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The internal structure of exotic charmonium (R) states is still a subject of debate. Some of the
popular pictures used to describe them are tetraquark, meson molecule or mixtures of those with
charmonium. One way to shed light into the nature of these states is to study their radiative decays.
We expect that their decay widths into two photons will vary from one configuration to another.
The direct experimental measurement of these widths in the reaction R — 7Yy is difficult. However,
they manifest themselves also indirectly in the production, through photon-photon fusion, of the
resonance R in ultraperipheral nucleus-nucleus collisions (UPHIC), where the production cross
section is directly proportional to the decay width I'(R — yy). Once produced, the resonance R
will decay mostly in hadronic channels but it may also decay into a photon pair. In this case, the
cross section will be proportional to the squared 2y decay width, being even more sensitive to the
internal structure of the resonance. In this note we review the predictions for exotic charmonium
production in UPHIC and present, for the first time, estimates of the production cross section of

exotic states which decay into two photons.
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1. Introduction

The existence of many charmonium exotic states (here called simply R) is well established
[1]. In the near future we hope to understand better their properties. In the literature [1] the
most frequently used models to describe the R states are the tetraquark and the meson molecule
model (a mixture of these states with charmonium is also possible). One way to distinguish one
model from the other is to explore their different spatial configurations: tetraquarks are compact
(r ~ 0.2 —0.5 fm) whereas molecules are large (r ~ 3.0 — 6.0 fm) objects. Thus, we expect that,
due to this difference, their decay widths into two photons will be significantly different. The direct
experimental measurement of these widths, i.e. R — vy, is difficult. However, as we will argue
below, they manifest themselves also indirectly in the production, through photon-photon fusion,
of the resonance R in ultraperipheral nucleus-nucleus collisions, where the production cross section
is directly proportional to the decay width I'(R — yy).

There are many possible experimental ways to study the new R states. Among them, heavy ion
collisions (HIC’s) are an interesting option because of the large number of heavy quarks produced
in these collisions [2]. HIC’s can be central, non-central and ultraperipheral (UPHIC), where the
impact parameter is very large and the interaction between the projectile nucleus A and the target
nucleus B is purely electromagnectic [3]. In this case, the state R can be formed through yy fusion:
7Y — R. Recently, we studied the production of exotic charmonium in UPHIC’s [4] and concluded
that the exclusive production of resonances R in the process AB — ABR has a relatively large
cross section, as it can be seen in Table I. After being produced, the resonance decays and the
decay products may be detected. The hadronic decays are favored and we will discuss them in
more detail elsewhere. In this note we focus on the two photon decay channel. The reaction is
then: A+B — A+ B+ v+ y. UPHIC reactions with the exclusive production of two photons (also
called light-by-light scattering) started to be measured very recently by the ATLAS collaboration
[5]. Indeed, in this paper, the fiducial cross section of the process Pb+ Pb(yy) — Pb+ PbyYy, for
photon transverse energy larger than 3 GeV, photon absolute pseudorapidity |17| < 2.4 and diphoton
invariant mass greater than 6 GeV, was found to be 70 £ 24(stat.) == 17 (syst.) nb. In the future, with
better statistics, it may be possible to determine the two-photon invariant mass spectrum in these
collisions. Looking at the structures in this spectrum it may be possible to identify resonances. The
process Y+ Y — ¥+ 7 receives all kinds of contributions, as discussed in Ref. [6]. However, these
different contributions can be, to some extent, separated in a careful analysis of the two-photon
invariant mass distribution My,. Moreover, as it has been shown in recent calculations [7], in the
case where scalar resonances are exchanged, the s-channel produces a pronounced peak. In this
first estimate we will thus consider only s-channel processes, where the state R is produced and
decays into two photons. We will not include other diagrams.

2. The reaction PbPb — PbPbR

In ultraperipheral processes the impact parameter is bigger than the sum of the radii of the
colliding particles and hence the projetile and the target do not overlap. The interaction is purely
electromagnetic and resonance production results from photon-photon fusion. The cross section is
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40.9
167.4
65.7
260.6
52.4
185.3
490.1
25.3

State Mass Fg,hye(” (keV) Op,,, (Ub) or (ub)
276 TeV | 5.5TeV | 39TeV | 2.76 TeV | 5.5 TeV | 39 TeV

X(3940), 0t+ | 3943 0.33 4.2 8.2 31.6 6.5 11.8
X(3940), 2+t | 3943 0.27 17.2 33.6 129.2 26.5 48.4
X(4140), 0t+ | 4143 0.63 6.5 12.9 51.2 10.2 18.7
X(4140), 2t+ | 4143 0.50 26.0 51.2 201.0 40.3 74.3
Z(3930), 2t+ | 3922 0.04 5.4 10.5 40.9 8.3 15.2
X(4160), 27+ | 4169 0.18 18.4 36.4 144.2 28.6 52.7
Y ,(3912), 2%+ | 3919 0.38 50.5 98.6 382.4 77.9 1422
X(3915), 0T+ | 3919 0.20 2.6 5.1 19.8 4.0 73

Table 1: Cross sections for exotic meson production in Pb — Pb collisions. o3, . and o refer to different
choices for the nuclear form factor, as explained in Ref. [4]. The theoretical decay width Fg,’;,“” was taken
from Refs. [8, 9].

given by [4]:
6(AB— ABR) = / 6 (yy— R) N (w1,b;) N (0,by) d*b; d*bydw; dw, | 2.1)

where N(wj;, b;) is the equivalent photon spectrum generated by the nucleus i and 6(yy — R) is the
cross section for the production of a state R from two real photons with energies @; and @,. In
Eq.(2.1), by and b, are the distances from the center of nucleus A and B and they satisfy the UPHIC
condition [b; —b;| > Ry + Rp, where R4 and Rp are the radius of nucleus A and B respectively.
The 7y fusion cross section is given by the Low formula:

r
Gyyr(1, @) = 872 (2 + 1)%5(4@ w, — M3), 2.2)

R

In order to estimate the cross section of the process A+ B — A+ B+ Y+ ¥, which occurs via
Y+7v— R — v+ 7, we just have to multiply the cross section (2.1) by the probability of the
resonance to decay into two photons, i.e. :

FR—) vy

6(AB— AByy)=0(AB— ABR). (2.3)

R

where Iy is the total decay width of the state R. Inserting (2.2) into (2.1) and this latter into (2.3)
we observe that the cross section above is proportional to the square of the decay width I'g .y,
which is not very well known and strongly depends on the nature (and spatial configuration) of the
resonance R.

For an S-wave non-relativistic two-body system R in a state described by a wave function y/(r)
the width for annihilation into yy is given by

2no

2
C(R— 7)== ly(0)? (2.4)
R

From this formula we can see that the decay width is proportional to the wave function at the
origin. The larger it is, the easier the components can meet and annihilate into photons. This might
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State | I'x MeV) | I'(R — 7y) (keV) Opppb—sPbPbyy (PD)
2.76 TeV | 5.02 TeV ‘ 39 TeV
X(3940) 37 0.33 57.7 98.1 369.0
X(4140) 19 0.63 3349 573.8 2193.5
X(3915) 20 0.20 40.3 68.3 255.5

Table 2: PbPb — PbPb Yy cross section.

be more difficult for a charm meson molecule, since in this case, the annihilation occurs through
the exchange of a heavy meson (typically a D or a D*), which range is of the order of 1/mp ~ 0.2
fm, while the typical separation between the mesons in the molecule is 7 ~ 3 — 6 fm. This mismatch
between the scales leads to a suppression of the radiative decays of molecular states. In contrast,
for tetraquarks, the state is compact, the wave function at the origin is large and consequently the
decay width is large.

In the molecular picture, several calculations were done in the past. In Ref. [8] the Weinberg’s
compositeness condition together with Heavy Hadron Chiral Perturbation Theory was used to eval-
uate the radiative decay width of the X(3940), which was found to be I'(R — yy) = 0.33 +0.01
keV. In Ref. [9] the exotic states were dynamically generated in the Hidden Gauge Formalism
(HGF) with values of the radiative decay widths I'(R — yy) = 0.04 — 0.08 keV. These two results
are quite different and clearly further investigation needs to be done. In the tetraquark approach,
using QCD sum rules, the authors of Ref. [10] found I'(R — yy) = 1.6 = 1.3 keV. The errors are
large, but the numbers are suggestive. Taking the central values, we see that the tetraquark width is
about one order of magnitude larger than the molecule one, and so is the production cross section
in UPHIC.

3. Results and discussion

In Fig. 1 we show the cross section of the reaction PbPb — PbPbyYy and also the rapidity
distribution of the yy pair. For the sake of completeness we also show in Table II the values of the
cross sections at some relevant energies. The comparison of Table I with Table II (and also of Fig. 1
with the analogous figure published in Ref. [4]) shows that, because of the extra factor I'(R — yy)
on the rhs of Eq. (2.3), the difference between the X (3940) and X (4140) cross sections grows from
a factor ~ 1.55 to a factor ~ 5.8. This indicates that the analysis of this process (production plus
decay into the two photon channel) will also allow for a better discrimination of the R states. A
striking consequence of the above considerations, also due to the extra factor I'(R — yy), is the
fact that the cross section for producing a tetraquark becomes two orders of magnitude larger than
the cross section for producing a meson molecule. Finally, the absolute numbers shown in Table
II suggest that these processes, albeit rare, might be observed, specially in the case of tetraquarks.
This encourages us to study this subject in more detail.
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Figure 1: PbPb — PbPbyYy cross section (left) and rapidity distribution of the yy pair (right).
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