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High-Energy Physics (HEP) scenario
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High-Energy Physics (HEP) scenario

How does the medium affect real-time evolution and color coherence?

Hadronization,
Freeze-out

Initial Stages

How hadrons form dynamically from

: , o
How does coherent color field (Glasma) decohere into QGP~ deconfined matter?
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Experimental motivations for QC

Event: 196478531 —
2016-11-18 23:23:28 CEST ':C

Run: 313100 > 1000 PB
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Time

CERN hits one exabyte of stored
experimental data from the LHC

Excess data, quantum search speedup, optimization

See Hideki Okawa’s review talk on Sunday



Theoretical motivations for QC

» Real-time correlator are prevented by the intrinsic sign problem with Euclidean lattice

» Hilbert space dimensionality grows exponentially (with particles), quickly surpassing classical resources

» Classically hard, real-time evolution are most natural on quantum computers
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"Willow performed a standard benchmark computation in under 5 minutes that would take one of today’s fastest
supercomputers10 septillion (that is, 1025) years — a number that vastly exceeds the age of the Universe."
— Google, 2024

This is not a faster computer but new computational paradigm.
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« Nature isn'ti@lassical, dammit, and if

you want to e a simulation of
nature, you'detter make it quantum
mechanical” ,

Simulating Physics with Computers

Richard P. Feynman
Department of Physics, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981



Quantum computing basics

States via Quantum bit = qubit

Bloch spheres

10) +i|1)

@ a4 s =1

[0) +11)
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Quantum operations via unitary quantum gate on qubits

Three QM concepts:

superposition, measurement, entanglement |0>

0) — H A
&

=> truly empowers quantum computing
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Quantum simulation for HEP

PRX QUANTUM 4, 027001 (2023)

PRX QUANTUM 5, 037001 (2024)

Quantum Simulation for High-Energy Physics

Christian W. Bauer,!>* Zohreh Davoudi®,>T A. Baha Balantekin,’ Tanmoy Bhattacharya,*
Marcela Carena,>%”-® Wibe A. de Jong,! Patrick Draper,” Aida El-Khadra,” Nate Gemelke, '
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Eur. Phys. J. D (2020) 74: 165
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Simulating lattice gauge theories within quantum technologies
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Roadmap

Quantum Computing for High-Energy Physics: State of the Art and Challenges
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QCD thermalization: Ab initio approaches
and interdisciplinary connections
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Max Planck Institute for Gravitational Physics (Albert Einstein Institute),
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Physics Department, Brookhaven National Laboratory,
Upton, New York 11973-5000, USA

12



Prototypical task

Quantum simulation of quantum field theory = perform “ideal experiments” on quantum computer
e Prepare initial state in quantum computer 1111.3633 {126??7”1’1%66‘1'78655954@{

e Evolve state forward in time using Hamiltonian, for some specified time interval

e Measure observables by simulating measurement performed in idealized lab

Season 2, Episode 6
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Prototypical task

Quantum simulation of quantum field theory = perform “ideal experiments” on quantum computer

e Prepare initial state in quantum computer (hadron structures) 11113633 1"25‘1’?7”1’1"566‘1’785; ge;}g'l;

e Evolve state forward in time using Hamiltonian, for some specified time interval

e Measure observables by simulating measurement performed in idealized lab (scattering problems)
Quantum Information Science (QIS) toolkit
AN
4 A
Hamiltonian methods tensor network quantum circuit analog computation
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Hadronic structure in HEP via QIS to LGT

Quantum information science has emerged as one of the best tools to understand lattice gauge theory
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Real-time correlation in HEP via QIS to LGT

Also see:
Lamm et al, 1908.10439
Mueller, Tarasov, Venugopalan, 1908.07051

. . . . . . i s . ; 2207.13258
Parton distribution function (PDF), amplitudes (PDA), hadronic tensors evaluated  Ku o Neowen WG 260108738

[ i lkeda, K , Kh L WQ, 2512.18062
from as real-time correlators from hadronic states eda, Kang, Kharzeev,
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a)

Real-time scattering in HEP via QIS to LGT

Recently there is also surge of studies in real-time scattering for HEP through lattice gauge theory
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Bafiuls et al, 2402.18429
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(3+1)D Light-front QCD Hamiltonian + Classical background field

Li et al, 2002.09757; 2107.02225; 2305.12490 ...

Jet

front form

zt 220423

Medium

1
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McLerran and Venugopalan, 9309289 (1993)

The light-front QCD Hamiltonian in |¢) + |qg) Fock space
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Quantum simulation of QCD on the qubits

‘qw]‘> JW, BK, etc.
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Efficient & universal framework to simulate (3+1)d QCD jet Wu et al, 2404.00819 (IMP)

Castro et al, 2502.03431 (LIP)
evolution in medium in real-time! Barata, Li, Qian, Salgado, Silva, 2604.11616



Extracting physical observable: jet quenching parameter

First ghat calculation on QC
Barata, Du, Li, WQ, Salgado, 2208.06750

Jet quenching parameter: A (p2 (z1)) ) Eikonal analytical:
9= — A+ =(p1) /Ly QQ/L _c g,uL
Y
F~HA_
s n 27,[
2.00 T ' T | T T | T T T |
N. (a. [GeV™1) lg)
- M 16 (0.30)
150 M 32 (0.15) -32r -32
’ 0,2=6.73GeV? % 0,2=26.7GeV? %
I —16} L E 4.8 —16} i wtmEim 10
& : : 39 e P 1 E 08
E 1.00 - 4 - 0 . - R 29 0 s R "
N .,/ .—"—§ : : 19 i ! 02
B e ] 16+ Lo W o : 16 e o G : 03
N 1.0 02
0.50 |- B — - 0 2 ; . ; | Lo
-32 -16 0 16 32 -32 -16 0 16 32
— analytical
000 1 | 1 | 1 | 1 | 1 | 1 | 1
0 5 10 15 20 25 30 35

0,*GeV?)

Qiskit-Statevector 12-14 qubits 20



Dynamical observable: gluon production and entropy growth

Gluon production in strong & weak mediums
(error from stochastic medium)
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WQ, Li, Kreshchuk, Salgado, 2411.09762

Barata, Du, Li, WQ, Salgado, 2307.01792

Entropy expansion linear in Fock |g> and power-
law in Fock |g> + |gg> with radiation

Verified in leading |g> with classical calc, Barata et al, 2305.10476
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Summary and future prospects

We discuss Quantum Information Science as a new tool that could help us understand HEP theory.

We talk about various application of quantum simulation, esp LGT and Light-front Hamiltonian.
Quantum simulation of QCD (jet) on the light front is a universal & scalable framework.

*For limitation of the talk, | apologize to have left out many interesting directions such as parton
shower, thermalization, non-equilibrium dynamics, etc

Hamiltonian methods tensor network quantum circuit analog computation
(AU 0) vy
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« C3NT Workshop:

Center for Nuclear Theory > . . .
m m Quantum Information Science in
High Energy Nuclear Physics

¢§55¢ s June 15 - June 19, 2026

QlS HENP Central China Normal University, Wuhan, China

6T S G N[ o] ETe[-M indico.ihep.ac.cn/event/27301/

We cordially invite interested researchers to participate in our upcoming
C3NT International workshop — Quantum Information Science in High-
Energy Nuclear Physics (QIS-HENP). This workshop aims to bring
together experts in the field of quantum information science to explore
innovative applications in high-energy physics and nuclear physics.

Organizing Committee

Wenyang Qian (CCNU)

Enrique Rico Ortega (CERN)

Alessandro Roggero (University of Trento)

Carlos Salgado (IGFAE, U Santiago de Compostela)

Manuel Schneider (National Yang Ming Chiao Tung University)
James Vary (lowa State University) tte of aricle Phyeice /g
Hongxi Xing (South China Normal University) IPP HFNBR R '\%

Thank you!



