PHYSICAL REVIEW C 111, 025201 (2025)

Particle production by y-y interactions in future electron-ion colliders
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The particle production in photon-photon (y y) interactions present in electron-ion collisions is investigated.
We present calculations for the total cross sections and event rates related to the production of light mesons
[n, 7', fo and f,], charmonium [n. and x.], and charmoniumlike [X (3915), X (3940), X (4140), and X (6900)]
states, considering the Electron - Ion Collider, Electron - ion collider in China, Large Hadron electron Collider,
and Future Circular Collider - electron hadron energies. Our predictions demonstrate that experimental studies
of these processes are feasible and useful to constrain the properties of light mesons and quarkonium states and
shed some light on the configuration of the considered charmoniumlike states.

DOL: 10.1103/PhysRevC.111.025201

I. INTRODUCTION

Exotic hadrons cannot be easily accommodated in unfilled
qq and gqq states. This fact has been established over the last
years (for reviews see, e.g., Refs. [1-4]). In particular, several
candidates have been observed at the CERN Large Hadron
Collider (LHC), through the analysis of the decays from the
particles produced in pp collisions. However, in recent years,
the possibility of probing exotic hadrons in photon induced
interactions at the LHC has been proposed and developed
[5-23]. Such results indicated that the study of particle pro-
duction by photon-photon and photon-hadron interactions at
the LHC are an important alternative to prove (or disprove)
the existence of these states and to investigate their properties.
Considering that these interactions will also occur in the fu-
ture electron-ion colliders, proposed to be constructed in the
USA (EIC/BNL) [24], Switzerland (LHeC/CERN and FCC-
eh/CERN) [25,26] and China (EicC) [27], our objective in this
paper is to extend these published studies and derive predic-
tions for total cross sections and expected number of events
considering some particular final states. We will focus on
the particle production by y y interactions in electron-nucleus
collisions, as represented in Fig. 1, which has an associated
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cross section factorized as products of the equivalent flux
of photons of the incident particles and the photon-photon
production cross section. As the photon flux is well known,
this process is sensitive to the description of production of
the corresponding yy — P process and, consequently, to the
particle wave function. In our analysis, in addition to the ex-
otic charmoniumlike states X(3915), X(3940), X(4140), and
X(6900), we will also consider the x. and n. charmonium
states, which are an important background for the searching
of an Odderon' in eA collisions, as well as some examples of
light states (1, ', fo, and f>), whose future measurement can
be useful to improve its description.

This paper is organized as follows. In the following section,
we present a brief review of the particle production formal-
ism due to yy interactions in eA collisions. In particular,
we will discuss the photon fluxes generated by an electron
and a nucleus, as well as the expression for the photon-
photon production cross section. In Sec. III, we will present
our calculations for the total cross sections and number of
events considering the center-of-mass energies and luminosi-
ties expected for the future electron-ion colliders (EIC, LHeC,
FCC-eh, and EicC). In addition, we will consider the decay
of the considered states in two photons and will present the
associated predictions derived assuming kinematical limits of
the rapidities and energies of photons. A comparison with

"The odderon is a state predicted by quantum chromodynamics
(QCD), characterized by a C-odd parity. It determines the cross
section difference between the crossed and direct channel processes
at very high energies (see, e.g., Ref. [28]). In perturbative QCD, itis a
C-odd composite state of three reggeized gluons described within the
Bartels-Kwiecinski-Praszalowicz (BKP) formalism [29], which can
be probed in the exclusive photoproduction of pseudoscalar mesons
(see, e.g., Refs. [30-35]).
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the predictions for the light-by-light (LbL) process will also
be discussed. In the last Sec. IV, we summarize our main
predictions and conclusions.

II. FORMALISM

As discussed in the introduction, in the equivalent photon
approximation (EPA) [36], the cross section for particle pro-
duction by yy interactions in eA collisions is factorized in
terms of a flux of equivalent photons on the incident particles
multiplied by photon-photon production cross sections, i.e.,

oleA — e @ P ® A; /5]
- / dwudwn @) fy (@) 8lyy — PiW,, 1. (1)

where ® represents a rapidity gap in the final state, \/s is
the center-of-mass energy in the eA collision and f, /; is the
distribution function of photons generated by particle i (i =
e, A) with a photon energy w;. Here, & is the cross section
for particle production in a yy interaction with a particular

photon-photon center-of-mass energy W,,,,.

J

fya(wa) = —/d2
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where F(gq) represents the charge form factor of the nucleus,
yy is the laboratory Lorentz factor and v is the velocity of the
nucleus. The photon spectrum generated by the nucleus will
be estimated using a realistic form factor [39], corresponding
to a Fourier transform of a Woods-Saxon charge density dis-
tribution of the nucleus [40], determined by low energy elastic
electron-nucleus experimental data.

The cross section 6,,,, for the photoproduction of P state in
y y interactions can be estimated, at the Born level, employing
Low’s formula [41]. Such formula expresses this cross section
as a function of the two-photon decay width I'p_,,,,,, i.e.,

By p (@0, 04) = 83T + DL 5 (dary — MB),
Mp
@)

where Mp and J are the mass and spin of the produced
particle, respectively.

One has that the final state will be characterized by the
particle P, which will be produced in a rapidity y with trans-
verse momentum p,, two intact recoiled particles (electron
and nucleus) and the existence of two rapidity gaps which
are empty pseudo-rapidity regions separating the intact very
forward moving particles from the produced particle P state.
In the eA center-of mass (c.m.) frame, the photon energies w;
are expressed in terms of the rapidity y as follows:

M , M ,
we = —Let and wy = —Le. 3)
2 2
As we are considering that the P state is produced by the in-

teraction between two real photons, the typical p is expected

In our analysis, we take the flux associated with the elec-
tron as given by [36]

O [ dQ? W, 2 w?
Frielwe) = 20 f @[(1 B E)(l 0 ) * E]
2)

where w, represents the energy of the photon generated by
the electron with a bombarding energy E,, and Q? represents
its virtuality. Moreover, kinematics imply that the mini-
mum momentum transfer is given by Qmln =m wz/ E (E -
w.)], whereas the maximum momentum transfer is 02 =
4E.(E, — w,), due to the maximum of the electron energy loss
in the process. In this paper, we will focus on the interaction
between two real photons, assuming Q% . = 1.0 GeV? for the
maximum momentum of the photon generated by the electron.
It is important to emphasize that the study of y*y interactions
in eA collisions allow us to constrain the description of the
meson transition form factors, as demonstrated in Ref. [37],
but the analysis of this interesting case is beyond the scope
of the current paper. For the nucleus, we will assume that the
photon distribution is given by [38]

2
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to be very small. Such characteristics of the final state can be
used, in principle, to perform the experimental separation of
the associated events. Another motivation to study the parti-
cle production by yy interactions in electron-ion colliders is
that the production mechanism is sensitive to the annihilation
process, P — yy, and therefore to the particle wave function.
Hence, studies of particle production in photon-induced inter-
actions provides a direct test of the modeling of the produced
states. In our study, we estimate the total cross sections to
produce the particles listed in Table I, which can be classified
in three different groups: (a) light mesons [7, 1/, fy, and f>];
(b) charmonium states [n,. and x.]; and (c) charmoniumlike
states [X(3915), X(3940), X (4140), and X (6900)]. The se-
lection of particles in group (a) is motivated by the fact that
a future measurement of these particles can be useful to im-
prove our understanding of its structure and about the QCD
vacuum [42]. In group (b), we have considered particles that
can also be produced in a photon-odderon interaction [32-34].
Therefore, a precise determination of the contribution associ-
ated with the yy production is fundamental to discriminate
between these two channels and probe the existence of the
odderon in eA collisions. Finally, in group (c), some examples
of charmoniumlike exotic systems, whose description is still
a theme of debate [4], are considered in order to investigate if
the probing of these states in the future eA colliders is feasible.
For the exotic X mesons, we will assume the theoretical values
for I'y,, presented in Refs. [12,20]. In contrast, for the other
states, we will consider the values present by the Particle
Data Group (PDG) [43]. Although our selection is arbitrary,
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TABLE I. Properties of the particles considered in our analysis.
The decay widths for the X states are the theoretical values presented
in Refs. [12,20]. For the other states, the values are those presented
in the PDG [43].

Particle Mass (MeV) Decay width 'y y (keV)
n(547) 547.9 0.515
7' (958) 957.8 4.28
f0(980) 990.0 0.29
f>(1270) 12754 2.60
n.(18) 2984.1 5.10
Xco(1P) 3414.7 33.60
X2 (1P) 3556.2 0.578
n.(2S) 3637.7 1.3

X (3915) 3919.4 0.200
X (3940) 3942.0 0.330
X (4140) 4146.0 0.630
X (6900) 6886.0 67.0

it can be easily extended for other particles that decay into a
two-photon system.

III. RESULTS

Here, we estimate the total cross sections considering
energy and target configurations planned for future electron-
ion colliders at the Brookhaven National Laboratory (BNL),
CERN, and in China. In a future electron-ion collider at
BNL, electron beams with energies up to 18 GeV are ex-
pected to collide with heavy ions with energies below 100
GeV [24]. The colliding beams will reach luminosities in the
10%3-10** cm~2s~! interval. In our calculations, we assume
electron and Au-ion energies: (E,, E4,) = (18, 100) GeV, as
a typical example. Moreover, we will also estimate the cross
sections for the EicC [27] (E, = 3.5GeV, E4, = 10GeV,
and £ = 10*? cm~2s71), for the LHeC [25] (E, = 50 GeV,
Ep, =2760GeV, and £ = 103 cm~2s™!), and for the FCC-
eh[26] (E, = 60 GeV, Ep, = 19500 GeV, and £ = 54 x 10*?
cm~2s7"). These values imply that \/s|rcc—en > /Slimec >

Py, py)

FIG. 1. Particle production by y y interactions in eA collisions.

$leic > A/s|eicc. The corresponding results are presented in
Table II.

One has that the cross section for a given final state in-
creases with energy, which is directly associated with the
increasing of the number of photons available for the yy
interaction. For the light mesons, we predict cross sections of
the order of b and ~10'" (10'?) events per year at the EIC
(LHeC). In contrast for the charmonium (charmoniumlike)
states, our calculations show a reduction by a factor 10> (10%),
except for X (6900) production. At the EicC, the production of
massive states is strongly suppressed due to the small phase
space available.

The results presented above motivate an analysis of the
experimental separation of events. In what follows, we will
consider that after being produced, the particles decay back in
photons. Consequently, the final state includes the electron,
the ion, the two photons and the occurrence of two rapid-
ity gaps. The invariant mass of the two photons will peak
at W,, &~ Mp. Such behavior is observed in Fig. 2, where
we present the differential distribution, do /dW,,,, as a func-
tion of W,,,, for distinct particles decaying into two photons,
calculated for the EIC energy. For comparison, the differential

TABLE II. Total cross sections in nanobarns (event rates per year) for particle production via y y interactions in eA collisions.

Pb (LHeC)

ePb (FCC-eh)

eAu (EicC) eAu (EIC)
n(547) 253.51 (12.67 x 10°) 2126.88 (2.13 x 10'")
7' (958) 125.50 (6.28 x 107%) 2126.32 (2.13 x 10')
f0(980) 7.25 (0.36 x 10%) 125.59 (12.56 x 10°)
f>(1270) 76.90 (3.85 x 10%) 2096.30 (2.10 x 10'")
n.(18) 17.53 x 1073 (0.88 x 10°) 23.41 (2.34 x 10°)
xc0(1P) 19.15 x 1073 (0.96 x 10°) 85.20 (8.52 x 10%)
Xc2(1P) 0.68 x 1073 (34.00 x 10°%) 6.16 (0.62 x 10%)
n.(2S5) 0.25 x 1073 (12.55 x 10%) 2.44 (0.24 x 10%)
X (3915) 1.40 x 1073 (0.70 x 10%) 0.27 (27.00 x 109)
X (3940) 2.22 x 1073 (1.11 x 10%) 0.44 (44.00 x 10%)
X (4140) 2.87 x 107 (1.44 x 10%) 0.65 (65.00 x 10%)
X (6900) 2.28 x 107° (114.15) 5.37 (0.54 x 10°)

7905.82 (7.91 x 10°)
9403.02 (9.40 x 10°)
568.22 (0.57 x 10°)

10418.05(10.40 x 10°)

194.22 (0.19 x 10%)
777.34 (0.78 x 10°)
57.81 (57.81 x 10°)
23.95 (23.95 x 106)

2.79 (2.79 x 10°)
4.51 (4.51 x 10°)
7.12 (7.12 x 10°)
111.67 (0.11 x 10°)

12299.90 (92.25 x 10°)
15341.50 (0.11 x 10')
925.65 (6.94 x 10°)
17455.26 (1.31 x 10')

356.98 (2.68 x 10°)
1466.98 (11.00 x 10°)
109.62 (0.82 x 10°)
45.29 (0.34 x 10°)

5.38(5.38 x 10%)

8.70 (65.25 x 10°)
13.85 (0.10 x 10°)
240.70 (1.81 x 10°)
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FIG. 2. Predictions for the differential distribution, do /dW,,,,, as
a function of W, for distinct particles decaying into a two-photon
system. For comparison, the differential distribution associated with
the LbL processes is also presented. Results for the EIC energy.

distribution associated with the LbL processes is also pre-
sented. One has that in several cases the LbL contribution for
the diphoton production is larger than that from the particle
decay. In order to verify if it is possible to separate these two
contributions, we will study the consequences of kinematical
cuts for the photon pseudorapidities and energies in our cal-
culations. The following constraints will be considered:

Iml.|m| <3.5 and E,,E, > 1.0 GeV, ()

which are expected to hold at the EIC and are related with the
acceptance region of the EIC calorimeters [24]. The two cuts
allow the detection of the photons by the central detector and
guarantee that they are energetic enough to be reconstructed
with the calorimeter. We will also apply similar cuts in our
predictions for the EicC, LHeC, and FCC-eh. The decay of
the P states are simulated with the PYTHIA6 event generator
[44]. In Table III we show our obtained predictions for the
total cross sections and events rates per year for the production
of a two-photon system after the decay of a P state produced

in an eA collision. In comparison with the results presented
in Table II, one observes that the cuts and the decay induce a
suppression in the number of events by approximately three
orders of magnitude. However, our results indicate that the
number of events per year associated with the production of
light mesons and charmonium states at the EIC, LHeC, and
FCC-eh, will be huge, which will allow, in principle, a future
experimental analysis of these states. For the charmoniumlike
states, the values assumed for I'),,, imply that these could be
investigated in eA collisions at the EIC and FCC-eh.

Finally, we include the contribution of the continuum due
to LbL scattering and we present our results in Table IV,
which has been estimated assuming the mentioned cuts on
the energies of the final state photons and taking into ac-
count the invariant mass of the two-photon system, W,,,
within the range Mp + 2.4%Mp [45]. One observes that the
LbL predictions are smaller (same order) than the results
for the production of light mesons (charmonium states). In
contrast, the LbL predictions are larger than those for the
production of charmoniumlike states, except for the X (6900)
state. However, it is important to emphasize that the contin-
uum background can be strongly decresed by measuring the
LbL scattering in a resonance-free region, e.g., in an invariant
mass range below and above of the peak determined by the
‘P state, which enables a constraint in the magnitude of the
peak. As a byproduct, the contribution of LbL events could be
largely reduced. As the number of LbL events in electron-ion
collisions is expected to be very large, such methodology will
be feasible, in principle. Our calculations therefore strongly
motivate to proceed with a more detailed analysis with a
Monte Carlo implementation of the mechanisms considered
in our study and the potential emerging backgrounds. We plan
to perform such an analysis in a forthcoming study.

IV. SUMMARY

In this paper we carried out an exploratory study of the
particle production by yy interactions in electron-ion colli-
sions at the EicC, EIC, LHeC, and FCC-eh. We predicted
total cross sections and event rates per year. In addition, we

TABLE III. Cross sections in nanobarns (event rates per year) for the production of a system of two photons from the decay of a meson
created by yy interactions in eA collisions. We consider kinematical cuts in pseudorapidity and energy of each photon after the decay.

eAu (EicC)

eAu (EIC)

¢Pb (LHeC)

ePb (FCC-eh)

n(547)
n'(958)
fo(980)
f2(1270)

n:(1S)

Xco(1P)
X2 (1P)
1n:(28)

X(3915)
X (3940)
X (4140)
X (6900)

5.74.(0.29 x 10°)

0.24 (12.00 x 10°)
2.44 x 1075 (1.22 x 10%)
19.80 x 1075 (9.80 x 10°)

2.38 x 1076 (0.12 x 10%)
57.33 x 107° (2.87 x 10%)
0.19 x 10~ (9.50)
27.28 x 1079 (1.35)

2.15 x 10719 (10.75 x 1073)
1.87 x 10719 (9.35 x 1073)
2.17 x 10719 (10.85 x 1073)
0.91 x 107 (45.26 x 1073)

88.60 (8.86 x 10%)
8.34 (0.83 x 10°)
0.80 x 1073 (80.00 x 10%)
8.55 x 1073 (0.85 x 10°)

3.34 x 1073 (0.33 x 10°)
0.24 (24.00 x 10°)
1.61 x 1073 (0.16 x 106)
0.24 x 1073 (24.35 x 10%)

3.84 x 107° (0.38 x 10%)
3.40 x 1070 (0.34 x 10%)
4.59 x 107° (0.46 x 10%)
2.11 x 1073 (0.21 x 10%)

319.60 (0.32 x 10°)
34.55 (34.55 x 10°)
3.37 x 1073 (3.37 x 10%)
39.05 x 1073 (39.05 x 10%)

24.81 x 1073 (24.81 x 10%)
2.01 (2.01 x 10%)
13.79 x 1073 (13.79 x 10°)
2.17 x 1073 (2.17 x 10%)

36.31 x 107° (36.31)

3.23 x 107° (32.30)

46.50 x 1075 (46.50)
41.87 x 1073 (41.87 x 10%)

457.29 (3.35 x 10°)
51.51 (0.39 x 10°)
5.27 x 1073 (39.53 x 10%)
59.35 x 1073 (0.45 x 10°)

40.00 x 1073 (0.30 x 10%)
3.29 (24.68 x 10°)
22.76 x 1073 (0.17 x 10%)
3.60 x 1073 (26.97 x 10%)

60.88 x 1076 (0.46 x 10%)
5.42 x 1075 (0.41 x 10%)
78.82 x 1076 (0.59 x 10%)
77.91 x 1073 (0.58 x 10%)
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TABLE IV. Cross sections in nb (event rates per year) for LbL scattering in eA collisions. Predictions derived considering cuts in the
pseudorapidity and energy of each final photon, as well as in the invariant mass of the diphoton system, W,,, = Mp 4 2.4%Mp, with the
central value presented in the first column.

Central mass

eAu (EicC)

eAu (EIC)

eePb (LHeC)

ePb (FCC-eh)

M, sa7) 17.98 x 1073 (0.90 x 10°) 0.29 (29.21 x 10°)

My oss) 3.88 x 1073 (0.19 x 10°) 0.12 (12.25 x 10°)

f0(980) 3.54 % 1073 (0.18 x 10°) 0.11 (11.48 x 10°)

My, 1070 1.57 x 1073 (78.55 x 10°)  73.24 x 1073 (7.32 x 10°)
M, qs) 10.14 x 107° (507.21) 14.10 x 1073 (1.41 x 10°)
M, ) 1.95 x 10-° (97.59) 9.32 x 1072 (0.93 x 10°)
M, ap 1.15 x 1076 (57.97) 8.16 x 1073 (0.82 x 106)
M, 05 0.87 x 1076 (43.63) 7.59 x 1073 (0.76 x 106)
My so15) 0.37 x 1076 (18.64) 5.90 x 1073 (0.59 x 10°)
My 3ou0) 0.35 x 1076 (17.57) 5.79 x 1073 (0.58 x 10°)
My 140, 0.21 x 106 (10.67) 4.85 x 1073 (0.49 x 10°)
My 6500) 0.25 x 10 (12.28 x 1073)  0.66 x 1073 (66.39 x 10%)

1.01 (1.01 x 10%)
0.50 (0.50 x 10%)
0.48 (0.48 x 10%)
0.33 (0.33 x 10%)

0.10 (0.10 x 10°)
77.12 x 1073 (77.12 x 10%)
70.61 x 1073 (70.61 x 10)
66.94 x 1073 (66.94 x 10°)

56.26 x 1073 (56.26 x 10%)
55.50 x 1073 (55.49 x 10%)
49.14 x 1073 (49.14 x 10%)
13.15 x 1073 (13.15 x 10%)

1.45 (10.86 x 10%)
0.75 (5.63 x 10°)
0.71 (5.35 x 10%)
0.51 (3.79 x 10%)

0.17 (1.26 x 10%)
0.13 (0.95 x 10°)
0.12 (0.87 x 10°)
0.11 (0.83 x 10°)

94.23 x 1072 (0.71 x 10%)
93.00 x 1072 (0.71 x 10%)
82.93 x 1073 (0.62 x 10%)
24.59 x 1072 (0.18 x 10%)

considered the decay of the produced states in a diphoton
system using kinematical cuts on the rapidities and energies of
the photons. We have also demonstrated that a large number
of events associated with light mesons and charmonium states
is expected in the future colliders, which will allow us to
improve our understanding about its structure and properties.
In addition, the probing of charmoniumlike states will also be,
in principle, feasible. In particular, our results point out that
the EIC is a potential collider to produce exotic states. Our
predictions strongly motivate the implementation of dedicated
Monte Carlo calculations in the description of eA collisions
and an extension of the study to particle production in the
interaction between a real and a virtual photon. Both subjects
will be explored in forthcoming publications.
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