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0.4 GeV S ] ~( MpMVDM :
Mpy - cm’ )3 2r

For ultralight DM, (mpy S 30 €V), Iipy =

(overlapping
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0.4 GeV S ] ~( MpMVDM :
Mpy - cm> A3 21

For ultralight DM, (mpy S 30 €V), fpy =

(overlapping
particles)

a = aycos(Epyt — kpyX) & ag cos(mpt)

Ultralight DM behaves like classical plane-waves!
(Mass and frequency are used interchangeably)
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L = 8uyy90,8 - Wytysw > H=— b, ,-§,+...

For DM : ba_w = gaww\/Zpa cos(m,t) - V gy [astro-ph/9501042]
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Axion-Like Particles Interaction with spins

-

L = 8uyy0,a - Wytysy > H=— b, - S, +...

For DM : ba—'// — ga'//l//\ / 2pa COS(mat) y Va—l// [astro-ph/9501042]

Astrophysical and long-range forces “observables” scale as
NGLH| )P (G| H? | ) o ggwj respectively
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L = 8uyy0,a - Wytysy > H=— b, - S, +...

For DM : b,_, = 8.\ 20, COS(M,1) - V,_,, (astro-ph/os01042]

Astrophysical and long-range forces “observables” scale as
NGLH| )P (G| H? | ) o gﬁww respectively

a a
a a ,
a VS.
a a
a ' a

Can we measure this effect linearly to compete?
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Axion-Like Particles Interaction with spins

-

L = 8uyy0,a - Wytysy > H=— b, - S, +...

For DM ba—l// — gaww\/Zpa COS(mat) y Va—l// [astro-ph/9501042]

Astrophysical and long-range forces “observables” scale as
"I (i|H|f) \2”,”(1' | H?|i)" ggww respectively
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Describe the evolution of macroscopic spin systems
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Describe the evolution of macroscopic spin systems

—

§= y§>+l_9) X S

Torque
(generates transverse from longitudinal)
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Describe the evolution of macroscopic spin systems

§o(/F + 135_
Torque

(generates transverse from longitudinal) Decaying excitations

(causes stabilization)
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Describe the evolution of macroscopic spin systems

Pumping term: Creating macroscopic polarization
(generates a non-trivial steady state solution)

€D

Torque
(generates transverse from longitudinal) Decaying excitations

(causes stabilization)
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Taking 5, > §,, S, the 5, = 5, + 15, equation is that of a

damped driven harmonic oscillator, solved via a fourier
transform,
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Taking 5, > §,, S, the 5, = 5, + 15, equation is that of a

damped driven harmonic oscillator, solved via a fourier
transform,

b, +yB, g
(yB,—m,) +ill *

S (w=m,) =
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Transverse Magnetometry

Taking 5, > §,, S, the 5, = 5, + 15, equation is that of a

damped driven harmonic oscillator, solved via a fourier
transform,

b, +yB, g signal + y - magnetic fields

x
(yB, —m,) + il ©  resonant detector with width

Giving us a linear resonant sensor.
Alternatively, one can measure the resonance frequency,

a)L — }/BZ + bZ'
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Optical: Using a laser beam, mostly through Faraday
rotation, we can learn about the spin polarization

7 Spin-Based (Co)Magnetometry Itay M. Bloch



7

Optical: Using a laser beam, mostly through Faraday
rotation, we can learn about the spin polarization

Auxillary magnetometer: a magnhetometer measures the
magnetization of the spin-sample:

Combined: One can use an optical magnetometer to read
out a different magnetometer.

Spin-Based (Co)Magnetometry
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Fundamental Noise Sources

Magnetic Noise:
Magnetometers often use p-metal and/or superconducting

shields to isolate them from the environment. The former
has magnetic noise which is often a limiting factor.

Bragnetic = O(1 — 100) fT/y/Hz
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Fundamental Noise Sources

Magnetic Noise:
Magnetometers often use p-metal and/or superconducting

shields to isolate them from the environment. The former
has magnetic noise which is often a limiting factor.

Bragnetic = O(1 — 100) fT/y/Hz

Readout Noise:
Whether optical or auxillary magnetometer, every readout

method has its own noise. B, jouc = ! -

Atomic Shot Noise: Similar to the SQL, arises from
measuring S, in an S, polarized system, with [S,, 5.] # 0.

1
BASN ~ _\/F/Ns ins
7S, P
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Current Performances
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(Currently) the most mature atomic magnetometer technology for BSM.
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Alkali-Noble Comagnhetometer

(Currently) the most mature atomic magnetometer technology for BSM.

“w'

Hot vapor Alkali magnetometers are electron-based.
Dense nulcear-spin carrying Noble gasses have long lifetimes and low

sensitivity to magnetic fields.

The two have a point-like quantum fermi interaction, and this allows the
optically probed alkali metals to measure the noble gas spins.
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Alkali-Noble Comagnhetometer

(Currently) the most mature atomic magnetometer technology for BSM.

Hot vapor Alkali magnetometers are electron-based.
Dense nulcear-spin carrying Noble gasses have long lifetimes and low

sensitivity to magnetic fields.

The two have a point-like quantum fermi interaction, and this allows the
optically probed alkali metals to measure the noble gas spins.

Some examples of experiments using these are GNOME, ChanggE, the
Romalis Group, and...
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Noble and Alkali Spin Detectors for
Ultralight Coherent darK matter
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Alk-Nob Comags example(s)

Noble and Alkali Spin Detectors for
Ultralight Coherent darK matter

N

NASDUCK
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Alk-Nob Comags example(s)

Noble and Alkali Spin Detectors for
Ultralight Coherent darK matter

N

NASDUCK Floquet: Oscillating
magnetic field to coincide the alkali
and noble resonance frequencies

NASDUCK Subtracted: 2 cells with 3
species to separate magnetic fields
from anomalous ones

NAS DUC K And more!
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[1302.3288]
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Examples

Nitrogen-Vacancy centers are defects in diamonds. The
negatively charged defects are spin triplets, that can, unlike
alkali magnetometers, be probed individually. They also have

far larger bandwidth.
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Nitrogen-Vacancy centers are defects in diamonds. The
negatively charged defects are spin triplets, that can, unlike
alkali magnetometers, be probed individually. They also have
far larger bandwidth.

[1302.3288]

Because electron-interactions are relatively harder BSM
targets, NV centers have not yet been used for Dark Matter
searches (though proposals exist).
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NV Centers

Nitrogen-Vacancy centers are defects in diamonds. The
negatively charged defects are spin triplets, that can, unlike
alkali magnetometers, be probed individually. They also have
far larger bandwidth.

[1302.3288]

Because electron-interactions are relatively harder BSM
targets, NV centers have not yet been used for Dark Matter
searches (though proposals exist).

A tuning fork

nucleonrseurce

Conversely, for searching for short range interactions, their >

< diamond

small size offers interesting possibilities [2010.15667] ~__ -
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NV Centers

Nitrogen-Vacancy centers are defects in diamonds. The
negatively charged defects are spin triplets, that can, unlike
alkali magnetometers, be probed individually. They also have
far larger bandwidth.
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targets, NV centers have not yet been used for Dark Matter
searches (though proposals exist).

A tuning fork
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Conversely, for searching for short range interactions, their o >
. . . cp epese <__diamond NV center

small size offers interesting possibilities [2010.15667] ~__ -

Additionally, their individual spin nature offers interesting ﬁ

interferometry possibilites, that could probe some
speculative quantum gravity models [2508.13662]
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NV Centers

Nitrogen-Vacancy centers are defects in diamonds. The
negatively charged defects are spin triplets, that can, unlike
alkali magnetometers, be probed individually. They also have
far larger bandwidth.

Because electron-interactions are relatively harder BSM
targets, NV centers have not yet been used for Dark Matter
searches (though proposals exist).

A tuning fork
nucleomrseurce

Conversely, for searching for short range interactions, their o >
. . . cp epese <__diamond NV center

small size offers interesting possibilities [2010.15667] ~__ -

Additionally, their individual spin nature offers interesting ﬁ

interferometry possibilites, that could probe some
speculative quantum gravity models [2508.13662]

And discussions exist for SM-usages in LHC (talk to Michael)
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CASPEr is meant to probe axion-like particles, through two different efforts,
CASPEr wind (led by Dmitry Budker), and CASPEr electric (led by Alex Sushkov).

CASPEr wind is a liquid Xenon experiment, measured by SQUIDs to high
precision, recently, this was the focus of CASPEr

—4— Scan A
~4+— Scan B
—+— Main scan
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2504.16044
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CASPEr electric is one of the only methods that may measure low-mass QCD
axions through their induced oscillating EDM.

It relies on crystals with large internal electric fields, and then the oscillating EDM
would cause a tilt of magnetization,

€ schiffEefszgd\ /PDM

My

M~ M,

Where € ;e Efr is the effective electric field multiplied by the schiff-suppression
factor. The 1/m scaling is crucial:
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Other Technologies

Storage Rings: expected hold promise for low frequencies.

Torsion Balance and the more futuristic levitated ferromagnets:
use electron spins, and the torsion/rotation leads to very
different systematics.

Liguid He3: interesting phases can lead to different
experimental regimes [2310.07791]

More! (magnons, longitudinal magnetometry, cold atoms...)
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Squeezing Nuclear spins Flux concentrators
[2502.14103, 2508.20520] [2509.24553]
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In addition to DM, some of these spin-based sensors are used to search for

new (mostly long-range) forces

Mass (eV)

10” 1w 1020

Ll v 1 v T

unl 2014 (p-N
| Adkins 2022 (e-2™)
eleclron magnelic momenl (e-g)
—+—yAlighanbari 2020 (p-N)

utron SCAGRO'U\Q lﬁ-N) I Suparnovae (u-u)
100°2°}  Caesimir (NN) =+ ’

:: + Casimir (e-e)
C107® N
« Tarsion (_:’f S~ _ 4 Stadnik 2023 (e-.")
Lo Torsion (N-N) //// S . e - - - - - -
k JWEP (2-¢
10}
1c " 107 10" 10° 10° 10*? 10"

A (m)

[Cong 2025 review]

19

QCDAxionm in eV

(USRS 107 107
Experimental Bounds 1

Astrophysical and Experimental Bounds

Force Range in cm

[ARIADNE experiment projections]

ltay M. Bloch



® Spin Based sensors have been growing in usage for BSM
applications over the last decade.

® There’s many ambitious proposals out there already.

® And yet, the full set of possibilities has certainly not yet been
fully explored.

20  Summary Itay M. Bloch



