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The Overshadowed y.(2p) Charmoniumlike Resonance
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Abstract. A systematic analysis of J’¢ = 1** charmoniumlike mesons with
energies up to 4.0 GeV is carried out within the diabatic approach to QCD. The
resulting spectrum contains only two bound states: the conventional 1p charmo-
nium state and a D°D*° loosely bound state which may be naturally identified
with X(3872). The rest of the spectrum consists in a continuum of D°D** and
D*D*" scattering states, whose analysis indicates the presence of a resonance
near 3.96 GeV that may be assigned to a mostly conventional 2p charmonium
state. It is shown that this y.;(2p) resonance is likely overshadowed in its ex-
pected main decay channels, D°D*® and D*D*~, by the threshold enhancements
due to the loosely bound X(3872), which may justify its lack of detection to
date. Alternative discovery channels are discussed.

1 Introduction

The discovery of the X(3872) in 2003 [1] marked the beginning of a new era in hadron
spectroscopy. In fact this state, despite showing a c¢ quark content from its observed decays
to J/¥ mmr, could not be put in correspondence with any quark model prediction, which before
had been so successful for charmonium [2, 3]. Since then, the JF€ quantum numbers of
X(3872) have been determined to be 1** (hence it has also been labeled as y.;(3872)) and
many other exotic heavy mesons have been discovered, see [4] and references therein.

The discovery of experimental states escaping the quark model spectrum has attracted
an incredible amount of attention from the theoretical community in hadronic physics. But
there is another equally surprising fact that has sometimes been overlooked. This is, some
predicted quarkonium states have not been observed ever since, despite their masses being
located in an easily accessible energy region.

Let us focus on one such quarkonium state that shares a close relation with the famous
X(3872): the 2p charmonium state with J¢ = 17+, which we will refer to hereafter as
Xc1(2p). Tts predicted mass is around 3.95 GeV, relatively far from any open-flavor meson-
meson threshold which may distort its lineshape. It is also well-separated from other well-
established charmoniumlike mesons with the same J*¢ = 17" quantum numbers. It is ex-
pected to decay to DD*, but this does not necessarily mean that its width may be exceedingly
large. Hence, there appears to be no a priori reason for which y.;(2p) should be considered
an elusive particle.

As a matter of fact, however, there is no well-established candidate for y.;(2p) in the PDG
listing of c¢ mesons as of today [4]. Instead, there are merely two unconfirmed candidates
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Figure 1. Left: pictorial representation of a quarkoniumlike meson as a heavy quark-antiquark pair
(QQ) interacting with sea quarks (represented by a single light quark pair ¢g) and gluons (represented
by the colored coils connecting the quarks). Right: phenomenological funnel potential, representing
the lowest static energy between a quark-antiquark pair interacting with gluons only (no sea quarks).

near the expected mass of y.;(2p): the X(3940) peak in DD*, observed by Belle in 2007 [5],
and a possible X(3960) structure in J/y w, as noted by BESIII in 2019 [6].

In this talk, we attempt a phenomenological explanation of the elusive character of
Xc1(2p) and its relation to X(3872). For this study, we work within the diabatic approach
to QCD [7, 8]. This allows for a phenomenological treatment of quarkoniumlike mesons,
underpinned by lattice QCD calculations of the static potentials between quark-antiquark and
open-flavor meson-meson channels [9, 10].

The talk is organized as follows. In Section 2, we briefly recap the main features of
the diabatic approach in QCD. In Secttion 3, we present the results of a phenomenological
study of 17* charmoniumlike mesons, including X(3872) and y.;(2p), within the diabatic
framework. Finally, in Section 4, we summarize our main conclusions.

2 Diabatic Approach

A quarkoniumlike meson system can be pictured as a heavy quark-antiquark pair interacting
with gluons and light sea quarks, see left panel of Figure 1. This system shows a clear sepa-
ration of its two characteristic energy scales, with the mass of the heavy quarks being much
bigger than the QCD energy scale Aqcp governing the gluons and light fields. Because of
this, when considering the time evolution of the light quarks and gluons, the heavy quarks
move so slowly in comparison that they can be treated as being fixed into static positions.
This is the core tenet of the Born-Oppenheimer approximation in QCD, see, for example,
[11, 12] and references therein. The static energy levels of the gluons and light quark fields,
which can be calculated in lattice QCD, are then identified in the Born-Oppenheimer ap-
proximation as effective potentials for the heavy degrees of freedom. Therefore, calculating
the quarkoniumlike meson spectrum reduces to solving a multichannel Schrodinger equation
with Born-Oppenheimer potentials, ideally taken from lattice QCD.

Ignoring the contributions from sea quarks, the lowest Born-Oppenheimer potential
shows a short-range attractive Coulomb interaction and a linear confining behavior at large
distances [13], bearing a close resemblance with the funnel potential used in quark models
[2], see right panel of Figure 1. Hence, it may be said that the phenomenological quarkonium
model found a theoretical foundation on lattice QCD, more than 20 years after its original
formulation. Still, however, the quarkonium potential cannot account for X(3872) nor for the
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Figure 2. Left: phenomenological lowest and first excited Born-Oppenheimer potentials including sea
quarks (solid lines), against the quarkonium potential (dashed line) and threshold mass (dotted line).
Right: mixing potential between the quark-antiquark and open-flavor meson-meson channels.

elusive character of y.;(2p). This failure may be attributed, at least in part, to the fact that
the quarkonium potential ignores the effects of open-flavor thresholds. This is necessarily so,
in a Born-Oppenheimer perspective, as long as the calculation of the corresponding potential
does not include dynamical light quarks.

As the steadfast technological advances allowed for more realistic lattice QCD simula-
tions, calculations of Born-Oppenheimer potentials with dynamical light quarks paved the
way for further progress [9, 10]. These calculations showed that the linear confining part
of the lowest potential, instead of growing indefinitely, actually saturates at the mass T of
the lowest open-flavor threshold with the right quantum numbers. This is somehow to be
expected from the intuitive string breaking picture commonly used to explain color confine-
ment. A less intuitive result is that there also appears an excited potential which shows the
opposite behavior. In fact, the first excited potential starts at the threshold mass and then takes
on a linear confining behavior after the lowest potential saturates. The two potentials come
very close but fall short of crossing each other, being separated by an energy gap A > 0. This
phenomenon, known as avoided crossing or adiabatic surface mixing, is a clear indication that
there is some mixing going on between the quark-antiquark and meson-meson configurations
of the quarkoniumlike system. This situation is pictured in the left panel of Figure 2.

Whenever there is strong mixing between different channels in the Born-Oppenheimer
approximation, the most convenient representation of the problem is given by the diabatic
approach. In this representation, the multichannel Schrédinger equation describing a quarko-
niumlike meson system made of one quark-antiquark and one meson-meson component may
be intuitively written as'

(—JZ@ 0 ]+(VQQ('“) ) g

0 - Z”V:[M Vmix(r) TMM

Yoo(r)) _
p)

where 1,5 and 77 are, respectively, the reduced masses of quark-antiquark and meson-
meson, ¥ o5(r) and ¢, ;(r) their corresponding wave functions, V(r) is the quarkonium
potantial, T',,7; the threshold mass, Vyix(r) the mixing potential between the two channels,
and E the center-of-mass energy.

The expression shown here is purely symbolic. The equation used in actual calculations is pretty cumbersome,
even for two channels only. We refer the interested reader to [8] for details.
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It is important to realize that the potential matrix in Equation (1), called diabatic potential
matrix, treats on equal grounds the interactions within each channel as well as the coupling
between quark-antiquark and meson-meson. Its eigenvalues are nothing but the lowest and
first excited Born-Oppenheimer potentials with sea quarks.

The solutions to Equation (1) with E' < T represent bound states made of quark-antiquark
and meson-meson components. These solutions may include quarkonium, molecular, and
mixed states depending on the relative importance of the quark-antiquark and meson-meson
total probabilities. In addition to eventual bound states, Equation (1) admits a continuum
spectrum of solutions corresponding to open-flavor meson pairs with energy E > T, scatter-
ing off each other because of their common mixing with quark-antiquark at short distances.
These continuum solutions may be used to calculate the meson-meson S -matrix, through
which one can look for scattering resonances that may be of conventional (i.e., quarkonium)
or unconventional nature.

3 X(3872) and y.,(2p)

The diabatic approach to QCD provides a framework in which to pursue a phenomenological
analysis beyond quarkonium, taking into account the form of the Born-Oppenheimer poten-
tials calculated on the lattice. Next, we study charmoniumlike mesons with JPC = 1** and
energy below 4.0 GeV within the diabatic framework [14]. The channels that we are going
to consider are therefore c¢ (p-wave), D°D*0 (s-wave and d-wave), and D*D*~ (s-wave and
d-wave).

In order to reproduce the successful description of the low-lying charmonium states by
the quark model, for the radial form of the quarkonium potential V5(r) inside the potential
matrix we take the funnel form plotted in the right panel of Figure 1,

Voo(r) = —);( +or+ 2me - B 2)

with standard phenomenological values of the color Coulomb strength y, string tension o,
and charm quark mass m, [2]. Notice that we have decomposed the additive constant of the
potential into a contribution from the quark-antiquark total mass and an additional constant
B. We fix 3 so that the 1p charmonium mass calculated from this potential matches the ex-
perimental mass of y.;(1p). Notice also that the reduced quark-antiquark mass p; is simply
me/2.

As for the charmed meson masses, mpo, mp+, mp-o, and mp-+, we take them from the
PDG averages [4]. These determine the threshold masses T,,3; and reduced masses p1,,7; for
all meson-meson channels. So, for example, the D°D*? threshold is given by mpo + mp-0, and
the corresponding reduced mass by mpomp.o /(mpo + mp«). We assume the threshold masses
to be the main contributions to the static energies. Other meson-meson potentials, such as a
mixing potential between D°D*? and D* D*~, are assumed to be negligible for our purposes.

Finally, the radial form of the quark-antiquark—-meson-meson mixing potentials are
parametrized with a Gaussian function,

A
Viix(r) = —= ex

: 3)

2 A

[ 1 (VQQ(r) = Tum )2}
where A is the energy gap between two consecutive (effective) Born-Oppenheimer potentials
at their avoided crossing and A is a parameter governing the width of the mixing region, see
the right panel in Figure 2. We use unique values of A and A for both the ¢z-D°D*" and
cc-D* D*~ mixing potentials, consistently with approximate isospin symmetry.
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Figure 3. Radial probability densities for the diabatic X(3872). The long tail of the molecular D°D*°
component reaches up to » =~ 70 fm.

We fix the value of A, which is parametrization-dependent, requiring that the mixing
between the quark-antiquark and meson-meson components takes place within a fraction of
a fm from the avoided crossing between the Born-Oppenheimer potentials.

As for A, which is then the last remaining free parameter of the model, we fix its value by
requiring that there appears an unconventional bound state close below the D°D*° threshold
(specifically, at a mass of 3871.6 MeV), corresponding to X(3872).

The calculated probability density of X(3872) is made of comparable amounts of cc,
D°D*°, and D*D*~ components for < 1 fm, whereas it is dominated by the weakly bound
D°D*® component for r > 2 fm, see Figure 3. This very long D°D* tail dominates the
overall composition of X(3872) with a 93% total probability (against a 4% of c¢ and 3% of
D*D*7), and gives this state a huge root-mean-square radius of around 14 fm. Hence, in this
diabatic picture the X(3872) is represented as a loosely bound D°D** state, where the binding
is provided by a compact 2°P; ¢¢ core.

After having fixated the parameters of the diabatic potential matrix using both phe-
nomenology and hints from lattice QCD, we can calculate the open-charm meson-meson
S -matrix for J’¢ = 1**. From it, we can calculate the elastic cross-sections plotted in
Figure 4. Starting from zero at the mass of the D°D*" threshold, the D°D*° cross-section
increases sharply, indicating the presence of the X(3872) bound state close below threshold.
Then, after a brief plateau, the threshold enhancement of the cross-section starts decreasing.
First, there is a sudden decrease as the D*D*~ threshold opens up, then the enhancement
slowly fades as the energy increases further. On top of it, at around 3.96 GeV, there is a
barely visible shoulder in the cross-section, which may be attributed to y.;(2p). A similar
qualitative behavior is shown by the D* D*~ cross-section, although with a smaller threshold
enhancement.

To see the y.;(2p) more clearly, and understand the interplay between this resonance and
the threshold enhancement due to X(3872), we plot in Figure 5 the s- and d-wave Argand
diagrams of the D°D*" elastic scattering.” These diagrams show the path followed by the
partial-wave scattering amplitudes on the complex plane, which have well-understood be-
haviors for shallow bound states and resonances:

a) if there is a shallow bound state with angular momentum [, the low-energy /-wave scatter-
ing amplitude moves quickly clockwise along the unitary circle;

2The Argand diagrams for D* D*~ follow a similar pattern.
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Figure 4. Calculated cross-sections for J°¢ = 1**, scaled by the relative momentum squared.
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Figure 5. Calculated Argand diagrams for elastic D°D*° scattering in s-wave (left) and d-wave (right).
The unitary circle is drawn with a dashed line.

b) if there is a resonance, all scattering amplitudes coupling to it perform a 2z counterclock-
wise rotation for energies close to the resonance mass.

Comparing the known behaviors a) and b) with the Argand diagrams in Figure 5, a clear
physical picture for y.(2p) emerges. The s-wave diagram on the left panel shows behavior a)
at small energies, consistently with the presence of the diabatic X(3872), which is predomi-
nantly a s-wave D°D*? molecule. Because the d-wave component in the calculated X(3872) is
largely suppressed, this same behavior is absent from the d-wave diagram on the right panel.
Then, at energies close to 3.96 GeV, the d-wave Argand diagrams show clearly the pattern b),
indicating the presence of the y.;(2p) resonance. This resonant behavior, however, is not as
easily readable from the s-wave Argand diagram, because of the coherent sum between the
waning threshold enhancement a) and the resonant behavior b).

Therefore, we can conclude that the threshold enhancements produced by X(3872) over-
shadow the y.1(2p) resonance in the open-charm meson-meson channels. Since these OZI-
allowed decays are expected to be the main decay channels of y.1(2p), this overshadowing
may be the principal reason behind its elusiveness.

However, it is possible that this overshadowing does not occur for other decay channels,
making them the preferred way for detection. In fact, the d-wave D°D*® Argand diagram in
Figure 5 shows very clearly the presence of y.1(2p) despite the X(3872). This is because,
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as mentioned before, the d-wave D°D*® component is negligible in X(3872), hence the en-
hancement is not so severe in that channel. While it is clearly unfeasible to resolve d-wave
D°D*0 from data, this fact makes us hopeful that other decay channels, which do not appear
as bound components in X(3872), might provide a clear signal for y.1(2p).

4 Summary

We have analyzed charmoniumlike mesons with J*¢ = 17+ and energy below 4.0 GeV using
the diabatic approach in QCD. This includes the conventional y.;(1p) and unconventional
X(3872) bound states, plus an analysis of D°D*® and D* D*~ elastic scattering for center-of-
mass energies below 4.0 GeV.

First, we have summarized the main features of the diabatic approach. We have shown
that this formalism provides the most convenient scheme for constructing a potential model
which includes the main features of the Born-Oppenheimer potentials calculated in lattice
QCD. Specifically, we have seen that the avoided crossing observed on the lattice can be un-
derstood in terms of a mixing potential between the quark-antiquark and open-flavor meson-
meson channels. Below threshold, the mixing can generate new unconventional bound states
with molecular components. Above threshold, it mediates meson-meson scattering through
short-range quark-antiquark interactions, e.g., D°D*® — ¢¢ — D°D*0.

We have shown that the X(3872) can be described in the diabatic framework as a mostly

molecular D°D*0 state. We have further shown that, because of its composition and closeness
to the open-charm thresholds, the X(3872) produces important enhancements in the D°D*0
and D*D*" cross-sections at low energy.> These enhancements may overshadow the con-
ventional y.;(2p) resonance, whose mass is predicted near 3.96 GeV, such that it may not
be easily visible in its only OZI-allowed channels. We argued that other decays, provided
that their products do not overlap with the molecular components of X(3872), may constitute
more favorable discovery channels.
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