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1) A new particle?

2) Heterodyne axion detection

3) Limiting factors

4) Prospective sensitivity
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Strong CP problem à QCD Axions

Nature of dark matter à DM Axions

Properties of axions:

Charge: 𝑞 = 0

Spin: 𝑆 = 0

EM-interaction: ℒ ⊃ −𝑔!"" 𝑎 𝐄 + 𝐁

Axion field: 𝑎 𝑡 ∝ cos𝑚!𝑡

𝑚! and 𝑔!"": Barely constrained
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A New Particle?
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Current Axion Searches

Cosmic Axions: MADMAX
Armengaud et al., 2019 
(arXiv:1904.09155)  

Solar Axions: (Baby)-IAXO
Majorovits, 2017 
(arXiv:1712.01062)  

Laboratory Axions: ALPS II
alps.desy.de
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Majorovits, 2017 (arXiv:1712.01062)  
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E-field of an eigenmode in a cylindrical cavity 9-cell cavity designed for modern particle accelerators

Quality factor: 𝑄#$% ∝
&'()*+ *,*)-.

+/&&/01'*+ *,*)-. 0*) 2.23* ∝ 10
45 (𝑄,()613 2(,+72'/,- ∝ 108)

Frequencies: 𝑓 ∝ GHz

Material: Niobium (𝑇# ≈ 9.2 K,  𝐵# ≈ 0.2 T)
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Superconducting Radio Frequency Cavities
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ℒ ⊃ −𝑔!"" 𝑎 𝐄 + 𝐁 ⇒ current density: 𝐽*99(𝜔4) ∝ 𝑔!"" 𝐵5 𝑡 𝜕:𝑎(𝑚!𝑡)

Coupling strength ⟶ Overlap factor 𝐶-. =
∫! 𝐄"

∗ 1𝐁𝟎
%

∫! 𝐄"
%1∫! 𝐁&

%
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Heterodyne Axion Detection

Pump mode 𝜔!

Signal	mode
𝜔" = 𝜔! +𝑚#

Axion field
𝑚#

𝑚#

𝑩𝟎𝐜𝐨𝐬 𝝎𝟎𝒕 𝑬𝟏 𝒕
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Scanning Over Axion Masses

Piezo element pressing 
into cavity wall:

Δ𝑚! ∝ 1 MHz

Introducing retractable fins:

Δ𝑚! ∝ 100 MHz

𝑳 ≈ 𝟐𝐦 𝑽 = 𝟏𝐦𝟑
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Berlin, D'Agnolo, Ellis et al., 2019 (arXiv:1912.11048v1)  

Noise Sources

∝ 𝝎𝐬𝐢𝐠

∝ 𝑻

∝ 𝜺𝐜𝐩𝐥

∝ 𝜺𝐜𝐩𝐥
𝜀!"#

𝜀!"#

∝ #
!
𝐄"∗ % 𝐄$
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Quench Limit

Superconductivity breakdown: Quality factor behaviour:

𝐵# ≈ 0.2 T for Niobium  ⟹ Energy in pump mode 𝑈&'(& ∝ ∫) 𝑩(𝒓)
* limited

quench



𝐶+, ~ 1

𝜔-./012 ~ GHz

𝑈&'(& ~ (0.2 T)* 1 𝑉
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Axion Sensitivity

<latexit sha1_base64="h3JhM+2nNyQDCgTCXhXnbSjOjoI="></latexit>

Psignal / g2a�� C01 Upump ·
(
Q1/!1 ,

ma
Qa

⌧ !1
Q1

Qa/ma ,
ma
Qa

� !1
Q1

SNR ≈
𝑃-./012
𝑃03.-4

𝑡.05 > 1

𝑄-./012 ~ 10,+

𝑉 ~m6

𝑇 ~ 1.8 K

𝜀7&2 ~ 1089

𝑡.05 ~ 10: s
𝐵& of Niobium

Experimental setup: Choice of modes:
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Effects of the Experimental Parameters

Transition 𝜔'()*+ (GHz) 𝐶!" (%) 𝑈,-',/𝑉

Idealised 1.0 100 (0.2 T).
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Maximising the Mode Overlap

𝑃+/0 ∝ 𝑈,-', b ⁄𝐶!" b 𝑔#11. 𝑚# ,    𝑉 = 1 m2,   𝐶+, =
∫& 𝐄'

∗ =𝐁𝟎
*

∫& 𝐄'
*=∫& 𝐁+

*

𝜔! 𝜔"
Cylinder 0.22 0.37 59

Torus 0.42 0.44 23

Ellipsoid 0.25 0.40 71

Cylinder 0.43 19

Cuboid 0.27 47

Cavity 𝜔'()*+ (GHz) 𝑪𝟎𝟏 (%)

Idealised 1.0 100

Degenerate:

Non-Degenerate:



𝜔! 𝜔"
Cylinder 0.22 0.37 59 0.13 0.0096

Torus 0.42 0.44 23 0.09 0.0018

Ellipsoid 0.25 0.40 71 0.10 0.0071

𝑃+/0 ∝ 𝑈,-', b ⁄𝐶!" b 𝑔#11. 𝑚# ,  𝑉 = 1 m2, B*33 = ⁄𝑈,-', 𝑉

𝑃45*6'78 9(/+* ≁ 𝑈,-',
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Maximising the Pump Energy

Cylinder 0.43 19 0.12 0.0027

Cuboid 0.27 47 0.10 0.0047

Cavity 𝜔'()*+ (GHz) 𝐶!" (%) 𝐁𝐞𝐟𝐟 (T) 𝐶!" B*33. (𝑇.)

Idealised 1.0 100 0.20 0.0400

Degenerate:

Non-Degenerate:
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Effects of the Mode Choice

Transition 𝜔! (GHz) 𝜔" (GHz) 𝐶!" (%) B*33 (T)

Cylinder 0.22 0.37 59 0.13

Torus 2 0.42 0.44 23 0.09

Ellipsoid 2 0.25 0.40 71 0.10

Transition 𝜔! (GHz) 𝐶!" (%) B*33 (T)

Cylinder deg. 0.43 19 0.12

Cuboid deg. 0.27 47 0.10

Δ𝑚! = 1MHz
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Conclusion and Outlook

What heterodyne axion detection can do:
• Axion reach of 𝐇𝐳 < 𝒎𝒂 < 𝐆𝐇𝐳
• High sensitivities in 𝑽 ∝ 𝐦𝟑 cavities
• Scan over  𝒎𝒂 ∝ 𝟏 − 𝟏𝟎𝟎 𝐌𝐇𝐳 in one setup

What is needed:
• SRF cavities with 𝑸 > 𝟏𝟎𝟏𝟎

• Good noise control (low 𝑇, low 𝜀>,8)
• Mode transition with high overlap 𝐶!" and pump energy 
(in suitable cavity geometry)

Berlin et al., 2021 (arXiv:2112.11465v1)  

Outlook:
• Prototype at CERN
• Gravitational wave detection


