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X (3872)’s excitation and its connection with production at hadron colliders
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The LHCb collaboration has found that the production rate of X(3872) in proton-proton collisions
decreases as final state particle multiplicity increases. Moreover, the ALICE experiment at CERN has
observed that the number of deuterons produced increases with multiplicity, a behavior thatis qualitatively
different from that of the X(3872). These experimental findings may point to a compact structure for the
X(3872) or, at least, that its hadronization could proceed through a charm-anticharm core. We have
recently used a diffusion Monte Carlo method to solve the 4-body Schrodinger equation that describes the
X (3872) as a ccqq tetraquark system with quantum numbers /¢ (J7€) = 0*(17+) and 1~ (17F). According
to our structural analysis, the quark—(anti)quark correlations resemble light-meson—heavy-meson
molecules of type wJ/y and pJ/wy, rather than the most extended DD* interpretation. It was argued
that this fact may be the key to make compatible the molecular features of the X(3872) with its production
observables. The same formalism allows us to compute the first color excited ccqq tetraquark state with
either 19(JP€) = 0" (17F) or 17(17"). A bound-state is found in each channel, their masses are around
4.0 GeV which is an energy region where many new exotic candidates have been collected by the Particle
Data Group. Concerning their structural properties, these states cluster in a compact diquark-antidiquark
arrangement which matches perfectly with a so-called Born-Oppenheimer tetraquark configuration. The
promptly production rates of these states in proton-proton, proton-nucleus and nucleus-nucleus collisions
should fall off equal to or even faster than those of the X(3872).

DOI: 10.1103/PhysRevD.106.094004

I. INTRODUCTION

The structure of exotic states, called collectively XYZ,
has been a matter of intense scientific debate during the last
two decades [1-7]. The X(3872) is the most studied among
them, observed in 2003 by the Belle collaboration as an
unexpected peak in the z*z~J /y invariant mass spectrum
of the decay BT — K*n"x~J/y [8]. Its mass is almost
exactly at the D°D*? threshold and it is remarkably narrow
[9]. The pion pair is dominated by the p-meson, thus
showing sizable isospin violation, unexpected if the
X(3872) were a conventional charmonium state.

Since the simple charm-anticharm structure cannot
account for the observed features of X(3872), more valence
quarks are needed. Its minimal content would be ccqg,
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with g either u- or d-quark, and the additional quarks could
be gather together by color forces forming a new kind of
hadron, which is basically classified into a compact
tetraquark of hadronic size [10,11] or a hadron molecule
with an extension larger than 1 fm [12—14]. Concerning the
second case, it is advocated that the X(3872) is a loosely
bound DD*-molecule, the meson counterpart of the deu-
teron, due to its closeness with respect to threshold. Other
molecular arrangements for the X(3872) have not been
frequently considered, despite the existence of alternatives
such as hadrocharmonium [15], which consists of a
compact color-singlet (c¢)-pair surrounded by a color-
singlet (gg)-pair bounded through color (van der Waals)
interactions; see also the proposal of Ref. [16] related with
the so-called Born-Oppenheimer tetraquarks that consist of
a color-octet (c¢)-pair and a color-octet (¢g)-pair bounded
by the exchange of gluons.

The LHCb collaboration has recently observed that the
production rate of promptly produced X(3872), relative to
the y(2S), as a function of final state particle multiplicity,
decreases with increasing multiplicity [17]. An effect that is
firmly known to affect the production of ordinary heavy
quarkonia in proton-nucleus collisions due to final state
breakup interactions between quarkonia and comoving
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particles [18,19]. Moreover, the ALICE collaboration has
recently published an analysis for deuteron production in
proton-proton collisions [20,21] showing that the number
of deuterons produced increases with multiplicity, a behav-
ior that is qualitatively different from that of the X(3872).
The idea that interactions with co-movers could favor the
coalescence of a hadron molecule was originally proposed
in [22,23] for nucleon-nucleon, and in [24,25] for nucleus-
nucleus collisions.

The DD* molecular interpretation of X(3872) can avoid
the mentioned experimental challenges if its hadronization
proceeds through a compact cc¢ core, which is difficult to
assume when the X(3872) description is based simply on
the same nuclear forces that bind together two nucleons to
form the deuteron. While maintaining hadron molecular
picture, one can resort to different configurations as
hadrocharmonium to explain the new observed properties
related with X(3872) production.' In Ref. [26], we used a
diffusion Monte Carlo method to solve the 4-body
Schrodinger equation that describes the X(3872) as a
ccqq tetraquark. Two ccqq loosely lying states with
quantum numbers [¢(JP€) = 0" (1F) and 1=(17) were
found. According to our results, the two quarks and two
antiquarks are arranged as light-meson—heavy-meson mol-
ecules of type wJ/w and pJ/y, rather than the most
extended DD* interpretation. This fact would be the key
to make compatible the molecular features of the X(3872)
with its decay and production observables that seem to
indicate the presence of a c¢ cluster.

Among other advantages, the diffusion Monte Carlo
avoids the usual quark-clustering assumed in any theoreti-
cal technique applied to the same problem, which is crucial
in the study of X(3872)’s nature. Moreover, the interaction
between particles was modeled by the most general and
accepted potential, i.e., a pairwise interaction including
Coulomb, linear-confining and hyperfine spin-spin terms.
Goldstone-boson exchange interactions between light
quarks were also considered. However, they played a
marginal role: the chiral contribution to the mass of the
X(3872) represented only 10%, and also the chiral poten-
tials are so weak that they do not produce meson-meson
molecular states by themselves.

Our theoretical formalism allows to study (color) excited
tetraquark configurations from the lowest-lying states
reported in Ref. [26]. This letter is devoted to present their
masses, wave functions and structural properties, high-
lighting the fact that its nature is completely different from
our theoretical candidates of the X(3872) meson.

II. THEORETICAL FORMALISM

The use of Quantum Monte Carlo (QMC) methods to
hadron physics has been scarce [27-29] because these tools

'Note herein that compact tetraquark interpretations suffer
from other deficiencies such as an overpopulation of exotic states.

are ideally suited for many-body physics [30-32] and most
known hadrons consist only on 2- and 3-body bound states,
i.e., mesons and baryons. The quark model paradigm of
hadrons is, however, changing in the last twenty years with
many experimental signals pointing out the possible
existence of a new particle zoo made of tetra-, penta-
and even hexaquark systems [9].

We used a diffusion Monte Carlo (DMC) method to solve
the nonrelativistic bound-state problem of fully heavy
tetraquark systems in Ref. [33]. The dynamics was driven
by a 2-body potential consisting on Coulomb + linear-
confining + hyperfine spin-spin terms whose parameters
were constrained by a simultaneous fit of 36 mesons and
53 baryons [34,35]. We demonstrated (see left-bottom panel
of Fig. 7 in Ref. [33]) that the J*€ = 1+ ch&b ground state
prefers to be organized in clusters of ¢ and bb, whose
extensions are less than 0.5 fm, separated by a distance of
about 0.8—1.0 fm. This arrangement of quarks (antiquarks) is
not imitated by its ch¢ b tetraquark partners with different
quantum numbers J°¢ = 07+, 17, and 2 ; neither seen in
any other explored case of fully heavy tetraquarks.

Motivated by such theoretical observation, the DMC
method was soon after applied to the JPC€ = 1%+ cqc g
system, in the isoscalar and isovector sectors [26]. Unlike
fully heavy tetraquarks, an additional dynamical mecha-
nism must be taken into account: Goldstone-boson
exchange potentials [36—39]. Their expressions can be found
in, e.g., Ref. [40] and have been fixed in the last 10-20 years
reproducing hadron [41-43], hadron-hadron [44—46] and
multiquark phenomenology [47—49]. Note, too, that the
DMC algorithm allows us to use the same formulas without
considering the regularization procedure, i.e., we take the
limit A, — oo in the mentioned expressions.

It is worth mentioning herein that the set of model
parameters are fitted to reproduce a certain number of
hadron observables within a determinate range of agree-
ment with experiment. Therefore, it is difficult to assign an
error to those parameters and, as a consequence, to the
magnitudes calculated when using them. As the range of
agreement between theory and experiment is around 10%—
20%, this value can be taken as an estimation of the model
uncertainty.

We obtained two ccqg loosely lying states with quantum
numbers [6(JP€) = 0" (1*+) and 17(17*), whose masses
were, respectively, 3834 MeV and 3842 MeV. In order
to get agreement with the X(3872)’s experimental mass,
the used quark masses [35], m, = 315 MeV and m, =
1836 MeV, can be fine-tuned. In any case, the model
uncertainty allows well to assert that theoretical and
experimental masses are in fair agreement. These states
could contribute separately to the X(3872) signal, or being
explained by a coupling between them. As one can see in
Fig. 1 of Ref. [26], the significant feature is that these states
prefer to be arranged as light-meson—heavy-meson mole-
cules of type wJ/w and pJ/y, rather than the most
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FIG. 1. Radial distribution functions of the first color excited cZqg tetraquark state with either 1¢(J7€) = 0 (1*+) (left panel) or
I6(JPC) = 1=(1*7) (right panel) quantum numbers. These functions represent the probability of finding the 2 quarks (antiquarks) at an
interquark distance r. In both panels, solid (green), dot-dashed (blue), dot-dot-dashed (yellow) and dotted (purple) represent,
respectively, gg, c¢, cq and cg correlations inside the ccqq tetraquark.

extended DD*,* which may explain the observed promptly
production properties of the X(3872). In fact, the
X (3872)’s associated color wave function satisfies:

|X(3872)>color = 0'57|§qc3?]5>color + 0'82|6q66t}5>color7 (1)
in both isoscalar and isovector JPC€ = 1** channels.
Moreover, using Egs. (56) and (57) of Ref. [33], Eq. (1)
can be translated into

‘X(3872)>color ~ |lcéiqq>color7 (2)
indicating that the computed tetraquarks prefer to be
in a color-singlet (c¢)-pair plus a color-singlet (gg)-pair
configurations.

III. THE X(3872)’S FIRST (COLOR) EXCITATION

The same formalism allows us to compute the first color
excitation of the X(3872), interpreted as ccqq tetraquark
state. The most simple way to proceed is fixing an
orthogonal color wave function:

|X/> = _0'82|§qc3f15>0010r + 0'57|6q06?]6>color’ (3)
which, using again Eqgs. (56) and (57) of Ref. [33], can be
translated to

color

It is worth mentioning here that the theoretical meson-meson
thresholds are M, = 3870 MeV, M,;;, = 3871 MeV and
Mpp- = 3879 MeV.

~[8,:8 (4)
It basically assumes a structure named quarkonium adjoint
meson or Born-Oppenheimer tetraquark [16] for the first
excitation of the X(3872). This consists of two bounded
color-octets, (c¢)g and (¢g)g, with dynamics similar to that
of quark-gluon hybrids [50].

We obtain for the first color excited state of the JP¢ = 17+
ccqq system the binding energy3 —302 MeV, inthe isoscalar
sector, and —294 MeV, in the isovector one. Note also that
such values correspond to the absolute masses 4000 MeV and
4008 MeV. The PDG [9] reports the observation of 9 states in
the mass range [3.9, 4.1] GeV, which makes the naive quark
model picture unable to encompass all of them. Some of
these states are well established experimentally while the
nature of others is completely unknown, without even being
clear about their quantum numbers. Therefore, one could
assign to our theoretical states any of the experimental signals
as, for instance, the X(4050)* candidate; but strong state-
ments related with any assignment would not be suitable at
this time.

We turn now our attention on the structure of above
bound-states, exploiting the concept of radial distribu-
tion function because it provides valuable information
of the existence of interquark correlations; in particular,
2-body correlations. Figure 1 shows the radial distribu-
tion functions of the first color excited ccqg tetraquark
state with either 19(JP€) =07 (17") (left panel) or

|X/>c010r qq>color .

*Note here that we are referring to the following meaning of
binding energy: Eg = Myoupa — 21, — 2m,,.

094004-3



M. C. GORDILLO, F. DE SOTO, and J. SEGOVIA

PHYS. REV. D 106, 094004 (2022)

16(JP€) =17(1"*) (right panel). These functions re-
present the probability of finding two quarks (antiquarks)
at an interquark distance r. In both panels, solid (green),
dot-dashed (blue), dot-dot-dashed (yellow) and dotted
(purple) represent, respectively, ¢g, c¢, cq and cg corre-
lations inside the ccqq tetraquark. All radial distribution
functions have a mean value less than 1 fm indicating that
quark—(anti-)quark correlations are mainly short distance
effects of a compact object.

Looking at our results, one can conclude: (i) the color-
excited J€ = 17+ ¢&qg tetraquark state tends to cluster in
a diquark-antidiquark configuration which resembles a
Born-Oppenheimer tetraquark; (ii) every quark—(anti)quark
correlation has an extension <1 fm, indicating that it is a
compact object; (iii) contrary to the ground state, there is no
trivial connection between quark—(anti)quark radial distri-
butions and any kind of meson wave functions; and (iv) ¢g,
cc and cg and cq correlations fall off to zero with the
interquark distance, indicating the fact of having finite size
for the calculated tetraquark ccgg structures.

Our theoretical interpretation of the X(3872) as a hadro-
charmonium consisting on a compact color-singlet (¢¢)-pair
surrounded by a color-singlet (¢g)-pair bounded through
color interactions could be tested looking for the abundance
of its excited (color) state in high-multiplicity pp collisions.
Since X' is interpreted as a Born-Oppenheimer J7€ = 1+
ccqq tetraquark state at around 4.0 GeV, one should expect
that its production yield decreases with respect to final state
particle multiplicity, even in a larger rate than in the case of
X(3872) because the quarks and antiquarks are closer. The
LHCb and ALICE experiments at CERN are in the position
of performing such kind of investigations.

IV. EPILOGUE

We use a diffusion Monte Carlo method to solve the
4-body Schrodinger equation that describes the color
excited JPC =17+ céqg tetraquark system, in both

isoscalar and isovector sectors. Among other advantages,
this approach avoids the usual quark-clustering assumed in
any theoretical technique applied to the same problem and,
moreover, provides information about the hadron’s wave
function and structural properties.

Two bound-states were found whose masses at around
4.0 GeV make them perfect candidates for any of the
states collected by the PDG in such energy region.
Concerning their structural properties, these states cluster
in a diquark-antidiquark configuration which resembles a
Born-Oppenheimer tetraquark. Any quark—(anti)quark cor-
relation has an extension <1 fm, pointing out to be
compact objects. Moreover, such correlations fall off to
zero indicating the fact of having finite size for the
calculated tetraquark ccqq structures. Finally, contrary to
the ground states investigated in Ref. [26] and assigned to
the X(3872) signal, quark—(anti)quark radial distributions
do not follow any kind of meson wave functions.

The production rates of these states in proton-proton,
proton-nucleus and nucleus-nucleus collisions as a function
of final state particle multiplicity could, first, confirm our
interpretation of the X(3872) as a hadrocharmonium and,
second, the compact nature of the excitations with pro-
duction rates that should fall off equal to or even faster than
those of the X(3872). Let us stress again that such kind of
experiments can be already performed by the LHCb and
ALICE collaborations at CERN.
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