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Outline of talk

o Dark matter and detection mechanisms
 How to build a photon counter
* Devise a protocol to overcome detector errors

o Characterize photon counting detector

e Use detector to conduct a dark matter search

* Improvements and future experiments



What's the deal with dark matter

Sun, Earth,
you, aliens, .




| ots of iIdeas for what dark matter Is
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How dark matter mignt couple to electromagnetism

Ay Microwave |
X10n Photon Resonant microwave
/\/\j g NSNS cavity to capture signal
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Dark matter signal scales poorly with frequency

Signal scales with volume of cavity

Current searches are probing mass ranges O(1ueV)
V ~ 1/QueV)’ = 1/(500MHz)"

To probe higher mass ranges O(10ueV)
V ~ 1/20ueV)’ = 1/(5GHz)’




Linear amplification noise overwhelms signal

Can't measure both components of

field with arbitrary accuracy,
Helsenberg uncertainty principle




Count photons to subvert guantum limit

~N T

Measure only signal amplitude

No information about phase |
Amplitude

|[deal for determining it dark tm{a
matter deposited a photon
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Outline of talk

 How to build a photon counter
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Photon counters exist for high energy photons
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Photon counting device
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Bullding a microwave cavity
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Bullding a superconducting qubit

¥ L Josephson
*Junction

Harmonic Oscillator (LC) +
nonlinearity (Josephson Junction)
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ENngineering the qubit-cavity interaction

/A qubit-cavity detuning

& gqubit anharmonicity
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Operate device in very cold environment
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Cavity occupation imprinted on qubit transition frequency

1
H = w.a'a+ §(wq + 2va'a)o,

Qubit Excited State Probability

1.0

Qubit transition frequency is
photon number dependent
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Parity measurement maps cavity state onto qubit

w/gﬂﬂ“\% ty = 7/(2x)
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Qubit makes too many errors
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Spurious gubit excitations are dominant source of errors
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Outline of talk

* Devise a protocol to overcome detector errors
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P(In,) | Ry, ..., R,) (Initial Cavity State Probability)
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Mitigate errors by making repeated measurements

1 1
H = wcaTa | §wqaz + QXCLTCL§O'Z

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

b
Ry Ry R; Ry
I SR I
qo d1 q; dN
’n/() T; n]_ ....... > ni ....... > ’n/N
Observations Hidden states
Ri ~ [gag] di - [976]
T = Transition matrix n; € [0, 1]

- qubit (108us), cavity (546us) litetime C — 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 = 0.445) 22 arxiv:1607.02529



https://arxiv.org/pdf/1607.02529.pdf

Reconstructing the cavity state

P(TL()) — Z Z ZESO Ro S0,51 81 Ry - TSN—l,SNESN,RN

so€|(n0,9),(no,e)]

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

P(RZ) P(TLO‘RQ,...,RN)
Observed Qubit State Probability Initial Cavity State Probability
0 10 20 30 0 10 20 30

Parity Measurement (;)
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Detector response in the presence of one photon

P(R;) P(ng|Ro, ..., Rn)
Observed Qubit State Probability Initial Cavity State Probability

1 -
P(TL() —
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

o Characterize photon counting detector
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Detected photon occupation vs injected photon occupation
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-alse positives are background events

Injected 11 = 8.2x10°

é}z 400 total events . ﬁb _ 73 o 10_4
ol BN

0 5 15 1|8 Photons detected when none are injected

—liminated detector errors as a source of false positives
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Dark matter search is 1,300 times faster with a qubit

RSI > Rbt ﬁSQL __
l‘>& T_Lb:73><10_4
Rs

Integrate until signal is larger 1,300 X lower background rate than SQL
than background variance = 1,300 X less Iintegration time requiread

29



Outline of talk

e Use detector to conduct a dark matter search

30

logm [m7/ /GHZ]
-6 -3 3
4l cMB() Production
CMB (2)
m (GHz) : y
8] 6.000 6.011 6.022 N~
w -7 g \
: g g F
20 s l ' | Qubitbased
— 120 & -11 photon counting .
E _
15| €>1.68x10" excluded with J
90% confidence at 6.011 GHz -7
16 | 24.81 24.86 24.91 . | |
ey (peV) - R b caomme ton
14 10 6 2
logig[m~/eV]



Dark matter search protocol

Signal cannot build up while measuring (quantum Zeno effect) Number of

! 15,141
experiments
30 repeated measurements - :
P Experiment time 12.82 s
— —
Integrate dark matter signal MeaZﬁ:iet}r/nent Integ ration time 8.33 S
jj \J)/jg_‘ ‘ | | Duty cycle 60%
Ty = 546us 10us Photons 9

> 1 counted

What hidden photon mixing angle parameter space is excluded by this observation?
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Constraining the Hidden Photon Dark Matter
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.103520

Hidden photon search: Run 2

U - U 2 5 Run | Exclusion
%D 1078 | Run 2 Exclusion
Backgrouna 7.3 X 10+ 3.7 X 10+ o0
Population S 1n-=10
Number of k= 10
. 15,141 700,000 =
experiments
s 10717
Duty cycle 65% 80% z
-g-. 10—14
.
Photons counted 9 130 =
a . . . .
Search speed up 1,300 X 2 700 X 24.858 24.8[5);9\/I 214\1&860(24..861 .’i;l).862 24.863
ass (micro-e

Run 1 constraint
Run 2 constraint ¢ < 5.22 % 10710
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Outline of talk

e Improvements and future experiments
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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 ny — 1077

- quasiparticle trapping l

- new materials (Ta, Nb, TiN)

TLS and maybe more 100,000 X Lot P 21 e o
search speed up Phys. Rev. B 94, 104516

Nature 584, 551-556(2020)
Phys. Rev. B 100, 140503(R)
35 Phys. Rev. Lett. 121, 157701



https://aip.scitation.org/doi/10.1063/1.4984894
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.11.014031
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.94.104516
https://www.nature.com/articles/s41586-020-2619-8
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.100.140503
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.157701

Boosting the dark matter induced signal

Build high Q cavities Use nonclassical cavity states
compatible with B-field for signal enhancement

n-Fock state

arxiv:2004.02754
36 Nature Communications volume 10, Article number: 2929 (2019)


https://arxiv.org/abs/2004.02754
https://www.nature.com/articles/s41467-019-10576-4

Electronic tuning of cavity for hidden photon search
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Searching for axion dark matter

Magnetic field
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Dark Matter
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Conclusions
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 Employed guantum information technigues/devices for
dark matter cosmology

 Achieved 15.7 dB metrological gain, ~1,300 X speed
up of dark matter searches

* Unprecedented sensitivity to hidden photon dark matter

 Manuscript: Phys. Rev. Lett. 126, 141302
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Thank you!
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