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The hunt for high frequency gravitational waves
— GravNet —

Kristof Schmieden, PP Seminar Bonn, 17/07/2025

VERSIA: wanz  UNIVERSITAT ERINYI



About Me

=R Koln L7
- o @ ° |
. oAachen BaBD
ga ° -
jrel | Koblenz [ 5
2 &P Frankfurt
- am Main
| 61 o 3 © ,
Trierd |

S .
</ annheim
6 o '

Luxemburg X
®

{ },;
,
i

/[ (o] .
.‘/‘ he 5‘ .
iarbriicken , Heidelber
e J © :
: ' 4 Karlsruhe
4 - 3 81
’/ £ 4 3 Stuttgart
' B 735 o
Stragurgo
Freiburg im
rei
Bre ggau P81
r | A35 |
‘ Konstanz
1 (o} 0
Iy Friedrich
| B Basel . Ziirich |
Dijon | / | o | 0
OEH . Besangbn 4 - : St. Gall
o / oo = Luzern Llechté
| / - Bern R .
| 4 0 o) C
Schweiz
A6 =] _
: sanne A
JAacon f
Q ' !
| A40 | E62

oZermatt

ix-Mont-Blanc PN
Lyoon (’Mw Vareseo oComo
| A43 | Chambéry gle; - Y )

Kristof Schmieden

e Phd: ATLAS
e Pixel Detector, Muon System

e Standard model precision measurements

* \Weak mixing angle

e CERN Fellow + 5 year Staff (until 2020)

e ATLAS
e Central Trigger
e Operations

e SM precision, Higgs->yy

e | ight-by-Light scattering
* Axion Like particles

* FASER
* DAQ

e Junior Faculty (2015-2020)

e ALPs, Axions, Gravitational Waves

e ATLAS
e FASER
e Supax + GravNet

e
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e Phd: ATLAS
e Pixel Detector, Muon System

e Standard model precision measurements

* \Weak mixing angle

e CERN Fellow + 5 year Staff (until 2020)

e ATLAS
e Central Trigger
e Operations

e SM precision, Higgs->yy

e | ight-by-Light scattering
* Axion Like particles

* FASER
* DAQ
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Our (incomplete) view of the universe
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ordinary matter
5%

“dark matter
2%

dark energy
70%

95% not detectable incomplete

with light at high energy

Credit: JWST NASA * ,

Gravitational waves

probe all components and may come from the early universe

Kristof Schmieden



Gravitational VWaves "
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e Frequency range: 10-1000 Hz
Hanford, Washington (H1)

e 2016 breakthrough in fundamental physics: ' | .

1.0 - i
e Observation of gravitational waves by LIGO / Virgo 0.5 |

0.0 k
-0.5 u
-1.0 +

— H1 observed

|2d Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

Strain (10721)

B. P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

-1.0 H — Numerical relativity u
Reconstructed (wavelet)
B Reconstructed (template)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave 0.5F | | |
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in ]
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 1072, It matches the waveform 0.0 k
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the 05 L
The New Nork Times — Residual] | |
) The,. 5 512
e,. x
Culture Lifestyle e Guardlan = 256
>
ouT THERE d Science Global development Football Tech Business Obituaries 8 128
G tational Waves Detected; 0
ravl - . % Theo o 64
ing Einstetns =% LY s &
Conﬁt‘m Gravitational waves: breakthrough 32
discovery after a century of expectation 0.30 0.35 0.40 0.45

Time (s)

Scientists announce discovery of clear gravitational wave
signal, ripples in spacetime first predicted by Albert

Kristof Schmieden Einstein 4



Introduction - Gravitational VWaves u
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* O years later:
e 00 observed GW events, > 200 Candidate events
o Able to start statistical analysis

e New observational window Into the universe established
01+02+03 =90, O4a*x =81, O04b* = 102, Total = 273

280 {* O4a and O4b entries are preliminary candidates found online.

260 -

N N
N =
(=) (=)

GWi170104

N
(=]
o

/01 02 O03a 03b 0O4a O4b

180

160

Vir. iR GW151012
# GW170818-HLV

————— e

140 1

s

GW170608 120

"
i 23 +00:00 5 . . !
20:00 . B: 12:00 10:00 08:00 06:00 04:00 02:00
| , ’

100

15:00 f g | 80 -

/f GW170817-HLV | GW170809-HLV

| 60 -
30:00 |  GW170814-HLV

Cumulative Detections/Candidates

40 -

L s o :
<. 2
4 M 20 i

4 GW150914 _
A T 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

LIGO-G2302098(3b06a82b), updated on 18 January, 2025 Tl m e ( DayS) Credit: LIGO-Virgo-KAGRA Collaboration

[https://dcc.ligo.org/LIGO-G2102395/public]
Kristof Schmieden o



https://dcc.ligo.org/LIGO-G2102395/public%5D

Introduction - Gravitational VWaves

e 2023: First observation of GW in pulsar timing array data

e Very low frequency: 10™°Hz

e

UNIVERSITAT
[Gabriella Agazie et al 2023 ApdL 951 | 8]
THE ASTROPHYSICAL JOURNAL LETTERS, 951:L8 (24pp), 2023 July 1 https: //doi.org/10.3847 /2041-8213 /acdac6
© 2023. The Author(s). Published by the American Astronomical Society.

CrossMark

The NANOGrav 15 yr Data Set: Evidence for a Gravitational-wave Background

Gabriella Agaziel , Akash Anumarlapudil , Anne M. Archibald®, Zaven Arzoumanian®, Paul T. Baker*©, Bence Be’csy5 ,

Laura Blecha® , Adam Brazier " , Paul R. Brook’ , Sarah Burke-SpolaorlO’ll , Rand Burnette’ , Robin Case’ ,
Maria (‘haricilz CShami Phaﬁpripp7 Katerina Phat7iinnnnnlll3 Relinda D (‘hppcphnmlo’“ Sivnan Phpnl4

Kristof Schmieden


https://iopscience.iop.org/article/10.3847/2041-8213/acdac6/pdf

Introduction - Gravitational VWaves u
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[Gabriella Agazie et al 2023 ApdL 951 | 8]

THE ASTROPHYSICAL JOURNAL LETTERS, 951:L8 (24pp), 2023 July 1 https: //doi.org/10.3847 /2041-8213 /acdac6
@ 2023. The Author(s). Published by the American Astronomical Society.

e 2023: First observation of GW in pulsar timing array data ®

The NANOGrav 15 yr Data Set: Evidence for a Gravitational-wave Background
® Ve ry OW fre q u e n Cy 1 0_8 H 7 Gabriella Agaziel , Akash Anumarlapudil , Anne M. Archibald®, Zaven Arzoumanian®, Paul T. Baker*©, Bence Bécsy5 ,

Laura Blecha® , Adam Brazier " , Paul R. Brook’ , Sarah Burke—SpolaorlO’ll , Rand Burnette’ , Robin Case’ ,
Maria Phaﬁcilz CShami (‘haftm*ipp? Katerina ("l‘mt’iiinnr\nnnl3 Relinda D (‘hppcphnmlo’“ Sivnan (‘th14

What about high

frequency GWs?

Kristof Schmieden 0


https://iopscience.iop.org/article/10.3847/2041-8213/acdac6/pdf

Introduction - Gravitational VWaves u
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PTA 10~ 8Hz

e High frequency gravitational
wave (HFGW) sources

Direct Limits

Indirect Limits
e PN
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e Could explain dark matter

% ITerra .HOk)—r;r * No astrophysical backgrounds
&%10_2 1 ncognita e (No known sources)

5

é gj e \ery weak existing limits for
Eﬂ()‘25 cf e f=1MHz ... 10 GHz

s

Generated

1 0_29 at energy densities >
anything we can create

Models for
dark matter may vyield signals -
107> *
10~ 0.1 100 10° 10° f[Hz]

Frequency of the wave
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Introduction - Gravitational VWaves

PTA 10~ 8Hz

Direct Limits
e PNC
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Frequency of the wave

Kristof Schmieden

e

e High frequency gravitational
wave (HFGW) sources

e Could explain dark matter
* No astrophysical backgrounds

* (No known sources)

e \ery weak existing limits for
e f=1MHz ... 10 GHz

Dedicated eftort probing high
frequency gravitational waves
using




What are gravitational waves?




Introduction - Gravitational VWaves u
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Cosmological constant * metric tensor

v
?;w + Agﬂl/ — K'T/w <« Energy-Momentum tensor

Einstein tensor

1
GMV — RIW — §ng/

e \Wave solution of Einstein equations:
o ? Polarisations

R P Quadrupole structure
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Introduction - Gravitational VWaves u
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Maxwell equations on variably curved space time A

UNIVERSITAT

» Periodic compression of B-field o« hB Inverse Gertsenshtein Effect

. — 0B
— VX E = #+ () Incoming Generated
ot Gravitational Electromagngetic
A h Wave T T T T T Wave
E, ~ = —LBl% ki) = T pO . (L B /]
2 Y Conversion .
Region
 Two polarisations of GW Static l l l l l
Magnetic
hy, = A, eFoz=wet) b — A, elkoz—wst) Field

Kristof Schmieden 10



Gravitational & Electromagnetic VWaves

* GW leads to source of effective current in Maxwell’s equation

]eff X () hBOel(k 7— t)

e Conversion of GW energy into Photons and vice-versa!

* |f signal duration long enough: exploit resonance enhancement

Kristof Schmieden

UNIVERSITAT

e

11
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Gravitational Waves & Haloscopes

UNIVERSITAT

* Direct conversion of GW to photons: inverse Gertsenshtein effect

e (Gertsenshtein effect described 1962

* Inverse effect calculated in 70ies h,uu A Y
AAAYAYAAAVAVVAVAIVAVIVAY

* \White-paper on HFGW detection: 2020

Kristof Schmieden 12


https://arxiv.org/abs/2501.11723

Gravitational Waves & Haloscopes e

UNIVERSITAT

* Direct conversion of GW to photons: inverse Gertsenshtein effect

e (Gertsenshtein effect described 1962

* Inverse effect calculated in 70ies h,uu A Y
AAAYAYAAAVAVVAVAIVAVIVAY

* \White-paper on HFGW detection: 2020

How can this be used to detect
GWs ?

Kristof Schmieden 12


https://arxiv.org/abs/2501.11723

e

Typlcal SetuP UNIVERSITAT
l\ Mixer
h A W/ = Prearr%ier \>< :
MV E g P Local Oscillator
MV ]| freeeeeeneeeeen
B PE— | P ——
Frequency Time

Magnetic Field

Requirement

Power

e Electromagnetic tield => B-Field

* Resonant enhancement of signal => RF-resonator
e Narrow band experiment

* Noise suppression => (Cryogenic setup

* High sensitivity => Low Noise, high gain DAQ Frequency

Kristof Schmieden 13



Typical setup - Connection to Axion

Kristof Schmieden

searches "

UNIVERSITAT
Mixer
2 Preamplifier Local Oscillator
s
o
-3
- 9(C
2 FFT
N » B @
EA
=
o
a I‘” H' !HIH ’
|
>
Frequency

Magnetic Field

e Suspicious similarity with axion haloscopes

* Indeed: |dentical setup

14



Typical setup - Connection to Axion

e Same technological challenges
e High field magnets

e Ultra low noise amplitier

* Highly sensitive readout systems

e Duration

e Coupling of GW and B-field:
e Orientation
e Cavity geometry
e Sensitive Mode

Kristof Schmieden

searches u

UNIVERSITAT

Mixer

D~

Preamplifier Local Oscillator

Cavity

FFT

g

>
Frequency

Photon

Power
'

Magnetic Field

e Suspicious similarity with axion haloscopes

* Indeed: |ldentical setup

14



Typical setup - Connection to Axion searches A
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Well established experimental method

ADMX 1 GHz

Organ
100 GHz

Field Cancellation
Coil

ds waep

19Je

SQUID Amplifier
Package

Y wnijaH pinbr

Dilution Refrigerator

I1IIOAIDSD

Antennas

8 Tesla Magnet

Microwave Cavity

Tuning Rods

Kristof Schmieden 15



What was done at Mainz u
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[arXiv:2308.08337]

» Setup at Mainz (finished):
- 14T B-field, 2K, SC cavity,

HEMT amplifier
sUPAYX Pl ROy
- Data taken in 2024 ? > 10 spectrum analyser

» Dark Photon & Axion results (| signal injection

He return <—|

— {0 vacuum pump
IHe feed —»I
«— N> feed

IHe Cryostat -------- > (1 EEREEEEEEEEE Cavity support
"""""" Cryo Attenuators

Gg .................. Cryo LNA (36dB)
g .................................... Cryo circulator
O

O

-

Q '

o R Cavity

E | - Sample tube

Kristof Schmieden 16


https://arxiv.org/abs/2308.08337

Kristof Schmieden

What was done at Mainz u

UNIVERSITAT
» Setup at Mainz (finished):
- 14T B-field, 2K, SC cavity,
HEMT amplifier
sUupAYX P! s (3008
- Data taken in 2024 > 10 spectrum analyser

signal injection

* Dark Photon & Axion results

He return <—|
— {0 vacuum pump

IHe feed —»I

e Supax: superconducting axion search @ Mainz «— IN; feed

- SR He Cryostat - . I R Cavity support
e First results on dark photons (~commissioning) |2 Xv. 2508085370 || e Cryo Attenuators

e Goals:

3
e Study of new SC materials for resonant cavity experiments > T Cryo LNA (36dB)
N Cryo circulator
» Study of cavity geometries optimised for GW searches s
| | _ % W Cavity
* Together with Mainz theory section . | Sample tube

10


https://arxiv.org/abs/2308.08337
https://arxiv.org/abs/2308.08337

Supax / GravNet - Measurements

UNIVERSITAT

V W . -ﬂ.‘
‘ h\"-‘““ \‘% \ 2

»,

Inset Top

Cryostat

l.OBﬁ
i e 3—1_;'::...---._

Magnet
(warm bore) _

Kristof Schmieden




Supax / GravNet - Cavities

* Test of various cavity geometries and coatings

15 cm

Kristof Schmieden

Quality factor Qq/10°
= N N w W
U o ol o U
o o o o o

=
o
o

[arXiv:2412.14958]

sUerAYX

30
TIK]

e

UNIVERSITAT

Cu coated with NbN
Coating by Zubtsovskii @ Uni Siegen

18


https://arxiv.org/abs/2412.14958

Supax gen2 @ Bonn




The new Supax Experiment

e Dual use:

e [emperature:
B-fleld:

Jsable volume:
-req. range:

& GWs

10 mK

12 T

d=9cmx20cm

2 Gl

Z-/7G

Jp to 3 cavities in parallel

Z

Kristof Schmieden

e

20



The new Supax Experiment

e Dual use:

Temperature:
3-field:

Jsable volume:
-req. range:

& GWs

10 mK

12 T

d=9cmx20cm

2 G

Z-/7G

Jp to 3 cavities in parallel

/

»
..J—/

. :ig'};;

} r.‘ » »
tzx"\g" .
Y —
= 5

Kristof Schmieden

e

UNIVERSITAT

Frequency [MHZz]
10° 10%
10~

CAST

—10
10 Neutron Stars

SN1987A | L Globular
: : ! 5¢ clusters
10—11 NuSTAR 5 z %: ; -
I | <
Pulsars o : 2
N 1| > &
IRy i
=" Y|
1012 4 Bl 10! | - A[3
- = > < S — 4
E 52 E: =2 ¢ E/N
_ o ; Eﬂ)
10713 3 I ERIRE KNZ
- =l B*
. Bl E
_ E DESZ
14 !
10_15 =
] 00 = 0.45 GeV cm ™3
N B N .

Sensitivity to axions in
40 weeks measurement time / block

20
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The new Supax Experiment

UNIVERSITAT
—— HF cavity

107 Flash cavity

104 ---- 1l au
‘O
Q __________________________________________________
— 1076
L
O
@ 10-8
© Sensitivity to GW

—-12 | . .

5 0 transient signals

1014 |

Lo-16 JPA readout

10715 10713 10-12 109 10-7
Mppr[Mo]

Kristof Schmieden 21



The new Supax Experiment

102

e Currently ongoing activities: 2 10

| | | — 107

* 2 bachelor projects: Cavity & Analysis S
e 1 master project: Analysis strategies =

e 1 master project shared with [T: ML for time- %10‘”

series analysis 2 10-12
O

1014

10~

Kristof Schmieden

e

UNIVERSITAT

—— HF cavity
Flash cavity
1 au

Sensitivity to GW
transient signals

JPA readout

10-11 1079 10~

Mpgr[Mo]

10715 10713

21



The new Supax Experiment

102

e Currently ongoing activities: Z 10

| | | — 107

* 2 bachelor projects: Cavity & Analysis S
e 1 master project: Analysis strategies =

e 1 master project shared with [T: ML for time- %10‘”

series analysis 2 10-12
O

1014

10~

Evaluation of analysis strategies

Cavity prototype

Cryostat + DAQ
commissioning

Order Cryostat

e

UNIVERSITAT

—— HF cavity
Flash cavity
---- 1lau

Sensitivity to GW
transient signals

JPA readout

10-15 10-13 10-11 10-9 10-7
Mpgn[Mo ]

First network measurement

>

Now August + 6 month Summer 26

Kristof Schmieden




Sources of HF GW

 Working setup

e Sensitive to HFGW ( ~ GHz )

e \Which sources can be seen?”?

¢ |s there anything emitting GHz gravitational waves”

Kristof Schmieden

UNIVERSITAT

e

22



Sources of HF GW u
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 What about: Black hole merging events * Frequency range: 10-1000 Rz
Hanford, Washington (H1)

1.0 - ﬂ i

0.5

e MaH ~ O(10M,): frequency in acoustic range 0.0 }

-0.5 | -
U

-1.0 |- -

— H1 observed
|

e Chirp signals

f=~ 100 Hz — mpy ~ 30 M, , Duration: 0.1s

Strain (10721)

-1.0 H — Numerical relativity u —
Reconstructed (wavelet)
I Reconstructed (template)
| 1

o o
o U

— Residual

1
o
U

N O
O B
S N

(@)
IS

Frequency (Hz)
=
N
00

W
N

0.30 0.35 0.40 0.45
Time (s)

Kristof Schmieden 23



http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102

Sources of HF GW

e \What about: Black hole merging events
e Chirp signals

e MaH ~ O(10M,): frequency in acoustic range

f=~ 100 Hz — mpy ~ 30 M, , Duration: 0.1s

e Lighter BHs => higher frequencies

L ower BH mass
‘ ) .

Lower merger duration

Higher GW frequency
—
f~ GHz = mgy < 107°M_, , Duration: < ps

Kristof Schmieden

e

UNIVERSITAT

e Frequency range: 10-1000 Hz

1.0
0.5

0.0 k

-0.5
-1.0

Strain (10721)

-1.0

0.5

0.0

-0.5

N O
O B
S N

(@)
IS

Frequency (Hz)
=
N
00

W
N

Hanford, Washington (H1)

— H1 observed
|

|

Ll — Numerical relativity

Reconstructed (wavelet)
I Reconstructed (template)
| |

— Residual

0.30 0.35
Time (s)

0.40

0.45

23



http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102

Sources of HF GW

Any issues with black hole masses of 107°M_, ?

Kristof Schmieden

UNIVERSITAT

e
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Sources of HF GW

Any issues with black hole masses of 107°M_, ?

. Up to 1.4 M white dwarfs are stable
. Neutron stars stable up to 2 - 3 M,
o Corresponding to stellar progenitor masses O(10M )

Kristof Schmieden

UNIVERSITAT

e
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Sources of HF GW

Any issues with black hole masses of 107°M_ “

. Up to 1.4 M white dwarfs are stable
. Neutron stars stable up to 2 - 3 M,
o Corresponding to stellar progenitor masses O(10M )

Lightest BH should be around 2 —3 M

(Lightest currently observed: 3 M )

Kristof Schmieden

UNIVERSITAT

e

24



Sources of HF GW

Kristof Schmieden

black hole mergers

UNIVERSITAT

e
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Sources of HF GW

o black hole mergers

. BHs created shortly after the big bang,
before the first stars were formed

e Not limited to the mass range of stellar BHs

Kristof Schmieden

UNIVERSITAT

e

25



e

Sources of HF GW

UNIVERSITAT

o black hole mergers

. BHs created shortly after the big bang,
before the first stars were formed

e Not limited to the mass range of stellar BHs

* Formation:
e Small scale perturbation in early universe

e Amplitude of space-time curvature perturbations
enhanced by some mechanism

e Perturbation freeze in during inflation
e Post-inflation collapse if larger than some threshold

e Population of PBHSs
e Masses controlled by energy in one Hubble volume

Kristof Schmieden 25



Sources of HF GW

o black hole mergers

. BHs created shortly after the big bang,
before the first stars were formed

e Not limited to the mass range of stellar BHs

* Formation:
e Small scale perturbation in early universe

e Amplitude of space-time curvature perturbations
enhanced by some mechanism

e Perturbation freeze in during inflation
e Post-inflation collapse if larger than some threshold

e Population of PBHSs
e Masses controlled by energy in one Hubble volume

Kristof Schmieden

e

UNIVERSITAT

* Merging event very short, unknown
frequency

* Sweep of huge frequency span

| |

Inspural Merger Ring-
f down
1.0 R ' -

0.5 A | _

5 V /|
1.0 y—= Numerical relativity N
B Reconstructed (template)
I I | |
time
7 *



Sources of HF GVV - Primordial Black Holes

e Sources for HFGWs:

° black hole mergers
e Boson clouds (BH superradiance)

Primordial black holes:

e Black holes created in the early universe
e Unlike stellar BH: No minimum mass requirement
®

e Density unknown

e Merging events expected
e | ow mass -> High frequency
e Fast transients (Us - ms)

Kristof Schmieden

UNIVERSITAT

Why are PBH interesting objects?

e

20
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e Sources for HFGWs:

° black hole mergers
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e Black holes created in the early universe
e Unlike stellar BH: No minimum mass requirement
®

e Density unknown

e Merging events expected
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Why are PBH interesting objects?

e
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Sources of HF GVV - Primordial Black Holes

e Sources for HFGWs:

° black hole mergers
e Boson clouds (BH superradiance)

Primordial black holes:

e Black holes created in the early universe
e Unlike stellar BH: No minimum mass requirement
®

e Density unknown

e Merging events expected
e | ow mass -> High frequency
@ Fast transients (Us - ms)

Kristof Schmieden

UNIVERSITAT

Why are PBH interesting objects?

e

e EXpected Strain: < 10=%

e (If all of DM is PBH, one event per year)

20
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Sources of HF GWV - Axion Superradiance A

UNIVERSITAT

e Sources for HFGWs:
Axion superradiance:
* Primordial black hole merges
* Boson clouds (BH superradiance) e Compton wavelength of boson = size of BH
e Boson accumulates outside BH event horizon
e Annihilation into gravitons if mass > threshold
o, < WLQH

Tinst TGW

Foay = //,/”’"“‘\\\\‘ e — /; \" ////”’—““\\\‘ F 4 Foal(t

~
/

(M;, J;) (My, J)

WeW R 2

N gy N >

—~ —~

Superradiance Instability Phase Gravitational Wave Emission Phase
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Sources of HF GWV - Axion Superradiance

e Sources for HFGWs:

* Primordial black hole merges
* Boson clouds (BH superradiance)

Axion superradiance:
e Compton wavelength of boson = size of BH

e Boson accumulates outside BH event horizon
e Annihilation into gravitons if mass > threshold

e Requires light, spinning BHs
e Requires axion (-like) bosons

Kristof Schmieden
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Sources of HF GWV - Axion Superradiance

e Sources for HFGWs:

* Primordial black hole merges
* Boson clouds (BH superradiance)

Axion superradiance:
e Compton wavelength of boson = size of BH

e Boson accumulates outside BH event horizon
e Annihilation into gravitons if mass > threshold

e Requires light, spinning BHs
e Requires axion (-like) bosons

Kristof Schmieden

e
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e Monochromatic, coherent signall

e Decay times of min. to years (depending
on BH mass)

e Strain assuming distance = radius of
sphere with one event per year

10—16
10—18_
10—20_
10—22_
10—24_
10—26_
10—28_
10739 -
10—32_ . |
10734F ‘\\o\\ —
1036 | | | | | | | | | | | | .‘\T‘\‘.*\;
10* 109 108 10 10" 10 10 10 10%

f [H]

ARCADE - ||

LSD

IAXO SPD IAXO HET ]
OSQAR

ALPSII
IAXO  CAST
I

-
-
- .

; GB

1 JURA
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Sources of HF GWV - Stochastic Background

UNIVERSITAT

e Sources for HFGWs:

* Primordial black hole merges
e Boson clouds (BH superradiance)
e Stochastic GW sources

Several sources possible:

e Phase transitions in the early universe

e Dynamics of inflation and subsequent (p-)reheating
e Huctuations in the thermal plasma

e Cosmic strings

Kristof Schmieden 29



Sources of HF GWV - Stochastic Background

e Sources for HFGWs:

* Primordial black hole merges
e Boson clouds (BH superradiance)
e Stochastic GW sources

Several sources possible:

e Phase transitions in the early universe

e Dynamics of inflation and subsequent (p-)reheating
e Huctuations in the thermal plasma

e Cosmic strings

Kristof Schmieden

e
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Very low strain expected:

hy < 1077

R | | I I I I

GWs in SMASH

1014+ :
19l
1 O - LISA BAWSs ”5“
[_') _
10724 ] \ .
\ " BECs ,E S
GW m inflat _,: é 9
10_29 — ultimate DECIGO 45’- & ; <
10—34 ] \ . ]-k.‘ill‘"
' { | plasi
10—39 a | 1 |
10°3 10°" 10! 10° 10° 10/ 10"3 101° 1017 109

[arXiv:2312.14679]
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e

High Frequency Gravitational VWave - Strains

UNIVERSITAT
Expected Strain
* Primoridal black hole mergers h o< 10~24
e Chirp signals "0 ity
P SIg Expected Sensitivity:
e GW from boson superradiance 7 10-29 e 1 cavity
* Monochromatic over long timescales * g < e T = 100 mK
e B=121T
e Stochastic GW background 19 e fn— 8 GHz
* Even lower strains ... ° ho <10 ’
hy > 10721

Observed Strain

e Ligo/ Virgo Signals
e BH mergers -21
J e iy < 10

How to improve the sensitivity?

Kristof Schmieden 30






A Global Network of HFGW Detectors 7

UNIVERSITAT

e Starting point of GravNet

e |[nitial sites: Bonn, Mainz, Frascati

e [echnical synergies: magnets and local
infrastructure already available

» GPS based data-acquisition scheme

* Experience from GNOME Network

* Nine small resonant cavities (5-8 GHz)
e Operation of three cavities in one magnet

* One large resonant cavities (100 MHz)

Kristof Schmieden



A Global Network of HFGWV Detectors

e Example: 8 GHz corresponds to a sphere
of diameter = 5cm

* High frequencies typically correspond to
small volumes

* Challenge: Signal power depends nearly
guadratically on volume V

* Advantages:
* Higher magnetic fields
e Single photon readout
e Operation of several cavities in parallel

Kristof Schmieden




The FLASH cavity

* Reuse of the FIDUNA magnet
system at INFN Frascati within the
FLASH Experiment:

e Axion Search (0.49-1.49 peV)
* Res. Frequency: 100-300 MRz

Kristof Schmieden

e

UNIVERSITAT

https://arxiv.org/pdf/2309.00351

10_25 - FLASH 100 mK fPBH =1

e System properties: e Readout:
e\/=415ms3 e SQUID readout
o B=11T * | imited by thermal
e QL =1.4x105 noise

* [sys = 49K
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R&D Efforts

Drastically reduce noise in

e »\f-,_

e Use of quantum sensing

e Single RD photon detection

e Quantum non-demolition
measurements

Kristof Schmieden

readout

L
1 e e S R

Optimize Cavity

e Optimise shape to improve

coupling to GW:

—nhance quality factor using

superconductors

e

UNIVERSITAT

(S

Optimize Data Analy

SIS

S

E - ._'—-rl‘i O

) ) o
: % (1 \
0 |,|1'.':.\L,|\,.- e LI N
. vy |
—tar) <y o . {

e Combination of data from
distributed detectors

e Signal modeling
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Readout Noise "

UNIVERSITAT
Amp 2
>

Typical noise of transistor  Noise from 1st amplifier is
based amplitier: 3-4 K  |imiting the measurement!

Using amplifiers (e.g. JPA):

e Added noise ~ 200 mK
e Below standard quantum limit

Kristof Schmieden 360
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Readout Noise "

UNIVERSITAT
Amp 2
>

Typical noise of transistor  Noise from 1st amplifier is
based amplitier: 3-4 K  |imiting the measurement!

Using amplifiers (e.g. JPA): System noise:

1 1
e Added noise ~ 200 mK kpTyys = huNgyo = hu (e,w,kBT_ -t NA)
e Below standard quantum limit

SQL: Ny>21/2=> N, > 1

SYS

(Price tor spectral resolution)

36



Readout Noise

Using

Circ

e Noise below SQL possible!

e CO
* F.Q.

unting experinm

ent

using transmo

0 Q—bit_s_

Kristof Schmieden

Appl. Sci. 2024, 14(4), 1478

Replace by photon counter

e

UNIVERSITAT

Amp 2
ADC

37


https://doi.org/10.3390/app14041478

Readout Noise u

UNIVERSITAT

Circ

@

Amp 2
ADC

Replace by photon counter

Using
Minimum detectable power vs. Temperature
e Noise below SQL possible! -
e Counting experiment ”
e £.g. using transmon Q-bits
_ \ Jp to 3 orders of
- < magnitude noise
o i \}6\%* Y reduction!
' cO "\\@\66\
10—24-: N Q)Q C,>®
$O QOQ\®%
Shot noise - y ®J;\>QQ
10 102 10  10° 10!
T (K)

Appl. Sci. 2024, 14(4), 1478

Kristof Schmieden 37
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Data Analysis

-126.2 —— Bin 2, DAQ time = 1939 s
—— Lorentz fit
-126.3
S —126.4
3
3
£ -126.5
-126.6
-126.7 | | | | |
8.4708 8.4710 8.4712 8.4714 8.4716
Frequency [Hz] 1e9
——_ —

e Bump-hunt in frequency domain

o Limr

ed time resolution

Kristof Schmieden
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Data Analysis

-

e

UNIVERSITAT ]I

—— Bin 2, DAQ time = 1939 s
—— Lorentz fit

—126.2] ﬁ

—126.3

I
(-
N
o
B

Power [dB]

I
[
N
o
U

—126.61

—126.71

8.4712 8.4714 8.4716
Frequency [Hz] 1e9

8.4708 8.4710

T —

Naive approach:

e Bump-hunt in frequency domain
e | imited time resolution

Kristof Schmieden

e ———————————

—4

0.001120 -

0.001115

0.001110

0.001105

0.001100 1

0.001095

30
— 50

mH Kf HWﬂ a““ \AW / W\W\v \f/ r\

| |

—

0 25 50 75 100 125 150 175 200

Advance approach:

e Search for signature in time series
* Playground for modern techniques:

* Anomaly detection using ML
e Noise reduction with auto-encoders
* ML classifiers

o
38




How to Combine Signals A

UNIVERSITAT

e Adding N coherent signals (in phase) yields an
improvement on the SNR of ~N £ =5GHz Av=10kHz ¢ =1ms

n

oo
1

—— T =10.0 mK = 0.13 photons
\ === 1/n
- == 1/sqrt(n)

~
I
-

e Single photon readout:

(@)
1

* Measurement becomes counting experiment

Ul
I

e Thermal/quantum noise yields a certain
number of photons per time-interval

N
1

W
I

signal threshold in photons

N
I

e Additional cavities/experimental sites
suppress background (combinatorics)

=
1

n detectors in coincidence

e Relevant quantity: Induced power should be In
the order of O(1) photon

Kristof Schmieden 39



GravNet: Expected Sensitvities e

UNIVERSITAT
—— Bonn 1 detector : . : : :
10354 __ Bonn 10 detectors e | imit for monochromatic signals with longer
—— Bonn 1 detector, SC I | |
o] — Fiash, 1ms iNntegration times
—— Flash, 10s
: o e General development: go broadband
2 1071
E 1018
_C' —— Bonn - Q0 = 60k, n=1
© 1072° —— Bonn - Q0 = 60k, n=3
N 10-19 | —— Bonn-QO0 = 1e6
— flash
~ 10721
1020 I
10-15 10-13 10-11 10-9 10-7 “E 107%4
Mppr[Me] g
e PBH merger signals, assuming thermal 5 1077
background only
10724
e Target: h < 107%

e Only few orders of magnitude missing! 1o 107 10° 102 10 10°  10° 0¥

Integration time

Kristof Schmieden 40




GravNet: Expected Sensitvities

—— Bonn 1 detector
107> 3 —— Bonn 10 detectors
—— Bonn 1 detector, SC
lo-16] T Flash, 1ms
N —— Flash, 10s
O
X
g 1017
S
£ 10718
k=
©
CI_‘) 10—19
10—20

UNIVERSITAT

e

1015 1013 1011 109 10—’
Mpgy[Mo]

e PBH merger signals, assuming thermal
background only

e Target: h < 107%
e Only few orders of magnitude missing!

Kristof Schmieden
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Ambitious, but rewarding goal

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

Kristof Schmieden

UNIVERSITAT

e
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Ambitious, but rewarding goal

UNIVERSITAT

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

" [interterometers] have so low
sensitivity that they are of little

experimental interest”
p. 1014
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Ambitious, but rewarding goal A

UNIVERSITAT

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

50 years of work, 23 attempts

" [interterometers] have so low
sensitivity that they are of little e o S
experimental interest”
p. 1014 i 2
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Ambitious, but rewarding goal A

UNIVERSITAT

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

50 years of work, 23 attempts

“For the greatest benefit to mankind”
—FVadet

=

VA

The Royal Swedish Academy of Sciences has decided to award the -

2017 NOBEL PRIZE IN PHYSICS

N3
3 R

Barry C. Barish
Kip S. Thorne

@ Nobelprize.org

" [interterometers] have so low
sensitivity that they are of little

experimental interest”
p. 1014

Kristof Schmieden 42



Which Technology to Choose! A

e GravNet will start with cavities since their
technology Is mature

 Most interesting HFGW sources are transient

e Any HFGW search will profit from
combining signals

* Most developments (Quantum sensing,
Superconducting cavities, analysis) is of
generic use

 Magnetic fields and ultra cold volumes
are used in several approaches

e \We will switch to the most promising
experimental approach in the next years

Kristof Schmieden 43



Take Away Messages

e Searching for HFGW is one of the most
INntriguing new topics in town

e | ots of challenges, lots of opportunities

* New experiment at Bonn

e GravNet Kick-off workshop (26/27June
e https://indico.him.uni-mainz.de/event/229

Kristof Schmieden

UNIVERSITAT

THE SEARCH FOR™ .~

HIGH-FREQUENCY
GRAVITATIONAL
WAVES

USING RADIO-FREQUENCY
CAVITIES —

mage generated using OpenAl’s ChatGPT (2025



https://indico.him.uni-mainz.de/event/229
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Alternative Technologies A

e | arge range of experimental approaches tackling HFGW
* Three Categories:
e Conversion of GWs (gravitons) into Photons

e Something is mechanically deformed

* Spin interaction

[arXiv:2011.12414)

4.2 Detection at frequencies beyond current detectors . . . . . . . . . . ... ... ... 31
4.2.1 Optically levitated sensors . . . . . . . . . . . . . ..., 31
e Energy density in E-field about

10~° compared to B-fields due to L
electron release 4.2.4 Resonant polarisation rotation . . . . . . . . . . ... L, 33

4.2.7 Superconducting rings . . . . . . . . .. e e e e e e e e e 34

s X
s %!
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Alternative Technologies - Hetrodyne Detection A

UNIVERSITAT

* Heterodyne enhancement of GW signals wa ~ GHz + Aw

? ('0”

iGW  Aw ~ (a/R)® ~ kHz — MHz

* Coupled resonators: mode splitting T e

e Pump frequency: w, ~ GHz

e Energy transfer to signal mode o, = w, + 2Aw
e« GW frequency: Aw

* Pro:
e Amplification linear in Pump Power

e Con:
* Frequency stability of modes
* RF leakage into signal mode

e MAGO experiment @ Desy

e Sensitivity from 10 kHz - 100MHz (with various cavities)

hy>107%*  hy> 1072

Kristof Schmieden 47



Alternative Technologies - Mechanical Deformation

Kristof Schmieden

* Transfer of mechanical to EM energy
e Competing process for any cavity based detector

e Exploit mechanical resonances for enhancement
* Noise from environmental vibrations

light mechamcal

transducer
blas E—ﬁeld

m .

O,c~10°< Q. ~ 10

cayv

UNIVERSITAT E[N\EN
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Alternative Technologies - Mechanical Deformation
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Alternative Technologies - Levitated Sensors A

UNIVERSITAT

* Trapping dielectric nano-particles in Laser-field

Arvanitaki, Geraci, PRL 110 (2013) 7

e Second beam for cooling and readout

\ \/\‘/\/\/\/\ e GW displaces nanoparticle w.r.t. trap minimum

Si/Si02/Si Nanoslack

€m
> Photo- .

detector

e Limited by thermal noise &
Laser heating of levitated particle

e Sensitivity from 10 kHz - 100kHz

® hO > 10_21

Kristof Schmieden 50



Alternative Technologies - Bulk Acoustic Devices

UNIVERSITAT

-----------------------------------------------------------------------------------------------------------------

Top electrode Phonon Quartz BAW 1

t : >
distribution - Z I e
| ' : - - -
i | FPGA Digitizer

Bottom electrode

Acoustic mirror

Substrate like Si

e Piezoelectric resonator

* Freq: MHz - GHz

e Consumer product : ~
Cu Enclosure Nb Shielding
® GV\/ deermS resonator Muon / Cosmic Particle Veto Detector

[Sci Rep 13, 10638 (2023). https://doi.org/10.1038/]

e Periodically changing resonance frequency
e Sensitivity from 5 - 10 MHz

o« hy > 10721

Kristof Schmieden 51
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Photon counting vs. Power readout

Kristof Schmieden

P noise[zW]/VHZz

| mmm== Thermal noise at 50 mK
{ == Quantum Noise
| == Dark count noise (1 Hz)

10

UNIVERSITAT

e
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e

h—l— __ A—I— 673(!69,2—w91t)7 hx __ ZAX 6z’(l{:gz—wgt)

Maxwell equations in curved space time

UNIVERSITAT
Cosmological constant * metric tensor

v
G + Ag,m/ — K'T/w <« Energy-Momentum tensor

122%
Finstein tensor . 1 0 0 0
G;w = R,u,z/ — §Rg/u/ B B 0 —1-+hy Py 0
Jop = Nap T Nap =
0 hy —1—h, 0
The covariant Maxwell’s equations (in the source-free region) are: 0 0 0 —1
6’M (\/ —gF:“V) — 8/4‘ (‘/—ggﬂagyﬁFaﬁ) =0 (A?&) | 77&5 — Clla)g(]_7 —1’ —17 —1)
d, (\/*—gﬁw”) = 9, (V=gi""P FL5) = 0 (ATh)
, 0 & B, E,
A . -
E ~ = T RVpilkz—on — _T po —é, 0 —B, %
x 5 O 5 Oy Fug=F3+F = " _ ;
~E, B. 0 -B,

Kristof Schmieden 53



Coupling of GW - Cavity mode

1Moy,

180°

TMiy,

180°

180°

Kristof Schmieden

90°

270°

TMOlp

180°

TMllp

180°

1Moy,

180°

270°
90°

270°

UNIVERSITAT

/
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Introduction - Gravitational VWaves

Kristof Schmieden

UNIVERSITAT

THE SPECTRUM OF GRAVITATIONAL WAVES @esa

Observatories Ground-based " Space-based observatory * Pulsar timing array Cosmic microwave
& experiments experiment ‘ : background polarisation

L

.
imescales
[Icaidico

Frequency (Hz)

Cosmic fluctuations in the early Universe

il
SNy B
AN "Jl gl s :
e L ’ /
NS &~
D 3. J
R S 3
it e - }
- 8.~ .
ay X /)
- : F T ol : ')
Cosmic e Fipue S
7 TRAEN
2! .

sources — Compact object falling _‘ =\ ,w o
onto a supermassive Merging supermassive black holes
Supernova Pulsar | black hole ‘

‘_/ Iisar ==
Merging neutron Merging stellar-mass black holes Merging white dwarfs =

stars in other galaxies | in other galaxies A In our Galaxy

v

[ hitps://www.esa.int/ |
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https://www.esa.int/ESA_Multimedia/Images/2021/09/The_spectrum_of_gravitational_waves

Introduction - Gravitational VWaves u

UNIVERSITAT

[Gabriella Agazie et al 2023 ApdL 951 | 8]

e 2023: First observation of GW in Pulsar timing array data
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Sources of HF GVV - Primordial Black Holes

hy = 9.77 X 1034 (

Kristof Schmieden

/ 2/3 Mppu 53 dr, !
1 GHz 10—12 Mg 1 kpe

e

UNIVERSITAT

e Allowed for: mpgy C (10716 + 10719 M,

1 1 N 1T 1T11 II 1 . .I
Resonant Cavities

|
1 IMADMAX ]

------

XQ/TBAQ

XO/SBHQ

109

107

108

R P Bl

10?

f [H]

100 100 10"
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e

Sources of HF GVV - Primordial Black Holes

UNIVERSITAT

34 / 2/3 Mppu 53 dr, !
~ 977 x 10~ ' _ _
"o (1 GHZ> (1012 M@> (1 kpc> o Assuming fppy = S2ppp/82py =
0! e Allowed for: mppy C (10719 = 10719) M
3 — fPBH =1 L A—18
0% =107 PN AR 25 T M- 2 '
102 Jren = 1072 E:----- <§: o
< =107 Iy [ = %
'ﬁ. PBH %-. =0 - _: =
— 10! N )
5 10" Mo . _;
Bw ; 0/6M®;f:j:5 —
10 ,§ ’ XQ/SMG
1071
104 1072 1071 10 10% 10
Mppu [MG)]
IR EEE e e s N R R E Y e T il S
. . . 108 10” 10t 10M
e Distance = dyr = radius of sphere with > 1 PBH
merger / year f [Hz|

e Slope change: impact of local DM over density
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GravNet: Expected Sensitvities

—— Bonn 1 detector
107> 3 —— Bonn 10 detectors
—— Bonn 1 detector, SC
lo-16] T Flash, 1ms
N —— Flash, 10s
O
X
g 1017
S
£ 10718
k=
©
CI_I) 10—19
10—20

1015 1013 1011 109 10—’
Mpgy[Mo]

e PBH merger signals, assuming thermal
background only

e Target: h < 107%
e Only few orders of magnitude missing!

Kristof Schmieden
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Strain Limit for 95% CL
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o

10—21 -
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Bonn - Q0 = 60k, n=1
Bonn - Q0 = 60k, n=3
Bonn - Q0 = 60k, n=10
Bonn - Q0 = 1e6

107°

10~

107> 1073
Integration time

1071 101
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High Frequency Gravitational Waves - Signals

* Most interesting UHFGW source: Primordial black hole merges
* Fast transient signal!
e Typically in GHz range
*Novel analysis strategies needed
* Frequency domain analysis with short integration intervals
* Time-domain analysis
e Full correlation of time-series

e Define "Trigger’ and combined time window around
* Single photon detection: coincidence experiment

Kristof Schmieden

f=4.62-101HZ (

MpprH

10-9M,,

)
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High Frequency Gravitational Waves - Signals

* Most interesting UHFGW source: Primordial black hole merges
* Fast transient signal!
e Typically in GHz range
*Novel analysis strategies needed
* Frequency domain analysis with short integration intervals
* Time-domain analysis
e Full correlation of time-series

e Define "Trigger’ and combined time window around
* Single photon detection: coincidence experiment

* [0 resonantly excite a cavity:
e GW frequency must stay within resonator bandwidth
e /0 ~ 10°Hz/10° = 10kHz

e Broadband setup might be superior to high Q-factor cavities

Kristof Schmieden

e

UNIVERSITAT
. 5/3 f 11/3
f=4.62-10"Hz ror
10—°M GHz?
mpu[Mo] | fisco [GHz] | feavity [GHz] | f [Hz/s] At [s]
1E-13 4E+07 1.0 9.95E4+-04 | 1.00E4-00
1E-13 AE+07 5.0 3.64E+07 | 2.75E-03
1E-13 AE+07 10.0 4.62E4+08 | 2.16E-04
1E-11 AE+05 1.0 2.14E+08 | 4.66E-04
1E-11 AE405 5.0 7.84E+10 | 1.28E-06
1E-11 AE405 10.0 9.95E+11 | 1.00E-07
1E-09 4E403 1.0 4.62E+11 | 2.16E-07
1E-09 4E+03 5.0 1.69E+14 | 5.92E-10
1E-09 4E+03 10.0 2.14E+15 | 4.66E-11
1E-07 AE+01 1.0 9.95E+14 | 1.00E-10
1E-07 AE+01 5.0 3.64E+17 | 2.75E-13
1E-07 4E+01 10.0 462E+18 | 2.16E-14

Table 1. For all resonance freugnecy a quality factor of () = 50k is assumed.
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Readout Noise

e Readout Noise

* inear amplifiers:
e Standard Quantum Limit

e Overcome by:
 Parametric amplifiers (todays standard)
e Single RF Photon counting

e Tomorrows Standard
e Allows coincidence experiments

Appl. Sci. 2024, 14(4), 1478

Kristof Schmieden

UNIVERSITAT
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e Standard Quantum Limit

e Overcome by:
 Parametric amplifiers (todays standard)
e Single RF Photon counting

e Tomorrows Standard
e Allows coincidence experiments
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e Recent progress in R&D for single RF photon counters
e Several technologies under study
e Current Biased Josephson Junctions

e Kerr Josephon Parametric amplifiers
* Transmon Q-Bit readout

e
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Readout Noise

e Readout Noise

* inear amplifiers:
e Standard Quantum Limit

e Overcome by:
 Parametric amplifiers (todays standard)
e Single RF Photon counting

e Tomorrows Standard
e Allows coincidence experiments
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e Recent progress in R&D for single RF photon counters
e Several technologies under study
e Current Biased Josephson Junctions

e Kerr Josephon Parametric amplifiers
* Transmon Q-Bit readout

* Shown single photon efficiency: 43% @ 90 Hz dark count rate
e Big R&D effort ongoing
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GravNet - Current Efforts

Ultra-high frequency gravitational waves: where to next ?

Dec 4, 2023, 9:00 AM — Dec 8, 2023, 7:00 PM Europe/Zurich
| @ 4/3-006 - TH Conference Room (CERN)

—

—— ——— i

e Mainz (Schmieden, Schott, Schneemann, Schwaller, Schenk): 1G|U

e Preparatory studies within PRISMA+
e Haloscope setup and first data, cavity design, analysis strategies, ....

e D. Budker will join next year with ERC synergy grant with Schott, Gatti,
Blas

e Bonn (M. Schott): "

UNIVERSITAT

Gravitational Wave Probes

e Currently working on analysis strategies of Fundamental Physics

e New Setup expected late 2025 (10 mK, 12 T, 5 GHz)

Detectors &

A cross-cutting initiative for a accelerators

common platform to:

e Foster synergies among astroparticle, atomic,
nuclear, high-energy, and gravitational physics,
cosmology, and GW and multi-messenger
astronomy

Astroparticle
physics

Nuclear &
high-energy physics

e INFN Frascati (C. Gatti):

GW astronomy

e Strengthen the connection between the
theoretical and experimental/observational
communities

e Leading FLASH experiment (150MHz, m3 Cavity)

to attack multidisciplinary problems

* Work on TDR for FLASH started s
e GW runs foreseen from design on erse expertise and backgroun

e Share and disseminate knowledge in fundamental
physics

Endorse this initiative @ https://agenda.infn.it/e/GWFundPhys

Kristof Schmieden



How to become more sensitive! — GraviNet "

UNIVERSITAT

e Jarget sensitivity: ho< 1024 with ms - us time resolution

Network of distributed GW detectors

* Various possibilities

* Time evolution of ms spectra
e Fasy, very noisy

e Simultaneous fit of time series data

e Computationally challenging Combining information of distributed detectors

at various frequencies!

e Coincident experiment
* Requires single RF photon detection

GravNet |dea
e fTechnique developed here at KIT

Kristof Schmieden 62
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Interlude: Axions




What we're building at Bonn

Kristof Schmieden
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CHémcyd@d
Nalve estimate gives:

EDMn =~ 1071 ecm
[hitps://cds.cern.ch/record/198102/]

Neutron

Dipole moment

-
-

d=q-r

r

Kristof Schmieden

e
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UNIVERSITAT
Nalve estimate gives:
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Possible Solution to strong CP problem

UNIVERSITAT

e 1977 by Peccei and Quinn: A
V(D)

e Postulated new U(1) symmetry
e Generic coupling to quarks

Robert Peccei  Helen Quinn

e Symmetry spontaneously broken at scale f,

e New massive Goldstone boson: AXxion

T — —

Steven Weinberg Frank Wilczek

e Exact way of symmetry breaking (structure of QCD vacuum)
e CP violating term nulled dynamically

Kristof Schmieden 06



Possible Solution to strong CP problem A

UNIVERSITAT

e 1977 by Peccei and Quinn: A
V(D)

e Postulated new U(1) symmetry
e Generic coupling to quarks

Helen Quinn

e Symmetry spontaneously broken at scale f,

e New massive Goldstone boson: AXxion

O — T

Frank Wilczek

e Exact way of symmetry breaking (structure of QCD vacuum)
e CP violating term nulled dynamically

~Axion:
. 'Washes away all problems’

Here:
Massive, pseudo-scalar particle

Kristof Schmieden 06



Possible Solution to strong CP problem A

UNIVERSITAT

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

GG

e /.. "Peccei-Quinn scale”

QCD term Axion term

e £ ~ 1 (large)
e Spontaneously broken symmetry

e Axion = Nambu-Goldstone boson (massless)

V(D)

Kristof Schmieden 67



Possible Solution to strong CP problem

e a: Axion field _ gg

L ot — L axion 0
tot SM, + 39

e /.. "Peccei-Quinn scale”

GG

QCD term

o £ ~ AQCD

e QCD instanton effects break U(1) explicitely
* “tilted mexican hat”

* AXion becomes massive

e Drives potentialto 8 = 0
e CP symmetry restored

V()

Kristof Schmieden

UNIVERSITAT

Axion term

e
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Possible Solution to strong CP problem A

UNIVERSITAT

e 1: Axion field _ gg o~
Ltot — LSM,aXion + 9327‘_2 GZL Ga5 +

e /.. "Peccei-Quinn scale”

QCD term Axion term

e QCD instanton effects break U(1) explicitely
* “tilted mexican hat”

* AXion becomes massive

e Drives potentialto 8 = 0
e CP symmetry restored

e Only free parameter: V(®)

e Scale of symmetry breaking

| Coupling:  gi X 7 -

Kristof Schmieden 67



e

V| Reasons to like Axions

UNIVERSITAT

1. ... may solve the strong CP problem
GTRING THEORY GUMMAR IZED:

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 %

o Axion-like fields emerge in string theory in 10D -> 4D compactifications.
as Kaluza-Klein zero modes of ten-dimensional form tields

[A. Ringwald 2014 J. Phys.: Cont. Ser. 485 01201 3]

Kristof Schmieden 68
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Light Axions and ALPs

10-12

Light-shining-though-wall

109

Helioscopes

106

Haloscopes

103

100

103

| Accelerator based

—— 4

Forward
H-
searches

eam dump 7y =a-=yy

106 109 1012
MeV GeV TeV

UNIVERSITAT

e
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Light Axions and ALPs

Light-shining-though-wall

106

10-3

100

103

Forward
H-
searches

Beam d

106
MeV

~ Accelerator based

e 4

p—- e ~ya-yyy

109 1012
GeV TeV

UNIVERSITAT

leV]

e

Kristof Schmieden
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Light Axions and ALPs e

UNIVERSITAT

Light-shining-though-wall

Helioscopes

N it —— e ————— == Q

Haloscopes

* Primakoff effect:
Resonant photo-production of
pseudoscalar mesons

Kristof Schmieden 09



Light Axions and ALPs

Light-shining-though-wall

Helioscopes

—— =2 Ep—— =

Haloscopes

10-6 103

100

UNIVERSITAT

e Axion to photon conversion in magnetic field
( iInverse Primakoff effect )

e

Kristof Schmieden

69



Axion Haloscope Experiments

UNIVERSITAT
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GWV waves exited higher order mode(s) in cavity

E - field distribution

e Fundamental differences to Axions: TMOIO
e Quadrupol vs. Dipole structure
* GWs are transient signals!

* | ong integration times not useful

e Dedicated cavities needed for
GW detection

e Optimal geometry?

Kristof Schmieden
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GWV waves exited higher order mode(s) in cavity
E - field distribution

TMOlO TMZIO

 Fundamental differences to Axions:
e Quadrupol vs. Dipole structure
* GWs are transient signals!

* | ong integration times not useful

e Dedicated cavities needed for
GW detection

e Optimal geometry?

Kristof Schmieden

e Collaboration with our theory
colleagues at Mainz:

P.Schwaller et. al. arXiv:2404.08572

UNIVERSITAT

e

/1


https://arxiv.org/abs/2404.08572

Difference w.r.t. Axion Searches

e \ : e GW.

Nhete e JTypical quadruple structure
. * Preferred mode: TM 020

GW / e Current direction dependent on GW

\ Joit NwaeaBA e AXIONS:
e Preferred mode: TM 010

i

e Current dependent on B-field direction
e | itle overlap with GW mode

e |deal setup:
e Axion setup has NO overlap with GW mode!

e Signal lifetime:
e AXions: infinite  => Integration time O(100s)
e GW merging events: us-ms => Need new analysis technigues

Kristof Schmieden

UNIVERSITAT

e
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https://arxiv.org/abs/2112.11465

Difference w.r.t. Axion Searches

i

GW

it

aX1011

jeff o~ waHaBA

e |deal setup:

e Axion setup has NO overlap with GW mode!

e Signal lifetime:

e AXIONS:
e GW merging

Kristof Schmieden

events:

e

UNIVERSITAT

e GW:
e JTypical quadruple structure
e Preferred mode: TM 020

e Current direction dependenton GW |htefestihg Seti

| ‘range for PBH | }J

e AXiONS: tint
o Preferred mode TM 01 0 4 /2 [0 irlo(;];c(zlid Sensitivities of Axion Experiments
e Current dependent on B-field direction ADMX (@~ 810" Bo =73 T 120s
* Litle overlap with GW mode S
HAYSTAC | @~ 3510 o =0 1 120s
wg/2m € [1.6,1.65] GHz
CAPP ¢~y =157 120s
wg /2T = 26.531 GHz
ORGAN XC;C; igoﬁ(%?g’f%;lﬂK 4d
wg/2m € [1,2] GHz
SQMS params. 7 V/A\g 1—0610(?1(1 T5yT~ 1 KW/ A 1 d
1024 o ”il()ll_23 o 10_22 | 10 21 | 10 20 | lil()l_19
Strain Sensitivity hg
infinite  => Integration time O(100s)
us - ms => Need new analysis techniques
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