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If you’re not working on 
experiment you’re not a theorist…
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The Direct Detection Frontier
Sub-GeV Dark Matter
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Conventional direct detection experiments search for elastic scattering:

Direct Detection: Kinematics
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Recoil energy drops fast 

Can’t go much below ~ GeV
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2mN
⇠ (mDMv)2
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Negligible recoil energy
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Entire DM energy can be transferred 

Essig, Mardon, TV, 2011
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Electron Ionization: Rates

Rapid drop-off
 in rate!

[Essig, Fernandez-Serra, Mardon, Soto, TV,  Yu, 2015]

Low threshold implies:
Sensitivity to low mass
Exponentially larger rates

Excellent sensitivity with small targets 
1 tonne (WIMP) vs. 100 gram (Light DM)



SENSEI
Sub-Electron-Noise Skipper CCD Experimental Instrument 
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Semiconductors: CCDs
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Pictures from a talk by Tiffenberg



Skipper-CCDs: Single-Electron Frontier

• Ordinary CCDs have two sources that limit sensitivity:

• Readout noise: 2 e-/pixel with ordinary science-grade CCDs.
• Dark current:   currently <10-3 e-/pixel/day.

• Readout noise dominates and requires 11e- threshold.



Skipper-CCDs: Single-Electron Frontier

• Ordinary CCDs have two sources that limit sensitivity:

• Readout noise: 2 e-/pixel with ordinary science-grade CCDs.
• Dark current:   currently <10-3 e-/pixel/day.

• Readout noise dominates and requires 11e- threshold.

•  SENSEI technology: Skipper-CCD. 

• Developed at LBNL and Fermilab.  Allows multiple reading of each pixel.
[Tiffenberg, Sofo-Haro, Drlica-Wagner, Essig, Guardincerri, Holland, TV, Yu, 2017]
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Skipper-CCDs: Single-Electron Frontier
[Tiffenberg, Sofo-Haro, Drlica-Wagner, Essig, Guardincerri, Holland, TV, Yu, 2017]

Skipper CCDs Highly reduced readout noise (~0.068 e-/pixel) 
 
 

Large dynamical range (up to 1500 e-’s per pixel) 

Pixel Value =
1

N

NX

i

(pixel sample)i
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The SENSEI Collaboration
Skipper-CCDs in 4 locations

Fermilab (MINOS Cavern) SNOLAB

Tel Aviv UniversityDAMIC Vessel (SNOLAB)

From talk by Alex Piers

(currently not working)
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SENSEI: 2020 DM Result
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SENSEI: 2020 DM Result

Electron Muon
1e Event X-ray
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SENSEI: 2020 DM Result

Heavy mediator models

DM

DM

e-

DM

A’

e-

DM

Many production mechanisms: 
asymmetric, 2-2 & 3-2 freeze-out, etc.

Boehm, Fayet 2003 
Essig, Mardon, TV 2011 
Essig, Fernandez-Serra, Soto, Mardon, TV, Yu 2015 
Hochberg, Kuflik, TV, Wacker, 2014 
Kuflik, Perelstein, Lorier, Tsai, 2017 
D’Agnolo, Pappadopulo, Ruderman, 2019 
…
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SENSEI: Latest results

Tim
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be
r 

D
en

sit
y Freeze-out of 

WIMP
DM

DM

e-

DM

A’

e-

DM

• Very light mediator.
• Couplings very small.
• DM never thermalizes. 
• Irreducible production mechanism.

Freeze-In Essig, Mardon, TV 2011 
Chu, Hambye, Tytgat, 2011 
Essig, Fernandez-Serra, Soto, Mardon, TV, Yu 2015 
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DM
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e−

e−
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DM Absorption
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SENSEI: 2020 DM Result

The Migdal Scattering
Scattering with nucleons



SENSEI(-related): Compton and Fano Factor

• Compton scattering is a background: high-energy photons can deposit small 
ionizing energy.

• Until recently, was never measured at low energy.
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SENSEI(-related): Compton and Fano Factor

Egap = 1.11 eVQ(Ee) = 1 + [(Ee − Egap)/ϵ] ϵ = 3.71 eV

Known energy levels.
Location can be used

to extract ϵ



SENSEI(-related): Compton and Fano Factor

Egap = 1.11 eVQ(Ee) = 1 + [(Ee − Egap)/ϵ] ϵ = 3.71 eV

Width is related to the
fluctuations around mean

ionization: Fano factor
F =

σ2
Q

⟨Q⟩ ≤ 0.31
(90 % CL)



SENSEI and Beyond

• SENSEI: 100 gram-yr (funded, SNOLAB, 2023-2025)
• DAMIC-M: 1 kg-year (funded, Modane, ~2023-..)
• Oscura: 30 kg-yr (R&D funded by DoE)



Direct Detection Frontier
Ultralight Dark Matter
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Ultralight Dark Matter

We measure the DM mass density:

ρDM ≃ 0.4 GeV
cm3

For DM with mass below eV: 

0.4 GeV
mDMcm3 ≃ ∼ m3

DMv3nDM > 1/λ3
de−Broglie

DM can be treated as a classical wave:

a ∼ a0eixμpμ

DM Scattering on targets is not what we want to search for!
Utilize coherent interactions



Ultralight Dark Matter : ALPs

DM with low mass must be a boson

Motivated example:  the Axion

Why is the neutron dipole moment so small (the Strong CP Problem)

dn < 1.8 × 10−26 e cm

More motivated examples:  Axion-like Particles (ALPs)

Found in many high-energy particle theories

Can be very light

May have intricate implications on structure formation 
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Ultralight Dark Matter : ALPs

What is the effect of ALP interactions?
∂μa ⋅ ψ̄γμγ5ψ

ψ
a

ψ

Non-relativistic limit:

⃗b a−ψ = 2ρa cos( ) ⋅ ⃗v a−ψ
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Recall for regular magnetic field: 
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Ultralight Dark Matter : ALPs

⃗B

⃗S

· ⃗S = ⃗S × ⃗Bγ

How do we measure this?

Dark Matter ALPs act as time-dependent
anomalous magnetic background

Larmor Precession 



NASDUCK
Noble and Alkali Spin Detectors for Ultralight Coherent darK matter 

Itay Bloch, Or Katz, Ori Katz, Gil Ronen, Roy Shaham,  TV
[Science Advances, 2022]
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Spins will try to follow
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magnetic field

Precession will shift
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Atomic (Co-)Magnetometers

Bz

b⊥

Anomalous field act 
as driving force

S⊥ = b⊥ + γB⊥
iΓ + (γBz − ma)

Sz

Resonance Effect!!

⃗b a−ψ = 2ρa cos( ) ⋅ ⃗v a−ψmatgaψψ
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Anomalous field act 
as driving force

S⊥ = b⊥ + γB⊥
iΓ + (γBz − ma)

Sz

PROBLEM:
Susceptible to 
magnetic noise

SOLUTION:
Take Noble atoms 
which have small γ
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Noble
Noble

Noble

Noble

Noble

Noble

Noble

Noble

Noble

Noble

Bz

b⊥

PROBLEM:
How can we read 

their spin?

SOLUTION:
Add another in-situ 

optical magnetometer
(typically Alkali metal)

For Noble atoms, 
spin is nuclear
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Atomic (Co-)Magnetometers

Noble
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Atomic (Co-)Magnetometers
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Floquet Field Enhancement

To search for large  one needs large  
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ma Bz

A solution is to Floquet-modulate the magnetic field

Bz = Bz,0 + BF cos(ωFt)
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Floquet Field Enhancement

To search for large  one needs large  
but two systems are no longer in resonance

ma Bz

A solution is to Floquet-modulate the magnetic field

Bz = Bz,0 + BF cos(ωFt)

SRb
floquet(ma + nωF) = η(n)

F SRb
⊥ (ma)

Tuning the Floquet frequency both systems can be 
brought to resonance!



First results from NASDUCK: 
Floquet quantum sensor



Floquet Quantum Sensor: Results

ALP-Neutron ALP-Proton

10°14 10°13 10°12

mDM [eV]

10°12

10°10

10°8

10°6

10°4

10°2

100

g a
N

N
[G

eV
°

1
]

CASPEr ZULF

NS

SNO

Long Range

SN

100 101 102 103
fDM [Hz]

10°14 10°13 10°12

mDM [eV]

10°11

10°9

10°7

10°5

10°3

10°1

g a
P
P

[G
eV

°
1
]

CASPEr ZULF

NS

SNO

Long Range

SN

100 101 102 103
fDM [Hz]



Floquet Quantum Sensor: Results

ALP-Neutron ALP-Proton

[Bloch,Kuflik,Hochberg,TV, 2019]
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Floquet Quantum Sensor: Results

ALP-Neutron ALP-Proton

[NASDUCK Floquet, Science Advances 2022]

Limits are the result of 3000 measurements over a 5-month period

10°14 10°13 10°12

mDM [eV]

10°12

10°10

10°8

10°6

10°4

10°2

100

g a
N

N
[G

eV
°

1
]

CASPEr ZULF

worst
best

1æ mean

NS

SNO

Long Range

SN

K-3He Comagnetometers

NASDUCK Floquet
(this work)

100 101 102 103
fDM [Hz]

10°14 10°13 10°12

mDM [eV]

10°11

10°9

10°7

10°5

10°3

10°1

g a
P
P

[G
eV

°
1
]

CASPEr ZULF

NS

SNO

Long Range

SN

NASDUCK Floquet
(this work)

1.8/2.0 (EM) model
N4LO+3Nlnl model
LSSM
¢NNLOGO(394) model

100 101 102 103
fDM [Hz]



The Many experiments of 
NASDUCK

1. NASDUCK Improved Floquet 

2. NASDUCK Double Floquet

4. NASDUCK Modulated

5. NASDUCK CoComag

3. NASDUCK High Frequency

6.                …
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Conclusions
SENSEI

Leading Light-DM experiment

Many new results coming up soon!!

Probes:     DM-electron scattering
    DM absorption

       Migdal Scattering

Upcoming:    Constraints from SNOLAB & MINOS
First modulation analysis

NASDUCK
Leading Ultralight DM experiment

Upcoming:    Many new co-magnetometer
                   experiments probing a wide range
                   of masses



To be continued...

Far too many mysteries to solve. 
Can’t stop now!

Israeli search for dark matter…


