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Probing the axion-photon interaction with
QUAX experiment: status and perspectives
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= Brief introduction
» QUAX-ay latest result

" Future developments
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INTRODUCTION

-

QCD axions, ueV mass range

Velocity dispersion
v=270km/s

Axion figure of merit
Q ~ 2)(106 y Qlab i 106

(image stolen from Irastorza-Redondo)



INTRO: QUAX a-e and QUAX a-y

LNF (Frascati)

Vol 48
R LR, '_»*;J_ Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Legnaro
= :

» R&D on resonant cavities x\ 3
\ omat 7 M |
» Incoming classical haloscope for | ¥
axion-photon coupling (QUAX a-y) EE A
é@i--a-- @ s, . |
Axions - Photon
from DM -

detector
v

halo

LNL (Legnaro)

» Axion-electron coupling with
ferromagnetic haloscope (QUAX a-e)

» Axion-photon coupling with
classical haloscope (QUAX a-y)



Main results:

o Proposal
Phys. Dark Univ. 15, 135-141 (2017)

o QUAX a-e 2018
Eur. Phys. J. C 78, 703 (2018)

o QUAX a-y 2019
Phys. Rev. D 99, 101101(R) (2019)

o QUAX a-e 2020
Phys. Rev. Lett. 124, 171801 (2020)

o QUAX a-y 2021
Phys. Rev. D 103, 102004 (2021)

2018
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LATEST AXION SEARCH WITH QUAX-ay
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LATEST RESULT

PHYSICAL REVIEW D 103, 102004 (2021)

Search for invisible axion dark matter of mass m, =43 yeV
with the QUAX-ay experiment

D. Alesini®,' C. Braggio ,2’3 G. Carugno,z’3 N. Crescini ,4’3’* D. D’Agostino ,5’6 D. Di Gioacchino ,l R. Di Vora,z‘”
P. Falferi,&9 U. Gambardella ,5’6 C. Gatti ,1 G. Iannon(; ,5‘6 C. Ligi ,1 A. Lombardi ,4 G. Maccarrone ,1
A. Ortolan ,4 R. Pengo ,4 A. Rettaroli ,1’10'1' G. Ruoso ,4 L Taffarello,2 and S. Tocci!

Data taken in January 2020 . . ,
Finally the paper is available

with the haloscope at Legnaro on PRD since May 2021

10.1103/PhysRevD.103.102004



EXPERIMENTAL SETUP

SO

= Dilution refrigerator

Tbase =90 mK

= SC magnet

B=81T

Bore: 150 mm

Length: 500 mm

o Amplifiers
JPA
Cryogenic HEMT

Room-temp. HEMT

(

)

o

(N
Magnet
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Tunability: between 10.2 and 10.5 GHz

Gain: 18 dB (up to 25 dB) ina 10 MHz
bandwidth centered at 10.4 GHz

Noise at Standard Quantum Limit (0.5K)
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RESONANT CAVITY

\C

OFHC Copper cavity
Cilindrical,r = 11.05 mm

Lenght 210 mm

o\

J

_20 4

_25 4

_30 4

—35 4

S21 (dB)

_45 4

_50 4

_55 4

10.398 10.400 10.402 10.404 10.406
f (GHz)

v = 10.4018 GHz TM010 mode

Qo = 76 000 measured
0, = 36 000 at T = 150 mK
=



CALIBRATION

SO

Pump Readon

12

/
o}

o
L

Magnet

7) Transmittivity measurement of rf lines

Z) Y-measurement to obtain gain and noise temperature

Readout power [pW]

O
Q
Q
Q

T, = (0.99 £ 0.15,, £ 0.04,.,) K

I

6% uncertainty due to limited
tunability of the coupling

-0.5 0 0.5 1
Effective temperature [K]

Systematic due to temperature
instability during data-taking




DATA TAKING AND QUALITY CUT

P(v) [arb. units]
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! FFT data
M — Fit function
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Fitted cavity parameters
v, = 10.40176 GHz
Q. = 35000



ANALYSIS PROCEDURE

4 )

Residuals normalized to 1) Discovery candidate claimed if power is in excess
ODpicke = .38 x 107 W of 50 (bins > 5 in the normalized residuals)
455_ [ Residuals Mean = -0.040 = 0.033 (actually account for the look-elsewhere effect, resulting in
F | — Gaussian it Sigma = 1.003 = 0.027 Z > 6.2 in our case)
40 /
355— \
30 2) Maximum likelihood method to etimate g,,,
o F
o C
£ 25 Nyin (R- _ S(m 2 ))2
= = 7 . i i a» gayy
1 20F- —21n L‘(ma, gay}/) — Z (O_max )2
= i=0 Dicke
15 ;
: _ R; residuals, S; expected power x Standard Halo Modelj>l<
10
55
C L A A
0 il il by by b s by Daliiag {3) Then,90%CL: gc :\/g2+1.280-g2 J
°5 3 2 -1 0 1 2 3 4 5

( I:)obs - |:)fit )/ODicke
*Turner, Phys. Rev. D 42, 3572 (1990)



AXION-PHOTON COUPLING RESULT

10%E — 10°
- o >
- Observed 90% C.L. upper limit o
B ¢ 10
i Expected 90% C.L. upper limit :’}
c;?m’"
10 —
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Axion Mass m, (eV)
Gayy < 0.766 x 10713 GeV~!

(mg = 43.0182 peV )




FUTURE PLANS
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[About (9 — 11) GHz span to KSVZ line

V

[ Different cavity schemes

Vv

[ Quantum amplification

LNF LNL
Magnetic field 9T 14T
Magnet length 40 cm 50 cm
Magnet inner diameter 9 cm 12 cm
Frequency range 8.5 - 10 GHz 9.5 - 11 GHz
Cavity type Hybrid SC Dielectric
Scanning type Inserted rod Mobile cylinder
Number of cavities 7 1 ]
Cavity length 0.3 m 0.4 m
Cavity diameter 25.5 mm 58 mm
Cavity mode TMO010 pseudoTMO030
Single volume 1.5-107* m? 1.5-107* m?
Total volume 7®0.15 liters 0.15 liters
Qo 300 000 1000000
Single scan bandwidth 630 kHz 30 kHz
Axion power 7®1.2-100% W| 0.99-107** W
Preamplifier TWJPA/INRIM |[DJJAA /Grenoble||
Operating temperature 30 mK 30 mK

Performance for KSVZ model at 95% c.l. with N4 = 0.5

Noise Temperature 0.43 K 0.5 K
Single scan time 3100 s 69 s
Scan speed 18 MHz/day 40 MHz/day

Performance for KSVZ model at 95% c.l. with N4 = 1.5

Noise Temperature 0.86 K 1K
Single scan time 12500 s 280 s
Scan speed 4.5 MHz/day 10 MHz/day




LNL HALOSCOPE

[. Refurbished dilution from Auriga %\ 4 ;

B\

Tbase = 70 mK

1mW @ 100 mK

= Use of the tunable sapphire resonator with Q > 10°

= Start with 8 T magnet = possible upgrade to 14T magnet — same length: 40 cm




SUPERGALAX

LNF HALOSCOPE v -

Tpase = 8 MK [ SC magnet,9 T ]

500 uW @ 100 mK

5 rf lines

[ Lenght 325 mm ]

LEIDEN CRYOGENICS

+—>

Bore 100 mm

[> 9 T magnet + tunable cavity expected for the beginning of 2022 ]




LNF SUPERCONDUCTING CAVITIES

| Bulk Nb;Sn |

SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER

1200 & { I ZFC Waveform Fit
- § FC Waveform Fit
. ZFC VNA-calibrated . . .
1000 PO VNAcatbrated Bulk Nb3Sn in fabrication
r ety Copper Cavity
! at FNAL
goof 1
Oo r }*
600 :— i#
i *.-_._.§__‘”¥ Promising results
400~ TR b, o .
i i ST from simulations
200 :—
P ISR B B B R S ]
0 1 2 3 4 5 6
B[T]

For interesting results

10.1103/PhysRevD.99.101101
refer to CAPP/KAIST talks



LNL DIELECTRIC CAVITIES

Tuning simulations: 500 MHz
with Ax = 1.5 mm

= Concentric sapphire hollow-tubes
housed in a copper cavity

E [arb. units] Sapphire
cylindrical shells

N

Yook See the new outstanding R
s t“g\si!x
2% results from

Raffaele di Vora
Qo = 720 000

.‘ Wednesday, 16 June 2021 16:15
atT =54K

Vo030 = 10.916 GHz

DOI: 10.1016/j.nima.2020.164641
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LNL AMPLIFICATION

* Employment of a TWPA provided by collaborating group of Nicolas Roch (Grenoble),
based on superconducting nonlinear asymmetric inductive elements (SNAIL) arXiv:2101.05815

30

—f =7 GHz
pump

25 ) » fpump=8-5 GHz

[ f =11 GHz

pump

20 | ‘ ““1 | about
WL 20 dB gain

L3->L4 transmission difference with pump ON/OFF (dB)

= Amplification over a large bandwidth (> 1 GHZz) Frequency (GH2)
* Noise temperature of about 2 photons
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LNF AMPLIFICATION and MULTICAVITY SCHEME

Traveling Wave Josephson Parametric Amplifier

TL +SQUIDs array Fabricated by [JRRM
S L | -

10 mK

.
Feedline
I ﬂ A = OUt
Direction

Band-passg al

filter Coupler

== = s |

40
\K

- 30 Almost Cavity
[aa]
% 25 40 db gain V2 \E Va
S 20 (at single freq)
P 15
&
“ 10

5

0
636 -634 632 -63 -628 -626 -624 -622 62  -618

Pump (dbm)
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TUNABLE CAVITIES

R 13.5] mm Simulation of Copper cavity
b, tuned with a conductive rod
Mode: TMOI10
Frequency: 8.578 GHz (at 0 deg)
e Rod Rotation: from 0° to 80°
lZ“’f Frequency Shift: from 8.578 GHz to 8.854 GHz
- . Tuning: ~ 276 MHz
> e <a0?
3 - T88
3 foces oy
- 387
i g
10000 w 86 - i ‘ ; ‘ i =
0 10 20 30 40 50 60 70 80
Rod Rotation Angle [deg]




» QUAX a-y has recently menaged to reach the QCD band

» We'’re at work to:

= Develop new resonant cavities

= Handle quantum amplification

= Improve cryogenics and magnets

CONCLUSIONS

100 Frequency [GHZz] Lot
107°

10—11,

Gayy [GeVv~1]
=
<

10—15,

-17
10 10°° 10-°

m, [eV]

Quax 2025 projection: 2 GHz scan to the KSVZ line

1074
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THANK YOUI!




