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High-Energy Physics (HEP) scenario
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QGP medium



High-Energy Physics (HEP) scenario
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How does the medium affect real-time evolution and color coherence?

How does coherent color field (Glasma) decohere into QGP? How hadrons form dynamically from 
deconfined matter?
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…
…

Experiments Theory

Quantum  
Computing 
(QC)



Experimental motivations for QC
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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't classical, dammit, and if 
you want to make a simulation of 
nature, you'd better make it quantum 
mechanical” 



Quantum computing basics

● States via Quantum bit = qubit 

● Quantum operations via unitary quantum gate on qubits 

● Three QM concepts:  
superposition, measurement, entanglement
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Bloch spheres

=> truly empowers quantum computing
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Quantum supremacy = anything with a quantum device 
“cannot” be performed classically.



Quantum simulation for HEP
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Prototypical task 

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

● Prepare initial state in quantum computer 

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

● Measure observables by simulating measurement performed in idealized lab 
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Jordan, Lee, & Preskill,  
1111.3633, 1401.7115, 1703.00454

Season 2, Episode 6



Prototypical task 

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

● Prepare initial state in quantum computer (hadron structures) 

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

● Measure observables by simulating measurement performed in idealized lab (scattering problems) 
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Jordan, Lee, & Preskill,  
1111.3633, 1401.7115, 1703.00454

Hamiltonian methods       tensor network          quantum circuit            analog computation     …

Quantum Information Science (QIS) toolkit



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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Atas et al, 2102.08920
Papaefstathiou et al, 2402.18429 
Banuls et al, 1305.3765

…QED2 QCD2



Parton distribution function (PDF), amplitudes (PDA), hadronic tensors evaluated  
from as real-time correlators from hadronic states 

Real-time correlation in HEP via QIS to LGT
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Also see: 
Lamm et al, 1908.10439 
Mueller, Tarasov, Venugopalan, 1908.07051 
Li et al, 2106.03865; 2207.13258 
Kang, Moran, Nguyen, WQ, 2501.09738 
Ikeda, Kang, Kharzeev, WQ, 2512.18062

Banuls et al, 2504.07508; 2409.16996 Chen et al, 2506.16829

IBM Eagle R3 quantum computers

…



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 

Bañuls et al, 2402.18429

 Ingoldsby et al, 2505.03878 Farrell et al, 2505.03111

Barata and Rico, 2502.17558 

Chai et al, 2505.21240

…
Barata, Hormaza, Kang, WQ, 2511.00154
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(3+1)D Light-front QCD Hamiltonian + Classical background field
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The light-front QCD Hamiltonian in                   Fock space  

Li et al, 2002.09757; 2107.02225; 2305.12490 … 
   

Medium

McLerran and Venugopalan, 9309289 (1993)



Quantum simulation of QCD on the qubits
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Efficient & universal framework to simulate (3+1)d QCD jet  
evolution in medium in real-time!

WQ, Li, Kreshchuk, Salgado, 2411.09762

Also see: 
Barata, Salgado, 2104.04661 
Barata, Du, Li, WQ, Salgado, 2208.06750 
Barata, Du, Li, WQ, Salgado, 2307.01792 
Wu et al, 2404.00819 (IMP) 
Castro et al, 2502.03431 (LIP) 
Barata, Li, Qian, Salgado, Silva, 2604.11616 
…

…

non-perturbative

=

,



Extracting physical observable: jet quenching parameter

Jet quenching parameter:                                                     Eikonal analytical:  
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Barata, Du, Li, WQ, Salgado, 2208.06750
First qhat calculation on QC

Qiskit-Statevector 12-14 qubits



Dynamical observable: gluon production and entropy growth

Gluon production in strong & weak mediums  
(error from stochastic medium)
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Barata, Du, Li, WQ, Salgado, 2307.01792

Entropy expansion linear in Fock |q> and power-
law in Fock |q> + |qg> with radiation

Verified in leading |q> with classical calc, Barata et al, 2305.10476

WQ, Li, Kreshchuk, Salgado, 2411.09762 Qiskit-MPS 48-128 qubits



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, I apologize to have left out many interesting directions such as parton 
shower, thermalization, non-equilibrium dynamics, etc
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Hamiltonian methods       tensor network          quantum circuit            analog computation     …
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Thank you!


