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The Standard Model

Contains ~20 particles and ~20 parameters
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• A lot to learn about the neutrino sector

• Neutrino parameters of the PMNS matrix

• Are neutrinos their own antiparticle? (Dirac vs Majorana)

• The Cosmic Neutrino Background

SNO+
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Fig. 4. Expected SuperCDMS SNOLAB profile-likelihood ratio exclusion sensitivity for electron recoil and dark absorption
searches, at 90% CL with high voltage (HV) detectors. Top left: assumes DM is a low-mass dark photon that mixes with the
Standard Model photon via kinetic mixing; (blue) Si detectors, (red) Ge detectors, (grey shaded) current direct detection exclu-
sion limits. Top right: assumes DM is an axion-like particle that couples to the electron with strength gae; (blue) Si detectors,
(red) Ge detectors; (dark grey shaded) constraints from terrestrial experiments, (light grey shaded) astrophysical constraints,
(yellow band) favoured by stellar cooling as suggested in ref. [37]. Bottom: assumes low-mass DM scattering o% electrons is
mediated through a dark photon, where the scattering cross section σ̄e and the DM form factor F(q) given momentum transfer
q are defined as in ref. [&]; (grey shaded) current direct detection exclusion limits, (thick magenta) consistent with DM relic
abundance in benchmark scenarios outlined in ref. [&] with the dark photon 3x the mass of the DM. Taken from ref. [29].

&.3. Noble gas spherical detectors
A noble gas spherical detector, namely, Spherical Propor-

tional Counter (SPC), is a gaseous detector operating in the
proportional regime [()], providing detection solely through
the ionization channel. The low energy threshold down to
single-ionization-electron, generally of the order of a few tens
of eV, provides sensitivity to low-mass DM in the sub-GeV
region via NR detection. Flexibility in the choice of gas tar-
get through di%erent combinations of gas mixtures enables
searches in the spin-dependent (SD) and spin-independent (SI)
sectors.

Thanks to the modelling of primary and secondary ion-
ization (avalanche) as the convolution of COM-Poisson [(9]
(primary ionization) with the Nth convolution of Polya [50]

(avalanche), electron counting [5&] is performed through the
double-deconvolution [50] of the signal from the pre-amplifier
and avalanche response, which reduces the signal to a set of
individual peaks corresponding to the primary electron re-
sponse. Energy reconstruction is achieved by counting indi-
vidual electrons. In contrast, discrimination between surface
and volume events is achieved by measuring the time separa-
tion between the first and last primary electron in an event
[5&].

1.3.1. The NEWS-G experiment

The NEWS-G experiment employs an SPC for DM detec-
tion in the sub-GeV mass region. The detector consists of a
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The nature of Dark Matter

10−20 eV 10−10 M⊙MPl10−3 eV10−12 eV
QCD axionALP

10 GeV 10 TeV
WIMPLight DM

1 keV

Primordial BHs, Composite DM, 
and other postulated DM candidates

Candidates with consistent cosmology: Axion particles and WIMP, Light DM

Candidates that have a reason other than DM to be there:
Axions, in particular QCD axion and the WIMP

SuperCDMS(see talk by Miriam Diamond)
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FIG. 2. DAMIC-M 90% C.L. upper limits (solid thick black) on DM-electron interactions through an ultra-light (left)
and heavy (right) mediator. Limits based on the QEDark calculations (solid dashed black) are included for comparison with
previous results. Also shown are the previous DAMIC-M results [22, 23] and limits from DarkSide-50 [47], PandaX-4T [48],
SENSEI [45], SuperCDMS [46], XENONnT [49], and XENON1T [50] (also reinterpreted in Ref. [51] in terms of “solar-reflected
DM”.) Theoretical expectations assuming a DM relic abundance from freeze-in and freeze-out mechanisms are also shown in
light blue [20] (the freeze-out benchmark is valid for the specific scenario of complex scalar DM with mA→ → mω).

density. Taking into account all constraints of Fig. 2
(right panel), only complex scalar DM particles with a
mass around 25MeV/c2 remain viable in this scenario.

Note that the benchmark hidden-sector predictions are
model-dependent [12] and smaller cross sections are still
possible in certain scenarios. DAMIC-M, which plans
to collect a kg-year exposure, will probe the freeze-in
scenario beyond the benchmark model up to GeV DM
masses as well as other hidden-sector scenarios with
heavy mediators that match the relic density observed
today with smaller DM-e→ cross sections than that of
the freeze-out scenario with scalar particles [12, 19].

Constraints on other processes beyond the DM-e→

scattering of Eq. (1) that produce a charge ionization
signal are reported in the End Matter.

These results demonstrate the excellent performance
of the DAMIC-M prototype detector. The CCDs feature
minimal defects and a very low dark current, allowing for
highly e!cient pixel selection. With only a few percent
change of the single e→ rate over the three months of data
collection, the detector is remarkably stable enabling a
search for daily modulation in the DM signal [23] to be
reported in a forthcoming publication. We expect to im-
prove these results by orders of magnitude with the full
DAMIC-M apparatus, soon to be installed at the LSM,
which will operate →200 CCDs under strict control of
radiogenic and cosmogenic backgrounds.
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March 2025 results from DAMIC-M 
based on the DAMIC experiment started at SNOLAB 

(see Yoni Kahn’s talk)

SNOLAB in the next 15+ years: 
 Nursery of fundamental physics experiments



Superradiant aka 
coherent inelastic

interactions 
of cosmic noise

in collaboration with S. Dimopoulos, M. Galanis



A Brief History of the Universe

Big
Bang

The Cosmic Neutrino Background 
(CνB) The CMB



Other neutrino sources vs the CNB



The Cosmic Neutrino Background (CνB)

• Relic neutrinos from the pre-BBN era 

• They follow a Fermi-Dirac distribution with:

•

•

•
•  per flavor, per helicity model

τuniverse ∼ 0.1 sec

⟨pν⟩ = 6 × 10−4 eV

⟨Eν⟩ = 1.6 × 10−6 eV ( 0.1 eV
mν )

⟨λν⟩ = 2.1 mm

nν = 56 cm−3



Why is the CνB important?

• Probes physics at a time much earlier than the CMB

• An entire sector of the Standard Model: 3 flavors and 7+ 
parameters

• Using non-relativistic particles for 3D tomography of the 
Universe



Why is the CNB hard to detect?

• Weak interactions are very weak: Need a  volume to 
have one interaction over a 3 year period!

• Can we enhance the interaction through coherence so that the 
rate scales like ?

• Besides coherent elastic scattering, are there inelastic processes 
that are enhanced by   ?

(100 km)3

N2

N2



Coherence in emission and absorption of light

Power of the emitted light grows like the  as long 
as all precessing dipoles are within the wavelength

N2

Known as Dicke Superradiance (1954)



Coherence in inelastic scattering processes

• Spin dependent interaction between neutrinos and spins  results in a time-
dependent potential  

• Scattered outgoing neutrino energies 

• Scattering rate scales like  

• Energy conservation and coherence dictates that 

• Effect measured because of energy conservation; scattering changes the state 
of spins

H ∼
GF

2
δ(3)( ⃗xν − ⃗xs)N ⃗σν ⋅ ⃗σs cos(ωt)

Einitial ± ω

N2

ω ≤
υν

R

Incoming neutrino wave Outgoing neutrino wave
Einitial



Coherence in inelastic scattering processes

• Spin dependent interaction between neutrinos and spins  results in a time-
dependent potential  

• Energy conservation and coherence dictates that 

• Effect measured because of energy conservation; scattering changes the state 
of spins

• Ideal system: nuclear spins in a magnetic field

H ∼
GF

2
δ(3)( ⃗xν − ⃗xspin)N ⃗σν ⋅ ⃗σspin cos(ωt)

ω ≤
υν

R

Incoming neutrino wave Outgoing neutrino wave
Einitial ± ωEinitial



Coherent inelastic scattering of the CNB

• Neutrino - spin de-excitation scattering rate ∼ 0.2 Hz n2

(3 × 1022 cm−3)2

R4

(10 cm)4

Incoming neutrino wave Outgoing neutrino wave
Einitial + ω

Incoming neutrino wave Outgoing neutrino wave
Einitial − ω

• Neutrino - spin excitation scattering rate ∼ (0.2 Hz − 0.001 Hz 10 cm
R ) n2

(3 × 1022 cm−3)2

R4

(10 cm)4

Incoherent part: 10−22 Hz n
3 × 1022 cm−3

R3

(10 cm)3

Einitial

Einitial

For mν = 0.1 eV



Towards measuring coherent inelastic 
interactions

• Measure the change in the energy of the spins (excitation-deexcitation)

• Measure the uncertainty of spins (excitation+deexcitation)

• Quantum optics techniques to reduce the spins quantum uncertainty

• For the CNB, can improve by a factor of 100 compared to KATRIN

• QCD axion DM is now easy

Nuclear spin polarized sphere coupled to an LC circuit



Reach for Axion Dark Matter

+

SQL

With Squeezing and Magnification

QCD axion
Max squeezing protocol
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Axion DM reach for a sample density of 1021 cm-3 and size R≈29 cm

*For the CνB this matches the KATRIN



A Cosmic Neutrino Background Telescope?

?

How did the Universe looked like when it was less than 1 second old?…



SNOLAB: Super-Lab for Fundamental Physics?

• A Laboratory housing small scale experiments on fundamental physics at 
different levels of development

• Fundamental Physics means Neutrinos and DM but can include New 
Forces, New Particles, New Dimensions…

• HEP Model of a Users Facility plus Local Personnel 

• Can be a natural expansion of CUTE


