Searching for time-varying nuclear electric dipole moments
using precision magnetic resonance

Alex Sushkov (for the CASPEr collaboration)
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\ Axions and axion-like particles, axion-like dark matter

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

1. Pseudoscalar light particle: spin = 0, wide range of possible masses
2 Proposed to solve the strong CP problem of Quantum Chromodynamics [Phys. Rev. Lett. 38, 1440 (1977)]
Axion-like particles (ALPs) arise naturally in string theories, symmetries broken up to GUT (10'® GeV), Planck (10'° GeV) scales

axion-like dark matter

axion-like field: a(t) = ag coswqt
ALP mass range ‘ 2 Wq = Mac” /B — ALP Compton frequency
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Axions and axion-like particles, axion-like dark matter

1. Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]
2. Proposed to solve the strong CP problem of Quantum Chromodynamics [Phys. Rev. Lett. 38, 1440 (1977)]
3.  Axion-like particles (ALPs) arise naturally in string theories, symmetries broken up to GUT (10'® GeV), Planck (10'°® GeV) scales

axion-like dark matter

axion-like field: a(t) = ag coswqt

e Wy = macz/h — ALP Compton frequency

S PDM X a% — dark matter density

laboratory-scale experiments using
v e Y e o T quantum-limited sensors (and beyond)

astrophysical bounds

atom magnetic lumped microwave
interferometers resonance circuits cavities

— axion coupling strength —»

Planck
scale

10721 10" 10" 40712 107 1078 1073
axion mass (eV)

[DOE BRN report: Dark Matter Small Projects, New Initiatives (2018)] [DOE BRN report: High Energy Physics Detector Research and Development (2020)] [Science 357, 990 (2017)]
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[Phys. Rev. D 98, 035017 (2018)]

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

a(t) = ag coswqt

interaction with leptons:
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1. Pseudoscalar light particle: spin = 0, wide range of possible masses
2.  Proposed to solve the strong CP problem of Quantum Chromodynamics [Phys. Rev. Lett. 38, 1440 (1977)]
3.  Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10"° GeV) scales
4. Possible interactions with standard model particles:
interaction with photons: interaction with gluons:
1 strong-CP problem

ALPfield 3 / (strong-CP p ) <

amplitude f—FWFW S EGWG’W _—
symmetry ¥ “ Ja

breaking - K G

J Hepm = gaaE™ - 1/1

scale
— ALP < photon conversion in a magnetic field

Layy = Jayyal - B

— precision electromagnetic sensors

ADMX, HAYSTAC, DMradio, SHAFT, ABRA,
ALPS, CAST, IAXO, CAPP, ORGAN, BREAD,
SLIC, LC circuit, MADMAX, KLASH, BRASS,

many others

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

effective electric field E~

CASPEr-electric

HonN = gannVa- 1

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

force mediator — ARIADNE
electron spin — QUAX

CASPEr-gradient

SHAFT — a kHz-MHz search using
SQUIDs and ferromagnetic toroidal cores

CASPEr (Cosmic Axion Spin Precession
signatures of these interactions usil

Experiments) search for experimental
g precision magnetic resonance

[A.Gramolin et al., Nature Physics 17, 79 (2021)]

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

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

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]

[A. Garcon et al., Sci. Adv. 5, eaax4539 (2019)]
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Aside: magnetic resonance

CASPEr is
similar to NMR

MRI scanner

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




N Aside: magnetic resonance

grossssmsesnaees (nuclear gyromagnetic ratio)

a(t) = ag coswqt

CASPEr is

v
similar to NMR interaction: Hnmr = —hyB -1 « constant bias magnetic field B,

Havr = —hyrBo - I — h’YI(B1 COS wot) T  radiofrequency (RF) magnetic field B,cosw,t

1) place a spin-1/2 into an external — ll>
magnetic field splits the spin states by 77 Bo “o B,
2) spin polarization (thermal or optical) in a cm3 — |T>

sample

3) resonance: wg = Y1 5o
» RF magnetic field can now flip spins!

» sample magnetization tilts and precesses B,

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

magnetization B1 coswot

signal
‘ spectrum

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

» frequency

v1Bqg




Axion-like dark matter -» pseudo-magnetic field

CASPEr-electric
Hepym = ggaE* -1/ =d,E* - 1/1
A
feerrrrrneer e —————— axion (or ALP) field

a(t) = ag coswyt
A A

a(t) = ag coswqt
CASPEr-gradient

HonN = gannVa- 1

......... Wy = macz/h — ALP Compton frequency

--------- PDM X a% — dark matter density
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effective magnetic field
due to ALP dark matter

" g
[ ..
oscillating at ALP nuclear
Compton frequency spin

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



10
‘o’ Searching for axionic coupling to spin with magnetic resonance

effective interaction: HCASPEI‘ — —(FL"YIBT COS Wat) | e constant bias magnetic field BO

g/) H = —hy;Bg - I — (hy B coswgt) - I * 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 vrBg Wa B
0

2) spin polarization (thermal or optical) in a cm3 sample

—m

3) resonance: w, = 1By

» 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 : B cos(w.t)

signal
spectrum
‘ [D. Budker et al.,
k Phys. Rev. X 4, 021030 (2014)]
an NMR experiment with no RF magnetic field, > frequenc
instead axion-like dark matter flips spins g y

Waq



‘o’ Searching for axionic coupling to spin with magnetic resonance

Ta

~
0

effective interaction: Hcasprr = —(hyr BT cosw,t) - I

H=—hviBy-I— (hy;Bjcoswgyt)- I

1) placing a spin-1/2 into an external
magnetic field splits the spin states by 7 Bo

2) spin polarization (thermal or optical) in a cm3 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 B, look for resonance

¥

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

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

STy,

axion
\ dark matter

sensor

[D. Budker et al., Phys. Rev. X 4, 021030 (2014)]
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ALP nucleon coupling ganN (GeV '1)
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led by Dima Budker’s group
(JGU Mainz & UC Berkeley)
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= CASPEr-ZULF: axion-gradient search using

B! x Va

Axion wind
270° longitude
0° latitude o
~220 km/s . _/

Cygnus <€ O **********

90° longitude Sun- Sample |
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recent experimental limits:
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[T. Wu et al., Phys. Rev. Lett. 122, 191302 (2019)]
[A. Garcon et al., Science Adv. 5, eaax4539 (2019)]
[G. Centers et al., arXiv: 1905.13650 (2019)]
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led by Dima Budker’s group
(JGU Mainz & UC Berkeley)
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CASPEr-gr-HF: axion-gradient
search using liquid Xe




magnetometer

(eg, SQUID or coil)

B,

"4

B’ cos(w,t)

left to right: CASPEr-e, Sasha Gramolin,
Janos Adam, Deniz Aybas, Alex Sushkov,

Alexi Wilzewski

not shown: Dorian Johnson,

Annalies Kleyheeg, Emmy Blumenthal

CASPEr-electric

B¥ x aE*
led by the Boston University group

— searching for an oscillating nuclear EDM
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First results from CASPEr-e

sample: 5Smm sensor: NMR calibration liquid helium
207 e , L bath cryostat
Pb nuclear spins in SQUID or low-noise RF crossed excitation with 9T magnet
ferroelectrically-polarized amplifier and pickup coils

PMN-PT (depending on frequency)
(Png1/3Nb2/303)2/3 (PleOg)l/g
(a) . T - =<
cancellation coil /“'
excitation coil{ <

crystal

ZANR
ZXIL
ARG

M)
/ \‘}n‘lm\

3 x 10%° spins

50

pickup coil

polarization (uC/cm?)
o

-50

5 0 5
electric field (kV/cm)

E* =340kV/cm

similar to a polar molecule

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

CASPEr-e search based on

.ﬂ\ w first-generation proof-of-principle
A nuclear magnetic resonance

magnetic field (fT/v/Hz)

H
=

100 10° 10t 10°
frequency (Hz)
[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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207Pb NMR: sensitivity calibration, characterization of PMN-PT

(a) o -
pulse free induction decay . Caiceua“,o - I s
i 7\ 0 ] 207Pb NMR: free induction decay (FID) after crystal
_ T VAVA small-tip angle pulses -
(we use small-tip angle pulses so that spin \
+ 7 ;‘ ‘ polarization is not diminished after FID acquisition) L
~ 0.015 - : S N
C t, = 0.2 ms
E @ " g £ o
~<_ 0.01- % | in-phase; ~ ~
> o > >
= = £ 09
~ 0.005 | 4 y - U
93] it 119 5 oL w W
g s 2 S
) ~ o
% .0.005 _ 3 2
3] Z ] o -0.2
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& -0.01 ' & ' ' 7 ' '
-10 0 10 -1 0 1 -1 0 1
frequency - 39710 (kHz) frequency - 39710 (kHz) frequency - 39710 (kHz)

 successful modeling of spin dynamics and FID data using Bloch equations
« measurement of nuclear spin coherence time — 75 = (16.7 & 0.9) ms

« calibration of sensitivity to axion-like dark matter by measuring FID after small-tip angle pulse

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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207Pb NMR: sensitivity calibration, characterization of PMN-PT

(a) . . = =
pulse free induction decay ) Cmiccumoncml I s
< > <€ > excitation coi

/\ 0 207Pb NMR: free induction decay (FID) after crystal N

— V \/\/‘v"v“v small-tip angle pulses - '\\\m

(we use small-tip angle pulses so that spin \ e
+ C—;/ ;‘ # polarization is not diminished after FID acquisition) \ L pidkip el

(ppm)
measurement of » -1000 0 1000

excitation spectral profile

p—t
ot

excitation bandwidth — T'/(27) = (78 + 2) kHz
(consistent with chemical shift anisotropy = 1500 ppm)

o

¢

response (1/MHz)
S

normalized spin

0 . .
-40 0 40 at each magnetic field CASPEr-e is
excitation frequency - 39710 sensitive to ALP signal within this window
(kHz)

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

Hepm = gaaBE* - T/1
HonN = gannVa- I

38 min of data taken in October 2019
spin Larmor frequency tuned between 39.2 and 40.2 MHz

-~ injected ALP dark matter signal:
mac®/h = 39.58 MHz
ga =3 x107°GeV~?

amplifier noise floor:

0.05nV /v/Hz

5]
Compton frequency (MHz)
r./\‘l_\ 0 39 39.65 40.3
> ]-() T T T
5]
@
107t
O 95% exclusion
102
1073 \ — _J

4102

{10!

—
o
=]

163 165
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count

mucleon gradient coupling g.ny (GeV 1)
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First CASPEr-e axion-like dark matter search

histogram after optimal filtering

10%

10t E

10°F

-30

-15 0 15 30
optimally-filtered PSD (fT 2&

3.350 candidate
threshold

|d,] < 1.0 x 1072 e - cm
0] < 4.3 x107°

t amplitudes of oscillations
near 40 MHz

[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]
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Compton frequency (Hz)
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bigger picture
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(a)

cancellation coil

excitation coil

crystal

[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: towards the QCD axion

(a) Compton frequency (Hz)
. ¢ 10° 10" 100 109 10" 10"
T e " CASPEre [] = ¢ —
- l = H ------------------ our present limits
@ 10
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mass (cV) [D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]

ongoing work: 1) sweep the full frequency range — current results at 40 MHz, we are sweeping down to kHz
2) increase sample size — currently NV = 3 X 10%° spins
3) improve material — currently ferroelectric PMN-PT » non-centrosymmetric ionic crystals
4) improve sensor — currently RF amp/SQUID » collaboration with SLAC to couple RQUs
5) increase spin polarization (quantum state control) — currently ~ 104 » optical control of spin thermalization

m) optical spin hyperpolarization

CASPEr-e has the potential to reach QCD axion sensitivity in the peV —neV band | €@ |d,| ~ 1077*e-cm




Y Alex Sushkov (Boston University):
Searching for time-varying nuclear electric dipole moments using precision magnetic resonance

magnetometer
(eg. SQUID or coil)
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[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)] L
[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)] amplitudes of oscillations near 40 MHz
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