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What is a jet?

• In high-energy collisions, a jet is a collimated beam 
of particles produced by the splitting of a common 
ancestor (quark or gluon).
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What is a jet?

• A probe of matter, a tool to understand interaction.
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What is a jet?

• An energetic QCD state that evolves and interacts.
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Jet evolution in medium
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Jet evolution in medium
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Jet evolution in medium
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Jet evolution in medium
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• Setup:

medium 
𝒜!

fully quantum

classical



Time-dependent Basis Light-
Front Quantization (tBLFQ)
• Light-front dynamics
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• Hamiltonian formalism
The state obeys the time-evolution equation
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Time-dependent Basis Light-
Front Quantization (tBLFQ)

A nonperturbative treatment: 
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• Basis representation 
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Time-dependent Basis Light-
Front Quantization (tBLFQ)
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Jet evolution by tBLFQ

with 𝐷( = 𝜕( + 𝑖𝑔(𝐴( +𝒜(). 

• The light-front Hamiltonian 
ℒ = − %
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• The background field, 𝒜(𝑥#, �⃗�1), is a classical gluon 
field described by the color glass condensate1

Jet evolution by tBLFQ

• Color charges are stochastic variables

< 𝜌- 𝑥!, �⃗�. 𝜌/ 𝑦!, �⃗�. >

= g, E𝜇,𝛿-/𝛿, �⃗�. − �⃗�. 𝛿(𝑥! − 𝑦!)

• The color field is solved from 

(𝑚0
, − ∇.,)𝒜-

$ 𝑥!, �⃗�. = 𝜌- (𝑥!, �⃗�.)

where 𝑚0 is a chosen infrared regulator.

• Saturation scale: Q1, = C2 (g, E𝜇),𝐿3/(2𝜋)

1L. D. McLerran and R. Venugopalan, Phys. Rev. D49, 2233 (1994); L. D. McLerran and R. Venugopalan, Phys. Rev. D49, 3352 (1994);
L. D. McLerran and R. Venugopalan, Phys. Rev. D50, 2225 (1994).
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• Basis representation: discrete momentum states
𝑃45$ | ⟩𝛽 = 𝑃6

$| ⟩𝛽 , 𝛽7 = 𝑘7#, 𝑘7
8, 𝑘7!, 𝜆7, 𝑐7 , 𝑙 = 𝑞, 𝑔

| ⟩𝑞 : | U𝛽9 ; | ⟩𝑞𝑔 : | U𝛽90 = | U𝛽9 ⨂ | U𝛽0

Jet evolution by tBLFQ

• 𝑥% = [0, 2𝐿]
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Basis size: 𝑁:;: = 2𝑁. ,×2×3 + 𝐾 × 2𝑁. <×4×24
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Jet evolution by tBLFQ
• Solve the time-evolution equation
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Classical→Quantum simulation
Classical simulation
• 1st tBLFQ: 𝑒 + 𝑒𝛾

Phys.Rev.D 88 (2013) 065014, X. Zhao, A. 
Ilderton, P. Maris, J. P. Vary

⋮
• 1st tBLFQ in QCD: 𝑞

Phys.Rev.D 101(2020)7, 076016, ML, X. 
Zhao, P. Maris, G. Chen, Y. Li, K. Tuchin
and J. P. Vary

• 𝒒 + |𝒒𝒈⟩
Phys.Rev.D 104 (2021) 5, 056014, ML, T. 
Lappi and X. Zhao; 
Phys.Rev.D 108 (2023) 3, 3, ML, T. Lappi, 
X. Zhao and C. A. Salgado

Quantum simulation
• Quantum strategy 

Eur.Phys.J.C 81 (2021) 10, 862, J. Barata and 
C. A. Salgado

• Nuclear scattering 
Phys.Rev.A 104 (2021) 1, 012611, W. Du, J. P. 
Vary, X. Zhao and W. Zuo

• 1st tBLFQ in QS: 𝒒
Phys.Rev.D 106 (2022) 7, 074013, J. Barata, 
X. Du, ML, W. Qian and C. A. Salgado

• 𝒒 + |𝒒𝒈⟩
Phys.Rev.D 108 (2023) 5, 056023, J. Barata, 
X. Du, ML, W. Qian and C. A. Salgado

• 𝑞
arXiv:2404.00819, S. Wu, W. Du, X. Zhao and 
J. P. Vary
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Quantum simulation algorithm

1. Define problem Hamiltonian
2. Basis encoding
3. Prepare initial states
4. Time evolution
5. Measurement
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Quantum simulation algorithm

1. Define problem Hamiltonian
Simplifications in QS: 
• Non-abelian SU(2) color
• Spin-non-flip transition 𝑞 ↑ ↔ 𝑞(↑) + 𝑔(↑)

2. Basis encoding
3. Prepare initial states
4. Time evolution
5. Measurement
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Qubit encoding of basis states

• Binary representation
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basis state qubit state

Discrete longitudinal modes: # 𝐾
q , 𝑘9! = 𝐾 ↦ |𝜁⟩ = |0⟩
qg , 𝑘9! = 𝐾 − 1, 𝑘0! = 1 ↦ |𝜁⟩ = |1⟩
qg , 𝑘9! = 𝐾 − 2, 𝑘0! = 2 ↦ 𝜁 = 2

⋮
qg , 𝑘9! =

*
,
, 𝑘0! = 𝐾 − 1/2 ↦ |𝜁⟩ = |𝐾 − 1/2⟩



Qubit encoding of basis states

• Binary representation

20

Discrete transverse modes: # 2𝑁. <

𝑘7# = 0 ↦ |𝑝7#⟩ = |0…00⟩
𝑘7# = 1 ↦ |𝑝7#⟩ = |0…01⟩
𝑘7# = 2 ↦ |𝑝7#⟩ = |0…10⟩

⋮
𝑘7# = 2𝑁. − 1 ↦ |𝑝7#⟩ = |1…11⟩

basis state qubit state



Qubit encoding of basis states

• Binary representation
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Color modes: #2×3
𝑐9 = 0 ↦ |𝑐9⟩ = |0⟩
𝑐9 = 1 ↦ |𝑐9⟩ = |1⟩
𝑐0 = 0 ↦ |𝑐0⟩ = |00⟩
𝑐0 = 1 ↦ 𝑐0 = 01
𝑐0 = 2 ↦ |𝑐0⟩ = |10⟩

basis state qubit state



Qubit encoding of basis states

• Binary representation
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0
1
2
⋮

𝑁:;: − 1

∼ 𝐾 2𝑁. 𝟒

00 … 00
00 … 01
00 … 10

⋮
11 …11

𝑛, ∼ 𝐥𝐨𝐠 𝐾 + 𝟒 𝐥𝐨𝐠(2𝑁-)

↦

basis state qubit state



Quantum simulation algorithm

1. Define problem Hamiltonian
2. Basis encoding

Binary representation: 𝑛W ∼ log 𝑁XYX
3. Prepare initial states
4. Time evolution
5. Measurement
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Quantum simulation algorithm

1. Define problem Hamiltonian
2. Basis encoding
3. Prepare initial states

𝑞 : 𝑝/Z, 𝑝/
[ = 0,0 , |𝑐/⟩ =

1
2

0 + 1 )

4. Time evolution
5. Measurement
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Time evolution

Level I. Trotterization in time
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ü tBLFQ, non-perturbative



Level II. Algorithm within each timestep
Option i. Direct exponentiation

dense H → Pauli strings → Quantum Gates

• feasible only for small-sized problem

Time evolution
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Level II. Algorithm within each timestep
Option ii. Alternating exponentiation

sparser H 
𝒇𝒂𝒔𝒕𝒆𝒓

Pauli strings → Quantum Gates

ü more efficient

Time evolution
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𝒓1𝒑1



Quantum simulation algorithm

1. Define problem Hamiltonian
2. Basis encoding
3. Prepare initial states
4. Time evolution

Trotterization + alternating mixed space algorithm

5. Measurement
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Measurement
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| ⟩𝜓; 𝑥# =.
$

𝑐$(𝑥#)|𝛽⟩

𝑐%
⋮
𝑐b
⋮
𝑐'

Quantum state 
Amplitude

• State collapsing

Classical state
𝑃b = 𝑐b &

0
⋮
1
⋮
0



Measurement
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• State collapsing
Multiple shots, histogram



Simulation result
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• Fock space ⟩|𝑞

𝑛7 = 10,12



Simulation result
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• Fock space ⟩|𝑞 + ⟩|𝑞𝑔

𝑛7 = 9



Simulation result
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• Fock space ⟩|𝑞 + ⟩|𝑞𝑔

𝑛7 = 9



Real quantum devices
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• Quantum noise

𝑛7 = 6



Ongoing works
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• Towards quantum advantages



Summary
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• Non-perturbative and real-time: we studied multi-
particle jet evolution in a medium using tBLFQ approach on 
quantum simulator

• Towards quantum advantages: problem complexity 
reduced to linear in particle number and logarithmic in 
momentum modes
• Physically meaningful: despite a small model space, we 

can study jet evolution with quantum simulation algorithm

Thank you!


