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What is QUP?
QUP: International Center for Quantum-field Measurement Systems  
         for Studies of the Universe and Particles

→ An institute under KEK dedicated to quantum sensor research

New director: Toshiyuki Azuma 
as of Dec 2025.  
Former PI at RIKEN and an expert  
in AMO physics

The new QUP building was completed in October 2025!

QUP Building
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KEK - QUP overview
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cryogenic facility
We have 5 dilution refrigerators  
- 2 at old experimental hall 
- 2 at new QUP building → 
- 1 at Kamioka↓
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Qubit measurement facility

Keysight QCS

Dil-fridge

T1~125μs measured

general purpose test board 
to dedicated instrument
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Qubit measurement facility
DM data-taking has been already started at KEK QUP! 

More than 50 MHz scanned in a few days w/o quantum amplifier  
Quantum amplifier arrived at KEK last week  
-> 100 times faster measurements -> Scan speed could be 1 GHz / day

Plots from Karin Watanabe
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Other facilities
Clean Booth (Class 7)

Anechoic Chamber
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DM search with superconducting qubits



9

Motivation
Axion: New pseudoscalar elementary particle haven’t been discovered yet 

Robert Peccei Helen Quinn

In quantum field theory In cosmology/astrophysics

Detecting “axion as dark matter” solves both

Axion solves 
“Dark Matter Problem”

Observed neutron EDM is 
“unnaturally” small

85% of matter in the Universe 
but we don’t know what it is 

Axion solves  
“Strong CP problem”
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Axion is one of candidates, but…
Helen Quinn

US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report



Large scale survey (1675 participants) 
of Big mysteries on Physics  
by APS Physics Magazine 
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Axion is the most promising!
Helen Quinn

https://arxiv.org/pdf/2605.11058

Answer Count (±1ω) Percent (±1ω)

Breakdown of Lorentz invariance (the theory that physics was the

same in the distant past)

87 ± 9.3 5.2 ± 0.6

Not inflation but don’t have an alternative 169 ± 13.0 10.1 ± 0.8

Other 94 ± 9.7 5.6 ± 0.6

No opinion 226 ± 15.0 13.5 ± 0.9

3. Question 3: Dark Matter or Modified Gravity

Question. The observed rotation rates of galaxies are faster than expected, given the

gravitational pull of the light-emitting matter contained in the galaxies. These rotation

rates and related observations (e.g., clusters of galaxies, baryonic acoustic oscillation, and

cosmic microwave background anisotropies) have led to proposals for “new physics” either

in the form of dark matter or of modifications to the laws of gravity. In your opinion what

is the most likely candidate for explaining these gravitational anomalies?

Answer Count (±1ω) Percent (±1ω)

Low-mass dark matter particles (e.g., axions) 290 ± 17.0 17.4 ± 1.0

High-mass dark matter particles (e.g., WIMPs) 167 ± 12.9 10.0 ± 0.8

A modification to classical gravity on galaxy scales (e.g., MOND) 192 ± 13.9 11.5 ± 0.8

Primordial black holes 90 ± 9.5 5.4 ± 0.6

A hybrid of the above 344 ± 18.5 20.6 ± 1.1

E!ects of quantum gravity 168 ± 13.0 10.1 ± 0.8

Other 164 ± 12.8 9.8 ± 0.8

No opinion 252 ± 15.9 15.1 ± 0.9

4. Question 4: Cause of Cosmic Acceleration

Question. Observations of supernovae suggest that the cosmic expansion is not slowing

down—as would be expected if gravity were the only force acting between galaxies. What

25

FIG. 1. Big Mysteries Survey (1,675 respondents): respondent background and self-reported profile

information.

II. METHODS

The Big Mysteries Survey was posted by Physics Magazine from 28 July 2025 to 9 Septem-

ber 2025 [2]. The questionnaire covered topics in the foundations of quantum mechanics,

cosmology, black-hole physics, quantum gravity, and anthropic coincidences. In total, 1,675

participants responded and were asked to indicate their status within the field.

Because the Physics Magazine survey was an open online survey rather than a random

sample of all physicists, the results should be interpreted as a large-scale snapshot of re-

spondents’ views rather than as a precise population estimate. Even with that caveat, the

dataset is informative because of its size and topical breadth. In what follows, we present

the response distributions and compare them, where relevant, with the earlier Copenhagen

conference survey [1].

For qualitative context, we also analyzed the free-text “Other” responses in the survey

spreadsheet. These responses are included in the anonymized dataset provided as supple-

mental material. They map in order to Questions 1–10. For each question, we reviewed all

3

Appeared on arXiv last week
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Axion as Dark Matter

va ∼ 10−3c

O(100 m)

tc ∼ 1 ms

Axion DM is like a bunch of 
gigantic slow laser-like pulses 

, ,    (mean DM distance)ma = 𝒪(1) μeV/c2 ρa ∼ 0.45 GeV/cc λde Broglie = 𝒪(100) m ≫ d̄DM

Size of axion bunch 
 ~ Baseball ground
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scalar axion field and ga�� is the model-dependent axion-
two photon coupling constant. The two primary models
for axion-to-photon coupling are known as KSVZ (Kim-
Shifman-Vainshtein-Zakaharov) [14] [15] and DFSZ
(Dine-Fischler-Srednicki-Zhitnisky) [16]. KSVZ couples
only to hadrons, whereas DFSZ couples to both hadrons
and leptons. These have values �0.97 and 0.36 respec-
tively. DFSZ couplings are about a factor of 3 weaker
than KSVZ couplings, so require greater experimental
e↵ort to detect. Therefore, reaching the DFSZ sensitiv-
ity has been a long sought after goal of axion experi-
ments. The application of inhomogeneous magnetic field
provides a new channel for axions to decay into a pho-
ton, whose frequency is given by, f = E/h where E corre-

sponds to the total energy of the axion with contributions
primarily from the rest mass energy and a small kinetic
energy term and “h” is the Plack’s constant. This is
known as the Inverse Primako↵ E↵ect. The conversion
is expressed by a Feynmann diagram in (Fig. 1).

In 1983, Pierre Sikivie introduced the axion haloscope,
which uses a large density of virtual photons from a
strong static magnetic field to allow the galactic axions
to convert into real photons inside a microwave cavity.
When the axion’s frequency matches the resonance fre-
quency of the microwave cavity, the conversion rate is
enhanced to detectable levels. The power deposited in
the cavity due to this conversion is given by,

Pa!� = (1.9⇥10�22W)

✓
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FIG. 1. Feynman diagram of the inverse Primako↵ e↵ect. An
axion a converts into a photon � by interacting with a virtual
photon �

0
in a static magnetic field B through fermionic loop.

The coupling constant is denoted by ga�� .

Here, V is the volume of the cavity, B is the magnetic
field, Cnlm is the form factor of the cavity, ⇢a is the local
dark matter density, fa is the frequency of the photon
and Q is the loaded quality factor of the cavity. The form
factor is defined as the integral of the overlap between the
electric field of the cavity transverse magnetic mode and
the external magnetic field generated by the magnet [17].
For any given mode in an empty cylindrical cavity, the
TM010 mode has the highest form factor and the cavity
radial dimension corresponds to approximately one-half
of the photon wavelength. In practice, the geometry of
the cavity is more complicated because of the presence
of tuning rods, so simulation is necessary to understand
the form factor.

From Eq. 5, it is clear that experimentalists have sev-
eral handles which can be used to optimize the power
extracted by the receiver. Cavity volume, magnetic field
and quality factor can all be maximized, whereas the re-

maining parameters (g� , ⇢a) are fixed by nature. The
signal-to-noise ratio (SNR) is defined by the Dicke ra-
diometer equation [18]:

S

N
=

Paxion

kBTsys

r
t

b
. (6)

Here S is the signal, N is the noise, Paxion is the power
that would be deposited in the cavity in the event of
an axion signal, kB is the Boltzmann constant, Tsys is
the system noise temperature, t is the integration time,
and b is the measurement frequency bandwidth. The
total system noise temperature Tsys is composed of cav-
ity blackbody noise and amplifier noise, which should be
minimized to achieve the highest possible SNR.

III. THE DETECTOR

ADMX is located at the Center for Experimental Nu-
clear Physics and Astrophysics (CENPA) at the Univer-
sity of Washington, Seattle. The ADMX detector con-
sists of several components collectively referred to as “the
insert” shown in Fig. 2. The insert is lowered into the
bore of a superconducting solenoid magnet, which is op-
erated typically at just under 8 T, for data-taking op-
erations. The cylindrical insert (0.59 m diameter, 3 m
height) contains the microwave cavity, motion control
system for the antenna and cavity tuning rods, cryogenic
and quantum electronics, a dilution refrigerator, a liquid
4He reservoir, a bucking magnet and the Sidecar cav-
ity and electronics. The insert is designed such that the
field sensitive quantum amplifiers, switches and circula-
tors are housed in a field free region, with a volume 0.22
m height by 0.15 m diameter, provided by a bucking coil.
The cavity is inserted concentrically in the magnet bore
to maximize the form factor. The insert also involves
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Nominal Axion Search and  Difficulties

wavelike DM

1. Put cavity on the Earth

Tuning with metric rod

2. DM → Photon  
    Converting 
    

Axion

Dark Photon

3. Detecting tiny photon signal

Magnetic field 
is the most rich  
(virtual) photon source 

Detector Amplifier

axion
(simulated)
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Quantum  
amplifier

antenna HEMT

Amplifier (JPA, TWPA) limited by 
standard quantum limit:  
uncertainty principle for measuring 
phase and amplitude at the same time

I
QCavity tuning is annoying  

- heat problem 
- mechanical problem 
- EM leakage from cavity
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How close to discovery axion?
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Main Idea
第 9章 量子実験系における種々の結合 123

図 9.5: LC共振器（左）と本章で扱う超伝導量子ビット（右）

というものになる。Q の共役となる正準変数は Φ となることはすぐにわかるので、
HamiltonianHLCは

HLC =
Q2

2C
+

Φ2

2L
(9.2.6)

となることがわかる。第 1項がキャパシタのエネルギー、第 2項がインダクタのエネル
ギーになっていることがわかるだろう。
期待通りQと Φを正準変数とする調和振動子の形にかけたので、これらを演算子と

みなし、交換関係 [Q,Φ] = ih̄を要請することで量子化の手続きが完了する。共振器光
子の生成・消滅演算子を

a =
1

2h̄

√
L

C
Q+

i

2h̄

√
C

L
Φ (9.2.7)

a† =
1

2h̄

√
L

C
Q− i

2h̄

√
C

L
Φ (9.2.8)

とすることで、交換関係は [a, a†] = 1となりHamiltonianは
HLC = h̄ωLC

(
a†a+

1

2

)
(9.2.9)

となる。

9.2.2 超伝導量子ビット
次に、LC共振器のインダクタを Josephson接合で置き換えた図のような回路を考え

よう。Josephson効果において、絶縁体を挟んだ超伝導体間の位相差を θ、Josephson

接合をまたぐ電流と電圧を I、V として
I = I0 sin θ, V =

h̄

2e

dθ

dt
(9.2.10)

が成立する。ここで磁束量子 Φ0 = h/2eを用い、磁束を ΦJ = (θ/2π)Φ0と定義すれば
I(t) = I0 sin

(
2π

ΦJ

Φ0

)
, V =

dΦJ

dt
(9.2.11)

ℋ = ℏωqa†a +
ℏαq

2
a†a†aa

En
er
gy
 le
ve
l

- Large Electric Dipole Moment  
     → Very sensitive to ambient electric field 

- Working at mK temperature  
     → Low fake signals   

- Designable circuit 
     → Any desired sensors can be made   

manipulatable 
quantum computer  

|1⟩

|0⟩

|2⟩

ℏωLC

ℏωLC

|3⟩

+4ℏαq

+2ℏαq

ℏωLC +6ℏαq

A lot of ideas invented at

As a quantum computer

Adapt these advancements on 
QIS research area Particle, Astro research area

As a quantum sensor
❖ Two main experimental sites for qubit characterization and dark matter experiments

5DarQ Experimental Site

Cryogenic Research Center 
(the University of Tokyo)

QUP*  
(KEK**)

*The International Center for Quantum-field Measurement Systems for Studies of the Universe and Particles 
**  High Energy Accelerator Research Organization

BlueFors LD400 BlueFors XLD/LD400
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Qubit Application to DM search

4.746 4.748 4.750
Frequency (GHz)

0.0
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Readout

Transmon Dark Matter

Storage

n=2 n=1 n=0

FIG. 1. Superconducting transmon qubit dispersively

coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1

2
!q�z + 2�a†a 1

2
�z.

The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive

2

FIG. 1. Superconducting transmon qubit dispersively

coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1

2
!q�z + 2�a†a 1

2
�z.

The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive

2
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1⟩
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Figure 1: Schematic of the axion search setup: (a) The haloscope cavity, located in a 2T mag-
net, connects to the detector via a fixed antenna port and features cryogenic frequency tuning
through three sapphire rods attached to a nano-positioner. (b) The SMPD, a superconducting
circuit with �/2 coplanar waveguide resonators linked to a transmon qubit, is positioned ap-
proximately 50 cm above the magnet and connects via standard coaxial cables. Its frequency
is adjustable by threading the flux through a SQUID embedded in the buffer resonator. Upon
activating the four-wave mixing process, the qubit cycles through photon detection phases. (c)
The detector center frequency alternates between resonance (red) and off-resonance (grey) set-
tings relative to the haloscope’s frequency (blue) in differential mode. (d) Measurement records
from the photon counter display clicks over time, with color indicating the detector’s frequency
setting.
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq # 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC & 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

As cavity tuner As DM antennaAs single photon detector

Dixit+ PRL 126, 141302

Shion Chen’s talk

Zheng+ PRL 136, 171002

single-photon counting and error suppression through
repeated QND measurements of the photon-number parity.
By increasing the average photon numbers of the cat states,
we achieve a maximum enhancement factor of 8.1 in the
signal photon rate compared with the vacuum state and
constrain the DP kinetic mixing angle ϵ < 7.32 × 10−16 at
the 90% confidence level (CL) near 6.44 GHz (26.6 μeV).
Furthermore, through parametric sideband driving to
actively tune the cavity frequency and subtracting the
background noise across various frequency bins, we
ultimately constrain the DP kinetic mixing angle on the
order of 10−16 within a bandwidth of about 100 kHz,
demonstrating the viability of quantum techniques for next-
generation DM searches.
The wavelike bosonic DPDM manifests itself as a

coherent oscillating microwave field that weakly couples
to the standard model photons in a cavity via the kinetic
mixing parameter ϵ. Under the resonance condition, the
DPDM field acts as a displacement operator DðβÞ ¼
expðβa† − β$aÞ within the DM coherence time τDM, where
β is proportional to ϵ and the signal integration time τ and
a†, a are the cavity ladder operators. The weak coupling
leads to a small displacement (jβj ≪ 1), which converts a
vacuum state into a superposition jψi ∝ j0iþ βj1iþ
Oðβ2Þ. By measuring the single-photon excitation proba-
bility P1 ¼ jh1jDðβÞj0ij2 ≈ jβj2, we can extract β and thus
constrain ϵ.

To enhance the DM-induced signal, the cavity can be
prepared in nonclassical states, such as cat states [28,29].
While conventional two-component cat states—superpositions
of phase-opposed coherent states jϕ&i ∝ jαi& j − αi—
have shown advantages in quantum metrology and infor-
mation processing [31–36], their susceptibility to single-
photon loss introduces a critical limitation. Specifically,
both the DM-induced displacement and single-photon loss
lead to parity flipping between even (jϕþi) and odd (jϕ−i)
cat states, making it difficult to distinguish the DM-induced
signals from relaxation errors in background noise.
To address this challenge, we propose using a four-

component cat state, also known as a compass state [30],
defined as

jϕ0ðαÞi ∝ jαiþ j − αiþ jiαiþ j − iαi; ð1Þ

for the DM search. This state exhibits fourfold rotational
symmetry and ultrafine interference structures in phase
space, making it extremely sensitive to small displacements
induced by the DM field, as illustrated in Fig. 1(a). The
photon number occupations of this state follow a Poisson
distribution restricted to n ¼ 0ðmod 4Þ, referred to as
“doubly even” parity. Figure 1(b) depicts the photon
number distributions of the compass state jϕ0ðαÞi, which
evolves into a superposition state jψi ∝ jϕ0ðαÞiþ
βα$jϕ1ðαÞi − β$αjϕ3ðαÞiþOðβ2Þ under a weak DM-
induced displacement (jβj ≪ 1). Here, jϕ1=3ðαÞi ∝ jαi −
j − αi ∓ ijiαi& ij − iαi represents the left- and right-odd

FIG. 1. DP search scheme with cat states and state preparation results. (a) Schematic of the experimental device for DP search using
compass states. (b) The photon number distributions of a compass state before and after the DM-induced displacement operation.
(c) Experimental sequence for preparing the compass states with two successive sinusoidal photon number filters and three parity checks to
ensure successful state preparation. Here, Cθ ¼ eiθa†a represents the cavity phase shift of θ conditional on the qubit state. (d) Measured
(dots) and ideal (bars) photon number populations of the generated compass states for different average photon numbers jαj2.

PHYSICAL REVIEW LETTERS 136, 171002 (2026)

171002-2

Agrawal+ PRL 132, 140801
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Qubit as cavity tuner: DarQ-Lamb
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Qubit as cavity tuner

ℋ/ℏ = (ωc + g2/Δ) σz/2 + (ωq + g2/Δσz) a†a

Cavity

Mode crossing simulation

8

Blue dashed line 
estimated qubit frequency 
without interaction

Red dashed line
estimated cavity’s frequency 
without the interaction

Yellow line
Cavity→(mode crossing)→Qubit

Green line
Qubit→(mode crossing)→cavity

19th Patras Workshop

E-field

Qubit

ℋ/ℏ =
ωq

2
σz + ωca†a + g(σ+a + a†σ−)

CavityQubit Interaction

Δ = ωc − ωq

Conventional tuning 
- friction heat 
- mechanical difficulties  
- EM leakage

Qubit tuning 
- No heat essentially 
- No moving parts 
- cavity can be  
perfect closed  
geometry
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Qubit as cavity tuner
Cavity

E-field
Dark Photon  
Waves

Readout by standard  
axion search like readout

SQ
UID
-ty
pe 
qu
bit
s

Coil

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

Weak magnetic flux

Qubit
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Setup fridge

QubitCopper 
Cavity

Coil

B-field shield

Cavity
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FIG. 5. (Large box) Comparison with existing experimental limits and cosmological constraints, following [22, 35]. Existing
results are indicated by gray shaded regions, while our result is shown as the orange line. We apply the random polarization,〈
cos2 ω

〉
= 1/3. This plot was generated from [35]. (Small box) The detailed view of the exclusion limit of this experiment.

Orange region is in the random polarization case, and the blue region case is in the worst case [35].

for The Advanced Research Infrastructure for Materials
and Data Hub.

We are grateful for the help and support provided by
Dr. T. Miyazawa from the Engineering section of Core
Facilities at Okinawa Institute of Science and Technol-
ogy Graduate University. This work made use of the
Pritzker Nanofabrication Facility, part of the Pritzker
School of Molecular Engineering at the University of
Chicago, which receives support from Soft and Hybrid
Nanotechnology Experimental (SHyNE) Resource (NSF
ECCS-2025633), a node of the National Science Founda-

tion’s National Nanotechnology Coordinated Infrastruc-
ture RRID: SCR022955. This work made use of the Cen-
ter of MicroNanoTechnology (CMi) at EPFL. This work
was supported by World Premier International Research
Center Initiative (WPI), MEXT, Japan. This work was
supported by JSPS KAKENHI Grants No. 23H01182,
23K13093, 23H04864, 23KJ0678, 23K17688, 23K22486,
24K17042, 24H00689, 25H00638, 25KJ0847, JST AS-
PIRE Grant No. JPMJAP2316, JST PRESTO Grant
No. JPMJPR2253, JPMJPR23F7, JST SPRING JP-
MJSP2108, Japan. QUP Release No. KEK-QUP-2025-
0011.

[1] J. N. Butler, R. S. Chivukula, A. de Gouvêa, T. Han, Y.-
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N. Craig, C. Csáki, A. X. El-Khadra, L. Baudis, J. Hall,
K. T. Lesko, J. L. Orrell, J. Gonski, F. Psihas, and

S. M. Simon, Report of the 2021 u.s. community study on
the future of particle physics (snowmass 2021) summary
chapter (2023), arXiv:2301.06581 [hep-ex].

[2] L. Hui, Wave Dark Matter, Annual Review of Astronomy
and Astrophysics 59, 247 (2021), 2101.11735.

[3] P. Sikivie, Experimental Tests of the ”Invisible” Axion,
Physical Review Letters 51, 1415 (1983).

[4] D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Re-
dondo, and A. Ringwald, Searching for WISPy cold dark
matter with a dish antenna, Journal of Cosmology and

21DarQ-Lamb Result

Proof of principle experiment  arXiv:2505.15619

4

FIG. 3. Relationship between the bias current flowing
through the coil (x-axis) and the cavity frequency (y-axis).
The color scale indicates the cavity transmittance, with the
yellow region corresponding to the center of the cavity reso-
nance as the function of the bias current. The red dashed line
is the prediction by the Jaynes-Cummings model. The region
marked by the black dashed lines and arrow corresponds to
the approximate data range used in this study.

drive tone. The frequency span for the measure-
ment was three times the cavity’s full width at half
maximum (FWHM→ 1MHz).

4. The DC current through the coil was adjusted to
achieve a frequency scan step of about 100 kHz.
This step size was considerably smaller than the
full width at half maximum.

The measurement at a single frequency step took about
2–3 minutes. The relevant parameters on the measure-
ment are summarized in Table I.

Analysis.—We analyzed the acquired spectrum follow-
ing a procedure established in previous cavity haloscope
studies [23, 33].

First, as a preliminary data selection, measurements
were discarded if the fit quality was poor, specifically
when the reduced chi-squares satisfied ω2

trans > 2 or
ω2
refl > 5. Data were also excluded if the extracted pa-

rameters fell outside the valid ranges: ε > 10, QL <
1000, or QL > 100, 000. Furthermore, datasets with ex-
cessive relative errors in ε and QL were also rejected.
Next, a Savitzky-Golay filter [34] was applied to mitigate
baseline distortion originating from the receiver chain.
This filtering was performed using a second-order polyno-
mial with a window size of 1001. The attenuation factor
induced by this filter was determined to be ϑ = 1.02±0.08
by injection of software signal. Following the data se-
lection and Savitzky-Golay filtering, the filtered power
spectrum Pfiltered was first normalized to have zero mean
and unit standard deviation (µ = 0, ϖ = 1) to obtain
Pnormalized. This normalized spectrum was then rescaled
by the noise power Pnoise from Eq. 8 and the expected

signal power P (ω = 1) from Eq. 4 as follows:

Prescaled ↑ Pnormalized ↓
Pnoise

P (ω = 1)
. (9)

This transformation enables eliminating the influence of
measurement-dependent parameters, such as ε and QL,
then allowing the combination of data obtained with
di!erent parameters in the following analysis step. To
search for a significant excess, the statistical uncertainty
after rescaling ϖrescaled is defined as

ϖrescaled ↑ 1↓
Pnoise

P (ω = 1)
, (10)

where the factor of unity represents the standard devia-
tion of the normalized spectrum. In the following analy-
sis, both Prescaled and ϖrescaled were subjected to the same
analysis procedure.
To take into account signal width in the statistical

analysis, a Maxwell-Boltzmann filter was applied by per-
forming a cross-correlation between the processed spec-
trum and the Maxwell-Boltzmann distribution, which
represents the expected lineshape of a dark photon sig-
nal. We assume the lineshape as

FMB(f) =
2
↔
ϱ

√
f ↗ fDM

(
3

fDM
→v2↑
c2

) 3
2

↓ exp

(
↗
3(f ↗ fDM)

fDM
→v2↑
c2

)
, (11)

where fDM is the frequency of the dark photon, c is the
speed of light, and

〈
v2
〉
is the mean-square velocity of

the galactic halo
〈
v2
〉
= (270 km/s)2 [23, 33]. The sys-

tematic uncertainties, listed in Table I were incorporated
into the analysis; however, the statistical uncertainty was
considered to be the dominant source of uncertainty [23].
After these steps, all spectra were statistically com-

bined by a weighted average to follow the maximum like-
lihood estimation. Finally, we evaluated the SNR in each
frequency bin to determine whether any signal excess ex-
ceeded a 3ϖ threshold (see Eq. 7).
Result.— Figure 4 shows the final power excess spec-

trum, obtained by combining all datasets, represented by
blue dots. The orange region represents the standard de-
viation, accounting for statistical and systematic uncer-
tainties. We found no frequency bin with a power excess
exceeding 3ϖ. Therefore, we set an upper limit on the
kinetic mixing parameter.
The unknown polarization of dark photons must also

be considered in the interpretation of the experimental
results. The limit on the kinetic mixing parameter, ω, is
consequently adjusted by a factor related to

〈
cos2 ς

〉
, the

average squared projection of the dark photon polariza-
tion vector onto the electric field of the cavity mode of
interest:

ω ↘
ω√

≃cos2 ς⇐
, (12)

Tuning range is proportion to the coupling between qubit and cavity 
We are trying to enlarge coupling with optimized qubits



22

Qubit as single photon counter
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Why Single Photon Counting?
Sensitivity already hits the standard quantum limit

: ~30 mK@1GHz, ~300 mK@10GHzΔnΔϕ ≥
1
2

Single Photon Counter

I
Q subverts the limit 

(just ignore phase 
 information)

Quantum limited amplifier  
(JPA or TWPA) 
amplify both  
amplitude and phase



24

Single photon counting 
PRL 126, 141302 (2021)

1/37 of SQL → ~1300x speed up

ℋ/ℏ = (ωc + g2/Δ) σz/2 + (ωq + g2/Δσz) a†a

Dixit+ PRL 126, 141302

Pioneering work from FNAL/U Chicago 
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Bose enhancement

Up to  
→ 2.78x signal 
    < 4+1 
- State preparation 
- Faster decay 

|n = 4⟩
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Sudden news from China: Cat
https://conference-indico.kek.jp/event/352/contributions/7337/attachments/4931/8075/KEK-QUP2025-30min.pdf
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Axion needs B-field

Nb dies << 1Tesla Qubit dies << 1 Tesla

How can we survive?

Most of superconductor for qubits are pure material 
→ Explore other than pure material !

100-200 nm

Nb, TiN …

Aluminium 
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High Temp. Superconductors
https://indico-tdli.sjtu.edu.cn/event/4847/timetable/#20260428

Slides from SungWoo Youn 
IBS-DMAG
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Ways to introduce B-field

B-field

Usual qubits (Niobium film + Aluminium junctions) live at least 1Tesla  
→ We aim to increase up to ~ 10 Tesla with some improvement (like high Hc superconductor )

J. Krause et.al., Phys. Rev. Applied, 17, 034032 (2022)

MAGNETIC FIELD RESILIENT TRANSMONS. . . PHYS. REV. APPLIED 17, 034032 (2022)

responsible; it would be beneficial to avoid them when
exploring large magnetic fields [35].

Eventually, our measurements become limited by the
decreasing signal-to-noise ratio as the dispersive shifts of
the transmons become small. Therefore, we do not mea-
sure the single-JJ transmon at magnetic fields above 0.69
T. However, we can measure characteristic SQUID oscilla-
tions over the entire field range of 1 T that is available to us,
as the distinctive frequency modulation helps to identify
the SQUID-transmon transitions. Unfortunately, because
the values of B!0 for the SQUID junctions are above or
close to Bcrit

‖ , the upturn in EJ 1 for B‖,1 > 0.9 T is relatively
weak.

V. IN-PLANE MAGNETIC FIELD DEPENDENCE
OF THE COHERENCE TIMES

Now we turn from the energy spectrum of the transmons
to the coherence as a function of B‖,1. At each value of
B‖,1, data sets such as the one shown in Fig. 2 are taken. To
eliminate the B⊥ dependence, Figs. 4(a) and 4(b) show the
highest 5% of all T1, T∗

2, and Techo
2 measured at each B‖,1.

As seen in Fig. 2, the values of B⊥ for the maximum T1,
T∗

2, and Techo
2 do not necessarily coincide.

We observe microsecond values of T1 over the entire
B‖,1 range measurable in the time domain. While T1 for
the single-JJ transmon is essentially constant up to 0.4 T,
T1 for the SQUID transmon shows a slight improvement,

with a maximum T1 of more than 30 µs for B‖,1 = 0.34 T.
At that point, the perpendicular field offset B0 for the max-
imum T1 coincides with the bottom sweet spot, and, as we
noted earlier (see Sec. III), at the bottom sweet spot, T1
is usually longer than that at the top sweet spot. A slight
improvement in T1 is also expected because the Purcell
effect is reduced at higher fields and lower frequencies
(see Appendix G). In the instability region between 0.4
and 0.5 T, the few data points for the single-JJ transmon
(and one data point for the SQUID device) suggest a reduc-
tion in T1. While T1 for the single-JJ transmon stabilizes
at a slightly lower 2–4 µs after the instability region, the
dependence of T1 for the SQUID transmon at high fields is
less clear. We do not understand the sudden drop in T1 for
the SQUID transmon, nor the gradual improvement in T1
that follows. From B‖,1 > 0.65 T onwards, we are unable
to perform time-domain measurements at the bottom sweet
spot, as the frequency becomes too low. Before that, our
data represent the maximum T1 across the entire SQUID
oscillation; at the highest fields, we lose the lowest fre-
quencies. Quasiparticle-induced decay does not seem to
limit our transmons even for the highest magnetic fields,
where the superconducting gap is smallest. For details, see
Appendix G, where we compare our estimate of the clos-
ing of the superconducting gap (Sec. IV) with the qubit
lifetimes at high B‖,1.

We now discuss qubit dephasing. While, in general,
microsecond coherence is maintained up to at least 0.7 T,
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FIG. 4. Transmon qubit coherence as a function of B‖,1. B⊥ is varied at each B‖,1, and we show the highest 5% of all T1, Techo
2 , and

T∗
2 for (a) the single-JJ and (b) the SQUID transmon at each B‖,1. The dashed lines indicate the mean of the high-coherence data at

each field. Microsecond coherence is maintained up to at least 0.7 T, with T1 above 1 µs over the entire measurable range. (c),(d) Pure
echo dephasing rates "echo

φ = 1/Techo
2 − 1/(2T1) versus parallel magnetic field B‖,1. For low magnetic fields (high frequencies), "echo

φ is
limited by photon shot noise. For high magnetic fields, the transmons approach the low-EJ /EC limit, and the charge dispersion f01(ng =
0) − f01(ng = 0.5) increases, eventually limiting the coherence. (e) Pure Ramsey dephasing rate "∗

φ as a function of the SQUID
frequency sensitivity |df01/dB⊥|. For every in-plane magnetic field B‖,1, we observe a linear dependence "∗

φ = a |df01/dB⊥| + b. The
inset shows the slope a as a function of B‖,1, which suggests that the noise in B⊥ increases linearly with B‖,1. The observed noise
level and trend are independent of the current source connected to the B‖,1 magnet coil (the current sources are denoted “Oxford” and
“Keithley” in the legend). We believe that this noise is caused by mechanical vibrations (see text).

034032-5

Parallel field doesn’t penetrate  
superconductor  
→ qubit can survive in B-field!
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Study ongoing

SC-magnet 
3T, 1-inch bore

TiN 2D  
resonator

8 Tesla magnet will be delivered at QUP! 
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Sudden news from Italy: SMPD 

Similar noise level to Fock state 
This can be operated  
OUTSIDE of magnet !!
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For preparing sudden news from Japan

See Chikara Kawai’s poster
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Summary
- Recently founded QUP is working on quantum sensing 

- Axion is the most promising dark matter candidate 

- Qubit can be tuner of cavity 
→ Initial results  

- Qubit can be variety of single photon counters  
Fock, Cat, SMPD…  

- We (as particle physicists) shouldn’t forgot about magnetic field 
 Nb3Sn, ReBCo, Nitride qubits …  
  

- We (as particle physicists) should think about the best way to  
utilize quantum technology for particle physics  
“novel quantum way” gives results but not always leads discovery of DM!!
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Backup
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Game changer: Entanglement
PRL .131.211001 (2023)

Quantum circuit.—Now, we discuss how the signal rate
can be significantly enhanced when nq ≫ 1. We consider a
quantum circuit consisting of nq sensor qubits which
interact with DM oscillation. The state can be expressed
by a linear combination of states of the following form:

jΨi ¼ jψ1i ⊗ jψ2i ⊗ " " " ⊗ jψnqi; ð8Þ

where jψ ii denotes the state of ith qubit. The frequencies of
the sensor qubits are assumed to be all equal. In our
discussion, we consider the case that qubits used for the
DM detection can be initialized, measured, and evolved
through standard gates like the Hadamard gate and CNOT
gate. (See Appendix A for the gate operations used in our
analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with OðnqÞ gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM is
mainly in time interval t1 ≤ t ≤ t2. We also assume that the
coherence time of the qubits is long enough, so that
the coherence time of the system, τ, is determined by
the coherence of the DM and does not scale with n−1q . We
expect that the coherence time of the qubit system longer
than that of DM is achievable in future quantum computer
platforms with sizable nq. The entangled qubit system is
usually more fragile than the individual nonentangled ones
and the coherence time of the entangled state may be
∼τq=nq, where τq is the coherence time of a single qubit
[16]. Even in such a case, the following discussion holds as
far as nq ≲ τq=τDM (with τDM being the coherence time of
the DM).
In order to understand the enhancement mechanism of

the signal, it is instructive to consider the case that α ¼ 0.

For α ¼ 0, the eigenstates of UDM are jþi and j−i,
satisfying UDMj&i ¼ e&iδj&i, where

j&i≡ 1ffiffiffi
2

p ðjgi& jeiÞ: ð9Þ

Thus, considering the states with nq qubits, j&i⊗nq , they

evolve as j&i⊗nq → U⊗nq
DM j&i⊗nq ¼ e&inqδj&i⊗nq ; the phases

from nq qubits coherently add up. Our quantum circuit
measures this phase as the relative phase between jþi⊗nq

and j−i⊗nq by using the superposition of these states.
With the circuit, the state evolves as follows. First, all the

qubits are prepared in the ground state at t ¼ ti. At t ¼ t1,
the state of sensor qubits is given by

jΨðt1Þi ¼
1ffiffiffi
2

p
"
jþi⊗nq þ j−i⊗nq

#
: ð10Þ

With the effect of the DM, the state at t ¼ t2 becomes

jΨðt2Þi ¼
1ffiffiffi
2

p
"
einqδjþi⊗nq þ e−inqδj−i⊗nq

#
: ð11Þ

The quantum operation from t ¼ t2 to tf brings the phase
information to the first qubit:

jΨðtfÞi¼
1ffiffiffi
2

p ðeinqδjþiþe−inqδj−iÞ⊗ jþi⊗ðnq−1Þ

¼ ½cosðnqδÞjgiþ isinðnqδÞjei(⊗ jþi⊗ðnq−1Þ: ð12Þ

The probability to observe the excitation of the first qubit is

Pðα¼0Þ
g→e ¼ sin2ðnqδÞ ≃ n2qδ2; ð13Þ

where, in the last equality, we have used nqδ ≪ 1. Notably,
the probability is proportional to n2q, indicating a possible

FIG. 1. Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•” and “⊕” connected
by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the evolution with the effect of DM.
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DM excites  
a single qubit 
→ signal ∝ nqubit

Prepare GHZ state of  
n qubit array 
→ signal ∝ n2

qubit

FIG. 1: The ratio ωε(W )/ωε(sep) of the uncertainties of measuring the DM signal between

the case using W state and the separate measurement. The solid, dashed, and dotted lines

correspond to ϑ2/ϑ1 → 1, 10 and 100, respectively.

the quantum Cramér-Rao bound [37]. See Appendix D for the details.

In Fig. 1, we show the ratio of the uncertainties ωε(W )/ωε(sep) as a function of L for several

choices of ϑ2/ϑ1. Here, we numerically optimize the measurement time t for each case to

minimize the uncertainty. Also, we take all terms in Eq. (40) into account, not only the

leading order terms with respect to L. One can see that the behavior is consistent with the

above analytical argument; the optimal choice of number of qubits is around L ↑ ϑ2/!0 with

the suppression factor as ↑
√
!0/ϑ2, while the scaling with respect to number of qubits L

is also consistent with the analytical argument.

Before leaving this section, we add a discussion on the situation when the frequency of the

signal is unknown and we need to scan a certain frequency range of interest. This situation

is directly applied to the practical execution of the protocol for the DM search, where one

does not know the DM signal frequency exactly. We show that in this case, the benefit of

projecting the sensors to the W state compared to the separate measurement remains, and

even better for the large L limit, owing to the wider bandwidth of the measurement.

Suppose we need to scan a frequency range F to search for a signal with an unknown

frequency. Here, we assume the frequency-tunable quantum sensor and simply adopt the
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| |00 11
2
〉+ 〉  （5）

となるが，これを |ϕ＋〉と書いて，ベル状態と呼ぶ．添え
字ABを書かないのは誤解がないため省略したもので，00

（または 11）の左の 0（または 1）が粒子Aで右が粒子Bと
約束する簡略記法である．さらに規格化定数の 1 2/  すら
省略することがある．最大もつれ状態は無数にあるが，（5）
式と直交基底をなすものは他に 3つあり，それぞれ |ϕ－〉≡
| 00〉－| 11〉，|ψ＋〉≡| 01〉＋| 10〉，|ψ－〉≡| 01〉－| 10〉と定義さ
れ（規格化定数は省いた），これらもベル状態という．2粒
子のヒルベルト空間は 4次元だが，その基底の最も単純な
選び方は | 00〉，| 01〉，| 10〉，| 11〉のようにもつれていないも
のだけから成る基底であろう．逆に |ϕ＋〉，|ϕ－〉，|ψ＋〉， 
|ψ－〉はどれも最大もつれ状態であるベル状態ばかりから
成る基底である．単純基底とベル基底の基底変換は量子テ
レポーテーションのところで重要となる．図 1に 4つのベ
ル状態を 2準位系のイラストで描いた．
なお量子情報の分野では 2準位系のことを qubit（量子

ビット）と呼ぶ．2準位といっても，エネルギー的には等
しい 2状態であることが多い．無磁場中のスピンの x方向
の upと down（または y方向または z方向の upと down），1

つの光子の縦横偏光（または±45度偏光または右回りと左
回りの円偏光）などである．なお |ϕ＋〉，|ϕ－〉，|ψ＋〉，|ψ－〉
のうち初めの 3つは粒子の入れ替えに対して変化しないが，
最後の |ψ－〉は符号が反転する．|ψ－〉はシングレット状態，
最初の 3つはトリプレット状態と呼ばれる．これらのベル
状態にある 2つの量子ビットのことをベルペアと呼ぶ．
次なる複雑化は（a）多体の 2準位系すなわち多 qubit系
へ進むか，（b）2体の多準位系か，（c）n体のm準位系へ進
む方向がある．まず（a）の方向であるが，3体の 2準位系
ではGHZ状態 5）と呼ばれる

|000 |111|GHZ 2
〉+ 〉〉≡   （6）

という量子もつれ状態と，W状態と呼ばれる
| | |100 010 001|W 3
〉+ 〉+ 〉〉≡   （7）

という量子もつれ状態がある．
図 2にGHZ状態とW状態を描いた．3体の場合これ以

外の量子もつれはないことがわかっている．「ない」の意

味は後述のLOCCという概念のところで説明する．
4体の 2準位系でもGHZ状態

4
||0000 1111|GHZ 2

〉+ 〉〉≡   （8）

と，W状態

4
| | | |1000 0100 0010 0001|W 4

〉+ 〉+ 〉+ 〉〉≡   （9）

という量子もつれ状態がある．これ以外にもクラスター状
態と呼ばれる

4
| | | |0000 0011 1100 1111|C 4

〉+ 〉+ 〉－ 〉〉≡   （10）

などがある．この状態は一方向量子計算に使われる．最後
の項がマイナスであることは重要である．もしプラスなら
その状態は（| 00〉AB＋| 11〉AB）（| 00〉CD＋| 11〉CD）/2と因数分
解され，これはAとBはもつれており，CとDももつれて
いるがAB系とCD系に二分すると積状態になっているこ
とを意味する．しかし（10）式は 1カ所マイナスなのでどの
ように仕切りを入れてももつれている．図 3に | GHZ4〉，
| W4〉，|C4〉を描いた．4体の場合，これ以外の量子もつれ
もあると確信されるが，万人が満足の行く量子もつれの分
類法は今のところない．
次に（b）の 2体の多準位系の方向であるが，たとえば 2

体の 4準位系を例にとると，4準位すべてを等振幅等位相
で足し合わせると

| | | |00 11 22 33
4

〉+ 〉+ 〉+ 〉  （11）

という状態になる．図 4にそれを描いた．このように等振
幅で足し合わせた状態は最大もつれ状態（MES: Maximally 

Entangled State）と呼ばれる．
準位が 4つでなく多数あるいは連続的になれば（11）式は

A B A B| | | |d
n
n n x x x∑ ³あるい 〉は〉 〉 〉   （12）

のように表される．ただし規格化定数は省いた．物理的に

図 1　2体の 2準位系の量子もつれ．準位と位相 0・π の組み合わせで 4つの
ベル状態がある．

図 2　3体の 2準位系の量子もつれ．

図 3　4体の 2準位系の量子もつれの例．上からGHZ状態，W状態，クラ
スター状態．

図 4　2体の 4準位系の量子もつれの例．

Projection to W states 
→ signal   

    at noisy environment 

∝ n2
qubit

We did this already These  enhancement is truly game changern2
qubit

→ Towards large scale experiment with many qubit array
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Direct application to quantum computing (bosonic codes) might be another direction


