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4 Introduction

4 Nucleon structure @ EicC

4+ Nucleon structure @ quantum computer



Probing nuclear structure at different energy scales
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scattering: a fundamental tool to explore the nuclear structure!



Modern facilities to probe the nucleon partonic structure

Lepton-lepton colliders
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BEPC, SuperKEKB

» No hadron in the initial-state

» Hadrons are emerged from
energy

» Not ideal for studying hadron
structure

Hadron-hadron colliders

RHIC, LHC

» Hadrons in the initial-state

» Hadrons are emerged from

energy

» Currently used for studying

hadron structure

lepton-hadron colliders

hadrons

HERA, JLab

» Hadrons in the initial-state

» Hadrons are emerged from

energy

» Ideal for studying hadron

structure



The modern experiments for nucleon structure
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The modern experiments for nucleon structure

1990

;

| R TEE
FNALE665 | S 7Fnile
CERNBCOMS | BT xiiE
CERNEMC | NMC | Z¥sif®

_ = — —
 a) RN

T Y Ad

( - Wy INK
- | " aY)

- mY 4

e
- I

AETRRITE 2
- :D%&%iiﬁﬂﬁfﬂ 1969: reality of free quarks within the proton
HERA H1 & ZEUS | ERAET-RTE
SLAC Polarized targets | AL FRRFTHR L 2P ‘
CERNSMC | COMPASS | BRBETHRAE
HERAHERMES  |[ ML&EFHRMLE |
JLAB 6GeV and 12 GeV > | R s FATARCEE
slide from Yutie Liang | RHIC Spin Program > BB IE

Electron lon Colliders -> the next generation facility specifically for nucleon structure!



How to probe the nucleon partonic structure?

4+ Indispensable joint efforts from experiments and QCD theory

m

e = — —

Experimental Hard part Nucleon partonic structure
measurements controlled by pQCD theory b



The benefits from hadronic scattering

4+ Extract proton PDFs (1D) from world data EIC user group
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The benefits from hadronic scattering
4+ QCD evolution of nucleon 1D structure
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There is no still picture for partons inside nucleon!
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Nucleon partonic structure - momentum distribution

4+ Multi-dimensional view of nucleon partonic structure

W(x,b,,k;)
Wigner distributions
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transverse momentum impact parameter
distributions (TMDs) distributions
semi-inclusive processes
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5D view

inclusive and semi-inclusive processes

Many more remains to be answered: proton mass, proton spin, 3D structure ...
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Proposed Electron-ion
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Time evolution of US EIC

Facilities

March 14,2013

OPPORTUNITIES IN NUCLEAR SCIENCE

2002 Long Range Plan in the US

The Electron-lon Collider (EIC). The EIC is a new
accelerator concept that has been proposed to extend
our understanding of the structure of matter in terms of
its quark and gluon constituents. Two classes of

» Gluons...generate nearly all of the visible mass in the universe.
Despite their importance, fundamental questions remain.... These
can only be answered with a powerful new electron ion collider
(EIC). We recommend a high-energy high-luminosity polarized
EIC as the highest priority for new facility construction
following the completion of FRIB.

Major Nuclear Physics Facilities
for the Next Decade

Report of the NSAC Subcommittee on Scientific

The 2013 NSAC Subcommittee on
Future Facilities identified an Electron-
lon Collider as absolutely central to

the nuclear science program of the
next decade.
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~2030:0peration
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Time evolution of EicC

ISSN 2095-0462

T Frontiers of v P EBRF - BFXNEN (EicC)
P hySI CS 2021 2012: SURAFFIRTIIE

2020.2,2021.6:BEPH (P, =)
2021-2023: #2153

1z

NUCLEAR TECHNIQUES

Vol.43 No.2 2020.2

S58{i[: ~45

o E R 4L B 5 L R (P.020001)

r—

s+ T AR TR

Polarized Electron lon Collider in China

(EicC)
@ Springer

Electron Ion Collider in China, EicC
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Electron-lon Collider in China (EicC)

High Intensity heavy-ion Accelerator Facility (HIAF)
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Electron-lon Collider in China (EicC)
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Nucleon partonic structure - spin configuration

4+ Naive parton model
P11l ) ={lG—5+3) +(—5+5+3)+4G+3—3)

proton spin 1/2 is consistent with naive parton model, but contradict with experiments.

4+ Proton spin decomposition Jaffe, Manohar; Ji
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angular
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| We don t know yet hew the spin of the proton arises in terms of
its quarks and gluons spln erlses
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What do we know about the proton spin?

4+ Current knowledge about proton spin decomposition from world data
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Orbital angular momentum ?

It is more than the number 1/2 — the interplay between the W‘i
| intrinsic properties and interactions of quarks and gluons ‘




What can we do in future to pin down the proton spin?

4+ Polarized structure function measurement g,

(M

e -Q - "

Pion/Kaon

%, hadron fragmentation

* Leading order cross section ; Polarized PDFs

g?(;r. Q)? z) = = Z (-‘Z [Aq(.z'. QQ)D(’;(:. QQ) + Aq(x. QQ)D;}'(,:. Qg)]
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What can we do in future to pin down the proton spin?
Anderle, Hou, Yuan, HX, Zhao, JHEP 2021
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4+ SIDIS for flavor decomposition
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Nucleon partonic structure - 3D imaging




Nucleon partonic structure - 3D imaging

4+ Transverse momentum dependent PDFs (TMDs)

Sp

f(m) f(xa kJ_)
Collinear PDFs — Transverse momentum distributions (TMDs)

® Probing nucleon 3D structure requires two momentum scales

e Hard scale O, > 1/fm localizes the probes (particle nature of
quarks/gluons)

e Soft scale J, ~ 1/fm accesses the transverse motion of quarks/ SIDIS: Q>>P
gluons ' !
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Nucleon partonlc structure - 3D |mag|ng

Nucleon Polarization

c

Quark polarization

Longitudinally Polarized

(L)

Transversely Polarized (T)

{ o——]

hl-‘—'T - ( j:
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Fil P — [
Worm Gear

} N
gir=® -
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Pretzelosxtv

O Survive the ky integration, yield 1D pdfs
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Nucleon partonic structure - single transverse spin asymmetry

4+ Transverse polarized proton + unpolarized electron

1 do(dy, §,) — do(Py, s + 7)
St do(Pp, @) + do(pp, s + 7)
— Ag;llinssin(¢h 4 ¢S)_|_Alé}l¥erssin(¢h _ ¢S)+A5;etzelosif}’sin(3¢h _ ¢s)

Ayr( Py, @) =

4+ Quantum correlation between proton spin and parton motion

bz <Ta Observed particle Sivers function fllT: proton
‘ : ~— spin influences parton’s
: ’ 4 ~ transverse motion

Polarized hadron

Ay ™ oc (sin(@, —¢y)),,, & fir ®D,
4+ Quantum correlation between proton spin and parton spin

s Observed particle Pretzelosity function hllT: proton
m\ spin and parton spin influence
é _ é ‘ e — parton’s transverse motion

23
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Nucleon partonic structure - 3D imaging

By Andrea Signori

Unpolarized proton Transversely polarized proton

Repl. 105 (Q%=1 GeV?)
_0.05

_(-J : .1 -[—J X p(Gev—l’)

14

12
~..0.20
1.0 10

Transversely polarized quark distributionis distorted!

0.15
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Nucleon 3D imaging at EicC - Sivers effect

-xfir(x,ky)

ction

fun

Up quark Sivers

xfir(x,k1)

tion

func

Anti-up quark Sivers

flJ_T(aja kJ_) @

u BEE EicC (stat.) d
. EicC (stat.+syst.)

S

xfir(x,k1)

Down quark Sivers function xfllr(x,k 1)

Strange quark Sivers function

function xf;lr(x,k 1)

Anti-down quark Sivers

Anti-strange quark Sivers function xfir(x,ky)

Quark transvers e momen tum k; (GeV) Quark transverse m omentum k; (GeV)

C. Zeng, T. Liu, P. Sun, Y. Zhao, Phys

Quark transverse momen tum k; (GeV)

.Rev. D 106 (2022) 094039

u/d Sivers EicC vs

LO analysis

EicC SIDS data:

» Pion(+/-), Kaon(+/-)

ep: 3.5 GeV X 20 GeV

eHe-3: 3.5 GeV X 40 GeV

Pol.: e(80%), p(70%), He-3(70%)
Lumi: ep 50 fb-1, eHe-3 50 fb-!

V V V V

EicC, precise measurements.
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What if the nucleon i1s bounded in nucleus?

Initial state Final state
Nuclear partonic structure Parton propagating in nuclear medium

Two mechanisms to nontrivial nuclear eftects.

26



“*Old” and long standing problems of nuclear partonic structure

® One-dimensional nuclear partonic structure

Four Decades of the EMC Effect
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Power of EicC for nuclear partonic structure - 1D

® Nuclear partonic structure - nuclear quark distribution

—
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“*Old” and long standing problems of nuclear partonic structure

® [hree-dimensional nuclear partonic structure

Cronin effect  Naive Gaussian model

! B Fiplekp) = frp0 e (k) — k), + (T )
1 | - (kz)
1 !
' ant # o T h
2 b . ‘ e
| Ea=200 GaV 1 Eun=400D GaV¥ :
9\ O e e e e e e e e e e e e e T T T .
x 1 1 .
v | 1| ‘
' af a fi' | |
& e ] v |
E=300 Gev i Emy=800 Gev
%0 za 3o e o s ®x % Tz 1.0~ -0
pr (GeV) |
| , Bdopa/ d*pr
p+ A — hadron(p) + X R(pr) =

Ado,p/d*pr

E100 Collaboration, PRD 11, 3105 (1975)
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Nuclear partonic structure - 3D
 From collinear (1D) to TMD (3D)

 [wo scale processes are necessary for TMDs

Drell-Yan Measurements

® Rap = j;i/j;f ® do/dq. (pPDb)
-E866 ATLAS
-E772 CMS

-Prelim. RHIC
SIDIS Measurements

e Multiplicity ratio R} = M, /M,? :
-HERMES 2007
-Prelim. JLab
-Planned JLab
-Possible EIC.

GeV?)

Collaboration Process Baseline Nuclei Ny, ¥

HERMES [36] SIDIS (n) D Ne, Kr, Xe 27 16.3
RHIC [44] DY p Au 4 250
E772 [42] DY D C,Fe, W 16 20.1
E866 [43] DY Be Fe, W 28 433
CMS [45] v*/Z NA Pb 8 9.7
ATLAS [46] v*/Z NA Pb 7 13.1
Total 90 105.2

104_' W CMS 5 TeV
| N ATLAS 5 TeV

| e E866
107

B 772

EIC
HERMES
JLAB 12 GeV

lJ

"'16—4 : ....16_3 . .,..16_2 . ,...16_1 —

....ibo

30



R

Au

Three-dimension imaging in nuclel

Alrashed, Anderle, Kang, Terry, HX, PRL 2022

0.9

0.8

m Au

fzﬁ;)l (x7 kJ_7 QO)

(xa kJ_a QO) — fu/p (x, kJ_, QO)

| B EIC, Q? =100 GeV?, 2 =0.05, A= Au
" Hll EIC, Q?=4GeV? =005 A= Au
— Bl JLab, Q> =2.5GeV?, =04, A=Pb

»_Identification of transverse momentum broadening

in nuclei |
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Quantum computing
4+ A bit history

Algorithms for Quantum Computation:
Discrete Logarithms and Factoring

The Computer as a Physical System: A Microscopic Simulating Physics with Computers

Quantum Mechanical Hamiltonian Model of Computers
as Represented by Turing Machines

RiChal‘ d P. Feynman Peter W. Shor
AT&T Bell Labs
Room 2D-149
600 Mountain Ave.
Murray Hill, NJ 07974, USA

Paul Benioff 2 Department of Physics, California Institute of Technology, Pasadena, California 91107

Received June 11, 1979, revised August 9, 1979

In this paper a microscopic quantum mechanical model of computers as
represented by Turing machines is constructed. It is shown that for each
number N and Turing machine Q there exists a Hamiltonian H,° and a class
of appropriate initial states such that if ¥o¥(0) is such an initial state, then
Wo(r) = exp(—iHy®t) ¥'o"(0) correctly describes at times s, f,..., I3y
model states that correspond to the completion of the first, second,..., Nth
computation step of Q. The model parameters can be adjusted so that for an
arbitrary time interval A around fs, ..., fax, the “machine” part of ¥'o"(¢)
is stationary.

KEY WORDS: Computer as a physical system; microscopic Hamiltonian
models of computers; Schrodinger equation description of Turing machines;
Coleman model approximation; closed conservative system; quantum spin
lattices.

P.Benioff, 1979

4

Received May 7, 1981

1. INTRODUCTION

On the program it says this is a keynote speech—and I don’t know
what a keynote speech is. I do not intend in any way to suggest what should
be in this meeting as a keynote of the subjects or anything like that. I have
my own things to say and to talk about and there’s no implication that
anybody needs to talk about the same thing or anything like it. So what I
want to talk about is what Mike Dertouzos suggested that nobody would
talk about. I want to talk about the problem of simulating physics with
computers and I mean that in a specific way which I am going to explain.

R. Feynman, 1981

29

Abstract

A computer is generally considered to be a universal
computational device; i.e., it is believed able to simulate
any physical computational device with a cost in com-
putation time of at most a polynomial factor. It is not
clear whether this is still true when quantum mechanics
is taken into consideration. Several researchers, starting
with David Deutsch, have developed models for quantum
mechanical computers and have investigated their compu-
tational properties. This paper gives Las Vegas algorithms
for finding discrete logarithms and factoring integers on
a quantum computer that take a number of steps which is
polynomial in the input size, e.g., the number of digits of the
integer to be factored. These two problems are generally
considered hard on a classical computer and have been
used as the basis of several proposed cryptosystems. (We
thus give the first examples of quantum cryptanalysis.)

P.Shor,

[1, 2]. Although he did not ask whether quantum mechan-
ics conferred extra power to computation, he did show that
a Turing machine could be simulated by the reversible uni-
tary evolution of a quantum process, which is a necessary
prerequisite for quantum computation. Deutsch [9, 10] was
the first to give an explicit model of quantum computation.
He defined both quantum Turing machines and quantum
circuits and investigated some of their properties.

The next part of this paper discusses how quantum com-
putation relates to classical complexity classes. We will
thus first give a brief intuitive discussion of complexity
classes for those readers who do not have this background.
There are generally two resources which limit the ability
of computers to solve large problems: time and space (i.c.,
memory). The field of analysis of algorithms considers
the asymptotic demands that algorithms make for these
resources as a function of the problem size. Theoretical
computer scientists generally classify algorithms as effi-
cient when the number of steps of the algorithms erows as

IBM Q System One (2019), the first
circuit-based commercial quantum
computer

"... and 1f you want to make a simulation of nature, you’d better make
it quantum mechanical, ...

— Feynman
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Quantum computing

Quantum circuit https://qiskit.org/
|0000)
0 - H
|0010) |01o|3)001) 11000) i . . —a
o ' + r g, — H H

10101) .'\luni)‘——'—'—f"IOIIO) gs — H H &K—_——-/@%
» ~
|0111) 11101) qs —J NN

‘ ﬂ

® /2 c \ 4 v v 3 /2

1111) F
ms’o 1111111 0
3x/2 3x/2

Superposition of

R Computation driven interference Solution
all possibilities

4+ Building blocks of qguantum computing

* Qubit: takes infinitely many different values %) := «[0) + B[1) = (2)

 Quantum gate: unitary operators (X. Y. Z. CNOT)

N vl N . 0)+[1) X) X)
0) +B8|1) —X|— B10) + 1) 0) —H— " y) \% y ® X)

e Measurements: Hermitian
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Increasing interest Iin

Solving a Higgs optimization problem with quantum
annealing for machine learning

Alex Mott, Joshua Job, Jean-Roch Vlimant, Daniel Lidar & Maria Spiropulu

Nature 550, 375-379 (2017) | Cite this article
9683 Accesses \ 53 Citations | 180 Altmetric | Metrics

Abstract

The discovery of Higgs-boson decays in a background of standard-model processes was
assisted by machine learning methods2. The classifiers used to separate signals such as
these from background are trained using highly unerring but not completely perfect
simulations of the physical processes involved, often resulting in incorrect labelling of
background processes or signals (label noise) and systematic errors. Here we use
quantum?>%°-¢ and classical’-8 annealing (probabilistic techniques for approximating the
global maximum or minimum of a given function) to solve a Higgs-signal-versus-
background machine learning optimization problem, mapped to a problem of finding the
ground state of a corresponding Ising spin model. We build a set of weak classifiers based on
the kinematic observables of the Higgs decay photons, which we then use to constructa

Quantum Algorithm for High Energy Physics Simulations

Benjamin Nachman, Davide Provasoli, Wibe A. de Jong, and Christian W. Bauer
Phys. Rev. Lett. 126, 062001 — Published 10 February 2021

Article References Citing Articles (6) Supplemental Material ﬂ HTML m

Simulating quantum field theories is a flagship application of quantum computing. However,
calculating experimentally relevant high energy scattering amplitudes entirely on a quantum
computer is prohibitively difficult. It is well known that such high energy scattering processes can be
factored into pieces that can be computed using well established perturbative techniques, and
pieces which currently have to be simulated using classical Markov chain algorithms. These classical
Markov chain simulation approaches work well to capture many of the salient features, but cannot
capture all quantum effects. To exploit quantum resources in the most efficient way, we introduce a
new paradigm for quantum algorithms in field theories. This approach uses quantum computers only
for those parts of the problem which are not computable using existing techniques. In particular, we
develop a polynomial time quantum final state shower that accurately models the effects of
intermediate spin states similar to those present in high energy electroweak showers with a global
evolution variable. The algorithm is explicitly demonstrated for a simplified quantum field theory on a
quantum computer.

Access by S

Cloud Quantum Computing of an Atomic Nucleus

E. F. Dumitrescu, A. J. McCaskey, G. Hagen, G.R. Jansen, T. D. Morris, T. Papenbrock, R. C. Pooser, D. J. Dean,
and P. Lougovski
Phys. Rev. Lett. 120, 210501 — Published 23 May 2018

Ph)/SICS See Viewpoint: Cloud Quantum Computing Tackles Simple Nucleus

Article References Citing Articles (127) m HTML

We report a quantum simulation of the deuteron binding energy on quantum processors accessed via
cloud servers. We use a Hamiltonian from pionless effective field theory at leading order. We design a
low-depth version of the unitary coupled-cluster ansatz, use the variational quantum eigensolver
algorithm, and compute the binding energy to within a few percent. Our work is the first step towards
scalable nuclear structure computations on a quantum processor via the cloud, and it sheds light on
how to map scientific computing applications onto nascent quantum devices.

Access by South

Quantum simulation of open quantum systems in heavy-ion
collisions

Wibe A. de Jong, Mekena Metcalf, James Mulligan, Mateusz Ptoskon, Felix Ringer, and Xiaojun Yao
Phys. Rev. D 104, LO51501 — Published 7 September 2021

Article References No Citing Articles Supplemental Material ﬂ HTML Export Citati

We present a framework to simulate the dynamics of hard probes such as heavy quarks or jets in a
hot, strongly coupled quark-gluon plasma (QGP) on a quantum computer. Hard probes in the QGP
can be treated as open quantum systems governed in the Markovian limit by the Lindblad equation.
However, due to large computational costs, most current phenomenological calculations of hard
probes evolving in the QGP use semiclassical approximations of the quantum evolution. Quantum
computation can mitigate these costs and offers the potential for a fully quantum treatment with
exponential speed-up over classical techniques. We report a simplified demonstration of our
framework on IBM Q quantum devices and apply the random identity insertion method to account for
cNoT depolarization noise, in addition to measurement error mitigation. Our work demonstrates the
feasibility of simulating open quantum systems on current and near-term quantum devices, which is
of broad relevance to applications in nuclear physics, quantum information, and other fields.

EP and NP using quantum computing

Date of paper
548

108

2 2
o o
B
%) >

Inspire:
find t guantum computing and date>2015
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Community-wide efforts

QUANTUM COMPUTING

FOR THEORETICAL =
Opportunities for Q) e
NUCLEAR PHYSICS Nuclear-Physics &
Quantum Information Science
A White Paper prepared for the U.S. Department of Quantum support vector machines for
Energy, Office of Science, Office of Nuclear Physics HiggS boson classification

= I‘Xiv > quant-ph > arXiv:2209.14839 T = I‘le > quant-ph > arXiv:2307.03236 TS — d T>(1V > nucl-ex > arXiv:2303.00113 T e
Quantum Physics Quantum Physics Nuclear Experiment
[Submitted on 29 Sep 2022] [submitted on 6 Jul 2023] Bubmitted on 26 eb 20231 . .
Report of the Snowmass 2021 Theory Quantum Computing for High-Energy $ua;tulm '"f:rmNat"l’" SCI;‘:‘"C? a"Id ]
Physics: State of the Art and Challenges. echnology tor Nuclear Fhysics. Inpu

Frontier Topical Group on Quantum

- into U.S. Long-Range Planning, 2023
Information Science Summary of the QC4HEP Working Group
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First principle calculation on lattice

4+ Electron-proton collisions
2
[{(X(T)|U(T, = T)|ep (=T))]
4+ Key steps

electron

* Prepare initial states from the distance past (— 1)

—HW)T

« Evolve these states from the distance pasttotime 7, U(T, —T) — e

e Perform measurement in final state

However, the Hilbert space in quantum field theory is infinite ...
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First principle calculation on lattice

4+ Digitize field ¢ at discrete points x A W
(XD | UL~ T)lep (~T))|* 7 >

i L=n;a

 Hilbert space dimension: 1, = (n¢)”Ld * Energy range can be described by lattice
(nLa)_l SES a~!

|

My, : # of digitized field values

Full energy range of LHC: 100MeV < E < 13TeV
n; . # of lattice points per dimension nP ~ 1013
d : # of dimensions Assume 5 bit digitization: n,, = 2° = 32

15
Dimension of Hilbert space: n,; = 32197 ~ oo
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First principle calculation on lattice

L . . . = Science Currentlssue  Firstrelease papers  Archive  About v @
4+ Digitize field ¢ at discrete points x |

Quantum Algorithms for Quantum Field Theories

STEPHEN P. JORDAN , KEITH S. M. LEE, AND JOHN PRESKILL Authors Info & Affiliations

SCIENCE - 1Jun 2012 - Vol 336, Issue 6085 - pp.1130-1133 - DOI: 10.1126/science.1217069

[(X(T)|U(T, = T)|ep (=T)) |

¥ 1,061 99 251 ‘ I:

Quantum Leap?

Quantum computers are expected to be able to solve some of the most difficult prob-

. Hilbert space dimension: 71,, = (1,)""
p " H ¢ lems in mathematics and physics. It is not known, however, whether quantum field

theories (QFTs) can be simulated efficiently with a quantum computer. QFTs are used

Q U ant um com p Utl N g en COd | N g | N q U b I-t S in particle and condensed matter physics and have an infinite number of degrees of

freedom; discretization is necessary to simulate them digitally. Jordan et al. (p. 1130;

D see the Pers ' ' IC1 ' '
— — pective by Hauke et al.) present an algorithm for the efficient simulation
n, = lIn,ny =n; In,n,

of a particular kind of QFT (with quartic interactions) and estimate the error caused

by discretization. Even for the most difficult case of strong interactions, the run time

: 15
For LH C . n g — 5 X 1 O of the algorithm was polynomial (rather than exponential) in parameters such as the
number of particles, their energy, and the prescribed precision, making it much more

efficient than the best classical algorithms.

Way beyond NISQ ear in quantum
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Quantum simulation using EFT Bauer, Freytsis, Nachman, PRL 2021

For the hadron: 100MeV < E < 1GeV

nP ~ 10°

# of qubits: n, = 5% 10°

| Intermediate state |
| partonic scatterings



Simulate hadron partonic structure on quantum computer

4+ Operator definition of quark PDF o~ QHQD
00 dy_ ‘|‘
Jaip(x) = [ 2_7Zelxp Y {pl W(O)_W(an W) p)

= (f—}’3)/\/5

real time correlation function

4+ PDFs are extremely challenge to simulate directly in Euclidean
lattice calculation, due to multidimensional oscillating integral.

4+ QC can naturally simulate real-time dynamics.

4+ We are far from QCD Quantum Supremacy, start from a toy model
for proof of concept study
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Simulate hadron partonic structure on quantum computer
4+ A toy model - 1+1D NJL (Gross, Neveu, 1974), no gauge field

k= ’(;a (i’}’uau — ma)wa T g(¢a¢a)2

) = [ dzmem 16 (1 ) 1) = [ e G 500, = e 0

4+ Challenges in guantum computing

 Map QFT to qubits+gates system

. Prepare the external hadronic state | ) &~
 Evaluate the real-time dynamical correlation funcion

e Measurement of final observable



Simulate hadron partonic structure on quantum computer
4 Quantum field to qubits+gates L =(id — my + g(y)?

» Discretization: staggered fermion, put different
fermion components, flavors on different sites

. 41 R ¢2n
v ¥2 Do+

e Jordan-Wigner transformation

b= || zx+iv),

I<n

e Discretized PDF:
1 . . ]
f(.X) N Z Z 4—]T€_ZXMhZ<h ‘ elHZ¢j2Z+ie_lHZ¢j | h>
l,] 2

1
H = H1 +H2 + H3 + H4 Hl — Z Z [XnYn+1 o Yan+1]

n=cven
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE

® Hadron states are the eigenstates of the Hamiltonian with certain
quantum numbers.

® Prepare the state by variational quantum eigensolver (VQE)

® \VVQE is a hybrid method involves both classical and guantum computers

Energy (Hartree)

o
o

O
N

O
o

o
S

O
o

-
N

O
o

I
—
T

o

. . 100
| _ >
@
' H H
.  0—0
\
!
E‘\:‘: L g .- .
| P a
0 1 2 3 4

Interatomic distance (Angstrom)

-6.6

-7.8

Energy (Hartree)

Potential energy surfaces

| -6.8 |

~ :
N ~

N
o

40

20

0

1 2 3 4
Interatomic distance (Angstrom)
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show its power in quantum chemistry

3 4
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE Li et al (QuNu), PRD (letter, 2022)

1. For a giving quantum number [ and

first k excited states, construct a trial

hadronic state |y,)

| w;)

(@) AZININIIN
NOILVYZINILdO

PREPARE |h)

=\
|
ol
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE Li et al (QuNu), PRD (letter, 2022)

1. For a giving quantum number [ and
first k excited states, construct a trial
hadronic state |y,)

2. DlVldeH — Hl —+ H2 + H3 —+ H4

P n
U©) = [ [ ] | expti6,H) )

i=1 j=1

(@) AZININIIN
NOILVYZINILdO

PREPARE |h)
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE Li et al (QuNu), PRD (letter, 2022)

1. For a giving quantum number [ and
first k excited states, construct a trial
hadronic state |y;;) —

2. DlVldeH — Hl —+ H2 + H3 —+ H4

P n
U©) = [ [ ] | expti6,H) )

i=1 j=1
3. Generate the trial state: |y, (6)) = U(O) | yy,)

(@7 AZINWININ
NOILVYZINILAO

PREPARE |A)

t:tz
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE Li et al (QuNu), PRD (letter, 2022)

1. For a giving quantum number [ and
first k excited states, construct a trial
hadronic state |y,)

2. DlVldeH — Hl —+ H2 + H3 —+ H4

P n
U©) = [ [ ] | expti6,H) )

i=1 j=1
3. Generate the trial state: |y, (6)) = U(O) | yy,)

(@) AZININIIN
NOILVYZINILdO

4. Measur? the loss function: PREPARE |h)

E(0) = ) wi(wi(0) | H|y,(0))
=1
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE Li et al (QuNu), PRD (letter, 2022)

1. For a giving quantum number [ and

first k excited states, construct a trial

hadronic state |y,)

2. Divide H = Hl + H2 + H3 + H4
P n
U(0) = HHeXp(i 0,H) Vfl){

i=1 j=1
3. Generate the trial state: |y, (6)) = U(O) | yy,)

4. Measur? the loss function: PREPARE |h)

E(0) = ) wilwi0) | H |y (0))
i=1
5. Optimize the parameters 6* on classical machine
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Simulate hadron partonic structure on quantum computer

4+ Hadron state preparation - VQE Li et al (QuNu), PRD (letter, 2022)

1. For a giving quantum number [ and

first k excited states, construct a trial

hadronic state | ;) .

2. Divide H = H, + H, + Hs + H A
= Hy + H, + Hy + H, —ar
U©) = | ||| exp(i6;H) )

i=1 j=1
3. Generate the trial state: |y, (6)) = U(O) | yy,)

(@7 AZINWININ
NOILVYZINILAO

O
IE!E

4. I\/Ieasur? the loss function: PREPARE |h)
E(0) = ) wilwi0) | H |y (0))

i=1
5. Optimize the parameters 6* on classical machine

6. Generate the hadron state |A) = U(0*) | y;)
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Simulate hadron partonic structure on quantum computer
4+ Evaluate the real-time dynamical correlation function
(t) — <l’l ‘ elHt'—G —lHt'—3 ‘h}

PDFs can be written as a sum of such correlation functions

4+ Measure the observable with one auxiliary qubit

10)

QUANTUM CIRCUIT FOR S,

Measure the ancillary qubit on X (Y) basis to get the real (imaginary) part of S, (¢)
Pedernales et al, PRL. 113, 020505 (2014) '



Simulate hadron partonic structure on quantum computer

-
z o
z 2
1 N
m 3

PREPARE | h)

MEASURE

@ QUBIT N

QUBIT 0
QUBIT 1
QUBIT n
ol QUBIT m

QUBITN = 1

QUANTUM CIRCUIT FOR S§,,(1)
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Numerical results from quantum computing
4 Measurement of hadron mass M, = (h|H|h) — (Q|H|Q)

g 0.2 |04 |06 (0.8 [1.0
My oca |1.002(1.810|2.674|3.534(4.352
M, numa|1.001[1.801(2.659 (3.509 |4.342| ma = 0.2

N=12

e Considering the current limitations of using real quantum devices,
the results are generated using a classical simulation of the
quantum circuit

e Measure the mass of the lowest-lying ud-like hadron in NJL model
with 2 flavors, QAOA has good accuracy

® For small quark mass, the dominant contribution comes from the
Interaction rather than the quark masses

e For ma = 0.8, the quark masses are dominant
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Numerical results from quantum computing

4+ quark PDF of the lowest-lying zero-charge hadron

e quark PDF in position space 0.

ma=08 N=18 n =1 ol - RelD()] g = 1

® The real part is consistent with0 =

£.(0) = f,(x) = = f,(=x)

—005}-

—A— Im:D(z):,g =0.6 -
® [he bound state behavior : Im[D(z)],g =1
—0.1
| | | ‘ | | | ‘ | | | | ‘ | | | ‘ | | | ‘ |
—4 —3. =2 —1 1. 2. 3.
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Numerical results from quantum computing

Li et al (QuNu), PRD (letter, 2022)

4+ quark PDF of the lowest-lying zero-charge hadron
L. l

® Good agreement between quantum
computing and numerical
diagonalization

® [he non-vanishing contributions in

the x > 1 are partly due to the finite
volume effect

® \We observe the expected peak

around x = (.5 and qualitative
agreement with pion PDFs

JAM Collaboration, PRL, 2021

0.5

G
= 0.

—0.9

! /%/ \X\A ]
/ \ﬁ“ﬁ-—g-__é-—ﬁ—-~»ﬁ--—ATA—
— —— NUM, g =0.6 Zg QC,g=0.6 —
NUM, g =1.0 QC,g=1.0
| | | | | |
0. 1 2 3.

“01 0305 07 009
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Simulate SU(2) hadron on quantum computer

e SU(2) Hamiltonian Atas et al, Nature Commun. 2021
. 1 N=l/ogo s Al ants agt NI oo
H) = — 2 (gbiUngbn—l—l T HC) +m 2 (—1) ¢n¢n | 2 2 L,
2611 n=1 n=1 2 n=1
a Spatial lattice and qubit encoding

b VQE preparation of the baryon mass

N=4 62002200

| o Baryon mass (VQE)

| — Exact baryon mass

a VQE circuit to prepare baryon and vacuum states

/ @ "I"7 Sk

/
O —— 7;—.2::}:— o

E .—.'_ s—pf——if

s '.:s_ '_./_./—

Toab
e

56



Alternative approaches U0, x)|0Y®" = (6. x))
e Global fitting with quantum circuit at initial scale 0) — A=
1 —z,(0,x) 0) = U(0) A R
quantum parametrization: ~ qPDFi(x, Q0. 0) = 1 (0% 0) QR
o _ . di “E Classical Optimizer —= L(0) s
variational quantum circuit:  z;(6,x) = (w (0, x)|Z; |y (0, x))
gat 1.7 GeV
Stage 1
Quantum G e
Y
PDF data > 20s8 2.5 -
* Ansgtz
Optimization Tuning -
v X o0
No x
Convergence? 1.5 -
Yes
1.0 -
Stage 2 Stage 3
Quantum Hardware .—— gPDF fit from data 0.5 -—e ~ -
107> 10~ 1073 1074 1071 10°
X

Salinas et al, PRD 2021
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Alternative approaches

® Global fitting based hadronic tensor NuQS, PRR 2020

Hadronic tensor: WH(q) = Re/ddx e (P|T{J*(x)J" (0)}|P)

Collinear factorization: WH"¥ = Zfi QP @WH
]

® A test from exact diagonalization of Hamiltonian in Thirring model
0.2 ;

15.9=00
114G =04

0.15 |
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Quantum computing for exclusive hadronization

4+ LCDA - light cone distribution amplitude, describes the formation/decay of a
hadron

4+ LCDA is an essential ingredient in exclusive high-energy QCD processes, €.g.

form factor in the process y*y — 7"
1 WL (1—-a)p
F(Q?) =fﬂJ dx Ty (x, Q% W (x; 1) + O(AGcp/ Q) E
0
1 .
P(x) = ; sze_’(x_l)”'&@ [ p(zn)y "y (0) | h(P)) & ap

4+ The current knowledge on LCDA is limited, mainly on models and lattice
calculations

4+ First try using quantum computing
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LCDA on quantum computer

4 Quantum circuit

Q,1

1

) =—(12)10) +[0
V2

D wo 1) rer = [Wa2) rer

)| )| 1))

L

Li et al (QuNu), SCPMA (2023)

QUBIT

QUBIT

QUBIT

QUBIT

QUBIT -
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LCDA on quantum computer

4 Numerical results

- 1
14— ED,g=0.05
1.0:_— ED,g=0.15

- —— ED,g=1

~ 0.8 .
\}3 .......... asymptotlc
< 0.0
< i
0.4:—
0.2;— =N :
-O.ZZ—TI L |Ifk.3).u| .
-2 -1 0 1
X

1.2

0.0

——— ED,m;=1. | 3a-1
ED,m,=1.5a"" OC,m,=15a"" .
- —— ED,my=1.7a" /E\B‘\\q(]) OC,m,=1.7a""
f ‘\
= I7> XM\ ,
N | I T
-2 1 0 1 2 3
X

* peak gets narrower with decreasing coupling constant or increasing

hadron mass

 Converges to asymptotic result in weak coupling limit



Quant

um computing for nuclear physics (QuNu
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Thanks for your attention!



