Searches for wavelike

dark matter utilizing

superconducting qubits

Oct 106, 2024
The University of Tokyo, ICEPP Tatsumi Nitta
for DarQ experiment



[NTTT 1Y T 111 WA iy .,

=R
<
ABRA

10 ecm

SN1957A

Solar v o

CAST
SITAFT

DSNALP MWD X-ray: G] Obl]] ar clusters_

Ecrmi-SNe - : - o IWSTR  11ST

Diffuse-ir

Blgichia
WINERED

VIRZ

e
Chandra = W\~

S fuonoviy
UOHESIUO]

JVIS XN Y

NCAPP =SB Tepy

XMM-Newton
NuSTAR ‘ I
INTEGRAL

AL ERURALL B SO L SRALLLL LA USSR LLLLE AR B LLLL AL S LA L

\L A WO .9 % 1 _6 .9 _ Ot I A Q ' 2 e & %, O T
107207407 407407407 407407 40740407 407 10 AT 407 4T 40 407 AT 10

m, [eV]

Axion Hunting So Far

DFSZ sensitivity

- ADMX

- CAPP

— Probability of discovery

IS too low, so far

Big money (huge magnet etc)
“partially” solves problems

New ideas and technologies
are necessary for discovery

We are Investigating
possibilities of
superconducting qubits
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Basic Properties Superconducting Qubits

As Quantum Computer ---

, vLarge EDM 0.1 nm i 100 um
-> 10° x atoms ’

e %
N, jectron < O(100)  Many copper pairs behaves
coherently
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1121 QUBITS
SCALE | YIELD

CONDOR

Qubit is a giant artificial atom
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Basic Properties Superconducting Qubits

As Quantum Computer ---

Driving |0)— 1) takes only 10 ns

vFast Readout 10
> 0(10) ns O
0.0

Variable drive time (ns)

1121 QUBITS
| YIELD

SCALE

Qubit is so fast
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Qubits

Basic Properties Superconducting
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vLong Lifetime
> 0(100) us

As Quantum Computer --:

year
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Relatively long coherence time



0

Basic Properties Superconducting Qubits

As Quantum Computer ---

~ 107 W
@100 Hzs1s,

- vLow Noise
~>mK & shield  Qubit is in ultra low noise environment

1121 QUBITS
SCALE | YIELD
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Basic Properties Superconducting Qubits

As Quantum Computer - As Quantum Sensor -
vLarge EDM v Strong coupling
-> 10° x atoms to signals
vFast Readout vLLow readout
> 0(10) ns o error
vLong Lifetime vEasier
: 4 -> O(100) ps o operation
g °“ /Low Noise vDont miss

LLJ
=
-
-
N

> mK & shield tiny signals



Superconducting Qubits

Circuit diagram
of Qubit

Energy level

- LC resonator which L is nonlinear

Nonlinearity makes anharmonicity (e,)

— Easy control from |0) - | 1)

Qubit in real

- Nonlinearity comes from

Superconductor
T
1/11/' @

Made by Al-AlOx-Al



We are making qubit ourself

Qubits for Qubits for
guantum computing + guantum sensing

Design  Simulation Fabrication Packaging Measurement

25 |
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Qubits are utilized for DM searches

Single photon Cavity tuning by Direct excitation
] I Moroi+ PRL. 131, 211001
counting Lamb shift —
. Aaron et.al. - - Waves ~——
PRL 126 141302 (2021) ~ X
) L ~ | T

D_ark I\_/Iatte_r

¥

b Qubit Excited State Probability 5 88 >
1.0 =
n=2 n=1 n=0 1 >
05 N &9 2X @Q% % 8.6 - § S
% L
Y g5 .
] ‘vl,-_,\‘_ ¢ 050, ‘/” w w : \\\\ ()>
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Frequency (GHz)

Highest sensitivity Easier scanning

For easier scanning



Cavity QED
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Dispersive readout
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Cavity fre'quvenvcy'

0,
A h = 76102 + a)ccﬁa + g(o,a + a'c))

#ih = (0, +gA) 012 + (0, + g*/Ac ) a'a

- Dispersive readout
the standard method for guantum computing

- Direct excitation experiments utilize this interaction
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[Lamb shift

0,
A h = 76102 + a)ccﬁa + g(o,a + a'c))

#ih = (0, +gA) 012 + (0, + g*/Ac ) a'a

1e9 Cavity-Qubit ModeCrossing

cavity->qubit
— qubit->cavity

- Iin-ear_lir{e,=f=8..616GHZ A — a)C - a)q Changes a)C

=SS — w, can tune by tuning w,
5 o]

The tuning range Is determined by ¢

13
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Lamb shift experiment

Dark Photon
Waves

T A
T N
- T

:

Readout by like a
standard DM experiments

Solenoid Coll

Tuning of qubit frequency Is easy
Just applying external small magnetic field
to the squid loop



[Lamb shift simulation

i3 E+11
l 9 E+10
8.6667E+10
8. E+10
7 E+10

Interaction Maximum

N
; E+11
l 9. E+10
8.6667E+10
8. E+10
7 E+10

Interaction Minimum

Courtesy of Kan Nakazono
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Direct Excitation

Dark Photon
Waves

(((

Readout ~ 1us

Excitation with pges x 0(10° — 107)

T = 0(100 ps)

—
—

Pge = 0.12 X K?cos*6 (

10-11/ \1 GHz/ \100 ps

0.1 pF/ \100 um/ \0.45 GeV/cm?

iIdea from Moroil +, PRL 131.211001

1. Dark photon converts to E-field by
any metal surfaces (ex. shield of qubits)

2. Qubit state is driven from |O> to |1> by
the E-field It the qubit frequency matched
to the E-field frequency
~ Dark photon Compton frequency

3. The state is read out by dispersive readout
(exactly the same way as quantum computing)

Courtesy of Karin Watanabe






We can do both experiment with the same setup!

Setup

swittch 300K : 50K 4 K 800mK 100mK 10 mK
— S21 '
VNA —o @? - 6dB — 10dB 6dB [ 10dB H 20dB
E5063A | ® test 1 /)|</
HoItzworth:
: AV,
| Current for modulation
Yokogawa | | g y
GS200 : | wea
: 5 Cavity
N\ | K
i T lstrong
CXA — 6dB —10dB 6dB — 10dB H 20dB @ Circulator
N9000B N
O  19dBx2 : 37dB l
: 2.0
= < i @ . aY
Switch AMP X2 E HEMT 4 Low pass filter

Room Temp. !in Fridge. Courtesy of Kan Nakazono
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Lamb shift experiments

Tunable qubit frequency . 20
3
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Qubit Frequency Cavity frequency
Courtesv of Kan Nakazono



Lamb shift experiments

parameter value explanation others

M A Resonant frequency dark photon mass 8.733 GHz=36.1 peV

pA 0.45 GeV/cm? dark photon density SJ Asztalos et al. (2001)

5] measured antenna coupling

b 200 Hz bandwidth setting of spectrum analyzer
Tsys 3. 76 K system noise extrapolate hotload measurement
Vers 3.15cm? effective volume V % formfactor

QL measured (loaded) quality factor

7 0.98 attenuation factor

N 100 sample number

Par = nx*marpaVerrQrL o
B+1
Pnoz'se ™~ kbstys
VN

Courtesy of Kan Nakazono
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Lamb shift experiments

90% exclusion limit ~
~ ~
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Courtesy of Kan Nakazono
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Aaron et.al.

Future plan for Lamb shift

2 PRL 126 141302 (2021
4
e .I'f Dark Matter
— — ‘ D Storage
b Qubit Excited State Probability
10 n=2 n=1 ) n=0
: : 0.5 - Y.
dlengn-100mm . |ncreasing the size of N’
107 + e 0.0 o= - -
"o pads lead further strong AT TS 4T
coupling
— 1-2 GHz tuning is o
bossible at least in Much better sensitivity
the simulation would be realized by
combining with single
Ultimate coupling could be

4 ' ' realized by galvanic contact photon counting
mode [GHZ] Noguchi+ 2016



https://iopscience.iop.org/article/10.1088/1367-2630/18/10/103036/pdf

Direct Excitation Experiment |
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Courtesy of Karin Watanabe
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Direct Excitation Experiment |

101 GHz

10~

s

3
p—
-

8888888888888888888888888888
sssssssss

.
-
|
p—
o

Kinetic mixing

L |ev

104

.
-)
|

p—

N

p—
3
Q1

Courtesy of Karin Watanabe



Future plan for direct excitation

Sichanugrist+

: f (GHz) arxiv
Morol +, PRL 133, 021801 s 101 2407 19755
t'i tll t|2 tuf 10719 I
: i T i Upwm i Ti A T/‘\ 10_11
—{H P : Upwm : S, : > 10712
I I I I D i
o | T & o M & T i o 10 + h |J _______________ 2
ensors, [g)" 1 | | | | 1014 e T T
. . < I - =
[ | | e
H U —P | St 10—16
»—EH & i Upwm i S i 10—17 L

T
Axion mass m, (eV)
Off course we want to search

axion
— Applying magnetic field
In parallel to O(10) T

Entangling N qubits with CNOT gates

leads sensitivity increase by N?
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Towards Axion Search

Photon transfer B-field tolerant qubits
Pros: Easer, Cons: Potentially lossy Pros: No loss

Haloscope (b) SMPD Cons: More difficult

frequency

¥ B_field

SMPD tuned

(C) with haloscope
~\— Qubits worked atleast 1T
S md
e SN J. Krause et.al., Phys. Rev. Applied
5f (MHz

arXiv:2403.02321 17, 034032 (2022)
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Difficulty

Nb, Al, Ta

- Critical field
- Suppression of Josephson effect
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Solution: All-nitride qubits

T. Polakovic, APL Materials 6 (2018) 076107

NbN 240 nm film

e 12K e 133K

6T e0 0.5 - e 125K e 138K

MEINDTIN 300 nm

JJ"{" NbN 2008slas JJ2 &
NI NN 150 nm

(100) Si substrate

Oy
o
1

IS
o

Upper critical field [kOe]
W
o

—~ |
2 o Data 20 -
= Fit .
S 6 .
©
S’
E 4 o O— I I I I I I I I
c e . 1,=18.25+0.91 us 12.00 12.25 12,50 12.75 13.00 13.25 13.50 13.75
o 2 T | 4
.U—) J g P}r-" .',‘.,;,évi-- -‘J 2 Ro o Temperature [K]
0 | | | w1 1 | $6°%

10 20 30 40 50 60 70
T (MUS)

Nitride has high Tc2 — We don’t have to care about critical field


https://www.nature.com/commsmat
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Suppression of Josephson Effect

single JJ under high B-field Lmax' Lo

Fraunhotfer
diffraction

>
From “Superconductivity An introduction” Mangin - Kahn -3 -2 -1 0 1 2 3 @5/

10T =1 flux guantum / (14 nm)"2
— Have to keep the cross-section to the magnetic field small
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Frequency (GHz)

< ™M N —
o o o o
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0.0

Current Status




Summary

Superconducting qubit is a promising platform for DM search

- We did two experiments
- Direct excitation (Lead by Karin Watanabe)
- Lamb shift tuning (Lead by Kan Nakazono)

- We are working on
- Larger electric dipole coupling qubits for wider tuning range
for Lamb shift & better sensitivity for direct exitation
- Applying strong magnetic field in parallel to thin film for axion
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