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Within contemporary hadron physics there are two common methods for determining the momentum-
dependence of the interaction between quarks: the top-down approach, which works toward an ab initio
computation of the interaction via direct analysis of the gauge-sector gap equations; and the bottom-
up scheme, which aims to infer the interaction by fitting data within a well-defined truncation of
those equations in the matter sector that are relevant to bound-state properties. We unite these two
approaches by demonstrating that the renormalisation-group-invariant running-interaction predicted by

Keywords: contemporary analyses of QCD’s gauge sector coincides with that required in order to describe ground-
Dyson-Schwinger equations state hadron observables using a nonperturbative truncation of QCD’s Dyson-Schwinger equations in the
Confinement matter sector. This bridges a gap that had lain between nonperturbative continuum-QCD and the ab initio
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prediction of bound-state properties.
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1. Introduction

The last two decades have seen significant progress and phe-
nomenological success in the formulation and use of symmetry
preserving methods in continuum-QCD for the computation of ob-
servable properties of hadrons [1-8]. A large part of that work
is based on the rainbow-ladder (RL) truncation of QCD’s Dyson-
Schwinger equations (DSEs), which is the leading-order term in a
symmetry preserving approximation scheme [9,10]. The RL trun-
cation is usually employed with a one-parameter model for the
infrared behaviour of the quark-quark interaction produced by
QCD’s gauge-sector [11,12]. It is accurate for ground-state vector-
and isospin-nonzero pseudoscalar-mesons constituted from light
quarks and also for nucleon and A properties because correc-
tions in all these channels largely cancel owing to parameter-
free preservation of the Ward-Green-Takahashi (WGT) identities
[13-16]. Corrections do not cancel in other channels, however; and
hence studies based on the RL truncation, or low-order improve-
ments thereof [17,18], have usually provided poor results for all
other systems.

* Corresponding author.
E-mail address: cdroberts@anl.gov (C.D. Roberts).
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A recently developed truncation scheme [19] overcomes the
weaknesses of RL truncation in all channels considered thus far.
This new strategy, too, is symmetry preserving but it has an ad-
ditional strength; namely, the capacity to express dynamical chiral
symmetry breaking (DCSB) nonperturbatively in the integral equa-
tions connected with bound-states. That is a crucial advance be-
cause, like confinement, DCSB is one of the most important emer-
gent phenomena within the Standard Model: it may be considered
as the origin of more than 98% of the visible mass in the Uni-
verse. Owing to this feature, the new scheme is described as the
“DCSB-improved” or “DB” truncation. It preserves successes of the
RL truncation but has also enabled a range of novel nonperturba-
tive features of QCD to be demonstrated [20-23].

The widespread phenomenological success of this bottom-up
approach to the calculation of hadron observables raises an im-
portant question; viz., are the one-parameter RL or DB interaction
models, used in those equations relevant to colour-singlet bound-
states, consistent with modern analyses of QCD’s gauge sector and
the solutions of the gluon and ghost gap equations they yield
[24-34]? An answer in the affirmative will grant significant ad-
ditional credibility to the claim that these predictions are firmly
grounded in QCD.

0370-2693/© 2015 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.


http://dx.doi.org/10.1016/j.physletb.2015.01.031
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:cdroberts@anl.gov
http://dx.doi.org/10.1016/j.physletb.2015.01.031
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2015.01.031&domain=pdf

184 D. Binosi et al. / Physics Letters B 742 (2015) 183-188

2. Quark gap equation

In order to expose the computational essence of the bottom-
up DSE studies, it is sufficient to consider the gap equation for
the dressed quark Schwinger function, S(p) = Z(p®)/liy - p +
M(p*)]:

S7U(p) = Za(iy - p+mP™) + Z(p), (1a)
A
) 24 24
2(p)=Z1/g D/w(p_Q)?VMS(Q)TFv(QvP)s (1b)
dq

where: Dy, is the gluon propagator'; I, the quark-gluon ver-
tex; fd/;, a symbol representing a Poincaré invariant regularisation
of the four-dimensional integral, with A the regularisation mass-
scale; mP™(A), the current-quark bare mass; and Z1,2(§2,A2),
respectively, the vertex and quark wave-function renormalisation
constants, with ¢ the renormalisation point, which is ¢ = ¢ :=
2 GeV here. Egs. (1) are the starting point for all DSE predictions
of hadron properties.

Significantly, owing to asymptotic freedom, there is no model
dependence in the behaviour of the gap equation’s kernel on the
domain 4 = {(p2, ¢?) | k* = (p — q)® ~ p% ~ q? > 2 GeV?} because
perturbation theory and the renormalisation group can be used to
show [38-40]:

2 k222 Gev?
gDk Z11Iy(q, p) =

where Dg‘ff(k) is the free-gauge-boson propagator and o (k?) is
QCD’s running coupling on this domain. Kindred results follow
immediately for the kernels in the two-body Bethe-Salpeter equa-
tions relevant for meson bound-states [9,10,19].

Eq. (2) entails that the model input in realistic DSE studies is
expressed in a statement about the nature of the gap equation’s
kernel on 4; i.e., at infrared momenta. One writes

4o (k*) DI (k) Z3 1, (2)

v

218Dy (01 (q. p) =K*G(K*) D8 () 221 (q. p) (3a)
= [kz IR (kz) + 47 dpoep (kz)]
x DItk 221 (q. p). (3b)

where &pQCD(kz) is a bounded, monotonically-decreasing regular
continuation of the perturbative-QCD running coupling to all val-
ues of spacelike-k?; Gr(k?) is an assumed form for the interac-
tion at infrared momenta, with k*Gir(k?) < 4m@pqcp(kK?) Vk? >
2 GeV?; and FvA(q, p) is an Ansatz for the dressed-gluon-quark
vertex, with I'A(q, p) = Z, on 4.

As reviewed elsewhere [5,6,8], successful explanations and pre-
dictions of numerous hadron observables are obtained with

I(k*) =k*G(k?). (4a)
872y E(k?)
In[7 + (1 4+ Kk2/Agp)?] ’

where: ym =12/(33 —2Ny) [typically, Nr = 4], Aqcp = 0.234 GeV;
T =e2 —1; and ‘E(k?) = [1 — exp(—k?/[4m?])]/k?, m; = 0.5 GeV.

8 2
G(k?) = %De*"z/‘“2 + (4b)

! Landau gauge is typically used because it is, inter alia [35-37]: a fixed point
of the renormalisation group; that gauge for which sensitivity to model-dependent
differences between Ansdtze for the fermion-gauge-boson vertex are least notice-
able; and a covariant gauge, which is readily implemented in numerical simulations
of lattice regularised QCD. Importantly, capitalisation on the gauge covariance of
Schwinger functions obviates any question about the gauge dependence of gauge
invariant quantities.

The origin and features of Eq. (4b) are detailed in Ref. [11] so here
we only highlight two key aspects: the Ansatz is consistent with
the constraints described above and it involves just one free pa-
rameter.

The last point deserves further attention. At first glance there
appear to be two free parameters in Eq. (4b): D, w. How-
ever, computations show [11,12,41] that a large body of ob-
servable properties of ground-state vector- and isospin-nonzero
pseudoscalar-mesons are practically insensitive to variations of
w €[0.4,0.6] GeV, so long as

(¢6)? := Dw = constant. (5)

(The midpoint w = 0.5 GeV is usually employed in calculations.)
This feature also extends to numerous properties of the nucleon
and A resonance [4,7]. The value of ¢¢ is typically chosen in order
to obtain the measured value of the pion’s leptonic decay con-
stant, fr. It is striking that fitting just one parameter in a GaufSian
Ansatz for the gap equation’s kernel is sufficient to achieve an
efficacious description of a wide range of hadron observables. It
provides prima facie evidence that Eqgs. (3), (4) are correct in prin-
ciple; and translates the question posed at the end of Section 1
into the following: “How does k?Gr(k?) in Eq. (4a) compare with
today’s understanding of QCD’s gauge sector?”

That question has a subtext, however, because the fitted value
of ¢¢ depends on the form of FUA (q, p). We consider two choices
herein: RL and DB. The RL truncation is obtained with

FvA(q,p):ZZVv' (6)

It is summarised in Appendix A.1 of Ref. [42] and provides the
most widely used DSE computational scheme in hadron physics. In
this case one has [23]

&l =0.87 GeV. (7)

The form of I'PB(q, p) is detailed in Appendix A.2 of Ref. [42].
It is consistent with constraints imposed by both the longitudinal
and transverse WGT identities [43]. The DB kernel is connected
with the most refined nonperturbative truncation that is currently
available. It is therefore expected to be the most realistic. With this
vertex, one has [23]

c2B = 0.55GeV. (8)

Following upon this discussion, we arrive at a pair of simple
questions. Does an analysis of QCD’s gauge sector produce a run-
ning interaction-strength that is generally consistent with the form
in Egs. (4); and, if so, does it more closely resemble the function
obtained with ¢¢ in Eq. (7) or (8)?

3. RGl interaction kernel

In order to expose the quantity with which Eq. (4b) should be
compared, we must provide some background. The Landau-gauge
dressed-gluon propagator has the simple form

kuky T AK?)
k2 k2

= T¥, D(K);
(9)

and since we are interested in QCD’s gauge sector, the dressed-
ghost propagator will also be relevant:

F(k?)

2

F () =——5" (10)
As we now explain, the scalar function in Eq. (10) is connected

with the following gluon-ghost vacuum-polarisation:

Dy (k) = DIt (k) A (kP) = [% -
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Apv (k) = 8,10 G (K?) + (kpuk /k?)L(K?) (11a)
A
=Nc/gzg'—(I(z)Dup(Q)Hpv(qvk)» (11b)
dq

which arises in contemporary applications of the pinch-technique
(PT) [44,45] to QCD’s gauge sector [27,46]. The kernel H,,(q, k) in
Eq. (11) is defined via

kvHyuo(q.k) =T} (. k), (12)

where F,f (q,k) is the dressed-ghost-gluon vertex: in the ab-
sence of dressing, H;(q,k) — H?w(q,k) =8y and F,f(q,k) —
Fgo(q, k) =kj,. In Landau gauge, one has [26]

1/F(k*) =1+ G(k?) + L(k?). (13)

Notably, Eq. (13) is a consequence of QCD’s BRST invariance; and
the combination [1 + G(k?)] is a crucial element in the set of
background-quantum identities (BQIs) explained in Ref. [46].

The functions G(k?) and L(k?) both satisfy dynamical equa-
tions [27], which may readily be deduced from the definitions in
Egs. (11). Analysing this dynamical system, one can prove the ex-
act result [26] L(0) = 0; and hence, using Eq. (13): [1 + G(k? =
0) = 1/F(0)]. However, L(k?) = 0. In fact, as demonstrated else-
where [34], L(k?) is sizeable at intermediate momenta, so that the
oft used assumption [47,48] [1+4 G(k?) ~ 1/F (k?)] is quantitatively
inaccurate. Therefore, in computing G(k?) herein, we include the
nonperturbative corrections to F,f (q, k) determined in Ref. [34].

As remarked above and elucidated elsewhere [9,10,19], there is
a one-to-one correspondence between the kernels in the dressed-
quark gap equation and those in the Bethe-Salpeter equations
relevant to meson bound-states, which we will denote by X. Cru-
cially, the kernels X possess a “universal” subcomponent, which
has the nature of a running interaction-strength (coupling), d(k?),
that does not depend on the valence-quark content of the Bethe-
Salpeter equation.

A systematic identification of d(k?) has been completed using
the pinch technique [25]. It was achieved via the rearrangement
of physical amplitudes into sub-amplitudes with special proper-
ties. In this way one obtains dressed coloured vertices that sat-
isfy QED-like WGT identities and a gluon propagator that captures
all the theory’s renormalisation-group logarithms. These quantities
coincide with the corresponding vertices and propagator defined
in the background field method (BFM) [49]. This identification is
valid both perturbatively, to all orders, and nonperturbatively, at
the level of the corresponding DSEs. Moreover, the relationship be-
tween the corresponding Schwinger functions before and after the
diagrammatic application of the PT procedure is formally captured
by the BQIs.

To be specific, in the present context the standard gluon dress-
ing function, A(k?) in Eq. (9), is related to the scalar cofactor of
the PT-BFM gluon propagator, denoted A (k2), as follows:

AR) = A1 + 62T (14)

where G(k?) was introduced in Egs. (11). Evidently, A(k?) is re-
lated to A(k?) via a function determined by ghost-gluon dynamics.

Similarly, the PT-BFM quark-gluon vertex: fﬁ = Az—af“u, which
satisfies a QED-like WGT identity:

kuil (P, @) =S""(p) — S™ (@), (15)
is related to I, in Egs. (1) by the BQI

14 , ' '
—— (=4.3 GeV, a(QZ):o_QQ N
2r {=3.0GeV, a((9=030 =
§=2.5 GeV, o((7)=0.36 -==-=-
£=2.0 GeV, (()=0.46
= 107 £=1.0 GeV, a(t3)=1.09
|
< sl
o
&> 6
=
=
4 \\
2 | \\\
O L L 1 T
0.001 0.01 01 ] T o
k? [GeV?

Fig. 1. RGI running interaction strength, d(k?) in Eq. (19), computed via a combi-
nation of DSE- and lattice-QCD results, as explained in Ref. [25]. We display the
function obtained using five different values of the renormalisation point in order
to highlight that the result is RGI.

[1+G(*)]up. 9
=10+ ST @Qup. ) + Qup. S L (p), (16)

where Q, QM are auxiliary composite three-point functions. Im-
portantly, when embedded in the computation of scattering pro-
cesses, the last two terms on the right-hand-side of Eq. (16) cancel
against other process-dependent contributions.

These considerations entail that the leading term in the quark-
antiquark scattering kernel (g —q— =P =py —p-)
Al Al
KP.q: Py === I (p+. q)asDyn (k) - 17 (G-, p-). (17)

in which the spinor indices have been suppressed, may be rewrit-
ten as

AL L " AL L
K(p,q; P) = =5 Fu(p v, a0)as A () D (0 = (@, po).
(18)

Given that I, in Eq. (18) satisfies Eq. (15), which is a signifi-
cant element in the construction of the RL and DB truncations
described above, then a comparison with Egs. (3) and their com-
putable analogues for the Bethe-Salpeter equations [9,10,19] leads
one to conclude that the dimensionless quantity
2 2.2

1) = K2d(2) = LK) (19)

[1+G=(k=; ¢%)]
is the object that should be compared directly with the interaction
in Eq. (4a).

It is noteworthy that d(k?) is a renormalisation-group-invariant
(RGI) [25]. The interaction defining the DB kernel, which is built
using a sophisticated dressed-quark-gluon vertex, F}f, shares
this feature. In contrast, interactions employed in the RL ker-
nel and stepwise improvements thereof possess some residual
¢-dependence because such kernels use a form for I“lf that is too
simple.

4. Numerical results for the RGI kernel

The best available information on the RGI running interaction-
strength in Eq. (19) has been obtained through a combination
of DSE- and lattice-QCD analyses. The procedure is detailed in
Ref. [25] and yields the result depicted in Fig. 1. We do not
review the method herein; but, since the renormalisation-point-
independence of the result is important, we recapitulate relevant



186 D. Binosi et al. / Physics Letters B 742 (2015) 183-188

aspects of that procedure, which are elaborated elsewhere [26].
One begins with lattice-QCD results for the ghost dressing function
[50], F (k*;¢2;) in Eq. (10), which was renormalised to unity at
¢ =43 =4.3 GeV, and determines Ols({f_3) by requiring that the
DSE for ¥ (k%; ¢Z,) reproduces the lattice result. The value of o
at a new value of ¢ is then obtained by employing multiplicative
renormalisability in order to rescale the lattice result and subse-
quently fixing «s(¢%) so that the gap equation for F (k?;¢2) re-
produces the rescaled lattice function. In following this procedure,
all scales are completely determined by the original lattice result
and the running of as(£2) matches that of perturbative QCD on
the perturbative domain (¢% > {22); viz., the four-loop expression
for the running coupling evaluated in the momentum-subtraction
scheme with a value of Agcp between 0.25 and 0.32 GeV [51,52].

One may naturally separate d(k?) into the product of two scale-
dependent terms: a dimensionless running coupling, «(¢2), mul-
tiplied by the mass-dimension “—2” PT-BFM gluon propagator,
A(k?)/k?, Eq. (14). The latter quantity can be used to define a
¢-dependent gluon mass-scale:

m3(¢%) = klziglo[l/@(kz) =Kk /A (K% 7). (20)

It is evident from Fig. 1 that with o (¢) finite and nonzero, then
0 <m2(¢?) < oc.

Repeating the analysis in Ref. [25], we obtain d(k* = 0) =
12.9/GeV?, as is plain from Fig. 1; and our results on the domain
1 < ¢ < 4.3 GeV are accurately interpolated by

0.22 4 0.019¢2
2(-2) _
mg(e) = 17602

Extrapolating to the far infrared, one finds that QCD’s gauge sector
is characterised by the following coupling and mass-scale:

. as(2?) =12.9m3(¢?). (21)

@5(0) =2.77~097,  m5(0) = (0.46 GeV)®. (22)

The value of the mass-scale in Eq. (22) is natural in the sense
that it is commensurate with but larger than the value of
the dressed light-quark mass function at far infrared momenta:
M(0) ~ 0.3 GeV [53]. The strength of the coupling is also interest-
ing.? It is greater than that required for DCSB to occur in simple
treatments of strong-coupling QED [56,57] (¢ = m/3) and gap
equation models for QCD [54,55] (¢ ~ 7 /3.5), and consistent with
the value often imagined necessary to describe strong-interaction
phenomena: «(0) = 7 (see, e.g., Refs. [11,58,59]).

5. Comparison of interaction kernels

It is now possible to compare the prediction yielded by
analyses of QCD’s gauge sector (top-down approach) with the
running-interaction determined using the bottom-up approach; i.e.,
parametrising the gauge-sector kernel and fitting the parameter in
order to explain a wide range of hadron observables. The results
of the comparison are displayed in Fig. 2: the upper panel de-
picts Z(k?) itself, whereas the lower panel portrays k*Z(k%). The
latter is plotted because the computation of hadron observables
typically involves a four-dimensional Euclidean integration, which
introduces an additional factor of k* from the measure.

It is immediately apparent that the top-down RGI interaction
(solid-black curve) and the DB-truncation bottom-up interaction

2 Qur result for a(0) is approximately five times larger than that obtained in
Ref. [25] because we use dressed vertices in the gap equations for F(k?), G(k?) and
accurately evaluated the angular integrals that appear, whereas tree-level vertices
and the angle-approximation [1,54,55] were used in Ref. [25].

I AL —
16 DB eene
1l DSE —
12 | N 1
&> 10| : i
N 8t ]
6 |: : i
2 ;’:" — i 1
0 . . : ;
0 0.5 1 15 2 25
k? [GeV?
6 . . . .
RL ===
DB -=---
51 N DSE ——
o4t 1
(5] ] ‘.
O, & e
&> 3r s S 1
1F ‘."‘ ----------------- i
0 2 1 1 1 1
0 0.5 1 1.5 2 25
k? [GeV?)

Fig. 2. Comparison between top-down results for the gauge-sector interaction
[Egs. (19), (22), Fig. 1] with those obtained using the bottom-up approach based
on hadron physics observables [Eqs. (4)-(8)]. Solid curve - top-down result for the
RGI running interaction; dot-dashed curve within pale-red band - bottom-up result
obtained in the RL truncation, Eqs. (4) and (7); and dashed curve within pale-green
band - advanced bottom-up result obtained in the DB truncation, Eqgs. (4) and (8).
The bands denote the domain of constant ground-state physics 0.45 < w < 0.6, de-
scribed in connection with Eq. (5), with @ = 0.6 producing the “flattest” curve;
i.e., the smaller values on k? < 0.65 GeV? and the larger values on k? > 0.65GeV?.
The curve within each band is obtained with w = 0.5 GeV. All curves are identical
on the perturbative domain: k? > 2.5 GeV?. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(green band containing dashed curve) are in excellent agreement.
Hence, the interaction predicted by modern analyses of QCD’s
gauge sector is in near precise agreement with that required for
a veracious description of measurable hadron properties using the
most sophisticated matter-sector gap and Bethe-Salpeter kernels
available today. This is a remarkable result given that, on the
themes described herein, there had previously been no commu-
nication between the continuum-QCD hemisphere represented by
the studies described in Section 2 and that connected with Sec-
tions 3 and 4, except insofar as it was mutually acknowledged that
QCD’s gauge sector is characterised by a nonzero and finite gluon
mass-scale.

Unlike one of its predecessors [60], the modern interaction in-
ferred using RL-truncation [11,12] has the correct shape; but it is
too large in the infrared. This is because the bare-vertex in Eq. (6)
suppresses all effects associated with DCSB in the kernels of the
gap and Bethe-Salpeter equations except those expressed in Z(k2),
and therefore a description of hadronic phenomena can only be
achieved by overmagnifying the gauge-sector interaction strength
at infrared momenta. A similar conclusion was drawn elsewhere
[61]. It follows that whilst the RL truncation supplies a useful
computational link between QCD’s gauge sector and measurable
hadron properties, the model interaction it delivers should nei-
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Table 1

Row 1 - Computed values determined from the interaction tension in Eq. (23),
quoted in GeV; and Row 2 - the difference: & := ¢z/gz, — 1. So as to represent
the domain of constant ground-state physics, described in connection with Eq. (5),
we list values obtained with bottom-up interactions using w = 0.5, 0.6 GeV.

T Ta IsiB:O.S IS)B:O.S Iézi:O.S I‘%;_:O'G
ST 1.86 1.91 1.82 3.14 2.90
&¢ 0 2.8% —2.4% 68.5% 55.8%

ther be misconstrued nor misrepresented as a pointwise-accurate
representation of ghost-gluon dynamics. Notwithstanding this, the
judicious use of RL truncation and the careful interpretation of its
results can still be a valuable tool for hadron physics phenomenol-
ogy.?

The level of agreement between the curves in Fig. 2 can usefully
be quantified via the interaction tension [63]

2
kP

ci.= [ dk*Z(k?), (23)
0

where the integral is limited to k? < k2 =2.5 GeV? because all
interactions are identical on the perturbative domain. The results
are listed in Table 1. According to the metric defined by the sec-
ond row, there is plainly little measurable difference between the
top-down prediction and the DB-truncation bottom-up interaction.
This is true independent of whether one uses Z(k?) or k2Z(k?) as
the integrand.

6. Confinement, fragmentation and Gribov copies

It has long been known that the only Schwinger functions
which can be associated with states in the Hilbert space of ob-
servables; namely, the set of measurable expectation values, are
those that satisfy the axiom of reflection positivity [64]. In this
connection, it is a simple matter to show that the spectral den-
sity associated with any single-variable Schwinger function, S(k?),
which possesses an inflexion point at k? > 0 cannot be positive
definite [65,66]; i.e., it violates the axiom of reflection positivity
and hence the associated excitation may be viewed as confined.

The RGI function d(k?) displayed in Fig. 1 possesses and inflec-
tion point at k* =k? = (0.41 GeV)?. Consequently, when probed at
momenta k% > kl.z, the PT-BFM gluon behaves as an “ordinary” exci-
tation because on this domain its propagator has the convex shape
that is characteristic of free-particle-like behaviour. Notably, the
computed value |k;| = 0.41 GeV corresponds to a length s; ~ 0.5 fm,
which is a natural scale for confinement in QCD; and as k% de-
creases through kiz, passing into the infrared, the effects of strong,
nonperturbative ghost and gluon dressing become manifest and
the excitation’s propagation characteristics are dramatically altered.

Indeed, as described twenty years ago [67], a violation of pos-
itivity owing to the dynamical generation of a length-scale s; ~
0.5 fm may plausibly be connected with the fragmentation phe-
nomenon. Namely, the coloured state propagates as a pseudo-
plane-wave over mean-distances (s) < s;.. However, after each
“step” of length s;, on average, an interaction occurs, so that the
coloured state loses its identity, sharing it with other partons. Fi-
nally, a cloud of partons is produced, which coalesces into a num-

3 The shortcomings of the interaction in Ref. [60] are explained in Ref. [11]. They
are practically immaterial if one only considers low momentum transfer proper-
ties of hadron ground-states, which are mainly sensitive to the integrated strength
of the interaction on the infrared domain: k? <2 GeV2. This fact is highlighted
by the phenomenological successes of a RL treatment of a vector ® vector contact-
interaction (see Refs. [22,59,62] and citations therein).

ber (often large) of colour-singlet final states. This realisation of
confinement is essentially dynamical. It is not connected in any
way with the static potential between infinitely-heavy quarks mea-
sured in numerical simulations of quenched lattice-QCD.*

The fact that the active piece of the gauge-boson Schwinger
function acquires a dynamically generated mass-scale ensures that
gluons with wavelengths A > 1/mg(0) ~ 0.5 fm play no role
in hadron observables. This phenomenon, and the analogue for
quarks, provides a basis for understanding the notion of a maxi-
mum wavelength for gluons and quarks in QCD [70].

One of the strengths of the framework we have employed
is the intimate connection it draws between confinement, DCSB,
dynamically generated gluon and quark masses, and the max-
imum wavelengths for gluons and quarks. We have exempli-
fied this above and choose to highlight another example here.
Namely, the behaviour of d(k?) entails DCSB, which itself guar-
antees that light-quark dynamics in QCD supports the existence
of a (nearly-)massless pseudoscalar meson; viz., the pion, whose
properties are almost entirely determined by the dressed-quark
mass-function [71]. The exceptionally light pion degree-of-freedom
becomes dominant in QCD at those length-scales above which
dressed-gluons and -quarks decouple from the theory owing to
the large magnitudes of their dynamically generated masses. We
therefore judge that Gribov copies can have no measurable im-
pact on observables within the Standard Model because they
affect only those gluonic modes whose wavelengths lie in the
far infrared; and such modes are dynamically screened, by an
exponential damping factor ~ exp(—Amyg), so that their role in
hadron physics is superseded by the dynamics of light-hadrons.
This conjecture is consistent with the insensitivity to Gribov
copies of the dressed-quark and -gluon two-point Schwinger func-
tions observed in numerical simulations of QCD on fine lattices
[72,73].

7. Epilogue

We have demonstrated that the form of the renormalisation-
group-invariant running-interaction predicted by contemporary
analyses of QCD’s gauge sector is a good match to the behaviour
required in order to describe a wide range of hadron observables
using the most sophisticated, nonperturbative truncation of QCD’s
Dyson-Schwinger equations in the matter sector that is currently
available. In doing so, we have drawn a direct connection be-
tween QCD’s gauge sector and measurable hadron properties. This
paves the way for genuinely ab initio predictions of observables in
continuum-QCD.

The understanding highlighted by Fig. 2 was only made possible
by recent progress in developing nonperturbative truncations for
the gap and bound-state equations in QCD’s matter sector. The new
symmetry-preserving scheme enables the influence of dynamical
chiral symmetry breaking (DCSB) and concurrent phenomena to
be spread throughout the gap and Bethe-Salpeter kernels so that
the universal subcomponent associated cleanly with the gauge-
sector can reliably be separated. The primary element in the new
scheme is an accurate representation of the dressed-quark-gluon
vertex, I,. Our analysis thus emphasises the need for a contin-
uation and expansion of efforts to better determine I, both in
continuum- and lattice-QCD.

4 This static potential is irrelevant to the question of confinement in a universe
in which light quarks are ubiquitous because light-particle creation and annihilation
effects are essentially nonperturbative and therefore it is impossible in principle
to compute a (non light-front) quantum mechanical potential between two light
quarks [68,69].
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