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Light dark matter production

® Scalar/pseudo-scalar

Coherent oscillation

Topological defects
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Light dark matter coupling
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Light dark matter coupling

® Scalar
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Light dark matter coupling

- Dark matter
absorption

® Scalar

Dilaton/moduli

conversion to photon
under magnetic field
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Constraints on axion-photon coupling

Constraints on electron coupling
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Kinetic mixing

Constraints on dark photon
Kinetic mixing

Constraints on B-L gauge coupling
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Dark matter as classical field

® Iypical axion mass: m! 1leV

® OSmall mass —— large number density — behave as classical wave

— VAVA
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Heavy ﬁ Light

® Axion dark matter: a(t, k)= agcosm(t! vak)+ ")

This classical field weakly acts on Qubits



Lisht dark matter search
with quasi-particles




Search with quasi-particles

4 1

Magnon (YIG)

® Light DM can excite quasi-particles in solids

® Various dispersion relations of quasi-particles

Electron (Ge)
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Dark matter absorption

® Absorption rate of photon is described by energy loss function:
! I
m o (imaginary part of dielectric function)

(", K)

® Multiply model-dependent conversion factor for DM absorption.
(For scalar DM, ELF does not cover dominant effect. [Mitridate et al. (2021)] )
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‘ EIECtrOn Semiconductor | 1eV [Hochberg, Lin, Zurek (2016), Bloch et al. (2016)]

Superconductor I 1 meV [Hochberg et al (2015), Hochberg, Lin, Zurek (2016)]
Dirac material l 10 meV [Hochberg et al (2017), Geilhufe, Kahlhoefer, Winkler (2019)]
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[Mitridate, Trickle, Zhang, Zurek (2021)]

— Basis of QUP-Kamioka-DM project (talk by Suerfu Burkhant)



® Phonon

For polar material, typical gap energy of optical phonon is ~ 0.leV

Kinetic mixing!
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Magnon

For magnetic material, gap energy of magnon is
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Detector itself as absorber

® One can use exactly the same formalism to calculate DM
absorption rate by detector/sensor itself
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Detector itself as absorber
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Lisht dark matter search
with qubits




® Utilize “quantum nature” of state

® Key ingredients : quantum Qubits

® Qubit : 2 level system

various type of qubits are considered

® Dark matter interact with Qubits!

interaction depends on properties
of dark matter and qubits

Quantum computer

IBM, 20 superconducting qubits
[figure from wikipedia
“Quantum computing’’]



A bit of the action

Qubits

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
Laser

Capacitors

Vo— Microwaves

Superconducting loops
A resistance-free current
oscillates back and forth around
a circuit loop. Aninjected
microwave signal excites the
current into super-

Inductor

Electron

Trapped ions

Electrically charged atoms, or
ions, have quantum energies
that depend on the location of
electrons. Tuned lasers cool
and trap the ions, and put them

................................................................................................................................................................................................................

................................................................................................................................................................................................................

position states. In superposition states.
Longevity (seconds)

0.00005 >1000

Logic success rate

99.4% 99.9%

Number entangled

9 14

Company support

Google, IBM, Quantum Circuits ionQ

€) Pros

Fast working. Build on existing
semiconductor industry.

Very stable. Highest achieved
gate fidelities.

© Cons
Collapse easily and must be Slow operation. Many lasers
kept cold. are needed.

Microwaves

Silicon quantum dots

These “artificial atoms™ are
made by adding an electron to
a small piece of pure silicon.
Microwaves control the
electron’s quantum state.

Intel

Stable. Build on existing
semiconductor industry.

Only a few entangled. Must be
kept cold.

Topological qubits
Quasiparticles can be seen in
the behavior of electrons
channeled through semi-
conductor structures.Their
braided paths can encode
quantum information.

Microsoft, Bell Labs

Greatly reduce errors.

Existence not yet confirmed.

Electron

O

Laser

Diamond vacancies

A nitrogen atom and a vacancy
add an electron to a diamond
lattice. Its quantum spin state,
along with those of nearby
carbon nuclei, can be
controlled with light.

Quantum Diamond Technologies

Can operate at room
temperature.

Difficult to entangle.

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
is the maximum number of qubits entangled and capable of performing two-qubit operations.

[G.Popkin, Science 354, 1090 (2016)]



Qubit interaction

® Qubit under oscillating field is

described by Hamiltonian: | \M o
H=Hy+ H;y

Ho = | !?O"z H]_:'! é’fCOS(SSt)

|
Schrodinger equation: il'—t "=H|"

'v x .transition between 0 and | states

'z 7z :relative phase between 0 and | states



Qubit interaction

® |Interaction of the type: H,; = !", cos#t)

' = 1 o :Rabi oscillation

® Hamiltonian in interaction picture: /
| 0 gl o+ ! )t 4 ai(tol 1)t o 1
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® Probability to find excited state: P! > +1" e |+



Qubit interaction

® Interaction of the type: Hj

® Ramsey sequence is useful.

Apply ! /2-pulse: |!!

Free precession: |'!

Apply ! /2-pulse :  |!'!

® Population difference:
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First /2 pulse

> First /2 pulse

Z
_.\) |0) T |0)
B, . = :
) \ < . 1 = e _
First n/2 pulse =
~ sl = .. —A= “ ~~~~~ et
\ | “““ 'x y \ : Sy y
| |+) |+)

Second /2 pulse

Z
‘ |
Yy , |0) / 10)
Bpwm B,

|+) [+

[Figure created by S.Chigusa]



First /2 pulse

> First /2 pulse

Z
_.\) |0) T |0)
B, . = :
) \ < . 1 = e _
First n/2 pulse =
~ sl = .. —A= “ ~~~~~ et
\ | “““ 'x y \ : Sy y
| |+) |+)

Second /2 pulse

Z
‘ |
Yy , |0) / 10)
Bpwm B,

|+) [+

[Figure created by S.Chigusa]



Qubit for dark matter detection

‘ SUPerCOndUCting quit erquency (GHZz) .
o 10 10
e qubit = ground & excited state of circuit 1
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Qubit for dark matter detection
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Qubit for dark matter detection

® NV center in diamonds e e o

® qubit = two of spin triplet state
at NV center

IIIII

@ axion interacts with electron spin
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> talk b)l A Umemoto [Chigusa, Hazumi, Herbschleb, Mizuochi, KN (2023)]



Qubit energy gap interaction

ducti flux in dark photon kinetic mixing
superconauctin 1 5
P . 5 Josephson 10 eV axion-photon coupling
quIt circuit (Under B)
- f - dark photon kinetic mixing
- vibration o 10 ° eV
I . .
on trap on axion-photon coupling
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| dark photon kinetic mixing
spin states
NV center 2t I?\IN center 10 > eV axion-electron coupling

axion-nucleon coupling



Entanglement enhancement

® Rabi oscillation for | qubit: [+!" €' |+

g e N

® Rabi oscillation for entangled N qubits:

- N + ‘#n! N $ eIN 't ‘_l_n! N + e" IN 't ‘#n! N

ol F

\+

ol F

® Transition probability: P ! (N!t)?
(For non-entangled N qubit: P ! N (!t)%)

Entanglement enhancement !



® Quantum circuit for entangled state preparation

ol

e

: Hadamard gate

J—-—e— :
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Obstacle to enhancement

® Decoherence prevent entanglement enhancement
Decoherence rate for each qubit: 'y —— ! 1;=1;
Decoherence rate for GHZ state: N!'; —, 11 1,/N

® Iransition probability within coherence time

Non-entangled state: ! N(!"1)°
GHZ state: (")

® For fixed total observation time, N times Same sensitivity
more measurement for GHZ case. as hon-GHZ case!



Advantage of entangled state

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

® No advantage of use of GHZ state! —— Actually there is!

® One measurement time is N times shorter for GHZ state

— N times broader band width in each measurement

(cf. uncertainty principle)
signal

® Much faster to scan broad GHZ

frequency range. _ non-GHZ

Suitable for dark matter search! |



® Lindblad equation including noise

|L n $ (%
d!(t)_- #'Hjl+D-l# D'—!X #jl#j#ll
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number of qubits, L

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



Summary

® Various types of materials have various ways of
interaction with dark matter.

® Various types of qubit have various ways of
interaction with dark matter.

® Quantum sensing & quantum computing techniques are
useful for dark matter search.
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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

B=14T,A=(0.1m)*2, | month

10 / | | ] 10 / = | | | |
— AlLO;3 5 - Al202 QCDet! ' SNSPD
R ' i — GaAs
10! 8- g&\goél 1()| 8 L . S|02 1 - N
o ' ey IR T | B 7Y
ST 109 — SO, — \’_________)!_ ———————— ]
= % 10°F7 ' |
<>, ' .
& 10 10; HB Stars / O i CAST
. | KS\]Z /l DFSZ =10 *° | Stars |
Qﬁ 10 11t _. — (, = .
=< T~/ :
j YA Y)' “ / ‘\ 10 1] Cyn 68% CL KSVZ
| ‘ A = —]
10 = Y ‘ ’ | ‘ b average DFSZ
- , . . e , , , e - 10' 12 | | | | | | | | |
10 2 10 L 1 316 39.8 50.1 63.1 79.4 100 126 159 200

my [eV]

[Mitridate, Trickle, Zhang, Zurek (2020)]

Ma [r_nev]

[Marsh, McDonald, Millar, Schutte-Engel (2022)]



® Use of nuclear magnons

Solar searches

NS cooling
SN 1987A - / White dwarf

Red giant
/

gapp

‘6 | 107 107 107 10° 105 10 ‘10‘3
mg, (eV) iz (eV)

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



® Topological ferromagnet

LSW PVLAS

[Chigusa, Moroi, KN (2021)]
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