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Main points

» Lecture 1: lumped element searches for the electromagnetic
interaction of axion-like dark matter

a(t) = apcoswg,t key experimental parameters:
« magnetic field B — larger is better SHAFT
Ecw’y = ga"y'yaE B . volumeV — larger is better ABRA
« temperature — colder is better DM radio

sensor noise and back-action

* resonant experiments are most sensitive

* on-resonance sensitivity is limited by thermal and
guantum noise

» back-action evasion via squeezing can expand
sensitive bandwidth, and thus speed up cavity scan
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Main points

» Lecture 1: lumped element searches for the electromagnetic
interaction of axion-like dark matter

a(t) = apcoswg,t key experimental parameters:
« magnetic field B — larger is better SHAFT
Ecw’y = gawaE B . volumeV — larger is better ABRA
» temperature — colder is better DM radio

sensor noise and back-action

B,

* resonant experiments are most sensitive

* on-resonance sensitivity is limited by thermal and
guantum noise

» back-action evasion via squeezing can expand
sensitive bandwidth, and thus speed up cavity scan

= Lecture 2: searches for the interactions of axion-like dark matter
with spins
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W What is dark matter?

noeutnnos

Neutrinog

Dark matter

Macroacopic

Primordiat MaCHOs

black holes

[Nature 562, 51 (2018)]

particle-like dark matter (eg: WIMPs): wave-like dark matter (eg: axions)
mass ~ 100 GeV mass << eV
[Phys. Rev. D 96, 035009 (2017)] [Phys. Rev. Lett. 118, 061302 (2017)]
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v

Pseudoscalar light particle: spin = 0, wide range of possible masses

B N

Proposed to solve the strong CP problem of Quantum Chromodynamics

Axions and axion-like particles, axion-like dark matter

[Phys. Rev. D 98, 035017 (2018)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(?‘) = @ COS Wyl

ALP mass range

2
mec” < meV

e

dark matter energy density:

GeaV . :
°Y ~(0.05eV)*

c1n:

4

large number of particles
per de Broglie wavelength

4

axion-like field: a(t) = ag cos w,l

ALP dark matter acts as a classical field
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Wo = mac?‘/h — ALP Compton frequency

PDM X (1.3 — dark matter density
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w Tomorrow: searches for interactions of axions with nuclear spins

Pseudoscalar light particle: spin = 0, wide range of possible masses
Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

LUl

interaction with photons:

ALPfield o L

amplitude —F,, F* —

symmetry ¥

breaking o 1
scale Layy = gayyal - B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors

ADMX, HAYSTAC, DMradio, SHAFT, ABRA,

ALPS, CAST, IAXO, CAPP, ORGAN, BREAD,

SLIC, LC circuit, MADMAX, KLASH, BRASS,
many others
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[Phys. Rev. D 98, 035017 (2018)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = Qg COS Wt
Only 3 possible (non-gravitational) interactions with standard model particles:

interaction with gluons:
(defines QCD axion)

a ~
F GG e
a

Hepm = gaaE* - 1/1

— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = gqa in presence of

effective electric field £~

¢,

CASPEr-electric

interaction with leptons:

A =
E_heyP sty a-----
Ja

HonN = gannVa -1

— nuclear spin I interacts with an
effective magnetic field Va.

co-magnetometers
force mediator — ARIADNE
electron spin — QUAX

CASPEr-gradient

[Rev. Mod. Phys. 93, 015004 (2021)]
[arXiv:2203.14923 (2022)]
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w Tomorrow: searches for interactions of axions with nuclear spins

Pseudoscalar light particle: spin = 0, wide range of possible masses
Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

LU ol

interaction with photons:

ALPfield L

amplitude —F,, P

symmetry ¥

breaking o 1
scale Loyy = gayyoE - B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors

ADMX, HAYSTAC, DMradio, SHAFT, ABRA,

ALPS, CAST, IAXO, CAPP, ORGAN, BREAD,

SLIC, LC circuit, MADMAX, KLASH, BRASS,
many others
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[Phys. Rev. D 98, 035017 (2018)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'"® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = Qg COS Wl
Only 3 possible (non-gravitational) interactions with standard model particles:

interaction with gluons:
(defines QCD axion)

a ~
Ll O

fa u,
Hepm = gqaE* - I/I ~ 7

— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = gqa in presence of

effective electric field £~

CASPEr-electric

interaction with leptons:

d,a -
ey ysthe  aee--
fa

HonN = gannVa- I

— nuclear spin I interacts with an
effective magnetic field Va.

co-magnetometers
force mediator — ARIADNE
electron spin — QUAX

CASPEr-gradient

[Rev. Mod. Phys. 93, 015004 (2021)]
[arXiv:2203.14923 (2022)]
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I
WSear‘ches for electromagnetic interaction of axion-like dark matter

a(t) = ap coswyt

10-°
. . . i 10-7 3 CROWS  [r1per
interaction with photons: ol ek e
i = 10 em
ALP field a N 107
amplitude —F,, F* S ot A
-10—11
symmetry ¥ ® % 10-12
breaking -~ O
ﬁa _ — ga O;E . B T IU—I]
scale 2 7Y S0
— ALP < photon conversion in a magnetic field op 1078
— precision electromagnetic sensors 10t
16717
10-1%
1072 T ' :
0 30070710 010 00 e T e A A0 AT (F 40t 48 48 4
mg [eV]

axion-like dark matter

sensor measures
electromagnetic field
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interaction with photons:

ALPfield .
amplitude —F,, F* P
symmetry "¢
breaking -

scale Layy = Jayyall - B

— ALP < photon conversion in a magnetic field
— precision electromagnetic sensors

axion-like dark matter

sensor measures
electromagnetic field
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'”Searches for electromagnetic interaction of axion-like dark matter

a(t) = agp coswyt

= CROWS  s1poy

- ABRA OSQAR
10 - 10 em

IU—IH XMM-Newton

. ; . M o : -5 LIS e \ : + : ] >
030 00100 T e T e e e A agt A 48 48 48 4

my [eV]

key experimental parameters:

* magnetic field B — larger is better
+ volume V — larger is better

* temperature — colder is better

» sensor noise and back-action
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WSpin ensemble as the transducer for detecting axion-like particles

interaction with gluons: interaction with leptons:

(defines QCD axion) ' 9

a ~ a —

i . e e L A T

fa Ja

* a (

Hepm = gaaE* - 1/1 HonnN = gannVa- I
— nuclear spin I interacts with an — nuclear spin I interacts with an
oscillating electric dipole moment effective magnetic field Va.
(EDM) d,, = g4a in presence of

effective electric field E7
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WSpin ensemble as the transducer for detecting axion-like particles

interaction with gluons: interaction with leptons:
(defines QCD axion) '
dua -

- — Py s e
fa

L
G,UJUG; d=-=-=-=-
HonN = gannVa- 1

fa
Hepm = gaaE* - T/T

— nuclear spin I interacts with an — nuclear spin I interacts with an
oscillating electric dipole moment effective magnetic field Va.
(EDM) d,, = g4a in presence of

effective electric field E7

axion-like field electromagnetic sensor measures
spin ensemble evolution
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wSpin ensemble as the transducer for detecting axion-like particles

interaction with gluons: interaction with leptons:
(defines QCD axion) '
(48

f— G;UJGHV q=====
a

Hepm = gaaE* - T/T ¢

— nuclear spin I interacts with an — nuclear spin I interacts with an
oscillating electric dipole moment effective magnetic field Va.
(EDM) d,, = g4a in presence of

effective electric field E7

B
— ey YsPe e
fa

Honn = gannVa- I

~ sample

B’ cos(w,t)
axion-like field spin ensemble acts electromagnetic sensor measures
as the transducer spin ensemble evolution

Pirsa: 22090012 Page 13/64



WSpin ensemble as the transducer for detecting axion-like particles

interaction with gluons: interaction with leptons:
(defines QCD axion) '
(48

f— G[.UJGMV AQ====-
Ja

Hepm = gaaE* - T/T

d.a -
— e vste oo
Ja

Hoenn = gannVa- I

— nuclear spin I interacts with an — nuclear spin I interacts with an
oscillating electric dipole moment effective magnetic field Va. .o ST
(EDM) d,, = gqa in presence of ks
effective electric field E7 ARIADNE

- sample flexibility to optimize
spin ensemble
parameters to optimize
transducer efficiency

— maximize sensitivity

B’ cos(w,t)
oscillating axion-like field spin ensemble acts electromagnetic sensor measures
mass as the transducer spin ensemble evolution
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CASPEr is
similar to NMR

Pirsa: 22090012

Aside: magnetic resonance

__MRI scanner
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CASPEr is
similar to NMR

Pirsa: 22090012

Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

interaction: Hnvr = —hyB -1

Page 16/64
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CASPEr is

it B interaction: Hnmr = —hy B - T

HNMR = -FL‘”BO T — ﬁ’)q(Bl COS wgf) I

'_ 1) place a spin-1/2 into an external
i magnetic field splits the spin states by 77 Bo

Pirsa: 22090012

Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

11

constant bias magnetic field B,
radiofrequency (RF) magnetic field B,cosm,t

Page 17/64



CASPEr is
similar to NMR

interaction: Hnvr = —hyB -1
HNMR — —h’)/[BO I — ﬁ’)/[(Bl CcOS w()t) I

1) place a spin-1/2 into an external
magnetic field splits the spin states by 77 Bo

2) spin polarization (thermal or optical) in a cm?
sample

3) resonance: wo = Y1 Bo
» RF magnetic field can now flip spins!

Pirsa: 22090012

1

Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

» constant bias magnetic field B,
» radiofrequency (RF) magnetic field B,cosm,t
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L4 Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

CASPEr is

it B interaction: Hxmr = —hy B -1 - constant bias magnetic field B,

Hmr = —hyrBo - I — Fryp(Bi coswot) - T » radiofrequency (RF) magnetic field B,cosm,t

LN 1) place a spin-1/2 into an external |l>
EJ// magnetic field splits the spin states by 77 Bo /\_/L_UU\/\’
2) spin polarization (thermal or optical) in a cm? |T>
sample
magnetometer
3) resonance: wo = Y1 By (eg, SQUID or coil) sample
* RF magnetic field can now flip spins!
* sample magnetization tilts and precesses | ey, B,
4) a magnetometer next to the sample detects \
the magnetic field created by this precessing |- ——
magnetization _ i .
signal
spectrum

» frequency
Y1 Bo
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CASPEr is
similar to NMR

interaction: Hnvr = —hy B -1
HyMmr = —hyiBy - I — ﬁ‘)q(Bl cos wgf) I

£ 1) place a spin-1/2 into an external
& S magnetic field splits the spin states by 77 Bo

2) spin polarization (thermal or optical) in a cm?
sample

3) resonance: wqo = Y1 Bo
* RF magnetic field can now flip spins!
* sample magnetization tilts and precesses

4) a magnetometer next to the sample detects
the magnetic field created by this precessing

magnetization

a tool for non-invasive imaging (MRI, EPR) and
studying molecular structure (NMR)

Pirsa: 22090012

Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

11

» constant bias magnetic field B,
» radiofrequency (RF) magnetic field B,cosm,t

Il)
|T>

wo

/M

magnetometer
(eg, SQUID or coil)

'
— B,

B coswpt

signal
spectrum

» frequency
Y1 Bo
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Vv Interaction of axion-like particles with spins

interaction with gluons:
(defines QCD axion)
(48

f— G;UJGHV q=====
a

Hepm = gaaE* - I/1

— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = g4a in presence of

effective electric field E7

G

interaction with leptons:

B
— ey vse 0o
fa

Hoenn = gannVa- I

— nuclear spin I interacts with an
effective magnetic field Va.

Pirsa: 22090012
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a(t) = ag cosw,t
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13
W Axion-like dark matter - pseudo-magnetic field
a(t) = ap coswgt
CASPEr-electric CASPEr-gradient

Hepm = gaaE* - I/1 HoNN = gannVa - T

[D. Budker et al., Phys. Rev. X 4, 021030 (2014)]
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@G@' Axion-1like dark

CASPEr-electric
Hepm = gaaB™ - I/1

13

matter -» pseudo-magnetic field

a(t) = ag cosw,t
CASPEr-gradient

HonN = gannVa- I

A A
' axion (or ALP) field '
a(t) = apcoswqt
‘ A Wy = macg/h — ALP Compton frequency
st M X ag — dark matter density
Hepm = (gaaoE™ coswgt) - T/1 HonnN = (ganNVagcoswyt) - T
| 12
Hcoasprr = —(hyr B coswgt) - I
el » Wi,
effective maénetic field oscillating at ALP nuclear
due to ALP dark matter Compton frequency spin

Pirsa: 22090012

[D. Budker et al., Phys. Rev. X' 4, 021030 (2014)]
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W Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hcoasprr = —(hyrBj cosw,t) -

1
U2 H = —hyBo- I — (hy By coswqt) - T

Pirsa: 22090012 Page 24/64
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@ Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hceasper = — (hyr By cosw,t) - I
Cigs H = —FyBy - I — iy B coswat) - T
A7

&b},
1) placing a spin-1/2 into an external
magnetic field splits the spin states by 77 Bo

2) spin polarization (thermal or optical) in a cm? sample

Pirsa: 22090012

constant bias magnetic field B,
spin-axion interaction plays the role of the RF field B,

— L
B,

200 1)
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14

v Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hcasper = — (hyr By coswqt) - I - constant bias magnetic field B,
H = —hy By - I — (hy B} coswgt) - T « spin-axion interaction plays the role of the RF field B,
1) placing a spin-1/2 into an external |l>
magnetic field splits the spin states by 77 Bo Wa
/M
2) spin polarization (thermal or optical) in a cm? sample |T>
3) resonance: w, = Y7 By
i : < . magnetometer
» axion-spin interaction can now flip spins! (g, SQUID or coll) R
» sample magnetization tilts and precesses '
4) a magnetometer next to the sample detects the e B,
magnetic field created by this precessing magnetization ' M
5) search for unknown frequency w, by sweeping ,,
bias magnetic field By, look for resonance signal B, cos(w,)
spectrum
K f
s » frequency
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14

v Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hcoasprr = —(hyrBj coswgt) -

H=—hyBy- I — (hyrBj coswgt) -

« constant bias magnetic field B,
« spin-axion interaction plays the role of the RF field B,

1
1

1) placing a spin-1/2 into an external |l>
magnetic field splits the spin states by 77 Bo Wa

/\/W

2) spin polarization (thermal or optical) in a cm? sample |T>

3) resonance: w, = Y1 By

magnetometer
(eg, SQUID or coil)

» axion-spin interaction can now flip spins!

» sample magnetization tilts and precesses

B,

4) a magnetometer next to the sample detects the R
magnetic field created by this precessing magnetization \

5) search for unknown frequency w, by sweeping J/ *'
bias magnetic field By, look for resonance signal B, cos(w.t)

spectrum
[D. Budker et al.,
k Phys. Rev. X 4, 021030 (2014)]

an NMR experiment with no RF magnetic field, \
instead axion-like dark matter flips spins Wa

» frequency
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ﬂaw_%pin ensemble as

the transducer for detecting axion-like particles

interaction with gluons:
(defines QCD axion)
(48

f— G;.-:UGHV q====-
a

Hepm = gaaE* - T/T ¢

— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = g4a in presence of

effective electric field E7

interaction with leptons:

00
— ey yste oo
fa

Hoenn = gannVa- I

— nuclear spin I interacts with an
effective magnetic field Va.

axion-like field

Pirsa: 22090012

spin ensemble acts electromagnetic sensor measures
spin ensemble evolution

as the transducer

flexibility to optimize
spin ensemble
parameters to optimize
transducer efficiency
— maximize sensitivity
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axion coupling strength —»

Planck

CASPEr program

Compton frequency
WHz mHz Hz kHz MHz

scale

GHz

THz

102t 10® 10 w02 107
axion mass (eV)

107
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16

CASPEr program

Boston University: e m e e e Mainz:
CASPEr-electric using spins in solids A I . ' CASPETr-gradient using
— sensitive to both Hepm = gaaE™ - I/1 | ¢ N hyperpolarized liquids
Honn = gannVa-I | & P CASPEr — sensitive to Honn = gannVa -1

0?10 10 10 107 10° 107
axion mass (eV)
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sample: 4mm

207Ph nuclear spins in
ferroelectrically-polarized

PMN-PT
(Pbl\/lg1/3Nb2/3O3}g/3(PbTiOg)l/g

3 x 10%° spins

Pirsa: 22090012

CASPEr-e: experimental details

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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sample: 4mm

207Ph nuclear spins in
ferroelectrically-polarized

PMN-PT
(Pbl\/lg1/3Nb2/3O3}g/3(PbTiO;j)l/g

3 x 10%° spins

50

0r

polarization (uC/cm?)

-50

-5 0
electric field (kV/cm)

E* =340kV/cm
similar to a polar molecule

ACME [Science 343, 269 (2013)]
[Nature 562, 355 (2018)]

Pirsa: 22090012

CASPEr-e:

experimental details

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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CASPEr-e: experimental details

sample: 4mm sensor:
207Pb nuclear spins in low-noise
ferroelectrically-polarized radiofrequency SQUID
PMN-PT amplifier

(Pngl/:iwa:aOS}?/a(PlJTiOS)l/s

3 x 10%° spins

50 i
E
o
(@]
2
g9
5 =107 | ' . (©
g L | ’ | |
_&n L
50 5 0 E IJ\}V“ w !
electric field (kv/cm) = 10! | ‘ﬁ |
b { " |
E* =340kV/cm £ | |
similar to a polar molecule il b-_./ ; [D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
ACME [Science 343, 269 (2013)] T 10° 10 10°
[Nature 562, 355 (2018)] frequency (Hz)

Pirsa: 22090012
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sample: 4mm

207Ph nuclear spins in
ferroelectrically-polarized

PMN-PT
(Pbl\/lg1/3Nb2/3O3}g/3(PbTiOg)l/g

3 x 10%° spins

50

0r

polarization (uC/cm?)

50

-5 0
electric field (kV/cm)

E* =340kV/cm
similar to a polar molecule

ACME [Science 343, 269 (2013)]
[Nature 562, 355 (2018)]
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magnetic field (fT/vHz)

CASPEr-e: experimental details

sensor: NMR calibration
Ipw-noise crossed excitation
radiofrequency SQUID and pickup coils
amplifier

(a) ) i P
o cancellation coil /
excitation coil o

crystal

m’" | N

i

|
l(]!

AL

ST 10° 10! 10°
frequency (Hz)

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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CASPEr-e: experimental details

sample: 4mm sensor: NMR calibration liquid helium (4 K)

bath cryostat
with 9T magnet

207Pb nuclear spins in low-noise
ferroelectrically-polarized radiofrequency SQUID
PMN-PT amplifier
(PbNIgl/:}NbZ/:iOS)Q/S(PbTiOS)I/S

crossed excitation
and pickup coils

(a)

cancellation coil
excitation coil

crystal

3 x 10%° spins

50

polarizatien (uC/cm?)
(=]

= l(]-‘i ’ ’
w g = W
electric field (kV/cm) = 10 [ .ﬁ
&= | |
E* =340kV/cm £ |
- 1§ |
similar to a polar molecule 2101 . o | [D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
ACME [Science 343, 269 (2013)] T 10? 10° 10°
[Nature 562, 355 (2018)] frequency (Hz)
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CASPEr-e limits on nucleon
EDM and gradient interactions
of axion-like dark matter

Pirsa: 22090012

® Hepm = gaaE™ - I/1 wp
HonN = gannVa-1

nucleon EDM coupling g; (GeV~2)

18

Millimeter-scale CASPEr-e axion-like dark matter search

Compton frequency (Hz)

10° 106 10g 1012
'l' 1
10-s M SN1987A
| ‘\ _
: CASPEr-e: P sensor: RF amplifier |
109 | ,mm-scale, 41(
. bk sensor: SQUID
PR @
10151 Qo "
1072 |
i 10°* 10°° 107°
mass (eV)

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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18

v

Millimeter-scale CASPEr-e axion-like dark matter search
Compton frequency (Hz)

CASPEr-e limits on nucleon | my Hppy = ggaE* - I/1 w) 103 106 109 012

EDM and gradient interactions T :
of axion-like dark matter HaNN = gannVa - I 10-3 L1 ] SN1987A
a '\ ]
—» limits on oscillation amplitudes | [dn| < 1.0 x 107*! e - cm [ :CASPEI e , sensor: RF amplifier |
of neutron EDM and 8,cp: - —6 9 mm-scale, 4K
ase 6] <43 x 10 10751y 5 sensor: SQUID
1

how do we probe the unexplored parameter space? —
10~ 191

o+ |

b

nucleon EDM doupling g; (GeV2)

10-12 1070 105 103
mass (eV)

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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CASPEr-e limits on nucleon
EDM and gradient interactions
of axion-like dark matter

— limits on oscillation amplitudes
of neutron EDM and 8¢p:

how do we probe the unexplored parameter space?

common solution: scale »
up experimental volume

Pirsa: 22090012

® Hepm = gaaE™ - 1/1 w
HonN = gannVa- 1

|d,| <1.0x107* e cm
0] < 4.3 x 1076

103§

10~ 9‘

18

Millimeter-scale CASPEr-e axion-like dark matter search

Compton frequency (Hz)

mm-scale, 41(

10°8 106 109 1012
'l' 1
| SNI987A
| ‘\ ]
: CASPEr-e: P sensor: RF amplifier |
|
(-

sensor: SQUID

-
-

nucleon EDM doupling g; (GeV2)

1015

1074 |

10-12 10~ 106 10-%

mass (eV)

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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18

i Millimeter-scale CASPEr-e axion-like dark matter search
Compton frequency (Hz)

of neutron EDM and 64cp: 0] < 4.3 x 107

10~? | ,mm-scale, 413 e

CASPETr-e limits on nucleon | m) Hppy = geaE* - I/1 w) 108 10° 10° 102
EDM and gradient interactions o G — ! L g
of axion-like dark matter HoNN = gannVa -1 10-3 B8 ] I_' SNIZs7A !
I -
— limits on oscillation amplitudes | [dn| < 1.0 x 107* e - cm :CASPEr—e: - sensor: RF amplifier |
I
|

sensor: SQUID

-
-

how do we probe the unexplored parameter space? ; ’_
10710}

common solution: scale »
up experimental volume

1072

b
L

nucleon EDM doupling g; (GeV~2)

10-12 10~ 106 10-3

unique features of the magnetic resonance approach — _
mass (eV)

» broad-band: tune frequency by changing magnetic field (i.e.
current) — can cover 4-5 decades in axion mass

[D. Aybas et al., Phys. Rev. Leit. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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