k- BEFEY—INT—BRE

Kazunori Nakayama (Tohoku Univ & QUP)

micro workshop on Quantum detection of (dark) waves (2025/4/22)



Contents
BWI—TINY—
V=AU CRE
sz HAUCRE



B\ — XY —



y—UOXY—BE

VWave-like Particle-like Extended object]
mass
1022 107 10° 102 10% 10 102 [eV]
o N
.\\g’ O ()'Q o Q \Q/\Q Q Q &’b'
N O & A x N\
RN S S S 44\{\ A PO
Y:P éo N 2 > N 3 > o(\O Ao
N Q® S 5 SR < N

FIHAIFE TOERKAEE ?
EDVHOTERTSH?



y—UOXY—BE

VWave-like Particle-like Extended objectl
mass
1022 107 10 102 10% 10 10°2 [eV]
o N
N o) o~ o Q & Q Q Ny
R O & ¥ 5 = A <O A\ & @
-i>0(\ ;0(}0 Y:‘. " é{\ %&é}\} 6\0 $\€\ @\;\z \Q®(§ C_JC}\'Z\OQO : \(QO\‘:QO
N |
\'g Q’b‘ Qrb’,( QQ c_})c;k CJ\}Q {\Q 1% \o\,b'b
S A

FIHAIFE TOERKAEE ?
EDVHOTERTSH?



N — XY —HE RS

® Scalar/pseudo-scalar

de—L Y MR
{15 X i

Lmit

)

R ,,f—f"’@ '.
d_’_,_, ..q“‘ l ______—_ - ;

rramats_ et al; (20 I O) ]

® Vector
1012
10"
A>T L —>3 > S = [Graham, Mardon, Rajendran (2015)] 1079 Koo
3 . > 10°
&5 IR TR [Ema, KN, Tang (2019)] S 108 | ?, :
\E 107 + -500\“\,&\0( non-Gaussianity _
og=spen [Long,Wang (2019), Kitajima, KN (2022)] T 108 [ / -
10° - 0&*@ -
1ke—L > MNRES [KN (2020), Kitajima, KN (2023)] 10;‘ I & [Kitajima, KN (2023)]
10 '

1020 101 1010 105 100
mA/eV



N—IO XI5 —DEE

® Scalar

Dilaton/moduli L = gpyn) - QZW O F,,, FH

® Pseudo-scalar

Axion/Axion-like [ = Ja¢ (Da) Yy y51) A Jay aF,, F*

2M, 1
® Vector
Dark photon L= gHWFW

New gauge boson L = gH,)y"1



N—IO XI5 —DEE

® Scalar

Dilaton/moduli L = gpyn) - giv O F,,, FH

® Pseudo-scalar

Axion/Axion-like [ = Ja¢ (Da) Py v51) A Jay aF,, F*

2M, 1
® Vector
Dark photon L= gHWFW

New gauge boson L = gH,)y"1



Dilaton/moduli

® Pseudo-scalar

Axion/Axion-like

® Vector

Dark photon

New gauge boson

_ BIHD T TIHFIC

AR




Dilaton/moduli

® Pseudo-scalar

Axion/Axion-like

® Vector

Dark photon

New gauge boson

Y8 D Ity

fifth forceH 5 | fR
' /

3% D THFIC



PO IFA V- BFERICT SR

0207007 07407407 40740 4040 40 40 A8 A8 AT AT A0 A AT (T

| IllIII' LU

SHAFT

DSNALP
Fermi-SNe

Hydra

Ms87

$
6\2\3{’

& Fermi

¥ SN 1937A
Chandra

Mrk 421

MWD
Polarisation
(8]

BAS

OT1S XAV

dN+494

JOVLSAYVH

10—10
Solar v
XENONTT
Solar v SN(1|?)87A 10— 11 (Solar axion
' basin)
Globular clusters XENONNT (Solar axions)
ST [NER
o
g g- 10—12
S . —
= NS
Q" % .
“, 50 Red giants (wCen)
I _
(00} 10—13 -
- /XENONIT gl
) ®
~14 _ > 0,
-*‘;. 10 - ,se Ai\) XENONNT }_?k( =)
XMM-Newton & = ‘2,0 ~°'§9 ~
ALLL BRRALL AL 10_15 EERIE EELLLY SRR AL R AL BREEL | IIIIII RLLLLLL LAY ERALLL B AL ‘?IIIIII

1072 1078 1077 107® 10™° 104 102 102 10-! 10° 10! 10% 10® 10% 10°

iy [eV] Ma [eV]

[AxionLimits, C.O’Hare ]



Kinetic mixing

=07 SV-HF
kinetic mixing [CXJ 9 5 l[R

B-L 7 —VHERICX T SR

mHz Hz kHz MHz GHz THz eV keV uHz mHz Hz kHz MHz GHz THz eV keV
o o
10_1 10~ Horizontal branch
10-2 10— 11 Red giants
10—12 & _
1072 | 1013 q
. = S
104 COBEFIRAS Y, 6, /N 1014 & Sz
107 = T X : 5, Q0 19-15 S z
10~ g A 10716
7 2 —17 T
107 g DPDM heating g w0 £
1075 o 71 N SN = 10 5
10-° 3 A vtk B SN T Q. 10-19 = &
= AN DPDM O 20N T 2 10-20 A =
10—10 . 6‘(,/0 o, (Arias et al.) 87?: Sewo o .; :
11 3 % ¢ " MuDHI Q 1021 z %
107" g BN ) ) = -
= WISP 2 Tokyo-1 QL 10 \
10_12 ; DIfDM HeII DPDM DMX m:% P 7 <=
= Reionisation (Witte et al) 22 LAMPOST bo 10 [
10_13 é (Caputo et al.) EE FUNK | . S 10_24
10-4 4 Dark Ezg DAMIC gy 4 o © 1925
= ORE
10~ 4 photon ZE SENSEI O 1026
10-16 3 DM SuperCDMS 10—27
0-17 = Black hole XENON 10-28
118§m PO 10~ LIALL RALL I WAL L AL AL AL WAL AL AL WAL UL L L AL AL WAL WL UL AL AL L L
10~ UL SUAALLLLL SUALLLLL SUAUALLY MUAULLLL! SUAULLLL! SUALLLL! LAALLL! URALLLL! RLALLLLL SSALLLIL SAALLLLL SURALLLL AUALRLLL WUAUALLL UALLL! SRULLLL! UBUALLL LA ULALLLLL LBLALLLL DAL L L UL L L L L L LU L L B L L UL L B L L L L L L
A 9 & 1 6. % A % a2 22 9 20 49 A% AT A6 A% A 4D 42 A Q0.9 B T 6 .5 & 3 2 ANO Aot
XQ/‘{Q/\QQ/{’Q/\Q/\QQ/\'{0/‘&0/\‘{0 9\() 10 7\0 i\ 5\’0 10 3@ 1@ A AQ AT A A A 1071071071010 101010101010 1010 A0 107107 107107107407407107 1010710740710
Dark photon mass [eV] Vector boson mass [eV]

[AxionLimits, C.O’Hare |



va e
= W\IEEYE
AN T I AN —T0 T NVEBEYE : m<<LleV

BEHNERLN — HEBEHAKE=TLWNN — TUE) OLSICIRDED

Liml
[T

FOIAVEBEYE : a(,t) = aocos(m(t — U X))
5—0 T4 NURSEYE . H(F,t) = Hycos(m(t — 7 - T))
CDLESBIREIED T COBENA RIS EET



E=MAHUCRE



BEEYVE CYIE & DRID

EEYE (BEVVGE

o —P
BT

- e,

| JR % ®




=S

1\

EEYE (BEVVGE

VB B & DRI

/

IEEYE (BWGE

-

Qw@ .

® JR %

",




522 D R D 2 B E R &R D ERF DD EEE R
B=F (Ge) N7/ Y (YIG)

i
o
.

K
Wa, 72 wars

v R N\
L w=VaETm 1 { =T
L Lg ; : 7 . w

ENERGY (eV)

] X L r A L X 7 W a L
A/

1 : i

1 3 1 2 |2 3
8 "39"'510__ e_5¢ S e a—f—0 Q_‘?-.B 2 O 5 ’.fu s © 0 -8 uar

G A 34 2 3 2 0 1 3

] 1 1 s
ans) : 1 1 3“2&
] 1 i

6 1 ; 1

E{AA ([ (EERA T ERFHRE | |
IZEMYE & O RIGICH|FHB]EE | T e




EARE T IC K DEEIE DIRIX

® EEVBMNEFZmitcIREE E

(%E&%mitﬁbﬁﬁ) 5
[Hochberg, Lin, Zurek (2016)] —\ B
- LER

Rl
@ AV FE KMAVIIVA

ENOEE A ~ﬁ =
TXRILF—~leV / o

leVE D EVWEEYE THNILFIEE

H

o E'fﬁﬁ'ﬁl—(@ :\:\\17 P 70 ~ |meV [Hochberg et al (2015), Hochberg, Lin, Zurek (2016)]

Dirac B DX v V7 ~ |0meV  [Hochberg et al (2017), Geilhufe, Kahlhoefer, Winkler (2019)]



EARE T IC K DEEIE DIRIX

® Yk NGEZIMACEDERNDIGE
Z RIS IR CETE (RPA) VNNA<::>VVNk
AT HOCIXRILF—Z%Z l-loop Tt E

® Z=EPfRICIF/\Y FEEPplasmonit ﬂ%t%@maé—:ﬁwoj\n%%\gb\ﬁé

® Energy loss function (ELF) DRIEEZED | | !
(FBEEDEL) el k).

o F—RIEZTEDR/BRZED
KFDERZT—INY —ICET 5

GE : CP-even AN T —DIFHEIFELFT/INT X N T4 X TEEU) [Mitridate et al. (2021)] )




51l . Contour of ELF for Si

Lindhard

k keV]

[Knapen, Kozaczuk, Lin (2021)]



= =PERY/N ~ leV [Hochberg, Lin, Zurek (2016), Bloch et al.
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A bit of the action

In the race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses.

Current Microwaves
Laser

Electron

O

S
§ Capacitors
=
- !i
Laser
v— Microwaves
Electron
Superconducting loops  Trapped ions Silicon quantum dots Topological qubits Diamond vacancies
A resistance-free current Electrically charged atoms, or These “artificial atoms” are Quasiparticles can be seenin A nitrogen atom and a vacancy
oscillates back and fortharound jons, have quantum energies made by adding an electron to the behavior of electrons add an electron to a diamond
a circuit loop. Aninjected that depend on the location of a small piece of pure silicon. channeled through semi- lattice. Its quantum spin state,
microwave signal excites the electrons. Tuned lasers cool Microwaves control the conductor structures.Their along with those of nearby
current into super- and trap the ions, and put them electron’s quantum state. braided paths can encode carbon nuclei, can be
position states. in superposition states. quantum information. controlled with light.
Longevity (seconds)
0.00005 >1000 0.03 N/A 10
Logic success rate
99.4% 99.9% ~99% N/A 99.2%
Number entangled
9 14 2 N/A 6
Company support
Google, IBM, Quantum Circuits ionQ Intel Microsoft, Bell Labs Quantum Diamond Technologies
€) Pros
Fast working. Build on existing ~ Very stable. Highest achieved Stable. Build on existing Greatly reduce errors. Can operate at room
semiconductor industry. gate fidelities. semiconductor industry. temperature.
© Cons
Collapse easily and mustbe ~ Slow operation. Many lasers Only a few entangled. Must be Existence not yet confirmed. Difficult to entangle.
kept cold. are needed. kept cold.

Note: Longevity is the record coherence time for a single qubit superposition state, logic success rate is the highest reported gate fidelity for logic operations on two qubits, and number entangled

iIs the maximum number of qubits entangled and capable of performing two-qubit operations.
[G.Popkin, Science 354, 1090 (2016)]
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® Qubit& IREINIZDHEEIER
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® HE1EH . Hi = o, cos(wt)
® HEERABERTOD/N\IIL 7Y ERFERE

() ei(wo—l-w)t + e’i(wo—w)t
Hy 1 zg e—i(wotw)t | g—i(wotw)t 0 ~ €0
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® THEAEH . Hi = co, cos(wt)

® Ramsey sequence :

1
Apply TU2-pulse : )y = — (10) — |1
pply TV2-pu ) ?(H 1)) wor < 1
Free precession: |¢¥) = 7 (eiqb/z 0) — e~ 19/2 \1)) b = 2er

— T n . T . n
Apply TV2-pulse :  |p) = —e~ "™/ cos (et 4) 1) + ie"™/* sin (et 4> 0)
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® Y1V EYRKRONVHI)

o NVH/LDEF(Espin triplet A2
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H=H+H, hyperfine splitting
Hy = AgS™ + QoI + B*(7.S* +ynI7) + Ay S*I7
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Current measurement setup

Diamond in cryochamber
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(a)

Haloscope (b) SMPD
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Entanglement enhancement

® | O@qubit@RabiT}E@J : ‘|‘> — ' H‘> +) = 1 (10) £ |1))
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® Quantum circuit for entangled state preparation

: Greenberger-Horne-Zelinger
(GHZ) state

1 /1
H |: =
Hadamard gate NG (1




Decoherence D X5

®@ T %>7T)LIRREIL decoherence 1C55 L)

] D @qubitDdecoherencerate: I'y —— 7~7 = r;!
GHZIKRE D decoherence rate : NI'y — 7~ 7/N

® CoherencelRFEIANDEBIZHESR
JRIZZEN qubit:  ~ N(em)?

GHZIKRERE : ~ (emy)?
o MEHIFEZETEYT S &, fEfm. JHIZTEN qubit

—

GHZIRRE TIENEZ D AIE H ] BE CRIEEDRE



Ty )VIRREDENIE

[Sichanugrist, Fukuda, Moroi, KN, Chigusa, Hazumi, Mizuochi, Matsuzaki (2024)]
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® Lindblad equation including noise

L
5% - - 1
Z H}a T Dj[ﬂ]) Djlp| = 5 (Uﬁfpaﬁ( ~ 5/0)
1=1
1 1 -
penz(t) = §|+>®L<H®L | 2‘ >®L<_‘®L Lo Paralell noise
: '\.\
1 .
T 56_ert (1 + 2iLetW (1)) |+>®L<—|®L = \'\‘..%
£ X
1 S AN
4 —€_LPXt (1 _ ZZLEtW(t)) ‘_>®L<_|_|®L :%T \.\' ..............................................
2 W —— (M-w)/Tx=0.1 .
= - (M=wfx=10 "\
N T e (m_w)/-x=102 ’\\
W) = sin [(w +m)t]  sin|(w — m)t] oV~ 108 -
10° 101 107 103 104

number of qubits, L

[Sichanugrist, Fukuda, Moroi, KN, Chigusa, Hazumi, Mizuochi, Matsuzaki (2024)]
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Appendix



[Doherty et al., | 3023288] Conduction Band
@ Molecular orbital approx.

spin triplet is ground state
due to orbital degeneracy

® Four sp3 mixed orbital from on e e
neighbor C and N aroundV . N (2 c3)
’ a; 1\ I (c;+cr+c3)+ An
e (C3v point group N
around NV axis A
a; n—AN(c;+cr+c3)
\4

o (4x4) Hamiltonian decomposed into
irreducible representation of C3v

Valence Band

character table of C3v

¢ two |-dim rep (Al,A2) + one 2-dim rep (E)

non-degenerate degenerate C30 E 2C'5 30,
| | | o A 1 1 1
e Equivalent to diagonalize b e d d A, | | .
Hamiltonian of the form b d c¢ d
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® Use of optical magnons for broadband search
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[Mitridate, Trickle, Zhang, Zurek (2020)]



® Axion conversion to phonon-polariton under magnetic field
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® Use of nuclear magnons

Solar searches
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[Chigusa, Moroi, KN, Sichanugrist (2023)]



® Topological ferromagnet
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