
Quantum Sensors 
for 

Dark Matter searches

   Rakshya Khatiwada
   Assistant Professor

   Illinois Institute of technology & Fermilab

            
              IMFP/CPAN, Santander, Spain  

            10/05/2023

             



Outline

• Dark Matter search overview
• Why quantum sensors?
• Qubit based Dark Matter sensing
• Summary

• Overview of Coordination Panel for 
    Advanced Detectors (CPAD) activities
 à Coordination with ECFA DRDq

2



Dark Matter

                                                    
                                                   

Properties:
*Non-standard model particle
*Weakly interacting – can’t be detected
  with traditional observational astronomy
*Makes up large structures of the universe
  forms clumps – cold dark matter

Galaxy rotation

Gravitational lensing

Cosmic Microwave background radiation
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Dark matter candidates
US Cosmic vision

For reference:
me = 0.5 MeV/c2

mp = 938.2 MeV/c2
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Dark matter candidates
US Cosmic visionWave-like Particle like

Particle like DMWave like DM
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Dark matter candidates
US Cosmic vision

Particle like DMWave like DM
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Current detection mechanisms
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Axions in the milky way halo
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Football stadium sized 
clumps of axions drifting
through the detector

• Big bang-> Milkyway halo-> 
gravitational potential-> Maxwell 
Boltzmann distribution of v (mean 
10–3c ~ local virial velocity )

• # density local galactic halo ≈ 1014 
cm-3

 -- (ρ= 450 MeV/cm3)

q Lifetime 1042 years!
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Quantum noise
Similar to ∆𝑥∆𝑝 ≥ ℏ/2

48 mK (hω/kB @1GHz)
Electromagnetic wave’s phase and amplitude 

measurement uncertainty

Tsystem =  Tamps. + Tphysical

SNR∝ Pout
kBTsystem

t
b
∝
g2aγρa fQCmnpB

2Vt
1
2

b
1
2Tsystem

∆𝑥: 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
∆𝑝:𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

10

Josephson Parametric Amplifier (JPA)

dc SQUID

Need lower noise than quantum noise 
          < 1/2 photons per quadrature !

• Building blocks of quantum
     devices
• Flux to voltage transducer
• Magnetometers
• Quantum Amplifiers
• Signal readout from detectors



Particle like Dark Matter Search overview

Processes:
--DM Scattering off of nuclei
--DM Scattering off of electrons
*Fraction of DM Energy transferred to the
   target material (nuclear, electron recoil)

Underground to avoid background like cosmic muon

--Absorption of DM
DM Energy absorbed by the target material

https://www.osti.gov/servlets/purl/1659757
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Some Experiments
Super-CDMS-SNOLAB                                    LZ (LUX-ZEPLIN)
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vacuum bulkhead for signals

-- DM-nuclei scattering (signal nuclear recoil)
    produces phonons (Ge/Si crystal lattice
    vibrations) and electrons through ionization (charge) 

-- DM-Xe nuclei interaction produces electrons
    through ionization and photons that drift to the 
    top causing flash of light (PMT)
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Near and long-term Dark Matter search plan

Need low energy threshold 
systems < 1 eV !
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Basic Research Needs (BRN)



Qubit based Quantum detectors for Dark 
Matter searches
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o sensitivity to sub-eV energy from Dark Matter interaction 
o energy can be coupled as single phonons (lattice vibrations) or single 

photons 
oEasy signal readout with a qubit readout protocol (T1, T2, charge parity   

measurements etc.)
o Qubit superconducting systems in mK cryostat, ideal for thermal noise 

reduction for Dark Matter searches.
o Superconducting technology; low noise

Advantages of qubits over current Dark 
Matter technology
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What is a qubit?

App. Phys. Rev., 6, 2, 10.1063 (2019). 

Quadratic energy potential of QHO 
reshaped by Josephson Inductance 

to sinusoidal potential

--Superconducting Transmon and its variants can be utilized for Dark Matter detection through several 
mechanisms of coupling

Josephson
Junction

two level system EJ ≫ EC   
Ec= e2/2C  charging energy
EJ = IcΦ0/2π  Josephson energy
where Φ0 = h/2e magnetic flux quantum

Non-linear
dissipationless
circuit element

resonator

Josephson
junction

Qubit and resonator
circuit on a Si

substrate
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What has been demonstrated with qubit
based Dark Matter detectors?
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Qubit based wave-like Dark Matter 
search
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Qubit array

Qubit detector

Temperature
 10 mK

readout
cavity

qubit

𝝲

𝝲
photons

excellent
photon
detector

mixed state
g ~ d.E:
Δ: ωq-ωc
g2/Δ: Stark shift

qubitCavity
Harmonic
Oscillator

two level system 



Hidden photon Dark Matter search with qubits
prototype demonstration

Hidden photon world limits set by qubits in 8 s integration time

Aluminum cavity
Q~107

𝛚r~ 8 GHz
𝛚s~ 6 GHz
𝛚q ~ 4.5 GHz

U Chicago/FNAL
QuantiSED

Multiple successful flips due to the 
presence of a photon

False positives exponentially suppressed 
due to repeated measurements

Phys. Rev. Lett. 126, 141302

Qubit + 3D cavity – qubit excited state probability
                                   due to presence of a DM signal photon
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Some ongoing qubit-based projects
at Fermilab/Illinois Institute of Technology
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Quantum Capacitance Detector

M. D. Shaw, J. Bueno, P. K. Day, C. M. Bradford, and P. M. Echternach, Phys. Rev. B 79, 144511 2009.

QuantiSED

Photon Photon Photon

Collaboration: Fermilab
Caltech/JPL, Wisconsin Madison

Island

QCD
array

§ far infrared spectroscopic missions (space telescope) Caltech/JPL
§ Photon => superconducting absorber => broken cooper pairs => 

tunnel into a small capacitive island => causes non-equilibrium 
quasiparticle population to increase 

§ NEP < 10-20 W/Sqrt Hz at 1.5 THz – most sensitive far IR 
detector!

§ Applications for > 100 GHz wave like Dark Matter and possibly
      sub-MeV and eV Dark Matter as phonon
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Projected sensitivity using QCD
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 X

Projected BREAD sensitivity by sensor technology in the dark photon A’(left) and axion a (right) coupling vs. mass plane

Using a Broadband Axion Antenna technology based on: https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131801



QSC Dark Matter group 

• Started new program in 
2020.

• Two brand new dilution 
refrigerators installed and 
several new qubit-based 
experiments housed. 

• IIT/Northwestern 
students and Fermilab 
postdocs at the forefront 
of this program. 
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QSC dilution refrigerator FNAL

QSC group FNAL/IIT/NW



• Software, firmware and hardware to control and readout a large 
variety and array of qubits with RFSoC (RF System-on-Chip) FPGA 

    and RF electronics
• Lowered the:

   -- cost of the control and readout electronics

   -- feedback control latency 
   -- fridge real estate taken by qubit accessories

Chances are, you will use this if you are working

with multiple qubits at some point!

Quantum Instrumentation Control Kit 
(QICK)

arXiv:2110.00557

FPGA+ADC+DAC+memory+interfaces

RF inputs, outputs, LO, fast 
flux control, high precision 
bias, 

Quantum Science Center

QSC

Qubit readout using QICK 24

https://arxiv.org/abs/2110.00557


understanding energy dissipation in qubits

• Investigate ~ eV energy dissipation through e + h  and phonon production

• Simulation effort on charge transport and phonon kinematics in Si.

• Application of particle physics simulation tools like G4CMP

    to understand qubits (various substrates and geometry)

• Cryogenic photon source development (0.62 – 6.9 eV)

(1.3.3.02)

6 qubit chip (Si)

MEMS cryogenic photon 
source

phonon simulation in a 6-qubit 
silicon chip using G4CMP 25

Quantum Science Center

QSC



Possible Qubit-based particle-like Dark 
Matter detector

Particle like DM can
excite phonons

in qubit substrates

Excess quasiparticle
readout using standard 
Qubit readout protocol
Like T1, T2 etc.
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à Phonon caustic and kinematics simulation in sapphire using G4CMP in progress

Simulated
Phonon caustic
IIT/Fermilab

Literature
Phonon caustic

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.29.2190

Phonon E ~ 10 to 100 meV

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.29.2190


cryostat

(a) (b) (c)

Cryogenic photon source for Detector Characterization
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Quantum Science Center

QSC



Underground, low background facility at 
Fermilab
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Underground facility at Fermilab
Neutrino tunnel at Fermilab: perfect place 

to study radiation effects on qubits

NEXUS facility for SuperCDMS

QUIET low background facility 
by

Quantum Science Center (QSC)
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Impact of cosmic and terrestrial radiation on
quantum computers
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https://arxiv.org/abs/2104.05219

§ Direct measurement on google processor 
§ Non localized impact of radiation in qubit 
     (quasiparticle absorb qubit energy and cause
      excited state to decay)
§ Suppressed T1 throughout the device
§ Mitigation: shielding, underground operation
     quasiparticle and phonon traps being studied 

100 keV to MeV

muon or 𝛄 absorption

phonon reservoir Si substrate

Phonons break cooper pair

quasiparticle tunnel to the junctions

qubit decoherence 
𝛕 = 25 ms

event rate:
1/7.6 s &
1/38 s

Study context: Quantum Error Correction
Why should we care?

§ Building superconducting devices (qubit) 
      based experiment for DM
§ Need to decrease dark rate of available SPD
§ Hasn’t been studied in detail before

High energy radiation: source of quasiparticle in qubits



Summary

• Qubit senses smallest quanta of energy: photons and phonons
• Great for Dark Matter search
• Qubit can sense different types of Dark Matter
• Several qubit-based Dark Matter detector development efforts ongoing
• Aboveground and Underground facilities at Fermilab great platform for 

studies of impact of radiation in superconducting devices
• Dark Matter community developed resources: particle simulation tools 

(G4CMP) to understand energy dissipation
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Community engagement and collaboration effort
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Coordinating Panel for Advanced Detectors (CPAD)

à RDC8 is quantum and superconducting detectors
à Nov 7-11 annual CPAD workshop in SLAC, CA, USA

11 RDCs focusing on different aspects of HEP Detector R&D

GOALS:

1.Two coordinators to work with the community & CPAD to 
define the R&D goals

2.The RDC will put together work packages which brings 
together a collaboration to tackle ideas and technologies

3.Turn work packages into proposals for funding

Coordination effort with ECFA DRDq
è Met with Marcel Demarteau on how to better 

coordinate European and US effort
è Regular monthly meeting attendance
è CPAD presentation slot for ECFA DRDq
è Ensures better coordination between US and 

Europe
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Detecting dark matter with qubits
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Superconducting
Josephson junction

Qubit: two level system Photon
(comes from
Dark matter
        axion)

Readout using a
coupled cavity

copper cavity

Dilution
Refrigerator
based at 
Fermilab



Qubit based dark matter detector

B = 0, T = 10 mK

Axion cavity B = 14 T, T = 10 mK

readout
cavity

qubit/single JJ
nonlinear oscillator

𝝲

𝝲
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Photon # counting evades the quantum noise limit

Measure photon number 
=> explore particle like 

nature of light 

Dark matter detector work
in progress.



Qubit based photon counter
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mixed state
g ~ d.E:
Δ: ωq-ωc
g2/Δ: Stark shift

qubitCavity
Harmonic
Oscillator

readout
cavity

qubit
nonlinear oscillator𝝲 𝝲

two level system 

Non absorptive

photon counting

à Repeated spectroscopic measurement of atomic transition
  frequencies 
à exact photon number of the cavity state 
à presence/absence of axion signal photon

* GHz qubits probe ~ 10-5 to 10-4 eV axions



Qubit based photon counter

37

mixed state
g ~ d.E:
Δ: ωq-ωc
g2/Δ: Stark shift

qubitCavity

readout
cavity

qubit
nonlinear oscillator𝝲 𝝲

counts 
photons!

Non absorptive

photon counting

Photon shifts qubit transition 

Excite qubit at shifted frequency

Measure flipped qubit by 
monitoring

cavity line shift

Akash Dixit
U Chicago

two level system 



Qubit based axion detector
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B = 0, T = 10 mK

Axion cavity B = 14 T, T = 10 mK

readout
cavity

qubit/single JJ
nonlinear oscillator

𝝲

𝝲

Photon # counting evades the quantum noise limit

Challenges:
* Superconducting cavity not
   good at high B field
   -- Photonic Bandgap (PBG)
   cavity
* Coupling of storage cavity
   with the readout cavity tricky



Qubit based axion detector
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B = 0, T = 10 mK

Axion cavity B = 14 T, T = 10 mK

readout
cavity

qubit/single JJ
nonlinear oscillator

𝝲

𝝲

Photon # counting evades the quantum noise limit

Ways of enhancing the signal:

à Multiple measurements:
     Mulitple qubits:

à Stimulated emission (N+1
     enhancement)



Signal and noise rate
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DFSZ, 0.45 GeV/cc, B=14T, C=1/2, Q=5x104@1GHz, V=13𝜆3, crit.coup 

Assumes 
axion 
detection 
bandwidth 
∆f ~ MHz

N QND 
measurements 
dark rate =  
(10-2)N ∆f

Sensitivity 
limited only by 
signal photon 
shot noise.

Aaron Chou
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MEMS mirror allows for desired operating specifications:

42 5/11/2022 Kelly Stifter | QSC Summer School 2022

● ~1.5” x 1.5” scanning area
● <100μm spot size
● ~10μm position resolution
● O(100)Hz scanning speed
● O(μs) pulse width
● >10mK operating 

temperature

Focusing 
optics

Stationary 
mirror

MEMS 
mirror



Nature of Dark Matter
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For mass < 70 eV, Pauli exclusion principle causes dark 
matter clumps to swell up to be larger than the size of the 
smallest dwarf galaxies.  (Randall, Scholtz, Unwin 2017)

Wave like DM Particle like DM

Fermions: 1 DM 
particle per mode 
volume (𝝺deBroglie)3



Axion production

Fig 1:J. Ellis et al; arxiv:1201.6045v1 

• Global symmetry broken at scale fa 
    -- axion produced through misalignment 
       mechanism
    -- during QCD phase transition, trough
       tilted by ΛQCD

4

• PE ~ΛQCD
4 released, makes up dark matter

 -- oscillation of the QCD θ angle about 
      its minimum--vacuum energy to axions

• QCD axion mass ma~ΛQCD
2/fa 

                             ~ (200 MeV)2/fa

     --- fa unknown                               
ÞGHz frequencies at fa~ 1013 GeV scale
    

44

PE ~ΛQCD4



Axion searches overview

Graham, et. al (2016)
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Adapted from G.R, J. Phys. G (2017)

Axion searches overview contd.
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Analytic and lattice
predictions of the 
axion mass, given it
makes 100% 
Dark matter
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Quantum amplifiers

JPA

Josephson Parametric
 Amplifier
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dc SQUID

Why quantum amps.?

Intrinsically low noise (superconducting 
technology) 
Þ low resistance elements
Þ low thermal dissipation
Þ Add very low added noise during
     amplification
=> Tunable in frequency

Only limited by Quantum Noise

wpump

wsignal

widler

wpump

wsignal

JPA
⍵ modulated  
through non-linear
Inductor LJ

§ Energy transfer from pump to
     two normal modes of swing



What’s causing these dark counts?

Eliminated cosmic muon and radioactive background
from suspects since qp poisoning suppressed over
longer ~ a week cooldown period

Used similar device to charge parity device like QCD

Microfractures due to GE Varnish and mounting
glue on Si substrate causing phonon bursts breaking
cooper pair -> qp poisioning
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