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High Energy Physics [)

prp——

and Quantum Computing §s

100

o FTVIAL Cletd (Of2lEh), A& (EHHY),
2243 (U.Kansas), BIHZE
- Mentor: Evgeny Epifanovsky (lonQ)

Software for the frontiers of quantum chemistry

2024 lonQ Spring Mentoring

2024.04.09 9:45 AM (KST) ZOOM O M £ 2 1 []

-
Uniformly, Inverse Transform, Adaptive
, Sampling strategy VQC Model 00(x; 0)
‘ o, m——— 0(x; ) = (M(x; 0)) q050) = —
hd L QNN, QSP, DQC1 QC derivative %
Training data

Data

N\

Update 0

- e Quantum Algorithm Al
assical Optimizer >
[ Loss : E (f(x), g(x; 0)) ] 5101, Monte-Carlo M &

MSE, y2, MSE+KL

L. Xend
[ Optimized J [ J@) & O pna| Oppr) — Qe Opppr)

VQC Model



https://youtu.be/MWsCLjok95I?t=809
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" https://youtu.be/YWagYHJKHcI?t=1419
o ZJIX}: CHEHM (0|5 Eh),
Ciet2d (Zhongtian Dong),
S28% (U.Kansas), 9fHE=
- Mentor: Willie Aboumrad (lonQ)

Mathematician and computational scientist

VarQITE for
Combinatorial
Problem in High
Energy Physics

lonQ 2025 Spring Mentoring Program

Quantum Collider / Willie Abourmad
Heechan Yi, Cosmos Dong, Myeonghun Park, KC Kong

« Fully hadronic channel: 26 = 64 possibilities for

q .- 3 "‘,,.,.-"' . 6 particles in the final state. But in reality, 10-20
& S A3 KL jets appear in the final state, leading to 21°-22°
< W —/ ey epegs
S a / v possibilities.
D000DOC 6
S f— " Can we use quantum-inspired al
7 S, o o gorithms to resolve the combinat
d 5 orial problems?
ve | q


https://youtu.be/YWagYHJKHcI?t=1419
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e Google Summer of Code (GSoC)

2024 Program

Machine Learning for

Science (ML4SCI)

Machine learning applications in science by Sergel Gleyzer (U Alabama)

https://summerofcode.withgoogle.com/archive/2024/organizations/machine-learning-for-science-ml4sci

Successful Projects

Contributor Mentor Organization
ToMago, Gopal Ramesh Dahale, KC Kong, Myeonghun Machine Learning for Science (ML4SCI)
Sanya Nanda Park

Learning quantum representations of classical high energy physics data with contrastive learning Data : Qu ark G I u o n Dataset fro m C M S

This project investigates the fusion of classical data encoding onto quantum models using contrastive learning techniques. The objective is to...


https://summerofcode.withgoogle.com/archive/2024/organizations/machine-learning-for-science-ml4sci
https://sanyananda.github.io/ML4Sci_QuantumContrastiveLearning/
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Data of the (interesting) energy scale: O(100) GeV — O(10) TeV

= Data from O(10~'%) — ©(107'°) sec just after the "start of our universe"

oM Big Data sizes in 2021 m_ |

100 T objects stored Vi1 R
in S3 up to 2021 (5 MB)

140 M hours/day
M of streaming (1 GB)

71k B e-mails sent from
100k 2020-10 to 2021-09 (75 KB)

240k photos/min. 500 EB
shared in 2021 (total)
60k B spam (2MB) cc
- 51.1k P .
e-mails(5 KB) Bly 60 GB/A WLCG CFRN
transfers in 2018 HL-LHC real
5.4k PBly pbox 1.9k PBYy data expected in 2026
1000 (e} 65k photos/min.
5 3 YouTuhe shared in 2021 LH(F real 1200 PBYy
733PBY (2 MB) data in 2018 . 800 PBly
) N = HL-LHC Monte Carlo
L data expected in 2026
100 WOPRN sy 252 PRl J 240/PBYy ’
160 PBly
5 720k hours/day
of video uploaded (1 GB) ; :’g:‘s M.:ew:s?’szozo 68 PBly 62 PBlYy ?050321“'("2!’123333) LHC Monte Carlo
+1. paid subs in in . data in 2018
= (1.5 GB and 500 GB, respectively) © Luca Clissa (2022)
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Helping researchers at CERN to
analyze powerful data and

uncover the secrets of our
universe

Tell us your challenge. We're here to help.

CERN analyzes petabytes of data per year, including from

experiments on the world’s largest particle accelerator. A joint <y CERN
project has shown how it’s possible to burst this infrastructure 1, openlab

with Google Cloud.
About CERN

The European Organization for Nuclear Research

Google Cloud results

(CERN) uses the world’s most complex scientific

instruments, including the Large Hadron Collider,
* Sped up terabyte-size workloads by reading data at 200 GB per second with Resea rCherS ¢ g
to study subatomic particles and advance the
Cloud Storage
g ana Iyze 70 TB boundaries of human knowledge by delving into

¢ Compute power was scaled automatically, as needed, with Google
pute p Y, ! 9 the smallest building blocks of nature. Founded

Higgs boson data

* Used the public cloud for the public good by making more data open source in min UteS ventures and now has 23 member states.

Kubernetes Engine in 1954, CERN was one of Europe’s first joint

for researchers, scientists, and educators

Industries: Government & Public
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Global Researchers and Industry Leaders Pursue Value with IBM Quantum

As IBM expands its quantum technology stack, research institutions and private-sector leaders are mobilizing
across industries for which quantum holds immediate potential. Equipped with more powerful quantum
technology, including advanced hardware and tools to explore how error mitigation can enable accuracy today,
pioneering organizations and universities are working with IBM to advance the value of quantum computing.

These working groups that are exploring the potential value quantum computing offers include:

e Healthcare and Life Sciences: led by organizations such as Cleveland Clinic and Moderna, are exploring
applications of quantum chemistry and quantum machine learning to challenges such as accelerated
molecular discovery and patient risk prediction models.

e High Energy Physics: comprised of groundbreaking research institutions such as CERN and DESY, are
working to identify the best suited quantum calculations, for areas such as identification and reconstruction
algorithms for particle collision events, and the investigation of theoretical models for high energy physics.

e Materials: spearheaded by the teams at Boeing, Bosch, The University of Chicago, Oak Ridge National Lab,

ExxonMobil and RIKEN, aim to explore the best methods to build workflows for materials simulation.

e Optimization: aimed at establishing collaboration across global institutions such as E.ON, Wells Fargo and
others to explore key questions that progress the identification of optimization problems best suited for

guantum advantage in sustainability and finance.
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communications physics

Explore content v  About the journal v  Publish with us v

nature > communications physics > collection

Collection

Quantum Technologies and Computing for High-
Energy Particle Physics

Submission status Submission deadline
Open 31 December 2025

Recent advances in quantum technologies are rapidly emerging as powerful tools for pushing
the boundaries of High Energy Physics (HEP), offering innovative paradigms for simulating
quantum field theories, analysing high-energy processes, and extracting physical observables
from complex data. These cutting-edge developments, encompassing quantum computing,
simulation, and sensing, hold the promise to unlock fundamental insights into the nature of
matter and interactions in regimes that are classically intractable, revolutionising how we

address long-standing challenges in particle physics.

This topical collection in Communications Physics aims to highlight recent progress in the
application of quantum technologies and computing for HEP, bringing together contributions
from quantum simulation, quantum algorithms, and quantum sensing tailored to the challenges

of particle physics. — show all
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1. Quantum Algorithms for HEP

This section focuses on developments in quantum information science and algorithm design tailored
to HEP, particularly those not based on direct quantum simulation of physical systems. Topics include:

- Quantum information and entanglement in HEP

- Quantum algorithms in perturbative calculations and Monte Carlo methods
- Quantum simulations of scattering processes and hadronic structure

- Quantum algorithms for data analysis and generation in HEP

2. Quantum Simulation for HEP

This section highlights efforts to simulate quantum field theories and related phenomena using
quantum devices or hybrid workflows. Topics include:

- Quantum simulation of quantum field theories, including real-time dynamics and nonperturbative
phenomena

- Lattice gauge theory on quantum processors

- Hybrid classical-quantum approaches for field-theoretic calculations

12
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Graph below shows physical qubits roadmap (to be remembered: for a quantum computer, 50 logic qubits minimum are required = it means 5000 physical qubits)

N ‘
5000 ‘ ....... S— B S =R TN - . 4 { I . R R
‘ 5000-qubit (D-Wave) D' UEJUE
| 1000-qubit (D-Wave) - —® 2000-qubit (D-Wave) L
' | ‘ 1000-qubit (Intel)
1000 | — —t— : E— B S S
Quantum . G
128-qubit (D-Wave I28 bit R
- annealer,,, ‘ b ) , T ( 'gem ,,,,,,,
II,/’I ; 72-qubit (Google « Bristlecone ») 3 p
ﬂ,/'} ; . 54(53) qubit (Google « Sycamore ») @ 64 qubits (Tundra) runom
@ 50-qubit (,BM) 50-100 qubits (Nisq, ATOS) AtoS
- , 49-qubit (Intel « Tangle Lake ») '
| - (inteD)
® 28-qubit (D-Wave)
@ /I 7-qubit (Intel)
12- qublt (Institute for Quantum Camputmg, Perlmeter Institute for Theoretical Physics, MIT)
10 7 : 7—qub|t (LosAIamos Natlonal lab) ® 9-qubit (Google) | Améém i | | qﬁblf (Aiibéba) 7
-qubit Munich) | |
| PRUDIE (TU Mynich) | 3-qubit (ngettl) | |
2-qubit (Oxford Univer}iq, IBM, UC Berbeley, Staford, MIT) . MISIS ) 2-qubits (MISIS Russna)
! : | g R 205 206~
AYOLE 1998 2000 2006 2007 2009 2015 2016 2017 2018 2019 2020 2023

Quantum Technologies | Sample | www.yole.fr | ©2020
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3 Qubits= 27 bit = 8 bit = 1 byte (1B)

byte (8-bits)

43 Qubits=2* bit information = 243/8 = 2% pyte =
1KB IMB 1GB ITB
210 % x ( 2'Yx X (29x— ) (2"Yx——) =1TB
1Byte 1KB IMB 1GB

.+ oF 100 74Ol OJ4EOl FHIS AISE 4 U B2,

210 hit ~2x 102 TB

= 10% TB AMEfZZtE Z=H|5tD, X2/t £ e,
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IBM Quantum Learning Home Catalog Composer Q. Search = @
(] Untitled circuit saved File Edit View Visualizations seed 2610 -
Y  Operations 40 - Left alignment v 1nspect D Qiskit v Read only

from numpy import pi

E| o—| g q[e] lo) a I . . ‘ 1 from giskit import QuantumRegister,
ClassicalRegister, QuantumCircuit
HEB:E@ @ (H-@ ®
B2 [0 [
TLLLT
[ P

qreg_q = QuantumRegister(2, 'q')

circuit = QuantumCircuit(qreg_q)

circuit.reset(qreg_q[1])
circuit.reset(qreg_q[0])
circuit.x(qreg_q[0])
circuit.barrier(qreg_q[0], qreg_q[1])
circuit.h(qreg_q[0])
circuit.h(qreg_q[1])
circuit.cx(qreg_q[1], qreg_q[0])
circuit.h(qreg_q[0])
circuit.h(qreg_q[1])
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Install

V' PENNYLANE Why PennyLane v  Getting Started v Documentation v  Ecosystem v

Codebook

Learn quantum computing with PennyLane — the leading
tool for programming quantum computers. Explore a
specific module or follow a guided path to build your skills
step-by-step.

M Open Codebook Map ‘ Browse Modules ’

4 I

PENNYLANE FUNDAMENTALS CODEBOOK MODULE
e == Accelerate your quantum research breakthroughs with
l: =t :f/’; = PennylLane! Quickly learn fundamental functions and
P S m@a = practical applications of theoretical concepts in this
=) =

brand-new module.
Learn more > Numbers

= J
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NISQ (Noisy Intermediate-Scale Quantum)
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Quantum Initiative
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High Energy Physics



Mega funded

DOE Announces $71 Million for Research on QIS Enabled
Discoveries in High Energy Physics

POSTED ON JANUARY 16, 2025

(January 16, 2025) The U.S. Department of Energy announced $71 million in funding for 25 projects in high energy physics that will use
the emerging technologies of quantum information science to answer fundamental questions about the universe. Awards funded under
this program will advance theories of gravity and spacetime, develop quantum sensors that can see previously undetectable signals, and
build pathfinder experiments to demonstrate increased discovery reach in searches for dark matter and other new particles and
phenomena. The projects were selected by competitive peer review under the DOE Funding Opportunity Announcement for Quantum
Information Science Enabled Discovery 2.0 (QuantISED 2.0).

Projects include efforts to use the burgeoning field of quantum information science to enable new discoveries in fundamental physics:

e Theoretical work using existing and near-future quantum devices like computers and simulators to explore the nature of
spacetime, perform data analysis at particle colliders, and solve advanced problems in quantum field theory.

e Leveraging quantum information science technologies — such as superconducting qubits, atomic sensors, and quantum states of
light — to enhance the sensitivity of experiments searching for new phenomena, including detecting particles that could make up
the dark matter in the universe.

e Creation of new experimental platforms using quantum information technologies, such as entanglement or precise control of
quantum states, to track and observe microscopic physical processes, like individual radioactive decays or the measurement of
gravity between masses as small as a milligram.
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