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なぜ素粒子物理か？

Credit:%NASA

46

いかに宇宙は始まったか，その運命は？

宇宙の最小構成要素：「素粒子」とは？
その間（素粒子間）に働く，力とは？

なぜ 「そう」なっているか？
2
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素粒子・宇宙からの宿題に
素粒子物理学で答え、
人類の知に貢献したい

石野雅也
東京大学素粒子物理国際研究センター長

員して解明しようとするのが、素粒子物理学です。
ICEPPの基幹プロジェクトであるLHC-ATLAS

実験では、周長27kmの加速器を使い、世界中か
ら集まる3,000人の仲間と共同研究をしており、
典型的な大規模サイエンスの1つに数えられます
が、最先端のサイエンスを切り拓くための必然的
な発展形であると思います。2012年に発見した
ヒッグス粒子は、この宇宙の真空に関するサイエ
ンスの扉を開け、まさに宇宙の進化・発展の姿に
ついての理解を深め、新たな疑問も出ています。
これが学問の進歩であり、今後もこのようなアウ
トプットを出し続けて、人類の知へ貢献したいと
考えます。
ICEPPは量子計算機と量子センサーの応用研
究にも取り組んでいます。大きな可能性を持つ量
子技術ですが、量子現象そのものである素粒子の
ふるまいを表現するという応用例、量子センサー
を使った新しい素粒子実験の研究、これらを通じ
て、量子計算機・技術の発展に貢献することを目
指しています。
　物理学の本質は、一見異なるように見える複数
の事象に宿る本質的な部分を見極めることで、そ
れらを統一的に理解する学問です。この基本的な
概念を軸に研究を進め、素粒子・宇宙からの宿題
に答えていきたいと思います。そして、そのため
に我々が開発する広い意味での技術とあわせて、
人類の知に大きく貢献していくこと、それらを世
界的な規模で実現できる人材を次々と送り出すこ
とで、ICEPPの価値を更に高めていく所存です。

宙はどのようにその姿を変えてきたの
か?　物質を構成する基本要素は何なの

か?

　人類の多くが考えたことのある問いに正面から
向き合い、最先端の技術と無限のアイデアを総動

DIRECTOR’S  MESSAGE

MASAYA
ISHINO

宇

03
D

IR
E

C
TO

R
’S

 M
E

S
S

A
G

E

編集ディレクション
取材・文
撮影

アートディレクション
デザイン

イラストレーション

協力

清水修（ACADEMIC GROOVE MOVEMENT）
清水修
貝塚純一
細山田光宣
松本歩、鈴木あづさ（細山田デザイン事務所）
Yo Hosoyamada
秋本祐希（マブチデザインオフィス）
東京大学大学院理学系研究科・広報室

素粒子・宇宙からの宿題に
素粒子物理学で答え、
人類の知に貢献したい

量子コンピュータが導く
未来の素粒子物理学

素粒子物理学の
“今”を読み解く

多彩な技術で未知の物理現象を
探究する

「真空・時空」の解明・初期宇宙の
進化への実験的アプローチ

教育・組織概要

宇宙と素粒子と研究者の
キャッチボール

ヒッグス粒子の真空から
時空の謎に挑む

国際共同研究で新たな
物理学の地平を目指す

もっと知りたい！素粒子と実験装置の話

MEG実験をさらなる高みへ
大統一理論の証拠を探る

ラボ風景

CONTENTS

10

21

14

24

04 

03

18

20

12

22

16

27

DIRECTOR’S MESSAGE

QUANTUM Science

HISTORY AND TREND

TABLETOP Experiment

ATLAS Experiment

ICEPP UTOKYO

COVER STORY

ILC Project

COLLABORATION

COLUMNS

MEG Experiment

LAB GALLERY



3

宇宙の始まりを知るには

② 稀に起こる現象を見る

J-Parc（東海村）, PSI（スイス）
 B-Factory（つくば）

① 高いエネルギーで粒子を衝突させる
LHC : 14TeV

③ 遠い宇宙を見る

すばる望遠鏡
重力波干渉計

宇宙の始まり 
新物理

• 量子力学の不確定性原理を利用
• 単時間・重い粒子が出現する
• 陽子崩壊（神岡）
　

何が当たるか分からないが、
 誰も見たことがない領域で実験

→ 新発見の可能性
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素粒子現象を調べることによって、
宇宙の成り立ち、自然の仕組みを
知りたい

「なぜ」そうなったのか？

素粒子物理 量子

宇宙の始まりを知るには

量子で何が
できるか？



量子コンピュータ（FTQC, NISQ）・量子センサーの研究開発 
‣ 量子アルゴリズム、誤り耐性量子計算、量子エラー訂正 
‣ 量子センシング、量子アルゴリズムによる感度向上 
‣ FTQCに向けたハードウェア開発

⊠
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C 5
量子超越性の基礎を築き



量子コンピュータ（FTQC, NISQ）・量子センサーの研究開発 
‣ 量子アルゴリズム、誤り耐性量子計算、量子エラー訂正 
‣ 量子センシング、量子アルゴリズムによる感度向上 
‣ FTQCに向けたハードウェア開発

量子情報による素粒子物理・宇宙物理・
重力の研究 
‣ 既存の理論シミュレーション・データ 
解析・実験手法の限界を超える

素粒子

暗黒物質

ブラックホール

重力波

⊠
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物理の最先端領域を探求する

量子超越性の基礎を築き
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AIツールとして活用 
→ 量子機械学習

量子計算によるデータ学習の加速 古典計算機

量子状態に符号化

cvcc

c

c

検出器からのデータ 
量子的なデータ U(θ) ……

量子コンピュータ

𝒪i

量子をどう使うか？

訓練データ

結果

テストデータ

量子計算機量子モデル
学習 推論
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空間中の点群（point cloud）データに対して、
回転対称性と入力順に対する不変性を持つ量子
ニューラルネットワークモデルを構成

Z. Li, L. Nagano, K. Terashi, Phys. Rev. Res. 6, 043028 (2024)

ヒッグス粒子の“質量”を正しく学習

-leptonsの分類に応用H → ZZ → 4

Particle decay

20

 Lorentz symmetry in particle decays. 
• SO(3+1). 

• Typically useful in High energy particle classification.

• Found in many state of the art classical ML algorithms.

• Hard to convolute but easy to take inner products.

同変量子ニューラルネットワークモデル

問題の対称性を取り入れることで、
より効率的な学習が可能

終状態4レプトンの各ペアの内積を入力

https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.6.043028
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情報エントロピーを用いた量子状態分類

観測量を最適化することで、
効率的な識別が可能

スピン系の基底状態の識別
‣ハイゼンベルク模型 
‣対称性保護トポロジカル相のスピン模型 
‣横磁場イジング模型 
‣人工的に合成したハミルトニアン模型

量子コンピュータは状態測定にのみ使用、古典計算で分類

Z. Li, K. Terashi, arXiv:2502.11412

将来的に、“量子場”のセンシングへ応用可能か？

量子状態の候補の中からランダムに選んだテスト状態のラベルを識別する

https://arxiv.org/abs/2502.11412
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量子機械学習の学習・汎化性の解明 
‣勾配消失問題と古典計算に対する優位性の関係 
‣量子ダイナミクスなど、非自明な量子データに対する学習・汎化性

古典学習が難しく、勾配消失のない量子学習モデル

量子機械学習で取り組んでいること

Double Descent in Ridge Quantum Kernel Methods
Kensuke Kamisoyama, Lento Nagano,  Koji Terashi

Understanding generalization is one of the central challenges in machine learning. The double descent phenomenon 
describes a non-monotonic relationship between model capacity and test error: error follows the classical U-shaped bias–
variance curve, spikes near the interpolation threshold (where models perfectly fit training data), and then decreases again in 
the over-parameterized regime (Fig.2). While double descent is increasingly understood in classical settings, its quantum 
manifestation is still largely unexplored. Prior theory for ridgeless quantum kernel methods (QKM) revealed a sharp peak at 
interpolation, but ignored explicit regularization used in practice. We develop a rigorous framework that maps ridge QKM to a 
high-dimensional Lipschitz ridge regression problem and apply random matrix theory to derive a closed-form expression for 
test risk. Our formula describes test risk across the parameterization spectrum and shows how increasing regularization 
progressively smooths and suppresses the double-descent peak, providing a tunable tool to mitigate overfitting in QKM.

 5. Summary
•We extend prior observations on test risk for ridgeless case into a 
theoretical and quantitative framework for ridge QKM case, 
deriving a closed-form risk formula that explains how the 
interpolation peak is suppressed as the regularization coefficient 
increases.

•Validation: Numerical experiments validate our analytic test-risk 
expression and reproduce the interpolation peak for all 
regularization values, even at modest model sizes.

•Future work: rigorous analysis of test risk in variational quantum 
machine learning (VQML).

 4. Result: Test error (Theory and numerics)

• Quantum kernel ridgeless regression ( )

• Numerical evidence of double descent

λ = 0

Simulation 
(Theory & Numerics)

Deterministic Equivalent of Sample Covariance Matrix:

Rλ,Σ̂ = − ∂
∂J

Tr[PJ Qλ
J PJ α*αT

* ]
J = 0

+ ∂
∂λ

Tr[ΣQλ] + σ2

≍ − ∂
∂J

Tr[PJ Q̃λ
J PJ α*αT

* ]
J = 0

+ ∂
∂λ

Tr[ΣQ̃λ] + σ2

Qz := (Σ̂ + zIp)
−1

≍ Q̃z := ( Σ
1 + δ′ 

+ zIp)
−1

, δ′ = 1
n

Tr [Σ ( Σ
1 + δ′ 

+ zIp)
−1

]
Deterministic equivalent of Test risk:

 0. Abstract

MNIST

Synthetic dataPJ:= (I + JΣ)−1/2

Qz
J:= (Ip − PJΣ̂PJ)−1

Q̃z
J:= (Ip − PJΣPJ)−1

•Conventional statistical learning theory predicts a bias–
variance trade-off but does not explain why test error 
can decrease in the over-parameterized regime.

•Various classical over-parameterized models work well.

•Test error shows double descent.

•Random matrix theory is used to reproduce the peak 
behavior.

 1. Intro: Double Descent

Model complexity
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Over-parameterizedUnder-parameterized

Fitting degree  Legendre polynomials (orange curve) to  
noisy samples (red), from a polynomial of degree 3 (blue).

p n = 20

Fig.2

Fig.1

arXiv:2501.10077 

 2. Double Descent in Quantum Kernel Methods

 3. Settings: Ridge Quantum Kernel Regression

• Ridge loss:  + 


• Analyze Test risk: 

R̂ = 1
n

∥ytr − Xtrα∥2
2 λ∥α∥2

2

Rλ,Σ̂ = 𝔼εtr
𝔼(xts,yts) [(yts − α̂ ⋅ ϕ(xts))2]

Training samples:

   (  )ytr = Xtrα* + εtr Xtr = (ϕ(x1), …, ϕ(xn))T ∈ ℝn×d

N(0,I) ∼ zi ⟶ Lipschitz functions ⟶ xi (data)
Input data generation: 

Quantum Kernel model: 

Assumption on input-output relation: 
   (  is a Lipschitz function)y = α* ⋅ ϕ(x) + ε ϕ(x)

f(x):= Tr[ρ(x)O] = α ⋅ ϕ(x), where O = Σi αiρ(xi)

Σ̂:= XtrXT
tr /n

Σ:= 𝔼[XtrXT
tr /n]

Fig.3

Fig.4

テスト予測誤差の二重降下

K. Kamisoyama, L. Nagano, K. Terashi, 
arXiv:2604.17202

勾配消失問題

損失関数

量子ビット数

https://arxiv.org/abs/2604.17202
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場の量子論のシミュレーション
量子コンピュータ

古典計算機

……

ゲージボソンやフェル
ミオンの場を量子状態
として表現

シミュレータとして活用

量子計算によるシミュレー
ション精度の向上

量子をどう使うか？
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Numerical study of Quantum Field Theory
• (conventional) lattice QFT

• discretize spacetime  
using Monte Carlo method

• infamous sign problem
• topological term
• real-time dynamics, etc.

• Hamiltonian simulation  
• discretize space

• no sign problem!

• need exponential resources…

→
<latexit sha1_base64="qC6TsoK7PaUC+BVJdiXYcMI+zYY="></latexit>

Z =

Z
[d�]e�S[�] <latexit sha1_base64="jt9PJII+MqcKJfReLqlblvcdRUU="></latexit>

| (t)i = e�iHt| (0)i

time

<latexit sha1_base64="ivpsGTs47kQGohL2u7T5/w95Z0U="></latexit>

�(xi)

<latexit sha1_base64="8f4fz0sCFKOUffUHfXtpx0UMtmY="></latexit>

| (t)i
<latexit sha1_base64="9OqwEp0dKJnIxWgEPTyA4qy5e78="></latexit>

| (0)i

<latexit sha1_base64="iyOUMBAm3uzpya9oaZwF4R/wcnU="></latexit>

t
<latexit sha1_base64="teYGQ80MFADQNKd6qBdcKdf4ZVA="></latexit>

t = 0

‣時空間を離散化 
‣重点サンプリングに
よる の経路積分e−S

‣空間を離散化 
‣ で時間発展を
直接シミュレート 
e−iHt

量子コンピュータに適している

格子ゲージ理論は、素粒子理論を第一原理的に計算することが可能

符号問題が存在する 符号問題は存在しない

通常の格子ゲージ理論 ハミルトニアン形式の格子ゲージ理論

量子計算の優位性を示すことができる有望な分野

量子シミュレーション



Triangular pure  LGT ❤ heavy hexΩ2
8

ibm_kawasaki (Heron r2 - 156 qubits)

“Here we consider a U(1) quantum link model on a triangular lattice, ... 
that ideally matches the heavy hexagonal topology of the Eagle chip.”

cf.

Cobos et al. arXiv:2507.08088
also

Plaquette qubits = ancillae

3

in these precursors to rotational dynamics and Regge tra-
jectories of meson-like composites. Going beyond a single
string, we demonstrate how multi-string configurations
can fragment and reorganize in a heavy-massive regime,
distinct from conventional string breaking via particle-
antiparticle creation. Our observations, validated by ten-
sor network simulations, provide a direct bridge between
the theoretical constructs of e!ective string-like models
and tangible, dynamic observables, opening a new fron-
tier for probing the non-perturbative physics of gauge
theories. Moreover, the methods developed and the
lessons learned are broadly applicable to quantum simu-
lations beyond the specific model studied in this work.

II. THE Z2-HIGGS MODEL & STATIC
PROPERTIES

Gauge-Higgs models are central in understanding con-
finement and symmetry breaking in LGTs [11, 12]. In the
Z2 case [24, 25], paralleling the situation with other gauge
groups, the Higgs and confined phases are not separated
by a sharp phase transition but are instead smoothly con-
nected. In the square lattice, which has also proven to
be foundational in condensed matter [26], the deconfined
phase underlies the topological order in some types of
quantum spin liquids [27], while charge or flux condensa-
tion leads to the confined and Higgs phases, respectively.

We adapt the Z2HM to a particular hardware, IBM
superconducting chips with heavy-hexagonal connectiv-
ity, used to minimize frequency collisions for high-fidelity
gates [28, 29]. The model hereby realized is a LGT with
Pauli matter and gauge fields with a Hamiltonian,

H = →m
∑

n

ωzn→g
∑

(n,v)

εz

(n,v)→ϑ
∑

n,v

ωxn+vε
x

(n,v)ω
x

n. (1)

Here, ω , ε are Pauli operators defined in a constrained
tensor-product Hilbert space, n denotes the sites of the
hexagonal lattice, while v stands for the unit lattice vec-
tors; in the basis where ωz, εz are diagonal, we de-
fine their eigenvectors by ωz|0↑ = |0↑, εz|0↑ = |0↑, and
ωz|1↑ = →|1↑, εz|1↑ = →|1↑. As usual, matter fields live
on the sites and gauge fields on the links, as shown in
Fig. 1(a). The first two terms HM = m

∑
n ωzn and

HE = g
∑

n,v ε
z

(n,v), encode the local energies of mat-

ter and electric fields, while HI = ϑ
∑

n,v ω
x

n+vε
x

(n,v)ω
x

n

defines their gauge-invariant coupling.
Note that this Hamiltonian di!ers from the traditional

Kogut-Susskind Hamiltonian for LGTs [30], as magnetic
plaquette terms inducing direct fluctuations of electric
field configurations are absent. In doing this, we avoid
a considerable circuit-depth overhead in a Trotter ex-
pansion since the plaquette term would require a six-
body interaction in the heavy-hex lattice. We emphasize,
however, that this does not preclude resolving the phe-
nomenology of a deconfined phase, as dynamical matter
can tunnel along closed loops and lead to e!ective pla-
quette fluctuations, as discussed in more depth in the

following. The Z2 gauge symmetry is generated by the
operators,

Gn = ωzn
∏

v→ωn

εz

(n,v), [Gn, H] = 0 ↓n, (2)

where ϖn denotes the directions of the links connected
to site n in this trivalent lattice (see Fig. 1(a)). Since
gauge symmetries commute with the Hamiltonian, they
are constants of motion, dividing the complete Hilbert
space into sectors with di!erent eigenvalues Gn |ϱ↑ =
± |ϱ↑ . These are related to the absence (+) or presence
(→) of a static background charge at the site n. We focus
on physical states stabilized by the generators,

Gn |ϱ↑ = |ϱ↑ , (3)

which can be understood as a discrete Gauss’ law.
This model has three distinct regimes sketched in

Fig. 1(b). The Higgs regime appears for small values of
m and g, while the confined regime emerges when both
m and g are su”ciently large. Despite the absence of
a plaquette term, a deconfined phase appears at large
m and very small g. In the Higgs regime, the ground
state of the model is a highly entangled non-local su-
perposition of all the physical states in the eigenbasis of
HM and HE , which correspond to the classical configu-
rations of the matter and gauge fields. In limits m ↔ 0
or g ↔ 0, the model can be diagonalized in terms of mu-
tually commuting stabilizer operators ωxn+vε

x

(n,v)ω
x

n and

ωzn
∏

v→ωn
εz

(n,v). The ground state is non-degenerate,
and there is a finite energy gap between the ground and
first excited states.
In the confined regime, the eigenstates are close in

energy and fidelity to those of HM , HE , the ground
state approaches |000 . . . 0↑ as m or g increases, and
gauge-invariant excitations correspond to localized mat-
ter charges connected by electric field lines. The large
value of m leads to a global U(1) symmetry related to
the conservation of the total number of charges. Gauge
invariance forces the pairs of charges to be connected
by an electric field string, which has a large energetic
cost proportional to g to stretch or compress, and yields
an e!ective potential growing linearly with their relative
distance. In this phase, the mean local matter magneti-
zation takes the value ↗ωz↑ ↘ 1, as shown in Fig. 5 of the
extended data.

The confined and Higgs regimes are adiabatically con-
nected, since we find no gap closing as the microscopic
parameters are varied; see Fig. 1(b). This characteris-
tic is maintained in the thermodynamic limit for small
values of m, and it follows from the fact that the con-
fined ground state is contained in the superposition of
the Higgs ground state; thus, no energy crossings or gap
closure occur along the adiabatic path. For m = 0, the
Hamiltonian becomes the sum of commuting terms,

H = →
∑

n,v

(
g εz

(n,v) + ϑ ωxn+vε
x

(n,v)ω
x

n

)
, (4)

Collaboration: Debasish Banerjee, Anthony Gandon,
Emilie Hu!man, Gurtej Kanwar, Alessandro Mariani,
Francesco Tacchino, Ivano Tavernelli, UJW
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BANERJEE, CASPAR, JIANG, PENG, AND WIESE PHYSICAL REVIEW RESEARCH 4, 023176 (2022)

on a triangular lattice, which is equivalent to a dual height
model on a hexagonal lattice that ideally matches the heavy
hexagonal topology of the Eagle chip [57]. The height vari-
ables are directly embodied by individual qubits. This allows
us to study the intriguing real-time dynamics of confining
strings, which in this case also represent interfaces separat-
ing distinct nematic confined phases. In those phases lattice
rotation invariance is spontaneously broken while transla-
tion invariance remains intact (cf. [58–63]). Here we study
the confining dynamics in 2 + 1 dimensions, using near-term
quantum hardware, without taking a continuum limit.

II. MODELS AND OBSERVABLES

We consider a U(1) quantum link model on a triangular
lattice, with a two-dimensional link Hilbert space analogous
to a quantum spin 1

2 . The two link states carry electric fluxes
± 1

2 . The Hamiltonian takes the form

H =
∑

!
H! = −J

∑

!
[U! + U †

! − λ(U! + U †
!)2]. (1)

Here U! = UxyUyzUzx is an operator associated with the par-
allel transport around a triangular plaquette !. It is built from
quantum link operators Uxy connecting nearest-neighbor sites
x and y. A U(1) quantum link Uxy = S1

xy + iS2
xy = S+

xy is a
raising operator of electric flux Exy = S3

xy, constructed from
a quantum spin 1

2 , Sa
xy (a ∈ {1, 2, 3}), associated with the link

xy. The first term in the Hamiltonian inverts a closed loop of
electric flux around a triangular plaquette. It also annihilates
nonflippable plaquette states, i.e., those that do not contain
a closed flux loop. The Rokhsar-Kivelson term, proportional
to λ, counts flippable plaquettes. The Hamiltonian commutes
with the generators of infinitesimal U(1) gauge transforma-
tions, which correspond to the lattice divergence of the electric
flux operators,

Gx =
∑

i=1,2,3

(Ex,x+î − Ex−î,x ). (2)

Here î denotes unit vectors in three lattice directions separated
by 120◦ angles. In the absence of external charges, physical
states |"〉 obey the Gauss law Gx|"〉 = 0. When static exter-
nal charges Qx ∈ {±1,±2,±3} are installed at the lattice sites
x, the Gauss law is modified to Gx|"〉 = Qx|"〉. Besides the
U(1) gauge symmetry, there are several global symmetries,
including lattice translations, rotations, and reflections, and
charge conjugation C, which replaces Uxy by U †

xy and Exy by
−Exy. We consider a rhombic lattice of side length L with
periodic boundary conditions, which is equivalent to a regular
hexagon with side length L/

√
3, thus maintaining all lattice

symmetries even in a finite volume. The torus topology im-
plies an additional global U(1)2 center symmetry associated
with large gauge transformations [64]. The corresponding
superselection sectors are characterized by wrapping elec-
tric fluxes F1 = E2 − E3, F2 = E3 − E1, and F3 = E1 − E2,
where Ei = 1

L

∑
x Ex,x+î ∈ Z/2. The Fi ∈ Z commute with

the Hamiltonian, but cannot be expressed through small pe-
riodic gauge transformations Gx. It should be noted that the
three Fi are not independent because F1 + F2 + F3 = 0.

It is natural to introduce dual degrees of freedom: quan-
tum height variables which are associated with the hexagonal
lattice that is dual to the original triangular lattice. The dual
hexagonal lattice is bipartite and consists of two sublattices A
and B. The height variables on sublattice A are associated with
the center x̃ of an original triangle and take values hA

x̃ ∈ {0, 1},
while the height variables on sublattice B take the half-integer
values hB

x̃ ∈ {− 1
2 , 1

2 }. A configuration of height variables is
associated with a flux configuration

Ex,x+î =
(
hA

x̃ − hB
x̃′
)
mod2 = ± 1

2 . (3)

Here x̃ = x + 1
3 (î − ĵ) and x̃′ = x + 1

3 (î − k̂), where j = (i −
1)mod3 and k = (i + 1)mod3. It should be noted that, for
a given flux configuration, the height variables are uniquely
defined only up to a global shift hX

x̃ → [hX
x̃ + 1]mod2 (X ∈

{A, B}). The introduction of the dual height variables guar-
antees that the Gauss law of the original flux variables is
automatically satisfied modulo 2. In order to impose the full
Gauss law, the height variables are subject to a corresponding
constraint. In order to define the height variables in the pres-
ence of odd charges Qx ∈ {±1,±3}, one must connect these
charges by Dirac strings running along the links of the original
triangular lattice. Across a Dirac string, one of the adjacent
height variables must be shifted by 1 modulo 2.

In order to identify the symmetry-breaking patterns in the
different phases, we introduce two order parameters

MA = 2
L2

∑

x̃∈A

(
hA

x̃ − 1
2

)
, MB = 2

L2

∑

x̃∈B

hB
x̃ , (4)

associated with the two sublattices (each with L2 plaquettes
such that MA, MB ∈ [−1, 1]). Due to the global shift ambi-
guity of the height variables, (MA, MB) and (−MA,−MB)
are physically equivalent. It is important to understand the
transformation behavior of the order parameters under the fol-
lowing symmetries: the charge conjugation C, the 60◦ rotation
O around a point on the triangular lattice, the reflection R on a
lattice axis, and the reflection R′ = RO on an axis orthogonal
to a lattice axis. The order parameters transform as

CMA = MA, CMB = −MB,

OMA = MB, OMB = −MA,

RMA = MB, RMB = MA,

R′
MA = MA, R′

MB = −MB. (5)

III. METHOD AND NUMERICAL RESULTS

It is straightforward to set up a Euclidean time path integral
for the canonical partition function Z = Tr[exp(−βH )P] (at
inverse temperature β) using the dual height variable rep-
resentation. Here the operator P, which commutes with the
Hamiltonian, imposes the Gauss law by projecting onto the
Hilbert space of physical states. We have developed an ef-
ficient quantum Monte Carlo cluster algorithm (cf. [20,65])
that operates on the height variables, one sublattice at a time.
Equal-value height variables are connected to clusters accord-
ing to rules that guarantee detailed balance. Special rules
apply in the last time slice in which the projection operator P
enforces the Gauss law. The algorithm has been implemented
in continuous Euclidean time [66].

023176-2

Banerjee et al. PRR 4

Link qubits = dynamic d.o.f.
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H = − ∑
e∈ℰ

Z(e) − λ ∑
p∈𝒫

∏
e∈∂p

X(e)ハミルトニアン

全156量子ビットを利用 
（おそらく世界最大規模）

2次元格子ゲージ理論の基底状態シミュレーション

+
ibm_kawasaki Miyabi（スパコン）

• our model is suitable for heavy-hex geometry 

• Suzuki-Trotter deconposition

• #(CNOT depth)=6 (indep of )Nψ

Circuit mapping
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: gauge qubit

: ancilla qubit
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[proposed by T. Hayata]

プラケット

補助量子ビット
ゲージ場量子ビット
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中性子星やクォーク-グルーオンプラズマなど、高密度・高温状態の理解の
ための第一歩

熱アンサンブルの全状態において、ゲージ
不変性を保ちながら効率的にサンプリング
する手法を研究

有限温度・有限密度のゲージ理論シミュレーション

(1+1)次元 格子ゲージ理論において、
有限温度・有限密度でのエネルギー密
度、カイラル凝縮、クォーク数密度を
正確に再現

ℤ2

R. Maeno, arXiv:2603.10932

https://arxiv.org/abs/2603.10932
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量子センサーによる新現象の探索
|1⟩

|0⟩

暗黒物質

光子に変換 量子ビットで読み
出しor変調

測定器として活用

量子アルゴリズムで感度向上

U ……

量子コンピュータ

量子をどう使うか？

測定器として活用
ハロースコープ実験

直接励起実験

新しい実験ツールとして活用
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超伝導量子デバイスの研究

超伝導量子ビット

200 nm  
200 nm

×

ジョセフソン接合

実際の姿 シリコン基板上にアルミの薄膜

PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ

(d)

(e)

(a)

(b)
Substrate 
(silicon/sapphire)Transmon

~cm

~cm

FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ε(t)a† + ε(t)∗a, (10)

with ε(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5

金属パッドの足

2mm

金属パッド

7

低温センター

超伝導量子ビットを自分達で作り、
実験に使う!!

超伝導量子ビットの作製プロセスを最適化し、
100 μsを超える寿命（T1）を達成
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ジョセフソン接合

EDM: μ ∼ Qd

d = 𝒪(100 μm)

‣原子の 倍の強さでフォトンと結合 
‣ の低いエネルギー閾値 
‣ のコヒーレンス時間内での状態
操作が可能

𝒪(106)
𝒪(μeV)
𝒪(100 μs)

超伝導量子ビットを使った波状暗黒物質（アクシオン, 暗黒光子）の探索

暗黒物質探索への応用

超伝導量子ビットは超強力な暗黒物質
センサー



Preliminary

広域探索を見据えた 
スキャン幅300MHzの
デモンストレーション
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超伝導量子ビットの直接励起による探索

アクシオン暗黒物質の探索へ S. Chen et al., arXiv:2407.19755

強磁場下で作動する超伝導量子ビットを開発中

DarQ-Direct実験

Wave-like DM, e.g, Axion, Dark Photon with mass , well motivated 
‣ Coherent electric field generated by photons  

converted from DM (e.g, dark photon) 

‣ Directly drive Qubit as a DM-induced microwave  

∼ 𝒪(μeV − meV)もういっそ直接励起

EX

µ

Qubitのドライブパルス

|g>

|e> ℏω = mDM

DMから転換した光子由来のコヒーレントな電場

= 

○ そもそもqubit-photon結合は強い　 
    µqubit ~106 × µatom 

    直接励起はnaiveには筋が良いはず


○  ダークマター由来の光: コヒーレント 
    Qubitにとってのドライブパルスになる 

    Rabi振動: 1Hz-1kHz

    振動の立ち上がりを頑張って捉える

|0
> 

po
pu

la
tio

n 
(a

.u
.)

Time lapse after resetting the qubit [0.1 µs]

T1 ~ 100µs

32

Dark photon DM

Chen et al.  
arXiv: 2212.03884

S. Chen et al., 

PRL 131, 211001 (2023)

Dark Matter Search with Direct Qubit Excitation
代表的な波ダークマター (2): Dark Photon

8

○ 新しいU(1)Q'


○ Dark photon := 光子とちょっとだけ混ざってる偽光子


○ 磁場かけてないAxion探索実験で探せる


    (実験初期のベンチマークに利用されがち)

Dark photon  
(質量固有状態)

mixing parameter
一般photon

Dark photon  
(相互作用固有状態)

Xμ = X̃μ − ϵAμ

   磁場がかかったaxionの状態にデフォルトでなってるイメージ

A′ 
γ

Superconducting qubits as an attractive probe due to 
‣ well-motivated DM mass in ~GHz range 
‣ strong coupling of superconducting qubits to photons  
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24

暗黒物質が変換したマイクロ波で
量子ビットを励起

https://arxiv.org/abs/2407.19755
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‣ SQUID型量子ビットを外部磁場で変調 
‣ キャビティ結合を通じて、キャビティ周波数を変調

キャビティ内の電磁場モード測定による探索

K. Nakazono et al., arXiv:2505.15619

DarQ-Lamb実験

SQUID型量子ビット

キャビティハロスコープ実験

4

キャビティハロスコープ実験

l 世界最高感度に到達している有力な検出方法

l 空洞共振器 (Cavity)に光子を溜め, 高周波で検
出

l 信号が非常に微弱なため, 複数段階で信号増幅
(HEMT, 常温アンプ, JPA,…)

l Cavityの共振周波数 探索DMの質量

大きな課題の一つが周波数変調機構

γ’

γ

HEMT

Amplifier

Analyzer

microwave

Room Temperature

~10 mK

~ K

Cavity
増幅

増幅

本研究では未使用

対応

ハロースコープ実験 最初の探索結果

https://arxiv.org/abs/2505.15619
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［A］スピン波を用いた空間変調型EH
12

• スピントランスファートルク(STT)によるスピン波のドップラーシフトは2008年に
[Vlaminck+,Science ’08]により初めて観測 

• そのドップラーシフト量はCW電流かつボトルネックなしの状態で測定され、0.4％ 

• 本研究ではボトルネック部での電流密度3・1012A/m2を与えるパルス幅200 nsの電流パ
ルスを印加し、先行研究を一桁以上上回る6％のドップラーシフトの観測に成功した。

6％のドップラーシフトの観測に成功

［A］スピン波を用いた空間変調型EH
13

同時に、ブラックホールに由来するイベントホライゾンの形成に必要となる100％のドッ
プラーシフト実現へ向けて改善すべき課題も抽出した。 

• 印加可能な電流の大きさはデバイスの発熱で制限されるため、パルス幅数nsのより短
パルス電流を用いることにより発熱や温度上昇を抑えつつ電流密度を向上。 

• 同様に電流密度向上のため、サブミクロンスケールのボトルネック幅を形成。 

• スピン波を経由しないアンテナ間の直接カップリングは測定のバックグランドとなり
S/Nを悪化させるため、アンテナカップリングを低減するデバイス構造を開発。

11人工ブラックホール実験 

• ホーキング輻射などのBHの量子過程の観測 

• それを利用した新規デバイスの開発 

を行う。2つの系で実験を進めている。

[A] 狭窄構造を持つ強磁性金属における、スピン波を用いた空間変調型EHアンプ
[B] 超伝導量子回路におけるSQUID arrayを用いた、時間変調型EHアンプ

2017年及び2009年にそれぞれの系でイベントホライゾンの実現が提案されているが、実
際のデバイス設計や実験はこれまで皆無であった。

スピン波を用いた人工ブラックホールの生成
狭窄構造を持つ強磁性金属を使って、人工ブラックホール（事象の地平面）を作る

パルス幅 200nsのパルス電流で、
6％のドップラーシフトを観測 
（先行研究から1桁以上の改善）

100％ドップラーシフト = 
「事象の地平面」の生成を目指す

数nsのパルス電流、サブミクロン
スケールのボトルネック構造へ
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sensors, |g→→nq

UDM

H UDM

H UDM

H UDM

H UDM

ti t1 t2 tf

Figure 3: 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 e!ect of DM. Figure from
Ref [8].

giving the excitation probability of the first qubit as ↓ n2

q
ω2ε 2. Similarly, in the case with

a general value of ϑ, it can be shown that the excitation probability with the GHZ state
becomes

p(GHZ)

g↑e ↓ n2

q
ω2ε 2 cos2 ϑ +O(nq) ↓

1

2
n2

q
ω2ε 2, (4.13)

where, in the second equality, we have used the fact that the phase ϑ is expected to take a
random value for each measurement cycle (as far as tf ↔ ti ↭ εDM). The excitation of the
first qubit is regarded as the signal of DM. Then, the number of events for the case with the
GHZ state is estimated as

N (GHZ)

sig
↓ Ntryp

(GHZ)

g↑e ↓ 1

2
Ntryn

2

q
ω2ε 2. (4.14)

Comparing Eqs. (4.5) and (4.14), we can see a significant enhancement of the number of
signals for the case with the GHZ state when nq ↗ 1; the number of signal scales as

Nsig ↘ nq for the case of the individual measurement while it scales as N (GHZ)

sig
↘ n2

q
for the

case with the GHZ state.
Notice that, with our quantum circuit, we need O(nq) gate operations for each measure-

ment cycle, so we need to take into account the false excitation rate coming from the gate
operator error. For the DM detection with GHZ state, an improvement in the reliability
of the gate operation is desirable; we expect that such an improvement can be realized in
the future when quantum computers with a large number of qubits become available. Be-
cause, currently, we cannot estimate the error rate of the gate operations in the future, here

13

量子ビットをエンタングルさせることで、信号感度を二乗で加速 

‣ 独立な 量子ビット系： （→ 標準量子限界） 

‣ エンタングルした 量子ビット系： （→ ハイゼンベルク限界）

n Nsig ∝ nqP(1)
g→e ≃ nqη2τ2

n N(GHZ)
sig ∝ P(GHZ)

g→e ≃ n2
qη2τ2

超伝導量子ビットの直接励起による探索

S. Chen et al., arXiv:2407.19755

しかし、 量子ビットGHZ状態の
寿命は、一般的に とともに減少
（ ）

n
n

τGHZ ∼ τsingle/n

量子アルゴリズムによる加速

信号を検出量子もつれを生成 信号を集約

https://arxiv.org/abs/2407.19755


22

State preparation Signal Readout

量子マッハ・ツェンダー干渉計

二つの経路を通った量子状態が最後に
干渉し、信号を増幅

Kobrin et al., arXiv:2411.12794

量子アルゴリズムによる加速

で微小な摂動を与え、 で
摂動を全体に拡散（スクランブル）
V U = e−iHt

ハイゼンベルク限界（の半分）
の感度を達成可能

暗黒物質探索へ応用できないか？

GHZ状態を作る必要がない

https://arxiv.org/abs/2411.12794


23

量子技術のコヒーレント接続による、素粒子ダイナミクスの量子実験、
第一原理的な解明は可能か

全く新しいフロンティア!!

量子系
（対象）

量子センサー

… …U
q1

qn−1

q0

量子コンピュータ

q1

q0

エンコーディング

量子トランスダクション、 
量子メモリ、量子通信

挑戦したい方は、ぜひ一緒に考えてみましょう

量子化した次世代の素粒子実験  ̶  FTQCは必須  ̶  



⊠

|0⟩

|1⟩

|ψ⟩

̂x

̂z

̂y

量子機械学習 
‣ 汎化性の理論解析 上曽山(D3) 
‣ 対称性を持つ学習モデル 
‣ 量子ダイナミクスの学習

‣ 量子エラー訂正： 
- 量子ノイズ推定 駒田(D1) 
- 連接符号によるエラー訂正 鄭(M2) 

‣ 量子回路の最適化 (AQCEL)

アルゴリズム

ハードウェア

場の量子論のシミュレーション 
‣ 1次元 ゲージ理論 王(M2) 

‣ 2次元 ゲージ理論 
‣ 2次元SU(2)ゲージ理論 
‣ 磁気モノポール-フェルミオン散乱 
‣ 有限温度・有限密度系 前野(D2)

ℤ2

ℤ2

H H
X U1

q0

q1

C

ソフトウェア

FTQCに向けたハード
ウェア開発 
‣ 量子アンプ、 
アイソレータ、サー
キュレータ

暗黒物質探索 (DarQ実験)  
渡邊, 中園, 河井(D2) 
‣ デバイス設計、製作、軟正 
‣ 強磁場耐性デバイス

人工ブラックホール
の研究 
‣ ナノ構造磁性体 
‣ 超伝導量子マテリ
アル

Boseong, Tavarnelli, Tacchino

飯山, 永野

稲田、三野稲田、中山

鈴木, 永野

加地, 永野

寺師研メンバー

24



25

バックアップ



量子機械学習（量子ニューラルネットワークモデル）

U(θ)

パラメータ
を更新θ

コスト関数
が収束？

YesNo

… ⟨O(x, θ)⟩

古典データ
データの符号化

パラメータ回路（Ansatz）で状態を変換
|ψ(x, θ)⟩ = U(θ) |ϕ(x)⟩

結果

Uprep

量子データ

|ϕ(x)⟩ = Uin(x) |0⟩⊗n

波動関数 の準備{ |ϕ⟩i}
量子シミュレーション 
量子コンピュータ 
…

{xi, yi}

{ |ϕ⟩i, yi}

26
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量子的なデータ＋機械学習

CL CLPL PL FCL
VQ

E
tim

e
ev
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ut
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n
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rt
on

sh
ow

er

<latexit sha1_base64="SbCQ6p+NmbmH7bO4WAnB9t9ihQ8="></latexit>

O

<latexit sha1_base64="jaSWaoRRCL83YcxubK87MhQ70kQ="></latexit>⇢out

<latexit sha1_base64="pBeuFsYwPtgD3lAc/RB1z+HQ3WE="></latexit>⇢in

基底状態 
 ゲージ理論1d U(1)

時間発展状態 
 ゲージ理論1d ℤ2

多粒子状態 
パートンシャワー

相分類

相分類

ラグランジアンパラ
メータの決定

物質場の閉じ
込め相と非閉
じ込め相

対称性を保っ
ている相と
破っている相

ある量子系の状態(波動関数)を入力データとして、量子コンピュータを使って解析する
量子データ学習によって非自明な予測が可能か？

高エネルギー物理の量子シミュレーションを使って生成した状態を学習する

L. Nagano et al., Phys. Rev. Research 5, 043250  (2023) 

https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.5.043250


量子情報による計算可能領域の拡大

未踏領域での暗黒物質の探索・
人工ブラックホールの生成

素粒子理論・高エネルギー実験
の新領域を開拓

28

‣ 量子誤り訂正 

‣ 誤り耐性量子計算アルゴリズム 

‣ HPC統合による量子計算

‣ 量子機械学習によるデータ解析・
シミュレーション応用 

‣ 格子ゲージ理論の量子計算
‣ 新規超伝導トランズモン・ 
量子センサーの開発 

‣ 量子アルゴリズムによる加速 

‣ 素粒子実験への量子応用

‣ 信号の多重伝送技術 

‣ 高密度デバイスの開発

超伝導FTQCに向けた
ハードウェア開発



Preliminary
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arXiv:2505.15619

1mm

量子ビットの直接励起を用いたダークフォトン
探索実験

量子ビットによる共振器周波数の変調を
用いたダークフォトン探索実験 DarQ-Lamb DarQ-Direct

弱結合 強結合

超伝導量子ビットの作製プロ
セスの最適化により、100 µs
を超える寿命（T1）を達成

量子ビット-共振器間の結合
強度を変えたセットアップ

スピン波を用いた人工ブラックホール生成

‣ 狭窄構造を持つ強磁性
金属を使って、スピン
波にドップラーシフト
を起こす

暗黒物質探索のための
単一光子検出器の開発

超伝導量子ビットの製作

‣ 超伝導量子ビットの心
臓部であるジョセフソ
ン接合を作製するため
の装置を開発 

‣ 量子ビット以外にも、
ジョセフソン接合を利
用した超伝導検出器な
どの作製に利用

さらなる広帯域化へ向けた
強結合量子ビットを開発中

arXiv:2505.15619

量子ハードウェアと素粒子・宇宙物理

100％ドップラーシフト =「事象の地平面」の生成を目指す

［A］スピン波を用いた空間変調型EH
12

• スピントランスファートルク(STT)によるスピン波のドップラーシフトは2008年に
[Vlaminck+,Science ’08]により初めて観測 

• そのドップラーシフト量はCW電流かつボトルネックなしの状態で測定され、0.4％ 

• 本研究ではボトルネック部での電流密度3・1012A/m2を与えるパルス幅200 nsの電流パ
ルスを印加し、先行研究を一桁以上上回る6％のドップラーシフトの観測に成功した。

6％のドップラーシフトの観測に成功
［A］スピン波を用いた空間変調型EH

13

同時に、ブラックホールに由来するイベントホライゾンの形成に必要となる100％のドッ
プラーシフト実現へ向けて改善すべき課題も抽出した。 

• 印加可能な電流の大きさはデバイスの発熱で制限されるため、パルス幅数nsのより短
パルス電流を用いることにより発熱や温度上昇を抑えつつ電流密度を向上。 

• 同様に電流密度向上のため、サブミクロンスケールのボトルネック幅を形成。 

• スピン波を経由しないアンテナ間の直接カップリングは測定のバックグランドとなり
S/Nを悪化させるため、アンテナカップリングを低減するデバイス構造を開発。

11人工ブラックホール実験 

• ホーキング輻射などのBHの量子過程の観測 

• それを利用した新規デバイスの開発 

を行う。2つの系で実験を進めている。

[A] 狭窄構造を持つ強磁性金属における、スピン波を用いた空間変調型EHアンプ
[B] 超伝導量子回路におけるSQUID arrayを用いた、時間変調型EHアンプ

2017年及び2009年にそれぞれの系でイベントホライゾンの実現が提案されているが、実
際のデバイス設計や実験はこれまで皆無であった。

‣ 6％のドップラーシフトを観測
（先行研究から1桁以上の改善）

https://arxiv.org/abs/2505.15619


What a quantum event generator would look like
6

Which is, incidentally, how quantum computation works:

* If based on the quantum circuit model of quantum computing

Real-time dynamics simulation + shot-by-shot sampling:

State preparation Time evolution

|ψi⟩ T exp (−i ∫ t
0 dt′ H(t′ ))|ψi⟩

Measurement

Observe  with ψf
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…

require 60NxNy and 40NxNy qubits, respectively (see Fig. 1b). It is
foreseeable that more space efficient codes could be constructed,
with the present work developing a first attempt to exploit the
intrinsic redundancy present in gauge theories to reduce the cost
of the error correction procedures required for their simulation at
large scale.
The structure of the paper is as follows: “Structure of U(1) and

Zn Abelian” lattice gauge theories introduces the structure of U(1)
and Zn Abelian LGTs. “Preliminaries on the repetition code”
surveys the basics of error correction codes and develops the
formalism for integrating Gauss’ law with a repetition code. “Pure
gauge theory” and on then presents applications of these ideas for
pure gauge theory first before treating the cases of error
correction for a Z2 1+1 dimensional LGT with both non-
dynamical and dynamical fermions. We discuss an extension of
these ideas to the more complex case of 2 spatial dimensions in
“Extension to two dimensions”. “Discussion” summarizes the
results and discusses future work for extending these results to
different symmetry groups, and higher spacetime dimensions, and
flux cutoffs.

RESULTS
Structure of U(1) and Zn Abelian lattice gauge theories
We follow the basic outline given in ref. 16 and review the
structure of abelian lattice gauge theories, specifically for the
general gauge groups G ¼ Zn and G= U(1) which contain those
considered throughout this work. There are several physical
models for which the gauge symmetries discussed here are
important such as the Schwinger Model, or QED in 1+1
dimensions on a lattice23,24. It is the one of the simplest concrete
examples of an Abelian LGT and serves as a convenient setting for
the analysis and application of Gauss’ law symmetries to error
correction. This model has been extensively used as an important
stepping stone in simulations of lattice field theories using both
tensor networks and quantum devices11,25–28.
We discretize space on a cubic lattice L with sites labeled by s

and links labeled by l. We assume that the lattice consists of N sites
for even N ≥ 0 and that a staggered fermion representation is used
wherein every second site is positronic. Each link l is associated an
independent separable Hilbert space Hl with the same

orthonormal basis:

hϵ0jϵi ¼ δϵ0;ϵ; 1̂ ¼
X

ϵ

ϵj i ϵh j (1)

with

ϵ0; ϵ 2
Zn; if G ¼ Zn

Z; if G ¼ Uð1Þ:

!

The Hamiltonian for this LGT is a function of the link operators
Ûl and their conjugate electric fields Êl defined explicitly in this
basis by

Ûl ¼
X

ϵl

ϵl þ 1j i ϵlh j; Êl ¼
X

ϵl

ϵl ϵlj i ϵlh j: (2)

From this expression we can see that Ûl acts as a raising operator
and its adjoint as a lowering operator on the Hilbert space Hl of
the link. Operators defined on different link Hilbert spaces
commute while the same-link commutation relations are given by

½Êl ; Ûl & ¼ Ûl; G ¼ Uð1Þ (3)

Q̂lÛlQ̂
y
l ¼ Ûle2πi=n G ¼ Zn (4)

where

Q̂l :¼ e2πiÊl=n ¼
XN'1

ϵl¼0

e2πiϵl=n ϵlj i ϵlh j:

The form of the commutation relation for Zn is due to the fact that
the electric field values are periodic, so the Hamiltonian depends
on Q̂l .
When considering fermionic matter fields on the sites, we work

in the occupation number basis where number operators nσ are
diagonal with eigenvalues {0, 1}. Here, σ is a collective index
denoting the relevant species or indices (like flavor or spinor)
involved. The global state of the entire lattice is spanned by a
basis given by a specification of electric fields on the links of the
lattice and occupation numbers on the sites. Due to the locality of
the symmetry, we will typically consider a particular site on a
lattice and those links attached to it and denote the correspond-
ing basis states by

E; ρj i ! (D
i¼1 EiðsÞj i(D

i¼1 Eiðs' êiÞj i(σ nσj i;

Fig. 1 Error correction with Gauss’s law. a Schematic illustration of the differences between two error-correcting schemes for a simple one-
dimensional LGT: a traditional bit-flip encoding scheme and the two schemes proposed here exploiting the Gauss’ law gauge symmetry.
b Number of qubits required (excluding ancillas) for performing fault-tolerant error-correction with different encodings on a Z2 or truncated
U(1) 1+1 dimensional LGT system with 2N links, 2N staggered fermions and a 2+1 dimensional LGT with 8NxNy links and 4NxNy sites, both with
a flux cutoff of 1. The second row gives the cost for an encoding where Gauss’s law is exploited to give a bit-flip encoding via an extra even-
numbered link qubit in 1+1 D. The last row of the 1+1 and 2+1 D cases gives the cost when only the redundancies from Gauss’s law are used
at the logical level to perform error correction. The case with non-dynamical fermions requires the same resources as the pure gauge case and
is omitted from the table.

A. Rajput et al.
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素粒子ゲージ理論での量子誤り訂正

量子機械学習の研究

MNISTデータ

Triangular pure  LGT ❤ heavy hexΩ2
8

ibm_kawasaki (Heron r2 - 156 qubits)

“Here we consider a U(1) quantum link model on a triangular lattice, ... 
that ideally matches the heavy hexagonal topology of the Eagle chip.”

cf.

Cobos et al. arXiv:2507.08088
also

Plaquette qubits = ancillae

3

in these precursors to rotational dynamics and Regge tra-
jectories of meson-like composites. Going beyond a single
string, we demonstrate how multi-string configurations
can fragment and reorganize in a heavy-massive regime,
distinct from conventional string breaking via particle-
antiparticle creation. Our observations, validated by ten-
sor network simulations, provide a direct bridge between
the theoretical constructs of e!ective string-like models
and tangible, dynamic observables, opening a new fron-
tier for probing the non-perturbative physics of gauge
theories. Moreover, the methods developed and the
lessons learned are broadly applicable to quantum simu-
lations beyond the specific model studied in this work.

II. THE Z2-HIGGS MODEL & STATIC
PROPERTIES

Gauge-Higgs models are central in understanding con-
finement and symmetry breaking in LGTs [11, 12]. In the
Z2 case [24, 25], paralleling the situation with other gauge
groups, the Higgs and confined phases are not separated
by a sharp phase transition but are instead smoothly con-
nected. In the square lattice, which has also proven to
be foundational in condensed matter [26], the deconfined
phase underlies the topological order in some types of
quantum spin liquids [27], while charge or flux condensa-
tion leads to the confined and Higgs phases, respectively.

We adapt the Z2HM to a particular hardware, IBM
superconducting chips with heavy-hexagonal connectiv-
ity, used to minimize frequency collisions for high-fidelity
gates [28, 29]. The model hereby realized is a LGT with
Pauli matter and gauge fields with a Hamiltonian,

H = →m
∑

n

ωzn→g
∑

(n,v)

εz

(n,v)→ϑ
∑

n,v

ωxn+vε
x

(n,v)ω
x

n. (1)

Here, ω , ε are Pauli operators defined in a constrained
tensor-product Hilbert space, n denotes the sites of the
hexagonal lattice, while v stands for the unit lattice vec-
tors; in the basis where ωz, εz are diagonal, we de-
fine their eigenvectors by ωz|0↑ = |0↑, εz|0↑ = |0↑, and
ωz|1↑ = →|1↑, εz|1↑ = →|1↑. As usual, matter fields live
on the sites and gauge fields on the links, as shown in
Fig. 1(a). The first two terms HM = m

∑
n ωzn and

HE = g
∑

n,v ε
z

(n,v), encode the local energies of mat-

ter and electric fields, while HI = ϑ
∑

n,v ω
x

n+vε
x

(n,v)ω
x

n

defines their gauge-invariant coupling.
Note that this Hamiltonian di!ers from the traditional

Kogut-Susskind Hamiltonian for LGTs [30], as magnetic
plaquette terms inducing direct fluctuations of electric
field configurations are absent. In doing this, we avoid
a considerable circuit-depth overhead in a Trotter ex-
pansion since the plaquette term would require a six-
body interaction in the heavy-hex lattice. We emphasize,
however, that this does not preclude resolving the phe-
nomenology of a deconfined phase, as dynamical matter
can tunnel along closed loops and lead to e!ective pla-
quette fluctuations, as discussed in more depth in the

following. The Z2 gauge symmetry is generated by the
operators,

Gn = ωzn
∏

v→ωn

εz

(n,v), [Gn, H] = 0 ↓n, (2)

where ϖn denotes the directions of the links connected
to site n in this trivalent lattice (see Fig. 1(a)). Since
gauge symmetries commute with the Hamiltonian, they
are constants of motion, dividing the complete Hilbert
space into sectors with di!erent eigenvalues Gn |ϱ↑ =
± |ϱ↑ . These are related to the absence (+) or presence
(→) of a static background charge at the site n. We focus
on physical states stabilized by the generators,

Gn |ϱ↑ = |ϱ↑ , (3)

which can be understood as a discrete Gauss’ law.
This model has three distinct regimes sketched in

Fig. 1(b). The Higgs regime appears for small values of
m and g, while the confined regime emerges when both
m and g are su”ciently large. Despite the absence of
a plaquette term, a deconfined phase appears at large
m and very small g. In the Higgs regime, the ground
state of the model is a highly entangled non-local su-
perposition of all the physical states in the eigenbasis of
HM and HE , which correspond to the classical configu-
rations of the matter and gauge fields. In limits m ↔ 0
or g ↔ 0, the model can be diagonalized in terms of mu-
tually commuting stabilizer operators ωxn+vε

x

(n,v)ω
x

n and

ωzn
∏

v→ωn
εz

(n,v). The ground state is non-degenerate,
and there is a finite energy gap between the ground and
first excited states.
In the confined regime, the eigenstates are close in

energy and fidelity to those of HM , HE , the ground
state approaches |000 . . . 0↑ as m or g increases, and
gauge-invariant excitations correspond to localized mat-
ter charges connected by electric field lines. The large
value of m leads to a global U(1) symmetry related to
the conservation of the total number of charges. Gauge
invariance forces the pairs of charges to be connected
by an electric field string, which has a large energetic
cost proportional to g to stretch or compress, and yields
an e!ective potential growing linearly with their relative
distance. In this phase, the mean local matter magneti-
zation takes the value ↗ωz↑ ↘ 1, as shown in Fig. 5 of the
extended data.

The confined and Higgs regimes are adiabatically con-
nected, since we find no gap closing as the microscopic
parameters are varied; see Fig. 1(b). This characteris-
tic is maintained in the thermodynamic limit for small
values of m, and it follows from the fact that the con-
fined ground state is contained in the superposition of
the Higgs ground state; thus, no energy crossings or gap
closure occur along the adiabatic path. For m = 0, the
Hamiltonian becomes the sum of commuting terms,

H = →
∑

n,v

(
g εz

(n,v) + ϑ ωxn+vε
x

(n,v)ω
x

n

)
, (4)

Collaboration: Debasish Banerjee, Anthony Gandon,
Emilie Hu!man, Gurtej Kanwar, Alessandro Mariani,
Francesco Tacchino, Ivano Tavernelli, UJW
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on a triangular lattice, which is equivalent to a dual height
model on a hexagonal lattice that ideally matches the heavy
hexagonal topology of the Eagle chip [57]. The height vari-
ables are directly embodied by individual qubits. This allows
us to study the intriguing real-time dynamics of confining
strings, which in this case also represent interfaces separat-
ing distinct nematic confined phases. In those phases lattice
rotation invariance is spontaneously broken while transla-
tion invariance remains intact (cf. [58–63]). Here we study
the confining dynamics in 2 + 1 dimensions, using near-term
quantum hardware, without taking a continuum limit.

II. MODELS AND OBSERVABLES

We consider a U(1) quantum link model on a triangular
lattice, with a two-dimensional link Hilbert space analogous
to a quantum spin 1

2 . The two link states carry electric fluxes
± 1

2 . The Hamiltonian takes the form

H =
∑

!
H! = −J

∑

!
[U! + U †

! − λ(U! + U †
!)2]. (1)

Here U! = UxyUyzUzx is an operator associated with the par-
allel transport around a triangular plaquette !. It is built from
quantum link operators Uxy connecting nearest-neighbor sites
x and y. A U(1) quantum link Uxy = S1

xy + iS2
xy = S+

xy is a
raising operator of electric flux Exy = S3

xy, constructed from
a quantum spin 1

2 , Sa
xy (a ∈ {1, 2, 3}), associated with the link

xy. The first term in the Hamiltonian inverts a closed loop of
electric flux around a triangular plaquette. It also annihilates
nonflippable plaquette states, i.e., those that do not contain
a closed flux loop. The Rokhsar-Kivelson term, proportional
to λ, counts flippable plaquettes. The Hamiltonian commutes
with the generators of infinitesimal U(1) gauge transforma-
tions, which correspond to the lattice divergence of the electric
flux operators,

Gx =
∑

i=1,2,3

(Ex,x+î − Ex−î,x ). (2)

Here î denotes unit vectors in three lattice directions separated
by 120◦ angles. In the absence of external charges, physical
states |"〉 obey the Gauss law Gx|"〉 = 0. When static exter-
nal charges Qx ∈ {±1,±2,±3} are installed at the lattice sites
x, the Gauss law is modified to Gx|"〉 = Qx|"〉. Besides the
U(1) gauge symmetry, there are several global symmetries,
including lattice translations, rotations, and reflections, and
charge conjugation C, which replaces Uxy by U †

xy and Exy by
−Exy. We consider a rhombic lattice of side length L with
periodic boundary conditions, which is equivalent to a regular
hexagon with side length L/

√
3, thus maintaining all lattice

symmetries even in a finite volume. The torus topology im-
plies an additional global U(1)2 center symmetry associated
with large gauge transformations [64]. The corresponding
superselection sectors are characterized by wrapping elec-
tric fluxes F1 = E2 − E3, F2 = E3 − E1, and F3 = E1 − E2,
where Ei = 1

L

∑
x Ex,x+î ∈ Z/2. The Fi ∈ Z commute with

the Hamiltonian, but cannot be expressed through small pe-
riodic gauge transformations Gx. It should be noted that the
three Fi are not independent because F1 + F2 + F3 = 0.

It is natural to introduce dual degrees of freedom: quan-
tum height variables which are associated with the hexagonal
lattice that is dual to the original triangular lattice. The dual
hexagonal lattice is bipartite and consists of two sublattices A
and B. The height variables on sublattice A are associated with
the center x̃ of an original triangle and take values hA

x̃ ∈ {0, 1},
while the height variables on sublattice B take the half-integer
values hB

x̃ ∈ {− 1
2 , 1

2 }. A configuration of height variables is
associated with a flux configuration

Ex,x+î =
(
hA

x̃ − hB
x̃′
)
mod2 = ± 1

2 . (3)

Here x̃ = x + 1
3 (î − ĵ) and x̃′ = x + 1

3 (î − k̂), where j = (i −
1)mod3 and k = (i + 1)mod3. It should be noted that, for
a given flux configuration, the height variables are uniquely
defined only up to a global shift hX

x̃ → [hX
x̃ + 1]mod2 (X ∈

{A, B}). The introduction of the dual height variables guar-
antees that the Gauss law of the original flux variables is
automatically satisfied modulo 2. In order to impose the full
Gauss law, the height variables are subject to a corresponding
constraint. In order to define the height variables in the pres-
ence of odd charges Qx ∈ {±1,±3}, one must connect these
charges by Dirac strings running along the links of the original
triangular lattice. Across a Dirac string, one of the adjacent
height variables must be shifted by 1 modulo 2.

In order to identify the symmetry-breaking patterns in the
different phases, we introduce two order parameters

MA = 2
L2

∑

x̃∈A

(
hA

x̃ − 1
2

)
, MB = 2

L2

∑

x̃∈B

hB
x̃ , (4)

associated with the two sublattices (each with L2 plaquettes
such that MA, MB ∈ [−1, 1]). Due to the global shift ambi-
guity of the height variables, (MA, MB) and (−MA,−MB)
are physically equivalent. It is important to understand the
transformation behavior of the order parameters under the fol-
lowing symmetries: the charge conjugation C, the 60◦ rotation
O around a point on the triangular lattice, the reflection R on a
lattice axis, and the reflection R′ = RO on an axis orthogonal
to a lattice axis. The order parameters transform as

CMA = MA, CMB = −MB,

OMA = MB, OMB = −MA,

RMA = MB, RMB = MA,

R′
MA = MA, R′

MB = −MB. (5)

III. METHOD AND NUMERICAL RESULTS

It is straightforward to set up a Euclidean time path integral
for the canonical partition function Z = Tr[exp(−βH )P] (at
inverse temperature β) using the dual height variable rep-
resentation. Here the operator P, which commutes with the
Hamiltonian, imposes the Gauss law by projecting onto the
Hilbert space of physical states. We have developed an ef-
ficient quantum Monte Carlo cluster algorithm (cf. [20,65])
that operates on the height variables, one sublattice at a time.
Equal-value height variables are connected to clusters accord-
ing to rules that guarantee detailed balance. Special rules
apply in the last time slice in which the projection operator P
enforces the Gauss law. The algorithm has been implemented
in continuous Euclidean time [66].
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素粒子ゲージ理論の量子シミュレーション

ハミルトニアンの時間発展状態
に対する物理量の期待値を学習
し、予測

|0⟩⊗n e−iH(α, J)t O

量子イベントジェネレーター量子ダイナミクスの学習

Miyabi-G NVIDIA 
GH200（1,120ノード）IBM 156量子ビット

量子コンピュータ スパコン

量子カーネルモデルの汎化性
を解析するフレームワークを
構築

量子機械学習モデルは、テスト
データに対してどういう予測が
可能か

理論解析と数値実験の比較

＋

誤り耐性のない量子コンピュータで、
大きな物理系をシミュレートできるか

全156量子ビットを使用

arXiv:2604.17202

→ データの情報から汎化性を推定可能

‣ 例えば、繰り返し
符号による冗長化 

‣ 局所ゲージ対称性
（ガウス則）の応
用で、より効率的
に

→ エラーロバスト＆効率的な量子シミュ 
     レーションを目指す

古典モンテカルロ法によるイベント生成は、根本的な
スケーリング問題に直面
→ 実時間発展＋Shotベースのサンプリングに 
    よる量子イベント生成

量子ソフトウェアと素粒子物理

https://arxiv.org/abs/2604.17202


Cavity周波数変調の実証
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透過率(S21)を測定

結果→変調を確認

変調が大きくなると,ピークが崩れ始める
(Quality factor悪化)

Q値を保ったまま実効的に観測可能な量
→10 MHz

シミュレーション75MHz

Frequency vs Current vs S21

→Qubitによる緩和, lossを一部考慮していない

コイルに流れる電流値を変更

実証実験の手順

繰り返し

量子センサーを使った基礎物理実験

暗黒物質が変換し
た光を量子ビット
で検出する

|e⟩

|g⟩

暗黒物質の探索超伝導量子ビットの開発・高度化

若手スタッフ・学生が主体になり、アイデア出しから設計・開発・実験まで

超伝導量子ビット

200 nm  
200 nm

×

ジョセフソン接合

実際の姿 シリコン基板上にアルミの薄膜

PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ

(d)

(e)

(a)

(b)
Substrate 
(silicon/sapphire)Transmon

~cm

~cm

FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ε(t)a† + ε(t)∗a, (10)

with ε(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5
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低温センターCavity周波数変調の手法
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SQUID型Qubitに対し, コイルによってループを貫く磁束を増減させる
→QubitのインダクタンスLjが変化
→Qubitの共振周波数が変化
→detuningΔが変化
→Cavityの共振周波数が変調

3.2 cm 幅2 mm

周波数変調…

JJ

10 μm

SQUID型トランズモン量子ビット

次ページから周波数変調の検証
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① 研究目的、研究方法、研究内容 

研究目的 

質量 4-200 μeV の範囲を 5分割し、それぞれに対応する周波

数の超伝導量子ビットを用いて未探索領域のダークフォトンを

探索する（図 3）。 

研究方法・研究内容 

以下 3 つの項目に従い、研究を実施する。 

(1)超伝導量子ビットの強結合化・高周波化 

現在の超伝導量子ビットは量子コンピュータ向けに最適化さ

れたものであり、より高感度・広範囲の探索を行うには(Ⅰ) , (Ⅱ)
の点からセンサーとして最適化し直す必要がある。 

(Ⅰ )強結合化 超伝導量子ビットと電磁場の結合を強化し、

kinetic mixing が小さい領域の探索を可能にする。 

(Ⅱ)高周波化 超伝導量子ビットの共鳴周波数を最大 50 GHz まで

高め、高質量領域の探索を可能にする。 

(2) SQUID による変調と狭帯域での原理実証実験 

(1)で強結合化・高周波化した超伝導量子ビットに SQUID を導

入し、変調を確認する。SQUID を持つ超伝導量子ビットの共鳴周

波数は(cos(,/ℎ	 × 	1%&')に比例するため、SQUID を貫く磁束1%&'
により調整できる。さらに狭帯域で実際にダークフォトン探索を

行い、セットアップに問題がないことを確認する。 

(3) (1)と(2)を組み合わせた広範囲な質量の探索 

超伝導量子ビットの共鳴周波数を調整しながら、共鳴周波数ごとに「量子ビット初期化→待機→状態の読み

出し」を"(10()回行い（図 4）、励起確率 = 励起していた回数 / 測定回数 をスキャンする。5 シグマ以上の

励起確率をピークと判定する。 

② どのような計画で、何を、どこまで明らかにしようとするのか 

(1) 超伝導量子ビットの強結合化と高周波化（1 年目-2 年目前半） 

(I)強結合化 超伝導量子ビットのキャパシタンス3及びキャパシタンスパッド間距離4を大きくすると超伝導

量子ビットと電磁場の結合が強化され、kinetic mixing の小さい領域でも感度を持つようになるが、外部電磁場

との結合も強化されるため量子ビットの寿命が悪化する。本研究では測定のオーバーヘッドを無視できるよう

寿命 10 μs を下限とし、この範囲で最大の3, 4をシミュレーションソフトウェア Ansys HFSS により求める。 
(Ⅱ )高周波化 超伝導量子ビットの共鳴周波数はジョセフソン接合を構成する超伝導体の転移温度6)の 1/2
乗に比例し、ジョセフソン接合の抵抗の 1/2乗に反比例する。したがってまず、近接効果を使った薄膜の多層

化により転移温度6)を大きくする。すなわち通常のアルミ-酸化アルミ-アルミ（6) 	~	1.2	:）のジョセフソン接

合（図 1 右下）を、より転移温度が高い別の金属でさらに覆う。先行研究ではニオブ（6) 	~	9.3	:）でジョセフ

図 4 共鳴周波数ごとに行う測定の流れ 

図 3 質量帯 4-200 μeV = 1-50 GHz を

10	GHz ごとに(a)-(e)の 5 領域に分け

る。各領域に適した共鳴周波数の超伝

導量子ビットを用い、最小 1%の励起

確率ピークを検出することで探索を

行う。	 31

ラムシフト

未踏領域を広範
囲に探索する!!

超伝導量子ビットを自分達で作り、実験に使う!!



サポート体制も万全!! 
ICEPPで量子研究をしている大学院生は、
入学時の経験はゼロ（の人が多い）です

研究サポートも手厚い!

qnec.jp

量子コンピューティングワークブック

興味ある方、ぜひ一緒にやりましょう!! 光量子 核磁気共鳴

2023年度2022年度

IBM量子コンピュータ実機を実習に使えるのは、
多分世界中で東大だけ？

‣ 共振器のラムシフト測定 
‣ 量子ビットの , 遷移周波数の測定 
‣ 共振周波数の分散シフトの観測

0 → 1 0 → 2

量子コンピュータ実習（Sセメ）の様子
IBM量子コンピュータ（浅野）

32

http://qnec.jp
https://utokyo-icepp.github.io/qc-workbook/welcome.html


33
Magnetic field by electric current

Qubits

Cu cavity

NbTi coil

SQUID

Eeff
J (ϕext) =

𝜙ext
J2J1 E2

J1 + E2
J2 + 2EJ1EJ2 cos ϕext

AC stark shift
キャビティに非共鳴周波数の光子を入射
し、量子ビットの遷移周波数を変調 

量子ビットを貫く磁束を変えることで、
量子ビットの遷移周波数を変調

Δf01 =
δqΩ2

s

2Δqs(δq + Δqs)

 : amplitude of injected
       photons 
Ωs

 : qubit anharmonicityδq

 : frequency difference 
        between  and         
        injected photons 

Δqs
f01

Dark Photon Waves

今あるプロジェクトたち
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The starting point of our circuit design is the previous work [29] in a tunable coupling qubit (TCQ) 

shown in Fig. 2. It connects two transmons in series where the upper and lower nodes are shunted by a 

capacitor CI. The dipoles of the transmons can add in parallel or in antiparallel (quadrupole), and these 

modes in terms of symmetry are mixed with the ratio tuned by CI. (Fig. 3a)  

 

 

 

 

 

 

 

 

The advantages of this multimode circuit design are as follows. 

(i) The always-on ZZ couplings between transmons are suppressed in one of the mode at the level of 

exchange, as demonstrated in Ref. [30]. 

(ii) Another source of anharmonicity is introduced from the energy splitting between the two internal 

modes (Fig. 3a), and thus improves otherwise small anharmonicity in the conventional transmons. 

(iii) The charge dispersion is improved for both modes compared to the conventional transmon as 

shown in Fig. 3b. For example, the typical IBM devices with EJ/EC ~ 30 are found to have less 

charge dispersion by an order of magnitude. 

Although the first two points (i) and (ii) are already highly beneficial, the last point (iii) plays a key 

role in multilevel computation such as qutrits. To understand this improved immunity to charge noise in 

the TCQ, we first emphasize that the dispersion in the energy levels arises from instanton tunneling 

through the cosine potential. In the |0ۧ-|1ۧ subspace, the ground state |0ۧ is more deeply bounded than 

the |1ۧ state, and therefore the |1ۧ-state tunnelling dominates. By contrast, the eigenstates of the TCQ are 

Fig. 2 Circuit model of the TCQ [29]. 

Fig. 3 (a) Eigenenergies of the TCQ Hamiltonian as a function of EI/EC for EJ = 50EC. Solid lines 
are from numerical diagonalization and dashed lines are from the coupled anharmonic oscillator 
model. (b) Charge dispersion as a function of the ratio EJ/EC for EI = ʷEC (solid lines) and EI = 0 
(dashed lines, transmon limit) [29]. 

量子ビットを使ったダークマター探索 
with 東大諸井研, 東大低温センター, U. Hamburg

高Q共振器を使った高周波重力波探索  
with Fermi lab/SQMS/KEK
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FIG. 1. Contours of constant p⇤ ⌘ pge(⌧) on mX vs. ✏

plane (10�1, 10�3, 10�5, and 10�7, from the top). Param-
eters of C = 0.5 pF, d = 100 µm, Q = 106,  = 1 and
⇢DM = 0.45 GeV/cm3 are assumed. The gray-shaded region
is excluded by the cosmological and astrophysical constraints
[38] (dark gray) and the existing hidden-photon search exper-
iments [6–31] (light gray) based on the summary in Ref. [47].
The blue shaded regions indicate the sensitivity with the 1-
year scan over the frequency range for nq = 1 (dark blue)
and 100 (light blue) (more details in the main text) assum-
ing the thermal noise of T = 1 mK. The dashed lines show
the sensitivity with T = 30 mK with the top (bottom) line
corresponding to nq = 1 (100) respectively.

by comparing Nsig and Nbkg. Here, we apply a simple
form of Nsig/

p
Nbkg as the proxy to the significance in

the unit of Gaussian-equivalent standard deviation. The
following criterion is used for the DM detection in the
study:

Nsig > max(3, 5
p

Nbkg), (30)

which requires either 5� where there is substantial
amount of backgrounds, or minimum 3 signal events in a
highly background-free regime.

The qubit frequency scan is considered in the range
of 1  f  10 GHz, corresponding to the DM mass of
4 � 40 µeV. The step width is �! = !/Q. Taking
Q = 106, the number of the scan points is ⇠ 2 ⇥ 106,
and the measurement time for each scan point is taken
to be ⇠ 14 sec which is chosen so as the total time for the
scan fits within one year. The readout time (O(100 ns))
and the interval between the readout (10 µs, based on
Ref [10]) is neglected in the evaluation as they are short
enough compared with the coherence time ⌧ .

Fig. 1 shows the projected sensitivity of our proposed
experiment. The contours of constant p⇤ on mX vs. ✏
plane is also overlaid. The gray-shaded region is ex-
cluded by cosmological and astrophysical constraints [38]
(dark gray) and the existing hidden-photon search exper-
iments in this frequency range [6–31] (light gray). The
upper dark blue (lower light blue) shaded regions indi-
cate the regions fulfilling the discovery criteria defined

in Eq. (30) with nq = 1 (100) assuming T = 1 mK.
The dashed lines show the sensitivity with T = 30 mK
with the top and bottom line corresponding to nq = 1
and 100, respectively. Notice that the discovery reach
is insensitive to the value of Q in this evaluation ignor-
ing the measurement time or interval, since p⇤ / Q

2

while Ntry / Q
�2. The unexplored frequencies in the

1� 10 GHz range can be fully covered by the mass scan
with one year of the measurement time. The sensitivity
of the hidden photon DM search of our proposal is com-
parable to or better than those of other proposals with
condensed-matter excitations (e.g., electric excitations
[48–52], phonon [53, 54], magnon [55], and condensed-
matter axion [56–58]).

Conclusions and discussion: In this letter, we have pro-
posed a new detection scheme for the hidden photon
DM using transmon qubits. Due to the small kinetic
mixing with the ordinary EM photon, an e↵ective ac
electric field is induced that coherently drives a trans-
mon qubit from the ground state toward the first-excited
state when it is resonant. We have calculated the rate of
such excitation (see Eq. (25)), and evaluated the hidden
DM search sensitivity assuming the thermal excitation
(1 � 30 mK) as the sole source of background. Using
a standard SQUID-based transmon, the sensitivity can
reach ✏ ⇠ 10�12

� 10�14 with a ⇠ 14 sec of measurement
for a single frequency, and with a one year to complete
the scan over the 4� 40 µeV (1� 10 GHz) range.
There are a few considerations left for the future stud-

ies that can further boost the sensitivity. (1) Qubit
design optimization maximizing the electric dipole mo-
ment, where more aggressive transmon parameters and
complex circuit design can be sought. (2) Coherent
multi-qubit excitation, in an analogy to Dicke’s super-
radiance [59, 60], can be also explored. While dismissed
in this letter, the interference e↵ect can in principle yield
/ n

2
q enhancement as opposed to / nq in the excita-

tion rate, which is particularly relevant when nq becomes
larger. (3) The packaging e↵ect can be further investi-
gated. So far, we focus on a relatively simple setup: a
cylinder-shaped cavity with the o↵-resonant frequency of
the hidden photon. More detailed understanding on the
dependencies of  may allow the use of a high-Q cavity
package resonating to both the DM and the qubits.
The search scheme can be also directly benefited from

the exponential advancement of the large-scale NISQ
computers led by, e.g., IBM [61] or Google [62]. Since
the requirements and the experimental setup are almost
identical, the improved qubit multiplicity and coherence
in the NISQ machines will scale the typical sensitivity of
this experiment as well. Technically, it might be even
possible to perform the experiment with the existing
NISQ machines in a parasitic manner by using their idle
or calibration time during the operation.
Finally, we point out that the physics cases of the

search can be widely extended beyond the hidden photon
DM, such as the axion DM or other non-DM transient
energy density such as dark radiation.

Figure 2: Niobium spherical cavities (fixed coupling)

by the diameter of the coupling tube and by the distance
between the two spherical cells. A central elliptical cell,
which can easily be streched and squeezed, was found to
provide a tuning range of several kHz (4–20 kHz in the fi-
nal design). A prototype with the central elliptical cell was
built and is now being tested (Fig. 3). A second tunable
cavity (two spherical cells and the central cell) will be built
by the middle of 2004.

Figure 3: Niobium spherical cavities (variable coupling)

The system was also mechanically characterized, and the
mechanical resonant modes in the frequency range of inter-
est were identified. In particular the quadrupolar mode of
the sphere was found to be at 4 kHz, in good agreement
with finite elements calculations.
The detection electronics was designed. Its main task is

to provide the rejection of the symmetric mode component
at the detection frequency. A rejection better than 150 dB
was obtained in the final system.
Starting from the results obtained in the last six years,

we are now planning to design and set up an experi-
ment for the detection of gravitational waves in the 4–10
kHz frequency range (MAGO, Microwave Apparatus for
Gravitational waves Observation). Our main task is the de-
sign and construction of the refrigerator and of the cryo-
stat (including the suspension system), which houses the
coupled cavities. The refrigerator must provide the cryo-
genic power needed to keep the superconductiong cavities
at T ∼ 1.8K (approx. 10Watts) without introducing an ex-
cess noise from the external environment. A design based
on the use of subcooled superfluid helium is being invesi-
gated. The expected time-scale is four years (2004–2007).
In the following a detailed description of the various is-

sues aforementioned will be given. Expected system sensi-
tivity will also be discussed.

PHYSICS MOTIVATION
The spectrum of gravitational waves of cosmic origin

targeted by currently operating or planned detectors spans
roughly from 10−4 to 104 Hz.
The f ≤ 10−1 Hz region of the gravitational wave (GW)

spectrum, including galactic binaries [11], (super)massive
black hole (BH) binary inspirals and mergers [12], compact
object inspirals and captures by massive BHs [13], will be
thoroughly explored by LISA [14], which might be hope-
fully flown by year 2015. Ground based interferometers
and acoustic detectors (bars and spheres) will likewise co–
operate in exploring the f ≥ 101 Hz region of the spec-
trum, including compact binary inspirals and mergers [15],
supernovae and newborn black-hole ringings [16], fast-
spinning non-axisymmetric neutron stars [17], and stochas-
tic GW background [18].
The whole spectral range from 10−4 − 104 Hz, how-

ever, is far from being covered with uniform sensitivity, as
seen e.g. from Fig. 4, where the fiducial sensitivity curves
of LISA and LIGO–II are shown side by side. Plans are
being made for small–scale LISA–like space experiments
(e.g., DECIGO, [19]) aimed at covering the frequency gap
10−1 − 101 Hz between LISA and terrestrial detectors.

Figure 4: LISA–LIGO comparison

Several cryogenic/ultracryogenic acoustic (bar) detec-
tors are also operational, including ALLEGRO [20], AU-
RIGA [21], EXPLORER [22], NAUTILUS [23], and
NIOBE [24]. They are tuned at∼ 103 Hz, with bandwidths
of a few tens of Hz, and minimal noise power spectral den-
sities (PSD) of the order of 10−21 Hz−1/2.
Intrinsic factors exist which limit the performance of

both interferometers (IFOs) and acoustic detectors in the
upper frequency decade (f >∼ 103 Hz) of the spectrum.
The high frequency performance of laser interferometers

is limited by the ∝ f2 raise of the laser shot-noise floor.
While it is possible to operate IFOs in a resonant (dual)
light-recycled mode, for narrow-band increased-sensitivity
operation the pitch frequency should be kept below the sus-
pension violin-modes [25], typically clustering near and
above ∼ 5 · 102 Hz.
Increasing the resonant frequency of acoustic detectors

(bars, spheres and TIGAs), on the other hand, requires de-
creasing their mass M . The high frequency performance

2

circulator e�ciency. We show that due to tunneling of
quasiparticles between di↵erent pairs of superconducting
islands the Josephson-ring circulator in Ref. [19] has four
accessible charge-parity sectors. Given the same working
conditions and parameters, these sectors circulate sig-
nals with di↵erent e�ciencies. Stochastic jumps among
the sectors caused by quasiparticle tunneling events then
may result in unstable operation of the circulator de-
vice. To mitigate these fluctuations, we propose to em-
ploy quasiparticle-trapping techniques [24, 25, 30–33] to
suppress quasiparticle population.

The structure of this paper is as follows. In Sec. II
we present the circuit design of the passive on-chip su-
perconducting circulator along with the SLH formalism
to numerically calculate the scattering matrix elements.
Then in Sec. III we derive the scattering matrix elements
exploiting the adiabatic elimination technique and deter-
mine the conditions for optimal circulation, followed by
numerical optimization in Sec. IV. Section V analyzes
quasiparticle tunneling in the circulator system. The pa-
per is concluded in Sec. VII. Appendixes provide detailed
calculations and additional information for the results in
the main text.

II. CIRCUIT DESIGN AND SLH FORMALISM
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FIG. 1. (a) Schematic circuit design of the passive on-chip
superconducting circulator proposed in Ref. [19]. The de-
vice comprises three superconducting islands which are rep-
resented by the numbers of Cooper pairs n̂j and the super-
conducting phases �̂j (j = 1, 2, 3) on each island. They are
connected by three Josephson junctions with Josephson ener-
gies EJj and junction capacitances CJj . Each island is biased
by an external voltage Vxj via a gate capacitance Cxj and cou-
pled capacitively to a waveguide via a coupling capacitance
Ccj . The whole circulator loop is threaded by a central ex-
ternal flux �x as well. (b) First four excited-state energies !k

(k = 1, 2, 3, 4) of the circulator ring versus the reduced exter-
nal flux �x for a symmetric circuit (i.e., EJj = EJ , CJj = CJ ,
Cxj = Cx, and Ccj = Cc). The eigenenergies are computed

by numerically solving the eigensystem of Ĥring given in Eq.
(4) with EC⌃/EJ = 0.35 and nxj = 1/3.

In this section we present the circuit design of the ring
circulator, its working principle, the SLH formalism to
compute the scattering matrix, and the notations used

throughout the paper. Many details of these can be found
in Ref. [19]. The circulator circuit, depicted in Fig. 1a,
is a superconducting ring segmented into three super-
conducting islands by three Josephson junctions each of
which is described by a Josephson energy EJj and a junc-
tion capacitance CJj (j = 1, 2, 3). The three islands are

represented by the superconducting phases �̂j and their
conjugate charges n̂j ; they are biased by external volt-
ages Vxj with gate capacitances Cxj and coupled to three
external waveguides by coupling capacitances Ccj . The
circulator ring is threaded by an external flux �x. Input
fields bin,j propagate along the waveguides, interact with
the ring, and scatter into output fields bout,j .
To begin, we consider the case of a symmetric

Josephson-junction ring, that is, EJj = EJ and CJj =
CJ , and further assume that Cxj = Cx and Ccj = Cc. We
consider asymmetries later. As derived in Appendix A,
the circulator ring Hamiltonian is

Ĥring =
(2e)2

2
(n̂� nx)C�1(n̂� nx)

�EJ

3X

j=1

cos(�̂j � �̂j+1 � 1
3�x), (1)

where n̂ = {n̂1, n̂2, n̂3}, nx = {nx1 , nx2 , nx3} with nxj =
CxjVxj/(2e) the (dimensionless) charge bias on the is-
land j, �x = 2⇡�x/�0 is the reduced flux bias which
has been shared equally by the three Josephson junc-
tions with �0 = h/(2e) the superconducting quantum
flux, and C is the capacitance matrix. To account for the
fact that the total number of Cooper pairs on the ring is
conserved, we define new coordinates

n̂
0
1 = n̂1, n̂

0
2 = �n̂2, n̂

0
3 = n̂1 + n̂2 + n̂3 = n0, (2)

�̂
0
1 = �̂1 � �̂3, �̂

0
2 = �̂3 � �̂2, �̂

0
3 = �̂3, (3)

where n0 is the conserved total charge number, which is
controlled by the external biases [20]. In the new coordi-
nates, the Hamiltonian Ĥring is

Ĥring = EC⌃

�
(n̂0

1 � 1
2 (n0 + nx1 � nx3))

2

+(n̂0
2 +

1
2 (n0 + nx2 � nx3))

2 � n̂
0
1n̂

0
2

�

�EJ

�
cos(�̂0

1 � 1
3�x) + cos(�̂0

2 � 1
3�x)

+ cos(�̂0
1 + �̂

0
2 +

1
3�x)

�
, (4)

where EC⌃ = (2e)2/C⌃ is the charging energy with
C⌃ = 3CJ + Cx + Cc.
In terms of the ring eigenbasis {|ki ; k = 0, 1, 2, . . . },

we have

Ĥring =
X

k>0

!k |ki hk| , (5)

where !k is the eigenenergy1 associated with the excited
state |ki (k > 0), and we have subtracted the ground

1
In this paper, we set ~ = 1.
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is surely Hawking radiation. It is revealed that entanglement entropy is characterized by squeezing parameters 
related to Hawking temperatures, which depend on the velocity of the soliton.

�������
�����Ǥ� The black hole laser originally requires the superluminal dispersion with a positive curvature in the 
dispersion curve of the  system12–14. Here we use a model in which a black hole laser is feasible even in subluminal 
dispersion with well-designed dispersion  curves17. To create the dispersion relation required for black hole lasers 
in subluminal dispersion, we employ dispersive engineering utilizing metamaterials made of sub-wavelength 
inclusions that provide tremendous degrees of freedom for manipulating with high precision the electromag-
netic parameters of materials and modes. In fact, metamaterials create a medium in which the permittivity 
and permeability are simultaneously negative, which does not exist in nature, and enables the unique property 
that the phase velocity and group velocity of electromagnetic waves are opposite to each other. In addition, the 
Josephson effect provides the Kerr  nonlinearity18, 19 essential for black hole lasers, which determines the group 
velocity, required to select the propagation modes in the system.

Suppose that a Josephson metamaterial transmission line consists of a number of LC blocks each comprised 
of composite right/left-handed components together with a Josephson element in the shunt branch as illustrated 
in Fig. 1. Starting from the application of Kirchhoff ’s law to this system together with the Josephson relation, the 
current conservation at the nth node is expressed as

where In is the current through the nth node comprising of the current through the right-handed (rh) inductor 
with inductance Lrh and the left-handed (lh) capacitor with capacitance Clh at the nth cell, i.e., In = ILrh ,n + IClh ,n,

where Ic , ! , e, and θn are the Josephson critical current, Dirac’s constant, an elementary charge, and the phase 
difference in the nth junction, respectively. The currents on the right-hand side of Eq. (1) are the Josephson cur-
rent IJ ,n , the displacement current ICrh ,n flowing through the nth Josephson junction with capacitance Crh , and 
the current ILlh ,n through the left-handed inductor with inductance Llh . Combining these relations, we obtain 
the following circuit equation,

where we use sin θn ≃ θn − θ3n/6 and LJ = !/(2eIc).
Now let us derive the dispersion relation of this transmission line by ignoring the nonlinear terms of the 

Josephson effect. We substitute a plane-wave solution θn ∼ exp[i(kna − ωt)] with the wavenumber k, the fre-
quency ω , and unit cell length a for Eq. (4) and obtain the dispersion relation

where ωrh = 1/
√
CrhLrh and γ = Clh/Crh . In the regime of γω2 ≪ ω2

rh , this reduces to

(1)In − In−1 = −IJ ,n − ICrh ,n − ILlh ,n,

(2)ILrh ,n = −
!

2e

1

Lrh
(θn+1 − θn),

(3)IClh ,n = −
!

2e
Clh

d2

dt2
(θn+1 − θn),

(4)Crh
d2θn
dt2

+
1

Llh
θn +

1

LJ

(

θn −
θ3n
3!

)

−
(

1

Lrh
+ Clh

d2

dt2

)

(θn+1 + θn−1 − 2θn) = 0,

(5)sin2
ka

2
=

1

4

{

ω2

ω2
rh

− Lrh

(

1

Llh
+

1

LJ

)}(

1 − γ
ω2

ω2
rh

)−1

,

Figure 1.  Schematic representation of the composite right/left-handed nonlinear transmission line. Each 
unit cell consists of the series branch elements and the shunt branch elements. In the series branch, a linear 
inductive element of inductance Lrh is arranged in parallel with a linear capacitance Clh . These constitute the 
linear dispersive element of the line. While in the shunt branch, a linear inductive element of inductance Llh is 
also arranged in parallel with a linear capacitor of capacitance Crh as well as the Josephson element (represented 
by × ) which is responsible for the nonlinearity of the system. The dotted vertical lines mark the unit cell of the 
lattice with the length a.
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FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ϵ(t)a† + ϵ(t)∗a, (10)

with ϵ(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5

~   J10−24
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Δ σz] a†a
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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
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provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ϵ(t)a† + ϵ(t)∗a, (10)

with ϵ(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of
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and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).
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[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.
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κca, (8)
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∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)
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an equal spacing of !ω, forbidding us from addressing the
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ear element in order to achieve universal quantum control
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and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
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2.	Qubits	as	a	DM	Sensor
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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

Aaron et.al. 
PRL 126 141302 (2021)

Talk by Kan Nakazono on Wed.
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An example of magnetic field  
tolerance: 
Resonator made by TiN films  
maintains resonance up to 0.4 T

1 T is the highest magnetic field ever reported where qubit works 
Phys. Rev. Applied 17, 034032

Critical field  
0.1 mT for Al,  
5 T for TiN,  
20 T for NbN

Diffraction of Josephson Junction  
One magnetic flux quantum diffracts  
critical current of Josephson Junction 
→ 10 T = 1 flux quantum / (14 nm)^2

Qubit works up to 

✓Make qubit with materials having higher critical field 
We are working with NICT scientists who made the first  
all-nitride qubits (made by TiN, NbN, AlNm, NbTiN films) 

✓Make smaller JJ on to mitigate penetrating flux quanta  
We are trying to produce different type of JJ (10 nm order size)  
with FNAL scientists

First setup for magnetic field tolerance at Tokyo 
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We call �J the flux of the magnetic field that crosses the whole of the junction from 
� a/2 to  a/2, i.e. the insulating layer plus the LONDON regions that develop on 
each side (see Fig. 12.4), 
 �J  Bext Da.  (12.13) 

The expression for the phase difference at ordinate y then becomes 

 �( y)  �(0)  2� �J
�0

y
a

 (12.14) 

and the JOSEPHSON current density crossing the barrier at ordinate y (rela-
tion 10.14) can be written 

 
 
j x

J ( y)  jc sin�(y)  jc sin �(0)  2� �J
�0

y
a

�
��

�
	�
.  (12.15) 

The total intensity of the JOSEPHSON current crossing the insulating barrier can be 
obtained by integrating the current density over the whole cross-section 

 
  
I  c jc sin�( y)d y

�a/2
a/2
�  Ic sin � �J

�0

�
��

�
�


� �J
�0

�

	

�
��
sin�(0).  (12.16) 

This means that for a given magnetic flux �J, the junction can adjust its phase �(0) 
in order to transport, in either direction, any value of the current intensity lying 
between 0 and an upper limit Imax given by 

 
 

Imax (�J )  Ic  sin � �J
�0

�
��

�
��

� �J
�0

.   (12.17) 

Except for zero field, where it takes its greatest value, the intensity Imax reduces to 
zero for field fluxes �J equal to an integer number of fluxons. We remark that the 
profile of Imax in Figure 12.5 is formally identical to the diffraction figure of light 
by a slit under the FRAUNHOFER conditions (parallel incident beam and screen infi-
nitely distant). 

Figure 12.5 
Maximum intensity that can be borne 

by a short JOSEPHSON junction 
subject to a magnetic field 

The profile of Imax resembles a diffraction 
pattern of light by a slit under the 

FRAUNHOFER  conditions. Except at the 
origin, Imax is zero for flux values �J 

equal to an integer number of fluxons. �� �� �� � � � � �����

�

I
���I	�������������
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Qualitatively, the occurrence of a variation of the maximum intensity as a function 
of external field in agreement with the FRAUNHOFER diffraction pattern is the sig-
nature of the quality of a JOSEPHSON junction, in particular that it is uniform over 
its entire length. 

Current density profiles crossing the barrier and corresponding to different values 
of �J are represented in Figure 12.6. 
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Figure 12.6 - Profiles of the JOSEPHSON current density  

across the insulating layer of a short JOSEPHSON junction subject to magnetic field Bext 
(a, b, c, d) distribution of the JOSEPHSON current across the insulator when the intensity 
takes its maximum possible value Imax compatible with four different values for �J . 
(d, e) for the same value of �J the junction “adjusts” the phase �(0) to the current  
intensity I that is injected: the maximum intensity for (d), or zero for (e). 

»  They are sinusoidal (see eq. 12.15) with the number of periods equal to the num-
ber of fluxons (whether or not it is integer) that �J contains. The periodicity is 

 
 
Y  a�0

�J
.  (12.18) 

»  The magnetic field flux threading a circuit of length Y (in the y-direction) and 
closed beyond the LONDON currents (Fig. 12.7) is one fluxon since by combining 
(12.13) and (12.18) we find 

 Y DBext  �0 .  (12.19) 

»  Within the limits � Imax  I  Imax, the junction “adjusts” �(0) to the intensity of 
the applied current. As illustrated in Figure 12.6 (d and e), this translates into a 
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single JJ under high B-field
SQUID

Fraunhofer  
diffraction  

From “Superconductivity An introduction” Mangin - Kahn
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量子ビットの遷移周波数の変調 ➔ 質量領域をスキャン

超伝導量子デバイスの研究
超伝導量子ビットを使った波状暗黒物質（アクシオン, 暗黒光子）の探索
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バックグラウンドの処理

26

全データの平均 = バックグラウンド

Excited ratio (background substracted) = 元の値 - バックグラウンド

𝜎 = Excited ratio (background substracted) の標準偏差

AC Strak shiftを利用した変調による探索（ 4.684018 − 4.684160 GHz ）
バックグラウンドの処理

25

1日目, 1500点2日目, 1500点

測定点を中心に前後151点を2次関数で
フィット

フィット関数の値 = バックグラウンド

Excited ratio (background substracted) = 元の値 - バックグラウンド

𝜎 = Excited ratio (background substracted) の標準偏差

SQUIDを利用した変調による探索（ 9.3275 − 9.3398 GHz ）

SQUID

23 hours, 
3,000 points

AC stark shift

16 hours, 5 points

２つの量子ビットを使った最初の実験

超伝導量子ビットの直接励起による探索
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Δ := |ωq − ωc |

Jaynes-Cummings 
Hamiltonian

H =
ℏ
2 (ωq +

g2

Δ ) σz + ℏ [ωc +
g2

Δ
σz] a†a

量子ビット周波数 キャビティ周波数

超伝導量子ビットとキャビティの強い結合を利用した、
新しいキャビティ周波数の変調方法を開発

相互作用項  を使ってキャビティ周波数を変調g2

Δ

キャビティ周波数の変調
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Mij = Re
∂⟨ψ(θ) |

∂θi

∂ |ψ(θ)⟩
∂θj

Vi = Im
∂⟨ψ(θ) |

∂θi
H |ψ(θ)⟩

∑
j

Mij
·θj = Vi

古典計算で解く

eventually interested in continuum and infinite volume
limit. We provide additional results in Appendix B to show
the dependence of accuracy on the system size and lattice
spacing. As for system-size dependence, we observe that
the accuracy gets worse with increasing N, though we can
achieve F > 0.9 at least up to N ¼ 8 only with L ≤ 3.
Further investigation of the scaling would require the large
size simulation possibly with improved algorithms, which
we leave for the future works.

V. SUMMARY AND DISCUSSION

In this work, we demonstrated a possible application of
the variational quantum algorithm to a gauge theory.
Specifically, we investigated the real-time dynamics in
the Schwinger model after suddenly turning on the external
electric field, by combining VQE and VQS methods. We
performed the (classically-emulated) state-vector simula-
tion and found that the results obtained from the quantum
algorithms are consistent with those obtained from ED. Our
simulation results can be interpreted as a population of a
particle-antiparticle pair induced by the external field.
There aremany possible future directions. This paper used

the original algorithm proposed by Li and Benjamin [66].

There are two main drawbacks to this approach: First, the
matrix M can be singular or ill-conditioned in practice,
leading to unstable trajectories. Workarounds such as regu-
larization add a parameter that must be tuned. Secondly,
computing the each entry of M requires OðN2

pÞ calls to the
quantum computer where Np is the number of parameters.
There aremany attempts toovercome this problem [71–83]. It
would be important to see if these methods can improve our
simulation results in termsof accuracy andmeasurement cost.
Toward an implementation on real quantum devices, it is

important to understand the effects of hardware noise and
statistical error coming from a finite number of measure-
ments. Besides, combination with error mitigation methods
can be an essential ingredient.
Finally, it would be interesting to consider an extension to

the higher-dimensional and/or non-Abelian gauge theory.
For this purpose, a careful search for an ansatz that is efficient
and preserves gauge invariance during simulation can be
crucial.
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FIG. 4. Dynamics of physical observables for N ¼ 4, a · g ¼ 1.0,m=g ¼ 1.0, q ¼ 2.0 with L ¼ 3 and δ ¼ 0.01. Dots/error bars show
the median and 25–75 percentiles of 20 samples: (a) electric field, (b) chiral condensate, (c), (d) ratio between the values of observables
obtained from ED and VQS.
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今後5年で10万量子ビットの
世界が視界に入ってくる
エラー訂正可能な200論理
量子ビット（~2029年） 
    フルに使えれば、確実に 
    古典を超える!!

量子コンピュータの進展

2次元スピン模型

High Performance LOBPCG Method for Solving Multiple Eigenvalues 245

The paper is structured as follows. In Sect. 2 we briefly introduce related
work for solving the ground state of the Hubbard model using the LOBPCG
method. Section 3 describes the use of the Neumann expansion preconditioner
with the communication avoiding strategy for solving for multiple eigenvalues
and their corresponding eigenvectors. Section 4 demonstrates the parallel perfor-
mance of the algorithm on the SGI ICE X and K supercomputers. A summary
and conclusions are given in Sect. 5.

2 Related Work

2.1 Hamiltonian-Vector Multiplication

When solving the ground state of a symmetric matrix using the LOBPCG
method, the most time-consuming operation is the matrix-vector multiplication.
The Hamiltonian derived from the Hubbard model (see Fig. 2) is

H = −t
∑

i,j,σ

c†jσciσ +
∑

i

Uini↑ni↓, (1)

where t is the hopping parameter from one site to another, and Ui is the repulsive
energy for double occupation of the i-th site by two electrons [1,2,7]. Quantities
ci,σ, c†i,σ and ni,σ are the annihilation, creation, and number operator of an
electron with pseudo-spin σ on the i-th site, respectively. The indices in formula
(1) for the Hamiltonian denote the possible states for electrons in the model.
The dimension of the Hamiltonian for the ns-site Hubbard model is

(
ns

n↑

)
×

(
ns

n↓

)
,

where n↑ and n↓ are the number of the up-spin and down-spin electrons,
respectively.

The diagonal element in formula (1) is derived from the repulsive energy Ui in
the corresponding state. The hopping parameter t affects non-zero elements with

Fig. 2. A schematic figure of the 2-dimensional Hubbard model, where t is the hopping
parameter and U is the repulsive energy for double occupation of a site. Up arrows and
down arrows correspond to up-spin and down-spin electrons, respectively.

10万量子ビットあれば…

IBMのロードマップ

素粒子物理で
できないか？

in small systems suggest that these gauge-breaking terms only
play a subdominant role and gauge-invariance remains intact
(Supplementary Note 2).

Ultimately, the problem of resonances with a few unphysical
states can be remedied by promoting V→Vj to be site-dependent
such that high-energy sectors can be faithfully protected33,34
against potential gauge non-invariant processes described above
(see Methods section). Site-dependent protection terms do not
require any additional experimental capabilities in our protocol
described below. Even more, experimental imperfections inher-
ently give disorder stabilizing the gauge sectors further. It is also
important to note that the presence of only weak disorder
(compared to the energy scale V) is enough, which does not alter
the effective couplings in the emergent gauge-invariant effective
Hamiltonian.

In the following, we introduce the microscopic model that we
propose to implement in an experiment. From the microscopic
model, effective Hamiltonians for the Z2 mLGT and QDM
subspaces can be derived by a Schrieffer–Wolff transformation
(Supplementary Note 2 and 4). On realistic timescales of
experiments, the effective models are gauge-invariant by
construction and studied further below.

Experimental realization in Rydberg atom arrays. Here, we

propose the microscopic model Ĥmic
which can be directly

implemented in state-of-the-art Rydberg atom arrays in optical
tweezers, see Fig. 1a.

The constituents are qubits, which can be modeled by the
ground jgi and Rydberg jri states of individual atoms. As shown
in Fig. 1a, we label the atoms as matter atom or link atom
depending on their position on the lattice. The Z2 gauge structure
then emerges from nearest-neighbor Ising interactions V realized
by Rydberg–Rydberg interactions and hence the real space
geometric arrangement plays a key role. The dynamics is induced
by a weak transverse field Ωm (Ωl), which corresponds to a
homogeneous drive between the ground and Rydberg states of the
matter (link) atoms. Moreover, tunability of parameters defining
the phase diagram is achieved by a longitudinal field or detuning
Δm (Δl) of the weak drive.

The interesting physics emerges in different energy subsectors
of the LPG protection term / VŴ j in Eq. (2); in particular the

Z2 mLGT is a sector in the middle of the spectrum of Ĥmic
. The

suitability for Rydberg atom arrays comes from the flexibility in
geometric arrangement required for the LPG term as well as from

Fig. 1 Constraint-based implementation of Z2 mLGT with qubits. The Z2 gauge structure emerges from the dominant local-pseudogenerator (LPG)
interaction on the honeycomb lattice introduced in (a). A vertex contains matter âj qubits (blue) and shares link τ̂xhi;ji qubits (red) with neighboring vertices.
All qubits connected to a vertex interact pairwise with strength 2V. In a Rydberg atom array experiment the qubits are implemented by individual atoms in
optical tweezers, which are assigned the role of matter or link depending on the position in the lattice. Here, the ground- and Rydberg state of the atoms,
gj i and rj i, encode qubit states, which are coupled by an off-resonant drive Ω to induce effective interactions. To realize equal strength nearest neighbor,
two-body Rydberg–Rydberg interactions, the matter atoms can be elevated out of plane. In (b) we introduce the notation for the Z2 mLGT, for which the
Hilbert space constraint is given by Gauss’s law Ĝj ¼ þ1. We illustrate the electric field τxhi;ji ¼ þ1 (τxhi;ji ¼ #1) with flat (wavy) red lines and the matter site
occupation nj= 0 (nj= 1) with empty (full) blue dots. c shows the notation for the QDM subspace with exactly one dimer per vertex. d illustrates how the
distinct subspaces are energetically separated by the LPG term VŴj . The two quantum dimer subspaces are disconnected when the matter is static, which
can be exactly realized by the absence of matter atoms in (a) and setting ð2âyj âj # 1Þ ¼ ±1 in VŴj .
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量子データの生成と分類 
‣ 物理パラメータ： に設定 
‣ VQEを使い、基底状態 を で生成 
‣ QCNN出力で相分類を行う 

ラベル：

N = Ns = 8, ag = 2, θ = π
|ψGS(m)⟩ m/g ∈ [−2,2]

1+1次元 ゲージ理論（シュウィンガー模型）U(1)
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1+1次元 ゲージ理論ℤ2

‣バックグラウンド ゲージ場（第2項）が存在するか
どうかで振る舞いが変わる 
‣閉じ込め相 と非閉じ込め相

ℤ2

( f ≠ 0) ( f = 0)

H = −
J
2

Ns−1

∑
j=0

(XjZj,j+1Xj+1 + YjZj,j+1Yj+1)−f
Ns−2

∑
j=0

Xj,j+1 +
m
2

Ns−1

∑
j=0

(−1) jZj

量子データの生成と分類 
‣ 物理パラメータ： に設定 
‣ 鈴木-トロッター分解で、時間発展状態

を で生成 

‣ QCNN出力で相分類を行う 
ラベル：
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M. Carena et al., 2024,  
A. Rajput et al., 2021

require 60NxNy and 40NxNy qubits, respectively (see Fig. 1b). It is
foreseeable that more space efficient codes could be constructed,
with the present work developing a first attempt to exploit the
intrinsic redundancy present in gauge theories to reduce the cost
of the error correction procedures required for their simulation at
large scale.
The structure of the paper is as follows: “Structure of U(1) and

Zn Abelian” lattice gauge theories introduces the structure of U(1)
and Zn Abelian LGTs. “Preliminaries on the repetition code”
surveys the basics of error correction codes and develops the
formalism for integrating Gauss’ law with a repetition code. “Pure
gauge theory” and on then presents applications of these ideas for
pure gauge theory first before treating the cases of error
correction for a Z2 1+1 dimensional LGT with both non-
dynamical and dynamical fermions. We discuss an extension of
these ideas to the more complex case of 2 spatial dimensions in
“Extension to two dimensions”. “Discussion” summarizes the
results and discusses future work for extending these results to
different symmetry groups, and higher spacetime dimensions, and
flux cutoffs.

RESULTS
Structure of U(1) and Zn Abelian lattice gauge theories
We follow the basic outline given in ref. 16 and review the
structure of abelian lattice gauge theories, specifically for the
general gauge groups G ¼ Zn and G= U(1) which contain those
considered throughout this work. There are several physical
models for which the gauge symmetries discussed here are
important such as the Schwinger Model, or QED in 1+1
dimensions on a lattice23,24. It is the one of the simplest concrete
examples of an Abelian LGT and serves as a convenient setting for
the analysis and application of Gauss’ law symmetries to error
correction. This model has been extensively used as an important
stepping stone in simulations of lattice field theories using both
tensor networks and quantum devices11,25–28.
We discretize space on a cubic lattice L with sites labeled by s

and links labeled by l. We assume that the lattice consists of N sites
for even N ≥ 0 and that a staggered fermion representation is used
wherein every second site is positronic. Each link l is associated an
independent separable Hilbert space Hl with the same

orthonormal basis:

hϵ0jϵi ¼ δϵ0;ϵ; 1̂ ¼
X

ϵ

ϵj i ϵh j (1)

with

ϵ0; ϵ 2
Zn; if G ¼ Zn

Z; if G ¼ Uð1Þ:

!

The Hamiltonian for this LGT is a function of the link operators
Ûl and their conjugate electric fields Êl defined explicitly in this
basis by

Ûl ¼
X

ϵl

ϵl þ 1j i ϵlh j; Êl ¼
X

ϵl

ϵl ϵlj i ϵlh j: (2)

From this expression we can see that Ûl acts as a raising operator
and its adjoint as a lowering operator on the Hilbert space Hl of
the link. Operators defined on different link Hilbert spaces
commute while the same-link commutation relations are given by

½Êl ; Ûl & ¼ Ûl; G ¼ Uð1Þ (3)

Q̂lÛlQ̂
y
l ¼ Ûle2πi=n G ¼ Zn (4)

where

Q̂l :¼ e2πiÊl=n ¼
XN'1

ϵl¼0

e2πiϵl=n ϵlj i ϵlh j:

The form of the commutation relation for Zn is due to the fact that
the electric field values are periodic, so the Hamiltonian depends
on Q̂l .
When considering fermionic matter fields on the sites, we work

in the occupation number basis where number operators nσ are
diagonal with eigenvalues {0, 1}. Here, σ is a collective index
denoting the relevant species or indices (like flavor or spinor)
involved. The global state of the entire lattice is spanned by a
basis given by a specification of electric fields on the links of the
lattice and occupation numbers on the sites. Due to the locality of
the symmetry, we will typically consider a particular site on a
lattice and those links attached to it and denote the correspond-
ing basis states by

E; ρj i ! (D
i¼1 EiðsÞj i(D

i¼1 Eiðs' êiÞj i(σ nσj i;

Fig. 1 Error correction with Gauss’s law. a Schematic illustration of the differences between two error-correcting schemes for a simple one-
dimensional LGT: a traditional bit-flip encoding scheme and the two schemes proposed here exploiting the Gauss’ law gauge symmetry.
b Number of qubits required (excluding ancillas) for performing fault-tolerant error-correction with different encodings on a Z2 or truncated
U(1) 1+1 dimensional LGT system with 2N links, 2N staggered fermions and a 2+1 dimensional LGT with 8NxNy links and 4NxNy sites, both with
a flux cutoff of 1. The second row gives the cost for an encoding where Gauss’s law is exploited to give a bit-flip encoding via an extra even-
numbered link qubit in 1+1 D. The last row of the 1+1 and 2+1 D cases gives the cost when only the redundancies from Gauss’s law are used
at the logical level to perform error correction. The case with non-dynamical fermions requires the same resources as the pure gauge case and
is omitted from the table.

A. Rajput et al.
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対称性の要請によるエラー訂正手法を検討中 
‣ 局所ゲージ対称性のガウス則演算子 はハミルト
ニアン と可換 
‣ と を同時測定し、 の固有値 からエラーを判定 

‣ 初期状態の期待値 に戻すように状態を補正し、
エラーを訂正

G

H

G H G s

sexp

Early FTQCでのエラー訂正手法の研究 
‣ 既存のエラー訂正符号と部分空間展開法を使う手法を検討中 
‣ シンドローム測定を行わないことで、初期のエラー訂正に適している可能性

物理系の対称性を活用することで、問題に
適したエラー訂正が可能になる

誤り耐性のある量子コンピュータの研究

J. R. McClean et al., 2021

https://arxiv.org/abs/2402.16780
https://arxiv.org/abs/2112.05186
https://www.nature.com/articles/s41467-020-14341-w
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誤り耐性を持つ論理量子ビットには、多数の物理量子
ビット、エラー検知・訂正のための信号処理が必要

超伝導ジョセフソン接合ベースのオンチップ回路素子の開発 
‣現在の最高性能：相反度 3dB・挿入損失 10dB  
‣強磁性体ベースの典型的な相反度 40dB・挿入損失 2dB

R. Upadhyay et al., 2023

マイクロ波回路素子と希釈冷凍機内の配線が、超伝導量子
ビット数のスケールアップの大きなボトルネック 
通常の強磁性体ベースの素子~ では、 量子ビットが限界𝒪(cm3) 𝒪(103)

時間領域での信号多重化技術の開発 
‣量子ビットと導波管の結合強度の向上 
‣状態測定のための信号処理に注力

超伝導量子ビットによるセンサーの感度向上、大型化にとっても重要

R. Navarathna et al., 2023

誤り耐性のある量子コンピュータの研究

https://arxiv.org/abs/2304.00799
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.037001


D-Wave量子アニーラ 
‣ 2048超伝導量子ビット  
‣ アニーリング時間 ~20μs

>95%以上の効率で
粒子の再構成が可能

量子アニーリング 量子ゲート
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パラメータの更新
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M. Saito et al., CHEP 2019

最低エネルギー(基底)状態に近づく
ように、パラメータを更新する

将来的に、実験に応用できる可能性を持つ

#Particles/Event
75

80

85

90

95

100%

Purity (neal)
Purity (qbsolv)
Efficiency (neal)
Efficiency (qbsolv)

818 1637 3274 4912 6549

nreads = 10
nrepeats = 10

subQUBO size = 47
sµanneal time = 20

一事象当たりの粒子数

飛
跡
数
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一事象当たりの粒子数
163 409 818 1637 3274 4912 6549

再構成できた(高い運動量を持つ粒子の)飛跡
再構成できた(低い運動量を持つ粒子の)飛跡
再構成できなかった飛跡
粒子に対応しない飛跡

イジングモデルに
マッピング

LBNLとの
共同研究

アニーリングによる飛跡再構成
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https://indico.cern.ch/event/773049/contributions/3474750/

