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Main points

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

a(t) = ag coswgt key experimental parameters:
- magnetic field B — larger is better SHAFT
Ea,—y'y = gm.ﬁfaE 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) = ag coswgt key experimental parameters:
- magnetic field B — larger is better SHAFT
Eaﬂ/'y = gawaE B . yolumeV — 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

= Lecture 2: searches for the interactions of axion-like dark matter
with spins
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particle-like dark matter (eg: WIMPs):

mass ~ 100 GeV
[Phys. Rev. D 96, 035009 (2017)]
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w

What is dark matter?

Nautrinog

Dark matter m

Macroscopic

Primaordial
black holes

[Nature 562, 51 (2018)]

wave-like dark matter (eg: axions)
mass << eV

[Phys. Rev. Lett. 118, 061302 (2017)]
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v Axions and axion-like particles, axion-like dark matter

Pseudoscalar light particle: spin = 0, wide range of possible masses [Phys Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics

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(?‘) = Qg COS Wyl

B

ALP mass range axion-like field: (,T(f) = ag COS W,t

)
mac® < meV

e

dark matter energy density:

e o ;
PDM ~ 0.4 C, ~ (UU5CV)4

cm?

¥

large number of particles
per de Broglie wavelength

¥

ALP dark matter acts as a classical field
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6

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)]

U W o o

interaction with photons:

ALP field

amplitude
symmetry ¥ ¢

breaking -
scale LG,’}"')" = ga.y,},aE . 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

Pirsa: 22090012

[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) = g COS Wyt
Only 3 possible (non-gravitational) interactions with standard model particles:

interaction with gluons:
(defines QCD axion)

%GW@“” i

Hepm = gaaE* - I/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:

ghad z S
ey ysthe  aee-- i
fa

HoNN = gannVa-T

— 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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6

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)]

U= W o

interaction with photons:

ALP field

amplitude
symmetry ¥ ¢

breaking -
scale EG,’}"')" = ga.y,},aE . 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) = g COS Wyt
Only 3 possible (non-gravitational) interactions with standard model particles:

interaction with gluons:
(defines QCD axion)

%GW@“” e

Hepm = gaaE* - I/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:

gia = e
ey ysthe  aee-- e
fa

HoNN = gannVa-T

— 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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PSearches for electromagnetic interaction of axion-like dark matter

a(t) = agcoswgt

CROWS

= i o PS-
interaction with photons: o fif,f
. 10 cm
i Solar v
ALP field . . olar 1
amplitUde _—F;LVF‘”’V e Globul;raclusters
Es
symmetry ¥ °¢ 3
o" £ a
breaking : o
scale Lavy = Gayyal - B

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

o B _ ) A A i ) 6 5 D
17500707 1010710700700 et A A8 AF 48 40 48 S o

M, [eV]

axion-like dark matter

sensor measures
electromagnetic field
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Wsearches for electromagnetic interaction of axion-like dark matter

a(t) = ap coswgt

CROWS ALPS-I

interaction with photons: : ABRA e
ALPfield ., '
amplitude —F,, FH .
symmetry "¢
breaking -~ :
scale Layy = gayyaE - B

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

S B A 5ol ke PR I & ) o
1 1000710107100 70 1 He T A A8 A8 AT 4G @ ¢ o

My [eV]

key experimental parameters:

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

» temperature — colder is better

sensor measures * sensor noise and back-action
electromagnetic field

axion-like dark matter
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WSpin ensemble as the transducer for detecting axion-like particles

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

a -
f_ GMUGHV Qosmos
Ja

(

— ey sthe a--e-
fa \
7

HoenN = gannNVa -

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,, = gq4a 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 -

S

HenN = gannVa -

(

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,, = gg4a 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) :

a -
f_ GMUGMV Lt
Ja

)
dua -

— Yy yste e /
fa \
I

HenN = gannNVa -

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,, = gq4a in presence of

effective electric field E7

B’ cos(w,t)

axion-like field spin ensemble acts electromagnetic sensor measures
as the transducer 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) :

a o~
f_ GMVGMV Qosons
Ja

d.a -
— e vse oo
fa

HoNnN = gannVa -1

Hepm = gaaE* - T/T ©

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

sample flexibility to optimize
spin ensemble

t - = S = == parameters to optimize

\M 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

interaction:

Aside: magnetic resonance

e (nuclear gyromagnetic ratio)
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‘v’ Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

CASPEr is

S EE R interaction: Hxmr = —hy B -1 - constant bias magnetic field B,

Hrxym = ~FyBo - I — By (B coswol) - I » radiofrequency (RF) magnetic field B,cosm,t

{< Jf 1) place a spin-1/2 into an external
g e magnetic field splits the spin states by 71 Bo
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CASPEr is
similar to NMR

interaction: Hnvr = —hyiB -1
HnMmRr = —hyiBo - I — hryr(Bicoswot) - 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 By
» RF magnetic field can now flip spins!

Pirsa: 22090012
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Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

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

w0
NP ) B,
200 “|1
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1"
‘v’ Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

CASPEr is

similar to NMR interaction: Hnwmr = —hyiB - I + constant bias magnetic field B,
Hymr = —FyrBo - I — Fyi(By coswot) - 1 » radiofrequency (RF) magnetic field B,cosm,t
(s .
{Q ,f 1) place a spin-1/2 into an external |l>
gj,/ magnetic field splits the spin states by 71 Bo /\/w{/\’
2) spin polarization (thermal or optical) in a cm? |T>
sample
magnetometer
3) resonance: Wy = ’}’IBO (eg, SQUID or coil) sample
* RF magnetic field can now flip spins!
* sample magnetization tilts and precesses s B
M
4) a magnetometer next to the sample detects \
the magnetic field created by this precessing D
magnetization ! o

signal
spectrum

» frequency
Y1 Bo
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1"
‘v’ Aside: magnetic resonance

e (nuclear gyromagnetic ratio)

CASPEr is

similar to NMR interaction: Hxmr = —hy B -1 »  constant bias magnetic field B,
Hymr = —FyrBo - I — Fyi(By coswot) - 1 » radiofrequency (RF) magnetic field B,cosm,t
(s .
{Q ,f 1) place a spin-1/2 into an external - |l>
gj,/ magnetic field splits the spin states by 71 Bo /\/{/\’
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 s B
M
4) a magnetometer next to the sample detects \
the magnetic field created by this precessing D
magnetization _ ! o
signal
‘ spectrum
a tool for non-invasive imaging (MRI, EPR) and
studying molecular structure (NMR) » frequency

YrBo
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A" 4 Interaction of axion-like particles with spins

interaction with gluons:
(defines QCD axion)

a -
f_ GMUGHV ! o
Ja

Hepm = gaaE* - T/T ©

— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = gg4a in presence of

effective electric field E7

interaction with leptons: (_

— ey st oo
Ja \
I

HenN = gannVa -

— nuclear spin I interacts with an
effective magnetic field Va.
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a(t) = ag coswgt

Page 21/64



13

Axion-1like dark matter - pseudo-magnetic field
a(t) = ag cosw,t

CASPEr-electric CASPEr-gradient
Hepm = gqaE* - I/1 HoNN = ganNVa - T

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

CASPEr-electric

Hepm = gqaE™ - I/1
A

matter -» pseudo-magnetic field

13
a(t) = ag cosw,t

CASPEr-gradient

HoNN = gannVa -1

A

v

HepMm = (gaaoE™ cosw,t) - I/1
™

axion (or ALP) field

a(t) = ag coswqt

Wg = macg/h — ALP Compton frequency

— dark matter density

HanN = (gannVagcoswgt) - T

Hcasper = —(Avr By coswgt) - I

effective magnetic field
due to ALP dark matter

Pirsa: 22090012

o
ot
ot
v

.
+
.
o

[D. Budker

[ 4
» by
oscillating at ALP nuclear
Compton frequency spin

etal., Phys. Rev. X 4, 021030 (2014)]
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v Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hcoasper = —(hyrB] cosw,t) -

7 §
H=—hyBg-I— (hyrBj coswgt) -1

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

effective interaction: Hoasprr = —(hyrBj cosw,t) - 1
@«. H=—hyBy-I— (hy;Bjcoswgt) - I

e/

8
o

1) placing a spin-1/2 into an external
magnetic field splits the spin states by Y7 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,

= D
B,

200 1)

. I
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v Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hcasprr = —(hyrBj coswgt) -

H = —hy By - I — (hy;B{ cosw,t) -

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

3) resonance: w, = Y1 By
» axion-spin interaction 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

5) search for unknown frequency w, by sweeping
bias magnetic field By, look for resonance

Pirsa: 22090012

1
1

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

- |¢>

magnetometer
(eg, SQUID or coil) sample
s B,
\ M
: B’ cos(w,t
signal GOl
spectrum

N

» frequenc
o q y
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14

v Searching for axionic coupling to spin with magnetic resonance

effective interaction: Hcasper = —(hyr By coswqt) - 1 « 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
/\/W
2) spin polarization (thermal or optical) in a cm? sample |T>

3) resonance: w, = Y1 By

s s : : el magnetometer
» axion-spin interaction can now flip spins! (eg, SQUID or coil)

» 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 wq, by sweeping *'
bias magnetic field By, look for resonance B cos(w,)

signal

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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wngpin ensemble as

the transducer for detecting axion-like particles

interaction with gluons:
(defines QCD axion)

a -
f_ GMUGHV Qosros
Ja

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: (_

— ey sthe a--e-
fa \
T

HenN = gannNVa -

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

axion-like field

Pirsa: 22090012

B’ cos(w,t)

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

scale

CASPEr program

Compton frequency
KHz mHz Hz kHz MHz

GHz

THz

102 a0 10 it 10?
axion mass (eV)

10°

107
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16

W CASPEr program
Boston University: L eileaeed L Mainz:
CASPEr-electric using spins in solids t B E bty e CASPEr-gradient using
— sensitive to both Hgpym = gaaE™ - I /1 5 hyperpolarized liquids
Honn = gonnVa - I : 8 CASPEr — sensitiveto HonN = gannVa- 1
3

sl gl aes ot o g0t ue?
axion mass (eV)
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sample: 4mm

207Pp nuclear spins in
ferroelectrically-polarized

PMN-PT
(PbMg; /3Nbg/303)2/3(PbTiO3), /3

3 x 10?9 spins

Pirsa: 22090012

CASPEr-e: experimental details

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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v

sample: 4mm

207Pp nuclear spins in
ferroelectrically-polarized

PMN-PT
(PbMg1/3Nbg/303)2/3(PbTiO3)1 /3

3 x 10?9 spins

50

polarization (LC/cm?)
(=]

-50

0 5
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:
207Ppb nuclear spins in low-noise
ferroelectrically-polarized radiofrequency SQUID
PMN-PT amplifier

(PbMg; /3Nb2/303)2/3(PbTiO3), /3

3 x 10?9 spins

50

polarization (LC/cm?)
(=]

Hz)

-60 ¢

0 5

electric field (kV/cm)
E* = 340kV/cm
similar to a polar molecule 2 10-1]

ACME [Science 343, 269 (2013)] 10° 10? it e
[Nature 562, 355 (2018)] frequency (Hz)

gnetic field (fT/
—-
—
—— .

ma,

Pirsa: 22090012

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

sample: 4mm sensor: NMR calibration
207Pp nuclear spins in low-noise crossed excitation
ferroelectrically-polarized radiofrequency SQUID and pickup coils
PMN-PT amplifier

(PbMg; /3Nb2/303)2/3(PbTiO3), /3
(a)

cancellation coil

excitation coil

crystal

3 x 10?9 spins

50

pickup coil
€ v
S Nz
E
&0 -
& 5 © |
o !
O ~ |
-50 t |
0 5 T |
electric field (kV/cm) T‘Z 1 |
€= | |
E* = 340 kV/cm £ : '
similar to a polar molecule o e o e [D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
ACME [Science 343, 269 (2013)] v o 10° 10° 10°

[Nature 562, 355 (2018)] frequency (Hz)
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CASPEr-e: experimental details

sample: 4mm sensor: NMR calibration liquid helium (4 K)
= L _ - bath cryostat
Pb nuclear spins in low-noise crossed excitation with 9T magnet
ferroelectrically-polarized radiofrequency SQUID and pickup coils
PMN-PT amplifier

(PbMg; /3Nb2/303)2/3(PbTiO3)1/3

(a)

cancellation coil

.

1%

excitation coil

crystal

alllll

: B0
3 x 10?9 spins

50

polarization (LC/cm?)
o

-5 0 5
electric field (kV/cm)

E* = 340kV /em

|

ﬁ \ |

.

[ | ‘\ ‘1 /
similar to a polar molecule e O et | [D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]

ACME [Science 343, 269 (2013)] 10 10° e
[Nature 562, 355 (2018)] frequency (Hz)

-50

magnetic field (fT/vHz)
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Millimeter-scale CASPEr-e axion-like dark matter search
Compton frequency (Hz)

CASPEr-e limits on nucleon | m) Hppy = ggaE* - I/1 w) & 103 10° 10° 1fe
EDM and gradient interactions o < o p—— —g—T——— ' [
of axion-like dark matter HoNN = ganNVa -1 8 10-3 M ] l I SN1987A

= | — |
:’D :C S PEr e - - sensor: RF amplifier |
= 10-9[ ,mm-scale,4K _, ~
B, ! o sensor: SQUID
= R
Q on
— i CcD % ]
=10 : Qf
o] ‘
- |
g 1072
- i ,
= 10-12 1079 10-6 10-3

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)
103 10° 10° 10

CASPEr-e limits on nucleon \m) Hppn = ggaE™ - [/[ >

EDM and gradient interactions I . ! : — , ' ,
of axion-like dark matter HoNN = ganNVa -1 10-3 L1 I l I SN1987A
! - \
— limits on oscillation amplitudes | |dn| < 1.0 X 107%'e - cm ( :CASPEr-e: - sensor: RF amplifier |
of neutron EDM and 64¢p: / =t -9 [ ‘mm-scale, 4K _ “
aco 6] < 4.3 x 10 108 7y b rstr SOUID
I -

how do we probe the unexplored parameter space?

v

10-15 M/Qc{mdw 1

104 |

nucleon EDM doupling g; (GeV~2)

1 1 10 (0
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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v

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

-

CASPEr-e limits on nucleon | m) Hppy = ggaE* - I/1 w) 103 10 10° oL
EDM and gradient interactions P : - . ! o , ' [
of axion-like dark matter HonN = gannVa- 1 10-3 L1 I l I SN1987A

! o '\ ]
—» limits on oscillation amplitudes | |dn| < 1.0 X 107%*'e - cm :CASPEr-e: - sensor: RF amplifier |
of neutron EDM and 6¢p: / =0 -9 mm-scale, 4K _ “

Qcb 6] < 4.3 x 10 10 g j sensor: SQUID
i

how do we probe the unexplored parameter space?

v

/Qc{mdo“

10715 L

common solution: scale

up experimental volume 10-21

b

nucleon EDM doupling g; (GeV~2)

10 - 10 10°¢ 102
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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CASPETr-e limits on nucleon \m) Hppn = ggaE™ - [/[ =

EDM and gradient interactions

of axion-like dark matter HonN = gannVa -1

_ limits on oscillation amplitudes | |dn| < 1.0 x 107%!
of neutron EDM and B4¢p: 6] < 4.3 x 106

ek = CIT

how do we probe the unexplored parameter space?

common solution: scale »
up experimental volume ﬂE '

unique features of the magnetic resonance approach —

= broad-band: tune frequency by changing magnetic field (i.e.

current) — can cover 4-5 decades in axion mass

Pirsa: 22090012
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Millimeter-scale CASPEr-e axion-like dark matter search

Compton frequency (Hz)

s sensor: SQUID

103 106 109 1012
l I
103 | ] SN1987A }
|
. N
|c ASPEr-e: pe sensor: RF amplifier |
109! Imm—scalc, 4K _
i

nucleon EDM doupling g; (GeV~2)

v

/@0“

ip 1 i1 190 10 2
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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Millimeter-scale CASPEr-e axion-like dark matter search

Compton frequency (Hz)

10°? ‘ mm-scale, 4K _ 7
‘ e sensor: SQUID

-

of neutron EDM and 6p: 18] < 4.3 x 107

CASPEr-e limits on nucleon | my Hppy = gaE* - I/1 w) 103 10° 10° 10'4
EDM and gradient interactions I ! : - . ' e : : ' J
of axion-like dark matter HoNN = ganNVa -1 10-3 L1 I ll SN1987A i
I -~
~, limits on oscillation amplitudes | |dn| < 1.0 x 107! ¢ - cm r :CASPEr-e: i sensor: RF amplifier |
|
|

how do we probe the unexplored parameter space?

v

10715‘: y/@m _

common solution: scale
up experimental volume

10 |

k
L

10 1072 10°¢ 1077
mass (eV)

nucleon EDM doupling g; (GeV~2)

unique features of the magnetic resonance approach —

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

= flexible: sensitivity can be improved by choice of material (— E*),

as well as by scaling up the experimental volume [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 Bp:

®» Hepm = geaE* - I/1
HonN = gannVa-1

18

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

Compton frequency (Hz)

[d| < 1.0 x 10~ ¢ - em
6] < 4.3 51077

10-9 | mm-scale, 4K _ i
‘ 25 sensor: SQUID

how do we probe the unexplored parameter space?

common solution: scale »
up experimental volume

unique features of the magnetic resonance approach —

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

-

= 10° 10° 10° 10
. I ' ' I ‘ l I 1 SN19‘87A | }
-3 [ I
o) » 4
[ IC ASPEr-e: i sensor: RF amplifier -
| | & .y -
1
I

v

10-15 | ~1/§1D/W°“ -

1=

k
L

nucleon EDM doupling g; (GeV~2)

113 i 10 /40 10
mass (eV)

= flexible: sensitivity can be improved by choice of material (— E*),
as well as by scaling up the experimental volume

= searching for QCD interaction:

this is the defining interaction of the QCD axion

Pirsa: 22090012

[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 axion-like dark matter search
Compton frequency (Hz)

CASPEr-e limits on nucleon | m) Hppy = geaE* - I/1 w) 103 10° 10° iloL
EDM and gradient interactions 1 . : - . ~ o , ' :
of axion-like dark matter HoNN = ganNVa -1 10-3 L1 I l I SN1987A
! g \
— limits on oscillation amplitudes | |dn| < 1.0 X 1074 & - em :CASPEr-e: - sensor: RF amplifier |
of neutron EDM and 6¢p: / =5 -9 mm-scale, 4K _ 7
aco 6] < 4.3 x 10 105 e sensor: SQUID
I -

how do we probe the unexplored parameter space?

v

1015 w"'TEEE;;QO“ ~

path forward —

= cool to 100 mK

on EDM doupling g4 (GeV~?)

sk
o
|

2]

p—

1O M 105 1)
mass (eV)

- ..‘ nucle

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
[J. Adam et al., manuscript in preparation]
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CASPEr-e axion-like dark matter search

CASPEr-e limits on nucleon
EDM and gradient interactions
of axion-like dark matter

® Hepm = geaE* - I/1 wp
HonN = gannVa-1

— limits on oscillation amplitudes

of neutron EDM and 6p:

how do we probe the unexplored parameter space?

|d| < 1.0 % 10-%5e
6] < 4.3 x 107©

- cIm

Compton frequency (Hz)

path forward —

= cool to 100 mK

= find the optimal material: PMN-PT, PZT, ...

= reach the fundamental quantum limit and beyond

= scale up to centimeter-scale

Pirsa: 22090012

magnetometer

(eg, SQUID or coil) d .‘bﬂmﬁlﬁ' L

B’ cos(w,t)

& 10° 106 109 10+
> I R,
L ol ] l f SN1987A
o I
= ! CASPEr-c: sunsor RF amplificr
%D 10~¢ ' mm-scale, 41( I
= ! L I sensor: SQUID
= Il - =~ I
S : i . / otk
. i Wl
= 10~ | 1ICASPEr-¢: 7 o Qv ?®
a 110cm-scale, 100mK <
- | Biey :
wo | =~ - “quantum spin
§ 1} it - projection noise
= 107¢ 107" 108
mass (eV)

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
[J. Adam et al., manuscript in preparation]

[A. Gramolin et al., Nature Physics 17, 79 (2021)]
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CASPEr-e axion-like dark matter search

CASPEr-e limits on nucleon
EDM and gradient interactions
of axion-like dark matter

® Hepm = geaE* - I/1 wp
HonN = gannVa-1

— limits on oscillation amplitudes

of neutron EDM and 6p:

how do we probe the unexplored parameter space?

|d| < 1.0 % 10-%5e
6] < 4.3 x 107©

- cIm

Compton frequency (Hz)

path forward —

= cool to 100 mK

= find the optimal material: PMN-PT, PZT, ...

= reach the fundamental quantum limit and beyond

= scale up to centimeter-scale

Pirsa: 22090012

magnetometer

(eg, SQUID or coil) d .‘bﬂmﬁlﬁ' L

B’ cos(w,t)

& 10° 106 109 10+
> I R,
L ol ] l f SN1987A
o I
= ! CASPEr-c: sunsor RF amplificr
%D 10~¢ ' mm-scale, 41( I
= ! L I sensor: SQUID
= Il - =~ I
S : i . / otk
. i Wl
= 10~ | 1ICASPEr-¢: 7 o Qv ?®
a 110cm-scale, 100mK <
- | Biey :
wo | =~ - “quantum spin
§ 1} it - projection noise
= 107¢ 107" 108
mass (eV)

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
[J. Adam et al., manuscript in preparation]

[A. Gramolin et al., Nature Physics 17, 79 (2021)]
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" 4 Fundamental quantum noise: spin projection noise
(standard quantum limit) o

(eg, SQUID or coil)
detection t B,
circuit B,
.
i spin I =1/2
R'C p / I"
B, cos(w,t)

T R H)

—
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" 4 Fundamental quantum noise: spin projection noise
(standard quantum limit) o

(eg, SQUID or coil)
detection t B,
circuit B,
.
i spin I =1/2
R'C p / I"
B, cos(w,t)

I — L
L.
A probability
i f >
—VN/2 V/N/2 Syspin
projection

[F. Bloch, Phys. Rev. 7-8, 460 (1946)]
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Fundamental quantum noise: spin projection noise
(standard quantum limit)

magnetomater

(eg, SQUID or coil) sample
deFECti_On tBo m) detected spectrum with a :
circult noiseless detection circuit % :
i spin [ =1/2 . i’" *
B, cos{w,t)
—_ |
T —2— 1)
L >
A probability V150 frequency
| ! >
—VN/2 VN/2 Syspin
projection

[F. Bloch, Phys. Rev. 7-8, 460 (1946)]
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detection t B,
circuit

R. spin [ =1/2
—_ |
-2 |1

L,
A probability
| f >
—VN/2 VN/2 S, spin
projection

[F. Bloch, Phys. Rev. 7-8, 460 (1946)]
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Fundamental quantum noise: spin projection noise
(standard quantum limit)

magnetomater

(eg, SQUID or coil) sample
mp detected spectrum with a :
noiseless detection circuit W 3
4
- B cos(uw,t)
< magnetization oc uv N
-
Y1 Bo frequency
SM 1 spin projection
standard quantum limit (SQL): - s «---- measurement
My VN uncertainty
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detection t B,
circuit
R. spin I =1/2
— L
—2— 1>
L.
A probability
i f >
—vVN/2 V/Nj2 S;spin
projection

[F. Bloch, Phys. Rev. 7-8, 460 (1946)]
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21

Fundamental quantum noise: spin projection noise
(standard quantum limit)

magnetomater
(eg, SQUID or coil)

mp detected spectrum with a -
noiseless detection circuit W i
4
i B cos(uw,t)
< magnetization oc uv N
>
Y1 Bo frequency
SM 1 spin projection
standard quantum limit (SQL): : o «---- measurement
My VN uncertainty

spin projection noise has been detected in NMR experiments

[T. Sleator et al., Phys. Rev. Lett 55, 1742 (1983)]
[M.A. McCoy, R.R. Emst., Chem. Phys. Leit. 159.5, 587 (1989))
[M. Gueron, J. L. Leroy., J. Mag. Res. 85.1, 209 (1989)]
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W What do we need to do to build an NMR experiment limited by
spin projection noise? o

(eg, SQUID or coil)
resonant detection circuit with a noiseless amplifier:
B,
L
J_ 'l
C B, cos(w,t)

M
LC o
L. DAQ
v
V. L e

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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@ What do we need to do to build an NMR experiment limited by
spin projection noise? e

resonant detection circuit with a noiseless amplifier:

.
c |
M
5. P
Vi DAQ
R.
V. L
Qc = e e o
L € R.
Johnson noise in circuit resistor:
Vi(w) = V2(w)
A 2R.kpl, €---- circuit temperature

noise spectral density

Pirsa: 22090012

(eg, SQUID or coil)
@ IBQ
B': cos(w,t)

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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What do we need to do to build an NMR experiment limited by
spin projection noise?

magnetomater

(eg, SQUID or coil) sample
NMR sample + resonant detection circuit with a noiseless amplifier:
. B,
I \"
| — »
T B cos(w,t)
Z
L.+ Lg E
g «------ circuit Johnson noise
w
R.+ R, L
. . = frequency w
Ve + Vi

Johnson noise in circuit resistor + spin projection noise:

Vi(w) = Viw) + Viw)
2

R. kg0, i 2R.kpl; 4----- spin temperature

m (s

\ o
. a9 2 LT w2 1
filling factor 7T(Mo?l iy ) LTy w 1+ (w — w,)2T32
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What do we need to do to build an NMR experiment limited by
spin projection noise?

magnetomater
(eg, SQUID or coil)

NMR sample + resonant detection circuit with a noiseless amplifier:
S B,
I i M
i
JE ol
Cl L B cos(w,t)
g 4 . P total noise
L.+ L, £ o /‘\\M‘
E :_’/ g «------ circuit Johnson noise
Fe B, = «------ spin projection noise
. b i detuning (w — wy)
Ve+ Vs b8 spin Larmor frequency: w, = v; By
condition for an experiment limited by spin projection noise:
Johnson noise in circuit resistor + spin projection noise: f‘f(w) . f”f(w = w;)

Vi(w) = Viw) + Viw)
2

R.kgl. 7 2R.kpl, 4--—-- spin temperature

T e
- o d E2~2\ T, T 2 1
UL IRt 21 (onh®y*)LeT3w 1+ (w— ws)2T52 [D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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Mainz CASPEr-gradient search for the gradient coupling

magnelomster _
(eg, SQUID or coil) A o,

CASPEr-gradient at Mainz

i e e total noise

/ K ------ circuit Johnson noise
: ‘. <4----- spin projection noise

detuning (w — wy)

noise spectral density
]
|
i
\
\
\
/
!
]
I
]
I
A

i spin Larmor frequency: wy = v; By
condition for an experiment limited by spin projection noise:
Vi(w) < VHw = ws)

B ksbe < 3§ (uonh*?)w, T3 Q.

> liquid 2°Xe NMR

apparatus in a
high-homogeneity at Mainz = W22 = 10° = @3 %10
magnet

CASPEr-gradient ponh?y? = 50nK 0. = 20K

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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CASPEr-electric at Boston

* solid-state NMR » spin projection

apparatus in a noise-limited NMR
BlueFors dilution search for axion-
refrigerator like dark matter

Pirsa: 22090012

Boston CASPEr-electric search

noise spectral density
\

detuning (w — wy)

28

for the EDM coupling

magnelomster
(eg, SQUID or coil)

B.

>

B cos(uw,t)

-------- total noise
<----- circuit Johnson noise
<----- spin projection noise

e spin Larmor frequency: wy = v; By

condition for an experiment limited by spin projection noise:

Viw) < VE{w = wy)

B ksl < 4(,u0nh2

CASPEr-electric
at Boston

=

ponh®y? = 10nK 0. = 50mK

wads = 10°

1) ws T3 Qe

=

0, =3 x 10

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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What do we need to do to build an NMR experiment limited by
spin projection noise?

magnetometer

(eg, SQUID or coil) sample
NMR sample + resonant detection circuit with a noiseless amplifier: .
I \M
I .
¢ Z B, cos(w,t)
= P g e total noise
Le+Ls o 5
E //'\\” «------ circuit Johnson noise
v
Ite o 00 = «------ spin projection noise
- - & detuning (w — wy)
Ve+ Vs 4 spin Larmor frequency: w, = v; By
condition for an experiment limited by spin projection noise:
Johnson noise in circuit resistor + spin projection noise: f‘f(w) - f”f(w = w;)
"2 72 072 __ .
Valw) = Vi(w) + Vi (w) B ksb. < %(ugn.hg-‘yz)wst O,
2B.ke0. . 2R.kgf. € spin temperature e
e 1 CASPEr-electric ponh”y” = 10nK N 0. = 50mK
— atBoston 7 . T} = 103 @ =3 <10
o -y 4 25 9 x 2 1 2 c
filling factor -~ — (pmonh*y*)L Ty w

2 1+ (w = ws)BTz*Q [D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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detection t B,
circuit
R. spin [ =1/2
7 — 1
L.

[Phys. Rep. 509, 89 (2011)]

Pirsa: 22090012

squeezing
Ry oM | 1
standard quantum limit (SQL): ~
My N

I I [-ISQL state|
E
4]
o)
=
A

—V/N/2 VN/2

Transverse magnetization M,
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v

detection
circuit

R.

tBu

it

spin [ =1/2

— |

—— |1

squeezing

Pirsa: 22090012

[Phys. Rep. 509, 89 (2011)]

Spin squeezing

may give us
sensitivity better

projection noise

Probabilitiy

[K. Backes et al., Nature 590, 238 (2021)]

than quantum spin -

standard quantum limit (SQL): G ~ -
My, N
spin squeezing B SQL state

- [ Squeezed state

-vN/2 VN/2

Transverse magnetization M),
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Spin squeezing

standard quantum limit (SQL): G ~ 1_
detection 1 B, M vN
circuit
- *  spinI=1/2
—_ 1)
» spin projection noise sensitivity has been achieved
Y in NMR
,, ==l _ _ _
i * spin squeezing has been demonstrated with
i atomic ensembles
» spin squeezing may be possible in a solid-state NMR
'Yl squeezing experiment
o
Iy
[Phys. !;ep. 509, 89 (2011)] [D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
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Summary: searches

for

interaction of axion-like dark matter

with spins

interaction with gluons (strong-CP)

defining QCD axion coupling:
a ~
G, i
j H
a

W Hegpm = gaaE* - I/1

CASPEr-electric (BU)

G

® Hoennv = GgannVa- I

interaction with leptons:

a.q -
— Yoy vsie a-e--

Ja

CASPEr-gradient (Mainz)

nucleon EDM coupling g, (GeV~2)

Pirsa: 22090012

34

Compton frequency (Hz)
108 10° 10? 10%2

101 107¢ 105 1072

ICASPEr-¢: S5 — QC‘D

I 110em-scale, 100mK _ <

I [ SNIOSTA
- %

g
I 3 | sensor: RF amplifier

I sensor: SQUID

- /"':;.:'\ol\

- & -
# -~ “quantum spin
- projection noise

mass (eV)

[A. Gramolin et al., Phys. Rev. D 105, 035029 (2022)]
[A. Gramolin et al., Nature Physics 17, 79 (2021)]

[G. Centers et al., Nature Comms 12, 7321 (2021)]
[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
[A. Garcon et al., Sci. Adv. §, eaax4539 (2019)]
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with spins

Summary: searches for interaction of axion-like dark matter

Compton frequency (Hz)

interaction with gluons (strong-CP) interaction with leptons:
defining QCD axion coupling: G

a ~ 0,0 .
TG;;.UGMU % e Il ‘W’Y“’Yﬂi’e e
a J a
W Hepm = gaaE™ - I/1 W HoennN = GgannVa- I
CASPEr-electric (BU) CASPEr-gradient (Mainz)

=il = //’.\-"\0“
10713} |CASPEr-e: e QCP®
| 110em-scale, l[](h%yﬂ

I -
& / =i ;
S -~ = “quantum spin
10721} | B projection noise

101 10 1032 1073

10° 106 10° 1012

1 - + r !
i R
[ | Vi * % i
I _CASPEr-e: -, | sensor: RF amplifier

10-9| ! mm-scale, 4K e

! eitg | sensor: SQUID

1 -

I

nucleon EDM coupling g, (GeV~?)

* using spin ensembles to search for axion-like dark matter gives flexibility
to optimize experimental parameters

Pirsa: 22090012

mass (eV)

[A. Gramolin et al., Phys. Rev. D 105, 035029 (2022)]
[A. Gramolin et al., Nature Physics 17, 79 (2021)]

[G. Centers et al., Nature Comms 12, 7321 (2021)]
[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
[A. Garcon et al., Sci. Adv. §, eaax4539 (2019)]
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with spins

for interaction of axion-like dark matter

Compton frequency (Hz)

interaction with gluons (strong-CP) interaction with leptons:
defining QCD axion coupling:
a ~ G
—G,,G* a E—DeyHyse  ane---
fa fa
w Hepm = gaaE* - I/1 ®» Honn = gannVa- 1
CASPEr-electric (BU) CASPEr-gradient (Mainz)

& 10° 10° 10° 101
- W R i ; :
L : SNI1987A

r 30 l {

g/ 10 i I P ]
= [V CASPELe: g ™ | sensor: RF amplifier
ap 4 T-e:

g 1079} ! mm-scale, 4K pni

E I Pig | sensor: SQUID

= | e

- 1 .

< o

o i I Mg\o‘,\
— 1071 | ICASPEr-c: S — LV ?

E | 110cm-scale, 100mK | < oz

- | -

s 4 M’:‘:q‘l’mmum spin

é 1072} ! _,.v"?:’: T projection noise

© ———— - : 3

= 1012 109 107 10-3

* using spin ensembles to search for axion-like dark matter gives flexibility

to optimize experimental parameters

Pirsa: 22090012

v

mass (eV)

nuclear, atomic, and condensed-
matter physics input needed!

[A. Gramolin et al., Phys. Rev. D 105, 035029 (2022)]
[A. Gramolin et al., Nature Physics 17, 79 (2021)]
[G. Centers et al., Nature Comms 12, 7321 (2021)]

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]
[A. Garcon et al., Sci. Adv. §, eaax4539 (2019)]
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HIERARCHY
PROBLEM

BLACK HOLE
INFORMATION
PROBLEM

NEUTRINO
MASS

MATTER-
ANTIMATTER
ASYMMETRY
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DARK
MATTER

STRONG-CP
PROBLEM

COSMIC
INFLATION

QUANTUM
GRAVITY

DARK
ENERGY
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