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Models of hadron structure are associated with a hadronic scale which allows by perturbative
evolution to calculate observables in the deep inelastic region. The resolution of Dyson-Schwinger
equations leads to the freezing of the QCD running coupling (effective charge) in the infrared, which
is best understood as a dynamical generation of a gluon mass function, giving rise to a momentum
dependence which is free from infrared divergences. We use this new development to understand
why perturbative treatments are working reasonably well despite the smallness of the hadronic scale.

PACS numbers: 12.38 Aw, 12.38 Bx, 12.39 Ba, 14.20 Dh

I. INTRODUCTION

The constituent quark, one of the most fruitful concepts in 20th century physics, was proposed to explain the
structure of the large number of hadrons being discovered in the sixties . This concept led to the formulation of quark
models designed to describe the static hadronic properties [1]. On the other hand, deep inelastic scattering (DIS) of
leptons off protons was explained in terms of pointlike constituents named partons |2]. The connection between these
descriptions should allow to understand hadronic phenomena at different scales. To do so a formalism was developed
by Traini et al. |3] to make models of hadron structure predictive in the deep inelastic scattering (DIS) region which
consists of three basic ingredients: a low energy hadronic scale (1), defined by the second moment of the partonic
distribution; the matrix elements of low twist operators defining the observables under scrutiny, which are calculated
using models of hadron structure; the evolution of these matrix elements via the renormalization group equations
from the hadronic scale to the high energy scale of DIS data. If the low energy model consists of only valence quarks,
the hadronic scale determined by the above procedure turns out to be rather low ( u3 ~ 0.1 GeV?) and therefore
Next to Leading Order (N LO) evolution was applied.

It is well established by now that the QCD running coupling (effective charge) freezes in the deep infrared. This
property can be best understood from the point of view of the dynamical gluon mass generation [4-6]. Even though the
gluon is massless at the level of the fundamental QCD Lagrangian, and remains massless to all order in perturbation
theory, the non-perturbative QCD dynamics generate an effective, momentum-dependent mass, without affecting the
local SU(3). invariance, which remains intact. The gluon mass generation is a purely non-perturbative effect [4, [7].

The aim of the present investigation is to justify the perturbative evolution approach by comparing it to the non-
perturbative momentum dependence, which we will name for simplicity non- perturbative evolution, as determined by
the phenomenon of the freezing of the coupling constant, and to analyze the consequences of introducing an effective
gluon mass. In section 2, we shall extend the perturbative evolution of the coupling constant to Next-to-Next-to-
Leading-Order, solving it exactly. We will analyze convergence of the perturbative expansion in the low energy region
and compare the results to non-perturbative evolution. In section 3 we will rediscuss the hadronic scale scenario within
non-perturbative evolution and in section 4 revisit previous calculations of the Sivers and Boer-Mulders functions at
the light of this discussion. We end up by drawing some conclusions.
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II. PERTURBATIVE EVOLUTION VERSUS NON-PERTURBATIVE EVOLUTION

Let us describe forst the perturbative evolution of the coupling constant. At N LO the scale dependence is given
by

da(Qz) _ 7Zm k+2
ain q) ~ PNmrole) = o
where
o«
a = E

The expansion coefficients of the S-function are known up to k = 3 [8], however we will only show here the solution
to k=2, ie., N2LO
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where n; stands for the number of effectively massless quark flavors and 3; denote the coefficients of the usual
four-dimensional M S beta function of QCD. The evolution equations for the coupling constant can be integrated out
exactly leading to
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FIG. 1: The running of the coupling constant. The short dashed curve curve corresponds to the Leading Order (LO) solution,
the medium dashed curve to Next to Leading Order (NLO) solution and the long dashed curve to the Next-to-Next-Leading
Order (NNLO) solution. We have used in this plot the same value of A = 250 MeV. Note that below 0.1 GeV? the curves
approach their Landau pole.
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where b, = % These equations, except the first, do not admit closed form solution for the coupling constant, and
we have solved them numerically. We show their solution, for the same value of A = 250 MeV, in Fig. [l
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FIG. 2: The running of the coupling. Left: The solid curve represents the commonly used approximate iterative solution with
A = 200 MeV (see Eq.(22) of ref. |10], where the NLO approximation is given by the first line of the equation). The long
dashed curve shows the exact calculation with the same value of A = 200 MeV. Finally the short dashed curve represents the
exact calculation with A = 250 MeV. Right: The solid curve represents the NLO solution with A = 250 MeV, while the long
dashed curve the NN LO solution with a value of A = 235 MeV.

We show in Figl2 (left) studies of the running of the coupling constant for two values of A in order to compare the
exact solution with the commonly used iterative solution at NLO. We notice that for small values of Q2 the two
differ considerably as noted also in a different context by ref. [9].

We see in Figll that the NLO and NN LO solutions agree quite well even at very low values of Q% and in FiglJ
(right) that they agree very well if we change the value of A for the NN LO slightly, confirming the fast convergence
of the expansion. This analysis concludes, that even close to the Landau pole, the convergence of the perturbative
expansion is quite rapid, specially if we use a different value of A to describe the different orders, a feature which
comes out from the fitting procedures.

It is well established by now that the QCD running coupling (effective charge) freezes in the deep infrared. This
non perturbative property can be best understood from the point of view of the dynamical gluon mass generation
[4-7]. Even though the gluon is massless at the level of the fundamental QCD Lagrangian, and remains massless to
all order in perturbation theory, the non-perturbative QCD dynamics generate an effective, momentum-dependent
mass, without affecting the local SU(3). invariance, which remains intact. At the level of the Schwinger-Dyson
equations the generation of such a mass is associated with the existence of infrared finite solutions for the gluon
propagator, i.e. solutions with A=1(0) > 0 . Such solutions may be fitted by “massive” propagators of the form
ATHQ?) = Q% + m%(Q?); m2(Q?) is not “hard”, but depends non-trivially on the momentum transfer Q2. One
physically motivated possibility, which we shall use in here, is the so called logarithmic mass running, which is defined

by
i fo(2522) ()]

Note that when Q% — 0 one has m?(0) = m2. Even though in principle we do not have any theoretical constraint that
would put an upper bound to the value of mg, phenomenological estimates place it in the range mg ~ A — 2A [11, [12].
The other parameters were fixed at p ~ 1 —4, (y) = 1/11 [4, 13, [14]. The (logarithmic) running of m?, shown in
Fig. [3] for two sets of parameters, is associated with the the gauge-invariant non-local condensate of dimension two
obtained through the minimization of [ d*z(A4,)? over all gauge transformations [15].
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FIG. 3: The dynamical gluon mass with a logarithmic running for two sets of parameters, the small mass scenario (A = 250
MeV, mg = 250 MeV, p = 1.5) is shown by the dashed curve; the high mass scenario (A = 250 MeV, mo = 500 MeV, p = 2.0)
by the dotted curve.

The strong coupling constant plays a central role in the evolution of parton densities. The non-perturbative
generalization of a(Q?) the QCD running coupling , comes in the form

Q? +pm2(Q2))]17

awe(@) = o (£ (@)

where we use the same notation as before. a = = and NP stands for Non-Perturbative. Note that its zero gluon
mass limit leads to the LO perturbative coupling constant momentum dependence. The m(Q?) in the argument of
the logarithm tames the Landau pole, and a(Q?) freezes at a finite value in the IR, namely a=1(0) = 8o In(pm?(0)/A?)
[4-6] as can be seen in Fig. @l for the same two sets of parameters.

We discuss in the next section the relation between the perturbative and non perturbative approaches from the
point of view of the hadronic models. Here we note their numerical similarity. As shown in Figlhl the coupling
constant in the perturbative and non-perturbative approaches are close in size for reasonable values of the parameters
from very low Q2% onward ( Q% > 0.1 GeV?). This result supports the perturbative approach used up to now in
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FIG. 4: The running of the effective coupling. The dotted curve corresponds to the low mass set of parameters (mo = 250
MeV, p = 1.5, A = 250); the dashed curve to the high mass set of parameters (mo = 500 MeV, p = 2. and A = 250 MeV).
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FIG. 5: The running of the effective coupling. The dotted and dashed curves represent the non-perturbative evolution with
the parameters used above. The solid curve shows the NN LO evolution with A = 250 MeV.

model calculations, since it shows, that despite the vicinity of the Landau pole to the hadronic scale, the perturbative
expansion is quite convergent and agrees with the non perturbative results for a wide range of parameters.

III. THE HADRONIC SCALE

Models of hadron structure are associated with a momentum scale [17], the so called hadronic scale [3]. The
hadronic scale is defined at a point where the partonic content of the model, defined through the second moment of
the parton distribution, is known. In the extreme case, i.e., when we assume that the partons are pure valence quarks,
the hadronic scale is 2 ~ 0.1 GeVZ.

Let us see how to understand the hadronic scale in the language of models of hadron structure. We use, to clarify
the discussion, the original bag model, in its most naive description, consisting of a cavity of perturbative vacuum
surrounded by non-perturbative vacuum [18; [19]. The bag model has the advantage that it is a field theory in a
cavity and therefore we can use a field theoretic language which is very appealing. The non-perturbative vacuum is
endowed with a pressure which keeps the cavity size finite. The quarks and gluons are modes in the cavity satisfying
certain boundary conditions. The most simple scenario consists only of valence quarks (antiquarks) as Fock states
building a colorless state describing the hadron. The interaction of these Fock states is either with the boundary
(confining interaction) or among themselves in the interior via perturbative QCD. Thus even though there might be
no gluons in the Fock space, virtual gluons appear through the propagators describing the interaction between the
quarks. However these gluons are at least order «, while the matrix elements of the quark Fock states can be order 1.
Also one can have quark propagators and therefore one can generate a quark sea via the perturbative QCD interaction
[20].

The bag model is designed to describe fundamentally static properties, but in QCD all matrix elements must have
a scale associated to them as a result of the Renormalization Group (RG) of the theory. A fundamental step in
the development of the use of hadron models for the description of properties at high momentum scales was the
assertion that all calculations done in a model should have a RG scale associated to it [17]. Note that the momentum
distribution inside the hadron is only related to the hadronic scale and not to the momentum governing the RG
equation. Thus a model calculation only gives a boundary condition for the RG evolution as can be seen for example
in the LO evolution equation for the moments of the valence quark distribution
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where dj g are the anomalous dimensions of the Non Singlet distributions. Inside, the dynamics described by the
model is unaffected by the evolution procedure, and the model provides only the expectation value, < q,(u3) >,



which is associated with the hadronic scale. What is the meaning of the hadronic scale? It is related to the maximum
wavelength at which the structure begins to be unveiled, i.e.

A~ gt =~ 0.5fm.

For wavelengths smaller than this one, i.e. momentum scales higher than ~ 350 MeV, the underlying structure unveils.
In the most naive scheme, it does in the form of current quarks, sea quarks and gluons produced solely by evolution.

This explanation goes over to non-perturbative evolution. The non-perturbative solution of the Dyson Schwinger
equations results in the appearence of an infrared cut-off in the form of a gluon mass which determines the finiteness of
the coupling constant in the infrared. The mass, interpreted as a Meissner effect [21], leads to a confinement mechanism
allowing color not to leak out. A gluon mass interpretation of the MIT bag boundary condition would require an
infinite mass, since the color fields do not penetrate the outside region. Thus the real confinement mechanism is
softer than that of the bag, more line with potential models. In any case, the crucial statement is that the gluon
mass does not affect the dynamics inside the bag, where perturbative physics is operative and therefore our gluons
inside will behave as massless. However, this mass will affect the evolution as we have seen in the case of the coupling
constant. The generalization of the coupling constant results to the structure function imply that the LO evolution
Eq.([) simply changes by incorporating the non-perturbative coupling constant evolution Eq.(d).
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FIG. 6: The evolution of the second moment of the valence quark distribution. The solid curve represents the perturbative
Leading Order approximation. The dotted curve and dashed curve represent the non-perturbative evolution. The parameters
are those used before.

The non-perturbative results, using the same parameters as before, are quite close to those of the perturbative
scheme and therefore we are confident that the latter is a very good approximate description. We note however,
that the corresponding hadronic scale, for the sets of parameters chosen, turns out to be slightly smaller than in the
perturbative case (g ~ 0.1 GeV?), even for small gluon mass mg ~ 250 and small p ~ 1. One could reach a pure
valence scenario at higher @2 by forcing the parameters but at the price of generating a singularity in the coupling
constant in the infrared associated with the specific logarithmic form of the parametrization. We feel that this strong
parametrization dependence and the singularity are non physical since the fineteness of the coupling constant in the
infrared is a wishful outcome of the non-perturbative analysis. In this sense, the non-perturbative approach seems to
favor a scenario where at the hadronic scale we have not only valence quarks but also gluons and sea quarks [22, 23].
We mean by this statement that to get a scenario with only valence quarks we are forced to very low gluon masses
and very small values p, while a non trivial scenario allows more freedom in the choice of parameters.

IV. NONPERTURBATIVE EVOLUTION AND FINAL STATE INTERACTIONS.

Recently the perturbative evolution formalism has been applied to describe the behavior of the T-odd Transverse
Momentum Dependent parton distribution functions (TMDs) [25-27]. The TMDs are the set of functions that depend
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FIG. 7: The first moment of the Sivers function. The results are given for both the w (thick) and d (normal) distributions.
The solid (dashed) curves represent the calculation for as = 0.3(0.1). The bands represent the error band for, respectively, the
extraction |31] (full) and [32] (stripes).

on both the Bjorken variable x, the intrinsic transverse momentum of the quark k 1 and on the scale Q2. The TMDs
are fixed by the possible scalar structures allowed by hermiticity, parity and time-reversal invariance. The existence
of leading twist final state interactions allows for time-reversal odd functions [28]. Thus by relaxing time-reversal
invariance, one defines two additional functions, namely, the Sivers and the Boer-Mulders function |29, [30]. These
functions are related, respectively, to single spin and azimuthal asymmetries, and are therefore important in our quest
for the understanding of the proton spin.

In the standard approach towards an evaluation of the T-odd distribution functions, the final state interactions are
mimicked by a one-gluon-exchange. This gluon exchange is usually described through the inclusion of a perturbative
gluon propagator|24, 125]. It is precisely due to this mechanism that these functions have an explicit dependence in the
coupling constant and therefore they are ideal to analyze the physical impact of our discussion. Since perturbative
QCD governs the dynamics inside the confining region, there is no need to include a non-perturbative massive gluon
in the form given by (8], inside the bag. The main effect of the non-perturbative approach consists in a change of the
hadronic scale 2 and the value of the running coupling constant at that scale, as clearly illustrated in Figs. Bl and
This leads to a rescaling of the Sivers and BM functions through a change of a(u3).

In our previous calculations [25-27], we have used the N LO perturbative evolution, with

as(3) ~ 0.1. (6)

Although a solution with this small a; can be found, with our choice of parameters, we see, from Figs. Bl and [G]
that the coupling constant at the hadronic scale in the non-perturbative approach and in the NNLO evolution is
consistently larger and lies in the interval

0.1 < as(pd) < 0.3. (7)

Taking into account this range we show the first moments of the Sivers function in Fig. [[l where we have two
extractions from the data at the SIDIS scale. In order to be able to compare our results to phenomenology, one
should apply the QCD evolution equations. The latter are not available for the TMDs, but the behavior of the known
evolutions of the pdfs, lead us to expect that the maximun of our model results will be shifted by evolution towards
lower values of x and the shape of the function will diminish in size, as the experimental extractions seem to indicate.
Moreover, the experiments seem to favor a large coupling constant, as we have seen, a possibility contemplated by
non-perturbative evolution and also by NN LO evolution.

If we apply the same band of values of the coupling constant at the hadronic scale to calculation of the Boer-Mulders
function we find the results of Fig. Bl We see thus how the naive scenario may serve to predict new observables and
determine their experimental feasibility.
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FIG. 8: The results for the first moment of the Boer-Mulders function calculated within the band 0.1 < as < 0.3. The results
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The T-odd TMDs have been evaluated in a few models. In most of the models found in the literature final state
interactions are approximated by taking into account only the leading contribution due to the one-gluon exchange
mechanism ﬂﬂd @] Recently nonperturbative evaluations of the T-odd functions have been proposed, e.g. in-
stanton inclusion ﬂﬂ] and nonperturbative eikonal methods m, @] In the latter references, the authors use a
nonperturbative gluon propagator, resulting from a Dyson-Schwinger framework ﬂﬂ], going therefore beyond one-
gluon-exchange approximation by resumming all order contributions. It is worth noticing that the implementation
of the final state interactions is model dependent. The discussion we have presented in this paper is not applicable
in general to every scheme. The implementation of the nonperturbative evolution as discussed here might be more
complex in other (fully nonperturbative) schemes as well as the description of the confinement mechanism.

V. CONCLUSIONS

The careful analysis of the previous sections shows that the hadronic scale is close to the infrared divergence (Landau
pole) of the coupling constant for conventional values of A. However, even in this vicinity, the convergence of the
N™LO series is very good for the same A and small modifications of it provide an extremely precise agreement for
all values of Q? to the right of the pole. Moreover, an exciting result is that the values obtained by perturbative
QCD with reasonable parameters as defined by DIS data, agree with the non-perturbative evaluation of the coupling
constant, which is infrared finite, for parameters which have been chosen to satisfy lattice QCD restrictions of the
propagator, with low values of the gluon mass mg ~ 250 MeV, and p ~ 2.

It is interesting to see how the non perturbative framework applies in a simple way to the evaluation of the T-odd
TMDs in the bag model. This observation confirms the consistency of our previous calculation within this hadronic
model. It enables us to control the physics of the problem from the model side as well as to infer from the evolution
scenarios that, as expected, the naive pure valence quark scenario is not favoured. However, it also shows that the
naive scenario may well serve to make predictions, within a reasonably small band, which should not be far from
experimental expectations.

To conclude we summarize the three main results that we have obtained. The first is that the perturbative
approach converges quite well at low momenta despite the fact that the coupling constant is not small. Moreover,
since different N™LO orders carry different values of A, the convergence is even much better at low momenta than
obtained mathematically from the perturbative series. The hadronic scale can be interpreted not only from the point
of view of perturbative evolution, but also from that of non-perturbative momentum dependence of the coupling
constant and therefore the second result is that the non-perturbative approach provides an explanation of why the
evolution from a low hadronic scale, even in the neighbourhood of the Landau pole, is consistent and can be trusted.



The third result is that our analysis favors non naive models with a complex quark-gluon structure, however, it also
shows that naive models might be used to establish experimental limits of future observations within a small band
of values. Moreover, the evolution makes this band of possible observations much narrower at high momentum, and
thus the predictions become more quantitative.
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