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We present a pedagogical overview of the nonperturbative mechanism that endows gluons with
a dynamical mass. This analysis is performed based on pure Yang—Mills theories in the Landau
gauge, within the theoretical framework that emerges from the combination of the pinch technique
with the background field method. In particular, we concentrate on the Schwinger—Dyson equation
satisfied by the gluon propagator and examine the necessary conditions for obtaining finite solutions
within the infrared region. The role of seagull diagrams receives particular attention, as do the
identities that enforce the cancellation of all potential quadratic divergences. We stress the necessity
of introducing nonperturbative massless poles in the fully dressed vertices of the theory in order
to trigger the Schwinger mechanism, and explain in detail the instrumental role of these poles
in maintaining the Becchi-Rouet-Stora—Tyutin symmetry at every step of the mass-generating
procedure. The dynamical equation governing the evolution of the gluon mass is derived, and its
solutions are determined numerically following implementation of a set of simplifying assumptions.
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The obtained mass function is positive definite, and exhibits a power law running that is consistent
with general arguments based on the operator product expansion in the ultraviolet region. A possible

connection between confinement and the presence of an inflection point in the gluon propagator is
briefly discussed.

Keywords nonperturbative physics, Schwinger—Dyson equations, dynamical mass generation
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notoriously complex task [7-11]. In fact, the purely non-
perturbative character of the problem is compounded by
the need to demonstrate, at every step, the compatibility
of any proposed mechanism with the crucial concepts of
gauge invariance and renormalizability.

The notion that gluons
momentum-dependent mass due to their self-interactions
was originally put forth in the early 1980s [1, 12, 13], but
has only gained particular impetus relatively recently;
this is primarily the result of the continuous accumula-

acquire a dynamical,

tion of indisputable evidence from large-volume lattice
simulations, both for SU(3) [14-17] and SU(2) [18-21].
As shown in Fig. 1, according to these high-quality sim-
ulations, the Landau gauge gluon propagator saturates
at a nonvanishing value in the deep infrared range, a fea-
ture that corresponds to an unequivocal signal of gluon
mass generation [22] (for related but somewhat different
approaches to this issue, see Refs. [23-41]).

The primary theoretical concept underlying this en-
tire topic is none other than Schwinger’s fundamental
observation [42, 43]. That is, a gauge boson may acquire
mass even if the gauge symmetry forbids a mass term at
the level of the fundamental Lagrangian, provided that
its vacuum polarization function develops a pole at zero
momentum transfer. In this paper, which is based upon
a brief series of lectures [44], we outline the implementa-
tion of this fascinating concept in QCD, using the general
formalism of the Schwinger-Dyson equations (SDEs) [24,
45]. In particular, we focus on a variety of subtle concep-
tual issues, and explain how they can be self-consistently
addressed within a particularly suitable framework that
has been developed in recent years.

The present work is organized as follows. In Section 1,
we present the main characteristics and advantages of the
new SDE framework that emerges from the combination
of the pinch technique (PT) [1, 46-49] with the back-
ground field method (BFM) [50, 51], which is simply re-
ferred to as “PT-BFM” [52-54]. In Section 2, we conduct
a detailed study of the special identity that enforces the
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masslessness of the gluon propagator when the Schwinger
mechanism is non-operational, and demonstrate conclu-
sively that the seagull graph is not responsible for the
mass generation, nor does it give rise to quadratic di-
vergences once such a mass has been generated [55]. In
Section 3, we explain how the massless poles required for
the implementation of the Schwinger mechanism enter
the treatment of the gluon SDE, and why their inclu-
sion is crucial for maintaining the Becchi-Rouet—Stora—
Tyutin (BRST) symmetry of the theory in the presence
of a dynamical gluon mass [56]. Then, in Section 4, we
derive the “gluon gap equation” [57], namely, the homo-
geneous integral equation that governs the dependence of
the gluon mass function on the momentum. In Section
5, we proceed to the numerical treatment of this equa-
tion, and discuss its compatibility with some basic field-
theoretic criteria. Finally, we present our conclusions in
Section 6.

2 General considerations

In this section, we present a general overview of the con-
ceptual and technical tools necessary for the analysis that
follows.

2.1 Preliminaries

The Lagrangian density of the SU(N) Yang—Mills theory

can be expressed as the sum of three terms:
L =Lym+ LaF + Lrpa- (2.1)

The first term represents the gauge covariant action,
which is usually expressed in terms of the field strength
of the gluon field A

1
Lym = —4F“ Eiv:

prta
Fy, = 0,A, — 0, A + gf“bCAZA,i, (2.2)
(b) ;
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Fig. 1 The SU(3) (a) and SU(2) (b) gluon propagator A measured on the lattice. Lattice data are from Refs. [14, 15]

[SU(3)] and Ref. [21] [SU(2)].
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with g being the strong coupling constant, a =
1,...,N? — 1 the color indexes and f®¢ the totally an-
tisymmetric SU(N) structure constants.

The last two terms in Eq. (2.1) represent the gauge-
fixing and Faddev-Popov ghost terms, respectively. The
most general means of expressing these terms is by in-
troducing a gauge-fixing function F¢ and coupling it to
a set of Lagrange multipliers b* (the so-called Nakanishi-
Lautrup multipliers [58, 59]); one then obtains

Lar + Lrpg = 5 [caf“ - gcab“] i

(2.3)
In the equation above, ¢* (and, respectively, ¢* appear-
ing below) are the antighost (ghost) fields, whereas ¢ is
a non-negative gauge-fixing parameter. Finally, s is the
BRST operator [60, 61], which acts on the various fields
according to

1
a __ myab b. a __ abe b c.
sAj, =Dj’c”; sc-—2f c’c’
s¢* =0 sb* =0, (2.4)
with the adjoint covariant derivative D defined as
D = 0,6"" + g f* A, (2.5)

Note that the b* fields have no dynamical content and
can be eliminated through their trivial equations of mo-
tion.

There are two gauge classes that have been found to
be particularly relevant for what follows. In the so-called
renormalizable £ (abbreviated as R¢) gauges, one chooses
62]

Fo = 91 AL. (2.6)

The Landau gauge, which is almost exclusively used in
this analysis, is a particular case of this gauge class and
corresponds to £ = 0.

BFM R gauges [50, 51] are also central to the method-
ology described here. The conventional means of obtain-
ing these gauges is to split the gauge field into back-
ground (B) and quantum fluctuation (Q) components
according to

A% =B+ QL. (2.7)

Next, one imposes a residual gauge invariance with re-
spect to B on the gauge-fixed Lagrangian; this can be
achieved by choosing a gauge-fixing function transform-
ing in the adjoint representation of SU(N), in particular

through the replacements
06" — Dyt = 0,6°" + [’ By; AL —Qp,  (2.8)

which, once implemented in Eq. (2.6), lead to the BFM

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

R¢ gauge-fixing function

Fo=Deqp. (2.9)

Inserting Eq. (2.9) into Eq. (2.3), one obtains the Feyn-
man rules characteristic of the BFM, namely, a sym-
metric Bece trilinear vertex and the four-particle vertex
BQcc. Finally, inserting Eq. (2.7) back into the original
invariant Lagrangian, one obtains the conventional Feyn-
man rules, together with those involving B; however, to
lowest order, only vertices containing exactly two @ dif-
fer from the conventional vertices. We encounter one of
these vertices in Section 2, namely, the BQ? vertex.

As a result of the residual gauge invariance, the
contraction of the Green’s functions with the momen-
tum corresponding to a B gluon leads to Abelian-like
Slavnov—Taylor identities (STIs), that is, linear identi-
ties that preserve their tree-level form to all orders. The
divergence of @ instead yields the non-Abelian ST1s, akin
to those of the conventional R¢ gauges.

It has been found that the conventional and BFM
R¢ gauges are related by symmetry transformations. In
fact, as has been shown in Ref. [63], Yang-Mills theo-
ries quantized in the BFM emerge in a natural manner
from Yang-Mills theories quantized in the R¢ gauges, if
one renders the latter also invariant under anti-BRST
symmetry. This is a crucial construction, because it clar-
ifies the origin of a plethora of identities, including the
so-called background-quantum identities (BQIs) [64, 65].
The BQIs relate Green’s functions evaluated in the con-
ventional R¢ gauge to the same functions evaluated in
the BEM R¢ gauge. The simplest of these identities,
i.e., that connecting the corresponding gluon propaga-
tors, has been found to be of paramount importance for
the self-consistency of the proposed formalism.

2.2 Notation and definitions

In the general renormalizable R, gauge defined by means
of Eq. (2.6), the gluon propagator is given by (we sup-
press the color factor §9%)

/»"-.O“.A’».\
I, (9= + + W M

(a 1) (‘12) (03)

(ag) (as)

Fig. 2 The conventional SDE of the standard gluon propagator
(QQ). Black blobs represent fully dressed one-particle irreducible
vertices, whereas the white ones denote fully dressed propagators.
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10(0) = iAW) P () + € |

quqv
P#V(‘]) = 9w — 22 ) (2-10)

with inverse

—iA,0(q) = AN(¢*) P (q) + € quqo-

The function A(g?), which at tree-level is simply given by
1/¢?, contains all the dynamics of the gluon propagator,
and is related to the corresponding scalar co-factor of the
standard gluon self-energy, IL,,, (¢) (Fig. 2). Specifically,
as II,, (¢) is both perturbatively and nonperturbatively
transverse as a consequence of the BRST symmetry, one
obtains

(2.11)

'MW (q) = 0; () = T(¢*) P (q), (2.12)
such that
A7) = ¢ +il1(¢?). (2.13)

Furthermore, it is advantageous for the discussion that
follows to define the dimensionless function J(q?) as [66]

AN =PI

Evidently, J(¢?) corresponds to the inverse of the gluon
dressing function, which is frequently employed in the

(2.14)

literature.

An additional fundamental Green’s function, which is
extremely relevant for our considerations, is the full ghost
propagator denoted by D(g?). This is usually expressed
in terms of the corresponding ghost dressing function
F(q¢?), according to

(2.15)

It is important to emphasize that the large-volume lattice
simulation mentioned earlier has established beyond any
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reasonable doubt that, while the ghost remains massless,
F(q?) saturates at a non-vanishing value in the deep in-
frared region (see Fig. 3). This particular feature may be
conclusively explained from the SDE that governs F(¢?),
as a direct consequence of the fact that the gluon prop-
agator entering the SDE is effectively massive [22, 30].

The Q3 three-gluon vertex at tree-level is given by the
standard expression

T, (@.7.p) = (r—p)agu + P —0)pva+ (0= 7)vGap ,
(2.16)

and satisfies the simple identity

¢T3, k. —k —q) = (k+q)*Pas(k +q) — k* Pag (k).
(2.17)

The fully dressed version of this vertex (which is the
subject of a very active investigation, see, e.g., [67-70]),
denoted by T'a,.(g,7,p), satisfies instead a rather com-
plicated STI

¢°Toauw (q,7,0) = F(q)[A™ (p*) P (p) Hap(p, g, 7)

fAfl(Tz)Pﬁ‘(r)Hm,(r,q,p)], (2.18)

along with cyclic permutations [66]. The function H ap-
pearing in Eq. (2.18) is the gluon-ghost kernel appearing
in the top panel of Fig. 4.

The tree-level value of the Q* four-gluon vertex is
given by

FLOV);;nrs _ 7192 [fmsx fxrn (g#pgyg - g,uvgpa)

+f"mszw(guagup - gupgua)
+fmmfmn(g,uogw) - g,uugpa)]-

and its divergence satisfies the identity

T (q,r,p,t) = foe ) (rp, g+ t)

(2.19)

(b) 4=22GeV =22, V=128% o
25
¢ [}
s
2] : i
T 2!
= h
1.5
1 4
0.001 0.01 0.1 1 10

7 (GeV?)

Fig. 3 The SU(3) (a) and SU(2) (b) ghost dressing function F measured on the lattice. As before, lattice data are from

Refs. [14, 15] [SU(3)] and Ref. [21] [SU(2)].
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HV/I (g,p,1)= Euv + A V

A Y

o O
Aﬂv (q) = u V + ﬂmv

Fig. 4 The diagrammatic representation of the gluon-ghost func-
tions H (top) and A (bottom).

mne resr1(0)
TR, (0t g+ )

+fmrefensr(0)

Uup(taraq+p)' (220)

The fully dressed version of this vertex satisfies instead a
very complicated STI, which is of limited usefulness and
will not be discussed here [see, e.g., [54], Eq. (D.18)].

In addition, for reasons that will become apparent
soon, we also consider a special, ghost-related two-point
function (see Fig. 4, bottom panel)

A;LV(Q) = 7192014 /AZU{I)D((] - k)HvJ(i(Ia q— k? k)
k
quqv
q2

where C'4 represents the Casimir eigenvalue of the ad-
joint representation [N for SU(N)], d = 4 — € is the
space-time dimension, and we have introduced the inte-

= 9w G(@®) + L(¢%), (2.21)

gral measure

|= e [

with p being the 't Hooft mass.
Finally, note that the form factors F(¢?), G(¢?), and
L(q?) satisfy the exact relation [71-74]

F ") =1+ G(¢*) + L(¢%),

(2.22)

(2.23)

in the Landau gauge only. To facilitate the forthcoming
analysis, we will use the approximate relation

1+ G(¢?) =~ F (g2, (2.24)

which becomes exact in the deep infrared region [71-74].
We emphasize, however, that L(g?) is sizable at interme-
diate momenta, as shown in Fig. 5. This, in turn, may
induce appreciable contributions when calculating cer-
tain properties of phenomenological interest [4].

2.3 Gluon SDE in the PT-BFM framework

The nonperturbative dynamics of the gluon propagator
are governed by the corresponding SDE. In particular,

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

4
u=43 GeV, f=5.70 V=64*—o—
3.5 V=80*—o—
_ SDE, a(u)=0.22 F—
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Fig. 5 Decomposition of the ghost dressing function F' into its
1+ G and L components. The renormalization point is u = 4.3
GeV; lattice data are from Ref. [14].

within the conventional formulation [24, 45], II,,,(q) is
given by the fully dressed diagrams shown in Fig. 2. This
particular equation is known to be detrimentally affected
by a serious complication, which in the vast majority of
applications is tacitly ignored. Specifically, the SDE in
Fig. 2 cannot be truncated in any obvious way without
compromising the validity of Eq. (2.12). This is because
the fully dressed vertices appearing in the diagrams of
Fig. 2 satisfy the complicated STIs mentioned earlier,
and it is only after the inclusion of all diagrams that
Eq. (2.12) may be enforced. This characteristic property
constitutes a well-known textbook fact, as it has already
manifested at the lowest order in perturbation theory.
The one-loop version of (a1) in Fig. 2 is not trans-
verse in isolation, it is only after the inclusion of the
(a3) ghost diagram that the sum of both diagrams be-
comes transverse. As a result, the BRST symmetry of the
theory (the most immediate consequence of which is Eq.
(2.12)) is bound to be compromised if one understands
the term “truncation” as meaning the simple omission
of diagrams. Instead, the formulation of this SDE in the
context of the PT-BFM scheme furnishes considerable
advantages, because it facilitates a systematic truncation
that respects manifestly, and at every step, the crucial
identity of Eq. (2.12) [53, 54].

To observe this mechanism in some detail, let us em-
ploy the BEM terminology introduced above, and classify
the gluon fields as either B or ). Then, three types of
gluon propagator may be defined: (i) the conventional
gluon propagator (with one @ gluon entering and one
exiting, @?), denoted (as above) by A(g?); (ii) the back-
ground gluon propagator (with one B gluon entering
and one exiting, B2), denoted by A(g?); and (iii) the
mixed background-quantum gluon propagator (with the
@ gluon entering and the B gluon exiting, BQ), denoted

by A(g?).

111203-5
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Fig. 6 The SDE obeyed by the BQ gluon propagator. Black (white) blobs represents fully dressed 1-PI vertices (propaga-
tors); the small gray circles appearing on the external legs (entering from the right, only!) are used to indicate background
gluons. The diagrams contained in each box form individually transverse subsets.

We now consider the SDE that controls the self-energy
of the mixed B(Q propagator ﬁ;w (¢), which is shown in
Fig. 6. The fully dressed vertices appearing in the cor-
responding diagrams, namely the BQ?, Béc, and BQ?
vertices, are denoted by fa,“,, fa, and f;ﬁmﬁ, respec-
tively. When contracted with the momentum carried by
the B gluon, these vertices are known to satisfy Abelian

STTIs, specifically,

0“Toguw (q.7,p) =10, (r) —iA) (p), (2.25)
4°Talg,r,—p) = D" (q+7) — D7 (r), (2.26)
and
QT (q,r,pt) = ™ f " Do (r,poq + 1)
S L pon (pstq+ 1)
+fMTEF (T, g + ). (2.27)

In particular, note that Eq. (2.27) is the naive all-order
generalization of Eq. (2.19), as stated, because the ver-
tices appearing on the right-hand side (rhs) are the fully
dressed QQ° vertices.

We remind the reader that the tree-level expression for

Tauv (g, 7, p) depends explicitly on &, such that

fgﬁu(q, r, p) = (T - p)ag,uu + (p —q+ 5717”)#91/0[
+a =7 =€ 'Pugan (2.28)

and satisfies the tree-level version of Eq. (2.25), where

¢°TE), (0,7.p) = {p*Puv(p) + € 'pupv}
- {T2PMV(T) + £_1ruru} )
=iA}!

(0) pv (T) - IA(_OZ; v (p) (229)

An in-depth study of this vertex has been conducted in
Ref. [75]. On the other hand, the BQ? vertex coincides
at tree level with the Q* conventional vertex, i.e., with
the expression given in Eq. (2.19).

By virtue of the special Abelian STIs of Egs. (2.25),

111203-6
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(2.26), and (2.20), it is relatively straightforward to prove
the block-wise transversality of II,,, (¢), where [52]

¢"[(a1) + (a2)],w = 0;
q"[(as) + (as)] e = 0.

This is clearly an important property that has far-
reaching practical implications for the treatment of the
A(qz) SDE, as it furnishes a systematic, manifestly
gauge-invariant truncation scheme [52-54]. For instance,
one can consider only the one-loop dressed gluon dia-
grams (aq) and (a2) and still find a transverse answer,
despite the omission of the remaining graphs (most no-
tably the ghost loops).

However, although it is evident that the diagrammatic
representation of ﬁw(q) is considerably better organized
than that of the conventional II,,, (¢), it is also clear that
the SDE of A(g?) contains A(g?) within its defining di-
agrams; therefore, in that sense, it cannot be considered
as a bona fide dynamical equation for A(¢?) or A(g?).
At this point, a crucial identity (BQI) relating A(q?)
and A(q?) [65, 65] enters the discussion. Specifically, one
has

Alg?) = [1+ G(¢)]A(d),

with G(¢?) having been defined in Eq. (2.21).

The novel perspective put forth in Refs. [52-54] is that
one may use the SDE for E(q2) expressed in terms of
the BFM Feynman rules, take advantage of its improved
truncation properties, and then convert it to an equiv-
alent equation for A(q?) (the propagator simulated on
the lattice) by means of Eq. (2.31). Then, the SDE for
the conventional gluon propagator within the PT-BFM
formalism reads

q"[(a3) + (aq)lw = 0;
(2.30)

(2.31)

Q2PMV(Q) +1 Z?:l(ai)lﬂf
1+ G(¢?) ’

The (a;) diagrams are shown in Fig. 6.

ATHg*) P (q) = (2.32)

Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111203 (2016)
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3 Demystifying the seagull graph

In the context of non-Abelian gauge theories, the seag-
ull graph [(az) in Figs. 2 and 6] has traditionally been
considered quite controversial. At the perturbative level
and within dimensional regularization, formulas such as

In" (k?
[
k

cause this graph to vanish, a fact which enforces the
masslessness of the gluon to all orders in perturbation
theory.

Further complexity is found in relation to the nonper-
turbative case, because, in general, there is no mathe-
matical justification whatsoever for setting

/kA(k:2) =0.

Given that the seagull has dimensions of mass-squared,
with no momentum for saturation, one might develop
the impression that this graph alone (i.e., without any
concrete dynamical mechanism) might suffice for endow-
ing the gluon with mass. However, it eventually becomes
apparent that there is a fundamental flaw in this conjec-
ture. Indeed, this graph diverges “quadratically” as a A2
term in cutoff language or as ?(1/€) in dimensional reg-
ularization, if it does not vanish (which it is not required
to do). The disposal of such divergences requires the in-
clusion in the original Lagrangian of a counter-term of
the form p? A%, which is, however, forbidden by the local
gauge invariance of the theory.

n=0,1,2,..., (3.1)

(3.2)

3.1 Scalar QED: Enlightenment from the photon

At this point, the question may be reversed. In a the-
ory such as scalar QED, the seagull graph is generated
by a definitely massive scalar propagator, and the corre-
sponding seagull diagram is certainly non-zero [in fact,
at one-loop level it can be computed exactly, see Eq.
(3.22)]. However, on physical grounds, one cannot argue
that the nonvanishing of the seagull graph would eventu-
ally endow the photon with a mass. Therefore, the pre-
cise mechanism that prevents this from occurring must
be determined.

P O\ /O\
\ /
*x/\, /
,a b \ v
# \ k 'y Y ANATINANN
~0O- U, a v, b

(d) (d)
Fig. 7 The “one-loop dressed” SDE for the photon self-energy.
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At the one-loop dressed level, the SDE for the pho-
ton self-energy, H,(},,) (q), is given by the sum of the two
diagrams shown in Fig. 7, such that

) (q) = () + (d2) o (3.3)
with

(A1) = [ R0, DD+, (0.0, ),

(3.4)

(d2)u = —2€%g, /k D(k?), (3.5)

where D(p?) is the fully dressed propagator of the scalar
field and I',, (g, r, —p) the fully dressed photon-scalar ver-
tex. By virtue of the well-known Abelian STI relating
these two quantities

q#F,U‘(q, T, 7p) = Dil(p2) -

it is elementary to demonstrate the exact transversality
(1)
of 11, (q), where

D 1(r?), (3.6)

¢"113)(q) =0, (3.7)
such that
quqv
() (q) = (gw - )H(l)(qz). (3.8)

It is clear that the seagull graph (d3) is independent
of the momentum, and thus, proportional to g, only.
If we also set ¢ = 0 in (dy), its contribution is also pro-
portional to g,,; therefore, one immediately concludes
that

1 (0) = o, (3.9)

because of Eq. (3.8) and the fact that the g,q,/¢* com-
ponent vanishes. Evidently, this is also true for the g,
component; the only question is how exactly this is en-
forced in the presence of the seagull graph.

Let us denote the corresponding co-factors of g,, as
d; and ds; then, we obtain

M (0) = dy + da, (3.10)
with
2¢2 2012\
di=" kk#D (K2)TH(0, k, —k), (3.11)
dy = *262/7)(]62). (3.12)
k

In order to proceed further, let us study Eq. (3.6) in the
limit ¢ — 0. To that end, we perform a Taylor expansion
of both sides around ¢ = 0 (and p = —r), such that

qHF#(Qa Ta 7p) = qMF#(Ov Tv 77’) + O(q2)
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(3.13)

Then, equating the coefficients of the terms that are lin-
ear in g", one obtains the relation

_ D) 54y

0 _
FH(OvTa —7“) = D ' ort

dgh (g+7)

q=0

which is the exact analogue of the familiar textbook
Ward identity (WI) of spinor QED. Then,

aD(k?)

D*(K*)TH(0,k, —k) = — 1
()00, b, —k) = =00 (3.15)
and so
4e? , OD(k?)
dy = — d /kk ok2 (3.16)
using
of (k?) 20f (K?)
H =
k Ok 2k k2 (3.17)
Then, summing d; and do, we finally obtain
4e? OD(k?)
W (0) = — /k:2 /D (k?) 1
o =-" [ (3.18)

However, we know from Eq. (3.9) that the rhs of Eq.
(3.18) must vanish. Therefore, we must determine the
mathematical mechanism that causes this to occur.

3.2 The seagull identity

Let us consider a function f(k?) that satisfies the condi-
tions originally imposed by Wilson [76], i.e., as k% — oo
it vanishes sufficiently rapidly that the integral [, f(k?)
converges for all positive values of d below a certain value
d*. Then, the integral is well-defined within the interval
(0,d*), and may be analytically continued outside this
interval, following the standard rules of dimensional reg-
ularization [77]. Then, one can show that [55]

I 0T WEGRL

In order to properly interpret Eq. (3.19), note that, if
the function f(k?) were such that the two integrals ap-
pearing in this equation would converge for d = 4, then
its validity could be demonstrated through simple inte-
gration by parts (suppressing the angular contribution),
such that

F ot 0f ) e oo d [
/0 dyy* o " = v W)l 2/0 dyy> " f(y),
(3.20)

(3.19)

and dropping the surface term.

111203-8
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Let us instead consider f(k?) to be a massive tree-level
propagator, i.e.,

1
102 = L,

for which the assumption of individual convergence of

each contribution for d = 4 is invalid; on the other hand,

Wilson’s condition is indeed satisfied with d* = 2, such

that both integrals converge in the interval (0,2). Then,

one may still interpret Eq. (3.19) via an integration by
d

(3.21)

parts, where the surface term given by yifn? ‘;O may be
dropped if d < d* = 2.

To confirm that the validity of Eq. (3.19) is completely
natural within the dimensional regularization formalism,
it is simply necessary to compute the left-hand side (1hs)

of Eq. (3.19) explicitly, using textbook integration rules.

One obtains
k2 . _ad d ovd_q

1 L d\ i s
/kk2,m2:_1(4w) 2F(1—2>(m)2 )

and substitution into the lhs of Eq. (3.19) gives exactly
zero.

(3.22)

3.3 The seagull cancellation in the PT-BFM framework

Let us now consider the gluon propagator and examine
the diagrams contributing to the first block. We denote
by H(l)( ) the corresponding self-energy. Following ex-
actly the same reasoning as in the scalar QED case, we
have

M (0) = a1 + az, (3.23)
with
s = It [T 0.k A (A% (1)
xTH (0 k,—k), (3.24)
15 = -1 / N (3.25)
and
Ffig(oa k,—k) = 2k.gap — kggap — ka9pp- (3.26)

In order to obtain a;, we may begin from Eq. (2.25)
and follow the steps presented in Eq. (3.13). Then, the
fact that Eq. (2.25) is Abelian-like gives rise to the very
simple result

= O (1)

Copr (0,7, —1) = —i m

2
A (327)

Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111203 (2016)
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which then furnishes the exact equivalent to Eq. (3.15)

- af
AP (kYA (k)T (0, k, k) = Ma k#(k). (3.28)
Thus,
2 af
_9°Ca 0) OAB (k)
m=7 /krm(o,k,—k) S (3.29)

The derivative above is evaluated by acting on the ex-
pression for A®?(k) given in Eq. (2.10) and, again using
Eq. (3.17), we obtain

1]

2(d—1) ,
9°Ca [/k (%2
For the as term and using Eq. (2.10), we find
d—1)32
ag = gch( ) /A(k2).
d Ji

a1 = d
(3.30)

(3.31)

Note that all terms proportional to &, both in a1 and as,
vanish by virtue of the most elementary version of Eq.

(3.1), i.e., for n = 0.
Then, we obtain
oy f o)
(3.32)

5 OA(K?)

dlg AUk

using Eq. (3.19) with f(k?) — A(k?) in the final step.

:0,

4 Dynamical gluon mass with exact BRST
symmetry

In this section, we review the field-theoretic mechanism
that endows the gluon with a dynamical mass, while
maintaining the BRST symmetry of the theory.

4.1 The Schwinger mechanism in Yang-Mills theories

The self-consistent generation of a gluon mass in the con-

AAQ@

l-'R

>—11<

+R

text of a Yang—Mills theory proceeds through the im-
plementation of the well-known Schwinger mechanism
[42, 43] at the level of the gluon SDE. The general con-
cept may be encapsulated more directly at the level
of its inverse propagator, A71(¢?) = ¢3[1 + ill(¢?)],
where TI(g) is the dimensionless vacuum polarization,
ie., (¢*) = ¢*TI(¢?). According to Schwinger’s funda-
mental observation, if TI(¢?) develops a pole at zero mo-
mentum transfer (¢ = 0), then the vector meson (gluon)
acquires a mass, even if the gauge symmetry forbids a
mass term at the level of the fundamental Lagrangian.
Indeed, if TI(¢?) = m?/q¢?, then (in Euclidean space)
A~Y(¢?) = ¢* +m?; therefore, the vector meson becomes
massive, with A=1(0) = m?, even though it is massless
in the absence of interactions (g = 0, IT = 0) [7, 8].

The dynamical realization of this concept at the level
of a Yang—Mills theory requires the existence of a spe-
cial type of nonperturbative vertex, which is generically
denoted by V' (with appropriate Lorentz and color in-
dexes). When added to the conventional fully dressed
vertices, the V vertices have a triple effect: (i) they evade
the seagull cancellation and cause the SDE of the gluon
propagator to yield A=1(0) # 0; (ii) they guarantee that
the Abelian and non-Abelian STIs of the theory remain
intact, i.e., they maintain exactly the same form before
and after the mass generation; and (iii) they decouple
from on-shell amplitudes. These crucial properties are
possible because these special vertices (a) contain mass-
less poles and (b) are completely longitudinally coupled,
i.e., they satisfy conditions such as

P (q) P ()P (p)Var o (g,7,p) = 0, (4.1)

(for a three-gluon vertex). The origin of the aforemen-
tioned massless poles is due to purely non-perturbative
dynamics: for sufficiently strong binding, the masses of
certain (colored) bound states may be reduced to zero [7—
11]. The actual dynamical realization of this scenario has
been demonstrated in Ref. [78], where the homogeneous
Bethe-Salpeter equation that controls the actual forma-
tion of these massless bound states was investigated.

i 1 pole

Fig. 8 The g three-gluon vertex. Thick internal gluon lines indicates massive propagators A,,, as explained in the text.

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

111203-9

wm
Qo
-
wm
>
=
=¥
T
)
&
2
e
=
)
=
=




172}
Q
.-
w
-
=
(=™
G
o
o
2
=
=]
-
=

From the kinematic perspective, we will describe the
transition from a massless to a massive gluon propagator
by performing the replacement (in Minkowski space)

A7) = ¢ I(?) — AN = P Im(d®)—mP(¢?),

where m?(¢?) is the (momentum-dependent) dynami-
cally generated mass, and the subscript “m” in J,, in-
dicates that, effectively, there is now a mass within the
corresponding expressions (i.e., in the SDE graphs).

Gauge invariance requires that the replacement de-
scribed schematically in Eq. (4.2) be accompanied by a
simultaneous replacement of all relevant vertices by

I — T'=D,+V, (4.3)
where the vertex Iy, satisfies the STI originally satisfied
by T, but now with J(q2) — Jo(g?). Further, V must
provide the missing components such that the full vertex
I’ satisfies the same STI as I However, the gluon prop-
agators appearing in this expression are now replaced
by massive propagators [i.e., the net effect is to obtain
A H(g?) in place of A™1(¢?)].

To observe this concept explicitly, consider the exam-
ple of fa,“,. For a “deactivated” Schwinger mechanism
and when this vertex is contracted with respect to the
momentum of the B gluon, it satisfies the WI

0°T oy (@.7,0) = DT (p*) P (p) =72 T (r*) Py (1) .(4.4)

The general replacement described in Eq. (4.3) amounts
to introducing the vertex

Coul@rp) = [Fularp) +V@rp)]| . @5)

where

4T (.7.9) = PP (0°) P (p) = 1 T (1) PR (1),
(4.6)

[that is, Eq. (4.4) with J(¢?) — Jp(¢?)] while
0"V (q.7,p) = m2(r?) P (r) = m*(p*) P (p). (4.7)
Thus, when the Schwinger mechanism is activated, the
corresponding Abelian STT satisfied by I reads
¢°Th, (0,7 0) = ¢° [fm(q, rp)+ V(g p)} .
= [P*Jm(p*) — m® ()] Py (p)
—[r? T (1) = m* (r*)] P (r)
= A;nl (p2)P,“,(p) - A;zl (r2)Puu(T)a (4.8)

which is indeed the identity in Eq. (4.4), with the
aforementioned total replacement A~! — A1 being en-
forced. The remaining STIs, which are triggered when

mz
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ffwv(q, r,p) is contracted with respect to the other two
legs, are realized in exactly the same fashion.

A completely analogous procedure can be imple-
mented for the four-gluon vertex fZ‘,}}faS (g,r,p,t); the de-
tails may be found in Ref. [57]. Finally, note that “inter-
nal” vertices, i.e., vertices involving only @ gluons, must
also be supplemented by the corresponding V', such that
their STIs remain unchanged in the presence of “mas-
sive” propagators. Clearly, these types of vertices do not
contain 1/¢? poles, but rather poles in the virtual mo-
menta; therefore, they cannot contribute directly to the
mass-generating mechanism. However, these poles must
be included for the gauge invariance to remain intact.

Let us now return to the SDE of the gluon propagator.
By expressing the A 1(¢?) on the lhs of Eq. (2.32) in the
form given in Eq. (4.2), one obtains

[¢* T (q%) — m*(¢°)] P (q)

_ quﬁw(Q) + i Z?:l(a;)lﬂ’ (4 9)

B 14+ G(q?) ’ '
where the “prime” indicates that the various fully
dressed vertices appearing inside the corresponding dia-
grams must be replaced by their primed counterparts, as
dictated by Eq. (4.3). These modifications produce one
of the primary desired effects, that is, that the blockwise
transversality property of Eq. (2.30) also holds for the
“primed” graphs, i.e., when (a;) — (a}).
We next discuss the realization of the second desired
effect, which is to evade the seagull cancellation and to

enable the possibility of having A=1(0) # 0.

4.2 Evading the seagull identity

In the case of the BQ? vertex, the poles are included by
setting

Va;,uj (q; r, p) = Ucmu (q; T, p) + Ra;u/ (QJ r, p), (4'10)
where
Uauu(Qa T, p) = q2 CMU (Q= T, p)7 (411)

contains 1/¢? explicitly. Further, RQW has massless exci-
tations in the other two channels, namely O(r~=2) and/or
O(p~2), but not O(q—?). Note also that the explicit forms
of au,, and fia,“, may be determined using the longitudi-
nally coupled condition of Eq. (4.1), as well as the known
Abelian and non Abelian STIs satisfied by this vertex
[79].
We first focus on the vertex fﬁlw(q, r,p) given by

flgyy (qv T, p) = [fa,ul/ (Q7 T, p) + Ea,uu (q; T, p):|

Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111203 (2016)
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q ~
+q§ Couv(q,7,p), (4.12)
where the two terms in the square brackets are both reg-
ular in q. Their combined contribution

fgp,l/(qi T, p) = faul/(q’ T, p) + EQMV(QJ T, p)7 (413)

is precisely the part of the total vertex I’ that enters
the calculation of ﬁ(O)gW, and consequently partici-
pates in the seagull cancellation. On the other hand,
the term with the massless pole in ¢ contributes to the
ﬁ(O)q#qy /q? term, which is not involved in the seagull
cancellation. Of course, because of the exact transver-
sality of the final answer, the total contribution of the
gy component (after the seagull cancellation) is ex-
actly equal (and opposite in sign) to that proportional
t0 quan/q*.

The next task is to derive the Abelian STT satisfied by
I'®. To that end, let us contract both sides of Eq. (4.12)
by ¢%, such that

¢°Th, (a.7,p) = ¢°TR,, (a,7,p) + Cpu(q.7,p).  (4.14)

Note that the massless pole g, /¢? has been canceled by
the contraction with ¢, and all quantities appearing on
both sides of Eq. (4.14) may be directly expanded around
q=0.

To obtain the lhs of Eq. (4.14) in this limit, consider

the STTI of Eq. (4.8) satisfied by I". It is clear that the
|

_ 2
i) = 9 4 20, / T A% (1) AP ()
k

2d 7 oqt

5 The gluon gap equation

The lhs of Eq. (4.9) involves two unknown quantities,
Jm(q*) and m?(¢?), which eventually satisfy two sepa-
rate, but coupled, integral equations of the generic type

I (q®) :1+/K1(q2,m2,Am),
k

m?) = [ Kala? i A, (5.1)
k
where ¢?K1(¢%,m?,A,) — 0 as ¢> — 0. However,
Ka(q?,m?, Ay,) # 0 in the same limit, precisely because
it includes the 1/¢? terms contained within the V terms.
Let us now derive the explicit form of the integral
equation governing m?(q?). We perform this particular
task in the Landau gauge, where the gluon propagator
assumes the fully transverse form

18 (q) = —1A(¢%) P (9)- (5.2)

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

Ocrp(fqv k + q, 71{:)

Taylor expansion of both sides of that equation (neglect-
ing terms of order O(q?) and higher, as above) yields

~ oA L
F/a,uu(oa T, _T) =—i g’r#:(r) 5 (415)

which is simply Eq. (3.27) with A(¢?) — A (¢?).
On the other hand, the rhs of Eq. (4.14), expanded in
the same limit, yields

qaffjw(o, r,—r) + 5W(O, r,—T)

0
+q° g0 Cruw(g;7,p) (4.16)

q=0
Then, after equating the coefficients of the zeroth- and
first-order terms in ¢ on both sides, one obtains

C(0,7,—1) =0, (4.17)
and
R _ : a Afl
Fauu(oa T, —7“) - _1(97’0‘ m;uz(r)
0 ~
- pon Gl ) (1.13)

q=0

It is now clear that, if one were to repeat the calcu-
lation of subsection 3C, the seagull identity would again
eliminate all contributions, with the exception of the
term that causes the deviation in the WI of Eq. (4.18).
The remaining term is given by

(4.19)

q=0

|
The primary reasons for this choice are the considerable

simplifications that it introduces at the calculation level,
and the fact that the vast majority of recent large-volume
lattice simulations of Yang-Mills Green’s functions have
been performed in this special gauge.

As a gluon mass cannot be generated in the absence
of V, it is natural to expect that the rhs of Eq. (5.1) is
generated from the parts of the (a}),, graphs that con-

%

tain precisely V, which we denote by (a)),.. However,

it may be less obvious that the (a)),, terms possess no
guv component in the Landau gauge, i.e.,

- Gy &
(@) Y = ’;2 a} (¢*), (5.3)
such that
: V2
m2(q2) — lzi ai (q ) (5.4)

1+G(¢?)’

where the sum includes only the ¢ = 1,5, and 6 graphs.
At first, this last statement may appear to contradict
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(ap)

(as) (a¢)

Fig. 9 The one- and two-loop dressed diagrams contributing to the gluon mass equation. Thick lines represent, as previously
explained, gluon propagators endowed with a momentum-dependent mass. The fully dressed primed vertex, I/, enforces gauge
invariance in the presence of such a mass. The symmetry factors are 1/2 (a1 and ag) and 1/6 (as). We also show for the
reader’s convenience the color and Lorentz indexes, as well as the momentum routing used in our calculations.

the earlier claim that the contribution from the mass
must be completely transverse, that is, it must possess
a g, component that is equal in size and opposite in
sign. The solution to this apparent paradox is intimately
connected with the exact realization of the seagull can-
cellation, which operates exclusively in the g,, sector;

|

~ 1 ~
(GY)HV = 9 ngA /}CFLOO)‘ﬁ(q7 ka -k - Q)Aap(k)AﬁU(k + q)Vl/pG' (Q7 ka -k - Q)

As explained in Section 4.1, the condition of gauge
invariance requires that the vertex V,,.(q,k,—k — q)
satisfies the Abelian STI of Eq. (4.7) with » = k and
p = —(k + ¢) when contracted by the momentum of the
background leg. Thus,

" Voo (0., —F — q) = m* (k) Ppor (k) — m* (k + q)

X Pyo(k + q). (5.6)

It is relatively straightforward to determine that
(a¥),u is proportional to g,q, /¢ only. Indeed, the con-
dition of complete longitudinality of \7, given in Eq.
(4.1), becomes

P (q) P (k)PP (k + q)Virpo (4, k= — q) = 0.(5.7)
Hence, it immediately follows that
PP(k) PP (k + )V (g, k, —k — q)
qv v {7 e o
= q2 |:q Vv/pa(% kvfk - Q):| P p(k)Pﬂ (k+ Q)a
(5.8)

~ 3' a -
(ag),“, = 41940124 (9pagpy = Gupda~) /kY:s B(k)A’Y (k+ Q)A(;A(k)vwk(_q’ k+q, k).

Using Egs. (4.7), (5.7), and (5.8), we obtain

~ v

3. q a AQudv v
(ag),“, = 41940124 (guagﬁv - guﬁgav) ¢ /k[m2(k) - m2(/€ + Q)} Ai(k)Aw\(k +q)Y; B(k) = HQ aé/((f),

111203-12

for further detail, see the discussion following Eq. (5.21).

In order to observe all these features in some detail,
we consider the contribution that originates from the V-
part of the (a}),, graph, which we denote by (a})..
Then (see Fig. 9),

(5.5)

|
and, thus, (a}),, is proportional to g,q,/q¢* only, as
stated.

It is interesting that the rhs of Eq. (5.8) is completely
determined from the Abelian STI of Eq. (4.7); specifi-
cally, using Eq. (5.6), we obtain

P (k)PP (k + q)Vi (q. K, —k — q)
q” a
= 2 [m?(k) —m?(k + q)] P (k)PJ (k+q). (5.9)
Then, using Eq. (2.17) and appropriate shifts of the in-
tegration variable, one can finally show that

2
9°Ca
ol () =7 [mt ) [+ 0 - )
XA (k) Aap(k + q). (5.10)
We next turn to the (ag) graph and define the quantity
Yo (k) = / A (0) AP (04 k)T ps(—0—k, £, k), (5.11)
‘

which corresponds to the sub-diagram on the upper left
corner of this graph. Then, (a§ ), is given by

(5.12)

. (5.13)

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111203 (2016)
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and, therefore,

7 3 1

() = §i9'C3 (@ag3r — 0300y [ [m2(0) = (k4 )] AL ATk + )Y ().
q” Ji

At this point, it is easy to show that the integral Y is
antisymmetric under the o <+ 3 exchange; thus, given
also the antisymmetry of the af prefactor under the

same exchange, one can state

~ 3.9402
aq (@) = i "
4

4

Finally, a rather straightforward sequence of algebraic
manipulations reveals a striking fact, i.e., that the (as)
graph does not contribute to the mass equation in the
Landau gauge [57].

At this point, one may substitute the results of Eq.
(5.10) and Eq. (5.16) into Eq. (5.4), in order to obtain
the final form of the gluon gap equation. Passing to Eu-
clidean space by following standard rules, we find

_ g2CA 1
1+G(¢?) ¢*

« /k 2 (k%) A6 (K) A (k + q)K=8 (q, k), (5.17)

m?*(¢*) =

where the kernel K is given by

K*(q,k,—k — q) = [(k+q)* — k*]S(q. k)g*®

+q° Al k)g*” + B(a, k)q"d”, (5.18)
with
S(ak) =1 2g*CalY (k+q) + Y (K)};
Al k) =~ Bla.K) = S0 CalY (ktq) Y (B)].(5.19)

We next comment on the following additional impor-
tant points:

(i) The equation for .J,,,(¢*) may be obtained from the
Qulv/ ¢®> component of the parts of the graphs that do
not contain V. These graphs are identical to the origi-
nal set (a1)—(ag), but now I' — Ty, A — Ay, ete.,
and their contributions may be separated into g,, and
4uqv/q* components, where

quqv
(@i)uv = guv As(q?) + ;2 Bi(q*). (5.20)
Note that (a2) and (a4) are proportional to g,, only;
therefore, in the notation introduced above, Ba(q?) =
Bai(q?) = 0. Then, the corresponding equation for J,, (¢?)

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

3.¢*C?
+ lngA(q295v — 245Gy) /km2(k2)[Y(k+q) -

Amz(k2)[(k +¢)° = KJIY (k+q) + Y (k)] A () A3 (k + q)

(5.14)
[
YO (k) = (kg5 — K g3)Y (k). (5.15)
which gives the final result
Y (k)] A (k) A (k + q). (5.16)
|
reads
2 2
—q°+1 iBi q
~¢*Tm(q%) = 2 B (5.21)

1+ G(q?) ’

with ¢ =1,3,5, and 6.

(ii) Tt is interesting to examine the case where the re-
sults obtained above are reproduced by considering the
parts of Eq. (4.9) that are proportional to g,,,. The eas-
iest way to disentangle and identify the contributions to
¢*Jm(g%) and m2(q?) is to first provide {—a) (¢*)} g,
by hand, in order to manifest the transversality of the
mass term, and then compensate by adding a) (q2)gu,,
to the A;(¢?) defined in Eq. (5.20). The sum of the com-

bined contributions, 4;(¢?) + a) (¢?), then determines
the ¢*J,,(¢*) gy term. In fact, in order to demonstrate
that A;(0) + a) (0) vanishes (as it should, since it is to
be identified with ¢2J,,(¢?), which vanishes as ¢ — 0)
one must judiciously invoke the seagull cancellation of
Eq. (3.19).

(iii) We emphasize once again that the Lagrangian of
the Yang-Mills theory (or that of QCD) was not altered
throughout the entire mass-generating procedure. In ad-
dition, the crucial STIs that encapsulate the underlying
BRST symmetry remained rigorously exact. Moreover,
because of the validity of the seagull identity, along with
the fact that the PT-BFM scheme permits this identity
to manifest unambiguously, all would-be quadratic diver-
gences were completely annihilated. This conclusively ex-
cludes the need for introduction of a symmetry-violating
“bare gluon mass”.

(iv) Although there is no “bare gluon mass” in the
sense explained above, the momentum-dependent m?(g?)
undergoes renormalization. However, this is not associ-
ated with a new renormalization constant, but is rather
implemented by the (already existing) wave-function
renormalization constant of the gluon, namely, Z4.
Specifically, from Eq. (4.2) and given that A=1(0) =
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m?2(0), we find that the gluon masses before and after
renormalization are related by [80]

my(q*) = Zami(¢?)- (5.22)

Evidently, this particular “renormalization” is not asso-
ciated with a counter-term of the type dm? = m% —ma,
as is the case for hard boson masses (which is precisely
the essence of point (iii)).

(v) In order to fully determine the nonperturbative
A(g?), one should, in principle, solve the coupled system
of Eq. (5.1). However, the derivation of the all-order inte-
gral equation for J,,(¢?) is technically far more difficult,
primarily because of the presence of the fully dressed ver-
tex BQ? [see (as) in Fig. 6]. The latter is a practically
unexplored quantity with an enormous number of form
factors (for recent works on the subject see Refs. [81,
82]). Instead, we study Eq. (5.17) in isolation, treating
all full propagators appearing in this calculation as ex-
ternal quantities, the forms of which are determined by
resorting to information beyond the SDEs, such as the
large-volume lattice simulations. Therefore, Eq. (5.17) is
effectively converted into a homogeneous linear integral
equation for the unknown m?(q?).

We now turn to the numerical analysis of the gluon gap
equation. After its full renormalization has been care-
fully performed", Eq. (2.24) has been utilized, and the
substitution of A(k?) and F(q?) into Eq. (5.17) using
the lattice data of Refs. [14, 15] has been implemented,
one obtains positive-definite and monotonically decreas-
ing solutions, as shown in Fig. 10. This numerical solu-
tion can be accurately fit using the simple and physically
motivated function
m2(q?) = mg(q?) .

L+ (g2 M)
Specifically, the numerical solution shown in Fig. 10 is
perfectly reproduced when the parameters (M, p) as-
sume the values (436 MeV, 0.15).

In addition, note that one can omit the 1 in the denom-

(5.23)

inator of Eq. (5.23) for asymptotically large momentum
values, yielding “power-law” behavior [83-85], where

2042
9, o mgM

m ~
( 2> M?2 q2

(4/ M2). (5.24)
This particular behavior reveals that condensates of di-
mension two do not contribute to the operator product
expansion (OPE) of m?(¢?), given that their presence
would have induced a logarithmic running of the so-
lutions. Indeed, in the absence of quarks, the lowest-
order condensates appearing in the OPE of the mass

REVIEW ARTICLE

0.20
Gluon mass ay(1)=0.22 and y=4.3 GeV
o Numerical solution
Fit
0154 e Perturbative fit
&
>
(5]
<
~ 0.104
N
R
&
0.05
0.00___ OO0
0.01 0.1 1 10 100

q* (GeV?)

Fig. 10 The numerical solution for m?(q?) (black circles) com-
pared with the corresponding fit Eq. (5.23) (black, continuous).
The (blue) dashed curve represents the asymptotic fit given by Eq.
(5.24).

must be those of dimension four, namely, the (gauge-
invariant) (0[:GY,,G4:|0), and possibly the ghost con-
densate (0]:c®*Oc*:|0) [86-88]. As these condensates
must be divided by ¢? on dimensional grounds, one ob-
tains (up to logarithms) the observed power-law behav-
ior.

We end this section by commenting that, as has been
argued recently [5], the nontrivial momentum depen-
dence of the gluon mass shown in Fig. 10 may be con-
sidered responsible for the fact that, in contradistinction
to a propagator with a constant mass, the A(q?) of Fig.
1 displays an inflection point. The presence of such a
feature, in turn, is a sufficient condition for the spectral
density of A(¢?), p, to be non-positive definite.

Specifically, the Kallén-Lehman representation of
A(q?) reads

A(g? :/ o ") 5.25

@)= [ a7 (5.29
and if A(g?) has an inflection point at ¢2, then its second
derivative vanishes at that point (see Fig. 11), such that

[89]
e 2\ > o p(J)

— 5.26
q+o)? (5-26)

Given that g2 > 0, then the sign of p(o) is forced to re-
verse at least once. This non-positivity of p(c) may be
interpreted as an indication of confinement (see Ref. [5],
and references therein), because the resultant breeching
of the axiom of reflection positivity excludes the gluon
from the Hilbert space of observable states (for related
works, see Refs. [23, 25, 89-93]). As can be seen in Fig.
11, the first derivative of A(g?) exhibits a minimum at

1) This rather technical procedure, and the manner in which it affects the form of the renormalized kernel K*? has been presented in

Ref. [80].
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Fig. 11 The first and second derivatives of the gluon propagator.

¢ = 0.238 GeV? and, consequently, the second deriva-
tive vanishes at the same point.

6 Conclusions

In this paper, we have considered the manner in which
the dynamical gluon mass is generated in pure Yang—
Mills theories. Lattice simulations reveal that this phe-
nomenon also persists in the presence of light dynam-
ical quarks, not only in “quenched”, but also in “un-
quenched” settings [94]. From the theoretical perspec-
tive, the generalization of the formalism outlined here to
include the effects of a small number of families of light
quarks has been developed in Refs. [95, 96]. In addition,
although we focused on the Landau gauge case through-
out this discussion, recent lattice simulations [97] and a
variety of analytic studies [98-101] have indicated that
gluon propagators continue to saturate in the infrared
region for values of the gauge-fixing parameter that are
at least within the [0, 0.5] interval.

A large number of profound implications are related to
the generation of gluon mass [6], such as the notion of a
maximum gluon wavelength [102], above which an effec-
tive decoupling (screening) of the gluonic modes occurs.
In addition, the crucial role of such a mass in overcom-
ing the Gribov copy problem of Yang—Mills theories has
also been noted. Moreover, the puzzling phenomenon of
the saturation of the gluon parton distribution functions
may also be a consequence of the emergence of such a
mass [6]. We hope to examine some of these issues in
more profound detail in the near future.

Acknowledgements The research of J. P. is supported by the
Spanish MEYC under grant FPA2011-23596, FPA2014-53631-C2-
1-P, and SEV-2014-0398 and the Generalitat Valenciana under
grant Prometeoll/2014/066. The work of A. C. A is supported by
the National Council for Scientific and Technological Development
- CNPq under the grant 306537/2012-5 and project 473260/2012-
3, and by Sao Paulo Research Foundation - FAPESP through the

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

project 2012/15643-1. We thank Craig Roberts for numerous stim-
ulating discussions, and the organizers of the Workshop “Dyson—
Schwinger Equations in Modern Mathematics and Physics” for
their hospitality.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References and notes

1. J. M. Cornwall, Dynamical mass generation in continuum
QCD, Phys. Rev. D 26, 1453 (1982)

2. A. C. Aguilar, A. A. Natale, and P. S. Rodrigues da Silva,
Relating a gluon mass scale to an infrared fixed point in
pure gauge QCD, Phys. Rev. Lett. 90, 152001 (2003), arXiv:
hep-ph/0212105

3. A. C. Aguilar, A. Mihara, and A. A. Natale, Phenomeno-
logical tests for the freezing of the QCD running coupling
constant, Int. J. Mod. Phys. A 19, 249 (2004)

4. D. Binosi, Lei Chang, J. Papavassiliou, and C. D. Roberts,
Bridging a gap between continuum-QCD and ab initio pre-
dictions of hadron observables, Phys. Lett. B 742, 183
(2015), arXiv: 1412.4782 [nucl-th]

5. I. C. Cloet and C. D. Roberts, Explanation and prediction of
observables using continuum strong QCD, Prog. Part. Nucl.
Phys. 77,1 (2014), arXiv: 1310.2651 [nucl-th]

6. C. D. Roberts, Hadron physics and QCD: Just the basic
facts, in: 37th Brazilian Workshop on Nuclear Physics Mare-
sias, Sao Paulo, Brazil, September 8-12, 2014 (2015), arXiv:
1501.06581 [nucl-th]

7. R. Jackiw and K. Johnson, Dynamical model of sponta-
neously broken gauge symmetries, Phys. Rev. D 8, 2386
(1973)

8. R. Jackiw, Dynamical symmetry breaking, in: Erice, Pro-
ceedings, Laws of Hadronic Matter, New York, 1975, 225—
251 and MIT Cambridge - CO0-3069-190 (73, REC.AUG
74), 1973, p. 23

9. J. M. Cornwall and R. E. Norton, Spontaneous symmetry

111203-15

wm
Qo
-
wm
>
=
=¥
T
)
&
2
e
=
)
=
=




S

Q
-]
w
-
=]
Ay
G
o
o
2
)
=
=]
-
=

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

111203-16

breaking without scalar mesons, Phys. Rev. D 8, 3338 (1973)

E. Eichten and F. Feinberg, Dynamical symmetry break-
ing of nonAbelian gauge symmetries, Phys. Rev. D 10, 3254
(1974)

E. C. Poggio, E. Tomboulis, and S. H. H. Tye, Dynamical
symmetry breaking in non-Abelian field theories, Phys. Rev.
D 11, 2839 (1975)

C. W. Bernard, Adjoint Wilson lines and the effective gluon
mass, Nucl. Phys. B 219, 341 (1983)

J. F. Donoghue, The gluon “mass” in the bag model, Phys.
Rev. D 29, 2559 (1984)

I. L. Bogolubsky, E. M. Ilgenfritz, M. Muller-Preussker, and
A. Sternbeck, Lattice gluodynamics computation of Landau
gauge Green’s functions in the deep infrared, Phys. Lett. B
676, 69 (2009), arXiv: 0901.0736 [hep-lat]

I. L. Bogolubsky, E. M. Ilgenfritz, M. Muller-Preussker, and
A. Sternbeck, The Landau gauge gluon and ghost propa-
gators in 4D SU(3) gluodynamics in large lattice volumes,
arXiv: 0710.1968 [hep-lat]

P. O. Bowman, et al., Scaling behavior and positivity viola-
tion of the gluon propagator in full QCD, Phys. Rev. D 76,
094505 (2007), arXiv: hep-lat/0703022

O. Oliveira and P. J. Silva, The Lattice infrared Landau
gauge gluon propagator: The infinite volume limit, PoS LAT
2009, 226 (2009), arXiv: 0910.2897 [hep-lat]

A. Cucchieri and T. Mendes, What’s up with IR gluon and
ghost propagators in Landau gauge? A puzzling answer from
huge lattices, PoS LAT 2007, 297 (2007), arXiv: 0710.0412
[hep-lat]

A. Cucchieri and T. Mendes, Constraints on the IR behavior
of the gluon propagator in Yang—Mills theories, Phys. Rev.
Lett. 100, 241601 (2008), arXiv: 0712.3517 [hep-lat]

A. Cucchieri and T. Mendes, Landau-gauge propagators in
Yang—Mills theories at beta = 0: Massive solution versus
conformal scaling, Phys. Rev. D 81, 016005 (2010), arXiv:
0904.4033 [hep-lat]

A. Cucchieri and T. Mendes, Numerical test of the Gribov—
Zwanziger scenario in Landau gauge, PoS QCD-TNT 09,
026 (2009), arXiv: 1001.2584 [hep-lat]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Gluon and
ghost propagators in the Landau gauge: Deriving lattice
results from Schwinger-Dyson equations, Phys. Rev. D 78,

025010 (2008), arXiv: 0802.1870 [hep-ph]
A. P. Szczepaniak and E. S. Swanson, Coulomb gauge QCD,

confinement, and the constituent representation, Phys. Rev.
D 65, 025012 (2002), arXiv: hep-ph/0107078 [hep-ph]
P. Maris and C. D. Roberts, Dyson—Schwinger equations: A

Tool for hadron physics, Int. J. Mod. Phys. E12, 297 (2003),
arXiv: nucl-th/0301049 [nucl-th]

A. P. Szczepaniak, Confinement and gluon propagator in
Coulomb gauge QCD, Phys. Rev. D 69, 074031 (2004),
arXiv: hep-ph/0306030 [hep-ph]

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

REVIEW ARTICLE

A. C. Aguilar and A. A. Natale, A dynamical gluon mass
solution in a coupled system of the Schwinger—Dyson equa-
tions, J. High Energy Phys. 08, 057 (2004), arXiv: hep-
ph/0408254

K.-I. Kondo, Gauge-invariant gluon mass, infrared Abelian
dominance and stability of magnetic vacuum, Phys. Rev. D
74, 125003 (2006), arXiv: hep-th/0609166

J. Braun, H. Gies, and J. M. Pawlowski, Quark confine-
ment from color confinement, Phys. Lett. B 684, 262 (2010),
arXiv: 0708.2413 [hep-th]

D. Epple, H. Reinhardt, W. Schleifenbaum, and A.
P. Szczepaniak, Subcritical solution of the Yang—Mills
Schroedinger equation in the Coulomb gauge, Phys. Rewv.
D 77, 085007 (2008), arXiv: 0712.3694 [hep-th]

Ph. Boucaud, et al., On the IR behaviour of the Landau-
gauge ghost propagator, J. High Energy Phys. 06, 099
(2008), arXiv: 0803.2161 [hep-ph]

D. Dudal, J. A. Gracey, S. Paolo Sorella, N. Vandersickel,
and H. Verschelde, A refinement of the Gribov—Zwanziger
approach in the Landau gauge: Infrared propagators in har-
mony with the lattice results, Phys. Rev. D 78, 065047
(2008), arXiv: 0806.4348 [hepth)]

C. S. Fischer, A. Maas, and J. M. Pawlowski, On the in-
frared behavior of Landau gauge Yang—Mills theory, Annals
Phys. 324, 2408 (2009), arXiv: 0810.1987 [hep-ph]

A. P. Szczepaniak and Hrayr H. Matevosyan, A model for
QCD ground state with magnetic disorder, Phys. Rev. D 81,
094007 (2010), arXiv: 1003.1901 [hep-ph]

P. Watson and H. Reinhardt, The Coulomb gauge ghost
Dyson—Schwinger equation, Phys. Rev. D 82, 125010 (2010),
arXiv: 1007.2583 [hep-th]

J. Rodriguez-Quintero, On the massive gluon propagator,
the PT-BFM scheme and the lowmomentum behaviour of
decoupling and scaling DSE solutions, J. High Energy Phys.
1101, 105 (2011), arXiv: 1005.4598 [hep-ph]

D. R. Campagnari, and H. Reinhardt, Non-Gaussian wave
functionals in Coulomb gauge Yang-Mills theory, Phys. Rev.
D 82, 105021 (2010), arXiv: 1009.4599 [hep-th]

M. Tissier and N. Wschebor, Infrared propagators of Yang—
Mills theory from perturbation theory, Phys. Rev. D 82,
101701 (2010), arXiv: 1004.1607 [hep-ph]

M. R. Pennington and D. J. Wilson, Are the dressed gluon
and ghost propagators in the Landau gauge presently deter-
mined in the confinement regime of QCD? Phys. Rev. D 84,
119901 (2011), arXiv: 1109.2117 [hep-ph]

P. Watson and H. Reinhardt, Leading order infrared quan-
tum chromodynamics in Coulomb gauge, Phys. Rev. D 85,
025014 (2012), arXiv: 1111.6078 [hep-ph]

K.-I. Kondo, A low-energy effective Yang—Mills theory for
quark and gluon confinement, Phys. Rev. D 84, 061702
(2011), arXiv: 1103.3829 [hep-th]

F. Siringo, Gluon propagator in Feynman gauge by the
method of stationary variance, Phys. Rev. D 90, 094021
(2014), arXiv: 1408.5313 [hep-ph]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111203 (2016)



REVIEW ARTICLE

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111208 (2016)

J. S. Schwinger, Gauge invariance and mass, Phys. Rev. 125,
397 (1962)

J. S. Schwinger, Gauge invariance and mass (2), Phys. Rev.
128, 2425 (1962)

Lectures given by J. P. at the Workshop Dyson—Schwinger
Equations in Modern Mathematics and Physics, Trento,
September 22-26, 2014

C. D. Roberts and A. G. Williams, Dyson—Schwinger equa-
tions and their application to hadronic physics, Prog. Part.
Nucl. Phys. 33, 477 (1994), arXiv: hep-ph/9403224

J. M. Cornwall and J. Papavassiliou, Gauge invariant three
gluon vertex in QCD, Phys. Rev. D 40, 3474 (1989)

D. Binosi and J. Papavassiliou, The pinch technique to all
orders, Phys. Rev. D 66, 111901(R) (2002), arXiv: hep-
ph/0208189

D. Binosi and J. Papavassiliou, Pinch technique selfenergies
and vertices to all orders in perturbation theory, J. Phys. G
30, 203 (2004), arXiv: hep-ph/0301096 [hep-ph]

D. Binosi and J. Papavassiliou, Pinch technique: Theory and
applications, Phys. Rep. 479, 1 (2009), arXiv: 0909.2536
[hep-ph]

L. F. Abbott, The background field method beyond one loop,
Nucl. Phys. B 185, 189 (1981)

L. F. Abbott, Introduction to the background field method,
Acta Phys. Polon. B 13, 33 (1982)

A. C. Aguilar and J. Papavassiliou, Gluon mass generation in
the PT-BFM scheme, J. High Energy Phys. 12, 012 (2006),
arXiv: hep-ph/0610040

D. Binosi and J. Papavassiliou, Gauge-invariant truncation
scheme for the Schwinger—Dyson equations of QCD, Phys.
Rev. D 77, 061702 (2008), arXiv: 0712.2707 [hep-ph]

D. Binosi and J. Papavassiliou, New Schwinger—Dyson equa-
tions for non-Abelian gauge theories, J. High Energy Phys.
0811, 063 (2008), arXiv: 0805.3994 [hep-ph]

A. C. Aguilar and J. Papavassiliou, Gluon mass generation
without seagull divergences, Phys. Rev. D 81, 034003 (2010),
arXiv: 0910.4142 [hep-ph]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, The dynam-
ical equation of the effective gluon mass, Phys. Rev. D 84,
085026 (2011), arXiv: 1107.3968 [hep-ph]

D. Binosi, D. Ibanez, and J. Papavassiliou, The all-order
equation of the effective gluon mass, Phys. Rev. D 86, 085033
(2012), arXiv: 1208.1451 [hep-ph]

N. Nakanishi, Covariant quantization of the electromagnetic
field in the landau gauge, Prog. Theor. Phys. 35, 1111 (1966)
B. Lautrup, Canonical quantum electrodynamics in covari-
ant gauges, Mat. Fys. Medd. Dan. Vid. Selsk. 35, 1 (1966)
C. Becchi, A. Rouet, and R. Stora, Renormalization of the
Abelian Higgs—Kibble Model, Commun. Math. Phys. 42,
127 (1975)

I. V. Tyutin, Gauge invariance in field theory and statistical
physics in operator formalism, LEBEDEV-75-39

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

K. Fujikawa, B. W. Lee, and A. I. Sanda, Generalized renor-
malizable gauge formulation of spontaneously broken gauge
theories, Phys. Rev. D 6, 2923 (1972)

D. Binosi and A. Quadri, AntiBRST symmetry and back-
ground field method, Phys. Rev. D 88, 085036 (2013), arXiv:
1309.1021 [hep-th]

D. Binosi and J. Papavassiliou, Pinch technique and the
Batalin—Vilkovisky formalism, Phys. Rev. D 66, 025024
(2002), arXiv: hep-ph/0204128 [hep-ph]

P. A. Grassi, Tobias Hurth, and Matthias Steinhauser, Prac-
tical algebraic renormalization, Ann. Phys. 288, 197 (2001),
arXiv: hep-ph/9907426

J. S. Ball and T.-W.Chiu, Analytic properties of the vertex
function in gauge theories (2), Phys. Rev. D 22, 2550 (1980)
M. Pelaez, M. Tissier, and N. Wschebor, Three-point cor-
relation functions in Yang—Mills theory, Phys. Rev. D 88,
125003 (2013), arXiv: 1310.2594 [hep-th]

A. C. Aguilar, D. Binosi, D. Ibanez, and J. Papavassiliou,
Effects of divergent ghost loops on the Green’s functions of
QCD, Phys. Rev. D 89, 085008 (2014), arXiv: 1312.1212
(hep-ph]

G. Eichmann, R. Williams, R. Alkofer, and M. Vujinovic,
The threegluon vertex in Landau gauge, Phys. Rev. D 89,
105014 (2014), arXiv: 1402.1365 [hep-ph]

A. Blum, M. Q. Huber, M. Mitter, and L. von Smekal, Glu-
onic three-point correlations in pure Landau gauge QCD,
Phys. Rev. D 89, 061703 (2014), arXiv: 1401.0713 [hep-ph]
P. A. Grassi, T. Hurth, and A. Quadri, On the Lan-
dau background gauge fixing and the IR properties of YM
Green functions, Phys. Rev. D 70, 105014 (2004), arXiv:
hepth/0405104

A. C. Aguilar, D. Binosi, J. Papavassiliou, and J. Rodriguez-
Quintero, Non-perturbative comparison of QCD effective
charges, Phys. Rev. D 80, 085018 (2009), arXiv: 0906.2633
(hep-ph]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Indirect de-
termination of the Kugo—Ojima function from lattice data,
J. High Energy Phys. 0911, 066 (2009), arXiv: 0907.0153
(hep-ph]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, QCD effec-
tive charges from lattice data, J. High Energy Phys. 1007,
002 (2010), arXiv: 1004.1105 [hep-ph]

D. Binosi and J. Papavassiliou, Gauge invariant Ansatz for a
special three-gluon vertex, J. High Energy Phys. 1103, 121
(2011), arXiv: 1102.5662 [hep-ph]

K. G. Wilson, Quantum field theory models in less than
four-dimensions, Phys. Rev. D 7, 2911 (1973)

J. C. Collins, Renormalization: An Introduction to Renor-
malization, the Renormalization Group, and the Operator
Product Expansion, 1984

A. C. Aguilar, D. Ibanez, V. Mathieu, and J. Papavassiliou,
Massless bound-state excitations and the Schwinger mech-
anism in QCD, Phys. Rev. D 85, 014018 (2012), arXiv:
1110.2633 [hep-ph]

111203-17

wm
Qo
-
wm
>
=
=¥
T
)
&
2
e
=
)
=
=




S

Q
-]
w
-
=]
Ay
G
o
o
2
)
=
=]
-
=

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

111203-18

D. Ibanez and J. Papavassiliou, Gluon mass generation in the
massless bound-state formalism, Phys. Rev. D 87, 034008
(2013), arXiv: 1211.5314 [hep-ph]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Renormaliza-
tion group analysis of the gluon mass equation, Phys. Reuv.
D 89, 085032 (2014), arXiv: 1401.3631 [hep-ph]

D. Binosi, D. Ibafiez, and J. Papavassiliou, Nonperturbative
study of the four gluon vertex, J. High Energy Phys. 1409,
059 (2014), arXiv: 1407.3677 [hep-ph]

A. K. Cyrol, Markus Q. Huber, and Lorenz von Smekal, A
Dyson—Schwinger study of the four-gluon vertex, Eur. Phys.
J. C' 75,102 (2015), arXiv: 1408.5409 [hep-ph]

J. M. Cornwall and Wei-Shu Hou, Extension of the gauge
technique to broken symmetry and finite temperature, Phys.
Rev. D 34, 585 (1986)

M. Lavelle, Gauge invariant effective gluon mass from the

operator product expansion, Phys. Rev. D 44, 26 (1991)

A. C. Aguilar and J. Papavassiliou, Power-law running of
the effective gluon mass, Eur. Phys. J. A 35, 189 (2008),
arXiv: 0708.4320 [hep-ph]

M. J. Lavelle and M. Schaden, Propagators and condensates
in QCD, Phys. Lett. B 208, 297 (1988)

E. Bagan and T. G. Steele, QCD condensates and the
Slavnov—Taylor identities, Phys. Lett. B 219, 497 (1989)

S. J. Brodsky, C. D. Roberts, R. Shrock, and P. C. Tandy,
Essence of the vacuum quark condensate, Phys. Rev. C 82,
022201 (2010), arXiv: 1005.4610 [nucl-th]

L. Del Debbio, M. Faber, J. Greensite, and S. Olejnik, Cen-
ter dominance and Z(2) vortices in SU(2) lattice gauge the-
ory, Phys. Rev. D 55, 2298 (1997), arXiv: hep-lat/9610005
[hep-lat]

K. Langfeld, H. Reinhardt, and J. Gattnar, Gluon propaga-
tors and quark confinement, Nucl. Phys. B 621, 131 (2002),
arXiv: hep-ph/0107141 [hep-ph]

See, for example, J. Greensite, The confinement problem in
lattice gauge theory, Prog. Theor. Phys. Suppl. 1 (2003), and

references therein

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

REVIEW ARTICLE

J. Gattnar, K. Langfeld, and H. Reinhardt, Signals of
con nement in Green functions of SU(2) Yang—Mills theory,
Phys. Rev. Lett. 93, 061601 (2004), arXiv: hep-lat/0403011

J. Greensite, H. Matevosyan, S. Olejnik, M. Quandt, H.
Reinhardt, et al., Testing Proposals for the Yang—Mills Vac-
uum Wavefunctional by Measurement of the Vacuum, Phys.
Rev. D 83, 114509 (2011), arXiv: 1102.3941 [hep-lat]

A. Ayala, A. Bashir, D. Binosi, M. Cristoforetti, and
J. Rodriguez-Quintero, Quark avour effects on gluon and
ghost propagators, Phys. Rev. D 86, 074512 (2012), arXiv:
1208.0795 [hep-ph]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Unquench-
ing the gluon propagator with Schwinger—Dyson equations,
Phys. Rev. D 86, 014032 (2012), arXiv: 1204.3868 [hep-ph]
A. C. Aguilar, D. Binosi, and J. Papavassiliou, Gluon mass
generation in the presence of dynamical quarks, Phys. Reuv.
D 88, 074010 (2013), arXiv: 1304.5936 [hep-ph]

P. Bicudo, D. Binosi, N. Cardoso, O. Oliveira, and P. J. Silva,
The lattice gluon propagator in renormalizable & gauges,
arXiv: 1505.05897 [hep-lat]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Yang—Mills
two-point functions in linear covariant gauges, Phys. Rev. D
91, 085014 (2015), arXiv: 1501.07150 [hep-ph]

M. Q. Huber, Gluon and ghost propagators in linear co-
variant gauges, Phys. Rev. D 91, 085018 (2015), arXiv:
1502.04057 [hep-ph]

F. Siringo, Second order gluon polarization for SU(NN) theory
in linear covariant gauge, arXiv: 1507.00122 [hep-ph]

M. A. L. Capri, D. Dudal, D. Fiorentini, M. S. Guimaraes,
I. F. Justo, A. D. Pereira, B. W. Mintz, L. F. Palhares, R.
F. Sobreiro, and S. P. Sorella, Exact nilpotent nonpertur-
bative BRST symmetry for the Gribov—Zwanziger action in
the linear covariant gauge, Phys. Rev. D 92, 045039 (2015),
arXiv: 1506.06995 [hep-th]

S. J. Brodsky and R. Shrock, Maximum wavelength of con-
fined quarks and gluons and properties of quantum chromo-
dynamics, Phys. Lett. B 666, 95 (2008), arXiv: 0806.1535
[hep-th]

A. C. Aguilar, D. Binosi, and J. Papavassiliou, Front. Phys. 11(2), 111203 (2016)



