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1 Introduction

Achieving a consistent and unified QCD-based explanation of quarkoniumlike mesons [1]
including both conventional (QQ̄ bound states where Q ≡ b or c) and unconventional states
is a current challenge in hadronic physics. In the last years, there has been a significant
progress in this respect. This progress is based, on the one hand, in effective field theories
and lattice analyses (see, for instance, [2] and references therein for a quite general review,
and [3]) and, on the other hand, in the development of quantum mechanical formalisms
where the potential incorporates inputs from lattice QCD [4–7]. Henceforth we shall center
on one of these formalisms, the so-called diabatic approach in QCD [6, 7]. In this approach,
quarkoniumlike mesons with quantum numbers JPC are described through the solutions
of a multichannel Schrödinger equation for QQ̄ and open-flavor meson-meson components,
where the form of the potential incorporates string breaking as observed in lattice QCD.
This is a major difference with quantum mechanical phenomenological analyses based on
the same degrees of freedom [8–22], but where the QQ̄–meson-meson interaction lacks a
connection to QCD.

For energies below the lowest open-flavor meson-meson threshold, the solutions of the
Schrödinger equation describe bound states which can be directly assigned to quarkonium-
like resonances stable against decays into open-flavor meson-meson channels. Indeed, the
spectrum obtained for charmoniumlike and bottomoniumlike mesons far below the lowest

– 1 –



J
H
E
P
0
2
(
2
0
2
3
)
2
1
6

threshold is determined by the diagonal QQ̄ element of the diabatic potential matrix, which
is Cornell-like. Then, the incorporation of additional well-known spin dependent correc-
tions to the Cornell potential [23] allows for a good description of existing data, see [24]
for a detailed discussion of this point.

For energies above the lowest open-flavor meson-meson threshold, the solutions of the
Schrödinger equation may contain one or more free-wave meson-meson components. In
such a case they have a natural interpretation in terms of stationary open-flavor meson-
meson scattering states. Then, scattering resonances can be identified with quarkoniumlike
mesons decaying into open-flavor meson-meson channels. As a matter of fact, the diabatic
analysis of the scaled cross-section for elastic open-charm and open-bottom meson-meson
scattering with JPC = (0, 1, 2)++ and 1−− [7] suggests that there is a spectrum of quasicon-
ventional resonances, in one-to-one correspondence with the spectrum of the QQ̄ (Cornell)
potential for energies above threshold, plus a spectrum of unconventional states (scattering
resonances and bound states), located close to some open-flavor meson-meson thresholds.

From the experimental point of view, although spectral states of both types have
been observed, some predicted quasiconventional resonances are missing. In particular,
the predicted quasiconventional 1++ charmoniumlike resonance with a mass pretty close
to that of the 2p 1++ Cornell state, on which we shall center our analysis, is missing in the
cc̄ meson listing of the Particle Data Group (PDG) [1]. From the theoretical point of view,
this particular prediction is strongly supported by the following arguments. First, this
resonance is located within the region of applicability of the diabatic formalism (i.e., no
significant widths for nearby thresholds, no expected effects from hybrids). Second, some
spin-dependent terms in the diabatic potential matrix, as for instance spin corrections to
the Cornell potential for 1++ states above the lowest threshold, are expected not to play
a significant quantitative role (for (0, 2)++ these effects are expected to be quantitatively
more important [23]). Third, this resonance comes out from the same interaction giving
rise to an unconventional state just below the DD̄∗ threshold which is naturally assigned
to the well-established χc1(3872).

Notwithstanding these arguments, the fact that in [7] the mass difference between the
D0D̄∗0and D+D∗− thresholds was neglected, and the big difference between the effective
value of the cc̄–meson-meson interaction strength and the energy gap calculated in lattice
QCD, could cast some doubts about the robustness of this prediction.

In order to overcome these shortcomings, in this article we implement the D0D̄∗0 and
D+D∗− threshold mass difference and we make a simplified analysis of possible alternative
dynamical mechanisms giving rise to χc1(3872). In this manner, we confirm the prediction
of a quasiconventional resonance in the elastic D0D̄0∗ and D+D∗− scattering channels,
that we call χc1(2p). As a main novelty from this article, we show that the effect of
this resonance on the scattering cross-section may be overshadowed by that of χc1(3872),
making difficult its experimental detection through the D0D̄∗0 andD+D∗− channels despite
being its expected dominant decay modes. This may explain why χc1(2p) is missing in the
PDG listing and suggests that alternative detections, such as from OZI-forbidden decays,
could be instrumental for its experimental establishment.
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It should be pointed out that the prediction of χc1(3872) and χc1(2p) states as mainly
due to the meson-meson channel coupling to the charmonium (charm-anticharm) 2p com-
ponent has being previously reported by other authors using different calculation frame-
works, see, for instance, [13, 15, 19] for a panoramic of the different results obtained. In
all these references, a 3P 0-type string breaking mixing with no connection to unquenched
lattice QCD results is used. In [13], the coupling generates the χc1(2p) resonance (with
a mass about 3990MeV) with a relatively narrow width, and a virtual state pretty close
to threshold assigned to χc1(3872). In [19], the coupling gives rise to a bound state close
to threshold assigned to χc1(3872) and a χc1(2p) resonance (with a mass about 3936MeV)
tentatively assigned to X(3940). In this case, no width for χc1(2p) has been reported.
Finally, in [15] a pole analysis of the coupled-channel system and a calculation of the DD̄∗

production cross-section is carried out. This calculation shows that the coupling between
χc1(2p) and the D0D̄∗0 threshold may transform the original charmonium state into a very
broad resonance above threshold while generating a steep rise near threshold, associated
to χc1(3872).

As mentioned before, the main difference between our study and previous analyses is
the use of a diabatic framework which allows for the implementation of a mixing interaction
whose form is derived from (unquenched) lattice calculations of string breaking. As we shall
show, a bound state just below the D0D̄∗0 threshold, which is assigned to χc1(3872), and
a χc1(2p) resonance with a mass about 3950MeV and a width of around 70MeV come
out. However, the χc1(2p) is hardly visible in the scattering cross-section. This lack of
visibility is essentially different from that in the production cross-section calculated in [15].
In fact, we find that the χc1(2p) may be relatively narrow, but effectively overshadowed in
the open-charm channels by the tail of the threshold enhancement due to χc1(3872). This,
unlike a very broad χc1(2p), could explain its lack of detection in open-charm channels while
leaving the door open to its possible detection through alternative channels, as commented
above.

The contents of this article are organized as follows. In section 2 we proceed to a brief
review of the main physical ingredients of the diabatic approach in QCD and focus on its
calculation of an unconventional state just below the D0D̄∗0 threshold. In section 3 we
review the main aspects of the application of the diabatic approach to open-charm meson-
meson scattering. In section 4 we calculate the JPC = 1++ elastic D0D̄∗0 and D+D∗−

scattering cross-sections for center-of-mass energy up to 4GeV under the assumption that
the main physical mechanism generating χc1(3872) is string breaking. We proceed to a
physical analysis of the structures in the cross-sections and to a study of their robustness
against variations of the strength of the string breaking interaction potential responsible for
the scattering. The main outcome is the prediction of an overshadowed quasiconventional
scattering resonance at about 3960MeV. In section 5, we examine possible alternative
scenarios to generate the χc1(3872), by adding different physical mechanisms to a diabatic
potential with a smaller strength of the string breaking interaction. On the one hand, we
consider the addition of a pion exchange meson-meson potential. On the other hand, we
analyze the addition of a new compact channel. The overshadowing of χc1(2p) is realized
in the pion exchange scenario as well. In contrast, no theoretical evidence of overshadowing
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is found in the compact case. In section 6, we focus on the overshadowing scenario that
could explain the current lack of experimental candidates for χc1(2p). We examine favored
hidden-charm decay modes of this resonance and discuss about the possibility of missing
JPC = (0, 2)++ partners in the same energy region. Finally, in section 7 we summarize our
main achievements.

2 Diabatic approach in QCD

In the diabatic approach in QCD [6, 7], a JPC quarkoniumlike meson is made of QQ̄
and open-flavor meson-meson components (M (i)

1 M̄
(i)
2 with i = 1, 2, . . . ) obeying a coupled-

channel Schrödinger equation. The form of the diabatic potential matrix entering in this
equation is obtained from lattice calculations of the static energy levels for QQ̄ and for
mixed QQ̄-M (i)

1 M̄
(i)
2 configurations.

More precisely, the dynamics is described by the diabatic potential matrix

V(r) =



VQQ̄(r) V
(1)

mix(r) V (2)
mix(r) . . . V (N)

mix (r)
V

(1)
mix(r)† T (1)

V
(2)

mix(r)† T (2)

... . . .
V

(N)
mix (r)† T (N)


(2.1)

whereVQQ̄(r) and T (i) are, respectively, the diagonal elements corresponding to the QQ̄ and
M

(i)
1 M̄

(i)
2 components, V (i)

mix(r) the mixing potential between them, and vanishing matrix
elements have been omitted for simplicity. Notice that we have conveniently assumed that
the diagonal meson-meson matrix elements are simply given by the threshold masses,

T (i) = m
M

(i)
1

+m
M̄

(i)
2

where m
M

(i)
1

and m
M̄

(i)
2

are the masses of the corresponding mesons, and that there are
no offdiagonal potential matrix elements mixing different meson-meson components with
each other (we shall come back to this point in section 5). In what follows, we shall use
the experimental open-charm meson masses quoted in [1].

The so-called adiabatic-to-diabatic transformation, as explained in more detail in [6]
and references therein, allows to draw a direct correspondence between the diabatic po-
tential matrix (2.1) and the static energy levels of static Q and Q̄ sources calculated in
lattice QCD. Namely, the static energy levels are just the eigenvalues of (2.1). Then, one
may use quenched (including only QQ̄) and unquenched (including QQ̄ and meson-meson
configurations) lattice energy levels for determining the diabatic potential matrix elements
via the following procedure:

1. Quenched lattice results [25] are incorporated through the diagonal QQ̄ diabatic
potential matrix element, VQQ̄(r).
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2. Unquenched lattice results [26, 27] are combined with VQQ̄(r) and the assumption
on the meson-meson potentials to determine the offdiagonal QQ̄-M (i)

1 M̄
(i)
2 diabatic

potential matrix elements.

From step number 1, one can write VQQ̄(r) as a confining Cornell-like potential

VQQ̄(r) = σr − χ

r
+mQ +mQ̄ − β

with the flavor-independent parameters σ and χ, respectively, the string tension and color
Coulomb strength. Notice that the arbitrary constant in the potential has been conve-
niently written in terms of the heavy quark and antiquark masses, mQ and mQ̄, plus a
constant β which can also be taken as flavor-independent through a suitable choice of the
masses.

For the case Q = c we shall deal with, standard phenomenological values of the pa-
rameters are [28]

σ = 925.6MeV/fm,
χ = 102.6MeV fm,
mc = 1840MeV,
β = 855MeV,

allowing for a quite accurate spectral description of (conventional) charmonium once spin-
dependent corrections are implemented [23]. It should be also remarked that the value
of mc is very much constrained by the requirement of describing properly electromagnetic
transitions [29].

As for the offdiagonal QQ̄-M (i)
1 M̄

(i)
2 diabatic potential matrix elements, or mixing

potentials, from step number 2 their radial part1 can be approximated by the analytical
form [6, 7]

V
(i)

mix(r) = −∆Q

2 exp
{
−(VC(r)− T (i))2

2σ2ρ2

}
(2.2)

where ∆Q and ρ are, respectively, an effective mixing strength and radial scale parameter,
assumed to be equal for all thresholds.

It is worth emphasizing that this form of the mixing potential incorporates the fact
that the QQ̄-M (i)

1 M̄
(i)
2 mixing is only significant in an interval around the crossing radius

r
(i)
c , defined by VC(r(i)

c ) = T (i), the size of this interval being determined by the value of ρ,
which has been fixed to

ρc = 0.3 fm

in order to reproduce the behavior of the mixing angle between QQ̄ and meson-meson
observed in lattice QCD [6].

1The spin-angular part of the mixing potential has a complicated analytical expression, which also
depends on the representation of the cylindrical symmetry group of Born-Oppenheimer. Its determination,
way beyond the scope of the current study, shall be detailed in a future paper.
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Figure 1. Radial probability densities for the bound state at 3871.6MeV. Meson-meson components
with higher threshold are negligible. The D0D̄∗0 component extends far beyond the right limit of
the plot, reaching up to r ≈ 70 fm.

Regarding the value of ∆c, it is fixed from the requirement that the solution of the
diabatic Schrödinger equation with this diabatic potential matrix gives rise to a 1++ bound
state (this is, a charmoniumlike meson stable against decays into an open-charm di-meson
pair) just below the D0D̄∗0 threshold, in correspondence with the well-established experi-
mental state χc1(3872). This gives

∆c = 102.2MeV. (2.3)

Some comments are in order. First, in some previous applications of the diabatic
approach to charmoniumlike mesons, see for instance [6, 7], the mass difference between
D0D̄∗0and D+D∗− was neglected, so that the effect of both thresholds was taken into
account through one effective isospin-zero threshold with the measured mass of D0D̄∗0.
As a consequence, the effective mixing strength (also called ∆c) had a quite larger value.
Second, the calculated bound state with a mass of 3871.6MeV, just below the D0D̄∗0

threshold, and with a 93%, 4%, and 3% probabilities for the D0D̄∗0, cc̄, and D+D∗−

components, respectively, can be naturally assigned to the well-established χc1(3872) since
this composition is in line with its observed decay properties. Hence, χc1(3872) can be
approximately seen as a loosely bound D0D̄∗0 state. For the sake of completeness, we plot
in figure 1 the radial probability densities for cc̄, D0D̄∗0, and D+D∗−.

It is also worth mentioning that within the diabatic framework the value of ∆Q can
be related to σ and mQ through a semiempirical scaling law [30]. We could have used this
scaling law to get the same value of ∆c from the phenomenological values of ∆b, mb and
mc, so that the calculated bound state assigned to χc1(3872) would have been a prediction.
However, as this scaling law makes unclear the connection with lattice QCD, see section 5,
in this study we have preferred to fix ∆c in a purely phenomenological manner.
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3 Open-flavor meson-meson scattering

For energies above the lowest JPC meson-meson threshold, T (1), the solutions of the
Schrödinger equation contain one or more free-wave meson-meson components, M (j)

1 M̄
(j)
2 .

Since their wave function is not normalizable in the traditional sense, the interpretation
of these states as quarkoniumlike mesons is somewhat more intricate. As a matter of fact,
one has a continuum spectrum of solutions with energies E > T (1), instead of a discrete
spectrum of quarkoniumlike states with their masses. These continuum solutions have a
natural interpretation in terms of stationary JPC meson-meson scattering states where the
scattering process is induced by the mixing potential: M (j′)

1 M̄
(j′)
2 → (QQ̄) → M

(j)
1 M̄

(j)
2 .

Then, scattering resonances can be used to identify quarkoniumlike mesons decaying into
open-flavor meson-meson channels.

More concretely, the asymptotic behavior of the JPC solutions with energy E,
ψ

(j)
J,mJ ;h(r) with mJ the projection of J and j and h labeling the meson-meson components

and linearly independent solutions with the same energy, respectively, can be expressed in
terms of the asymptotic behavior of JPC stationary meson-meson scattering states with
the same energy, ψj←j

′

JPC ,mJ ;k′(r) with j and (j′, k′) labeling, respectively, the ingoing channel
and outgoing partial-wave channel, and vice versa,

ψj←j
′

JPC ,mJ ;k′(r) =
∑
h

ψ
(j)
J,mJ ;h(r)Γ(j′)

JPC ;k′;h

where Γ(j′)
JPC ;k′;h are change of basis matrix elements. From this expression, one can show

that the JPC meson-meson S-matrix is given in terms of the Jost matrices F±
JPC

as

SJPC = F+
JPC

(
F−
JPC

)−1
.

As the Jost matrices are completely determined from the numerical solutions of the
coupled-channel Schrödinger equation above threshold,ψ(j)

J,mJ ;h(r), one can thus obtain the
numerical values of the elastic (j = j′) and inelastic (j 6= j′) JPC meson-meson scattering
amplitudes without any additional parameter. From them, the corresponding JPC cross-
sections, σj←j

′

JPC
are calculated and the resonant structures identified.

We refer the interested reader to [7] for the technical details of the procedure outlined
above, as well as the numerical procedure to calculate the solutions above threshold.

It is worth to mention that the identification of some structures from cross-section
data may be easier, as will be shown below, through the use of the scaled cross-section
defined as

σ̄j←j
′

JPC
=

(2s
M

(j′)
1

+ 1)(2s
M

(j′)
2

+ 1)

4π(2J + 1) (p(j))2σj←j
′

JPC

=
∑
k,k′

∣∣p(j)f j←j
′

JPC ;k,k′
∣∣2

and satisfying ∑
j,j′

σ̄j←j
′

JPC
≤ 1
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Figure 2. Elastic scaled cross-sections for JP C = 1++, calculated with ∆c = 102.2MeV.

where s stands for the spin, p(j) for the modulus of the relative momentum between M (j)
1

and M̄
(j)
2 , k for the partial wave (l(j), s(j)) coupling to JPC , and f for the scattering

amplitude.
Henceforth, we focus on the JPC = 1++ open-charm meson-meson scattering for

center-of-mass energy up to 4GeV. This energy limit makes us confident that charmo-
nium hybrids, expected to be higher in energy, and higher thresholds, even with a large
width as for example DD̄1, do not play any quantitative role.

In order to take into account the distinction between the D0D̄∗0 and D+D∗− thresh-
olds, we consider the two distinct D0D̄∗0 and D+D∗− channels, instead of one isospin-zero
DD̄∗ channel with an effective threshold as done in [7].

4 1++ scaled cross-sections

The calculated scaled cross-sections for JPC = 1++ D0D̄∗0 and D+D∗− elastic scattering
up to 4GeV center-of-mass energy are drawn in figure 2. Let us point out that the closed
D∗0D̄∗0 and D+∗D∗− channels, with thresholds slightly above 4GeV, have been also taken
into account in the multichannel Schrödinger equation.

The figure shows clearly some structures. Next, we proceed to a detailed physical anal-
ysis of them through the use of Argand diagrams. Furthermore, we analyze the robustness
of these structures under variations of the value of the mixing strength parameter.

4.1 D0D̄∗0 → D0D̄∗0 scattering

A look at figure 2 shows that the D0D̄∗0 elastic scattering scaled cross-section presents
two enhacements, a first big one just above threshold and a second smaller one at a higher
energy.

It is worth to mention that if we plotted the (non-scaled) cross-section σD0D̄∗0←D0D̄∗0

1++

instead of σ̄D0D̄∗0←D0D̄∗0

1++ , then the second enhancement would be hardly visible as a shoul-
der of the order of millibarns, see figure 3, to be compared with the threshold enhancement
of the order of hundreds of barns.
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Figure 3. Elastic cross-sections for JP C = 1++ near 3960MeV, calculated with ∆c = 102.2MeV.

In order to physically analyze these enhancements, let us realize first that just above
threshold the scattering is dominated by the s-wave, lD0D̄∗0 = 0, so that

σ̄D
0D̄∗0←D0D̄∗0

1++ = |pf0|2

where p is the relative D0D̄∗0 momentum and f0 the s-wave elastic D0D̄∗0 scattering
amplitude.

Let us recall that for ∆c = 102.2MeV there is a bound state solution at 3871.6MeV,
close below the D0D̄∗0 threshold T (D0D̄∗0) = 3871.7MeV. This bound state has been as-
signed to χc1(3872). As it is well known from scattering theory, the presence of the shallow
bound state determines the behavior of the amplitude at low momenta (see, for exam-
ple, [31]). More precisely, if we define the binding momentum

α =
√

2µD0D̄∗0(T (D0D̄∗0) − E)

where µD0D̄∗0 is the D0D̄∗0 reduced mass and E is the total energy of the bound state at
rest (i.e., its mass), then for p� α one has

f0 '
i

p− iα
' − 1

α
+ i

p

α2 , (4.1)

so that
<[pf0] ≤ 0

and
σ̄D

0D̄∗0←D0D̄∗0

1++ ' p2

p2 + α2 '
p2

α2 .

From these expressions it is clear that the bound state implies a pole of the scattering
amplitude at positive imaginary momentum iα.2

2In contrast, if one had an s-wave virtual state with energy E on the unphysical Riemann sheet, then
the scattering amplitude would have a pole at negative imaginary momentum −iα. Then, f0 ≈ 1

α
+ i p

α2 and
<[pf0] ≥ 0 for p � α. In case of a zero-binding-energy state at threshold, one would have α = 0 and pf0

would be pure imaginary (<[pf0] = 0) at low momentum. Notice that the cross-section at low momentum
has the same expression for the bound and virtual state cases, whereas it diverges as p−2 in the case of a
zero-binding-energy state.
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Figure 4. Argand diagram for the s-wave elastic D0D̄∗0 scattering amplitude, calculated with
different values of ∆c. Some energies in MeV, referred to in the text, are highlighted.

The analytical expression of the scattering amplitude for p � α, Equation (4.1), can
be compared to what we calculate numerically from the diabatic Schrödinger equation.
Indeed, this low-momentum behavior is clearly illustrated by the s-wave Argand diagram
for the scaled scattering amplitude pf0, left panel in figure 4.

The diagram follows clockwise the unitary circle from threshold to a center of mass
energy of about 3875MeV, indicating the complete dominance of the s-wave up to this en-
ergy. (Notice that the clockwise behavior at low momentum is evident from the expression
of the amplitude (4.1).) Then, for low momenta we can use the effective range expansion

p cot δ0 = − 1
a0

+ r0
2 p

2 + . . . (4.2)

where δ0 is the s-wave phase shift, a0 the scattering length, and r0 the so-called effective
range.

Notice that, using the well-known relation

p cot δ0 = 1
f0

+ ip (4.3)

and the former expression of the amplitude at low momentum (4.1), one has

lim
p→0

p cot δ0 = −α

and therefore a0 = α−1. Indeed, from the numerical values of f0 and the corresponding
values of p cot δ0 from (4.3), the fitting of (4.2) at low momentum gives

a0 = 18.8 fm

reflecting the presence of the shallow bound state at 3871.6MeV. As for the effective range,
one obtains

r0 = 0.3 fm,
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Figure 5. Argand diagram for the d-wave elastic D0D̄∗0 scattering amplitude, calculated with
different values of ∆c. Some energies in MeV, referred to in the text, are highlighted.

which is of the order of the range of the meson-meson force mediated by the mixing po-
tential.

Beyond the low-momentum region p � α, Equation (4.1) ceases to be valid, and the
physical information cannot be summarized by a0 and r0 alone. Instead, the physical
picture must be reconstructed from the complicated numerical behavior of the scattering
amplitude.

When increasing p, the modulus of pf0 (or, equivalently, the scaled cross-section)
increases its value reaching a maximum at an energy of about 3875MeV, corresponding to
the peak of the big enhancement in the scaled cross-section.

When going through 3875MeV, the s-wave Argand diagram changes from clockwise to
counterclockwise behavior still following the unitary circle up to an energy about 3880MeV,
at which the inelastic channel D0D̄∗0 → D+D∗− opens. Then pf0 stops following the
unitary circle. At approximately this same energy the d- wave, lD0D̄∗0 = 2, starts to give a
non-negligible contribution. This can be seen more clearly in the Argand diagram for the
d-wave elastic D0D̄∗0 scattering amplitude f2, left panel in figure 5.

A look at this diagram shows that the d-wave phase shift δ2 experiences a counter-
clockwise variation from 0 to π passing π

2 at an energy about 3954MeV, signaling the
presence of a standard Breit-Wigner resonance centered at this energy. This resonance,
which can be also inferred from the s-wave Argand diagram although not in such a clear
way due to the presence of a background phase shift, gives rise, in combination with the tail
of the big enhancement, to the smaller enhancement observed in the scaled cross-section
σ̄D

0D̄∗0←D0D̄∗0

1++ . We call this resonance χc1(2p), since it corresponds to a quasiconventional
cc̄ state coming out (as it was also the case for χc1(3872)) from the interaction of the con-
ventional 2p charmonium state from the Cornell potential, which has a mass of 3953MeV,
with the D0D̄∗0 and D+D∗− thresholds. From the calculated scaled cross section, the
width of the χc1(2p) can be estimated to be 70± 10MeV.
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Figure 6. Elastic scaled cross-sections for JP C = 1++, calculated with ∆c = 110MeV.

4.2 Parameter dependence

It is illustrative to analyze how the above results change under variations of the effective
mixing strength ∆c.

Let us first realize that by increasing ∆c one just increases the binding energy of the
state. So, increasing ∆c from 102.2MeV to 110MeV, the mass of the bound state goes
from 3871.6MeV to 3870.4MeV.

As can be checked, the Argand diagrams drawn in the central panels of figures 4 and 5
and the scaled cross-section plotted in figure 6 are qualitatively similar to those in the left
panels of figures 4 and 5, and in figure 2, respectively.

The modest quantitative differences have to do with a slight decrease of the scattering
length giving rise to a smaller value of the scaled cross-section at low energy.

On the other hand, the binding energy gets closer to zero when decreasing ∆c from
102.2MeV to 101MeV.

If we continue decreasing ∆c, at some value close below 101MeV the binding energy
vanishes and the Argand diagram changes dramatically at p = 0. In that case, one has
pf0 = i (i.e., δ0 = π

2 ) at p = 0, meaning that the amplitude has a pole there. This
situation, which cannot be realized exactly in numerical calculations, corresponds to a
zero-binding-energy state at threshold giving rise to an infinite scattering length.

As for lower values of the mixing strength, such as ∆c = 100MeV, the low-momentum
scattering amplitude shows a counterclockwise behavior with <[pf0] > 0 as it correponds
to a virtual state, see right panel in figure 4.

The physical interpretation is that although the attractive D0-D̄∗0 interaction induced
by the mixing has become too weak to create a bound state, the amplitude still has a
pole close below threshold, but on the unphysical Riemann sheet. This causes the big
enhancement in the scaled cross-section close above threshold, figure 7.

When increasing p, the Argand diagram on the right panel in figure 4 follows counter-
clockwise the unitary circle. At an energy of about 3876MeV, the modulus of pf0 reaches
a maximum with δ0 = π

2 . This maximum corresponds to the peak of the first enhancement
in the scaled cross-section, which reaches the value 1. Then, the modulus of pf0 decreases.
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Figure 8. Elastic scaled cross-sections for JP C = 1++, calculated with ∆c = 50MeV.

For an energy about 3880MeV, corresponding to the opening of the D+D∗− channel, the
Argand diagram stops following the unitary circle, behaving in a completely analogous
manner to the bound state case analyzed above. This is also evident from the d-wave Ar-
gand diagram, right panel in figure 5, showing the unaltered presence of the Breit-Wigner
resonance χc1(2p). Notice that, as in the bound state case, the d-wave contribution starts
to play some significant role only after the D+D∗− channel has opened.

When further decreasing ∆c, the effect of the virtual state on the Argand diagram and
scaled cross-section becomes less relevant, so that for a value ∆c ≤ 50MeV it hardly plays
a role, see figure 8. In contrast, the χc1(2p) enhancement is clearly visible as an isolated
peak, corresponding to a conventional 2p charmonium state.

4.3 D+D∗− → D+D∗− scattering

A look at figure 2 shows that the D+D∗− elastic, scaled cross-section also presents two
enhancements. However, the first enhancement close above threshold is much less signif-
icant than that for the elastic D0D̄∗0 scattering. On the one hand, this has to do with
the fact that the bound state assigned to χc1(3872) has a D+D∗− component significantly
smaller than the D0D̄∗0 one, being also farther from the D+D∗− threshold than for the
D0D̄∗0 one. On the other hand, it is also related to the opening of the inelastic channel
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Figure 10. Argand diagram for the d-wave elastic D+D∗− scattering amplitude, calculated with
∆c = 102.2MeV. The energy at which δ2 = π/2, in MeV, is highlighted.

D+D∗− → D0D̄∗0 at the D+D∗− threshold. This makes, see left panel in figure 9, that the
s-wave Argand diagram at low momenta, showing a clockwise behavior, does not follow
the unitary circle, despite the negligible contribution from the d-wave.

For an energy about 3918MeV, the diagram changes to a counterclockwise behavior.
This change is associated to the presence of the resonance χc1(2p), as confirmed by the
d-wave Argand diagram, figure 10.

This resonance, combined with the tail of the first enhancement, is responsible for
the second enhancement observed in the scaled cross-section σ̄D

+D∗−←D+D∗−

1++ , the slight
increase of the value with respect to σ̄D0D̄∗0←D0D̄∗0

1++ indicating a slightly bigger coupling to
the D+D∗− channel than to the D0D̄∗0 one. This may be understood from the threshold
mass difference between D0D̄∗0 and D+D∗−. This difference makes the D+D∗−-cc̄(2p)
interaction to be slightly more attractive than the D0D̄∗0-cc̄(2p) one.
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The threshold mass difference gives also rise, when changing ∆c, to the appearance
of a virtual state for a value of ∆c below 80MeV instead of ∆c ≈ 100MeV for D0D̄∗0 →
D0D̄∗0, as indicated by the counterclockwise behavior of the s-wave Argand diagram at
low momentum, right panel in figure 9. For higher energies, the diagram confirms once
more the persistence of the resonance χc1(2p).

When decreasing ∆c even more, this is for ∆c = 50MeV and below, the corresponding
highly virtual state has almost no effect on the Argand diagram and the scaled cross-section.

5 Alternative scenarios

In the previous analysis, we have assumed the cc̄–meson-meson mixing induced by string
breaking to be the very dominant interaction underlying the DD̄∗ scattering process. How-
ever, the effective value of ∆c could be implicitly taking into account, up to a certain extent,
the effect of other neglected interactions. Next, we briefly analyze two alternative scenar-
ios within the diabatic framework. For this purpose, our starting point in both cases will
be a string breaking mixing interaction whose strength parameter is taken as a flavor-
independent constant fixed to the lattice value,

∆Lattice ≈ 51/
√

2 MeV ≈ 36.1 MeV,

consistently with the understanding of the energy levels being independent of the heavy-
quark mass aside a constant shift to all levels.

5.1 Diabatic toy model with pion exchange

Let us consider the addition of a meson-meson interaction mediated by one pion exchange
(OPE) represented by a simplified radial Yukawa-like potential,

VOPE(r) = −g e
−mπr

r

so that the meson-meson diagonal diabatic potential matrix elements become

T (i) → T (i) + VOPE(r),

with g an effective coupling constant and mπ the exchanged pion mass. As we are more
interested in elastic scattering processes, we consider only exchanges of a neutral pion with
a mass mπ ≈ 135MeV, and we neglect charged pion exchanges mediating the inelastic
D0D̄∗0 ↔ D+D∗− processes. As for the coupling constant g, we fix it requiring that
altogether the mixing with cc̄, with a strength fixed from lattice QCD, and the OPE
potential generate the χc1(3872) close below the D0D̄∗0 threshold. The resulting value is
g ≈ 23.7MeV fm, giving rise to a very dominant meson-meson probability.

Regarding this value, it may be taking into account the effect of terms that have not
been considered in our simplified interaction. Actually, the value of g is about four times
bigger than the coupling constant γV0

mπ
~c = 5.7MeV fm used in [32] to describe χc1(3872) as

a deuson with a binding energy of 500 keV from pion exchange assuming isospin invariance.
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Figure 11. Elastic D0D̄∗0 cross-section for JP C = 1++ near 3960MeV, calculated in the diabatic
toy model with ∆c = ∆Lattice and simplified OPE potential.

Although a comparison is very difficult due to the quite different frameworks involved, the
bigger value of g could be somehow expected from the approximations followed (only π0

exchange, no tensor interaction, no D0D̄∗0-D+D∗− diabatic potential mixing, etc. . . ).
This effective OPE potential is by no means an accurate representation of the D0D̄∗0

interaction (for a critical analysis of pion exchange between charm mesons, see, for in-
stance, [33] and references therein). However, it may be illustrative about the effects in
more refined treatments.

In this toy model, the two separate scattering interactions, the one taking place through
cc̄–meson-meson mixing and that through π0 exchange, add coherently in the scattering
amplitude, from which the cross-sections are straightforwardly calculated.

Exactly like before, the elastic open-charm cross-sections for JPC = 1++ calculated in
the toy model show important enhancements at the D0D̄∗0 and D+D∗− thresholds. The
χc1(2p) appears again as a small resonant structure in the elastic D0D̄∗0 cross-section near
3960MeV, see figure 11. The calculated resonance is narrower than the corresponding one
in figure 3, which is somehow expected since the mixing potential mediates the decay of
χc1(2p) to open charm meson-meson channels and ∆Lattice is about one third of ∆c. This
sharpness also allows to appreciate the typical behavior of the cross-section in presence of
a resonance on a big background. This aside, the plot in figure 11 shows no qualitative
difference with respect to that in figure 3, being the χc1(2p) structure completely dwarfed
by the nearby threshold enhancements.

5.2 Diabatic toy model with an additional compact state

Thus far, we have shown that a molecular χc1(3872) may overshadow χc1(2p) in its open-
charm di-meson decay channels. However, the nature of χc1(3872) is still matter of intense
debate. On one hand, some of its decay properties, like the ratio of its branching fractions to
ρJ/ψ and ωJ/ψ, and the proximity of its mass to the D0D̄∗0 threshold, have been interpreted
as hints towards a molecular nature, see, for instance, [34–36] and references therein. But
other properties, like its observed prompt production in hadron collisions or a tentative
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Figure 12. Elastic scaled D0D̄∗0 and D+D∗− cross-sections for JP C = 1++, calculated in the
diabatic toy model with ∆c = ∆Lattice and a compact χc1(3872).

determination of the sign of the D0D̄∗0 effective range, have been used as arguments in
favor of a more compact quark nature, see, for instance, [37, 38] and references therein.

Although the phenomenological nature of our diabatic potential prevents us from draw-
ing a definite conclusion about the composition of χc1(3872), we can exploit the diabatic
framework to contribute to such discussion, at least in what concerns the overshadowing
of χc1(2p).

In principle, tetraquark channels and their potentials could be calculated on the lattice
and then included in a diabatic scheme. While a rigorous study is clearly beyond the reach
of this paper, here we can at least qualitatively discuss the expected consequences on
the overshadowing of χc1(2p) if one assumes a compact χc1(3872) nature in a diabatic
toy model. Specifically, we proceed as in section 5.1, fixing the cc̄-DD̄∗ mixing strength
parameter to the lattice value but inserting an extra “compact” hidden-charm channel
instead of adding a DD̄∗ potential. We adjust the numerical values of the diabatic potential
matrix elements involving the extra compact channel to have a pure compact state, with a
mass about that of χc1(3872), whose mixing with DD̄∗ generates a state with a mass close
below the D0D̄∗0 threshold (at 3870.1MeV, to be precise) and a composition dominated
by the additional compact channel (98% of compact hidden-charm and 2% of molecular
D0D̄∗0 probabilities, to be precise).

The scaled elastic D0D̄∗0 and D+D∗− cross-sections calculated in this diabatic toy
model are plotted in figure 12. In this figure, the threshold enhancements are clearly
absent and the χc1(2p) is immediately evident as an isolated peak. In this respect, the
plot closely resembles that in figure 8, with the only difference being a narrower calculated
χc1(2p) peak, due to the fact that here we have used smaller value of ∆c (36.1MeV instead
of 50MeV). Therefore, we see that a compact χc1(3872) may not create enough threshold
enhancement to overshadow χc1(2p), its effect being comparable to that of a highly virtual
molecular state (see the end of section 4.2).
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6 χc1(2p)

The persistence of χc1(2p) even if no threshold enhancement were present in the cross-
section is explained because this resonance has a very dominant 2p cc̄ component coming
from the interaction of the 2p Cornell state with the continuum of D0D̄∗0 and D+D∗−

states through the diabatic mixing. In other words, this resonance would be present (with
a slightly different mass) even if the mixing were not giving rise to χc1(3872). This seems
to contradict the current experimental situation since no clear distinctive signal of χc1(2p)
has been observed.

In this regard, we have shown that, assuming a molecular nature for χc1(3872), a pro-
nounced cross-section enhancement close above the D0D̄∗0 and D+D∗− thresholds takes
place, and this prevents having a clear Breit-Wigner signal of χc1(2p) in these channels.
Instead, a very soft enhancement over a huge background, practically imperceptible in the
cross-section, makes difficult the experimental disentanglement of this resonance through
its expected dominant decays to D0D̄∗0 and D+D∗−. In this sense, accurate measurements
of the DD̄∗ mass distribution around the energy of the resonance would be very relevant.
Notice though that this difficulty is specific for the D0D̄∗0 and D+D∗− channels because
they enter as bound state components in χc1(3872). This suggests that other decay chan-
nels, for which overshadowing from χc1(3872) may not occur, might be more suited for the
discovery of this resonance.

Regarding strong processes, it is natural to think of the OZI-forbidden decay to ωJ/ψ.
Indeed, for χb1(2p), which can be considered as the bottomonium partner of χc1(2p),
the decay to ωΥ(1s) is significant (as it cannot decay to open-bottom channels). More-
over, although the decay χc1(3872)→ ωJ/ψ is significant, the presumably sharp lineshape
of χc1(3872) makes overshadowing in this channel less likely. (Notice that this decay
is expected to occur dominantly through the molecular components of χc1(3872), since
(cc̄)→ ωJ/ψ is OZI-suppressed.) As a matter of fact, a recent study from BESIII [39] does
hint at a possible resonance with a mass of 3963.7± 5.5MeV and a quite uncertain width,
33.3± 34.2MeV, for a better fitting of the ωJ/ψ mass distribution in e+e− → γωJ/ψ.

As for electromagnetic processes involving χc1(2p), the decays χc1(2p) → γψ(2s) and
χc1(2p) → γJ/ψ could have some significance, in parallel with the observed decays of
χb1(2p). On the other hand, we may expect a significant production of χc1(2p) through
ψ(4040)→ χc1(2p)γ if ψ(4040) contains, as leptonic width data seem to indicate, a domi-
nant 3s cc̄ component. In this regard, current data, giving only an upper bound (3.4×10−3)
for the ψ(4040)→ χc1γ branching fraction, are clearly insufficient. We encourage an addi-
tional experimental effort along this line.

Additional indirect support to the existence of χc1(2p) could be obtained from the dis-
covery of expected (0, 2)++ charmoniumlike partners, this is, quasiconventional cc̄ states
with masses close to those of the 0++ and 2++, 2p cc̄ states. However, at its current
stage the diabatic approach can neither accurately predict their masses nor their possi-
ble overshadowing in the cross-sections by close structures, since it does not incorporate
spin-dependent corrections to the Cornell potential (nor, consistently, other spin-dependent
corrections in the diabatic potential matrix). For instance, the application of these correc-
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tions could make the 0++ 2p cc̄ state to be below the DsD̄s threshold, what could alter the
results obtained in [7]. As for the 2++ 2p cc̄ state, a similar situation may occur since its
mass could be increased to make it to be above the D∗0D̄∗0 threshold. The implementation
of these corrections, out of the scope of this article, will be the subject of a future study.

Therefore, we may conclude that there is a sound theoretical support and some exper-
imental indication in favor of the existence of χc1(2p), a 1++ quasiconventional charmoni-
umlike resonance whose experimental detection through its expected dominant D0D̄∗0 and
D+D∗− decay modes may be hindered by the presence of the well-established χc1(3872).
More (and more accurate) data are needed to confirm or refute this prescription.

With respect to this, the theoretical study carried out in section 5 shows clearly that
the overshadowing of χc1(2p) is a direct consequence of:

(i) the predicted mass of the 2p charmonium state being relatively close above the D0D̄∗0

and D+D∗− thresholds;

(ii) string breaking coupling the 2p charmonium state with the continuum of D0D̄∗0 and
D+D∗− states;

(iii) the existence of a charmoniumlike meson state with dominant D0D̄∗0 and D+D∗−

components and a mass close below the corresponding thresholds.

It should be pointed out that (i) is well-established from phenomenological potential
models and underpinned by quenched lattice QCD calculations of the quarkonium poten-
tial, while (ii) is supported by observation of string breaking in unquenched lattice QCD. As
for (iii), the χc1(3872) is experimentally well-established although its nature as a molecular
or compact state is still under debate [34–38, 40]. In this sense, the experimental observa-
tion of the overshadowing of χc1(2p) would constitute a compelling signal of the presence
of a considerable molecular component in χc1(3872).

7 Summary

We have carried out a thorough study of the 1++ D0D̄∗0 and D+D∗− elastic scattering,
for center of mass energies up to 4GeV, in the so-called diabatic approach in QCD.

This formalism allows for the implementation of quenched and unquenched lattice
results for the energies of static quark and antiquark sources, through the form of the
diabatic potential matrix entering in a multichannel Schrödinger equation involving cc̄ and
meson-meson components. Then, under the assumption that the meson-meson scattering
takes place predominantly through the mixing with cc̄, namely meson-meson → cc̄ →
meson-meson, the asymptotic solution of the Schrödinger equation provides us with the
meson-meson scattering amplitude and cross-section from the lattice dynamical input.

We have shown, through a detailed analysis of the scattering amplitudes under vari-
ation of the mixing strength parameter, that independently of the character (bound or
virtual state) of the well-established χc1(3872), which has been assigned to a calculated
diabatic state, a quite robust prediction of a not yet established resonance with a mass
at about 3960MeV comes out. The underlying physical picture is that due to the vicinity
of the 2p cc̄ state to the D0D̄∗0 and D+D∗− thresholds, the meson-meson mixing with
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cc̄, which is only relevant at energies around the meson-meson thresholds, gives rise to
two states, one at an energy close to the threshold being predominantly of D0D̄∗0 type,
the χc1(3872), and the other at an energy close to that of the 2p pure cc̄ state being pre-
dominantly of cc̄ type, the χc1(2p). Curiously, the vicinity of χc1(3872) prevents having a
clearly distinctive signal of χc1(2p) in the elastic D0D̄∗0 and D+D∗− cross-sections, despite
the fact that χc1(2p) is expected to decay very dominantly through these channels. This
difficulty may be overcome through the consideration of alternative decay channels, for
which the χc1(3872) might not overshadow the χc1(2p). This could be the case for the
ωJ/ψ decay channel, according to a recent experimental exploration of the ωJ/ψ mass dis-
tribution from e+e− → γωJ/ψ whose better fitting is achieved when a contribution from
a resonance with a mass at about 3960MeV, which we tentatively identify with χc1(2p), is
taken into consideration.

As a possible alternative dynamical scenario, we have considered a diabatic toy model
where a direct meson-meson interaction, explicitly neglected in the previous diabatic anal-
ysis, has been modeled through an effective one pion exchange potential. The cross-section
calculated in this toy model shows that the overshadowing of χc1(2p) is not qualitatively
sensitive to the details of the scattering potential but rather to the molecular composi-
tion of χc1(3872). This has been confirmed through the consideration of another diabatic
toy model where χc1(3872) has been assumed to have a compact nature (which could be
simulating a tetraquark one) and no overshadowing for χc1(2p) is predicted.

Hence, the observation of the overshadowing of χc1(2p) would also provide a model-
independent insight to the nature of χc1(3872).
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