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The semi-inclusive electroproduction of exotic hadrons, including the T.., P.,, and hidden-charm
baryon-antibaryon states, is explored under the assumption that they are S-wave hadronic molecules of a
pair of charmed hadrons. We employ the Monte Carlo event generator Pythia to produce the hadron pairs
and then bind them together to form hadronic molecules. With the use of such a production mechanism, the
semi-inclusive electroproduction rates are estimated at the order-of-magnitude level. Our results indicate

that a larger number of P, states and A.A, molecules can be produced at the proposed electron-ion
colliders in China (EicC) and the US (EIC). The results also suggest that the T states and other hidden-
charm baryon-antibaryon states can be searched for at EIC. Besides, the potential 24-GeV upgrade of the
Continuous Beam Accelerator Facility at the Thomas Jefferson National Accelerator Facility can play an
important role in the search for the hidden-charm tetraquark and pentaquark states due to its high

luminosity.
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I. INTRODUCTION

In the last two decades, a number of hadron structures
have been observed in various high-energy experiments,
such as BESIII [1], LHCb [2], and Belle [3]. Many of these
structures possess properties incompatible with the pre-
dictions of the traditional quark model for quark-antiquark
mesons and three-quark baryons, and therefore are excel-
lent candidates for the so-called exotic hadrons. These
structures have been studied extensively with different
models, but debates about their nature still exist (for recent
reviews, see Refs. [4—13]).

So far, most of the exotic states have been observed at
hadron-hadron and electron-positron collisions. To under-
stand the nature of the exotic states, other production
processes have been proposed to search for these states.
Notably, photoproduction or leptoproduction processes
have the advantage that the possible resonant signals are
free of triangle singularities (for a review, see Ref. [12]).
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Pioneering work in the search for exotic hadrons in
photoproduction processes has been done by the
COMPASS and GlueX collaborations. The COMPASS
Collaboration searched for Z.(3900)* in the J/yz*
invariant-mass distribution, but there was no signal [14].
Later, the COMPASS Collaboration observed a peak
around 3.86 GeV in the J/wztz~ invariant-mass distribu-
tion with a 4.16 statistical significance—X(3872)—in
muoproduction processes [15], and the measured zt 7z~
invariant-mass distribution indicates a negative C parity for
this structure. The GlueX Collaboration found no evidence
of hidden-charm pentaquark P. states in near-threshold
J/y exclusive photoproduction off the proton in Hall D at
the Thomas Jefferson National Accelerator Facility (JLab)
and set model-dependent upper limits (using a vector-
meson-dominance model) for the branching fractions
Br[P} — J/yp] [16].

The proposed electron-ion collider in China (EicC) [17],
the Electron-Ion Collider in the US (EIC) [18], and
the potential 24-GeV upgrade of the Continuous Beam
Accelerator Facility (CEBAF) at JLab [19] provide new
opportunities to search for exotic hadron structures and
study the nature of such states. The center-of-mass (c.m.)
energies at EicC and EIC are much higher than the
thresholds of charmed hadron pairs, and thus they permit
semi-inclusive electroproduction of hidden-charm (and
even double-charm) exotic states. For CEBAF (24 GeV),
the c.m. energy of the electron-proton system with a
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TABLE 1. Energy configurations and luminosities for EicC,
EIC, and the proposed 24 GeV upgrade of CEBAF. The
integrated luminosities correspond to about 1 year of operation.

EicC EIC CEBAF (24 GeV)
[17] [18] [19]
¢ (GeV) 35 18 24
» (GeV) 20 275 0
Luminosity (cm™2s™") 2x 103 10% 1036

Integrated 60 300
luminosity (fb™!)

3 x 10*

24 GeV electron beam hitting the proton target is about
6.7 GeV and thus much lower than that at EicC and EIC;
yet, its luminosity is much higher. The energy configu-
rations and luminosities of these facilities are listed in
Table 1.

Many works have estimated the cross sections for the
exclusive photoproduction of the hidden-charm pentaquark
states [20-32] and hidden-charm tetraquark states [33-38]
with the vector-meson dominance model, which assumes
that the photon emitted from the electron converts into a
J/w which then interacts with the proton to produce the
hidden-charm states. Yet, since the production of a heavy
quarkonium, such as J/y, in high-energy reactions requires
the heavy quark and antiquark pair to be confined in a small
phase space, its production rate is much lower than that of
a pair of open-charm hadrons. In view of this, the open-
charm hadron pair might be a crucial component in
producing exotic hadrons with hidden-charm. In particular,
in Ref. [39] it was pointed out that the total cross section
for the near-threshold photoproduction of J/y in yJ/y —
J/wp measured by GlueX is consistent with assuming
that the reaction is dominated by the A.D™) channels
through yJ /y = A.D") — J/y p. Furthermore, the results
for the heavy vector quarkonia, calculated by solving the
Dyson-Schwinger equation, are incompatible with the
assumption of the vector-meson-dominance model in
the electroproduction process [40]. Therefore, it is neces-
sary to explore the photoproduction of exotic states with
other methods.

Based on the hadronic molecular picture, the semi-
inclusive leptoproduction rates of the hidden-charm
hadrons at COMPASS, EicC, and EIC were estimated in
Ref. [41]. The considered production mechanism is such
that the charmed hadron pairs are semi-inclusively gen-
erated with the use of a Monte Carlo (MC) event generator
and then bound together to form hadronic molecules
through the final-state interaction (FSI) [42—44]. This
mechanism has been employed to estimate the cross
sections at the order-of-magnitude level for the production
of X(3872) [45-47], the spin partner and bottom analogues
of X(3872) [44], the charm-strange hadronic molecules
[43], the charged charmonium-like and bottomonium-
like states [48], the P, states [49], and dionium (D™D~

hadronic atom) [50]. The so-obtained cross sections for the
production of X(3872) [8] at hadron colliders are in line
with the measurements at CDF [51] and CMS [52].

In this work, we employ the same mechanism to esti-
mate the cross sections for the semi-inclusive electro-
production of the double-charm T states, hidden-charm
P states, and hidden-charm baryon-antibaryon states at
EicC and EIC, which have not been given before, and
the semi-inclusive electroproduction rates of X(3872),
Z.(3900)°5), the P, states, and P.,(4459) at JLab for
the first time." Among the exotic states discussed in this
work, P.(4312), P.(4440), P.(4457), P.,(4459), and T,
were observed by the LHCb Collaboration [53-56],
X(3872) was first reported by the Belle Collabora-
tion [57], Z.(3900)" was discovered by the BESIII and
Belle Collaborations [58,59], and Z,(3900)° was observed
by the BESIII Collaboration [60]. The rest of the states
are predicted in the hadronic molecular picture; see
Refs. [61,62] for a survey of the spectrum of hidden-charm
and double-charm hadronic molecules.

This paper is organized as follows. In Sec. II we
introduce the semi-inclusive electroproduction mechanism
of hadronic molecules. Our numerical results and the
production rates for the exotic states at EicC, EIC, and
the 24 GeV upgrade of CEBAF are presented in Sec. III.
We briefly summarize our work in Sec. IV. The Appendix
contains the derivation of the production cross section of
the spin-3/2 molecule, which is composed of a baryon and
a vector meson.

II. SEMI-INCLUSIVE PRODUCTION
MECHANISM

As shown in Fig. 1, the mechanism for the semi-
inclusive electroproduction of a hadronic molecule
involves a virtual photon, radiated by the electron, inter-
acting with the proton to produce the hadron pair HH' and
other particles denoted by “all” [41]; then, the HH’ pair is
bound together to form a hadronic molecule through the
FSI. Therefore, the amplitude of the semi-inclusive pro-
duction of the hadronic molecule X can be factorized into a
short-distance part and a long-distance part [43,44,46,63],2

'"The cross sections for the production of the P, states are
significantly small due to the low c.m. energy (up to about
4.8 GeV) at the running JLab experiments. In this work, we only
discuss the possible upgrade of CEBAF with an electron energy
of 24 GeV.

’In the framework used here, the long-distance part refers to
the formation of hadronic molecules from the hadron-pair
interactions, and thus the momentum scale is roughly the binding
momentum x = +/2uB, where y is the reduced mass of the two-
body system and B refers to the binding energy. In this sense,
momentum scales that are much larger than x qualify as short-
distance scales. The production of charmed hadrons through
partonic interactions is thus a short-distance process.
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FIG. 1. Semi-inclusive electroproduction of the HH' hadronic
molecule X in ep collisions. The other particles produced in this
process are generally denoted by “all.”

MIX +all] = M[HH' +all] - G - T, (1)

where Ty denotes the amplitude for the long-distance
process of fusing the HH’ pair into the hadronic molecule
X, which can be approximated by the effective coupling
constant for X to its constituents in the case of loosely
bound hadronic molecules, and the rest is the short-distance
part. M[HH' + all] denotes the amplitude for the short-
distance process ep — HH' + all, and G denotes the
Green’s function of the HH' pair, which is ultraviolet
divergent and the divergence can be absorbed by
M[HH' + all] [63].

For the production process ep — HH' + all, the semi-
inclusive production of HH’' at short distances may be
simulated using the MC event generator Pythia [64]. The
most important hard scattering process is yg — cc for the
production of charm-hadron pairs considered here. In our
explicit realization, we choose the hard process in Pythia
to generate the partonic events and then the HH' events
can be obtained after the hadronization. The general
differential cross section for the inclusive production of
HH’' in the MC event generator is

do[HH' (k)|yc
1 &k
= Ky d m» HH' + all]]? ———,
HH ﬂux%/ ¢HH+411|M[ +a ]l (275)32”

(2)

where k and y are the three-momentum in the c.m. frame
and the reduced mass of the HH’' system, respectively.
The difference between the MC simulation and the
experimental data is amended by an overall factor
Kyp. To estimate the cross sections for the semi-
inclusive electroproduction of hadronic molecules at
the order-of-magnitude level, we roughly set Kpp ~ 1.
The total cross section for the semi-inclusive production
of a hadronic molecule X can be derived from Egs. (1)
and (2),

4n’u
me K7

(3)

where my(my) is the mass of H(H'), N' = 2/3 for the
production of the £.D* and E.D* molecular states with
quantum numbers J¥ = 3/2 (see the Appendix), and
N =1 for the other hadronic molecules considered in
this work. Here we neglect the scattering between
H(H') and other final-state particles. Then, the differ-
ential cross section for HH’' production in the MC event
generator is

HH' + all
o[X + all] = dolHH +a ])

N
T 2
4mHmH/|G x ( dk

do[HH' + all
dolHH +allly e, (4)
dk MC
The Green’s function G in Eq. (3) is ultraviolet
divergent and can be regularized by a Gaussian regulator
as [65]

G(E,A) = —%{\/2_7:%+%”e‘2"2/’\2 [i — erfi (%ﬂ }
(5)

where the three-momentum £ is related to the energy E of
the HH' pair, i.e., k* = 2u(E — my — my), and erfi(z) =
2/Vr [§ " dt is the imaginary error function. The short-
distance amplitude for producing the HH’ pair in Eq. (1)
should scale as A™' so as to absorb the leading A
dependence in Eq. (5) [63]. Here, since we have taken
the short-distance amplitude to be fixed from the MC event
generator, which does not have a A dependence, we choose
the cutoff A to be in the reasonable range 0.5-1.0 GeV as an
estimate [61,66—-68].

For all of the considered hadronic molecules, the
mass is close to the threshold of HH' which couples to
the hadronic molecule in an § wave. Thus, the ampli-
tude Ty in Eq. (3) can be approximated by an effective
coupling constant g.;. The coupling constant g.¢ can be
extracted from the T matrix for the low-energy scatter-
ing process HH' - HH',

ggff = EILHEO(EQ - E%)T(E) (6)

where E; is the pole position in the complex E plane of
the HH' scattering T matrix. We have E, = My for a
bound or virtual state (with the pole on the first or
second Riemann sheet) and Ej,= My —il'/2 for a
resonance (with the pole on the second Riemann sheet).
Here My and I' are the mass and decay width of the
hadronic molecule X, respectively. Near the threshold,
we only consider a constant contact term as the
interaction kernel V for the scattering process

114026-3
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HH' — HH'. Then, the T matrix for the scattering of

HH — HH' can be calculated by solving the
Lippmann-Schwinger equation,
Vv

T(E)=—"———. 7

(E) 1 -VG(E,A) @

Poles of the T matrix on the first or second Riemann
sheet of the complex E plane satisfy the equation
det[l — VG(Ej, A)] = 0. Note that in the evaluation of
the effective coupling (6), T(E) should take a value
according to the specific Riemann sheet where the pole
is located.

We consider isospin-breaking effects for X(3872) by
considering both the D°D% +c.c. and DTD* +c.c.
channels, and the V matrix is

Cy,—-C
0= Ci ) (8)

Cy+C

1/Co+C
V__(o 1

2\ C,-C

where Cy and C; are the low-energy constants for the
isoscalar and isovector DD* + c.c. channels, respectively.
The two low-energy constants can be solved using the
X(3872) mass [69] and the isospin-violation ratio [70] for
the X(3872) decays to J/wx*n~ and J /wx* 2’z as inputs
[71]. We also take the contact term as the potential for
Z.(3900)° and Z.(3900)", where the values of the low-
energy constants were fixed in Ref. [68] from fitting to the
BESIII data on Z.,(3985) [72]. For the other exotic states
discussed in this work, we neglect the isospin-breaking
effects and extract the coupling constants from the single-
channel 7' matrix.

III. NUMERICAL RESULTS

The production mechanism discussed in Sec. II is
applied to estimate the cross sections for the semi-
inclusive electroproduction of hadronic molecules. We
simulate the ep collisions at EicC, EIC, and CEBAF
(24 GeV) with the MC event generator Pythia [64] and
get the differential cross sections for the semi-inclusive
production of the HH' pair, (do[HH' + all]/dk)yc.
As discussed in Eq. (4), the differential cross section
for producing the HH' pair is proportional to k* in the
small-momentum region (in this work, we choose
|k| < 350 MeV). For instance, the differential MC cross
sections for Z2D*° pair production at EicC and EIC and in
fixed-target ep collisions,” as shown in Fig. 2, are exactly
proportional to k2.

The c.m. collision energy for the 24 GeV upgrade of CEBAF
[19] is lower than 10 GeV, the lower limit for the use of Pythia
[64]. To estimate the cross sections, we calculate the cross
sections at the electron energies E, =60, 80, 100, and
150 GeV, and then extrapolate the results to E, = 24 GeV.

For the long-distance part, as discussed above, we use
the cutoff-dependence formula in Eq. (3) with the cutoff
A € [0.5,1.0] GeV for an order-of-magnitude estimate of
the cross section. To extract the effective coupling g,
the masses and quantum numbers of the hadronic
molecules in Tables II and III are fixed to experimental
observations, whenever possible, and theoretical predic-
tions. For the T, states, the mass of T, is set by the
central value reported by the LHCb Collaboration
[55,56], while the T7%. mass is set to the theoretical
prediction in Ref. [73]. P.4(4459), which was observed
by the LHCb Collaboration [54], might be a E.D*
bound state with J* =1/27 or 3/2~ or the signal of
both states [61,74-77], and thus we estimate its pro-
duction rates with both J¥ =1/2 and 3/2°. In
Ref. [61], more than 200 hidden-charm hadronic mol-
ecules were predicted. In addition to those whose
production rates were estimated in Ref. [41], we con-
sider here the Z.D molecule and a set of hidden-charm
baryon-antibaryon molecules, composed of AA,, X .Z.,
EZE., AZX, AZE., and Z.X.. Among these states
predicted in Ref. [61], the E.Z. molecule with I1JP¢ =
10—+ is a virtual state; the E.D and A.Z. molecules are
virtual states when A = 0.5 GeV, while they are bound
states when A = 1 GeV; the other states are bound
states. Following Refs. [78-80], we assign P.(4312)
and the narrow P.(4380) [79] as the £.D molecule with
JP =1/27 and the X!D molecule with JX =1/2",
respectively, and P.(4440) and P.(4457) as the X.D*
molecules with J” =3/2= and 1/2°. Following
Ref. [41], we use the P, masses from scheme II in
Ref. [79] as inputs to extract the effective coupling
constants geg.

We estimate the cross sections for the production of
the molecules, as shown in Table II, at EicC and EIC
with the energy configurations in Table I. Our results
show that the cross sections at EIC are roughly 1 order of
magnitude larger than that at EicC for producing hidden-
charm hadronic molecules, which are in line with the
estimates in Ref. [41]. However, as shown in Table II,
this difference increases to 2 orders of magnitude for the
T,. states. Such a difference is caused by the different
charm numbers between the T, states and hidden-charm
states. In the processes for the production of the T..
states, at least two charm quarks and two anticharm
quarks should be generated in ep collisions. Comparing
with the production of the hidden-charm exotic states,
higher c.m. collision energies are required to efficiently
produce the T,.. states. With the energy configurations
listed in Table I, the c.m. collision energy for EicC is
about 17 GeV, which is smaller than that of EIC (about
141 GeV), so the cross sections for producing the 7.
states are reasonably small.

As listed in Table II, the cross sections for the double-
charm states, T, and T%,., are at the level of 1 fb and
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FIG. 2. Differential cross sections do/dk for the production of 22D*? in ep collisions. The histograms are generated using Pythia and
the dashed curves are from fits using do/dk o« k. In the lower four plots, the proton is at rest and E, denotes the energy of the

electron beam.

0.1 pb for EicC and EIC, respectively. Thus, the
estimated numbers of T, events are 18-72 at EicC
and 3 x 10*~1.5 x 103 at EIC with the integral luminos-
ities listed in Table I. In particular, our estimate for the
T/. event number is significantly smaller than the number
of double-charm baryon ., events (about 4.0 x 10° in a
year) estimated in Ref. [17]. Given that the event
numbers of TJ. [56] and Z]. [82] observed by the

LHCb Collaboration are of the same order of magnitude,4
investigations are needed to understand the large differ-
ence. The cross sections for the P, states are around

“The event number for Ei — Al (- pK- 7K ntat is
313 £33 with an integrated luminosity of 1.7 fb=! [82]; the
event number for T/. — D°(—» K=z")D%(— K*z7)xt is 117 £
16 with an integrated luminosity of 9 fb=! [56].
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TABLEII.

Order-of-magnitude estimates of the cross sections (in units of pb) for ep — X + all at EicC and EIC, where X denotes one

of the two T states, three P, states, and some hidden-charm baryon-antibaryon molecules. The quantum numbers for those states are

listed in the third column. The binding energies, defined as m; + m,

— M where m; , are the masses of the constituents and M is the

mass of the hadronic molecule, are listed in the fourth column. The results outside (inside) parentheses denote the cross sections with

A =0.5 GeV (1.0 GeV).

Constituents 1JP©€) Binding energy (MeV) EicC (pb) EIC (pb)
Tk DD~ 01" 0.273 [55,56] 0.3 x 10‘3(1.2 X 10‘3) 0.1 (0.5)
T, D*D* 01+ 0.503 [73] 0.2x 1073(1.0 x 1073) 0.1 (0.4)
P E.D 0{ 0.3 (3.53) [61] 0.1 (1.6) 1.8 (30)
P E.D* 0%‘ 18.83 [81] 0.1 (0.5) 1.3 (8.8)
P E.D* 0%‘ 18.83 [81] 0.1 (0.9) 2.6 (18)
AA, 00—+ 1.98 (33.8) [61] 0.3 (3.0) 9.6 (110)
.2, 00—+ 11.1 (60.8) [61] 0.7 x 10~ (5 2x 10~ ) 0.04 (0.29)
.z, 107" 8.28 (53) [61] 0.7 x 10~ ( 3 x 107 ) 0.04 (0.29)
2.2, 00—+ 4.72 (42.2) [61] 1.4 x 10~ (1 1 x10~ ) 0.1 (0.5)
E.E, 10~* 18.2 (0.39) [61] 0.1 x 1073(1.7 x 1072) 3.9x 1073(7.1 x 1072)
AL, 10~ 2.19 (33.9) [61] 0.01 (0.12) 0.5 (5.5)
AE, %0‘ 1.29 (8.42) [61] 0.01 (0.14) 0.2 (5.3)
2., %O‘ 5.98 (46.4) [61] 0.8 x 10~ (7 3x 107 ) 0.04 (0.36)

1 pb at EicC and tens of pb at EIC, so that we expect at
least 6 x 10° and 3.9 x 10° events for the P, states
produced at EicC and EIC, respectively. The estimated
cross sections of the P, states are of the same order as
those of the P, states estimated in Ref. [41].

TABLE III.

denotes one of the hidden-charm hadronic molecules, X(3872), Z.

Our results indicate that, at EicC and EIC, the pro-
duction rates for the A A, molecule with quantum
numbers [JPC¢ =00+ are significantly larger than
those for the other baryon-antibaryon molecules listed
in Table II. The events for the A.A, molecule are about

Order-of-magnitude estimates of the cross sections for ep — X + all at the proposed 24 GeV upgrade of CEBAF, where X
(3900)°), four P, states, and two P, states. The results outside

(inside) the parentheses are the cross sections estimated with A = 0.5 GeV (1.0 GeV).

Constituents 1JP(©) Binding energy (MeV) oy (pb)
X(3872) pD* 01+ 4.15 13 (5.5)
Z.(3900)° DD* 11t= —-12.57 22.9 (82.4)
Z.(3900)* D*tDY 11+ —-13.30 16.2 (59.2)
P.(4312) o)) - 6.68 0.02 (0.08)
P, (4440)* 5 D" 13- 21.06 0.01 (0.06)
P (4457)F x.D* - 3.06 3.4x107(16.4 x 107)
P.(4380)* =D 13- 7.18 0.03 (0.15)
P.,(4459) = D 03- 18.83 49 % 1073(33.2 x 1073)
P,,(4459) gD 0l- 18.83 2.4 % 107(16.6 x 107%)

114026-6
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2 x 10*-2 x 10° and 3 x 10°-3 x 107 at EicC and EIC,
respectively. Therefore, it is promising to find the A A,
molecule and study its properties in detail at EicC and EIC.
Besides, for the E.E, molecule with 1JF¢ = 10", we
expect that about 10-100 and 1 x 103-2 x 10* events can
be produced at EicC and EIC, respectively, and thus it can
be searched for at EIC.

As for CEBAF (24 GeV), because the c.m. collision
energy is below the applicable energy range of Pythia, we
estimate the cross sections for producing the hidden-
charm hadronic molecules at higher electron energies (60,
80, 100, and 150 GeV) and then extrapolate the results
to 24 GeV. The extrapolation, as shown in Figs. 3 and 4,
is further constrained by requiring the cross section to
vanish at the relevant threshold. The so-estimated cross
sections for the production of a set of hidden-charm

hadronic molecules at the proposed 24 GeV upgrade of
CEBAF are listed in Table III. The cross sections are around
1 pb for producing X (3872), and 0.01 pb for producing the
P. and P, states. Although the cross sections at CEBAF
(24 GeV) are significantly smaller than those at EicC and
EIC, its much higher integrated luminosity listed in Table I
still permits a large number of events for certain hidden-
charm exotic hadrons to be produced. For instance,
O(107-10%) X(3872) can be produced through the semi-
inclusive processes. Considering the branching fractions
Br(X(3872) —» J/yzn) = (3.8 £ 1.2)% and Br(J/y —
I*17) = 12% [83], the event numbers will be O(10°-10°)
for one year of operation. Besides, the cross sections for
the Z,. states are 1 order of magnitude larger than that for
X (3872), which are compatible with the estimate at EicC and
EIC [41].
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FIG. 3.
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Semi-inclusive cross sections for producing X(3872) and Z,.(3900)°*) through the ep — X + all reactions with the proton at

rest. E, denotes the electron energy in the process, and X denotes X (3872) or Z,. The blue points represent the cross sections estimated
at different electron energies and the red points are the cross sections extrapolated to E, = 24 GeV.
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FIG. 4. Semi-inclusive cross sections for producing hidden-charm pentaquarks through the ep — X + all reactions with the proton at
rest. E, denotes the electron energy in the process, and X denotes P, or P,. The blue points represent the cross sections estimated at
different electron energies and the red points are the cross sections extrapolated to E, = 24 GeV. In the last row, the left and right plots
are the results assuming the spin of the P (4459) to be 1/2 and 3/2, respectively.

IV. SUMMARY

In this work, based on the hadronic molecular picture, we
have estimated the semi-inclusive electroproduction rates
of the typical multiquark states at EicC, EIC, and the
proposed 24 GeV upgrade of CEBAF.

We have employed the MC event generator Pythia to
simulate the production of charmed hadron pairs at short
distances. Then, the hadron pairs are bound together to
form hadronic molecules through FSI at long distances.
The production rates for typical tetraquarks, hidden-charm
pentaquarks, and hidden-charm baryon-antibaryon mole-
cules were estimated with such a production mechanism at

EicC, EIC, and CEBAF (24 GeV). Since the c.m. energy of
CEBAF (24 GeV) is below the applicable energy range of
Pythia, we have calculated the production rates with the
electron energy at £, = 60, 80, 100, and 150 GeV and then
extrapolated the results to 24 GeV.

Our order-of-magnitude estimates indicate that many
T.. states, hidden-charm pentaquarks, and hidden-charm
baryon-antibaryon states can be produced at EIC. While
EicC will have little chance to observe double-charm T,
states, lots of events can be collected in the study of hidden-
charm pentaquarks and certain baryon-antibaryon mole-
cules such as the A.A, molecular state. In addition, the high
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luminosity of the proposed 24 GeV upgrade allows CEBAF
to play an important role in the search for the hidden-charm
tetraquarks and pentaquarks.
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APPENDIX: CROSS SECTION FORMULA FOR
THE SPIN-3/2 MOLECULE COMPOSED OF A
BARYON AND VECTOR MESON

The differential cross section for the inclusive pro-
duction of a BV pair in the c.m. frame, where B and V
denote a baryon with spin S = 1/2 and a vector meson,
respectively, is

o dk
dofall + BV* (k)luc = Z / dpa pyTr(M;[all + BV]a[Blu[B]M;[all + BV])e'[V]e™/[V] 2272
all
l . &Pk
= 2y ; / Ay Tr(Mi[all + BV] M [all + BV]) ——— o (A1)

where €'[V] is the polarization vector of the vector meson V, and u[B] is the Dirac spinor of the baryon B. mg, my, and u are
the masses of B and V and the reduced mass of the BV pair, respectively. The cross section for the inclusive production of a
BV molecule with spin S = 3/2, denoted by X, is

[X | + all]

~ flux Z / dpar sy Tr{M;[all + BV](§, + mp)8" 2mpGray ity [X1]

all

s
up[X1]gxd7 (§ + mp) G M [all + BV]}m
o, 2mx 1 / ey THM fall 1 BY]PE2 A all + BV])|G(E, A)gy P~k
~ 16m3m} flux & altBy ! ! e (27)*2u
2 my &Lk
=20 LS [ sy T M all + BVIAMS all + BV]||G(E, A)gx =
= o x> / s T MUl + BVIM Tl + BY]IG(E, Monf 5555
my, , (dolall + BV] 4’y
~ G(E,N)ge ; A2
o |G(E NP () (A2)

where Gy, is the relativistic scalar two-point loop function, my is the mass of X, k; is the four-momentum of the baryon B,
etr 1s the effective coupling constant in Eq. (6), and G(E, A) is the Green’s function in Eq. (5). u,;[X,] is the spinor of X,

and P(3/ 2 is the nonrelativistic projection operator of a spin-3/2 particle [84],

5
p 25 I

i T3 'j_ggijkok- (A3)

Matching Eq. (A2) with the general cross section formula of Eq. (3), one can get A = 2/3 for the production of X;. Using
the same method, one can get A = 1 for the other hadronic molecules discussed in this work.
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