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Motivation: Quantum Sensing for Dark Matter Searches

Utilize superconducting sensors to search for dark matter in the meV-MeV regime, currently not probed by existing 
experiments 

• Sensors derived from qubit co-design work; heavy overlap with QIS - new DOE ECA 
• KIDs for phonon sensing (SuperCDMS) 
• meV-gap materials with single charge readout (SPLENDOR) 
• Single THz and IR photon sensors for wide-band axion searches (BREAD) 

BREAD

SPLENDOR

SPLENDOR
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Searching for MeV-Scale DM: eV-Scale Thresholds
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Athermal Phonon Sensors (SuperCDMS HVeV)

In any recoil event, all energy eventually returns to the 
phonon system 

• Prompt phonons produced by interaction with nuclei 
• Indirect-gap phonons produced by charge carriers 

reaching band minima 
• Recombination phonons produced when charge 

carriers drop back below the band-gap 

Phonons are also produced when charges are drifted in an 
electric field; makes sense by energy conservation alone 

Total phonon energy is initial recoil energy plus Luke 
phonon energy, as shown at right 
 
 
 

Athermal phonons collected in superconducting aluminum 
fins and channeled into Tungsten TES, effectively 
decoupling crystal heat capacity from calorimeter (TES) 
heat capacity 

Ephonon = Erecoil + V ⇤ neh

= Erecoil
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Romani et. al. 2017 (https://arxiv.org/abs/1710.09335 )
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Optimal Readout and Triggering

Best performance is by HVeV (gram-scale 
Si) detector; has repeatedly achieved 2.5 
eV resolution, and <10 eV threshold, with 
the TES-based SuperCDMS sensors. 

• This detector was run as a DM 
detector at Northwestern and NEXUS, 
and in the TUNL neutron beam 

Run in continuous readout mode for 
trigger-free operation, triggering done 
offline 

• Optimal filter trigger and processing 
with time-shifting and pileup rejection 

Achieves >30% energy efficiency, implying 
that the intrinsic resolution of the TES 
arrays are less than 1eV

Ren et al (ArXiv:2012.12430)
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HVeV Run 3 Status

Science run finished mid-2021 with 3 
detectors (including detectors used for Runs 
1-2, and a third new design) 

• Using coincidence in time to reject bursts 
of Cherenkov photons 

• Building model of leakage pileup to 
project component of single charge 
leakage in second electron-hole pair bin 

• Still expect single-electron bin is 
instrumental 

Run started 12/23, officially ended 2/9 
• Accumulated ~1 g-days per calendar day 
• ~40 g-days of exposure total 

Quick turn around expected on analysis, new 
results by Early 2022 

• Many auxiliary science results to follow 
on 0V-HV correlations
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leakage in second electron-hole pair bin 

• Still expect single-electron bin is 
instrumental 
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• Accumulated ~1 g-days per calendar day 
• ~40 g-days of exposure total 

Quick turn around expected on analysis, new 
results by Early 2022 

• Many auxiliary science results to follow 
on 0V-HV correlations

ERDM Above ~2 MeV Now Background/Exposure Limited!
Leakage R&D is important, but progress is being steadily 
made
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Quantum Sensing R&D For Dark Matter: meV Thresholds

+ Phonons
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Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target



11

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected



12

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

Phonons Captured in Small  
Volume of Superconductor

Ren et al, Phys. Rev. D 104, 032010 (2021)



13

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

Phonons increase quasiparticle  
density in superconductor

Phonons Captured in Small  
Volume of Superconductor

Ren et al, Phys. Rev. D 104, 032010 (2021)



14

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

Phonons increase quasiparticle  
density in superconductor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Phonons Captured in Small  
Volume of Superconductor



15

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Phonons Captured in Small  
Volume of Superconductor

Phonons increase quasiparticle  
density in superconductor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Ren et al, Phys. Rev. D 104, 032010 (2021)



16

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Phonons Captured in Small  
Volume of Superconductor

Phonons increase quasiparticle  
density in superconductor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Charge drift produces  
more phonons

Ren et al, Phys. Rev. D 104, 032010 (2021)



17

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

More Charge Produced,
Phonons Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Charge drifted to concentrated  
region of crystal or charge gate

Phonons increase quasiparticle  
density in superconductor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Charge drift produces  
more phonons

Phonons Captured in Small  
Volume of Superconductor



18

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

More Charge Produced,
Phonons Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Charge drifted to concentrated  
region of crystal or charge gate

Phonons increase quasiparticle  
density in superconductor

Charge induces offset voltage on  
sensor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Charge drift produces  
more phonons

Phonons Captured in Small  
Volume of Superconductor

Wilen et. al, Nature 594, 369-373

See talk by Giulia D’Imperio



19

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

More Charge Produced,
Phonons Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Charge drifted to concentrated  
region of crystal or charge gate

Phonons increase quasiparticle  
density in superconductor

Charge induces offset voltage on  
sensor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Charge drift produces  
more phonons

Phonons Captured in Small  
Volume of Superconductor

Wilen et. al, Nature 594, 369-373

See talk by Giulia D’Imperio



20

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

More Charge Produced,
Phonons Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Charge drifted to concentrated  
region of crystal or charge gate

Phonons increase quasiparticle  
density in superconductor

Charge induces offset voltage on  
sensor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Sensor tracks integrated  
image charge
HEMT, CPB (Charge Qubit)

Charge drift produces  
more phonons

Phonons Captured in Small  
Volume of Superconductor

Wilen et. al, Nature 594, 369-373

See talk by Giulia D’Imperio



21

Multiple Paths to meV-Scale Energy Sensitivity

Interaction Produces Charge and Phonons in Solid State Target

More Phonons Produced,
Charge Cannot be Collected

More Charge Produced,
Phonons Cannot be Collected

Charge and Phonons Share  
Energy, Easily Collected

Charge drifted to concentrated  
region of crystal or charge gate

Phonons increase quasiparticle  
density in superconductor

Charge induces offset voltage on  
sensor

Sensor tracks  
quasiparticle density
MKID, TES

Sensor tracks  
quasiparticle tunneling rate
QCD, Transmon Qubit

Sensor tracks integrated  
image charge
HEMT, CPB (Charge Qubit)

Charge drift produces  
more phonons

Phonons Captured in Small  
Volume of Superconductor

SC-FOA-0002077
QuantISED for HEP

Quantum Sensing and Readout for Low-Mass DM and CE⌫NS
Golwala

Figure 10: Pulsed-KID data analysis chain. (Upper left) Temperature sweep data showing Smeas
21 (f, T )

along with “non-ideal” model fits overlaid, which allow for a KID-transmission line impedance mismatch
and a slowly varying instrumental complex gain (Upper right) Temperature sweep data translated to an
“ideal” complex transmission, in these e↵ects have been removed. (Bottom left) Pulse data from a pulsed
and a receiving KID, in units of complex transmission. (Bottom center) Pulsed KID data plotted as 1/|S21|

vs. time. This plot confirms that the quasiparticles are disappearing via recombination and thus generating
2 � phonons, as it is the solution nqp(t) = 1/(R t) to the di↵erential equation dnqp/dt = �R n2

qp (allowing
for �S21 / �nqp. (Bottom right) Receiving KID pulse plotted as ln |S21| vs. time, revealing a two decay
times, approximately 55 µs and 100 µs. See text for further discussion.

To make substantial further gains in energy threshold, more dramatic design evolution is needed.
The two paths motivated by Equation 2 to consider are other materials with lower � or to pursue
further reductions in readout noise.

New materials certainly deserve study, but the potential challenges are substantial. At a given
readout power (and thus readout noise), it is reasonable to expect that reducing � will increase
the readout-power-generated quasiparticle density, degrading Qi,qp and ⌧qp in proportion to the
increase in quasiparticle density. The gain in the � factor in Equation 2 may thus be entirely
wiped out by losses in Qi,qp and ⌧qp. The requirement of reduced operating temperature is of
course a major practical challenge: our DR would allow us to reduce � by a factor of 2 (current
Tbase = 40 mK) and possibly 4 (best achievable Tbase = 25 mK given the design) from that of Al,
but further reductions would require a new system with a base temperature of 5–10 mK. We do
intend to seek funding to pursue such work in collaboration with colleagues with access to more
capable DRs, such as via a LDRD proposal with FNAL aiming to use the NEXUS facility being
commissioned there and/or in collaboration with the ongoing LBNL QuantISED e↵ort, but that
work is disjoint from this proposal.

The above challenges along with its inherent potential thus motivate our Objective O4, ap-
plying and developing more sophisticated QIS phase-sensitive amplification techniques to evade the
standard quantum limit while still respecting the Haus-Caves Theorem to further reduce threshold
via improved readout noise. To do so will require circumventing the Standard Quantum Limit,

Project Narrative – 16
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To make substantial further gains in energy threshold, more dramatic design evolution is needed.
The two paths motivated by Equation 2 to consider are other materials with lower � or to pursue
further reductions in readout noise.

New materials certainly deserve study, but the potential challenges are substantial. At a given
readout power (and thus readout noise), it is reasonable to expect that reducing � will increase
the readout-power-generated quasiparticle density, degrading Qi,qp and ⌧qp in proportion to the
increase in quasiparticle density. The gain in the � factor in Equation 2 may thus be entirely
wiped out by losses in Qi,qp and ⌧qp. The requirement of reduced operating temperature is of
course a major practical challenge: our DR would allow us to reduce � by a factor of 2 (current
Tbase = 40 mK) and possibly 4 (best achievable Tbase = 25 mK given the design) from that of Al,
but further reductions would require a new system with a base temperature of 5–10 mK. We do
intend to seek funding to pursue such work in collaboration with colleagues with access to more
capable DRs, such as via a LDRD proposal with FNAL aiming to use the NEXUS facility being
commissioned there and/or in collaboration with the ongoing LBNL QuantISED e↵ort, but that
work is disjoint from this proposal.

The above challenges along with its inherent potential thus motivate our Objective O4, ap-
plying and developing more sophisticated QIS phase-sensitive amplification techniques to evade the
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ArXiv:1711.08758
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meV-Scale Resolution Development Paths

Multiple ways to achieve eV-scale or single quantum 
resolution with carbon-based crystals (large optical phonon 
energies); these are already substrates used in QIS 

Charge readout 
- Contact-free cryogenic charge readout (SLAC, 

CNRS) - limited to 5 electrons, 1 pF 
- Charge-sensitive qubits (SLAC, JPL) - in 

development, sub-electron demonstrated 

Athermal Phonon Readout 
- TES (SuperCDMS + others) - 3 eV phonon, ~100 

meV photon (see talk by R. Romani) 
- MKIDs (Caltech/FNAL/SLAC/LBL) - 20 eV phonon, 

~100 meV photon 
- Nanowires/QCDs - single THz photons (QCD), 

single IR photons (nanowires) 
- Qubit-based readout - single tunneling events 

detectable, collection efficiency not characterized 

Thermal Phonon Readout 
• TES thermometry— CRESST/MPI 
• Ricochet-style readout - MIT/NW/others 

Qubits as drop-in replacements for existing sensors are 
way ahead! Griffin et. al. (2008.08560) 

Kurinsky, Yu, Hochberg, Cabrera (1901.07569)

Diamond

SiC (3C/4H/6H)
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KID Performance To Date (S. Golwala)



27

KID Performance To Date (S. Golwala)



28

Designer Materials for Light DM (SPLENDOR)

• Materials with high loss in the sub-
eV regime (which are well matched 
to DM) are needed to efficiently 
probe low-mass DM 

• Designer materials with magnetic 
ordering have tunable bandgaps 
and high density of states in the 
sub-eV regime 

• g-day exposures can yield 
impressive science reach 

• Single electron sensitivity is needed 
for greatest sensitivity 
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SPLENDOR: DM Detection w/ Quantum Materials
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SPLENDOR Detector R&D

• First low-gap samples being tested in dewar at 
LANL -  

• clear evidence of increased resistance with 
lower temperature 

• Source-measure unit not sensitive enough for 
testing below 10K; porting to DR 

• HEMTs purchased for first amplifier prototype and 
testing beginning at CSU East Bay (Arran Phipps) 

• Stanford undergrads helping with HEMT 
characterization 

• Expecting rapid progress over the summer and first 
charge measurements to be conducted on Si and 
diamond for comparison to known charge transport 
performance 

• Low barrier to converting that readout to low-
gap materials 

• Challenge is in developing a low-capacitance 
coupling scheme, likely based on point-
contact readout

La3Cd2As6
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Qubits as Sensors

• Qubits, built on the ‘cooper pair box’ 
paradigm, are already intrinsically 
sensitive to energy differences of Delta 
(half the cooper pair binding energy) 

• Studies of qubit chips have shown 
sensitivity to single charges in the 
substrate and to pair breaking from 
phonons (see Nature paper) 

• The ‘readout’ part of the qubit is a 
solved problem; the remaining 
challenges are efficient collection of 
energy quanta and reduction of 
environmental noise 

• Both problems are important for 
achieving a scalable quantum 
computer!

1e
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Qubit-Based Electrometers for Quantum Materials

• HEMT-based amplifiers likely limited to 
~2-5 electrons 

• Use extreme charge sensitivity of 
charge qubits to create single-charge 
electrometers 

• Generate charge spectrum with flux 
or gate feedback by nulling 
feedback signal! 

• Similar to a closed-loop SQUID 
readout. 

• Combine with meV-scale gapped 
materials for meV-resolution sensors 

• Not a new idea! Work is ongoing and 
picking up steam, riding the momentum 
from other QIS work.

ArXiv:1711.08758
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Conclusions

• Low mass DM searches (meV - MeV) require new detector technologies 
which are necessarily cryogenic due to the low photon backgrounds required 

• Qubits and related devices already show promise for low occupancy in these 
energy ranges 

• Combining the cryogenic expertise from low-background DM experiments with 
the hardware expertise of QIS is already bearing fruit 

• Many different channels and experiments springing up; it is likely to be an 
interesting few years as new experiments come online.  

• eV-scale searches are maturing and showing us new backgrounds as we try 
to realize meV-scale searches



Backup
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HVeV Run 2

HVeV second run taken with 3 eV resolution detector over the course of 3 weeks: 
• 60V and 100V spectra show identical backgrounds; signal seen not voltage 

dependent 
• Different prototype, run in a different lab, in a different state 
• 0V data acquired with ~10 eV threshold, results still being analyzed 
• Rates in every charge bin consistent with Run 1…that was completely unexpected
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HVeV Run 2

HVeV second run taken with 3 eV resolution detector over the course of 3 weeks: 
• 60V and 100V spectra show identical backgrounds; signal seen not voltage 

dependent 
• Different prototype, run in a different lab, in a different state 
• 0V data acquired with ~10 eV threshold, results still being analyzed 
• Rates in every charge bin consistent with Run 1…that was completely unexpected

https://arxiv.org/pdf/2011.13939.pdf>1 electron events explainable via scintillation; 
this is the main difference between SENSEI 
and HVeV above 1 electron.



38

Cryogenic HEMT Charge Amplifier

• Low-gap materials need to operate below 4K 
to become insulating 

• Need cryogenic charge amplifiers! 

• We can improve on SuperCDMS cryogenic 
charge amplifiers by moving to smaller 
detector capacitance 

• This pretty much requires moving to low 
capacitance - we’re limited by the 
voltage noise on the HEMTs, which are 
process-determined 

• We’re developing a source-follower scheme 
which will allow the first-stage amplifier to 
operate down to 10 mK with the second-
stage at 4K, where most of the power will be 
dissipated


