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Axions

U(1)a M, = 958 MeV > M,

problem S.Weinberg U(1) problem PRD 11 (1975)

f Phys Rev Lett 82,n.5 (1999) p.904 \
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Axion Mass

mg = 5.70(7)

J. PQ breaking energy scale

If f,~ f.,, =100 GeV , as in original PQ model, then m,~100 keV and BR(K*—>nr*a)~10-
NA62 measurement BR(K*>n* X%< 5x10-'!

Asztalos et al. Ann. Rev. Nucl. Part. Sci. 56 2006
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Light axion are stable particles
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The effective coupling is model dependent:

E/N=0 KSVZ model
E/N=8/3 DSFZ model
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detector:

Detector etectors
(Sighal = My) MAGNET MAGNET

Nuclear.
Spins MAGNET MAGNET

Matched Fabry-
Perot cavities

[}
)
o
g
=
[}
=
]
=]
=

" EXPERIMENTS

X-ray optics

>
o>
>
>

B P . X-ray detectors

source
Shiclding
Movable platform




Stellar physics:

Laboratory Primakoff process in stars yZe = a Ze.
experiments Laboratory T Constraints on stellar lifetime or
energy-loss rates: Sun, HB.

Cosmology:

No DM a = yy decays seen in the
visible region from galaxies with
telecopes. Similar searches with X-

y—rays

Telescopes

Haloscopes

. . 10—14 .
DM axion detection . rays and extragalactic background
(Haloscopes) . light (EBL) or H ionization.
10~
10—17
101 Ringwald et al. PDG 2017 9

1071 107 107" 10 10* 107! 10 10 10° 10" 10°

mq(eV) Irastorza Redondo arxiv:1801.08127
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Photon Conversion in a Magnetic Field

L= geal-B

Redondo Ringwald arxiv:1011.3741



Coherent Axion Production
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Light-shining-through Wall Experiments
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Polarization Experiments - PVLAS

| Dipole magnet 2 Dipole magnet 1 : ¢
:. i f&, a8 g
! i i ; 1ok
iy @ﬁﬂ
noise amplifier
@ = Mirror
@ = Beam sampler or splitter
$ -Lens = PVLAS aims at the direct measurement of the small

@ - Photo diode i
Laser ptical

wmr polarisation changes undergone by a linearly polarised
QW . . . . .

Beam Dump laser beam traversing a dipole magnetic field in
vacuum.

table

Istituto Nazionale di Fisica Nucleare
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Helioscopes
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CAST - CERN Axion Solar Telescope \

Micromegas low-background X-ray detector built with
radiopure material. 10~ counts/h

. Magnet
. P< 10°® mybar

| Win. |
A X X XMAXXN XX XX Win. 2
Conversion gap
30 mm Ar +5% Iso E,
) _ _: ————————— Micromesh
Amplification gap l 1. E
A0y 2 Anode

Giomataris et al arXiv:physics/0702190




SEARCH FOR
AXION DARK MATTER




AXION DM

Local Dark Matter density
o0~ 0.3GeV / cmS dark matter halo

Axion density

ng ~ 3 x 1012 (10%‘6‘/) 1/cm?

a

bulge

Sun

. . disk
Axion-Earth relative speed —
B, ~ 1073

Milky Way
Axion as a classical field 5
PD M
a=agcos(wt —kxr) ag= 5
ma,

A ~ m, ¢
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Sikivie’s Haloscope

V2E — O2F = —go- Byd2a

Solving the equation inside a cylindrical resonant cavity, the signal power is
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B antenna coupling to cavity C,,,s mode dependent factor about 0.6 for TMOI0

V' cavity volume Q) cavity “loaded” quality factor
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T |z
ca g :
X
Cavity
~

Sikivie Phys.Rev.D 32,11 (1985)

22



State of Art Sikivie’s Haloscope

Cryogenic Amplifier (noise at SQL)

Resonant cavity

/ Room Temperature Amplifiers

o

frequency

Power Spectrum

Dilution Refrigeretor T<100 mK

df B*V?Qr
7 x
dt 1>

SYS

SC magnet (~10T)

Sikivie Phys. Rev. D 32,11 (1985)
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Signal Sensitivity

mackgmund‘-&btraaed
Proise =kpTAv ~14x 107 JK ' x4 K x 10 Hz ~ 6 x 107 1°W W oo

P
Sl T T integration time
SNR=—-5

DN Av, axion bandwidth B | A R
kBTsyS Aya 7. . =T+ Tnoise W

sys

Single Spectrum SNR (offset)

1
Synthetic DFSZ Synthetic KSVZ
Signal . Signal

S

60 - Optimally Filtered
Combined Spectra

Typical signal power 10-22W

Combined SNR

Average on several samples for a time (SNR=1):

-20

647.99 648 648.01
Frequency (MHz)

T~ 10%7,



ADMX — Axion Dark Matter Experiment ~3 <&
— ;‘
Washington University — -
s— ) E
oy
T ADMX | 800 MHz iié'.
A
12-50 K Volume 136 L : ;
Field-Free Region Qs 200,000
Quantum Amplifier 75T
Package T roise 600 mK
4 K

Antennas

Mixing

Chamber -1

1K
Microwave N
Cavity
100-250 mK
Tuning Rods
75T
"Magnet

PHYSICAL REVIEW LETTERS 120, 151301 (2018)




Axion DM Searches Now
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(a) Radio Frequency Cryogenic layout

Line 1- L1 L3 L4 n B=8T

Cavity input AUX line OuUT
o o ] . .
= = Dilution I N F N
os — O . Refrigerator ~ INL
% % % . - Istituto Nazionale di Fisica Nucleare
Liquid Helium Bath = TcaVIt)’ I 0 mK Laboratori Nazionali di Legnaro

= TWPA
" Tnoise=2 K

K1 K22 ) ) )
, * Dielectric Cavity
CF16 CF16 4K
100 mK .
= Sapphire tuner
E©
s = Q=2.5xI0
b —
By » VCp30=0.034 L
) Dt m ) &
o/ l/
C1 Cc2
@ IlAl Magnetic shielding
ITu able antenna
TB
| Weakly coupled antenna
T Vacuum Enclosure Search for galactic axions with a traveling wave parametric amplifier 28

PHYSICAL REVIEW D 108, 062005, arXiv:2304.7505 (2023)
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* Nuclear Inst. and Methods in Physics Research,A 985 (2021) 164641
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High-Q Microwave Dielectric Resonator for Axion Dark-Matter
Haloscopes PHYSICAL REVIEW APPLIED 17, 054013 (2022)
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Reversed Kerr TWPA FEL

institut

6 mm transmission line composed by 700 cells made
of superconducting nonlinear asymmetric inductive

elements (SNAIL)

(b)

A. Ranadive et al. Kerr reversal in josephson meta-
material and traveling wave parametric amplification.
Nature Communications, 13(1):1737, Apr 2022.

31



Result of LNL Axion Search in 2022

10—12
i
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Search for galactic axions with a traveling wave parametric amplifier
PHYSICAL REVIEW D 108, 062005, arXiv:2304.7505 (2023)

Power at the spectrum analyser [nW]

RUN|v. — 10.353 GHz|Cavity Q| 5 |Ref Peak
n (Hz) (a.u.)
389 522 600 230 000 |21.6] 179
392 494 100 240 000 |23.8] 185
394 468 800 245 000 |24.2] 186
395 468 800 245 000 |24.2| 187
397 439 800 245 000 |22.7| 175
399 418 500 245 000 |22.6 191
401 393 100 250 000 |22.5| 186
404 365 400 255 000 |23.5] 193
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o
1
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0.75 A

— 397

392
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200000

300000 400000

Scanning rate:
About |0h Run = 0.3 MHz/day

500000 600000
Frequency [Hz] from 10.353 GHz

700000
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The LNF Haloscope

Run december 2023 cm?‘?Ev;r;mN
switch polarity cavo 10 l T cavo 7 £
e o 2 R, ]
| ?Z 1? cavo 20cm ?1 2?cavo36cm
> I <L3C3;L
= RT2| O
4; 300K . N .
§2 piezo motors \ "
5 . : * Cavity temperature 30 mK
* Magnetic Field B=8T
iy 3 * Frequency 8.8 GHz
600 mk - » Copper cavity Qy=50,000
somk with tuner
e HEMT amplifier
o e Tnoise 4K
* 2 weeks data taking
e 6 MHz scan
Resonant |
] : arXiv: arXiv:2404.19063
switlc_h po;a:iry CR7 ,«(1) |
C<>1 Oiqé—] 33
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Cavity Tuning

6 MHz of frequency scan
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E Field [V/m]
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8.60E+06
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XN
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~ Ansys simulation
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©
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° ° ° ° ! |
! f\/ Lo
low-noise cryogenic i
HEMT : FET low-freq
i I-Qmixer Voltage ampli
|
I
! RF@ I 2 MHz
| > ADC
i 16 bit
I
4K | 300K
i
= lmmlom w— GHEMT ~ 37 dB GFET ~ 36 dB GV =~ %1000
. 3 HEMT FET —
Piezo motor controller . ./ == 26 L = 80K Vo =230V /VHz
P F— : ‘ ‘ A I ‘ ‘ [ Tot eff. Gain = 116 dB ] [ Noise Temp = 4.5 K ]

Local Oscillator
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Result of LNF Axion Search in 2023

" 24 runs, | hour each, 250 kHz of frequency steps
= Average exclusion 90% c.l.about g,,, = 2x107" GeV ™!

Preprint on arXiv: arXiv:2404.19063

|Gary| [GeV ]

10712 4

1071

10714

KSVZ

DFSZ

205

20 5?’&( 20 5@5

Ma [peV]

Ao

NS

v. (GHz]

QL

8.83176900
8.83203080
8.83229550
8.83255580
8.83282190
8.83307310
8.83334500
8.83360070
8.83386200
8.83412790
8.83438580
8.83464620
8.83490660
8.83516350
8.83542850
8.83568970
8.83594630
8.83620570
8.83646975
8.83672330
8.83698660
8.83724500
8.83750860
8.83776640

32345
32228
32273
32332
32387
32401
32300
32503
32540
32752
32573
32904
32957
32863
32872
33326
33051
33056
33104
33584
33529
33659
33639
33450

0.5206
0.519
0.5082
0.5141
0.5097
0.5078
0.5097
0.5058
0.5075
0.5014
0.5026
0.5005
0.4984
0.4951
0.4947
0.4881
0.489
0.4894
0.4857
0.4823
0.4803
0.4823
0.4793
0.4793
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LNF:

Superconducting cavity
Qp> 2%10°

B=9T

Multicavity

LNL:

Dielectric cavity Q,>10°¢
B=14T
Single cavity

—
(@)
|
—
w
J O YT T I T S | I 1| N

QUAX LNF&LNL 2023-2025

Frequency [MHZz]
10*

103

Neutron Stars

HAYSTAC ADM

mg € (40,180)ueV
-« >

Next years with noise

/ at Quantum Limit

p—
T

L I L I

10~4
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QUAX LNF&LNL 2023-2025

Frequency [MHZz]
103 10*

~10 St . .
1077 5 Neutron Stars Next years with noise
LNF: . / at Quantum Limit
= Superconducting cavity =~ = 10~11 J
Qp> 2% 108 | E
= B=9T = 3
- Multicavity 8 10712 5 é Beyond Quantum
- Limit with photon
LNL: _ ] o
= Dielectric cavity Qy,>10° & 1071 3 2 7 counter (e.g. from
= B=14T < E " ke Qub-IT R&D)
= Single cavity &0 10~ 14 4 S 513
10-1° 4 me € (40,180)peV
- - >
| | | L | | | | | | L | |
10-° 107> 10~4

39
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QUAX LNF&LNL 2023-2025

Frequency [MHZz]
103 10*

—
i
O

10717 5 SlaELC e Next years with noise
LNF: ] / at Quantum Limit
= Superconducting cavity =~ = 10~11 J
Qp> 2%10° | -
= B=9T > b 2
= Multicavity 8 1077 = 5 Beyond Quantum
LNL: — 1 A Limit with photon
) —= 10-13 g
= Dielectric cavity Qy,>10° ; 10 E & g counter (e.g. from
= B=14T & . AF: Qub-IT R&D)
= Single cavity &0 10— 14 ; S 513
10-15 4 me € (40,180)peV
E - < >
What about the IOW 6 | | | L | 5 | | | | | L | 4 |
mass limit? 10 10 10 40

Mg [eV]



FLASH

FINUDA MAGNET
FOR LIGHT
AXION SEARCH

GALACTIC AXION SEARCH AT
100 MHZ (0.5-1.5 peV)
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Large Superconducting Magnets at LNF

FINUDA->FLASH KLOE->KLASH

I(A) 2845 W N HAEgZe LS\ &y IA) 2300
R(m) | .4 RS A N R(m) 2.43
Lm) | 22 Lm) 44 @
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THE F(K)LASH Cryostat and Resonant Cavity

KLOE/FINUDA Magnet

Vacuum vessel made by a-magnetic stainless steel

Shield in aluminum alloy, to be cooled to 70 K by gaseous Helium

OFHC Cu resonant cavity, cooled to 4.6 K by saturated liquid Helium

> 3 OFHC Cu tuning bars mounted on eccentric cranks with reduction
gearboxes

P 4
. 7 \~ Stepper motor
Design by FANTINI Sud Mechanical Div. counterweight (2.5 prad)
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Signal Amplification

Microstrip SQUID amplifier provides large gain, low added noise and

wide tunability.
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Sensitivity to AXIONS and ALPS
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Light Primordial Black Hole Dark Matter with

Ultra-high-frequency Gravitational Waves
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A. Berlin Phys. Rev. D 105, 11601 |

Franciolini Phys. Rev. D 106, 103520 2022
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FLASH Sensitivity to HFGW

Sensitivity limited also by short duration time of the HFGW from )
PBHs. Gain | or 2 order of magnitudes wrt GHz cavities: Mode F't:‘l’::]"c; ((2@;‘5,:2’)" Moy
* Signal power scales as Radius? [MHZz]
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Synergistic with research with BAVV detectors for HFGW!



Commissioning of the FINUDA Magnet - Last Operated in 2007/!

Control of Magnet Power

, N CONTROL
Supply % P SYSTEM N
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FINUDA/FLASH
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Successful Test of the Finuda Magnet

After a series of operations, the cryogenic
plant was finally put back into operation.
On Jan the 19th 2024, FINUDA was
cooled down to 4 K and energized with a

current of 2706 A, generating a magnetic
field of 1.05T.

Next steps:
Prepare the Technical Design Report.
Set up the FLASH Collaboration:
Italy - Spain - Germany
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Global Effort to Probe the Full QCD-Axion Band in the Next |10 Years
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