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Outline of talk

o Dark matter could couple to electromagnetism to produce photons
 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



How dark matter mignt couple to electromagnetism
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Resonant cavity to capture signal
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Dark matter detection strateqy

arxiv.org/albs/2008.12231

Photon Transport

Dark Matter Photon
Accumulation Detection
Cavity Cavity


https://arxiv.org/abs/2008.12231

Count photons to subvert quantum limit

v v

Circumvent guantum limit by counting photons. Phase
space area Is preserved.



Outline of talk

 Dark matter could couple to electromagnetism to produce photons
 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




Photon counting device

Storage Cavity 6.011 GHz
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Readout Cavity 8.052 GHz **-......,.

Sapphire Chip |, _  \ ~ 1 crvrereeeenenss
w/ Qubit 4.749 GHz
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Operated in a dilution refrigerator @ 8mK
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Bullding a superconducting quplt
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Harmonic Oscillator (LC) +

nonlinearity (Josephson Junc
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Customize transition frequency
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ENngineering the qubit-cavity interaction

/A qubit-cavity detuning

& qubit anharmonicity

Transmon qubit

X = ’
(A +a)?
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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

Perform Ramsey type measurement
on gubit frequency to infer cavity
ohoton number

Frequency (GHz) 10



Parity measurement maps cavity state onto qubit

w/gﬂﬂ“\% ty = 7/(2x)
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Counting cavity photons
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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)

10 20 30
Number of Parity Measurements (N)
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Mitigate the 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

Parity
_ Measurement
Cavity —|hb———onodfpoiio— e
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Use hidden Markov model to describe cavity and qubit evolution

b
Ry Ry R; Ry
4o d1 q; qN
’n/() T’ nl ....... > nz ....... > nN
Observations Hidden states
Ri < [gvg] q; © [976]
n; < [O, 1]

1 = Transition matrix
- qubit (108us), cavity (546us) litetime
- gqubit spurious population (0.05)
- qubit dephasing (T2 = 61us)
- time between experiments (10.4S)

£ = Emission matrix
- ground and excited state
readout fidelity (0.95)

15 arxiv.org/pdf/1607.02529.pdf


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

Cavity state reconstruction

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

so€|(n0,9),(no,e)]

Observed readout sequence: ( — &

v Vv X V v

ﬂ G D¢ N ﬂg@e ﬂ G D¢

or
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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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Number of Parity Measurements (N)



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 Dark matter could couple to electromagnetism to produce photons
 How to bulld a photon counter

e Devise a protocol to overcome detector errors

o Characterize photon counting detector

e Use detector to conduct a dark matter search
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Calibrate photon injection

13

ﬁ:l.gp__—-—-—-—-'\f*f\f\ Coherent drive of variable length and amplitude

Perform spectroscopy of qubit to infer cavity population

T W R R i, T —

n="7.6x10"1

-xtract photon number distribution

n=>54x10"1

n=41x10""1

IR VA
S VA
Zfﬁ?iiﬁiww '\
““"““’:‘/\ A

n=091x10"2

n=4.8 x 1072

n=6.7x10"3

4.740 4.744 4.748
Frequency (GHz)
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Detected photon occupation vs injected photon occupation

10°
15.7 dB advantage over SQL Rst > \/Rnt
I\ — 1 5 ~1300 X lower background rate than SQL
. thresh 0 ° = 1300 X less integration time required
@
-
S 10° o -
- ' —1TIcienc
N é — y
S n = 40.9%
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O 4 ®
False positive probability
-4 - B
107 4, — - 0 =4.3x107*

0 10°  10° 10
Injected N
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-alse positives are background events

Injected 11 = 8.2x10°

4
400 total events
o Ml 0 INL L AR B

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

—liminated detector errors as a source of false positives

. Injected . = 5.8x10° e ok S lrmited req
6186 total events nierea a new, Dackgrouna limited reglme

Counts
N

Biackground events

I I
0 6 12 18

logo A (Log Likelihood Ratio)
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Background sources and mitigation strategies

Photons coming down lines

- more attenuation and filtering
- better thermalization of components

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

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

aip.scitation.org/doi/10.1063/1.4984894
TLS and maybe More journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.11.014031

journals.aps.org/prb/abstract/10.1103/PhysRevB.94.104516

www.nature.com/articles/s41586-020-2619-8

journals.aps.org/prb/abstract/10.1103/PhysRevB.100.140503
23 journals.aps.org/prl/abstract/10.1103/PhysRevlett.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

Furtner improvements to protocol

Parametric amplifier

- Increases readout fidelity

- reduces readout time

- reduces readout cavity photon number

Reset readout cavity with optimized pulse shape | - |/
. . . . % VAR
- readout decay is dominant time scale in expt | V] i

vvvvvvvvvvvvv
- - -

Reset qubit between measurements
- P(decay) ~ 9%
- P(heating) ~ 0.4% Qubit Lossy

Resonator

24



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 d

Corresponds to >10° improvement in scan
time

3

Metrological gain (dB)

16 [
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12 |

10 |

* Dixit et al, 2020

17 Trapped lons
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Sackett, 2000
] Meyer, 2001
Leibfried, 2003
Leibfried, 2004
Leibfried, 2005
Monz, 2011
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Bose-Einstein Condensates
16 7] Gross, 2010

8] Lucke, 2011

9] Ockeloen, 2013
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Strobel, 2014
Muessel, 2014
Kruse, 2016
Zou, 2018

* 6 Cold Thermal Atoms

14]
- * 15

* 14 16

Leoroux, 2010a
Louchet-Chauvet, 2010
Hosten, 2016

131 1 Superconducting Qubit
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Nv (Number of particles x Number of measurements)
25

e [17] Dixit, 2020

journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.035005


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.035005
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Dark matter search protocol

Signal cannot build up while measuring (quantum Zeno eftect)

30 repeated measurements

—

Integrate dark matter signal

Y
N—

Ty = 546us

-

Measurement

Parity

_______________

—\ e
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5,141 experiments performed
otal experiment time of 12.81 s
Duty cycle of 65% (8.33 s of integration)

\

\ —
\
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_________

Counted 22 photons

Dar
exc

K matter candidate t
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> 1

nat could produce 29 or more photons
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Detector is sensitive to off resonant and large amplitude signals

—— Individual parity measurement

Overall Detector

e 7N 7~ With parity procedure, qubit can sense:

- Off resonant photons filtered through cavity

Efficiency

o
&)

- Large amplitude signals, with significant
odd number contributions

6.010 6.012
Drive Frequency (GHz)

Parity procedure tuned for excitations on resonance

28



Constraining the Hidden Photon Dark Matter

Hidd i /
e Moo log1o[m/ /GHz
/\/\, € "N\ -6 -3 0 3
4
-8 )
o | (GHz) -
o 6.00/ 6 011 6.016 -
— -3
o0 _
O _ _
s S _9_
70
3 _
| -151 € > 1.82x10"5 excluded with =T
16 | 90% confidence at 6.011 GHz | - - ~ Region predicted
: 24 .84 24 86 24 .88 from cosmic inflation
-14 10 -6 -2
lOgl() [mvz/eV]
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Further increasing sensitivity for dark matter searches

T o T e e e
) FTSRTRE DR e s L T S

Investigate and mitigate photon backgrounds

Use multiple entangled qubits for enhanced metrology

30



Boosting dark matter induced signal

Novel materials/designs for high Q cavities

Use nonclassical cavity states for signal enhancement

4 5
n-Fock state

arxiv.org/abs/2004.02754
31 nature.com/articles/s41467-019-10576-4



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

Conclusions

the David &,
LucileDq ke qrd

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

Manuscript: arxiv.org/albs/2008.12231

WENT O . D .C j_t Z k e .C
*“ “%v U.S. DEPARTMENT OF Offlce Of

DENERGY ... Nanofabrication

Cacility
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https://arxiv.org/abs/2008.12231

Number Parity Measurement to Determine Cavity Photon Number

1. Place Qubit in
superposition state

-
o

2. Qubit superposition g
precesses at 2y in the QU
presence of cavity photon E:

O
o

O
S

3. Wait (460ns) for state to
rotate halfway around the
plane

—
N

¥/ \
\
& &

0 500 1000 1500 2000 2500 3000

Qubit excited state probability

Time (us)
4. Project state onto z-axis T

2xt =T
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Forward Backward Algorithm

Forward-Backward algorithm allows us to determine the hidden state probability
P(ni\Ro, Rl, ooy Rz’; cees Rn) X P(nz\RO, Rl, co: Rz) X P(Ri—|—17 Scoc Rn|nz)

L--~ Forward '
P(n;|Ro, Ry, ..., R;) Z E(n;, R;)T(n;—1,n;)P(n;—1|Ro, R, ..., Ri—1)

n; —1 ’

» Backward

P(Ris1,..o; Rulni) o< Y P(Rit2, .., Rulnit1) E(nigy, Riy1)T(ni, nig1)

Ti4+1
https://arxiv.org/pdi/1607.02529 .pdf
https://web.stantord.edu/~jurafsky/slp3/A .pdt
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Qubit Spurious Excitations Produce Dark Counts

No reset
—e— Jlge = True
—e— Jlge = False
| 0 20 40 60 80 100
Time (ns)

Ratio of oscillation
amplitudes

Ratio of ground/excited
state populations
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Cool Qubit with Lossy Resonator Mode

Qubit | ossy Resonator



Qubit Spurious Excitations Suppressed with Cooling

No reset

A

—o— Jlge = lrue
g

—e— Tlge = False

0 20 40 60 80 100
With Reset

Ratio of oscillation

amplitudes - /\

Ratio of ground/excited
state populations

—e— Jlge = True

0 20 40 60 80 100
37 Time (ns)



Suppressing Spurious Qubit Excitations
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