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arXiv:2404.03002

Baryon Acoustic Oscillations
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o
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arXiv:1401.4064

Hubble Diagram from type la Supernovae
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DARK MATTER CANDIDATES:

eV meV eV keVMeV GV TV 105 ng Mg Mg Kg TON 10%s 10%ks  10%s 10%%s  10%%s
' | PR oA a1 2 2 M

lll 1 1!1.1Ll4[l]lul+.ln nl;llllllll‘nl lll44LL llll‘JlLLllllLJllll

. * Bl N I T Iz’1"”’*”""‘“‘””’///
AXIONS 1 TQ-BALLS POLLEN TBEES sm!z GRB | MICRO |  BuzZKiL
NEUTRINOS NEUTRAUNGS NO-SEE-UMS COMS LENSING | [ENSING | ASTRONOMERS
CTRONS PAI OBEUSKS, GAMMA NEUTRON - SOLAR SYSTEM
Uﬁﬂﬂémcﬁ CﬁmGE 8-BALLS MONOUTHS, Rays STARDATA  STABILITY
PYRAIDS  aYBE THOSE ORBIT LINES IN SPACE
DIAGRAMS ARE REAL AND VERY HEAVY

https://www.explainxkcd.com/wiki/index.php/2035: _Dark_Matter_Candidates

Dark Matter Candidates



DARK MATTER CANDIDATES:
MmNV meV eV keVMeV GV T 10" g Mg g kg TONIO°%s 10%kg 10%g 10%%s  10%%g
P IPEP RPN IR BPEPE PR EPEPH PP EPETY IPEPN B SR BPRR IPEPH SPEE BPEP PEP PR APEP PR I PP PR BT B RPN
B | * I | I T Iz’mem”///
AXIONS ¢ = Q-8ALS  POLLEN TBEES SPPIE GRB | MICRO | BuzzKIL
NEUTRINOS NEUTRAUNGS NO-SEE-UMS COMS LENSING | [ENSING | ASTRONOMERS
ELECTRONS PAINTED OBEUSKS, GAMMA NEUTRON - SOLAR SYsTEM
UITH SPACE Cﬁ,ﬁgxm@g 8-BAUS MONOUTHS, Ravs STARDATA  STABIUTY
PYRAIDS  aYBE THOSE ORBIT LINES IN SPACE
—— eV - mev DIAGRAS ARE REAL AND VERY” HEAVY
https://www.explainxkcd.com/wiki/index.php/2035: _Dark_Matter_Candidates
“wavy” Dark Matter
Scalars

~nncemare  DArk Matter Candidates
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”\/\/a Vy” I_l g ht Da rk M atte r Pseudoscalar Dark Matter

Axions, ALPS, Majoron

Massive bosons

(Integer spin) Ultralight

bosons

Axionshand
ALPs

QCD

axion

Scalar Dark Matter
Moduli, dilatons

Z Epyy ('bF/«tv F*

Moduli and
dilatons

Pseudo-scalars
(spin 0, CP Jodd

SCalars

(spin\O, CP even)

Scalar extensions of GR Vector Dark Matter

Chameleons el e Dark Photons
Vectors )
1 b, ¢ ms
—exp| — | F¥'F - —= (XFX, 4+ 2x X, AP

Phys. Rev. D 104 095029, CERN-TH-2021-04 arXiv:2105.01406, Physics of the Dark Universe 42 (2023) 101370, Living Rev. Relativity 21 (2018), 1 10



Interaction with e.m. field

”\/\/a Vy” I_l g ht Da rk M atte r Pseudoscalar Dark Matter

Axions, ALPS, Majoron

Massive bosons

(Integer spin) Ultralight

bosons

Scalar Dark Matter Axionshand

ALPs
QCD

axion

Moduli and
dilatons

Moduli, dilatons

Z Epyy ('bF/«tv F*

Pseudo-scalars
(spin 0, CP Jodd

SCalars

(spin\O, CP even)

Scalar extensions of GR Vector Dark Matter

Chameleons el e Dark Photons
Vectors )
1 b, ¢ ms
—exp| — | F*'F - —= (XFX, 4+ 2x X, AP

Phys. Rev. D 104 095029, CERN-TH-2021-04 arXiv:2105.01406, Physics of the Dark Universe 42 (2023) 101370, Living Rev. Relativity 21 (2018), 1 H



”\NaV\/” nght Da rk Matter DetECtOr Pseudoscalar Dark Matter

Axions, ALPS, Majoron

B-field provides high density of e.m. energy Interaction rate proportional to volume 1 0 ~
UV
—-g alb™F,
Wﬁ”'g_‘: 4 -ary H
Scalar Dark Matter \\\? ‘m:ji _ High Q factory quality provides signal amplification

Moduli, dilatons

1
4 Epry ¢FMV F*

Cavity diameter
determines wave
frequency/particle mass

v Vector Dark Matter

Scalar extensions of GR

Chameleons Dark Photons
B, o ma
! exp <y—> F*F,, : TX (XX, +2x X, AY)
4 MPI Low T for low noise

Processes: Yy — X — y oscillations y*X — y conversion X — vy oscillations
12



AXIONS
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AXIONS

U(1)a
problem

M, = 958 MeV > M,

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

R.D.Peccei and H.R.Quinn, Phys. Rev. Lett. 38,
(1977); Phys. Rev. D 16, 1791 (1977).

S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

Strong CP
problem

1440

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

d, < 2.9 x10"%% c¢m

—10
_ 0 < 10 .

B E
a &s ~a Suy
o= (0- 1) somc

Dark

Matter

Misalignment
mechanism

Veff(a)
T>T(QCD)
hd a
0
Veff(a)
) o T<T(QCD)
L7 a
0

14



Present limit:

Mg, = 5.70(7) (101?5'6‘/) eV o m;af u £, > 10%GeV
Coupling RGP
gurs = e (5 — 19200)) o
Lifetime A

2 3
Jary~Mq o4 —1 (Mg \?
Lacpn = =0 = 11 x 1072457 (252




Sikivie's Haloscope

V?E — 0 F = —g.,,Boo;a

Solving the equation inside a cylindrical resonant cavity, the signal power is ~_ A
A
i a? h3cdp, B 1 : E __a___iy 0%
PSig — (93 2 A4 ) X (1 I ch 0 BgVCmleL) 5_5& ):( 5
\ / Cavity
<

B antenna coupling to cavity C,..; mode dependent factor about 0.6 for TM010
Sikivie Phys. Rev. D 32,11 (1985)

V cavity volume O; cavity “loaded” quality factor
16



Axion Limits

Stellar physics:
Constraints on stellar lifetime or

10—°

Laboratory e energy-loss rates.
. ABRA
eXperImentS 10'em SSEmE—
Solar v/ o
Detection of = WD X-r Globular clustersw Diffiwee-y
axions from the Ay N k- Astronomy:
Sun (Helioscopes) O : e E g No DM a =2 yy decays seen
5 @ in the visible region from
P\
g

galaxies with telecopes.
Similar searches with X-rays
and extragalactic
background light (EBL) or H

DM axion detection
(Haloscopes)

10;18 XMM-Newton ‘ . . .
NuSTAR lonization.
INTEGRAL

10_19 | ILALILALLL UL UL el

USLLLLLL UL SSURLALLLL ALY SURALL
0 .9 % T _6 -5 A % 92 A O N . N I N |
1073071070740 407 407 40T 407 40T 40 407 A0 A0 AT 48 AT 40 AT 40

mg [eV]

https://cajohare.github.io/AxionLimits/ 17
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2 SUPERGALAX
QUAX nin . i G- QE S
Istituto Nazionale di Fisica Nucleare = NN UNIVERSITYOF
Sezione di Padova BIRMINGHAM
Laboratori Nazionali di Legnaro (LNL) Laboratori Nazionali di Frascati (LNF)

INFN

Istituto Nazionale di Fisica Nucleare




QUAX@LNF: The LNF Axion Haloscope
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December 2023 Run

Cavity temperature 30 mK
Magnetic Field B=8 T
Frequency 8.8 GHz
Copper cavity Qy=50,000
with tuner

HEMT amplifier

Tnoise 4K

2 weeks data taking
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Cavity Tuning

Antenna

Tuner ©

Max. 8.548E+07
6.88E+07
. 4.30E+07
3.44E+07
8.60E+06

. 8.60E+07
6.02E+07
i 2.58E+07
0.00E+00

E Field [V/m]
7.74E407

. 5.16E+07
1726407

Min: 1.498E+03

|t

X N P
k3

8.839

8.838

8.837

8.836

8.835

f (GHz)

8.834

8.833

8.832

8.831

©
o3

o]

Frequency [Hz]
u

©
)

Ansys
2023R2.1

6 MHz of frequency scan

16 ]

14 A

12 A

Sz1 (dB)

10 1

|
\
W

VWA

\
AN

8.831

8.832 8.833 8.834 8.835 8.836 8.837 8.838 8.839

f (GHz)
X109 T T T T T T
_ Ansys simulation j
i ~200 MHz scan il
10 20 30 40 50 60 70 80

o

Rod Rotation Angle [deg]
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Acquisition Chain

i Lo
low-noise cryogenic i
HEMT : FET low-freq .
i I-Qmixer Voltage ampli
|
: 2 MHz
i ADC
i 16 bit
]
4K | 300K
]
!
Nl === GHEMT ~ 37 dB GFET ~ 36 dB GY ~x1000
iy o THEMT ~ 3 TFET ~ 80 K V, = 23 nV /NHz
§ & Local Oscillator " e " 4
: [ Tot eff. Gain= 116 dB ] [ Noise Temp = 4.5 K ]

23



The QUAX@LNL Haloscope

(a) Radio Frequency Cryogenic layout
Line 1-L1 L3 L4
Cavity input AUX line ouT B=8 T X 10
o o o
2 Dilution Refrigerator 90t S il & 5
%KFN %Kmo %KFQS TcaVIty 110 mK ..‘ [}
[ ]
Liquid Helium Bath TWPA 85 L
Thoise=2 K
noise 80 B
= = Dielectric Cavit
Kifg K2le HEMT y S e X . & .
CF16 CF16 CF16 4 K Sapph|re tuner 7.5 - mN 2000 000 .
100 mK =
Q=2.5x10 - = 1000
K32 HP Ur < «c o0 e
6 VCy30=0.034 L 0 P
b 2 4 6 8
B L1 ° ¢
é Direct % O 6'5 . B (T)
C1 Cc2 (]
@ .[ Al Magnetic shielding ‘ : I l
ITu able antenna I N F N 0 2 4 6
2 TB B (T)
is LNL
by conpe * bortor Naonl e, PHYSICAL REVIEW APPLIED 17, 054013 (2022)
gty coupled antenna aboratori Nazionali di Legnaro )
J Vacuum Enclosure

Search for galactic axions with a traveling wave parametric amplifier
PHYSICAL REVIEW D 108, 062005, arXiv:2304.7505 (2023)
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QUAX Results for 2022 and 2023 Runs

= 24 runs, 1 hour each, 250 kHz of frequency steps = 10runs, 1 hour each, 30 kHz of frequency steps
= Average exclusion 90% c.l. gq,, = 2x10713 GeV~! = Average exclusion 90% c.l. ggy, = 4x107% GeV ™!
= Phys. Rev. D 110, 022008 (2024) = Phys. Rev. D 108, 062005 (2023)
: 10712
1072 4
T T
z %
S v 3
§ =
1071 5
] QUAX@LNF QUAX@LNL
101 T I T T 107 o ' o ' < I - I -
?,()b?{"’x 3652%9 a6 53@1 a8D AQD aB5 AGD 5 55@& A,_‘z%ﬂgﬁm Aﬁﬂgeﬁa Al%x%flvﬁ\}) Aﬂ%\%@(v\lo ﬂ%@gﬁm Al%@ge%
my, [eV] Mg [e\/] 25



QUAX LNF&LNL 2023-2025

LNF:

Superconducting cavity
Q,> 2x10°

B=9T

Multicavity

LNL:

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

| s |
i

102

10—10

10—11

J O YT T I T S | I 1| N

Frequency [MHZz]

103

CAST

Neutron Stars

HAYSTAC ADM

CAPP _TASEH

104

p—
T

L I I

Next years with noise
at Quantum Limit

Beyond Quantum
Limit with photon
counter (ongoing
R&D)
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EHT = 5.00 kV Signal A= InLens StageatT= 0.0 4 0ct 2023
WD = 4.0 mm Mag= 2.00KX

15:18:15

=




COLD@LNF

CryOgenic Laboratory for Detectors:
=  Axion Dark Matter Experiments
= Quantum Sensing with

Superconducting Devices
= Typelland HTC

Superconducting Cavities

COS MIC
"TMVISPERS

Centro Nazionale di Ricerca in HPC,
‘ Big Data and Quantum Computing ‘—@ 9\///_\3\ E g &
ub-IT

) NQSTI S

National Quantum Science

>
and Technology Institute &fp
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The Superconducting Qubit

© Encyclopaedia Britannica, Inc.

J Koch Phys. Rev. A 76 042319 (2007)

1
0
QZ
E = oC — Ejcos2mp /g
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Qubit in a 3D Resonator

[ 0 10 20 (mm) 0 1 2 (mm)

Technology
TI I Innovation
Institute
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Quantum Sensing with SC Qubits

Two tones spectroscopy on 3D qubit

c) o =0-A —20- W
—_— —22- m ﬂ
...... : I
I3) 222 ) —24
= —261
5 )»
(-::—28'
Vp) -
30 N=1.8+0.1 0“ ﬁ
2y,
~32 |’ (\ |0)
—341 12) |11)
Photon number in resonator 6.34 6.36 6.38 6.40 6.42 6.44

Voubit [GHZ]

Appl. Sci. 2024, 14(4), 1478 31



Itinerant Photon Detection

Superconducting devices mu-metal + sc shield

must be placed in a B- —_—
field free region

10 T magnet

T=10 mK

Resonant cavity

32



Itinerant Photon Detection

Superconducting devices mu-metal + sc shield

must be placed in a B- —_—
field free region

10 T magnet

We must detect the photon
Traveling in the coax cable!
—> Itinerant photon detection

Resonant cavity

33



Quantum Sensing with SC Qubits

) = 10) ) =10) + 1) ) =10) +[1) ) = 10)

Wait for atime t

Hing =0
al/) Hintxt:T[
lhg = Hipt Y
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Quantum Sensing with SC Qubits

!

) = 10) ) =10) + 1) ) =10) —[1) ) = 11)

Wait for atime t

Hiyyt #0
al/) Hintxt:T[
lhg = Hint Y
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Two Qubits Detection Scheme

qubits
Itinerant photon @ @ )
cavity '
Coax cable |
fo [11) [ |01) 4 |10)
|

i Reflected photon
~ ! dl’b :)
Strong magnet

Kono et al. Nature Phys 14, 546-549 (2018)

A D’Elia Appl. Sci. 2024, 14(4), 1478



Two Qubits Detector

E Field [V/m] Ang S

Min_0.000E+00

s
[ T
Y
[sorage o) i
=2

ZESST s i Dom J

EHT = 5.00kV Signal A = InLens Date: 2 Oct 2024
WD = 4.0mm Mag = 30.00 K X T= 00°

200 pym EHT= 5.00kV Signal A= InLens StageatT= 0.0° 4 Oct2023 W

WD= 4.0 mm Mag= 50X 15:18:57
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QUAX LNF&LNL 2023-2025

Frequency [MHZz]
10° 10*

—
i
O

10710 5 T ST Next years with noise
LNF: ] at Quantum Limit
= Superconducting cavity = 10~ 11 4
Q> 2x105 | €
BT > 12 S
= Multicavity 8 107 5 5 Beyond Quantum
LNL . . i Limit with photon
. . o)
' —= 10-13 o = i
= Dielectric cavity Q,>10° ; 10 3 = g counter (ongoing
= B=14T S . | = R&D)
= Single cavity 50 10-14 ; S
10-15 ; See arXiv:2403.02321 for
= e LNL R&D on photon counter
What about the low //6( T ; — T ;

mass limit? 10~

38



FLASH

Finuda magnet for Light Axion Search Haloscope

A large cryogenic resonant-cavity in a high static
magnetic field which is planned to probe new physics
in the form of dark matter (DM) axions, scalar fields,
chameleons, hidden photons, as well as high
frequency gravitational waves (GWs) in the frequency
range (100—-300) MHz.

The experiment will make use of the cryogenic plant
and magnet of the FINUDA experiment at INFN-LNF.

“The future search for low-frequency axions and new physics with the FLASH resonant cavity experiment at Frascati National Laboratories”

Physics of the Dark Universe 42 (2023) 101370 2



FINUDA

Fisica Nucleare a DAFNE

BT) |11
I(A) 2845 I N F N

R(m) 1.4 LNF

L(m) 2.2 Istituto Nazionale di Fisica Nucleare
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Commissioning of the FINUDA Magnet at LNF

Last Operated in 2007

Control of Magnet Power

| - CONTROL
Supply % = SYSTEM /=y

70K 4.5K I (i Cold
send/return send/return g 5
lines lines o
OAFNE HALL
Reconnection .
A
of He transfer ~.,
line EpFTzw[osﬁnrcs
FINUDA .
4 KLOE
-~ Valve L —Wee——=abtg =~ .
\,;_ . J\ Box
B, T FLASH “ d
7 AN JEMNL S COMP. 4

FINUDA/FLASH
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Successful Test of
the FINUDA
Magnet

e 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.

S
J

2 K

7 g

J

P A

—
- -
o “
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THE FLASH 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

counterweight —

Design by FANTINI Sud Mechanical Div.




FLASH Physics Reach

With Cu cavity at 4.5 K

v Parameter Value
. : V. [MHz| 150
) ; Mg [peV] 0.62
0 : geSVE [GeVT 2.45 x 1016
15 . Qr 1.4 x 10°
— 1 a 5
T _— J Co1o 0.53
3" % Biax [T] il
% o} 2
gm _ 7 [min] 5
,1r7 Tsys [K] 4.9
’ § Psig [W] 0.9 x 1022
] Scan rate [Hzs™!] 8
" E Mg [peV] 0.49 - 1.49
/ : Gary 90% cl. [GeVTH] | (1.25 —6.06) x 10716
10:47




FLASH Physics Reach

With Cu cavity at 1.9 K

v Parameter Value
. : V. [MHz| 150
) - s Mg [peV] 0.62
- = [ Qr 1.4 x 10°
‘T —13_ E :’: CYOlO 0.53
Rl = | B Biae 1] 1l
I 2
—— B 2
ggw_ 7 [min] 5
,157 Tsys [K] 4.9
’ § , Psig [W] 0.9 x 1022
: A Scan rate [Hzs™!] 8
" _4ve M [116V] 0.49 - 1.49
/@ﬁ*‘& Gary 90% cl. [GeV™!] | (1 0.8-3.96 ) x 10716
10717 : . .
W W W W W



FLASH Physics Reach

With NbTi cavity at 1.9 K

v Parameter Value
) : V. [MHz| 150
; ? > Mg [,Uev] 0.62
0 : geSVE [GeVT 2.45 x 1016
] £ tU a5 6.7 x 10°
— 1 a =
T ] g Co1o 0.53
3" % Bisz 1] il
% o} 2
gm _ 7 [min] 5
,1r7 Tsys [K] 4.9
’ § Psig [W] 0.9 x 1022
i 5 Scan rate [Hzs™!] 8
" 48 M [116V] 0.49 - 1.49
/ : Gary 90% cl. [GeV™!] | (1037-1.8 ) x 10716
1017




FLASH Physics Reach

Vector Dark Matter
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Design Study and R&D for the TDR

Goal: TDR ready for Summer 2026

Massive bosons
(integer spin)

WP1 Physics Reach

Departamento de
Fisica Teérica

Pscqu-scaars

spin 0, CP jodd

WP4 Signal Amplification and DAQ

N 1542 Universidad Zaragoza
Fisica

le—-20

WP5 Data Analysis and Computing

!ﬂ INFN INFN

LNF
PISA

Istituto Nazionale di Fisica Nucleare

WP2 Mechanical Design
and Cryogenics

INEN

LNF

Istituto Nazionale di Fisica Nucleare

883359 883373  8.83386
v (GHz)

8.834 8.83413

FINUDA FRASCATI: 12 1996

WP6 Decommissioning of FINUDA
and FLASH Commissioning

s
VNIVERSITAT
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Global Effort to Probe the Full QCD-Axion Band in the Next 10 Years
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