jf-g2|g(x)|z - gl_zTr [01020;(]47 +h.c]+ :ﬂ"p Image courtesy of N. Klco and S. Trieu
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Improved framework for quantum simulation of bosonic QFT

— quantum simulations for HEP
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Real-time dynamics of QCD

At large hadron colliders— zero temperature

y b/ Y‘ 1 Y/ Parton Shower and Hadronization
AP
N v GeV

n ~ 10°

\ TeV

PDF (Parton distribution function)

Rich non-perturbative phenomenon
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. ([ . )
« Powerful probe of confinement, || * Precision measurements of SM, e.g.

e.g. via EEC : via EEEEC

- A‘R:7

. : $ e ..
’é \ Z x,»"li
Z

[Phys. Rev. Lett. 133, 071903]

1L*==F |

CMS H ﬁggﬁqqqq
E ) Dalta E | o Eg 201 . E4 FCC —ee :
Lm’ 10° = PYTHIAS CP5 (p_ ord.) '8 gl o HL-LHC
[ == HERWIG7 CH3 (ang. ord) :% 16+ ;
1OE*SHERPA2 '-il"'-""' 155 Zeut=0.1
\ o ].2 ° Zcut:O-4 E

. 10k hgéergn : Conflnementl E
<
% 1 f ‘ I X 2 0.01 005 01 0203 05
o ool | L CP phase in Hgg coupling
E pX: 97-220 GeVv
1073 1072 10™" [Wang, Gao, YYL, Zhu, arXiv: 2601.22248]

Large uncertainties from Pythia, etc.. Results from leading-order approximationj

\.:. JIS <
First-principles calculation to fully include correlation information in the
evolution of parton to hadron 1s missing...
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Nuclear Physics AS38 (1992) 3c-14c
North-Holland, Amsterdam NUCLEAR

PHYSICS A

MISSING SYMMETRIES, UNSEEN QUARKS
AND THE PHYSICAL VACUUM

T. D. Lee
Columbia University, New York, N.Y. 10027

How color confinement happens?
outstanding problem in physics at the end of the
twentieth century
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Lattice QCD - classical methods

Euclidean spacetime
(Monte Carlo methods)

1708
5979

~(0.28566

static properties of QCD



Dynamical process (out-of-equilibrium physics) in QCD

£(n) = lim dt r@1 n*Ty;(t, rid)
™ — 00 0

4l
Ax*=x;+x{ =0

Minkowski spacetime Euclidean spacetime

Classical methods become ineffective



Quantum methods from first principles

Lattice calculations — Minkowski spacetime (real-time)

dimH o |G|V
(" N )
# of classical bits: [NV}, o ’G’ v
(CLASSICAL HARD)
k(_1:'1"01”]/1, 1 9 70 S Phys. Rev. D 11, 395 (1975) KS Hamiltonian

J




Quantum methods from first principles

Lattice calculations — Minkowski spacetime (real-time)

dimH o |G|V
N )
# of classical bits: [NV}, o ’G’ v
(CLASSICAL HARD)
k(_1:'1"01”]/1, 1 9 70 S Phys. Rev. D 11, 395 (1975) KS HamiltonianJ

—>
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+ Storage

Simulating Physics with Computers
Richard P. Feynman
Department of Physic:

s, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981

# of qubits: Nq x Ny 10g’G’

. : Universal Quantum Simulators
Operatlons o Loy
N, ....... ’ ....... ’ %
N’ ....... ’ ....... ’ ........... N (%) ¢ N(;n
....... » ’ Y A
. (QUANTUM EASY)

v

Quantum simulation




Quantum methods from first principles

’:: Now - Noisy Intermediate Scale Quantum (NISQ) era

more than 50 well controlled qubits, not error-corrected yet

g superconducting processor A
176 qubits 54 qubits 1121 qubits
\_ access to 133 qubits )
4 photon qubits N\ trapped ion qubits )
iuzhang - 255 qubits i
L Jiuzhang q N 36 qubits Dy

~

fmulti-chip quantum processor

rigetti
.. N

80 qubits

9

48 logical
qubits




Quantum methods from first principles

Development Roadmap

2016-2019 e

Run quantum circuits
on the IBM Quantum Platform

Data Scientist
Researchers

Quantum
Physicist

1BM Qu m Experience

Early

Albatross
16 qubits

Penguin
20 qubits

Prototype
53 qubits

Canary
5 qubits

Innovation Roadmap

Software IBM Qiskit
Innovation Quan(u m Circuit and operator
EXD@I’IGHCG API with compilation
to multiple targets
Hardware Early Falcon
Innovation

Canary
5 qubits

Demonstrate scaling
with I/O routing with
Bump bonds

Penguin
20 qubits

Albatross
16 qubits

Prototype
53 qubits

. Executed by IBM

@ On target

IBM Quantum / © 2023 IBM Corporation

Next decades

2020 @

Release multi-
dimensional
roadmap publicly
with initial aim
focused on scaling

Falcon

Benchmarking
27 qubits

Application ¥
modules

Modules for domain
specific application
and algorithm
workflows

Hummingbird

Demonstrate scaling
with multiplexing
readout

2021 e

Enhancing quantum
execution speed by
100x with Qiskit
Runtime

Qiskit Runtime

QASM3

Qiskit
Runtime

Performance and
abstract through
Primitives

Eagle

Demonstrate scaling
with MLW and TSV

2022 @

Bring dynamic
circuits to unlock
more computations

Dynamic circuits

Eagle

Benchmarking
127 qubits

Serverless ¥

2023 @

Enhancing quantum
execution speed by
5x with quantum
serverless and
Execution modes

Middleware

(o] um
Serverless

Execution Modes

Alenhanced

Demonstrate quantum
concepts of s
quantum centric- Prototype .
i t d circuit
transpilation

Osprey

Enabling s

with high
nal deli

Condor

Single system
scaling and fridge
capacity

Heron
Architecture
based on tunable-
couplers

2024

Improving quantum
circuit quality and
speed to allow 5K
gates with
parametric circuits

Platform

Code assistant 1)

Transpiler Service

Heron (5K) ®
Error Mitigation

5k gates
133 qubits

Classical modular

133x3 = 399 qubits

Resource )

management

System partitioning to
enable parallel
execution

Flamingo 9

Demonstrate scaling
with modular
connectors

Crossbill )

m- coupler

10

2025

Enhancing quantum
execution speed and
parallelization with
partitioning and
quantum modularity

Functions

Resource
Manageme

Flamingo (5K)
Error Mitigation

5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Scalable circuit
knitting

Circuit partitioning
with classical
reconstruction at HPC
scale

Kookaburra

Demonstrate scali
with nonloca

g
coupler

2026

Improving quantum
circuit quality to
allow 7.5K gates

Mapping Collection

Flamingo (7.5K)
Error Mitigation

7.5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Error correction
decoder

Demonstration of a
quantum system with
real-time error
correction decoder

strate path to
ed quality with

2027

Improving quantum
circuit quality to
allow 10K gates

Specific Libraries

Intelligent Orchestration

Flamingo (1
Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Cockatoo

Demonstrate path to
ed quality with
al communication

2028

Improving quantum
circuit quality to
allow 15K gates

Starling

Demonstrate path to
improved quality
with logical gates

2029

Improving quantum
circuit quality to
allow 100M gates

~200 qubits
~1000 gates
corrections!

IBM Quantum

2033+

Beyond 2033, quantum-
centric supercomputers
will include 2000’s of
logical qubits unlocking
the full power of
quantum computing

General purpose
QC libraries




Dynamics of HEP with quantum computer

/ Doe'S = (z] e~ 1t |y)

[Jordan, Lee, Preskill, 2011] The Theoretical Framework

Q)

Discretization Digitization Initialization

= [|] UL e RIS &

[%(t))

Propagation

B ] Ak

(W()IE(m1)E (1) [3(2))

Evaluation

i

L
SE]

— A

Error mitigation/ corrections

DR ZZ RN 2 56

From the theoretical framework to practical computational implementation,
numerous theoretical challenges and technical bottlenecks remain to be overcome
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.............................................
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Scalar Field Theory

(b))

sesssnsereadintunnanunantnnasnsnsfunsanasanansnsnsnsafasasasanase

(W()|E(7i1)E (i) [9(2))
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Digitization
scalar field theory

+ Occupation basis CLJr |p, n — 1> — \/H\P, n>

- Digitization n < Neut—off

14



Digitization
scalar field theory

= Amplitude basis ¢Z(X) 9(x)) = 9(x) |p(x))
_ 2¢max

+ Digitization  ¢(x) € {—Pmax + 10y [ n=0,1,..., Ny — 1}, 55 = Ny —1




Digitization Hip = ;5:13‘1 d " B(x)°, s =4
scalar field theory : xEA
. 1-site (/\ = 32) .
1000.00} s e
: x\ ------- ’ /—::"’ -
§ 0.01 _ \""\. - ¢~ \"’— . - —A:“r_
g \ "’"’ A \l,”-"
.(7) 10_7 \\ ,‘/"'
.g X t",
= i ‘\ nl nQ=
) 0 s mNg=3
‘ “‘,’I an=4
10~17} mNqg = 5
0 2 4 6 8
2"a .
1.4 — Or QPnax
We

2

Amplitude basis

A

2
2
2

Occupation basis

The precision of the ground-state energy (a static property) converges
exponentially with the number of states N¢y;—om (Ny)

[Klco, Savage, Phys. Rev. A 99, 052335 (2019)]
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[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

A
Hing = g&cd Z P(x)* , s =4
: xEA

Digitization
scalar field theory

Liang-Qi Zhang

Dynamical property

energy flow from

1
0,{0,1}—{1,1} position {0,1} to

position {1, 1}

source/sink

17



[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

Digitization Ac g S
H = —ox E X —
scalar field theory . s! ¢( ) , s =4
xeA
06 | 1 | [ I I | l | 1 I i
OB,ng =2 —e— OB,ng=3 —#— OB,ng =4
@ = AB,ng=2 === AB,ng =3 === AB,ng=4 [
€ 0.4 — B . .
< A 0.09 Occupation basis
P 0
Liang-Qi Zhang =
<3 Continuum limit
5 4 ;
= _ _
\G/ ‘ il
07 -y

Amplitude basis

In the occupation basis, the precision of the energy flow (dynamical property) in
certain parameter region converges faster with the number of states N, o (Ny)

18



+ Qccupation basis

Wavepacket prep and
measurements are easy

Propagation is hard

} Q> ~~~~~~~~~ — ’ w (t) >

19



Propagation

p)
Hipy = =62% ) ¢(x)°, s =4
scalar field theory Lls s! ¢( ) )

xcA

e—iHint5t — H exp( = 2‘9¢(X)8)

xEA t

non-diagonal matrix

The CNOT circuit depth for implementing e *#int°t(s = 4)

Ng 1 2 3 4
Non-diag|(64)56 (40128)27696 (2738424)1665752 (132112108)60975028

Pauli string decomposition + Trotterization (with Trotter errors)

[Klco, Savage, Phys. Rev. A 99, 052335 (2019)] 0



[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

Propagation
pg 1nt__5xdz¢ 824
scalar field theory 7.
= Single-qubit rotation
&Hermite Transformation
e~ Himdt = ][ exp( —ifp(x)*) =[] PI P x)exp(—ifp(x)*) Pl (x)
xeA t xEA \'
non-diagonal matrix diagonal matrix

The CNOT circuit depth for implementing e *#int°t(s = 4)

Ng 1 2 3 4
Non-diag|(64)56 (40128)27696 (2738424)1665752 (132112108)60975028

21



[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

Propagation . —593 13 g

lar field th y 8§ =4
scalar 11€ CcO
N s Single-qubit rotation
&Hermite Transformation
e~ Himdt = ][ exp( —ifp(x)*) =[] PI P x)exp(—i0d(x)*) Pt (x)
xEA t xeA x
non-diagonal matrix diagonal matrix

no additional Trotter errors arise
once it is diagonalized

The CNOT circuit depth for implementing e *#int°t(s = 4)

Ng 1 2 3 4
Non-diag|(64)56 (40128)27696 (2738424)1665752 (132112108)60975028
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[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

Propagation
pg 1nt__5xdz:q5 824
scalar field theory "
= Single-qubit rotation
&Hermite Transformation
e~ Himdt = ][ exp( —ifp(x)*) =[] PI P x)exp(—ifp(x)*) Pl (x)
xeA t xcA \,
non-diagonal matrix diagonal matrix

no additional Trotter errors arise
once it is diagonalized

The CNOT circuit depth for implementing e *#int°t(s = 4)

Ng 1 2 3 4
Non-diag|(64)56 (40128)27696 (2738424)1665752 (132112108)60975028
Diag [(64)56 (1656)916 (29552)15704 (439952)132660

Achieving exponential improvements in the complexity for implementing the unitary
time evolution operator with guantum circuits in the occupation basis.
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Abelian Gauge Theories

o A Ao A A

24

o)

($(t)€ (7)€ (1) [3(¢))




Hybrid realization

Dlgl tlzatl()n [Davoudi, Linke, Pagano, arXiv:2104.09346]
Abelian gauge theory + matter [Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]

, T (P o A - 2
Hine O Cpij a1, 05 X0 +he. N5 = [l 0m

\

(Electron & Positron Pair @@ @@ = |O )

coee=|f¢ eocoe=gd

® |0)

 0000-=|f¢) e000=|gg)

25


https://arxiv.org/search/quant-ph?searchtype=author&query=Davoudi,+Z
https://arxiv.org/search/quant-ph?searchtype=author&query=Pagano,+G

Digitization

Abelian gauge theory + matter

Hybrid realization

[Davoudi, Linke, Pagano, arXiv:2104.09346]
[Li, Xu, Dong, Huang, YYL, Lin, Shu, arXiv: 2607.09844]

Gate Sets

-

Single qubit gate
R(, ¢) = e~ i5(cos(®) 32, ot +sin(9) X, o7)
CNOT gate
inl i
ol MS(3) | |Ra(—3
ot | J
CNOT

Analog gate A

_ (AT Ty Y
75(00,5,0) = e~ 7o (Citei)oy

k,j
70 r TN LY
oa __ Ok i(ap—a, ' )o:
k)j (0k737 5) — € J( & & ) J

~
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https://arxiv.org/search/quant-ph?searchtype=author&query=Davoudi,+Z
https://arxiv.org/search/quant-ph?searchtype=author&query=Pagano,+G

Hybrid realization

Dlgl UZ&UOH [Davoudi, Linke, Pagano, arXiv:2104.09346]
Abelian gauge theory + matter [Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]

]
4 _ , )
J=1+3
do @ KL (I\\ @
S b
Q2 W/I\ N
5) — 5)
43 =2 N N —
phonon /\_/"iJ\/\/
—20t Hint
N ¢ y

O(NpB) CNOT gates, O(NZ?) analog gates

Hardware efficient setup, achieving polynomial complexity in both
Clifford operations and analog operations
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https://arxiv.org/search/quant-ph?searchtype=author&query=Davoudi,+Z
https://arxiv.org/search/quant-ph?searchtype=author&query=Pagano,+G

Digitization Hybrid realizations intense-field QED

Abelian gauge theory + matter [Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]

lmax : maximal number of photons absorbed from the laser

1.0 T T T T T T ' T T ' T T T T T T
I L R
bnax = 1, v" —
hich i . 0 8~ lnn\ — 7’714 — ’YL
a 1gh 1ntensity OF I R .
( ) laser | \ - lm X — 2’7 — Y
phOtOIl e_ I “-‘ e lmux — 27 ’YL — ’YL
—_— — I \ e ’
NV E=—. | 0.6 T
_pH Q.
€ p !
L 0.4
6+ L
/
p /'L
interaction in strong field [
0.2+
0.0 . . 1 1 L 1‘~‘ " | ~,~.~|.. > ol
0 2 4 6

28



Digitization Hybrid realizations intense-field QED

Abelian gauge theory + matter [Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]
il
1.0 | - [ = 1] o
08 7 ® 1
A O
7 O
061 7 N\l¢
07 1 T O
Q~I - S A’VL 7 ']Llil 'fI]’/; :"
0.4- A Trotter . o
| O Noise
O ZNE @& M O O
0.2 1
i i A
T Al
0.0

0o 2 4 6 8 10 12
t [107 eV 1]

Realistic for near-term quantum devices
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Non-Abelian Gauge Theories

[%(1))

($(t)€ (7)€ (1) [3(¢))

[Carena, Lamm,YYL, Liu,
PRL. 129, 051601]

[Lamm,YYL, Shu, Wang, Bin,
PRD 110 (2024) 5, 054505]

[Cao, Hou, YYL, Liu, Song, Zhang, Zhang,
Zhao, arXiv:2505.06347]



infinities in QFT J

gluon
scalar

gauge invariant Hamiltonian

KS Hamiltonian [phys. Rev. D 11, 395 (1975)]

Hes =Y (=— + { })
z Kr Un
y)\a:
0
Hpgs A H:/dx(EZ‘FBQ)

31



infinities in QFT j

[Carena, Lamm,YYL, Liu, PRL. 129, 051601]
Kyp, = B;(x)U; (%) B (x 4 ai)U] (x)

: : 2
correcting classical a” errors

32



infinities in QFT j

~d -
e o - ay a
I
~ o - S~ A
oo . S
. . . i~ e S
iy vy, S
-~ Ty - & 2
S, n S %y
AT S el "y, T A
4 e . o, . -~
V. Z ™~ o,
G -, " -
'~z
-
-

[Carena, Lamm,YYL, Liu, PRL. 129, 051601]

Kor, = Ei(x)U;(x)E; (x + ai)U] (x)

1

Same error level, larger lattice spacing,
less number of qubits
needed for improved Hamiltonian
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infinities in QFT j

[Carena, Lamm,YYL, Liu, PRL. 129, 051601]

|U1> L[—l :n: u—l —
|Ur) = MTF = Uphase =|LlF Hﬂ—1 }=n=(11—1 |= Us) = ilni n n ui
[U2) 4% Vi\ el Us) =t g U ey oy gy U
@ |U4> = u_l ﬂé = ﬂTr — ilﬁ = u_l
< >
|
e g
NN
\\‘\\ é/

*# of Gates per link here for a

single trotter is increasing only
multiplicatively

With improved Hamiltonian

o# of links decreases

Gate | N[Kks + Viks]| N[Koat, + Viect]
Mp 2 2
Uphase 1 1
Sy % d—1
g 3(d—1) 2+ 8(d—1)
S 6(d—1) 44 20(d —1)

*# of trotter steps also decreases




Digitization
non-Abelian gauge theory

Formulations & bases: examples

Kogut-Susskind Formulation Schwinger boson formulations: Mathur,

— Irrep/angular momentum basis: Byrnes, Yamamoto, Anishetty, Raychowdhury, et al

Zohar, Burrell, et al
— Group-element basis: Carena, Lamm, YYL, Liu, Loop-string-hadron formulation: Raychowdhury,

Zohar, et al. Stryker, Davoudi, Kadam, et al.

— Mixed basis: Bauer, D’Andrea, Freytsis, Grabowska

— Large N truncations: Bauer, Ciavarella Qubit models: Chandrasekhara, Singh, et al.

_ : -Variabl ing: A .
Continuous-Variable quantum computing: Abel, Dual/rotor formulations: Kaplan, Stryker, Haase, et

Spannowsky, Williams, et al. il

Gauge magnets/Quantum link models: Wiese,

q-deformed Kogut-Susskind: Zache, Zoller et al
Chandrasekhara, et al.

Dual/rotor formulations: Kaplan, Stryker, Haase,

Casimir variables: Kico, Savage, Stryker, Ciavarella Dellantonio, et dl.

Theory developments and algorithms are still in very early stages, vibrant research directions
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[Digitization |q>N N |G> infinities in QF T j

[Lamm,YYL, Shu, Wang, Bin, PRD 110 (2024) 5, 054505]

U) = {(; —EB): a,ﬁecc,|a|2+|5|2:1}v,|U>: {(ccz 2)

3-sphere

a,b,c,d € F3,ad —bc=1 (mod 3)}

discrete subgroup

36



[Digitizatjon |q>N — |G> infinities in QF T j

[Lamm,YYL, Shu, Wang, Bin, PRD 110 (2024) 5, 054505]

U) = {(g —aﬁ): a,ﬂé@,|a|2+|ﬂ|2:1}v‘U>: {(ccz Z)

3-sphere .
discrete subgroup

block product encoding: BT

a,b,c,d € F3,ad —bc=1 (mod 3)}

‘ U> ~ ‘VVVVVVVV>

block product encoding: BI

o)
U) = invnnnm>

* Block encoding can be extended to general finite group, such as S1080 of SU(3)
37

a,b,c,d € F5,ad —bc =1 mod(5)}




[Digitization |q>N — |G) infinities in QFT j

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

1.0
. BT ° .
0.8 - = SU@) Convergence to predictions of SU(2)
2+1d
0.6 - [Lamm,YYL, Shu, Wang, Xu, PRD 110 (2024) 5, 054505]
<! !
0.4 -
0.2 A o
‘ 06
O O T T I ’ml mo
B
0.2
0

In the scaling regime:
reduces errors in simulating SU(2)
gauge theories
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[Digitization |q>N — |G) infinities in QFT j

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

1.0
. BT ° .
0.8 - = SU@) » Convergence to predictions of SU(2)
2+1d
0.6 - [Lamm,YYL, Shu, Wang, Xu, PRD 110 (2024) 5, 054505]
<! !
0.4 -
By < Ps - 0.8
0.2 1 %
‘ 06
O O T T I ’ml mo
B
0.2
0

Extend the study to SU(3)

In the scaling regime:
reduces errors in simulating SU(2)
gauge theories
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The Hilbert space is gauge redundant!!!

need to do gauge lixing at some stage...

40



[Digitization |q>N — |G) infinities in QFT ]

O () = explid()G" ()
—

gauge transformation
UZ A 0O U2 N
U_1 U U_1 Q7 QU
> >
X L
U_s U_,Qf

gauge equivalent states
Oq(z) [U_1U1U_oUs) = [U U{U",U})

41



[Digitization )" = |G) infinities in QFT j

Us: Uyt Gauge redundancy,

E keep it in the Hilbert
© 0 Q space, or not keep it

gauge fixed
A _ N
O () [Yphys) = |Vphys) Heunn = Span({‘U> U € G})® L
G%(2) [thphys) = 0 (Gauss’s law) Oq(x) |U1U-UsUL) = |UULULUS)
Hiny = span({|U),U € G})®Ne—Nv+l gauge redundant

[see, e.g. Loop-string-hadron, arXiv:2407.19181]
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(Digitization |q>N — |G> infinities in QFT j

Hamiltonian complexity increases

Hiny = span({|U) U € GHFHTWTE gy = span({|U) , U € G})®Nz

@Q(CU) Yphys) = |¥phys)

kinetic terms for Us, Uy

depend on other links

43



[Digitizatjon |q>N — |G> infinities in QF T j

When keeping the redundancies. .. [Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]
o o 9o 0 0 ¢
*—0—© *—0 0 0 ¢
99099 999090
*—o 0—e *—00 0 ¢
. - ® —_ =

Prepare gauge-
invariant states

Prepare gauge-invariant states using quantum circuits
44



Digitization )Y = |G)

infinities in QFT

When keeping the redundancies. .. [Carena, Lamm, YYL, Liu, PRD 110 (2024) 5, 054516]
o 9 *—o 0 00 *—0 0 0 o *—o 0 0 o
*—0—© *—0 0 0O *—60—0 09 *—o 000
*—o—0 00 *—0—0 09 *—0—490 090 *—0—0—0 9
*—o 0—e *—0—0 0 ¢ *—0 009 *—0 00 ¢
® ® ® *—0—0 0O *—0—0 0O *—0—0 0 ¢
Prepare gauge- Quantum noises Measure Gauss’s KT
invariant states are present in the Law and recover condition
(gauge fixing) time evolution gauge invariance

U(t) = e kst

|Uy :

1oz} 144 ol —

|Us) =E% : : :

vs) = u -
1. e |

(&E U, Up m by
] i
i D U

IUs) === 1k | :

|U7) :
T =

G 1L Ur i

Utilize the gauge redundancies for quantum error corrections
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[Digitizaﬁon )Y — |G) infinities in QF T j

[Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]

Fidelity
Hfull — Hinv Fﬁxed 2 (1 - E)NL_NT
Hean = Hgauge Fred (1 . E)NL

Hen = H
R B 2T Z Qe (1 — )Ne—n
restore gauge symmetry restored n€

€ < €, : redundancy makes e ¢ redunda_ncy makes
the code more error-proof more errors than it can correct

Tth

> ¢ physical qubit error rate
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Digitization )" = |G) infinities in QFT

Zd 1 attice [Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]

05 | | 1 1 |

KL condition

0.4

* Below the error threshold, keeping

0.3
gauge redundancies together with
W
quantum error corrections leads to
0.2
higher fidelity.
0.1
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[Summary

- Exponential circuit-depth reduction for scalar QFT time evolution in the
occupation basis.

- Hardware-efficient quantum simulation framework for QED, targeting
intense-field QED.

- Improved digitization of non-Abelian gauge theories with scalable
encodings for finite groups.

* Reduced complexity of non-Abelian gauge-theory time evolution by
exploiting gauge redundancy.

- Enhanced quantum error correction fidelity through gauge redundancy.

Note: Efficient algorithm to simulation non-Abelian

gauge theory is still missing...
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“(Quantum potential for first-principle calculations!”

(2030s) narrow down the framework with

* systematic studies of errors —— phase diagrams with spontaneous
from digitization symmetry breaking, and for improve
« hardware co-design —— qudits for blocking encodings and t
redundancies
 improving algorithms efficient quantum circuits base
« benchmark studies —— HEDP case calculations for exp

various
methods
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LQCD - Quantum methods

|

1990s - error-correction codes and fault-tolerant methods

Quantum Threshold Theorem

P. Shor

2019 - Google: Quantum Computational Supremacy

The quantum hardware is

producing meaningful results
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