Mechanical properties of hadrons:
Structure, dynamics, visualization

Workshop at ECT* Trento, 31 March - 04 April 2025 [Webpagel
S. Diehl, K. Joo, C. Lorcé, B. Pasquini, P. Schweitzer, C. Weiss (Organizers)

Welcome
angulart
momenium .
Introduction
forces Use general physics concepts
Focus on “dynamical system” — hadrons in QCD
mass
‘ * Workshop

Topics and open questions

= | ECIT™

|==1
EUROPEAN CENTRE
FOR THEORETICAL STUDIES e
IN NUCLEAR PHYSICS AND RELATED AREAS ‘

Istituto Nazionale di Fisica Nucleare


https://www.ectstar.eu/workshops/mechanical-properties-of-hadrons-structure-dynamics-visualization/

Overview 2

What it is about
Explore structure of hadrons (proton/neutron, mesons) in quantum chromodynamics

Here: Characterize the distributions of mass, energy, momentum, angular momentum
and forces inside hadrons — “mechanical properties”

Develop concepts, compute distributions, prepare/analyze experimental probes,
interpret results — mechanical picture, analog systems

Why it is interesting

Origin of proton/neutron mass and spin:
Emergent properties of matter — nuclei, elements

Energy-momentum tensor as conserved current:
global charges, spatial distributions

Visualization and communication of subnuclear world

Connections with other fields, e.g. classical hydrodynamics
quantum-mechanical bound states




Dynamical system: Quantum Chromodynamics

AX(x), w(x),w(x) Degrees of freedom: Fields = functions of space-time

Modes can be regarded as particles

X = (X, ) Dynamics: Gauge theory, constrained by symmetry /

geometry, nonlinear interactions

Characteristics

Relativistic: Energies of modes > quark masses.
Particle number not conserved, creation/annihilation
processes, radiation

Quantum: Superposition of configurations,
fluctuations, coherence

Strongly coupled: Complex ground state (vacuum),
dynamical generation of scales, symmetry breaking,
emergent effective dynamics

Leinweber 2000 .-

— unique dynamical system!



Dynamical system:
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Comment: Includes mores with large momenta.
UV divergences, cutoff, renormalizati

Hadrons in QCD 4

Ground state (“vacuum”)

QM superposition of fields - vacuum fluctuations
Dynamical scales (F?) # 0 etc.

Chiral symmetry breaking () # 0  cf. magnetization

Correlations

Hadron states

QM superposition of fields different from ground state
Fields carry energy, momentum, angular momentum

Quark fields carry quantum numbers:
Baryon/electromagnetic/weak charge

Analogies with condensed matter physics:
Complex ground state, collective excitations



Dynamical system: Physical properties 5

probe

Measure physical quantities carried by the
chromodynamic fields in hadrons

',' A7 R Charge, current, energy, momentum, ...
N\ J\ N
AN

N L\ Operators formed from fields

—————

Currents from symmetries - conserved, scale-independent

Other operators - scale dependent

Matrix element in hadron states

Global properties - charges
Distributions in position/momentum

<H, | O | H> Can be measured through interaction
with external fields - probes

Learn about QM distribution of
chromodynamics fields in the hadron states!

Analogies with quantum mechanics.
Here: Degrees of freedom = fields, second quantization



Dynamical system: Charge and current

0
/ J 4-vector current measures
J* '
JH(x) = charge density  of quark fields
J current density
\ s

Obtained from invariance of dynamics under
U(1) phase rotations

) = T e 07y

Conserved current G”Jﬂ(x) = 0, continuity equation

Matrix elements in hadronic states

<H '| J¥ (X) | H > Describe interaction of hadrons with external
electromagnetic field

<« form factors

Can be measured in electromagnetic scattering,

multipoles e.g. elastic lepton-hadron scattering H' = H



Dynamical system: Charge and current
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Learn about quantum distribution of fields
in hadronic states

Here: 2D densities in moving hadron state for particle interpretation,
connected with 3D densities



Mechanical properties: Energy, momentum, forces

/ TOO

TxO
T (x) =

Tx()
TZO

T0x
Txx
f
Tx

T = T*[A, 7, y]

= T""[quark] + T"*[gluon]

(H'| T"(x) | H)

<« form factors

multipoles

T%
T
Ty
T<Y

TOZ
Tz
T
77

Energy-momentum tensor measures

energy density
momentum density

stress / forces

Obtained from invariance of dynamics
under time/space translations

Obeys conservation law:
Total energy/momentum

Matrix element in hadronic states

Describes interaction of hadron
with external gravitational field

Can be “measured” indirectly
using high-energy scattering processes!

TH < other QCD operators



Mechanical properties: Angular momentum 9

o chromodynamic fields

Ji — Jd3x ek yi TOk(O X) Angular momentum carried by
X. Ji, 1995+

X X p in quantum field theory
Decomposition of angular momentum

Choices determined by gauge invariance,
measurability of contributions,

Z — . . . .y
J* = quark + gluon interpretation as particle densities
Ji; Jaffe Manohar; Burkardt; Wakamatsu; Chen, Goldman et al.; Hatta; ...
spin + orbital
Extensive efforts, now well understood
Review Leader, Lorce 2013
l/
] photon, meson _ _
:f Measurement in scattering processes
8 .
Exclusive processes at large energy/momentum
transfer: Factorization — QCD operators
operators

Angular momentum extracted indirectly
from measured matrix elements:
generalized parton distributions

P P X. Ji, 1996




Mechanical properties: Angular momentum
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Lattice QCD: xQCD Wang et al. PRD 106, 014512 (2022)

Angular momentum carried by
chromodynamic fields in proton

Extensive studies

Lattice QCD calculations

Analysis of exclusive processes,
sensitivity to angular momentum

Conceptual developments

Spatial densities of angular momentum

Adhikari, Burkardt 2016; Lorce, Mantovani, Pasquini 2017

Spin-orbit correlations
Lorce 2014

Angular momentum in N — A transitions

10

EFT methods, 1/N, expansion, dynamical models

Goeke, Polyakov, Vanderhaeghen 2001; Goity, Kim, Weiss, Won 2023



Mechanical properties: Forces 11

/ ] L4 Spatial part of energy-momentum tensor
<H | I (x ) | H > ) =1-3) describes forces in system
(G
J=0,2 Multipole expansion of matrix element
J=0 pressure
2 shear forces
Forces exerted by chromodynamics fields.
2
47“'.?(1;). [GleY/lf“l‘] - .(.C) Mechanical interpretation in analogy with
_ ' ' ' _ classical systems
0.1 F XOSM - _ M. Polyakov, PLB 555, 57 (2003)
+ ' Stability condition from EMT conservation

(von Laue condition)

0} \_/
N derrzp(r)=0
‘ 0

Chiral soliton model (mean-field picture): Radial pressure changes SIgn

Goeke et al. PRD 75, 094021 (2007)



Mechanical properties: Forces 12

10
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10

Quark D-term extracted from DVCS: Normalization of
“quark pressure”. Dutrieux et al. EPJ C 81, 300 (2021)

SR

Measurement in scattering processes

J =0, 2 multipoles contained in D-term
invariant form factor of EM tensor

Appears in dispersive representation of
deeply-virtual Compton scattering amplitude:

Subtraction constant, energy-independent
Teryaev 2001; Anikin and Teryaev 2007; Diehl, lvanov 2007

Can be extracted from DVCS data
with moderate model dependence

Kumericki, Muller 2015; Burkert, Elouadrhiri, Girod 2018;
Moutarde, Sznajder, Wagner 2019; Dutrieux et al. 2021

Global charge

D-term D(0) global charge of proton
= matrix element of conserved current,
independently of forces interpretation



Mechanical properties: Forces 13

Concept of “forces in hadrons” proved to be very fruitful, created new field of research

Dynamical calculations of EMT form factors
Lattice QCD
Semiclassical methods: Vacuum fields, instantons

Hadronic methods: Dispersion theory/unitarity, chiral effective field theory, holography

D-term and forces in mechanical analog systems
Quantum-mechanical: Electron in QED, hydrogen atom

Classical: Hydrodynamics, gravity

Interpretation of EMT form factors

Spatial densities 3D / 2D
Conditions and relevance of “pressure” interpretation

Reviews:
Processes probing EMT form factors Schweitzer, Polyakov IJMP A 33, 1830025 (2018)
Near-threshold production of heavy quarkonia Lo7Ee; MoLARE e, M, ER) Cre, 50 20k

Hadron-induced processes Burkert et al. Rev.Mod.Phys. 95, 4, 041002 (2023)

. Lorcé, Schweitzer, arXiv:2501.04622
N — A transitions



Mechanical properties: Hadron mass decomposition

T* (x)

p(g%)
4g4

+ quark mass terms

I',(x) = == FF, ()

(H| T°,(0) | H)

Field of research in its own right

Many theoretical and experimental results

Trace of energy-momentum tensor, 4D scalar

Trace anomaly: Breaking of scale invariance
in QCD by quantum fluctuations

Hadron mass decomposition in QCD:
Contribution of gluon and quark fields

Reviews:
Lorcé, EPJ C 78, 2, 120 (2018)
Hatta, Rajan, Tanaka, JHEP 12, 008 (2018)

Metz, Pasquini, Rodini, PRD 102, 11, 114042 (2021)

14



Workshop: Program

Goal: Review status of field of “mechanical properties of hadrons”
and propose strategy for next-level development

Agenda organized in subjects:

Interpretation
Dynamics

Processes

Each subject will be covered by presentations and discussions

Questions addressed in discussions can/will extend beyond
those covered in presentations

15



Workshop: Interpretation

e \What are assumptions/conditions of the “pressure” interpretation of the EMT form factors?
In what sense is it applicable to hadrons in QCD?

e \What role does QCD structure play in the “pressure” interpretation?
e \What can be learned from analog mechanical systems - classical and quantum?

e Can the mechanical interpretation be extended to related structures:
Quark flavor contributions to EMT, spin-orbit correlations

Adam Freese: Pressure in guantum-mechanical systems
Andrzej Czarnecki: Energy-momentum tensor and D-term of hydrogen atom
Xiangdong Ji: Interpretation of energy-momentum tensor form factors

Andrea: Megjia: Classical model of gravitational form factors

16



Workshop: Dynamics 17

e \What are the prospects for LQCD calculations, esp. quark singlet and gluon operators?

e \What can be learned from semiclassical approaches to vacuum structure - topology, instantons?

e What can hadronic approaches contribute to modeling and interpretating the
energy-momentum tensor form factors

e \What can be learned from the direct coupling of effective theories to gravity — chiral EFT,
holography

Enrique Ruiz Arriola: Gravitational form factors and densities of pion
Wojciech Broniowski: Meson exchange dynamics in gravitational form factors

Jose Goity: 1/Nc expansion for baryons

Ismail Zahed: Instantons and gravitational form factors

Kiminad Mamo: Holographic QCD and gravitational form factors
Jambul Gegelia: Chiral dynamics and gravitational form factors

Krzysztof Cichy: Lattice QCD for mechanical properties

Huey-Wen Lin: x-dependent GPDs at physical pion mass
Feng-Kun Guo: t-channel analysis of gravitational form factors

Shohini Bhattacharya: GPDs from pseudo distribution approach and mechanical properties



Workshop: Processes 18

e \What are the prospects for extracting mechanical properties from “conventional”
exclusive processes - DVCS, DVMP?

e What is the potential of “new” processes such as near-threshold heavy quarkonium production
or high-Q2 light meson production?

e What can N — A, N* transition processes contribute to the study of mechanical properties?

e \What are the prospects for experiments at JLab 12 GeV and EIC

e \What are the possibilities for combining lattice QCD and experimental data
for determining the gravitational form factors?

Yoshitaka Hatta: Gravitational form factors from deeply-virtual phi production near threshold

Victor Martinez Fernandez: Dispersion relations beyond lowest order: D-term and hadronic properties
Stefan Diehl: Exclusive processes from JLab to EIC

Melany Higuera Angulo: Gravitational form factors using novel computational techniques
Kirill Semenov-Tian-Shansky: Transition GPDs and perspectives for mechanical properties

Kyungseon Joo: JLab 12 GeV exclusive processes



