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open problems in lattice gauge theory
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open problems in lattice gauge theory
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2. Quantum computing



classical computer quantum computer
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exponential speedup
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noisy intermediate-scale quantum (NISQ)
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noisy intermediate-scale quantum (NISQ)
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noisy intermediate-scale quantum (NISQ)
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device error

Yamamoto (2021)
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quantum device roadmap

2016-2019 @

Development
Roadmap

1
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Applying algorithms
to applications

Discovering new algorithms
for advantage

Orchestrating
workloads for
quantum + HPC

Accurately and
efficiently executing
on quantum
computers

2024 o

2021e 2022e 2023 e

Brought dynar Enhanced quantum
circuits to unlock more t ed

mputations Quantun

Code assistant '

Functions '

Advanced classical
ilation tools .

2025

2026

Use case
benchmarking toolkit

Advanced classica l@ Utility mapping tools
itigation tools

Resource Management

Qiskit Plugins
Serverless

Execution
mod

Qiskit Runtime

1BM Quantum Experience ASM 3 Dynamic or 0K PS
Circuits mitigation

Heron
(18]

e mionin

5K gates | 133 qubits

. CAPI Profiling tools

Utility-scale )
dynamic circuits

Nighthawk
(7.5K)

Nighthawk ¥
(5K)

Error mitigation

qubits

D

gates | 120 qubits

© IBM

2028 2033+
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Computation libraries

Circuit libraries

Workflow
accelerators

Fault-tolerant ISA

Nighthawk Nighthawk Starling Blue Jay
(10K) (100M) (1B)

10K gat:

J

(early) fault tolerant
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quantum simulation roadmap

2026 2029 ~ 20XX ~

v/ NISQ

v small-scale QC v large-scale QC
v benchmark test

v’ toy model v' QCD, SUSY, etc.
v' usage & algorithm
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3. Hamiltonian lattice gauge theory



Hamiltonian lattice gauge theory

path integral formalism Hamiltonian formalism
Z= quje—T? E = (¥|H|¥)
c-number classical action Hamiltonian operator quantum state
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Hamiltonian lattice gauge theory

path integral formalism Hamiltonian formalism

Wilson (1974) Kogut, Susskind (1975)

l

classical computing (1980s)

l \,

high performance computing (now) quantum computing (now)
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Hamiltonian lattice gauge theory

fermion

|Y) = alempty) + b|occupied) © 1 qubit
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Hamiltonian lattice gauge theory

fermion

|Y) = alempty) + b|occupied) © 1 qubit

L
total state vector  |W) = Hh/)(x)) o L qubits
x=1

total dimension D = 2t ® ® ® ®
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Hamiltonian lattice gauge theory

gauge field

Z,gauge |g) = co|+1) + c1|—1) - 1 qubit

L—1
total state vector  |P) = 1_[| g(x)) o L — 1 qubits
x=1

total dimension D = 2L-1 ® ® ® ®
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Hamiltonian lattice gauge theory

how to formulate continuous gauge group?

Z, = {+1,-1) 7, = {eio’ein/z’ein’emn/Z} U(1) = {e'}

A A

v
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Hamiltonian lattice gauge theory

how to formulate continuous gauge group?

Z, g) = col+1) + c4|—-1) < 1 qubit

Z, g) = cole®®) + ¢1|et™2) + c,|e'™) + c5|et3™/?) o 2 qubits

Zy 1) = cole®®) + c1|eFN) 4 4 ey_q [ePFNTDN)Y o oo, N qubits

> U(1) © 00 qubits

N — o
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Hamiltonian lattice gauge theory

how to formulate continuous gauge group?

continuum

v
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Hamiltonian lattice gauge theory

how to formulate continuous gauge group?

continuum

v
A

computational cost for taking N — o
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Hamiltonian lattice gauge theory

how to formulate chiral lattice fermion?

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

“chiral symmetry (or one of basic properties) is violated on lattices”
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Hamiltonian lattice gauge theory

how to formulate chiral lattice fermion?

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

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

path integral formalism Hamiltonian formalism
v°D + Dy®> = Dy°D [0,H] =0
Dirac operator chiral charge
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Hamiltonian lattice gauge theory

how to formulate chiral lattice fermion?

nonconserved chiral charge Q = f dPx Yty>y |Q,H] # 0

conserved chiral charge Q = f dPx Yty Y + 0(a) [Q,H] =0

—_ continuum

A 4

v

16/25



Hamiltonian lattice gauge theory

how to formulate chiral lattice fermion?

chiral anomaly in 1+1 dim. Hidaka, Yamamoto (2025)

nonconserved chiral charge —(Q)=0(a) - 0

d 1
conserved chiral charge E(Q) = j dx eE .

no anomaly???

perturbation reproduces anomaly
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4. Application



how to verify quantum simulation?

small lattice

T

exact diagonalization

large lattice

T

tensor networks etc.

OO

quantum field theory

T

277
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Application

© CRC Press
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external electric field

|

d 1 >

d_<Q> = —Lekqy ( Qowes, ()
t 77’- € >

l L (periodic)

exact number

A 4

(Q) = # of right-handed electrons — # of left-handed electrons
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input parameter

|

d
—(Q) = ClLef —oww 0
l l Iy (periodic),

output data  fitting result

. 1 . . .
if C = - 1+ (statistical error) = simulation is correct
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“Reimei”

v deployed at RIKEN

v" Quantinuum System Model H1

v' all-to-all connectivity

v' 20 qubits i
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1. initial state preparation

energy
A

N/
J/‘\)\Omomentum

free electron vacuum

(@)= =0

2. time evolution

electron photon anti-electron

oW

external electric field

—iH6t

3. measurement

®o

(Qe=s5t >0
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Zy gauge theory on a finite lattice

1. U(1) gauge L, Zlg, Ll = L
2. infinitesimal time 6t - 0
3. infinitevolume L =3,4,5 >

4. continuum limit e—> 0

A 4

U(1) gauge theory in infinite continuous space
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Zy gauge theory on a finite lattice

1. U(1) gauge L, Zlg, Ll = L
2. infinitesimal time e?8t = 0.3,0.2,0.1 = 0

3. infinitevolume L =3,4,5 >

~“4—eontintumtimit—e—-6—  for a single Trotter step

A 4

U(1) gauge theory in infinite continuous space
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Hayata, Yamamoto (2026)

simulation on Reimei (no error mitigation)
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recent trends on quantum computation for high-energy physics

v’ device: NISQ — early fault tolerant
v’ theory: continuous gauge group, chiral lattice fermion
v" application: chiral anomaly in 1+1 dim.
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