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Outline

1.  Axions and the strong CP problem 

 
2.  The Piezoaxionic dark matter effect 
(w/ A. Arvanitaki and K. Van Tilburg) 

3.  The Piezoaxionic force 
(w/ A. Arvanitaki, J. Engel, A. Geraci, D. Stilwell and K. Van Tilburg)
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Dark Matter

• What is the DM made of?

• How is it produced?

• How do we detect it?

• What problems does it solve in the 
Standard Model?

3



D

DU 

The Strong CP Problem

|dn, SM | ≃ 10−18 θ̄ ⋅ e ⋅ mθ̄

Experimentally,  |dn | ≲ 10−28 ⋅ e ⋅ m

| θ̄ | < 10−10

rneutron ≃ 10−15m
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 means that both P and T symmetries are preservedd = 0

The electroweak sector violates P and T, so why not QCD? 
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The Strong CP Problem



• ℒ ⊃
θ0

32π2
GG̃

QCD Axion

• θ̄ = θ0 + arg det[Mq]

V(a)

aa = − θ̄ fa

• Minimum of axion potential dynamically solves strong CP problem: 

θeff = ⟨
a(x)

fa
⟩ + θ̄ = 0

• Introduce the axion field  coupled to QCD: 

    

(  = axion decay constant)

a(x)
ℒ ⊃

a(x)
32π2 fa

G̃G

fa
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Wavy Dark Matter
Bosonic DM has wave-like properties when .  In our galaxy: .nDM >

1
λ3

DM
mDM < 1eV
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• Locally, a(t) ≈ a0 cos
mac2

ℏ
t

• Amplitude a0 ∝
ρDM

ma

• Small frequency spread (coherence)   

δωa ≈
v2

ℏ
ωa ≈ 10−6 ωa



•  
(H = Hubble parameter)

··a + 3H(T) ·a + m(T)2a = 0

Misalignment Mechanism

• : frozenm < 3H

• : oscillates around minimumm > 3H

•   

and scales as 

ρa

ρtotal
= 0.25 < θ2

initial > ( fa
5 × 1012GeV )

7/6

a−3

(Other production mechanisms possible)
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Gluon Couplings: ℒ ⊃
α2

s

32π2

a
fa

GG̃

CASPER-electric
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dn

τ = dn(t) × E*



Photon Couplings: ℒ ⊃ −
gaγγ

4
aFF̃

ADMX, DM Radio, CAST, IAXO (solar), 
ALPS…

Image: Semertzidis et al. 2022

B0
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Fermion Couplings:
−gsaψ̄ψ +

gp

2mψ
∂μaψ̄γμγ5ψ

NR limit
gp

2mψ
σ ⋅ [∇a + ·a

pψ

mψ ]

ARIADNE, CASPEr-wind, QUAX

monopole-dipole forces dipole-dipole forces

source mass spin N spins spin
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Astrophysical Constraints

109

Dark Matter

. . .10−21

Dwarf Galaxies

. . .1028

10−6 10−5

Microwave Cavity Experiments  
(ADMX)

10121013

PIEZOAXIONIC 
FORCE

PIEZOAXIONIC 
DARK MATTER 

ma ∼ 6 × 10−11eV ( 1017GeV
fa )

ma(eV)10−11

Black Holes

1018
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Where is the QCD axion?
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fa(GeV)



variable 
elements

+
transformer

SQUID
piezoelectric 

crystal  to 10−11eV 10−7eV

 to 10−5eV 10−2 eV

Must be 
DM

Doesn’t 
need to 
be DM

σ
1

σ
2

SC shield

Quartz 
sample block

Spin-polarized
Source mass

Polarized
3He sample

d

SQUID
magnetometer

The Piezoaxionic Effect
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Gluon Coupling

Gluon Coupling

Fermion Coupling
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⃗B Axion DM 
background

The Piezoaxionic Effect: 
Dark matter detection

ℒ ⊃
a
fa

GG̃



Piezoelectric Crystals
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• Crystal structure breaks parity symmetry (x, y, z) ≠ (−x, − y, − z)
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Piezoelectric Crystals
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• Crystal structure breaks parity symmetry (x, y, z) ≠ (−x, − y, − z)

• Deformation causes electric dipole moment across unit cell (and vice versa).
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Electric  
Field Strainh ⋅

1
ϵ

⋅ Electric  
Displacement

Electric  
Displacementh ⋅Strainc ⋅Stress

Constitutive Equations for Piezoelectricity
θa(t) ≡

a(t)
fa

Piezoelectric

Permittivity
parity even 
parity odd

time-reversal odd

= −+

− +=

Stiffness

ξ θa(t) ⋅− Nuclear Spin  
Direction

ζ θa(t) ⋅− Nuclear Spin  
Direction

Piezoaxionic

Electroaxionic
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The electroaxionic tensor  is EVEN under parity, and can be 
present in all dielectrics.

ζ

The piezoaxionic tensor  is ODD under parity, and can only be 
present in piezoelectric materials.

ξ

We will focus on  in this talk!ξ



How big is the piezoaxionic 
tensor?
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-Q

+Q

dStep 1. QCD axion dark matter induces an oscillating 
nuclear electric dipole moment (EDM):


dn ∼ 10−16
ρDM

ma fa
cos ma t ⋅ e ⋅ cm

Step 2. EDM generates an oscillating stress on unit cell:

+ −

+

−+

−

+

+

+

−

−

−



The caveat: Schiff’s theorem
If we treat an atom as a system of static, point-like particles, nuclear EDM is 

perfectly shielded by electron cloud [Schiff 1963].

-Q

+Q

d

Resolution: finite size effects



gs ga ∝ θ̄a

Pion-nucleon forces:

Schiff Moment
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𝖲 ∼ e
θ̄a

mN
R2

0 ∝ A2/3 non-deformed nuclei

𝖲 ∼ eZ
θ̄a

mN
R2

0 ∝ Z A2/3 pear shaped nuclei

Ve = 4πe 𝖲 ⋅ ∇(δe(r))

∼ (0.01 − 1) × θ̄a e fm3



• In a piezoelectric crystal, the ground state electron wave function is a mixture of 
opposite parity orbitals  and :ϵs ϵp

|ψ⟩e = ϵs |s⟩ + ϵp|p⟩

• The piezoaxionic tensor can be estimated as: 
 

ξ ∼ ∂Strain
⟨HSchiff⟩

Vcell
≃

Z2

a4
0

d𝖲
dθa

×
N𝖲

Vcell

∂(ϵsϵ*p )
∂Strain

 factor

Bigger in strongly piezoelectric 
materials

∼ 𝒪(1)



S = |ξ c−1 ̂I θ̄a |
strain = 

ΔL
L

elastic stiffness tensor

 = nuclear spin direction̂I
 = Piezoaxionic tensorξ

×

Schiff potential Piezoelectric factor

+Q

d

∼ 10−26

Axion theta angle  ∝
ρa

ma fa
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Resonant Mass Detectors 

In the 1960’s:  
Weber Bar,  S ∼ 10−17

AURIGA, NAUTILUS, 
MiniGrail, 
S ∼ 10−25

Goryachev et al. 2014  

S ∼ 10−22

0.1 − 1kHz MHz − GHz
25



variable 
elements

+
transformer

SQUID
piezoelectric 

crystal

PEARL

1. Find a piezoelectric material with low 
mechanical noise and big Schiff moments


2. Cool to 


3. Align nuclear spins using a magnetic field


4. Measure tiny oscillating voltage using a SQUID

∼ mK
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(Piezoelectric Experiment for Axions with Resonant crystaLs)



Backgrounds:
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Fluctuating nuclear spins

Fluctuating magnetic impurities in 
material } Magnetization noise 

 fictitious EMF→

ppm≲

Small effect

Noise:
Thermal noise limited, main sources: crystal mechanical noise and SQUID noise 

Vibrational noise
Systematic, demonstrated at AURIGA



Idealized Forecast
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BBN: K. Blum, R. T. D’Agnolo, M. 
Lisanti, B. R. Safdi (2014)

GWs: J. Zhang, Z. Lyu, J. Huang, M. 
C. Johnson, L. Sa-  

gunski, M. Sakellariadou, H. Yang 
(2021). 

Superradiance: A. Arvanitaki, S. 
Dubovsky (2011)

Sun: A. Hook, J. Huang (2018) 

WDs: R Balkin, J Serra, K 
Springmann, S Stelzl, A Weiler (2022)

*parameter space above QCD axion line tuned in mass and vacuum alignment



The Piezoaxionic Force
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ℒ ⊃
a
fa

GG̃ ℒ ⊃
gp

2mψ
∂μaψ̄γμγ5ψ



Axion-mediated forces

ℒ ⊃
(∂a)2

2
−

m2
aa2

2
− gsaN̄N +

gp

2mN
∂μaN̄γμγ5N

N

N

N

N

a
gs,p gs,p Usp =

gsgp

8πmN ( ma

r
+

1
r2 ) e−r ma ( ̂σ ⋅ ̂r)
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ℒ ⊃
(∂a)2

2
−

m2
aa2

2
− gsaN̄N +

gp

2mN
∂μaN̄γμγ5N

Axion-mediated forces

P & T odd P & T even
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gs ∼ 10−30 109 GeV
fa

(from CKM)

Idea: what if P and T violation comes from piezoelectric crystal?



Schiff’s theorem, again
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-Q

+Q

d

Electrostatic (scalar) potential:  
Nuclear Schiff Moment

Magnetic (vector) potential:  
Nuclear Magnetic Quadrupole Moment

Resolution: finite size effects



Schiff Moment
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• In a piezoelectric crystal, the ground state electron wave function is a mixture of 
opposite parity orbitals  and :ϵs ϵp

|ψ⟩e = ϵs |s⟩ + ϵp|p⟩

ρ𝖲 = n𝖲
4πe
fa

∂𝖲
∂θa

ϵsϵ*p ℳ𝖲 ⋅ ̂I + c . c

Electronic matrix element Nuclear spin polarizationNumber density of Schiff 
moments

Effective in-medium energy 
density

 in a ferroelectric 
crystal

≠ 0
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Magnetic Quadrupole Moment

𝖬 ∼ 10
θ̄a

mN
μN non-deformed nuclei

V𝖬 =
e 𝖬

4I(2I − 1) [ImIn + InIm −
2
3

δmnI(I + 1)] × tmn(σe, ̂re)

𝖬 ∼ Z2/3 10
θ̄a

mN
μN

rugby-ball shaped 
nuclei

∼ (0.1 − 1) × θ̄a e fm2

 = nuclear magnetic momentμn =
e

2mp



MQM: Atomic Mixing

35

|ψ⟩e = ϵs |s⟩ + ϵp|p⟩

ρ𝖬 = e n𝖬
∂𝖬
∂θa

tmn(IN) × ϵsϵ*p Amn(σe, ̂re) + c . c .

Nuclear quadrupole tensorEffective in-medium 
energy density

Electronic matrix elementDensity of MQM nuclei

 in a magnetic piezoelectric 
crystal

≠ 0



36

N

N

N

N

aρ𝖲,𝖬 gp

( □ + m2
a) a (t, x) = −

ρ𝖲 + ρ𝖬

fa
≡ j(t, x)

Take a uniform slab of piezoelectric crystal with thickness h:

Like a B-field, but unaffected by magnetic shielding!

∇θ̄a ≃ − D̂
j

2ma fa
e−maD (1 − e−mah)

gp ≡
cN mN

fa
H ⊃ −

gp

mN
σN ⋅ ∇θa,

D



Nuclear Magnetic Resonance
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N

N

N

N

aρ𝖲,𝖬 gp

By moving the crystal at the Larmor frequency , we pick up a 
resonantly enhanced, off-axis magnetization

ω = − γNB0

B0 magnetization3HePi
ez

oe
le

ct
ric

 C
ry

st
al

The separation between the crystal and NMR sample sets the range of axion 
masses that we are sensitive to.



Noise
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The main noise source is transverse spin projection noise from the sample itself

T2 (3He)

Bmin ≈ 10−20 T × ( b
1 Hz ) ( 1 mm3

V3He ) ( 1022 cm−3

n3He ) ( 1000 s
T23He

)
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σ
1

σ
2

SC shield

Quartz 
sample block

Spin-polarized
Source mass

Polarized
3He sample

d

SQUID
magnetometer
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Schiff moment: MQM:

*parameter space above QCD axion line tuned in mass and vacuum alignment

Preliminary Preliminary
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Dipole-Dipole

10°6 10°5 10°4 10°3 10°2 10°1

axion mass ma [eV]

10°12

10°11

10°10

10°9

10°8

f
°

1
a

[G
eV

°
1
]

QCD
ax

ion

SN/NS cooling

tint = 3 y, T2 = 3 £ 103 s
nN(3

2He) = 2 £ 1022 cm°3

A = (300D)2

D =0.15 mm, dipole D =1.0 mm, dipole

10°1 10°2 10°3 10°4 10°5
axion Compton wavelength ∏ [m]



What’s next for the Piezoaxionic Effect?
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• In progress: precise Schiff moment calculations for stable, deformed nuclei


• Density functional theory (DFT) calculations of electron wave functions near nuclei


• Further experimental investigation of candidate materials (e.g. mechanical quality 
factors)

• Search for model dependent axion-electron coupling


• Higher masses for dark matter (  ), single-phonon regime (w/ I. Bloch, D. 
Carney, S. Knapen, G. Marocco)


• New ideas for mechanical scanning

∼ meV



10°6 10°5 10°4 10°3 10°2 10°1

axion mass ma [eV]

10°12

10°11

10°10

10°9

10°8

f
°

1
a

[G
eV

°
1
]

QCD
ax

ion

SN/NS cooling

tint = 4 y, T2 = 3 £ 103 s

nN(3
2He) = 2 £ 1022 cm°3

A = (300D)2

Magnetic Quadrupole Moment

D =0.15 mm,Np3OF12

D =0.15 mm,Eu0.5Ba0.5TiO3

D =1.0 mm,Np3OF12

D =1.0 mm,Eu0.5Ba0.5TiO3

10°1 10°2 10°3 10°4 10°5
axion Compton wavelength ∏ [m]

• QCD axion DM can excite vibrational 
modes in piezoelectric crystals via its 
model-independent coupling to 
gluons.

• Piezoelectric crystals can source 
QCD axion mediated forces also via 
their model independent coupling to 
gluons, that could be detected using 
an NMR sample.

• Complimentary to cavity experiments

Summary
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Materials
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Candidate materials collected from the database at 
https://materialsproject.org/ 

• High density of nuclei with large Schiff moments 
and low radioactivity


• Good acoustic properties (high Q-factor)


• Strong piezoelectric properties 


• Structural similarity to well-known resonator 
crystals.

Piezoelectric make up a large class of materials - 20 out of 32 symmetry groups!



Scanning
• Grow a series of crystals of different thicknesses


• Vary electrical resonance frequency using capacitor and inductor
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