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Dark Matter today
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GN self-interactions, dark radiation, light relics, etc

“Low mass” dark matter

Classic WIMP

A. Chou, Snowmass 2021

Axions

‣ Direct detection (18).

‣ Indirect detection (2).

‣ Astronomy (1).

‣ Grand theory (1).

Topics:
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18

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

Hugh Lippincott, UCSBCIPANP2025

Lights in the dark
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ARGO

Observed Result (90% CL)
20%-exposure Sensitivity
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 another push

‣ Several tons LXe targets.

‣ Now at background rates of 15 events/

kev/ton/year (XENONnT).

‣ A million (106) improvement in 

sensitivity in 25 years.

H. Lippincott
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“Radon-tag” uses field & flow model to predict locations of charged 
and neutral 214Pb

Active tag of 214Pb

13

218Po → 214Pb → 214Bi → 214Po

Tag volume tuned by comparing 
flow-prediction & BiPo observation

Tagged events 
reconstruct the 
214Pb 
β-spectrum!

LZ Preliminary 

214Pb activity in WS:

○ 3.9 ± 0.6 µBq/kg in total exposure
○ 1.8 ± 0.3 µBq/kg in untagged sample

15

- 60 ± 4 % of 214Pb in 15% exposure
- consistent with tritium calibration

- excessive ER leakage
- double-electron-capture of 124Xe
- ~20 counts – Qy floated in fit

Untagged (radon-poor)

Flow-tag in 2024 WIMP search

Tagged (radon-rich)

Qy
LL = (0.70 ± 0.04) Qy

β

124Xe double EC

WS2024+2022 combined limit

Frequentist, 2-sided profile likelihood ratio 
test statistic

Upper limit is power constrained @ -1𝜎 
sensitivity band per DM conventions: EPJC 
81 907 (2021)

Under-fluctuation from 

- observed arrangement of accidental 
events

- combination with WS2022 

Combined min cross section:      

𝜎SI= 2.2 x 10-48 cm2 @ 43 GeV/c2

18

C. Amarasinghe

WS2024+2022 combined limit

Frequentist, 2-sided profile likelihood ratio 
test statistic

Upper limit is power constrained @ -1𝜎 
sensitivity band per DM conventions: EPJC 
81 907 (2021)

Under-fluctuation from 

- observed arrangement of accidental 
events

- combination with WS2022 

Combined min cross section:      

𝜎SI= 2.2 x 10-48 cm2 @ 43 GeV/c2
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‣ 7 ton liquid xenon.

‣ ~280 live days.

Latest LZ
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Liquid Argon
DEAP-3600 Components

7

LAr target 
volume

Acrylic 
vessel

Acrylic light 
guide 
(fused to 
vessel)

Interior 
PMT

Ultra-pure 
water

Exterior 
(or veto) PMT

Neck

CIPANP 25 - D. Huff

‣ Single phase with PSD.

‣ Construction completed in 2016.

‣ Undergoing third fill.

DEAP-3600

13

What, Where, and When [7]

- The next step up from DEAP-3600, 
DarkSide-50, and ArDM

- Dual-phase LAr detector with a 50,000kg 
active target (20,000kg fiducial vol.) of 
underground 40Ar (UAr)

- Under a mountain (3800 m.w.e) at LNGS in 
Gran Sasso, Italy

2025+2017

An Introduction to DarkSide-20k

Photograph of the 
outside of the cryostat 
taken inside Hall C

DS-20k proposal

(or “DS-20k”)

The work 
continues!

Cryostat 
construction 

begins

First Proto-0 
operation

Mockup 
construction 

begins

2019 2023

End of 
DarkSide-50

2020 2024

Property of DarkSide

CIPANP 25 - D. Huff

DarkSide-20K

‣ 50 ton UAr TPC.

‣ Under construction.

‣ First data in 2028.

D. HuffUnderground Argon?

- Argon is available in the atmosphere, mostly in the 
isotope needed for detectors, 40Ar

* however *
atmospheric argon also contains radioactive 39Ar

- A source without as much 39Ar would be an 
improvement: we can get that underground!

14

Cortez, Colorado, USA
Urania: extract UAr

99.99% purity
Sardinia, Italy

Aria: refine UAr
99.999% purity

Gran Sasso, Italy
LNGS

Property of DarkSide

Property of DarkSide

CIPANP 25 - D. Huff

Fig. 6 from [11]: Comparison of the measured field off spectra for the UAr (blue) 
and AAr (black) targets, normalized to exposure. Also shown are the MC fit to the 
UAr data (red) and individual components of 85Kr (green) and 39Ar (orange) 
extracted from the fit.
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LAr for lower DM 
massesPhysics potential

- ROI: 0.1 keV - 10 keV n.r. 
- just bubble, no scintillation

- SNOLAB chamber, 10 kg-year exposure 
can reach 10-43 cm2 @ 1 GeV/c2 

- Tonne-year can reach boundary of the 
Ar ν-fog

- Target fluid flexibility (Xe, Ar, N2, etc.)

Xenon1T

DarkSide-50

13

Scintillating Bubble 
Chambers for 
Rare Event Searches

Ben Broerman
       for the SBC collaboration

CIPANP 2025

Scintillating Bubble 
Chamber (SBC)

‣ 10 kg target.

‣ Low threshold.

‣ Insensitive to β/γ.

‣ Scintillation vetoes 

high-E NR.

B. Broerman CHILLAX
J. Qi

11
LLNL-PRES-xxxxxx

TPC Internals: Two Grid TPC Prototype

2x2 Windowless VUV 
SiPMs (S13370)Windowed VUV 

SiPM (S13371)

Windowless VUV 
SiPM (S13371)

Anode (0 kV)

Cathode (10 kV – 
14 kV (negative))

Shield (0kV)

Front view Back view

Liquid Level 
meter

LEDs

Not shown: RGA 
”straw” and capacitor 
(for measuring Xe)

‣ Introduce Xe in LAr up to 4%.

‣ Xe scintillation and 

electroluminescence properties.

‣ Higher S2 gain observed.
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Neutrinos with Noble 
Liquid DM detectors

Daniel Wenz CIPANP conference 2025, Madison WI 

Signal Signal

12

Analysis dimensions and result

ACAC

PRL 133, 191002 (2024)

Measured 8B flux: 

𝟒. 𝟕−𝟐.𝟔
+𝟑.𝟔 ⋅ 𝟏𝟎𝟔 𝐜𝐦−𝟐𝐬−𝟏

Discovery significance of 2.73  in 

blind analysis! 

(3.22  without  S2 shadow inference dimension)

Daniel Wenz CIPANP conference 2025, Madison WI 14

First measurement of 8B CEvNS

• First observation of solar neutrinos via CEvNS!

• First observation of CEvNS in xenon!

• First adventure into the neutrino fog!

• First measurement of nuclear recoils via a coherent 
weak elastic interaction!

• 5 sigma measurement of CEvNS in reach of the 
science program of XENONnT

PRL 133, 191002 (2024)
Redrawn from Kate Scholberg,
Code Credit Robert Hammann

XENONnT detects 8B ν via CEvNS!

Daniel Wenz CIPANP conference 2025, Madison WI 11

Signal

• Signal model based on

• Solar model + SNO 8B flux measurement

• CEvNS cross section on xenon using standard model

about 12 8B events expected
(0.2 evts/(tonne x year))

(keep in mind the expected AC background is  
about 26 events and 130.000 before quality cuts)

D. Wenz

DEAP-3600 to measure 8B ν by CC in 40ArNeutrino charge-current interaction in argon

• First proposed by R. S. Raghavan (1986)
• Not yet observed
• Would be first observation of charged-current neutrino 

interactions in a dark matter detector
• Fundamental process for future multi-tonnes liquid 

Argon dark matter and neutrino detectors!

R. S. Raghavan Phys. Rev. D 34, 2088 (1986)M. Bhattacharya et al. measured Gamow-Teller (GT) strengths for 
transitions from 40Ar to 40K*
 • Energy threshold decreased from 5.885 MeV (Fermi) to 3.9 MeV (GT)

Bhattacharya, et.al., Phys.Rev. C 80, 055501 (2009)

11

Neutrino charge-current interaction in argon

• First proposed by R. S. Raghavan (1986)
• Not yet observed
• Would be first observation of charged-current neutrino 

interactions in a dark matter detector
• Fundamental process for future multi-tonnes liquid 

Argon dark matter and neutrino detectors!

R. S. Raghavan Phys. Rev. D 34, 2088 (1986)M. Bhattacharya et al. measured Gamow-Teller (GT) strengths for 
transitions from 40Ar to 40K*
 • Energy threshold decreased from 5.885 MeV (Fermi) to 3.9 MeV (GT)

Bhattacharya, et.al., Phys.Rev. C 80, 055501 (2009)

11

A. Garai
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Sensitivity projections
Counting experiment in an optimized fiducial volume

Sensitivity is primarily driven by target mass 

Impact of design drivers on 3σ discovery sensitivity 
(Loss from reverting each optimistic input to nominal, all else fixed)

- Gamma background: 15.5%
- Experiment depth: 11%
- BiPo tagging efficiency: 6%
- Single-/multiple-scatter discrimination: 4.3%
- Energy resolution: 2.5%

13

0νββ prospects with XLZD C. Amarasinghe

‣ Future >50 ton natural LXe TPC for 
DM and other physics.

‣ Joint between XENON and LZ 

Collaborations.

‣ Will have >5 ton of 136Xe.

‣ Search for energy peak at Qββ.
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ttrickle@fnal.gov The Search For Light Dark Matter 2

WIMPLight Dark MatterUltralight Dark Matter Primordial
Black Holes

New Paradigms For Dark Matter

Today’s focus

‣ Searches for DM-e scattering have 
emerged as the most sensitive 
probes for sub-GeV DM.

T. Trickle, P. Privitera
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Freeze-in

CCDs:
Noble liquids
mK calorimeters

Light mediator

▾ SENSEI  
▴ DAMIC(-M)

‣ 104 improvement in sensitivity in 
the past six years!
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DAMIC-M P. Privitera

• A low background (~7 dru) test setup operating at the LSM since 2022 

• Objectives: CCD performance and background studies, components 
validations for DAMIC-M 

• First science with prototype skipper CCDs: search for DM-e- 
scattering through charge spectrum and daily modulation 

• Today will present new results from Science Run 2, taken with 
DAMIC-M CCD Modules     

     

19

JINST19(2024)T11010

PRL130(2023)171003
PRL132(2024)101006

The Low Background Chamber at LSM 

ancient lead

CCD box  
with e.f. 
copper lid

open cryostat

Two CCD Modules 
in the LBC copper box

cryostat

movable  
external 
shielding

25

DAMIC-M probes benchmark hidden-sector dark-matter models!
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arXiv:2503.14617Heavy mediator Light mediator

DM-e exclusion limits

‣ Two prototype DAMIC-M CCD modules at Modane Underground Lab.

‣ 1.3 kg-day exposure, significant improvement in single e rate.

‣ Results exclude benchmark hidden-sector models for sub-GeV DM. 

Freeze-in models strongly constrained.

‣ Deployment of 26 modules in large detector scheduled by the end of 

2025.

11

Skipper CCD Readout 
• Non-destructive charge measurement,  Janesick et al. (1990)  

• Re-engineered for LBNL CCDs, Tiffenberg et al. (2017) 

• Single electron resolution by multiple NDCMs

Floating
gate

Output  
gate

Summing 
well 

•  Pixel readout time O(10 ms) for 0.15e-; ok for DM searches 

3e-

0.07e-
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Other CCD efforts
NR ionization efficiency

‣ Previous measurement by 
Chavarria et al. confirmed.

‣ Relevant for WIMP searches 

and CEvNS.

NR/ER discrimination in  CCDs

‣ By spatial correlation with defects.
Vijay Azad

Dark BeaTS

12

~100-gram skipper-CCD multi-layer detector to search for mCPs from NuMI.
FNAL LDRD-funded project. Pathfinder to develop the hardware, software and expertise needed for 
future dark sector searches at accelerators with skipper-CCDs.
Main goals: 1) Deploy and run Dark BeaTS at MINOS; 2) Advance tracking of low-energy depositions.

mCP

S. Perez (UBA)

Dark BeaTS @ NuMI (50 g-day)

Tracking enhances sensitivity at GeV masses!

Dark BeaTS B. Cervantes

‣ 100-gram skipper-CCD multi-layer 
detector to search for milli-
charged particles from NuMI 
beam at Fermilab.

‣ Coincidences between hits in 

multiple layers.

‣ Commissioning started in 

February.

‣ Similar detectors deployed at 

other sites (e.g., Moskita at LHC).
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Directionality
Single-photon Fluorescence from Trans-

Stilbene crystals read out by skipper CCDs

‣ Anisotropic response of the crystal results 
in daily modulation (10s of %) of sub-GeV 
DM signal. 

‣ ML to identify molecules with the best 

response.

Carlos Blanco - 2025 19

Many crystal samples can be read out by a 
single skipper CCD.

DIANA*
Daily Modulation in an Intrinsically Anisotropic Array

Collaboration: FermiLab, U. Toronto,
MIT, UIUC, U. Oregon, Penn State

Experimental Deployment
C. Blanco Low-pressure gas TPCs D. Loomba

‣ Directionality and particle ID for keV-scale NR.

‣ Allows to separate DM from ν signals into the ν fog.

‣ Proposal for 1000 m3 He detector to look for 10 

GeV WIMPs.
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Migdal Effect
‣ Migdal effect provides ionization detectors with 

sensitivity to very low energy nuclear recoils (and 
low-mass DM).

‣ The process has not been observed at these low 

energies.
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World Status
• World-wide effort to directly 

detect DM signals. 

• For “particle” DM the search 
currently spans from ~1 MeV to 
the Planck mass. 

• Different technologies target 
different mass ranges. 

• CCDs have greatest sensitivity 
below 35 MeV* 

• *Depends on the Migdal effect 
(very small probability of 
ionization)

9

DM-nucleus scattering

Nuclear Recoils in CCDs
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Silicon CCDs

Ionization Efficiency

Defects

Migdal Effect

Neutron Capture

Phys. Rev. D 94, 082007 (2016)
[J. Cuevas-Zepeda et. al., 2025, In preparation]

Phys. Rev. D 110, 043008 (2024)

etc 4

Measurement of the Migdal effect in CF4 
with an optical TPC

D. Loomba

NR

ER ‣ Optical TPC with 3D 
reconstruction 
performing well.

‣ Two science runs 

acquired (problems 
with DD gun).

‣ Third science run to 

start.
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Lower mass particle DM T. Trickle
Outline

ttrickle@fnal.gov The Search For Light Dark Matter 12

ttrickle@fnal.gov The Search For Light Dark Matter 15

Direct Detection with Phonons

Multi-Channel Direct Detection of Light Dark Matter: Target Comparison [1910.10716]
• Griffin, Inzani, T. Trickle, Zhang, Zurek

Experiments sensitive to single phonon excitations will be powerful probes of light dark matter.

‣ Active R&D by several groups.
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AxionsAxion parameter space covers ~1010 mass range

3Figure by A. Berlin and others

Wave-like 

dark matter: 

mass < 1 eV

ADMX

DM Radio

Probing QCD axions through electromagnetism

11

● Axion field converts to an oscillating electromagnetic signal in the presence of a 

magnetic field (Primakoff effect)

● Enhance signal with a tunable resonator

Proposal: Cabrera, Thomas (2010)
ν < 300 MHz
Lumped element searches (DMRadio,...)

Proposal: Sikivie (1983) 
ν > 300 MHz 
Cavity-based searches (ADMX, HAYSTAC,...)

Amplifier

M
ag

n
et

Cavity

Probing QCD axions through electromagnetism

11

● Axion field converts to an oscillating electromagnetic signal in the presence of a 

magnetic field (Primakoff effect)

● Enhance signal with a tunable resonator

Proposal: Cabrera, Thomas (2010)
ν < 300 MHz
Lumped element searches (DMRadio,...)

Proposal: Sikivie (1983) 
ν > 300 MHz 
Cavity-based searches (ADMX, HAYSTAC,...)

Amplifier

M
ag

n
et

Cavity

J. Sinnis

M. Simanovskaia

‣ DFSZ sensitivity.

‣ Scanning, moving up in 

frequency.

‣ R&D to extend frequency 

range.

‣ Demonstrator 
DMRadio-50L under 
construction at SLAC.‣ Large superconducting magnets.


‣ High Q resonators.

‣ Quantum sensors.
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Indirect detection with IceCube
Recent Results: Sun

�� ! ⌫⌫̄ "

Orders of magnitude stronger than direct 
detection constraints for spin-dependent 
scattering

IceCube Preliminary

14
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IceCube 
Preliminary

Publication under prep.

J. Lazar (UCLouvain)

WIMP annihilation in the Sun ‣ IceCube has searched for neutrinos from different 
possible DM sources: Sun, Earth, Dwarf Galaxies, 
Galactic Center. No signal yet.

‣ Sensitivity to neutrino signals from GeV to PeV.

‣ Uniquely sensitive to neutrino annihilation channel.

‣ Deployment of seven additional strings for upgrade 

will improve sensitivity.

‣ Sensitivity to spin-dependent scattering looks very 

promising.

M. Nisa

F. Vassallo
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More interesting ideas!

‣ Sensitivity of nuclear clocks to hidden-sector dark matter through time variation of αEM. 

‣ Is there evidence for a dark disk around the sun from different measurements of the gravitational  
quadrupole moment of the Sun (helioseismology vs. inner solar system probes)?

S. Gardner

G. Paz


