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Simulating lattice gauge theories
within quantum technologies

Collaborators: M. Dalmonte, S. Montangero, U.-J. Wiese, P. Zoller...

Eur. Phys. J. D (2020) 74: 165
https://}(/ioi.org/lo.1140/epjd/e2020—100571—8 THE EUROPEAN
PHYSICAL JOURNAL D

Colloquium

Simulating lattice gauge theories within quantum technologies

Mari Carmen Banuls!:2, Rainer Blatt3#, Jacopo Catani®®7, Alessio Celi®:8, Juan Ignacio Cirac!-?,

Marcello Dalmonte?:!Y, Leonardo Fallani®®7, Karl Jansen'!, Maciej Lewenstein®'2:13, Simone Montangero
Christine A. Muschik®, Benni Reznik'®, Enrique Rico'”'® Luca Tagliacozzo'?,
Karel Van Acoleyen??, Frank Verstraete??:?!, Uwe-Jens Wiese??, Matthew Wingate?3,

Jakub Zakrzewski?4?°, and Peter Zoller?

14,15,a
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Quantum Simulation for High Energy Physics
C.W. Bauer, Z. Davoudi, A.B. Balantekin, T. Bhattacharya, M. Carena, W.A. de Jong, P. Draper,
A. El-Khadra, N. Gemelke, M. Hanada, D. Kharzeev, H. Lamm, Y.-Y. Li, J. Liu, M. Lukin, Y.
Meurice, C. Monroe, B. Nachman, G. Pagano, J. Preskill, E. Rinaldi, A. Roggero, D.l. Santiago,
M.J. Savage, |. Siddiqi, G. Siopsis, D. Van Zanten, N. Wiebe, Y. Yamauchi, K. Yeter-Aydeniz,
S. Zorzetti
PRX Quantum 4, 027001, (2023)

Lattice gauge theories simulations in the quantum information era
M. Dalmonte, S. Montangero
Contemporary Physics 57, 388 (2016)

Quantum Simulations of Lattice Gauge Theories using Ultracold Atoms in Optical
Lattices
E. Zohar, J.l. Cirac, B. Reznik
Rep. Prog. Phys. 79, 014401 (2016)

Towards Quantum Simulating QCD
U.-J. Wiese
Nucl.Phys. A931, 246-256 (2014)
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Quantum Computing for High-Energy Physics
State of the Art and Challenges
Summary of the QC4HEP Working Group

Alberto Di Meglio,'’ * Karl Jansen,? ' T Ivano Tavernelli,* Constantia Alexandrou,® ? Srinivasan Arunachalam,®
Christian W. Bauer,” Kerstin Borras,®° Stefano Carrazza,'®! Arianna Crippa,® ! Vincent Croft,'?
Roland de Putter,® Andrea Delgado,'® Vedran Dunjko,'? Daniel J. Egger,? Elias Fernandez-Combarro,'*
Elina Fuchs,!' 1516 Lena Funcke,!” Daniel Gonzalez-Cuadra,'® '® Michele Grossi,! Jad C. Halimeh,2% 2!

Zoé Holmes,?? Stefan Kiihn,? Denis Lacroix,?®> Randy Lewis,?* Donatella Lucchesi,?® 26:1
Miriam Lucio Martinez,?”>2?® Federico Meloni,® Antonio Mezzacapo,® Simone Montangero,? 2% Lento Nagano,?
Voica Radescu,?® Enrique Rico Ortega,3!32:33:34 Alessandro Roggero,®® 3¢ Julian Schuhmacher,* Joao Seixas,3">38 39
Pietro Silvi,2® 2% Panagiotis Spentzouris,*° Francesco Tacchino,* Kristan Temme,® Koji Terashi,?®
Jordi Tura,'?4! Cenk Tiiysiiz,> ! Sofia Vallecorsa,! Uwe-Jens Wiese,*?> Shinjae Yoo0,*3 and Jinglei Zhang** 45

arXiv:2307.03236 (2023)
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Tensor network algorithms:
dynamical string breaking
and hadronization
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Hybrid algorithms (classical/quantum):
Real time evolution and
light front parton correlators
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We show how to quantum simulate
non-local Wilson loops in space and real-time
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The role of the anomaly on

and hadronization decoherence robust qubits
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Hybrid algorithms (classical/quantum):
Real time evolution and
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We show how to quantum simulate

non-local Wilson loops in space and real-time
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Three ingredients to describe Nature

Quantum matter as the
basic building block

e (Gauge symmetry as a fundamental
principle and at the origin of every force

 Renormalisation group as a tool
to study Nature at different scales

atoms

o
nucleons

L
‘@ ' quarks
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R.P. Feynman, Int. J. Theor. Phys. (1982)
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Preparation of a general quantum state
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Classic VS. Quantum
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basic building block

R.P. Feynman, Int. J. Theor. Phys. (1982)

‘ * * ‘ W) =c |11 1)+ 1T 1)+ Fcwl L] 1)

Preparation of a general quantum state

‘ ‘ ‘ ‘ gquantum correlations = entanglement

S. Lloyd, Science (1996)

Evolution of a general quantum state

lw (1)) = U@ | )

Classic VS. Quantum

Memory 28 N
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Variational (non-perturbative) method for Hamiltonian systems
Extremely useful in 1D systems (MPS)
Proposals and extensions in higher dimensions (TNS)

Related works at:
ICFQO, Barcelona (Lewenstein’s group); MPQ, Munich (Cirac’s group); Gent - Vienna (Verstraete’s group)
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del Pais Vasco  Unibertsitatea Tensor network algoritth:
an overview

Variational (non-perturbative) method for Hamiltonian systems
Extremely useful in 1D systems (MPS)
Proposals and extensions in higher dimensions (TNS)

Sx—1 Sx Sx+1

Ground states
Low-energy excitations
Thermal states
Time evolution
Proposal for fermionic systems

Related works at:
ICFQO, Barcelona (Lewenstein’s group); MPQ, Munich (Cirac’s group); Gent - Vienna (Verstraete’s group)
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A class of tailored variational ansatz states on a lattice many-body
quantum system

|\Ijmany—body Z \Ijsl, JSN |317 y S >
dim (%) = d®

\If Is obtained contracting smaller tensors over auxiliary indexes

(Uyps) = Z A(Sl)A(Sz) AN Dy s et sy

1,02 N -1
187 o1 )

m . dim (MPS) = Nd D?
Sx—1 Sx Sx+1
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an overview

A class of tailored variational ansatz states on a lattice many-body
quantum system

|\Ijmany—body Z \Ijsl, SN |317 ) >
dim (%) = d®
\If Is obtained contracting smaller tensors over auxiliary indexes

(Uyps) = Z A(Sl)A(Sz) AN Dy s et sy

a1,02 N —1
{si},{ci}

dim (MPS) = Nd D?

Sx—1 Sz Sx+1

guantum correlations = entanglement =

— C. Holzhey, F. Larsen, F. Wilczek, Nucl. Phys. B (1994)

loo (D c+c¢ los (N G. Vidal, J.I. Latorre, E. Rico, A. Kitaev, Phys. Rev. Lett. (2003)
0g (D) og (V) B.-Q. Jin, V.E. Korepin, J. Stat. Phys. (2004)
P. Calabrese, J.J. Cardy, Stat. Mech. (2004)
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Sx—1 Sx Sx4+1

Matrix Product States: M.P.S.

Well-suited to described translational invariant systems
Encoded the entropic boundary law (VBS picture)
Optimal to minimize the energy (DMRG)
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Tensor network algorithms:
an overview

Sx—1 Sx Sx4+1

Matrix Product States: M.P.S.

Well-suited to described translational invariant systems
Encoded the entropic boundary law (VBS picture)
Optimal to minimize the energy (DMRG)

Simple way to obtain any expectation value (Transfer matrix)

(1) ()

E = ZA*[S] ® Als]

(0,0,) = T {ENI220,570,) 0= 3 A'ls]@ AlS|(s/0)

s,s’
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an overview
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Exact description of the gauge invariant
subspace with tensor network states

‘phys>: Z a/(517"' 78337"')Tr |:A(81)A(533) ‘817°"7S:C7°>

Sl).‘. )Sa:)...
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Tensor network algorithms:
an overview

o IKerbasque

Exact description of the gauge invariant
subspace with tensor network states

|phys>: Z a’(517°°' ,S:E,"‘)Tr |:A(81)A(SCU) |317... ,S$7'>

81’... ’Sw,...

CP symmetry breaking in the Schwinger
model in a background electric field

Imaginary time evolution

(Phase diagram) o , .
Finite density phase diagram of a SU(2)

gauge invariant Fermi-Hubbard model
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Tensor network algorithms:
an overview

o IKerbasque

Exact description of the gauge invariant
subspace with tensor network states

|phys>: Z a’(517°°' ,S:E,"‘)Tr |:A(81)A(SCU) |317... ,S$7'>

81’... ’Sw,...

CP symmetry breaking in the Schwinger
model in a background electric field
Imaginary time evolution

(Phase diagram) o , .
Finite density phase diagram of a SU(2)

gauge invariant Fermi-Hubbard model

Real time evolution Entanglement characterisation of
(Quench experiment) dynamical string breaking
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Tensor network algorithms:

an overview

Exact description of the gauge invariant
subspace with tensor network states

|phys>: Z a’(517°°' ,S:E,"‘)Tr |:A(81)A(SCU) |317... ,S$,'>

81’... 78337...

CP symmetry breaking in the Schwinger
model in a background electric field

Imaginary time evolution

(Phase diagram) o , .
Finite density phase diagram of a SU(2)

gauge invariant Fermi-Hubbard model

Real time evolution Entanglement characterisation of
(Quench experiment) dynamical string breaking
Embedding and model building “Nuclear Physics” in a SO(3)

(Chiral symmetry breaking) gauge invariant model
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dynamical string breaking and hadronization
PHYSICAL REVIEW X 6, 011023 (2016)

Real-Time Dynamics in U(1) Lattice Gauge Theories with Tensor Networks

T. Pichler,l M. Dalmonte,z’3 E. Rico,""s’6 P. Zolle:r,z’3 and S. Montangero1

Hamiltonian: Staggered fermions in 1D coupled to a U(1) gauge field

g Z z,2+1] —JZ ¢TUx:B+1¢aZ+1+hC +MZ ) 4plab,

Electric term Matter-gauge coupling Staggered mass
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o dynamical string breaking and hadronization
PHYSICAL REVIEW X 6, 011023 (2016)

Real-Time Dynamics in U(1) Lattice Gauge Theories with Tensor Networks

T. Pichler,l M. Dalmonte,z’3 E. Rico,4’5’6 P. Zoller,z’3 and S. Montangero1

Hamiltonian: Staggered fermions in 1D coupled to a U(1) gauge field

g Z z,2+1] —JZ ¢TUx:C+1¢aZ+1+hC +MZ ) 4plab,

Electric term Matter-gauge coupling Staggered mass

Energy

Staggered fermions in 1D at half-filling:

massless case: linear dispersion relation and two
chiral modes

,«’?‘\ momentum : L .
27 1 TN - mass gap: particle-hole excitation proportional to the

# : N staggered mass

v ~
= a
- ] -~
— -
——— e
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Confinement and string breaking:
QED in (1+1)-d (Schwinger model)

Spin-1 representation

no e 20
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Confinement and string breaking:
QED in (1+1)-d (Schwinger model)

Spin-1 representation

0)O 1)@

Vacuum (reference) state

H = 9—22 > (5;3;) +mz JRRTIRU

Q- O Q O Q O
I —1 2 2x+1
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dynamical string breaking and hadronization

Confinement and string breaking:
QED in (1+1)-d (Schwinger model)

Spin-1 representation

0)O 1)@

Vacuum (reference) state

oo > (S<3>) —I—mz )T bl ab
== ®) )
()

Q- O Q O Q O
I —1 2 2x+1

Creating a quark - antiquark pair:

S 2:U—|—1w2$—|-1 O O
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Confinement and string breaking:
QED in (1+1)-d (Schwinger model)

Spin-1 representation

0)O 1)@

Vacuum (reference) state

oo > (S<3>) —I—mz )T bl ab
== ®) )
()

Q- O Q O Q O
I —1 2 2x+1

Creating a quark - antiquark pair:

S 2x+1¢2az+1 @ 1= O
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Confinement and string breaking: QED in
(1+1)-d (Schwinger model)

Confinement
G — O
Estring — EO — %(L — 1)
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Confinement and string breaking: QED in
(1+1)-d (Schwinger model)

String breaking
and
hadronization
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dynamical string breaking and hadronization

Confinement and string breaking:
QED in (1+1)-d (Schwinger model)
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dynamical string breaking and hadronization

Confinement and string breaking:
QED in (1+1)-d (Schwinger model)
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dynamical string breaking and hadronization

Confinement and string breaking:
QED in (1+1)-d (Schwinger model)
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dynamical string breaking and hadronization

Confinement and string breaking:
QED in (1+1)-d (Schwinger model)

Primary SB Secondary SB <E:1:2 (A) Vacuum

—100 —

I

20 D e =

String wave-front
characterised by:

-Electric field spreading
-Entanglement propagation

O(100) sites simulation

10

Q- O Q O Q O Q O

05 (B) String
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dynamical string breaking and hadronization

Meson scattering

We prepare two mesons in a dynamical state
giving them momentum towards the center

0.7
0.6
- 10.5

- 10.4
- 10.3

0.2

0.1

50 100 150 200 250

T

Electric field of two mesons Entanglement entropy
during the scattering evolution during the scattering
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Tensor network algorithms
and machine learning

Exploring the Phase Diagram of the quantum one-dimensional ANNNI model

M. Cea,’ 2| M. Grossi,®[f|S. Monaco,* % [f| E. Rico,® 7% %[§| L. Tagliacozzo,'?:| and S. Vallecorsa®:**

arXiv:2402.11022 (2024) O(400) sites simulation

ANNNI model DMRG Analysis QML Analysis
B 2 R = _JQ/Jl =
©00-0 , 5 Input data: | - N
Ji Ground states in MPS
1.4 ; form: QML
o4  iPE J. , B model
L aaeass wis, ) @@~ @ | | (@)
REOR R 7, .
0.8 N KI',//,, |¢(K'2ah2)> N ) A
< IS & .
0.6 - \\\"_ ’,,/’T’T (K3, h3)) , ! ! Input: Output:
0 / i
0 \._‘ // 4 Labels: MPS state 2-qubits
I X s J . _ , (from DMRG) guantum state
021 a7 : |00) : Ferromagnetic (predicted
>oo-\ /e PO « |01) : Paramagnetic
O Nt 2 01, 0 phase)

0.00

0.25

K

1.25

1.50

* |10) : Antiphase
* |11) : Floating-phase
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and machine learning

Exploring the Phase Diagram of the quantum one-dimensional ANNNI model

M. Cea,!?/[*| M. Grossi,?[f|S. Monaco,* > [f| E. Rico,® 7% % [§| L. Tagliacozzo,'%|Y and S. Vallecorsa®:|**

arXiv:2402.11022 (2024) O(400) sites simulation

ANNNI model DMRG Analysis QML Analysis
Jo
B 000-0 |- g;’ff/Jl Input data: ) \
— 1
Ji Ground states in MPS
L4 form: QML
o4 iPE J, , - ‘ model
L aapsss % s, ) @@—-@ | | | QNN A
1.0 J @@@@@@ h 7 /’ - :
NG Y 4 Y(r2, b)) @ @@ | o
) 0.8 1 I\\ "‘ / 7 L ) _ v,
0.6 \\‘-._ , ’,,/PT [¥(ks3, hs)) , , , Input: Output:
1 % V 4 : MPS state 2-qubits
il R o Labels: | (from DMRG) quantum state
5] 2 Yy J . » |00) : Ferromagnetic :
2] TN o S50 « |01) : Paramagnetic (predicted
0.0 12 Y’ A ' phase)

T
0.00  0.25
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I I
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* |10) : Antiphase
* |11) : Floating-phase

Quantum Many-Body phase diagram
characterization using Fidelity-based Kernels

Francesco Di Marcantonio?23

Nicola Mariella!, Enrique Rico?, Sofia Vallecorsas,

Sergiy Zhuk! In preparation
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Core objectives for Quantum Simulation:

Developing Tensor Network Algorithms for Quantum Many-body Problems: advancing tensor network
algorithms for real-time dynamics and phase studies in high-energy process simulations, thereby
facilitating in-depth fermionic system analyses and real-time simulations.
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Core objectives for Quantum Simulation:

Developing Tensor Network Algorithms for Quantum Many-body Problems: advancing tensor network
algorithms for real-time dynamics and phase studies in high-energy process simulations, thereby
facilitating in-depth fermionic system analyses and real-time simulations.

Developing Quantum Machine Learning Models for Trigger Applications: Collaborating with CERN, to
apply quantum kernel methods to enhance phase estimation, classification, and anomaly detection in
many-body physics. This will contribute to a deeper theoretical understanding of these methods from a

quantum information perspective.
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Core objectives for Quantum Simulation:

Developing Tensor Network Algorithms for Quantum Many-body Problems: advancing tensor network
algorithms for real-time dynamics and phase studies in high-energy process simulations, thereby
facilitating in-depth fermionic system analyses and real-time simulations.

Developing Quantum Machine Learning Models for Trigger Applications: Collaborating with CERN, to
apply quantum kernel methods to enhance phase estimation, classification, and anomaly detection in

many-body physics. This will contribute to a deeper theoretical understanding of these methods from a
quantum information perspective.

Prototyping TPUs and GPUs Implementation of Tensor Network Simulations: investigating how
hardware accelerators like graphical processing units (GPUs) can scale tensor network algorithms to
unprecedented bond dimensions, speed, and accuracy, thereby revolutionising quantum simulations.
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Quantum Simulation,
Rev. Mod. Phys (2014)
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Goal: Simulate the physics of a quantum system of interest by
another quantum device that is easier to control and to measure

Quantum simulator

Evolution

|w(0)) » | w(@)
Quantum Simulation,

Preparation Measurement Rev. Mod. Phys (2014)
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Evolution

|(0)) » ()

Preparation

Analog simulation:
Single purposed simulator

—1Ht

| w(0)) |y (1))

Engineer the interactions to
emulate the Hamiltonian of the model

Measurement

Digital simulation:
Universal simulator

Decompose dynamics into
sequence of quantum gates
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Feynman’s universal quantum simulator:
controlled quantum device which efficiently reproduces the
dynamics of any other many-particle quantum system.
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Feynman’s universal quantum simulator:
controlled quantum device which efficiently reproduces the
dynamics of any other many-particle quantum system.

How?... cold atoms, ions, photons, superconducting circuit, etc.

Superconducting circuits ... and several others as
guantum dots, NMR, NV centers

Optical lattices

= ’\

J.l. Cirac, P. Zoller
|. Bloch, J. Dalibard, S. Nascimbéne
R. Blatt, C.F. Roos,

A. Aspuru-Guzik, P. Walther
A.A. Hock, H.E. Tureci, J. Koch
Nature Physics Insight -
Quantum Simulation (2012)
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Experimental achievements

Real-time dynamics of lattice gauge O
theories with a few-qubit quantum
computer

Esteban A. Martinez , Christine A. Muschik , Philipp Schindler, Daniel Nigg, Alexander Erhard,

Quantum digital
simulation

Markus Heyl, Philipp Hauke, Marcello Dalmonte, Thomas Monz, Peter Zoller & Rainer Blatt

Nature 534, 516-519 (23 June 2016) Download Citation ¥

Self-veritying variational quantum
simulation of lattice models

C. Kokail, C. Maier, R. van Bijnen, T. Brydges, M. K. Joshi, P. Jurcevic, C. A. Muschik, P. Silvi, R. Blatt, C.
F. Roos & P. Zoller ™

approach

Nature 569, 355-360 (2019)  Download Citation %

Hybrid (quantum-classical)
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QUANTUM SIMULATIONS OF THE SCHWINGER MODEL
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A scalable realization of local U(1) gauge invariance
in cold atomic mixtures Science 367, 1125-1130 (2020)

Alexander Mil'¥, Torsten V. Zache?, Apoorva Hegde’, Andy Xia', Rohit P. Bhatt!, Markus K. Oberthaler’,
Philipp Hauke'?>, Jiirgen Berges?, Fred Jendrzejewski'

A matter field

n-1 n n+1 n+2

B building block

' Bn+1,p \
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Observation of gauge invariance in a 71-site Bose-
Hubbard quantum simulator

Bing Yang, Hui Sun, Robert Ott, Han-Yi Wang, Torsten V. Zache, Jad C. Halimeh, Zhen-Sheng Yuan &,

@ Quantum phase transition

Philipp Hauke & & Jian-Wei Pan ectric

odd even matter field
or

m — 0o

m —»-00

Nature 587, 392-396 (2020) | Cite this article
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Probing topological spin liquids on a programmable
quantum simulator

G. SEMEGHINI , H. LEVINE , A. KEESLING , S. EBADI , I. . WANG , D. BLUVSTEIN , R. VERRESEN , H. PICHLER , M. KALINOWSKI, R. SAMAJDAR

,A. OMRAN ,S. SACHDEV ,A. VISHWANATH , M. GREINER , V. VULETIC , AND M. D. LUKIN fewer Authors Info & Affiliations

SCIENCE - 2 Dec 2021 - Vol 374, Issue 6572 - pp.1242-1247 - DOI:10.1126/science.abi8794

Gauss law = Dimer Constraint = Rydberg blockade

A

219 atoms

ikerbasque

Basque Foundation for Science
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Quantum Computing for High-Energy Physics
State of the Art and Challenges _
Summary of the QC4HEP Working Group arXiv:2307.03236 (2023)

Alberto Di Meglio,! * Karl Jansen,?3: T Ivano Tavernelli,*' ¥ Constantia Alexandrou,” 3 Srinivasan Arunachalam,®
Christian W. Bauer,” Kerstin Borras,® ? Stefano Carrazza,'®! Arianna Crippa,? ! Vincent Croft,'?
Roland de Putter,® Andrea Delgado,'® Vedran Dunjko,'? Daniel J. Egger,* Elias Fernandez-Combarro,'*
Elina Fuchs,! 1% 16 Lena Funcke,'” Daniel Gonzalez-Cuadra,'® 1 Michele Grossi,! Jad C. Halimeh,?%:2!

Zoé Holmes,?? Stefan Kiihn,? Denis Lacroix,?®> Randy Lewis,?* Donatella Lucchesi,?® 261
Miriam Lucio Martinez,?”> 28 Federico Meloni,® Antonio Mezzacapo,® Simone Montangero,?> 26 Lento Nagano,?®
Voica Radescu,®® Enrique Rico Ortega,3!>3%:33:34 Alessandro Roggero,3® 3¢ Julian Schuhmacher,* Joao Seixas,3” 38 39
Pietro Silvi,2% 2?6 Panagiotis Spentzouris,*® Francesco Tacchino,* Kristan Temme,® Koji Terashi,?®
Jordi Tura,'?4! Cenk Tiiysiiz,> !! Sofia Vallecorsa,! Uwe-Jens Wiese,*? Shinjae Y00,%3 and Jinglei Zhang?**: 4°

Executed by IBM @
On target ®

Development Roadmap

2019 © 2020 © 2021 © 2022 © 2023 2024 2025 2026+
Run quantum circuits Demonstrate and Run quantum Bring dynamic circuits to Enhancing applications Improve accuracy of Scale quantum functions Increase accuracy and
on the IBM cloud prototype quantum programs 100x faster Qiskit Runtime tounlock  with elastic computing Qiskit Runtime with with circuit knitting speed of quantum
algorithms and with Qiskit Runtime more computations and parallelization of scalable error mitigation toolbox controlling workflows with
applications Qiskit Runtime Qiskit Runtime integration of error
correction into Qiskit
Runtime
Model Prototype quantum software functions @ > Quantum software functions
Developers
Machine learning | Natural science | Optimization
Algorithm Quantum algorithm and application modules . Middleware for Quantum
Developers
Machine learning | Natural science | Optimization
Kernel
Developers
OpenQasm 3 Dynamic circuits Threaded primitives @ Error suppression and mitigation Error correction
System Falcon Hummingbird Eagle Osprey Condor Flamingo Kookaburra Scaling to
Modularity 27 qubits 65 qubits 127 qubits 433 qubits 1,121 qubits 1,386+ qubits 4,158+ qubits 10K-100K qubits

with classical
and quantum
communication

Heron @ Crossbill
133 qubits x p 408 qubits

IBM 100 x 100 challenge
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modern microscopes

Proton

(semi-inclusive) highly virtual photons

deep-inelastic lepton resolve inner (partonic)
scattering structure
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e HyPrid algorithms (classical/quantum):
Real time evolution and light front parton correlators
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Basque Foundation for Science

12 GeV UPGRADE add new hall ~ ¥ J

<
<2 nNew :

cryomodules

l double cryo
upgrade capacity
existing Halls .

upgrade magnels
and power supplies

’

5 new cryomodules

Proton

(semi-inclusive) highly virtual photons factorization theorems
deep-inelastic lepton resolve inner (partonic)  separate non-calculable

scattering structure from calculable parts
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cross section:
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non-perturbative

factorization theorems
separate non-calculable
from calculable parts
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Real time evolution and light front parton correlators

cross section:

(&, Q%) Z/d§ 2) fr/p(£/€) +O(A(2§JD> . ...................... :

Fhgeonmel®) T

partonic cross section:
calculable

non-perturbative

factorization theorems
separate non-calculable
from calculable parts
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Real time evolution and light front parton correlators

cross section:
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Z/d§ ff/p(f/f) +O(AQQCD> . ...................... ::
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partonic cross section:

calculable non-perturbative L.
parametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts

non-perturbative
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Real time evolution and light front parton correlators

cross section:

ooooooooooooooooooooooooooooo

Z/d§ 2y 10/ +O(A%CD> . ...................... ::

ol ) R

Corrections B ,/ ................... :

non-perturbative

partonic cross section:

calculable non-perturbative L.
parametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts
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t‘" | wences Hybrid algorithms (classical/quantum):
Real time evolution and light front parton correlators

cross section:

ooooooooooooooooooooooooooooo

A R SRS S
Z/d§ ) fr/p(€/€) +0( QQCD> .. 3 4N part

ol ) R

Corrections B ,/ ................... :

non-perturbative

partonic cross section:

calculable non-perturbative L.
parametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts

Jp(&) = Z J Y eitry (PS||w#|(y )% % y|(0)| PS)

. 27
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Real time evolution and light front parton correlators

cross section:

o(¢,Q?) Z / d€6(8,Q%) fr/p(£/E) +O(A(§D> S oo oo -

Correctlons Pt et eecccccccone ,/ ................... :
partonic cross section:
calculable non-perturbative

barametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts
p dy ) o ~iEpTy r I
EGEDN e (PSIp] ()5 (%] )1 PS)

g -

Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time
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PHYSICAL REVIEW D 104, 014512 (2021) q

Quantum simulation of light-front parton correlators
M. G. Echevarria®,"” I. L. Egusquiza,”" E. Rico®,”** and G. Schnell®>**

arXiv:2011.01275
Phys. Rev. D 104, 014512 (2021)

Quantum simulation of
light-front parton correlators
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""’a | o Hybrid algorithms (classical/quantum):
Real time evolution and light front parton correlators

Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time

7 A
fp@ = Y | Z—e " (PS| [ (v7)

T
2 > %Ty|(0)| PS)

r
2

Requirements for the quantum simulation of parton correlators:
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Real time evolution and light front parton correlators

Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time

CdyT "
fp(&) = Z ZLﬂe‘@ Y(PS| U] (y_)% % yw|(0)| PS)
~.

Requirements for the quantum simulation of parton correlators:

encode in quantum degrees of freedom both matter and gauge fields
preparation of a reference state, e.g., vacuum, proton, glue-ball
simulate gauge-invariant quantities, e.g., minimal gauge-matter coupling
real-time evolution, since the Wilson line is non-local in time

carry out measurements after the evolution, i.e., quantum interferometer
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Digital simulation:
Universal simulator

:Ul—:.:US:
|y (0)) :._UT.: |y ()

Decompose dynamics into
sequence of quantum gates

Stroboscopic simulation in
an analog simulator
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Discretisation of space-time
In a Hamiltonian formulation

Digital simulation: (a)
Universal simulator

:Ul—:.:US:
|y (0)) m |y ()

(b) W(z, A)

Decompose dynamics into
sequence of quantum gates

W(t, A) = WC1W11WC2W ...WCkW

T T

Stroboscopic simulation in
an analog simulator

©) AN W(z, 2)

Note: in the Hamiltonian formulation
the temporal gauge Ao=0 is chosen

W(T, j«) = %]e_iTlH%ze_iTZH°"%ke_iTkH“‘%N
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Moving a single quark:

f —in j O 1
Uy = EXP 1 — [l//;’anﬂ (e yz,+h.c ] > 1 9)
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Moving a single quark:

e ’ Q@ #=0
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Moving a single quark:

f —in j Q #=0O
Uy = EXP A T [W;’anﬂ(e) l/fﬁ,z +h.c ] > 1 2
\ aﬂ J
= =Dy Uup@ypa+h.c. |,

Starting from a “meson” state:

1 N
m) = 7 la(D), &)
a=1
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Moving a single quark:

f —in j Q #=0O
Uy = EXP A T [W;’anﬂ(e) l/fﬁ,z +h.c ] > 1 2
\ aﬂ J
= =Dy Uup@ypa+h.c. |,

Starting from a “meson” state:

1 N
m) = 7 la(D), &)
a=1
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Moving a single quark:

f —in j Q #=0O
Uy = EXP A T [W;’anﬂ(e) l/fﬁ,z +h.c ] > 1 2
\ aﬂ J
= =Dy Uup@ypa+h.c. |,

Starting from a “meson” state:

1 N
m) = 7 la(D), &)
a=1
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Moving a single quark:

f —irx j Q #=0
Uip = cXp < T [l//;,anﬂ (e) l/jﬂ,Z + h.c ] > 1 2
af

\ J

= =Dy Unp @y +h.c. |,

Starting from a “meson” state:

| X
|m) = WZ |a(l), a(2))
a=1

G — e

1 _
%(Al’ BL) — W 2 | a(A1)> Uaﬁ(el) e U,uz/(eL/Z—l) Uzv(eLQ) ot U;;@(eL—l) | ¢(BL)>

af--uvw---0gp

1

=—— ) |a(AD)U ey, e, ) | H(By)
N172 %l 1% g -0 P8 we built a spatial Wilson line
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Time-evolution by a
single time step W(z, 2)

0 T
| l//( )> i | l/j( )> W(T, ﬂ) — %le—iTlH?lze—isz..-%ke_iTkH..-%N
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Time-evolution by a
single time step Wiz, 2)

—iH7

| w(0)) | (7))

L]
Q
[T

W(t,A) = U e HU e M 9 o™ 0.9,

Decompose dynamics induced by systems’ Hamiltonian into sequence of quantum gates

Digital simulation can simulate any model but requires many gate operations
Stroboscopic simulation in an analog simulator

H=H,+ H,,, Efficient for local interactions

nr

e ~

—ifl [e‘iHel/znTe‘”Hmag’”Te"'Hel/Z”T] Trotter-Suzuki approximation

S. Lloyd, Science (1996)
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Proof of principle: Z2 pure gauge model

® *2 @ oec

operator norm: J

e[| o P
Fidelity

1.0 o

0.8

ground state fidelity: 0.6
0.4

(g.s. |WTWHT|g .S.) 02_—/
2 4 6 8 10 12"

— [TrWw,, ]|
Kg.s.IWTW, |g.s.)|

within a few Trotter steps a fidelity closed to one is achieved
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Core objectives for Quantum Simulation:

Quantum Simulations on Classical Hardware: quantum algorithms for state preparation and real-time
dynamics simulations, including quantum simulation of parton distribution functions from first principles.
Initially, | plan to utilise classical hardware to achieve a hybrid simulation, blending classical and

quantum approaches seamlessly.
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Basque Foundation for Science

co P Vasso Uit supported by a grant from the E&W Schmidt Fund for
Strategic Innovation.

Core objectives for Quantum Simulation:

Quantum Simulations on Classical Hardware: quantum algorithms for state preparation and real-time
dynamics simulations, including quantum simulation of parton distribution functions from first principles.
Initially, | plan to utilise classical hardware to achieve a hybrid simulation, blending classical and

quantum approaches seamlessly.

Developing and Deploying Quantum Circuit Simulations for Large Systems: Engaged in spearheading
the 100x100 IBM challenge within the QC4HEP collaboration, | aim to leverage near-term quantum

hardware for high-energy physics applications by developing and deploying quantum circuit
simulations for large systems comprising O(100) qubits.



'c'g-? =wec  CERN’s new Next Generation Triggers Project (NGT), ikerbasque
Basque Foundation for Science

co P Vasso Uit supported by a grant from the E&W Schmidt Fund for
Strategic Innovation.

Core objectives for Quantum Simulation:

Quantum Simulations on Classical Hardware: quantum algorithms for state preparation and real-time
dynamics simulations, including quantum simulation of parton distribution functions from first principles.
Initially, | plan to utilise classical hardware to achieve a hybrid simulation, blending classical and

quantum approaches seamlessly.

Developing and Deploying Quantum Circuit Simulations for Large Systems: Engaged in spearheading
the 100x100 IBM challenge within the QC4HEP collaboration, | aim to leverage near-term quantum
hardware for high-energy physics applications by developing and deploying quantum circuit
simulations for large systems comprising O(100) qubits.

Quantum Simulations on Quantum Hardware: exploring Rydberg quantum platforms and
strengthening collaborations with experimentalists in superconducting circuits to advance the quantum
simulation of high-energy problems, extending existing partnerships from projects such as QuantERA.
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PHYSICAL REVIEW B 105, L201104 (2022)

Role of anomalous symmetry in 0-r qubits

I. L. Egusquiza®,>" A. Iiiguez®,>" E. Rico®,>*>% and A. Villarino*®
' Department of Physics, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
2EHU Quantum Center, University of the Basque Country, UPV/EHU, Barrio Sarriena s/n, 48940 Leioa, Biscay, Spain
3Department of Mathematics, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
*Department of Physical Chemistry, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
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Energy 4 Sources of decoherence:
—— decay, dephasing, spin-flip
—+ lllegal (highly excited)
i states
A qubit state H X €|]
0 1

Qubit alive thanks to the anomaly

In quantum physics an anomaly or quantum anomaly appears when the
symmetry of a classical theory is not equally represented by the quantum theory.

The degeneracies in the protected regime of the 0 =T qubit
are a remnant of the anomalous symmetry.
Degeneracies independent of energy parameters
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Classical group symmetry of the ring

02)=S502)x Z,

AN

Rotation Reflexion
by any angle by an axis
u n N 2
Quantum particle on a ring H=E, (ﬁ = ng>
Any rotation is a symmetry of the quantum Hamiltonian: U, = e S50(2) ~ U(1)
About the reflexion symmetry... n o=1/2
g

ng=0

two-fold
degeneracy

“““““““ — —

anomalous realisation = projective representation

0(2) = SO(2) X Zz =double cover of O(2)



aaaaaaaaaaaaa

) v ) ::Lljjgfamum Center The r0|e Of the anomaly On EKerbd? qusue
3als Ve “ s . asque Foundation for Science
decoherence robust qubits

0=-7 Hamiltonian

A A 2 A oy
Hy. = 4ECJQ§) + E ¢ + 4Ec (ﬁg — ng> — 2E; cos 0 cos <q§ — (p;Xt>




aaaaaaaaaaaaaa

B o Rt The role of the anomaly on ikerbasque
3als Ve “ s . Basque Foundation for Science
decoherence robust qubits

0=-7 Hamiltonian

harmonic oscillator diagonal interaction

— — , —
= 4ECJQ§) +E %+ 4Ec (ﬁe — ng> — 2E; cos 6 cos <q§ — w;“)

é, ﬁgl =1 0 e (—x,+ r] spect (ﬁ) e/

'qg,Q(p]:i b €R 0,€R




aaaaaaaaaaaaaa

B o Rt The role of the anomaly on ikerbasque
e s . Basque Foundation for Science
decoherence robust qubits

0=-7 Hamiltonian

harmonic oscillator diagonal interaction

— — , —
= 4ECJQ§) +E %+ 4Ec (ﬁg — ng> — 2E; cos 6 cos <g$ — ('0;“)

é, ﬁgl =1 0 e (—x,+ r] spect (ﬁ) e/

qg,Q(p]:i $€R 0; €R
1 L
high symmetry point
ne=12, ¢y =7
A —lé A ng — 1 - ne
VP =e UP 9 s 8
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0=-7 Hamiltonian

harmonic oscillator diagonal interaction

— — , —
= 4ECJQ§) +E %+ 4Ec (ﬁg — ng> — 2E; cos 6 cos <g$ — ('0;“)

é, ﬁgl =1 0 e (—x,+ r] spect (ﬁ) e/

qg,Q(p]:i b € R 0,€R
1 i
high symmetry point Spectrum in units of E, = E_ = E,
S J
n, = 1/2, Yot = 7 ‘IO: RS
A A A Ny — 1 — ny & the whole spectrum is
VP — 707 p a two-fold degenerate
00— —0 O 6 _ independent of any
u‘—] energy scales
A 0—->0+nrn 4
— INyT i
UT[ = e’ P¢ ¢ —y ¢
2- ----------------------------------------
0.2 0.8
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(two-way communication)

High-Energy and Quantum Information
Nuclear Physics Science and Technology

Algorithmic developments:
Resources for gauge theories in quantum algorithm
Simulation of higher-dimensional non-abelian theories

Computation of observables like scattering amplitudes
Quantum state preparation

Data analysis with Quantum Machine Learning

Theory development:

Formulate QCD in the Hamiltonian language
Optimal bases towards the continuum limit
Importance of gauge invariance
Systematics: finite volume, space-time discretisation

Implementation, benchmark, and co-development:

Limits of actual hardware for gauge-theory quantum simulation
Nature of noise in actual hardware and ways to mitigate it
Co-design and co-develop quantum hardware for gauge theory simulations
Digital, analog and hybrid ideas to simulate field theories.



