Quantum Information and Quantum Computing
for Fundamental Physics

1

National Nuclear Physics Summer School 2026

Seattle, WA

L1
|

m—
>

June 29 - July 11, 2026

Martin Savage Part-3:

InQubator for Quantum Simulation : : :
University of Washington Quantum Computing and Simulation



Quantum Complexity
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From NISQ to Fault Tolerant - Sequency Hierarchies

Magic in a Gaussian: My, = 0.362007
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Hierarchical quit maps and hierarchically implemented quantum Sequency Hierarchy Truncation (SeqHT) for Adiabatic State Preparation and Time
error correction Evolution in Quantum Simulations

Natalie Klco and Martin J. Savage

Phys. Rev. A 104, 062425 — Published 15 December 2021 « e-Print: 2407.13835 [quant-ph] Zhiyao Li®,* Dorota M. Grabowska ®," and Martin J. Savage ®*


https://arxiv.org/abs/2407.13835
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Magic and Multi-Partite Entanglement in Nuclel

Quantum magic and multipartite entanglement in the
structure of nuclei

Florian Brokemeier @', S. Momme Hengstenberg @', James W. T. Keeble ®', Caroline E. P. Robin ®'"27,

Federico Rocco ®', and Martin J. Savagg*if:;j:’i%i’:‘»3"r

Show more v

Phys. Rev. C 111, 034317 - Published 11 March, 2025

DOL: https://doi.org/10.1103/PhysRevC.111.034317
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Magic and Multi-Partite Entanglement in Nuclel

Quantum magic and multipartite entanglement in the
structure of nuclei

Florian Brokemeier ®', S. Momme Hengstenberg @', James W. T. Keeble ®', Caroline E. P. Robin
Federico Rocco @', and Martin J. Savage 31
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Neural Quantum States in Non-Stabilizer Regimes: Benchmarks with Atomic Nuclei
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Complexity Rearrangment,
Effective Model Spaces and Ssymmetries

: : : Z O0CpoCpo Z CpoCqoCq-aCp-0o
Multi-body entanglement and information pqo
rearrangement in nuclear many-body

systems: a study of the Lipkin—Meshkov-

Glick model 9

o
Regular Article - Theoretical Physics | Published: 17 October 2023 pq

Volume 59, article number 231,(2023) Cite thisarticle V
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el < (J7 +J?) (Jid-+J-J=N)

S. Momme Hengstenberg, Caroline E. P. Robin K1 & Martin J. Savage
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Complexity Rearrangment,
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Effective Model Spaces and Ssymmetries

Naive truncation: power law corrections

Optimized truncation: exponential corrections
over some of the Hilbert space

Likely to be of utility more generally for EFT
developments



Complexity Rearrangment,
Effective Model Spaces and Ssymmetries

Self-Consistent
Orbital
Optimization

Harmonic Oscillator wave function (lower)

Self-consistent wave function (upper)



Stabilizer Acceleration in Many-Body Systems

Stabilizer-accelerated quantum many-body ground-state
estimation

Caroline E. P. Robin ®*
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Stabilizer Acceleration in Many-Body Systems

Stabilizer-accelerated quantum many-body ground-state
estimation

Caroline E. P. Robin ®*
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Quantum Complexity
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Quantum Complexity for Fundamental Quantum
Many-Body Systems

- Essential for optimal quantum simulations in fundamental
physics - baloncing quantum and classical resources

- At the beginning stages
- Potentially new methods for classical simulations
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Focus on digital and lattice



Early 1980’s - Feynman's Vision

(age: 63) Simulating Physics with Computers

Richard P. Feynman
Department of Physics, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981

4. QUANTUM COMPUTERS—UNIVERSAL QUANTUM
SIMULATORS

5. CAN QUANTUM SYSTEMS BE PROBABILISTICALLY
SIMULATED BY A CLASSICAL COMPUTER?



1o Years Later

Reliable Quantum Computers

Universal Quantum Simulators

John Preskill"

o California Institute of Technology, Pasadena, CA 91125, USA
SETH LLOYD Authors Info & Affiliations

Abstract
SCIENCE - 23 Aug 1996 - Vol 273, Issue 5278 - pp.1073-1078 - DOI: 10.1126/science.273.5278.1073

The new field of quantum error correction has developed spectacularly since its origin less
than two years ago. Encoded quantum information can be protected from errors that arise due
to uncontrolled interactions with the environment. Recovery from errors can work effectively

even if occasional mistakes occur during the recovery procedure. Furthermore, encoded quantum
Abstract information can be processed without serious propagation of errors. Hence, an arbitrarily long

quantum computation can be performed reliably, provided that the average probability of error
Feynman's 1982 conjecture, that quantum computers can be programmed to simulate any local per quantum gate is less than a certain critical value, the accuracy threshold. A quantum computer
storing about 10° qubits, with a probability of error per quantum gate of order 10~°, would be
a formidable factoring engine. Even a smaller, less accurate quantum computer would be able to
perform many useful tasks.

quantum system, is shown to be correct.

This paper is based on a talk presented at the ITP Conference on Quantum Coherence and
Decoherence, 15-18 December 1996.

Teleportation, No-cloning, Entanglement Distillation, ...
Frror-correction - Shor, Steane, Calderbanks, Bacon, Preskill ...

Time evolution with controlled systematic errors is efficient for quantum computers.



3/ Years Later
Quantum Computing in the NISQ era and beyond

John Preskill

Institute for Quantum Information and Matter and Walter Burke Institute for Theoretical Physics,
California Institute of Technology, Pasadena CA 91125, USA
30 July 2018

Noisy Intermediate-Scale Quantum (NISQ) technology will be available in
the near future. Quantum computers with 50-100 qubits may be able to perform
tasks which surpass the capabilities of today’s classical digital computers, but
noise in quantum gates will limit the size of quantum circuits that can be
executed reliably. NISQ devices will be useful tools for exploring many-body
quantum physics, and may have other useful applications, but the 100-qubit
quantum computer will not change the world right away — we should regard
it as a significant step toward the more powerful quantum technologies of the
future. Quantum technologists should continue to strive for more accurate
quantum gates and, eventually, fully fault-tolerant quantum computing.

Hardware, Error-Correction, Fault-Tolerance, Algorithms, Applications —- Co-design

Cloud-accessible guantum computers, led by IBM



[BM Quantum Summit - NYC December 2023

Jay Gambetta N

IBM Fellow & VP
I1BM Quantum

Gtility-scale experiments

Evidence for the utility of quantum computing before fault "ﬂtl'irc !
With quantum systems composed of 100+ qubits, folemncs
. : 127 qubits / 2880 CX gates Nature, 618, 500 (2023)
researchers are beginning to explore algorithms and
applications at scales beyond brute-force classical o , o L
: ] Simulating large-size quantum spin chains on cloud-based it i
Computatlon using IBM Quantum systems. superconducting quantum computers | -
102 qubits / 3186 CX gates arXiv:2207.09994 = - - -
- Estimated mean number of qubits used on hardware
O AllOQPU vendors Uncovering Local Integrability in Quantum Many-Body Dynamics ’I‘Z'II. ot
A External Eagle users | T
120 - 124 qubits / 2641 CX gates arXiv:2307.07552 o<, e s
v Internal Eagle users
N QO Utility-scale experiments
100 Utility scale Realizing the Nishimori transition across the error threshold for
%) constant-depth quantum circuits
Qo 125 qubits / 429 gates + meas. arXiv:2309.02863
=
o 80-
© ==
ks Scalable Circuits for Preparing Ground States on Digital Quantum Eﬁg
Q2 40 ORNL S i+ (all st Computers: The Schwinger Model Vacuum on 100 Qubits e
g -t 20T _(_a__s_ %a """""""" 100 qubits / 788 CX gates arXiv:2308.04481 : W
> k
401 Nvidia DGX H100_____ e
Efficient Long-Range Entanglement using Dynamic Circuits | “‘—'
20 1 18M PC.(1981) 101 qubits / 504 gates + meas. arXiv:2308.13065 RS
o
0000000
; : ; : : Quantum reservoir computing with repeated measurements on = N
2016 2021 2026 2031 2036 2041 superconducting devices ° m m
Year 120 qubits / 49470 gates + meas. arXiv:2310.06706 e

IBM Quantum



43 Years Later

Beyond NISQ: The Megaquop Machine

JOHN PRESKILL, Institute for Quantum Information and Matter, California Institute of Technology, USA

Today’s Noisy Intermediate-Scale Quantum (NISQ) computers have scientific value, but quantum machines with broad prac-
tical value must be protected against noise using quantum error correction and fault-tolerant protocols. Recent studies of

quantum error correction on actual hardware are opening a new era of quantum information processing. Error-corrected
computers capable of performing one million quantum operations or more may be realized soon, raising a compelling ques-
tion for the quantum community: What are the potential uses of these megaquop machines?

Keynote address at the Q2B 2024 Conference in Silicon Valley on 11 December 2024.

Demonstrations of logical qubits with fidelities greater than physical qubit fidelity.



Department of Energy Road Map

Energy Department Announces
Initiative to Create and Deploy the
World'’s First Scientifically Relevant,
Fault-Tolerant Quantum Computers

June 23, 2026

WASHINGTON—The U.S. Department of Energy (DOE) today announced the establishment of the ambitious new Quantum Genesis
Initiative to develop and deploy the world's first fault-tolerant, scientifically relevant quantum computing capability for research and
development by 2028. The Quantum Genesis effort will serve as a foundational element of the broader Genesis Mission, designed to
usher in a new era of computational power for the nation to accelerate scientific discovery and innovation.



Maximum error rate

Quantum Simulation in the NISQ Era
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Real-Time High-Energy Collisions of Matter

CERN event " MIT-JLab Animation Project

Classic work by Jordan, Lee and Preskill in Scalar Field Theory

A number of significant efforts working toward this objective



Real-Time Dynamics and Reaction Pathways

J. Phys. Chem. B 2013, 117, 49, 15894-15902

Femto-second chemistry reveals reaction mechanisms
Quantum simulations will reveal the reactions pathways of QCD



Why not wait until the quantum computers of the future arrive?




Steps to Perform using a Digital Quantum Computer

PREPARE




Gold-Standard - Scalar Field Theory

Quantum Computation of Scattering BQP-completeness of scattering in scalar quantum
in Scalar Quantum Field Theories ZO,H 20/‘ 7 field theory

Stephen P. Jordan'2, Hari Krovi3, Keith S. M. Lee?, and John Preskill>
Stephen P‘ Jorda’n7T§ Kelth S‘ M‘ Lee7i§ a’nd JOhn PreSklll 3 * "National Institute of Standards and Technology, Gaithersburg, MD, USA

2Joint Center for Quantum Information and Computer Science, University of Maryland, College Park, MD, USA
3Quantum Information Processing Group, Raytheon BBN Technologies, Cambridge, MA, USA

4Centre for Quantum Information & Quantum Control and Department of Physics, University of Toronto, Toronto, ON,
Canada

>|nstitute for Quantum Information and Matter, California Institute of Technology, Pasadena, CA, USA

- Published: 2018-01-08, volume 2, page 44
4 P ‘AR Eprint: arXiv:1703.00454v4
Q‘?o
9 - s‘ i Doi: https://doi.org/10.22331/9-2018-01-08-44
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[.attice Scalar .
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Digital Lattice Scalar Field Theory
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[ntroduction to Trotterization

ution

- For nQ=3, 8x8-1= 63 angles to determine from U(t) for exact circuit implementation.

- This is doable, but not scalable!

U(t) = e_mT

i HAt T/At
el
lim e_i(f{ T V) A
At—0



‘Tme Evolution
[ntroduction to Trotterization
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Time Evolution

JLP for 3+1D
Ng = ngxL®
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otate Preparation
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Physics-Aware Mapping and State Preparation
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|Cl| Systematically Localizable Operators for Quantum Simulations of Quantum Field Theories

Natalie Klco (Washington U., Seattle), Martin J. Savage (Dec 7, 2019)

Correlation length allows for fixed-point angles to be determined

Fixed-point quantum circuits for quantum field theories

eX p O n e nt i al |y Wel | W it h S m al I - Scal e S i m u | at i O n S Natalie Kico (Washington U., Seattle), Martin J. Savage (Washington U., Seattle) (Feb 5, 2020)

Published in: Phys.Rev.A 102 (2020) 5, 052422 - e-Print: 2002.02018 [quant-ph]



Scattering in Lattice Scalar Field Theory

Scalable quantum simulations of scattering in scalar
field theory on 120 qubits

Nikita A. Zemlevskiy ®"

L spatial

Show more v

sites
Phys. Rev. D 112, 034502 - Published 4 August, 2025
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Hamiltonian
Kogut-Susskind
1970’s

Yang-Mills:
Byrnes-Yamamoto
2005

SU(N):
Z.ohar et al
(2013)

QLM
Banerjee et al

Tagliacozzo et al
(2013)

Simulating Lattice Gauge Field Theories




Quantum Electrodynamics in 1+1 Dimensions

» Charge screening, confinement

»  Fermion condensate
Ly £ * Gap

» Translationally invariant vacuum

3.5

30p- S
V-V~ Threshold

2.5f

2.0f

1.0f

0.5}

7T=.+1 7T=.—1

This model is being used by several groups pursuing quantum simulations



Lattice Hamiltonian in 1+1D
- which gauge to choose?

n>

Yo Uy, E, Y1 UL E, Yo
’ ’ @0 000O0O0CO0
Weyl gauge .
V4 V4
Qi Q
Yo 1 Vo
y

Quantum Resources required to evolve over some time interval similar (!)



JW Mapping with OBCs
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Scalable Circuits for Preparing Ground States on Digital Quantum
Computers: The Schwi nger Model Vacuum on 100 Qubits

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Confinement and Scalable Circuits

using 112 qubits

Roland C. Farrell, Marc llla, Anthony N. Ciavarella, and Martin J. Savage

m 2L—1 1 2L—2 g2 OL—2 2
e it = 5 [0 1 Grnane + £ (S0) (00000000
j=0 j=0 7=0 “k<j
Local Nearest Neighbor Non-local
S)émm-etries and Classical Optimization Classical Extrapolations Quantum Implementation
onfinement
Scalable
Operator Pool
0]_ ‘¢ansatz>—’ : ‘ .
11 -
O2 » 3|3 b H % | |
ON Updatq |'¢a.nsatz) —— ma‘x(([f{ ) é‘n]))
to e¥fnOn I"/)a.nsa.tz)

Confinement is emergent
l.e. the Hamiltonian inspection is not enough for efficient implementation



e+ e- \ e+

<Qi Q>

Vanishes exponentially with increasing separation
—with a length scale set by the gap

Truncation of non-local term(s) in the Hamiltonian will converge rapidly



Scalable Operators: Volume and Surtface
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Scalable Operators: Circuits

2 (a) Depth2 Depth3 Depth4 Depth5  Depth 6 Depth 7
a - —— | SHH Ry e H| S —— T > n
R0 - T T I= I—
- - HZHHHS KD Rz0)PHSTHHH Z - - - —_-- — -
b) ) i ) :R+(-g)_ _R+(+%): P &4 s . _ af
[B+(=2)], [B+(+3)] R+(—§)_ _R+(+§) - - - _ - -
R_(9) R_(0) - — —_— -
_R+(—%) R+(+%)_ B _R+(—§) R+(+§)_ .
|R+(=5) Re(+3)
FIG. 3. (a) The definition of the R+ (0) gate, which implements exp[i0/2(XY + Y X)]. The R+ (0) gate is used to implement (b) I

(b) exp[—i0/2(XZ?Y — Y Z?X)] and (c) exp[if/2(X Z*Y — Y Z*X)] (note the change in sign).

%+ HKExact unitary

FIG. 4. Simplifications of quantum circuits for the Trotterized unitaries corresponding to (a) OY, (1), (b) OV, (3), and (c)

OA,,‘,/;h(5) for L = 6, as explained in the main text. Cancellations between R(%7%) are highlighted with red-dashed-outlined
boxes.
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Vacuum and Wavepacket Preparation and Evolution
of U(1) Theory in 1+1D

Scalable Circuits for Preparing Ground States on Digital Quantum  Quantum simulations of hadron dynamics in the Schwinger model
Computers: The Schwinger Model Vacuum on 100 Qubits using 112 qubits

Roland C. Farrell, Marc llla, Anthony N. Ciavarella, and Martin J. Savage

, . Roland C. Farrell, Marc llla, Anthony N. Ciavarella, and Martin J. Savage
PRX Quantum 5, 020315 — Published 18 April 2024

Phys. Rev. D 109, 114510 — Published 10 June 2024
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The Vacuum and Wavepackets
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Production using IBM's Heron Processor Torino
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Error Mitigation - NISQ-Life IBM

i o,

C

Mitigating depolarizing noise on quantum computers with noise-estimation circuits  gelf-mitigating Trotter circuits for SU(2) lattice gauge theory on a quantum computer

Pauli- Twirling

Miroslav Urbanek," * Benjamin Nachman,” Vincent R. Pascuzzi,” Sarmed A Rahman, Randy Lewis, Emanuele Mendicelli, and Sarah Powell

Andre He,? T Christian W. Bauer,? and Wibe A. de Jong!:* Department of Physics and Astronomy, York University, Toronto, Ontario, Canada, M3J 1P3
(Dated: May 18, 2022)
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Error Mitigation - Decoherence Renormalization

“Physics circuit”

—¢H ? Ry (o) HPHR 2 (-0 HEDHR 2 (-0 HEDH R 2 (-0 HDHR 2 (-0 HDH Rz () HPH R 2 () HPH R (o) <>? H e
P D
1{) ® ® Ry (4/3) &P l
& ® ® ® » Ry (-22/3) b
© s
@ ® ® Ry (-20/3) e
——
gl (0T Zo~ 0~ Zot ) : 24 o
G o Zo~ o~ ZoT + h.c.) rotations rotations
“ [ ] [ ] | | u ,,
Mitigation circuit
- all angles set to zero (e.q.)
——eH ? Ry (o) HPHR 2 (-0 HPH Rz (-0 HEPHR 2 (-0 HPH R (-0 HEPH Rz () HEPH Rz (o) HEPH Rz () ()? H |-
P D
1{) ® ® Ry (4/3) &P l
b ® ® ® » Ry (-22/3) b
© &
-] & ® Ry (-20/3) Pre
——
o 77 =

(67 Zo~ 0~ Zo™t + h.c.) rotations rotations

number of CNOT gates
2 52 102 152 202 252 302 352 402
10— : : : —— I v : ; A I T
P I\ N
._l.‘ T.ﬁ\ 2 I, \‘ 7\ II \ ™\ -
NI " \
Q1 II ‘\ 1—/\:t ™ ” \‘ // \\ ,/ \\ I’ \\ | //\ ol
\ ooy ey X ! \ ¥\ A \ J §-2
] ‘\ t‘ =T . _ ,l \‘ ,’ \\ o3 : | ’I \\ 2
5 X [ ik — ~ J | /
2 1 e | / RN Y Loy | 1 \ r/ | | 3o ro\ /
;'—l-‘ Oo6 [ |; + l‘ / \\ ‘ ‘- ; ‘ ‘[; * 1(: i i R *:_ i \ I \\ | I “ v‘ ',ll II \‘ ,/"—
:-5 i ‘| “. = //I =\ H—Il’ h | E ; g—— III__ S AR = - | / 4
2 AR et Yy 3, p IAREERESRINEIRIEESEESSua:
(@) O 4 | |1 "‘ § \__\ ,,l\ = l‘ e " I\\ > | 5 1 { e \\ J \ " 1/ ’/ \ \ y/ \\ =
204 | %% \J ELEERTTY & 7 b 3 YR N s
- I || ','I, \\ ; :‘ / - — == i\ = f \ I' J \ I ‘ ! "\.\ ,‘:' all
’I *ﬁ . / \\ // - — \\ [’ \\ P \\ II 1" \\ II \ ,",.
\ ,4"’ - \ [ / / \/", —t
021 \Y —x= WA, Tl
f- / —_— = === il \\ 7 / -
/L-: 1 1 | 1 | 1 | 1 | 1 - 1 l
\ 1 | T | T - | AZ T | T | 1 75 1 1
\ — I\
- |" I* ” {I I\ ,I f \ I’ ) ’i\"q— )
O 8 _|‘ \ /’ e II \\ 1 / \ - \ '] / E "y "‘_ s E =
I - \ | I | \ ! o L~ 3 "
S + I’ t .‘1 & ! lt \ : \ &. E E\ " \ \ ; \ ’ \ | /
R & w /N ‘ ] t i \:E 4 i \ ] \ 1 ' \ E ‘\ 1&—
— J \ * \ | = / I\ I \ ; g E I / \ ‘1 ‘ \ \ \ /
6 | \Il | \v“ 1 /’_\I_, /t \\ J ,I \l ” \\ "\_/ g5 \. II 4o \ I \\ % E \‘ i /,/ii -
-b ll' Il "|A II /1\ 4 5 % " i‘-\ T \\ o i/i \\ /l 1 E \ II “—! / l", \\ ,"";/’ \
@) O 4 — [\ 1\—‘\/ !I \ 4 N ~ \ \ | o 0§, i —
g04F 1 45 & | i S ; \ By /A & B S\ g¥WE N
- ) \ / \\ i ' f i :E d ek \\ I+ \ / i_ wardd =
'\ ' \ / N 3 : | 2 4 \:E " A I
'ag / \ / \ / \ f e ] \ E \ [\
0.2 . ;, l‘\é/ i\’/ B / 4 : / Y. R \ i / \\ / —
i At / \ / ke N e _"— “"
B /+ ‘/ s N . i/‘. _— / i ]
00 P ] | 1 | 1 | i | ] | ! X ! | !
0 1 2 3 4 S 6 7 8

time (in units of 2/g2)



Part-3

v
N
RIS

r‘:"’“\, e

-1Na of

DAV-2



Error Mitigation - Pauli Twirling
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Dynamical Quantum Phase Transitions

Dynamical topological transitions in the massive Schwinger model with a /-term

5018 T. V. Zache," * N. Mueller,2 J. T. Schneider,' F. Jendrzejewski,® J. Berges,! and P. Hauke'!:?

Quantum computation of dynamical quantum phase transitions

5023 and entanglement tomography in a lattice gauge theory

Niklas Mueller,!:?3:* Joseph A. Carolan,* Andrew Connelly,®
Zohreh Davoudi,’> %7 Eugene F. Dumitrescu,”* and Kiibra Yeter-Aydeniz®
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1+1D SU(N) and Quantum Chromodynamics
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Decay Probability

=
o

Probability
o
e

i
N

&
o

©
-

Trivial Vacuum-to-Vacuum

Preparations for quantum simulations of quantum chromodynamics

Roland C. Farrell, Ivan A. Chernyshey, Sarah J. M. Powell, Nikita A. Zemlevskiy, Marc llla, and Martin J. Savage
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Preparations for quantum simulations of quantum chromodynamics
in 1 4+ 1 dimensions. Il. Single-baryon p-decay in real time

Roland C. Farrell, lvan A. Chernysheyv, Sarah J. M. Powell, Nikita A. Zemlevskiy, Marc llla, and Martin J. Savage
Phys. Rev. D 107, 054513 — Published 30 March 2023
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Simulating one-dimensional quantum chromodynamics on a quantum computer:
Real-time evolutions of tetra- and pentaquarks
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Decay Probability

Weak Decays : Expectations
—Recovering Real-time Exponential-Decay
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Hadronization and Fragmentation

Baryon Entanglement, Barata et al, Gong et al Hadronization, Florio et al
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1+1D Preparing for the Future
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Modeling the QCD Phase Diagram

H = (im0 + m)y — g(Py)* — pbyor)
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Toward Quantum Computing Phase Diagrams of Gauge Theories
with Thermal Pure Quantum States
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oystematics in scattering 7?7

Dispersion Relation

~ 1/a

* High enough energy in collision will lead to quantum advantage
* The bond dimension is growing (exp) with energy

» What is physics and what is systematic error must be quantified



Steps toward quantum simulations of

LLISITIRIITTT Abelian Gauge Theory: Moving in the Lattice Vacuum
. Classical Simulations

Heavy Quark : constant speed, well-defined position - implemented via Gauss’s law

Composite Hadron
charge screening, confinement

No energy-loss or hadronization in a Lorentz Invariant system (continuum)

Heavy quarks provide control for colliding partons



Energy Loss, Hadronization and Damage” to
Multi-Partite Entanglement in the Vacuum
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Colliding Partons
— One Static Background Heavy Quark
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Energy-Loss in Non-Abelian Gauge Theories:
Quantum Simulations using IBM

Marc IIIa Zhlyao L|

Fermion /qubit sites
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H = Hy+ Hy + Hy + H, a3 O

n=0



The SU(2) Hamiltonian
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Staggered sites n 0
Electric-field boundary b 0

Spatial sites X

1

A 1
(1) _ * {at a— A At
Q' = 9 (02n02n 1 T 09,09,

= Zn_Zn )
4(2 2n—+1

ﬁ:ﬁk_l_ﬁm_'_ﬁg_l_ﬁ)\

s 1 A ]_ A A A
_ A+ A— A+ A—
Hy = — 5 Z _Z (02n+022n+1+602n+2+c + hC) IR 5 Z Z (J2n+cZQ7’b+1+CZQR+2+CZZH+3+602n+4+c + hC)

neq c=0,1 neq c=0,1
: 1 /. . 1 /. . 1 /. - A
Hm:mQZé(z‘JrZ)nJr qug(1+z)n+ qu§(I—Z)n > S Y (D)™ Zanse
neq neq neq n€q,q c=0,1
- b+1+|b/2]

A 2 2 A )2 2 (a) E : 3(a)
g a a
H=% 2 X (BY)  m=5 (Fiasn) o 5 “
n—



Four New Ingredients - Beyond U(1)

(a) (b) (c) " O
Color entanglement 0!30!00 w!;!oo oo-!-&x}/

- Hadron interpolating operators \(dz) (€2)

‘Heavy-quark motion discrete only
+ by FSWAPs

-|_attice spacing artifacts from FSWAPs

‘Domain Decomposition - scalability




Elaboration : Color Entanglement

Heavy-Quark
positioned here
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- I i Elaboration : HPC Optimization
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Elaboration : Domain Decomposition
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Classical Results

Trotterized ground state heating

e == = = o e oo - o oo

E 0.0
-0.5 —— Kinetic
T — —— Mass

- Gauge/Electric Term
magiduy — Gauge
N — External
— Total

-2.5

Time




Resources and Layout for L=3
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Production

Full Circuit (heavy-hex)
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3b) Measure the energy in the light quarks
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Charge Distribution

Charge Distribution
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Two—-qubit gate depth: 456 from an early implementation




Wavepacket Evolution in 1+1D SU(2)

Observation of Robust and Coherent Non-Abelian Hadron

Dynamics on Noisy Quantum Processors

Fran Il¢ié™*, Ritajit Majumdar®*, Emil Mathew!*, Md. Osama Ali!,
Nathan Earnest-Noble? & Indrakshi Raychowdhury!**
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Dynamical Gauge Fields - Yang-Mills
Byrnes-Yamamoto — Kogut-Susskind

Many ways to map/distribute the field(s) in the UV (lattice spacing)
Consider the Kogut-Susskind basis = electric basis ....
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Why Non-Abelian is More Complex than Abelian
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Yang-Mills
First Attempts at SU(2) in 2+1D

Also see Mari Carmen Banuls, Karl Jansen et al

" aon b q . ‘ ) \ SU(2) non-Abelian gauge field theory in one dimension on digital quantum computers

Gauge Invariance

Natalie Klco, Jesse R. Stryker and Martin J. Savage'
! Institute for Nuclear Theory, University of Washington, Seattle, WA 98195-1550, USA
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e Only dynamical gauge fields
e Gauge Variant Completions (GVC)
. . Sarmed A Rahman, Randy Lewis, Emanuele Mendicelli, and Sarah Powell
® Severely truncated |n fleld SpaCe Department of Physics and Astrono(r]g,y,t fi’or‘l‘i Uniz;egsz';g& 17)’0'ronto, Ontario, M3J 1P3, Canada
ated: August 3,
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SU(2) lattice gauge theory on a quantum annealer

Plaquette chain will collapse to 1+1 dim in continuum limit
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Some Recent Simulation Results
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Vibrations of the string

Cochran et al (Google), arXiv:2409.17142

Bauer, Ciavarella, Jiang, Klco, Di Matteo,Halimeh, Yao,. et al




Taming Non-Abelian Gauge Space
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Loop-string-hadron formulation of an SU(3) gauge theory Quantum and classical spin network algorithms
with dynamical quarks for g-deformed Kogut-Susskind gauge theories
Saurabh V. Kadam,"* Indrakshi Raychowdhury,* ' and Jesse R. Stryker'* Torsten V. Zache* Daniel Gonzalez-Cuadra, and Peter Zoller From square plaquettes to triamond lattices for SU(2) gauge theory
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classical simulations of gauge theories in particle Improved Honeycomb and Hyper-Honeycomb Lattice

physics Ab Initio Derivation of Lattice-Gauge-Theory Dynamics for Cold Gases in Optical Hamiltonians for Quantum Simulations of Non-Abelian Gauge
Jan F. Haase?, Luca Dellantonio?, Alessio Celi*#, Danny Paulson'?, Lattices Theories

12 5 <t 11,26 , , .o
Angus Kans=, Kart Jansens, and Christine £ Muschik Federica Maria Surace®,!:" Pierre Fromholz®,%*-T Nelson Darkwah Oppong®,*>-8

Marcello Dalmonte®,>3 and Monika Aidelsburger®4>-* Marc llla, Martin J. Savage, Xiaojun Yao



Transport Properties %)
Shear Viscosity in 2+1D SU(2)

: X
Classical and quantum computing of shear viscosity for (2 + 1)D Berndt Mueller and Xiaojun Yao Quantum algorlthm for G,.y
SU(2) gauge theory
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ag2
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Qudlits

Hardware efficient quantum simulation of non-abelian gauge theories

with qudits on Rydberg platforms Simulating 2D lattice gauge theories on a qudit quantum computer

Michael Meth,! Jan F. Haase,?> % Jinglei Zhang,?? Claire Edmunds,! Lukas Postler,*
Andrew J. Jena,?3 Alex Steiner,! Luca Dellantonio,? 35 Rainer Blatt,! 67 Peter Zoller,? 6
Thomas Monz,!>7 Philipp Schindler,! Christine Muschik*,%%° and Martin Ringbauer*!

Daniel Gonzélez-Cuadra,’ 2> * Torsten V. Zache,?:* Jose Carrasco,! Barbara Kraus,! and Peter Zoller!: 2

Quantum Computation Results

2+1D QED
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String Breaking as an Example

o>
3 ‘i

P — —Q Vibrations of the string
>J >J Cochran et al (Google), arXiv:2409.17142
Quantum simulation of string breaking: summary SU(2) lattice gauge theory 1+1D
Models Phenomenology )

f
l 0.8

- 0.6

1+1D
o /o LGT, trapped ions

 Ground state

* SU(2) LGT, superconducting qubits * Quench dynamics

° U(1) LGT, atoms in Optical lattices » Resonant String breaking

- 0.4

2+1D * Dynamics of strings in 2+1D 0.2

0.0

e Z> LGT, superconducting qubits

« Ramp dynamics
 U(1) LGT, Rydberg atom arrays

Ciavarella, arXiv:2411.05915



Entanglement in Particle Detection

Exclusive Scattering Channels from Entanglement Structure in Real-Time Simulations

IO.OS

Nikita A. Zemlevskiy ®! *
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University of Washington, Seattle, WA 98195, USA
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Scar States in Gauge Theories and Delayed Thermalization

March 2022

Scar States in Deconfined 7, Lattice Gauge Theories

A4

» Distributed ’Ehroughoht spectrum

Adith Sai Aramthottil,®! Utso Bhattacharya,? Daniel Gonzalez-Cuadra,® 34 Weak|y connected to evolution Hamiltonian (COId SUb-SpaCG)
- . 2.5 . 6,2 o Py . .
Maciej Lewenstein,“® Luca Barbiero,”“ and Jakub Zakrzewski e Del ay thermalization
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FIG. 4. The half-chain entanglement entropy(S) of all the _ o o
eigenstates at t = 0.2, h = 0.5 for L = 16. The orange dashed O "
lir%e gives the Sgyr value. Circles denote differeﬁt QMBS PreVIOUS|y Only COannlng SyStemS eXthIted Scars
obt.ained Via,.our tre}ckin2g procedure. Green c?rcles d(?note ® Shown tO eX|St IN de—COnﬂned reg|me
antimagnon-like family S;, for n = 0, 2, 4, 6, 8 while red circles ) ) o )
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right hand side. Inset: The half-chain Entanglement Entropy
divided by system size (£) for S5 state showing its sub-volume
property as expected for QMBS.



Stabilizer Scars ) Entanglement and Thermalization
Stabilizer Scars

Jeremy Hartse'"*, Lukasz Fidkowski?, and Niklas Mueller'-

Show more v

Phys. Rev. Lett. 135, 060402 - Published 6 August, 2025
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Entanglement and Thermalization

Quantum computing universal thermalization
dynamicsina (2 + 1)D Lattice Gauge Theory

Niklas Mueller &9, Tianyi Wang, Or Katz, Zohreh Davoudi & Marko Cetina

Nature Communications 16, Article number: 5492 (2025) | Cite this article (a) (b)
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Nuclear Structure and Reactions

First quantization mapping
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Hes ==Y Soi+ 5> 756, Neutrino Flavor Dynamics in Supernova

=1 1<)
Simulations with qubits and qutrits
MSW
Collective } Raw { DR
>~ CZ depth
V-./% = 0.8 Trotter 6 18 1 1w 2 1.000 =
O . \ ¢ AQT i
8 . L 1.0- C) qubItS g 0.800 - \\\ MITIGATED ‘ IBM qubItS ,,
: — Q
| © o ® 06004 | - ' /
~100 KM oo A %05 IBM 2 / & qutrits i
s 7 = ‘ s A s J
O = ® 52004 @ s \ Q@-a-’ o /
< \_/ PR
O 0.2 0.0- . 0.000 — e . .
é z 0.7 21 35 49 6.3 0 - . 3 4
= / t) Spagnoli et al (2025)
0.0 0 8 16 24 32 40 Turro et al (2024)

Time




N-body Gates in Trapped Ion Systems
Co-Design in Action

Engineering an Effective Three-spin Hamiltonian in Trapped-ion Systems
for Applications in Quantum Simulation

Bérbara Andrade,! Zohreh Davoudi,? Tobias Gra,! Mohammad Hafezi,®>* Guido Pagano,® and Alireza Seif®: *

NNEFT with Trapped lon Systems .

N-body interactions between trapped ion qubits via spin-dependent squeezing

Or Katz,»23:* Marko Cetina,’"3 and Christopher Monroe!: 234
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FIG. 1. (a,b) Traditional Mglmer-Sgrensen scheme based on a pair of bichromatic laser beatnotes off-resonantly driving first-
order spin-phonon couplings with symmetric detuning (+6), giving rise to an effective spin-spin interaction. The two-ion case
is shown for simplicity. (c,d) Generalized Mglmer-Sgrensen scheme to generate an effective three-spin coupling. A second-order
blue sideband is driven with twice the detuning (2§) as the first-order red (—4) sideband. As shown in (c), this process creates
two virtual phonons with a second-order process and annihilates the same number of phonons through two first-order processes.
Note that only two out of several possibilities are depicted. In all subfigures, €2, and 2, are the Rabi frequencies of the red
and blue beatnotes, respectively. wo is the qubit frequency, and w [= wcom] is the transverse center-of-mass frequency.
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