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Supax - A new axion haloscope @ Bonn
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5 to 6 Reasons to like Axions

UNIVERSITAT

1. ... may solve the strong CP problem
STRING THEORY GUMMARIZED:

2. ... may be Dark Matter
_ _ | JUST HAD AN AWESOME |DEA.
3. ... may explain anomalous star cooling SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY, VIBRATING STRINGS.
4. ... may explain TeV transparency of intergalactic space
OKAY. WHAT vgouu:
5.-.-.-mMay contribute-to-(g-2), THAT MPLY:
_ | | DUNNO. /
o. ... are well motivated by string theory

\
[arXiv:0605206 X %

e "Axion-like fields emerge in string theory in 10D — 4D
compactifications as Kaluza-Klein zero modes of ten-dimensional form

fields” [A._Ringwald 2014 J. Phys.: Conf. Ser. 485 012013]
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https://arxiv.org/abs/hep-th/0605206
https://iopscience.iop.org/article/10.1088/1742-6596/485/1/012013

How to Observe Axions




Light Axions and ALPs
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Light Axions and ALPs e
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Light-shining-though-wall ~ Accelerator based
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Light Axions and ALPs e
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Light-shining-though-wall

Helioscopes

Haloscopes

* Primakoff effect:
Resonant photo-production of
pseudoscalar mesons
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Light Axions and ALPs e
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Light-shining-though-wall

Helioscopes

Haloscopes

e+ 1 ° AXiOn to photon conversion in magnetic field
' ( inverse Primakoff effect )
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Light Axions - Haloscopes - RF cavity based searches P
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Light Axions - Haloscopes - RF cavity based searches

* Resonance frequency

determined by cavity geometry * Technological challenges

e Limited tuning range * High field magnets

e Ultra low noise amplitier

* Detection principle feasible in range
100MHz - 100 GHz

* HIghly sensitive readout systems

e 3 orders of magnitude in frequency:

Cavity

e \arious designs of resonators & DAQ

Photon

* Many experiments!

Magnetic Field
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Light Axions - Haloscopes - RF cavity based searches UNNERSIW"

e Resonance frequency
determined by cavity geometry  Technological challenges

e | imited tuning range * High Tield magnets }

e Ultra low noise amplitier

* HIghly sensitive readout systems

* Detection principle feasible in range
100MHz - 100 GHz

e 3 orders of magnitude in frequency:

DO

Preamplifier Local Oscillator

Cavity

e \arious designs of resonators & DAQ

Photon

* Many experiments!

Power
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e [yp signal power: 1024\

Magnetic Field
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Axion Haloscope Experiments

UNIVERSITAT
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Why a new Haloscope!

» | ots of uncovered parameter
space

- Mass range motivated by
theory!

» Fully exploit the available
infrastructure @ Bonn

» Close gaps in interesting
parameter range

Kristof Schmieden
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~ Can we do it! The 4K Prototype

— to spectrum analyser

He return « I
I — to vacuum pump

IHe feed — I

IHe Cryostat ..... JE CaVIty Support

e (Gain:

-Cryo LNA (36dB)
-.Cryo circulator

e Cavity

36 O

— signal injection * Haloscope setup for

* Magnet bore: 89mm
| — N2 feed * Inner cryostat diameter: 50 mm

3

e Noise: 3.8K (0.06dB)

R&

e

UNIVERSITAT LIV

D and physics @ Mainz

"""""" Cryo Attenuators e Cryo Preamp @ 4K, 10GHz:

resonance frequency:

3.4 G

- 8GHz cavity

- Sample tube

14T solenoid magnet
(existing)

T — e
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Supax - Measurements
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Supax - Cavities

* Test of various cavity geometries and coatings

quality factor [kU]
N
o
o
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Cu coated with NbN
Coating by Zubtsovskii @ Uni Siegen




Results of Supax - Prototype

Dark Photon results (< 4h of data):
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Results of Supax - Prototype v
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The Supax Experiment @ Bonn




The New Supax Experiment

e Dual use:

Temperature:
B-fleld:

Jsable volume:
-req. range:

& GWs

10 mK

12 T

d=9cmx20cm

2 Gl

Z-/7G

Jp to 3 cavities in parallel

Z
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[arXiv:2505.07541]
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https://arxiv.org/abs/2505.07541

The New Supax Experiment

/

e Dual use: & GWs

e [emperature: 10 mK

e B-field: 12T

e Usable volume: @ =9cm x20cm
e Freq. range: 2 GHz - 7G

e Up to 3 cavities in parallel
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https://arxiv.org/abs/2505.07541

The New Supax Experiment v

UNIVERSITAT

Cavity prototype : I
Cryostat arrival Working setup L:]

Order Cryostat

August  October ~ August 26 End of 26

Commissioning with
* One cavity
- ‘Classic’ readout: TWPA - HEMPT - RF digitisation

10 mK 2 K Room temp

» 2027 Initial physics measurements: GW / Axions

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting 15



The New Supax Experiment

Kristof Schmieden

Cavity prototype

Order Cryostat

August  October

Cryostat arrival

~ August 26

Axion Program: 2028 - ...

 Three cavities - additional DAQ channels
- Quantum sensing: single photon detectors
» Developed e.g. for RADES within dark Quantum

* 1 Phd student from CmF to setup quantum
readout and harvest axion results

End of 26

Supax - CmF RA4 Kickoff Meeting
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- Take Away Messages

~ UNIVERSITAT LI

* New haloscope will be built at Bonn

 Dedicated Axion campaign!
e Axions are very likeable after all ;)

e EXpect to significantly contribute to the global
search for the QCD Axions

e Collaboration with RADES

e Profit from Quantum sensing developed
within Dark Quantum

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting 17
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b6 reasons to like axions - detalls




Axions as Dark Matter - |

e Axions follow Bose-Einstein statistics

* Ensemble of light axions:
macroscopic, wave-like behaviour

e Acts as cold dark matter
e Mass Limits:

* Ma > 1022 eV, otherwise no structure formation possible

e QCD axions: ma < 2:10-2 eV from neutrino flux of SN1987A

* No upper bound on mass of ALPs

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting
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Axions as Dark Matter - |

e Axions follow Bose-Einstein statistics

* Ensemble of light axions:
macroscopic, wave-like behaviour

e Acts as cold dark matter
e Mass Limits:

* Ma > 1022 eV, otherwise no structure formation possible

e QCD axions: ma < 2:10-2 eV from neutrino flux of SN1987A

* No upper bound on mass of ALPs

 Assuming all of DM is QCD Axions: Predict it's mass
* Depends on production mechanism
e Computationally difficult:

* NO ab Initio calculation possible
= model dependent results
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UNIVERSITAT

e

20



Axions as Dark Matter - |

e Axions follow Bose-Einstein statistics

* Ensemble of light axions:

macroscopic, wave-like behaviour 10-10

e Acts as cold dark matter
e Mass Limits:

* Ma > 1022 eV, otherwise no structure formation possible

e QCD axions: ma < 2:10-2 eV from neutrino flux of SN1987A

107 E
* No upper bound on mass of ALPs g
 Assuming all of DM is QCD Axions: Predict it's mass
* Depends on production mechanism
10~

e Computationally difficult:
* No ab Initio calculation possible
= model dependent results
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https://github.com/cajohare/AxionLimits

Possible Solution to strong CP problem - |l A

UNIVERSITAT

e a: Axion field _ gg
Ltot — LSM,axion + 0
327

GG

e /.. "Peccei-Quinn scale”

QCD term Axion term

* QCD instanton effects break U(1) explicitely e E ~ f (large)

* “tilted mexican hat”
e Spontaneously broken symmetry

* AXion becomes massive .
e Axion = Nambu-Goldstone boson (massless)

e Drives potentialto 8 = 0
e CP symmetry restored

e Only free parameter: V(®)

e Scale of symmetry breaking

| Coupling:  gi X 7 -

‘/6’_%()
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More Reasons to like Axions - Il

UNIVERSITAT

* Emission of Axions strongly constrained
from too fast cool down of stars

Bounds:

Stellar system Bound

RGB stars Gae < 4.3 x 1071

WDs Gae < (3 —4) x 10713

HB stars GJa~y < 0.60 X 10710 GeV—!
SN 1987A Jap < 6 x 10710

NS Similar to SN 1987A

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting 22
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More Reasons to like Axions - Il

UNIVERSITAT
e Some stars appear to cool down faster than expected
e (Weak) evidence seen in white dwarfs, horizontal
branch and red giant branch stars e Emission of Axions strongly constrained
1.0 from too fast cool down of stars
30
0.8- WD+HB+RGB Bounds:
_ o0 Stellar system Bound
?DJ 0.6 RGB stars Gae < 4.3 x 10713
= WDs Gae < (3 —4) x 10713
|
% 0.41 lo HB stars GJa~y < 0.60 X 10710 GeV—!
= —10
SN 1987A Gap <6 x 1071
0.2 NS Similar to SN 1987A
0.0 - - : ; .
0.0 0.5 1.0 1.5 2.0 2.0 3.0
Gae [1071]
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More Reasons to like Axions - |V

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting
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https://arxiv.org/abs/2004.08321
https://arxiv.org/abs/1602.07499

More Reasons to like Axions -V

e Contribute to (g-2),

* Debated in literature it it helps to solve the
remaining (g-2), discrepancy

QED Weak Hadronic contribution
HVPY v
HLbL
LL
1]
H_/
Precisely known Large uncertainty

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting
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More Reasons to like Axions - VI

UNIVERSITAT

1. ... may solve the strong CP problem
STRING THEORY GUMMARIZED:

2. ... may be Dark Matter

_ _ | JUST HAD AN AWESOME |DEA.
3. ... may explain anomalous star cooling SUPPOSE ALL MATTER AND ENERGY

IS MADE OF TINY, VIBRATING STRINGS.
4. ... may explain TeV transparency of intergalactic space
OKAY. WHAT \;/OULD

. TH MPLY ¢

5. ... may contribute to (g-2), AT IPLY
_ | | DUNNO. /

o. ... are well motivated by string theory

\
[arXiv:0605206 X %

e "Axion-like fields emerge in string theory in 10D — 4D
compactifications as Kaluza-Klein zero modes of ten-dimensional form

fields” [A._Ringwald 2014 J. Phys.: Conf. Ser. 485 012013]
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https://arxiv.org/abs/hep-th/0605206
https://iopscience.iop.org/article/10.1088/1742-6596/485/1/012013

Couplings of the QCD Axion

e Axions couple to quarks by definition
* Axions also couple to photons

e Can mix with pi©

e Two benchmark models:

e KSVZ:
New heavy, electrically neutral quarks
carrying PQ charge

e DFSZ.
SM Quarks carry PQ charge, additional
Higgs doublet needed

Kristof Schmieden Supax - Cir
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https://cajohare.github.io/AxionLimits/

From Axions to Axion Like Particles u

UNIVERSITAT

Axion m_ ~ 1/f,

ALPS m, and f, independent

ALPS may arise “generically” from
“any” broken U(1) symmetry...

There may be more than one ALP

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting



From Axions to Axion Like Particles "

UNIVERSITAT

e Dropping requirement to solve strong CP problem:

e No strict mass - coupling strength relation .
e \/ast parameter space opens up et 7o,

* Any new pseudo-scalar particle:

e Qualitatively similar properties to QCD Axion
= Axion Like Particle (ALP)

1 1111358044
\ A

e ALPs appear in many extension to the SM

e Any new symmetry breaking ‘Higgs'-like field requires
additional (pseudo)-scalar particles
* c.g. SUSY, GUT

e String theories: -
* Any theory using extra dimensions |leads to the

existence of ALPs

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting
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Axions and Axion Like Particles "

UNIVERSITAT

e Axions and ALPs are fascinating!

e May explain several mysteries of particle physics
e Strict mass - coupling relation for Peccei-Quinn (QCD) axion
o Will couple to photons

* Huge parameter space in coupling and mass for ALPs
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- lypical Readout A

o UNIVERSITAT EIEINIVM
RF input |

\1'/: Environmental sensors

Attenuator

Spectrum

Pre-amp: Pre-amp | analyser:

o ﬁ 26 dB 26 dB

e Slowcontrol e Readout

RF Cavity Circultaor

T

DAQ PC via USB3

* [emperature and pressure sensors e | inear HEMPT amplitier
* Monitoring with Influx + Grafana e 40 MHz realtime |Q data: 200MB/s
e Realtime FFT, averaging and DQ

o [: PID control
e P: Actuator in development

R

Kristof Schmieden Supax - CmF RA4 Kickoff Meeting



- lypical Readout A

UNIVERSITAT EIITYI

" RFinput
\T/: Environmental sensors

Attenuator

Spectrum

Pre-amp: Pre-amp | analyser:

RF Cavity SUCEIEO! [NF-LNC4_16B RSA518

o

o ﬁ 26 dB 26 dB
DAQ PC via USBS3
e Slowcontrol * Readout
* [emperature and pressure sensors e | inear HEMPT amplitier
* Monitoring with Influx + Grafana e 40 MHz realtime |Q data: 200MB/s
e Realtime FFT, averaging and DQ

o [: PID control
e P: Actuator in development * Readout - Future

e JPA based readout
e Eventually: Quantum detectors for single photons
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Standard Quantum Limit e

UNIVERSITAT

* Measurement of amplitude and phase of EM wave:
* Minimum noise corresponding to one quantum (c.f.

. Minimum detectable power vs. Temperature
Zero point energy)

1021 4

[1,Q]=I
* Linear cavity .
* Linearamp =
* 10723 -

10—24 -

Quantum +
thermal noise

103 1072 1071 109 10t
T (K)
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Standard Quantum Limit

UNIVERSITAT

* Measurement of amplitude and phase of EM wave:
* Minimum noise corresponding to one quantum (c.f.

. Minimum detectable power vs. Temperature
Zero point energy)

1021 4

(B-SPD)

N - * Linear cavity

[ ,(I)]—| « B-resilient Qubit
0 .

axion

0}

10—241

Shot noise v

T (K)

e Change of paradigm
* Number-Phase conjugates evade the SQL
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Single RF Photon Detection

* Shown single photon efticiency: 43% @ 90 Hz dark count rate
e Big R&D effort ongoing

e Using Q-bits for single RF photon sensing

https://doi.org/10.1103/PhysRevl ett. 126.141302
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L Purcell
filter

Waste
resonator

e


https://doi.org/10.1103/PhysRevLett.126.141302

Transmon Q-Bit

https://doi.org/10.1103/PhysRevl ett. 126.141302

a % é ? 0 Qubit Excited State Probability
| a
|.I-‘ m n=2 n=1 n=0 (a) 10° |
Readout
IS
05 - 3
| | | = 107
Effective noise a
‘_ Dark Matter T L 40 K )
I noise m =
Storage Frequency (GH2) (b)
. 5.0
o
%
§ 25
Detection efficiency: ¢ = 0.41
False positive probability: 6 =4.3 .10~
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SQL
i )\thresh — 105

6 =4.3x107%
| 1 =40.9%

$
?1'

10° 10"

Injected N

Efficiency corrected false
positive probability

%
¢
m“’"ouo ¢

| | | | | | | I1I09

10° 10°
)\t hresh


https://doi.org/10.1103/PhysRevLett.126.141302

searches "
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Typical setup - Connection to Axion

Mixer

D~

Preamplifier Local Oscillator

e Same technological challenges

Cavity

e High field magnets

FFT

g

>
Frequency

Photon

e Ultra low noise amplitier

Power
'

* Highly sensitive readout systems

Magnetic Field

e Duration
e Coupling of GW and B-field:

e Orientation * [dentical setup to axion haloscopes

e Cavity geometry
e Sensitive Mode
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