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THE LANDSCAPE OF DM MASSES

Dark Matter Mass log[m/ GeV]
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— 60 orders of magnitude - might even be more, alas -
— which range can be probed with laboratory searches?

— ~ 10 eV is considered a fundamental watershed

quantum sensing — significant opportunities for ultralight bosonic, wave-like DM and in the
10 keV-1MeV range



AXION vs WIMP DETECTION

“The axion would be something of a spiritual cousin to the photon, but with just a hint of mass”

P. Sikivie

WIMP [4-1000 ] GeV

— number density is small

— tiny wavelength

— no detector-scale coherence

= observable: scattering of

individual particles

AXION [my <eV]

— number density is large (bosons)
— long wavelength

— coherence within detector

= observable: classical, oscillating,
background field
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1S DM MADE OF AXIONS?

10738 1072
= a well motivated scenario: T ool L g
— “three birds with one particle” % 107424 o %
1. aCP problem solution § 1074 | e §
2. Dark Matter candidate £ o o
3. barion asymmetry [PRL 124, 111602 (2020)] £ e —10““%
— SUSY is failing tests at LHC -
T T T

— WIMPs searches with next generation of experiments ! 1000

10 100
WIMP mass (GeV/c?)

= axion parameter space
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HALOSCOPE - resonant search for axion DM in the Galactic halo

— original proposal by P. Sikivie (1983)

— search for axions as cold dark matter constituent: SHM from Acpy, local DM density p
— signal is a line with 10~ relative width in the energy(— frequency) spectrum
— + sharp (10~!1) components due to non-thermalized

— an axion may interact with a strong B field to produce a of a specific frequency (— #1,)
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HALOSCOPE - resonant search for axion DM in the Galactic halo
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Axions can be produced in the SUN and in the LAB

production cavity (PC)

regeneration cavity (RC) ,
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optical/sub-THz photons — single photon detectors

a — ~y conversion probability depends on source intensity
Phys. Dark Univ. 12, 37 (2016)



AXION PARAMETER SPACE

CROWS
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DM: what do we now about its local density?

J. Phys. G: Nucl. Part. Phys. 41 (2014) 063101 Topical Review
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DM PARTICLES VELOCITY DISTRIBUTION AND AXION LINESHAPE

(a) Projected density contours

(d) Local DM velocity PDF @ Pdm < Pdm,ext (® Pdm > Pdm,ext
T T T P
Maxwellian AgA-l 1B
z Halo
N K Pdm ext
g g ‘ Disc -
Median B
o Pdm
w0 w0 o Prolate Oblate/dark disc

DM cosmological simulation of a halo of Milky

Way mass (1012 Mg,), run with 4.2 billion dark
matter super-particles

— ppwm is important for direct detection experiments that
hope to find evidence for a DM particle in the lab

— local and global measures: errors and assumptions

— axion linewidth Q; = va/Av ~ 10° — 045 GeV/cm® = 1 hydrogen atom/~cm3



HALOSCOPE - resonant search for axion DM in the Galactic halo

1. for resonant amplification
2. to match the axion mass
3. the cavity is within the bore of a SC magnet

4. cavity signal is readout with a low noise receiver




HALOSCOPE - resonant search for axion DM in the Galactic halo

— if axions are almost monochromatic then their conversion to detectable particles (photons)

can be accomplished using high-Q microwave cavities.

A 4

Power

WTMonl = (57”)2 + (’7")

TMy,,; are the cavity modes that couple with the axion
resonant amplification in [, & m,/Q]

data in thin slices of parameter space;

typically Q < Qs ~ 1/02 ~ 10°

signal power P, is model-dependent

Pyosy o< (B*VQ) <g? p)

T'm,

exceedingly tiny (~ 1072 W)

“The last signal ever received from the 7.5 W transmitter aboard Pioneer 10 in 2002, then 12.1 billion kilometers from
Earth, was a prodigious 2.5 x 10~21 W. And unlike with the axion, physicists knew its frequency!”

K. V. Bibber and L. Rosenberg, Physics Today 59, 8, 30 (2006)



HALOSCOPES: UPDATES

ADMX PRL 124, 101303 (2 C  Nature 590, 238 (2021)

Axion Mass (ueV)
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ADMX CAPP
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— sensitivity to QCD axion — 17.14 — 17.28 peV axion mass range
— 2.82 — 3.31 ueV mass range — squeezing doubled the search rate
— cylindrical cavity at T = 100mK, — cylindrical cavity at T = 60 mK

Qo ~ 30000, V = 1361 Qo ~ 50000, V =1.51

— 76T field — 8T magnet

J

“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”
H. Quinn
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QUAX - QUAERERE AXIONS

Detection of cosmological axions through their coupling to electrons or photons
PHOTON COUPLING - QUAX ay

high frequency range (8.5 — 11) GHz

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field
“ ok |44 2
Axic;n\*ﬂ Pax =3.3-10 24W(2.3-10*5m3> (7)
2
g A
n <_0?97) (0.45 G;;ch’a) (1345fGHz) (14?300)
ELECTRON COUPLING - QUAX the FMR haloscope
Magnetized
sample

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG) — RF photons

in —26 Ma
Po = 5 =8 107

£ Vs < min
2- 10—4eV)! (1 liter) (10;/91113) ( : ) W,
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ELECTRON COUPLING - QUAX

NEW CONCEPT! the FMR haloscope

' the axion DM cloud acts as an effective RF magnetic field on the
| NP electron spin exciting magnetic transitions in a magnetized sample
sample
(YIG) — RF photons
P, m, . V, n Tmni
Py =2 (38 x10°% - 2 S Imin ) Wi
o= x zoouev) (100 cm3) (2-1028/1113 2ps
ESR (Electron Spin Resonance)
<
the RF field is actually the axion effective field
> > axion mass tuning with B field! YIG (Yttrium Iron Garnet) €—— Y
17T —> 48 GHz Tmin = min(7a, e, 72)
under the condition of strorég coupling
—5—>
v
Pout

R, = T 1.2 x 1073 Hz

a

corresponding signal photon rate

microwave photon counter is needed

138 139 140 141
Frequency [GHz]



QUAXa — gamma

Axion Goupling Ig, | (GeV')

arXiv:2012.09498 (2021)
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PRL 124, 171801 (2020)
Phys Dark Univ 15, 135-141 (2017)

45
Axion mass [peV]

Today’s leading haloscopes would take centuries to scan only the 1 — 10 GHz decade at DFSZ sensitivity
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QUAX COLLABORATION ROADMAP (2021-2025)
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Font
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S. Lee et al, PRL 124, 101802 (2020) ™a (eV)

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

Noise Temperature

043 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 Ny = 1.5

Noise Temperature

0.86 K

1K

Single scan time

12500 s

280 s

Scan speed

4.5 MHz/day

10 MHz/day

2023
2025

B vz
=DFSZ

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 300000 1000000
Single scan bandwidth 630 kHz 30 kHz
Axion power 7®1.2-107% W| 0.99-107* W
Preamplifier TWJPA/INRIM |DJJAA /Grenoble
Operating temperature 30 mK 30 mK




SCAN RATE in the past 30 years

how rapidly an haloscope probes the parameter space at fixed g,

g () (@) (B0
dt SNR2 A8 N3,

» B is still within 25-50%

» (o limited by anomalous skin effect for normal metals, recently
with SC technology (YBCO) gained a factor ~ 10, dielectric cavity

» Nsys improved a few hundredfold thanks to dilution refrigerators
and the improvement in amplifier technology — Circuit QED

T =10mK
~1peV
~ 200 MHz
kgT < hv




SCAN RATE:

role of cavity Qo and of the receiver noise temperature

10°
10°
104
10°

df/dt (norm.)

10° 10! 10? 103
0c/Qa

Transitor-based amplification (HEMT)
Josephson Parametric Amplifiers
Squeezing

2 _B__ 2 2
a1 < Py ) a+A QiQ;
kpTen Q1+ Qq

- 2 18
dt ~ SNR T2+

= improve Q
= improve A (or change paradigm)

Revisiting the detection rate for axion haloscopes D. Kim et al JCAP03, 066 (2020)



PREAMP NOISE

preamp:

the Dicke’s receiver noise is determined by the

[A
P =kpTny | 22
tm

Preamplifier

Magnet

Mixer

FFT

Signal
YV

Oscillator

Input noise
Power

Added noise
—)— Av,/v,~p*107¢

thermal + quantum fluctuations
n(v,T) = (exp(hv/kgT) — 1)1
v macz/h Frequency

amplifier internal channel

DA



FROM HEMT T1O JPA

the Josephson tunnel junction is non-dissipative and non-linear

Amplification and SNR
Oxide barrier
Superconducting electrode 1

Superconducting electrode 2

il Q
-2y 2> 22 ~(10h*Gu) 2
qubit
(or axions) --
in cavity to room-temp
) electronics
\ ~1(“|se
Substrate photons SNR down ~13 dB!
barrier superc
super- Q
conducting! I ~(100hw)'2 ~(1.1hw
i o * Got) 2
qubit ~100"2 Glrot'2
(or axions)
in cavity

~100ise sNR down only ~3 dB
photons (phase preserving)
« JPA improves SNR ~10dB » Averaging time reduced ~100x !

from A. Eddins “Josephson Parametric Amplifiers: Theory and Application”
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(BLUE LINE): SQUEEZING

1 JPA to squeeze noise added by the amplifier
1]JPA to amplify signal + squeezed noise

mock-haloscope in Phys. Rev. X 9, 021023 (2019)
= Factor 2 faster scanning

HAYSTAC cavity in Nature 590, 238-242(2021);




THE STANDARD QUANTUM LIMIT

-due to fundamental laws of QM-
any phase preserving amplifier adds at least half a noise photon in the high-G limit

mode of EM field — HO
ajn = Xin + iPin
[Pin, Xin] = ih/2

VG\/<AP*> ¥ 1/4

@ »
A Phase-preserving amplification A VGV <AXZT> +1/4
PR
v<axzs o NTTT i
<>
. VaG< B> :
P A g
i N, H .
< X x> “x
<X > VG< X >

Z o2 "
dar
o St
S L St o W
o st\,\
L A015e
1072 /
ADMX QUAXa~y
0.1 0.5 1 10

Frequency [GHz]

Pa [W]

— weeks to months acquisition time even with

quantum-limited amplifiers.
= =




Evading the SQL with photon counters

The counter measures in the energy eigenbasis —> change of paradigm
Detection of individual microwave photons is a challenging task because of their low energy (~ 10~5eV)

Solution: use “artificial atoms” introduced in circuit QED

sy TEITO s
2010 — first QND measurement of single photons > e

-one transmon qubit coupled to two 2D resonators §“‘j=~
Nat. Phys. 6, 663

2020 — introduction of a practical detector of microwave
itinerant photons - scheme compatible with axion searches
PRX 10, 021038

2021 — factor 1300 acceleration of dark photon search
PRL 126, 141302

! Poisson statistics ! T

? Dark count rate, efficiency, bandwidth ? E T
' |||n||||||¥f%
i}




ARTIFICIAL ATOMS: the TRANSMON QUBIT

Delete

\fw‘HW\ T

Ep =Ey —Eg = w1 # Epp = Ez — Ey = hwy
— good two-level atom approximation

control internal state by shining laser tuned at the
transition frequency:

H = —d-E(t), with E(t) = Eg cos wor t

w s u»
w s o

Energy [fiw,]
=
Energy [woi]

QHo 0)

o~ N
o r N

- m2 0 m2 w - m2 0 m2 7
Superconducting phase, @ Superconducting phase, ¢

toolkit: capacitor, inductor, wire (all SC)
wo1 = 1/VLC ~ 10GHz ~ 0.5K

— simple LC circuit is not a good two-level atom

approximation
[ =Lsing V=29
_ % _1 9y _ ;9%
V= 27 I.cos ¢ Ot L]W
Ly = %‘Tj T C})S 2 NL Josephson inductance

] = =




SMPD AND TRANSMON QUBITS

— detectors for cavity photons: the photons interact with the SC transmon qubit, and then you make a
measurement on the qubit

Storage Cavity 6.011 GHz -..

Readout Cavity 8.052GHz ... |
Qubiton .
sapphire chip 4749 Gliz

1 1
H=weala+ §wqaz + 2xaTa—az

2

Operated in a dilution refrigerator @ 8mK

dispersive regime: A = w; —wr > ¢
g coupling x = g*/A

the photons 7 generated in the cavity
shift the frequency of the qubit by 2nx

Qubit Excited State Probability

4.746

4.748
Frequency (GHz)
[m] = = =



SMPD AND TRANSMON QUBITS

— detectors for cavity photons: the photons interact with the SC transmon qubit, and then you make a

measurement on the qubit

10°
15.7 dB advantage over SQL
N )\thresh = 105 L )
o [
(5]
S 10° ¢
@ \ —
> ®
= ?
[ ) Py ® ‘
o ‘\
10" —
0 10° 10° 10"
Injected 1

1300X lower background rate than SQL
= 1300X less intergration time required

efficiency 40.9%
false positive probability § = 4.3 x 10~*

Storage Cavity 6.011 GHz -

Readout Cavity 8.052 GHz ----....

Qubit on

sapphire chip 4:7A9IGKIZ ==

1 1
H =weala + 50.140; + 2xaja§az
Operated in a dilution refrigerator @ 8mK
dispersive regime: A = w; —wr > ¢
g coupling x = ¢2/A

the photons n generated in the cavity
shift the frequency of the qubit by
2nx

05

Qubit Excited State Probability

n=2  n=

F}
i
o

4.746 4.748 4.750



SMPD

— detectors for itinerant (traveling) microwave photons

(a) Dissipation engineering

(b) Principle of
SRR photon detection m W
incoming outgoing
photon photon
incoming | ]-> «click»
photon
Wh M’\/W\/\"—) ad (Ul
10)
Wq
— dissipation engineering Wp
— three-wave mixing
— compatible with the haloscope environment (intense B-fields)
— low dark count rate

DA



JOSEPHSON PARAMETRIC AMPLIFIER

(quantum optics formalism) Parametric interaction takes place in a nonlinear medium, where electromagnetic
waves of different frequencies can mix and generate new frequencies.

Three wave mixing Four wave mixing An intense electromagnetic wave with
frequency wy, /27 (the pump), is sent to a
AW, nonlinear medium and generates two
“s electromagnetic waves, called signal (idler)
Degenerate of frequency ws /27 (w;/27)
Wy 2Wy W w energy conservation:
BW) w) = ws + w;
A 2 )y = (01
w, w, W w, W W (4W) 2w = ws + w;
Non energy transfer between the pump and the
degenerate signal gives rise to gain
Wy 2w, W Wy w
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