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We present the one-loop computation of the quark propagator of the Curci-Ferrari model, extending
previous analyses to include dynamical quarks. This model contains a mass for the gluons and ghosts that
tame the infrared behavior of the theory. Using the infrared-safe renormalization scheme, we study how
finite gauge parameters affect the infrared behavior of the correlation functions. The coupling, gluon mass,
and gauge parameter are found to freeze below a finite energy scale, confirming the infrared stability
of the framework. The quark dressing function Z(p) shows a change in concavity between the Landau and
finite-£ cases, suggesting that nonvanishing gauges may better reproduce lattice trends at one-loop order.
These results establish the CFDJ gauge as a possible infrared-safe setting candidate for perturbative QCD
with massive gluons. This work may provide a basis for future lattice studies of the quark-gluon vertex and

related observables in this gauge.
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I. INTRODUCTION

The study of QCD correlation functions in the Landau
gauge have been thoroughly investigated in the lattice in the
past two decades [1-6]. Two striking properties have been
unambiguously evidenced: First, the gluon correlation
function is screened at small momentum, and a screening
mass is generated. Second, the interaction in the ghost-
gluon sector remains moderate at infrared scales. The
physical phenomenon responsible for this screening is still
highly debated. A line of investigation consists in describ-
ing this feature by adding by hand a mass term for the
gluon, at the level of the gauge-fixed action. The theory
then identifies with the Curci-Ferrari model in the Landau
limit. In a series of studies, it was shown that this
phenomenological model, treated within perturbation
theory (see below for details), successfully describes the
correlation functions observed in lattice simulations for
Landau gauge, [7-15]; see [16] for a review. The

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2026/114(3)/034032(13)

034032-1

perturbative calculations indeed lead to renormalization
trajectories that are finite down to the deep infrared, and no
Landau pole is observed. Comparisons with correlation
functions obtained from the lattice show a 15% discrepancy
at one loop and improve to few percent at two loops.
The study of QCD correlation functions in covariant
gauges beyond the Landau gauge is an important step
toward a more complete understanding of strong-interac-
tion dynamics. In particular, it is of great importance to
understand if the two properties observed in the Landau
gauge (generation of the screening mass and moderate
coupling constant) are generic or if they are only valid in
this specific gauge. A particularly interesting class of gauge
fixings is provided by the Curci-Ferrari-Delbourgo-Jarvis
(CFDJ) gauges [17,18], which are renormalizable and
possess non-renormalization theorems [19,20] that simplify
the analysis of correlation functions. In particular, renorm-
alization was studied up to five loops in MS [21-23]. One
striking feature that makes CFDJ gauges attractive is that,
as for the Landau gauge, they can be regarded as an
extremization problem, allowing for a direct implementa-
tion on the lattice [24]. This makes them promising
candidates for future nonperturbative simulations in
QCD with dynamical quarks. Moreover, the CFDJ
gauge-fixed action can be upgraded to a massive extension
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(the Curci-Ferrari with an arbitrary gauge parameter)
without spoiling the nonrenormalization theorems.
A natural question is therefore, is the Curci-Ferrari model
with an arbitrary gauge parameter a good model to describe
CFDJ, as it was the case in the Landau limit? Answering
this question relies on comparing correlation functions (or
observables) obtained by analytic (perturbative) calcula-
tions to those extracted from lattice simulations. Such
lattice calculations are currently being performed [25].
We address, in this article, the analytic part of the program.

In Ref. [26], the gluon and ghost propagators were
computed at one-loop order in the CFDJ gauge within the
quenched approximation (where the fluctuations of the
quarks are neglected). The aim of the present paper is to
extend this program by including dynamical quarks and to
perform the one-loop calculation of the full quark propa-
gator in the CFDJ gauge.

A complete renormalization of the quark two-point
function in the infrared-safe scheme in this gauge also
constitutes a necessary step toward the computation of
other important quantities, such as the quark—gluon vertex
and the associated chromomagnetic moment [27,28]. In
addition, the quark mass function in the CFDJ framework is
a renormalization-group invariant: Once the initial con-
ditions for the renormalization-group flow are fixed, the
emergent infrared mass scale can be directly confronted
with lattice results without introducing any additional
multiplicative renormalization factors.

Another motivation stems from the fact that, in Landau
gauge, the one-loop quark dressing function exhibits a
convexity property that is not in agreement with lattice
data [9]—this feature is an artifact of the one-loop problem:
The two-loop calculation [13] leads to the correct con-
cavity. Therefore, this offers the possibility to test whether
this shortcoming of the one-loop calculation persists in the
CFDJ gauge. Finally, even in the absence of unquenched
lattice simulations in the CFDJ gauge, our results provide
concrete predictions for the impact of quark loops on the
gluon propagator in this setting, which could be compared
to lattice simulation [25].

This paper is organized as follows. In Sec. II, we review
the CFDJ gauge and present the relevant Feynman rules
including quarks. Sections III and IV are devoted to the
one-loop calculation of the gluon, ghost, and quark
propagators and their renormalization. Our results are
discussed in Sec. V, with emphasis on the dependence
on the gauge parameter and the implications for the quark
mass function. We conclude in Sec. VI with a summary and
perspectives for future work.

II. REVIEW OF THE CFDJ MODEL

In this section, we review the CF model [17] in a four-
dimensional euclidean space, including N, degenerate
quarks. The gauge fixed Lagrangian is then given by

L= ['YM =+ ['GF =+ ‘C'm + ['matterv (1)

where the terms correspond to the Yang-Mills, the gauge
fixing, the mass, and the quark Lagrangians.
The Yang-Mills Lagrangian reads

Lym = (F;aw)za (2)

ENg-

where Fy, = 9,A; —d,A; + go f“b“AﬁA;‘ is the bare field
strength, g, the bare gauge coupling, and Ay the bare gauge
field. The structure constants f°¢ are chosen completely
antisymmetric.

The gauge-fixing term, expressed in terms of the
Nakanishi-Lautrup field # and the ghost-antighost fields
¢ and ¢, is given by

Lor = 0,8%(D,c)" + %h“ha + ih®9,AS
5 aoc L,a = c g2 anc - C
— i gof Pheh et =& (fe P, (3)

where & is the bare gauge parameter. In the limit £, — 0,
we recover the usual Landau gauge. For &, # 0, there exists
a four-ghost interaction, typical of nonlinear gauges. Note
that it is possible to shift the /4 field to obtain an action that
is explicitly symmetric under the permutation of the ghost
and antighost fields [20].

The effective mass term reads

L, = m% (% (A,’j)2 + tfoé“c“), (4)

where m is the bare screening mass. We insist on the fact
that the gluon mass appears at the level of the gauge-fixed
action, contrarily to the Proca action. In this sense, gauge
symmetry has already been eliminated, prior to the intro-
duction of the mass term. The theory is renormalizable, as
proven long ago [17,18]. Notice that the ghosts have a mass
term away from the Landau gauge (&, # 0). This is
imposed by symmetry considerations [17].

Finally, the matter content of the theory is the usual
fermionic quark Lagrangian:

Ny

‘Cmattcr = Zl/_/,(ﬁ + M{))Wi’ (5)

i=1

where in particular we are going to consider degenerate
quark masses, Mé = M. The generalization to different
quark masses is straightforward.

Notice that the gauge fixing we are considering is
intrinsically different from linear gauge fixing, and there
is no redefinition of fields that allows us to go from one to
the other. However, both models coincide in the £, — 0
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limit: They are two unequivalent extensions of the
Landau gauge.

Let us now present the Feynman rules for this model.
Firstly, due to the presence of a ghost mass [see Eq. (4)], the
ghost propagator reads

4[)) ab
S (6)

a------b P+ Em?

For determining the gluon and h-field propagator, we
need to compute the matrix

&S &S
SAUSAL  SAYSHP

M= [T T 7
528 528 ( )

ShiSAP  hshP

In Fourier space, it can be expressed in terms of longi-
tudinal and transverse projectors

PuPv
Pu(p) = 5" (8)
p
PuPv
P;J[y(p) = 5/41/ - ;;2 (9)

as

M — s ( (p? + m3)Pis (p) + m3Phu(p) —gpﬂ) (10)
Py 0

where we use the following convention for the Fourier
transform:

dip

= [ Gt e (1)

f(x)

We invert this matrix to obtain the bare gluon-gluon,
h — h, and gluon-h propagators, which read

a, L (99090990 - b,y = o mg

p
. 6ab P:_V (p)
p* + &omg

L &PL®) )

p 5 2
_ 6ab mo
Qg =—h p2 + é‘om%
p
— b Du
a =000~ b,M p2 + me(Q)

As for the quark propagator, contained in the £, part
of the Lagrangian, there is no modification to the usual
Landau one, neither from the inclusion of the mass term nor
from the fact that we are working with an arbitrary
E—gauge:

LN it Mo
a—4——5hH = 0 p2 ¥+ Mg

Moving on now to the different vertices of the theory,
we have the standard three- and four-gluon ones, as well as
the gluon-ghost and gluon-quark ones, which remain
unchanged from the usual Landau gauge ones. However,
as explained previously, we have now to take into consid-
eration two new ones: an hcc one and a ¢ccc one for the
CFDJ gauge fixing.

o

V . v\q S0 2
e >
C' \b
a b
\/X: _ _goﬁ (feabfecd _feadfecb)
RN 2
d/ e

III. TWO-POINT CORRELATION FUNCTIONS

We parametrize the gluon and ghost two-point vertex in
the standard way:

T (P) = 8 (T, ()P (p) + Tia (P)Pus(p).
I, (p) = 8T (p).

Let us comment on the longitudinal sector of the theory.
In the Landau case, the gluon two-point vertex has a
contribution proportional to the mass, but the gluon-gluon
propagator is purely transverse (that is, proportional to P,}y,
as it should in the Landau gauge). In the general case
&y # 0, the gluon-gluon propagator has a longitudinal part,
which could be obtained from lattice simulations. In the
following, we shall compute both the transverse and
longitudinal parts of this propagator.

At one loop, the ghost two-point vertex has four

contributions, given by the diagrams depicted in Fig. 1.
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FIG. 1. Diagrams contributing to the ghost self-energy at one
loop.

Notice that only the first one remains in the Landau limit
& — 0. It is important to note that the fourth diagram,
corresponding to a ghost tadpole, is not identically zero in
dimensional regularization because we are considering a
massive propagator for the ghost in an arbitrary CFDJ gauge.
Should we not have included the m3&,“c® term in the action,
this diagram would not contribute to the two-point function.

The diagrams contributing to the gluon self-energy are
the same as those appearing (see Fig. 2) in the Landau
gauge but must be computed with a massive ghost
propagator and a longitudinal gluon propagator.

We finally consider the self energies involving the / field
that we parametrize as

Daqs (p) = —FA;;hb(P) = 5abeFhA(P)v
Ly (P) = 6T (p)-

At one loop, there is one diagram contributing to each of
these; see Fig. 3,

FIG. 2. Diagrams contributing to the gluon self-energy at one
loop.

o
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FIG. 3. Contributions at one loop to the h“A,’j vertex and h¢-
field self-energy, respectively.

Moving now to the matter content of the model, we
parametrize the two-point quark function by two scalar
functions Z(p) and M(p), defined by

T2 (p) =27\ (p)(ip + M(p)). (12)

At one loop, this quark-quark vertex involves only a
single diagram, given by the diagram depicted in Fig. 4.

All these diagrams, after substitution of the vertices and
propagators, can be reduced to linear combinations of
Passarino-Veltman master integrals, A(m) and B(p, my, m,):

diq 1

am) = [ S, 13
diq 1 1
27)* (¢ +p)* +miq* +m;’

B(p,my,m,) :/ (14)

which are UV divergent and need to be regularized. To this end,
we use dimensional regularization. The divergences appear
through poles in € = (4 — d)/2. We shall explain the renorm-
alization scheme implemented in the following section.

IV. RENORMALIZATION

A. Renormalization scheme

Let us now study the one-loop renormalization of this
theory in d =4, part of which was already done in a
previous work [26], without the presence of quarks
nevertheless. As already mentioned, all the diagrams
presented until now are UV divergent. This problem can
be addressed by the usual means of introducing renormal-
ized fields and renormalization factors, as follows:

Al = \JZ A, = \JZ, 5,
¢ =\/Z.2%,  ht=/Z, s,
W= \/Z, g (15)

and similarly for the couplings:

FIG. 4. Diagram contributing to the quark self-energy at one loop.
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2 _ 2
my = 7,2 mpg,

$o = ZAZ.El Sk

90 = Zy9r-

In order to fix the finite part of the renormalization
factors, we must choose a renormalization scheme. In the
present work, we are going to consider the infrared safe
scheme (IS), which has been extensively used in the
framework of the CFDJ model [7-10,13,14,29], giving
rise to well-behaved propagators for the gluon deep into the
infrared, in agreement with lattice calculations. It is
given by

Cii(p =) =w* +my,  Th(p =p) = @+ Ermp,
Fllfh(p = p) = &g, FfA(P =pu) =1,
Z(p=p) =1,  M(p=pn)=Mp, (17)
and
Z; =Z.ZpZ,p, (18a)
—1~5—1/2
z,=22.'7;'"". (18b)

The last two conditions are due to non-renormalization
theorems for the mass and the interaction coupling in the
CFDJ model, proven in [19]. Strictly speaking, these
relations concern the divergent part of the renormalization
factors. In the IS scheme, we extend these relations,
imposing them to the finite parts as a means to fix them.
Observe that the theory can be renormalized by considering
only two-point vertex function, even to fix the renormal-
ization factor of the interaction. This major simplification
generalizes what can be done in the Landau gauge when
using the Taylor scheme [30] and is a consequence of the
nonrenormalization theorem (18b).

From now on, except otherwise stated, all fields, cou-
pling constants, and masses are the renormalized ones, and
we shall not put the R to alleviate the notations. At one
loop, the renormalization conditions lead to the following
expressions for the renormalization factors, defining
Zy,=1+06Z,.

[llo Em? [l
8Zy =200+ 57, =257 -5,
13 hA ¢ c ﬂz ¢ ﬂz
m2 FLllo
8Zy=—5(8Z.—6Z:)— 24—, 6Z,=—6Z,+2T%,

p IS

1
6Z,p =202 =62y ~bZ,. 8L, =20Z; =07 ~50Zx.

_MA;O) (19)

Here, all the functions are evaluated at the renormalization
scale [i.e., ' =T(p =u)], and M"° corresponds to the

6ZI// — _Z—l,llo’ 5ZM — Z—l,llo <1

parametrization (12) of the one-loop result for the quark-
quark vertex.

B. Renormalization group

The renormalization scheme described above leads to finite
expressions for the two-point functions. However, as usual,
these involve “large logarithms” when evaluated at scales p
much bigger than the renormalization scale 4. In order to cure
this shortcoming of the method, we employ the renormaliza-
tion group equations, which enables us to relate the vertices
renormalized at two, arbitrarily separated, scales.

The idea is to evaluate the perturbative expression at
momenta that are always close to the renormalization scale
u. To do so, we introduce a sliding scale y and study how
the theory varies when we change this otherwise arbitrary
scale . This can be done by deriving the beta functions and
z normalization parameters, which encode the variation of
the parameters of the theory (masses, coupling constant,
gauge parameter) and the field normalization change when
the renormalization scale is modified. In particular, once we
renormalize at a certain scale y, the various vertices, we are
interested in obtaining the relationship between their value
at the arbitrarily chosen renormalization scale y, and at a
sliding scale p. In order to do so, we use the general
renormalization group equation for the vertex functions.
For the cases in which we are interested, the RG equation
gives us for the vertices we are interested in

T8 (0o 1) = 2, (03 10)29, (5 0005, (P i), (20)

where

wdy
log z,,(u) —/ — 7). (21)
Ho H

¢ represents any of the field of the theory, and the vertices
renormalized at u, are given by simple expressions, the
ones appearing in the renormalization scheme (17). In (21),
we introduced the anomalous dimensions of the fields,
which are defined, together with the f functions as:

Px = ﬂ—d ’ (22)
H 1 go.mo.2.Mo
where X = {gg, mg, g, Mg}, and,
dlogZ
Ho lgoamo.&o.My

where once again ¢ represents any of the field of the theory.
For some of the anomalous dimensions and f functions, we
can deduce identities starting from the non-renormalization
theorems (18). Firstly, the f function for the gauge
parameter £ is obtained as
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o= o 0
5—#()”—#6”

(Fe) =etre-rm =2 24
A
where we defined y; in the same fashion as the (actual)
anomalous dimensions.

Likewise, for the mass and gauge coupling, we can
deduce

v
B, = g(n + TA - 275), (25)
and
Bz =m?(y. +7va—27e). (26)

We can solve (24)—(26) for y,, y4, and y,, obtaining:

:2&_2&4_3‘%

¢
}/A:2<—&+ﬂ—mzz>,
g m
__1B
Yh= 2E (27)

Our explicit expressions are given in [31], and we also
check that UV behavior matches with [21].

Plugging this results back into the definition of the z
functions, we are left with simple power laws for the
z(u; o) functions:

2 2) M

Zelipo) = E(uo) (1) m®(up)’
o GPuo) m*(w)
AU = 2 ) )
2n (s o) = i((/;t 0))- (28)

Unfortunately, no such simplification occurs for the
quarks, and so a numerical integration of y,, (u) is required
to obtain z,,:

) =exp | Mdﬂ—/f/m(u’)- (29)

{

V. RESULTS

A. Choosing the parameters

The $ functions obtained in the previous section can now
be integrated. In this section, we discuss how we should
initialize the flow. Monte-Carlo simulations are performed
on a lattice, with an interaction strength that fixes the
energy scale, through the dimensional transmutation

phenomenon. To make contact with our analytic calcula-
tion, we have to associate a value of the coupling constant
at some momentum scale g, expressed in GeV. At this
same scale, a lattice simulation of the CFDJ would use a
certain value of the & parameter. We should initialize the
gauge parameter to this same value at scale . Finally, the
quark mass at scale pg is also a parameter of the lattice
simulation, and we should initialize M at this value—for
illustrative purposes, we chose it &(ug) independent. In
what concerns the initialization of the coupling constant,
we can use the fact that the f function is universal in the UV
(that is, independent of the gauge parameter &) to argue that
if we initialize the RG flow at a sufficiently large scale ),
this initialization can be taken independent of the parameter
£ In our analysis, we therefore initialize our RG flows
sufficiently deep in the UV and discard all dependence of
the coupling constant g(u,) with the gauge-fixing param-
eter £(ug), but, simultaneously, one should avoid going too
deep into the UV, in order to avoid the accumulative error in
the running couplings in the successive RG flow integration
steps growing too big, considering we are working only at
one-loop accuracy.

The situation is a bit more complex for the parameter m.
As explained in the introduction, the CFDJ model is seen as
a phenomenological model to describe the low-energy limit
of QCD. Following this philosophy, the initial value of m
must be fixed by choosing the value which best fits some
result obtained by some other method, particularly, lattice
calculations. Once this value is obtained, the model is
predictive. In practice, the model is still predictive because
we aim at reproducing several functions, with only one
fitting parameter. However, in the case of the CFDJ model
considered in this article, since no lattice simulation have
been performed so far, we have no preferred way of fixing
the initial value of the mass parameter m. In what follows,
for illustrative purposes, we use the value of the parameter
that gives the best fits in the Landau gauge as the initial
condition at the renormalization scale . However, it is our
expectation that, when compared to lattice calculations, the
best fit parameter shall depend on the gauge parameter
E(uo)- Therefore, we will explore a second method in the
last subsection of the results: fixing m(pg; E(pg)) so as to
obtain the same IR saturation values for M while vary-

ing &(uo).

B. Gauge fixing effect on the couplings
and the gauge sector

In this section, we present the evolution of coupling
constant, the gluon mass, and the gauge parameter, as well
as the gluon and ghost propagators for different &(u = py),
in a similar way to [26] but taking into consideration
dynamical quarks. In order to do so, we fix the values of the
parameters—following the criteria explained in the pre-
vious subsection—at an arbitrary scale p,, which must
chosen as well. In order to exploit the UV independence of

034032-6
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the gauge coupling g(yg) on the gauge parameter &(u),
while avoiding the one-loop error growing too large as the
flow is integrated, we chose to renormalize at an inter-
mediate scale of yy =3 GeV. To obtain values for g, m,
and M, we initialized the flow at 1 GeV for the values that
provide the best fit for the Landau gauge [9] and followed
the evolution of Landau theory up to the desired scale of
3 GeV. At this point, having no lattice data to say anything
about the gluon mass parameter for nonzero &£ values, and
following the previous discussion for g and M, we chose to
fix the parameters, for all considered & values, as those
corresponding to the Landau case at this scale: g = 2.5,
m = 0.27 GeV, and M = 76 MeV, for our first study. We
would like to mention also that y being relatively large,
when compared to the ~1 GeV region where the interesting
features of QCD occur, allows one to observe the quali-
tative differences of the flows when varying the initial &(y))
value, which if fixed at a y closer to this scale, could be
less easily identifiable.

In Fig. 5, we present the results for g(u), m(u), and &(u),
which closely resemble the results in the quenched
approximation [26]." These plots show that the flows freeze
below a certain scale. This comes as no surprise, since all
modes are massive. Consequently, when the running scale
u? gets smaller than the (running masses squared) m?(u)
and &(u)m?(u), the B functions tend to zero. Therefore,
neither g nor m vanish in the IR, instead going to constant
values. We emphasize, however, that it is not obvious
a priori that this regime is reached. The gauge fixing
parameter behaves regularly at this limit reaching also a
saturation value. This is to be expected, since the addition
of new massive degrees of freedom, the quarks, will not
change the deep IR behavior, where all but the massless
particles decouple. The only different case is that of Landau
gauge, where the ghost remains massless, thus preventing
the RG flow from freezing. Naturally, considering massive
dynamical quarks does not change this fact, and we obtain a
similar picture to the pure gauge case too [26]. As for the
differences, we see that in the unquenched case, the
saturation values of the gluon mass and the coupling
constant are smaller than in the quenched case, while
the gauge fixing parameter freezes at higher values for all

E(pg) # 0 cases.

C. Ghost and gluon propagator

In this section, we analyze the impact of quark fluctua-
tions on the gauge sector, comparing the gluon and ghost
propagators in the presence of N, = 2 degenerate quarks
with the results for CFDJ gauge in the quenched approxi-
mation. We present our results for the gluon transversal and

'In order to make an exact comparison, we plotted as well our
results with renormalization scale u, = 1 GeV, the one used at
that work, and obtained very similar curves once dynamical
quarks are taken into consideration.

g(u)

I I [
—_— l‘Landau: —_— {f:l

£=025 — £=2

m(p)

&)

FIG. 5. Running of the gauge coupling g(u), the gluon mass
m(u), and the gauge parameter &(u) in the IS scheme, for N, = 2
degenerate quarks.

longitudinal components and for the ghost propagator
in Fig. 6.

The inclusion of quarks does not change the qualitative
picture greatly. Notice that if one increases &y ), the theory
goes from nonmonotonous to monotonous propagators.
Likewise, as &(ug) increases, for the particular way of
fixing the parameters at y, we are exploring, we observe
that the transverse propagator in the presence of quarks
goes from saturating above to below its corresponding
quenched version.
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A'; A coorooroeas QE=05 = UQESDS |

i&:’ ,,:;,iQ,sﬁal:,,,,Tir,‘{QéfL},,,,

G -- iQf:li,S — UQ§3;1.5
LT Lgesz  —ugetz

S.QE=025 — UQE=025

Gaa®(GeV?)

Gl (GeV?)

FIG. 6. Transverse and longitudinal components of the gluon
propagator and ghost propagator as functions of momentum, in
both the quenched (dashed lines) and unquenched (N, = 2, solid
lines) cases.

As for the longitudinal component of the gluon propa-
gator, we notice only slight quantitative changes when
including quarks, while the global behavior remains
unchanged. In a similar fashion, for the ghost sector, the
propagator changes very slightly after the inclusion of
quarks, with the exception of the Landau case, and in
particular, saturates at very similar values. This happens
even though the coupling constant ¢, the mass m, and the
gauge parameter & have nontrivial differences in their RG

flows when comparing the quenched and unquenched
cases. All these effects seem to compensate for the ghost
propagator.

D. Quark propagator

1. Dressing function

We now address the matter sector of the model. We
present our results for the quark propagator for the Ny = 2
degenerate case, once again showing results corresponding
to a renormalization point at yy = 3 GeV. In this section,
we shall discuss the dressing function Z(p) of the quark,
firstly considering strict perturbation theory, and then
including RG flow corrections.

The quark dressing function has proven to be a very
interesting quantity. Indeed, in [9], it was observed that in
the Landau gauge at one loop, the dressing function fails
to correctly reproduce the numerical simulation data,
exhibiting a concavity opposite to the expected one.
This is due to the fact that the one-loop contribution is
abnormally small (in fact, it vanishes when the gluon mass
is taken to zero). The two-loop contribution is therefore
the dominant one.” As expected, this issue is resolved
once two-loop corrections are included [13]. In this
section, we show that this is a peculiarity of the
Landau gauge that is not present for a sufficiently large
gauge parameter.

We now discuss the properties of the dressing function
Z(p) from strict perturbation theory, without including
renormalization group effects, in order to analyze the origin
of the different behaviors. Let us first consider the case of
massless gluons (m = 0). In the Landau gauge (¢ = 0), the
quark dressing function is constant at this order of
perturbation theory and becomes an increasing function
for nonvanishing parameter &; see upper curve of Fig. 7.
When the gluon mass is set to a finite value (using again
m = 0.27 GeV at uy = 3 GeV), the dressing function is
now decreasing at £ =0 and becomes an increasing
function for £ > 0.5. For intermediate values, it is non-
monotonous. This is to be compared with the result
obtained in lattice simulation. In the Landau gauge, the
dressing function is seen to be an increasing function [33].
It would be very interesting to compare the
one-loop predictions for the dressing function at finite &
with lattice results to see if CFDJ better reproduces the
behavior already at one loop, as one could expect
if the qualitative behavior of Z(p) does not change
drastically when increasing & from O to positive values
in the lattice.

In Fig. 8, we present the dressing function for the quarks
including RG flow corrections for the massive case. Let us
recall that the massless case leads to Landau poles.

*This feature persists in analyses including ladder resumma-
tions [11,32].
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Z(p)

Z(p)

FIG. 7. Quark dressing function without considering RG flow
corrections, for massless gluons (top) and massive gluons
(bottom), for Ny =2 degenerate quarks.

The qualitative picture is similar to the strict perturbation
theory result, although the saturation values at the IR are
farther away, up and down, from 1. We again observe that
for small £(u) values, the Z function grows toward the IR,
while it decreases for larger gauge parameter values. Once
again, it would be of great interest to compare our results
with lattice calculations, to better understand the difference
in concavity near the IR. If numerical simulations were to
show that, for finite gauge parameters, the concavity of the
dressing function follows the same trend as observed in the
Landau gauge, then we could again infer that the non-
vanishing gauge case provides a better reproduction of the
values obtained from the numerical simulations.

2. Mass function

In this section, for completeness and illustrative pur-
poses, we present the behavior of the (degenerate) quark
mass, fixing its value at u,, to 76 MeV as already mentioned.
We present our results in Fig. 9. The most interesting
feature we observe is a monotonous decrease of the mass
function IR saturation value as the £(y) value is increased.
The two extreme values we considered, corresponding to
Landau gauge and & =4, differ in a factor of order 2

Z(p)

FIG. 8. Quark dressing function with RG flow corrections for
Ny =2 degenerate quarks.

(0.36 GeV and 0.19 GeV, respectively). This clearly shows
the backreaction of the gauge parameter on the quark mass.

E. Parameters fixing to match the quark mass functions

In this last section of our results, we discuss an alter-
native way of fixing the parameters of the theory at the
renormalization scale py = 3 GeV.

In principle, we should fix the fitting parameter m(u) so
as to reproduce some property. Since there is up to now no
lattice result available in this gauge, an option would be to
use physical information to fix it. We can think, for
instance, at the quark pole mass, which is a gauge-invariant
quantity. This quantity is unfortunately difficult to extract
from our calculation, and we will use as a proxy the
constituent quark mass, which we define as the quark mass
at vanishing momentum [M(p = 0)]; while the definition
of the quark constituent mass is not unique, we stick to this
version for its simplicity.

The strong dependence of the constituent quark mass
with the gauge parameter is somewhat troubling because it

M(GeV)

FIG.9. Running of the quark mass, initialized at iy = 3 GeV to
76 MeV, for various initial gauge fixing parameters &(u) for
N; = 2 degenerate quarks.
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g(w)

m(u)

E()/E(1o)

FIG. 10. Running of the gauge coupling g(u), the gluon mass
m(u), and the gauge fixing parameter £(u) with the IS scheme,
for Ny = 2 degenerate quarks, fixing m(u) to have coincident
M(0) values; see text.

is at odds with our intuition that this quantity has a physical
meaning. Of course, the mass function as a whole, and its
saturation value, are gauge dependent; thus this is not
strictly true. Nonetheless, we expect the emergent IR scale
M(0) not to be too gauge dependent. Let us recall that the
results presented in Fig. 9 were obtained in the scenario that
the gluon mass at the initialization point is independent of
Ey—which is questionable.

In this section, we analyze how the choice of
m(ug, E(up)) impacts the quark constituent mass value

T

M(GeV)

Z(p)

FIG. 11. Quark mass running and quark dressing function for a
UV quark mass fixed at uy =3 GeV to 76 MeV, for various
initial gauge fixing parameters &(ug) for N, =2 degenerate
quarks. We chose m(u) such that the constituent quark mass
M(0) is ¢ independent.

and how it could be tuned to reproduce Landau gauge
results. The strategy we propose here is the following. First
consider a quark in the Landau gauge, with some UV mass
M(pg) [as before we use M(3 GeV) =76 MeV] and
compute the associated constituent quark mass M(0).
Assuming that this quantity is not too affected by the
choice of the gauge fixing, we now choose the g/uon mass
at yq such that, for finite values of the gauge parameter, the
constituent quark mass coincides with that found in the
Landau gauge.

For the adjustment of m(u), we implemented a straight-
forward bissection method until an accuracy comparable to
that of the couplings RG flow numerical integration we
performed. The gluon mass decreases almost linearly from
0.27 GeV at £ =0 to 0.2 GeV at £ =2. We present in
Fig. 10 our results for the coupling, the gluon mass, and the
gauge parameter divided by its value at u,. We notice a few
striking properties. The general trend is that the dependence
on the gauge parameter &, is much smaller than in the
scheme discussed in Sec. V B. Firstly, up to the freezing
scale y? ~ ém?, the couplings for all &(ug) values run in a
very similar way with overlapping curves. Secondly, the
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GaptR(GeV™?)

Gaa"(GeV?)

G R(Gev?)

FIG. 12. Transverse and longitudinal components of the gluon
propagator and ghost propagator, as functions of momentum with
the IS scheme for N, = 2 degenerate quarks. We chose m(u)
such that the constituent quark mass M(0) is & independent.

gluon mass—up to a constant—behaves also qualitatively
similar as £(ug) is changed. Finally, the gauge parameter
(divided by its initial value at yg) runs without a strong
dependence of the choice of &(up); all curves behave
qualitatively similar, for the considered cases.

We show in Fig. 11 the quark mass functions for different
gauge parameters. By construction, all the curves coincide
at the UV initialization scale y and at vanishing momen-
tum. The overlap of the curves for intermediates momenta
is remarkable. As for the dressing function, little

0.8

— Landau '« — §‘7=1

0.7

0.6

0.5

M(GeV)

0.4

0.3

0.2

1 (GeV)

FIG. 13. Running quark mass, fixed at uy =3 GeV to
0.23 GeV, for various initial gauge fixing parameters &(y,) for
Ny = 2 degenerate quarks. We used the same values of m(u) as
for the light quark case.

differences where observed with respect to our previous
analysis. We present the results in Fig. 11.

In Fig. 12, we show the behavior of the ghost and gluon
propagators for different gauge parameters. These curves
resemble those obtained in the other scheme; see Fig. 6.
This indicates that the physical quantities are rather
insensitive to the choice of scheme.

To test the consistency of the method, we now study the
robustness of our choice of the gluon mass. To do so, we
have considered another quark whose UV mass is three
times as big as the previous one. We initialized all other
parameters to the values obtained to generate Fig. 10. We
present the result for this new quark mass function in
Fig. 13. Surprisingly, the saturation values for M (u) differ
in this case only by 2.4%, which indicates that our criterion
for fixing the gluon mass is rather insensitive to our choice
of the UV quark mass, which is a good signal.

VI. CONCLUSIONS

In this work, we have computed the one-loop quark
propagator in the Curci-Ferrari-Delbourgo-Jarvis (CFDJ)
gauge, including the effects of dynamical quarks. Our study
extends previous analyses performed in the quenched
approximation and allows us to investigate how finite
gauge parameters modify the infrared behavior of the
correlation functions within this massive extension of
QCD, whose adequacy to describe strong interactions
and correlation functions will be tested against future
lattice calculations.

We have verified that, similarly to the pure Yang-Mills
case, the inclusion of quarks does not qualitatively change
the infrared dynamics: The running coupling, gluon mass,
and gauge parameter all freeze at finite values in the deep
infrared. The presence of quarks slightly reduces the
saturation value of the gluon mass and coupling, while
increasing that of the gauge parameter. For the gluon and
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ghost propagators, the unquenched results display modest
quantitative differences with respect to the quenched case,
the most notable one being a moderate enhancement of the
gluon propagator in the infrared region.

The analysis of the quark dressing function Z(p)
suggests that one-loop calculations for finite-é gauges
are more satisfactory than in the Landau case. Indeed,
the one-loop contribution to the dressing function is
expected to be larger than the two-loop effect for large
enough &;, at odds with the Landau case. Therefore, we
expect that our findings would compare better with lattice
results than in the Landau gauge, at one-loop accuracy.
In what concerns the quark mass function M(p), we find
that it decreases monotonically with increasing gauge
parameter under the assumption that the initial value of
the gluon mass m(ug) is independent of the gauge param-
eter. We proposed another scheme where m(u) is chosen
such that the constituent quark mass is gauge-independent.
Remarkably, the quark mass function is almost independent
of the gauge parameter if it is required to coincide in the IR.

The ghost and gluon propagators, as well as the
quark dressing function, behave similarly in these two
schemes.
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