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Two- and three-photon fusion into charmonium in ultraperipheral nuclear collisions
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In this paper we investigate the production of charmonium states in two- and three-photon fusion processes
in nucleus-nucleus collisions at the CERN Large Hadron Collider energies. Our results indicate that the
experimental study of these processes is feasible and can be used to constrain the theoretical decay widths
and give information on the non c-c̄ components of these states.
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I. INTRODUCTION

During the last 20 years dozens of new charmonium states
have been observed at the CERN Large Hadron Collider
(LHC) [1–7]. Some of them are, beyond any doubt, multi-
quark (or exotic) states, i.e., states in which the minimum
quark content is cc̄qq̄. This is the case of all charged exotic
states [7]. Among the charge neutral states there are some
which are, for several reasons, incompatible with the cc̄ con-
figuration. This is the case of the most famous exotic state,
the X (3872), which is now called χc1(3872). There are other
charge neutral states, whose multiquark nature is still under
debate, such as the ψ (3770).

The central discussion in this field is about the internal
structure of the multiquark states. The most often studied
configurations are the meson molecule and the tetraquark. The
main difference between a tetraquark and a meson molecule
is that the former is compact and the interaction between the
constituents occurs through color exchange forces whereas the
latter is an extended object and the interaction between its
constituents happens through meson exchange forces [1–7].

One aspect that is sometimes forgotten, is that, be-
ing quantum systems, these states can be mixtures. There
may be charmonium-tetraquark, charmonium-molecule, or
tetraquark-molecule mixtures. Here, again, different works
which consider these multiquark states as mixtures do not
reach a consensus. For example, in the case of the well
studied χc1(3872), in Ref. [8] the mass and strong decay
width were very well reproduced assuming that it has a cc̄
component with a weight of 97% and a tetraquark compo-
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nent with 3% weight. On the other hand, in Ref. [9] it was
shown that, in the case of production in proton-proton col-
lisions, the best description of the data could be achieved
with a charmonium-molecule combination, i.e., χ ′

c1 − DD̄∗,
in which the cc̄ component is of the order of 28–44 %. In
spite of the discrepancies, it is remarkable that in both works
a large cc̄ component is required to explain data.

The study of exotic states started in B factories [10] and
then went to hadron colliders. The hadronic production of
exotic states became a new way to discriminate between
different configurations. The production of χc1(3872) in
proton-proton collisions in the pure molecular approach was
studied in [11–13]. In [14], the analysis of recent data from
the LHCb with the comover interaction model favored the
compact tetraquark configuration. An attempt to use the pure
tetraquark model to study χc1(3872) and T4c [X (6900)] pro-
duction in proton-proton collisions was presented in [15]. All
these works have improved our understanding of these new
states, but there are still important questions to be answered.

The very recent publication of the CMS collaboration [16]
reporting the observation of the χc1(3872) in Pb-Pb collisions
opened a new era in the study of exotics in heavy ion colli-
sions. The main advantage of using heavy ion projectiles is the
very large number of produced c-c̄ pairs. In the case of central
collisions, the main disadvantage is that the total number of
produced particles is very large and it becomes difficult to
search for the multiquark states.

It is also possible to study multiquark states in ultra-
peripheral collisions (UPCs). High energy hadrons are an
intense source of photons (for a review see Refs. [17–21]). At
large impact parameters (b > Rh1 + Rh2 ), the photon-induced
interactions become dominant with the final state being char-
acterized by the multiquark state and the presence of two
intact hadrons if the resonance was produced in two- or
three-photon interactions. Experimental results at the LHC
[22–25] have shown that the extraction of photon-induced
interactions in hadronic collisions is under experimental
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possibilities and can be used to increase our understanding of
quantum chromodynamics (QCD). The study of exotic meson
production in UPCs was pioneered in [26], where production
cross sections of various light and heavy mesons in nucleus-
nucleus collisions were computed. Later, in Refs. [27,28],
the same formalism was used to obtain the production cross
sections of mesons and heavy exotic states in pp, pA, and AA
collisions.

In this work we will focus on c-c̄ states, giving special
attention to the states, which are presently quoted by the
Particle Data Group (PDG) [29] as c-c̄, but whose nature is
still under debate and which might still be multiquark states,
or at least, might have a multiquark (either tetraquark or
molecular) component. We will argue that we can use photon
fusion processes in UPCs to confirm (or not) their c-c̄ nature.
This is possible because in these processes we only use quan-
tum electrodynamics (QED) and a well-established method
to project quark-antiquark pairs into bound states, avoiding
some model dependence inherent to hadronic processes. We
will revisit and update the calculations performed in [30] in-
cluding new states. We will study the most recently observed
particles using the quantum number assignments published
in the most recent compilation made by the PDG [29]. We
shall consider both two-photon and three-photon processes.
As it will be shown, all the ingredients of the calculation
are under control. The formalism developed in [30] applies
to fermion-antifermion systems, being thus appropriate to the
study of conventional quarkonium states. We will also apply it
to the controversial cases, where the multiquark nature of the
state is still under debate. A future experimental confirmation
of our predictions would establish the quark-antiquark nature
of these states.

We will consider Pb-Pb UPCs at
√

sNN = 5.02 TeV. In this
case, vector charmonium production from photon-Pomeron
(pP) fusion has cross sections of the order of millibarns
[31,32] whereas vector charmonium production from thre-
photon fusion (3pf) has a typical cross section of hundreds
of nanobarns [30] which is of the order of the light-by-light
(LBL) scattering cross section measured by ATLAS and CMS.
LBL identification was possible after a careful background
subtraction, which included several kinematical cuts and re-
striction of the acoplanarity of the two outgoing photons.
Similar techniques and cuts could be used to discriminate
between pP and 3pf vector charmonium production. The first
step, addressed in the present work, is to determine the or-
der of magnitude of the total cross section. The second step
(work in progress) is to determine the region of the phase
space where 3pf dominates. Similar considerations apply to
the production of scalar and tensor charmonium states, where
we need to distinguish photon-photon fusion from Pomeron-
Pomeron fusion.

This paper is organized as follows. In Sec. II we provide a
brief description of the formalism used for particle production
in two-photon fusion at hadronic colliders. In Sec. III we
discuss meson production in three-photon interactions. In all
cases we present the update of the results obtained for the
production of charmonium in Pb-Pb collisions, including new
states and making predictions for the LHC. Finally, in Sec. IV
we present a brief summary and discussion of the results.

II. TWO-PHOTON PROCESSES

The theoretical treatment of UPCs in relativistic heavy ion
collisions is extensively covered in the literature [17–21]. In
what follows we will briefly review the main formulas that
make predictions for meson production in two and three pho-
ton interactions, which were derived in [30].

The differential cross section for the production of C-even
mesons through two-photon fusion is given by [30]

dσ

dPz
= 16(2J + 1)

π2

Z4α2

M3

�γγ

E

∫
dq1t dq2t (q1t × q2t )

2

×
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(
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)
F2

(
q2

2t

)]2

(
q2

1t + ω2
1/γ

2
)2(

q2
2t + ω2

2/γ
2
)2 , (1)

where Pz, E , M, and J are the longitudinal momentum, energy,
mass, and spin of the produced meson, respectively; �γγ is
the two-photon decay width of the meson; Z , α, and γ are the
atomic number, the fine structure constant, and the Lorentz
factor. Finally, F1 and F2 are the projectile and target form
factors. Following [30] it is easy to relate the meson variables
with the photon energies ω1 and ω2:

E = ω1 + ω2 , ω1 − ω2 = Pz , and ω1ω2 = M2/4.

The photon energies ω1 and ω2 are related to the mass M
and the rapidity Y of the outgoing meson by ω1 = M

2 eY and
ω2 = M

2 e−Y .
As it was already mentioned, F (q2) is the nuclear form

factor and it plays a crucial role in this formalism. The precise
form of the form factor is the main source of uncertainties in
our calculations. The Woods-Saxon distribution, with central
density ρ0, size R, and diffuseness a gives an excellent de-
scription of the densities of stable heavy nuclei. Fortunately,
the Woods-Saxon distribution is extremely well described by
the convolution of a hard sphere and a Yukawa function [33].
The form factors can be calculated analytically as

F (q2) = 4 π ρ0

A q3
[sin(qR) − qR cos(qR)]

[
1

1 + q2a2

]
. (2)

For Pb we use R = 6.63 fm and a = 0.549 fm, with ρ0

normalized so that
∫

d3rρ(r) = 208 [34]. With the above
expressions it is easy to compute the total cross sections with
an adequate form factor [33].

During the derivation of the above formula for the cross
section, we had to use a prescription to bind together the
produced quark and antiquark into a bound state. We did this
using the projection operators [30]

ū · · · v −→ �(0)

2
√

M
tr[· · · ( �P + M )iγ 5],

ū · · · v −→ �(0)

2
√

M
tr[· · · ( �P + M )i � ê∗], (3)

where · · · denotes any matrix operator. The first equation de-
scribes the production of spin 0 and the second describes the
production of spin 1 particles, respectively. The function �(r)
denotes the bound state wave function calculated at the origin,
r = 0, and ê∗ is the polarization vector of the outgoing vec-
tor meson. Squaring the corresponding amplitude yields the
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TABLE I. Cross sections for production of C-even mesons in Pb-
Pb ultraperipheral collisions at

√
sNN = 5.02 TeV. The decay widths

are taken from the PDG [29].

State Mass �γγ [keV] σ LHC[mb]

π0, 0−+ 134 0.0078 38.0
η, 0−+ 547 0.46 17.3
η′, 0−+ 958 4.2 21.8
f2, 2++ 1275 2.4 22.4
a2, 2++ 1318 1.0 8.3
ηc, 0−+ 2984 5.38 0.45
χ0c, 0++ 3415 2.2 0.11
χ2c, 2++ 3556 0.56 0.12
ηc(2S), 0−+ 3637 2.14 0.09

factor |�(0)|2, which is then related to the decay width �γγ

through the formula derived by Van Royen and Weisskopf in
Ref. [35] (see the discussion in [30]) for fermion-antifermion
annihilation. Hence, because of the hadronization prescrip-
tion, the cross section formulas derived in [30] apply to
quark-antiquark states. Nevertheless, in order to obtain a first
estimate we shall use the Van Royen–Weisskopf formula also
for states, which are very likely multiquark states, such as the
X (6900).

In what follows we will compute the production cross
sections for conventional c-c̄ and also to states whose sta-
tus is still under debate. Therefore our results will serve as
baseline for the experimental search in UPCs. If our predic-
tions are confirmed this will be an argument in favor of the
quark-antiquark assignment. If there are large discrepancies
between data and our numbers, this will indicate the existence
of a molecular or tetraquark component. As mentioned in the
Introduction, charge neutral states can always be mixtures
and in the existing calculations involving mixtures, the c-c̄
component is always large. Hence our calculations will be
relevant. Our strategy is conservative. Instead of creating a
model for the production of multiquark states, we stick to the
well know QED amplitudes complemented by experimental
information.

In Table I we show the cross sections for the production
of C even mesons in Pb-Pb collisions at

√
sNN = 5.02 TeV

using the formalism described above. For the decay width of
the ηc we have used the PDG value but it should be mentioned
that the value of this quantity is still under debate [36,37].
We have also included the results for ηc(2S), which was not
so well measured when we wrote our previous work on this
subject [30].

In Table II we show the update of the results obtained in
[28] for the production cross section of the J = 0 and J = 2
particles. In the PDG compilation, the quantum numbers and
the nature of the X (3940) are still undefined and its two-
photon decay width was not measured. We have used the
theoretical values calculated in [38,39]. The states χc0(3915)
and χc2(3930) are treated as conventional c-c̄ scalar and tensor
states, respectively. However these assignments have been
questioned (see, for example, [40]). In Table II we included
results for the very recently measured X (6900) state [41].

TABLE II. Cross sections for production of C-even charmonium
states in Pb-Pb ultraperipheral collisions at different energies. The
highest energy might be relevant for collisions at the FCC [44].

σ [μb]

State Mass �γγ [keV] 2.76 TeV 5.02 TeV 39 TeV

X (3940), 0++ 3943 0.33 [38,39] 5.5 9.7 32.5
X (3940), 2++ 3943 0.27 [38,39] 22.5 39.6 133.0
χc2(3930), 2++ 3922 0.08 [29] 7.1 12.4 41.7
χc0(3915), 0++ 3919 0.20 [29] 3.4 6.0 20.1
X (6900), (I) 6900 67 [43] 120.5 238 912
X (6900), (NI) 6900 45 [43] 81 160 612

This state was seen in the J/ψ-J/ψ invariant mass spectrum
and therefore it could be a cc̄cc̄ state. After the observa-
tion there was a series of works discussing its structure and
hadronic production. Among them, Ref. [42] is of special
relevance to us. The authors have used the equivalent photon
approximation (EPA) and the convolution formula included
in the Appendix for the sake of discussion. The formalism
described there is quite similar to the one described above
and the use of the Low formula for the γ γ → R reaction
is equivalent to using the Van Royen–Weisskopf formula.
Since in Ref. [42] the authors did not know the two-photon
decay width of the X (6900), they could not be very precise
in their estimate. Later, this information was extracted from
the analysis of light-by-light scattering in Ref. [43]. The main
observation was that the fit of the measured γ γ invariant mass
spectrum becomes much better when one adds a resonance of
mass �6900 MeV. Using different assumptions in the analysis
they arrive at the values of �γγ quoted in Table II, where I
stands for interference and NI for no interference (for more
details see [43]). These values are surprisingly large and when
inserted into our formulas yield very large production cross
sections.

III. THREE-PHOTON PROCESSES

The formalism described in the previous section is anal-
ogous to the equivalent photon approach and the cross
section could be rewritten as the well known convolution EPA
formula (given in the Appendix) for the process γ γ → R,
where R is any integer spin resonance. However, this formula
can only be used for the production of J = 0 or 2 states. For
the case of vector meson production we need the three-photon
fusion process. In Ref. [30] we derived the expression for the
cross section of three-photon fusion into a C-odd meson. In
differential form it reads

dσ

dPz
= 1024 π |�(0)|2(Zα)6 1

M3E

∫
dq1t q3

1t

[
F

(
q2

1t

)]2

(
q2

1t + ω2
2/γ

2
)2

×
∫

dq2t q2t
[
F

(
q2

2t

)]2

[
q2

2t + (2ω1 − ω2)2/γ 2
]2

×
[∫

dkt kt F
(
k2

t

)
(
k2

t + (ω1 − ω2)2/γ 2
)
]2

. (4)
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TABLE III. Cross sections for production of C-odd mesons in
Pb-Pb ultraperipheral collisions at

√
sNN = 5.02 TeV. The decay

widths are taken from the PDG [29].

State Mass �e+e− [keV] σ [nb]

ρ0 770 6.77 2466.9
ω 782 0.6 215.3
J/ψ 3097 5.3 476.5
ψ (2S) 3686 2.1 161.4
ψ(3770) 3770 0.26 19.5
ψ(4040) 4040 0.86 59.7
ψ(4160) 4160 0.48 32.4
ψ(4230) 4230 1.53 101.5
ψ(4415) 4415 0.58 36.9

The definition of the variables are as in Eq. (1). However,
in the present case, the wave function |�(0)|2 can no longer
be related to the γ γ decay width. On the other hand, vector
mesons can decay into e+e− pairs and the corresponding
decay widths are well known experimentally. Using a similar
derivation as for the γ γ decay, the e+e− decay width of the
vector mesons found to be proportional to the wave function
squared [35], i.e., �e+e− ∝ |�(0)|2. Using the relation derived
in [35] we arrive at [30]

σ =
∫

dω 96 π
�e+e−

M3

n(ω)

ω
H (M, ω), (5)

where n(ω) is given by

n(ω) = 2

π
Z2α

∫
dq q3 [F (q2)]2

(q2 + ω2/γ 2)2 (6)

and

H (M, ω) = Z4α3M2
∫

dq2t q2t
[
F

(
q2

2t

)]2

[
q2

2t + (M2/2ω − ω)2/γ 2
]2

×
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dkt kt F
(
k2

t

)
k2

t + (M2/4ω − ω)2/γ 2

]2

. (7)

In Table III we present the cross sections for vector char-
monium production. The first four lines are just an update of
the results found in [30]. The other lines present states which
may be exotic. A common feature shared by all these ψ states
(with the exception of ψ (3770)) is that they are all above a
DD̄ threshold and yet this decay mode is not a dominant one.
This fact (among other things) raises the suspicion that these
are not conventional cc̄ states.

The nature of the ψ (3770) resonance is still a subject of
debate. Conventionally, it has been regarded as the lowest-
mass D-wave charmonium state above the DD̄ threshold, i.e.,
a pure cc̄ meson in the quark model. However, in Ref. [45] it
was suggested that the ψ (3770) may contain a considerable
tetraquark component. In that work it was also suggested
that the tetraquark nature of the state would reveal itself in
the decay ψ (3770) → η J/ψ and a prediction of the decay
width in this channel was given. Very recently, this decay was
observed by the BESIII collaboration [46] and the measured
width was close to the prediction made in [45], giving support

to the possible tetraquark component of the ψ (3770). In our
formalism, we treat the vector mesons as cc̄ bound states.
So our predicted cross section refers to the production of a
conventional charmonium or to the charmonium component
of the mixed charmonium-tetraquark state.

The Particle Data Group (PDG) has been updating the
parameters of vector charmonium states, like ψ (4160) and
ψ (4230), following an improved data analysis and higher
statistics of the data. The study reported by BES yields
higher Breit-Wigner (BW) mass for ψ (4160): M = 4191.7 ±
6.5 MeV [47]. In spite of the fact that the updated mass
and width parameters of these two states are closer to each
other, they are still regarded as different states with the same
quantum numbers whose underlying nature remains elusive.
ψ (4160) is considered as a 23D1 cc̄ state due to its consis-
tency with the predictions of the quark potential model [48].
The ψ (4160) and ψ (4230) have the same quantum numbers
with a mass difference approximately equal to 40 MeV but
can hardly be described within the quark model at the same
time [48]. Furthermore, while the ψ (4160) appears in the
open charm channels, it is not present in the hidden-charm
channels, and the decay channels of ψ (4230) appearing in the
PDG table are mostly due to hidden-charm channels. Clearly,
these states deserve further studies. In [49] it has been argued
that the ψ (4160) and ψ (4230) are in fact the same state. The
measurement of the production cross sections of these two
states in the three photon fusion may help elucidating their
nature.

Before closing this section, it is important to mention that
we found some numerical discrepancies when we compared
our present results with the older ones, reported in [30]. Un-
fortunately, the 20 year old codes could not be recovered and a
careful comparison could not be done. Since the discrepancies
are important only for some light mesons (π0, η, ρ0, and ω),
we suspect that they are related to the technique used to per-
form the integrations in the expressions for the cross sections,
Eqs. (1) and (5). In these equations the masses appear in the
denominators. Although the integrals are not divergent, the
integrands show peaks for smaller values of the momenta and
masses. This is where different integration algorithms might
lead to different results. We feel confident about our numbers
because we are now a bigger team than 20 years ago and we
could check our results more carefully. Most importantly, the
focus of the paper is on the heavy meson sector, where the
discrepancies are very small.

IV. SUMMARY

In this work we have studied the charmonium production
in UPCs at LHC energies due to two- and three-photon fusion
processes. These are clean processes where the particles of
the initial state remain intact in the final state and can be
detected with the appearance of two rapidity gaps between
the heavy ions and the produced particle. We have used the
QED formulas (derived in [30]) complemented with the ex-
perimental data on decay widths. We predict sizable values for
the cross sections in Pb-Pb collisions. Our conclusion is that
experimental studies using UPCs are worth pursuing, they will
be valuable to constrain decay widths calculated theoretically
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and, ultimately, they will help determining the structure of
the considered states, confirming or not their quark-antiquark
nature.
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APPENDIX: EQUIVALENT PHOTON APPROXIMATION
FOR TWO-PHOTON PROCESSES

Using the equivalent photon approximation for UPC of
two hadrons, h1 and h2, we obtain the cross section for the
production of a generic charmonium state, R, given by (see,
e.g., [17,20])

σ (h1h2 → h1 ⊗ R ⊗ h2; s)

=
∫

σ̂ (γ γ → R;W )N (ω1, b1)

× N (ω2, b2)S2
abs(b)d2b1d2b2dω1dω2 , (A1)

where
√

s is center-of-mass energy for the h1h2 collision
(hi = p, A). The cross product symbol ⊗ indicates a rapidity
gap in the final state and W = √

4ω1ω2 is the invariant mass
of the γ γ system. The quantity N (ωi, bi ) is known as the
equivalent photon spectrum generated by hadron (nucleus)
i, and σγγ→R(ω1, ω2) is the cross section for the production

of a state R by means of real photons with energies ω1 and
ω2. Besides, in Eq. (A1), ωi denotes the energy of the photon
emitted by the hadron (nucleus) hi at an impact parameter, or
distance, bi from hi. Finally, in the above formula S2

abs(b) is
the survival probability written as the square of the scattering
matrix, introduced here to enforce the absorption at small im-
pact parameters b � Rh1 + Rh2 [50]. We adopt the equivalent
photon flux expression

N (ω, b) = Z2αem

π2

1

b2ω

[∫
u2J1(u)F

⎛
⎝

√
(bω/γ )2 + u2

b2

⎞
⎠

× 1

(bω/γ )2 + u2
du

]2

, (A2)

where F is the nuclear form factor of the equivalent photon
source. In order to estimate the h1h2 → h1 ⊗ R ⊗ h2 cross
section one needs the γ γ → R production cross section as
input. Usually one uses the Low formula [51], where the
cross section for the production of the R state in two-photon
fusion reactions is given in terms of the two-photon decay
width of R,

σγγ→R(ω1, ω2) = 8π2(2J + 1)
�R→γ γ

MR
δ
(
4ω1ω2 − M2

R

)
,

(A3)
where the decay widths �R→γ γ are either taken from experi-
ment or estimated theoretically. In the above formula, MR and
J are the mass and spin of the produced state, respectively.
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