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Experimental Setup

• Cryostat
• Holds up to 9 liters of LHe

• Thermal shielding by LN2 & vacuum

• Magnet (Prof. Budker, CASPEr)
• Homogenous B-field along vertical axis of max. 14.1 T

• Stray field ca. 60 mT at 20 cm above magnet

• Pre-Amp
• 36 dB Gain

• 3.6 K thermal noise

• Circulator
• Used for cavity & antenna characterization

• Prevents cable reflections

• Max. external B-field 0.15 T

• Attenuators
• Stop 300 K noise from outside
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Liquid Helium Cryostat

Vector Network Analyzer (VNA)
Used for cavity characterization

14T magnet



RF Superconductivity and magnetic fields

• Usual superconductors often very 
susceptible to external magnetic fields

• Unfortunate since 𝑃𝑠𝑖𝑔 ∝ 𝐵2𝑄

• REBCO & YBCO HTS show good 
performance in magnetic fields
   → very high Q factors

• Problem: most layered tapes cannot be 
properly applied to rounded surfaces

Tim Schneemann
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from TTI [7].

In order to be able to measure the quality factor in this

configuration a switch was necessary to bypass the low noise

amplifier. The signal from the critical coupled port goes from

the switch to one port of a vector network analyser while the

weakly coupled port goes directly to the device.

The magnet bore was filled with liquid helium which has a

dielectric constant of 1.049343 at 4.2K [8]. The insertion into

a dielectric de-tunes our cavity and results in a resonance

frequency of about 8.8GHz during data-taking. Fig. 5 shows

the experimental set-up. Two cavities were installed at the

same time in the magnet bore of 54mm diameter. The bottom

cavity was the Nb3Sn coated cavity and the top one the HTS-

tape cavity. A Hall sensor was attached onto the bottom cavity

in order to align the cavity with the magnetic field.

Fig. 5: Schematics of the experimental set-up for the quality

factor measurements and axion data taking in a 11T magnetic

field at CERN.

V. RESULTS

Thequality factor for each cavity was calculated from theS-

parameter measurements with a vector network analyser using

the 3dB method to determine Ql :

Ql =
f 0

∆ f 3dB

, (2)

where f 0 is the frequency of the maximum amplitude and

∆ f 3dB the bandwidth at - 3 dB. The coupling of the strongly

coupled port was determined using the reflection parameters.

During the measurement in liquid helium we observed a fast

frequency drift which interfered with the Q measurement and

suspect pressure fluctuations to be responsible for this shift.

For each measurement we recorded a frequency range of

2MHz measuring 10 001 points in this range. The frequency

sweep took about 6 seconds and the drift in the frequency

within this time is reflected by the error bars of the Q values

in Fig. 6. The magnetic field was ramped up in 1T steps with

a speed of 10A/ s(about 1000 Ampere per Tesla). Afterwards

the field was kept constant for 10 minutes and the quality

factor of both cavities was measured. The results for the

Q0 of both cavities are shown in Fig. 6. The quality factor

of the HTS tape cavity remained almost constant between

60 000 and 80 000 up to 11.6T, while Nb3Sn decreased

considerably and performed worse than our copper reference

cavity above 3T.Investigations about this behaviour are

ongoing. The HTS cavity outperformed the copper cavity by

50% in quality factor and increased the sensitivity of our

axion data-taking. These physics results will be the object of

a separate publication.

Fig. 6: Results of quality factor measurements with the cavity

immersed in liquid helium.
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RF Superconductivity and magnetic fields
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Results of coated cavity
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Data taken w/o B-field

• 3 runs with total of 16,440sec (4.5h)

• Keeping pressure constant (+- 1mbar) 
essential to hold peak position

• Histogram with bin width of average 
HWHM of peaks

• > 15 mins over 5 bins
→ Should give exclusion range of 110kHz 
width with competitive limit (QL > 120k)
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GravNet: Using Axion Haloscopes for GW detection
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Fig. 5. Shown in the sensit ivity on the GW st rain h0 in

dependence on the integrat ion t ime for the resonant cavity

setup with parameters assumed as shown in Table 1.

5GravNet asPhotonCountingExperiment
(GravNet-2)

5.1Setup

As discussed in Sect ion 3.3, the shape of the cavity does
not increase the likelihood of a conversion, but only the
act ive volume of the cavity within the magnet ic field
is relevant . Given that the cost driving factor is always
the magnet system, but not the design of the cavit ies,
we assume the same magnet setup as in GravNet-1 but
assume two independent cylindrical cavit ies with di-
mensions of r= 4cmand h= 12cminstead of three
spherical cavit ies. While the volume increases the sen-
sit ivity with V5/3, one gains significant ly more due to
the Binomial probabilit ies, discussed in Sect ion 3.3.

5.2Sensitivities

Similar to GravNet-1, we assume again N= 10 different
experimental setups, i.e. N= 20 operat ional single and
independent cavit ies. The cavit ies operate at a reso-
nance frequency around 5GHz and exhibit a volume of
0.6l. The single RF photon detect ion efficiency is taken
to be 50%, a dark count rate of 10Hzand a t ime reso-
lut ion of 0.2 ms are assumed, as discussed in sect ion 3,
the following sensit ivit ies are expected.

Assuming a coincidenz t ime window of 0.2 ms, each
setup, consist ing of 2 independent cavit ies, will show a
coincidence dark count rate of 1.2 counts per minute.
Requiring a coincidence of 5 cavit ies in total a dark
count rate of 1 in 190 years is expected.

The efficiency to detect the coincident product ion of
RF photons in at least 5 out of 20 cavit ies is calculated
using thebinomial dist ribut ion withn= 20 andp= 0.5
whereP(xØ 5) = 99.4%.

The quest ion if how this t ranslates to a sensit ivity
on the GW strain h0. The photon flux from thermal

noise at 0.1 K and a sensit ive bandwidth of 1 kHz is
about 10 photons per second at a photon energy of 5
GHz. At 1 MHz sensit ive bandwidth the photon flux in-
creases to 400 Hz. Decreasing the temperature to 0.01 K
reduces the thermal photon flux by one order of mag-
nitude. Hence we assume for the following a photon
flux of 10 Hz from thermal radiat ion and a negligible
cont ribut ion to the dark count rate from the detector
itself. Clearly, to be able to discriminate the thermal
noise photons to a signal from a BPH merging event a
coincidence measurement is needed, as indicated above.

The photon flux Õgenerated by a GW can be est i-
mated by dividing the signal power by the photon en-
ergy Õ= Psig/h‹. Using eq. 1 and assuming Q0 = 106

and ÷= 0.1 the photon flux generated in one cav-
ity in dependence on the GW strain is shown in Fig.
8. Two cavity dimensions are shown: GravNet-a and
GravNet-b, whose parameters are summarized in Table
2. The smaller cavity (GravNet-a) shows a signal pho-
ton flux comparable to the thermal noise of 10Hzat
h0 = 1.7 ◊ 10≠ 21 while the larger cavity (GravNet-b)
reaches that flux at h0 = 1.6 ◊ 10≠ 24.

Setup GravNet -a GravNet -b

radius 40 mm 40 cm

length 12cm 50 cm

Volume [m3 ] 6 ◊ 10≠ 4 0.25

Q0 106 105

Tsy s [K ] 0.1 0.1

B[T ] 14 9

noise power [W] 4.4 · 10≠ 23 W4.4 · 10≠ 23 W

h0(Psig = Pnoise) 1.6 · 10≠ 22 3.4 · 10≠ 24

“-flux [1/ s] 10 10

Table2. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconduct ing, spherical cavity with 4 cm radius.

The target rate of accidental coincidences (ac) from
the thermal noise are set to one per year. This defines
the length of the allowed coincidence window∆tin de-
pendence on the number of required coincidenceskand
the background ratebkg:

1/∆t= (bkg · secPerYear)1/(k≠ 1) · bkg

The dependence is also shown in Figure 9. Knowing the
needed coincidence interval we can cont inue and calcu-
late the efficiency to detect one photon from a GW in
k detectors within the coincidence window. The result
is shown for various assumpt ions on the signal photon
flux in Figure 10, assuming 20 independent detectors
in total. A photon flux of Õ= 30Hzis not reliable de-
tected any more, while for a photon flux of Õ= 40Hz
a detect ion efficiency of 1 is st ill reached using a coinci-
dence of 18 out of 20 cavit ies with a coincidencewindow
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Search for Gravitational Waves
using a Network of RF Cavities
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Motivation
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

Cavity haloscopes
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Usually used to search for halo DM such as axions

• Mass peak of axions is enhanced by cavity resonance

• Conversion into photons by interacting with external B-field à  power access

• Could also be used to search for GW signatures of PBH mergers

• Many axion haloscope experiments recast axion limits into GW strain limits

• Limitation on integration time often neglected (you can’t use several minutes - or 

even hours - of integrated data for signals which are fractions of sections long)

• Recasts must consider signal coherence time when analysing integrated data in 

frequency realm (as is usual in axion searches)
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FIG. 1 Rectangular Copper cavity, used

  for axion search[1]

 

*tschneem@students.uni-mainz.de

Axions GW signal of PBH merger

Nature & Orientation of 

excited cavity eigenmode

Dipole, always along axis of 

external B-field

Quadrupole, orientation 

along propagation of GW

Conversion into photons 

via
Primakoff effect

inverse Gertsenshtein 

effect

Signal strength ~ Q0 Bext
2 ~ Q0 Bext

2

Signal integration

Coherent signal at constant 

frequency � ~ �  

dependent on axion rest 

mass

Transient signal, moves 

through the frequency band

FIG. 2 Spherical 

cavity, used for GW 

search

 

Existing Experimental Setup
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Setup is in dual use

• while cool down and when cold: 

vector network analyzer (VNA) 

attached to track peak position 

and characterize setup

• Once characterized: real-time 

spectrum analyzer can take data 

in continuous readout (no power 

input, just thermal noise of the 

cavity)

• Most components commercial off 

the shelf products

• Cool down + ramping of magnet to 

max. field ~ 3h each

Sensitivity of existing cavity experiments
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Source: merger of inspiraling primordial black holes

• Expected sensitivities in GHz regime (SQMS, ADMX, etc.) several orders of magnitude 

away from theoretical models

• While detector development (Q-factor improvement, higher B-field, more volume) will 

help, a new approach to analysis might be necessary

FIG. 4 Expected sensitivity of different experiments, considering the longest integration

  time dictated by the maximum integration time in the detector. For the GHz

  experiments ADMX and SQMS the dashed lines are mPBH = (10−9, 10−10, 10−11,

  10−12)M⊙ and mPBH = (10−10, 10−11, 10−12, 10−13)M⊙ respectively[2]
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The GravNet[3] idea
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Use a network of several cavities

• Assuming 10 setups, scattered 

around the globe

 à  combining phase aligned time-

  series data à  effective power

  increase by factor of 10

 à  Strain sensitivity increase by a

  factor 10 ≈ 3

• Sensitivity ℎ < 10  at 1s 

integration time with this setup

Sensitivity improvement by single photon counter
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Even higher sensitivity possible by single photon counting 

• Assuming background rate of 10 Hz (even lower rates have already been achieved – this 

further improves the following estimates) and 20 detector setups

• Two possible setups:

 a) magnet as in use right now

  B = 14 T & 9 cm diameter

 b) Research NMR magnet

  B = 9 T & 80 cm diameter

• Achievable sensitivity 

estimated to be at least:

ℎ < 3 � 10 …3 � 10

with 32 ms integration time!

• Does not take into account 

recent advances on single 

photon counting techniques

• If signal is seen in (at least) 3 cavities the propagation direction of GW can be 

reconstructed by time delay between the signals

FIG. 3 Setup in use for axion and dark photon

  search in Mainz, Germany 
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Axions Gravitational Waves

• RF cavity in magnetic field
• Resonant excitation of cavity eigenmode
• Axion conversion into photon via

Primakoff effect

• Signal strength:

• RF cavity in magnetic field
• Resonant excitation of cavity eigenmode
• GW conversion into photon via

inverse Gertsenshtein effect

• Signal strength:



GravNet: Sensitivity to gravitational waves
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Axions Gravitational Waves

• Preferred mode: TM010

• Current dependent on B-field direction
• Contributing effects:

• Direct conversion via Primakoff effect

• Preferred mode: TM020

• Current dependent on GW propagation direction
• Contributing effects:

• Direct conversion via Inverse Gertsenshtein effect
• Resonant deformation of cavity by GW

(Oscillating magnetic flux → excitation of EM field)

4

GW axion

j e↵ ⇠ ! ghB0 j e↵ ⇠ ! a✓aB0

B0B0

FIG. 1. A cartoon illust rat ing the di↵erences between GW-EM conversion (left ) and axion-EM conversion (right ) in the

presence of an external magnet ic field B 0 . The GW e↵ect ive current is proport ional to ! g hB0 , with a direct ion dependent on

the GW polarizat ion and a typical quadrupole pat tern, yielding a signal field with amplitude hB 0 . The axion e↵ect ive current

is proport ional to ! a✓a B 0 , with a direct ion parallel to the external field B 0 , yielding a signal field with amplitude ✓a B0 . The

di↵ering geomet ry of the e↵ect ive current yields di↵erent select ion rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ect ive current formalism [70] is

often used when studying axion dark mat ter signals in the low-frequency (quasistat ic) limit [71, 72]. The Lagrangian

for an axion dark mat ter field a interact ing with EM fields is L = − 1
4

gaγ γ aFµ⌫F̃
µ⌫= gaγ γ a E · B , where gaγ γ is

the dimensionful axion-photon coupling. Taking B = B 0 to be a stat ic external B -field, the Lagrangian now contains

the bilinear gaγ γ aE, which allows an axion field at frequency ! a to convert to an E -field that oscillates at the same

frequency, with typical magnitude gaγ γ aB 0. This is reflected in the equat ions of mot ion for the axion and EM fields,

which can be writ ten so that the t ime derivat ive of a non-relat ivist ic axion background field sources an e↵ect ive

current term j e↵ ⊃ gaγ γ @t aB 0 ' ! a ✓a B 0 on the right -hand side of Ampère’s Law. Here, we defined the e↵ect ive

dimensionless field ✓a ⌘ gaγ γa, which will allow for a useful comparison to the GW case discussed above. Since

axion dark mat ter is described by a a non-relat ivist ic spin-0 field, the direct ion of the e↵ect ive current is determined

st raight forwardly by the external field B 0, independent of the axion.1

A schemat ic illust rat ion of this axion vs. GW comparison is shown in Fig. 1. The e↵ect ive current formalism helps

elucidate the fact that the cavity modes which couple most st rongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode current ly employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensit ivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spect ral characterist ics of the axion dark mat ter and GW fields, we can

derive a conservat ive est imate for the sensit ivity of axion dark mat ter experiments to coherent high-frequency GWs

by comparing the respect ive forms of the e↵ect ive currents. In part icular, ident ifying ✓a ⇠ h and not ing that ADMX

is current ly sensit ive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10− 22, implies that such

experiments are sensit ive to similar values of the st rain h (as well as smaller values for GW signals that are more

coherent than axion dark mat ter). A more precise sensit ivity est imate will be provided in Sec. V.

Aside from the di↵erence in cavity mode select ion rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark mat ter field is assumed to have a

Maxwellian speed dist ribut ion in the galact ic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal st rength. On the other hand,

the large gauge freedom of linearized general relat ivity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformat ion will also t ransform the background EM fields at the same order as the signal

st rength. We explore these issues in detail below.

1 To be more precise, t he dominant coupling in the e↵ect ive current for non-relat ivist ic axions only involves the t ime derivat ive and not

the gradient of the axion field; instead, for relativistic axions [73], t he wavevector part ially determines the direct ion of the e↵ect ive

current . However, since gravit ons are massless, GW s are always relat ivist ic in this sense, which is an important di↵erence with the axion

scenario.
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axion dark mat ter is described by a a non-relat ivist ic spin-0 field, the direct ion of the e↵ect ive current is determined

st raight forwardly by the external field B 0, independent of the axion.1

A schemat ic illust rat ion of this axion vs. GW comparison is shown in Fig. 1. The e↵ect ive current formalism helps

elucidate the fact that the cavity modes which couple most st rongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode current ly employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensit ivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characterist ics of the axion dark mat ter and GW fields, we can

derive a conservat ive est imate for the sensit ivity of axion dark mat ter experiments to coherent high-frequency GWs

by comparing the respect ive forms of the e↵ect ive currents. In part icular, ident ifying ✓a ⇠ h and not ing that ADMX

is current ly sensit ive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10− 22, implies that such

experiments are sensit ive to similar values of the st rain h (as well as smaller values for GW signals that are more

coherent than axion dark mat ter). A more precise sensit ivity est imate will be provided in Sec. V.

Aside from the di↵erence in cavity mode select ion rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark mat ter field is assumed to have a

Maxwellian speed dist ribut ion in the galact ic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal st rength. On the other hand,

the large gauge freedom of linearized general relat ivity allows the GW signal to be computed in di↵erent reference

frames, but a gauge t ransformat ion will also t ransform the background EM fields at the same order as the signal

st rength. We explore these issues in detail below.

1 To be more precise, t he dominant coupling in the e↵ect ive current for non-relat ivist ic axions only involves the t ime derivat ive and not

the gradient of the axion field; instead, for relativistic axions [73], t he wavevector part ially determines the direct ion of the e↵ect ive

current . However, since gravit ons are massless, GW s are always relat ivist ic in this sense, which is an important di↵erence with the axion

scenario.
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GravNet: Challenges of haloscopes for GW detection

• Many axion haloscope experiments recast axion 𝑔𝑎𝛾𝛾 limits into GW strain ℎ0 limits

• Limitation on integration time often neglected
• Signals have duration of seconds (at best) 

• Integrating over 𝒪(15min) of data will classify the signal as noise

• Signals are transient, not frequency stable

• Recasts must consider signal coherence time when analysing integrated data in 
frequency realm (as is usual in axion searches)

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet

Example: For ADMX the assumed integration times correspond to PBH signals of
                  mass mPBH = (10−9, 10−10, 10−11,10−12)M⊙

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet

• Use several cavities instead of one

• Analyse time series instead of spectra (!)

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet

• Use several cavities instead of one

• Analyse time series instead of spectra (!)

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet

• Use several cavities instead of one

• Analyse time series instead of spectra (!)

• Additional information for the phase 
(necessary for phase alignment anyway)

• 10 setups at 1s integration time ℎ0 ~ 10−23

• Extra: If setups are scattered globally 
propagation direction (and therefore source) 
can be extrapolated

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet

• Use several cavities instead of one

• Analyse time series instead of spectra (!)

• Additional information for the phase 
(necessary for phase alignment anyway)

• 10 setups at 1s integration time ℎ0 ~ 10−23

• Extra: If setups are scattered globally 
propagation direction (and therefore source) 
can be extrapolated

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet (visions)

• Employ single photon counting
• Reduction of necessary integration time from 1s to 

30ms without significant loss in sensitivity

• Necessary for source triangulation

• Cavities at different frequencies to observe 
transient signal

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet (visions)

• Employ single photon counting
• Reduction of necessary integration time from 1s to 

30ms without significant loss in sensitivity

• Necessary for source triangulation

• Cavities at different frequencies to observe 
transient signal

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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GravNet (visions)

• Employ single photon counting
• Reduction of necessary integration time from 1s to 

30ms without significant loss in sensitivity

• Necessary for source triangulation

• Cavities at different frequencies to observe 
transient signal

• Use of neural networks searching for signal 
shapes

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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Conclusion

• Don’t try NbN in magnetic fields

• First 0.1MHz range DP limit for SUPAX soon

• First axion limit later this year

• Gravitational waves of PBH mergers can be detected with existing axion cavity setups

• Global network of GW detectors + new analysis approach enables necessary 
sensitivity with 𝒪(10ms) integration times

• Interested parties for collaboration welcome to talk to us

Tim Schneemann
19th PATRAS Workshop on Axions, WIMPs and WISPs
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Thank you for your attention!
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