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Outline

• Particle tracking to Quadratic Unconstrained Binary Optimization (QUBO) problem 

• Quantum algorithms for QUBO problem 
• Variational quantum algorithm, VQE, QAOA…. 
• Imaginary Time Evolution-Mimicking Circuit (ITEMC) 

Fewer measurements, shallower circuits 
Experiments of 40, 60, 80 qubits on IBM quantum device 

• Summary and outlook
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Quadratic Unconstrained Binary Optimization (QUBO) problem
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Particle tracking

• Minimize cost function

si = (I − Zi)/2

Quantum Algorithms

• Get the ground state bit string from measurements

e . g . , |111000⟩

• Got the solution

Segments  are trues0, s1, s2
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Variational Quantum Algorithm (VQA)

http://openqemist.1qbit.com/docs/vqe_microsoft_qsharp.html
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Quantum Approximate Optimization Algorithm 
(QAOA)

• Good: physical guarantee, less parameters 
Bad: deep circuit, measurements
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• Physical theorem

• Shallow quantum circuit

• Fewer measurements

The Imaginary time evolution of the QUBO Hamiltonian: 

e−τ⋅H ⋅ | + ⟩⊗N = e−τ⋅H ⋅
2N−1

∑
k=0

ak |Ek⟩

=
2N−1

∑
k=0

e−τ⋅Ek ⋅ ak |Ek⟩

→ a0 |E0⟩ + e−τE1a1 |E1⟩ + ⋯
τ→∞→ |E0⟩
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Requirements more practical algorithm…

• Physical theorem

• Shallow quantum circuit

• Fewer measurements

Can we find a quantum circuit to mimic the Imaginary time evolution? 

U | + ⟩⊗N ∼ e−τ⋅H ⋅ | + ⟩⊗N

Non-unitaryNormalization

, large correlation, deep circuit 

 small, short circuit depth, but low success rate 

τ → ∞

τ
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Requirements more practical algorithm…

• Physical theorem

• Shallow quantum circuit

• Fewer measurements

Shallow circuit with small , but iteratively update the initial state τ
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2. Construct circuit  to 
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U 3.Do the measurement, and 
calculate the expectation ⟨Zi⟩

φt
i = arccos (⟨Zi⟩t−1)

1. Initialize the qubits as

|φt
i⟩ = Ry (φt

i) | + ⟩ for t > 0
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Imaginary time evolution (ITE) of QUBO
e−τ⋅H = e−τ⋅(∑i hi ⋅ Zi + ∑(i,j) Jij ⋅ ZiZj)

= ∏
(i,j)

e−τJijZiZj × ∏
i∈V

e−τhiZi

Mimic ITE using local quantum gate

fτ,k(θij,0, θij,1)

= ⟨ψk−1 |e−τ⋅Jij⋅ZiZj ⋅ e−i(αij⋅ZiYj+βij⋅YiZj)/2 |ψk−1⟩,

α*ij , β*ij = arg max fτ,k(αij, βij) .

|ψk⟩ = e−i(αijZiYj+βijYiZj)/2 |ψk−1⟩

Two body term:

ITE: |ψk⟩ ∼ e−τJij ⋅ZiZj |ψk−1⟩
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Imaginary time evolution (ITE) of QUBO

|ψ2⟩ = e−i(α*01Z0Y1+β*01Y0Z1)/2 |ψ1⟩

|ψ1⟩ = ∏
i

Ry(θi) |φi⟩⊗N

|ψ3⟩ = e−i(α*23Z2Y3+β*23Y2Z3)/2 |ψ2⟩

…

Update initial state



Requirements more practical algorithm…

• Physical theorem

• Shallow quantum circuit

• Fewer measurements

Only need the expectation of 
one- and two-qubit operators

Shallow circuit with small , but iteratively update the initial state τ

U | + ⟩⊗N ∼ e−τ⋅H ⋅ | + ⟩⊗N
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Hardware run on IBM device
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Two-qubit depth: 45, 55, 65 for 40, 60, 80 qubits
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• Outlook 
• Improved modeling of particle tracking 
• Different encoding? 
• Improved initial state update 
• Consider error mitigation



Summary and outlook

°0.4

°0.2

0.0

0.2

0.4

¢
hª

† n
ª n

i t

(a) t = 18 MPS

ZNE

Unmitigated

0 10 20 30 40
n

°0.4

°0.2

0.0

0.2

0.4

¢
hª

† n
ª n

i t

(b) t = 26

• Summary 
• Map particle tracking to QUBO problem 
• ITEMC algorithm for solving QUBO.  Successfully executed hardware run upto 80 qubits

• Outlook 
• Improved modeling of particle tracking 
• Different encoding? 
• Improved initial state update 
• Consider error mitigation



Summary and outlook

°0.4

°0.2

0.0

0.2

0.4

¢
hª

† n
ª n

i t

(a) t = 18 MPS

ZNE

Unmitigated

0 10 20 30 40
n

°0.4

°0.2

0.0

0.2

0.4

¢
hª

† n
ª n

i t

(b) t = 26

• Summary 
• Map particle tracking to QUBO problem 
• ITEMC algorithm for solving QUBO.  Successfully executed hardware run upto 80 qubits

• Outlook 
• Improved modeling of particle tracking 
• Different encoding? 
• Improved initial state update 
• Consider error mitigation

Thanks!



Particle tracking
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Particle Track Reconstruction with Noisy Intermediate-Scale Quantum Computers, arXiv:2303.13249.

• The value assigned to the QUBO quadratic weights   for 
different configurations of the pairs of triplets  and 

bij
Ti Tj

• Hits and reconstructed trajectories of particles in the transverse plane of the detector.



Particle tracking
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Particle Track Reconstruction with Noisy Intermediate-Scale Quantum Computers, arXiv:2303.13249.

• Construct QUBO cost function

{Ti
1

0

True triplets

False triplets

Variables:

Coefficients: { ai

bij

rate the quality of individual triplets

express the compatibility of two triplets

• The value assigned to the QUBO quadratic weights   for 
different configurations of the pairs of triplets  and 

bij
Ti Tj


