
Scattering Theory & QCD Spectroscopy
Lecture 1 - Introduction

Andrew W. Jackura

William & Mary
Department of Physics

2024 Hampton University Graduate Studies (HUGS) Program
June 10th, 2024

EXOHAD
EXOTIC HADRONS TOPICAL COLLABORATION

 awjackura@wm.edu

 ajackura.github.io

mailto:awjackura@wm.edu
http://ajackura.github.io


About Me

2

Andrew Jackura
• Assistant Professor, William & Mary, 2023 - present
• Postdoctoral Research Scholar, UC Berkeley, 2023
• Postdoctoral Research Fellow, Old Dominion University, 2019 - 2023
• Ph.D., Indiana University, 2019

Research Interests
• Theoretical Hadron Spectroscopy
• Multi-particle reaction theory
• Finite-volume QFT
• Lattice QCD

Three-body reactions and resonances
Electroweak matrix elements of multi-hadron processes

<latexit sha1_base64="Nt3N4ZmSEn1j56VCYPbmqilzTiU="></latexit>

=)

 awjackura@wm.edu
 ajackura.github.io

If you want to chat, contact me

mailto:awjackura@wm.edu
http://ajackura.github.io


About Me — 2014 HUGS Program

3



About Me — 2014 HUGS Program

4

Look how happy I am



About Me — 2014 HUGS Program

5

Look how happy I am



The Standard Model of Particle Physics
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* simple = An anomaly-free renormalizable relativistic quantum gauge field theory,
  invariant under the gauge group   
  which spontaneously breaks via a scalar field to 

SU(3)C ⊗ SU(2)L ⊗ U(1)Y
SU(3)C ⊗ U(1)Q
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Nuclear Forces

Most of our mass comes from nuclear forces!
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New discoveries in Nuclear Physics

Zoo of exotic quark configurations discovered
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Figure 1: Hadrons discovered at the LHC, plotted as mass versus preprint submission date [1].
Only states observed with significance exceeding 5� are included. Hollow markers indicate
superseded states.

quantum numbers. These symbols are supplemented by a subscript J to indicate the spin,
except for pseudoscalar and vector mesons. The mass, in units of MeV/c2, is added in
parentheses after the symbol for mesons that decay strongly, though in practice the mass
is often omitted for familiar states. The electric charge is also specified as a superscript,
as appropriate, i.e. it can be omitted for isospin singlet (I = 0) states where only one
charge is possible.

Following the discovery of charmonium-like and bottomonium-like states with I = 1,
this scheme has been expanded to introduce the symbols Zc and Zb for such states with
PC = +� (see note (1) in Table 1). The symbols ⇧c,b, Rc,b and Wc,b have likewise been
reserved for such states with PC = �+, �� and ++ respectively, although few such
states are currently known. The symbol X is reserved for states with unknown quantum
numbers.

The naming convention for qq̄0 mesons with non-zero strangeness, charm or beauty
quantum numbers is given in Table 2. As for mesons with zero net strangeness or heavy
flavour quantum numbers, the symbols are supplemented by a subscript J to indicate the
spin, though this is usually omitted for the lightest pseudoscalar and vector mesons of
given flavour quantum numbers. The mass, in units of MeV/c2, is added in parentheses
for mesons that decay strongly, and a superscript ⇤ is added for states with natural
spin-parity, i.e. JP in the series 0+, 1�, 2+. For these states, the electric charge is always
specified as a superscript. The charge-conjugate neutral mesons are distinguished by an
overline, following the convention s ! K, c ! D, b ! B. As a result, and with the
convention that the flavour quantum number and the charge of a quark have the same
sign, the K0, D0 and B0 mesons have positive strangeness, charm and beauty quantum
numbers, respectively.
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Many types of nuclear particles
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Baryons (fermions) Mesons (bosons)

A zoo of particles — How to understand?

molecules (nuclei)

hybrids

glueballs
tetraquarks

pentaquarks



Observing Hadrons

We observe strongly interacting hadrons through reactions in accelerators/colliders
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We observe strongly interacting hadrons through reactions in accelerators/colliders
• If the interaction is sufficiently attractive, particles can form a resonance



Observing Hadrons

11

We observe strongly interacting hadrons through reactions in accelerators/colliders
• If the interaction is sufficiently attractive, particles can form a resonance

Unstable hadron which decays 
via strong nuclear interaction

Has a mass and finite lifetime
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Observing Hadrons

12

Particle Data Group (PDG)
The Review of Particle Physics (RPP)
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We observe strongly interacting hadrons through reactions in accelerators/colliders
• If the interaction is sufficiently attractive, particles can form a resonance
• Resonances can appear as enhancements in the cross-section / amplitude
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Observing Hadrons
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Modern Nuclear Physics

Hadron 
Spectroscopy

Hadron 
Structure

Few-Body 
Matrix Elements

Reaction 
Phenomenology

Nuclear Reactions 
from QCD

Lattice QCD

Scattering Theory

Effective Field 
Theories

Connect low-energy hadron & nuclear physics to QCD
• Quantitatively describe few-body reactions and their impact on observables



Outline

I. Scattering Theory
• Amplitudes and the S matrix
• Partial Wave Analysis
• Resonances & Bound States

II. Connecting QCD to Scattering Amplitudes
• Overview of Lattice QCD
• Correlators and Finite-Volume Spectra
• Lüscher Quantization Condition
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I will assume you have had some exposure to…
particle physics (e.g., you know what a quark is)
quantum field theory (e.g., you know what a Feynman diagram is)
complex analysis (e.g., you know what a contour integral is)

 supersymmetric Yang-Mills TheoryN = 4
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Some References (that I like)

Also see JPAC summer schools
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The vast majority of hadrons observed in nature are not stable under the strong inter-
action, rather they are resonances whose existence is deduced from enhancements in
the energy dependence of scattering amplitudes. The study of hadron resonances of-
fers a window into the workings of quantum chromodynamics (QCD) in the low-energy
non-perturbative region, and in addition, many probes of the limits of the electroweak
sector of the Standard Model consider processes which feature hadron resonances. From
a theoretical standpoint, this is a challenging field: the same dynamics that binds quarks
and gluons into hadron resonances also controls their decay into lighter hadrons, so a
complete approach to QCD is required. Presently, lattice QCD is the only available tool
that provides the required non-perturbative evaluation of hadron observables. In this
article, we review progress in the study of few-hadron reactions in which resonances and
bound-states appear using lattice QCD techniques. We describe the leading approach
which takes advantage of the periodic finite spatial volume used in lattice QCD calcula-
tions to extract scattering amplitudes from the discrete spectrum of QCD eigenstates in
a box. We explain how from explicit lattice QCD calculations, one can rigorously gar-
ner information about a variety of resonance properties, including their masses, widths,
decay couplings, and form factors. The challenges which currently limit the field are
discussed along with the steps being taken to resolve them.
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kDepartamento de F́ısica Teórica, Universidad Complutense de Madrid and IPARCOS, E-28040 Madrid, Spain

lORIGINS Excellence Cluster, 80939 Munich, Germany
mLudwig-Maximilian University of Munich, Germany

nDipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della Terra, Università degli Studi di
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Abstract

The last two decades have witnessed the discovery of a myriad of new and unexpected hadrons. The
future holds more surprises for us, thanks to new-generation experiments. Understanding the signals and
determining the properties of the states requires a parallel theoretical e↵ort. To make full use of available
and forthcoming data, a careful amplitude modeling is required, together with a sound treatment of the
statistical uncertainties, and a systematic survey of the model dependencies. We review the contributions
made by the Joint Physics Analysis Center to the field of hadron spectroscopy.
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