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A      introduction to Axions

3

QCD has a CP problem:

L � ✓̄g2s
32⇡2

Ga
µ⌫G̃

µ⌫,a

Term violates CP — leads to neutron EDM
dn ⇠ 10�16✓̄ e cm

✓̄ . 10�10

dexpn . 10�26 e cm

Experimental limit:
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A      introduction to Axions

4

Solution: U(1)PQ symmetry anomalous under QCD: 
pNGB after instanton breaking — QCD axion!

L �
✓

a

fa
+ ✓̄

◆
g2s

32⇡2
Ga

µ⌫G̃
µ⌫,a

V = �m2
⇡f

2
⇡

✓
1� 4mumd

(mu +md)2
sin2

✓
a

2fa
+

✓̄

2

◆◆1/2

Potential for axion generated by confinement:

Minimised: hai = �✓̄fa

Axion mass related to QCD scale: m2
af

2
a ⇠ m2

⇡f
2
⇡

Peccei & Quinn (1977) 
Weinberg (1978) 
Wilczek (1978)
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A      introduction to Axions
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Axion-like particles (ALPs)

LALP � 1

2
m2

aa
2 + Lint

Generic shift-symmetric P-odd scalar field w/ derivative 
couplings to SM fields

m2
af

2
a ⇠ m2

⇡f
2
⇡Mass unrelated to QCD scale:

Motivations: a) One of ~few concrete predictions from known String 
compactifications (string axiverse) 

b) ALPs as Dark Matter from misalignment 
c) Technology to search for ALPs exists

Svrček & Witten (2006) 
Arvanitaki et al (2009) 
Stott et al (2017) 
Halverson & Langacker 
(2018)
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ALPs as Dark Matter: Misalignment
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Axion EoM in FRW Universe: ä+ 3Hȧ+m
2
aa = 0

a0

3H > ma, a = a0

3H . ma, a ' a0

✓
↵(H = 3ma)

↵(t)

◆3/2

cos(mat+ ')

Recall:

DM energy density:

T ⇠ (H2
m

2
P)

1/4

⇢DM ⇠ T 3Teq

⇢a ⇠ m2
aa

2
0

a0 = ✓0faa20 =

 
T 2
eqm

3
P

ma

!1/2

Relic abundance:
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Axions as Dark Matter: Targets
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Axion couplings to photons

8

ALP has coupling to photons introduced “by hand”

gALP
a�� ' ↵

2⇡fa

L � �1

4
ga��aF F̃

QCD axion inevitably has such a coupling

gQCD
a�� ' ↵

2⇡

1

fa

✓
E

N
� 1.92

◆

Anomaly coefficients Mixing w/ pion

DFSZ:
E

N
=

8

3

KSVZ:
E

N
=

(
0 neutral VLQs

2 ±1 charged VLQs
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Axion couplings to photons
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Resonant Axion Searches
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Axion electrodynamics: L � �ga��
4

aF F̃ = �ga�� aE ·B

r⇥B = @tE+ J� ga�� (E⇥ra�B@ta)

r ·E = ⇢� ga��B ·ra
Maxwell’s new and 

improved Equations

Axion dark matter: a(t) '
p
2⇢DM

ma
cos(mat+ ')

⟹Je↵(t) ⇠ ga�� B0(t)
p
⇢DM cosmat Ba(t) / Je↵(t)
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Axion-induce magnetic field induces an E.M.F.:

Resonant Axion Searches

11

Ea ⇠ V 2/3 @tBa

P (r)
sig ⇠ E2

a

R
min

⇣
1,

⌧a
⌧r

⌘
⇠ !2

sig B
2
aV min

✓
Qr

!sig
,
Qa

ma

◆

Qa ⇠ 1/hv2i1/⌧a ⇠ mahv2i 1/⌧r ⇠ !sig/Qr

Maximise:             ,        ,!sig Ba V

QUANTITIES 
OFTEN LINKED

WARNING
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Resonant Axion Searches
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Difficult to reach small axion masses — cavity has to be huge!

ADMX and other cavities: !sig = ma Ba ⇠ Je↵/!sig !sig ⇠ V �1/3

LC resonators: !sig = ma Ba ⇠ Je↵V
1/3

Able to access small masses, but length-ratio suppressed

Axion-induce magnetic field induces an E.M.F.: Ea ⇠ V 2/3 @tBa

P (r)
sig ⇠ E2

a

R
min

⇣
1,

⌧a
⌧r

⌘
⇠ !2

sig B
2
aV min

✓
Qr

!sig
,
Qa

ma

◆
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P (r)
sig ⇠ E2

a

R
min

⇣
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⌧a
⌧r

⌘
⇠ !2

sig B
2
aV min

✓
Qr
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,
Qa

ma

◆

Different approach: Resonant Axion Searches

13

Heterodyne resonator: !sig = !0 ±ma Ba ⇠ Je↵/!sig

E(osc.)
a

E(static)
a

⇠ !0 ±ma

ma
⇠ !0

ma
Gain:

Noise & exp. parameters 
not discussed yet

WARNING
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Resonant Approaches
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Static-field Haloscope:  
e.g. ADMX

B0

LC Resonator:

B0

ma !sig = ma ma

!sig = ma = !LC!sig = ma ⇠ V �1/3

ma

Heterodyne Resonator:

!sig ⇠ !0 ±ma ⇠ V �1/3

B0(t)!0

!sig

JHEP 07 (2020) 088,  
hep-ph/1912.11048 
A. Berlin, R. T. D’Agnolo, SARE, P. 
Schuster, N. Toro, C. Nantista, J. 
Neilson, S. Tantawi, K. Zhou 

Also: R. Lasenby hep-ph/1912.11467
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Allowed mode transitions

15
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Cylindrical cavity modes: TMmnp TEmnp

m0 = m1spin-0:

p0 + p1 = oddpseudoscalar:

TMmnp

TEmnp TEmnp⇌
⇌

TMmnp⇌

L

R
=

 
⇡(p21 � p20)

x2
mn0

� x02
mn1

!1/2

mode degeneracy:

Axion allowed transitions: ⌘ /
Z

V
E⇤

1 ·B0 6= 0

MAXIMISE
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Broadband Axion Resonant Frequency Conversion
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Qint ⇠ 109 ÷ 1013

Superconducting RF Cavity
!0 = !1 ⇠ GHz

R
et
ra
ct
ab
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!0

ma

E0

E1
L

!1

hep-ph/2007.15656 
A. Berlin, R. T. D’Agnolo, SARE, K. Zhou

Requirement: �!i . !i/Qi

Demonstrated by DarkSRF @ FNAL

https://arxiv.org/abs/2007.15656
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Scanning Axion Resonant Frequency Conversion

17

Tunability:

�! & MHz

piezos

fins

�! . MHz

Qint ⇠ 109 ÷ 1013

Superconducting RF Cavity
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Degeneracy:
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JHEP 07 (2020) 088, hep-ph/1912.11048 
A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. 
Toro, C. Nantista, J. Neilson, S. Tantawi, K. Zhou

Broadband: 
hep-ph/2007.15656 
A. Berlin, R. T. D’Agnolo, SARE, K. Zhou

https://arxiv.org/abs/2007.15656
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Axion Signal

18

Ssig(!) =
!1

Q1
(ga�� ⌘10 B0)

2 V
!2

(!2 � !2
1)

2 + (! !1/Q1)2

Z
d!0

(2⇡)2
(!0 � !)2 Sb0(!

0)Sa(! � !0)

Signal Power Spectral Density (PSD):

ha(t)2i = 1

(2⇡)2

Z
d! Sa(!) =

⇢DM

m2
a

Axion PSD:

Sbi(!) = ⇡2
⇣
�(! � !i) + �(! + !i)

⌘
+ S(phase)

bi
+ S(mech)

bi

Background magnetic field PSD: To be discussed further…

Bi(x, t) = Bi(x) bi(t)Bi ⌘

s
1

Vcav

Z

Vcav

|Bi(x)|2NB:
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Axion Signal

19

Ssig(!) =
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Q1
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2 + (! !1/Q1)2

Z
d!0

(2⇡)2
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0)Sa(! � !0)

Signal Power Spectral Density (PSD):

Signal Power (resonant):

Psig ' 1

4
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2 ⇢DM V ⇥
(
Q1/!1
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Qa

⌧ !1
Q1

⇡Qa/ma
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Qa

� !1
Q1

,
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�!r = !1/Q1

Widths:
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Standard Noise Sources: Thermal Noise
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Retractable Fins

Loading ports

Readout ports

!r

!dThermal

Sth(!) =
Q1

Qint

4⇡T (! !1/Q1)2

(!2 � !2
1)

2 + (! !1/Q1)2

Power Spectral Density:
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Non-standard Noise Sources: Phase Noise

21

Retractable Fins
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Power Spectral Density:
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Non-standard Noise Sources: Wall Vibrations

22
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Non-standard Noise Sources: Field Emission

23

Retractable Fins

Loading ports
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0.1 W
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8
><
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10�6 transition

10�5 Bremsstrahlung ,

Power Spectral Density:

Limits max B-field ~ 0.2T
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All Noise Sources

24
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All Noise Sources
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✏1d = 10�7

Qint = 1012
Pmech ⇠ ✏21d�

2!
2
0!

3
min

m5
a

Pin

fractional wall disp. �

Pth ⇠ T
!1

Qint

Pphase ⇠ ✏21dS'(ma)
!1

Qint
Pin



Hamburg, June 4, 2021
Sebastian A. R. Ellis —Axion Dark Matter (and Gravitational Wave) Detection in an SRF Cavity 

Experimental precedent

26

Q~4x1011 @ B~0.1T

arXiv: 1810.03703 Romanenko et al.

Q-factor & B-field:



Hamburg, June 4, 2021
Sebastian A. R. Ellis —Axion Dark Matter (and Gravitational Wave) Detection in an SRF Cavity 

Experimental precedent

27

Mode rejection:

gr-qc/0502054   Ballantini et al.

Ɛ = 10-7 achieved

Low-frequency 
seismic noise:

physics/0004031   Bernard, Gemme, Parodi, Picasso

Scientific Reports 8, 15324 (2018)   Rosat & Hinderer

�!/! ⇠ � ⇠ 10�10

DarkSRF (2020)

https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf
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Signal to Noise: readout & overcoupling

28

Readout:

Qint Qcpl

Q1 =
QintQcpl

Qint +Qcpl

Signal: Ssig(!) !
Q1

Qcpl
Ssig(!)

Snoise(!) = Sql(!) +
Q1

Qcpl

⇣
Sth(!) + Sphase(!) + S(1)

mech(!)
⌘
+

Q0

Qcpl
S(0)
mech(!)

Noise:
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Signal to Noise

29

Roughly: (SNR)2 ' tint

Z 1

0
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◆2

Comparison with LC resonator:
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Resonant Axion Resonant Frequency Conversion

30

Thermal noise limited
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JHEP 07 (2020) 088, hep-ph/1912.11048
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Resonant Axion Resonant Frequency Conversion

31

Thermal noise limited

✏1d = 10�7

Qint = 1012

�x = 0.1 nm

B = 0.2 T,   T = 2K,   ω0 = 1 GHz

�!d = 0.1 mHz

JHEP 07 (2020) 088, hep-ph/1912.11048
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Resonant parameter variations: Q-factor

32
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Resonant parameter variations: mode rejection

33

Thermal noise limited

�x = 0.1 nm

Ɛ = 10-7

Qint = 1012

B = 0.2 T,   T = 2K,   ω0 = 1 GHz

Ɛ = 10-5 Ɛ = 10-3

JHEP 07 (2020) 088, hep-ph/1912.11048
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Resonant parameter variations: mode rejection

34

Thermal noise limited
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Noise Sources: Broadband search
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Broadband Signal to Noise

36
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Broadband Axion Resonant Frequency Conversion
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Gravitational Waves?

38

Aggarwal et al, 2011.12414

Stochastic

Coherent
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Comparing with Axion
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Axion electrodynamics: L � �ga��
4

aF F̃ = �ga�� aE ·B
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GW — photon mixing (Gertsenshtein effect)
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GW interaction w/ Cavity Walls

40

Indirect effect: GWs perturb cavity walls
R

�x

�x

Cavity modes dependent on geometry

!c ! !c(1 + f(�x))Small perturbations:

Proper detector frame, effect of GW is 
that of Newtonian force on a test mass:

Fi '
m

2
ḧTT
ij xj

Passing gravitational wave will move walls, spreading power in frequency space

Focus of MAGO collaboration @ CERN in early 2000s — e.g. gr-qc/0502054
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Outlook

42

Radio-Frequency up-conversion approach
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https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-AF5_AF0_Kevin_Zhou-035.pdf
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Outlook
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to QCD axion
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Power comparison with static LC resonator

45
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Potential Sensitivity
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Potential Sensitivity dependences — 
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Potential Sensitivity dependences — geom. factor
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Broadband Axion Resonant Frequency Conversion
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Potential Sensitivity dependences — e-fold time
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Statistical treatment
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GW interaction w/ EM strategy: venerable history

52

Braginskii & Menskii, 1971

Pegoraro, Picasso & Radicati, 1978

Pegoraro, Radicati, Bernard & Picasso, 1978
Led to MAGO collaboration @ CERN  
early 2000’s

See also Caves 1979, Reece, Reiner & Melissinos 1982, 1984
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Framing the question
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Proper detector frame
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Framing the question

54

Proper detector frame
ds2 '� dt2
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Maxwell’s new and improved equations, roughly:

Generation of EM wave from GW and background field: 
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Experimental context

55

Aggarwal et al, 2011.12414
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Experimental context
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Aggarwal et al, 2011.12414
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Signal to Noise GWs
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