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Quantum chromodynamics (Q C D)

— The theory of the strong force, a quantum field theory

— SU(3) gauge theory

— Conserved charge: color

— Degrees of freedom: quarks (spin 1/2) and gluons (spin 1)

LQCD “ ´
1

4
Ga

µνpxqGaµν
pxq ` qpxq

“

iγµ
`

Bµ ´ gT aAa
µ

˘

´ m
‰

qpxq

Ga
µν “ BµA

a
ν ´ BνA

a
µ ´ gfabcAb

µA
c
ν
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2023 – QCD’s 50th anniversary
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Quarks and gluons?
Hadron spectroscopy: substructure, Gell-Mann (quarks) and about the same time Zweig (aces)

Quote from Leutwyler (in 50 years of QCD):

...

Moreover, the mood toward a quantum field theory
description of the strong interaction was not that
great (S-matrix, bootstrap, ...), but the skepticism
dissipated rapidly.
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How sketicism dissipated:

— Asymptotic freedom (perturbation theory)

— Discovery of J{ψ and ψ1 (november revolution)

— Discovery of gluons (jets)

— Lattice QCD (nonperturbative computations)
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Who cares?

Slide from André Walker-Loud: QCD and the Universe
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Light-hadron masses
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Hadron-mass differences
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Nucleon weak axial charge
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Lattice QCD

Slide from Tereza Mendes (USP - São Carlos)
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Lattice hadron mass computation

hpxq: hadron interpolating field e.g. π`pxq “ dpxqγ5upxq

xhpxqh:
px ` T qy “

ş

rDψψAµs hpxqh:px ` T q e´
ş

d4xLQCD

ş

rDψψAµs e´
ş

d4xLQCD

lim
TÑ8

xhpxqh:
px ` T qy „ e´MhT
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Quark gluon confinement

— Unsolved problem

— Lattice QCD: falsified flux-tube paradigm

— Lattice QCD: migh have identified its origin

— Lattice QCD & modeling: spectral representation
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Flux tubes break
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Figs. from G. Bali et al.
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Figs. from G. Bali et al.
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Breaking scales
Lattice results - static sources*

– Energy stored: Eσ “ 1.1 GeV/fm

– Breaking distance rc:

‚ mπ “ 280 MeV: rc “ 1.2 fm

‚ mK “ 460 MeV: rc “ 1.3 fm

Nonstatic sources:

mπ “ 140 MeV Ñ rc “ 280 MeV
1.1GeV{fm ă 1{3 fm

Breaking occurs within a hadron
(No flux tubes in QCD?!)

J. Bulava, B. Hörz, F. Knechtli, V. Koch, G. Moir, C. Morningstar, M. Peardon, PLB 793, 493 (2019)
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Important gluon configurations
Center vortices (associated with the phases of the
center of SU(3) gauge group) seem to be responsible
for most of the nonpertubative long-range physics*.

Removing them:

– Pure Yang-Mills: no flux tubes

– Dynamical quarks:
‚ no hadron mass generation

‚ reflection positivity violation

Difficult to model these configurations Fig. from D. Leinweber et al.

*’t Hooft, Greensite, Faber, Langfeld, Olejník, Oxman, Reinhardt, Rosa Jr., ...
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No vortices, no flux tubes*

Pure Yang-Mills

J. C. Biddle, W. Kamleh, D. B. Leinweber, PRD 106, 054505
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Continuum: models
— Positivity violation

Example: scalar field φpxq

´ix0|T rφpxqφpyqs|0y “ ∆px´ yq “

ż

d4x

p2πq4
eip¨px´yq ∆ppq

— Spectral representation

∆ppq “

ż 8

0

dσ2 ρpσ2q

p2 ´ σ2 ` iϵ

ρpp2q “ p2πq4
ÿ

n

δp4qpp´ pnq |x0|φp0q|ny|2, Pµ|ny “ pµn|ny, p0n ą 0

— Positivity (probability interpretation)

ρpp2q ě 0
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QFT theorem
— Herglotz property

The positivity of the spectral function implies that

propagators have no zeros or poles off the real axis
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Lattice & Continuum methods
— Euclidean space

– Schwinger functions

∆pp2q “

ż 8

0

dσ2 ρpσ2q

p2 ` σ2

– If ρpσ2q ě 0, then:

d∆pp2q

dp2
“ ´

ż 8

0

dσ2 ρpσ2q

pp2 ` σ2q
2 ď 0
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If ∆pp2q looks like this

then ρpσ2q ď 0 for some σ2

Positivity violation, not a physical particle
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First lattice result
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Latest lattice result*

Cptq “
1

2π

ż 8

´8

dp0

ż 8

0

dσ2 ρpσ2q

p20 `m2
e´ip0t “

ż 8

0

dσ e´σt ρpσ2q

˚J. C. Biddle, W. Kamleh, D. B. Leinweber, PRD 107, 094507(2023)
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Emergence of visible matter

What is the origin of the mass of
protons and neutrons (nucleons)?
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Computers gave an answer to the question

Nucleon mass comes from
quarks and gluons
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Yet, we are not satisfied

We want to know more:

How did it happen?*

*F. Wilczek, The lightness of being: Mass, ether, and the unification of forces
(Basic Books, 2008)
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Back „ 40 years

— |hppqy: hadron state˚, p “ pEhppq,pq

— xhppq|T µνpxq|hppqy “ pµpν{Ehppq, T µνpxq: en.-mom. tensor

— xhppq|T µ
µ pxq|hppqy “ pµpµ{Ehppq “ m2

h{Ehppq

— Take mlight “ 0 and mheavy “ 8 in QCD Lagrangian:

Classical action is scale invariant: xµ Ñ λxµ

Conserved current: BµJ
µ
Dpxq “ 0 where Jµ

Dpxq “ xν T
µνpxq

Since BµT
µνpxq “ 0 Ñ BµJ

µ
Dpxq “ 0 Ñ T µ

µ pxq “ 0 ñ mh “ 0

˚Normalized such that expectation value of T 00 gives the hadron energy
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Back „ 40 years - cont’d

— Quantum action IS NOT scale invariant

— Needs regularization, introduces length scale

αs “ g2{4π
reg.
ÝÝÑ αspµq

T µµ pxq “
βpαsq

2αs
Ga
µνpxqGaµν

pxq

This is the trace anomaly

29



Trace anomaly - Nucleon mass

mN “
βpgq

2g
xN |Ga

µνG
aµν |Ny `

ÿ

l“u,d,s

xN |mlp1 ` γml
qq̄lql|Ny

ŕ

ő

ŕ

ő

» 880 MeV » 60 MeV pσ´termq

βpgq » ´b
g3

16π2
, b “ 11 ´

2nl
3

(heavy quarks integrated out)

Experimental access to xN |||Ga
µνG

aµν |||Ny?
Inequality (almost saturated, chromomagnetic part suppressed)˚:

´
1

2
xN |g2Ga

µνpxqGaµνpxq|Ny “ xN |
“

pgEaq2 ´ pgBaq2
‰

|Ny ď xN |pgEaq2|Ny

Shifman, Vainshtein & Zakharov (1978)
˚Sibirtsev & Voloshin (2005)

30



How about the pion?

When mlight “ 0 Ñ mπ “ 0
(pion is a Goldstone boson)

βpαsq

2αs

xNppq|Ga
µνpxqGaµν

pxq|Nppqy “
m2

N

ENppq
‰ 0

βpαsq

2αs

xπppq|Ga
µνpxqGaµν

pxq|πppqy “
m2

π

ENppq
“ 0

How does this happen?
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No vortices, no hadron mass generation*

Dynamical Fermions

W. Kamleh, D. B. Leinweber, A. Virgili, e-Print: 2305.18690
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Model study - 2019
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Just to mud the water a little bit

Linear-sigma model: finite temperature˚

*A.M.A. Silva, Complex Fermion Mass Poles in the Linear Sigma Model at Finite Temperature, MSc IFT (2024)
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Experiment: quarkonium-nucleon scattering

Access to trace anomaly matrix element: xN |||pppgEa
qqq
2

|||Ny

(small QN relative momentum)

Quarkonium: ϕpss̄q
loomoon

light

, ηcpcc̄q, J{ψpcc̄q, ηbpbb̄q,Υpbb̄q
looooooooooooooooomooooooooooooooooon

heavy
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Gluon mass and center-vortices*
—An analytic computation

Hamiltonian formalism: vacuum state (vortices+monopoles)

ΨpA, ζq “ xA, η|Ψy “
ÿ

tγu

ψtγu δpA´ aptγuqq δpζ ´ p´∆q´1∇bptγuqq

- sum is over all vortex networks tγu with weight ψtγu

- aptγuq, bptγuq: vortex color electric and magnetic gauge potentials
- static correlation function:

xΨ|b̃ipk⃗qb̃jpk⃗1q|Ψy „

ˆ

δij ´
kikj

k⃗2 `m2

˙

,

- m2: generated mass, depends on parameters in ψtγu, fit lattice data on Wilson loop

˚ David Rosa Jr., GK, Luis Oxman, Bruno Soares
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My bet for the future:
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Motivation

Why bring quantum information science
to QFT and QCD in particular?

Offers wider perspective on the quantumness of QFT

Builds on quantities different from the traditional correlation
functions and scattering amplitudes

Brings in new concepts, such as entanglement and complexity

Opens new simulation paradigms, as analog and digital
quantum computing
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Quantum simulation

Prominent QCD phenomena unreachable with

current lattice simulations

Finite baryon density (sign problem)

Real time dynamics

Time-like hadron form factors

Quark-gluon fragmentation, inelastic processes

Beyond QCD: quantum gravity, condensed matter, ¨ ¨ ¨
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High stakes and a lot of hype
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Conclusion

QCD is omnipresent in the Universe

and we must understand how it works
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Thank you
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Funding
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