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Production of exotic charmonium in heavy ion collisions
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Abstract. We present a short review of exotic charmonium production in heavy ion colli-
sions. We discuss predictions for the production cross section of several of these states in
ultra-peripheral Pb-Pb collisions at the LHC. The experimental study of these processes
is feasible and can be used to yield valuable information about the structure of multiquark
states. We also address X(3872) production in central Pb-Pb collisions. In particular, we
discuss the suppression of X(3872) during the hadron gas phase. Finally, we comment on
the very recent CMS data on the X(3872) yield in Pb-Pb collisions.

1 Introduction

During the past decade, the existence of exotic hadrons has been firmly established [1, 2]. These
hadrons are not simply made by quark-antiquark or by three quarks. They are genuine multiquark
states but we do not know yet how they are organized. Among the proposed configurations, the
meson molecule and the tetraquark are the most often discussed. A tetraquark is compact and the
interaction between the constituents occurs through color exchange forces whereas a meson molecule
is an extended object and its constituents are weakly bound by meson exchange. In principle the new
exotic states can be tetraquarks, meson molecules or tetraquark-molecule mixtures. Indeed this mixed
approach has led to the best description of the X(3872). In Ref. [3] the mass and strong decay width
were very well reproduced assuming that the X(3872) has a ¢¢ component with a weight of 97 % and
a DD* component with 3 % weight. Even if the best description is given by a mixture it is still very
important to understand the individual role played by each component.

The production of exotic particles in hadronic colliders is not yet well understood. It has been
argued [4, 5] that it is difficult to produce molecules in p-p collisions. In a pure molecular approach
the cross section for X(3872) production estimated in [4, 5] is two orders of magnitude smaller than
the measured one. However, in [6] the procedure to obtain these estimates was criticized and the
molecular picture was reconciled with data. In Ref. [7] it was shown that the best description can be
achieved with a charmonium-molecule combination, i.e. X£1 — DD*, in which the c¢ component is of
the order of 28 — 44 %. An attempt to explain the data in the tetraquark approach was performed in
[8].

Relativistic heavy ion collisions offer a new testing ground for the ideas about the structure of
exotic charmonium states. In ultra-peripheral collisions the photon flux is extremely high and one can
look for states (X) produced through photon-photon fusion (yy — X) in a very clean environment.
In central collisions the number of produced charm quarks is very large and so is the expected exotic
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charmonium yield. In the next section we briefly review the existing results on the exotic charmo-
nium production cross section in ultra-peripheral collisions. In the following section we focus on the
production of X(3872) in central collisions. We then give a summary of the situation and try to list
the next steps in the field.

2 Ultra-peripheral heavy ion collisions

The strong electromagnetic fields generated by these ions allow the production of a meson in photon-
photon interactions. The idea of studying exotic meson production in UPCs was pioneered in [9].
Later, in Ref. [10], the same formalism was applied to the production of mesons and exotic states
in proton-proton collisions. In [11] these calculations were updated and extended to proton-proton
and nucleus-nucleus collisions at LHC energies, focusing on photon-photon production of the heavy
exotic charmonium states and including X(3915), Z(3930) and X(4160). All the ingredients of these
calculations are fixed with the exception of the two-photon decay width of the exotic state. In princi-
ple, tetraquark and molecular configurations would yield quite different numbers for the decay widths,
which would yield quite different production cross sections. The two-photon decay width of the ex-
otic states has been calculated in the molecular approach in several works [12]. Unfortunately the
theoretical predictions of the tetraquark model are not yet available.

In [11] all the charmonium states were considered for which either a measurement or a theoretical
estimate of the decay width is available. Moreover, the two possible assignments, 0** and 2*7, for the
states X(3940) and X(4140) were considered.

State Mass | [ (keV) T, (ub) or (ub)
276 TeV [ 55TeV [ 276 TeV [ 5.5 TeV
X(3940), 07 | 3943 0.33 4.2 8.2 6.5 11.8
X(3940), 2** | 3943 0.27 17.2 33.6 26.5 48.4
X(4140), 0** | 4143 0.63 6.5 12.9 10.2 18.7
X(4140), 27 | 4143 0.50 26.0 51.2 40.3 74.3
7(3930), 2** | 3922 0.083 54 10.5 8.3 15.2
X(4160), 2** | 4169 0.363 18.4 36.4 28.6 52.7
Y,(3912), 2% | 3919 0.774 50.5 98.6 77.9 142.2
X(3915), 0** | 3919 0.20 2.6 5.1 4.0 7.34

Table 1. Cross sections for exotic meson production in PbPb collisions using the theoretical decay rates
published in Ref. [12]. 0, . and o refer to different assumptions for the nuclear form factors.

'min

In Table 1 we show the predictions for the cross sections for the production of several exotic
mesons in Pb-Pb collisions at /s = 2.76 TeV and /s = 5.5 TeV using two types of nuclear form
factor. The cross section is enhanced by a factor Z* in Pb-Pb collisions. This is reflected in the results,
with the cross sections ranging from a few hundred nb up to a few tens of ub.

In order to illustrate the behavior of the cross section with the collision energy +/s we take the state
X(3915) as example. Fig. 1a shows the behavior of the production cross section in Pb-Pb collisions
with /s from 10 GeV to 100 TeV. As it can be seen, this cross section can reach large values at
energies covered by the future colliders such as the FCC (Future Circular Collider) and the CEPC
- SPPC (Circular Electron Positron Collider - Super Proton Proton Collider). Fig. 1b, shows the
rapidity distribution of the X(3915) in Pb-Pb collisions at /s = 5.5 TeV. The width of the rapidity
distributions and the total cross sections are the most useful quantities to be compared with theoretical
predictions of particle production in UPCs in relativistic heavy ion collisions.
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Figure 1. a) Cross section of the process PhPb — X(3915) as a function of the energy +/s. b) Rapidity
distribution of the produced X(3915) with the same definitions as in a). Figure taken from Ref. [11].

3 Central heavy ion collisions

As pointed out by the EXHIC Collaboration [13], high energy heavy ion collisions offer an interesting
scenario to study the production of multiquark states. In these processes, a quite large number of
heavy quarks is expected to be produced. Moreover, the formation of quark gluon plasma (QGP) may
enhance the production of exotic charmonium states, since the charm quarks are free to move over a
large volume and they may coalesce to form bound states at the end of the QGP phase.

One of the main conclusions of Refs. [13] was that, if the production mechanism is coalescence,
then the production yield of these exotic hadrons at the moment of their formation strongly reflects
their internal structure. In particular it was shown that in the coalescence model the production yield
of the X(3872), at RHIC or LHC energies, is almost 20 times bigger for a molecular structure than
for a tetraquark configuration. After being produced at the end of the quark gluon plasma phase,
the X(3872) interacts with other hadrons during the expansion of the hadronic matter. Therefore, the
X(3872) can be destroyed in collisions with the comoving light mesons, such as X + 7 — D + D,
X +7m — D* + D*, but it can also be produced through the inverse reactions, such as D + D — X + 7,
D*+D* — n+X. We expect these cross sections to depend on the spatial configuration of the X(3872).

The interactions of the X in a hadronic medium were studied in the framework of S U(4) effective
Lagrangians [14]. The authors computed the corresponding production and absorption cross sections,
finding that the absorption cross section is two orders of magnitude larger than the production one.
In particular, for the largest thermally averaged cross sections they find: < ov >, y_,pp = 30 <
oV >ppepx- In spite of this difference, the authors of [14] arrived at the intriguing conclusion that
the number of X’s stays approximately constant during the hadronic phase. Moreover, the terms with
anomalous couplings were not included in the calculations. In Ref. [15] the authors showed that
the inclusion of the couplings of the X(3872) to charged D’s and D*’s and those of the anomalous
vertices, 7D*D* and XD*D*, increases the cross sections by more than one order of magnitude. These
anomalous vertices also give rise to new reaction channels, namely, D + D* —» 7+ X and 7 + X —
D + D*. The changes that the above mentioned contributions can produce in the X abundance (and in
its time evolution) were evaluated in Ref. [16] and they are shown in Fig. 2. In the figure the solid
line represents the result obtained in [14]. The dashed line shows the result when one includes the
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couplings of the X(3872) to charged D’s and D*’s. The light-shaded band shows the results obtained
with the further inclusion of the diagrams containing the anomalous vertices. The band reflects the
uncertainty in the XD*D* coupling constant, which is gyp-p- = 12.5 + 1.0.
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Figure 2. Time evolution of the X(3872) abundance as a function of the proper time 7 in central Au-Au collisions
at /syy = 200 GeV. The solid line, the dashed line and the light-shaded region represent the results obtained
considering only the neutral D’s and D*’s, adding the contribution from charged D’s and D*’s and including
contributions from the anomalous vertices respectively. Figure taken from Ref. [16].

As can be seen, without the inclusion of the anomalous coupling terms, the abundance of X re-
mains basically constant. Including the coupling of the X to charged D’s and D*’s does not bring any
important change in the time evolution of the X abundance. On the other hand, the inclusion of the
anomalous coupling terms modifies the behavior of the X(3872) yield, producing a fast decrease of
the X abundance with time.

If the X(3872) would be a tetraquark state it would be formed at the end of the QGP phase and
would be massively destroyed during the hadron gas phase. If the X(3872) would be a molecular
state, it would be formed with an abundance 20 times larger at the end of the QGP phase. Moreover
it would be also formed by meson coalescence at the end of the hadronic phase. According to [14], at
this time the average number of X’s, considering it as a DD* molecule, is Nx(mon = 1.8 X 107, which
is about 80 times larger than yield of a tetraquark state at the end of the hadronic phase (see Fig. 2).
We can then conclude that the QGP contribution for the X(3872) production (as a tetraquark state
and from quark coalescence) after being suppressed during the hadronic phase, becomes insignificant
at the end of the hadronic phase. On the other hand, if the X(3872) is a molecular state it will be
produced by hadron coalescence at the end of the hadronic phase.

In Ref. [16] it was argued that if the X(3872) were observed in a heavy ion collision it must have

been produced at the end of the hadronic phase and, hence, it must be a molecular state. Apparently
this seems to be the case!
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Very recently, the CMS Collaboration measured the ratio of 1.1 +0.51(stat.) + 0.53(syst.) for high
- pr prompt X(3872) and y(2S ) produced in Pb+Pb collisions at +/syy = 5.02 TeV [17]. The central
value is about a factor of 10 larger than that in p + p collisions. These data suggest that, not only
the X(3872) is observed in heavy ion collisions but its production rate is larger than expected. If
this exciting new experimental information is confirmed, it will motivate a refinement of the existing
calculations. If the existing theoretical results are confirmed, we will be led to the conclusion that the
X(3872) is a meson molecule or, at least, has a molecular component.

4 Future Perspectives

The recent measurement of the X(3872) by CMS, will give great impulse to the search for exotic
charmonium. Hopefully this will motivate the experimental searches for other exotic charmonium
states both in central and ultra-peripheral collisions. From the theoretical side, it is clear that there
are some urgent tasks. The first one is to conclude the study of X(3872) production in proton-proton
collisions. We need a reliable calculation of the X(3872) production cross section in the tetraquark
approach, we need a final assessment about the existing calculations with the molecular approach and
also a confirmation of the results obtained with the mixture approach. We need a calculation of the
two-photon decay width of the 0** and 2** charmonium exotic states in the tetraquark approach. With
them we will be able to compare the preditions of both approaches for the production cross sections
in UPCs. Finally, we need to subject the coalescence model to a rigorous scrutiny and confirm its
predictions for the X(3872) (and also for the other exotic states) abundancies in central heavy ion
collisions. The near future looks very busy and exciting for the field.
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