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Ghost-gluon vertex in the presence of the Gribov horizon:
General kinematics
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Correlation functions are important probes for the behavior of quantum field theories. Already at tree-
level, the refined Gribov-Zwanziger (RGZ) effective action for Yang-Mills theories provides a good
approximation for the gluon propagator, as compared to that calculated by nonperturbative methods such as
lattice field theory and Dyson-Schwinger equations. However, the study of higher correlation functions of
the RGZ theory is still at its beginning. In this work we evaluate the ghost-gluon vertex function in Landau
gauge at one-loop level, in d = 4 space-time dimensions for the gauge groups SU(2) and SU(3). More
precisely, we extend the analysis conducted in [1] for the soft-gluon limit to an arbitrary kinematic
configuration. We introduce renormalization group effects by means of a toy model for the running
coupling and investigate the impact of such a model in the ultraviolet tails of our results. We find that RGZ
results match fairly closely those from lattice simulations, Schwinger-Dyson equations and the Curci-
Ferrari model for three different kinematic configurations. This is compatible with RGZ being a feasible

theory for the strong interaction in the infrared regime.

DOI: 10.1103/PhysRevD.109.094039

I. INTRODUCTION

Since the proposal of quantum chromodynamics (QCD)
as the theory of strong interactions, a long path was
constructed to connect the fundamental degrees of free-
dom—quarks and gluons—to the observed physical states
and processes. At high energies, asymptotic freedom allows
for a perturbative approach that, supplemented by essential
nonperturbative information in particle distribution func-
tions and fragmentation phenomena, agrees with a plethora
of experimental output from high-energy particle colliders.
The infrared (IR) regime however is much less amenable.
Monte Carlo simulations that solve the Euclidean version
of QCD on a discretized space-time lattice have by now and
with great effort established that this non-Abelian theory
can quantitatively describe several hadronic observables
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[2-5]. Nevertheless, the mechanism of color confinement is
still an open question, calling for the development of
continuum approaches and (semi)analytical descriptions
of the infrared behavior of strong interactions. Among the
well-developed continuum methods that try to tackle this
nonperturbative regime, Schwinger-Dyson equations [6—
15] stand out in different hadronic applications, but also the
functional renormalization group [16-21] and effective
models [22-26] have been employed with partial success.
Other approaches, such as the Curci-Ferrari (CF) model in
Landau gauge [27-37] and the screened massive expansion
[38—42] have successfully described some aspects of the IR
of Yang-Mills theory by employing perturbation theory.

Here we adopt another continuum approach to the
nonperturbative regime of Yang-Mills theories: the refined
Gribov-Zwanziger (RGZ) theory [43,44]. This framework,
as the other continuum methods, adopts a gauge-fixed setup
and is formulated from first-principles as a gauge path
integral modified in the infrared by the existence of Gribov
gauge copies. This idea follows the seminal work by
Gribov himself [45] and the development of local actions
attained by Zwanziger [46] and complemented by the
emergence of dimension two condensates [43,44,47]. For
comprehensive reviews, the reader is referred to [48-50]
and references therein.

The presence of this nonperturbative background stem-
ming from the Gribov horizon and the condensates seems

Published by the American Physical Society
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to carry plenty of information from the interacting theory,
so that the remaining interaction corrections might be
supposed to be small, i.e., perturbative. Even at tree-level
(but also at 1-loop level, as discussed in [51]), the RGZ
gluon propagator is compatible with the deep IR behavior
observed on Landau-gauge Lattice QCD data [43], while
reducing to pure Yang-Mills at large energies [52] in a fully
self-consistent formulation that would include solving the
Gribov gap equation and the effective potential for the
different condensates. Gauge-parameter independence of
gauge-invariant quantities in this setup is under control
within linear covariant gauges through a nilpotent Becchi-
Rouet-Stora—Tyutin (BRST) symmetry, and the predictions
for the gluon propagator in general covariant gauges are
also compatible with available lattice results [53-56].

In this paper, the aim is to take a step forward in the
direction of establishing predictions of the RGZ theory by
including radiative corrections and confronting them with
lattice data and other nonperturbative approaches. This is
crucial for further understanding whether this theory can be
a consistent model of infrared Yang-Mills and eventually
QCD. One-loop corrections to the RGZ gluon propagator
have been recently reported in [51], while a corrected
propagator for a scalar field coupled to the RGZ action has
been studied in [57]. Previous results on the vertices of the
(R)GZ action in the Landau gauge may be found in
Ref. [58]. Here, in particular, we compute the general
kinematics of the ghost-gluon vertex at one loop order
within the RGZ framework, extending previous work on
the soft gluon limit of the same correlation function [1].
The present study enables the investigation of the role
played by auxiliary fields in quantitative results in RGZ. In
this specific correlation function, we show that the con-
tribution of auxiliary fields, in the form of new vertices and
mixed propagators, represents a smaller effect—less than
10% percent—as compared to that of the presence of
nonzero pole masses for the gluon. Moreover, we include
running effects via an infrared model, with a freezing
coupling constant. Even though this is not self-consistently
obtained within RGZ, this may be a reasonable approxi-
mation, because of the presence of the massive parameters
from the horizon and the condensates. Overall we show that
the RGZ results are fully compatible with available lattice
data for SU(2) and SU(3), as well as other continuum
approaches, such as the infrared-safe Curci-Ferrari model
in Landau gauge [29,35] and the Dyson-Schwinger equa-
tions [15].

This paper is organized as follows. In Sec. II, the
formalism of the refined Gribov-Zwanziger framework is
presented. In Sec. 111, the ghost-gluon vertex is defined and
its general structure in the RGZ theory is discussed. Our
computation of generic momentum configurations of the

a

Z(4) = / DADVDeDee™ ] 440

one-loop ghost-gluon vertex is presented in Sec. IV, includ-
ing the IR running coupling model adopted. Section V
collects our results along with the corresponding analysis
and comparisons with alternative approaches. In Sec. VI we
discuss the potential influence of the IR running coupling
model on the ultraviolet (UV) tails of our results. We have
included perspectives and final remarks in Sec. VIL

II. THE REFINED GRIBOV-ZWANZIGER ACTION
IN LANDAU GAUGE

The Gribov-Zwanziger theory is a framework for making
sense of the gauge fixed Yang-Mills theory in the non-
perturbative regime. It grew from Gribov’s observation that
gauge fixing in the Landau Gauge fails in the strongly
coupled regime [45,46] (see also [48—50] for reviews), in the
sense that gauge copies still exist after the fixing. These are
called Gribov copies and they appear in fact in any covariant
gauge. The solution proposed by Gribov was to restrict the
integration region of the gauge field path integral to the
neighborhood containing the perturbative vacuum and
bounded by the field configurations associated with the first
Gribov copies, called the Gribov horizon. In the Landau
gauge d,A;; = 0 the Gribov horizon is defined by the set of
fields A% for which the equation M (A)a” =0 has a

solution, where
MP(A)(#) = =620 + gf "0, (45 (1)

stands for the Faddeev-Popov operator in the Landau gauge.

Zwanziger [46] was able to recast Gribov’s construction
in the form of an effective theory whose restriction to the
Gribov horizon is implemented at the level of the action.
The resulting action is known as the nonlocal Gribov-
Zwanziger action and defined in the Landau gauge in
dimension D by

1
Sz = / dPx (Z F4,Fé, +ib"0,Al — E“M(A)“”c")
+yPH(A) —yPVD(N* - 1) (2)

where y has dimension of mass, V is the space-time volume
(formally infinite) and H(A) is known as the horizon
function and given by

H(A) = ¢ / i p / AP gl PaAL (—p) (MY fee A ()
3)

The mass scale y is not arbitrary, but fixed by a self
consistent equation known as the gap equation, which can
be written as a condition on a vacuum condensate. Defining

F8,+ib%0,A2—29 M(A)* ") +1H(A)-IVD(N>~1) (4)
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The gap equation reads

0z(%)

- —0= (H(A)=VD(N>-1). (5)

P

The theory as it is is highly non-local due to explicit
expression of H(A). In order to have a workable quantum
field theory we need to put the action in a local form. This
entails the introduction of new, auxiliary fields. We
note that

/ DpDpDaDi e~ J <X @i MAY ol =0 MY ol 4igr A H)) L, =P H(A) (6)

where the symbol ~ means “up to a prefactor” and (¢, )
are complex bosonic fields and (w, @) are fermionic fields.
Therefore we obtain the local formulation as

Zay = / DADEDcDbDFDYDPdDw e (7)

where

1
Sez = / dPx (ZFZDF,% +ib9,A% — E“M(A)“bcb)
+ / dDX(Q_DzCM(A)ab(/IﬁC _ @ZCM(A)awaI;C)

+ [ xtighragols + af) - "DV - 1)

(8)

and y is such that it satisfies the gap equation (5), which
now reads

D

g{f*eAd(ghe + @) = y2D(N* - 1) 9)

where translation invariance of the vacuum was used
to factor out the volume [dPx(f*°Al(ph¢ + pic)) =
VU ALl + 7).

The vacuum defined by the gap equation is unstable and
favors the formation of new condensates [43] that are
related to mass scales of the gauge fields (A%) ~ m? and
auxiliary fields (p¢) ~u>. The incorporation of these
condensates in the effective action formulation leads to a
modified theory known as the refined Gribov-Zwanziger
theory, defined by

1
Skez = / dPx <4ngng +ib9,A% — E“M(A)“”ch)
+ / dP (2 M(A)™ ghe — & M(A) el
+ [ xtigraglols + o) - DO - 1)

2
+ / 4P AAL + / dPxM2(Gheghe — aleale).
(10)

It is worth pointing out the remarkable fact discovered in
[55] that it is possible to recast this theory making it
suitable for any linearly covariant gauge, so that the
resulting RGZ theory can be made BRST invariant. This
is done by replacing the gauge field A by a gauge invariant
composite field A" [55,59]

. i
A,’j:h‘A”h—i—;h’aﬂh, (11)

with
h = ei9'T" = gk, (12)

where &¢ is the Stueckelberg field discussed in [53—
56,59,60]. One also needs to impose a transversality
constraint on A”,

9,AL" =0, (13)

so that the % field is not really independent, but is an
auxiliary field. This leads to a consistent renormalizable
and BRST invariant formulation. This enlarged formulation
reduces to the Landau gauge if £ = 0. In this work we will
only consider the Landau gauge.

III. THE THREE-POINT GHOST-GLUON
CORRELATION FUNCTION

Let us now start discussing the ghost-gluon correlation
function and establish some notation. We first make some
general remarks about the connected gluon-antighost-ghost
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+  higher loops

(111) ‘ v .1 (1v.2)

FIG. 1. Feynman diagram expansion up to one-loop order for the ghost-gluon vertex in the refined Gribov-Zwanziger theory. Dashed
lines represent ghosts and antighosts, while the curly lines stand for gluons. Full simple and double lines, that only appear in mixed
propagators, correspond to the auxiliary fields ¢ and @, respectively. Of course, vertices are evaluated at tree-level order by employing
the expressions provided in Appendix A. Note that as for the diagrams (IV.1) and (IV.2) the external leg involving the gluon corresponds
to a mixed propagator of the form (Ag). The roman numbers identifying the one-loop diagrams will be used as reference in the results

section and in the appendices. The diagrams were generated by means of the JAXODRAW interface [61].

three-point function in the RGZ theory and how the mixed
propagators affect its building blocks. Next, for complete-
ness, we quote the results obtained in [1] for the soft-gluon
limit. Our original results for the gluon-antighost-ghost
correlation function for arbitrary momenta are left for the
next section.

A. General structure of the Acc vertex

The relevant Feynman rules for the calculation of the
ghost-gluon vertex at one-loop order can be derived from
the action (10) and are listed in Appendix A.

With these rules at hand, one can calculate the connected
correlation function

AL (P (@), s
. 53ZC[JA’JE"JC]
RGO A

at one-loop order, where Z,. is the generator of connected
correlation functions and J; (i =¢,c,A) are external

(AL(K)e"(p)ec(q)) = G(P)G(Q)DAA(k)Piy(k){FAﬁabcv(k, p.r)

where

sources linearly coupled to the fields i. As usual, the
sources are taken to zero at the end of the calculation.

Before proceeding, let us remark that since the RGZ action
contains bilinear couplings between fields, the theory con-
tains mixed propagators, such as (Ag) and (A(). Therefore,
the relation between connected and 1PI functions has to take
such mixed propagators into account. This is made explicitin
the Feynman diagrams of Fig. 1. Such mixed propagators and
vertices involving Zwanziger’s auxiliary fields ¢ and @ as
well as their fermionic counterparts @ and @, arise as a
consequence of the local formulation of the Gribov horizon.'
We give further details for the interested reader in
Appendix B.

Since the tree-level mixed propagator is such that

(Ax(p)wr(=p))
_ _l'gnyabc PL

(p). (15)

the one-loop connected function (14) can then be decom-
posed as’

2l-g},2fade

— k2 n M2 Fz‘hcc(/};d‘e (k, p, r)} s (16)

q=—p—k

' Another possible formulation of the theory would include nonlocal, momentum-dependent vertices instead of the auxiliary fields.
However, for the sake of using standard quantum field theory techniques, we employ the local version of the theory.

*This expression has already been derived in [1]. However, the result showed here differs from it by a factor of (-2i) in the coefficient
of I'zs ¢ s a consequence of a different choice for the Feynman rules. Of course, this is just a matter of convention and does not impact

el A A
on the evaluation of the vertex function.
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PuPly
P;i/(p) = 5/41/ - ;2 (17)

is the transverse projector, and the relevant 1PI functions are

Eygosec (ks .7 or (18)
azbec\ K, p,r) = a — -
& SA; (—k)6e (—p)dct (—q)
and
5T
FZ‘})CC(pZ(‘ (k, p, r) = (19)

8¢ (=p)éc(=q)dpi (=k)”

Note the presence of the 'z, and I';.; vertex functions
in the RGZ theory, which are zero at tree-level order. In the
case of I'z,, its first nontrivial terms are given by diagrams
(IV.1) and (IV.2) of Fig. 1, where the external leg involving
the gluon field corresponds to a propagator of the type (A¢)
connected to a p@A tree level vertex. In contrast, the vertex
functions I';., and I'z.; do not contribute to the ghost-
gluon vertex due to the absence of mixed propagators of the
type (Aw) within the RGZ theory. Notice also that, since
['zep = Izep» In Fig. 1 we have included the diagrams
associated with the former quantity only. The contribution

of Iz to (AZ(k)e?(p)c(q)) is introduced by multiplying
|

ALKV (p)e<(a)) = —igp, f*G(p)G(p + k>DAA<k>P,fy<k>{Bl<k, P+

the contribution of I,
observed in Eq. (16).

The tensorial structure of the ghost-gluon 1PI vertex
function is given by

by a factor of two, as can be

FA,‘;Z‘hc"(k7 p, I") = _lg abe {pﬂBl (k’ p) + kyBZ(k’ p)]’ (20)

where we adopt the same notation as in [15] and consider
all momenta as incoming. At tree-level, the scalar structure
functions are B;(k, p) = 1 and B,(k, p) = 0.

On the other hand, the contraction of the I'z. function
with the antisymmetric color structure constant tensor can
be decomposed as
fudel'*

che

cgte (ke p, 1) = gf " (p,Cy (K, p) + k,Cy(k, p))
+ gd**(p,Ci(k, p) + k,Ci(k, p))
(21)

Since this combination must be antisymmetric in the color
indices b and ¢ (due to the fact that the ghost fields are
Grassmannian), the coefficient of the totally symmetric
tensor d“*° must vanish identically, i.e., C; = C, = 0. Asa
result, we may write the one-loop connected three-point
function as

2

2gy
kK + M?

¢ <k,p>}, (22)

where the longitudinal scalar functions B, and C, are no longer present (in the Landau gauge) due to the transversality of

the gluon propagator.

In order to make contact with results from Monte Carlo lattice simulations, let us consider the scalar quantity [62]

GA(p, k) =

rzljgc,tree)ﬂ(k7 p’ _k - p)<AZ (k)z‘b (p)cc(_k - p)>

Fahc (k, p.—p— k)r‘ubc

(Acc,tree) u
29y
=By (k. p) + mcl(lﬁp)’

which from now on we denote as the ghost-gluon vertex
dressing function.

There are clearly some differences between perturbative
YM and RGZ calculations of the vertex function. The first
of them is the modification of the gluon propagator brought
about by the restriction to the Gribov horizon, which
can be understood as the appearance of a pair of generally
complex conjugate poles. A second difference is the
presence of the tree-level Apg vertex, which couples the
gluon to the auxiliary Zwanziger fields. This allows not
only diagrams with auxiliary fields running in the internal
loops, but also in the external legs, as long as the external
propagator is a mixed one like, for example, (Ag). This

(Acc,tree)v

(k, p, =p = k)P, (K)G(p)G(p + k) D g4 (k)

(23)

|

possibility is realized in (16), giving rise to the contribu-
tions Iz and I'; z ., not present in perturbative YM theory.
Furthermore, note that these mixed contributions only
appear from one-loop order onward, as such vertices are
absent from the classical action (10). Being finite, they do
not spoil the stability of the action, in agreement with the
quantum action principle [63]. Finally, we note that the
presence of such vertices involving the auxiliary Zwanziger
fields can be thought as effective momentum-dependent
gluonic interaction terms. This claim can be explicitly
shown to be true, starting from the tree level action, by
considering the nonlocal version of the RGZ theory (whose
action can be obtained from (10) by integrating out the

094039-5



N. BARRIOS et al.

PHYS. REV. D 109, 094039 (2024)

Zwanziger auxiliary fields) and expanding the inverse of
the Faddeev-Popov operator in powers of the coupling. In
this regard, we note that it is reasonable to consider the
RGZ effective action not simply as an effective model with
propagators given by a ratio of polynomials, but rather a
renormalizable effective theory with nontrivial gluonic
propagators and self-interactions, which are related to each
other.

As a final remark, let us note that all diagrams contrib-
uting to the ghost-gluon vertex are finite in the RGZ theory,
just as in the perturbative Yang-Mills theory. In fact, the
mixed propagators present in diagrams III and IV make the
diagrams even more ultraviolet convergent than the usual
YM diagrams I and II. This can be easily seen from the
form of the (Ag) propagator (15).

B. The soft gluon limit

The calculation of the ghost-gluon vertex for any
momentum requires the calculation of the diagrams shown
|

Nfabc

1 .
420, p.—p)Jee = ig?

N

in Fig. 1. Since this calculation is rather long to be
performed manually, in a previous work some of us
considered the soft-gluon limit of 4z, i.e., the limit in
which the gluon momentum k& — 0 [1].

In the soft gluon limit, each diagram takes a simplified
form. Moreover, diagrams IV.1 and IV.2 vanish. In reality,
as for the soft gluon limit, these contributions vanish at all
orders of perturbation theory. In the case of I'zs .z, this is
due to the derivative nature of the @@pA vertex and the
transversality of the gluon propagator, as well as all
propagators involving the ¢ field (see Appendix A).
This property could also be inferred by looking at the
function I'zs e 5o Which is identical t0 Tz e yte . AS Tt e 1
always proportional to the momentum of the external
gluon, it vanishes as this momentum goes to zero.”

In this limit, the one-loop correction for the vertex, which
has been explicitly calculated in [1], reads

{R @) + Ry (aip) + 2R 00 p) + 200K i)

gr*

+4R.R_K,(a.,a_;p) +~ (a

2

~2K, 0ol

where
m? + M? + \/(mz _Mz)z —a)
ay = > ,
2 m? + M?* — \/(m* — M?)> — 42
— 2 b

with 1* = 2Ng¢?y*, and the integral

d 2.2 . 2
Jﬂ(ml;p)E/(dq L 1 pa-(p-g) (q= D)y

20 > > +m} (g - p)*P
(25)

is related to diagram (I) while

c’cfy c’cCq

corrections to be regular as k — 0. This is indeed the case of the
RGZ framework, owing to the fact that the parameters m, M and y
act as natural IR regulators of the theory.

3 S
In both cases of 'z e and 'z 50 We are considering loop

T —az

2
) Kylaraip) + Kyfamiasip)

(24)

[
dlg 1 1 1
K S My p) =
1. ms; ) /(2ﬂ)" (q+p)q*+miq*+m3
2.0 (N2
X{qp (p Q)]qﬂ

7 (26)

appears in diagrams II and IIL* The incoming antighost
momentum is given by p. Therefore, the ghost momentum
is —p, since k = 0 in the soft-gluon limit. The massive
parameters —a? are the, generally complex, poles of the
RGZ gluon propagator (A1) and R_. are their corresponding
residues. It is worth pointing out that the last terms in
eq. (24) come from diagram III in Fig. 1 which is absent in
standard YM theories, being proportional to the Gribov
parameter.

As a last remark, let us note an important feature of the
I'yzc vertex function in the RGZ theory: it explicitly
respects the so-called Taylor kinematics, i.e.,

(Caze)2(p.0,—p) =0, (27)

*Analytic expressions of J,(m;p) and K, (my,my;p) are
provided in Appendix C.
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and the so-called nonrenormalization theorem of the ghost-
gluon vertex

(Caze)2(=p. p.0) = —igf**p,. (28)

which are the same in the RGZ framework as in perturba-
tive YM theory [64]. These are direct consequences of the
Ward identities of the action (10).

D( lg

.3V abc
D(Il) = _lg3§f b pr[(p + k)m

]Zf“b"pp (p+k / o
/ d¢

(2
X Daa(q)Daa(q — k)Dec(q +

N2 d
P+ k)/,/ 1

d
(27)

D ) = 19

fadeD(IV.l) =

D gy = —ig? N (g2 p ke (p + K) = ¥4 pi g
: 4 e g (2ﬂ>d

where Dyy(q) designates the propagator of momentum ¢
between the fields X and Y.

The above Feynman integrals depend on two external
momenta, p and k, and feature only one Lorentz index
which is not contracted, . As a result, all of them can be
expressed as F(p* k>, p-k,M* m* A)p,+H(p*.k*,p-k,

2,m? )k, where F and H are scalar integrals. In the first
stage of our computation we found the corresponding
scalar integrals for each diagram® and evaluated the color
factors by means of the COLORMATH package [65].

In a second stage, we reduced the scalar integrals to one-
loop master integrals [66] of the type

A= [ Gla), (30)
B, (p?) = / G.(4*)G,((p - q)*). (31)

Co(p Kop k) = / ()G, ((p - 9)G.((k - g)2).

(32)

>The contributions for the dressing function G4 come from
the p, component entirely.

q
7)1

q

) ( kaéﬂl/ + 2k1/6ﬂ/) + (2q k) l//))
p)

(2g — k),

IV. THE ONE-LOOP RGZ GHOST-GLUON
VERTEX FOR GENERIC MOMENTUM
CONFIGURATIONS

A. Feynman diagrams

It is clear from Eq. (23) that the ghost-gluon vertex
dressing function relates to two 1PI structures. Diagrams
I-1IT from Fig. 1 contribute to I'y;., while the fourth
diagram contributes to I'jz..

Their expressions in terms of the Feynman rules from
Appendix A, following the numbering from Fig. 1, are

Py,(q+ p)Daa(q + p)Dzc(q — k)Dz.(q).

(@) Poy(q — k)

/)n(q k) wy(Q)DA(p(q k)DA(/)( ) Ec(Q+p)’

N2 d?
7 Tf"”"(gyz)quw(p + k), / ﬁf’iﬁ(q — k)P, (@)D, (g — k)Daa(q)Dec(q + p).

Pijfw(q_k)DAqo(Q)DAA<q_k)DEc(q+p)7 (29)

where

, (34)

where x is a “mass” squared (which may be complex, in our
case). In the case of the RGZ theory x € {0, M?, a2, a%}.
The mass dimension of the gauge coupling, defined as y¢, is
absorbed into the definition of the master integrals. More
specifically, as the dressing function G4 is proportional
to ¢*, we include the respective mass dimension, x4, in the
definition given by Eq. (33).

We implemented the reduction to master integrals using
an algorithm in Mathematica based on the FIRE package
[67]. The reduction for each diagram is presented in a
supplementary material [68]. The analysis is performed for
an arbitrary number of colors N with the purpose of
comparing with alternative approaches, both for the SU(2)
and SU(3) gauge groups.

Once the reduction is finished we need to compute the
one-loop master integrals. For both A and B there are
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well-known analytic results (see, for instance, Ref. [69]). In
the case of the master integral C, when needed, we
evaluated it numerically.

We note here that since all one-loop diagrams are finite
no renormalization factors are needed.

B. Kinematic configurations

Concerning the particular kinematic configurations we
will address in this article, it is convenient to recall that
three-point correlation functions depend on two external
momenta. Because of translational and rotational invari-
ance such dependence can be described by means of three
independent kinematic variables. We choose the magni-
tudes of the antighost and gluon momentum, p and k, along
with the scalar product p - k.

In this paper we aim at extending the analysis of the ghost-
gluon vertex within the RGZ framework, initially explored in
[1], beyond the soft gluon limit, to include arbitrary kin-
ematic configurations. We focus on the specific kinematic
setups for which we have access to lattice simulations,
namely the symmetric and orthogonal configurations.

The symmetric configuration is characterized by equal
momentum magnitudes for the external antighost and gluon
legs, p = k, forming an angle of @ = z/3. On the other
hand, the orthogonal configuration refers to external
momenta perpendicular to each other, § = z/2. Within
this work, our reference to the orthogonal configuration
includes the additional condition p = k.

C. Numerical values of the RGZ parameters

Within the RGZ framework, there are four parameters:
M and m, that are mass parameters associated with
dimension two condensates, the Gribov parameter y and
the gauge coupling g. For the sake of convenience, we
introduce the parameter A* = 2Ng?y*, which we will
employ in place of y.

In principle, the three massive parameters could be
determined self-consistently using the Gribov gap equation
and minimizing the effective potential of the theory with
respect to two condensates. Here, however, we shall fix these
parameters using lattice input. The parameters M, m and 1 at
tree-level were determined for SU(2) in [70] and for SU(3) in
[71], by fitting the lattice data of the gluon propagator from
YM theory with an analytic expression of the form:

2

p +a
D(p?)=——"——— | 35
(P) p4 bpz ¢ ( )

where a, b, and ¢ are constants. This analytic form coincides
with the tree-level gluon propagator of the RGZ framework,

2 2
p-+M
D(p*) = 7

, (36

TABLE I. RGZ parameters fitted from lattice results for SU(2)
[70] and SUQ3) [71].

Gauge group M? (GeV?) m? (GeV?) 2 (GeV)
SUQR)—Ref. [70] 2.51 -1.92 1.52
SU@3)—Ref. [71] 4.47 -3.77 2.04

allowing for the extraction of m, M, and A from Eq. (35). The
obtained values are displayed in Table I.

D. Toy model of the running coupling

The gauge coupling ¢ is to be determined by fitting the
RGZ ghost-gluon vertex to available lattice simulations. To
that end, it is useful to introduce the relative error between
the RGZ output and the lattice data,

1 Ny G )—-G X 2
){2 < RGZ(pz) latt(pl)> ) (37)

B leatt Glatt(pi)

where Ny, is the number of lattice data points, Grgz
and Gy, refer to the RGZ and the numerical results,
respectively.

First, we simply investigate at a qualitative level the
variation of the dressing function G4 as we change fixed
values of g. As we will see, this is enough to reproduce
either the IR or the UV but not both regimes at the same
time. Most likely this is due to the presence of large
logarithms in the UV domain, which spoils the validity of
perturbation theory. This problem can be overcome by
introducing the running of the various parameters of the
RGZ framework and choosing a renormalization scale of
the same order of the external momentum: y~ p. To
achieve this we would need to evaluate the two-point
functions of the theory by introducing an infrared-safe
scheme, of the type introduced in [29] for instance.

However, this sort of approach exceeds the scope of the
present article. Instead, we keep the constant values
provided in table I and make use of a toy model for the
renormalization group (RG) flow of the gauge coupling,
motivated by the standard Yang-Mills one loop S-function
in the modified minimal subtraction scheme,

%
g (u) = - 0 (38)
1+13—1N#10g<”j{{\>

and choose y = p. The parameter A is introduced to
regularize the IR” by freezing the running of the gauge
coupling for momentum scales much smaller than A, where
we expect the effects of the renormalization flow to be less

®The A parameter is crucial so that the toy model is Landau
pole free.
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relevant. The fits of G“4 from the RGZ framework to
lattice data are carried out by selecting the parameters g,
and A that minimize y.

V. RESULTS

In this section we show the results for the ghost-gluon
vertex dressing function, GE“4, for both the gauge groups
SU22) and SU@3) in four spacetime dimensions. We
compare our results with lattice simulations and outcomes
from the CF model and DSE. Additionally, we show the
contributions of each Feynman diagram to the final results.

A. SU(2)

We begin by analyzing the ghost-gluon vertex dressing
function G4 for the SU(2) gauge group in the symmetric
and orthogonal kinematic configurations, as well as in the
case of the soft gluon limit. The latter case was previously
investigated in [1]. However, for completeness and because
the analysis we perform in this article differs slightly from
the one developed in [1], we include those results here
as well.

1. Fitting the ghost-gluon vertex dressing function

In Fig. 2 we see the dressing function G¢“A for various
fixed values of the gauge coupling g at one-loop order from
the RGZ framework. As for the symmetric and orthogonal
kinematic configurations it is clear that, although we find

values of the coupling that show a very good agreement
with lattice data either at the IR (pink curve) or the UV
(purple curve), we are unable to reconcile both regions
simultaneously. This is reasonable, as we are not taking into
account the RG effects.

Interestingly, in the case of the soft gluon limit it seems
that it is possible to describe the lattice data for the whole
range of momenta with a constant value of gauge coupling
(red curve). The quality of the fit, though, must be taken
carefully due to the relatively large dispersion of the lattice
data, specially at low momenta.

To investigate to which extent the RG flow is capable of
reducing the discrepancy between the lattice data and the
RGZ fit, we incorporate the toy model of the running
coupling shown in Eq. (38). The level curves illustrating the
dependence of the relative error defined in Eq. (37) on the
parameters g, and A are depicted in Fig. 3. We notice that
the regions minimizing y are very similar for the symmetric
and orthogonal configurations. These regions are also
compatible with the level curves of y observed in the soft
gluon limit, though the area of minimum error appears
more extensive. This discrepancy could stem from a greater
uncertainty and dispersion of the lattice data in the soft
gluon limit compared to the data from the symmetric and
orthogonal setups.

The parameters that minimize y in each kinematic
configuration are displayed in Table II. Additionally, we
incorporate the values of g, and A that minimize the

1.5 ‘ 1.5F ‘
— g=2 — g=2
1.4 — g=3 1.4 — g=3
@ g=4 Q g=4
1.3 { R 1.3
g o
o o
s 1.2 {g 12}
© S
1.1 1 1
1.0 1.0t/

3 4 5 6
p [GeV]

FIG. 2. The SU(2) scalar function G“* as a function of the antighost external momentum in three distinct configurations: the
symmetric (top left), orthogonal (top right) and the soft gluon limit (bottom) for various values of a fixed gauge coupling. Blue and black
points refer to lattice data extracted from Refs. [72,73], respectively.
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A (GeV)

FIG. 3.

A (GeV)

A (GeV)

Level curves of the relative error y, defined in Eq. (37), as a function of the parameters A and gy, for the symmetric (left) and

orthogonal (center) configurations as well as the soft gluon limit (right) for the SU(2) case.

deviation between the lattice data and the RGZ output
across all kinematic configurations simultaneously. These
values are computed by minimizing the collective error,
Xijoint» Which we define as

) _)(gym +)(grth+)(goft
Xjoint = 3 ’

(39)

where gm, Yorm» and ygop refer to the relative error of the
symmetric, orthogonal, and the soft gluon configurations,
respectively.

The parameters that minimize iy are go = 3.90 and
A = 2.75 GeV. Using these parameter values, we collect in
Table III the y values for each kinematic configuration,
which indicate that the deterioration of the individual fits
for each configuration is minimal when performing the
collective fit. The corresponding plots are shown in Fig. 4.

We observe that the fit of Fig. 4 exhibits a strong
agreement with lattice simulations across all kinematic
configuration. However, the UV tails of the RGZ curves
consistently fall above the lattice data points. This discrep-
ancy could arise from the larger number of lattice points in
the IR region compared to the UV domain, emphasizing the
agreement between the RGZ result and lattice data in the

TABLEII. Values of the parameters g, and A that minimize the
discrepancy between the RGZ outcome of the function G¢“ and
the corresponding lattice data for various kinematic configura-
tions in the SU(2) case. The last row refers to the values that
minimize the joint error yjyiy, defined in Eq. (39).

SU(2) fits for different configurations

Kinematic configuration 90 A (GeV) x

Symmetric 3.90 2.40 0.0029
Orthogonal 3.85 2.90 0.0028
Soft gluon 3.95 3.90 0.0044
Sym + Orth + Soft 3.90 2.75 0.0036

low momentum zone at the expense of deteriorating the fit
in the UV.

In Fig. 4 we include also the results of the Curci-Ferrari
(CF) model in Landau gauge at one- and two-loop
accuracy. The outcomes from both frameworks, CF and
RGZ, are consistent. Nonetheless, within this analysis,
comparing both approaches must be done with care due to
two reasons. First, concerning the symmetric and orthogo-
nal configurations, the CF curves of G““4 are pure
predictions of the model, while the RGZ curves represent
a global fit of the lattice data. This renders the comparison
fairer in the case of the soft-gluon limit, where the results
from the CF approach come from a global fit of the two-
point functions and GE“4. Second, due to the complexity of
the RGZ approach, we employ a simplified model for the
RG flow of the gauge coupling, disregarding the RG effects
of other parameters of the theory, which could potentially
alter the final result.

2. Contribution of each diagram to the GE“A fit

We now examine the contribution of each diagram to the
full result of G°“* in the symmetric and orthogonal
configurations, as well as in the soft-gluon limit. The
result is presented in Fig. 5, where we follow the numbering
from Fig. 1. As for the quantity we denote as diagram IV, it

TABLE III. Values of the parameters y of each kinematic
configuration corresponding to the parameters that minimize the
joint error yjoin,, go = 3.90 and A = 2.75 GeV, in the SU(2) case.

SU(2) joint fit

Kinematic configuration X

Symmetric 0.0031
Orthogonal 0.0028
Soft gluon 0.0046
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FIG. 4. The scalar function G4 for the SU(2) case as a function of the antighost external momentum in three distinct configurations:
the symmetric (top left), orthogonal (top right), and the soft gluon limit (bottom). The red curve represents the RGZ fit of the lattice data
by using the toy model of Eq. (38) for the gauge coupling. The values of the parameters, A = 2.75 GeV and g, = 3.9, are chosen to
minimize the joint relative error yjqi,. Regarding the symmetric and orthogonal configurations, the blue curve is the prediction from the
CF model at one-loop order [29]. In the soft gluon limit, the CF results are global fits of the gluon and ghost propagators along with the

dressing function G€4
respectively.

2 g ik, p.r),

corresponds to the full contribution CME L el

see Eq. (16).

We note that genuinely RGZ diagrams, III and IV,
represent a small contribution at one-loop order as com-
pared to the largest contribution of diagram II and, to a
lesser degree, diagram I. This is in agreement with the
results obtained by CF model [27-37] where only QCD-
like diagrams with massive gluons are taken into account.
Interestingly, as for the symmetric and orthogonal con-
figurations, the effect of diagrams III and IV is a reduction
of the peak of G4, at around p = 1.5 GeV. In the case of
the soft gluon limit, we observe that the contributions
coming from diagrams I and II are of similar order whereas
the contribution of diagram IV vanishes, as already pointed
out in Sec. III B.

B. SU@3)

In this section we replicate the analysis performed for the
SU(2) gauge group but for the case of the SU(3) gauge
group. Yet, the conclusions derived from this analysis will
be more restricted compared to the SU(2) case due to the
lack of lattice data available in kinematic configurations
other than the soft gluon scenario.

at one- and two-loop order [35]. Blue and black points refer to lattice data extracted from Refs. [72,73],

In what follows we present results for the same con-
figurations analyzed in the previous section, i.e., the
symmetric and orthogonal configurations as well as in
the soft gluon limit. Although the only configuration with
available lattice data is the latter, the other configurations
are valuable for comparison with alternative approaches in
the continuum.

1. Fitting the ghost-gluon vertex dressing function

In Fig. 6 we see G“4 as a function of the antighost

momentum for the symmetric and orthogonal configura-
tions as well as in the soft gluon limit. Similarly to what we
observed in the case of the SU(2) gauge group, as for the
soft gluon limit it seems that we are capable of reproducing
the lattice data by using a fixed value of the gauge coupling
g, as was already pointed out in [1].

It is worth examining how the deviation between the
RGZ outcome and lattice data is modified as we change the
parameters A and g, when using the simplified model
[Eq. (38)]. The level curves illustrating this dependence are
depicted in Fig. 7, displaying an error y independent of the
scale A as long as the values of g, remain moderate. This
reinforces our previous observation that, within the soft
gluon limit, the RGZ framework effectively reproduces
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FIG. 5. Contribution of each diagram to G¢“4 for the SU(2) case in three distinct configurations: the symmetric (top left), orthogonal
(top right) and the soft gluon limit (bottom), using the gauge coupling described by Eq. (38). The values of the parameters, A =
2.75 GeV and g, = 3.90, are chosen to minimize the joint relative error yj,iy. The convention of colors and line-styles in the orthogonal
and soft configurations is the same as the symmetric case. The red curve is the sum of all diagrams. The numbering of the diagrams is

provided in Fig. 1. Diagram IV refers to the full contribution %I}b C(»(/)ﬁe(k, p.r).
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FIG. 6. The scalar function G4 for the SU(3) case as a function of the antighost external momentum in three distinct configurations:
the symmetric (top left), orthogonal (top right) and the soft gluon limit (bottom) for various values of a fixed gauge coupling. The lattice
data were extracted from the plots in [74] using WebPlotDigitizer [75]. We estimated the error of the extraction procedure to be

at most 0.8%.
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A (GeV)

FIG. 7. Level curves of the relative error y, defined in Eq. (37),
as a function of the parameters A and g, as for the soft gluon

limit in the SU(3) case.

lattice data with a fixed value of g. Nevertheless, as we aim
to analyze the symmetric and orthogonal configurations as
well, which are likely sensitive to RG effects, in what
follows we continue employing the scale-dependent gauge

coupling defined by Eq. (38).

In analogy to our analysis for the SU(2) case, in order to
find the best fit to lattice data, we find the parameters A and
go that minimize the relative error y. In the soft gluon setup,
the minimum of y corresponds to A = 0.70 GeV and
go = 2.15, with a relative error of y = 0.0040. The result-
ing plots are depicted in Fig. 8.

We note that our results for GE“4 are consistent with the
outcomes of the CF model [29,35] and DSE [15].
Furthermore, the RGZ fit shows a strong agreement with
simulations, resembling the results obtained with a fixed
value of the gauge coupling. Interestingly, while the UV
tails of the DSE and CF curves overlap in the UV, the UV
tails from the RGZ curves fall more rapidly in comparison.

2. Contribution of each diagram to the G¢A fit

To conclude this section, we investigate the contribution
of each diagram to ghost-gluon vertex dressing function,
which is illustrated in Fig. 9. Proceeding similarly to the
SU(2) case, the quamt%ty2 we call diagram IV corresponds to
the full contribution %Féhcl:wﬁe(k, p.r), see (16).

We observe that in the case of the symmetric and
orthogonal configurations the behavior of G¢“4 is domi-
nated by diagram II, while the contribution of diagram I is
counterbalanced by the contributions of the genuine RGZ
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p [GeV]

The scalar function GE“ for the SU(3) case as a function of the antighost external momentum in three distinct configurations:

the symmetric (top left), orthogonal (top right) and the soft gluon limit (bottom). The red curve corresponds to the RGZ fit of the lattice

data, by utilizing the toy model of Eq. (38) for the gauge coupling. Parameters A = 0.70 GeV and g, = 2.15 were chosen to minimize
the joint relative error with the lattice data in the case of the soft gluon limit. Lattice data are extracted from [74]. We compare the results

with other approaches in the continuum. Specifically with GE“4 obtained from DSE, considering the bare (DSE—I) and the dressed
three-gluon vertex (DSE—II) [15] and G¢“4 from the CF model at one- and two-loop order [29,35].
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FIG.9. Contribution of each diagram to G¢“ for the SU(3) case in three distinct configurations: the symmetric (top left), orthogonal
(top right) and the soft gluon limit (bottom), using the gauge coupling described by Eq. (38). Parameters, A = 0.70 GeV and g, = 2.15,
are chosen to minimize the relative error y in the soft gluon limit. The convention of colors and line-styles in the orthogonal and soft
configurations is the same as the symmetric case. The solid, red curve is the sum of all diagrams. The numbering of the diagrams is

provided in Fig. 1. Diagram IV refers to the full contribution

diagrams III and IV. In the case of the soft gluon limit,
diagrams I and II both significantly contribute to the
function G4, whereas diagram IV vanishes, as explained
in Sec. Il B. Overall, the relative weights of these con-
tributions do not significantly differ from the SU(2) case.

VI. INFLUENCE OF THE TOY MODEL ON THE UV
BEHAVIOR OF THE FUNCTION G¢“

As mentioned earlier, when comparing the UV tails of
the dressing function G¢“4 obtained from the RGZ
framework with other approaches, cf. Figs. 4 and 8§, we
observe differences. Particularly striking is the observation
in the case of SU(3), where a simultaneous comparison
between the RGZ, the CF model and DSE results reveals a
convergence in the tails from the latter approaches, starting
from p = 4 GeV onward. In contrast, the UV tails of the
curves from the RGZ framework decrease more rapidly. It
is legitimate then to ask for the potential causes of this
discrepancy in the UV. In this section we explore the extent
to which this difference may derive from the toy model of
the RG flow, as presented in Eq. (38), and its associated
parameters A and g;.

With that purpose we compare in Fig. 10 the running of
the gauge coupling employed for the CF prediction of GE“4

2 2 rade
Ifzy+j;t42 Lo

c c"q}ﬂ" (k7 P r)'

at one-loop order in Figs. 4 and 8,” denoted as gcg (), with
the running of the gauge coupling from Eq. (38), gioy (1),
with parameters A and g,, obtained from the fits for the
gauge groups SU(2) and SU(3). We observe that gcp(u) and
Groy (1) differ at all scales and, although the difference tends
to diminish at high momenta, it is not negligible in the UV
region.

An interesting analysis involves assessing how the
differences among the UV tails of G¢“4 vary when we
minimize the discrepancy between gcg(u) and gioy (1) in the
UV domain. For this purpose, it is convenient to introduce
the quantity y, v, as a way to estimate that discrepancy:

pi=10 GeV
Goy (Pi) = 9cr(Pi)\ 2
)(é,uv = ( o . (40)

p;i=6 GeV gCF<pi>

To carry out the summation we used uniform steps of

length Ap = p,.; — p, = 0.5 GeV. The parameters that
minimize y, yy are A = 1.05 GeV, gy = 6.75 for the SU(2)

"In this section, when discussing the running coupling of the
CF model for SU(2), we refer to the running coupling employed
for the symmetric and orthogonal configurations, which differs
from the one utilized in the soft gluon limit.
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FIG. 10.  The running coupling g,,, and gcr for the SU(2) (left) and SU(3) (right) gauge groups. As for the toy model, the values of the
parameters are A = 2.4, GeV, gy = 3.9 and A = 0.70 GeV, g, = 2.15, for SU(2) and SU(3), respectively.
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The running coupling g,y and gcp for the SU(2) (left) and SU(3) (right) gauge groups. The black curve corresponds to the

parameters that minimize Xﬁ,UV' These are A = 1.05 GeV, go = 6.75 and A = 0.90 GeV, g, = 4.85, for SU(2) and SU(3) respectively.

The red curve corresponds to the parameters that minimize y , geea
for SU(2) and SU(3) respectively.

gauge group and A = 0.90 GeV, g, =4.85 for SU(Q3).
These parameters lead to an excellent agreement between
Groy(#) and gep(u) in the UV, as is illustrated in Fig. 11
(black curve). Unfortunately, these values do not feature
good compatibility with the lattice data of G4,

To assess the potential for enhancing agreement between
the results from the CF model and DSE with the RGZ
framework without significantly compromising the IR

description of lattice data, we introduce the following
collective error

)(z’GCCA = % (X;,UV +)(ZGCCA)7 (41)
where yces is defined according to Eq. (39) and Eq. (37)
for the SU(2) and SU(3) gauge groups, respectively. The
quantity y,geea takes into account both the discrepancy
between gcp(u) and gy (¢) in the UV as well as the
discrepancy between the dressing function GE“4 from the
RGZ theory and the corresponding lattice data.

The parameters A and g,, derived from minimizing
Xgceess would in principle generate a gauge coupling

. These are A = 1.65 GeV, gy = 4.15 and A = 5.05 GeV, gy = 1.85,

Groy (1) that balances both the UV alignment with gep(u)
and the consistency with lattice data across all momentum
scales. Such running coupling is also depicted in Fig. 11
(red curve). In the case of the SU(2) gauge group, we notice
an enhancement in the agreement in the UV region between
RGZ and CF/DSE. Notably, this improvement does not
imply a significant deterioration in the IR description. This
is evident when comparing Fig. 12 with Fig. 4.

In the case of SU(3), the minimization of ycca leads to a
running of the gauge coupling which is essentially constant.
This is consistent with the plots of Figs. 4 and 8, where a
fixed value of g was capable of describing the lattice data
for the entirety range of momentum. However, the afore-
mentioned running does not reduce the disagreement
between the results from the CF model and DSE with
the RGZ framework outcomes in the UV, being the quality
of the fits similar to the ones presented in Figs. 4 and 8. This
is reasonable, since we are essentially neglecting the
dependence of g with the scale. Still, the results for
SU(3) should be taken with care due to the dispersion of
lattice data in the soft gluon limit and the lack of data in
alternative kinematic setups.
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FIG. 12. The scalar function GE* as a function of the antighost external momentum in three distinct configurations: the symmetric
(top left), orthogonal (top right) and the soft gluon limit (bottom) in the case of the SU(2) theory. The gauge coupling is described by the
toy model of Eq. (38) with parameters that minimize y, gees, A = 1.65 GeV and g, = 4.15.

We can conclude that the specific toy model we
employed has an impact on the differences between the
RGZ framework and other approaches in the UV region.
However, these discrepancies probably have other sources
as well such as the neglect of the RG flow of the remaining
parameters of the theory and the specific choice of the
renormalization scheme.

VII. SUMMARY AND FINAL REMARKS

In this work we evaluated the one-loop ghost-gluon
correlation function within the RGZ framework for an
arbitrary kinematic configuration and investigated the role
of the running coupling. We performed the calculation for
the pure gauge theory in a four dimensional Euclidean
spacetime. With the purpose of comparing with other
approaches, we specifically focused on three distinct
kinematic configurations: the symmetric and orthogonal
configurations and the soft gluon limit.

This calculation is important since it serves as a bench-
mark to assess how well the RGZ framework describes the
behavior of YM theory in the low momentum regime. In
this sense this paper comes to complement previous
investigations on the two-point functions at tree-level order
[43,44] and the analysis of the ghost-gluon vertex in the
case of the soft-gluon limit at one-loop order [1].

The only parameter of the theory we used to fit our
results to the available lattice data for the ghost-gluon

vertex was the gauge coupling. All the other parameters
were extracted from Refs. [70,71], where they were
determined by fitting lattice results for the gluon propagator
using the RGZ tree level expression. This choice reduces
the number of free parameters to the minimum, making the
present analysis a more strict test of the RGZ framework.

As already pointed out in [1], as for the soft gluon limit
the results are compatible with lattice simulations for both
SU(2) [72,73] and SU(3) [74] by simply considering a
constant value of the gauge coupling, i.e., independent of
the momentum scale. However, this is not the case of the
symmetric and orthogonal configurations, where the
renormalization group effects seem to be significant.
Indeed, when introducing a toy model for the running of
the gauge coupling, our outcomes are quantitatively com-
patible with available lattice data.

Our results also display qualitative agreement with other
continuum approaches, specifically the dynamical DSE
solutions in two different truncation schemes [15] and the
RG-improved CF model [29,35]. Additionally, we show
that quantitative differences between the RGZ results and
alternative continuum approaches in the UV region can be
accounted for by the particularities of the model for the RG
flow of the gauge coupling.

Overall, these results support the RGZ theory as a valid
description of the infrared YM dynamics. There are several
ways, nevertheless, in which the present analysis can be
improved. A fully dynamical calculation of the two-point
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functions of the RGZ framework, most likely in an infrared
safe scheme, would allow us to determine the running
parameters of the theory by fitting the two-point functions
to lattice data. Another potential study concerning this
correlation function could investigate its dependence on the
gauge parameter within the context of linear covariant
gauges, utilizing the BRST invariant version of the RGZ
action [55].
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APPENDIX A: RELEVANT FEYNMAN RULES
(LANDAU GAUGE)

Given its many fields and interactions, the RGZ theory
has a large number of propagators and vertices. However,
for the calculation of the ghost-gluon vertex at one-loop
level (and in the Landau gauge), only a few of them are
required. The Feynman rules corresponding to these
propagators and vertices are shown below.

1. Tree-level propagators

In order to calculate the ghost-gluon vertex function in
the refined Gribov-Zwanziger theory, only a subset of the
propagators of the theory are needed. These are

(A4(p)AL(=p)) = &%

(A4(p)pbe(—p))

(A4(p)@te(—p))

where

is the transverse projector, such that p, Py, (p) = p, Pt (p) = 0.
It is often convenient to write the D4, form factor as a sum of massive propagators, i.e.,

Dy (Pz) =

p*+ M L — sabpl 1
p4 + (mg +M2>p2 + m2M2 +2Ngz}/4 P;w(p) =0 Pﬂl/(p)DAA(p) (A )
- e PLp) = =g el () DAL ()
p4+p2(m2—|—M2)+m2M2—|—2Ngzy4 Hy Hv p2 +M2
2 rabce
_ —igr'f L _ /Aa be
- p4 +p2(m2 —|—M2) ¥ m2M2 ¥ 2Ngzy4 P/w(p) - <Aﬂ(p)¢y (_p)> (A3)
=a b 1 ab — sab
(€(p)c®(=p)) 2?5 = 6"’Dec(p) (A4)
PuPv
P;%u(p) = 5/41/ - ;2 (AS)
p*+ M? __R. R (A6)
(P> +m*)(p>+M?*)+2* p>+a p*+a2’

with
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Cm 4 M2+ (= MP)E =47

4+

“ 2

az =

m? + M2 — \/(mz M =4t

2

)

7m2—M2+\/(m2

_ M2)2 _ 4/14

: 2/(m* = M?)

2_414

’

B —m? 4 M? - \/(mz —M?)? — 4/

24/ (m? — M?)? — 4

with 2* = 2N g%y

—1-R,, (A7)

Note that either the poles a, and a_ are complex, or the residues R, and R_ have opposite signs (so that one of them is
negative). This property can be directly related to positivity violation of the gluon propagator in the RGZ theory.

2. Tree-level vertices

The only vertices needed for the computation of the ghost-gluon at one-loop in the RGZ theory are

&S
tree [T k, , abc _ tree
[ AAA( p Q>]yup 5AZ(k)5A§(p)5A;(Q) =0
58
tree [T e k, , abc __ tree
[Caze(k. p, q)]s 8AL(k)5e (p)Sc ()] oy
53Slree

(g (k. . 0) 5% =

SAS(K)Sph (P)S9d(9) | o

Note that, for higher orders in the perturbative expan-
sion, or for a general linear covariant gauge, or for other
correlation functions, extra correlators and vertices will be
needed.

APPENDIX B: ON THE RELATION BETWEEN
CONNECTED AND 1PI CORRELATION
FUNCTIONS IN THE PRESENCE OF MIXED
PROPAGATORS

Let us denote the generating functional of connected

-.

correlation functions as W|[J], where J; are external sources

-

associated with the different elementary fields, and let I'[¢]
be the quantum action, that is, the generating functional of
1PI correlation functions. Using this notation, we start from
the well-known relation

ST Ewll]
5600 |5_g5 80 01

=i (B1)

Taking a further derivative with respect to the source J;, one
finds

= igfabc[(kv - %z)apu + (pp - kp)(s;w + (qﬂ - pu)(svp]’

= _igfabcp/,w
= _igfahdéceéy/)pp' (AS)
|
swii  &wld] < T[4 )
818,30, 81,80 \6¢;0 b | j_g5
SW[J) 8 W[J] (82)

XI5, 60,5,

For the present calculation of the ghost-gluon vertex, we
are specifically interested in the choice

I
S
o

S

(9)- (B3)

>~
I
9 Ql
Bl

—~

=

~—

Since there are no mixed propagators involving the
Faddeev-Popov ghosts ¢ and ¢, the only nonvanishing
contributions are such that j = ¢ and ¢ = ¢. Therefore,
running the remaining sum for m = A, ¢, ¢, we have
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Fwiil  Swl) {(5%[{13} > SWJ]
0J 400 :0J . 6J .0J ; OcOCOA =[] OJ 46J 4
ST(p SW[J ST(¢ SW[I 8W[J
L (Tl g, (Tl g 2w} (B4
5C5C6(ﬂ ¢=&>[7] 5JA5J(/, 5C6C5§0 (7}:5)[7] 5JA($J¢ 5.’56](
which, at the one-loop level, can be written as
Sr 2l'gy2fade ST
(A (k)e"(p)c®(q)) = Dee(p)Dzc(q)D (k)Pi(k){ ; - T - }
AT BAG(—k)8e (—p)det(—q) kP + M? 6cP(=p)oec (—q)dgge (k)
(B5)

where we used the fact that the correlation functions obey (Ap) = (Ap), and also 6°T"/dcdcdp = 5°T/5c5c6p.
In a shorthand notation, one can conveniently write

, =Lazc + %FEC(/) + %Fi‘c@- (B6)

Therefore, besides the contribution I'y;,., that would be present at pure Yang-Mills, there are also contributions from 1PI
functions involving the auxiliary fields ¢ and @, as well as the respective mixed propagators. Such contributions can be
thought as momentum-dependent contributions to the ghost-gluon vertex, which are present starting from the tree level of
the RGZ action.

APPENDIX C: ANALYTIC EXPRESSION FOR THE GHOST-GLUON
VERTEX IN THE SOFT-GLUON LIMIT

In the soft-gluon limit (i.e., when the gluon momentum k — 0), the expression (20) for the ghost-gluon vertex is relatively
simpler than in a general kinematic regime. Given the absence of IR-divergences, the soft-gluon limit for the ghost-gluon
vertex reads

Cpszree (0, p. =p) = —igf* p, B, (0. p). (C1)

The scalar function B, (0, p) has been calculated (with a slightly different notation) to one-loop order in [1]. The result
can be written as

Ng
Bi(0,p) =1+ —=[RJ(ay;p) + RJ(a_;p)| = NP*|R2K(a.,a\; p) + R2K(a_,a_; p) + 2R R_K(a.,a_; p)]

Ng® Ng'r*
— 75— vulK(a.a;p) +K(a_,a_;p) - 2K(ay.a_; p)]. (€2)
2 (af —az)
where the poles a.. and residues R_. of the tree-level gluon propagator are given by Eq. (A7), and the scalar functions J and
K above are given by

m? 2
1 2mip*(p? 4 mi) + pClog (1+3) — (3p* + 2mi)milog (1 + L)

J ; = : ] C3
(ml P) 647[2 S m%p4 ( )

¥There is a typo in the corresponding result from [1], which is corrected in this expression.
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1 1
25672 m3m3 p*(m? — m3)

K(mhmZ;p) =

{2m%mgp2 = 2m8m3 p* + 3mimi p* — 3mim3 p*

2
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2 2 P
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K(m,m;p) =

2567 p*m*
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