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We study the full infrared dynamics of 2 + 1 flavor quantum chromodynamics (QCD) with the
functional renormalization group approach. We resolve self-consistently the glue dynamics as well as the
dynamics of chiral symmetry breaking. The computation hosts no phenomenological parameter or
external input. The only ultraviolet input parameters are the physical ones in QCD: the light and strange
quark masses. They are adjusted to the physical ratios of the pion and kaon masses, divided by the pion
decay constant. The results for other observables of current first-principles computations are in
quantitative agreement with the physical ones. This work completes the series of papers, initiated and
furthered in [SciPost Phys. 14, 069 (2023); SciPost Phys. 17, 148 (2024)], on dynamical chiral symmetry
breaking and the emergence of mesonic bound states within the functional renormalization group. As a
first application we discuss the formation of light mesonic bound states. Among other applications such as
the phase structure of QCD, the current work paves the way for studying QCD parton distribution
functions within the functional renormalization group approach to first-principles QCD.
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I. INTRODUCTION

Infrared quantum chromodynamics (QCD) with its
strongly correlated dynamics hosts a few of the most
intriguing phenomena or problems fundamental physics
has to offer. Open challenges range from the quantitative
description and understanding of quark scattering and the
formation of hadron resonances to the phase structure of
QCD and the nonequilibrium physics of QCD in heavy ion
collisions or in the early universe. The resolution of these
phenomena requires, either in parts or fully, nonperturbative
real-time approaches with small systematic errors and a high
computational accuracy.

First-principles functional approaches to QCD are tailor-
made for these tasks: Typically they are used for the
computation of spacelike (Euclidean) or equilibrium
QCD correlation functions. However, as diagrammatic
approaches, unlike lattice simulations, they allow for a
straightforward continuation to timelike and nonequilibrium
QCD correlation functions. For recent reviews on QCD
applications see [1-4]. These unique advantages in the
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timelike regime of QCD come at the price of rather intricate
computer-algebraic and numerical challenges, which are
posed by the hierarchy of coupled integral and/or integral-
differential set of diagrammatic relations between QCD
correlation functions. The respective tasks can again be
divided into two interrelated but separate ones: the quest for
quantitative precision including a small systematic error in a
full first-principles approach, and the quest for a systematic
continuation of functional approaches to QCD into the
timelike domain.

In the present work we concentrate on the former task and
put forward a functional renormalization group (RG)
approach to first-principles 2 4+ 1 flavor QCD. We also
provide QCD results on the latter task with the first analysis
of bound state properties of light mesons. The present work
completes a series of three works: The first two, [5,6], were
concerned with the matter dynamics of low energy QCD. In
these works only the quark dynamics was included,
specifically concentrating on the quantitative resolution of
the four-quark scattering sector of QCD. In the present work
the matter dynamics is augmented with the gluonic one. In
combination this gives us access to the full dynamics of
QCD from the perturbative ultraviolet regime to the strongly
correlated infrared regime.

Special emphasis is given to the interface between the
pure glue sector of the theory and the matter sector. This
dynamic is encoded in the quark-gluon vertex, as well as in
higher quark-gluon scatterings. This interface has been
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studied thoroughly in [7-12], and its quantitative resolution
is key to a small systematic error in functional QCD
approaches. Together with the quantitative resolution of
the pure matter sector put forward [5,6], we obtain quanti-
tative first-principles results in 2 4 1 flavor QCD. With the
current approach, to our best knowledge, this is achieved for
the first time in 2 + 1 flavor QCD without the need of
external input such as gluon correlation functions, adding to
the respective two-flavor work in [10]. Our fRG approach is
then used for a first application to the bound state properties
of light mesons.

This work is organized as follows: In Sec. II, we discuss
the functional renormalization group approach to 2+ 1
flavor QCD. In particular we describe and evaluate the
approximations for the full effective action of QCD. This is
done separately for the pure glue, glue-matter interface,
and pure matter sectors. In Sec. IV we discuss the
determination of the fundamental parameters of 2+ 1
flavor QCD, that is the light and strange current quark
masses. We also present results for momentum-dependent
QCD correlation functions, and in particular for all quark,
ghost and gluon two-point functions, the dressings of the
ghost-gluon, three-gluon vertex, and quark-gluon and four-
quark vertices. In Sec. V, we focus on the bound state
properties of the light mesons. In Sec. VI we briefly
summarize the progress made in the present work.

II. FUNCTIONAL 2 +1 FLAVOR QCD

The functional renormalization group approach to
QCD is governed by the flow equation for the one-
particle irreducible effective action, the Wetterich equation
[13—-15]. This flow equation describes the differential
change of the QCD effective action. The current work
builds on [5,6] and the QCD works in the fQCD collabo-
ration in the past decade, [7,10,11,16-24], or rather the
respective systematic error analysis based on the LEGO®
principle [24]. It also draws from countless fRG works in
low-energy effective theories for QCD. For these and further
QCD works we refer to the recent QCD reviews [3,4].

The classical gauge-fixed action and some notational
details are discussed in Appendix A. The flow for the
effective action and that for (inverse) propagators and
vertices are discussed in Appendix F. The respective
QCD effective action can be divided into the pure glue
sector and the matter sector,

[ [@] = e r[A, €, ] + ThacklA, G, g, (1a)

with
®=(A,c0¢49). (1b)
In (1), the subscript k indicates the infrared cutoff scale in

the functional renormalization group. The pure glue sector
in (1) carries the purely gluonic interactions, also including

the gauge fixing part with the auxiliary ghost fields. Its
approximation is provided and discussed in detail in
Sec. ITA.

The matter sector of the effective action splits into the
glue-matter interface between the glue and quark fields and
a pure matter sector,

1—‘me:lt,k[q)} = 1—‘inter,k [A’ ZI’ q] + 1—‘quark,k[zb q] <1C)

In (lc), the part gy contains the quark-antiquark
scattering terms to all order and 'y, x[A. g, g] comprises
the interface between Iy« and the pure glue sector.

It is well known that the matter sector is sourced and
dominated by quark-gluon interactions for perturbative
and semiperturbative momentum scales p 2 1 GeV, see
[10,16,17,20,24]. This regime is followed by a small
interface regime with mixed quark-gluon and four-quark
dynamics at p =~ 0.5 GeV, before the system finally settles
in a regime dominated by pion dynamics for p < 0.5 GeV,
and hence the pure matter sector. For a recent detailed
study and resolution of this change of the relevant degrees
of freedom as well as their diagrammatic resolution see
[24]. Note also that the infrared regime is the validity
regime of chiral perturbation theory yPT, and hence,
among other insights, functional QCD flows provide us
with an interpolation between the perturbative high energy
regime of QCD and yPT. Indeed, the present approach
allows us to determine the low energy effective constants
in yPT.

In combination, these previous investigations suggest the
following quantitative approximation for the two parts of
the matter sector in 2 + 1 flavor QCD in (lc),

Finter,k[A’ q, Z]] ~ Fd.k[A’ q, Z]]’
Fquark,k[q’ Q] ~ l—‘4q,k [q’ E]] (2)

The interface action is expanded in terms of gauge-invariant
operators, which has been shown to work quantitatively in
[7,10] in two-flavor QCD: there the quark-gluon vertex and
higher order gluon scatterings with two-quarks have been
expanded in the operators gP"q with n =1, 2, 3 and
g|p, Plq. Within such an expansion, the dressings of
vertices with different powers of gauge fields are related
on the symmetric point, subject to the irrelevance of further
operators. These relations have indeed been confirmed
numerically in [7,10], corroborating such an expansion.
The part of the action built from these operators can be seen
as a generalized Dirac part, hence the name I'; ;.. It hosts the
interface terms between the pure glue sector and the matter
sector. Its approximation is discussed and evaluated in
Sec. I B.

The pure matter sector in the matter action hosts the
quark scatterings to all orders. We use a four-quark
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approximation, I'y,;, whose dynamics and quantitative
nature were the central focus of the first two papers of
the present series [5,6]. This analysis did not require
dynamical gluons as they decouple below the gluon mass
gap of approximately 1 GeV. The approximation used here
is that put forward and evaluated in [6]. Its main properties
are recapitulated in Sec. II C. In combination, the analyses
in Secs. I A to IIC lead us to the quantitative approxi-
mation (3), (16) and (25). Its convergence properties and
the respective systematic error estimate are discussed
separately in Sec. IIL

1

s = | {A,A—p)pz [ZA<p>n,fy<p> +3

+/ z*(9)2¢*(=p = 9)Z)*(p)2aze(p. 4)

with the transversal and longitudinal projection operators
114, 11!l defined in (B2) in Appendix B, and

/=]

Equation (3) contains the full momentum-dependent ki-
netic terms of the ghost and gluon fields in the first line. We
do not consider the longitudinal dressing of the gluon,
which is unity for k = 0 due to the respective Slavnov-
Taylor identity (STI). At k£ # 0 a nontrivial longitudinal
dressing is enforced by the modified STIs (mSTIs). All
explicit computations here are done in the Landau gauge

d*p
(2n)*

(4)

£=0. (5)
and hence the longitudinal dressing drops out of the gluon
propagator which is transverse. The choice (5) conven-
iently optimizes both: computational simplicity (both
algebraically and numerically), and the smallest systematic
error in a given approximation, for a respective discussion
see [3,18,28]. The transverse propagator provides an
important benchmark test for our approximation: Its
momentum dependence including the absolute scales is
computed within the present work and is then compared to
the respective lattice results, see Fig. 6 in Sec. IV and the
discussions therein. We achieve quantitative agreement
including the absolute scales.

The purely gluonic vertices are detailed in Appendix B
and are abbreviated with ‘glue interactions’ in the second
line in (3). In short, we only use the classical tensor
structures for the three- and four-gluon interactions and

(q)T )

A. Pure glue sector

The approximation for the pure glue sector of QCD
draws from the quantitative study of the dynamics of Yang-
Mills theory in [18,19] with the functional renormalization
group, and similar ones with Dyson-Schwinger equations,
[25-27]. These studies, and references therein, also include
a careful evaluation of the importance of higher-order
tensor structures for the quantitative dynamics of this
system. In combination this suggests the approximation
detailed in Appendix B and the full glue effective action is
provided there in (B1). In the following we discuss the
important features of the approximation at the example of
selected terms,

“ML(p)|A, + E(—p)Zc(p)pZC(p)}

(p.q)Au(p)c(—=p — q) + glue interactions,

(3)

Acc

[
approximate their dressings with the symmetric point
momentum configuration.

This approximation is illustrated with the example of the
ghost-gluon vertex in the second line of (3): This vertex
contains only one transverse tensor structure, the transverse

projection of the classical one, [7° /&C)C]“”‘(p q) = iq, [
with the gluon momentum p and the antighost momentum
q, see (B14). Hence, the ghost-gluon vertex in (3) is simply
a parametrization of the full vertex without any approxi-
mation. The vertex dressing is split in a factor, that carries
the wave functions of the fields attached to it, and hence its
RG scaling. This parametrization is applied to all vertices
and we parametrize

Fcp @, (p) = lHZl/z lerqf @, ): (6)

with p = (py, ..., pn) In (6), we have introduced the RG
invariant vertices T (p). While (6) constitutes a mere
reparametrization of the vertex, this split becomes important
if further approximations are applied to either '™ or I'("),
for a detailed discussion see [24]: In general, the RG-
invariant vertices ' (p) have a smoother momentum
dependences, for a nontrivial evaluation and application
in quantum gravity see [29].

In view of these considerations we discuss approxima-
tions for the full momentum dependence of the dressing
Aaze(P, q), that is the RG-invariant dressing of the vertex
Caze(p. g —p — q). In the present work we use an approxi-
mation that is informed by the investigation of the full
vertex in [7,10]. We evaluate the vertex dressing within
the symmetric point approximation: Instead of the two
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momenta p, ¢ (two radial variables and one angle) we
consider only an average momentum dependence,

AAZ'C(p’ Q) - /IAZ'L'(p)’ (7)
with

2 2 2
_ p-t+qg +(p+gq
p*= 3( L. (8)

This average momentum dependence of Ayz.(p) is
extracted from the flow equation by an evaluation of
0,A4z.(p, q) on the maximally symmetric simplex configu-
ration. This procedure is also applied to the gluonic three-
and four-point functions as well as the quark-gluon vertex,
and their momentum dependence is reduced to that on a
single scalar parameter. At this simplex configuration with
n = 3, 4 the momenta satisfy

n—1

. L, 1T
pPi-Pj= P’ P’ :;Zl’%- 9)
i=1

In (9), all momenta are counted as incoming and momen-
tum conservation at the vertices is guaranteed by

Pn=—(p1+- 4+ Pui)- (10)

In the present ghost-gluon example we have the incom-
ing momenta p; = p (gluon), p, = ¢ (antighost) and
p3 = —p — ¢ (ghost).

The symmetric point approximation discussed for the
ghost-gluon vertex is also used for the other vertices in the
pure glue sector and in the glue-matter interface evaluated
in Sec. II B. This approximation is also discussed in
Appendix B and all symmetric point dressings are given by

li(plvaM”’pn[)z/li(p)’ (11)

with i = A3, A* Aéc, All, Ass and n; = n — 1 for n-point
functions.

The ghost-gluon sector allows us to define two avatars of
the running strong coupling,

%Z‘c(p) 1 g?

WeelP) == P = T R

(12a)
The Taylor coupling az(p) in (12a) uses the nonrenorm-
alization of the ghost-gluon vertex in the Landau gauge, and
is related to the process-independent coupling, see [30-35].
Note that, while they carry the same RG-scaling at two-
loop, they have a different momentum-dependence already
at this order.

The symmetric-point dressings of the three- and four-
gluon vertices discussed in Appendix B give rise to two
further avatars of the strong coupling,

2 (p)
au(p) = A;ﬂ >

A4t (D) ‘

i (12b)

ay(p) =
Seemingly this leaves us with three different initial con-
ditions for the strong coupling at the initial cutoff scale
k = A. The fourth one, the Taylor coupling is a derived
quantity and does not show up in the flow. However, at
vanishing cutoff scales, kK = 0, all avatars agree with each
other at asymptotically large momenta due to the respective
Slavnov-Taylor identities (STIs), leading to a single cou-
pling parameter to be fixed, as it should be. At k # 0, the
three avatars of the couplings do not agree, but we
encounter minor deviations due to the regulator terms in
the modified STI (mSTI). In [10,18] these differences have
been resolved by tuning the initial couplings such that the
STIs at k = 0 are satisfied for perturbative momenta.

As these differences are small and are even reduced
within the current symmetric point approximation, we
resort to using the approximate identity

aa(p) = aga, i =A% A% Acc. (13)
We also emphasize that (13) is not a free coupling
parameter in QCD: Using a specific (small) value of
a; o merely defines the physical value of the scale A.
Finally, based on the results in [10,18] we identify the four-
gluon avatar by the three-gluon one, see also (B13) in
Appendix B,

aA4,k(P) = aA3,k(p)v (14)

for all k and p. This approximation is quantitative for
momenta p 2 1.5 GeV, and the increasing difference
below this scale is irrelevant due to the decoupling of
the glue dynamics.

This concludes our discussion of the pure glue sector of
the effective action, for a detailed discussion of the vertex
approximation and further details see Appendix B.

B. Glue-matter interface

The glue-matter interface of the effective action contains
the kinetic term of the quark with its full momentum
dependence, as well as the quark-gluon interactions within
the RG-invariant expansion scheme with the symmetric
point approximation explained above around (6) to (9).
Similarly to the ghost-gluon vertex we shall exemplify this
approximation of the full interface effective action with the
quark—antiquark—gluon interaction with the classical tensor
structure

1 1 .
(Taae(P- )i = Thiagg = ir,Te. (15)
with the gauge group generator 7. in the fundamental
representation. In contradistinction to the ghost-gluon term,
the quark-gluon term in (16) is pivotal for the infrared
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dynamics of QCD as it is by far the most relevant quark-
gluon interaction. Moreover, as in the pure glue sector the
classical tensor structure is but one basis element of a
complete tensor basis of the quark-antiquark-gluon inter-
actions whose transverse part hosts eight basis elements,
see (C5) in Appendix C. The full glue-matter interface of

|

1

Ty = / 2(~p)Z,(p)lip + M, (P)la(p) + /

4

with r = —p — g. The right side in (16) contains the
full momentum-dependent kinetic terms of the light and
strange quarks, and we have only displayed one of the eight
quark-gluon interaction terms. Its RG-invariant dressing

/121(_; ,(P-q) is that of the respective tensor structure of the

RG-invariant vertex l_“fq) g defined in (6).

We also note that the sum of the two terms in (16) can be
viewed as a fully momentum-dependent generalization of
the Dirac term in the classical 2 + 1 flavor QCD action
(A2) in Appendix A. This action has an isospin symmetry:
m, = my = m; with the light quark field [ = (u,d), and
mg > my, see (A7). We shall not consider flavor-mixing
terms in our approximation and hence the quark wave and
mass functions also carry the symmetry,

Z,(p) = diag(Z,(p), Z,(p), Z,(p)),
M,(p) = diag(M,(p),M,(p), M,(p)). (17)

Note that the mass function M, carries the only two
physical parameters of the theory: we shall tune

M jn(p) = (my, my, my), (18)
such that the physical values of the ratios of the pion and
kaon pole masses to the pion decay constants are obtained
at k =0.

We proceed with a brief discussion of the additional
terms taken into account here (indicated by the ---) and
displayed in Appendix C, before we close this section with
an evaluation of the symmetric point approximation:

The second term in (16) is but one of eight transverse of
twelve altogether quark-gluon terms. A complete basis

1 8
{T33a(P- @) Ty (P @)} (19)
whose transverse projections span the transversal tensors, is
provided in Appendix C. Only three of these eight tensors
are relevant and will be considered in our approximation:

two chirally symmetric ones, T A and one chiral sym-

qq ’
metry breaking one, T agq- Here, TAqq iy,T. is the

classical tensor structure. This relevance ordering has been

the effective action includes further quark-gluon three-point
terms as well as higher order vertices. The complete form is
deferred to Appendix C, see (C1).

With this preparation the vertex expansion of the glue-
matter interface reads

4(9)Z:(p)Z(9)Zi (r Vs (P )IT o, (P Q)eAL(P)g(r) + -+, (16)

|
thoroughly tested in functional approaches, see e.g., [7-12].
We have also included two-gluon-quark-antiquark scatter-
ing terms that are related by STIs to the quark-gluon terms

(14.7)
with TAqq

deferred to Appendix C. All vertex dressings are treated
self-consistently: their flow is computed and fed back into
the diagrammatic part of the flow equations.

So far, no approximation has been applied to the quark-
gluon vertex, apart from dropping the tensor structures that
do not contribute to the dynamics. Now we apply the
symmetric point approximation already used in the pure
glue sector. We exemplify it with the quark-gluon dressings

l
Aasa
ence on gluon and antiquark momenta p and ¢ to that at the
symmetric point with (9) and (10). Then, the approximation
of the quark-gluon vertex is summarized with

, see [7,10]. The discussion of these terms is

(p. q), where we reduce the full momentum depend-

147 14,7 2,3,56,8
A (peg) = 2 (p). a8V (p.g) 0. (20)

The same approximation is applied to the two-quark-two-
gluon vertices considered here, more details can be found in
Appendix C.

1)

Agq Of the quark-

gluon vertex provide us with two avatars of the strong
coupling,

The light and strange quark dressings A

aq(p) == Oass = [/lﬁxls)s]z(l?) (21)
These avatars complement that obtained in the pure glue
sector, see (13).

Functional QCD admits a highly modular structure, the
modules being the pure glue, the glue-matter interface and
the pure matter sectors. These modules are only connected
by a few diagrammatic interfaces, and this structure, allows
for very reliable systematic error estimates and the apparent
convergence of the results. This is called the LEGO®
principle, for a detailed analysis see [24]. The quark-gluon
vertex takes a special role among these interfaces and we
close this section with a thorough analysis of this interface
and its stability. To begin with, the feedback of the quark-
gluon and quark fluctuations in the glue-matter interface and
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the pure matter sectors into the pure glue sector are
transmitted by closed quark loops with external gluon lines.
The respective interface vertices are the quark-gluon vertex
and higher two-quark—n-gluon vertices. It has already been
checked in [7,10,20,24] that this feedback is rather insensi-
tive to the infrared details for p <5 GeV of the approxi-
mation of the interface action. The current analysis
corroborates these findings. In turn, quark correlation
functions and in particular the quark mass function are
rather sensitive to changes in the quark-gluon vertex for
p <SS GeV.

Moreover, while the inclusion of /1/(1 P q)

gap equation, their inclusion into the flows of the quark-

gluon vertex dressings /1(1(_1’2’”

solely the dressing ﬂgq)q

which governs dynamical chiral symmetry breaking and
the respective systematic error analysis.

In the present work we use the STI-procedure introduced
in [10] for achieving quantitative accuracy and gauge
consistency: for cutoff scales k 2 5 GeV,

is relevant for the

is not. Consequently, it is

of the classical tensor structure,

511 (P) = s (P) = Auzex(P), k> Agm. (22)

In (22), the lower bound for the STI construction is varied
in the regime

3 Gev < Agpy < 7 GeV. (23)

For smaller cutoff scales, k < Agry we use the flow
equation for the dressings. This flow captures the decou-
pling of the quark-gluon dynamics due to the gluon mass
gap and the quark constituent masses. This procedure
quantitatively captures both the gauge-consistent running
in the perturbative and semiperturbative regimes as well as
the dynamic decoupling of the quark-gluon dynamics in the
infrared. The choice of a very large regime for Agy also
allows for a conservative systematic error estimate.

Finally we remark, that the above STI-procedure can be
dropped if implementing flows that accommodate the full
mSTIs for the vertex dressings and in particular the quark
wave function Z,(p), for a recent discussion see [24]: the
regulator insertions lead to a sizable flow of Z,,(p) for
k25 GeV while the wave function Z,;_o(p)~ 1. The
respective flows and initial conditions are intertwined,
leaving us with a logarithmic fine-tuning problem whose
resolution will be considered elsewhere.

In summary, the STI-procedure implemented in the
current work, together with the conservative systematic
error estimate, captures the quark-gluon dynamics well,
and gives us a quantitative grip on dynamical chiral
symmetry breaking. With this section and Sec. II A we also
have collected all relevant parameters in QCD: the strong
coupling g,, (13) and (22), and the current quark masses n1;,
my, (18). For the sake of convenience we collect them here,

aiA(p) = a4, My a(p) = (m, my,my), (24)
with i = A3, A* Aéc, All, Ass. As already discussed below
(13), the initial condition a , for the strong coupling merely
defines A in terms of physical scales, and it is the current
quark masses that are tuned for the physical ratios of the pion
and kaon mass with the pion decay constant. This is

explicitly done in Sec. IVA.

C. Pure matter sector

The third sector of the effective action (1) is the pure
matter sector. It contains all multiquark scatterings, the
lowest order being the four-quark interactions. This sector
has been thoroughly analyzed in [5,6] for 2 + 1 flavor QCD,
and we shall simply use the results obtained there. For a
comprehensive analysis we refer to these works and only
briefly summarize the important findings, concentrating on
the investigation of the relevance order of different terms.
This analysis also took into account previous analyses, and
in particular those in the fRG approach to QCD with
emergent composites in [7,10,16,17,20,24]. In these works
the relevance of higher order scatterings in the scalar-
pseudoscalar channel was evaluated. The structure of these
terms suggests a rapid drop in their relevance for physical
pion masses and larger ones. The numerical findings
confirmed impressively these structural arguments, for a
comprehensive analysis see [24]. We emphasize that the
higher order scatterings in the scalar-pseudoscalar channel
still lead to subleading contributions and based on the
analysis in [24] this informs our total systematic error
estimate of 10% discussed in Sec. III. Moreover, a by-
product of these findings is the complete irrelevance of four-
quark channels with sufficiently massive lowest lying
resonances with m., 2 500 MeV. One can show readily
that even the contributions of the four-quark scattering
vertices in these channels to low-order correlation functions
(two-, three-, four-point function) are irrelevant, and their
feedback to higher order ones is even more suppressed.

In summary this leads us to the four-quark approxima-
tion Iy, ; for the complete pure matter sector of the QCD
effective action. As already mentioned above, this approxi-
mation has been discussed judiciously in [5,6], in particular
in view of dynamical chiral symmetry breaking and the
emergence of the bound states in low energy regime. We

o=~ w55

X (P)T ,,km(P)C_]i(Pl)CIj(Pz)EIk(P3)‘1m(P4>7
(25)

with
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D= (P17P2,P3,P4)- (26)

where A,(p) is the respective dressing of the four-quark
vertex. At the lowest momentum-independent order, the set
of Fierz-complete basis 7@ includes 10 tensors in N =2
QCD. In the case of Ny =2+ 1, because of the flavor
symmetry breaking between the light and strange quarks,
the number of the basis tensors is increased to 26, see the
details in Appendix D. The complete basis with momentum-
dependent tensors is far bigger, for the two flavor case see
[36]. Moreover, the tensors have symmetric and antisym-
metric parts with antisymmetric and symmetric dressings,
that is A4 (p)7 (%), see (D14) and the respective discussion
in Appendix D. Consequently, we consider 52 terms, related
to the 26 Fierz-complete momentum-independent tensors,
thus generalizing the computation in [6] for 2 flavors to
2 41 flavors.

While it is possible to solve the system within this
approximation, it can be further reduced without the loss of
quantitative precision. Here we draw in particular from the
results in [6], where it has been shown in the two-flavor
setting that the scalar and pseudoscalar channels are the only
relevant ones, and the contributions of all other channels add
up to less than 1% for the strength of chiral symmetry
breaking, measured in observables such as the chiral
condensate. The suppression of the contribution of the
other channels relates to their large resonance masses with
Mg > 500 MeV. This leads to a very efficient suppression
of these channels. In the present work in 24 1 flavor
QCD we use this analysis and only consider the channels
with m.s < 500 MeV. Accordingly, we include the (o, 7)-
channels and the (k, K) channels, the latter being the scalar
and pseudoscalar channels of the light-strange quark inter-
action respectively. While encoding off-shell scattering
processes, the pole position of the dressings (z-channels)
provide the pole masses of the mesons with the respective
quantum numbers.

In Appendix D this has been discussed in more detail.
The tensor structures of the (o, 7, k, K)-channels taken into
account here are combination of tensors in the complete
basis in Appendix D, see (D9). This reduces the size of

the contributions from the other tensor structures.
Equation (D9) take the explicit form

Tmqiqxqm = (gT°q)?,

T 5 mdi48x9m = —(GrsT" "V q)?,

T md@idjdxdm = (@T47q)?,

T Kendidjaxdm = —(arsT " q)%, (27)

where the generators T/ are the respective Gell-Mann
matrices, and the quark field ¢ is given by ¢ = (I, s) with
the light quark field I = (u, d).

FIG. 1. Diagrammatic representation of the quark four-point
function, where all momenta are counted as incoming.

Finally we reduce the full momentum dependence of the
dressings 2@ (p), while still keeping the quantitative nature
of the approximation. This task has been evaluated in [6]
and informs the present approximation. We briefly recall
the arguments and analysis done there: Specifically we
want to keep the quantitative access to hadron resonances
which are encoded in the resonant behavior of the respec-
tive momentum channel of a given four-quark tensor that
carries the same quantum numbers as the resonance under
investigation. Here, momentum channel refers to the
Mandelstam momenta s, ¢, and u of the four-quark vertex
depicted in Fig. 1. We define
t=P?

s=(p+p)> u=(p-p) (28

with

P2—P1’ l_)/:P4—P3. (29)

2 2

P=—(pi+p2). P

Then, the full momentum dependence of dressings of the
four-quark vertex A,(p, p2, P3, p4) is reduced to a s, ¢, and
u-dependence, i.e.,

2a(P1s P2 3> P4) = Ag(s, t,u) + Ady(p1, P2y P35 P4)
R Ag(s, 1, u), (30)

where the contribution of A/, is found to be smaller than
1.5% [6]. We extract the s, ¢, u-channel momentum
dependences from the configuration

P, = V'P(1,0,0,0),

Pu=1 pz(l,O, 0.0).
P, = 1/ p*(cos 0,5in 6,0,0), (31)

This choice is not unique and the ambiguity from choosing
different momentum configurations has been studied in [6]:
it turns out that this ambiguity amounts to a less than 1%o
variation of the result. Accordingly, the respective error is
negligible.

It should be noted that the s, #, and u-channel momen-
tum dependence approximation in (30) and the momentum
configuration in (31) clearly cannot capture all possible
momentum dependence of the four-quark vertex. Our
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physical goal is to establish a self-consistent and closed

framework in terms of the variables {\/ﬁ, \/? cos 0}
and {s,7,u}, such that the meson resonance pole can be
extracted from the 7—channel. The momentum magnitude
and angular dependence of the BS amplitude can be further
extracted from the momentum dependence in the s— and
u— channels. Our error analysis is also conducted around
this physical goal, such as by setting p = \/1?(— sin @,
cos6,0,0) and comparing to (31), rather than arbitrarily
redefining the momentum configuration.

This concludes the discussion of the pure matter sector of
the effective action.

III. SYSTEMATIC ERROR CONTROL
AND APPARENT CONVERGENCE

In this section we present an analysis of the apparent
convergence of the present approximation introduced in
Sec. II, based on an assessment of the systematic error
estimate. While chiefly important for the assessment of the
quantitative reliability of the current functional QCD
approach, it requires some basic technical understanding
of functional approaches. The technically less proficient or
interested reader may skip this section in a first reading.

In Secs. IT A to I C we have introduced and discussed the
approximations of the different parts of the effective action,
see (3), (16), and (25) and the respective Appendices B to D.
These three parts constitute well-defined modules of QCD
in terms of general expansion schemes in functional
approaches as discussed in [23,24]. The three modules
are connected via small diagrammatic interfaces which
enable us to discuss the convergence of the approximations
of the modules separately. The most important interface
coupling is summarized in Fig. 2. In particular this allows us
to take advantage of convergence and stability analyses
done within these subsystems in the literature. Moreover,
the stability of the whole system can be assessed by
evaluating the stability of the different modules under
changes to the interfaces. This is called the LEGO®
principle and is discussed in detail in [24].

Following the LEGO® principle, we assess the stability
of the pure glue, glue-matter interface and pure matter
sectors of the full system in Secs. IIT A to III C, leading to
the combined error estimate in Sec. III D. We close this
section with Sec. IIIE, which comprises a structural
comparison of the diagrammatic resummations included
here with those in standard approximations to bound state
computations with DSE, BSE, and Faddeev equations.

A. Stability of the pure glue sector

The vertex expansion scheme and different approxima-
tions of the pure glue sector have been studied in detail in
[18]. The best approximation studied there surpasses the one
used here in terms of full momentum dependences of
vertices. We have resorted to the symmetric point

3.5 T

— aa(p)
— aai(p)

ass(p) -
1071 x p? 2z (p)

2.5} / \

15F

1.0}

0.5}

0.0 L
1071 100 10!

p[GeV]

FIG. 2. Relevant interface couplings: Glue and quark-gluon
avatars a; of the strong coupling, where i = A3, All, Ass, see also
Fig. 9 and 107! p2,(p), see also Fig. 11. All avatars of the strong
couplings are evaluated at the symmetric point. The pion four-
quark coupling 1,(p) = 4,(0,7 = p?,0) is evaluated in the ¢-
channel momentum. For better visibility we have multiplied it by
107!, The avatars of the strong couplings peak in the regime
Ppeak ® 1 GeV and tend toward zero for p <0.5 GeV. The
dimensionless pseudoscalar four-quark coupling p?A.(p) peaks
at about pyeq ~ 0.5 GeV and tends toward zero for p < m,. It
also vanishes rapidly in the ultraviolet for p Z 1 GeV propor-
tional to a2(p).

approximation for the gluonic and ghosts-gluon vertices
in the present work as the detailed analysis in [18] has
shown their quantitative reliability. For the details of this
analysis we refer the reader to this work.

It is left to discuss the impact of the interface of the pure
glue sector to the matter sector. To that end we evaluate the
impact of large changes of this interface on the pure glue
correlation functions. Here, large accommodates very con-
servatively potential deficiencies of the interface and the
matter sector. This analysis is simplified by the fact that the
pure glue sector of the action (3) and (B1) is connected to
the pure matter sector only via the interface action discussed
in Sec. II B with its quark-gluon vertices. In short, fluctua-
tions of the matter sector enter the flows for the ghost, gluon
and ghost-gluon correlation functions only via closed quark
loops with external gluon and ghost lines. We have
completely dropped the latter interface couplings as quarks
and ghosts only interact via diagrams with internal gluons,
quarks, and ghosts: These diagrams are highly subdominant
in the perturbative regime as they require high orders in the
strong coupling, and decouple quickly in the infrared due to
the efficient decoupling of the gluon dynamics. In contra-
distinction to the resonant chiral dynamics they are also
suppressed in the momentum regime with momentum
scales p,k~1 GeV.

The pure quark loops with external gluons effectively
only change the momentum scale running of the gluonic

054047-8



FOUR-QUARK SCATTERINGS IN QCD III

PHYS. REV. D 112, 054047 (2025)

correlation functions from that in Yang-Mills theory to that
in QCD. It has been checked already in [7,10] that even
large changes in the quark-gluon dressings in the semi-
perturbative and infrared regime only have a subdominant
effect on the gluonic correlation functions.

In short, the pure glue sector of the action is well
converged and is very stable under potential even large
changes of the interface as well as the matter sector.

B. Stability of the glue-matter interface

The stability and convergence of the glue-matter inter-
face have been evaluated in great detail in [7,10,24] in the
fRG approach and in [8,9,11,12,22,23] in the DSE
approach. It has been found that only three of the eight
transversal tensor structures of the quark-gluon vertex,

namely /15‘1@’2'7), are relevant for quantitative accuracy, and

full quantitative precision requires taking into account a
few higher order scatterings. Still, the by far dominant
contribution is hosted by the dressing of the classical tensor
structure of the quark-gluon vertex, and the results for the
correlation functions quickly converge. The latter fact is
also related to the fact that the pure glue correlation
functions are rather insensitive to the respective changes
as well as to the presence or absence of chiral symmetry
breaking.

The above entails that the largest systematic error in the
glue-matter interface originates in the treatment of the flow
of the dressing /121(_; q( p) of the classical tensor structure of
the quark-gluon vertex. While it is well controlled by the
mSTI in the perturbative and semiperturbative regime, its
(integrated) flow in the onset regime of confinement has a
relatively large systematic error, see the discussion in
Sec. II B around (23). This error is accounted for with a
very conservative evaluation of this interface within the
regime 3 GeV < k <7 GeV, (23). In summary this leads to
a systematic error of approximately 5% in the most
sensitive correlation function, the quark mass functions,
while further correlation functions are less sensitive to these
variations.

C. Stability of the pure matter sector

This leaves us with an evaluation of the systematic error
for the pure matter sector of the effective action. This
sector has been studied thoroughly in the first two works in
the series [5,6]. The results there informed the approxi-
mation of the four-quark sector of the effective action (25),
and a detailed analysis is found there. It is left to evaluate
the potential impact of higher order quark vertices, such as
(qq)" and (gysTiq)" with i = 1,2, 3 and n > 3. As in the
case of the four-quark interactions, there is a clear
hierarchy with the pseudoscalar ones being by far the
dominant ones. Their impact has been thoroughly studied
in the fRG approach to QCD with emergent composites in
[10,16,17,20] and in particular in the recent work [24].

In short, their relevance drops quickly with n, the excep-
tion being the chiral limit with pion masses m, <1 MeV,
see [37]. Still, n = 3, 4 leads to sizeable though subdomi-
nant corrections below 5%, for a discussion see the works
above. In a forthcoming work we shall augment the current
approximation with emergent composites in the scalar-
pseudoscalar sector. This eliminates the biggest source of
our systematic error as well as gives us more direct and
simpler access to hadronic bound state properties and
timelike correlation functions.

D. Combined systematic error estimate

We conclude that the by far dominating sources for the
systematic error are the lack of full control of the flow of

/1;1@) g discussed in Sec. III B and the missing higher order

quark—antiquark scattering terms discussed in Sec. III C.
Both of them are of the order 5%. Moreover, they are
partially accommodated in the value of the current quark
masses leading to the physical ratio of the pion decay
constant and the pion/kaon pole masses. In summary we are
led to a conservative systematic error estimate of 10% for
our observables.

E. Dynamics and higher order scatterings

We close the discussion of the functional 2 + 1 flavor
QCD setup in Sec. II and its systematic error estimate in
Secs. IIT A to III D with a brief evaluation of the dynamics
included in the present approximation. For further analyses
of the present and related approximations we refer the
reader to [10,20,24] and the reviews [3.4].

Here we concentrate on a discussion in the light of
another application areas of the present approach: the
hadron resonance spectrum, the formation of hadrons,
parton distributions functions and related observables.
While part of this evaluation can also be found in [5,6],
we aim at a self-contained discussion here. To begin with,
the most important part of the coupled set of flow equations
is the four-quark flow and its feedback into the quark-gluon
vertex and the quark propagator. In terms of (off-shell)
resonances this includes 6-mode, pion, K and x exchanges
in the flow of the quark-gluon vertex.

We proceed with a discussion of the off-shell scattering
processes included in the present approximation of the
matter sector: the four-quark vertex is sourced by all
topologies of the quark-gluon boxes. Importantly, the
resummation in the flow does not only generate ladder
diagrams (gluon exchanges between a quark and an
antiquark), but also generic topologies including, e.g., also
the annihilation of a quark—antiquark pair into two gluons,
followed by the recreation of such a pair from two-gluons,
not necessarily in the same tensor channel. The general
resummation is obtained from the flow: in the next flow step
at a given scale k, all the topologies and diagrams generated
before are fed back into the flow. Apart from successively
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FIG. 3. Flow diagrams of four-quark vertices in the pure matter
sector for the #-, u-, and s-momentum channels, respectively.

dressing the vertices and propagators in the quark-gluon
boxes, this iterative procedure generates triangle and fish
diagrams as well as the tadpole diagrams with six-point
vertices. Again it is important for the evaluation of the
resummation scheme that all topologies of the fish and
triangle diagrams are considered, see Fig. 3. Moreover, all
four-quark vertices considered depend on all Mandelstam
variables s, t, u. Diagrammatically this implies that all
different momentum and tensor channels are fed back into
each other. This rather complete, self-consistent, resumma-
tion of the four-quark vertex originates in the fact, that flow
diagrams only contain fully dressed vertices in contradis-
tinction to DSEs with one classical one and BSEs with a
given BSE kernel. Note that the latter statement only
concerns the standard formulation of the DSE-BSE frame-
work and elaborated schemes have been set up that circum-
vent this diagrammatics, see, e.g., [25,26] and the review
[1]. For a recent example with the skeleton expansion,
leading to diagrammatics similar to that in the fRG flows,
see [35].

In conclusion, in terms of all orders of perturbative
diagrams, such a self-consistent flow generates all nested
diagrams of quark-gluon diagrams except those that are
sourced by a quark-gluon six-point function at one-loop
level. Its flow is schematically depicted in Fig. 4, where we
have left out diagrams with six-point and eight-point
functions as well as mixed diagrams with quark four-point
and quark-gluon vertices.

We emphasize that this includes but goes far beyond
rainbow-ladder diagrams. While a full analysis is beyond
the scope of the present work, we collect some of the
scattering processes that can be derived from the above
diagrammatic dissection. First of all, all two-to-two four-
quark scattering processes are included. Due to the
iteration, this also includes two-to-many quark processes.
Note that almost all of these processes are negligible as

Oy =0, E—I—ﬁ—l—"'

FIG. 4. Diagrammatic depiction of the flow equations of the
six-quark vertex. For the sake of brevity we only depict one
diagram of the whole class of quark-gluon and four-quark
diagrams. The operator d, only hits the k-dependence in the
explicit regulator terms in the propagators.

their resonance mass scale is very large 21 GeV and
these resonances emerge or get dynamical at about
k=~ 500 MeV, the scale of dynamic chiral symmetry
breaking. Finally, in terms of two-to-two quark and higher
order resonant interactions, the dropped tadpole diagrams
comprise part of these interactions that, however, are
phase-space suppressed. Moreover, at the physical point
and for smaller pion masses these scatterings are domi-
nated by multipion scatterings. These contributions, while
present, have been shown to be subleading, see in
particular [7,10,16,17,20] and in particular the recent
comprehensive systematic error analysis in [24]. In sum-
mary, the error introduced by their omission is part of our
10% error estimate and the multimeson scatterings will be
added in a forthcoming work that combines the approx-
imations of [10,24] with the present one.

We close this section with a brief diagrammatic trans-
lation of this fRG setup with the Dyson-Schwinger—Bethe-
Salpeter equation setup commonly used for bound state
analyses. To begin with, the inclusion of the four-quark
vertices in the fRG framework and the respective approxi-
mation in their flow corresponds to the inclusion of the BSE
and the choice of the Bethe-Salpeter kernel. This relation is
even more evident in the fRG approach with emergent
composites. Then, the pion-quark-antiquark (Yukawa)
vertex simply reduces to the pion BSE wave function on
the pion pole, see [7,10]. For further direct relations
between the two setups we refer to works on nPI flows,
see [38—45]. In both frameworks, a self-consistent treat-
ment of the chiral dynamics is of utmost importance and is
achieved by deriving the loop relations for the correlation
functions from the functional relation of a suitably chosen
effective action.

In the DSE-BSE setup self-consistent relations between
the correlation functions can be derived from n-particle
irreducible effective actions: then, the choice of the BSE-
kernel also determines the approximation of the quark-
gluon vertex in the gap equation. These choices are dictated
by the nPI expansion scheme underlying the analysis. Such
a treatment leads to a consistent implementation of chiral
symmetry breaking and in particular ensures the consis-
tency of the dynamics of the pseudo-Goldstone bosons.

In the fRG approach, the flows for the correlation
functions are derived from the functional flow equation
of the effective action, see (F1) in Appendix F. Accordingly,
the consistency of the chiral dynamics is hard-wired in a
self-consistent solution of the connected set of flow equa-
tions for all vertices. Here, self-consistent entails that all
vertices considered in the approximation of the effective
action, are fed-back into the diagrammatic flows on the right
hand side. Roughly speaking, the BSE-kernel is encoded in
the approximation to propagators and vertices, specifically
the quark-gluon vertices. Hence, phrased in the DSE-BSE
language, it is guaranteed that the same BSE-kernel is used
throughout the system. The hard-wired self-consistency

054047-10



FOUR-QUARK SCATTERINGS IN QCD III

PHYS. REV. D 112, 054047 (2025)

allows us to choose the approximations for all vertices and
flows separately. Accordingly, we can implement the best
approximation of each subsystem within the full system.
This brief analysis concludes the discussion of the approxi-
mation of the effective action and the flow, including its
relation to other functional approaches.

IV. QCD CORRELATION FUNCTIONS

In this section we report on our results for the quark-
gluon correlation functions in 2 4 1 flavor QCD. To our
knowledge this is the first self-consistent computation of
QCD correlation functions in 2 + 1 flavor QCD, i.e., not
resorting to any input for part of the correlation functions
such as the ghost and gluon propagators as commonly
done. These correlation functions will then be used for
computing bound state properties of mesons such as the
pion Bethe-Salpeter amplitude in Sec. V.

In Sec. IVA we discuss how to adjust the UV initial
conditions in our fRG approach to QCD. This is tantamount
to fixing the renormalization group point and conditions in
Dyson-Schwinger equations (DSEs) in the MOM? scheme
underlying the fRG approach. For a discussion and com-
parison with the DSE approach see [11]. In Sec. IVB we
discuss the results for gluon and ghost propagators, and in
Sec. IV C we discuss the results for the quark dressings and
the avatars of the strong coupling. In Sec. IV D we present
our results on the four-quark dressings, from which the
meson masses, Bethe-Salpeter amplitude and the decay
constants are derived. The respective results are discussed
in Sec. V.

A. Initial conditions for functional QCD

In this section we describe the tuning of ultraviolet
parameters (24) in the fRG approach to QCD. This starts
with choosing a small initial strong coupling at the initial
cutoff scale k = A,

a, , = 0.179. (32)

Implicitly this provides the value of the initial cutoff scale,
when the physical scales are fixed by tuning appropriate
mass ratios in the theory. However, in the absence of any
physical scale, all scales are measured in the initial scale.
Hence, apart from (32), the theory is determined by the two
current quark masses, measured in the initial scale. We have
scanned the parameter range

my -5 mg -3
0§A§9.1x10 , O§A§2.4x10 . (33)
The three parameters in (32) and (33) are the fundamental
parameters in 2 4 1 flavor QCD. We emphasize that these
are the only parameters at our disposal in the current
first-principles fRG approach to QCD. No external input
or phenomenological parameter is used. Moreover, as

TABLE L. Current quark masses and observables in 2 + 1 flavor
QCD: we choose a small strong coupling a; 5, = 0.179 at the
initial cutoff scale A, see (32). This choice is safely in the
perturbative regime, and the respective ultraviolet (UV) cutoff
turns out to be A = 35.7 GeV, see (36). The light and strange
current quark masses m;, m are the only fundamental parameters
and are determined by the two ratios of meson pole masses and the
pion decay constant, m_/f, and mg/f .. Both, the decay constant
and the pole masses are determined from the QCD correlation
functions computed in Sec. IV. The decay constants are deter-
mined with (44). The pole masses m, and my are reconstructed
from the four-quark dressings within a Padé approximation, see
Fig. 19. We also show some first predictions on the constituent
quark masses M, = M,(p = 0), see Fig. 7, the pole mass of the
o-mode, see Fig. 11 and the kaon decay constant (44).

Observables Value Parameters Value
my/f . 137.0/93.0 m; 2.1 MeV
mg/fx 494.0/93.0 m 55.9 MeV
M, 344.5 MeV

M, 487.3 MeV

mg 515.2 MeV

[k 114.1 MeV

elucidated above, the strong coupling is not tuned, its
initial value simply sets the physical scale. Hence we fix the
masses (33) with the two ratios m,/f, and mg/f,, and all
further observables and correlation functions are genuine
predictions.

These ratios are fixed as follows. The QCD correlation
functions computed in Secs. [V B and IV C can be used to
compute meson masses, see Fig. 19 in Sec. IV D and the
discussions therein, and the decay constants, see (44) in
Sec. V. This allows us to determine the physical choice for
the initial condition as that, leading to the physical ratios
m,/f, and mg/f,, see Table I. In Fig. 5 we illustrate the
respective tuning of the current quark masses with that of
tuning m; 5, = m, to its physical value, while keeping m;
already fixed at its physical value, mg , = 55.9 MeV: the
ratio m,(m;)/f,(m;) rises monotonously from its vanish-
ing value in the chiral limit with m; = 0 and m, = 0 to its
physical one. Note that the full procedure amounts to the
tuning of the pair m,, m,, and this two-dimensional search
is simplified by the mass hierarchy and the monotonicity in
both masses.

In terms of the initial cutoff scale, it is given by

% ~5.88 x 1075, ~1.57x 1073, (34)

mS
A
which implies the ratio of the current quark masses,

m
— ~26.6, 35
- (3)
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FIG.5. m,(m;)/f,(m;) as a function of the light current quark
mass m;. The strange current quark mass is fixed to its physical
value mg; = 55.9 MeV, see Table I. The gray dashed lines
indicate the physical parameter values in Table I, leading to
the physical value m,/f, = 137/93.

close to that used in lattice computations. Moreover, for
(34) the pion mass is the physical one, m, = 137 MeV,
which finally sets our physics scales. Measured in these
physical units, the initial cutoff scale is given by

A =357 GeV. (36)

The physical parameters as well as some first predictions of
fundamental observables and correlation functions are also
summarized in Table I.

B. Correlation functions in the glue sector

We begin our discussion of the numerical results with the
pure glue sector. As discussed in Sec. III A, it is the most

3.0 T T T T T T L T

fRG
251 ¥ Lattice ]

20} E

1.0 B

1/Z4(p)

0.5 i

A 0i2 ‘ 0i4 ‘0i6‘ ‘ :i. 2
p[GeV]

wk
S
v
~
fuy
o

0
0

insensitive of the modules when it comes to its stability
under changes of correlation functions in the other modules
including the interface, the quark-gluon scatterings. In
terms of its relevance for the other modules, the interface
and the matter sectors, the gluon propagator, or rather its
dressing, is the most relevant correlation function. The
gluon, ghost and quark propagators or dressings are also the
only correlation function, where precision data from the
lattice exist and provide benchmark tests within the 10%
systematic error estimate discussed in Sec. III D.

It has been discussed at length in the literature, see
[7,10,18,28,46,47], that the feedback of the gluon propa-
gator into other correlation functions is via its dressing
1/Z4(p) due to the momentum integral in the flows. This
dressing in 2 + 1 flavor QCD is depicted in the left panel of
Fig. 6 together with the 2 4 1 flavor lattice data from [48].
Our result is in excellent agreement with the lattice data,
well within the 10% error estimate. The increasing deviation
in the infrared comes from the tuning of the scaling solution
in the glue sector instead of the decoupling solution found
on the lattice, for a detailed discussion see [18,28]. It has
been argued that this difference may originate in an infrared
gauge fixing ambiguity in the Landau gauge. Then, this
difference does not show in observables. It has been shown
in [10,46,47] at the example of the quark mass function and
the confinement-deconfinement temperature that this is
indeed the case.

This infrared difference to the lattice is also shown in the
ghost correlation function shown in the right panel of Fig. 6
together with the 2 + 1 flavor lattice data from [48]. This
difference does not feed back into the rest of the system as it
is transmitted via ghost-gluon diagrams, all of which
contain at least one gluon propagator. The scaling of ghost
and gluon dressings (and hence of the vertices) are related
and in combination they cancel out very efficiently. This is
also evident in the quark-gluon avatars of the strong

4.0

35} = — fRQ i
3.0k * ¥ Lattice |

251

2.0}

1.5

1.0} B

ghost propagator dressing 1/Z,

0.5 B

n 1 n | I | 1 1 1 1 PR B
0.4 0.6 1 2 3 45 7 10
p[GeV]

0.0 L
0.1 0.2

FIG. 6. Left panel: gluon propagator dressing 1/Z,(p) in the Landau gauge in comparison to the unquenched lattice QCD results for
Ny =2+ 1 flavors [48]. Right panel: ghost propagator dressing 1/Z,.(p) in the Landau gauge in comparison to the lattice results for

N;=2+1 flavors [48].
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coupling, which is plotted together with the purely gluonic
avatars in 9. As they also involve correlation functions in
the interface module of the effective action, we defer the
respective discussion to Sec. IV C.

In the present fRG approach to first principle QCD, the
overall momentum scale is provided by m, = 137 MeV for
the physical ratio m,/ f .. All other scales, such as the initial
cutoff scale A, (36), and the momentum scale in Fig. 6 are
measured in m,. Accordingly, the excellent agreement of
the ghost and gluon dressings with the lattice data for all
momenta p 2 1 GeV is an impressive test of the overall
scale setting and the quantitative nature of the present
approximation across the whole system: the scale setting is
done in the pure matter sector of the system and the
momentum scales of the ghost and gluon dressings is an
observable in the pure glue sector. We note that in particular
the peak position of the gluon propagator, p ~ 0.955 GeV,
which indicates the confinement mass gap, is in quantita-
tive agreement with the peak position of the lattice data.

C. Correlation functions in the quark-gluon interface

The quark propagators, or more precisely their dressings,
as well as those of the quark-gluon vertex are the most
relevant building blocks in the interface module. The
propagator, at k = 0 has the form

G 1
oP) = Z,(p)ip+M,(p)’

(37)

which is just the inverse of the kinetic term in (16). It hosts
the RG-invariant mass functions M,(p) = diag(M,(p),
M(p).M(p)) and the quark wave functions Z,(p) =
diag(Z,(p).Z,(p). Zs(p)). In Fig. 7 we show both, M, (p)
and 1/Z,(p) for the physical point together with lattice
data for the mass function from [49]. Note that the dressing
Z,(p) is not RG-invariant and drops out of all our
observables as both the vertices and the propagator have
global Z -factors which cancel out in the diagrams.

The RG-invariant mass functions agree well with the
respective lattice results and the deviations are well within
the 10% systematic error of the current computation. In
Fig. 7 we also indicate the systematic error from the STI
procedure applied to the quark gluon vertex. Even though
we have taken a very large regime 3 GeV < p <7 GeV for
the potential onset regime of confinement, the error is
relatively small. This corroborates the quantitative nature of
the current approximation.

Figure 7 also displays the inverse wave functions 1/Z,
for the light and strange quarks. The strange quark wave
function is consistent with unity within the systematic
errors of our calculations, while 1/Z, for the light quark is
significantly smaller than one, which is consistent with
previous results of functional QCD, see [7-11,24,51]. Note

1'0""__"'-————————:====- -----------
_______________ — Mi(p)

081 — M) |
-=== 1/Z(p)

06| —--- Yz |

0.4 M pattice(p), Changet al. g

M, 1astice(p), Bowman et al.

0.2

0.0 L — === :
107! 10° 10!

p[GeV]

FIG. 7. Quark mass function M, (p) (solid lines, in unit of
GeV) and inverse quark wave functions 1/Z,(p) (dashed lines)
for light (red line) and strange (blue line) quarks with
Agr1 = 5 GeV. The error bands stand for the results by varying
Agrp from 3 to 7 GeV. The light quark mass function is also
compared with the lattice results in [49] (cyan points) and [50]
(purple points).

that there are still considerable systematic errors in lattice
results of quark wave functions, see [49] for a discussion.

We close the discussion of the mass function with a
dissection of its flow. The flow consists of the sum of
diagrams in three diagrammatic classes, see Fig. 27: the
first class is the quark-gluon diagram with two quark-gluon
vertices which dominates the flow in the UV. Due to
the isospin symmetry of the propagator and vertices the
internal quark propagator in these diagrams is that of the
external quark. The second diagram is a quark-gluon
tadpole whose contribution is negligible. The third diagram
class is the quark tadpole whose contribution is as relevant
for chiral symmetry breaking as the quark-gluon diagram.
Due to the mixing of quark flavors in the four-quark
vertices all quarks contribute to the two-point function flow
of a given quark.

In general, we expect the quark-gluon diagram to
dominate the ultraviolet flow for p 2 1-5 GeV. While this
also holds true here, all contributions approach zero quickly,
as the flow of the mass function is proportional to itself: in
the UV it is the only scale of chiral symmetry breaking, as
the size of the chiral symmetry breaking vertices is
negligible. Accordingly, due to the relatively small current
quark masses the flows are small. In the infrared both
contributions are rising and peak at about the cutoff scale of
dynamical chiral symmetry breaking Kpe. ~ k.

We also find that the quark tadpole is dominated by the
contribution from the scalar o-channel of the four-quark
vertex, see Fig. 8. A more detailed analysis elucidates the
decomposition of the full QCD dynamics in both, the fRG
approach to QCD with emergent composites and the
present approach. A closer look at the o-channel reveals
that it hosts two contributions in contrast to one in the pion
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FIG. 8. Different diagrammatic contributions to the flow of the
light quark mass at p = 0.

channel: both contain one diagram, where the external
color and flavor runs through the internal quark line. These
two diagrams agree up to a relative minus sign for the pions
and the multiplicity of three. In short, this part is dominated
by the pions. These contributions agree with the meson
diagrams in the fRG approach to QCD with emergent
composites.

However, in the o-channel there is an additional one
proportional to tr7°, where color and flavor of the internal
propagator are not connected to the external color and
flavor. It is this diagram that dominates the contribution
from the quark contribution. The respective diagram is
absent in the pion channel as it is proportional to trysT =0
and trysgT' = 0 with the loop momentum g and i = 1, 2, 3.
In the fRG approach to QCD with emergent composites this
contribution is generated by the flow of the expectation
value of the s-mode, and the equation of motion of the
o-mode contains the respective closed quark-loop.

We also emphasize, that the peak position k., of the
four-quark contributions stays at kpe ~ k, also in the
chiral limit. Finally, we note that the four-quark contribu-
tion is crucial for the size of the quark mass function and
the inclusion of the four-quark scatterings, or rather the
scalar and pseudoscalar part of it, is essential for the
quantitative nature of the approximation. This concludes
our detailed analysis of the different contributions in the
flow of the quark mass function, and hence that of
dynamical chiral symmetry breaking.

The avatars of the strong coupling from the ghost gluon,
three gluon and quark-gluon vertices, (12) and (21), are
shown in Fig. 9. For perturbative and semiperturbative
momenta, p 2 3 GeV, all avatars of the strong coupling
converge toward each other. This convergence is consistent
with the respective STIs, which constrain the longitudinal
parts of the respective classical tensor structures. For
smaller momenta, p <3 GeV one has to consider two
effects: First of all, with the growth of the strong couplings

101E T T

100 b

s 1071 2

1072 |

1071 160 10?
p[GeV]

FIG. 9. Avatars of the strong coupling, a; for i=
Aéc, A3, All, Ass defined from the dressings of the ghost-gluon
vertex, three-gluon vertex and quark-gluon vertices in (12a),
(12b), and (21). All dressings converge toward each other for
momenta p 2 5 GeV due to the STI and start deviating below,
see also Fig. 2. The dashed vertical line on the right indicates
p =A =357 GeV, see (36). This momentum scale can be
understood as a (soft) UV-momentum cutoff.

or rather the growing strength of the respective vertices, the
scattering kernels in the STIs get increasingly important
and the equivalence «;(p) = a,(p) is successively lost.
Moreover, confinement necessitates nonuniform vertices as
otherwise the confining mass gap cannot be generated, see,
e.g., [18,52] and the recent review [53]. Here, nonuniform
refers to the fact that longitudinal dressings (related to the
STI) and transverse ones are different. Obviously, no
conclusion can be inferred for the nonuniform parts of
the transversal vertices from the STIs. While the nontrivial
scattering kernels can be accommodated, the nonuniform
nature of the vertices is a dynamical effect and is one of the
reasons for using the flows of the dressing /Iglq)l_] of the
quark-gluon vertex in the infrared.

In summary, for momenta p <3 GeV all avatars of the
strong coupling differ sizably, and these differences are
dynamical and not a truncation artifact. Moreover, while
the deviations are visible for p <3 GeV, they are already
building up dynamically before in terms of the mass gap of
the gluon propagator. This has been investigated thor-
oughly in pure Yang-Mills theory in [18] within the fRG
approach and is well-understood. The underlying dynami-
cal mechanism and its momentum dependence have been
investigated judiciously in the literature, see [53]. These
investigations inform our lower boundary of Agyy in (23), at
which both, the scattering kernels in the STIs and the
confining dynamics are already present.

In the infrared for p < 1 GeV, all avatars either level off
(ghost-gluon) or decay toward zero. The latter is clearly
seen for the avatars a3, aus, of the quark-gluon coupling.
The strange avatar drops earlier due to the larger strange
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FIG. 10. Dimensionless dressings i<]2'14’7) (p) of the quark-gluon
vertex for the tensor structures 7 (!+7) in (38), as functions of the
symmetric point momentum p.

quark mass. For momenta at about 1 GeV the strange
quark avatar is slightly larger than the light quark one,
which is related to the respective size or order of the quark
dressings 1/Z,(p), 1/Z,(p), Fig. 7, which implicitly enter
the definitions.

The sign of the three-gluon dressing 1,3 changes at about
200 MeV and approaches zero from below, see Fig. 9. This
behavior is triggered by the ghost loop in the fRG or DSE
for the three-gluon vertex which is dominating the deep
infrared and leads to the negative infrared dressing. The
location of the zero crossing depends on the chosen
solution (scaling or decoupling), for further discussions
and results see, e.g., [18,25,26,54-60] (Yang-Mills) and
[10,24] (QCD). Accordingly, the respective strong coupling
a,s in (21) drops to zero at about 200 MeV before
recovering and approaching zero from below.

We close this section with the discussion of /15147’17), the
dressings of the other two relevant tensor structures of the

light-quark-gluon vertex. They are shown in Fig. 10

together with that of the classical tensor structure, /1217)1.
The full basis is presented in (C5) in Appendix C, and for
the benefit of the reader we recall the three relevant tensor

structures,

1 . 4 .
|:T.<Aq)q(pv q)i|ll :17//47 [qu)q(P, q)]u :lﬁﬂapa,

1
T04(p0)], =30+ @)ulp = a) +permut. (38)

Here, p is the gluon momentum and ¢ is the antiquark
are multiplied by IT+(p)7T4.
/1;47’17) (p) peak in the regime

0.5 GeV < p <1 GeV. While it is suggestive to measure
the importance of the dimensionless dressings for, e.g., the

momentum, and all 7 Xg] J

The dimensionless dressings
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FIG. 11. Four-quark dressings of the 7, o, K, k meson channels
as functions of 7-channel momentum with s = u = 0.

flow of the constituent quark mass function M;(p) by their
size, this size can be deceiving for two reasons. First of all,
it is the size of the respective diagrammatic contributions
that enters d,M,(p) and this depends on the contraction of

the tensor structures: while T,(:i)z is chirally symmetric as is

the classical tensor structure, 7° ri)l breaks chiral symmetry,

see (38). The latter fact already explains why the respective
dressing switches on at smaller momenta. Second, the
flows are nonlinear. The impact of the different dressings in
the flow or DSE of the quark mass function has been
studied in detail in [10] and in particular in [11]. In these
works the functional equation for the quark mass function
has been analyzed as follows: we use the full solution for
the vertex dressings and the gluon propagator and solve the
functional relation for the quark propagator by dropping

either of the dressings /15‘47’17). There it has been found that

247)1 leads to a more than 50% decrease of the
constituent quark mass, while dropping ifl)l( p) increases

the light quark mass function by roughly 10%.

dropping 4

D. Correlation functions in the matter sector

In this section we present and discuss our results for the
dressings of the four-quark vertex. A full tensor basis with
26 elements can be found in (D2) to (D7) in Appendix D.
We have not taken into account all of them in the flows as
most decouple very efficiently in all flows including their
own ones. This will be discussed below. In short, we have
only considered the four channels (D9): the scalar and
pseudoscalar channels with the dressings 4, 4, and the K,
k-meson channels with the dressings Ak, 4,. These dress-
ings are shown in Fig. 11 in 10> GeV~2 units as functions
of the t-channel momentum at u = s = 0,

Ag(t) = Ag(s = 0,1, u = 0). (39)
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FIG. 12. Dimensionless four-quark dressings ¢ x 4, of the z, o,
K, and x meson channels as functions of 7-channel momentum
with s = u = 0.

This channel contains the pion resonance and other
mesonic resonances. This gives rise to the large value
of A,(t=0) o 1/m2. This also explains the ratio of
Ap) Ay & M2/ m2.

It is important to realize, that, while the size of the
dressings exhibits the mass hierarchy of the resonances, the
importance of the different tensor structures of the four-
quark vertex has to be measured in terms of the size of the
diagrammatic contributions in a given flow. The relative size
of these contributions depends not only on the dressings, but
also on the internal propagators of the diagrams and the
contractions of all the tensors in the diagrams, for a detailed
discussion see [24]. Hence, such an analysis has to be done
separately for each flow of a correlation function, and the
size of the dressing can be deceiving.

Moreover, the momentum-dependence of the dressings is
integrated over in the diagrams and it is rather their
dimensionless form #4,(r) that enters the overall analysis.
This combination is shown in Fig. 12. Clearly, the hierarchy
seen in Fig. 11 of the dressings is less pronounced in its
dimensionless form. Also, 74,(7) is significantly larger than
tAg (), leave aside t4,(¢). This order reflects better on the
actual importance of the contributions, but as we have
discussed above, such an importance analysis has to be done
with the diagrammatic contributions.

Far more relevant than such a detailed analysis of the
four-quark sector is that of the relative relevance of the
quark-gluon (box diagrams), quark-gluon—four-quark
(triangle diagrams) and four-quark (fish diagrams) con-
tributions in the flow of the dressings of the four-quark
vertex, see Fig. 29 in Appendix F. Its relevance comes from
its importance for the systematic error analysis in Sec. III.
As discussed in Secs. IIC and I C, the flows 9,4, are
dominated by the quark-gluon box, proportional to aiqq,

for momenta p 2 1 GeV.

1.0 ——— x
0.8 -
0.6 | box

5 triangle
o4t 2 e fish g
0.2} B
0.0 L P
1071 10° 10t
k[GeV]
FIG. 13. Relative strength of the dimensionless flow of four-

quark dressing of the # channel as functions of scale k at s =
t=u=0.

In the following we concentrate on the dressing 4, of the
pion channel. For a discussion of the relevance order we
define the relative strength of a given diagrammatic
contribution (box, triangle, fish) with

i)
s IFlow’l

i, j = box, triangle, fish. ~ (40)
> (Flow})’

The different S; are depicted in Fig. 13. One clearly sees the
dominance of the quark-gluon box for large cutoff scales
k=1 GeV. This UV regime is followed by one that is
dominated by the triangle diagrams, proportional to a,g,4,-
In the infrared with k£ < 0.5 GeV, the fish diagrams domi-
nate. More precisely, this contribution is dominated by the
diagram proportional to A2. This successive order of domi-
nance is sourced by the two mass scales at play: the gluon
mass gap m,, ~ 0.5-1 GeV and the pion pole mass m, =
137 MeV present in the 7-channel 4,(s = 0,7, u = 0).

We note that the peak position of the four-quark
contribution of the flow of A, is proportional to m,, in
contradistinction to that of the flow of the quark mass
function which peaks at the chiral symmetry breaking
scale, see the respective discussion in Sec. IV C. This
proportionality originates in the pseudoscalar channel,
whose t-channel is proportional to 1/(¢ + m2), the pion
propagator. In particular, in the chiral limit this triggers a
logarithmic infrared divergence of the fish diagram at
vanishing external momentum due to the two internal pion
propagators. In contrast, the tadpole diagram in J,M, is
infrared finite.

Note also that this successive dominance order is more
pronounced in the fRG approach with emergent composites:
there, also the pion channel is augmented with a regulator
mass, effectively leading to m2 — m2 + k2. This shifts the
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FIG. 14. Different diagrammatic contributions to the dimen-
sionless flow of four-quark dressing of the 7 channel as functions
of scale kat s =t =u =0.

interface regime and the pion dominance regime toward the
infrared, leading to a larger separation of the three regimes.
For a detailed discussion see [24]. The direct comparison
with the results there is further complicated by the different
basis choice there. Roughly speaking, the pion channel
defined in [24] is an average of the pion and o-channel in the
present work. Evidently, in the cutoff regime with dynami-
cal chiral symmetry breaking with £ < 500 MeV, the pion
contribution are dominating the flows of the 4,, if this
contribution comes with a sufficiently large prefactor or
overlap. On a general basis this overlap is uniquely
determined by the residue of the pion pole obtained for
t - —m2. A full comparison also involves powers of the
relative mass scales of the respective channels, for example
powers of m2/mZ, for a given meson resonance. This
comparison also extends to gluon exchanges where m,. is
substituted by the gluon mass gap. Accordingly, if the
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FIG. 15. Different diagrammatic contributions to the dimen-
sionless flow of four-quark dressing of the o channel as functions
of scale kat s =t =u =0.

0)[10% x GeV 2]

Ar(s,t,u

FIG. 16. 3D plot of the four-quark coupling in the z channel as
a function of v/ and /s with u = 0.

overlap with the pion channel is missing, it is the channel
with the lowest resonance mass (and a sufficient overlap),
that sets the scales.

We illustrate this structure within a discussion of the
different diagrammatic contributions to the flow of 1, and
o, depicted in Figs. 14 and 15. In the flow of 1, the overlap
of the pion exchange diagrams (fish and triangle) is
sufficiently large and we have successive dominance
regimes of the box (UV), triangle (small interface) and
fish (IR) diagrams, see Fig. 13 and the respective discussion
around Eq. (40). In contrast, no such order is found in the
flow of 4,, see Fig. 15. Specifically, the fish diagram is not
infrared dominant, which indicates a rather small contri-
bution of the pion resonance.

This concludes our discussion of the #-channel dressings
and their relevance order. In the present work we have not
only taken into account the ¢-channel dressing, but dress-
ings that depend on all momentum channels. Apart from its
more quantitative nature it also allows us to evaluate one-
momentum channel approximation, for a more detailed
discussion see [5,6]. For this discussion we concentrate on
the most important pion channel with the dressing
A.(s,t,u). Tts evaluation is based on an analysis of our
results for two-dimensional momentum-channel planes in
Fig. 16 (s—t plane), Fig. 17 (+—u plane), and Fig. 18
(s—u plane).

We start with the results for the two #-channel momen-
tum planes depicted in Figs. 16 and 17. We find that in the
s, u directions the dressing is constant for momenta
p <1 GeV, while it drops earlier in the ¢ direction. This
indicates that in the relevant regime with s, u < 1 GeV, the
dressing shows no dependence on these momenta. This
suggests that a f-momentum channel approximation is
already quantitative at the physical point. Given, that the
flows themselves provide an additional momentum average
due to the presence of the infrared cutoff scale k, the
approximation 4,(s, ¢, u) — A(¢) is a quantitative one. We
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FIG. 17. 3D plot of the four-quark coupling in the # channel as
a function of /7 and /s with u = 0.

emphasize that this analysis does not hold true in the chiral
limit, where 4, is divergent and all momentum and angular
dependences are amplified. Finally we note that the two
plots in Figs. 16 and 17 suggest an approximate symmetry
between the s and # momentum-channel dependence. This
is confirmed in Fig. 18, where we show A, in the s, u-plane.

This concludes our analysis of the four-quark correlation
functions. In short, the analysis in the present section as
well as that in Secs. IV B and IV C entail, that the present
approximation is a quantitative one for vacuum QCD, and
the 10% systematic error estimate in Sec. III is indeed a
very conservative one.

V. MESON PROPERTIES AND BETHE-SALPETER
AMPLITUDES

In combination, the first-principles approach to 2 + 1
flavor QCD, set up in this paper, and that with emergent
composites, allow for many applications, which include the
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FIG. 18. 3D plot of the four-quark coupling in the z channel as
a function of /s and \/u with r = 0.
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FIG. 19. Inverse four-quark coupling 1/4,(¢) fora = z, 6, K as

a function of the -channel momentum. The data points denote the
Euclidean results and the solid lines fit with Padé[4,4] approx-
imants. The pole masses are determined by the #-value of
1/2,(t) = 0, see (41).

QCD phase structure, parton distribution functions and
other timelike observables. Respective applications go
beyond the scope of the present work and we concentrate
on the light spectrum. This serves as a proof of principle as
well as providing us with the observables we have used for
determining the physical point with m,/f, = 137/93: we
compute the pole masses of the pion and the ¢ resonance
within a Padé approximation and extract the pion and kaon
decay constants from their Bethe-Salpeter amplitudes.

The direct computation of pole masses requires a func-
tional approach for timelike momenta. Such an approach
has been set up in the past years based on the Killén-
Lehmann representation of correlation functions, see
[37,61-66], for Keldysh contour setups see [67,68]. This
complements the standard approach used in bound state
analyses, see, e.g., the review [1].

In the present work we concentrate on the pole masses of
the pion, the 6-mode and the kaon. These are the lowest
lying resonances in the respective four-quark channels, and
the pole mass is the distance of the first pole or singularity
from the Euclidean frequency axis. This information can be
safely extracted by an analytic continuation with Padé
approximants, for more details and the respective stability
analysis see [5,6]. Instead of the pole we extract the
location of the zero of the inverse four-quark dressings,

1
/I—(t:—mﬁ):o, for a = 7,0, K. (41)

In the present work we use Padé[4,4] approximants and this
Padé approximant is shown in Fig. 19 together with 1/4,(¢)
for « = x, 0, and K. The pion and K masses are used for
determining the physical point with
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m, 137

- mg 494
f. 937

— =, 42
see Table I. In contradistinction, the pole mass of the o-
mode is a prediction and we find

m, = 515.2 MeV. (43)

The two observables (42) used to determine the physical
point also require the knowledge of the pion decay constant
Sz see [69]. It can be computed from the light quark
propagator and the Bethe-Salpeter amplitude /,(p) of the
pion. Similarly, the kaon decay constant fr can be
computed from the light and strange quark propagators
and the BSE amplitude g (p) of the kaon. The pion and
kaon decay constants are given by

(015, (x)|7") = iP,f 6",

(0178, (x)|K") = iP,f 5%, (44a)

with the pion and kaon matrix elements of the axial
currents,

(0175, (x)|=7)

ij 4
=5 [ GGl + Phu(asGila). (@)
and
ij 4
O, (1K = [ 55 Tebn5Gila+ Ph(arsGla)
+7.75G1(@)hk (q)7sGy(q + P)]. (44c)

In (44b) and (44c), the traces are in color and Dirac spaces.
The indices i, j label the adjoint representation of the flavor
group, with i, j = 1, 2, 3 for the pion and 4, 5, 6, 7 for the
kaon. Here the BS amplitudes are defined at the mass poles
of the mesons, which are given by,

hﬂ/K(q) = hn/K(CIQPZ - _m;zr/]()v (45)

where the integrated momentum ¢ includes the dependence
on both the momentum magnitude and the angle. The
extraction of the BS amplitude will be discussed in detail in
(46). Note that f is a prediction, as the physical point is
determined with the ratios (42), that only require f,,
together with m, and my, see Table L.

The computation of (44b) and (44c) requires the quark
propagators in Fig. 7 and the BS amplitudes %, and hg.
They are extracted from the residue of the relevant four-
quark dressing at the pole of bound state. For a detailed
discussion we refer to [5,6], and we get

=1)

h(p, cos @

0 Il Il -
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FIG. 20. Bethe-Salpeter amplitudes of the pion (red solid line)
and the kaon (blue dashed line) as a function of the magnitude of
the quark momentum at fixed angle cosf = 1.

ho(p.cos@) = Hm \/2y(p1..... pa) (P> +mg),  (46)

2
P*——mg

where P, p, p’ are related to py,..., p, with (29), and we
evaluate A,(py, ..., p4) on the momentum configuration

P, =v/P*(1,0,0,0),
Py =1/ p*(cos6,sin6,0,0),
pj, = —\/ p*(cos8,sin6,0,0). (47)

This configuration differs from that used to compute the
flows of A,(s, #,u), see (31). Hence we cannot directly use
our results for A, (s, t, u). Instead, we follow the procedure
detailed in [6]: the flow for A,(p;, ..., p4) is evaluated for
the configuration (47), and we use our results for the four-
quark dressings 4,(s, f,u) discussed in Sec. IVD on the
right-hand side of the flow in the diagrams. This offers
quantitative results, given the small angular dependence
discussed in Sec. IV D. The dependence of the Bethe-
Salpeter amplitudes of pion and kaon on the quark
momentum is shown in Fig. 20, with the momenta of
quark and meson in the same direction cos @ = 1. One can
see that with the increase of the momentum the pion BS
amplitude increases a bit and then decreases at around
p~300 MeV, and then decreases significantly at
p ~1 GeV. The kaon BS amplitude does not show this
trend of small increase, but begins to decrease later, at
about p ~500 MeV. In Fig. 21 we show the angular
dependence of the pion BS amplitude. We conclude that
the angular dependence of the pion BS amplitude in QCD
is more prominent, of compared to that obtained in low
energy effective theories, see [6]. We also find that the
momentum dependence of the BS amplitude is softened
for cos @ = 0. In turn, for angles 6 # x/2, the momentum
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FIG. 21. Bethe-Salpeter amplitude of the pion as a function of
the magnitude of the quark momentum and the angle between the
quark and meson momenta.

dependence becomes steeper. The present results pave the
way for calculations of the pion and kaon distribution
amplitudes and distribution functions. This is work under
completion and we shall report on it in the near future.
We close this section with an evaluation of the pion mass
dependence of the pion decay constant f,(m,) with a fixed
physical strange current quark mass m; = 55.9 MeV, see
Table 1. This result is used to assess the validity regime of
chiral perturbation theory. This task requires the computa-
tion of the pion pole mass as a function of the current quark
mass via the Padé approximants as used in Fig. 19 for the
pion, o-mode and kaon pole masses. In Fig. 22 this is
illustrated for three different pion masses, m, = 14, 137,

140 T T T T T T T
1
120 [ My = 14MeV : n
m, = 137MeV .
— I
N>100 - m, = 227TMeV | 1
© g !
3 sol Padé[4, 4] ! B
X 1 ’
T 60| : ]
o : V.
A
= 40} : v .
g 1 A =
I’<‘: 20 4/ = . ]
-
1] RS ATy g #‘ ---------------
1
! L

I PR TR S S ST S S S
.02 0.00 0.02 0.04 0.06 0.08

t[GeV?]

-20 - | —
—0.08 —0.06 —0.04 -0

FIG. 22. Inverse four-quark coupling in the z channel, 1/4,(z),
as a function of the Mandelstam variable ¢ = P?> with s = 0 and
u = 0. Results for several different values of m, are compared.
Data points denote the results calculated in the flow equation in
the Euclidean 7 > 0 region. The solid lines stand for results of
analytic continuation from ¢ > 0 to # < 0 based on the fit of the
Padé[4,4] approximants.

110 T T T T y
4
[] fRG —QCD %,’
1050 aee xPT O(p*) R
4
'l
~" 100 |- B
% 2,
«& 951 ol .
’
X
’
90 - ¥ .
85 -?—_—i 1 1 1
0 50 100 150 200 250
m,[MeV]
FIG. 23. Pion decay constant as a function of pion mass in

comparison to the result of chiral perturbation theory at the order
of O(p*) [70]. The errors are estimated from the reconstruction of
the Padé approximants.

227 MeV with m; = 0.74, 2.12, 3.24 MeV. These are the
smallest and largest pion mass used, as well as the physical
one. The pion decay constants are computed readily with
(44b) and are shown in dependence on m, in Fig. 23 (red
data points). The errors are from the reconstruction of the
Padé approximants. With an increasing pion mass, the fit
error of the Padé approximants increases as well. Now we
use the results to assess the validity range of chiral
perturbation theory: In Fig. 23 we compare our results to
that in chiral perturbation theory (yPT) at the order of O(p*)
in Fig. 23, see, e.g., [70-72]. We find that the yPT results
agree with ours up to the large pion masses considered here.

VI. CONCLUSIONS AND OUTLOOK

In the present work we have studied the full infrared
dynamics of 2 4 1 flavor QCD with the functional renorm-
alization group approach. The present work completes a
series of works initiated in [5,6] on the infrared dynamics of
QCD. This series aims at establishing a first-principles fRG
approach to QCD for the computation of timelike observ-
ables such as parton distribution functions as well as the
phase structure of QCD.

For the first time, we have solved the complete dynamics
of the system in a self-contained and self-consistent fRG
approach to first principle 2 + 1 flavor QCD without using
any external input. Here, self-contained refers to the fact
that all correlation functions are computed within the fRG
approach themselves. While the use of external input such
as gluon correlation functions obtained from other func-
tional computations or from lattice data is a major advan-
tage of functional approaches, a self-contained computation
constitutes an important benchmark test and step toward the
reliable computation of timelike observables as well as the
phase structure of QCD within the fRG. Self-consistent
refers to the fact that all correlation functions computed are
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also fed-back into the diagrams. Finally, it is a first
principle approach as it comprises the full dynamics of
QCD with reliable systematic error control, and the only
input in the present computation are the fundamental
parameters of QCD: the light and strange current quark
masses at the initial cutoff scale. The procedure is detailed
in Sec. IVA, while Sec. II discusses the quantitative
approximation used. In particular, Sec. III comprises a
detailed systematic error analysis with a very conservative
overall systematic error estimate of 10%.

Our results are presented in Sec. IV and Sec. V, and we
refer the reader to the comprehensive discussions there. In
particular, we have computed ghost, gluon and quark two-
point correlation functions in quantitative agreement with
lattice data and other functional results, see Figs. 6 and 7.
We also show the ghost-gluon, three-gluon and quark-
gluon couplings, see Figs. 2 and 9. In particular, Sec. IV D
contains our results on the dressings A,(s,,u) of the
a=nrx, 0, K, k tensor channels, where s, #, u are the
Mandelstam variables.

The correlation functions discussed in Sec. IV have been
put to work in Sec. V for the computation of the 7, o, K
pole masses, the pion and K-meson BS amplitudes and the
pion and K-meson decay constants. Partially these results
have been used for the determination of the current quark
masses at the physical point, but they also constitute a proof
of principle of the potential of the present approach.
Applications to the phase structure of QCD are under
way, and works on parton distribution functions and further
timelike observables are under completion. We hope to
report on the respective results in the near future.
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APPENDIX A: CLASSICAL QCD ACTION

In this Appendix we detail the classical gauge-fixed
QCD action in a general covariant gauge, as well as
introducing some notation. The classical gauge-fixed action
reads

Sacp = SalA] 4 Sgr[A] + San[A, c.¢] + S,4[A. 9. q]. (A1)
with
Sila = [ FiuF.

Sfaa.d = [aD,tm)a. (A2
The field strength tensor in (A2) is given by
F,,=Fi,  F% =0,A—0,A%+ g, f" ALAS.  (A3)
with the su(N,) Lie algebra

[19, %] = ifabese. (A4)

Here, t“ are the generators of su(N,.) in a given represen-
tation, and f"”“ are its structure constants. Ghosts and
gluons carry the adjoint representation of the gauge group.
For both, the color and flavor groups we will use the
notation

(1)Fe = (T8, ()€ = (T)C, (AS)
where lowercase letters b, ¢ label indices in the adjoint
representation and capital letters B, C label indices in the
fundamental representation. Furthermore, the generators
in the fundamental and adjoint representations are
normalized to

1
7T =58, g TETe = N5, (A6)

where the traces are taken in the respective representation.
In order to distinguish the gauge and flavor group gen-
erators we shall also use 7., f, 4, and T . for that of the color
gauge group.

The 2 + 1 flavor quark field in (Al) is given by g =
(1, s) with the light quark field / = (u, d). We use a flavor-

diagonal mass matrix in the isospin-symmetric approxi-
mation with m, = m; = my,

m, = diag(m;, m;, my). (A7)
The covariant derivative is given by
D, =9,-igA,, (A8)
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and the quarks live in the fundamental representation of the
gauge group. Hence, in component notation, the pure
matter sector of the QCD action reads

S,A.q.q) = / g% (y,DEC + m,)qC. (A9)

with

DEC = 55C9, — ig,ABC, (A10)

where we have suppressed the Dirac and flavor indices.
Finally, the gauge-fixing part of the classical action for a

general covariant gauge consists of the gauge-fixing term

Syr and the corresponding ghost action S,

Ser = 25/01‘\” ,

with the covariant derivative in the adjoint representation

S = / c'(=9,DP)ch, (Al1)

Db = 0,6 — g, [ AL (A12)

1—‘glue.k [A’ ¢, E] -5 A

¢

Z2(p1)Zi(p2)

with the transversal and longitudinal projection operators

Pul
- Iu(p) =55

) » (B2)

The tensors 7. e ,T A4>,T E‘ C)C refer to the classical tensor
structures. In general, we define these tensor structures by
the respective derivatives of the classical QCD action (A2),

evaluated at vanishing fields and g, = 1,

T((Dl')l @, (pl’ e pn—l)(2”)45(p1 + -+ pn)
5 oln)
58U (@)
QCD
®=0;9,=1]. B3
5q)i1(p1>"'5q)i,,(pn) [ ] ( )

1 ajaaz —g,
Za(p3)Aace (P12 P2 T2, (p1. p2)] 2 (p2)
3, 0
2 lllaza%
31/”1]2 HZA(pi) /1A3(P1,P2)[T (P1. P2 ”IMMHA

4
1
544)<P1, p2. p3) alazaw H

Here we have used (A8) and

(18,0 = —ifor. (A13)

In all explicit computations in the present work we use the
Landau gauge, i.e., £ — 0.

APPENDIX B: TRUNCATION OF THE PURE
GLUE SECTOR

In this Appendix we discuss the approximation of the
pure glue sector of the effective action, extending the
analysis in Sec. Il A. We do this in a two-step procedure.
First, we drop all higher order gauge-field correlation
functions: FX? ~ 0 for n > 4. Moreover we reduce the full
tensor structure of the remaining vertices to the classical
ones, only taking into account the primitively diverging
vertices. Then, the full expression for the pure glue sector
of the effective action (3) is given by

4(p)p? [ZA<P)H;J[1/<17)+lZA(P)HMv(p):|A3(_p)+ / Z.(p)e*(p)p*6*ct(—p)

¢ (p1)AL (=(p1 + p2))

3

(B1)

HiH2p3 g

I
The relative signs in (B 1), are chosen such that all dressings
reduce to their classical counterparts, if the full effective
action is reduced to the classical one,

AAS’/’{AZ‘C b d gs, /1A4 g g% (B4)

As discussed in Sec. II A, we compute the full momentum
dependence of the two-point functions. The transversal
two-point function of the gluon and the ghost two-point
function is derived from (B1) as

ab v
TR (p) = Za(p)pPa 10 ().

(Tee)®(p) = Zc(p) p*6*.
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The transverse projection operator IT+ is defined in (B2).
The dressings Z,(p) and Z.(p) are the wave functions of
the gluon and ghost, respectively.

We now proceed to the vertices, where we use a further
approximation. This constitutes the second step in our
approximation procedure. Instead of the full momentum
dependence of the vertices we only consider the symmetry
point approximation exemplified in Sec. II A with the ghost
gluon vertex. We use

A’Qi,"'q)in (pl, ""pn—l) d /1@[_[...@1.” (]_7) (B6)
with p and the maximally symmetric simplex configuration
defined in (9) and (10).

With these preparations we get from (B1) and (B6) the

final expression for the gluon three-point function,

abc
[Fﬁ)Lyp(pl,pz,m) = (27)*6(p1 + p2+p3)

) |44 (P Tzls)(l’hpz),

(B7)
with
abc .
[Tffs)} o (p1:p2) ==if [ (P1 = P2),
+5v/)(p2 _pS)M +5;4/J(p3 _pl)y]’ (Bg)

with p; = —p; — p,. We use the same approximation for
the four-gluon vertex, and with (B1) and (B6) we arrive at

4
T (1 paps.pa) = 2ﬂ45<2 >H2 i)

x 24 (P)T W (p1. paup3). (B9

with the classical tensor structure 7214),

[feabf“d(é;lp5ua - 5;40'51//7)

+ feacj‘ebd(&ﬂ 5/)(; _ 5}40’6IJ/))
=+ feadfebc(5ﬂ 5/)0 - 5/4[)51/6)]'
(B10)

abced
|:T‘<Al4)i| (pl?P21P3) =
Hvpo

It follows from the STIs, that all the avatars of the strong
couplings agree for perturbative and semiperturbative
momenta,

for p 2 5 GeV,

a;(p) ~ a;(p), (B11)

for i, j = A%, A* Acc,Agq and

A+ (P)
4z

au(p) = (B12)

with i = A3, Aéc,Agq. (B11) holds true for p =5 GeV,
as for these momenta the scattering kernels, that separate
these couplings, approach unity. This has been confirmed
numerically in two-flavor QCD in [7,10]. Indeed, for the
purely gluonic vertices it even holds true for p = 1.5 GeV,
below which the gluonic dynamics decouples. Therefore we
shall use

/1A4(l_7) = MA3 (I’)Pv (B13)

for all momenta.

The ghost-gluon vertex and the respective symmetric
point approximation have been discussed in Sec. Il A, see
in particular (8) to (10). We derive from (B1) and (B6)

abc
|:F.E13E‘)Cj|” (P1> P2 p3) = 27)*8(py + p2 + p3)
1 1 1
x| Zi(p)Z (P Zi (p3)]

X Aaze(P)T L (p1.pa),  (B14)

with

T prp2) =i (), (B1S)

This concludes the discussion of the pure glue sector of the
effective action.

APPENDIX C: TRUNCATION OF THE
GLUE-MATTER INTERFACE

The glue-matter interface of the QCD effective action
includes the two-point functions of light quarks and strange
quarks, quark-gluon vertices, and higher quark-gluon
interactions. Together with the pure matter sector discussed
in Appendix D they are closely related to the spontaneous
chiral symmetry breaking and the dynamical emergence of
the mass of visible matter. In (16) in Sec. II B we have only
written down the quark-gluon interaction with the classical
tensor structure. Here we provide the full approximation
including all quark-gluon terms as well as the higher order
scatterings we take into account.
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As discussed in Sec. II B, we only take into account the
tensor structures 7 47)(p, ¢) in the numerics as the other
tensor structures give negligible contributions. This has
been checked explicitly, see also, e.g., [7,10]. This, and the
higher order terms are discussed below (C6).

In the current work we use the isospin symmetric
approximation with Z, =Z72,=27; and M, =M, = M,.
Then, the two-point correlation function of the quarks in
(CI) can be represented concisely in a diagonal matrix
form,

I (p) = diag(Zy(p). Zi(p). Z,(p))ip

+diag(M,(p),M,(p),M,(p)), (C2)

The quark-gluon vertex plays the crucial role in the
dynamics of strong chiral symmetry breaking. In the
Landau gauge, the transverse part of the quark-gluon vertex
is given by the flavor-diagonal correlation function

3:(p) (T, ) (o g.7)

= 22)*8(p + g+ NZ(p)Z5 () Z3(r)

ZlAqq [ Agqq p q)} ’

x I, (p (C3)

with the transverse projection operator IT, (p) in (B2). In
(C3) we have suppressed the color, flavor and Dirac indices
of the quarks. The average momentum p is defined in (9)
with i =1, ...,

and the tensor structure T 8 factorize,

Aqq

[Tha(p- @, = TET 0, (poa)],.  (C4)

with the generators 7¢ of the gauge group in the funda-
mental representation. The tensor structures 74U with

i=1,...,

Aqq
8 are given by

1 8 .
(DZo(1) Y Ay (p- DTy (- 0],

Z()2nzg (P-4 )T angy (P 4. AL (P)AL(q)g(s) + -+

Au(p)a(r)

f , .
_T,(Aq)q(p’Q)_” =iy,

s -

»TI(AE])q(p’ Q)—ﬂ = (q - r);w
.7(3) 7] _ _

L AZ]q(p7Q)_” laya(q r)a’
T (p.q) = %P
75, (p.0)| =ilg-r),p
_Aqqp’q_” 4= ")uP-
ET(6_) ] HL 5. 1i —

L Aqq(p’ Q)—Il (p q-— )+ o lyap/}(q r)ﬁv

1
§ {GaﬂYﬂ + Opula + G/myﬂ}

x(P+q)e(pP—a)s

Toupa)], =

- .
TP )], = Walp.a = iowpppala = 1)y (CS)
with
i Pudy
ow ==wr).  Th(p.q)=6,—-—"=. (C6
w =5 7] M()yppqp()

see also [24]. For the tensor basis in (C5), the first one 7° glz_l) ;

is the classical channel in QCD action, which dominates the
chiral symmetry breaking. The remaining are nonclassical,
which vanish on the UV scale and contribute to the

fluctuations in RG running. Previous functional QCD
studies have revealed that only ’Z'A1 7
impact on the results, and the other nonclassical channels
T %2’5'6’8) are negligible. See [7-10,21]. Based on the
Lorentz symmetry analysis of Dirac structure, channel
’TS‘; ; 1s chiral symmetry breaking, while channel Tg da
respects the chiral symmetry. In this work, for the light-

have a sizable

quark-gluon vertex, we consider the classical channel 7 (1(-]) 4
*)

and nonclassical channels 7,7 and Tip For the strange-

- is included

quark-gluon vertex, the classical channel 7' Adq

in the computation.

We close this Appendix with a discussion of the higher
order scatterings of gluons with a quark—antiquark pair.
This has been studied in great detail in [7] (quenched) and
[10] (unquenched) for two-flavor QCD. In [7] relations
between the dressings of the different quark-gluon tensor
structure have been found numerically, which suggests a
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good expansion of the quark-gluon terms in local gauge-
invariant operators of the type

E]qu ZITvayDI/('Iv QT D DI/qu’ Tt

Hp

(€7)

(C7) includes gP"q, go,,F,,q and further local invariants.
This allows us to infer the dressings of higher order
scattering terms with n gluons from lower order ones.
The reliability of this gauge-consistent expansion has been
corroborated in [10], where 18 tensor structures for the two-
gluon-quark-antiquark vertex (three derived from gp?%q
and 15 derived from gp?g), have been considered explic-
itly. For the three-gluon-quark-antiquark vertex five tensor
structures have been considered, derived from fx ah3q.
The latter explicit analysis confirmed the gauge-consistent
approximation used in [7], including efficient importance
ordering.

Accordingly, in the present work we use the approach
developed in [7] and only consider the most relevant higher
order term, a chiral symmetry breaking term in (C7), related

to the 72 and 7% tensor structures: it has been found in

Agqq Agqq
[7], that the dressings /122,; " /124[_1) g satisfy the relation
2 I @4
Kiag(P) =5 250,() (C8)

In view of the invariants (C7) this suggests the existence of
a local operator ¢T,,D,D,q with the tensor structure

(©9)

T, = 6, —2io,,

with (C6) and the dressing 44. From this term we derive a
two-gluon-quark-antiquark vertex with the tensor structure

[TAAQq]Z,lj = éﬂu{Tgv TICJ} + 20;wfabCTg' (CIO)
and a symmetric point dressing
I @
Ayz (p). (C11)

/?'AAi]q(p) = \/—p—i AGq

The impact of the other symmetry-breaking channels is
subleading, see also [7,10]. In summary this leads us to the
approximation of the two-quark-two-gluon vertex used in
the present work,

T, (P)TT, (P) (g, ) (1 0.7 8)
= 20)*8(p + q + r + $)Z4(p)Z4(9) 25 (r) Z3 (s)

X T, (P)035 (P) Aaage (P) T aagqe (P q)};f,’- (C12)

This concludes our analysis of the glue-matter interface of
the effective action.

APPENDIX D: TRUNCATION OF THE PURE
MATTER SECTOR

Here we discuss the tensor structure and the symmetry
relations of 2 + 1 flavor Fierz-complete basis for the four-
quark vertex, see also the review [74]. The two-flavor basis
has been summarized and used in our previous works [5,6]
and related fRG works [7,10,75].

We have already discussed in Appendix C, that in the
present isospin symmetric approximation, the mass matrix
is diagonal, see (C2). For the 2 + 1 flavor QCD, the quark
mass can be represented by a diagonal mass matrix

M, 0 0
M,=| 0 M o | (D1)
0 0 M,

here we set the masses of the up and down quark equal to
the light quark mass m;. This sector is invariant under the
transformation of the SUy(N;=2) flavor symmetry.
However, the strange quark mass M is significantly bigger
than the M, and this leads to breaking the SUy (N, = 3)
flavor group. If we only maintain the smallest symmetry
Uy(1) ® SUy(N; =2) ® SU(N,), a full basis in 2 + 1
flavor QCD is provided by

Ip ®1p 1, ®1
® L TRT
Vs &7Vs 771 ' A 1,81,
Yu @Yy i T' QT reere | (D2)
Yurs @vurs | | T8 @ T8 cT
O-/w®6;w ﬂf®T8

with 6, in (C6). Here, T! and T¢ denote the generators in
the fundamental representation of the flavor group and the
color group, respectively. Because of the Fierz transforma-
tion, there are 26 linearly independent four-quark inter-
action channels. Here we clarify them according to the
group structure in the flavor space. The tensor structures in
the basis with the flavor group being the identity element
7° include,
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T ™ = (T0)5(T°),

ijkm - (YSTO)ij(YSTO)km’

+ (rsT°) 1 (rsT%) g
(S+P ;[lli\r _ TOTa TOTa TOTa TOTa
t]km ( ) ( )km + (J’S C)ij(y5 c)km’
V+A
l]km = (7/4 )Ij (7/4 )
( SIN _ (}/ﬂTOTa) (}/ﬂTOTa)

ljkm
+ (7;4]/5T T )l](Y/l}/ST T )km7

S+P)gin
Tz('ﬂ::n I = (To)ij(TO)km

- (7/475T0)ij(}//475T0)km’

(D3)

Here the SIN in the superscript denotes the singlet state in
the flavor group. The basis that includes 7('-3), which
describes the interaction between light quarks, is given by

S—P), _ _ _
TS0 — (70-3) (T03)),, = (rsTO), (5T,
S4P)s _ _ _ _
Tmﬁ°<ﬂﬁmw“%m+mwﬂmmﬂ“mw
(S+P)I _ a _ a
Tl]km = (T(l 3)Tc)ij(T(l 3)Tc)km

+ (rsTUTE) i (rsTIITE)
V+A4), _
Tz(]k:rn 50 (}/ Tl -3 )lj(ny(l 3>)km
- (J’,ﬂ’sT(l_3))ij(7/475T(1_3))km’
V- A>?§O — T(I—S)Ta - T(I—B)Ta
(7;: c)z]<y/4 c)km

+ (7,75 T<1_3)T?)ij (J’MST“%)T?)W’

km>

7!

ijkm

(D4)

Here the ISO in the superscript denotes the isospin states in
the flavor group. The basis, that includes 747 and
describes the interaction between light and strange quarks,
is given by

S—P)eg _ _
Tz('jkm Jro = (T(4 7))ij(T(4 7))km
- (75T<4_7>)ij T ) i
S+P _ _
T 0 = (TO) (TED)
+ (rsT4) i (rsT) g
U0 — (16-70) (16D T8),,

+ (s TOIT), (5T T

km>

V+A _ -
T ™ = (T4 (T4
- (Yy75T(4_7))ij(yMyST(4_7>)km’
V—-A g Nera
Tl(jkm >CRO = (YﬂT(“ 7>Tc)ij(yﬂT(4 7 Tc)km

+ (7475 T(4_7>T?)ij(7ﬂ75T(4_7) T8>  (DS)
Here the CRO in the superscript denotes the state corre-
sponding to the crossing combination of light and strange
quarks. The basis that includes T® is given by

S=P)uyp

Tz('jkm> = (T8>11(T8) (ySTg) ‘(ySTS)km’

S+P

T "™ = (T%)5(T%) s + (5T 55T o
adj

T ™ = (T°T2)(T°TE),,,

+ (ySTSTg)ij(75T8Tg)km7
V+A
T;jkjn Jive = (yuTS)ij(yﬂTS)km - (yﬂVSTS)ij(yy}/STS)km’

(V A)adj
ijkm e (yﬂTST?)ij (yﬂTSTg)km

+ (1ursTPTE) i (rursTPTE) s

T
(D6)
Here the HYP in the superscript denotes the hypercharge in

the flavor space. and the basis which involves the mixing of
T° and T? is given by

TN = (T9), (%) gy + (T%);(T)

(yS ) ( STS)km ( )lj(}/STO)km’
TS = (79) (T8), + (T8),(T%)

+ (75T ) (75T + (vsT )ij(75T0)km’
TSRS (1072), (T5T9) ., + (TST9),,(TOT2),.,

+ (rsTT8);(rsT8TE)
+ (rsT8T8);(rsTOTE ) s

T ™ = ()T + 0Ty (1T
- (Vyi’sTO)ij(}’;ﬂ’sTg)km

- (}/ﬂySTS)ij(yuySTO)km’

(V-A)u
Tl]km e (YnyT T )l]

+ (Y/lyST T? ij (YMJ/ST Tc)km
+ (yltTOTa) ](yﬂTng)km
+ (7/4T8Ta) /(7#T0thl)km'

7/;4}/5 T T )km

(
)i
(D7)

Here the MIX in the superscript denotes the mixing
between light and strange quarks. At last, in addition to
the channels listed above, we also need to take into account
the channel related to the U (1) symmetry breaking ’t
Hooft determinant, which reads

TA

ijkm — (To)ij(TO)km + (75T0)ij<y5T0)km

- (T(4_7))ij(T(4_7))km - (VST(4_7>)U T -
(D8)

In a final step we change the basis (27) guided by a quest
for optimizing the approximation: we want to only keep the
four tensors with the lowest lying resonances, related to the
o, i, k, K mesons, see the discussion in Sec. II C. However,
the basis (27) is not diagonal and the flows of the respective
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dressings mix different channels even if the basis is
diagonalized. The respective optimization task will be
discussed elsewhere, [76], and goes beyond the scope of
the present work. Hence we simply define combinations of
tensors in the complete basis (27) that increase significantly
the overlap with the resonant channels and in turn decrease
the overlap of the other tensors with the low lying
resonances. This leads us to o, 7, k, K-channels defined by

ijkm ijkm

T = (T 4 T80
T o S+P); S P);

Tz]km - (Tl('jkm Jiso - z;km SO)/2

Tlfjkm

K _ (S+P)cro _ S P)cro
thkm - (Tijkm zjkm /2

= (Tharee + TP 2,

ijkm ijkm

(D9)

with the explicit form provided in (27) in Sec. II C. Note
that such a choice is not unique and the optimization task
requires an analysis of the complete basis.

Finally, we discuss the separation in symmetric and
antisymmetric parts of given tensors. While this extends the
given momentum-independent basis in a natural way,
it also lacks the full systematics of taking into account
all p?-tensor elements, for further discussions see [6]. From
the definition of the four-quark scattering vertex,

54Fk[q7 é]
6G:(p1)84;(P2)6a1(P3)0q,(pa)’

(3r)

XZ[a(P T = alP) k,lm] (D11)

(4) _
r(?iqulk%n (p> - (DIO)

we arrive at

4

4 _
i lq.q) = -4(22)* H
=1

with p = (p1, p2, p3, ps) defined in (26) and p' =
(p3s P2, P1, p4)- Equation (D11) comprises the crossing
symmetry of the vertex that arises from the anticommuta-
tion of antiquark derivatives. Accordingly, we can split a
vertex contribution from a given tensor structure 7 (*~) into
two parts, proportional to the symmetric and antisymmetric
components of the tensor,

@) _ 1 (@ (a)
Tijkm - 5 (Tijkm - Tkjim) ’

1

(a+)
Tijkm - 5 (szkm + Tk]lm) (DIZ)

The respective symmetric and antisymmetric dressings are
given by

Aa (P1s P2y D3> Pa)

2 Ma(pl’ P2 P3s p4) + la(pfv P2 P1s p4)]’
2a(P1. P2, P3. Pa)
1

_E{ﬂ“(l(pl’pZ?p3sp4) (D13)

—ﬂa(P3ﬂP2,PlvP4)]-

Note that the antisymmetric dressings A, are proportional
to momentum-squared times regular terms and hence the
respective tensor structure if a momentum-dependent one.
As indicated above, we have simply taken into account the
small part of all momentum-dependent tensors of the order
momentum squared, suggested by crossing symmetry.

In summary, (D12) and (D13) allow us to rewrite
(D11) as

4 4
rmmm:4mwﬂﬁmw@)ﬁ
X Z |:/1(J),r l]km A’(l (p) kjlm:|

In this work, we reduce the tensor structures, considered in
the computation to @ = a € {0, 7, k, K}. Within the cross-
ing-symmetric procedure introduced above these are eight
tensors with the dressings A} (p) and A (p).

(D14)

APPENDIX E: INDEPENDENCE
ON THE INITIAL SCALE

In the present computation we start the flow at the initial
cutoff scale A = 35.7 GeV with the initial effective action

mmz%wm+/%mwm

X

(E1)

Here, the initial mass parameter of the gluon leads to the
scaling solution at k = 0. We emphasize that it is not a free
mass parameter and the mass parameter only reflects the
breaking of gauge symmetry due to the regulators, encoded
in the mSTIs. It is a function of the three relevant
parameters of 2 + 1 flavor QCD,

(E2)

2 )
mscal,A - mscal,A(as;/\’ my, ms)-

This has been discussed in detail in [10,18,28], see also the
reviews [3,4]. The strong coupling in the classical action
and the light and strange current quark masses are pre-
sented in Table 1.

This initial condition is only approximate as I',[®]
already comprises the quantum fluctuations with k > A,
leading to nontrivial momentum dependences in I',[®].
The latter is needed for guaranteeing the full A-independ-
ence of the full effective action, called RG-consistency, see
[38,77]: The cutoff dependence of the initial effective
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FIG. 24. Quark-gluon avatars of a,7(p) at k = 0 as functions
of the momentum obtained from flows from different initial
cutoff scales A =30, 90 GeV and A = 333.3 GeV. The latter
setup is described in (E3). The initial conditions for the smaller A
is described around (E4a).

action satisfies the flow equation itself. The flow of the
irrelevant operators can be expanded in terms of inverse
powers of the initial scale A% and this expansion shows a
rapid convergence for sufficiently large cutoffs. However,
since all momentum dependences in the initial effective
action are suppressed with powers of p?/A? for the
momenta under investigation here p < A, and the quanti-
tative nature of the approximation (E1) is achieved rapidly
by increasing the initial cutoff scale, or rather decreasing
the initial strong coupling. This has been tested thoroughly
in particular in [10], where an initial cutoff A ~ 10*> GeV
has been used, and even higher ones have been tested.
Moreover, a respective analysis in pure Yang-Mills theory
has been performed in [18].

In short, these analyses entail that the current initial
cutoff scale A =35.7 GeV is sufficiently large to lead to
converged results for the infrared momenta under inves-
tigation within the current error estimate of 10%. Still, for
the sake of completeness, we augment the current compu-
tations with an explicit analysis of the A-independence of
the results. We shall concentrate on the pure matter sector
with its novel ingredient in comparison to [10], the s quark
and the three-momentum channel approximation for the
four-quark vertex. Given the well-tested convergence of the
pure glue sector, we do not assess this part again here. For
this test of the pure matter sector we initiate the flow at an
asymptotically large initial scale or rather a small coupling,

1.44

aS,AUV = H ~ 01146, AUV = 3333 GeV, (EBa)
with the current quark masses
mya,, = 2 MeV, mg p,, = 40 MeV. (E3b)

0.35 T L
— A=333.3GeV
0-301 Ceee A=90GeV | ]
0.25 + A=30GeV |
%
$ 020} .
S o0ast .
=
0.10 | B
0.05 | E
0.00 L L
101 10° 10!
p[GeV]
FIG.25. Light quark mass function M;(p) at k = 0 as functions

of the momentum obtained from flows from different initial
cutoff scales A =30, 90 GeV and A = 333.3 GeV. The latter
setup is described in (E3). The initial conditions for the smaller A
is described around (E4a).

These units are measured in the pion decay constant, whose
value we simply define with f, = 93 GeV. The respective
strong coupling and light quark mass function is shown in
Figs. 24 and 25 together with results obtained with initial
cutoffs A =30, 90 GeV. The latter cases are discussed
below in more detail.

Evidently, the initial conditions for (E3) are not subject
to a full fine-tuning of the physical units. In Table II we
have listed the respective ratios of pion and kaon masses
with the pion decay constant. They are close but not
identical to the physical ones. While full fine-tuning is
possible and straightforward, it is tedious. Indeed, this is
the, purely numerical, reason for not reassessing the glue
sector again: the quadratic fine-tuning of the scaling mass
parameter (E2) is the most costly part of the setup.
However, in this Appendix we are only interested in the
cutoff independence of our approach. This can be fully
tested by an analysis in the vicinity of the physical point,
and hence we refrain from performing the full fine-tuning.
We also would like to add, that the required numerical
accuracy of the solver is increasing successively with A.
While this can be readily done, it slows down the solver
considerably, while adding nothing to the infrared accuracy
of our results, for further discussions see [10].

TABLE II. Initial conditions and parameters at different initial
scales. Specifically, the initial conditions for A = 90 GeV and
A =30 GeV are obtained from the results of A = 333.3 GeV.

A [GeV] A (ml» ms) [MCV] (mﬂ/fﬂ’ mK/fT[)
333.3 0.1146 (2, 40) (149/93,481/93)
90 0.1268 (2.19, 43.70) (149/93,481/93)
30 0.1438 (2.47, 48.79) (149/93,481/93)
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FIG. 26. Quark-gluon avatars of a,;(p) at k = 0 as functions
of the momentum obtained from flows from different initial
cutoff scales A = 30, 90 GeV and A = 333.3 GeV. The setups
are described in (24) and (E3).

Now we initiate further flows at the smaller cutoff scales
A =90,30 GeV by using the results of the initial con-
ditions (E3) in the following way: We read out an initial
condition for the classical initial action (E1) of further
initial cutoff scales A; < A from

XAgq.N; = (ZAqu,/\,(p = O)’
mq’/\i = Mq./\i(p = O), (E4a)
with the respective scaling mass parameter (E2)
mgcaLAi = mgcal,A,» (aS;A,-’ myp;» ms,A,v)' (E4b)

The right-hand sides of (E4) are the vanishing momentum
results of the full momentum-dependent coupling and
constituent quark masses obtained from the UV setup
(E3a). In short, we define a classical initial condition in
the matter sector by reducing the full momentum-dependent
quark-gluon vertex and mass function to classical ones,
dropping the entire four-quark sector and reinitiating the
flow. We keep the full momentum dependences of the glue
sector as this facilitates the quadratic fine-tuning problem
(E4b). If this reduction leads to agreeing results with the UV
setup (E3), this proves two properties: (1) the independence
of our results of the initial cutoff and (ii) the quantitative
accuracy of the approximation (E1). Note that (i) entails that
we can safely take the limit A — oo, the current setup is UV
safe and only has the three relevant parameters of 2 + 1
flavor QCD, and only two of them, the masses, determine
the physical point.

The results obtained within this procedure show a
quantitative agreement for all the tested initial cutoff scales,
and we illustrate this with the two relevant correlation
functions, the light quark-gluon coupling a, 7;(p) and the

light constituent quark mass at k = 0, see Figs. 24 and 25.
Moreover, in Table II we also list the ratios m,/f, and
mg/f.. These observables and all correlation functions
obtained from the initial conditions at A = 30,90 GeV
agree quantitatively with those obtained from the UV initial
condition A = 333.3 GeV. Note also that the small devia-
tions also reflect the fact that the current simple read-out
procedure overestimates the error and the results converge
even more if the initial conditions are fully tuned to the same
physics observables m,/f, and mg/f, at k = 0.

Finally, we compare the light quark-gluon avatar of the
strong coupling from the computation with A = 333.3 GeV
with that at the physical point with A = 35.7 GeV: In
Fig. 26 we show a,;(p) obtained from both initial con-
ditions. Note that the results from the initial cutoff scale
Ayv = 333.3 GeV can be obtained with a flow from A =
35.7 GeV by using the full effective action I'y_357 gev»
obtained from the Ayy flow. Since the light quark masses
and the respective pion mass differ by less than 10%, the
difference in the strong coupling is dominated by the lack of
momentum dependence in the initial condition (E1) for A =
35.7 GeV as well as from dropping the initial four-quark
couplings. The differences are negligible.

We conclude that the current analysis proves impres-
sively the first principle nature of the approach. We rush to
add that respective analyses, both numerically and con-
ceptually, have been presented in the literature before for
QCD in the past three decades. In the context of the specific
approach here see, in particular, [7,10,16,18,20,24,78], and
for a complete survey we refer to the reviews [3,4].

APPENDIX F: FLOW EQUATIONS

By now there exists a plethora of fRG works in QCD that
include technical details on the derivation and the explicit
form of the flows for the correlation functions. The present
work draws in particular from [7,10,16,17,19,20,24,37]
and we refer to the discussions there. Moreover, we use
smooth regulators, see (F4) which are more adapted to the
advanced momentum-dependent approximation used in the
present work. For respective discussions on the optimiza-
tion of these approximations see [24,38,79,80]. With these
regulators and momentum-dependent correlation functions,
all flows can only be represented in terms of momentum
integrals, and are represented by quite lengthy expressions.
The derivations can be done with [81,82], a general code
framework for solving fRGs can be found in [83]. Below
we sketch the derivation of these flows and depict them in a
diagrammatic form.

The flow equations for all correlation functions are
derived from that for the effective action, the Wetterich
equation [13]. For QCD it reads

1
OT{[®) = S TrGy[@Jo,R,. (F1)
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with the propagator matrix in field space

1
Gk'(bild)iz [(I)] - |:(2:| ’ (FZ)
I7[®@] + Ry o, @,

which is derived from the path integral, where the regulator
term

A&m4=1/¢w—mkmwxm¢xm, (F3)

2 P
with @ = (A,,¢,¢,q,g), (1b) is added to the classical
QCD action (A1). The regulator matrix R, in field space is
given by,

Ry, 0 0 0 0
0 0 -R. 0 0

Re=|0 R 0 0 0 (F4a)
0 0 0 0 -R,
0 0 0 R, O

R.(p) = Z.(p)p*re(x),
R.(p) =Z,(p)p’ry(x) (F4b)
and the uniform shape function
ri(x) =r(x), with r(x)=k*"*, x= ]]z—j, (F4c)

for all regulators i = A, ¢, ¢g. Here Z, is from the
reparametrization of the gluon two-point function, which
is given by

(F4) ™ (p) = Za(p)p26e*10t (p)
= Z4(p)(p* + m3)5 LY (p).  (F5)

At p =0, Z,(0) = 1 and the flow of the gluon two-point
function is entirely contained in the flow of the gluon mass
for any k. Note that the second line in (F5) only comprises
a convenient reparametrization of the gluon two-point
function.

With these preparations the flow equations for all
correlation functions are simply obtained by taking the
respective field derivatives of the flow (F1). The diagram-
matic representations of all flow equations are provided in
Appendices F 1 to F 3 in Figs. 27-29 for the two-, three-,
and four-point functions respectively.

1. Flow of the two-point functions

We consider the flow of all 2 + 1 flavor QCD two-point
functions, see Secs. Il A and II B and Appendices B and C.
The diagrammatic approximation is depicted in Fig. 27: All
propagators and vertices on the right-hand side are com-
puted from their flows and fed back self-consistently. This
also entails that we have dropped diagrams with higher
order couplings which are set to zero:

(1) tadpoles in the flows of all two-point functions
containing the following four-point functions:
two-gluon-ghost—antighost coupling, the quark-
antiquark-ghost-antighost, and the four-strange
quark vertices.

Here 0, is defined as the r-derivative which only acts on the
regulator in the flow equation. It is the same definition in
Figs. 28 and 29.

2. Flow of the three-point functions

We consider the flow of the ghost-gluon, three-gluon and
quark-gluon three-point functions in 2 + 1 flavor QCD
within the approximation details in Secs. Il A and II B and
Appendices B to C. The diagrammatic approximation is
depicted in Fig. 28: All propagators and vertices on the
right hand side are computed from their flows and fed back
self-consistently. This also entails that we have dropped
diagrams with higher order couplings which are set to zero:

(1) diagrams in the flows of all three-point functions

considered here containing the following four-
point functions: two-gluon-ghost-antighost cou-
pling, the quark-antiquark-ghost-antighost, and the
four-strange quark vertices.

(2) All tadpoles: all five-point vertices are set to zero in

the present approximation.

3. Flow of the four-point functions

We consider the flow of the four-gluon and the four-
quark four-point functions in 2 + 1 flavor QCD within the
approximation detailed in Sec. II C and Appendix D. The
diagrammatic approximation is depicted in Fig. 29: All
propagators and vertices on the right-hand side are com-
puted from their flows and fed back self-consistently. This
also entails that we have dropped diagrams with higher
order couplings which are set to zero:

(1) diagrams in the flows of all four-point functions
considered containing the following four-point
functions: two-gluon-ghost-antighost coupling, the
quark-antiquark-ghost-antighost, and the four-
strange quark vertices.

(2) All diagrams with a three-point and a five-point
function: all five-point vertices are set to zero in the
present approximation.

(3) All tadpoles: all six-point vertices are set to zero in
the present approximation.
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FIG.27. Diagrammatic representation of the flow equations of two-point functions. For the sake of brevity we only depict one diagram
of whole classes of diagrams with the same vertices. The operator 0, only hits the k-dependence in the explicit regulator terms in the
propagators.

N[ =

(PP

FIG. 28. Diagrammatic representation of the flow equations of three-point functions. For the sake of brevity we only depict one
diagram of whole classes of diagrams with the same vertices. The operator 9, only hits the k-dependence in the explicit regulator terms in
the propagators.
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FIG. 29. Diagrammatic representation of the flow equations of four-point functions. For the sake of brevity we only depict one
diagram of whole classes of diagrams with the same vertices, see, e.g., Fig. 3 for all different fish diagrams. The operator 0, only hits the

k-dependence in the explicit regulator terms in the propagators.
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