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We propose an experiment to search for QCD axion and axionlike-particle dark matter. Nuclei that are
interacting with the background axion dark matter acquire time-varying CP-odd nuclear moments such as
an electric dipole moment. In analogy with nuclear magnetic resonance, these moments cause precession of
nuclear spins in a material sample in the presence of an electric field. Precision magnetometry can be used
to search for such precession. An initial phase of this experiment could cover many orders of magnitude in
axionlike-particle parameter space beyond the current astrophysical and laboratory limits. And with
established techniques, the proposed experimental scheme has sensitivity to QCD axion masses
m, <107 eV, corresponding to theoretically well-motivated axion decay constants f, = 10'® GeV.
With further improvements, this experiment could ultimately cover the entire range of masses m, < u eV,
complementary to cavity searches.

DOI: 10.1103/PhysRevX.4.021030 Subject Areas: Cosmology

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



Outline

® Motivation and theory;
® CASPEr Electric;
® CASPEr Wind;

® Conclusions.
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AXions

Axions and axion-like particles (ALPs) arise as the
pseudo-Goldstone bosons of global symmetries
broken at an energy scale f..

"he strong interaction creates a potential for the QCD axion:

1
Vaoep = 57713@2 ,

and the QCD axion mass is given by:

_Aqep®  ALPs may have differen
fo Aandf.

Mg,



Axion oscillations

When axions are produced after the Big Bang, the
field can generally take on any initial value, and thus
axions appear as a classical coherent oscillating field.

\&/a

a(t) ~ agcos (mqt)
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AXxions as dark matter

Axion oscillations store energy that can be the dark
matter:

1
3 9
PDMNEW%'

In fact, if the energy den5|ty of the oscHIatlng axion

> o o |
field is too la erse!
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Inflation and axion cosmology

If 8o ~ 1 In the early universe, then for the QCD

axion:
i GeV The “anthropic” window

However, if the inflation scale is lower than f, the

universe before inflation can have an
iInhomogeneous distribution of a,.

Any local patch can inflate into our visible universe
with a uniform value of a,, and of course our visible

universe has a dark matter density small enough to
avoid overclosure.
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Inflation and axion cosmology

If 8o ~ 1 In the early universe, then for the QCD

axion:
i GeV The “anthropic” window

108 100 1012 10 106 (o1 Axion dark matter
fa (GeV)

Astrophysical ADMX
constraints

GUT scalePlanck scale
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Axion couplings

a Rl
EFWFM <+— Coupling to electromagnetic field

z N

a S0
7 GuG" <+—— Coupling to gluon field
CASPEr Electric

-

~
)

0,0 -
; Yy ¥y 4= Coupling to fermions

CASPEr Wind
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Axion-induced electric dipole
moments (EDMs)

Nuclear EDM from the strong interaction (strong CP

problem):
dr~3x1071° e-cm X 0gcep -

Nuclear EDM from axion field:

d~3x10" 10 ¢. Cm><—

fa

3x107'% e cm
= X ag cos (mgt) .

fa




Axion oscillation frequency

Determined by the axion mass, related to the global
symmetry breaking scale f, :

(200 MeV)?
fa

meyg ~~

~ MHz %
(™

1016 GeV)

f. at GUT scale - MHz frequencies,

f. at Planck scale — kHz frequencies.



Axion-induced EDM coupling

Assuming axions are the dark matter, the dark
matter density fixes the ratio a,/f.:

GeV

b}
cm?

200 MeV)*
PDM ~ Mg ag ~ ( fge ) ag ~ 0.3

ao —19
— ~ 3 x 10 :
/

a

This generates an oscillating EDM:

d~107* ¢-cm x cos (mgt) .



Nuclear Magneti nance (NMR)

A

i -
111 =
111

’1771 B /’17;
i1l 2l 2 2l

NMR resonant spin flip when Larmor frequency
2fu‘Bext- — W
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EDM coupling to axion plays role of
oscillating transverse magnetic field

SQUID $ﬂ$ 2 B
pickup %% %
loo
ikl 1

Larmor frequency = axion mass = resonant enhancement.
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Signhal estimate

sin [(27, — mg)t]

M(t) =~ (npu) X (egdE™) X sin (Qpt) ,
QL — Mg

n = atomic density; . ™\

p = nuclear polarization; SQUID

1 = magnetic moment; sensitivity:

E* = effective electric field; 0B~ 107" i

& = Schiff suppression; \_ ’ )

Q, = Larmor frequency.



v
E* ~3x10% — !

Sample choice cm

Need maximum n, p, E*, and &, and (up to a point)

long T.,.
For the first generation CASPEr-Electric experiment,
we plan to use a ferroelectric crystal, PbTiO.,.

PHYSICAL REVIEW A 77, 022102 (2008)

Nuclear-spin relaxation of **’Pb in ferroelectric powders

L.-S. Bouchard,"* A. O. Sushkov,2’+ D. Budker,z’3’i J. J. Ford,4’§ and A. S. Lipton4’”
"Wiaterials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Departmem of Physics, University of California at Berkeley, Berkeley, California 94720-7300, USA
SNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
*Environmental Molecular Sciences Laboratory, Pacific North-West National Laboratory, Richland, Washington 99352, USA
(Received 15 November 2007; published 4 February 2008)
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Coherence time

Coherence length of the axion field is given by its
de Broglie wavelength:

h
AN

Y
MgV

which translates to a coherence time as the Earth
moves through the axion field:

A h

TaN—N 27
v MgV

with virial velocity:
v~ 107%¢ .



P

Coherence time

Measured

cryogenic temperatures T, = 100" -

Coherence time (s)

coherence time in PbTiO5is T, = 1 ms, at

sin [(Qg, —mg)t]

105 | ~ 15
QL_r'na,
100
0.1}
107 ‘ ' ‘
1 100 10* 10° 108

Larmor frequency (Hz)
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Sighal estimate

Oscillating magnetization is given by:

M(t) =~ (npu) x (egdE™) x Ty X sin (Q1t) |

For PbTiO, under our experimental conditions:

Jd [GeV‘Q}

mgleV]

M(t) ~ 107 G x ( ) x sin (21.1) .



.
Experimental strateqgy

(1) Thermally polarize I] ” H |
Spins in a cryogenic Shims...

environment at high e ]
magnetic field (10 T); |

S'ample_n | l‘\{l_a.gnet Coil
(2) Scan magnetic field e e Ty e T
from ke
10 T — O T; Larmor j
frequency decreases from  wwéa . J)
45 MHz; finte) | ﬁ |

to NMR

(3) Integrate for about 20 console

ms at each frequency, a




frequency (Hz)
10° 10* 108 108 10'° 10'2 10

10710 F -
2 i
> — -
é . CASPEr-Electric QCD Axion ]
& 10-15 | phase 1 -
e phase 2
10720 } i
- 1 1 1 1 1 1 1 1 1 1 | 1 1
104 1012 10710 1078 107 0 1072 10°
mass (eV)

Experimental sensitivity



P

Phase 2 requirements

(1) Longer coherence time: T, = 1 s.
(2) Hyperpolarization: p = 1.

(3) Larger sample size: V= 100-1000 cm?.

R&D required!
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P M
Axion/ALP-induced spin
precession (axion wind)

e S Nucleon in
Nonrelativistic limit of Axion Wind

the axion-fermion
coupling yields a
Hamiltonian:

HWind X guaNNVa-onN .
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Axion wind detection

SQUID $ﬂ$ 2 -
pickup %% %

loop
% % % ‘Aion “wind” U,

Larmor frequency = axion mass = resonant enhancement.



Sighal amplification

B(Coil 1) = 8”—“7’1

During coherence time T,
polarized spins rotate by
angle:

@ = Ba pUut,




Sighal amplification
Oscillating field detected by Coil 2 is given by:

B(Coil 2) = B(Coil 1)¢ [ nu T] Barp -

— C01l 1

Enhancement factor
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Sample choice: liquid Xenon

Density Magnetic Moment| 73
(n) (1)
1.3 x lﬂgzﬁ 0.35 un 1300 s

Relatively large
sample can be
hyperpolarized.

| this case, the enhancement factor can be on the order of 1

Coupling constant in magnetic field units is:

gaNN ~ 3 x 10° x B[G] GeV ™! .



EXperimentéI | A
setup et . ]

to atmosphere - Gas purifier

g

|
|
I
Shielding (RF and p metal) I
|
|

|
1
5y Cryo- I
separation 129 i !
N | paration - Xe polarizer,
7 = I )
: (— G—M
~
Magnetic bias coils aSQUID detectgis
ﬁ Experimental
Variable-temperature liquid HP'>°Xe cell
cryostat

Turbopump

Metal bellows pump

/ Xenon vent
to atmosphere




frequency (Hz)
102 10* 10° 108 1010 102

104
106
{5
10-10
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Experimental sensitivity

10°



Conclusi

by coherent oscnlatlona pf the axion/ALP field

offer the possibility to | #stlgate a S|gn|ﬁcant
fraction of unexploredpﬁ

nniques succeed,
ne QCD axion

with f, near the GUT andPIanc< scale!
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