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Abstract: Detection mechanisms for low mass bosonic dark matter candidates, such the axion or hidden photon, leverage potential interactions with
electromagnetic fields, whereby the dark matter (of unknown mass) on rare occasion converts into a single photon. Current dark matter searches
operating at microwave frequencies use a resonant cavity to coherently accumulate the field sourced by the dark matter and a near standard quantum
limited (SQL) linear amplifier to read out the cavity signal. To further increase sensitivity to the dark matter signal, sub-SQL detection techniques
are required. Here we report the development of a novel microwave photon counting technique and a new exclusion limit on hidden photon dark
matter. We operate a superconducting qubit to make repeated quantum non-demolition measurements of cavity photons and apply a hidden Markov
model analysis to reduce the noise to 15.7 dB below the quantum limit, with overall detector performance limited by a residual background of real
photons. With the present device, we perform a hidden photon search and constrain the kinetic mixing angle to & nbsp;a%oa 1.68A—104"15 in a
band around 6.011 GHz (24.86 1¥/€V) with an integration time of 8.33 s. This demonstrated noise reduction technique enables future dark matter
searches to be sped up by afactor of 1300. By coupling a qubit to an arbitrary quantum sensor, more general sub-SQL metrology is possible with the
techniques presented in this work.
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Outline of talk

Coupling to low mass bosonic dark matter

How to build a photon counter

Devise a protocol to overcome detector errors

Characterize photon counting detector

Use detector to conduct a dark matter search
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What's the deal with dark matter
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How dark matter might couple to electromagnetism

Resonant cavity to capture signal

Axi Microwave
Xion Photon

AVAV - 2Vava

Magnetic Field

Hidden Microwave
Photon Photon
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Dark matter detection strategy

arxiv:2008.12231

Photon Transport

Dark Matter Photon
Accumulation Detection
Cavity Cavity
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Count photons to subvert quantum limit

P P

Circumvent quantum limit by counting photons. Phase
space area is preserved.
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Outline of talk

@

Setup for detecting low mass dark matter

How to build a photon counter

[ ]

Devise a protocol to overcome detector errors

&

Characterize photon counting detector

Use detector to conduct a dark matter search
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Photon counting device
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Building a superconducting qubit

W, T + QXGTCL Oz

Josephson
~Junction

Harmonic Oscillator (LC) +
nonlinearity (Josephson Junction)
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Engineering the qubit-cavity interaction
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A qubit-cavity detuning

(¢ qubit anharmonicity
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Cavity occupation imprinted on qubit transition frequency
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Qubit transition frequency is photon
number dependent

Perform Ramsey type measurement

on qubit frequency to infer cavity
photon number
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Parity measurement maps cavity state onto qubit

tp = /(2X)
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Mitigate errors by making repeated measurements

| 1
H = wcana, + §wqaz + 2xaia,§az

Qubit-Cavity interaction is QND, make multiple measurements of the same photon
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Use hidden Markov model to describe cavity and qubit evolution

T =

b

Ro Rl Ri RN
| |E I |
1 | 1 1
qo0 q1 qi gnN
no T’ nl ....... » ni ....... » nN
Observations Hidden states
\ R; €[G,€ gi € [9,€]

Transition matrix n; € [0,1]

- qubit (108us), cavity (546us) lifetime E = Emission matrix

- qubit spurious population (0.05) - ground and excited state

- time between experiments (10us) readout fidelity (~0.95)

- qubit dephasing (T2 = 61us)

- parity time (tp = 0.4us) 16 arxiv:1607.02529
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Reconstruction cavity state

P(ng) = Z Z ZESO Rods0,s18s1,Ry -+ Tsn_1,sn Esy Ry

s0€[(n0,9),(no,e)] s

Observed readout sequence: § — &
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Detector response in the presence of zero photons

P(RZ) P(?’L0|R0,...,RN)
Observed Qubit State Probability Initial Cavity State Probability
1 e - _100
P(G) P(ng =0) |
P(€) P(ng=1) (10"
O_ ~
0 10 20 30 0 10 20 30

Parity Measurement (z) Number of Parity Measurements (N)
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Detector response in the presence of one photon

P(Rz) P(?’L0|R0, ,RN)
Observed Qubit State Probability Initial Cavity State Probability

1-
P(no = O)
P(no = 1)

O _

0 10 20 30 0 10 20 30
Parity Measurement () Number of Parity Measurements (N)

Exponential suppression of detector based false positives
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Outline of talk

Setup for detecting low mass dark matter

How to build a photon counter

Devise a protocol to overcome detector errors

Characterize photon counting detector

Use detector to conduct a dark matter search

20
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False positives are background events

Injected 1 = 8.2x107
400 total events

| SR

0 6 12 18

Counts
)

Photons detected when none are injected

Iniscted i = 5.8x10° Eliminated detector errors as a source of false positives
njectednn =5.8x10

6186 total events Entered a new, background limited regime
12
'S "’h ackground events e = 7 3 5 10_4
A |0
0 6 12 18

22

log,, A (Log Likelihood Ratio)
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Experiment is 1000 times faster with a qubit

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

23
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Background sources and mitigation strategies

Photons coming down lines

- more attenuation and filtering
- better thermalization of components

Spurious qubit excitations convert to photons
Sourced by terrestrial and cosmogenic radiation, high frequency

photons

- gap engineering
- quasiparticle trapping
- new materials (Ta, Nb, TiN)

TLS and maybe more

24
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Qubit based counting can achieve the most sensitive sub-SQL metrology

Ultra sensitive metrological measurement

Assuming mixing with qubit is dominant,
and P(heating) = 10-3, can achieve > 25 dB

=k

Corresponds to >10° improvement in scan
time
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Further improvements to protocol

Parametric amplifier

- Increases readout fidelity
- reduces readout time . -
- reduces readout cavity photon number

Meas. time
10ps — lus

Reset readout cavity with optimized pulse shape
- readout decay is dominant time scale in expt

A

Reset qubit between measurements
- P(decay |E) ~ 9%
- P(heatlng | G) ~ 04 % Qubit Lossy

Resonator

26
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Dark matter search protocol

Signal cannot build up while measuring (quantum Zeno effect)

30 repeated measurements

— —
Integrate dark matter signal| | \eaeind 15,141 experiments performed
J‘M_‘W AH& w %ﬁ _‘,W Total experiment time of 12.81 s
) | IL ¢ | Duty cycle of 65% (8.33 s of integration)
Ty = 546us 10415

> 1

Count 9 photons

k
What hidden photon mixing angle parameter
space is excluded by this observation?
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Detector is sensitive to off resonant and large amplitude signals

— Individual parity measurement

~——  Overall Detector

Efficiency

6.010 6.012
Drive Frequency (GHz)

With parity procedure, qubit can sense:

- Off resonant photons filtered through
cavity

- Large amplitude signals, with significant
odd number contributions

- Limited by bandwidth of pulses

Parity procedure tuned for excitations on resonance
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Constraining the Hidden Photon Dark Matter
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Integration with a scanning experiment

» Keep qubit fixed in frequency
L3
* QND interaction unchanged as cavity tunes

» Calibrate photon dependent qubit shift

31
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Further increasing sensitivity for dark matter searches

Use multiple entangled qubits for enhanced metrology
k

32
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Boosting dark matter induced signal

Novel materials/designs for high Q cavities

Use nonclassical cavity states for signal enhancement
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arxiv.ora/abs/2004.02754
33 nature.com/articles/s41467-019-10576-4
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Conclusions

the I_:)avid &
Lucile P cleard

FOUNDATION

Employed quantum information techniques/devices for
dark matter cosmology

Achieved 15.7 dB metrological gain, ~1300 X speed up
of dark matter searches

Unprecedented sensitivity to hidden photon dark matter
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