Gauge-invariance of QCD
and the mechanism for
generating quark confinement
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1. Basic properties of QCD

* Quarks and g
*fundamenta
*fundamenta

uons---
particles of costituting hadrons

fields of QCD (Quantum

Chromodynamics & T t45) 11%5)
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Basic properties of QCD

------ Asymptoticral freedom, dynamical chiral
symmetry breaking, quark confinement

* QCD running coupling
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2.Quark Confinement Phenomenon

* Quark and gluon---
fundamental particle of constituting hadron
Proton: uuc
Meson: quark-antiquark

* Quark confinement phenomenon---

* All hadron states and physical observables
are color-singlets

* Isolated quarks (gluons) have not been
observed Iin nature

Confinement mechanism—one of top
challenge problems in 20 & also 21 century



Confinement potential from Lattice QCD 1
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Confinement potential from Lattice QCD 2
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Confinement potential from Lattice QCD 3
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3.Explore confinement mechanism
----pasic approaches

* QCD vacuum property and colour confinement

— A dual Meissner effect in a condensate of
magnetic monopoles

— Hard to prove from QCD

« QCD nonperturbative interactions and colour
confinement

---Infrared behavior of QCD Green’s functions

---Infrared slavery: confinement is caused by
Infrared singularity



4. Nonperturbative QCD approach to
exploring quark confinement dynamics

« Calculate interacting potential between quark
and guark(anti-quark)

« Use Dyson-Schwinger equations for QCD Green
functions




DSE quations for QCD propagators
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* How to determine QCD
Green’s functions

« Equations of motion for Green’s functions
--- Dyson-Schwinger (DS) equations
( a set of integral equations)

« Constraint relations among Green’s functions

--- the_Slavnov-Taylor (Ward-Takahashi)
identities for the QCD vertices

( a set of differential equations)




5. The Gauge Invariance of QCD &
the Slavnov-Taylor identities

« BRST symmetry
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« Slavnov-Taylor identity for quark-gluon vertex
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« which constrains longitudinal part of vertex



*Transverse Symmetry Transformations

In Gauge Theories
H.X.He,Phys.Rev.D80,016004(2009)

Comnsider an infinitesimal symmetry transformation

[ 6(@) — o2(@) + 507@) (6)

we call this transformation a symmetry if it leaves the equation of motion invariant. We

introduce corresponding transverse symmetry transformation
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where 67¢“(x) is defined by the infinitesimal Lorentz transformation for such symmetry

transformation : dr0*(x) = dporent-00" (), which reads
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Here Sﬁf’aj denotes the generator of the intrinsic part for the infinitesimal Lorentz transfor-

mation, that is, the intrinsic spin operator of the field involved in d¢“(x), where the field



Transverse Symmetry Transformation in QCD

« Transverse symmetry
*BRST transformation transformation for BRST

symmetry (H.X.He,
PR.D80,016004(2009)
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*Transverse STI for the quark-gluon vertex

H.X.He, Phys.Rev.D80,016004(2009)
He et al, Phys.Lett.B 480, 222 (2000)
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*The Quark-Gluon Vertex Function In
QCD--- longitudinal part
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The Quark-Gluon Vertex Function In

QCD--- transverse part

H.X.He, Phys.Rev.D80,016004(2009)
He, Phys.Rew.C63, 025207 (2001)
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6.Gauge-invariant constraint & mechanism
for generating quark confinement potential

« Asymptotic freedom in high energy limit
by perturbative one-gluon exchange
* Quark confinement in low energy limit should

be related to infrared behavior of the gluon
propagator & quark-gluon vertex function




* Infrared behavior of gluon & ghost
propagators - from DSEs & Lattice QCD

e Scaling solution
G(p’)

DY(p)=——5= Dwlp)= (E'w -

srresponding power laws i the mfrared are
G~ ), 2P~ ()

K 15 positive [48] one obtains an infrared enhanced ghost and an mfrared
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« Decouping solution ( massive gluon solution
which is more favour )

Z(p*) ~ p*; G(p*) ~ comst.



*6.1 Gauge-invariant constraint on infrared
structure of the quark-gluon vertex
---Ward-type identity (He et al, to be published)
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*6.2 Gauge-invariant constraint on infrared

behavior of the quark-gluon vertex
(He, to be published)
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6.3 The mechanism for generating Infrared

singularity in the quark-gluon vertex
----- a gualitative analysis

The r.h.s of STT does not disappear if a,, < —1/2. If
v; has the IR-smgularity with o, = —1/2 and DCEB
appears (M £ 0). In this case we have

lim [, (k.p.q) ~ () 7/+% L, o),
-!'il%':tqsl (g%) ~ ':'?E;'_l-l-éﬁﬂ": (14]

which gemerate an IH singular quark-gluon vertex and an



*6.4 The mechanism for generating

a linear confinement potential—
a qualitative analysis

action quark potential

lim Vig) ~ 1 (15)

g—10 (g2)*

This quark potential in the coordinate space 15 nor-
mally writtem
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penerating a lmearly nsmg potential betweoon massive
cuarks, mmplving quark comfinement at large distances,



*6.5 The mechanism for generating

a guark confinement potential—
the more complete calculations(He, to be published)

A more complete caleulatiom gives
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Summary

« Gauge Invariance of QCD imposes
powerful constraint (STI) for the infrared
structure and the infrared behavior of the
ggg vertex . The results show:

* There exists an IR-singularity in the quark-
ghost scattering kernel, which generates
the IR-singularity in the qqg vertex and
such

* Infrared divergent quark-gluon vertex
generates a linear confinement potential
between masive quarks, realizing infrared
slavery



