintillator, - Life Sciences Lab
Te Diol, TeA, LN2 j , Chemistry, REPAIR.
SNO Cavern ;,, ROLAR,
SNO+, SNO+ Te S
. &\ 4/\ 5000 m? of class 2000 cleanroom
Potential for large
ecEafter 2035 Low Background Lab underground.
project arter HPGe assay/screening, XRF, Radon Boards, <2000 particles >0.5 ym in diameter per ft3
XIA, CTBT Dual HPGe, IceCube DOM Testing arXiv:2006.12746
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Where are we now?

Current-generation dark matter experiments

Gas: NEWS-G;
Liquid/Argon:
DarkSide-50,
DEAP-3600;

Liquid/Superheated:
PICO-40L, SBC;

Liquid/Xenon: LZ,
PandaX-4T, XENONNT;

Solid/Crystal: ANAIS,
COSINE-100,
DAMA/LIBRA, SABRE,
SuperCDMS-SNOLAB;

Solid/CCD: DAMIC,
DAMIC-M, SENSEI.

S. Sekula (SNOLAB, Queen’s, Laurentian)
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Where are we now?

Example: LUX-ZEPLIN (LZ) Detector and Backgrounds [11, 12]

Vital stats: 7 T (=~ 78% fiducial), dual-phase liquid Xe TPC
Light Dark Matter Backgrounds and Signals:

Components

SI DM
"B CEvNS

Accidental coine,

—
Outgoing Detector neutrons
Particle
: Total
Incoming
Particle Tl

Expectation

20,6755
6.6 + 0.3
0.0415:2

27.2+404

0 =£1

3 GeV/ "B CEvNS
Fit Unconstrained Fit

0444 :
14.7432 12.3174

6.5 + 0.3 6.6 + 0.3
0.1%53 0.1754
21,7482 18910
0.865053 0 +1

LZ concept (graphic from SLAC)

Key radionuclide contaminants are (in order from dominant
to subdominant): 214Pb, 8Kr, 3 Ar, 212Pb, 218Po, 3H, 13C,
136XC 124XC 127XC

February 5, 2026 25
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Where are we now?

LUX-ZEPLIN: Recent Results in Heavy and Light DM [12, 11]
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Spin-Independent Elastic Scattering Constraints
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Where are we going?
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Where are we going?

We must confront neutrino physics

10~ =

Currently excluded
(2021)

10-4]- « A

New Technology \\\ =

SI dark matter-nucleon cross section [cm?]
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Dark matter mass [GeV /c?]

In 2021-2022 [13], "Operating" experiments included LZ,
XENONNT, PandaX-4T, SuperCDMS-SNOLAB, and the
Scintillating Bubble Chamber. "Planned" were SuperCDMS,
DarkSide-LowMass, SBC, a 1000 tonne-year liquid Xe detector,
and ARGO.
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Where are we going?

We must confront neutrino physics

10~ =
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10750 TR T s s s s L B CEvNS theory predictions (low- and high-metallicity

Dark matter mass [GeV /c*] stars) [14], SNO [15] and multi-experiment combined measure-
ments [16], DM experiment measurements [17, 18, 12], and a
naive combination of DM experiments. LZ rejects the 0-CEvNS
hypothesis at 4.50.

In 2021-2022 [13], "Operating" experiments included LZ,
XENONNT, PandaX-4T, SuperCDMS-SNOLAB, and the
Scintillating Bubble Chamber. "Planned" were SuperCDMS,
DarkSide-LowMass, SBC, a 1000 tonne-year liquid Xe detector,
and ARGO.
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Where are we going?

We must confront neutrino physics
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10748 -
neutrino fog 8B Neutrino Flux (10° cm=2s71)
103l bl 5B CEWNS  theory  predictions  (low- and  high-metallicity

Dark matter mass [GeV/c?] stars) [14], SNO [15] and multi-experiment combined measure-
ments [16], DM experiment measurements [17, 18, 12], and a

In 2021-2022 [13], "Operating" experiments included LZ,
naive combination of DM experiments. LZ rejects the 0-CEvNS

XENONNT, PandaX-4T, SuperCDMS-SNOLAB, and the
Scintillating Bubble Chamber. "Planned" were SuperCDMS, ~ Nypothesis at 4.50.
DarkSide-LowMass, SBC, a 1000 tonne-year liquid Xe detector, We are in an era where these instruments are
and ARGO. absolutely confirmed to be weakly interacting
(somewhat) massive particle detectors.
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Where are we going?

The liquid noble technology has essentially shown it
knows how to scale. Experiments are generally
joining together into large collaborations behind
xenon (XLZD) and Argon (DarkSide-20k and then
ARGO) concepts. The PandaX collaboration has
pitched PandaX-xT. All of these are O(10 — 100)
tonne detectors.

DarkSide-20k
o LNGS ..
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Large Scale Technologies

T

The liquid noble technology has essentially shown it
knows how to scale. Experiments are generally
joining together into large collaborations behind
xenon (XLZD) and Argon (DarkSide-20k and then
ARGO) concepts. The PandaX collaboration has
pitched PandaX-xT. All of these are O(10 — 100)
- tonne detectors.

. LNGS : - / Bubble chambers are currently scaling-limited by the

- \ 7, size of the vessel that holds the target fluid

(low-background fused silica quartz glass). Beyond
PICO-500, it'’s not clear how (or whether) to scale up
this technology. ..

DarkSide! LowMass
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Large Scale Technologies

The liquid noble technology has essentially shown it
knows how to scale. Experiments are generally
joining together into large collaborations behind
xenon (XLZD) and Argon (DarkSide-20k and then
ARGO) concepts. The PandaX collaboration has
pitched PandaX-xT. All of these are O(10 — 100)
tonne detectors.

Bubble chambers are currently scaling-limited by the
size of the vessel that holds the target fluid
(low-background fused silica quartz glass). Beyond
PICO-500, it'’s not clear how (or whether) to scale up
this technology. ..

... but maybe the latter doesn’t need to scale, just get
more clever. The Scintillating Bubble Chamber
(SBC)uses cryogenic superheated argon and gets
bubble images and sound plus scintillation light, for
enhanced background rejection.

DarkSide! LowMass
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A Broad Spectrum Search Means All Physics on Deck [20, 21, 22, 23, 24, 25, 26]

Target Reaction processes Typical gap| Elastic or inelastic? |DM Mass Range
Atom ITonization 10 eV Inelastic 2 10 MeV-GeV
Semiconductor Excitation across band gap| ~ 1 eV Inelastic MeV-GeV
Superconductor Cooper pair breaking ~1meV |Approximately elasti({i’L 2 1 keV-GeV
Graphene Electron ejection ~1leV Inelastic 21 MeV-GeV
Dirac material Excitation across band gap|~ 0-1 meV Inelastic keV-GeV
Heavy fermion material|Excitation across band gap| ~ 10 meV Inelastic 10 keV-GeV

S. Sekula (SNOLAB, Queen’s, Laurentian)
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A Broad Spectrum Search Means All Physics on Deck [20, 21, 22, 23, 24, 25, 26]

Target Reaction processes Typical gap| Elastic or inelastic? |[DM Mass Range
Atom ITonization 10 eV Inelastic 2 10 MeV-GeV
Semiconductor Excitation across band gap| ~ 1 eV Inelastic MeV-GeV
Superconductor Cooper pair breaking ~1meV |Approximately elasti({i’L 2 1 keV-GeV
Graphene Electron ejection ~1leV Inelastic 21 MeV-GeV
Dirac material Excitation across band gap|~ 0-1 meV Inelastic keV-GeV
Heavy fermion material|Excitation across band gap| ~ 10 meV Inelastic 10 keV-GeV

EXAMPLE: Polar Crystals in
TESSARACT/SPICE:

TESSARACT is sited for construction at
Laboratoire Souterrain de Modane (LSM)
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Where are we going?

A Broad Spectrum Search Means All Physics on Deck [20, 21, 22, 23, 24, 25, 26]

Target Reaction processes Typical gap| Elastic or inelastic? |DM Mass Range
Atom ITonization 10 eV Inelastic 2 10 MeV-GeV
Semiconductor Excitation across band gap| ~ 1 eV Inelastic MeV-GeV
Superconductor Cooper pair breaking ~1meV |Approximately elasti(ii’L 2 1 keV-GeV
Graphene Electron ejection ~1leV Inelastic 21 MeV-GeV
Dirac material Excitation across band gap|~ 0-1 meV Inelastic keV-GeV
Heavy fermion material|Excitation across band gap| ~ 10 meV Inelastic 10 keV-GeV

EXAMPLE: Polar Crystals in EXAMPLE: Migdal effect observed [19]

TESSARACT/SPICE:
E [ =

o)
3

“‘ 600
TESSARACT is sited for construction at First observation with
Laboratoire Souterrain de Modane (LSM) Onigddal/Trecoit = 4.9728 5 1075
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Where are we going?

A Broad Spectrum Search Means All Physics on Deck [20, 21, 22, 23, 24, 25, 26]

EXAMPLE: superconducting qubits

Target Reaction processes Typical gap| Elastic or inelastic? |DM Mass Range
Atom ITonization 10 eV Inelastic 2 10 MeV-GeV
Semiconductor Excitation across band gap| ~ 1 eV Inelastic MeV-GeV
Superconductor Cooper pair breaking ~1meV |Approximately elasti({i’L 2 1 keV-GeV
Graphene Electron ejection ~1leV Inelastic 21 MeV-GeV
Dirac material Excitation across band gap|~ 0-1 meV Inelastic keV-GeV
Heavy fermion material|Excitation across band gap| ~ 10 meV Inelastic 10 keV-GeV

EXAMPLE: Migdal effect observed [19]

EXAMPLE: Polar Crystals in
TESSARACT/SPICE:

o)
3

TESSARACT is sited for construction at First observation with Qubits installed and operating at the Cryogenic
Laboratoire Souterrain de Modane (LSM) tigdal /Frecoit = 49728 % 10771 Underground TEst (CUTE) facility at SNOLAB
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Where are we going?

Preparing Facilities for Future Needs
In 2024, the Canada

. . Foundation for Innovation
Scenarios: Major Components shtgﬁg requested 15-year plans

from several major facilities
Underground Laboratory in three scenarios: (1)

New Surf(]ce Bu||ding * Scenario 1: Refurbishment and Enhanced Capabilities . o
= Scenarios 2 and 3: Additional laboratory expansion Mamtalnlng the current
AlLS } level of operations; (2) fully
CENArios: H
* Located outside industrial control Large Cavity for Beyond Existing Lab supporAtlng the needs of the
. Inn::-':;kn‘:kw“d:;a;vnr Phase | Ladder Labs Canadian research
Phase Il Large Cavity community; and (3)

* Large auditorium space to
accommodate current staff and
programs

* New spaces for training and
laboratory work

increasing global
competitiveness.

Scenario 2:
* 50% more lab space and two
1 i New Ladder Lab: " .
more floors of office, ation a::mru;mmradlmsm
space cepabilities to support future
* Visitor Centre (el *
; Utiities including Distilstion

+ Dedicated warehouse
Raise, Chiller Raise,

Scenario 3: Electical Room

+ Daycare, Cafeteria, Hostel a1
* Materials fabrication lab
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Where are we going?

Preparing Facilities for Future Needs

In 2024, the Canada
Foundation for Innovation
requested 15-year plans
from several major facilities
in three scenarios: (1)
Maintaining the current
level of operations; (2) fully
supporting the needs of the
Canadian research

SNgLAB

Scenarios: Major Components

Underground Laboratory

New Surf(]ce Bu||ding * Scenario 1: Refurbishment and Enhanced Capabilities
= Scenarios 2 and 3: Additional laboratory expansion

All Scenarios:

* Located outside industrial control Large Cavity for Beyond Existing Lab
zone “":iﬁ.kn"ﬁi:f o Phase | Ladder Labs
Phase Il Large Cavity

* Large auditorium space to
accommodate current staff and
programs

* New spaces for training and
laboratory work

community; and (3)
increasing global
competitiveness.

SURF (US) and SNOLAB
(Canada) have visions or

Scenario 2:
* 50% more lab space and two v 3 plans for ngWth to meet
oicjiionesloffoingy ation (e ! community needs. Jinping
T v Ot (G s aeney
+ Dedicated warehouse ' e Se— completed an expansion

Scenario 3:
+ Daycare, Cafeteria, Hostel
* Materials fabrication lab

S. Sekula (SNOLAB, Queen’s, Laurentian)
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el and Boulby’s expansion

(UK) is underway.
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Closing thoughts

Try to take the long view on this problem
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Closing thoughts

Try to take the long view on this problem

“‘We apologize to experimentalists for having no idea what is the mass of
the Higgs boson. .. and for not being sure of its couplings to other particles, ex-
cept that they are probably all very small. For these reasons we do not want to
encourage big experimental searches for the Higgs boson ...” (Ellis, Gaillard,
Nanopololous. 1976) [27]
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Try to take the long view on this problem

“‘We apologize to experimentalists for having no idea what is the mass of
the Higgs boson. .. and for not being sure of its couplings to other particles, ex-
cept that they are probably all very small. For these reasons we do not want to
encourage big experimental searches for the Higgs boson ...” (Ellis, Gaillard,
Nanopololous. 1976) [27]

“We also apologize to both theorists and experimentalists for having no idea
what is the mass of the constituents of dark matter. We, too, apologize for not be-
ing sure of its couplings to other particles, except that they might be non-existent,
or very small, or even, consistent with the data, at the scale of strong nuclear
interactions. For these reasons, we strongly encourage big experimental and
theoretical searches for the constituents of dark matter. It is by scientific work
that we will eliminate our confusion.” (Cooley, SS. 2024)[28]
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THANK YOU! (And join us for research and learning at SNOLAB)

SNOLAB is now running an annual light-weight summer
academic program, the SNOLAB Underground Science o | SNOLAB snolas
Institute (SuSi) lecture program, over 8 weeks (June 8 — Su || Si | Underground
AUgUSt 14’ 2026) “““““““ . Science Institute

Information about SuSi 2026, including the Application of Interest,
is available: https://indico.snolab.ca/e/susi2026.

Aimed toward graduate students and post-docs

2-3 lectures per week, lecturers/topics change every 2
weeks

> 70% of your time free to engage in your research.
We have hosted both experimental and theoretical
participants.

Sudbury has great natural beauty, good and varied restaurants,
and a vibrant cultural arts scene.
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Appendix

Cosmic Ray Muon Flux
The symbols * and T indicate

o
L

W E a3tk Moel 1 aconceptual lab and a lab
g :\ A Mountain Overburden - that fqrmerly hosted .
k= 10228 B Flat Overburden | experiments, respectively.
5 l‘;&vmpﬁtﬁga t gl amioka 1 Flux data from
T w1 : 1 Refs. [29, 30, 31, 32, 33, 34,
S 102LpAUL* AemYomiab - 35,36, 37, 38, 39, 40] and
= B BUSEUPL,_, R = 1 muon flux model from
I S5k g e Callio Labt | Ret[41]
" e !‘ A «=<LSM 3 Labs quote their vertical
r SURBFa:;:n—,,“ANDES* 1 depthin
i Sso 1 metres-water-equivalent.
10°E \\\ 3 Straight vertically up is the
- SNOLAB,... S AA—‘C‘JPL 1 deepest point for a mountain
i Sso 1 lab and the shallowest point
10703 2 3 i 5 6 o 8 for a "flat overburden” lab.

Water-equivalent depth [km]
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Appendix

Preparing Facilities for Future Needs

| Boulby Development Project i E
New Laboratory and New Science. o underons

Stage 1: Clean manufacturing and multi-
science lab in salt (1.1km) - 2028

Stage 2: Full depth sci
Polyhalite (1.3km)

Stage 1 (Salt)

'S 3
\\4" o ~(30m)° main, N

b cavity N

E 4 4 N
- )\\‘\\»s§> S

S Stage 2

\\‘ (Polyhalite)

Excavations for stage 1 of expansion|

&%y currently expected to begin mid-2024.

Total volume
(Stage 1+ stage 2)
~120,000m*

Boulby expansion [42]

ASPEN2026 — DM EXPERIMENTS

Standing in the extension drift at

SURF where future expansion
could proceed.

February 5, 2026

S. Sekula (SNOLAB, Queen’s, Laurentian)



Appendix

Scattering Concepts for Dark Matter Detectors

Dark Matter Detection Equations

2 2
lab _ [ MxMN v
EZ° = <—mx+mN> mN(l cos0R) (1)
dR  po Vese _ doyn 5-
dEn iy /me vi(V) dEx a’v (2)

Observed energy (e.g., photoelectron-related energy) may not map directly onto recoil
energy (e.g., the nuclear recoil). This requires quenching factors, QF, that must be
calculated or measured, Enp = QF Eee.
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Appendix

Effective Field Theory for Dark Matter Scattering Interpretation

0, = 1X1N 0 = § mi
e a0 N
O3 = ’SN'{miNXV} O = S {S \7]
0, = §,-§ ta 1= G
: f N O3 = ’[X'VL}{N'mi}
05 = I’X'{miNXVl} = (_j = ﬁN
. . O = I{Sx'*} {SN L]
o =[S ] [8n 2] ™ )
my my I i = _ i
O; = Sy-vt O = {SX m/v} (SNXV) m/v}
Oy = S, -vt
s (o
Oy = ISX'{SNmeN}
_ g, 9
O = iSy my
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XENONNT: Detector and Backgrounds

Vital stats: 8.5 T (~ 50-70% fiducial), dual-phase liquid Xe TPC

Major backgrounds:

Low Mass High Mass
Cathode radioactivity £ and ~ recoil events from
Accidental electrons radionuclide decay
(pileup of single Accidental coincidences of S1 and
electrons) S2 (subdominant)
Delayed electrons Neutrons
8B CEvNS Atmospheric v nuclear recoils

Solar v electron recoils

Key radionuclide contaminants are (in order from dominant to

Credit: XENON Collaboration . . - . .
subdominant): 214Pb, 3H, ®°Kr, 37Ar, 136Xe
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XENONNT: Recent Results in Heavy DM [43]

[cm?]

——XENONNT (this work)
----XENONNT 2023

= XENONNT (this work)

10-45 ----XENONNT 2023
--- LZ 2025 ,
--- PandaX-4T 2025

sp
P

--- PandaX-AT 2025
--- PICO-60 2019 _.

77 ouutMon > 1ToV
1910 cm? x

WIMP-nucleon cross-section o,

10 10? 10*
'WIMP mass Mpy [GeV/c?]

Spin-Dependent (proton) Constraints

——XENONNT (this work)

WIMP-nucleon cross-section oS! [cm?]

1074 E im’“’ - XENONaT 2023 )
i M \ -o- PandaX4T2025 .~
E \\\ -~ - % \ -
i Sso _,”’ ouL(Mpy > 1 TeV/c?) = Z 1o-4t
i T 3.7><1()’45(;1112><+“’/‘;‘CZ §
10-48 1 g e -
10 10% 10° o e
H o )
WIMP mass Mpy [GeV/c?] i
Spin-Independent Constraints Spin-Dependent (neutron) Constraints
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Appendix

XENONNT: Recent Results in Light DM [44]

10-41 [ (a): SI DM-nucleon scattering _ 107 (0 SD PMeneutron seattering
NE 10—37
S —42 & 10738
g 10 F
— . = 10739
- DarkSide-50 (2023) g
g’ 1043 B 10710
5 10-4 > L n n s s
T) 10—44 3 GeV/c 4 5 6 7 8
E Spin-Dependent (neutron) Constraints
= —45 (d): DM-electron scatterin; &
Z 10 " Jiow §
:
1046 L Xe neutrino fog 10-3 §
O’Hare (2021) 3
3Gev/ic2 4 5 6 7 8 -
Spin-Independent Constraints XENONAT (s worl) 7o :
&

L L s L 10-42
0.1 GeV/c? 0.5 1 5 10

DM-electron Constraints
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Appendix

LUX-ZEPLIN: Detector and Backgrounds [11, 12]
Vital stats: 7 T (=~ 78% fiducial), dual-phase liquid Xe TPC

Major backgrounds:

Low Mass High Mass

8B CEvNS 5 and ~ events from radionuclide

Accidental decay

coincidences of Solar v electron recoils

OlIg_O—)ing S1 and S2 Accidental coincidences of S1 and
P Particle Neutrons S2 (subdominant)
Ir;caor?cllr;g (subdominant) Atmospheric v nuclear recoils

®B and hep v nuclear recoils
Neutrons

Key radionuclide contaminants are (in order from dominant
to subdominant): 2'Pb, 8°Kr, 37 Ar, 212Pb, 218Po, 3H, 13C,
LZ concept (graphic from SLAC) 136Xe, 124Xe, 127Xe
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Appendix

LUX-ZEPLIN: Recent Results in Heavy DM [11]

S

WIMP-proton o, [em?]

T 10
™ o
g 0
\_'—: 0
S
o 1 O _§ WIMP Mass [GeV/c?]
8 ]
ERE R W\ it 1 Spin-Dependent (proton) Constraints
T AR e ‘ ‘ ‘
e 10 T \ N E
= R\ ] 3
= L N —- ] ¢
48 N ++++ Median 30 discovery potential H
10 E ---= Median expected upper limit 2
F Power constrained upper limit J g
L | . =+ Unconstrained upper limit 1 Z
10' 10 10’ 10*
2 'WIMP Mass [GeV/c?]
WIMP Mass [GeV/c?]

Spin-Dependent (neutron) Constraints
Spin-Independent Constraints
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Appendix

LUX-ZEPLIN: Recent Results in Light DM [12]

—41
10— g
F o\ e Median 30 discovery potential
F === Median expected upper limit
10_42 —— Observed upper limit

DM-nucleon og; [cm?]
=

h

|
E el PandaX-4T S1-S2 (2023)

107 T
: . . XENONNT (2024)
L Idealized Neutrino Fog SR

10k (O'Hare, 2021) =
E..|...‘|....|....|....|..K|...‘1.‘Hl.

3 4 5 6 7 8 9 10
DM Mass [GeV/c?]

Spin-Independent Constraints

aints

LZ (This Result)

7
DM Mass [GeV/e?]

Spin-Dependent (neutron) Constraints
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Appendix

PandaX-4T: Detector and Backgrounds [46, 18, 47, 45]

! Adaan Vital stats: 3.7 T (=~ (60-75)% fiducial), dual-phase liquid Xe
& panoar 2 & TPC

H Major backgrounds:
Low Mass High Mass
8B CEvNS Accidental coincidences of S1 and
Dark matter particle e Accidental S2 (subdominant)
coincidences of S1 Radon progeny (radionuclides)
and S2 Tritium
Neutrons,v/5 ERs, Neutrons
surface

Surface backgrounds
Xenon radionuclides
Neutrons

backgrounds
(subdominant)

PandaX-4T concept [45 . . . . .
pI43] Key radionuclide contaminants are (in order from dominant to

subdominant): 214Pb, 3H, 89Kr, 212Pb, 136Xe, 127Xe, 12*Xe. 3H
largely addressed after Run0 using cryogenic distillation.
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Appendix

DEAP-3600: Detector and Backgrounds [48]

Glove box

Central support assembly
¥ (Deckelevation)

Steel shell neck
(Outer neck)

Tnner neck (green)
Vacuum jacketed neck (orange)

Neck

veto (NV) \ Cooling coil
\

Gaseous

Ve Acrylic flow guides (FGs)
argon .

48 Muon
A Vet (MV) PMTs
255 PMITs
/" & light guides
gh gu
Acrylic vessel (AV)
& TPB layer

Steel shell

—3279 kg
Tiquid argon

Filler blocks

Foam blocks behind
PMTs and filler blocks

Bottom spring support

DEAP-3600 schematic

S. Sekula (SNOLAB, Queen’s, Laurentian)

Vital stats: 3.3 T (= 25% fiducial), single-phase liquid
atmospheric Ar

Major backgrounds (High-Mass only):

« events in the neck region (should be addressed by recent upgrades)
Radiogenic and cosmogenic neutrons

B/~ electron recoils (subdominant)

Surface backgrounds

DEAP-3600 tuned the selection to achieve < 1 background
event in 231 live-days. Key radionuclide contaminants that
produce radiogenic neutron backgrounds are: 233U, 235U,
232Th. These derive primarily from polyethylene filler blocks
and PMT glass.
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Appendix

DEAP-3600: Results in Heavy DM [48, 50]

107 ¢

n[cm

10743 |

- N N
(@] (e} o
A A IS
[} (4] S

BN

o
L
]

S| WIMP-nucleon cross secti

10? 10° 10* 107 102 103 10
WIMP mass [GeV/c?] my [Gevie?]
) ) Effective Field Theory constraints using
Spin-Independent Constraints Gaia Sausage inputs [49]

February 5, 2026 48
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DarkSide-50: Detector and Backgrounds [51]

— R Vital stats: 50 kg (=~ 63% fiducial), dual-phase liquid
: T underground Ar

/
HArfeed = mount an H H
’/f;“f‘.!m ‘¢ Major backgrounds (High-Mass only):
=~ _— Diving bell
Boiler for gas pocket T o anode Electron recoils (scintillation and Cherenkov events)
[T Extracton grid Surface background (primarily real S2 induced by surface
Field cage rings ] event in the liquid)
?\ PFE reflector Radiogenic and cosmogenic neutrons
4
4
4 cathode . .
| /'TO e DarkSide-50 achieved far less than 1 background event. Key
. ——ocanewndow  radionuclide contaminants that produce radiogenic neutron

backgrounds are: 238U, 235U, 232Th. These arise dominantly

i from the PMTs and a viton o-ring. The dominant electron
A recoils are induced by Compton scatters of vs from the TPC

DarkSide-50 schematic and cryostat, not radioisotope contamination of the UAr.

Bottom PMT array
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DarkSide-50: Results in Heavy DM [51, 52]

a1 .
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Model
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Appendix

CCD Detectors: Status and Overview [53, 54, 55]

Vital stats: three experiments — DAMIC
(SNOLAB, FNAL), DAMIC-M (LSM), and
SENSEI (SNOLAB) — using (Skipper) CCD
technology with sensitivity to even
single-electron displacement. Total
masses: 18 g (DAMIC), 26 g (DAMIC-M),
and 48 g (SENSEI).

52
=
510 E — Ohs
3 £ —— 2hs
02k 6hs
g S e U — 20 hs
@ £
E 100
S E
z L
104
109
6 |
0 -0.5 0 05

1 1.
Electrons
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CCD Detectors: Recent Results

Isodetection angle © (deg)
49 82 81 53 12

o
;H’

0 5 10 15 20
Sidereal time (h)

1=}

oON B O ®
T

Ll
o &
T

|
=
o o

1€’ rate residuals (events g‘1 day")
&
pasiazsazssusyy

FIG. 4. Residuals after the subtraction of the best-fit
background-only model to the total rate, binned as a func-
tion of local apparent sidereal time. As a reference, the upper
x-axis gives the isodetection angle ©(t) for the first day of
data taking. Each data point is obtained from the average
of 50 images. The red line shows the expected signal (mi-
nus its time average) for a DM particle of mass 1 MeV/c?,
Ge = 10" *cm? interacting via an ultralight dark photon me-
diator.

DAMIC-M diurnal modulation
search [54]

S. Sekula (SNOLAB, Queen’s, Laurentian)
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Appendix

NEWS-G: Detector and Sensitivity

Vital Stats: spherical proportional counter capable of
holding different target gases such as methane.
Program operated at LSM (60 cm diameter) and now
at SNOLAB (140 cm). Target low-mass DM

candidates.
32
10— T
1Q3f — NEWS-G: SEDINE — - NEWS-G: SNOGLOBE
C) F DarkSide-50  — — NEWS-G: ECUME
5 CRESST-lIl NEWS-G: DarkSPHERE
c 1045 e CDMSLite =uw=2 He v Floor
5 E —— Xenon 1T - Migdal
810°%°F
o E .
210%F
L1070 N
010
40 [ N
1077 N
1041
1072
10~* E- preuminany
[ 90% CL Upper Limit
1 044 E- @3.00m
45 F Sobar He:10% C,H,,
k= 300 d
10 F E(ooiaz,snkev
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Appendix

SuperCDMS -SNOLAB: Status and Reach [56, 57]

Vital Stats: SuperCDMS-SNOLAB completed primary
construction in 2025 and is now in operations
(commissioning, then science running). Germanium
and silicon crystals cryogenically cooled to mK
temperatures, sensitive to phonons and ionization.
Initial ~ 30 kg deployment. Emphasis on low-mass
(1-10 GeV) region.

Compare various detectors and optimal inverval
(dashed) and proflle likelihood ratio (solid) projections:

10 v 10

0%

107
10"

S

Dark Matter-nucleon o, fem?]

Dark Matter Mass [GoV/c]

Above-right constraints use just 6 g - days of HVeV data!
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Appendix

ANAIS: Detector and Recent Results [59, 60]

Sl Vital stats: Nine 12.5 kg Nal(TI) crystals (112.5 kg total), screened
A ‘ . for radiopurity. Six-year results presented in 2025.

ﬁ No evidence for annual modulation of

' scintillation yield in 3 years of data.
Incompatlble with DAMA/LIBRA claim at 4.00
(3.50) including (excluding) the lowest

== energy region. ANAIS reports 2.80 (3.90)
sensitivity to DAMA/LIBRA in those
respective energy regions.

Rate (cpdikg/keV)

The collaboration notes that improved
knowledge of quenching factors for sodium
and iodine recoils and non-proportional light
yield in the material is needed to reduce

systematic errors. . ——
ANAIS-112 [58] 0 days after August 3, 2017 (days)
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COSINE: Recent Results [61]

e \ital stats: Eight Nal(Tl) crystals totaling 106 kg, screened for
s radiopurity. Immersed in liquid scintillator. Last results from
2019.

§ DAMA/Nal + DAMA/LIBRA Component Average Activity (dru)
_ 003 § COSINE-100 Single-Hit Total (2.74£0.23) x 10”
ER ¢ COSINE-100 Multiple-Hit SH (1.41 £0.18) x 10°
3 { t 210pp, (1124 0.15) x 10°
% oo lﬂ *J i “H i j *1 {{ Flat (1.35+0.08) x 10~
% ook b Lt dhgrabe £ Fdopttp 1mcg (413 +0.39) x 102
- It T IREReN| t I t oT 138n (1.55+0.16) x 1072
£ -001 } 127 e (6.59 £ 0.52) x 107°
2 002 *Na (5884 1.34) x 107°
e 12impe (1.50 £ 0.16) x 1072
-0.03 121Te (5.07 £ 1.23) x 107*
-0.04 2 4 6 8 10 12 14 16 18 20

Energy [keV]

COSINE-200 was to be deployed in the new Yemilab complex
3 B84 in South Korea and was in preparation in 2025.
COSINE-100 detector (Credit:

Chang Hyon Ha)
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Combination of ANAIS-112 and COSINE-100 Data [62]

sl (@) Singlo Hit [1-6] keV S 0.015
oo g ¢ DAMA/LIBRA
0.05¢ o 0.0107 4 ¢ COSINE-100 6y
oo f\j 0,005 * ANAIS-112 6y
% oo s, }: e Combined 6y
- - o
S e < om0y 11} | 5o
-0.03}, H+ T T o w40
00400 600 800 1000 1200 1400 1600 =] —0.0051 mm 30
> sk (b) Single Hit [2-6] keV © 2
oo S -0.0101 1 ’
0.051 Fg o
0.00f 2 _0-015
~0.05 [1-6] keV  [2-6] keV
) —0.10[
0.03[ + . . .
vool oy A FIG. 4. Simple combination results of the COSINE-100 full
—o03}, + ‘ ‘*+ . +F dataset [18] and ANAIS-112 6-year [17] annual modulation

. . . L
00 400 600 _ 800 1000 1200 1400 1600
016

Days since Jan. 1, 2 searches. The colored bands show the sensitivity region for
FIG. 1.  The background subtracted residuals for 6-year data from both experiments combined in 1o (lightest

COSINE-100 (blue) and ANAIS-112 (red),for a total exposure blue) to 50 (darkest blue).
of 485 kg-yr in energy ranges of (a) 1-6 and (b) 2-6keV. The
subplots show their combined data in time bins of 2 months
(purple) where a grey curve is drawn to visually compare the

DANA modulation signal. Combined exclusion of DAMA/LIBRA explanation at 4.70
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Appendix

COSINUS: Overview [63, 64, 65]

g2 Vital stats: Phased deployment of Nal crystals in cryogenic
environment at Laboratori Nazionali del Gran Sasso (LNGS).
Begin with 272 g of material and scaleable to 2.8 kg.

Y “Background free” Nal concept using transition edge sensors
| with a special means to attach them to the hygroscopic Nal
crystal (RemoTES). Signal: scintillation + phonons.

. ———— Themallink
TES

| «€——— Si beaker as light absorber

Nal target crystal

| — Interface

~6—— Carrier crystal (e.g. CAWO,)
TES
S Thermal link

COSINUS cryostat installation
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Appendix

SABRE: Detector Concept and Status [66, 37]

Service flanges

Calibration tubes

s\ Veto vessel
shieding &

Steel and polyethylene Veto PMT

layers

Steel floor
Internal supports

SABRE-South concept

S. Sekula (SNOLAB, Queen’s, Laurentian)

Vital stats: Total mass goal is ~ 50 kg of Nal(Tl) crystals, screened for
radiopurity. Active liquid scintillator veto using coincidence. Two sites:
LNGS (North) and SUPL (South). Any cosmic-ray-modulated effects have
opposite seasonal phases in northern and southern hemisphere.

B e T

SABRE-North
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Appendix

PICO: Detector Concept and Status
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Append

PICO-500: Spin-Dependent Scattering Sensitivity

Spin-Dependent Region
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Appendix

Collider Constraints on Spin-Independent DM-nucleon scattering

37 I
€19 Earias praim ' ™7 = Djetresonarce CMS Preliminary S 10
35 ATLAS Preliminary EIRLAEL & £ . ———3 3 19,7025,9,,=
S 10 38 E 4 = JHEP 03 (2020) 145 £ 4 Boosted dijet (77 1b”)
T, aof Vs =13 TeV, 29.3-140 fb 3 oA S - Phys. Rev. D 100 (2019) 112007
g 10 =F_ }“" 02 -Dw|ehLem‘nn ulgm' § 3 Dijet+ISR j (183 1b)
Kol E CHien o6 ot 160 2 Phys. Lett. B 805 (2020) 135448
S 1040 g < i oy
= | 2 E btagged dijet (19.7 1)
2 10°% s, 0! % 3 P 2t one ovent
S10% 4« GoosieddietISR, 361 1 b Dl (137 1)
= F PLB 788 (2019) 316 c El JHEP 05 (2020) 033
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- 3 ] T e
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45 3 eEret 139" =] =
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6 <E]%y, 139 10" O 3
JHEP 02 (2021) 226 o —- PICASSO
10 <EP.Z(), 139 16" S S T Astropart. Phys. 90 (2017) 85
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E <ET4V(qq), 140 fb" = PICO-60
a8 Ve“‘;’:t_"e"'a‘"‘;- D"ﬂC1DM axiv: 2(:;; 01272 5 T Phys Rev.Lett 118(2017) 251301
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Summary plots from the ATLAS and LHC experiments on interpretations of searches as
theory-model-dependent constraints on DM-nucleon spin-independent scattering.

S. Sekula (S Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS



Appendix

Novel Material Approaches: Dirac Materials [67, 68, 69]

Interactions with materials have a directional
anisotropy, with response

Ef = +\/vZk -k + A2

k is the direction of the crystal lattice
momentum (wave number of electrons in
stationary states),

Sapphire (Al O3, left) ve is the Fermi velocity and takes the
Calcium Tungstate (CaWOy, right) place of the speed of light in the traditional
Dirac equation,

2A is the bandgap energy and replaces
the mass term.

Should permit modulation measurement as
dark matter wind changes angle to material
axes.

Promising candidate materials:
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Appendix

The "Low-Energy Excess" (LEE) [70]
What causes —
the EXCESS?

—— NUCLEUS Ig prototype
SuperCDMS CPD
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Appendix

One Insight: Glue Stress on Solid Detectors [71, 72]
2022: Glue Stress Causes LEE-like Events
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