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量子コンピュータとは？

「量子演算子」のほうが的確 

• 最近では「QPU」と呼ぶほうが玄人っぽいようです 

• メールを読んだり動画を見たりするのには使いません 

• 原理的には可能
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量子コンピュータの持つべき性質

広く捉えて 

• 特定の状態に準備できる量子系を持ち 

• その系に対して決まった操作を繰り返し実行でき 

• 系の状態を測定することができる 

補助的に 

• 量子系は多体系 

• 上の全てを高速で繰り返せる
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量子コンピュータの何が嬉しいか・１

２準位系（量子ビット） 個からなる系を考える 

• ２つの準位を と と呼ぶことにする 

• 例えば の場合で量子ビットがそれぞれ 状態にあるとき 
全系の状態は  

一般に全系では から の2n通りの直交基底が存在 
⇒ 「計算基底」と呼ぶ

n

|0⟩ |1⟩

n = 3 |1⟩, |0⟩, |1⟩
|1⟩ ⊗ |0⟩ ⊗ |1⟩ =: |101⟩ =: |5⟩

|0⟩ |2n − 1⟩
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⊗ ⊗ = 8-dim hypersphere



量子コンピュータの何が嬉しいか・２

量子力学なので、系の一般の状態は基底の線形和
 

例： 個の量子ビット全て  状態なら系全体は 

|ψ⟩ = ∑2n−1
k=0 ψk |k⟩

n | + ⟩ =
1

2
( |0⟩ + |1⟩)

1

2n
( |0⟩ + |1⟩) ⊗ ( |0⟩ + |1⟩) ⊗ ⋯ ⊗ ( |0⟩ + |1⟩)

=
1

2n
( |00…0⟩ + |00…1⟩ + ⋯ + |11…1⟩)

=
1

2n

2n−1

∑
k=0

|k⟩
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量子コンピュータの何が嬉しいか・３

量子ビット系のヒルベルト空間は 次元 
⇒ 個の物体を並べて の複素自由度を得る 

で Ndof > number of atoms in the observable universe（！） 

QCの操作は個々の量子ビットに作用＝全計算基底に同時に作用 
→ QCは巨大な並列演算子* 

“SIMD = Single instruction, multiple data”

n 2n

n 2n

n = 300
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*ただしそんなに簡単な話ではありません

ψ0 |0⟩ + ψ1 |1⟩ + ⋯ + ψN−1 |N − 1⟩

U
…

ψ′ 0 |0⟩ + ψ′ 1 |1⟩ + ⋯ + ψ′ N−1 |N − 1⟩



量子状態で計算をするとはどういうことか
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| initial⟩

“初期化”

∑k ψk |k⟩

量子プログラム

確率 で を得る|ψj |
2 | j⟩

測定

× 
多数回の試行

測定結果のヒストグラムから計算結果を読み取る 

問題に応じて読み出す内容は異なる： 
• 平均値（期待値） 
• 特定のピーク値 
• 分布の形 
• etc.



量子コンピュータのスキーム

• 量子回路型（Quantum circuit model）a.k.a. ゲート型QC 
• 初期状態は通常  
• 計算（ターゲット終状態の生成）方法： 

• １量子ビットの「回転」  
• 特定の複数量子ビット演算 

e.g. “Controlled-X”  
• 量子回路＝量子ビットに対する操作（ゲート）の全体 

• 量子アニーリング（Quantum annealing） 
• イジングモデルハミルトニアンの基底状態（＝最適解）を探す 

• ハミルトニアンのバイアスやカップリングパラメータで問題を表現 
• 計算方法：初期ハミルトニアンを断熱的に問題ハミルトニアンに置換 

• 連続変数型（ゲート型の一種）etc.

|0⟩

exp(i ⃗θ ⋅ ⃗σ )

|0⟩⟨0 | ⊗ I + |1⟩⟨1 | ⊗ σX
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魔法の箱ではない

量子計算の原理は古典計算と根本的に違うが、未知ではない 

言ってしまえばただの行列計算 
• 量子状態 → 2n個の複素数 
• ゲート → 2n×2nのユニタリ行列 

→ 量子は古典でエミュレートできる 

ただし、複素数一つ128ビットなら状態の記述に2n+4バイト必要 
n=50で16PB ← cf. 富岳 5PB、Summit 10PB
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「QCにしかできないこと」とは？

• ユニタリ演算で実装するのが最も効率的であるような計算 

• 古典コンピュータでも結局QCのエミュレーションをすることになる 

• Googleの2018年量子超越実験のタネ： 
ランダム量子回路の出力を計算するには量子回路を組むしかない 
→ 53ビット回路のエミュレーションにはRAMが128PB必要＝無理 

• ユニタリで実装でき、どんな実装でも莫大なRAMを使う計算 

• （量子）物理系のシミュレーションなど
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QCの適用例候補

• 状態空間の多次元性に注目 

• 量子系のシミュレーション 

• ある種の最適化問題 

• ある種の機械学習 

• 干渉効果に注目 

• 素因数分解 

• 逆行列計算 

• データベース検索 

• ？？？？
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有名なアルゴリズム１

量子位相推定（Quantum phase estimation） 

• 多項式時間での素因数分解（Shorのアルゴリズム）で利用される 
• 大きい数の素因数分解が早くできるとRSA暗号が解けてしまう 

• 入力：ユニタリ と固有状態  
   (  は未知) 

• 出力：状態  

 if  

• 個のゲートで実現 
← 古典的実装では 回の演算が必要

U |ψ⟩
U |ψ⟩ = e2πiθ |ψ⟩ θ ∈ [0,1]

∑k ϕθ
k |k⟩

|ϕθ
k | ∼ 1 k ∼ 2nθ

𝒪(poly(n))
𝒪(poly(n) ⋅ 2n)
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例：n = 5, θ = 0.225



有名なアルゴリズム２

非構造化データベース検索（Groverのアルゴリズム） 

• 入力：探す対象を表す状態 と、以下のように作用する演算  

 

• 初期状態： 次元空間の基底 の均一な重ね合わせ  

ただし  

•
出力：状態 ,   

•  回の の作用（クエリ）で実現 
← 古典実装なら最大  クエリ必要

|ω⟩ G

{G |x⟩ = − |x⟩ for x = ω,
G |x⟩ = |x⟩ otherwise

N { |x⟩} 1/ N ∑x |x⟩

|ω⟩ ∈ { |x⟩}

1

1 + |ϵ |2
( |ω⟩ + ϵ |Ω⟩) |ϵ | ≪ 1

𝒪( N) G
N
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素粒子屋がQCを研究する理由

量子機械学習 

• データ点を超多次元のヒルベルト空間にマッピングする 
→未知の特徴量に対して感度を持つかも？ 

• 逆行列計算、近似最適化、etc. 
→学習の高速化？ 

• 機械学習＝高次のフィッティング 
回転ゲートの集まり＝フーリエ変換 
→学習の効率化？
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素粒子屋がQCを研究する理由

量子シミュレーション 

• 大きい量子系のダイナミクスを追うには量子系が必要 

• 場の量子論の第一原理計算ができるか？ 

• 第一原理でなくても、分岐が指数関数的に増えていくような
問題に適応できる？ 

• 量子測定のランダム性→MC
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Figure 6: Probability distribution of the number of gluons measured at the end of the

31-step parton shower for the classical and quantum algorithms, for the scenario where

there are zero quark anti-quark pairs (left) and exactly one quark anti-quark pair (right)

in the final state. The quantum algorithm has been run on the IBMQ 32-qubit quantum

simulator [22] for 500,000 shots, and the classical algorithm has been run for 106 shots.

3.4 Towards a realistic parton shower

The parton shower algorithm described in Section 3.3 is a simplified, toy model and has

thus limited capability compared to state-of-the-art, classical parton shower algorithms.

However, the quantum algorithm leverages the unique ability of the quantum computer to

remain in a superposition state throughout the calculation, enabling all shower histories

to be calculated simultaneously and providing a remarkable advantage over the classical

algorithms. It is interesting to consider how the parton shower algorithm will develop

with advancements in quantum technologies. Near-future devices with larger quantum vol-

ume [29, 30] make it feasible to imagine a practical parton shower algorithm on a quantum

device.

An obvious extension to the algorithm proposed would be to include more particle types

and flavours. As described in Section 3.3, this is easily done by increasing the dimension

of the HP and HC spaces to include another particle and its corresponding splittings. It

may then be possible to extend the shower to include all quark flavours, increasing the

dimension of the walker’s lattice to seven: six quark dimensions and one gluon dimension.

To implement this circuit would require a large number of qubits, with the number required

for each particle type being

nqubits = log2 N, (3.8)

where N is the number of desired steps in the shower process. It is possible to reduce

the overall number of qubits in the system by removing redundant areas in the quantum

– 10 –

2109.13975

https://arxiv.org/abs/2109.13975


なぜ疑問符ばかり？

プログラマブル量子コンピュータはすでに存在する 

紹介したアルゴリズムが走るような汎用量子計算機はまだない 

→ QCの応用研究はまだ Proof of principle / extrapolation の世界 

→ 「やってみないとわからないこと」はまだわからない
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汎用量子計算機の必須条件：エラー耐性

QCはほぼ原理的にエラーを起こす 
• 量子系が状態を保つ ← 外部との相互作用がない 
• 量子系を操作する ← 外部からガンガン手を入れる 

QCエラーの現状： 
• IBMのマシンのゲートあたりエラー率＝10-3~10-2 

• 35を素因数分解するのに必要なゲート数 ~20000 
→ 限りなく1に近い確率で計算結果が間違えている！ 

エラー率は下げられても0にはならない 
→ リアルタイムでエラーを訂正しながら計算を行う必要
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エラー耐性の必要条件

エラー訂正の根本原理： 
一つの量子ビットの状態をたくさんの量子ビットで共有する 
＝たくさんの「物理的ビット」を「論理的ビット」に 

エラー率10-3~10-2 →  物理的ビット／論理的ビット 
≳50論理的ビットで計算したい → 数千～数万物理的ビット必要

𝒪(102∼3)
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量子ビット数
19

物理的ビット数の 
ロードマップ（IBM）

論理的ビット数の 
ロードマップ（IONQ）

* IONQのゲートあたりエラー率は
IBMより一桁小さい



1
4

7

∑
k=0

exp ( 2πi
8

3k) |k⟩ ⊗ |10⟩ ⊗ |01⟩

量子計算の具体例：1+2を計算する
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|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

入力レジスタ１ 
Xはビットを反転（ ）|0⟩ ↔ |1⟩

|000⟩ ⊗ |00⟩ ⊗ |00⟩

|000⟩ ⊗ |00⟩ ⊗ |01⟩

|000⟩ ⊗ |10⟩ ⊗ |01⟩

1
4

7

∑
k=0

|k⟩ ⊗ |10⟩ ⊗ |01⟩

|011⟩ ⊗ |10⟩ ⊗ |01⟩

入力レジスタ２

出力レジスタ

初期状態

下一桁が反転： |1⟩

上一桁が反転： |2⟩

逆フーリエ変換 
2n−1

∑
k=0

exp ( 2πi
2n

jk) |k⟩ I.F.T. | j⟩
出力レジスタの各基底に入力に応じた位相がかかる

測定結果：ビット列 011 10 01

※量子ビットを下から上に順序づけている

3 2 1= +

補助ビット（読まない）

U∑ ( |000⟩ |m⟩ |n⟩) = |m + n⟩ |m⟩ |n⟩



16個の足し算を並列計算する
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|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

|0⟩

U∑ ( |000⟩ ⊗
1
2

3

∑
m=0

|m⟩ ⊗
1
2

3

∑
n=0

|n⟩)
=

1
4

3

∑
m=0

3

∑
n=0

|m + n⟩ ⊗ |m⟩ ⊗ |n⟩

{0,1,2,3}×{0,1,2,3} 重ね合わせで始める

各m, nの組み合わせに対して答えが出る

10000回計算＋測定(shot)を実行し 
ヒストグラムを得ると：

一つの回路で2n個の並列計算ができるが、 
一度の計算で取り出せる答えはランダムに一つ 
→単純な超並列計算機ではない



量子ビットをどう作る？

コントロールと測定ができる２準位系ならなんでもいい 

• 超電導非調和振動子 

• イオントラップ 

• 光子 

• 核磁気共鳴 

• 浮揚電子 

• ダイアモンド格子欠陥 

• 量子ドット

22
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FIG. 1. (a) Circuit for a parallel LC-oscillator (quantum har-
monic oscillator, QHO), with inductance L in parallel with
capacitance, C. The superconducting phase on the island is
denoted „, referencing ground as zero. (b) Energy potential
for the QHO, where energy levels are equidistantly spaced
~Êr apart. (c) Josephson qubit circuit, where the nonlinear
inductance LJ (represented with the Josephson-subcircuit in
the dashed orange box) is shunted by a capacitance, Cs. (d)
The Josephson inductance reshapes the quadratic energy po-
tential (dashed red) into sinusoidal (solid blue), which yields
non-equidistant energy levels. This allows us to isolate the
two lowest energy levels |0Í and |1Í, forming a computational
subspace with an energy separation ~Ê01, which is di�erent
than ~Ê12.

poses a practical limitation†.
To mitigate the problem of unwanted dynamics in-

volving non-computational states, we need to add anhar-
monicity (or nonlinearity) into our system. In short, we
require the transition frequencies Ê0æ1

q and Ê1æ2
q be su�-

ciently di�erent to be individually adressable. In general,
the larger the anharmonicity the better. In practise, the
amount of anharmonicity sets a limit on how short the
pulses used to drive the qubit can be. This is discussed
in detail in Sec. IV D 3.

To introduce the nonlinearity required to modify the
harmonic potential, we use the Josephson junction – a
nonlinear, dissipationless circuit element that forms the
backbone in superconducting circuits46,47. By replacing
the linear inductor of the QHO with a Josephson junc-
tion, playing the role of a nonlinear inductor, we can
modify the functional form of the potential energy. The
potential energy of the Josephson junction can be derived
from Eq. (3) and the two Josephson relations

†Even though linear resonant systems cannot be addressed properly,
their long coherence times have proven them useful as quantum ac-
cess memories for storing quantum information, where a nonlinear
ancilla system is used as a quantum controller for feeding and ex-
tracting excitations to/from the resonant cavity modes45.

I = Ic sin(„), V = ~
2e

d„

dt
, (15)

resulting in a modified Hamiltonian

H = 4ECn2
≠ EJ cos(„), (16)

where EC = e2/(2C�), C� = Cs + CJ is the total ca-
pacitance, including both shunt capacitance Cs and the
self-capacitance of the junction CJ , and EJ = Ic�0/2fi is
the Josephson energy, with Ic being the critical current
of the junction‡. After introducing the Josephson junc-
tion in the circuit, the potential energy no longer takes
a manifestly parabolic form (from which the harmonic
spectrum originates), but rather features a cosinusoidal
form, see the second term in Eq. (16), which makes the
energy spectrum non-degenerate. Therefore, the Joseph-
son junction is the key ingredient that makes the oscilla-
tor anharmonic and thus allows us to identify a uniquely
addressable quantum two-level system, see Fig. 1(d).

Once the nonlinearity has been added, the system dy-
namics is governed by the dominant energy in Eq. (16),
reflected in the EJ/EC ratio. Over time, the super-
conducting qubit community has converged towards cir-
cuit designs with EJ ∫ EC . In the opposite case when
EJ Æ EC , the qubit becomes highly sensitive to charge
noise, which has proven more challenging to mitigate
than flux noise, making it very hard to achieve high co-
herence. Another motivation is that current technologies
allow for more flexibility in engineering the inductive (or
potential) part of the Hamiltonian. Therefore, working
in the EJ Æ EC limit, makes the system more sensitive
to the change in the potential Hamiltonian. Therefore,
we will focus here on the state-of-the-art qubit modalities
that fall in the regime EJ ∫ EC . For readers who are
interested in the physics in the EJ Æ EC regime, such
as the earlier Cooper-pair box charge qubit, we refer to
Refs. 48–51.

To access the EJ ∫ EC regime, one preferred approach
is to make the charging EC small by shunting the junction
with a large capacitor, Cs ∫ CJ , e�ectively making the
qubit less sensitive to charge noise – a circuit commonly
known as the transmon qubit52. In this limit, the super-
conducting phase „ is a good quantum number, i.e. the
spread (or quantum fluctuation) of „ values represented
by the quantum wavefunction is small. The low-energy
eigenstates are therefore, to a good approximation, local-
ized states in the potential well, see Fig. 1(d). We may
gain more insight by expanding the potential term of Eq.
(16) into a power series (since „ is small), that is

‡The critical current is the maximum supercurrent that the junction
can support before it switches to the resistive state with non-zero
voltage.

LC振動回路のLをジョセフソン結合で置き換える 
→ 非調和振動子回路になる（ω01≠ω12） 

ω01のマイクロ波パルスでコントロール 
→ と だけの系とみなせる 

• 作製・コントロール技術が確立している 
• 早い 
• ある程度スケーラブル 
→ QC競争のフロントランナー

|0⟩ |1⟩

超電導量子ビット
23
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素粒子物理への応用例

物理解析 
• ヒッグスボゾン信号識別 10.1038/nature24047, 10.1103/PhysRevA.102.062405, 10.1051/epjconf/202125103070 
• SUSY信号識別 10.1007/s41781-020-00047-7 
•  崩壊識別 2103.12257 
• Unfolding 10.1007/JHEP11(2019)128  

事象再構成・検出器 
• トラッキング 1902.08324, 10.1051/epjconf/202024509013, 10.5281/zenodo.4088473, 10.1051/epjconf/201921401012 
• バーテックス再構成 1903.08879 
• ジェットクラスタリング 10.1103/PhysRevD.101.094015 

シミュレーション 
• 場の理論シミュレーション (例多数) 
• パートンシャワー 10.1103/PhysRevLett.126.062001

Υ(4S) → BB̄
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Fig. 2 (Lower Path) The concept of a classical SVM. Data is encoded in a higher dimensional space where the separation is
performed. The inner products between datapoints forms the kernel matrix; this can usually be given as an explicit equation.
(Upper Path) The concept of a QSVM. Raw data is encoded into a quantum state using a quantum circuit that is parameterised
by the classical data. The separation is made between signal and background in the higher dimensional quantum space. In
order to achieve this we need to measure the inner product between the quantum states produced in the circuit.

Fig. 3 a) The circuit notation for the single qubit part of
the encoding gate. The e↵ect of this Z rotation gate is a Z
rotation of the qubit’s bloch sphere by an angle xk. b) The
circuit notation we use for the two qubit entangling part of
the encoding gate. The explicit construction in a real quan-
tum circuit is shown here using Controlled Not gates. This
gate e↵ectively introduces some form of phase shift between
two qubits that depends on some function of the respective
momentum variables in the classical data xl and xm.

where Zk represents the Pauli Z matrix applied to qubit
k. This circuit introduces a phase shift to each individ-
ual qubit by an amount xk. The function f e↵ectively
quantifies some form of a phase shift between the two
qubits that are to be entangled. The default form of
this function is defined as

f(xl, xm) = (xl � ⇡)(xm � ⇡). (5)

This circuit explicitly entangles every qubit with every
other qubit, meaning all combinations of qubits are en-
tangled. We will therefore refer to this gate throughout
this paper as the combinatorial encoding gate [10].

The purpose of the encoding operation is to turn
classical data into a quantum state. In order to use a
support vector machine we need to calculate the in-
ner product between every event in this quantum space
h (xi)| (xj)i. By referring to equation (3) this quan-
tity can be written as

Fig. 4 a) An event from the real dataset after preprocessing
is shown. Di↵erent coloured points correspond to di↵erent
types of charged particles. b) An example particle decay event
containing two particles demonstrating the raw momentum
data in spherical coordinates. c) The circuit structure for the
combinatorial encoding operation U(x) [10]. For readability
the circuit omits the � variable.

h (xi)| (xj)i =
h0|H⌦n

U
†(xi)H

⌦n
U

†(xi)U(xj)H
⌦n

U(xj)H
⌦n |0i .

(6)

This kernel estimation circuit, which is illustrated in
Figure 5, acts to determine the inner product between
the two quantum states. The circuit is run repeatedly
over many shots (identical runs) and the proportion of
|0in state measurements is calculated. The proportion

 崩壊識別Υ(4S) → BB̄
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Fig. 5 The general circuit for estimating the inner product
of two quantum encoded states. The probability of measuring
|0in as the final state of this circuit will estimate the quantity
| h (xi)| (xj)i |2.

of |0in measurements is an estimate for the probability
| h0|H⌦n

U
†(xi)H⌦n

U
†(xi)U(xj)H⌦n

U(xj)H⌦n |0i |2.
This process therefore produces an estimate for the
quantity | h (xi)| (xj)i |2 which can then be used as
the kernel matrix entry for two events xi and xj . This
is repeated for all combinations of events in the dataset
until a full kernel matrix is obtained. This kernel is
then passed to a classical support vector machine to
perform the classification. The overall e↵ect of this is
to take events of dimension n and project them into a
2n dimensional quantum space where the separation is
then performed.

4 Alternative Encoding Gates

The combinatorial encoding gate that is shown in Fig-
ure 4 corresponds to a specific kernel. By making ad-
justments to this encoding circuit we are able to con-
struct entirely di↵erent kernels, which have the poten-
tial to perform better on our dataset while also using
fewer gates and qubits.

4.1 Bloch Sphere Encoding

In an e↵ort to encode the same amount of classical in-
formation into fewer qubits we implemented a model
that encodes the ✓ and p variables of each particle into
a single qubit. There are several ways in which mul-
tiple classical variables can be encoded into a single
qubit [14]. To test this concept we construct a circuit
that applies an X rotation by ✓, followed by a Z rota-
tion by p to the bloch sphere of the qubit. This encodes
the two variables into the bloch sphere of a single qubit
as shown in Figure 6. Note that this circuit contains no
quantum entanglement.

4.2 Separate Particle Encoding

The structure of the encoding circuit directly a↵ects the
kernel function and the final classification result. One
possible issue with the combinatorial encoding circuit
is that it treats every classical variable identically; p1

Fig. 6 a) An encoding circuit that encodes two variables
of a particle into a single qubit. b) The definition of the X
rotation gate. Xk is the Pauli X matrix applied to qubit k. c)
The resulting bloch spheres of the two qubits, if both initially
in the |0i state, after being acted on by this circuit.

would be entangled with ✓1 in the same manner as p1

is entangled with p2, despite p2 being a variable from
a di↵erent particle. The circuit has no built-in way of
discriminating the individual particles. Considering this
we introduce a separate particle encoding circuit. The
first layer involves entangling the momentum variables
for each particle individually, resulting in a 2 qubit
quantum state for each particle. This is followed by a
layer that entangles the states representing each parti-
cle with every other particle based on their momenta.

We can also merge the bloch sphere encoding idea
suggested in the previous sub-section into this circuit,
by encoding both angles ✓ and � into the same qubit.
This allows us to encode three momentum variables into
two qubits. This separate particle encoding gate U(x)
is shown in Figure 7 for the 2 particle case. Note that
in this circuit the ✓ and � angles of each particle are
encoded into the ✓ and � angles of an individual qubit.
In this case the encoding function f has three inputs
instead of the usual two; for this we use the following
function

f(p1, ✓1,�1) = (⇡ � p1)(⇡ � ✓1)(⇡ � �1). (7)

This technique has the advantage of using fewer
quantum gates in total, which reduces the error rate
when running on a quantum device. It could also be
adapted to include additional information about each
particle, by expanding the number of qubits to include
variables such as charge, mass etc. without as signifi-
cant an increase in the number of gates used compared
to the combinatorial encoding circuit.

5 Result Comparisons

The encoding gates discussed here could be used for any
number of particles, we have limited our simulations to
events that contain exactly 4 particles. The simulations
were run with 60,000 training events and 10,000 testing

P(0) = |⟨0 |V†(xi)V(xj) |0⟩ |2

V(xj) V†(xi)
3 particle eventsでの性能比較
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Fig. 7 a) The raw data classical input for a two particle
event. b) The separate particle encoding gate U(x). Initially
a 2 qubit entangled state is produced for each particle based
on each particle’s momentum variables. After individual par-
ticle are separately encoded, each particle is then entangled
with every other particle through one of its qubits. We also
combine the previous bloch sphere encoding from the previous
subsection. This results in the ✓,� variables of the particle,
being encoded into the ✓b,�b of a single qubit’s bloch sphere.

Table 1 Results obtained by classically simulating vari-
ous encoding circuits using Qiskit statevector simulator with
60,000 training events and 10,000 testing events.

Encoding Circuit Accuracy AUC

Combinatorial Encoding 0.765 0.827
Separate Particle (Without � Bloch) 0.787 0.853
Bloch Sphere Encoding 0.786 0.861
Separate Particle (with Bloch) 0.808 0.877

Classical RBF Kernel SVM 0.794 0.865
XGBoost 0.617 0.648

events using the Qiskit statevector simulator in the ab-
sence of noise [1]. The results of the di↵erent encoding
circuits mentioned previously are summarised in Table
1.

These results suggest that the physically motivated
improvements made in the separate particle circuit have
a positive impact on the discriminatory power of the
circuit compared to the combinatorial encoding. Fur-
thermore, combining this method with the bloch sphere
encoding resulted in our best AUC score of 0.877. For
comparison we tested classical SVMs on the data for
various kernels with the best result being the RBF Ker-
nel. We also included XGBoost as a comparison, de-
ciding on the hyperparameters (maximum tree depth,
number of estimator, minimum split loss and learning
rate) using GridSearchCV [20].

6 Simulations with Noise and Error Mitigation

The simulation results demonstrate the potential for
quantum algorithms on ideal noiseless devices. Mod-
ern quantum devices do however have noticeable error
rates which are dependent on factors such as the num-
ber of gates used in the circuit. To investigate the e↵ect
this has on our results we re-run our simulation with a

noise model [1]. In order to reduce the impact of these
errors we implement a measurement error mitigation
technique [7] recently demonstrated in the context of
verifying whole-array entanglement in the IBM Quan-
tum ibmq manhattan device [18]. This procedure con-
sists of performing a calibration of the basis states for
the simulated noisy device at the start. The noisy ba-
sis state measurements are used to construct a matrix;
the inverse of this matrix when applied to a noisy basis
state should take it to the ideal basis state. By applying
this calibration matrix to our final results we can recon-
struct a final measurement closer to the ideal noiseless
case.

The separate particle with bloch encoding circuit
was tested using 3 particle events only. The Qiskit qasm
simulator is used with a simulated noise model based
on the IBM Quantum ibmq toronto device. The clas-
sification was repeated with 10 di↵erent datasets, each
consisting of 30 training and 30 testing points to find an
average classification performance. The separate parti-
cle with bloch encoding circuit achieved an average ac-
curacy of 0.670 ± 0.100 and an average AUC of 0.751 ±
0.100. For comparison, this test repeated with an ideal
noiseless simulation gives an accuracy of 0.750 ± 0.050
and an AUC of 0.789 ± 0.110.

The introduction of noise does lead to a decrease in
the average AUC score for the separate particle encod-
ing circuit from 0.789 to 0.751. In contrast, repeating
this investigation for the combinatorial encoding circuit
results in an average accuracy of 0.530 ± 0.086 and an
average AUC of 0.550 ± 0.131, a significant reduction
in performance in the presence of noise. This could pos-
sibly be due to the greater number of gates used in the
combinatorial encoding circuit compared to the sepa-
rate particle with bloch encoding circuit, resulting in a
larger source of quantum error.

7 Experimental Testing on Real Quantum

Devices

The separate particle with bloch encoding circuit was
tested on a real device using 3 particle events only. The
dataset consisted of 30 training points and 30 testing
points. This was run using 6 qubits on the IBM Quan-
tum ibmq casablanca device and repeated 10 times for
the same dataset achieving an average accuracy of 0.640
± 0.036 and an average AUC of 0.703 ± 0.063, where
the quoted uncertainties in this case are the standard
deviation of multiple runs using the same dataset.

The di↵erence in performance between this result
and the simulation results in section 5 is linked to the
reduced dataset size and inherent errors of real quan-
tum devices. Table 2 shows the comparison of ideal
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