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Outline

•Dark Matter: a (very) brief introduction

•Neutrino Physics: CEνNS in reactors (even briefer intro)

•Dark matter search using Fluorine with PICO

• BULLKID: Kinetic Inductance Detectors for dark matter

• Searching for dark matter with Argon in DEAP-3600

• SBC: A Scintillating Bubble Chamber with Argon for CEνNS and DM

• Final remarks
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Dark Matter Direct Detection and Reactor Neutrinos
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Pie chart of the Universe

What is the dark matter that makes up about
one quarter of the contents of the universe?

( 85% of the matter in the Universe)

Our Universe today: ΛCDM
from an impressive number of observations
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An impressive and overwhelming number of observations on all scales!
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What do we know about dark matter?

•Gravitationally interacting Stable or long-lived

•Cold or warm, not hot (relativistic) Non-baryonic

• Electrically neutral No Color Feebly interacting

Physics beyond the Standard Model
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Direct detection

WIMPs can scatter elastically with nuclei and the recoil can be detected

•Calculate rate based on assumptions about the
dark matter distribution and interaction

•Historically two interactions are considered (by DM experimentalists)

– Spin independent (SI) - couples to all nucleons
(enhancement for large nuclei)

– Spin dependent (SD) - couples to the spin of the nucleus
(unpaired spin of one nucleon)
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Rate calculation

The differential cross section (evts/kg/keV mass per unit recoil energy):

dR

dQ
=

ρ0

mχ

×
σ0A

2

2µ2
p

× F 2(Q) ×
∫
vm

f(v)

v
dv

•Dark matter density component

• The unknown particle physics component

• The nuclear part

• The velocity distribution of dark matter in the galaxy
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Neutrinos: they are everywhere

Within each person:
Roughly 30 million Big Bang

neutrinos
We emit neutrinos:

4000/second from potassium
4000/second from carbon

Passing through each person on
earth every second:

One hundred trillion neutrinos
from the sun:100,000,000,000,000
The earth receives more than:
40 billions neutrinos / sec · cm2
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What we know and don’t know about Neutrinos

What we know:
-Neutrinos have mass
-Squared mass differences

What we don’t know:
-Absolute mass scale
-Mass hierarchy
-Dirac vs Majorana
-New Physics?

•Dirac neutrino
(∆L=0, ν ̸= anti ν)

•Majorana neutrino
(∆L=2, ν = anti ν)
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Neutrinos from nuclear reactors

• Beta decays of fission daughters

• Low energy: < 10 MeV

• 6 anti-neutrinos / fission

• 2 × 1020 s−1 per GW

free for physicists

•Commercial reactors
(Nuclear Power plants)
low-enriched uranium (LEU)

–Mixture of fissions:
235U ( 55%), 239Pu ( 30%),
238U ( 10%), 241Pu ( 5%)

– Large power: 3 GWth

•Research reactors
highly-enriched uranium (HEU)

– 235U fission fraction 99%

– Lower power, few tens of MWth

– compact size
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Neutrino Physics: CEνNS

Spallation Neutron Source in Oak Ridge

First observation
π-decay-at-rest neutrino source
Science, Sep 15, 2017
DOI: 10.1126/science.aao0990
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Backgrounds, Backgrounds and Backgrounds
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Cosmic rays and natural radioactivity
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Backgrounds in our detectors

•How much radioactivity (in Bq) is in your body? where from?
4000 Bq from 14C, 4000 Bq from 40K (including about 8000 neutrinos)

•What is the most radioactive food we eat?
Bananas and coffee (1000 Bq)

•How many radon atoms escape per m2 of ground, per second?
7000 atoms/m2/s

Backgrounds: > 1011−12 events/ton/year
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How to catch a WIMP

•We live in a
Dark Matter halo!

• Look for coherent elastic
scattering off nuclei

•Neutrons

•Muons

•Gammas, beta decays

• alpha decays

•Neutrinos
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How to catch a WIMP

•Go underground

• Shielding

•Material selection

WIMP scatters:
(<1 event/ton/year)
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SNOLAB (Sudbury Neutrino Observatory Laboratory): Canada
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Gran Sasso (Laboratorio Nazionale del Gran Sasso): Italia
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PICO: dark matter searches using bubble chambers
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PICO Collaboration
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Physics with bubble chambers

1970s: Neutrino Beam Physics

• Sensitive to MIPs

• Particle tracks visible

• Threshold << 1 keV

•Multi-ton chambers,
multiple fluids

2000-today: Nuclear Recoil
Detectors

•Dark matter searches with
fluorocarbon bubble chambers

• Electron recoil blind

•Nuclear recoil threshold ∼ 3keV

• Scalable at modest cost
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PICO bubble chambers

• Target material:
superheated CF3I,
C3F8, C4F10

spin-dependent/independent

Could make a
dark matter bubble
chamber with any liquid!

• Particles interacting
evaporate a small
amount of material:
bubble nucleation

• Four Cameras record bubbles

• Eight piezo-electric acoustic
sensors detect sound

•Recompression after
each event
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Bubble chambers: signal

•Alpha decays:
Nuclear recoil and
40 µm alpha track
1 bubble

•Neutrons:
Nuclear recoils
mean free path ∼20 cm
3:1 multiple-single ratio
in PICO-60

•Neutrinos or WIMPs:
Nuclear recoil
mean free path > 1010 cm
1 bubble
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Bubble nucleation

Dependence of bubble
nucleation on the total

deposited energy and dE/dx

•Region of bubble nucleation at 15
psig

• Backgrounds:
electrons, 218Po, 222Rn

• Signal processes of
Iodine, Fluorine and Carbon
nuclear recoils

insensitive to
electrons and gammas
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Bubble chambers: signal

•Alpha decays:
Nuclear recoil and
40 µm alpha track
1 bubble

•Neutrons:
Nuclear recoils
mean free path ∼20 cm
3:1 multiple-single ratio
in PICO-60

•Neutrinos or WIMPs:
Nuclear recoil
mean free path > 1010 cm
1 bubble
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Bubble chambers: Acoustics

•Alphas are ∼ 4 times louder than nuclear recoil bubbles

•> 99.4% discrimination against alpha events demonstrated

•Discovered by the PICASSO collaboration
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COUPP60 and PICO-60
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COUPP60 and PICO-60
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PICO-40L:“Right side up” (RSU)

• Engineering:
demonstrate background reduction
and technology improvements for
PICO-500
- Focus on (neutron) background
reduction
- Confirm “RSU” design used in
prototype chambers

• Science:
acquire one-year background-free
exposure
- Order of magnitude improvement
on PICO-60 limits
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PICO-40L and PICO-500

Commissioning and data taking PICO-500 coming soon
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NREFT approach in PICO
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NREFT operators
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Absorption of fermionic dark matter

Study of fermionic dark matter
absorption via χ + N → ν + N
(neutral current interactions).

•Absorption converts fermionic DM
into a relativistic neutrino-like,
mediated by neutral currents
leaving a nuclear recoil.

• Low-mass DM (∼MeV)
producing nuclear recoils
with fixed energy.

(https://doi.org/10.1103/PhysRevLett.124.181301)
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Absorption of fermionic DM in PICO

Leading constraints on absorption
for DM masses below 23 MeV/c2

Absorption of Fermionic Dark Matter
in the PICO-60 C3F8 Bubble Chamber
Phys. Rev. Lett. 135, 011001 (2025)

Editor’s suggestion
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Anapole moment
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Electric and magnetic moments
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Millicharged DM

Results on photon-mediated dark-matter–nucleus
interactions from the PICO-60 C3F8 bubble chamber

Phys. Rev. D 106, 042004 (2022)
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Inelastic dark matter

If dark matter can’t scatter
elastically, kinematical effects

distinguish experiments

• Expected in varied dark matter
models

• Possible explanation for 511 keV
γ-ray excess in galactic center
and DAMA-LIBRA annual
modulation

• kinetic energy must overcome mass
splitting

• only scatter with heavier nuclei

(https://doi.org/10.1103/PhysRevD.104.103032)
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Inelastic DM in PICO

Search for inelastic dark matter-nucleus scattering
with the PICO-60 CF3I and C3F8 bubble chambers

Phys. Rev. D 108, 062003 (2023)
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BULLKID: BULky and Low-threshold Kinetic Inductance Detectors
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BULLKID Collaboration

25 people
6 institutions
4 countries
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Physics with kinetic inductance detectors

AC superconductivity

• Electrons bound into Cooper pairs

•Kinetic inductance from physical
inertia of mass pairs
dependent on Cooper pair density

•High quality factors
(Q ∼ 104 − 106)

Kinetic Inductance Detectors

• Superconductor at T < 200 mK
(Aluminium)

•Resonant circuit

• Energy deposition breaks
Cooper pairs
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A scalable detector for rare event searches

•Detection of phonons created by nuclear recoils in a silicon dice (0.3 g)

•Multiplexed readout: several KIDs coupled to the same feedline at
different frequencies

•KID: ∼ 2 × 2 mm2 × 50 nm, 0.5µg

•Dices carved in a thick silicon wafer: 60 detectors in 1

•Calibration using optical photons of known energy
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First demonstration of BULLKID-DM

Eur. Phys. J. C (2024) 84:353

• Exposure of 39 hrs.
(environmental backgrounds)

• Flat spectrum observed:
(2.0± 0.1 stat. ± 0.2 syst.)× 106

counts/keV kg days

• Energy threshold of 160 ± 13 eV

• Energy resolution: 27 ± 2 eV

Experiment at Sapienza:

•Array of 60 cubic silicon particle
absorbers (0.3 g each)

•Analysis on one of the central
elements of the array using
surrounding elements as veto

47



Shielding on surface

•Moderate γ-rays with Pb to reduce backgrounds
by at least a factor of two

•Continue validating the GEANT4 model on surface
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Underground experiment at Gran Sasso

•Active silicon target: ∼ 600 gr.

• 16 waffers each 5 cm radius
and 5 mm thick

Initial simulation of most relevant
backgrounds underground to define
shielding configuration:

•Gamma-rays: 0.729 γ/cm2/sec

•Neutrons in several energy ranges:
thermal, radiogenic, cosmogenic

•Muon flux: 3.2× 10−8 µ/cm2/sec
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Model for underground experiment

• Installation planned in the cryo facility at Gran Sasso (Hall B) in 2026

• Large volume available inside cryostat for additional shielding and veto
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BULLKID

• BULLKID-DM proved as a promising technology for
low-mass dark matter searches

• Possible to reduce backgrounds on
surface by two orders of magnitude
to explore background excess in
phonon experiments

•Underground detector has the
potential to be a leading experiment

•Monte Carlo simulations are in
good shape with excellent agreement and validation
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DEAP-3600: a single phase LAr detector
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DEAP Collaboration

80+ researchers in 
Canada, Germany, Italy, 
México, Russia, Spain, 

UK and USA
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DEAP

Dark Matter Experiment with Argon and Pulse-shape Discrimination:

• scattered nucleus detected via scintillation

• pulse shape discrimination for suppression of β/γ events
(Ar singlet and triplet states have different lifetimes, 7ns vs 1.6µs)

• LAr advantages:

– is easily purified and high light yield, well understood, has an easily
accessible temperature (85K), allows a very large detector mass with
uniform response

•Detectors:

– DEAP-1: prototype, 7 kg LAr, 2 PMTs

– DEAP-3600: 3600 kg LAr, 255 8” PMTs
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DEAP-3600

• Single phase liquid argon:
simple, scalable, inexpensive

•Capacity of up to 3600 kg argon
(1000 kg fiducial)
in ultra-clean AV

•Vessel is “resurfaced” in-situ
to remove Rn daughters

• TPB wavelength shifter
deposition: in-situ vacuum
evaporation

• 255 Hamamatsu R5912
HQE 8” PMTs
(32% QE, 75% coverage)

• 50 cm light guides and
PE shielding for neutron
moderation

•Detector immersed in 8 m water
shield tank in Cube Hall
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DEAP-3600: NatGeo
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DEAP-3600
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DEAP and EFT

Constraints on dark matter-nucleon effective couplings in the presence
of kinematically distinct halo substructures using the DEAP-3600 detector

Phys. Rev. D 102, 082001 (2020)
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DEAP and Halo Substructures
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DEAP, EFT and Halo Substructures
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DEAP: impact on operators and substructures
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DEAP: specific interactions

Full set of exclusion curves for all model combinations available online:
Zenodo: (DOI: 10.5281/zenodo.3998892)
https://zenodo.org/record/3998892
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Update from DEAP-3600: Ar39 half-life

• 39Ar Half-life

• arXiv:2501.13196 submitted to
Eur. Phys. J. C in Jan. 2025

• In tension with Nuclear
Data Sheets (NDS) value at
the 2.5σ level
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Results from DEAP-3600: neutrino absorption search
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Results from DEAP-3600: neutrino absorption search

Evidence for electron neutrino
charged-current interactions
(neutrino absorption, CC νe)

from 8B solar neutrinos on 40Ar
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Results from DEAP-3600

Profile-Likelihood WIMP Search

•Updated background model inclusive of:

– data-driven surface alpha model

– degraded-energy alphas from dust

– shadowed alphas from neck region

– radiogenic neutrons

– cosmogenic neutrons

– Cherenkovs

– 39Ar

• 813 days of detector exposure

• Extended fiducial volume and relaxed cuts
for increased WIMP acceptance

•Detector cool down in process for third fill

66



SBC: a 10 kg LAr bubble chamber for dark matter and CEνNS
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SBC Collaboration
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First demonstration of SBC

Phys Rev Lett 118, 231301

A nuclear recoil: •Demonstrated (NU):
- Xenon at 500 eV threshold
- 30-gram target
- 0.3% photon-detection efficiency

•Argon down to 40 eV threshold
(1 bubble/ton-year from thermal
fluctuations)
- 10-kg target
- 5% photon-detection efficiency
(1 phd @ 2 keVr)
Events with zero photons
are signal

69



Xenon bubble chamber

•Xenon measured to have outstanding ER discrimination

• Thresholds explored down to 500 eV

•No gamma induced ER observed

•Xe bubble chambers don’t work for tracks (J.L. Brown, D.A. Glaser
and M.L. Perl, Phys Rev 102, 1956), “solved” by adding 2% ethylene.
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10 kg liquid Argon bubble chamber: 100 eV threshold

•Ar + 10-100 ppm Xe target, 178 nm scintillation

• SiPMs immersed in hydraulic fluid (CF4 at 130K)

• 20-360 psia (∼1-25 bar) cycles

• Single-fluid, “right-side-up” geometry used by PICO-40L

Scin%lla%ng	Bubble	
Chambers	for	
WIMPs	and	

Reactor	CEvNS	
Eric	Dahl	

Northwestern	University	
Fermilab	

	
Novel	Instrumenta%on	for	

Fundamental	Physics,	Nov	2018	

–65	to	–50	°C	
superheated	

–105	°C	
normal	

Mirrors	

To	hydraulic	controller	

PMT	

Camera	

LXe	

IR	illum
ina@on	

Vacuum	Cryostat	

Piezo	 Scin@lla@on	&	
Bubble		

Muon	paddle	

–65	to	–50	°C	
superheated	

–105	°C	
normal	

Mirrors	

To	hydraulic	controller	

PMT	

Camera	

LXe	

IR	illum
ina@on	

Vacuum	Cryostat	

Piezo	 Scin@lla@on	&	
Bubble		

Muon	paddle	

Piezo	
IR	LED	
VUV	SiPM	

Ar	+		
10ppm	Xe	

CF4	 130	K	

90	K	

71



10 kg liquid Argon bubble chamber
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SBC-10kg: Readout systems

• 3 Raspberry-Pi controlled cameras and LED rings for illumination:

• 32 Hamamatsu VUV4 Quads to measure scintillation light:

• 8 piezo acoustic sensors to monitor the nucleation process:
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Calibration

•Different nuclear recoil calibration techniques
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SBC: possible strategy

• SBC-Fermilab:
Build and commission detector
Calibrate NR and ER

• SBC-SNOLAB:
Build and install 2nd detector
Low mass dark matter searches

• SBC-CEνNS:
Upgrade SBC-Fermilab detector
Install at a reactor site for CEνNS
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SBC underground at SNOLAB: dark matter

Projected sensitivity to WIMP-like Dark Matter
with an energy threshold set at 100 eV,

and a background budget target of 1 event/year
76



SBC CEνNS: physics reach

• Two sites explored: ININ and Laguna Verde
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SBC CEνNS Physics: weak mixing angle and Z’ boson

• Precision as good as 1%
in the weak mixing angle,
similar to APV.

•Most stringent bounds for
new gauge vector bosons
(0.02 - 1 GeV and 70 - 230 GeV).
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SBC CEνNS Physics: ν magnetic moment

• µν = 5.4 × 10−11µB (90% C.L.), similar to GEMMA and Borexino.

Physics reach of a low threshold scintillating argon bubble chamber
in coherent elastic neutrino-nucleus scattering reactor experiments

Phys. Rev. D 103, L091301 (2021)
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SBC CEνNS: New Physics

Non-standard interactions Sterile neutrinos

New Physics searches in a low threshold scintillating argon bubble chamber
measuring coherent elastic neutrino-nucleus scattering in reactors

Phys. Rev. D 105, 113005 (2022)
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