ooooooooooo

v
vvvvvv

BicEEFE
FEY MNZ2E>T-EF

FREF IR
20254
22, M
tcro worksho
p on
Quantum detection of (dark)
ark) waves @7
TAPRF

L, B
y 1 "

i

—



[
Ay

i

Jp
=

o BZEEFEY h&IF

O t\/'lj'—é: b—(@ht\ 3

0o H—IJ XY —EFERNDILFE




BIEEEFEY b = ¥ F VIS A TCIERFZLCE R

ha

%q ~ ha)qafa +—atataa
2
?
Al
C E] AlOx

\

Josephson junction
(200nmx200nm) Josephson junction (JJ)

o BILE — BURR L

3)
12)

1)

10)

FESBFOME: @, ~ (20)%/2C

\ /

\ /$ hay e +6ha,

i haw, o +4ha,

\ / ho; - +2ha

o FVF Y (<100mK) = B/ A X << BEALER LAV T U —DIRILF—

- EFEShEABOIRILF—DRZS

o Vgt TV VIESDIEREIETIERMIC RV 73 qubit

==

A

- ERDIRILF—ZEICTFTIER N A DR R

SEE: 1-10GHz



| 2) & | e) DYIBRY G IREE

Ej/Ec = 0.1 ("Cooper pair box")

1 _l 1 |_
2 - 2 . — —|g)
Hq = 4Ec(N — Nexi) — Ejcos . > 0
| / N\ HEBER/NA F R i le) —
capacitance pad e Next=0
I\ 24 — ) — I D (charge noise® &) -1F, : -
-5 0 5 Kwon et al.
N
s — N 2
EERE: |g) — IR E: | e)

7 —I\—=xt (FHERICF) ECICH

B E - THULVIREE
\_ AN

=D

7—) \—3@1?]‘@?&@ - &

B/ A RICEBEUX

/

ERRIFE
K = %R capacitance pad =5 < & ICHEY

(L

[/ A XMEZERT 2O E; > > E, TP3Z D% ("transmon”)


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjF6O6p-qD_AhWPB94KHdliA2EQFnoECAoQAQ&url=https://pubs.aip.org/aip/jap/article/129/4/041102/957183/Gate-based-superconducting-quantum-computing&usg=AOvVaw2bb5YTg7launYkTSgtWb9U

ERODE YDV or YD 7 A VEMRECTILS DEEAER

y-m  HEES)

T,

RRAE e

"//\\SI-®:7¥H: "T“{/E%

2. 0y S.0mm X200




JosephsoniZE&x2 =SQUID - ZRAMNTES

Ejeff (Pext) = \/ Eﬁl + EIZ,2 + 2E; 1 Ej 5 COS Qeyys

SQUIDIL— 7% B < BET E, B\ BEITE 2
- BEFEY NOBREHIEZ SN

Josephson junction

superconducting chip close up:

—

0.2 mm

flux-bias line

|g)

input / output SQUID loop | SO \
2D3E%E: DCER R 3DEE: A1 IILEL T



CavitylcffastE 5

e U ED DI

2D

5mm#S

cavity = CPW bus/resonator

: Vv I : :
N300 0 NNV RN AR R R R R R RS

/////

. NV S A

/' ///[ N .
i \ :
Lad
B V7077
51 E P:_ﬁ:.ﬁj‘:___/]
el e
. '~‘=‘=k .P 7777 .......

oot OUtpu
LL. a :
Input
rZz
LA
PAIL L1
QY
f cavi
v s
e PN
'{Ef’f’;%’f’f’j,' NV
22 qubit

FleN=ANONE
EF1Ea1—4~—dZ -5

3DEE

v

7 7 A VB

qubit

X E

3D cavitylc ANl 5

=+
=

EFEY kon
BOTVyY

N Cavity (FILS)




fjavdC) AR REDEL S 2T 38R (~10mK) ICH 3T

ﬁﬁg;;tvhm

oy A VEEROT ) v

tE $

Cavity (77J)L )

j

A ERE L

HlfE - HeAHH U IENY AU 0K (RF) OB TITS

Coax CO., LTD.



SFEY NDIREEIEIE [0> = 1>

HIEI S5 V17 AiKZ$TD — RabilRE)

Jaynes-Cummings Hamiltonian

h
Hic = %az + hwea'a + hg(ora + CLTO'_).

free qubitH  free photon H qubit-photon

interaction

g: coupling constant ~ p - E (u: qubit electric dipole moment)

le) = W1-Wo

¥y,

2.0 1

on-resonant off-resonant
15 -
4z

10 -

0.5 1

0.0 1

® data ﬁ
best-fit 00

Omega'ﬁlt 9. 192 1E3/x.4.

tau fit#9490. ‘%2 X_U.
pi=5#341, pi2=p6.626

| ¢) population (a.u.)

50 75

100 125 150 175 200

K4 JDRSE [ng]

9



Hiras D
EFEY NORREICI U THIR

HiRérz B U TEiHHT

EFEY MEL - HIRE-NOEBEHES

w

HRBNEDS

— )
|nV=1 >¢T“""ll=::::::::::: ---------------- |nv=1 it
"“::}:. ............... -z |ny=1 , g>
“““““““ e 1o vt
“““ Wc
o> _I_ ------ e, S L¥ Im=0,e>
wq ‘.‘w ““““““““““ Lid T
|9> g e - |nY=O! g>
qubit cavity cavity x qubit
- J

Transmission (arb. units)

/\

HIRIFDO YAV OREBSER
2g2/A

phase, ¢ [deg.]

Tt
r - g4, D + GUA

IR DAL
2g2/A

T 1
r - g%/A Wy + g%/A

| [(mV]

e

E-field of
the cavity

" Dipole moment
of the transmon

&K DA (1/Q planeZR R

00008 [
0.0006 |-
0.0004 |-
00002 |-
0.0000 |
-0.0002 |-
-0.0004 |-

-0.0006 -

A sin(wt + ¢) = Isin(wt) + Q cos(wt)

-0.00050-0.00025 0.00000 000025 000050 000075 000100 000125

Q [mV]
10



dAe—L 2 RAKHE (EFEY b DFEn)

Sy g

HHEFD (T4): |le>—|g>BiRIEE e FOOXR & IFIFEE
BAREH. 7 —/\—XENS ("ERFER"
HHMHRO L DEOED L WLW2EERI R (TLS) & DS

TEEEF (T2): [e> & |g>DIREDHERIAED F >~ F Lk
IXIF—ELDTL ERFE
Charge/flux./ 1 X, cavityNDIRE T, ZERIFHEBR E

Miuiller et al. (2019)

tunneling
atoms

-

.,
.
PN e

et
TN
- .
\ij
Hydrogen A
rotors nosition

BARAREZINZ D cHD

PEIT 7PADOEFRTY MM EKBTLS
7 A DEFK Fyv 7 EBSHADE 2DEE)

(b)Longitudinal relaxation

Excitation Relaxation

= N
N\
\
[ E [
i\
1 TN
1 o
: >y
[/
X ’ Transverse
7/ .
A / noise
/
Transverse .

noise 1)

(c) Pure dephasing
A | ongitudinal
Z noise

Pure

Dephasing \\\
[o ‘\\
e .
I

= [

Fv I7ROERETE—RN
(2D3EZ)


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwih8-ui96D_AhWkmFYBHf_mDb4QFnoECAwQAQ&url=https://arxiv.org/abs/1705.01108&usg=AOvVaw1gYapZ3LtiozpZEKhEaPtb

Je—L Y ARKH (EFEY bDFm)

. Sidiqqi (2021) 5 0O _ A4>) JayGambetta
A (2] m@— ) o % ks ©@jaygambetta
m
4| | O JJ-based qubit x5 -§ E/ c —o , - L o
10" [] Bosonic-encoded qubit -% uO_ g g 5 g% Brgélilr:g }thfrcln\J’gh the millisecond barrier with our single junction transmon
X Error-corrected qubit - x 49 - § o8 YIBMResearch
o =5 " =C f
10° - = ¢ <« 8 Z Do
(A - n’,’ !
£ %‘ &/ -F." / >< 3 XJ T1 M6
— S 'l u H X
102 | : _‘: : Q é ‘ |_”; *\\ Il
— € S 28 T g U
=2 \ ]
) £ 35 S 2% e f ! T,: 1100.6 + 60.5 ps, °: 0.9
= c
v 10'F 5 & = Sw A f — 4
€ 3 X 6 = | el () |
= 5 2 gadiamms -y VU 5 7 2 L
] ) = 9 o c Gatemon 0.6~
S 1 o) N v N g (@] . L
= = i c g E (semiconductor) i
.E g. by () S 2 < L
Q. < ] omm © 0 4—
W3 i 5 F 1
107 o £ © X 3
0 ; T 3 = S »
8 ',r/’ c LL OEL
-2 ~ © Ll 2 Gatemon :
- 0 500 1000 1500 2000 2500 3000 3500
1073 l 1 l 1 l 1 | 1 L 1 > S
2000 2004 2008 2012 2016 -
F#8:57 - 2021555 20H
Year

204 CToHTHE

JA RlcmWTHa = i

— < S o = 74 - INAR LY e
e.g. N\ T VXEY - T KIBHE PRI 7 AZ7E W Nb, Ta BESCEMZMILTEDS

i e e FR L4514 & UN: TiN, Ta, NbN, AIN - e
AFEEIBD /1 DIEH - &SICHEoTELR

. N REZEN\V: TEREKETIN
—)UR,(EOR/INy T —I >y

JAXT 1) —, Purcell 7 1 LY — FFT O ADBR



https://www.nature.com/articles/s41578-021-00370-4

Y —IvH



BInEEFEY hEYY—0D5H

RKFEDBEE FFDxO(109) EDM: u ~ Qd
o BRERN NV ORK) OtYY—Iich?
d = O(0.1Tmm)
o EEBEEIEERAEL TES NR]

macroscopic

BWERHBERETEED 1R T2HTW\ T 5
o0 0.2-20 GHz
o REHICHIRE ERE) TH D BAS i

Ae—L2YARBZARBICELSIEW HcaEdsHma

o &> L EFHEIFIRIRE Z X THEARV (W irfidelity = dark countt®Z2)
eg. ZEY RNDIVIVTILAY K

OHWICWS EZIHWESNDETED I ENELIT
Google/lBMOEF AV E 2 —5 —I3FDKEAEDEDDH S

14



B—VYM70K&RLaE UTEDS

Shift in qubit frequency: number splitting Kwon et al.

1)

fi =2 2)

= ave. photon number=2 ”

£ 3)

c |
g :
4 ;
5 |
PERCEEN U

Drive frequency

o CavityRIc W3 HEFHIC &L > TqubitEREH ED S (ac Stark shift)
KiEnfEphoton\L\ /e 5nx X L % (x: dispersive coupling ~ O(MHz))

o QubitEIRMDE(L iR (AE) TENEAFOFEZERTES



https://pubs.aip.org/aip/jap/article/129/4/041102/957183/Gate-based-superconducting-quantum-computing

Gl: IEEICTHTVVEIRZZIEFDIRHE, A Dixitetal 2020)

1.0
S YeF8: F3~0DPoisson %
™ Ll 206
| §04 :E)/,\JEL/_Cc_nb\ﬁﬁ_&%
.Ji’arg”at;ir %02 / @Hj’C%%b\?
5

Storage

Fock number

TEFEUE BEIEHNHNSZH (~O(1ms)) #M=&: 40% / Dark count rate (DCR): 10-4
a
10°
_ T c Observed Qubit State SQL
an Cavity Measurement, 1 5
: ﬁ t P(G) )‘thresh = 10 °
Qubit "D ”_' < —4 o
. . . —~ P(g) O 60 =4.3 x 10
| ifl il [l o0 S 10?2
““““ Readout ||| Il £ 2 n = 40.9%
~— g v 8
N Repetitions = ®e
0 ° , , , ?e
Ramsey CqubitZ %= 1% X 10020 90 10"
Parity Measurement () 0 1 6'5 1 6'3 1 6'1



https://arxiv.org/abs/2008.12231

HEEY: n-fockiRRE TEBnfE

Dark photonhicavity THEF I

Im(a)

IRIRBEN N=1072 & ERiaZ101Z 10y4+a— 11y 11MEDS 55
1.0
a4 > 4
= 0.8
2 § 5.
206 =
-g 0.4 &A'Ij(/u\ g
(14}
-2 o - -2
S 0.2 522 n=0
_4 O _4!
50 -25 00 25 50 9% 5 10 15 -5.0 -25 00 25 5.0
Re(a) Fock number Re(a)
1.0
4 > 4
=0.8
Ne]
2 g 2.
go.e S
0 = 0 »
o = 1 .
-2 = FC(E = -2
©0.2
50 -25 00 25 50 20957 5 10 15 -5.0 -25 00 25 5.0
Re(a) Fock number Re(a)

g 1 =

A.Agrawal et al. (2023)

Occupation probability

Occupation probability

£ FILFE TIE) cavityIREEDdisplacement

=
(=

o
(o]

o
o

o
FN

o
N

o
o

=
(=}

o
[l

o
o

o
s

o
N

o
o

a—>vy

U P DROI IS A>T

InIRRE
10-fock

5 10
Fock number

15

WielE=

5 10
Fock number

15

17


https://arxiv.org/abs/2305.03700

Imia)

Occupation probability

0s

=
o

o
-

02

00

& 5 I fancy IR REEE s TIEE

Wigner function

Squeezed state

C
E
6 4 2 0 2 4 6
Rela)
10
=
3
[
o
[
Q
©
-]
-
a
S o4
v
I
o
02
|Illlllll-- - 00
0 S 10 15 20 5 k) S €

Fock number

HF DR

Wigner function

Re(a)

=
@

064

Small shift evident in
previously unpopulated odd
parity bins

0

S 10 15 20 5 30 E
Fock number

FERREDEAL DR

Im(a)

Occupation probability

os

o
o

=]
-

02

00

CAT state

Wigner function
..O —5
» » g
- 2 0 6

Rela)
£
8
Ll
F-
[
o
§
-]
Ll
(=%
=
~
<}

10 15 2 % ©
Fock number

10

0s

06

04

02

00

Wigner function

Small shift evident in
previously unpopulated
mod4 parity bins

18




& 5 Icfancy R IAREEE [ TIE IR

GKP stateZ{# > fzcoherence wave estimation J. Gardner et al., 2404.13867

Vﬁa|2+)

Photon Loss

=
(m(5,)) =0
|Z+) - —
2 (Im(S;)) = 0
1 ] .
% 0 x : :; Re(a)/vTm
E_ Il 2 ! -0 D(5)|Z+)
' e = 7 7 7 ||
'2 1 0 Small displacement
~ Re(O)N_ = L:» 2 e /' - 0.1
S ot e | [ (m(S,)) = sin(2y/7Re(5))
\ e (m(S,) = —sin2y7im(s))
-2
\ / - ° | \
Re(a)/vm
(Im(Sg)) (Im(Sp)) N
Cavity — —
3 3 |§ D(+3) @ D(£5) 3 3
Q 0 - ~ I - -- o
Qubit T O a = O (@)
— R HR ™ HRuR{ Reif & { Rs{" 2 Rsf @ [{Rs "2 Rfp™ HR. ™
{oy) {oy) o
Unitary initialization Stabilizer measurements Dissipative

error correction

19



cf. EFIAE1—%

Google g-Al (2024)

a&ds d=5 =
I€Ilalnl o ﬁ?z
O

Iﬁﬂﬁﬂ ﬂ?l
o TRole R
|nﬂnnnn§1f2”f§f“e
o o KEH o KEN o RSN
TR ATh - AT 2

N
1

Cumulative o
_. o Distribution

0 107 10 10
Error probability

0106-108 K SVWTRIBD T —EFHROEWTH D I & boh o
— Gap engineering C{R#&E 9 5 Z & T

o BB I T —: ~1010 "burst"@foWLWRH DH~400ps< 5 WMEEWLWT WD

o FTHPIE?

Meas.
qubit n - H

Quantum error correction using surface code

-
o
N

Logical error per cycle, €4

DD -2 —

1 Z“—H—M—R—l—R—

Remove leakage

Ev d=3,DQLR

le d=5,DQLR

o o o
o —_ -
[§)] o ()]
1 1 1

Logical error probability, p, &

o
o
S

/:

0 10 20 30 40 50

QEC cycle, t

N
ol

01 02 03 04

v d =3 mean °?
{1 ® d=5mean o’
]1]ed=7 'V
1 —Fit $
zi‘
t
v 2
.
.,. s /...-
[ ]
O IIIIIIIIIlIIIIl
4105Q 0 Pdet 0.3
L I I
0.1 0.2 0.3

Mean detection prob., Pget

cz stray\int. Meas\. L/eakage

Data
idle

Error budget, 1/A

AT

JYVVY VVvy YVVYY

] 'Y
Teeee 200y sq0q 0 ®
1Yyd=3mean @ d=5

A AAA

Logical error per cycle, €4 ®

o

(6}
-
ol

0 5 10 15
Time (hours)

—TCIZ—FIELENWVWEWED /M XHHBE50W0

a 10_2 E

Logical error per cycle, €4

=10 15 20 25 30
@ode distance, d

o Rep. (2023)
® Rep.

o cosmic burst

“l.lllllllll.

’.IIIIIIIIIIIIIII’

ApEeEEEEEEEER®

20


https://arxiv.org/pdf/2408.13687v1

I RF generator I I D/A Board I

Post-mixer

Room amplifier

Cryogenic
temperature

amphfler

DC block
J RF

Tunnel
junction

Splitter

—3

Mixer

Bias tee

== absorber
(reservoir)

Chip —

15 mK

Quantum capacitance detector

i>—| SCB ground state energy X V
&) —
. —1qp
,,I 0.6
ol
R
N 0.2
N o
I_I -1 y -0f6 -014 -0f2 (l) 0f2 0?4 0.16 OTB 1
9*“5%1%—0)/\‘4’ 7 A

M. D. Show et al. (2009)

P. Echternach et al. (2021)

o Charge noiselc# U < §gL\qubit parameter (Ec/Ej<1: 20FB]Dqubit) TH A TIES
o FIFMEIREMEIER — Cooper pairzil#1% (BogoliubovZERIF % 4 FX)

RSN AD ) ZBEY 5 & TRILF—EERD?

ENED DR

o ZEN[F10MELL LN TIRRE (~THz photon) Z{E5 & #7189 £EDCR~Hz<K 5 L)

21


https://arxiv.org/abs/0902.4194
https://doi.org/10.1117/1.JATIS.7.1.011003

INMTVy KRR - fiDFERFEICZIER

target: #xENAIE

Opto-mechanics

Al-AIN-AID &

PN IJITIIRE

= P

O'Connel et al. (2010)

target: E— X "> [ihitc

Spin-transmon

ARSADEZIF—&D

/. Wang et al. (2023)

' EFEY hEER

Anharmonic oscillator

Magnon-transmon

Microwave

cavity '

/, I

7’ 1

4 1

1

1

1

Lachance-Quirion et al. (2020)
lkeda et al. (2022)

Superconducting
qubit

Kittel mode

target: X7/ > E— KN DpiL

fmaghid 5 EREIEAMBT~1/gTANE DL S

7R ICH transmon 1R lTHY transmon

+
+

22


https://www.science.org/doi/10.1126/science.aaz9236
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.102004
https://www.nature.com/articles/nature08967
https://www.nature.com/articles/s41586-023-06097-2
https://indico.kmi.nagoya-u.ac.jp/event/7/sessions/5/attachments/40/61/Kubo_KMI2024B.pdf

R FEEADILFE

23



== {Viw ab= 1.7 TANT ARy =2

FHIPEREIC & S 5H4: L K DRk - VENG - EX{LEL U UL
HWT3I0A:

o XICFTE K KER T SZFDIRL (BB /R ERED R THICERIR)
o SFIR Y — 2 <% — (axion, dark photon)
o SEAKREIK (MHz-GHz) Q Y

Axion: YUY Q7T

e Dark radiation etc.
Layy = —Gayy @ E-B

o Za—hkU/7? rwuvanustey 7y FEEIIEELN B,
ﬁl\ﬂf’éﬁ\:\ﬁf\ 3. Berlin et al. (2022)
o KZILTY VR or KEREDLE
e.g. BEL—KODKF, 5145 —T4nTH S etc.
o BAFETBED eg. 1515 DA ¥ Gertsenshteing)

24


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.116011

== {Viw ab= 1.7 TANT ARy =2

IRNBREICE BHH: > —)L N OERE - BURENG - EXR{EEL L LY

RWT3InA:
o JEICTIK FER I 2ZDIRE (BB /5RO THICEH)
o KIRY—7 X% — (axion, dark photon) Fe 4 #RA2 6 35 % O Transient’z & D THOK
o SEKETE (MHz-GHz) Y
e Dark radiation etc. a-—- 4 Axion: ¥ 7Y ¥ O 7 ZiR
0o Za—hkU/? FaFvamOStEY NPy FEEREEN Loy = —Yayya E - B

Dark photon * Axion DM¥EEAD i

1. BEE DhaloscopeRER D E
2. TULWEFEY MR—ADEEZIROD S (SHIEZ > B1ED)

25


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.116011

DarQ experiment "Dark matter search using Qubits"

UTokyo/ICEPP

FlllE A

L \ ) ‘ &
SFHIS A

i

EHS A

KyotoU HE group

1_]

MERN R+ R+

UTokyo Moroi Lab

 SFR—vEA

DFRERILE LDV

Riken +
UTokyo Noguchi Lab

BHIA

CRC  Cryogenic Research Center
== Millikelvin Quantum Platform JP/EN

Shared use equipments that support and accelerate

research and development of quantum technology

Millikelvin Quantum Platform

MILLIKELVIN
UANTUM

LATFORM

g T UNIVERSITYOF Tokyo N ®

News June 14,2024Usage charges of our equipment have been revised at the
16th Steering Committee meeting of CRC (applicable from

June 1, 2024).




= » ]%]}_j}_] Chen, Fukuda, Inada, Moroi, Nitta, Thanaporn
E? t 4 I\ ODE E PRL 131, 211001 (2023)

DMAO SEHL L e FHREDOIE—L Y MBS Qubit®D K51 7INILA
Ey

# 9>

o ZHZFHqubit-photonfEF & [F7E LY 3 M e on ~
s L, s X best-fit g ‘\\o
Mqubit ~106 x Matom S 4 ‘:\\ omegaffit=9. 82 1E3/x |
. \ X S 15 R L L T
BRI iEnaivel FBINRWET s U
£ 1~ 100us * { 2
o H—ITI—mEDHK: AE—L Y+ s | $ s 1
QUbItIE & > TD R T+ T/ULRICH S oo 5 %
Rabi?)EE}J: 1Hz-1kHz 0 25 50 75 100 125 150 175 200
T}Eéﬂ@ﬁg J:?f)i\ N %}_IEBJE S Tiﬁi% Time lapse after resetting the qubit [0.1 ps]

27



EFEY M DEERS

"o T3, 2R DRY BEERA+ v TE—- VT gHLUWERBIIERBIZHANRS
ek = [o)LFHOBA  0.01%-10° :
REEFAEL  Niy ~ O(104) | "SQUIDEIE T L h” Al -
O(IOW _“n,% 1-10GHz [ E TR = “'
= o*
.®
as d /4 Wi
i ns?
» . < - > >
—ERERFE O(100us) ~ T, EFEw NERE B S

¥ —5%5 —(2 & BRabillkEl

. Frequency (GHz)
o |g) = le) KT B&SH /A XREHNELL _ 100 Lot

10
#MmEiie: p ~ e " 0.01-1% @30mK
SAHEUIT—: ~0.1%

10-10

101! |

| 1R CHERE & WRRE

o EFEY FOEFEMR>EFALBVSEL v 10712 hiim =3
FmFEL - FiA L UEE TH/IN— 1043 Nl OOKIIE LT H 2 7 T

107t SHIFRIE RN (€ « ng'/4)

v BEDN\— RILTFHS |
10712 | // . 1

v ItFELDBEESREFEY MEZS 10° 105 10
Hidden Photon Mass (eV)

28



EFOERICEE LAD

L FAE LT P > TCEAREBREFORICTHS
IREEFE A U Niry ~ O(104) max.: 3h / job (ref)

Niry ~ O(108)

— Ng~100 |0) — 40us 40us 408 A

v

)

)

)

)

|0) — 100us 100us 100us X

< . . > 1 \
—ERRIEH 0(100ps) ~ T,
H—5H5345—|ZL BRabilRE]

)
)

delayFsfE]: TiDH72< 5 L)

arXiv: [hep-ex] 2311.10413
arXiv: [hep-ex] 2311.11632

FUDHICTI VY VTV —REEtEZERDH ng2IC LLH Frequency (GHz)
e.g. GHZIREE 107° - =l

Lo " o1

e e Pl e H—
—%—[E L;{I} ; o ;
] { oo H : —
| | | | 10714E -

S bitTES ob 1= AR D BB A il L 915 1015/ I 4“3'%5@ FTQCL » 7L°‘1 (”)\ &R

- FEREEON TR < AEDR LE Hidden Photon Mass (eV)

29


https://qiskit.org/ecosystem/ibm-runtime/faqs/max_execution_time.html
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—5. Etching

ot

Silicon/Sapphire

]

— 0. EB lithography —
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https://www.zeon.co.jp/business/enterprise/electronic/imagelec/
http://apps.mnc.umn.edu/archive/ebpgwiki/BilayerProcess.html
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.183601
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https://arxiv.org/abs/2111.01115
https://arxiv.org/abs/2407.19755
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P> THIc

Kawasaki

127

Qubits

3.2%

EPLG

29K

Status:

QPU region:

Total pending jobs:
Processor type @:
Version:

Basis gates:

Your instance usage:

@ Online

us-east

1222 jobs

Eagle r3

2.1.37

ECR, ID, RZ, SX, X

157 jobs

Median ECR error:

Median SX error:

Median readout
error:

Median T1:

Median T2:

7.134e-3

2.449e-4

1.130e-2

197.19 us

140.62 us
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VYAV

CORI VT hz&RIFHIET

e

EXPLORER

v OPEN EDITORS |9 unsaved

® [ test.ipynb DM_IBMQ
@ floquet_calib.ipynb DM_IBMQ
& multibit_launch.ipynb DM_IBMQ
analyze_multibit_delay.ipynb DM_|I...
& analyze_root.ipynb DM_IBMQ
¥ multibit_floguet_launch.ipynb DM_I...
@ width_calib.ipynb DM_IBMQ
multibit.ipynb DM_IBMQ

® 6 ¢ o o o
@

o B
v QISKIT

pi_pulse_on_floquet.ipynb DM_IBMQ

> .ipynb_checkpoints
v DM_IBMQ
> data
| @ analyze_multibit_delay.ipynb
@ analyze_root.ipynb
W floquet_calib.ipynb
& memo.key

B multibit_floguet_launch.ipynb

multibit_launch.ipynb
¥ multibit.ipynb
pi_pulse_on_floquet_calib.ipynb
¥ pi_pulse_on_floquet.ipynb
qgiskit-ibm_kawasaki.json
giskit-ibm_open.json
qgiskit-ibm.json
giskit-ibm1.json
test_extract_prop.ipynb

# test.ipynb
_ B width_calib.ipynb

3 > qc-workbook-lecturenotes

fmatall

N At

Ny > OUTLINE
> TIMELINE

® branch-2024* & e & ®OA36 ®O

DB -

8 multibit_floqu 3 [0

& O giskit

@ test.ipynb @ @ floquet_calib.ipynb @ & multibit_launch.ipynb @ @ analyze_multibit_delay.ipynb @ 8 analyze_root.ipynb @

DM_IBMQ > @ multibit_launch.ipynb > @ #qprop = backend_properties.qubits[0]
+ Code -+ Markdown | [> RunAll 'O Restart == Clear All Outputs | Variables

from gqiskit import QuantumRegister, ClassicalRegister

Outline L qiskit (Python 3.11.

|> v
def submit(delay, shots=100000, ncircuits=600, session=None, batch=None):
circuits = []
for i in range(ncircuits):
qr = QuantumRegister(nq)
cr@ = ClassicalRegister(nq)
crl = ClassicalRegister(nq)
7 . C jJuantu ircuit -with -z q bits-and: 3 ! S 1 | b1t
qc = QuantumCircuit(qr, cre@, cril)
qc.measure(qr, cro)
id-a- del of - T1/2-to-ea ubit ! !
X -Delay : X
for ig-in range(nq): | e i
tfqc.delay(int(T1ls[iql*1000*delay_factor) Delay E
gc.delay(int(delay), iq, 'us') — ;
Delay :
100358[us] :
#-Measure - -eac qubilt '
gc.measure(qr, crl)
¢ Visualize the circuit meas
gc.draw('mpl') 5
meas3
circuits.append(qc)
circuits[0].draw( 'mpl')
gc_compiled = transpile(circuits, backend, initial_layout = list(range(nq)), optimization_level=0, scheduling_method="asap"')
sampler = None
if session:
sampler = Sampler(session=session)
elif batch:
sampler = Sampler(mode=batch)
[71 job = sampler.run(qc_compiled, shots=shots)

Spaces:4 Cell50f20 [

Script-based dark matter search




UbL<TETWTY3JE

Jobs

ID / Name

o o o o o o o o

[

Items per page: 10 v

5min queue, Tmin run time (Nshots=105)

cvhtxdxkmd10008...

cvhtx14z17rg008d...

cvhtwm2vawwg00...

cvhtw7gkmd10008...

cvhtvtq8w2g0008e...

cvhtve5p7drg008m...

cvhtvlcp7drg008m...

cvhttmt8w2g0008e...

Status

©

©

Completed

Completed

Completed

Completed

Completed

Completed

Completed

Completed

1-8 of 8 items

Created

13 Sep 2024

13 Sep 2024

13 Sep 2024

13 Sep 2024

13 Sep 2024

13 Sep 2024

13 Sep 2024

13 Sep 2024

ILI'

-
-

Completed

13 Sep 2024
13 Sep 2024
13 Sep 2024
13 Sep 2024
13 Sep 2024
13 Sep 2024
13 Sep 2024

13 Sep 2024

25 RE

1m 7s

1m 6s

1m 6s

1m 8s

1m 12s

1m 10s

1m 9s

Type

sampler

sampler

sampler

sampler

sampler

sampler

sampler

sampler

Compute resource

ibm_kawasaki

ibm_kawasaki

ibm_kawasaki

ibm_kawasaki

ibm_kawasaki

ibm_kawasaki

ibm_kawasaki

ibm_kawasaki

Tags

1 v of1pages

®)

E2
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Transient signal DR (C AT T

=EREARK « dark radiation: 55WHD TRy —FRRICH ULDHFGEW
o HISZFE> TOAVDEREAF vV I 5KBRIFERMEREZ R0
o MELWEKHENRDOMN>THSER HTERWL

EZZlcwe &
o Off-resonant CEESDFEREICEREZ R D &K D 74

A

T I 7R L by

o FNMBERERTCRARBMAFT vV TCEDLOICTS?

o High-Q Cwideband/gitiRexr ? e.g. TWPAMD3DRERE? P —
https://arxiv.org/pdf/2205.13101

o B DR HaE VT [EEHR

%%Wﬁ%t L/—Clﬁ_llﬁﬂﬂyhfd: W7 A <l//det1 |l/jdet2>
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KIIEHEPE F3EER FNAL-SQMS% Hib Ic #4813 2

100mK, 9.4T

First donated 9 T, warm bore MRI magnet ~$7M
to be moved to Fermilab this year for ADMX-EFR.

SEFD-HDIEBG
#TEEEY 1 b @FNAL

"Quantum Garage" @SQMS
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KIRIEHEPE F3E5% (Longer time-scale)

"Colossus" @FNAL

HL-LHCE OCMSE A = HEd %
TSN ERINBHTWNS

E#X3.4m, = & 3.7m, 300-500pW
EH Dx 10D / x150 S HEES arxiv: 2209.12024
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https://lss.fnal.gov/archive/2023/conf/fermilab-conf-23-037-sqms.pdf
https://arxiv.org/abs/2209.12024

Vision: use a quantum computer as the front-end electronics for HEP experiments

Single photon frequency transduction (quantum networking tech)
Signal processing pipeline (made of qubits and cavity qRAMSs)
Analog signal integration (using qubits as quantum memory banks)
Noiseless readout (already factor 1/100 of zero-point noise)
Deployment of non-Gaussian resources to speed up time

abhwbd=

connected to quantum
computer outside of the
B field

Quantum computer safely
outside the MRI room

2% Fermilab

21 Aaron S. Chou, QUP workshop, 4/9/2025
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n-Fock state—C\‘iElllE A. Agrawal et al. arXiv: 2305.03700

-2
3.5 X1? I I I I I I
@ |0) - |1),n=0.81+0.02
30F & |1) - |2),n=0.68+0.01 -
Storage o5k @ |2) » |3),n=0.55+0.02 1
Readout = 4 |3) - ]4),n=022+0.01
TC 20F B [4) - [5),n=045+0.01 S
Transmon =
@
8 15F -
S
(p) 1.0 / -
05F /l = -
= -
0.0 | I I I I I 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50
. - -2
Injected N = |a?| x10

FHEME DM N DERHAE (5

Im(B)

-8 -6 -4 -2 0 20 2
Av (MHz) Re(B)

52


https://arxiv.org/abs/2305.03700

Cavity haloscope RF&id+ 1 U B8

Weak Cavity
Port Bypass

JPA Hot Load
Pump  Through

w (ERF V7 @4K
| PV T/AXDES QRIEEBREE

Hot 500 mK HEMT: /1 X:8fE: ~1.5K
T T T T T A A LT T (1.5KD EMAIESTHICHEY T B /1 X)

Gain and Noise at 5 K

2 2 LNF-LNCO0.3_14B

40 20
38 19
36 18
34 17
32 /\—_’_\-\—w——""\——v'/\ 16

I
30 15
28 14
. 26 i 19.2mW: Vd=1.2V, Id=16mA 13 _
% 24 % 8.AmW: Vd=0.70V, Id=12.0mA 12 X
H = i 2.4mW: Vd=0.40V, Id=6.0mA 11 2
Switch £ 2 ] ; ’ | 8
(‘g 20 |t 800pW: Vd=0.20V, Id=4.0mA 10 2
18 X A9
16 8
14 7
12 6
L 0 B B B B IS SEPPCP Srppryco 5
8 e, SRS 4
6 " e B X 3 W N
. 2 71 >:~30dB
2 1
0 0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Frequency [GHz]
Gain [dB] 800pW Gain [dB] 2.4mW Gain [dB] 8.4mW Gain [dB] 19.2mW
Noise [K] 800pW Noise [K] 2.4mW  eeeeennns Noise [K] 8.4mW  «eeeenens Noise [K] 19.2mW
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Cavity haloscope RF&id+ 1 U B8

Weak Cavity

Port Bypass

1727 @10mK
: JPA EH Load
S o ERP YT EIOMKRA T I ?
------------------------------ ~HE T O THRE
XHFET 4K
________________________________ EIRDIE VW "'passive" IR FEFE > TIBIE
\ 1K e.g. JPA (Josephson parametric amplifier)
LHOZI 500 mK 3-4JC K RET (%Z@E%E}J&b%)
oa
A oA "\ """""""" 100 Va7V UEATCIHEREELT
10MKRA T —ITES D TRIGEARIEZ S
Quantum Microwave Inc. DC flux bias
% TT idler AN
A/4 resonator &
. Switch ® |l
X
current —IYYY
paEap flux pump

HITIETE D YH (~100/5H)

T4 >:20dB /A1 RBE:0.2-0.4K
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https://quantummicrowave.com/product/bbn-jpa/
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- Josephson
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CP—W?QQ),-—1_
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"

Eo > 20T Absorber

Fink et al. (2023)

EFEYMDTA/ VT

mE > CHMHEE DZRE

/' h 29y 00000 | Qubit 3, T1=9.1+4/-0.5 us
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https://arxiv.org/abs/2310.01345
https://arxiv.org/abs/2201.00738
https://indico.cern.ch/event/1199289/contributions/5449725/attachments/2705896/4698559/TAUP%202023%20Linehan%20(1).pdf

"Quantum Sensors for High Energy Physics" arxiv: 2311.01930
LorentzXd R4 DAE AL
Light  Dark radiation Timi
. Imin
axion WIMP Axion domain wall Count?ar P CPT
Collider,
fixed
Cosmology, target,
dark energy,|Testing high

Dark |Dark phase quantum [Quantum event [Symmetry

waves |particles |transitions |mechanics|gravity |Telescopy |rate violations
SC qubits. SC cavities,
SC continuous variables
(JPAs, RQUs, KI-TWPAs,
efc), squeezing,
bae transduction X X X X
SC pairbreaking sensors
(QCD,
TES,MKID,SNSPD) X X X X X X
Microcalorimetry, single
phonon X
AMO, clocks, atom and
photon interferometry X X X X X X X
NMR X X X X
Optomechanics
(squeezing, back-action
evasion, etc) X X X X
Quantum networks X X X
Sensor arrays, high
channel count X X X X X
Quantum materials,
metamaterials X X X
Foundry facilities X X X X X X
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m/2 pulse Phase acquisition /2 pulse
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m/2 pulse Phase acquisition /2 pulse
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m/2 pulse Phase acquisition /2 pulse
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https://www.nature.com/articles/nature08967
https://arxiv.org/abs/2306.09726
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