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2.  Quantum computing



Quantum computing

c-bit = 0 or 1 q-bit = 𝑐0 0 + 𝑐1|1⟩

classical computer quantum computer

𝑁 c-bits = 0110010 ⋯ 𝑁 q-bits = 𝑐0 000 ⋯ + 𝑐1 100 ⋯ + 𝑐2 010 ⋯ ⋯

2𝑁 states
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Quantum computing

exponential speedup
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Quantum computing

noisy intermediate-scale quantum (NISQ)

small number of q-bits

100 q-bits   ∼ 1016 PBytes
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Quantum computing

noisy intermediate-scale quantum (NISQ)

small number of q-bitsdevice error

time

o
b

se
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simulation

100 q-bits   ∼ 1016 PBytes
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~ PBytes

Yamamoto (2021)
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Quantum computing

©︎ IBM

NISQ (early) fault tolerant

quantum device roadmap
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Quantum computing

✓ NISQ

✓ benchmark test

✓ usage & algorithm

quantum simulation roadmap

2026 20XX ~2029 ~

✓ small-scale QC

✓ toy model

✓ large-scale QC 

✓ QCD, SUSY, etc. 
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Hamiltonian lattice gauge theory

path integral formalism

𝑍 = න 𝑑Ψ 𝑒−𝑆 𝐸 = ⟨Ψ|𝐻 Ψ

Hamiltonian formalism

c-number Hamiltonian operatorclassical action quantum state
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Hamiltonian lattice gauge theory

Wilson (1974) Kogut, Susskind (1975)

quantum computing (now)high performance computing (now)

classical computing (1980s)

path integral formalism Hamiltonian formalism
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Hamiltonian lattice gauge theory

𝜓 = 𝑎 empty + 𝑏 occupied

fermion

1 qubit
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Hamiltonian lattice gauge theory

Ψ = ෑ

𝑥=1

𝐿

𝜓 𝑥total state vector

1 2 ⋯ 𝐿

𝐷 = 2𝐿total dimension

fermion

𝐿 qubits

𝜓 = 𝑎 empty + 𝑏 occupied 1 qubit
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Hamiltonian lattice gauge theory

gauge field

𝑔 = 𝑐0 +1 + 𝑐1 −1𝑍2 gauge

Ψ = ෑ

𝑥=1

𝐿−1

𝑔 𝑥

1 ⋯ 𝐿 − 1

1 qubit

𝐷 = 2𝐿−1

total state vector

total dimension

𝐿 − 1 qubits
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Hamiltonian lattice gauge theory

𝑈(1) = 𝑒𝑖𝜃𝑍4 = 𝑒𝑖0, 𝑒𝑖𝜋/2, 𝑒𝑖𝜋 , 𝑒𝑖3𝜋/2𝑍2 = +1, −1

𝑁 → ∞

how to formulate continuous gauge group?
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Hamiltonian lattice gauge theory

𝑔 = 𝑐0 +1 + 𝑐1 −1

𝑔 = 𝑐0 𝑒𝑖0 + 𝑐1 𝑒𝑖𝜋/2 + 𝑐2 𝑒𝑖𝜋 + 𝑐3 𝑒𝑖3𝜋/2

𝑍2

𝑍4

𝑔 = 𝑐0 𝑒𝑖0 + 𝑐1 𝑒𝑖2𝜋/𝑁 + ⋯ + 𝑐𝑁−1 𝑒𝑖2𝜋(𝑁−1)/𝑁𝑍𝑁

⋯

𝑁 → ∞

𝑈(1)

1 qubit

2 qubits

log2 𝑁 qubits

∞ qubits

how to formulate continuous gauge group?
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Hamiltonian lattice gauge theory

how to formulate continuous gauge group?

continuum

continuum limitlattice spacing

extrapolation

⟨observable⟩
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Hamiltonian lattice gauge theory

how to formulate continuous gauge group?

continuum

continuum limitlattice spacing

computational cost for taking 𝑁 → ∞

⟨observable⟩
extrapolation
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Hamiltonian lattice gauge theory

Nielsen-Ninomiya no go theorem Nielsen, Ninomiya (1981)

“chiral symmetry (or one of basic properties) is violated on lattices”

how to formulate chiral lattice fermion?
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Hamiltonian lattice gauge theory

Nielsen-Ninomiya no go theorem Nielsen, Ninomiya (1981)

“chiral symmetry (or one of basic properties) is violated on lattices”

how to formulate chiral lattice fermion?

𝛾5𝐷 + 𝐷𝛾5 = 𝐷𝛾5𝐷

path integral formalism Hamiltonian formalism

[𝑄, 𝐻] = 0

Dirac operator chiral charge
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Hamiltonian lattice gauge theory

how to formulate chiral lattice fermion?

nonconserved chiral charge

𝑄 = න 𝑑𝐷𝑥 𝜓+𝛾5𝜓 + 𝑂 𝑎 [𝑄, 𝐻] = 0conserved chiral charge

𝑄 = න 𝑑𝐷𝑥 𝜓+𝛾5𝜓 𝑄, 𝐻 ≠ 0

continuum

𝑎 𝑎 = 0
16/25



Hamiltonian lattice gauge theory

how to formulate chiral lattice fermion?

𝑑

𝑑𝑡
⟨𝑄⟩ = 𝑂 𝑎 → 0 no anomaly???nonconserved chiral charge

conserved chiral charge
𝑑

𝑑𝑡
𝑄 =

1

𝜋
න 𝑑𝑥 𝑒𝐸ex

chiral anomaly in 1+1 dim.

perturbation reproduces anomaly

Hidaka, Yamamoto (2025)
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4.   Application



Application

how to verify quantum simulation?

small lattice large lattice

exact diagonalization tensor networks etc.

quantum field theory

???

∞

18/25



Application

chiral anomaly in 1+1 dim.

chiral anomaly in 1+3 dim.

©︎ CRC Press

19/25



Application

“exact” in all orders

chiral anomaly in 1+1 dim.

chiral anomaly in 1+3 dim.

©︎ CRC Press
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Application

𝐿 (periodic)

vacuum
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Application

𝑄 = # of right-handed electrons − # of left-handed electrons

exact number

external electric field

𝑑

𝑑𝑡
𝑄 =

1

𝜋
𝐿𝑒𝐸ex

𝐸ex

𝐿 (periodic)
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Application

output data

input parameter

𝑑

𝑑𝑡
𝑄 = 𝐶𝐿𝑒𝐸ex

fitting result

if 𝐶 =
1

𝜋
± (statistical error) ⟹ simulation is correct

𝐸ex

𝐿 (periodic)
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Application

“Reimei”

✓ deployed at RIKEN

✓ Quantinuum System Model H1

✓ all-to-all connectivity

✓ 20 qubits
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Application

1. initial state preparation 2. time evolution 3. measurement

free electron vacuum

momentum

energy

𝑄 𝑡=𝛿𝑡 > 0

photon

𝑒−𝑖𝐻𝛿𝑡𝑄 𝑡=0 = 0

electron anti-electron

external electric field

R
L
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Application

𝑍𝑁 gauge theory on a finite lattice 

1. U(1) gauge               𝑍4, 𝑍8, 𝑍16 → 𝑍∞

2. infinitesimal time  𝛿𝑡 → 0

3. infinite volume       𝐿 = 3, 4, 5 → ∞

4. continuum limit     𝑒 → 0

U(1) gauge theory in infinite continuous space

23/25



Application

𝑍𝑁 gauge theory on a finite lattice 

1. U(1) gauge               𝑍4, 𝑍8, 𝑍16 → 𝑍∞

2. infinitesimal time  𝛿𝑡 → 0

3. infinite volume       𝐿 = 3, 4, 5 → ∞

4. continuum limit     𝑒 → 0

U(1) gauge theory in infinite continuous space

𝑒2𝛿𝑡 = 0.3, 0.2, 0.1 → 0

for a single Trotter step

23/25



Application
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simulation on Reimei (no error mitigation)

good agreement !!

Hayata, Yamamoto (2026)
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Summary

✓ device: NISQ → early fault tolerant

✓ theory: continuous gauge group, chiral lattice fermion

✓ application: chiral anomaly in 1+1 dim.

recent trends on quantum computation for high-energy physics
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