H-g2EW)R - 5 Tr [0,0,0]0] +h.c]+H,

G? (0)|®)y =0

Quantum
computing

Image courtesy of N. Klco and S. Trieu

(Quantum Simulations for Lattice QCD
I A 2R T 1

IR . . 5 Fermilab: Marcela Carena, Henry Lamm

& 2\ j‘: / y

21"'*'; ieg oﬁncfndﬁnfgy of Chinéa JUdah UnmUth-YOCkey
UChicago: Wangiang Liu

N ¢k e ke Peking U: Jing Shu, Bin Xu
Ylﬂg Ylng Li (%5’%5’%) USTC: Yi-Lin Wang




Simulating the Theory - From First Principles

QFT - path integral in the background of quantum fields

f , . ) : : A
Euclidean Spacetime Real Time
complex S(C)
>
: Sign problem . Ny
field configurations dimH |G ‘
C on lattice with CLASSICAL [ # of classical bits: exponential function of Ny
Ny lattice sites HARD (CLASSICAL HARD)
W(C) ~ exp(=5(C))
S 0(C)W(C) NqOCNleg‘G‘
<O> — ¢ # of quantum bits: power-law function of Ny
>c W(C) (QUANTUM EASY)
From 1970s y _ )

Ying-Ying Li 2




QUANTUM EASY

High Energy Physics QUANTUM HARD
real-time dynamics e.g. traveling salesmen
finite density problem

quantum interference
out-of equilibrium
“strongly interacting many-body system”

From PYTHIA 8.3

Temperature T [MeV]

\\\)

aba
w8

Y,

Problems in HEP that are beyond classical easy but are
T"QUANTUM EASY”

Ying-Ying Li




(Quantum Computing

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

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

a superconducting processor ) fmulti-chip quantum processor\
L LA / - e rigetti
176 qubits 54 qubits 1121 qubits 80 qubits
\_ access to 133 qubits ) \ _ )
4 photon qubits N\ trapped ion qubits )

48 logical
qubits

Jiuzhang - 255 qubits

22 qubits

4



(Quantum Computing

. Next decades

Development Roadmap

2022 2023 @

2016-2019 e

Run quantum circuits

on the IBM Quantum Platform

2020 @

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

2021 e

Enhancing quantum
execution speed by
100x with Qiskit
Runtime

Bring dynamic
circuits to unlock
more computations

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

Data Scientist

Researchers Middleware
(o] um
Serverless
iskit Runtime
Quantum Ql
Physicist
IBM Qu m Experience

QASM3 Dynamic circuits Execution Modes

Early Falcon Eagle

Benchmarking
27 qubits

Benchmarking
127 qubits

Albatross
16 qubits

Prototype
53 qubits

Canary
5 qubits

Penguin
20 qubits

Innovation Roadmap

Software IBM Qiskit Application ¥ NG Serverless ¥  Alenhanced ¥
Innovation guamum Cireuit and operator modules Runtime s quantum
HpiEinEineE API with compilation Modules for domain Performance and conceptsof Prototype
to multiple targets specific application abstract through quantum centric- d ions of A
and algorithm Primitives P | d circuit
workflows transpilation
Hardware Early Falcon Hummingbird Eagle Osprey Condor
Innovation Enabling

Single system
scaling and fridge
capacity

Demonstrate scaling

Canary ‘ ; -
with MLW and TSV 2h density

5 qubits

Penguin
20 qubits

ate scaling
routing with

Demonstrate scaling
with multiplexing
readout

Albatross
16 qubits

Prototype
53 qubits

Heron

Architecture
based on tunable-
couplers

. Executed by IBM

@ On target

IBM Quantum / © 2023 IBM Corporation

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 9
management
System partitioning to

enable parallel
execution

Flamingo ®

Demonstrate scaling
with modular
connectors

Crossbill )

m- coupler

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
with nonloca

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

rate path to
ed quality with
y

2027

Improving quantum
circuit quality to
allow 10K gates

Specific Libraries

Flamingo (1
Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Cockatoo

Demonstrate path to
improved quality with
logical 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

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

ircuit libraries

~200 qubits
~1000 gates
corrections!




A

« 20234FZE[FEP5 report: “The particle

physics community needs to invest
now in order to train and retain the

next generation of quantum scientists.

National Quantum
Information Science @ ENERGY
Research Centers

Office of Science

rd the quantum future

g/ C’0A ‘,NEXT Q
Q sccretaron /G @M G =i rencein et i
—

HELMHOLTZ QUANTUM ‘ 1Q) fetoo

RESEARCHING THE SECOND
QUANTUM REVOLUTION

Quantum technologies in the Helmholtz Association

29

CERN

Quantum Technology
Initiative

Strategy and Roadmap

QUANTUM
C\E/RW IQ ) TECHNOLOGY
SZA INITIATIVE

Quantum simulation and information
processing: applications to QCD

Fermilab/Quantum Institute

Solving the challenges of quantum smencés and technology for the benefit of all

f’ﬁﬂ BERKELEY LAB

QIS & Computational Physics

Quantum tion Science v v Contact

Quantum Information Science

Quantum
Computation
for HEP

Center for
Quantum Technology
and Applications

DESY

QUANTUM

“offers the fascinating opportunity to solve problems
which are extremely hard or even impossible to
address on conventional computers”

IHEP seeks quantum opportunities
to accelerate fundamental science

China’s Institute of High Energy Physics (IHEP) in Beijing is pioneering innovative approaches in quantum
computing and quantum machine learning to open up new research pathways within its particle physics
programme, as Hideki Okawa, Weidong Li and Jun Cao explain

Ying-Ying Li
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[PRX Quantum 4 (2023) 2, 027001] P Collider
Quantum Simulation for High Energy Physics Phenomenology
Christian W. Bauer,!*® Zohreh Davoudi,?'? A. Baha Balantekin,®> Tanmoy Bhattacharya,* - I\/I:ftgéliﬁiiﬁigll ;
Marcela Carena,® %78 Wibe A. de Jong,! Patrick Draper,’ Aida El-Khadra,®
Nate Gemelke,'® Masanori Hanada,'! Dmitri Kharzeev,'>!3 Henry Lamm,’ Neutrino
Ying-Ying Li,5 Junyu Liu,'%!5 Mikhail Lukin,'® Yannick Meurice,!? ~ (Astro)physics
Christopher Monroe,!8 192021 Benjamin Nachman,! Guido Pagano,?? John Preskill,?? Early Universe
Enrico Rinaldi,24’ 25,26 Alessandro Roggero,27’ 28 David 1. Santiago,29’30 " and Cosmology
Martin J. Savage,3! Irfan Siddigi,?%3%32 George Siopsis,3® David Van Zanten,>
Nathan Wiebe,343% Yukari Yamauchi,? Kiibra Yeter-Aydeniz,3¢ and Silvia Zorzetti® — Quantum Gravity

International Conference on Quantum Technology for High-Energy Physics (QT4HEP), CERN, 2022
Quantum Computing Methods For High Energy Physics, Munich, 2023
Quantum Computing and Machine Learning Workshop, % &, 2023
ATER. BTEE. BT HERTWE. SYBEMNTE 25 AR M A . 5k, 2024
Quantum Technologies and Computation for High Energy Physics, Munich, 2024
2nd Edition of QT4HEP, CERN, January 2025

Quark and Algorithms Hadronic Theoretical Structure of QCD atnon- Vacuum Quantum

lepton and artificial and nuclear developm... hadrons and zero structure computing

flavour intelligence: spectrum TR4 nuclei: Flex2 temperature: and and quantum

physics: LT3 B8y and Richard Anthony TR5 confineme... ELIGIIEWTNLE

Jonathan Scott interactions:  Brower Grebe Anders TR6 TR7

Flynn Lawrence LT1 Tranberg Biagio Lucini P40 Lattice 2024
Christopher Davoudi .
Thomas @Liverpool

11:15 -
12:55

11:15 - 11:15 - 11:15 - 11:15 - 11:15 -
13:15 13:15 13:15 13:15 13:15

Ying-Ying Li




(Quantum Computing for HEP

[Jordan, Lee, Preskill, 2011]

4 ™
infinities in space
. J
r N
Digitization Y = |G infinities in field variables
g J
4 Cre 1s g D
Initialization 7 ]G)L — [abo) ground/thermal/bound state prep
g Y
: Propagation U [ho) — |[1(t)) efficiency of time evolutions A
\ J
: Evaluation < O> parton distribution function, A
\ J

[ Error mitigation / corrections

gauge symmetry for error correctionsj

8



infinities in QFT j

gluon

gauge invariant Hamiltonian

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

Higs =) (—— + {3)

KL UD

A Ying-Ying Li ?




infinities in QFT

Improved Hamiltonian

Hy = (—>—++—>—+D+B+f::+)
U, R[] R

Kr, Koy, a

[(His(a) = H) |~ |{(Hr(2a) = H) |7

Un
T, d
Ny~ | —
™N P q
\\\\\ /// |
NN
NN
NN T4 .

\QQ\ getetd The number of qubits, also trotter

NEg

\/ steps can be reduced

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

&) Ying-Ying Li 10




infinities in QFT

Improved Hamiltonian

}¥I}:(4»-+->—+—+1EZ}+I:1+‘E::jJ
U, R[] R

Kr, Koy, a

quantum circuits

<U{7 Ué|UK2L ‘U17 U2> — 5U{U§,U1U2 <U{‘ eieKLl |U1>

It conserves the product of group elements!
Thus can be reduced to the matrix elements
of the one-link kinetic term

MNANANANANAY

[/ /S /
[/ /]S

&
%
1
o
=
=

ANANANANAN

N
NN
Nag¥
\Q/ »

N2l

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

/

Ying-Ying Li 11



Digitization -

infinities in field variables ™ ]
N rd
\\\ ] //
\\/ -
Formulations & bases: examples N
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, Lit, 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 QUblt models: Chandrasekhara, Singh, et al.

— Continuous-Variable quantum computing: Abel,

Dual/rotor formulations: Kaplan, Stryker, Haase, et
Spannowsky, Williams, et al. / aptamn, otryker, riaase, e

al.

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 al.

Theory developments and algorithms are still in very early stages, vibrant research directions

Ying-Ying Li 12




[Digitization Y = |G) infinities in QFT J

discrete subgroup

U) = {(g —EB): a,BEC,|a|2—|—|ﬁ|2:1}v‘U>: {(Z 3)

3-sphere /

a,b,c,d € F3,ad —bc=1 (mod 3)}

block product encoding: BT

AA AAAAAA>
VVVVVVYY

U) = |

qudit?

block product encoding: BI

o-{(¢)
U) = vy

a,b,c,d € F5,ad —bc=1 mod(5)}




[Digitization ‘q>N SN |G> infinities in QFT J

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

1.0
e BT
0.8 - = SU@)
24+1d

0.6 [Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
Sl 1 | | |

0.4 1 SU(2) =

B f < /BS o
0.2 - °
e
0.0 | | | .M
0 1 2 3 4
b

systematic ways to quantify/
improve the errors?

In the Scaling Regime:
significantly reduces the errors in
simulating SU(2) physics

€) Ying-Ying Li 14




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

I I U4U1 U2U5 Us

°o—o

; . ’ _U?" _U7. . Should we keep the
redundancies or not?

*e—0—0—0—

gauge Invariant

éﬂ(x) |¥phys) = [¥phys)
G(2) [thpnys) =0 (Gauss’s law)

Hean = span({|U) , U € G})®NL

éﬂ(x) U1UxUsUy) = |U;U,USUY)
— ~

gauge redundant Hiny = span({|U),U € G})&Nc—Nv+l

\ Ying-Ying Li 15




[Digitization RE=re)

infinities in QFT j

Hamiltonian complexity?

Hean = span({\U) ; U e G})®NL

Hiny = span({|U), U € G}ENL—Mv

(:)Q(f’?) ¥phys) = |¥phys)

kinetic terms for Us, U;

depend on other links

Ying-Ying Li
=, g-Ying

16



Digitization )Y = |G)

infinities in QFT

If we keep the redundancies...

—7

preparing gauge time evolution
invariant state with quantum noise

U(t) = e kst

Measure Gauss’s

KL
Law and recover

condition

gauge invariance

|U1>E@‘ .
I .| -
W) == i | B—
|Us) I E E E i
vs) = [y ] .
@: 1 ‘T uf;:-i E
: — of—u |-
: D U
ws) = st | L
I e | ]
e} = fur } — :
lvr) = g :
| =
@t} Y

[Carena, Lamm,YYL, Liu, arXiv:2402.16780] ~ « quantum algorithms to correct errors for general gauge theories

Ying-Ying Li
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Digitization )Y = |G) infinities in QFT

2d lattice

0.5 T | 1 1 1

If we keep the redundancies. ..

0.4

error corrections could lead to

0.3
HIGHER fidelity
W
0.2
* error thresholds derived as guidelines

0.1 to keep gauge redundancies

0

0.5 0.6 0.7 0.8 0.9 1
€c/€
[Carena, Lamm, YYL, Liu, arXiv:2402.16780] All these can be applied to QCD calculations

) Ying-Ying Li 18




o)

Propagation

digital quantum computer

9 (2))

19



[Propagation U o) — |9(¢))

HKS:Z (—’— T D)
K U

U(t) = e kst
[e—iétKLe—iétUD]t/‘St

Y
)

G —register : |U)

)) Ying-Ying Li
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[Propagation U o) — |9(¢)) j

Quafu quantum cloud computing cluster

&

Iy arE =3 ) Baiwang RERS Maintenance

SR ARZR V3 PAZIESSEL 24
o A LU R

} } BT
045 | [ | . ’
o4 %}% --------------- MW; ----- : l ---------------- ofd I ----- .
035 | L] . N | { |
03 F=40%3% " :
10) 5) 110) 115) 120) 123)

19)
[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

Ying-Ying Li 21




[Propagation U o) — |9(¢)) j

Quafu quantum cloud computing cluster

&

AR Maintenance

SR ARZR V3 PAZIESSEL 24
o A LU R HiRE

136 3¢-3  5.4e-2

(2-qubit)

et

0) |5) 110) 115) 120) 123)
19)

Optlmlzatlon ? [Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

Ying-Ying Li 22




To reach the observables — How to do...

State preparation

¢
e

N
Measurements
4 )
¢ e
) ©
U
@ r
[
. y

Systematic uncertainties

and reach the continuum limit

mL =100, eL =1 o
oy
é 0 2.2 2.4 2.6
[—

Error corrections

Ying-Ying Li
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’:: Now - Noisy Intermediate Scale Quantum (NISQ) era
With O(100) well controlled qubits, not error-corrected yet

Physics Benchmarks

©) Ying-Ying Li

24



Physics Benchmarks for Quantum Computing

! fragmentation dynamics
10 °
E(n1) E(7i2) .
T Lager lattices
:E))_( 10—10 o o
. and with higher
0 )
truncations?
& (i) :
.
(
entanglement
entropy?
[YYL, Sajid, Unmuth-Yockey, Phys.Rev.D 110 (2024) 3, 034507] )
Ying-Ying Li N - - B 25



“(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

S. P. Jordan,
K. S. M. Lee,
J. Preskill

| 5

Q) Yingovin
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BACK UP

(2)) Ying-Ying Li
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To reach observables in the continuum limit

TRAJECTORY TO THE CONTINUUM LIMIT

continuous [Carena, Lamm,YYL, Liu, PRD. 104, 094519]
space-time limit

29



