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HPC	in	ATLAS	experiments
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HPC

Grid

• EuroHPC	Vega	(#166	in	Top500)	is	in	production	for	ATLAS	
form	May	2021.	

• ATLAS	uses	a	lot	of	HPC	resources.	The	use	of	HPC	is	very	
promising.

May 2021



HPC	top500
System

Cores	
(k)

Rmax	
(PFlops)

Rpeak	
(PFlops)

Power	
(MW)

1 Frontier,	DOE/SC/Oak	Ridge	National	Laboratory,	United	
States

8,700 1,194 1,680 22.7

2 Supercomputer	Fugaku,	RIKEN	Center	for	
Computational	Science,	Japan

7,631 442 537 29.9

3 LUMI,	EuroHPC/CSC,	Finland 2,220 309 429 6.02
4 Leonardo,	EuroHPC/CINECA,	Italy 1,825 239 304 7.40
5 Summit,	DOE/SC/Oak	Ridge	National	Laboratory,	United	

States
2,415 149 201 10.1

6 Sierra,	DOE/NNSA/LLNL,	United	States 1,572 95 126 7.44
7 Sunway	TaihuLight,	National	Supercomputing	Center	in	

Wuxi,	China
10,650 93 125 15.4

8 Perlmutter,	DOE/SC/LBNL/NERSC,	United	States 762 71 94 2.59
9 Selene,	NVIDIA	Corporation,	United	States 556 63 79 2.65
10 Tianhe-2A,	National	Super	Computer	Center	in	

Guangzhou,	China
4,982 61 101 18.5

• “Fugaku”	is	in	second	place.	
• The	total	number	of	CPU	cores	in	the	WLCG	is	~1M	cores.	If	HPC	can	be	used,	it	

will	be	a	very	promising	computing	resource.

Top500	(June	2023)
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https://www.top500.org/lists/top500/list/2023/06/


HPC	top500	(in	Japan)

System
2 Supercomputer	Fugaku,	RIKEN	Center	for	Computational	Science

24 ABCI	2.0,	National	Institute	of	Advanced	Industrial	Science	and	Technology	(AIST)

25 Wisteria/BDEC-01	(Odyssey),	Information	Technology	Center,	The	University	of	Tokyo

41 TOKI-SORA,	Japan	Aerospace	eXploration	Agency

50 ???,	Japan	Meteorological	Agency

63 Earth	Simulator	-SX-Aurora	TSUBASA,	Japan	Agency	for	Marine-Earth	Science	and	Technology

80 TSUBAME3.0,	GSIC	Center,	Tokyo	Institute	of	Technology

84 Plasma	Simulator,	National	Institute	for	Fusion	Science	(NIFS)

97 Flow,	Information	Technology	Center,	Nagoya	University

…

136 Wisteria/BDEC-01	(Aquarius),	Information	Technology	Center,	The	University	of	Tokyo

140 Oakbridge-CX,	Information	Technology	Center,	The	University	of	Tokyo

• There	are	several	high-performance	HPCs	in	Japan.	
• Information	Technology	Center	of	the	University	of	Tokyo	manages	some	of	them.	

• We	have	advanced	R&D	running	grid	jobs	on	the	ITC	HPCs.

Top500	(June	2023)
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History	of	HPC	utilization	in	ICEPP
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• We	started	R&D	on	ITC/UTokyo	HPC	from	2019	using	Reedbush	system	(2016-2020)	
• From	2020,	we	moved	to	the	next	generation	system:	Oakbridge-CX	(2019-2023/09)	
				→	We	report	a	summary	of	the	integration	of	HPCs	into	the	Tier2	grid.	

• The	next	generation	system	is	Wisteria/BDEC-01	(2021-)	
				→	We	report	an	overview	of	the	system	and	the	difficulties	in	using	it.

System Cores	(k)
Rmax	
(PFlops)

Rpeak	
(PFlops)

Power	
(kW) Year

25 Wisteria/BDEC-01	(Odyssey),	Information	
Technology	Center,	The	University	of	
Tokyo

369 22.1 26.0 1,468 2021-

136 Wisteria/BDEC-01	(Aquarius),	
Information	Technology	Center,	The	
University	of	Tokyo

42 4.4 5.8 184 2021-

140 Oakbridge-CX,	Information	Technology	
Center,	The	University	of	Tokyo

77 4.3 6.6 845 2019-2023

— TOKYO	Tier2 11 1.2 - 120 2022-



Oakbridge-CX
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• Compute	nodes	(only	CPU,	no	GPU)	

• 1368	compute	node,	6.61	PFlops	

• 56	cores	/	node,	1148	HS06	/	nodes	

• File	system	

• Lustre,	12.4	PB	

• Batch	system	

• FUJITSU	Software	Technical	Computing	Suite	(TCS)	

• Network	connectivity	

• ssh	to	login	nodes,	where	we	can	submit	jobs	and	read/write	to	shared	FS.	

• No	connections	to	computing	nodes.	

→	Grid	jobs	cannot	access	storage	element,	external	DB,	etc.	

• No	root	privilege	→	We	cannot	use	CVMFS

ICEPP

Oakbridge-CX

~25	km	(RTT~2.7ms)



HPC	(Oakbridge-CX)

ATLAS	
Central

TOKYO	site

• Singularity	container	image	is	used.	
• contains	all	necessary	files	
• processes	simulation	jobs	only	

• Input/output	files	are	transferred	by	
ARC.	

• Before	using	Singularity	container,	we	
used	parrot_run	+	cvmfs_preload.	

• All	necessary	files	on	cvmfs	are	pre-
downloaded	to	the	shared	FS	on	
HPC,	which	can	be	accessed	by	
compute	nodes.	

• No	negligible	overhead.

CE	(VM)

Oakbridge-CX

SE/FS

WNFujitsu	TCS		
Job	manager

No	external	network

sshfs

job	
submission	
(ssh) Fat	

container		
on	
Singularity

Internet
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Jobs



Jobs	accounting	(History)	
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• 120,000	jobs	processed	
• 330	G	HS06	seconds	→	~15	days	of	current	Tokyo	Tier2	full	power

Grafana

The	number	of	completed	jobs

Wall	clock	time	(successful	jobs)	
(HS23	sec)

120k

2019 July 2023 July

https://monit-grafana.cern.ch/goto/OwrY4Y7Sg?orgId=17


Job	status	on	Oakbridge-CX
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Aug, 2022 July, 2023Jan, 2023



CPU/Wall	efficiency	on	Oakbridge-CX
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0%

100%

Aug, 2022
July, 2023

Jan, 2023



• Consists	of	two	systems	
• Simulation	node	cluster	(25.9	PFlops)	→	ARM	CPU	

• FUJITSU	Processor	A64FX	used	at	Fugaku	(the	top	HPC	in	Japan)	
• Data/training	node	cluster	(7.2	PFlops)	→	GPU	

• Nvidia	A100	x8	
→	Suitable	for	large-scale	parallel	computing	and	machine	learning	

• This	HPC	cannot	use	HEP-standard	processing	unit,	such	as	Intel	
x86_64	CPU.	
• A	lot	of	R&D	is	needed	to	use	them	with	high	efficiency.	
• ARM	is	already	supported	in	ATLAS	→	Benchmarking	(see	next	page)	
• GPU	as	a	production	job	is	not	yet	supported	in	ATLAS.

Next	HPC	systems	of	ITC/UTokyo:	Wisteria/BDEC-01
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Performance	of	A64FX:	basic	benchmark
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Testbed:	PRIMEHPC	FX700	
(A64FX	x	2)

Need	to	code	optimization	for	Geant4	jobs	with	A64FX	

Geant4SysBench	(prime	number	calc.)

A64FX	(48	cores)

A64FX	(GCC)

A64FX	(Fujitsu	compiler)

Xeon	(GCC)

Xeon	(6cores)

Throughput:	

Number of threads Number of threads



Performance	of	A64FX:	HEPSCORE23
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Machine FX700	
	(ICEPP	
testbed)

FX1000	
	(Wisteria)

TOKYO	Tier2	
WN

ATLAS	Gen 0.62 0.75 3.9
ATLAS	Reco 0.17 0.20 0.84
CMS	Gen-Sim 0.038 0.046 0.24

CMS	Reco 0.086 0.10 0.44
LHCb 30 37 180
Belle2 0.25 0.30 1.6
Alice 0.022 0.026 0.083

HEPSCORE23 18 22 98

(Throughput,	using	4	threads)

• The	A64FX	has	a	small	amount	of	memory	(32GiB)	compared	to	the	number	of	
cores	(48).	
• Multithreading	code	is	required	to	use	the	memory	efficiently.	

• To	maximise	the	performance	of	the	A64FX,	we	may	need	to	fully	utilize	SVE.



Quantum Computer

System One installed in 
Kawasaki Japan

Quantum computer test bed,
in Quantum Hardware Test Center 
of UTokyo.



R.Sawada

HEP laboratories, e.g. Fermilab, TRIUMF, DESY and ICEPP, have started 
researches in QC around the beginning of 2020’th
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Worldwide Initiatives and Investments

CERN QTI - 12/11/2020 9

USA National Quantum 
Initiative Act (1B$, Dec 2018)

218M USD in 2019 for 85 
research grants
In 28 institutes (academia and 
national labs)

Fermilab Quantum Technology 
Institute

Argonne Quantum Research 
Group

Oak Ridge Quantum Hub

Australia-IBM 1B AUD Deal
(Melbourne, Canberra, Gold 
Coast)

Japan-IBM Hub at Keio 
University
Quantum Programme at Tokyo 
- ICEPP

EC 1B EUR initiative
Quantum Technology Flagship

Canada-Germany Quantum 
Computing Network

Russian Quantum Technology Roadmap
(Digital Economy National Program – 1B EUR)Quantum Information 

Science and Quantum 
Internet programmes

Slide from Alberto Di Meglio at al, CERN QTI 2020
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Classical computer v.s. QC
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• 1 qubit = two floating numbers.
• The number of quantum states increases exponentially as 

a function of the number of qubits.
• For simulating a 27 qubit system using a classical 

computer, we need 1 GB of memory.
• For a 37 qubit system, O(1 TB) is needed.
• And for around 49 qubit or more, simulation is getting 

impossible even by HPC.
• The number of quantum states that are possible with only 

256 qubits exceeds the number of atoms in the solar 
system
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Executed by IBM
On target 

System 
Modularity

Kernel
Developers

Algorithm
Developers

Model
Developers

2019 2020 2021 2022 2023 2024 2025 2026+

Run quantum circuits 
on the IBM cloud

Demonstrate and 
prototype quantum 
algorithms and 
applications

Run quantum 
programs 100x faster 
with Qiskit Runtime

Enhancing applications 
with elastic computing 
and parallelization of 
Qiskit Runtime

Improve accuracy of 
Qiskit Runtime with 
scalable error mitigation

Scale quantum functions 
with circuit knitting 
toolbox controlling 
Qiskit Runtime

Bring dynamic circuits to 
Qiskit Runtime to unlock 
more computations

Increase accuracy and 
speed of quantum 
workflows with 
integration of error 
correction into Qiskit 
Runtime

Heron
133 qubits x p

Crossbill
408 qubits

Circuits

Falcon
27 qubits

Hummingbird
65 qubits

Eagle
127 qubits

Osprey
433 qubits

Condor
1,121 qubits

Qiskit Runtime

Threaded

Quantum algorithm and application modules

Machine learning | Natural science | Optimization 

Flamingo
1,386+ qubits

Kookaburra
4,158+ qubits

Dynamic circuits Error suppression and mitigation Error correction

Quantum Serverless Intelligent orchestration Circuit libraries

Prototype quantum software functions

Machine learning | Natural science | Optimization 

Quantum software functions

Scaling to 
10K–100K qubits 
with classical 
and quantum 
communication

Threaded primitives

Circuit Knitting Toolbox

Middleware for Quantum

OpenQasm 3

Development Roadmap

FIG. 2. IBM’s roadmap for upccoming quantum computers, updated 2022.

quantum processing unit at the scale of the 65-qubit
Hummingbird chip could implement circuits with a few
thousand gates to a reasonable degree of accuracy with-
out resorting to error correction when two-qubit gate fi-
delities of 99.99% become available. Circuits of such a
size can arguably no longer be simulated by exact meth-
ods on a classical computer. This suggests an alterna-
tive path of utilizing current and impending quantum
devices [64]. Here, one restricts to computations with
only shallow-depth quantum circuits, where the size of
the circuit is determined by hardware parameters such as
coherence times and gate fidelities. As these parameters
improve, the circuit sizes that become accessible increase,
ultimately leading to circuits that provide a computa-
tional advantage over classical approaches. This path
lays out a gradual progression to obtaining quantum ad-
vantage one hardware improvement at a time, ultimately
driving the hardware evolution to progressively better
and larger devices until error correction methods can be
applied to provide us with access to circuits no longer
limited by the device noise.

Early experiments [65] demonstrated that despite the
restriction to shallow-depth circuits, noise and decoher-
ence lead to a bias in the estimates of expectation val-
ues. For this approach to provide an advantage over
classical approximation methods this bias has to be mit-
igated. These observations have motivated the develop-
ment of error mitigation tools such as Zero-Noise Extrap-
olation (ZNE) [66, 67] and probabilistic error cancellation
(PEC) [67]. The goal of these methods is to reduce, or
even fully remove, the noise-induced bias from expec-

tation values measured in shallow-depth circuits. This
is achieved by slightly modifying the circuits in di↵er-
ent ways and combining measurement outcomes in post-
processing to produce noise-free estimates. The proto-
cols introduce an additional computational and sampling
overhead that will ultimately grow exponentially in the
noise strength, illustrating that these protocols do not ex-
tend the circuit depth beyond the device specific param-
eters, but only ensure that accurate values are produced
within the allotted circuit size. The ZNE method was
experimentally implemented for the first time on small-
scale chips [68]. There it was shown that the e↵ect of
noise in earlier experiments [65] could be removed. Re-
cently it was demonstrated [69] that this method could be
scaled to larger circuit sizes on improved quantum hard-
ware, such as the recent version of the 27 qubit Falcon
processor, by combining the method with error suppres-
sion techniques including dynamical decoupling [70, 71]
and Pauli - twirling [72–74]. Advances in learning and
modelling correlated noise on quantum processors have
enabled the implementation of PEC [75] to fully remove
the noise bias for even the highest weight observables on
larger devices.
To enable the scientific community to utilize these ad-

vances, IBM Quantum has announced a challenge to
both internal developers as well as the community: the
100⌦ 100 Challenge [1]. In 2024, IBM Quantum is plan-
ning to o↵er a quantum computing chip capable of cal-
culating unbiased observables of circuits with 100 qubits
and 100 depth of gate operations in a reasonable run-
time, i.e. within a day. This new tool is to challenge the

2023 2024 2025 2026+

Number of qubits 433 ~1000 4000+



QC researches in ICEPP, U-Tokyo 19

including “wish to do” items

Quantum ML

HEP application 
• Event classification 
• Particle tracking

Q-circuit optimisation

QC-data learning QC circuit 
approximation

Quantum-system 
Simulation

Particle dynamics 
simulation

MC sampler



ICEPP computer cluster for QC and ML
Cluster shared by QC and machine learning researchers 
Resource: 
• Main investment in GPU 

1 DGX A100, 1 custom node with 10 A100s, 3 various GPU nodes 
• Storage 320TB (mostly for ML workloads) 
• 2TB & 1.5TB RAM on the two A100 machines 
QC usage: 
• Qiskit and qulacs heavily used 
• Qiskit and related libraries packaged into singularity containers 

and delivered to users over NFS 
• Spares installation troubles & improves research reproducibility 

• GPU utilized extensively in pulse-level simulation of qudits using 
qutip and JAX

20

Y. Iiyama
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Example : Parton shower simulation
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Parton shower simulation
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素粒子反応の量子シミュレーションアルゴリズムを開発する

11

素粒子反応の量子シミュレーション

f1
f1/2

%

f1/2f1
f1/2

%

f1/2

%

‣ IBM Qiskitシミュレータで効果を検証 
IBM量子コンピュータでの結果比較（➡ 次のステップ）

‣ 素粒子物理の標準模型をベースに、パートンシャワー中の粒子の
干渉現象をシミュレートするモデルから出発する 
•2フェルミオン(f1, f2) + 1ボソン(%)モデル 
%放出(f→%f)を繰り返す過程で, 異なるフェルミオンf={f1, f2}が
中間状態に寄与するために干渉が起こる

C. Bauer et al., arXiv:1904.03196
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• One boson species
• Two fermion flavours

• Many combinations of flavours of 
intermediate fermions in a decay chain.

Christian Bauer
A quantum algorithm for high energy physics simulations

A quantum algorithm for high energy 
physics simulations

Christian Bauer, Wibe de Jong, Ben Nachman, Davide Provasoli

1904.03196

10

素粒子反応の量子シミュレーション

54

bqqbqqbbWWttgqq oooo ��

どうする？ 29この複雑な事象をどう理解するか？

陽子陽子衝突で起こる素粒子反応の一例 パートンシャワー

‣多くの粒子放出・分岐を伴う
パートンシャワーを逐一計算す
ることが難しいため、 通常は
モンテカルロ法でシミュレート
する 
‣計算を簡略化するため、シミュ
レーションには様々な仮定が使
われる

➡ 量子計算を使って、現実の素粒子現象をより忠実に再現したい

Berkley group
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Parton shower simulation : Result

23

4

FIG. 1: The normalized di↵erential cross section for log ✓max (a,c) and the number of emissions (b,d). Interference e↵ects are
turned on (g12 = 1) and o↵ (g12 = 0), where the classical simulations/calculations are expected to agree with the quantum

simulations and measurements. The top plots (a,b) show results for the case where � ! ff̄ is excluded as this can be run on
current quantum hardware. The bottom plots (c,d) include the � ! ff̄ with fewer steps to reduce the computational

complexity. The ratio plots compare the g12 = 0 and g12 = 1 simulation. Over 105 events contribute to each line and the
statistical uncertainties are therefore negligible. Quantum measurements are corrected for readout errors, as described in

App. A.

operation simulation on the IBM Q Johannesburg quan-
tum computer are in agreement with the quantum simu-
lator results, clearly showing the role of interference when
the interaction is turned on (from g12 = 0 to g12 = 1).
Some di↵erences can be observed between the quantum
simulator and the actual quantum computer experiment,
which can be attributed to the noise present in the exist-
ing hardware. These results are an important and first-
of-its-kind experimental proof-of-principle for the algo-
rithm and are the first step in the realization of a larger
and more precise calculations on future hardware.

Future extensions of the algorithm can bring it closer
to the SM. To include the full three-dimensional kine-
matics of parton splittings, one would need to augment
the procedure to sample momentum fractions and az-
imuthal angles. It may be possible to achieve this with
a hybrid quantum-classical approach as the probability
distribution factorizes. The current model includes all
of the discrete quantum numbers of the Higgs sector of
the SM with one fermion. Adding additional fermions
is algorithmically simple and is a linear computational
cost. A further extension to the SU(2) component of the
SM would be able to use nearly the same algorithm, but
with more fermions and additional bosons to represent
the W

± and Z bosons. While the numerical implica-

tions of such electroweak showers with multiple bosons
may be small at previous and current colliders, such cal-
culations may be important for future colliders as well
as indirect dark matter search experiments with ultra
high-energy particles [40] with a Higgs or full SU(2)-like
structure. Further extensions to the strong force SU(3)
may be possible, but are more complicated because of
the important role of low energy and not just collinear
radiation. There is also an extensive literature on approx-
imate amplitude-based approaches using classical meth-
ods [41–47], which may also have potential synergy with
quantum algorithms in the future.

With improved quantum hardware beyond the current
noisy intermediate scale devices [5], our algorithms will
be able to produce calculations that are currently not
possible with classical devices. The richness of quan-
tum phenomena in high energy physics makes them an
excellent testbed for studying the power of quantum al-
gorithms. By focusing on final state radiation, quantum
algorithms may be able to provide key insight into the
dynamics of quantum field theories underlying the laws
of nature.

The effect of interference is observed 
in difference between blue and red histograms.

Berkley group



Quantum Dynamics Simulation

 

• Initial state of a many-body system:  → Initial QC state 
• Time evolution in unit time:  → gate operation 

 can be obtained approximately 

Note: The same calculation can be done classically. 
• Initial state → State vector 
• Time evolution → Tensor calculation 
But the size of the vector and tensor can be too large to practically 
calcuate: 250 complex (128byte) numbers → 254 bytes for 50 qubit system

i d
dt |ψ(t)⟩ = H|ψ(t)⟩

⇒ |ψ(t)⟩ = lim
N → ∞
NΔt = t

∏N
k=1 e−iH(kΔt)Δt|ψ(0)⟩

|ψ(0)⟩
e−iH(kΔt)Δt

|ψ(t)⟩

24
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1dimention, QED Simulation
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L. Nagano et al,

Quench dynamics in the Schwinger model

Ground state without external field time evolution with external field  
pair-creation?→

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

t

<latexit sha1_base64="YXttslw/BTyJ8kbn4z0zykI7CZ0="></latexit>

q > 0
<latexit sha1_base64="p7raHduhqn/B62XLK+jGapHK2ks="></latexit>

q = 0

<latexit sha1_base64="Pf2kIasm+HQAa9IFxYzh57tM8BM="></latexit>

| GSi

<latexit sha1_base64="jG64kPlOxdVDdUwu+tBEN/zrkSE="></latexit>q

<latexit sha1_base64="jIIodjeUa4cQCVR3JwlfaONp7x8="></latexit>

| (t)i = e�iHq 6=0t| GSi

: external electric field

• Schwinger effect: particle pair creation due to strong external electric field [Schwinger, Phys. Rev. 82, 664, (1951)]

12

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

t
VQE VQS

<latexit sha1_base64="YXttslw/BTyJ8kbn4z0zykI7CZ0="></latexit>

q > 0

<latexit sha1_base64="MHTvUsnr2asUrfXbht/CkNAjdig="></latexit>

| GSi ⇡ | (�⇤)i

<latexit sha1_base64="R9MAr9f7vYvidpDYZ464AYmJX9s="></latexit>

| (t)i ⇡ | (�(t))i

<latexit sha1_base64="4DasnCr2GrD9bNoY3vU5Iu6L4t4="></latexit>

�(t)

<latexit sha1_base64="RVBWmVcaJWokJeywwqXDTOOejrE="></latexit>

q = 0Real-time evolution via VQS
• two observables:

• total electric field 

• chiral condensation  ( particle number density)  

• observing energy loss and pair-creation!

ℰ
⟨ψ̄ψ⟩ ∼

electric field chiral condensation

energy loss 
due to pair-creation pair-creation

• 20 samples with different initialization

• dots/bars represent medians and 25-75 percentiles

19

arXiv:2302.10933 
Variational method

Schwinger effect



Quantum neural network
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. . .

. . .

. . .
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fθ(x)

{x, y}

L( fθ(x), y), ∇θL

⃗θ ← ⃗θ − η ⃗∇θL

• Data are encoded using a circuit (W) 
• Network is formed by a quantum circuit 

• It consists of several “Parametric” gates (U) 
→ Such gates contain classical parameters, e.g. rotation angle,  that are optimised by training 

• Loss function is defined by the circuit output (f) and the label of data. 

• Loss function and parameter update are done classically. 

→ Quantum circuit can be simple and short ＝ Suitable to the near-future quantum devices.
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Figure 2: A set of circuit templates considered in the study, each labeled with a circuit ID. The dashed box indicates
a single circuit layer, denoted by L in the text, that can be repeated. Gates RX , RY , and RZ are parameterized.
Several circuit templates are from or inspired by past studies. Circuit diagrams were generated using qpic [42].
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SUSY signal classification using simulator 
and IBM quantum machine
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‣ Chargino pair production with 
leptonic W decays 
‣ SUSY dataset in UC Irvine machine 

learning repository used

arXiv:2002.09935 
Submitted last week!
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SUSY Classification

Performance of quantum algorithm comparable to 
BDT/DNN at small training set with small # of variables

Events

AU
C

25

Compared with BDT and DNN : 

‣ BDT and DNN models 
optimized at each training set 
to avoid over-training 

‣ Classical algorithms out-
perform at large training set

QCL = Quantum algorithm with simulator
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Quantum circuit optimization : AQCEL
In physics simulation, many events are generated using a
single program with a fixed initial state.

Circuits can be shorter, namely the number of gate operations can be less,  by 
optimising it depending on the initial state.

29

Quantum 6, 798 (2022).
Github: UTokyo-ICEPP/aqcel

W. Jang et al.
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AQCEL result for parton shower simulation

30

パートンシャワーでの結果

2021/3/11 Wonho Jang ⽇本物理学会（第76回年次⼤会） 9

Original tket AQCEL(CC) AQCEL(QC,25%)

CNOT数 527 616 (117%) 178 (34%) 64 (12%)

U", U#, U$数 362 331 ( 91%) 102 (28%) 24 (6.7%)

総ゲート数 889 947 (107%) 280 (31%) 88 (9.9%)

※1 実機‘ibmq_sydney’にtranspilationした後のnative gate数
※2 tketはCambridge Quantum Computing社で開発された回路最適化ソフトウェア
※3 (CC)はCCでビット列測定、(QC,25%)はQCでビット列測定(25%のthreshold)

Number of gates

U1, U2, U3

Total

CNOT

パートンシャワーでの結果

2021/3/11 Wonho Jang ⽇本物理学会（第76回年次⼤会） 10

2つの確率分布の近さを評価するClassical Fidelity

,#$%, ,%&'# : それぞれCC, QCによって得られた
確率分布-()*から計算した,

,の振る舞い
• ⼆つの確率分布が等しい時 , = 1
• ⼆つの確率分布が異なるほど , → 0

※ !!"#$, !!%& : 最適化前後の確率分布

AQCELによる最適化
• ,#$%~1
• ,%&'#の改善

ü CCを⽤いて最適化 ⇨回路の等価性を保つ
ü QCを⽤いて最適化⇨多めにゲートを削り等価性を少し失うが、その分ノイズの影響を抑える

ため、QC上での結果はCCを⽤いて最適化する場合よりも良い事がある

AQCEL optimizaion
• Fsim ~ 1
• Fmeas improved

Fsim (Fidelity in case of no QC 
noise) is not decreased by due to 
the approximation in AQCEL.

Fmeas is much improved, ~0.4  
0.9,  by the fewer operations, 
optimised by AQCEL.

→
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Qutrit : Quantum trit

31

QutritQubit
：frequency𝜔 

Energy level of transmon

ℏ𝜔12

ℏ𝜔01
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図 4.7 初期状態 |0⟩をそのまま測定した場合（青）と、キャリブレーションによって得られたX01 ゲートを作用してから測定した結果（赤）の IQ散布図。|0⟩と |1⟩を区別する黒線は Linear Discriminant
Analysis (LDA) [83]と呼ばれる機械学習のテクニックによって得られたものである。

できる [84, 85]。
X12 ゲートの実装手法は基本的に X01 ゲートの場合と同様である [86]。パルスの振動数が ω12 である
ガウシアンパルスを構成したい。例えばパルス自体の振動数は ω01 のままにして、パルスの形をガウシア
ンに ω12 − ω01 の周波数を持つ sin関数を乗算することで周波数変調を起こす手法があり、本研究でもこ
れを採用している [33, 86, 52] *4。図 4.8を見れば、|1⟩と |2⟩の区別では虚数成分の方が敏感であること

図 4.8 X12 ゲートのための量子ビットの振動数 ω12 掃引の結果。左図と右図はそれぞれ振動数を掃除した時に測定された IQ信号のうち虚数の実数成分と虚数部分の値を示している。なおパルスの振幅
は 0.2 a.u.に設定している。

がわかるので、X12 ゲートのキャリブレーションでは虚数成分を用いる。コーシー（ローレンツ）分布に
より、測定された虚数成分とパルスの振動数のプロット図をフィットすると 4.783 GHz が得られる。こ

*4 なおこのような周波数変調はパルスを生成する local oscilltor(LO)と Arbitrary waveform generator(AWG)同士の混合の際
に引き起こすことも可能であり [15]、パルスの生成前に周波数変調を起こすか、生成後に周波数変調を起こすかの違いであ
る。
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れは ω01 よりも小さい値であり、これは式 (2.31)と式 (2.32)から導いた δ < 0より ω12 < ω01 という予
想と一致している。振幅も図 4.8にあるように X01 と同様にフィットして 0.251 a.u.である。

図 4.9 X12 ゲートのためのパルスの振幅掃引の結果。左図と右図はそれぞれ振幅を掃引した時に測定された虚数の実数成分と虚数部分の値を示している。なおパルスの振動数は先にキャリブレーショ
ンして得られた 4.783 GHzに設定している。

図 4.7と同じ実験に、初期状態 |0⟩に X01、X12 の順番に二つのゲートを作用させてから測定した結果
も加えたものが図 4.10であり、理想的にはそれぞれ |0⟩と |1⟩、|2⟩が得られるはずである。

図 4.10 初期状態 |0⟩をそのまま測定した結果（青）、キャリブレーションによって得られたX01 ゲートを作用してから測定した結果（赤）、キャリブレーションによって得られた X01 ゲートと X12 ゲートを順に作用してから測定した結果（緑）の IQ散布図。|0⟩と |1⟩、|2⟩を区別する黒線は LDAによっ
て得られたものである。

4.3.2 二量子トリットゲート
ここでは二量子トリットゲートとしての direct C1X01 ゲートのキャリブレーション手法について議論
する。 2.2.4節で見たように、CR相互作用を起こすために制御ビットを標的ビットの振動数でドライブ

By programming a customised pule, we can use
 や  transition in IBM Quantum devices.|1⟩ → |2⟩ |2⟩ → |1⟩
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Toffoli with Qubits Toffili with Qutrit

Fewer Controlled not gates

Multi controlled bit (Toffoli) gate using Qutrit

1
2

3
4 5 6 1

2

3

※Qutrit is used intermediately

       : Qubit 

: Qutrit

0⟩, 1⟩
0⟩, 1⟩, 2⟩ 
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Qutrit : gate fidelity

33

Gate fidelity of Qutrit toffoli gate is measured on ibmq_kolkata

Qutrit Toffoli, averae fidelity over 1 day

・Gate time
・Qutrit Toffoli：2.5 µs 
・Qubit Toffili : 3.1 µs 

・ Fidelity after calibration
・  0.928±0.007 (1 hour later) 
・ 0.896±0.036 (1day later)

Qutrit Toffili fidelity is 5—7% higher than Qubit Toffoli.



Ising Machines : Annealer
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Vender Product Number of bits

Quantum

Quantum-
inspired 

(classical)

Hitachi

Fujitsu

Toshiba

Coherent
Ising 

machine

Digital 
Annealer

5760

147k (ASIC),
 256k (GPU)

8192

10M

131k (Full connect),
 < 4.3B (Partial connect)

100k

CMOS 
Annealing



5HVXOWV

��

,QSXW

'RXEOHW�
VHOHFWLRQ

$QQHDOLQJ

5HFRQVWUXFWHG�KLJK�S7�WUDFNV
5HFRQVWUXFWHG�ORZ�S7�WUDFNV
1RW�UHFRQVWUXFWHG�WUDFNV
)DNH�WUDFNV�����SDUWLFOHV������RI�+/�/+&�

� ������KLWV

�������'RXEOHWV

3XULW\ ������

(IILFLHQF\ ������

�����'RXEOHWV

3XULW\ ������

(IILFLHQF\ ������

�����'RXEOHWV

Developed by Berkley group

Tracking using Annealing
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Annealing tracking with ATLAS Data
• minBias trigger
• Relative efficiency to offline tracking
• ~90% efficiency for pT > 1 GeV
• Annealing time is similar with read data and MC simulation

36
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Results with real data

TRACK FINDING BY GPU-BASED ANNEALING MACHINE

• We applied this algorithm to real ATLAS data taken by non-physics random triggers.
• The efficiency is calculated w.r.t. the ATLAS offline tracks. The matching to the offline tracks is performed if 

reconstructed tracks with annealing machines share more than 50% of hits with the offline tracks. 
• The annealing time was compared with MC sample(10 pions/event with pile-up 20).

• Our algorithm also works successfully with real ATLAS data. 
• It is a good starting point to further explore the method.

Average pre-processing 
time for data is ~0.6 sec.
(single core, 
11th Gen Intel(R) 
Core(TM) i9-11900K 
@ 3.50GHz)

Waseda university group
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Qubit as a sensor : Direct detection of light dark matter (Axion, darkphoton)

✔ Full-stack development capability established in the first year

 ○ Pursuing higher quality in the fabrication & new types of quantum devices

Hardware development

37

4 mm 500 ȝm

PPMS down to 0.5 K

Sample preparation

Al (40 nm) transmission line
9

PPMS / XRD for

  Al, Nb, TiN, Ta films etc.

Thin film characterization Qubit fabrication

Packaging & Measurement R&D of new exotic quantum devices

S. Chen
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Conclusion
• Not only traditional computing services, ICEPP is carrying out 

researches on new technologies

• HPC, Cloud (not in this talk), ML (not including this talk), QC.

• HPCs in Japan may potentially increase available resource for 
HEP, but more researches are needed to use them with full 
computing power.

• QC may outperform classical computer in future. We are try to 
use QC for different types of problems and seeing how well it 
works.

38
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Quantum circuit optimization : AQCEL
In physics simulation, many events are generated using a
single program with a fixed initial state.

Circuits can be shorter, namely the number of gate operations can be less,  by 
optimising it depending on the initial state.

40

Example:

Quantum 6, 798 (2022).
Github: UTokyo-ICEPP/aqcel

量⼦回路の最適化プロセス

2021/3/11 Wonho Jang ⽇本物理学会（第76回年次⼤会） 6

1つ⽬のCX 2つ⽬のCX CCX
直前の量⼦状態 |000 > |010 > 1

2 |011 > + 1
2 |111 >

制御ビット上のビット列 ‘0’ ‘1’ ’01’, ’11’
最適化 CXの削除 ビット制御の削除 2つ⽬のビット制御の削除

native gate数：19 na@ve gate数：4

※native gate : 実機で使えるゲート（U1, U2, U3, CXのみ）
→全てのゲートをnative gateに分解する必要がある！

CXの消去 ビット制御の消去 ビット制御の消去

※初期状態によって様々な最適化
number of native gates : 19 number of native gates : 4

CX deleted Bit-control deletedBit-control deleted

CXDeletion Bit-control Bit-control

Quantum state

Control bit states

1st CX 2nd CX CCX

W. Jang et al.


