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Outline
1. Quantum algorithm for meson scattering
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2. Hardware run for fermion scattering
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• Quantum subspace expansion (QSE) 

for stable particle construction

• Quantum circuit 

decomposition

• Simulation 

of dynamics

• Tensor network circuit compilation 

• Hardware run for 40 and 80 qubits

https://arxiv.org/abs/2505.21240
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Motivation

• Experiments on colliders: verify the theory, probe the particle 

structure.
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Motivation

• Experiments on colliders: verify the theory, probe the particle 

structure.

• Real time dynamics in classical simulation 

• Conventional Monte Carlo: sign problem 

• Tensor Network : increasing entanglement with time--

increasing computation  resource

• Quantum computers promise to efficiently simulate real-time 

dynamics
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Scattering process on QC
1.  Vacuum state  : ground state of Hamiltonian|Ω⟩
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Scattering process on QC
1.  Vacuum state  : ground state of Hamiltonian|Ω⟩
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2. Initial state  : wave packets of particles.|ψ(t = 0)⟩ = Φ†
1Φ

†
2 |Ω⟩
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Initial wavepackets

Fermion wave packet:  Φ†(n̄, k̄) = ∑
n

ϕ(n) ξ†
n = ∑

k

ϕ(k) ξ†
k

Meson wave packet:   Φ†(n̄, k̄) = ∑
n

ϕ(n) b†
n = ∑

k

ϕ(k) b†
k

Stable particle operator construction Efficient circuit decomposition  
for non-unitary operator

Gaussian distribution



Scattering process on QC
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2. Initial state  : wave packets of particles.|ψ(t = 0)⟩ = Φ†
1Φ

†
2 |Ω⟩
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Initial wavepackets

3. Time evolution: |ψ(t)⟩ = e−iHt |ψ(0)⟩

e−iHt ≈ (∏
i

e−iHiδt)
t/δt

+ 𝒪(δt),



Scattering process on QC
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1. Preparing vacuum
    — ground state

2. Creating particle 
     wave packets

3. Time evolution 4. Measuring 
  observables

e−iHδt
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Meson scattering
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• Stable meson creation operator construction 
• Efficient circuit decomposition for non-unitary meson wave packet operator



• Staggered fermion coupled with  gauge field,  periodic condition	ℤ2

H =
1

2a

L

∑
n=1

(ξ†
nUn,n+1ξn+1 + h.c.) + m

L

∑
n=1

(−1)nξ†
nξn + ε

L

∑
n=1

Eg,n

Lattice  gauge theory in 1+1 Dℤ2
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• Quantum number: charge conjugation

Vector meson:  c = -1
Scalar meson:  c = +1

(a)

 Qn = ξ†
nξn − 1 − (−1)n

2 = (−1)n + σz
n

2 , En = Xg,n

 Gn = En−1eiπQnEn = (−1)n+1Xg,n−1σz
nXg,n,

(b)

 −⟩

 ↑ − ↓ − ↑ − ↓ − ↑ − ↓ − ⟩

 ↓ + ↑ − ↑ − ↓ − ↑ − ↓ − ⟩

 ↑  ↑

 ↑ ↑ ↓

 ↓  ↓

 ↓

 −⟩

 −⟩ +⟩

 Gn  ψ⟩  =  ψ⟩

L sites, 2L qubits

Z X



How to create a meson state?

ξ†
2 U23ξ3

ξ1 U1,4 ξ†
4
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Meson Creation Operator

b†
k,c = ∑

I

a(k,c)
I MI

Operators, MI ≡ M(n,l) ∈ {ξ†
nUn,lξl |n, l = 1,2,⋯L}
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|k, c⟩b = b†
k,c |Ω⟩ = ∑

I

a(k,c)
I MI |Ω⟩

H |k, c⟩b = E |k, c⟩b

b†
k,c = ∑

I

a(k,c)
I MI

Meson Creation Operator

C |k, c⟩b = ceik |k, c⟩b
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Quantum subspace expansion
b†

k,c = ∑
I

a(k,c)
I MI
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Quantum subspace expansion
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Quantum subspace expansion
b†

k,c = ∑
I

a(k,c)
I MI

ℋI,J = ⟨Ω |M†
I H MJ |Ω⟩

𝒞I,J = ⟨Ω |M†
I C MJ |Ω⟩

𝒮I,J = ⟨Ω |M†
I MJ |Ω⟩

• QSE equation

(ℋ + 𝒞) ⃗a(k,c) = λ 𝒮 ⃗a(k,c),

λ = E + ce−ika

12
⃗ak,c = (ak,c

1,1, ak,c
1,2, ⋯)T



Results from QSE for L = 30
• With coefficients from QSE:  |k, c⟩b = ∑

I

ak,c
I MI |Ω⟩,
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 MI ∈ {ξ†
nWn,lξl |n, l = 1,2,⋯L}



Wave packet of meson

B†
k̄,x̄

= ∑
k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1

ϕ(k)k̄,x̄ =
1

𝒩ϕ

exp(−ik x̄) exp (−(k − k̄)2/(4σ2
k ))
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Initial wavepackets

⟨χn⟩ = ⟨ξ†
nξn⟩

Staggered fermion density



|ψ(t = 0)⟩ = B†
k̄,x̄1

B†
−k̄,x̄2

|Ω⟩

• Scattering: 

1. Initial state: 

2. Time evolution: 

B†
k̄,x̄

= ∑
k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1

|ψ(t)⟩ = e−iHt |ψ(t = 0)⟩

Scattering

ϕ(k)k̄,x̄ =
1

𝒩ϕ

exp(−ik x̄) exp (−(k − k̄)2/(4σ2
k ))
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Inelastic Scattering

m = 0.1, ε = 0.2
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Inelastic Scattering

m = 0.1, ε = 0.2

0 10 20
0

20

40

t

(a)
m = 0.1, k̄ = 4 · (2º/L)

0 10 20
n

0

20

40

t

(e)

5 10 15
l

0.0

0.1

0.2

P
l

(i) t = 20

0 10 20
0

20

40

(b)
m = 0.1, k̄ = 6 · (2º/L)

0 10 20
n

0

20

40

(f)

5 10 15
l

0.0

0.1

0.2

(j) t = 26

0 10 20
0

20

40

60

(c)
m = 0.1, k̄ = 8 · (2º/L)

0 10 20
n

0

20

40

60

(g)

5 10 15
l

0.0

0.1

0.2

(k) t = 30

0 10 20
0

20

40

60

80

(d)
m = 0.2, k̄ = 8 · (2º/L)

0 10 20
n

0

20

40

60

80

(h)

5 10 15
l

0.0

0.1

0.2

(l) t = 30

0.0

0.1

0.2

¢
h¬

n
i

0.0

0.2

0.4

¢
hX

n
,n

+
1i

0 10 20
0

20

40

t

(a)
m = 0.1, k̄ = 4 · (2º/L)

0 10 20
n

0

20

40

t

(e)

5 10 15
l

0.0

0.1

0.2

P
l

(i) t = 20

0 10 20
0

20

40

(b)
m = 0.1, k̄ = 6 · (2º/L)

0 10 20
n

0

20

40

(f)

5 10 15
l

0.0

0.1

0.2

(j) t = 26

0 10 20
0

20

40

60

(c)
m = 0.1, k̄ = 8 · (2º/L)

0 10 20
n

0

20

40

60

(g)

5 10 15
l

0.0

0.1

0.2

(k) t = 30

0 10 20
0

20

40

60

80

(d)
m = 0.2, k̄ = 8 · (2º/L)

0 10 20
n

0

20

40

60

80

(h)

5 10 15
l

0.0

0.1

0.2

(l) t = 30

0.0

0.1

0.2

¢
h¬

n
i

0.0

0.2

0.4

¢
hX

n
,n

+
1i

ξ†
2 W23ξ3 ξ†

4 W45ξ5

meson 1 meson 2

staggered 
fermion density

electric field 
density



Inelastic Scattering

m = 0.1, ε = 0.2 ξ†
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meson 2
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Inelastic Scattering

m = 0.1, ε = 0.2
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Inelastic Scattering
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Inelastic Scattering
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Quantum circuit for meson wave packet
• Non-unitary

a
f1
g1
f2
g2

V(u)† V(u)Ob OaOa

H H

• Decomposition via Givens rotation

B†
k̄,x̄

= ∑
k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1,

= ∑
k∈Λ*

∑
nl

ϕ(k)k̄,x̄ak,−1
nl ξ†

nUn,lξl,
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S(t) = − Tr[ρ(t)log2 ρ(t)]

ρ

Larger entanglement entropy, harder for tensor networks

Reduced density matrix



Scattering process on QC

CState(θ) = ⟨ψ (t0) |V1(θ) |0⟩
2

CUni(θ) =
1

22N
Tr(V2(θ)†e−iHδt)

2

Circuit compression by tensor networks optimization

Conventional circuit

|ψ (t0)⟩

f1
g1
f2

g3
f3

f4
g4

g2 V1(θ) ⋯V2(θ ) ⟨𝒪⟩V2(θ )
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Hardware run of fermion scattering on Thirring model  
40 qubits

• IBM device ibm_fez
• Error mitigation: zero-noise extrapolation (ZNE)

25

Our optimized circuit Conventional approach



Hardware run for 40 qubits: full dynamics
• IBM device ibm_fez
• Error mitigation: zero-noise extrapolation (ZNE)
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Hardware run for 80 qubits: state preparation
• IBM device ibm_fez
• Error mitigation: zero-noise extrapolation (ZNE)
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Outlook
• Other Gauge theory, e.g., QED 

• Higher dimension (2+1)D

28

Summary
• Algorithm development for meson scattering:  

• QSE for eigenstates with specific momentum and charge conjugation 

• Circuit decomposition 

• Inelastic scattering: new particle production, string breaking, hadronization… 

• Hardware run for fermion scattering, optimized circuit by TN 

• Full scattering for 40 qubits 

• State preparation for 80 qubits
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Summary
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• QSE for eigenstates with specific momentum and charge conjugation 

• Circuit decomposition 

• Inelastic scattering: new particle production, string breaking, hadronization… 

• Hardware run for fermion scattering, optimized circuit by TN 

• Full scattering for 40 qubits 

• State preparation for 80 qubits
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Results from QSE
• With coefficients from QSE:  |k, c⟩b = ∑
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Scattering
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ZNE
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