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Summary

 Dark matter candidates

« AXion detection

« WIMP detection

* Energy thresholds

e CUurrent methods

« SOmMe new detector ideas...
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Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV  30Mg
< I I I I I I I l 1 1 I 1 1 ‘ 1 1 l 1 1 l 1 1 I h)} | 3
| I I D D D B D L DL L L DL L S |
I >
QCD Axion WIMP s
— = , , = -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
—> < . 2
Pre-Inflationary Axion Hidden Thermal Relics / WINMPless DM
> <+ >
P ost-Inflationary Axion Asymmethic DM
<k -
Freeze-ln DM
—>
SIMPs f ELDERS
&
Beryllium-8
>
Muon g-2
>
Small-Scale Structure
> <>
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

«* | | | | | | | | 1 I | 1 1 | 1 1 | 1 1 | 1 1 | h)} | »
I L L L e e
ARC CENTRE OF EXCELLENCE FOR zeV aeV feV peV ney MEV mev eV keV MeV GeV Tey PeV 30MO

https://arxiv.org/abs/1707.04591
JTER
PARTICLE PHYSICS




Dark Matter Candidates

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV  30Mg
< I I I I I I I l 1 1 I 1 1 ‘ 1 1 1 I h)} | 3
| | | | | | | | L L L L L |
. QCD Axi
oh
« WIMP |
Ultralight Dark Matter Hidden Sector DarkTers Black Holes
—> < s
Pre-Inflationary Axion Hidden Thermal Relics / WINMPless DM
«—> + >
P ost-Inflationary Axion Asymmethic DM
-+ e

Freeze-ln DM

—>
SIMPs f ELDERS
<
Beryllium-8
e
Muon g-2

-
Small-Scale Structure

P> >
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

«* I I I ' I I I I 1 3 I 1 1 ‘ 1 3 l 1 1 l 1 3 I h)} | »
— 1T 1 T 1T 1T 1 T+ &1+t w
AR CENTRE OF EXCELLENCE FOB zeV aeV feV peV neV peV meV eV ke Mev  Gev  TeV PeV  30Mg

https://arxiv.org/abs/1707.04591
JTER
PARTICLE PHYSICS




Dark Matter Candidates
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Dark Sector Candidates, Anomalies, and Search Technigques
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Dark Sector Candidates, Anomalies, and Search Technigques
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» Lots of ways to do it, but resonant
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» Usually detecting that photon

» Lots of ways to do it, but resonant
cavities common

* Depends on DM mass
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Axion Detection

* INnverse Primakoff effect
» Usually detecting that photon

» Lots of ways to do it, but resonant
cavities common

* Depends on DM mass
« Mass range: neV —ueV common
 Much interest in pushing to meV+
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WIMP Detection

e Nuclear recoll




WIMP Detection

e Nuclear recoll

e | Oots of different channels:
electrons, photons, phonons...

» Boils down to detecting some
energy imparted in recoll
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WIMP Detection

e Nuclear recoll

e | Oots of different channels:
electrons, photons, phonons...

» Boils down to detecting some
energy imparted in recoll

* Heavily DM mass and target mass dependent
« Mass range: GeV common
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WIMP Detection

e Nuclear recoll

e | Oots of different channels:
electrons, photons, phonons...

» Boils down to detecting some
energy imparted in recoll

* Heavily DM mass and target mass dependent
 Mass range: GeV common
 Much interest in pushing into keV - MeV
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Axion Detection — Energy Thresholds

« AXions: photon energy

E = hf =~ m,c?
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Axion Detection — Energy Thresholds

« AXions: photon energy

E = hf =~ m,c?

« Commonly neV — ueV for established axion detectors
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Axion Detection — Energy Thresholds

« AXions: photon energy

E = hf =~ m,c?

« Commonly neV — ueV for established axion detectors
* We just dump all the mass
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Axion Detection — Energy Thresholds

» Established experiments (ADMX, HAYSTAC, ORGAN) use
linear amplification

CENTRE OF EXCELLENCE FOR @
PARTICLE PHYSICS Y




R
Axion Detection — Energy Thresholds

» Established experiments (ADMX, HAYSTAC, ORGAN) use
linear amplification

* SQUIDs, JPAs, etc — guantum limited (maybe squeezed..))

Pyt = G(Pin + P,)
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AXION

Detection —

-nergy Thresholds

» Established experiments (ADMX, HAYSTAC, ORGAN) use
linear amplification

* SQUIDs, JPAs, etc — guantum limited (maybe squeezed..))

Pyt = G(Pin + P,)

 Mature-ish technology
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Axion Detection — Energy Thresholds

* Works well for ~ ueV mass range




AXION

Detection —

-nergy Thresholds

* Works well for ~ ueV mass range

« Can be shown that it is better (in fact sort of essential) to
move to SPD for > ueV masses
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AXION

Detection —

-nergy Thresholds

* Works well for ~ ueV mass range

« Can be shown that it is better (in fact sort of essential) to
move to SPD for > ueV masses
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Py, N nl
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 Not many good detectors around the ueV —meV energy
range of high interest...
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WIMP Detection - Energy Thresholds

« WIMPS — recoil energy
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WIMP Detection - Energy Thresholds

« WIMPS — recoil energy

qZ

EF =~
2M.

« Commonly ~keV for GeV WIMPs
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WIMP Detection - Energy Thresholds

« Use PMTs, TES, etc for detecting in the GeV mass range—
lots of different technologies
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WIMP Detection - Energy Thresholds

« Use PMTs, TES, etc for detecting in the GeV mass range—
lots of different technologies

* But energy can be much lower for lower mass WIMPs
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R
WIMP Detection - Energy Thresholds

« Use PMTs, TES, etc for detecting in the GeV mass range—
lots of different technologies

* But energy can be much lower for lower mass WIMPs
« ~meV-eV for MeV WIMPs...
o« ~yeV - meV for keV WIMPs...
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WIMP Detection - Energy Thresholds

« Use PMTs, TES, etc for detecting in the GeV mass range—
lots of different technologies

* But energy can be much lower for lower mass WIMPs
« ~meV-eV for MeV WIMPs...
o« ~yeV - meV for keV WIMPs...

* Not many good detectors in this energy range...
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Dark Sector Candidates, Anomalies, and Search Technigques
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Dark Sector Candidates, Anomalies, and Search Technigques
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Dark Sector Candidates, Anomalies, and Search Techniques
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-nergy Thresholds

Dark Sector Candidates, Anomalies, and Search Techniques

° The energy th reShC)ldS zeV aeV feVv peV nev peV mey ev keV MeV  GeV TeVv PeV 30Mg
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‘Low’” Energy Threshold Detectors

* A couple of options:
« SIS Josephson Junctions
 SNSPDs — superconducting nanowire single photon detectors
« MKIDs — microwave kinetic inductance devices
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‘Low’” Energy Threshold Detectors

* A couple of options:
« SIS Josephson Junctions
 SNSPDs — superconducting nanowire single photon detectors
« MKIDs — microwave kinetic inductance devices

» All of these things exist, various degrees of maturity, various
energy ranges

e Can manufacture them within CDMPP
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‘Low’” Energy Threshold Detectors

* A couple of options:
« SIS Josephson Junctions
 SNSPDs — superconducting nanowire single photon detectors
« MKIDs — microwave kinetic inductance devices

» All of these things exist, various degrees of maturity, various
energy ranges

e Can manufacture them within CDMPP
« Can we extend their range?
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‘Low’” Energy Threshold Detectors

* A couple of options:
« SIS Josephson Junctions
 SNSPDs — superconducting nanowire single photon detectors
« MKIDs — microwave kinetic inductance devices

» All of these things exist, various degrees of maturity, various
energy ranges

« Can manufacture them within CODMPP
« Can we extend their range?
« Can we apply them to high mass axions, or low mass WIMPs?
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SIS Josephson Junctions

» Layer of superconductor — insulator — superconductor
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SIS Josephson Junctions

» Layer of superconductor — insulator — superconductor

* Exhibits Josephson effect: supercurrent across junction until
critical current reached -> becomes resistive

(testing,30-Oct-2018)
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SIS Josephson Junctions

« Can be used as weak current sensor in the GHz range...in
orinciple
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SIS Josephson Junctions

« Can be used as weak current sensor in the GHz range...in
orinciple
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SIS Josephson Junctions

« Can be used as weak current sensor in the GHz range...in

orinciple

o Joseph ,
10s of uey+ energy thresholds 1 ?jsgtigz" Ry -

» Gets easier at higher energy...
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SIS Josephson Junctions

e DOominant issue — balance dark counts
and efficiency
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SIS Josephson Junctions

e Dominant issue — balance dark counts
and efficiency

* For axions - need to couple it to
cavity — impedance matching issue

| T
A;(i\on\ g
\\é. v .o
N AR
04
T=10 mK
0.3-
=
= 0.2- T T
w . l’
g switching | sWitching
= 0.1
>
0.0

e e ettt e

'0.1 J T T T T
0 1000 2000 3000 4000 5000 6000

Lifetime (sec)

ARC CENTRE OF EXCELLENCE FOR @
g PARTICLE PHYSICS X



SIS Josephson Junctions

B-field —>

Ly

* Dominant issue — balance dark counts [ =g

and efficiency S E
» For axions - need to couple it to
cavity — impedance matching issue
« Can it be used for WIMPs? 04
T =10 mK
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SIS Josephson Junctions

« Some samples from Chalmers at UWA node under testing for
axions
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SIS Josephson Junctions

« Some samples from Chalmers at UWA node under testing for
axions

« ONne group reporting some good
tentative results (0.3 efficiency)
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SIS Josephson Junctions

« Some samples from Chalmers at UWA node under testing for
axions

« ONne group reporting some good
tentative results (0.3 efficiency)

« Can also probably make these
at Swinburne!

 |sthere interest for something like
this?
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SNSPDs

* Superconducting nanowire
single photon detector
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SNSPDs

* Superconducting nanowire
single photon detector

« Similar to SIS junction

* Simple meander of
superconducting wire

Au signal pad

Nicolo Petrini, Masters Thesis, MIT, 2019.
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SNSPDs

* Superconducting nanowire
single photon detector

« Similar to SIS junction

* Simple meander of
superconducting wire

* [V curve different to SIS
junction  __ em o

Au signal pad

Nicolo Petrini, Masters Thesis, MIT, 2019.
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e Biased below critical current




SNSPDs

e Biased below critical current

* Photon absorption breaks Cooper pairs -> resistive -> voltage

Hot-spot generation

Hot-spot diffusion
Incre
densii

< >

~ Resistive region

Hot-spot relaxation

asing current
ty above Jc
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SNSPDs

» Biased below critical current
* Photon absorption breaks Cooper pairs -> resistive -> voltage
* Energy thresholds ~eV at present

Hot-spot generation

Hot-spot diffusion
Incre
densii

< >

~ Resistive region

Hot-spot relaxation

asing current
ty above Jc
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* Energy threshold too high for axions..maybe WIMPSs?
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SNSPDs

* Energy threshold too high for axions..maybe WIMPSs?

« Can they be pushed down in energy for axions?
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SNSPDs

* Energy threshold too high for axions..maybe WIMPSs?

« Can they be pushed down in energy for axions?

* Direct absorption of particle into wire vs use as current sensor
—thing is very small

« Could it be used as a current sensor in similar way to SIS
junction? Active R&D
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SNSPDs

* Energy threshold too high for axions..maybe WIMPSs?

« Can they be pushed down in energy for axions?

* Direct absorption of particle into wire vs use as current sensor
—thing is very small

« Could it be used as a current sensor in similar way to SIS
junction? Active R&D

« Can it be coupled to WIMP detectors?
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SNSPDs

 Well established technology at ~eV energy photon absorption
* High efficiencies (98%)
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SNSPDs

 Well established technology at ~eV energy photon absorption
* High efficiencies (98%)

ID281 Superconducting Nanowire
Series

The very best in single-photon detection, with ultra-stable
performance

> Near-ideal detection efficiency: can exceed 95%

> Highly precise timing and low noise, true latch-free operation

> Ultrafast and photon-number resolving detection

> Mix and match up to 16 detectors, with options for rack-mounted systems

DOWNLOAD BROCHURE HOW TO BUY
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SNSPDs

 Well established technology at ~eV energy photon absorption
* High efficiencies (98%)

» Can also make these at Swinburne (collaborating with others
on this now)

ID281 Superconducting Nanowire
Series

> Near-ideal detection efficiency: can exceed 95%
> Highly precise timing and low noise, true latch-free operation
> Ultrafast and photon-number resolving detection

> Mix and match up to 16 detectors, with options for rack-mounted systems

DOWNLOAD BROCHURE HOW TO BUY
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e Microwave Kinetic Inductance Devices

o Similar to SNSPD, but different
detection methodology
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e Microwave Kinetic Inductance Devices

o Similar to SNSPD, but different
detection methodology

* Length of superconductor, coupled
to resonant circuit
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MKIDs

e Microwave Kinetic Inductance Devices

o Similar to SNSPD, but different
detection methodology

* Length of superconductor, coupled
to resonant circuit

e Relies on kinetic inductance

L me l .
K s — - :
on.e? ) \ A a2 -
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MKIDs

» Particle enters breaks Cooper pairs, changes kinetic
inductance of superconductor
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MKIDs

» Particle enters breaks Cooper pairs, changes kinetic
inductance of superconductor

* Shifts circuit parameters
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MKIDs

» Particle enters breaks Cooper pairs, changes kinetic

inductance of superconductor
* Shifts circuit parameters

« Can measure energy by size
of shifts
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Power (dB)
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MKIDs

» Particle enters breaks Cooper pairs, changes kinetic
inductance of superconductor

* Shifts circuit parameters

« Can measure energy by size
of shifts

0

Power (dB)

* Have been developed from 10s of
GCHz to X-ray and beyond

» Potentially 100s of ueV+

Phase
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« Similar to SNSPD — direct absorption of particle into the
superconductor
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« Similar to SNSPD — direct absorption of particle into the
superconductor

 How to couple to axion detectors?
 How to couple to WIMP detectors?
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* These exist, are used In astronomy currently
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MKIDs

* These exist, are used In astronomy currently

« Can be multiplexed e ———
. e o G
* SO Maybe can be made bigger | i
by having arrays | ]
06} |
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MKIDs

* These exist, are used In astronomy currently
« Can be multiplexed B

ismasagd
* SO Maybe can be made bigger | |
oy having arrays | |
06} J
« Can also (probably) make | |
these at Swinburne
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e
Conclusions

* \We are not so different after all...
« Some superconducting cryogenic R&D options
« Actively spinning up CDM capacity in this area

« Open guestions:
* \Which is the best device?
« How best to couple to WIMPs/axions?

* Open to collaborations and interested parties!
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