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In this work we present a calculation of exotic charmonium production in ultraperipheral collisions, in
which the exotic state is explicitly treated as a meson molecule. Our formalism is general, but we focus on
the lightest possible exotic charmonium state: a D™ D~ molecular bound state. It was proposed some time
ago, and it has been an object of experimental searches. Here we study the production of the open charm
pair in the process yy — D™ D~. Then we use a prescription to project the free pair |[D*D~) onto a bound
state at the amplitude level and compute the cross section of the process yy — B (where B is the bound
state). Finally, we convolute this last cross section with the equivalent photon distributions coming from the
projectile and target in an ultraperipheral collision and find the AA — AAB cross section, which, for
Pb — Pb collisions at /syy = 5.02 TeV, is of the order of 3 pb.
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I. INTRODUCTION

One of the most important research topics in modern
hadron physics is the study of the exotic heavy quarkonium
states [1,2]. These new mesonic states are not conventional
cc configurations, and their minimum quark content is
ccqq. This leads us to the main question in the field: are
these multiquark states compact tetraquarks, or are they
meson molecules? So far there is no conclusive answer.
One can try to address this question with the help of
experiment and study the observables: masses, decay
widths, and production rates. How can multiquark states
be produced? They can be produced in B decays and in
ete™, proton-proton, proton-nucleus, and nucleus-nucleus
collisions. We will focus on the latter, which can be divided
into central (and semicentral) and ultraperipherals (UPCs)
[3]. In UPCs the nuclei do not overlap, and there are only a
few particles produced. In these collisions the elementary
processes which contribute to particle production are
photon-photon, photon-Pomeron, and Pomeron-Pomeron
fusion. The advantage of UPCs is the low particle-
production multiplicity, thus with a reduced background
if proper detection techniques are used. Such features have
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been explored at the large hadron collider (LHC) at CERN
and at the relativistic heavy ion collider at Brookhaven. In
this work we will study exotic charmonium (assumed to be
a meson molecule) in photon-photon processes in ultra-
peripheral nucleus-nucleus collisions. We will compare our
results with those obtained in previous studies [4,5] along
the same line.

Coming back to the question formulated above, the
strategy to get the answer is to compute the cross section for
production (in UPCs) of a given exotic charmonium state
assuming that it is (i) a tetraquark and also assuming that it
is (ii) a meson molecule. There are reasons to believe that
the resulting cross sections are very different from each
other, and hence, just looking at the production rate, one
could experimentally discriminate between the two con-
figurations. In Refs. [4,5], the resonance (R) production via
photon-photon fusion was studied, and several cross
sections were obtained. In that work the authors used
the Low formula, in which the yy — R cross section is
proportional to the R — yy decay width, I',,. This last
quantity depends on the value of the wave function at the
origin |y(0)|?, which is expected to be much larger for
compact tetraquarks than for loosely bound extended
meson molecules. Based on this argument we might expect
that the production cross section of tetraquarks would be
larger than the one for molecules. In [4,5] the authors
needed I',, as input. Unfortunately, this width was only
measured in very few cases. In some other very few cases
the width was estimated with the help of a formalism valid
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for states dynamically generated in meson-meson inter-
actions. By construction, these are molecular states. Here
we propose a method to form the molecular state which is
more general and independent of the knowledge of the decay
width. The method employed here is applicable to all
molecular states. Another important difference is in
the definition of an ultraperipheral collision. In Refs. [4,5]
the authors use a purely geometrical definition, limiting the
integration over the impact parameter. Here we follow [6] and
define the UPC in momentum space. The study of tetraquark
production, which is relevant to the present work has been
done in Refs. [7,8] and will be discussed in Sec. VI.

The production of hadron molecules has been discussed
in the context of B decays [9], in e*e™ collisions, in proton-
proton [10,11], in proton-nucleus, and in central nucleus-
nucleus collisions [12]. We start with the lightest charm
meson molecule: the D" D~ state (also called DD). It was
predicted in the study of meson-meson interactions in the
charm sector in [13], where it was found to be bound by
about 20 MeV. The state was confirmed in subsequent
theoretical studies [14,15]. More recently it was also found
in lattice calculations [16]. In [17], it was shown that the
peak in the DD invariant mass, observed by the BELLE
Collaboration [18], could be well explained by the exist-
ence of a hidden charm scalar resonance below the thresh-
old [13]. An updated experimental work was performed in
[19], and, again, support for the DD state in the reaction
ete” — DD (and also in yy — DD) was found. Recent
analyses of these data were published in [20,21]. A more
refined theoretical work of these reactions was performed
in [22-24], claiming again evidence for this bound state.

The observations of the DD state in the low energy
machines are crucial to confirm the existence of the state.
However they may be not sufficient to determine the internal
structure of the state. Here the high energy UPCs can be
useful because the intensity of the photon flux grows with
the energy, increasing the cross sections and the productions
statistics. Hence UPCs offer a complementary way to
discriminate between tetraquarks from molecules.

In the next section we present the formalism employed to
describe D' D~ pair production; in Sec. III we present the
prescription to create the bound state; in Sec. IV we discuss
the equivalent photon spectrum; in Sec. V, performing a
low energy approximation, we derive an analytical formula
for the cross section of bound state production. In the final
section we present numerical results and discussion.

II. PRODUCTION OF FREE D*D~ PAIRS

There are two ways to produce a D™D~ from two
photons. In the first, one of the photons splits directly into
the pair y — D' D™, where one of the mesons is already on
the mass shell, and the second photon brings the other D
to the mass shell. This process can be described by a
well-known hadronic effective Lagrangian, from which we

obtain the pair production amplitude. This amplitude is
subsequently projected onto the amplitude for bound state
formation. If the properties of the bound state are known,
the only unknown in this formalism is the form factor,
which must be attached to the vertices to account for the
finite size of the hadrons.

In the second way to produce the pair, one photon splits
into a cc¢ pair which, after interacting with the second
photon, hadronizes into the D™D~ pair. Then, using a
coalescence prescription, we obtain a model for the
production of the bound state. The hadronization process
involves uncertainties related to its nonperturbative nature.
Here we cannot automatically use fragmentation functions,
which require a hard scale. Moreover, the coalescence
prescription contains some inherent arbitrariness.

In principle using hadronic or partonic degrees of free-
dom should yield the same results. This is a guiding
principle for constructing effective theories. In both
approaches there are uncertainties, and depending on the
specific observable, it may be more convenient to use one
or another approach. In the present case in each approach
there is a sequence of steps summarized as follows.

(I) In a QCD based calculation we (i) compute the
yy — cC cross section, (ii) use fragmentation func-
tions to include the hadronization of the charm
quarks ¢ — D and ¢ — D, and (iii) introduce some
coalescence model to form the DD bound state.
Steps (i) and (ii) were executed in the early works
[25-28]. Step (iii) was executed much later for the
DD* bound state in [29].

(II) In a hadronic description we (i) choose an effective
theory to describe the production of the D meson
pair, yy — DTD~, and (ii) introduce a prescription
to form the mesonic bound state. All this was done
recently in [21] but only for low energy collisions.

In (I) we have to face the problem of properly considering
the QCD corrections in the yy — c¢ cross section and also
include the “resolved photon” contribution as done (only
up to the next-to-leading-order (NLO) level) in [25]. In
modern language, the photon is treated as a color dipole,
and we need to know the dipole-dipole — c¢ cross section,
as done in [30]. Then in both cases we have uncertainties
related to the validity of the fragmentation functions and to
the scale used in them. Finally, the prescription to bind the
mesons together is based on the proximity in phase space of
the constituents, as done in [29]. It is mostly based on
kinematics and does not include information about the
dynamics of the bound state. In all stages of the calculation
there are nonperturbative QCD contributions which are
difficult to estimate.

In (II) we do not have problems with hadronization or
with nonperturbative contributions, since we are from the
beginning at the hadronic level. The effective theory is a
version of scalar electrodynamics and is very simple.
Moreover, the prescription to bind the mesons can be
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implemented at the amplitude level and contains more
information about the bound state (uses its wave function).
The major drawback in this approach is the use of form
factors and the cutoff parameters which come along with
them. Fortunately, in the present case we could find
experimental data, which could be used to fix the cutoff,
thereby reducing the uncertainties.

To summarize, both the hadronic and partonic
approaches must be developed. Here we work with first
one just because in this case it is more convenient. Along
this line, we will study the process yy — DD~ with the
Lagrangian densities [31]

1
L= (D) (D) = mibd =3 Fu™, (1)
and
<~ A d
L = —ig,pip-Fue”P(Dy 05D + D™ 0zD;"), (2)
where
D, = 0, + ieA,, F,, =0,A,-0dA,

and ¢, D*, and A, represent the DT (or D7), the D** (or

€y

FIG. 1. Feynman diagrams for the process yy — DTD™.
a) Contact term. b) D exchange in the t-channel. c) D exchange
in the u-channel. d) D* exchange in the t-channel. e) D* exchange
in the u-channel.

amplitude is given by

D*7), and the photon fields, respectively. The Feynman iM = iM o) + iM ) + iM (o + iM g +iM), (3)
rules can be derived from the interaction terms, and they
yield the Feynman diagrams for the process yy — D™D~ where
shown in Fig. 1. In the figure we also show the quad-
rimomenta of the incoming photons k* = (E,,0,0,k), iM ) = 2iezgﬂ,,F(Z]2)F(Z12)e*”(k)e*”(k’), (4)
k" = (Ep,0,0,k') and of the outgoing mesons
pt = (EP,O, 0,p), pt= (Ep/,O, 0,p'). The total
|
. * . s l . 2 *U
iM ) = e*(k)ieF(1)(=2p, + k,) = p)y -t ieF(1)(2p), — k,)e™ (k'), (5)
D
i
iM ) = e (K)ieF(it)(=2p, + k) ieF (it)(2p;, — k,)e™ (k). (6)
(c) u ”(k'—p)z—m%)
[_; (g e (k_ﬁ)a(k_ﬁ)y>
Q m2* R .
iMq) = &,(k)[-29e* k,(k, = 2p,) F(7)] == e [2gePHI (k) + 2p}) F(P)]es (K), (7)
b
——i<g e (k’—P)az(k’-p)ﬂ)
Mio) = €400 200k (K, = 2, ) F()) | — gy | ek + 2P P ). (8
b
where g* = [(k— p)* + (K — p)?]/2and g = g,p+ p-- = —0.035 [31]. We have introduced the Mandelstam variables of the

elementary process, which are § = (k + k'), 7 = (k — p)?

,and & = (k' — p)*. As usual, we have included form factors,

F(q), in the vertices of the above amplitudes. We shall follow [32] and use the monopole form factor given by

F(q*)

03

2 2
A= — mp)

A2_q2

tl
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where ¢ is the 4-momentum of the exchanged meson and A
is a cutoff parameter. This choice has the advantage of
yielding automatically F(m3) = 1 and F(m3,) = 1 when
the exchanged meson is on shell. The above form is arbitrary,
but there is hope to improve this ingredient of the calculation
using QCD sum rules to calculate the form factor, as done in
[33], thereby reducing the uncertainties. The form factors
needed for our calculation are those associated to the vertices
DDy and D*Dy and can be calculated with the Shifman-
Vainshtein-Zakharov QCD sum rules [34] or with the QCD
light cone sum rules [35]. Technical details of the method are
given in [33]. The calculation consists of the evaluation of
the three point correlation function of three currents,
representing the two mesons and the photon. All the
ingredients are known, but the calculations, to the best of
our knowledge, were never done so far. Other form factors of
vertices with photons and mesons (or baryons) were
performed, for example, in [36-39].

Taking the square of the amplitude, Eq. (3), and the
average over the photon polarizations it is straightforward
to calculate the differential cross section:

do I 1 |p|

DD (10
dQ ~ 64n° E2,, K| M(rr = ) (10)

In the center-of-mass reference frame we have k = —k’

and hence p = —p/, E¢cyy = Ey + Ey = 2|k|, and E¢y =
E,+E, =2+/|p|* + mj,. It is then easy to see that

M_ M_ 1—
k[ Egy/4

Eq. (11) into Eq. (10) and using E%,, = § we find

2
4myp,
b,
ECM

(11)

Inserting

1 4mD
— M( D*D7)|?dQ. 12
o=\ 152 [ MGy = D'Do)paa. (12

The angular integral can be done using the relations

?:sz—%—l— ( S(i—m%)) cos(0),
ft:sz—%— ( §<i—m%)> cos(0),

where 6 is the angle between k and p. We emphasize that
the only unknown in our calculation is the cutoff parameter
A. In what follows, we will determine it fitting our cross
section to the large electron-positron collider (LEP) data on
the process eTe™ — etecc.

III. PRODUCTION OF BOUND STATES

Now we describe the method to construct a bound state
(denoted B) from the DD~ pair. As in [10], we impose
phase space constraints on the mesons, forcing them to be

“close together.” Here we do this through the prescription
discussed in [40]. The bound state |B> is defined as

B) _ d* |
V2E, , /2E 1 /2E_q T
where Ep is the bound state energy, q is the relative three
momentum between Dt and D~ in the state B, E, , are the
energies of D" and D™, and y(q) is the bound state wave

function in momentum space, which has the following
properties:

pa= [ @y (“3) PP =1. (14)

From Eq. (13), we can write the following relation between
the amplitudes:

1/7*( (13)

M(yy - B) g _, 1
= | G O
X \/21E—DM(7/}/ - D"D7). (15)

We assume that the p ~ p’ and hence Ep+ ~ Ep- = Ep and
also q = p — p’ ~0. Therefore the energy Ep and the
amplitude M(yy — D" D™) can be taken out of the integral.
Moreover, since the binding energy is small we have Ep ~
2Ep and hence

M(yy - B) M(yy - D+D-)/ d*q
2E; Ep (27)?

M(yy — B) = \/EZBM(W - D"D7)
< oo
= \/EZ M(yy = D*D") / By (x)6%) (x),

= V’*(O)\/EZM(W — D*D"). (16)

With the amplitude above we calculate the cross section for
bound state production:

37 (q),

1 & 1
do — — Ps

H (2n) 2B, (27)*6W (k + K — pp)|M(yy > B)|%,

(17)

where pp is the momentum of the produced bound state
and H is the flux factor. Now we will work in the center of
mass frame of the AA — AAB collision, in which the
momenta of the incoming photons may be different. In this
frame we have
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k = ((1)1,0,0,(01>,

kK = (@0,,0,0, —w,),

pg=p+p = (Ep0,0,0, — ), (18)

where Ep = \/ (w, — w,)* + m% and @, and w, are the energies of the colliding photons. The flux factor is then given by

H=4\/(k-K)* - m%mi, =4k -k =4(koky — k - K') = 40107 — 01 (—w,)) = 2(4w@,). (19)

Inserting this expression into Eq. (17) and integrating, the cross section reads as

2r &ppy 2
L@y) = S(Ecy — E)d¥) (k + k' — — |y (0)*|M D*D7)|?|,
olon.0) = 3o [ GO = En)d )k + K = pa) | - (O My DY)
0 2 4 2 2 2
_ ﬂ'll’/( )|2 |M(]/]/ N D+D_)|2 w] +m35 0)2— mB , (20)
4w 0, E5, 8w 4w

where we have used that E2,, = 40, ;.

To proceed with the calculation we need to know the
bound state wave function at the origin |y (0)[*.
Fortunately, in [41] a similar bound state of open charm
mesons was studied with the Bethe-Salpeter equation, and
an expression for the wave function was derived. In the first
part of their paper the authors present a formalism which is
general and can be adapted to our system. Formally, the
Bethe-Salpeter equation reads as T =V + VGT, where T
is the two-body amplitude, and V is a matrix with elements
V;; which are the amplitudes of the i — j transitions and
which are calculated from a given effective Lagrangian.
Finally G is a loop function, which can be regularized with
a cutoff. Here we will just quote the main formulas needed
to calculate y(0), which is given by

I_G (21)

l//(0) = W ’

where

A
G=-8ur <AO —yarctan <O> ) ,
Y

y=\/24E, ¢= ’ . (22)

2 Ao\ _ _rMo
8 (arctan( , ) 72+A5>

In the above expressions p is the reduced mass
(u = mp/2), Ay is a cutoff parameter, and E}, is the binding
energy. We shall follow [22] and assume that Ay = 1 GeV.
From the above equations we see that one can compute the
(dynamically generated) mass of a bound state and then
determine its binding energy. Knowing y, E;, and fixing A,
we can use the above formulas to calculate y(0). In what
follows our reference value will be obtained using m, =
1870 MeV and the mass of the bound state equal to
My = 3723 MeV, as found in [22]. With these numbers
we get E, = 17 MeV and |y (0)> = 0.008 GeV>. These

will be the values used to obtain all results, unless stated
otherwise.

IV. EQUIVALENT PHOTON APPROXIMATION
AND THE NUMBER OF PHOTONS

The equivalent photon approximation is well known, and
it is described in several papers [6,42]. In general, when the
photon source is a nucleus one has to use form factors, and
the calculation becomes somewhat complicated. Here we
will follow [6] and define an UPC in momentum space. The
distribution of equivalent photons generated by a moving
particle with the charge Ze is [6]:

22a 2 ZZ(Z 2
@) dq =" (3)})* T ((qy(%()w/y)%z

dq,
(23)

where a = €?/(4r), q is the photon 4-momentum, q , is its
transverse component, @ is the photon energy and y is the
Lorentz factor of the photon source (y = /s/2m,, and m,,
is the proton mass). To obtain the equivalent photon
spectrum, one has to integrate this expression over the
transverse momentum up to some value g. The value of g is
given by ¢ = fic/2R, where R is the radius of the projectile.
For Pb, R~ 7 fm, and hence ¢~ 0.014 GeV. After the
integration over the photon transverse momentum the
equivalent photon energy spectrum is given by

In <ﬂ> do. (24)

W/ @

27%a

n(w)dw -

Because of the approximations the above distribution is
valid when the condition w <« gy is fulfilled. Using
Eq. (24) we can compute the cross sections of free pair
production, op, and of bound state production, . They are
given by

034037-5
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op(AA > AADTD")
qr qy
- / do / darop(ay. op)n()n(@,). (25)
m? /qy m2 /o

op(AA > AAB)

ar ar
— 7 don [T dosaylon onntinten). (26)
mp/qy i, jo,

where op(w;,®,) and og(w;,®,) are given by Eq. (12)
(with § = 4w;w,) and (20) respectively.

V. THE LOW ENERGY APPROXIMATION

A. Free pairs

At low photon energies and close to the D D~ threshold,
the produced mesons are nonrelativistic, and we can use the
approximation k — p ~ (0,0,0,mp) in the heavy meson
propagator, i.e.,

I R

(k=p)—md 0—mh—m 2m3’

An analogous expression can be written for the D*
propagator. From the above relation we can see that in
this low energy regime the amplitudes with propagators are
proportional to « 1/m? [Figs. 1(b) and 1(c)] and « 1/m}}
[Figs. 1(d) and 1(e)] and can be neglected when compared
to the amplitudes without propagators, such as the one of
the contact interaction in Fig. 1(a). With this approximation
the amplitude for D™D~ production in the process yy —
DT D~ is given by

iM(yy — DTD™) m 2ie* F*(—m3,)g,,e™* (k)e™ (k). (27)

Taking the square and performing the average over the
photon polarizations we have

1
[M(yy — D*D7)P = Z221'621’2(—M%)QM*"(’C)e"”(k’)(—21'6’2)Fz(—m%)gaps"(k)f"(k’),

pol

= ' FH(=m}) g 90pg" "G = 4 F*(=mp,). (28)

Inserting this amplitude into Eq. (10) we find

do  'F*(-mj) 1

Am?
— = 1-—2. (29)
dQ 16z Ex,\ T EL,

Performing the integral over the solid angle and using the
definitions a = €*/4z and E2,, = 4w w,, we find

raF*(—m?) . m?, ’ (30)

W)

O-(wlva) = w0,

which is then substituted in Eq. (25) to give the final cross
section for AA - AADTD™.

B. Bound states

In the low energy approximation the produced bound
state is nonrelativistic, and then Eq. (16) reduces to

iM(}/)/ - D™D7). (31)

M(yy = B) = y*(0) o

Inserting Eq. (28) into the above equation and then using it
in Eq. (20) we have

[
32ma? FH(—mp)|w(0)]” 1

6(4 —E%).
My 00, ( (G0) B)

o(w,w,)=

(32)

Substituting the above expression into Eq. (26) and
integrating we obtain the final analytical expression:

256z (0)|*Z*a* F*(—m3,)
3m3

M) e

We emphasize that “low energy” here refers to the energy
released by the projectiles, i.e., the invariant mass of the
photon pair. The nuclear projectiles themselves may have
very high energies.

op(AA - AAB) =

VI. NUMERICAL RESULTS AND DISCUSSION

Having derived all the main formulas and discussed the
numerical inputs, now we present our numerical results. In
Fig. 2 we show the cross sections for free pair production
and compare it to the existing experimental data from LEP
[43]. In fact, the LEP data are for ete™ — ete cé, i.e., the
measured final states are D™D~ and D°D°. We assume that
these two final states have the same cross section, and, in
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b]

2 10%F i c
e [ P ]
(3] L R4 -
'v L I’ -
v | . / P A=0.42 GeV |
+ 4

w F 7 L e A=0.49 GeV -
° S/ e - A=0.35GeV
S 402

100 150

see (GeV)

FIG. 2. Cross section for the process e™e™ — cc as a function
of the energy /s measured by the LEP Collaborations. Data are
from Ref. [43]. The purple stars are from TASSO, the pale red
single star is from JADE, the bright orange stars are from TOPAZ,
AMY, and VENUS, the triangles are from L3, the squares and the
green star are from ALEPH, the single diamond is from DELPHI,
and the circle is from OPAL. The curves are calculated with
Egs. (12) and (25).

200

order to compare with the data, we multiply our cross
section o(eTe™ — eTe” DT D7) by a factor of 2. In order to
fit these data we will adapt expression (25) to electron-
positron collisions. The yy — D™D~ cross section is the
same, but the photon flux from the electron (and also from
the positron) and the integration limits are different.
The adaptation of Eq. (25) is performed in the
Appendix. Comparing our formula with these data, we
determine the only parameter in the calculation, which is
the cutoff A. In the figure, the curves are obtained
substituting Eqgs. (12) and (A3) into (25). In the latter
q = m,. We did not attempt to perform a least chi square fit.
Instead we will carry on some uncertainty and work with
the band 0.35 < A < 0.49 GeV.

In Fig. 3 we show the cross section for DD~ produc-
tion. The black solid lines show the result with our central
parameter choice. Figure 3(a) shows the sensitivity of the
result to the value of ¢. In Fig. 3(b) we vary the values of A
in the range defined in Fig. 2. In this sense we propagate the
uncertainty from the fit of the data to our results. Taking
this as the error in our result, the obtained cross section for

4 4
Pb-Pb Pb-Pb
sl A =0.42 GeV sk g =0.02 GeV
2| -- - §=0.03 GeV % B T - A=035GeV LT
5 2f g=o0o02Gev =TT " A = 0.42 GeV ‘
8 - N ——— A = 0.49 GeV -
g & .
1
0= 2 4 6 8 10
Vs (Tev)
(@)
FIG. 3. Cross sections for free D™ D™ pair production as a function of the energy +/s. (a) Dependence on ¢ for fixed A. (b) Dependence

on A for fixed g.
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FIG. 4. Cross sections for D™D~ bound state production as a function of the energy +/s. (a) Dependence on
(b) Dependence on A for fixed ¢. (c) Dependence on the binding energy for fixed A and g.
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TABLE 1. Cross sections for exotic meson production in
ultraperipheral Pb — Pb collisions at /syy = 5.5 TeV obtained
in [4]. The three cross sections refer to the use of three different
nuclear form factors, as explained in [4].

State Mass T'her(keV) o, (ub) or(ub) og(ub)
X(3915), 0t 3919 0.20 5.1 7.3 6.7
X(3940), 0+ 3943 0.33 8.2 11.8 10.8
X(4140), 07" 4143 0.63 12.9 18.7 17.1

the reaction PbPb — PbPbD™ D™ at \/syy = 5.02 TeV is
o(PbPb — PbPbD*D™) = 0.7504 mb.  (34)

Assuming that the reaction PbPb — PbPbD’DP has the
same cross section as the one given above for charged states
and neglecting other final states, such as D*, the total cross
section for charm production in photon-photon exclusive
processes, we have

Gexclusive(PPPb — PbPbce) = 1.570f mb.  (35)

In Ref. [30] a similar calculation was performed. The
authors studied open charm production in ultraperipheral
PbPD collisions at \/syy = 5.5 TeV. They considered the
mechanisms of c¢ production mentioned above, i.e., direct
production, NLO QCD corrections, and the resolved
photon contribution. They did not include the hadroniza-
tion of the charm quarks, i.e., ¢ — D and ¢ — D. The final
cross section was found to be 2.47 mb. Given that they
considered more processes and also that they used an
energy /syy higher than ours, we can conclude that both
cross sections are compatible with each other.

In Fig. 4 we present the cross section for bound state
production and study its dependence on g [Fig. 4(a)], on A
[Fig. 4(b)], and on the binding energy E, [Fig. 4(c)]. As
expected, it is much smaller than the cross section for open
free pair production. However, it is encouraging to see that
at \/syy ~5.02 TeV we have

o(PbPb — PbPbB) = 3.07)8 pb. (36)

This number could be compared with results found in [4]
and in [5]. In those papers, the production cross section of
the scalar molecular states in PbPb at \/syy = 5.5 TeV
were calculated, and the results are shown in Table 1.

The work [4] (and also [5]) is relevant for us because
there the multiquark states were also treated as molecules.
Indeed, the widths listed in Table I were theoretically
calculated in a formalism in which the constituent mesons
interact and a resonance (or bound state) is dynamically
generated. However there are important differences. First,
the energy used in [4] is higher than the one used here, and
hence the cross sections are higher. Also, the states
X(3940) and X(3915) are significantly heavier than the
D™D~ molecule, whose mass is 3723 MeV. Moreover, in
[4] the equivalent photon calculation was done in the
impact parameter space with the use of nuclear form
factors. In spite of these differences the obtained cross
sections are of the same order of magnitude.

Another interesting comparison can be made between
the cross section (36) and the result obtained in [7], where
the authors study the J?¢ = 0"+ state (which they call X,
with my = 3770 MeV) which was predicted by the
tetraquark (diquark-antidiquark) model in Ref. [8]. They
use the same formalism as in [4,5], and the X, production
cross section turns out to be oy, ~0.18 pb. This a is an
order of magnitude smaller than (36). This difference is a
direct consequence of the two-photon decay width, which
in [7] was estimated to be I'), ~ 6.3 eV, a value 100 times
(or more) smaller than those quoted in Table I. This
discrepancy challenges the expectation described in the
Introduction and deserves further studies.

For completeness, in Fig. 5(a) we compare the cross
sections for free pair and bound state production, and in
Fig. 5(b) we compare the exact numerical evaluation of op
with the approximate analytical expression, Eq. (33). We
observe that the cross section obtained with the analytical
formula is accurate only at low energies. At higher energies

104 60 . . . 20 .
E Pb-Pb Pb-Pb 3 Pb-Pb
§=002G6ev .. 50f §=0.02GeV P §=0.02 GeV
10%E N2042GeV _..o----rmTTTTT S 4 A =0.42 GeV g5 A=0.42 GeV
.... ES r
- -t . ] S
L | - =e==- ree pair s -
2 30F =
% 10 Bound -T ----- Analytical § 1.0
5 5 — Opnalytical/ 1007otal
2 20f Total H
10" ° & 05
10f
100 i L L L 0 — L L 00
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Vs (Tev) Vs (Tev) Vs (Tev)

(@)

(b) (©

FIG. 5. Cross sections as a function of ,/s. (a) Comparison between the free D™D~ pair and bound state B cross sections.
(b) Comparison between the complete numerical solution and the approximate analytical cross section. (c) Ratio between the cross

section.
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it becomes larger than the complete numerical formula. We
can understand this behavior noticing that in Eq. (33) we
assumed that both Ej; and the form factor F(g¢?) did not
depend on @w; nor on w, at low energies and therefore
resulted in a smaller denominator (my where it should have
been Ep) and a constant argument of the form factor,
which, as we can see from Fig. 4(b), is crucial to our
numerical results. Nevertheless, the exact and the analytical
formula differ essentially only by a multiplicative factor
close to 10. Dividing Eq. (33) by 10, it reproduces the exact
formula within 20% accuracy in the relevant LHC range
and can thus be useful for practical applications. This is
shown Fig. 5(c).

To summarize, we have calculated the cross section for
the production of a heavy meson molecule in ultraper-
ipheral collisions. We have combined a effective
Lagrangian to compute the amplitude of the process yy —
D™ D~ with a prescription to project this amplitude onto the
amplitude for bound state formation. The resulting yy — B
cross section was then convoluted with the equivalent
photon fluxes from the projectile and target, and the final
cross section o5(AA — AAB) was obtained. For /syy =
5.02 TeV it is 3.07%% pb. This number is consistent with
the results obtained for other scalar exotic charmonium
molecules in [4,5]. The parameters of the calculation are A,
g, and E,, which are the hadronic form factor cutoff, the
maximum momentum of an emitted photon and the binding
energy, respectively. All these parameters can be con-
strained by experimental information and by calculations.
Thus, we believe that in the future it will be possible to
increase the precision of our calculation.
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APPENDIX: CROSS SECTION OF THE PROCESS
ete” -ete"D*D"

In this appendix we will adapt Eq. (25) to the eTe™ —
e e~ cc process. We start from Eq. (23) with Z = 1:

n 3 X (q.)°
W8 = e P + @)

sdq. (Al)

First we recall that d°g = dq.dq,dq, = q,dq,d0dq, =
1/2dq% d9dq. — ndq’ dgq.. Then we make the following
change of variables:

dq’ dw.

def dg, =———
< 2 2
VO —q]

After changing the variables we integrate Eq. (A1) over g7 :

dgi. (A2)

a [o 2 1
n(w) = — / 2 L 272
mJo g1+ (/7)) Jo? - ¢
The solution of this integral is

_al y
“ra(i )

X [272arcsinh(y) +arcsinh(y) —yy/ 1 + yz} . (A3)

n(w)

After these changes in Eq. (25), we can write the cross
section for the process ete™ — ete”DT"D~ inserting
Eq. (A3) into Eq. (25) and recalling that for electrons
we use y = +/s/2m, and also § = m,.
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