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Introduction

Why Axions? — The Strong CP Problem

QCD allows term:
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Introduction

Why Axions? — The Strong CP Problem

make it a dynamic field: 8 — f, ta(t; x) [Peccei, Quinn, 1977]

=295 GﬁvGW + = 6a6“a

Cosmology: rolldown to CP conserving limit:
~~—> Symmetry breaking

time

Coherent oscillation DM
around the minimum
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Introduction

Where to look?

[adapted from
cajohare.github.io/axionlimits]
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Introduction

How to look?

o
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B
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Introduction

How to look?
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Introduction

H t | k? Disclaimer: This is just a selection. This talk is not intended to endorse or advertise any particular
OW 10O I0OOK: experiment or study, but rather wants to give a (necessarily incomplete) high-level overview over the field.
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Dark Matter

How to look?
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Introduction Dark Matter Laboratory Astrophysical Conclusion

Wave-like Dark Matter

4
~ GeV L 2m 1ueV) #particles _ 30 (1ueV)
Pa~ 0455V Apg ~ 2T~ 1km (L > ides ~ 107 (1ueY
1 km
< >

detector

coherent detection
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Introduction Dark Matter Laboratory Astrophysical Conclusion

The Resonant Cavity [P. Sikivie, PRL 51, 1415 (1983)]

v high-® resonator

\\ axion FFT

v low-nolse
v high B-field receLver m,

2

B V C Q g 2 mg Ppm
i =210 W (757) (5557) (52) (55.000) 636) (Gev)
S18 7.6 T 136 L/ \0.4/\30,000 (0.36) 3 ueV (0.45 GeV cm‘3)
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Introduction Dark Matter Laboratory Astrophysical Conclusion

The Resonant Cavity [P. Sikivie, PRL 51, 1415 (1983)]

v high-® resonator

FFT

E

B v low-noise
v high B-field recelver e

2

B V C Q g 2 mg Ppm
pae = 2: 10 W- (75 (5357) (5) (Ga000) (536) Gew)
S18 7.6 T 136 L/ \0.4/\30,000 (0.36) 3 ueV (0.45 GeV cm‘3)
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Dark Matter

ADMX: Axion Dark Matter eXperiment ©ADMX
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[T. Braine et al (ADMX collab.), PRL 124 (2020) 10, 101303]
[R. Khatiwada et al/ (ADMX collab.), RSI (accepted), arXiv:2010.00169]
[C. Bartram et al (ADMX collab.), PRD 103 (2021) 3, 032002]
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Introduction Dark Matter Laboratory Astrophysical Conclusion
ADMX: Power of Candidate Exclusion Criteria S©ADMX
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Dark Matter

ADMX Collaboration SOADMX
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Introduction Dark Matter Laboratory Astrophysical Conclusion

ADMX: Most Recent Results [PRL 127, 261803 (2021)] @AM X
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Laboratory
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Conclusion

ADMX: Higher Mass Plans
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Introduction Dark Matter Laboratory Astrophysical Conclusion

The Resonant Cavity — High Masses [P. Sikivie, PRL 51, 1415 (1983)]

v high-® resonator

FFT

v Llow-nolse
v high B-field receLver m,

2

B V C Q g 2 mg Ppm
pae = 2: 10 W- (75 (5357) (5) (Ga000) (536) Gew)
S18 7.6 T 136 L/ \0.4/\30,000 (0.36) 3 ueV (0.45 GeV cm‘3)
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Introduction Dark Matter Laboratory Astrophysical Conclusion

The Resonant Cavity — High Masses

3ueV 10ueV 30ueV

vV 100L 3L 0.1L
QxV/éV 30,000 10,000 3,000

B\ V C Q gy \*( m PDM
o =210 W- (755 (3357) (5) (Sa000) (536) Graew)
S18 7.6 T 136 L/ \0.4/\30,000 (0.36) 3 ueV (0.4-5 GeV cm‘3)
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Dark Matter

High Mass Challenge — Stronger Magnets

v high-& resonator FFT

E

v low-wnolLse —

\/ l/“:@l/l B-ﬁCLd VCOCLVCY m,

see e.g., [M. D. Bird, Springer Proc.Phys. 245 (2020) 9-16], [N. Bykovskiy et al., IEEE Trans.Appl.Supercond. 31 (2021) 5, 4500305], ...

B \(V C Q gy \*( m PDM
pag =210 W- (752) (1357) (52) (55.000) (536) (3 ev)
S18 7.6 T 136 L/ \0.4/\30,000 (0.36) 3 ueV (0.45 GeV cm‘3)
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Dark Matter

IBS/CAPP: Center for Axion and Precision Physics Research

“u

. >l-.,\ [ b T E

CAPP-12TB [A. K. YI, talk at PATRAS2022]
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.56 453
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multicell, 8T,

single cav.,, 18T magnet,

Other setups single cav.,, 8T magnet, supercond. cav.,
with results 2.6GHz 8T, 2.3GHz 3.2GHz 4.8GHz
from IBS: [PRL 126, 191802 (2021)] [arXiv:2207.13597] [PRL 125,221302 (2020)] [PRL 128 241805 (2022)]
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Dark Matter

High Mass Challenge — Lower Noise

v high-& resonator FFT
9 ‘ —

E i > 10_6ma
v low-wnolse R

, ceLver
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ruantum LimLt:
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—=92.10"23wW.[——_ 14 2
Psig =2 107 W (7.6 T) (136 L) (0.4) (30,000) (0.36) (3 ueV) (0.45 GeV cm‘3)
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Dark Matter

HAYSTAC: Haloscope At Yale Sensitive To Axion CDM HAYSTAC

[Backes et al, Nature 590, 238-242 (2021)]

E = Ej [cos(wt)X + Sin(wt)f\/}

1.0 preeepr T T I e
‘ , e
X 0 0 - 0.8 "0 o"
. - 2 0‘. :0 . ) -
v 3 \ = Yon A Cavity Noise
§ 0.6 L 02 Reflected Noise |
g -
3 .y la
%)
o

Squeezing of Reflected Noise bandwidth increase
see also [Phys. Rev. X 9, 021023 (2019)] = double scan rate
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Introduction Dark Matter Laboratory Astrophysical Conclusion

HAYSTAC: First peV Sub-Quantum Axion Search HAYSTAC
[Backes et al, Nature 590, 238-242 (2021)]
GH ) l new prelim. results: [Jewell, PATRAS2022]
Z ,
4.8 6
I —= | )
HAYSTAC
2017-2018
UF .
ADMX CAPP KSV7Z This result
e DFSZ
5 10 15 20 25
m,c” (peV)

Advanced Proposal using Cavity-State Swapping: CEASEFIRE [K. Wurtz et al, PRX Quantum 2, 040350 (2021)]
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Introduction Dark Matter Laboratory Astrophysical Conclusion

Single Photon Detection

Non-Destructive Qubit Readout: [A. V. Dixit et al, PRL 126, 141302] logio[m.+/GHz|
+ 1 + -6 -3 0 3
H = w.a'a+2(w, + 2xata)o, o Jemi B
/ ‘ CMB (2)
cavity Qubit Interaction (commutes with m+(GHz)
cavity/Qubit!) -8t 6.000 6.011 6.022
w -7

’_r; Readout y‘%'|_‘ Qubit Excited State Probability b% y m“l”“l"lI'II”'”““
o o Qubit based |
n=2 n=1 n=0 — 120 -11 photon counting ]

Transmon Dark Matter ' 2X ,s.' = |
PN e % | 15 ; O>/1 68101 exctlu6d8?1wgl1_|
% confidence a z -7
R WA I SN 16l 2481 24.86 24.91
Storage 4.746 4.748 4.750 My (ueV) e Eig%igga%egcig;?cfﬁfrlgtion
Frequency (GHz) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
14 -10 -6 -2
15.7 dB advantage over SQL logio[m /eV]
Other Recent low GHz 14 GHz photon counting with current-biased Josephson junction
Single Photon Detectors: [Kuzmin et al, IEEE Trans. Appl. Super. 28 7 (2018)]
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Dark Matter

High Mass Challenge — Better Cavities

v high-& resonator FFT
9 ‘ —
E i > 10_6ma
v low-nolse R
, ceLV
v high B-fleld recerver .

B \>/ V C Q gy \2( m PDM
—=92.10"23wW.[——_ 14 2
Psig =2 107 W (7.6 T) (136 L) (0.4) (30,000) (0.36) (3 ueV) (0.45 GeV cm‘3)
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Dark Matter

Superconducting Cavities

-
25 Fermilab - =SQM S i e

NbTi, Q ~ 10° (B = 0T) Niobium, @ ~ 101° (B = 0T)
DP Search:
KSVZ-sensitive Search @2.3GHz: Surface Contribution Analysis: [R. Cervantes et al, arXiv:2208.03183]
[D. Ahn, PATRAS2022], [T. Braine et al, arXiv:2208.11799] Nb;Sn, Q ~ 10° (B ~ 6T)
[J. Kim et al, arXiv:2207.13597] [S. Posen et al, arXiv:2201.10733]
QUAX-ay, 9GHz, Q ~ 3x10°, B ~ 5T RADES, 9GHz, Q ~ 10°, B ~ 11T
Other Efforts: E/PRD 99 181101 (2019)] [IEEE Trans. on AprI. Supercond. (2022)] >UPAX
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Introduction Dark Matter Laboratory Astrophysical Conclusion

High Mass Challenge — Combine Signals

v high-® resonators T

>

v Low-nolse
receLvVer

|
| combiner | ‘

v high B-field

2

B V C Q g 2 mg Ppm
i =210 W (757) (5557) (52) (55.000) 636) (Gev)
S18 7.6 T 136 L/ \0.4/\30,000 (0.36) 3 ueV (0.45 GeV cm‘3)
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Introduction Dark Matter Laboratory Astrophysical Conclusion

Next ADMX Gen-2: (1.4 -2.2) GHz

Rods

analog power
combining

Site: Univ. Washington

Coarse Tuning
Rods

Data Taking from 2023/24
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Dark Matter

Laboratory Astrophysical

Conclusion

ADMX-EFR (Extended Frequency Range): 2-4GHz

"/ﬁ\ D M \<
\ /
= AXION DARK MATTER EXPERIMENT

18 cavit
array

horizontal magnet:

digital
power combining

Electronics
A dil. fridge

/ Low!noise
~— amplifiers
25mK
0.01 Gauss

9.4 T,258 L

Magnetic shield

—

“MRI Magnet

Resonator
dil. fridge _—
Resonator
array

Site: Fermilab

Goal: Search 2-4GHz @ DFSZ sensitivity in 3 years scan time
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Introduction Dark Matter Laboratory Astrophysical Conclusion

Multi-Cavity and Multi-Cell

A =

RADES Pizza / Wedge Cavities
‘w “« ‘\ “ “ l : /‘ 1

[Dobrich et al., JHEP 07 (2020) 084] ORGAN: [Quiskamp et al., Phys. Rev. Applied 14 (2020) 4]
QUAX-ay: [PRD 103 102004 (2021)] [McAllister et al., Springer Proc. Phys.245 (2020) 37-43]

[D. Alesini, Nuc. Inst. and Meth. in Phys. Res. A, 985, 2021] IBS/CAPP: [Youn et al., Phys. Lett. B 777 (2018) 412-419]
CAST-CAPP: [M. Maroudas, PATRAS2022] [Youn et al., Phys. Rev. Lett. 125, 221302]

Axion Experiments | Stefan Knirck Some material from open access article(s). See last slide for full reference. 30



Dark Matter

. . A. Caldwell et al., PRL 118, 091801 (2017
Open Resonators: Dielectric Haloscope i a1 b, 061 012)

TTTTTTTTITITTTT & power o Boost Factr 7

tunable via disk positions

I T T T
140 :_ 20 discs, n=5 Al _:
120 — Avz =200 MHz -
100 | .

~ /2

n — Avg =50 MHz E
80 | -

60 F ‘ 3

40 - =

20F =

internal reflections
- 'weak' resonator

= .
1 1 1 1 L 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I
247 248 249 25.0 25.1 25.2 253

’ ‘ | v [GHz|
Mirror Dielectric Disks Receiver

ORPHEUS (15-18GHz) ¥ MADMAX (10-100GHz) DALI (6-60GHz) LAMPOST (infrared) MuDHI (infrared)
[Cervantes et al., [P. Brun et al., [J. De Miguel, [J. Chiles et al., [L. Manenti et al.,
arXiv:2204.09475] Eur. Phys. J. C(2019) 79: 186] JCAP 04(2021)075] PRL 128, 231802] PRD 105, 052010]
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Dark Matter

Open Resonators: Dielectric Haloscope

Frequency [GHZz]
ADMX-ORPHEUS 101 109 101

Park photons as dark matter
S WISPDMX

1809PIS-XINAY

HAYSTAC-2
ADMX-Orpheus

HAYSTAC-1

"6 10—14 1 ADMX-1

SQuAD

10—16 PDM = 0.45 GeV cm_3 ADMX-2 ADMX-SSQMS
1 T T T T T T - | _
1070 1072 10~4

Dark photon mass, m 4 [eV]

[R. Cervantes et al., arXiv:2112.04542, arXiv:2204.09475]

ORPHEUS (15-18GHz) ¥ MADMAX (10-100GHz) DALI (6-60GHz) LAMPOST (infrared) MuDHI (infrared)
[Cervantes et al., [P. Brun et al., [J. De Miguel, [J. Chiles et al., [L. Manenti et al.,
arXiv:2204.09475] Eur. Phys. J. C(2019) 79: 186] JCAP 04(2021)075] PRL 128, 231802] PRD 105, 052010]
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Dark Matter

MADMAX: MAgnetized Disk and Mirror Axion eXperiment Aab || IMAx

Proof-of-Principle R&D:

Projected Sensitivities

Open Booster (5 disks, @=20cm): [J. Egge et al., EPJC80 (2020) 392]

Closed Booster:
ALPS-II
=l = = — —
3disks, wemuml N/ /|| N it [[SosssseRsy 0 0000000020 wER O 7
@=10cm . <
- —12.- §
2
O,
§ -13
T B Full Scale
<§: HIABMAX (Sensitivity)
_15..
ol |
/ experiments
3 | | antenna R
focusing mirror —
Full Scale (80 disks, =1.2m, 9T dipole magnet) [S. Beurthey et al., arXiv:2003.10894]
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Dark Matter

MADMAX: MAgnetized Disk and Mirror Axion eXperiment Aab || IMAx

Proof-of-Principle R&D:
ks o= , First Dark Photon Results with
Open Booster (5 disks, 2=20cm): [J. Egge et al., EPJC80 (2020) 392] Closed Booster R&D Setup:
Closed Booster: .
3 disks, B
2=10cm 10
S 10-12
10—12
10"
3 CMB 78 80
10 Tokyo ] i
B this work Prellmlnary (Sensitivity)
-14
10 40 50 60 70 80 9
Mpp [ueV]
antenna o
focusing mirror [A. Gardikiotis, PATRAS2022]
Full Scale (80 disks, =1.2m, 9T dipole magnet)
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Introduction Dark Matter Laboratory Astrophysical Conclusion

ALPHA: Axion Longitudinal Plasma HAloscope

Solenoid Magnet Wire Metamaterial qlphq
v, |GHZ]
1 10 10
I I IIIIII| I I Illlllli I I |r|||||
i 05 1,15 2 25 331314

X
7))
<
[
I
)
o

IIIII|I| I IIIIIII| | IIIIIII| I Illlllll
IIIIII| I IIIIIII| | IIIIIII| | II+IIII|

Ll TN I 1]
1012 101 1019

fa [GeV] 5
| IIIIIIII | IIIIIII| | llll_

1076 107 1074
x [cm)] mq [eV]

[M. Lawson et al., PRL 123 (2019) 14]
first proof of principles existing [A. ). Millar, S. Al Kenany et al., talks at APS April Meeting 2021]
[M. Lawson et al, talk at PATRAS2021]

:I IIIIII|
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Introduction Dark Matter Laboratory Astrophysical Conclusion

Dish Antenna

[https://www.snowmass21.org/docs/files/summaries/CF/

I d
\/MW SNOWMASS21-CF2_CFO-IF1_IFO_Aaron_Chou-175.pdf]

FFT

v Low-nolse —
receLver

overmoded

Havrd to Tune
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Dark Matter

Dish Antenna

v ”dLSVl antenna” _ By \*
[Horns et al., JCAP 04 (2013) 016] Psig = 1.2 1072 W (10 mZ) (10 T)
PpM Yayy 2 11 peVy?
% (0.45 GeV cm‘3) (3.9 710-16 Gev-l) ( m, )

< axion FFT

. ~

ﬁ —\107°m,
B v low-wnolse —

v high B-field recenver m

Axion Experiments | Stefan Knirck 37



Dark Matter

Dish Antenna — Results for Dark Photons

BRASS-p (12- 186HZ) [Le Hoang Nguven PATRAS2022] FUNK (optical) [PRD 102, 042001 (2020)]

Sz v
NS =

G
-~
A
-

— RARE S .
; 7 g — TN
Photos: Jens RiiBman /4= \lx N — L i)
D ~2.5m,f ~ 4.8m A ~ 2m? A ~ 13m?

plans to magnetize surface B ~ 1T

see also [http://wwwiexp.desy.de/groups/astroparticle/brass/brassweb.htm]

SHUKET (5-6GHz) DOSUE (18-26GHz) Tokyo (28GHz)  Tokyo (160-220GHz)  Tokyo (optical)
[P. Brunetal., [Kotaka et al, [N. Tomita et al, [SK et al, [J. Suzuki et al.,
PRL 122 (2019) 20] arXiv: 2205.03679] JCAP 09 (2020) 012] JCAP 11 (2018) 031] JCAP 09 (2015) 042]

Axion Experiments | Stefan Knirck Some material from open access article(s). See last slide for full reference. 38



Introduction Dark Matter Laboratory Astrophysical

Conclusion

BREAD: Broadband Reflector Experiment for Axion Detection

BRE/D

COLLABORATION

Projections with Detector Technologies

IIIIHI T T IIIIII] TTTT T T lllﬂ?
&
10~9 SEEEEEE % oy v
~10 | e
10 y ,Stellar? - RI;SI(IS];‘(;VAL
o
~11 Q.
10 god §3
10—12 @ 3
-13 L Haloscope BREAD -
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BREAD: Broadband Reflector Experiment for Axion Detection BRE/\D
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[Tuned LC Circuit Readout: Cabrera, Thomas (2010)]

Lumped Element Resonator [P. Sikivie, N. Sullivan, D. B. Tanner, PRL 112, 131301 (2014)]
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Laboratory Astrophysical Conclusion

DMRadio

[R. Henning, talk at PATRAS2021]
[S. Chaudhuri et al., arXiv:1803.01627]
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Other efforts: [PRL 124, 241101 (2020)]

[Nature Phys. 17, 79-84 (2021)] [PRD 106, 023003 (2022)]
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Dark Matter

. . . . . .g., [Kimball et al., Spri
CASPEr: Cosmic Axion Spin Precession Experiment — , o& f7 0 & 0 ornes

H=-u,B-S —d,E"-§

=
>

o
@)
o
N Rt .
2 ext FIUEERERTIE 0k Nucleon EDM « a
U Bap = Jann Va
o
% T/ V ~ 0y a Prytys¥y ~aGg Gy
o
wn
or
Resonance if: w; = 2 4 Byt = @ = m, =2 tunable via B,

Similar concept using electrons: QUAX-ae [PRL 124 (2020) 17, 171801]

Axion Experiments | Stefan Knirck 44



Introduction Dark Matter Laboratory Astrophysical Conclusion
CASPEr: Cosmic Axion Spin Precession Experiment- Sensitivities
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[Y. Zhang, H. Bekker, A. Wickenbrock, talks at PATRAS2022]

[D. Aybas, talk at PATRAS2021]
[D. Aybas et al., PRL 126, 141802 (2021)]
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Laboratory

ARIADNE: Axion Resonant InterAction DetectioN Experiment gﬁpiiga;g;g‘z'kﬂ

Monopole-Dipole axion exchange
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Laboratory

ARIADNE: Axion Resonant InterAction DetectioN Experiment

[A. Geraci, talk
at PATRAS2022]

Monopole-Dipole axion exchange

1077

[A. Arvanitaki, A. Geraci, PRL 113,161801 (2014)]
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Introduction Dark Matter Laboratory Astrophysical Conclusion

LSW: Light-Shining-Through-Wall e.g., [G. Mueller, et al., PRD80 (2009) 072004]

[Fig.: ALPS collaboration]
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ALPS: Any Light Particle Search

first physics run expected end 2022

Sensitivity Estimate (ALPS-Ilic):

1075

B\ % -6
- 1\ VIR
ot t ' i ‘ \ C‘.
V /v A SRS
I AR, 1 89
1 T “ A SR ) S |“\ s 1078
] ] / 4 \ g
Cryogenics transfer line I 4 /4 \ Z
‘ from DESY site ] ,’ ,’ return box b S 107° ALPS-lic
\ . o0
\ ~120m l’ optics ~120 m ! for current 1 k=
P » hut , - . ‘ - 10—10
\ feed box < I — 7—> and cryogenics g
e [ Q
‘ optics ! ! optics O . .
-_" (= - 10 o [fig. arXiv:1710.04209] |
12 dipoles By-pass line for 12 dipoles 10-5 10~ 10-3
Cables to power current and M . \Vs
i ass m_1n e
supply in HERA hall cryogenics a

[Z. R. Bush et al, PRD 99 (2019) 2]
see also [G. Othman, PATRAS2022]

L ~ 100m, B ~ 5T, Fp ~ 5,000, Fr ~ 40,000
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How to look?
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Astrophysical

Helioscopes e.g., [JCAP 0704 (2007) 010]
X-ray optics
L
Solar \‘\‘
axion VA
flux ‘\‘\ v
------- > A A A A A AR R
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——————— ) i | | I 1 f (I I 1 1 1
——————— > AT
------- > bbb R R R
------------- — L =4 - -c-e i 3
& X-ray detectors
T Shielding
Movable platform _
[fig.: E. Armengaud et al., 2014 JINST 9 T05002]
2 2 2
P =17><10-17(B)( : )( Jayy )
vy 9T/ \9.3m/ \10710GeV-1
CAST, IAXO: [next slide] TASTE: [JINST 12 (2017) 11, P11019]
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Helioscopes
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Indirect Detection (Examples)

Black Hole Superradiance

Axions

Excludes 107 1%eV s m, < 107 11eV

e.g., [A. Arvanitaki et al., PRD 91, 084011 (2015)]
[V. Cardoso et al., JCAP 03 (2018) 043]
[M. Baryakhtar et al., PRD 103, 095019 (2021)]

Neutron Star
Radio Emission

e.g., [M.S. Pshirkov, S.B.
Popov JETP 108 (2009) 384]
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This work (Model A)
This work (Model B)

.................... ---- CAST Exclusion
___________ "7 mEE ADMX
HAYSTAC

10° 10!
Frequency [GHZ]
others: [Foster et al, PRL125, 171301 (2020) & arXiv:2202.08274][J. Darlin, arXiv:2008.11188]

2107.01225]

Gayy (95% confidence limit) [GeV~!]
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DM Density & Magnetosphere: systematic uncertainty

HB Stars (Energy Loss)
Other 8.y < 6.6x10°11 GeV!
‘classics’: [A. Ayala et al.,

PRL 113, 19, 191302 (2014)]

Abell Galaxy Clusters (2y Decay)
8y <101 GeV! @ m,=5..7eV
[D. Grinetal.,

PRD 75, 105018 (2007)]

SN1987A (Gamma Rays)
8.y < 6x1012GeV! @ m, < 4x10'0eV
[A. Payez et al.,
JCAP 1502 (2015) 006]
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Conclusion

So Much More...

* Other new Detection Ideas, e.g.,

axion “echo” [Arza et al, arXiv:2108.00195]

UPLOAD-DOWNLOAD [c. A. Thomson et al, PRL 126, 081803 (2021)],
heterodyne axion detection [A. Berlin et al, PRD 104, 1111701 (2021)]

Mobius-ring resonator [Bourhill et al, arXiv:2208.01640]
Piezoaxionic effect [Arvanitaki, Madden, Tilburg, arXiv:2112.11466]
Axion Quasiparticles in Topological Insulators [schiitte-Engel et al, JICAP 08 (2021) 066]

Effects of Local DM Halo Properties/Substructure [SK et al, JCAP11(2018)051], Caputo et al, PRD104, 095029(2021)],
[Chakrabarty et al, arXiv:2007.10509], [O’Hare et al, 1701.03118], ...

e Other WISPS

Chameleons [PRD 69 044026 (2004)], [PRD 69 044026 (2004)], [Phys. Dark Univ. 26 100367 (2019)] ...

Other Scalar and Vector Ultralight Dark Matter
[D. Antypas et al, Snowmass white paper, arXiv: 2203.14915]

* Axion Experiments sensitive to HF Gravity Waves
[A. Berlin et al, PRD105 (2022) 11, 116011, 2112.11465] ...
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Conclusion

[adapted from
cajohare.github.io/axionlimits]

Thank you very much!
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Introduction

Where to look? - Models [Slide from Pablo Quilez Lasanta, PATRAS2021]

""i?"I '% A) Photophilic/photophobic axions : ”}-_J B) Heavy/even lighter axions
1. Single scalar: Playing with fermionic 1. Heavy axions: extra instantons
. [Rubakov, 97] [Dimopoulos et al, 16]
represe ntatlons [Berezhiani et al ,01] [Gherghetta ettal, 16]
[Fukuda et al, 01] [Agrawal et al, 17]
“Preferred axion window” “Axion from monopoles” {gfa”niit?,'b%‘]” E?f,!ﬁredsﬁz:ﬁfef' ;’,f‘ﬁzg’]Rey P, 18]
Di Luzio, Mescia, Nardi, 16] [Pook et al, 14] [Ceakd et al, 191
%Di Luzio, Mescia, Nardi, 18] [Sokolov, Ringwald, 21] %I((:::)abnagdgeagtfl],] ehergheta etal. 201
2.  Multiple scalars: Alignment in field space 2. Evenlighter QCD axion
[Hook, 18]
. o » o« . » o« .. ” [Luzio, Gavela, PQ, Ringwald, 21]
“Clockwork axion KNP alignment” “Multi-higgs models [Luzio, Gavela, PQ, Ringwald, 21]

[Farina et al, 17]

[Coy, Frigerio, 17] [Agrawal et al 17] [Di Luzio, Mescia, Nardi, 17]
[Kim et al, 04] [Kim et al, 04] [Di Luzio, Giannotti, Nardi,
[Choi et al, 14 and 16] + Refs in FIPs report Visinelli, 16]
[Kaplan et al 16] [2102.12143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]
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Introduction

Where to look?- Models

Recent Example:

Photophilic Axion
[Sokolov, Ringwald, 2104.02574]

ga,Y[GeV_l]

fa|GeV]
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Dark Matter

Axion-Electrodynamics

1 | 1 1 g _
L=_ZFWFW —]P‘AM+§0ﬂa6“a—§m§la2—% F . Fr
Solve EOM under external magnetic field B,:
_______ Y
eV-E=p —gg,, Be-Va ’ <¢r

VxH—E=]+g,,(B.a+ExVa)

i —V*a+mgia=gg,,E- B,

Primakoff effect

Axion-induced electric field (QCD axion dark matter):

Eq=—¢"g4, Be a~1x10"2vm™ (22 (

10T

Pa
) (0.45 GeV cm‘3) SO Hilly
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The ADMX Setup
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ADMX

The ADMX Cavity - Tuning

Stefan Knirck | ADMX
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[ asred Mode o (Run 1C)

color code: cavity transmission
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Josephson Parametric Amplifier (JPA) v low-nolse recetver

signal  C_ pump

&
L
L]
1
1
L]

.4thqfﬂx ..... o H oy
4- \<(Ddc+(Drf : i
resonator J_- dc SQUID = ; . .

_|
_|

Modulate Frequency via SQUID Inductance
- Parametric Amplification

sies, gfiediuioof | _
119 mm y g~ Ebeiintel ol tog ———
1.75 mm £33 o " I -
1 . &
Input ling.....! : -
p I: -
Ground .
lane | PR
- Geometric capacitance SQUID Josephson Junction
JPA provided by
Siddiq Group at UC Berkeley JPA noise ~100mK (Quantum Limit ~50mK) (@1GHz)
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Data Taking Cadence

14 “nibbles” = ~ 10 MHz sweeps single scans: range: 50 kHz, resolution: 100Hz, integration time: 100s

Power

>
Frequency v
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x10-21 candidate: 896.448 MHz

Observed Excesses

SNR

5
——— Candidates: Tests:
ol W Frequency At Same  Not Enhanced
posTo ARy s [MHz] Persistence Frequency in Air on Resonance
P e 839.669 v X v X
3} i e 840.268 v v v X
z e S 860.000 v v X X
: S e 891.070 v 4 4 X
2 B 896.448 4 4 4 4
e 974.989 X v v X
e e 974.999 x v v X
: e 960.000 v v X x
Ponso 980.000 v v X %
N ey 990.000 v v X X
: 990.031 X v v %
= 1000.000 v v x x
1000.013 X v v %
or 1010.000 v v X %
$.9640 89642 89644 89646 8.9648 8.9650 1020.000 v v X X

frequency [Hz] x10%
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ADMX

Cavity-Response Tests: Higher Modes

02
N10 V/m 5| ~ - +
= 400 ,,;jL i = ++t
| 350 A4' AAA = —3 " :
1 1 g = e TMon ||+
T_vT"TvT 300 © 23_ f. == R
L : Y 1
A 250 O PR === e
_E 52- - e ., TM010 %
I m ,:.
1_
M
l y v ¢ l
N 0y s 10f
i e
| AEEE S 0k ,
e T E 8.9642
0

(f dV E - B)*

= VBZ f a7 :, |E|2 CTMOlO ~ 0.455

Cramory < 0.001

Form Factor:

Axion Experiments | Stefan Knirck 68



ADMX

General R&D: ADMX-Sidecar [arXiv: 2110.10262]
Cavity: Recent Result
Testbed for High-Frequency Searches
| s R [= i i i
A 3 1 SRS (5 | ' ST Lo-9 19.835 Mo30° M 19,843 19.847
1w PR ' | == This work
E = ‘ 107198 W CAST 2017 510710
V lﬁi 10_11;_ ;10—11
| T 10-22L 410712
3 g |
£10713¢ 310713
) = 3
10-14L KSVZ  1g-14
10_15E DFSZ ;10—15
> 10— 797 4798 4799 4800 0

' RS o o R
o Y. 6 o @5 & Frequency (GHz)

Cavity: Clamshell Design,
Tuning with Piezo Actuators, TWPA, ...
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ADMX

ADMX-EFR: More Cavities

Simulations: First Prototypes:

scan speed x C2V2G

0.020 '\\\w
0.015} N

e A
0.005+ \ 1 /

mode crossings
(orthogonal between cavities)

0.000; | : . . ‘
2000 2200 2400 2600 2800 3000
Frequency (MHz)
18 cavit QO ~ 60,000 (predicted, cryogenic) Actuators:
investigating feasibility
array ~ different companies
4 250 L (Attocube, JPE, PI, ...)
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ADMX

ADMX-EFR: Readout

~ 5m signal transmission cavity = JPA

require: loss: 0(0.5dB)  candidate: air cell cable  [Kurpiers et al. EP/ QT. 4, 8 (2017)]

15.0

12.5
= 10.0
7.5

Signal 5.0

Port 2.5
0.0

Gain [d

Flux
Pump
Port

3.22 323 324 325 326 327 328 329 330
Frequency [GHz]

Prototype from Wash U.

Digital Coherent Power Combining (FPGA based)
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Introduction Dark Matter Laboratory Astrophysical Conclusion

[based on slide from SungWoo YOUN, PATRAS2021]

Frequency [GHz]

1079 10 10°
1. CAPP-8TB
« 81/165mm
o To ~ 50 mK
1072 - HEMT ~1K
| . . 1.6 GHz
.|.3. CAPP-PAC RBF | ORGAN e First result
= QUAX-ay
J ion band 2. CAPP-9T MC
q Lae " e . 9T/127mm
48 HAYSTAC = P
e UF | capp phy
oFsZ + HEMT ~ 15K
« >3GHz
1025 . P it
Bhys. Rev. Lett. 124, 101802 (2020) ez caviy
Phys. Rev. Lett. 125, 221302 (2020) 3. CAPP-PACE
Phys. Rev. Lett. 126, 191802 (2021) | * 81/127mm
10-F . | * Tony~40mK
107 1 0= . HEMT ~ 1K
e e . 2.5GHz
in preparation: CAPP-12TB: start data taking this year « ~300 MHz

[A. K. YI, PATRAS2021]
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THz Sensors in Literature

[Liu et al, BREAD collab.,
arXiv:2111.12103, PRL 128 (2022) 131801]

E Top NEP Asens

Photosensor >
meV K W/v/Hz mm
GENTEC 0.4,120] 293  1-107°%  72.5% [httes//wwwgenteceo.com/]
IR LABS [024, 248] 16 5 . ]_O_ 14 152 [https://www.irlabs.com/products/bolometers/]
r y —19 2 [Ridder et al, J. Low Temp. Phys. 184, 60—-65 (2016)],
KID/TES 027 125 03 2 ) 10 02 [Baselmans et al, Astro. Astroph. 601, A89 (2017)]
Single Photon Counters
DCR 2 [Echternach et al., Nat. Astron. 2, 90-97 (2018)],
QCDet [27 125] 0.015 Hz 4 0.06 [Echternach et al., J. Astron. Telesc. Instrum. Syst. 7, 1-8 (2021)]
DCR __ —4 2 [Hochberg, et al., Phys. Rev. Lett. 123, 151802 (2019)]

SNSPD [124’ 830] 03 Hz 10 04 [Verma, et al., arXiv:2012.09979 [physics.ins-det] (2020)]
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GigaBREAD: RF Simulation

2 coaxial horn antenna |
{2 e.g. [Bykov et al,
DOI:10.1134/50020441208050126]
[Barros et al, DOI:10.1109/IM0OC.2013.6646569]
11.5__ .
I Coherent Field At Focal Spot
E 1.5 —
g =
l1 © ©
Q —
b = N
O =
£ =102
Q X
0.5" 3
' EL
(@)
=i0.5 .=
4+
s
0 o
(a1
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GigaBREAD: Coaxial Horn

50Q) coax

Copper

\/

£ PCTFE Support

-4 _
~ 4cm

~ 10cm
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Far-Field Comparison 15 GHz
180°

225° 135°

270° 90°

—  Simulated
—— Measured

horns show close to expected performance

=}
o
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GigaBREAD: Large Bandwidth DAQ Architecture Gustavo Cancelo

Leo Stefanazzi

Nyquist: Min. Sample Rate = 2 X Bandwidth

[https://commons.wikim
edia.org/wiki/File:Nyqui
st_Aliasing.svg]

~ 4 GHz bandwidth = 8 GB/s Challenge: Real-Time Data Reduction

Polyphase
filter bank
(PFB)

deMUX _
and FDM to 16x ~500MHz BW

Complex TDM overlapping spectra Z

data
I1+jQ Xilinx ZCU111 board

Averager
(e.g., 1s)

16x 250MHz parallel FFT + Averaging in real time
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GigaBREAD: Pilot Sensitivity — Hidden Photons

1GHz 10GHz 100 GHz

=
= =

e o o
= | |
o (e} oo

ic Mixing x
-
<

Iy
C

10—12

Kine

HAYSTAC

10—13

avnos

10714 —=
preliminary

| T T T T | | T T T | 1 |

10 100
Hidden Photon Mass my [ueV]

[limit plot adapted from cajohare.github.io/axionlimits]
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GigaBREAD: Pilot Sensitivity — Axions

1 GHz 10GHz 100GHz
:|.0_9EI | I I:lllli . iI ! ] I N
. i .| - 1day
] i LT room tem
= 10710 CAST L 1year >
O |
— -11 Cavity
S 10 E \0SCOPES 1 year, 4K, 9T
Qm ] > DR T | (ADMX-EFR magnet)
g 10_12§ g [ E D
Ey 1 = GigaB®
S 107132
C -
2 :
(@)
?JC_ 10_14§
c ]
e ]
< 1070 |
\ : preliminary
: o T - 10_16 T T T 1T T T T T T 1 T T
4 T MRI magnet at Argonne 10 100

Axion Mass m, [eV]
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InfraBREAD: Incoherent Detection - Velocity Effects

Intensity Distribution r (1)

Radius r [mm]

100x exaggerated
velocity effect

Estimates
2105
.~ BREAD
2 herical dish
spherical dis
— P ]
_ 1m distance
S 1.0-
f-
0.5+
0.0 + -
0.0 0.5 1.0 1.5

2.0

Radius:
R = 200mm
Dish Area:
A = 0.7m?

(Pilot Experiment Dims.)

focusing velocity effect limited
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InfraBREAD: Superconducting Nanowire Single Photon Detector (SNSPD)

Adiabatic Demagnetization
Refrigerator (ADR)

SNSPD from MIT Mount

......

VALIGELCH

Window Flange for Laser Beam Injection .
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InfraBREAD Pilot Sensitivity

‘ ‘ MIT SNSPD 2 Hidden Photon Sensitivity Projection
40 K 10 \ T 3 T ]' T
(. \ ! | Solar cooling
. | | An et al, (2020) XENON-1T
1 photon/day \\ 1 | This Experiment (projection)
' |
0.3K 3 . B
el [ e &
5 \ | et
[ | !
g \\ N\
e f l
a ' |
o 10 12 L | \ . .
- 1= ‘- 4
‘ é | |
_ o L |
= RE
v 3::
= 1d Kis
_ b4 10 13 a LI |
[Hochberg et al., measure‘r,nent
] PRL 123 (2019)]
N 10 14 A 1 P | 1
: 104 10! 107 10? 104
Mass [eV]
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Introduction

Dark Matter Laboratory

Astrophysical Conclusion

DOSUE-R

R: “& 4 2” Dark-photon/dark-matter Observing System for Un-Explored Radio-Range

18-26.5GHz

~30K noise temp. | | no magnet

’4:/- Aluminum plate
e & Window

Vacuum
chamber

C-LNA (+30 dB)
LNF-LNC15-29B
set in cold box

S GM refrigerator

Frequency (GHz)
10° 10! 102 103 104

=

<
—
o

ishsantenna.

Coupling Constant x

This work!

=

<
[y
—

Ax"ﬁan
Haloscope
1 m il 1A | | |
10° 10! 102 10° 104 10°
Dark Photon Mass mpp (ueV/c?)

[O. Tajima, PATRAS2022]
[Kotaka, Adachi et al, arXiv: 2205.03679]
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ARIADNE: Experimental setup Lif;::';;ggom A. Geraci, talk at

Nb/Gold coated
Quartz block

Nbicodted

uartzsample—>»> » _ﬂ-«(__ He(
quaamp : ; cryostat
blocks valves

4 mm

Rotation index

Tungsten source mass (high nucleon density)
11 segments

100 Hz nuclear spin precession frequency

2 x 1021 / cc 3He density

3mm x 3 mm x 150 um volume

Separation ~200 pum
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BabylAXO

Detectors with
muon veto and
shielding

U0

Head with azimuth drive

Tower

Magnet
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