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ジュネーブ（スイス）

膨大なデータ 
(400Kコア, 500PBディスク)

~103個の粒子を一度に生成

次の2-30年に渡って、さらにデータが増える ~100倍!!

素粒子物理は微小な粒子(=量子)を扱っているわけだし、量子コンピュータとも親和性がある(はず)

~10倍!

計算爆発に備えるには？  ➡  量子コンピュータとAI(機械学習)を考えてみよう!! 

LHC

なぜ量子コンピュータを考えるの？
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量子コンピュータとは？

  10量子ビット ➞ 1000個の状態 
  50量子ビット ➞ 1000兆個の状態 
300量子ビット ➞ 宇宙にある全ての原子の数だけの状態

量子コンピュータ：通常のコンピュータ：

か

古典ビット 量子ビット

10
0
1

測定すると

0と1の重ね
合わせ状態

0 1

重ね合わせを使うことで、量子
ビットの数に対して、指数関数
的に扱える状態が増える
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「量子」の性質を持つ２準位系（＝量子ビット）を使う計算機



IBM
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量子コンピュータはどう動くの？
プログラムを量子コン
ピュータに送り、電気
信号として量子ビットで
処理する（       向き）

量子ビットを測定した結果が逆向きに戻ってくる（       向き）

10
0
1

SFの世界ではなく現実に存在します

0

1

超伝導量子ビット 
 ≈ 人工原子

IBM IBM

エネルギーが
高い状態

エネルギーが
低い状態
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結果

古典AIニューロン

| ⟩

| ⟩ | ⟩
| ⟩
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| ⟩

| ⟩

結果

量子AI Ul
1,2,⋯

少ないパラメータ
で学習
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量子コンピュータ＋AI = 量子AI

vs

vs

vs

vs

量子空間へのデータ埋め込みを高度化

多くのパラメータが必要大量のデータ
が必要

少量のデータ
で良いかも?!



cvcc

c c

結果

Ul
1,2,⋯

̂x

̂y

̂z
|ψ⟩

検出器データ

量子ダイナミクス
シミュレーション

(将来的に) 
量子センサーデータ

量子コンピュータ＋AI = 量子AI
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Optomechanical Sensors

Dark Matter Detection

Membrane Accelerometers
|1⟩

|0⟩
Ωb̂m

κm
̂ao

古典データ

量子データ

古典データだけでなく、量子データを
コヒーレントに学習することも可能



… U(θ)

パラメータ
を更新θ

コスト関数
が収束？

YesNo

結果

Uin(x)

{x, y}

|0⟩⊗n … ⟨Z(θ)⟩

量子AIのエンジン ＝ 量子機械学習
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⟨Zθ⟩

パラメータ𝞱の更新
量子計算

U(θ)Uin(x)

|q1⟩

古典計算

| ⟩

| ⟩ | ⟩
| ⟩

| ⟩
| ⟩

| ⟩

| ⟩

| ⟩

Ul
1,2,⋯

|q2⟩

|qn⟩

⋮
バレンプラトー

アンザッツモデル

データの埋め込み

量子機械学習
量子機械学習アルゴリズムを高度に! 
‣ 解きたい問題に適した量子回路モデルとは？ 
‣ 学習に適した量子状態へのデータの埋め込みとは？ 
‣ 効率の良い学習を実現するには？
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⟨Zθ⟩

パラメータ𝞱の更新
量子計算

U(θ)Uin(x)

|q1⟩

古典計算

AWG Digitizer

マ
イ
ク
ロ
波

⼊⼒ マ
イ
ク
ロ
波

出⼒

DAC ADC

0
1

マイクロ波 2

|q2⟩

|qn⟩

⋮

U1 |ψ⟩U2

U(θ)|0⟩

|0⟩ U3 U4 U5

| ψ̃⟩ ≈ |ψ⟩

量子トリット

擬量子メモリ

量子コンピュータが動くように実装しないとダメ! 
‣ 今の量子コンピュータで長い回路を実行するには？ 
‣ 最適な量子ゲートの実装とは？ 
‣ 量子ビットに限らなくても良いのでは？

AWG Digitizer

マ
イ
ク
ロ
波

⼊⼒ マ
イ
ク
ロ
波

出⼒

DAC ADC

マイクロ波パルスの制御

量子機械学習
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Barren plateau in VQA cost function landscape

Definition 1 (Barren plateau)

Consider the VQA cost funcion C (θ) = 〈ψ|U (θ)† OU (θ) |ψ〉, where
|ψ〉 ∈ C2n is a n-qubit quantum state, U (θ) is unitary and O is
hermitian. This cost exhibits a barren plateau if

Eθ∼uniform dist.

[
∂C (θ)

∂θi

]
= 0,Vθ∼uniform dist.

[
∂C (θ)

∂θi

]
= O

(
b−n

)

holds for some θi ∈ θ and b > 1.

10 / 33

• Barren Plateau with hardware-efficient and 
symmetry-preserving ansatzes 

• Relation between Barren Plateau and ansatz 
expressibility

Development of Quantum Learning Architecture 
‣ Understanding and mitigating Barren Plateau phenomena (vanishing gradients of cost function) 

‣ Designing problem-inspired and/or problem-agnostic ansatz with near-term devices 

BP for highly expressive ansatz
• consider derivative w.r.t. :   with 

• divide ansatz as 

• dimension of Hilbert space: 

• fully explicit expression for second moment assuming  form unitary 2-design

• formula to see BP or not BP
• example: symmetry preserving ansatz

• BP/non-BP depending on a sector in which  lives

θl,k ∂C := ∂C/∂θl,k θl = (θl1, ⋯, θlk, ⋯θlK)
U(Θ) = ULUl(θl)UR

d = 2n

UL, UR

ρ
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AWG Digitizer
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Control

Si
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Output

DAC ADC

1. CRを二つに分けない

17

制御ビットが ⟩|0 制御ビットが ⟩|1

制御ビットが ⟩|Q

Cross Resonanceを二つに分けない

2021/9/23

制御ビットの状態が ⟩|Q の時もCRが作用している
⟩|0

⟩|1
縦軸は標的ビットの状態

※durationはパルスを作用させている時間

Wonho Jang 夏の学校

Rxゲートが作用した後のCRによる振動の様子

2. Amplitude sweep

182021/9/24

制御ビットの状態が ⟩|R と ⟩|Q の時にRabi振動数が一致するパルスのamplitudeに合わせる。

交点は”Drive Power = 0.6”

Preliminary

制御ビットが ⟩|0 制御ビットが ⟩|2

amplitude(=0.3)を2倍

⟩|1

⟩|0

⟩|0

⟩|1

Wonho Jang 夏の学校

3. Rxの角度のtuning

19

Rxの角度を大きくすると ⟩|0 と ⟩|2 の時はRabi振動の位相が右にずれて、 ⟩|1 の時は左にズレる。
これを利用してRabi振動の位相がπズレる瞬間を高速に作りだすことが可能。

実験データを取得中

2021/9/24

Preliminary
Rxの回転角を0から1.2へ

⟩|1

⟩|0

⟩|0

⟩|1

Wonho Jang 夏の学校

Pure CNOTの結果

20

ベル状態を作り、Z基底で測定した結果

Rx angle = 1.2
Duration = 206 [ns]
Amplitude = 0.6 [a.u.]

制御ビットが ⟩|0

制御ビットが ⟩|1

制御ビットが ⟩|2

2021/9/23

Preliminary

Wonho Jang 夏の学校
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2021/9/23

Preliminary

Wonho Jang 夏の学校

Aiming at application-specific optimization of quantum circuit and gate with microwave pulses

Application-specific 
pulse engineering

Circuit OptimizationQuantum CircuitQML Algorithm

Pulse-level 
optimization
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2: |11 3: |00  , |10 1: |00  , |10  , |11

1: |01  , |112: |11 2: |00  , |10
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*

FIG. 2: Qutrit-based Toffoli gate decompositions by using three controlled-qutrit gates. Q1 and Q2 are the two controls, and
Q3 is the target. (a-c) Decompositions into controlled subspace gates CXij (A1, B1, and C1). By further decomposing them
into the conventional CNOTs (= |1〉-controlled X01 gates), a Toffoli gate can be composed of three CNOTs and several single-
subspace gates (A2, B2, and C2). Partial decompositions are also possible and yield hybrid circuits containing conventional
CNOTs and CXij with shorter circuit depth than the second decompositions (for example, B3 and C3). For each decomposition,
τQ2=|2〉,max : |Q1Q2〉 is shown on the bottom right, where τQ2=|2〉,max is the maximum time among all input states during which
Q2 stays in |2〉 for the input state(s) of |Q1Q2〉, expressed in the unit of a CNOT gate time by neglecting single-qutrit gate
times and considering active CXij between Q1 and Q2 to be a half. The vertical lines show the original gate boundaries in the
first decompositions as a guide to the eye. Since the right half of all the decompositions performs uncomputation to restore
the input control states, stopping the sequence right after the central gate, for example, at the asterisk (∗) in A2, leaves Q2 in
a qutrit state, giving an incomplete Toffoli gate with a much shorter overall gate time. (Inset) Five single-qutrit gates. Three
Xij are the Pauli X gates in the |i〉-|j〉 subspace, and X± are the cyclic permutations among the qutrit states.

and fast and high-fidelity two-qubit gates, it can provide
real-time QEC with a repetition rate of ! 1 MHz for bit-
and phase-flip errors in a simple three-qubit protocol.

Qutrit-based Toffoli decomposition.— Qudits gener-
ally describe the unit of quantum information carried by
d orthogonal quantum states [54]. The minimal exten-
sion of a qubit by adding the second excited state |2〉 to
the computational basis is referred to as qutrit [55], writ-
ten as |ψ〉 = α |0〉+β |1〉+γ |2〉 with |α|2+ |β|2+ |γ|2 = 1.
The addition of |2〉 significantly increases the number
of single qutrit gates to five with three subspace gates
(X01, X12 and X02) and two rotational gates (X±) as in
Fig. 2(inset). The previous study [56] proposed a Toffoli
gate decomposition by using controlled rotational gates,
which realization requires further decomposition into ei-
ther twice the number of controlled qutrit gates or non-
trivial single- and two-qutrit gates (see Supplemental Ma-
terial for details). Instead, here we propose more efficient
decomposition by using three controlled subspace gates
CXij as shown in A1, B1, and C1 of Fig. 2. By decom-
posing them further into the conventional CNOT gate
(= |1〉-controlled X01), Toffoli gates can be composed of
three CNOTs and several single-subspace gates (A2, B2,
and C2). Note that a two-photon process is required to
induce the X02 gate [57], on which the C2 decomposition

does not rely.

Special care needs to be paid when implementing
the CX gate in the middle of the sequence with cross-
resonance. If the control Q2 takes the |2〉 state dur-
ing this gate, the conventional CNOT gate causes par-
tial Rabi rotation on the target qubit. This unwanted
effect can be removed by tuning the Rabi frequency to
the same value as the one conditioned to |0〉 through
their nonlinear dependence on the drive amplitude [58–
60]. Another point on the qutrit operation comes from
the enhanced charge dispersion in higher excited states,
causing a reduced dephasing time Tφ [61]. As the Tof-
foli decompositions A1, B1, and C1 are composed of two
kinds of two-qutrit gates, there are variant decomposi-
tions, depending on whether to convert the two-qutrit
gate into CNOT, except for A1, which central two-qutrit
gate is already CNOT. B3 and C3 in Fig. 2 show hybrid
circuits that minimize the time spent by Q2 in the |2〉
state, which is expressed in the unit of the CNOT gate
time by neglecting single-qutrit ones.

Scalability to the generalized n-controlled Toffoli gate
is another essential feature of qutrit-based Toffoli decom-
positions. For example, type-B and C decompositions
can be linearly extended to an arbitrary number of con-
trol qubits as shown in Fig. 3(a). Note that controlled

Bit flip between  and |1⟩ |2⟩

( |0⟩⟨0 | + |2⟩⟨2 | ) ⊗ I+

Toffoli decomposition with Qutrit gates

|1⟩⟨1 | ⊗ X01

マイクロ波パルスの制御、量子トリット
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量子機械学習 
‣ 変分量子アルゴリズムの物理応用 

1) アンザッツ設計、勾配消失の理解と緩和 
2) データエンコーディング（繰り返し入力、学習込みの入力、QRAC） 

3) 量子データの学習：イジング模型/シュウィンガー模型 + 量子・古典ハイブリッド学習 

4) 全量子型学習（エラー耐性量子コンピュータ）：グローバー探索＋量子勾配計算 

量子シミュレーション 
5) 粒子数保存アンザッツ＋シュウィンガー模型シミュレーション (+ 擬似量子メモリ） 

6) 場の量子論のシミュレーション 

量子ソフトウェア 
7) AQCEL最適化プロトコルの拡張、量子トリット実装 

最適化問題への応用 
8) 荷電粒子飛跡の再構成：量子アニーリング、量子ゲート 

‣ (非)線形システム制御の最適化（量子アニーリング）

Research Topics: Software
2022/2



|0⟩

|0⟩

Potential for overcoming the limitations in 
NISQ circuit design  
➡ Under experiment with the time evolution  
       of Ising model Hamiltonian

Applicable to a wide range of quantum algorithms

  Pseudo Quantum Memory

Lengthy 
circuit V |ψV⟩ Trial circuit 

U(𝞱)

U-1(𝞱) | ψ̃V⟩ Other circuit that 
uses |ψV⟩

Store 𝞱

|0⟩

|0⟩ |0⟩
• Store parameters 𝜽 

• Load the target state  at any time| ψ̃V⟩

 ➡ Quantum pseudo-memory  
               with Stop-and-Resume capability

Feasibility to execute complex, lengthy circuit with NISQ machine by repeating the step multiple times

Parametrized QML technique to approximate the lengthy circuit V by a shorter efficient circuit U



Looking for the lowest 
energy state by slowly 
modifying the Hamiltonian

D-Wave Quantum Annealer 
‣ 2048 superconducting qubits 
‣ Sparse qubit connection..

>90% tracking efficiency 
at HL-LHC condition

Find tracks by solving an 
optimization problem of 
the “triplet” combination

Triplet

Quantum Annealing

⟨ψ |H |ψ⟩

Parameter Update

U(θ)|0⟩⊗n

Optimize parameters 𝜽 such that the state 
 has the approximated lowest energy|ψ⟩

Actively being explored for future application!

RY(𝞱1)

H

× depth

RY(𝞱2)

RY(𝞱3)

RY(𝞱4)

H

H

H

H

H

H

HRY(𝞱5)

RY(𝞱6)

RY(𝞱7)

RY(𝞱8)

RY(𝞱9)

RY(𝞱10)

Triplet #1

Triplet #2

Triplet #N

…
…

H =
NTriplets

∑
i

hisi +
NTriplets

∑
i

NTriplets

∑
j>i

Jijsisj

  Charged Particle Tracking

Quantum Gate



AQCEL optimization protocol for quantum circuit:

 Quantum Circuit Optimization

(0, 0):

(0, 1):

(0, 2):

(0, 4):

(2, 1):

(2, 2):

(2, 3):

(2, 4):

(2, 5):

(2, 6):

(3, 0):

(3, 1):

(4, 0):

(4, 1):

(5, 0):

(5, 1):

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Ry(π)

X

X

X

X

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

Ry(π)

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

Ry(π)

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

X

X

X

X

Ry(π)

X

X

X

X

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

Ry(π)

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

Ry(0.333π)

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Ry(π)

X

X

X

X

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

Ry(0.705π)

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

Ry(0.295π)

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X X

X

X

X

X X

X

Identification of repeated sets of gates Removal of 
redundant gates

Removal of redundant qubit controls

level 1 level 2 level 3

Target RSG

=

level 1 level 2 level 3
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=
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