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Two “strongly motivated” dark-matter candidates

: - H i g
1022 eV eV 100 GeV 101° GeV
QCD Axion WIMP

e \Weakly Interacting Massive Particle (WIMP)

e Motivated by supersymmetry

e Naturalness: thermal production of observed abundances for WIMPs
near 100 GeV.

e Ongoing, 30-year effort to produce (supersymmetry at LHC) and
detect (direct dark-matter searches). Much interesting phase space
has already been ruled out. (LHC= Large Hadron Collider )

e QCD Axion
e Motivated as solution to strong CP problem and hierarchy problem.

e Naturalness: misalignment production of observed abundances over

full mass range, peV-meV

e Largely unexplored parameter space.
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QuantISED in the Dark-Matter Landscape

Dark-Matter Waves Dark-Matter Particles

ADMX-G2
102 eV 1 peV QCD axiony leV 1 GeV WIMP 10" GeV

g —— e — | A
: : : R - ‘_, 1. Directional detection of WIMPs
-with NV center spectroscopy

L_J 2. Quantum sim/optimization for
WIMP nuclear-recoil response

| J 3. LHe and GaAs for calorimetry
= for hidden-sector DM

L_—J4. Nanowire single-photon detectors for hidden photons

: l—l 5. Qubits and Rydberg atoms for QCD axions

—J 6. Qubits and ultrahigh-Q cavities for hidden photons

{ - J 7. Photon upconverters for QCD axions (needed for
- : nuclear spins and lumped resonators)

L 8. Lumped resonators for QCD axions

|_| 9. Nuclear spins for QCD axions

1 J 10. Clocks / cold atoms for scalar dark matter
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QCD Axions: strongly motivated over whole range

Frequency
kHz MHz GHz

10—10

SN 1987a

OVISAVH

10—12 |

10—14 i

1070}

1078}

Axion—-Photon Coupling (geyy) [GeV™]

peV neV neV

Axion Mass (m,)

KSVZ: Kim-Shifman-Vainshtein-Zakharov model
DFSZ: Dine-Fischler-Srednicki-Zhitnitskii model
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QCD Axions: strongly motivated over whole range
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SN 1987a /\,

MSA: Impact on ADMX
from 270 years to 100 days
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QCD Axions: strongly motivated over whole
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Below 1 peV wavelengths Aconerence = 100km x (10~ eV /m)
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QCD Axions: strongly motivated over whole range
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DM Radio is a lumped-element Axion detector

Axions convert to oscillating
EM signal in background DC
magnetic field B,

—

Ja(t)

Supercurrent induced by Axion

oscillating current is detected by
SQUIDs

Signal enhancement when
resonance frequency matches
rest-mass frequency f,,,/=mc2/h

S. Chaudhuri et al, PRD 92, 070512 (2015)
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DM Radio Pathfinder

e Shield+detector mounted to end of probe

* Probe inserted into cryoperm-lined dewar

Readout cable runs up center tube

2mm thick Nb

9.5 inches

5.7 inches

Superconducting shield Nb hex capacitor / b\

13
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DM Radio Pathfinder

o Shield+detector monnted to end of nrohe

5.7 inches
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DM Radio is a lumped-element dark matter detector

Ba(fA

xion)

prowys sunonpuodrddng
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Output: single-pole resonator

\ 4

«— 3dB linewidth

Frequency
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The Signal exists far out from the linewidth

Response

]

Frequency

SNR does not degraded when readout subdominant to thermal noise

hf « kgT: high thermal occupation

17
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The Signal exists far out from the linewidth

Response
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Electromagnetic coupling: integrated sensitivity

Resonance Frequency

Resonator Line Shape
(Response Function for

DM 1 DM Drive)

IAmpmmr
INoise
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o
<
N
!

| Resonator bandwidth !
Sensitivity bandwidth

Science reach determined by integrated sensitivity across search band

20



IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), September 2019.
Invited presentation 4-SQ-I-5 given at ISEC, 28 July-1 August 2019, Riverside, USA.

Resonator measurement at Standard Quantum Limit

Noise-matched
on resonance

Increase coupling

to QL amplifier
—_——— - —p
Thermal +
Zero-Point
Backaction

Imprecision

Noise-mismatched on
resonance

Thermal +
Zero-Point

Backaction

mprecision

|
Sensitivity bandwidth

<€

>

€

>1

Sensitivity bandwidth

e Increased coupling: reduced imprecision, increased backaction

e 50% on-resonance noise penalty. Much larger sensitivity bandwidth
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The RF Quantum Upconverter (RQU)

Microwave readout chain

----------------------------------------------------------------

PEE LT T T T L TN
..------'

AJ
L)

DAQ

ceeesesssesesssssesseeed

-------------------

Dark matter '
receiver S A Phase detection

—> A three junction interferometer acts as a flux-variable inductance,
upconverting RF signals to microwave frequencies

: 1 1 N
H = hw,(aa+ 3) + iy (B b + )+ hgata(b' + b)

= RQU evades backaction with quantum protocol (cavity optomechanics)
Aspelmeyer, Markus, et al. "Cavity optomechanics." Reviews of Modern Physics (2014)
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The RF Quantum Upconverter (RQU)

U.S. DEPARTMENT OF

ENERGY
QuantISED

X X

o 1/2/1;1/3/1, 1/4/1
e Nb/AlOx/Nb junctions
Ic~2uA

23



IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), September 2019.
Invited presentation 4-SQ-I-5 given at ISEC, 28 July-1 August 2019, Riverside, USA.

Photon counting is useless when hf < kgT

e /N thermal fluctuations in the

/ number of resonator photons

* Sensitivity not improved by

Thermal + photon counting

Zero-Point e Goal: reduce backaction &

imprecision noise to widen
sensitivity bandwidth

— Backaction evasion

Backaction

mprecision

l¢ >1 Implement backaction evasion

Sensitivity bandwidth protocol to reduce both imprecision
and backaction noise below the
standard quantum limit, increasing the
sensitivity bandwidth

24
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DM Radio will detect or rule-out Axions in big area

Frequency
kHz MHz GHz

SN 1987a

OVLSAVH

10—12 | .
V=1 cubic meter

T=10 mK

Q= 1076

B,= 4 Tesla

SQL achieved in 1.5 years

10—16 |

10—18 |

Axion-Photon Coupling (geyy) [GeV™]
S
=

peV neV peV

Axion Mass (m,)
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DM Radio will detect or rule-out Axions in big area

Frequency
kHz MHz GHz

SN 1987a

OVLSAVH

10—12 | .
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T=10 mK

Q= 1076

B,= 4 Tesla

SQL achieved in 1.5 years

QU to beat SQL and

probe QCD Axion band |
| pueV
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