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What is the goal?

What are my goals for this talk?

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

I 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.

I A discovery in any one broad area will necessarily
lead to measurements and ideas across all
approaches†. All of us must be ready.

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

†For example, the AMS-02 Helium and LHCb Λb business shown by
Lesya [7]
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What is the goal?

What are the edges of the map?
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
The local density is
estimated to be about
0.3− 0.6 GeV cm−3.*

The average speed of
dark matter is
estimated from solar
motion through the
galaxy (v ≈ 240 km/ s).

*e.g. ρ� =
(0.44± 0.13) GeV cm−3

from a recent analysis of
Gaia DR3 K-type dwarf star
data [8] and
(0.32± 0.03) GeV cm−3

from the work David Shih
shared yesterday [3].
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What is the goal?

Direct detection has some core principles

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

I Atomic matter will respond in some way that
results in the release of energy: ionization,
scintillation, phonons (heat), etc.

I The interactions can be elastic or inelastic. The
sensitivity to elastic collisions is optimal when
mχ ≈ mtarget. Inelastic collisions relax that
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. . .
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Where have we been?

Underground Laboratories
A map with markers
showing underground
facilities and the
intensity of muons vs.
depth. The symbols ?

and † 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

Ionization, phonons,
scintillation

Liquid

Heat, ionization, scintillation,
vibration

Gas

Ionization
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Where have we been?

Interpretations of detector scattering observations: cross-section and mass
sensitivity [9, 10]

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?

Where are we now?
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Where are we now?

A Map of Current Dark Matter Direct Detection Experiments (Axions Included)
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Where are we now?

Example: SNOLAB in Sudbury, Ontario, Canada
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Where are we now?

Walking the Mine Drift
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Where are we now?

Walking inside SNOLAB
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Where are we now?

A busy, multidisciplinary underground laboratory

15 
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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.
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Where are we now?

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

LZ concept (graphic from SLAC)

Vital stats: 7 T (≈ 78% fiducial), dual-phase liquid Xe TPC

Light Dark Matter Backgrounds and Signals:

Key radionuclide contaminants are (in order from dominant
to subdominant): 214Pb, 85Kr, 39Ar, 212Pb, 218Po, 3H, 13C,
136Xe, 124Xe, 127Xe
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Where are we now?

LUX-ZEPLIN: Recent Results in Heavy and Light DM [12, 11]

Light Dark Matter Heavy Dark Matter

Spin-Independent Elastic Scattering Constraints
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Where are we going?

We must confront neutrino physics

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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Scintillating Bubble Chamber. "Planned" were SuperCDMS,
DarkSide-LowMass, SBC, a 1000 tonne-year liquid Xe detector,

and ARGO.

8B CEνNS theory predictions (low- and high-metallicity
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-CEνNS
hypothesis at 4.5σ.
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Where are we going?
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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.

8B CEνNS theory predictions (low- and high-metallicity
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-CEνNS
hypothesis at 4.5σ.

We are in an era where these instruments are
absolutely confirmed to be weakly interacting

(somewhat) massive particle detectors.
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Where are we going?

Large Scale Technologies
I 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.

I 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. . .

I . . . 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.
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Where are we going?

A Broad Spectrum Search Means All Physics on Deck [20, 21, 22, 23, 24, 25, 26]
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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: Polar Crystals in
TESSARACT/SPICE:

TESSARACT is sited for construction at
Laboratoire Souterrain de Modane (LSM)
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EXAMPLE: Polar Crystals in
TESSARACT/SPICE:

TESSARACT is sited for construction at
Laboratoire Souterrain de Modane (LSM)

EXAMPLE: Migdal effect observed [19]

First observation with
σMigdal/σrecoil = 4.9+2.6

−1.9 × 10−5!
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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: Polar Crystals in
TESSARACT/SPICE:

TESSARACT is sited for construction at
Laboratoire Souterrain de Modane (LSM)

EXAMPLE: Migdal effect observed [19]

First observation with
σMigdal/σrecoil = 4.9+2.6

−1.9 × 10−5!

EXAMPLE: superconducting qubits

Qubits installed and operating at the Cryogenic
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
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
community; and (3)
increasing global
competitiveness.

SURF (US) and SNOLAB
(Canada) have visions or
plans for growth to meet
community needs. Jinping
(China) has already
completed an expansion
and Boulby’s expansion
(UK) is underway.
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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]

“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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Closing thoughts

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
Institute (SuSi) lecture program, over 8 weeks (June 8 –
August 14, 2026).

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

I Aimed toward graduate students and post-docs
I 2–3 lectures per week, lecturers/topics change every 2

weeks
I > 70% of your time free to engage in your research.
I 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 † indicate
a conceptual lab and a lab
that formerly hosted
experiments, respectively.

Flux data from
Refs. [29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40] and
muon flux model from
Ref. [41].

Labs quote their vertical
depth in
metres-water-equivalent.
Straight vertically up is the
deepest point for a mountain
lab and the shallowest point
for a "flat overburden" lab.
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Appendix

Preparing Facilities for Future Needs

Boulby expansion [42]

Standing in the extension drift at

SURF where future expansion
could proceed.

Standing in the extension drift at

SURF where future expansion
could proceed.
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Appendix

Scattering Concepts for Dark Matter Detectors

Dark Matter Detection Equations

E lab
R =

(
mχmN

mχ + mN

)2 v2

mN
(1− cos θR) (1)

dR
dER

=
ρ0

mχmN

∫ vesc

vmin

vf (~v)
dσχN

dER
d3~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, ENR = QF Eee.

S. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS February 5, 2026 38



Appendix

Effective Field Theory for Dark Matter Scattering Interpretation

O1 = 1χ1N

O3 = i~SN ·
[

~q
mN

× ~v⊥
]

O4 = ~Sχ · ~SN

O5 = i~Sχ ·
[

~q
mN

× ~v⊥
]

O6 =

[
~Sχ ·

~q
mN

]
·
[
~SN ·

~q
mN

]
O7 = ~SN · ~v⊥

O8 = ~Sχ · ~v⊥

O9 = i~Sχ ·
[
~SN ×

~q
mN

]
O10 = i~SN ·

~q
mN

O11 = i~Sχ ·
~q

mN

O12 = ~Sχ ·
[
~SN × ~v⊥

]
O13 = i

[
~Sχ · ~v⊥

] [
~SN ·

~q
mN

]
O14 = i

[
~Sχ ·

~q
mN

] [
~SN · ~v⊥

]
O15 = −

[
~Sχ ·

~q
mN

] [(
~SN × ~v⊥

)
·

~q
mN

]
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Appendix

XENONnT: Detector and Backgrounds

Credit: XENON Collaboration

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

Major backgrounds:

Low Mass High Mass

I Cathode radioactivity
I Accidental electrons

(pileup of single
electrons)

I Delayed electrons
I 8B CEνNS

I β and γ recoil events from
radionuclide decay

I Accidental coincidences of S1 and
S2 (subdominant)

I Neutrons
I Atmospheric ν nuclear recoils
I Solar ν electron recoils

Key radionuclide contaminants are (in order from dominant to
subdominant): 214Pb, 3H, 85Kr, 37Ar, 136Xe
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Appendix

XENONnT: Recent Results in Heavy DM [43]

Spin-Independent Constraints

Spin-Dependent (proton) Constraints

Spin-Dependent (neutron) Constraints
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Appendix

XENONnT: Recent Results in Light DM [44]

Spin-Independent Constraints

Spin-Dependent (neutron) Constraints

DM-electron Constraints
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Appendix

LUX-ZEPLIN: Detector and Backgrounds [11, 12]

LZ concept (graphic from SLAC)

Vital stats: 7 T (≈ 78% fiducial), dual-phase liquid Xe TPC

Major backgrounds:

Low Mass High Mass

I 8B CEνNS
I Accidental

coincidences of
S1 and S2

I Neutrons
(subdominant)

I β and γ events from radionuclide
decay

I Solar ν electron recoils
I Accidental coincidences of S1 and

S2 (subdominant)
I Atmospheric ν nuclear recoils
I 8B and hep ν nuclear recoils
I Neutrons

Key radionuclide contaminants are (in order from dominant
to subdominant): 214Pb, 85Kr, 39Ar, 212Pb, 218Po, 3H, 13C,
136Xe, 124Xe, 127Xe
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Appendix

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

Spin-Independent Constraints

Spin-Dependent (proton) Constraints

Spin-Dependent (neutron) Constraints
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Appendix

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

Spin-Independent Constraints

Spin-Dependent (proton) Constraints

Spin-Dependent (neutron) Constraints
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Appendix

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

PandaX-4T concept [45]

Vital stats: 3.7 T (≈ (60–75)% fiducial), dual-phase liquid Xe
TPC

Major backgrounds:

Low Mass High Mass

I 8B CEνNS
I Accidental

coincidences of S1
and S2

I Neutrons,γ/β ERs,
surface
backgrounds
(subdominant)

I Accidental coincidences of S1 and
S2 (subdominant)

I Radon progeny (radionuclides)
I Tritium
I Neutrons
I Surface backgrounds
I Xenon radionuclides
I Neutrons

Key radionuclide contaminants are (in order from dominant to
subdominant): 214Pb, 3H, 85Kr, 212Pb, 136Xe, 127Xe, 124Xe. 3H
largely addressed after Run0 using cryogenic distillation.
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Appendix

DEAP-3600: Detector and Backgrounds [48]

DEAP-3600 schematic

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

Major backgrounds (High-Mass only):

I α events in the neck region (should be addressed by recent upgrades)
I Radiogenic and cosmogenic neutrons
I β/γ electron recoils (subdominant)
I 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: 238U, 235U,
232Th. These derive primarily from polyethylene filler blocks
and PMT glass.

S. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS February 5, 2026 47



Appendix

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

Spin-Independent Constraints
Effective Field Theory constraints using

Gaia Sausage inputs [49]
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Appendix

DarkSide-50: Detector and Backgrounds [51]

DarkSide-50 schematic

Vital stats: 50 kg (≈ 63% fiducial), dual-phase liquid
underground Ar

Major backgrounds (High-Mass only):

I Electron recoils (scintillation and Cherenkov events)
I Surface background (primarily real S2 induced by surface

event in the liquid)
I Radiogenic and cosmogenic neutrons

DarkSide-50 achieved far less than 1 background event. Key
radionuclide contaminants that produce radiogenic neutron
backgrounds are: 238U, 235U, 232Th. These arise dominantly
from the PMTs and a viton o-ring. The dominant electron
recoils are induced by Compton scatters of γs from the TPC
and cryostat, not radioisotope contamination of the UAr.
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Appendix

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

Spin-Independent Constraints
Effective Field Theory constraints using Standard Halo

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).

S. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS February 5, 2026 51



Appendix

CCD Detectors: Recent Results

DAMIC-M diurnal modulation
search [54]

Impact of single-electron event sensitivity on existing
SENSEI capability
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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.
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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 profile likelihood ratio (solid) projections:

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

ANAIS: Detector and Recent Results [59, 60]

ANAIS-112 [58]

Vital stats: Nine 12.5 kg NaI(Tl) crystals (112.5 kg total), screened
for radiopurity. Six-year results presented in 2025.

No evidence for annual modulation of
scintillation yield in 3 years of data.
Incompatible with DAMA/LIBRA claim at 4.0σ
(3.5σ) including (excluding) the lowest
energy region. ANAIS reports 2.8σ (3.9σ)
sensitivity to DAMA/LIBRA in those
respective energy regions.

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.
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Appendix

COSINE: Recent Results [61]

COSINE-100 detector (Credit:
Chang Hyon Ha)

Vital stats: Eight NaI(Tl) crystals totaling 106 kg, screened for
radiopurity. Immersed in liquid scintillator. Last results from
2019.

COSINE-200 was to be deployed in the new Yemilab complex
in South Korea and was in preparation in 2025.
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Appendix

Combination of ANAIS-112 and COSINE-100 Data [62]

Combined exclusion of DAMA/LIBRA explanation at 4.7σ
and 3.5σ in the 1–6 keV and 2–6 keV regions,

respectively.
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Appendix

COSINUS: Overview [63, 64, 65]

COSINUS cryostat installation

Vital stats: Phased deployment of NaI crystals in cryogenic
environment at Laboratori Nazionali del Gran Sasso (LNGS).
Begin with 272 g of material and scaleable to 2.8 kg.
“Background free” NaI concept using transition edge sensors
with a special means to attach them to the hygroscopic NaI
crystal (RemoTES). Signal: scintillation + phonons.
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Appendix

SABRE: Detector Concept and Status [66, 37]

SABRE-South concept

Vital stats: Total mass goal is ≈ 50 kg of NaI(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.

SABRE-North
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Appendix

PICO: Detector Concept and Status

Slide by Colin Moore
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Appendix

PICO-500: Spin-Dependent Scattering Sensitivity

Slide by Colin MooreS. Sekula (SNOLAB, Queen’s, Laurentian) ASPEN2026 — DM EXPERIMENTS February 5, 2026 61



Appendix

Collider Constraints on Spin-Independent DM-nucleon scattering

Summary plots from the ATLAS and LHC experiments on interpretations of searches as
theory-model-dependent constraints on DM-nucleon spin-independent scattering.
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Appendix

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

Promising candidate materials:
I Sapphire (Al2O3, left)
I Calcium Tungstate (CaWO4, right)

Interactions with materials have a directional
anisotropy, with response

E±
k = ±

√
v2

F
~k · ~k +∆2

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

I vF is the Fermi velocity and takes the
place of the speed of light in the traditional
Dirac equation,

I 2∆ is the bandgap energy and replaces
the mass term.

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

The "Low-Energy Excess" (LEE) [70]
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Appendix

One Insight: Glue Stress on Solid Detectors [71, 72]
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