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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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Existing approches: 

1. Semi-classical generators such as the Lund string models (Pythia/HERWIG) 
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Markov-chain probability evolution 
Excellent phenomenological fits to data

Rigorous QCD factorization, precise extraction

First-principles static hadron spectra, non-perturbative

No quantum coherence

Statistical black box

Sign problem, hard to  
access real-time dynamics

Hadronization is the dynamical realization of color confinement — the essential, non-perturbative link  
between microscopic parton dynamics and the hadronic observables measured in detectors.

2. Global fits to fragmentation functions (JAM, NNPDF) 

3. Lattice QCD (Euclidean path integral)
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“Nature isn't classical, 
and if you want to make a 
simulation of nature, 
you'd better make it 
quantum mechanical” 
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Bloch spheres

=> free from sign problems● Operations via unitary matrices = quantum gate on qubits 

=> truly empowers quantum computing

● Three QM concepts:  
superposition, measurement, entanglement
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Quantum supremacy = anything with a quantum device 
“cannot” be performed classically.



Towards quantum advantage: Quantum simulation for HEP
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● Measure observables by simulating measurement performed in idealized lab 
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● Measure observables by simulating measurement performed in idealized lab 
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Jordan, Lee, & Preskill,  
1111.3633, 1401.7115, 1703.00454(hadron structures)

(Scattering)
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1. Direct calculation of parton fragmentation functions (FFs) from first principles

See related works:  
Lamm et al, 1908.10439, 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, …
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2. Replacing Markovian process with analog quantum simulator, “QuPyth” evolves the whole string as 
a single coherent state and measures entropy/multiplicity at the end

Senseman, Ozzello, Heitritter, Meurice, Mrenna, 2212.02476 

string breaking electric field term

Experimentally feasible in 1D & 2D 
see Lukin’s group 
Gonzalez-Cuadra et al, 2410.16558 
…
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For example, in                   Fock sector  

Li et al, 2002.09757; 2107.02225; 2305.12490 … 
See Meijian’s talk 
   

Medium

Classical background field,  
McLerran, Venugopalan, 9309289 (1993)
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Jet: Quantum simulation
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Efficient quantum simulation framework for (3+1)d jet evolution in medium

See refs:  
WQ, Li, Kreshchuk, Salgado, 2411.09762, Barata, Salgado, 2104.04661, Barata, Du, Li, WQ, Salgado, 2208.06750; 2307.01792, 
Wu et al, 2404.00819 (IMP), Castro et al, 2502.03431 (LIP), Barata, Li, Qian, Salgado, Silva, 2604.11616, …

=

…,
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Barata, Du, Li, WQ, Salgado, 2208.06750First calculation on quantum circuit
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Jet: observables

Gluon production in strong & weak mediums 

17Barata, Du, Li, WQ, Salgado, 2307.01792

Entropy expansion with radiation

WQ, Li, Kreshchuk, Salgado, 2411.09762
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Hadrons: prepared on circuit

Solving hadron structures on light-front is natural with variational quantum algo: 

18

Qian et al, 2112.01927

Excited states

Kreshuchuk et al, 2011.13443, 2009.07885, 2002.04016 
Atas et al, 2102.08920

Ground states Hadronic observables

See Xingyu’s talk on VQA
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Swap test Hadamard test

Cao, Li, Li, Qian, 2608.XXXX

Preliminary results



Summary and Outlook

● Quantum computing as a new tool is useful to help us understand HICs.  

● Several quantum simulation proposals are available to interpret hadronization 
differently.  

● Quantum simulation on the light front may be a scalable framework connect real-
time dynamics and hadronic states. 
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Thanks for your attention!


