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The Covariant Spectator Theory (CST) is used to calculate the mass spectrum and vertex functions of
heavy-light and heavy mesons in Minkowski space. The covariant kernel contains Lorentz scalar, pseu-
doscalar, and vector contributions. The numerical calculations are performed in momentum space, where
special care is taken to treat the strong singularities present in the confining kernel. The observed meson
spectrum is very well reproduced after fitting a small number of model parameters. Remarkably, a fit

to a few pseudoscalar meson states only, which are insensitive to spin-orbit and tensor forces and do
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not allow to separate the spin-spin from the central interaction, leads to essentially the same model pa-
rameters as a more general fit. This demonstrates that the covariance of the chosen interaction kernel is
responsible for the very accurate prediction of the spin-dependent quark-antiquark interactions.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The rigorous calculation of hadronic bound states in QCD is still
an open problem. It is hoped that, eventually, lattice QCD will ex-
plain all observed hadrons in terms of quark and gluon degrees
of freedom. Nevertheless, models have played—and will continue
to do so—an important role in aiding the extrapolations of lattice
QCD results to physical quark masses, but also in the interpretation
of the experimental data and in the analysis of different dynamical
mechanisms.

The physics of mesons, in particular, is a very active area of
research, especially due to the ample amount of new experimen-
tal data measured at facilities such as the LHC, BaBaR, Belle, CLEO,
and more exciting results can also be expected from Jefferson Lab
(GlueX) and FAIR (PANDA) in the near future. Some of the recently
discovered states (e.g., the X(3872) in charmonium [1]) have sur-
prising properties that seem incompatible with an interpretation
as qq states, sparking particular interest from theorists.

The purpose of this work is twofold: First, we present results of
relativistic calculations of qg bound states for systems with at least
one heavy (b or c¢) quark using the manifestly covariant framework
of the Covariant Spectator Theory (CST) [2-4]. Second, we show
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that our covariant kernel correctly predicts the spin-dependent
interactions when it is fitted to data that do not contain any in-
dependent information about them. More precisely, when the ker-
nel is fitted exclusively to pseudoscalar meson states, which are
S-waves and thus insensitive to spin-orbit and tensor forces (and
which do not allow to isolate the spin-spin interaction because
here it always acts on singlets), the vector, scalar and axial-vector
states which do depend on them are correctly described. We be-
lieve that this is an important test, performed here for the first
time, which confirms the predictive power of covariant kernels.

Most quark models are variations of the nonrelativistic Cornell
potential [5] which consists of a short-range color-Coulomb and
a linear confining potential and was surprisingly successful in de-
scribing heavy quarkonia. Because light quarks require a relativistic
description, in order to be applicable to all qq states these Cornell-
type potentials were “relativized” [6] by including a number of
relativistic corrections. For a more rigorous treatment of relativ-
ity, a number of relativistic equations related to the Bethe-Salpeter
equation (BSE) were applied to calculate the meson spectrum [7,8],
and, more recently, also covariant two-body Dirac equations [9,10]
gave very good results. The Lorentz structure of the confining in-
teraction in these approaches is not quite settled, although in most
cases a scalar structure dominates.

The influential Dyson-Schwinger-Bethe-Salpeter (DS-BS) ap-
proach [11-14] is also covariant, but confinement emerges through
the absence of real mass poles, not through a confining interaction.
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Fig. 1. Graphic representations of (a) the BSE for the qq bound state vertex func-
tion I', where V represents the kernel of two-body irreducible Feynman diagrams;
(b) the BS vertex function approximated as a sum of CST vertex functions (crosses
on quark lines indicate that a positive-energy pole of the propagator is calculated,
light crosses in a dark square refer to a negative-energy pole); (c) the complete CST
equation. The solid rectangle indicates the one-channel equation used in this work,
the dashed rectangle a two-channel extension with charge-conjugation symmetry.

Formulated in Euclidean space, the dynamics in ladder-rainbow
approximations is driven by a pure Lorentz-vector kernel, essen-
tially a dressed gluon propagator.

The CST belongs to the approaches related to the BSE, but is
similar in spirit to the DS-BS framework in that it aims to incor-
porate the dynamical origin of the constituent quark masses by
dressing the bare quark propagators with the interquark kernel in
a consistent fashion. However, the CST is formulated and solved di-
rectly in Minkowski momentum space. This is advantageous over
Euclidean formulations (although a number of singularities have
to be handled numerically) because no analytic continuations are
needed to calculate, e.g., form factors [15,16], even in the timelike
region. The reason is that in CST one only needs to determine the
quark propagator pole positions, which are all located on the real
axis, both for fixed or running dynamical quark masses. The cho-
sen interaction kernel is a manifestly covariant generalization of
the Cornell potential, and the full Dirac structure of the quarks is
taken into account.

The Covariant Spectator Equation (CSE) is obtained from the
BSE [Fig. 1(a)] by carrying out the loop energy integration such
that only quark-propagator pole contributions are kept [Figs. 1(b)
and 1(c)]. This prescription is motivated by partial cancellations
between higher-order ladder and crossed-ladder kernels, implying
that a CST ladder series effectively contains crossed-ladder contri-
butions which are necessary for the two-body equation to reach
the correct one-body limit [3].

In this work we are focussing on systems where one quark
is typically much heavier than the other, so we are close to the
one-body limit. The BS ladder approximation does not possess
this limit, and it would not be a good choice to describe these
mesons. On the other hand, heavy-light systems are ideal to apply
a simplified version of the CSE, the so-called one-channel specta-
tor equation (1CSE): the positive-energy pole of the heavier quark
dominates, such that the other three CST vertex functions can be

neglected. The 1CSE is shown in Fig. 1(c), inside the solid rectan-
gle.

This equation retains most important properties of the com-
plete CSE, namely manifest covariance, cluster separability, and the
correct one-body limit. It is also a good approximation for equal-
mass particles, as long as the bound-state mass is not too small
(this excludes the pion from its range of applicability). In fact, in
a properly symmetrized form to account for the Pauli principle, it
has been applied very successfully to the description of the two-
and three-nucleon systems [17-19].

A property the 1CSE does not maintain, in general, is charge-
conjugation symmetry. Therefore, states calculated with the 1CSE
are not expected to have a definite C-parity. In principle, this prob-
lem is easily remedied by using instead the two-channel extension
inside the dashed rectangle of Fig. 1(c). However, we decided that
the considerable increase in computational effort would not be jus-
tified for the purpose of this work: of the quarkonia with J = 0%
and 1%, only the axial-vector mesons (J” = 1T) come in both
C-parities, and these pairs are separated by only a few MeV (5 to
6 MeV in bottomonium, 14 MeV in charmonium). Thus, as long as
we do not seek an accuracy better than about 10-20 MeV, the use
of the 1CSE also for heavy quarkonia is perfectly justified. Consis-
tent with this level of accuracy, we also set m, = my throughout
this work.

We use a kernel of the general form
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where Vi, Vogg, and V¢ are relativistic generalizations of a linear
confining potential, a short-range one-gluon-exchange (in Feyn-
man gauge in this work), and a constant interaction, respectively.
The confining interaction has a mixed Lorentz structure, namely
equally weighted scalar and pseudoscalar structures, and a vec-
tor structure. The parameter y dials continuously between the
two extremes, y = 1 being pure vector coupling, and y =0 pure
scalar+pseudoscalar coupling. The OGE and constant potentials are
Lorentz-vector interactions. The signs are chosen such that—for
any value of y—in the static nonrelativistic limit always the same
Cornell-type potential V (r) =or — «/r — C is recovered.

The reason for the presence of a pseudoscalar component is
chiral symmetry. Although in general scalar interactions break chi-
ral symmetry, it was shown in [20] that the CSE with our rel-
ativistic linear confining kernel satisfies the axial-vector Ward-
Takahashi identity when it is accompanied by an equal-weight
pseudoscalar interaction. It has also been shown [21,22] that, in
the chiral limit of vanishing bare quark mass, a massless pion so-
lution of the CSE emerges, while a finite dressed quark mass is
dynamically generated by the interaction kernel through a NJL-
type mechanism.

For simplicity, and to establish a reference calculation, we use
fixed instead of dynamical, momentum-dependent quark masses
in this work. For the same reason, we postpone the inclusion of a
running coupling in Vogg and use a fixed value of o instead.

The 1CSE with quark 1 on its positive-energy mass shell can be
written in manifestly covariant form
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