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Abstract In this work, the yp — ¢(1680)p reaction is
systematically studied based on the two gluon exchange
model and the pomeron model. The calculation results show
that the total cross section of ¢(1680) photoproduction
can reach more than 80 nb near the center-of-mass energy
W = 4 GeV, so it is suggested that JLab and other experi-
ments carry out relevant measurements. Moreover, under the
framework of the vector meson dominance assumption, the
scattering length of ¢ (1680) and proton interaction is esti-
mated as 0.07 £0.01 fm from the cross sections predicted by
the theoretical models, which is on the same order of mag-
nitude as the ¢ (1020)-p scattering length. In addition, the
total cross section, number of events and rapidity distribution
of ¢ (1680) production are predicted at Electron-Ion collid-
ers (EICs) and ultra-peripheral collisions (UPCs) by using
eSTARIlight and STARIight code. The study of ¢ (1680) and
relevant properties is of enlightening significance in better
understanding the strangeonium family spectrum, and pro-
vides necessary data support for the future experiment of
EICs and UPCs.

1 Introduction

The strangeonium (s5) states are the focus of research
because they are the bridge between light and heavy quarks
[1], and can provide relevant non-perturbative QCD informa-
tion [2] in the low-energy region where the effective theory
of heavy quarks is not suitable. Under the framework of the

#e-mail: xywang@lut.edu.cn (corresponding author)

relativistic quark model [3], the 55 states are expected to have
a spectroscopy similar to that of heavy quarkonia. And their
decay is investigated in detail by the theoretical model 3 P,
of the decay of light mesons [4]. However, the current s5
spectrum is somewhat deficient [2,5], and only a few experi-
mentally measured vector mesons are broadly accepted as s5
states: ¢ (1020), ¢ (1680), h1(1415), f2/(1525) and ¢3(1850).
This is because the proportion of 55 states produced among
hadrons is small, and decay width exists, which leads to the
poor results in strangeonium experiments.

In the particle data group (PDG), ¢ (1680), like ¢ (1020),
is listed as a vector state with quantum number / GIrey =
07 (177). The mass is suggested to be 16804+20 MeV and the
widthis 150450 MeV. The evidence of ¢ (1680) was initially
understood in p p annihilation experiment [6] and K p exper-
iment [7]. Then in 1971, the m (s T ~7°) spectrum analysis
of td — ppmtm 70 revealed the existence of a meson
¢(1680) at 1.68 GeV mass region [8]. Further research was
performed in 1981, the ¢ (1680) was first measured in the
ete™ — KgK*nT reaction [9] at the energy range 1.4—
2.18 GeV, and the fitted mass (1.667+0.012 GeV) and width
(102 +36 GeV) can be well explained in the quark model. In
subsequent analysis, the ratio of ¢ (1680) coupling to K™K ~
was found to be very small [10-12]. In addition, the various
decay properties were predicted in Ref. [1], the decay of
¢ (1680) was found to be dominated by the K K*(892) mode
in their calculations and predicted the partial width ratio,

I'(KK) _
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which was close to 0.07 2= 0.01 measured by DMI [9]. At the
same time, the ratio of I'(n¢) and I' (K K*) was predicted as,

I'(ng)

ol 0.20, )

Ryg kK> =
agreeing with the result predicted in Refs. [4,13,14]. How-
ever, these results is about twice smaller than the 0.37 mea-
sured from the BaBar Collaboration [15]. Therefore, the ratio
needs to be more accurately measured in future experiments.
To clarify the relevant properties of ¢ (1680), we expect to
observe the state from photoproduction experiments. The
reaction of yp — K1TK~ shows a clear mass structure
with a mass of M = 1753 & 3 MeV/c? and a width of
' = 122 + 63 MeV. And found that the difference in the
mass may be due to interference from other mesons, but it
does not rule out the possibility that the 1.75 GeV/c? is a new
state [16]. However, although there has been much research
on ¢(1680) states, the study of yp — ¢ (1680)p channel
is still relatively inadequate. Therefore, the photoproduction
data must be systematically measured through experimental
to study the physical properties of the ¢ (1680), especially in
the yp — ¢(1680) p channel.

The total cross section and differential cross section of
yp — ¢p at the near-threshold were predicted with the
two gluon exchange model and the pomeron model [17],
which were in good agreement with the experimental data.
¢ (1680) has the same structure as ¢ (1020), so it is reason-
able to predict the cross section of yp — ¢ (1680) p with the
identical models and parameters in this work. In addition,
under the definition of the vector meson dominance assump-
tion (VMD), the scattering length of ¢ (1680)-p interaction
at the-near threshold is studied as R changes. Here R is pro-
portional to W, which is the ratio of the meson momentum
Pp3 to the photon momentum py.

Collisions between hadrons—hadrons are usually repre-
sented as ultraperipheral collisions (UPCs) [18-21]. When
the impact parameter between the two nuclei is larger than
the sum of the radii of the two nuclei, the strong interaction
between the two nuclei is suppressed. But this effect cannot
be ignored because the electromagnetic interaction is a long-
range force. In addition, the electron—proton collisions in
the Electron-ions collider (EIC) [22-25] will be an essential
reaction in studying the nucleon structure. The major differ-
ence between an EICs and a UPCs is that the photons emitted
by the electron beam of an EIC are very virtual. Therefore,
EICs can be used to study the photoproduction in the large
Q2 range. The STARIlight [26] and eSTARIlight [27,28] are
two existing and critical Monte Carlo algorithm programs.
They can be used to study vector meson and exotic states pro-
duction at EICs and UPCs [26,27]. At present, using these
two programs can effectively study the XYZ state [29], the
bottomonium-like Z, [30], the charged final states a; (1320),
and the hidden pentaquark state [31]. Therefore, in this work,
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the two programs are used to simulate the production of vec-
tor meson ¢ (1680). In order to exhibit more distinctly the
variation in the relevant kinematics, we set up about 500,000
events and simulated the different consequences in the two
Q? intervals. This will require higher luminosity EICs and
UPC:s to satisfy the requirements of future experiments.

A brief outline of the paper is organized as follows. The
expression of the scattering length, the two gluon exchange
and pomeron models are described in Sect.2, along with a
detailed discussion of vector meson production at EICs and
UPCs. The cross section of ¢ (1680), scattering length of
¢ (1680)-p and relevant results are presented in Sect.3. A
simple summary and discussion is given in Sect. 4.

2 Formalism
2.1 Scattering length

The absolute value of the scattering length reflects the cou-
pling strength between the vector meson-proton (V—p) inter-
action. Under the definition of the vector meson dominance
assumption (VMD), the relation between scattering length
layp| and the differential cross section do/dt of vector
meson photoproduction is [32,33],

- |P3|gv\/ 1 dovr=V

vl = S e g Wt tane). 3)

with

I
Pl = 5y W* =2 (m + md) W2+ (o} —md)’

1 2
P3| = SV W =2 (m3 +m3) W2+ (m3 —m3)"  (4)
where R = |p3|/|p1| represents the ratio of meson momen-
tum |p3| to photon momentum |p;| and g, is the VMD cou-
pling constant [34,35],

2
Ty, my

, 5
3 4o )

8v =
where my is the mass of ¢ (1680) meson and the lepton decay
width "+, is estimated to be 0.42 keV [36]. In the model
definition, the total cross section of vector meson photopro-
duction is obtained by integrating the differential cross sec-
tion from 1, tO tyax,

fmax V
oVP=Vp =/ wd,, (6)
P dt

where t,,i, (tmax) 1s [37,38],

min

2 2 2 2
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Fig. 1 The Feynman diagrams of the pomeron model for the vector
mesons photoproduction

with picm = \JEL,, —m? (i =1,3), Eion = (W2 +m] —
m3)/(2W) and Ezcp = (W2 +m3 —m3)/2W).
When the centre of mass energy W approaches the thresh-

old, t,yin — tmax, then the Eq. (6) becomes [33],

v dovP=>Vp
o’? p(Wthr) = 4|P1 ||p3|T(W1hr’ tthr)s (8)
where the 4|P1||P3| = At = |twax — tminl and t, =

—m%,mp/(mv +m ). Then, by combining Egs. (3) and (8),
the |ay,| is calculated by the total cross section of vector
meson photoproduction,

gv [oYP=Vp
_ & jo 9
loeypl o\ Raun )]

where the «,, is the fine coupling constant

2.2 Pomeron model

The pomeron-quark interaction is flavour independence in
the pomeron model [39], which provides a unique way to
describe vector meson photoproduction. The fundamental
interactions are described in Fig. 1. In the model, the differ-
ential cross section of vector meson is expressed as [39,40],

d_G B 81m%/,34ﬂgre+e* i 200(1)—2
de T Olem 50

» F(1) ?
(02 +m} —1)(Q2+2ud+m} —1))
(10)

When Q2 = 0, the formula represents the vector meson
photoproduction, otherwise denotes vector meson electro-
production. The relevant coupling constant 8 = 2 GeV~!
and o = 1.1 Gev2. In Eq. (10), a(t) = 1.08 4 0.25¢ is the
pomeron Regge trajectory [41], and so = 4 GeV2. F(r) is
the isoscalar form factor of the proton,

4m§, —2.8¢
(4m2 —1)(1 —1/0.7)2

F(1) = Y

where m;, = 0.938 GeV is the mass of proton.

gluon gluon
p P P p

Fig. 2 The Feynman diagrams of the two gluon exchange model for
vector mesons photoproduction

2.3 Two gluon exchange model

The process of the two gluon exchange model is shown in
Fig.2. The photon is split into gg, which scatters the initial
proton through the exchange of two gluons and finally forms
the vector meson. At the lowest order perturbation QCD, the
differential cross section of vector meson photoproduction
based on the two gluon exchange model is [40],

3 - 2

‘;—j — %ZS“S [xg (x, m%/)] exp (bot) - (12)
Since the vector meson ¢ (1680) has the identical ss struc-
ture as ¢ (1020), the quark mass of the component is selected
as my = 0.486 GeV, and the strong coupling constant o
is set as 0.701. xg(x, m%,) is the gluon distribution func-
tion, because the conventional gluon distribution functions
such as the CTEQ6M [42], GRV9S [43], NNPDF [44] and
CJ15 [45,46] cannot effectively interpret the photoproduc-
tion data of vector mesons at the near-threshold. Therefore,
a parameterized gluon distribution function is introduced as
xg(x,m%,) = ApxA1(1 — x)42 [37,47]. The Ag, A, Ao,
and the slope by and are free parameters obtained by fitting
experimental data. The total cross section is expressed by
integrating Eq. (12) from #,,i tO tiax,

(W) /t))zzlx do dr (13)
o = —dal.
tmin At

min

2.4 The production of vector mesons at EICs and UPCs

For e—p scattering at EICs, the process of vector mesons
production by exchanging virtual photons between hadrons
and electrons is the vector meson electroproduction, which
is closely connected to vector mesons photoproduction. The
electroproduction cross section of mesons on a target proton
is derived from Refs. [27,48],

dw , dPNy ey

o(ep — epV) :/W/dk/dQ Wc”p p
x (W. 0%). (14)
In the rest target frame, the momentum of the virtual photon

emitted from the electron beam is denoted by k. W is the
center of mass energy and oy« p_ v, (W, Q?) is the cross

@ Springer



430 Page 4 of 10

Eur. Phys. J. C (2023) 83:430

section of y*p — Vp,

Uy*p—>Vp <W, Q2> = 0ypvp (W, Q2 — 0)

M2\
x (m) ’ ()

where o777 VP is the cross section of meson photoproduc-
tion. The n = ¢1 + c2(Q? + m%,) is the variable which con-
trols the flux, where ¢y = 2.15 £ 0.17 and ¢; = 0.0074 +
0.0046 GeV? are two constants determined by HERA data
[27]. The photo flux d*>N, /dkd Q? is given as [27,49],

dzNy .« 1 i + ﬁ 1 i Qrznin

dkdQ? ~ wkQ? Ee 2E2 Ee)| 02 ||’
(16)

where Qrzm.n = mgkz/(Ef — E k) with E, represents the

electron energy. The electron energy loss determines the
maximum Q2,
2

024 = 4Ec(E. — k). (17)
In the simulation of accelerator experiments, we can set the
known electron beam energy E, and photon virtuality Q2
to calculate the total cross section of electron—proton (e—p)
scattering at the near-threshold. In the laboratory frame, the

ratio of photon energy K and |f,,;, | is the rapidity of the final
state [50],

Lok 2k s
y=-In =In—.
2 Vltminl my

In the target frame, the relationship between photon energy
and rapidity is k = 2y1my/(2exp (y)), where the y; rep-
resents the Lorentz boost of the ion. Here, the eSTARIight
program is used to simulate the total cross-section electro-
production by e—p collision.

For UPCs, Eq. (14) can be rewritten as [26],

dN, (k
o(pA — pAV) = /dk%oyp_)vlj (W, Qz), (19)

where d N, /dk is similar to d*>N, /dkd Q% in the Eq. (14),
representing the photon flux of ions [18] and A is heavy ion
Au or Pb. Here, we exclusively consider the contribution of
y p in the photon flux emitted by heavy ions. This is because
the photon flux is directly proportional to the ion charge, and
the photon flux of heavy ions is superior to that of protons
[18,21]. We can simulate the production of vector mesons in
proton and heavy ion reactions at the UPCs with STARlight
[26].

@ Springer

3 Results
3.1 The reaction of yp — ¢ (1680)p

In our previous work [17], the cross section of ¢ (1020) pho-
toproduction was reproduced with the two gluon exchange
model and the pomeron model, which was in good agree-
ment with the experimental data. Relevant parameters for
the two models are listed in Table 1. Through this set of
parameters, the total cross section of ¢ (1680) photoproduc-
tion predicted by the two models are shown in Figs.3 and
4 shows the differential cross section at the center of mass
energy W e [2.62,3.02] GeV, where AW = 0.08 GeV.
It can be observed that the cross sections of ¢ (1680) pre-
dicted by the two models are adjacent, and the cross section
by the pomeron model is smaller than that based on the two
gluon exchange model. As can be seen from Fig. 4, the two
models exhibit different slopes. The differential cross sec-
tion obtained by the pomeron model decreases faster with #
than the two gluon exchange model, which is similar to the
cross section of ¢ (1020) [17]. In addition, it can be found
that the total cross section predicted by the theoretical model
exceeds 80 nb at W = 4 GeV, which indicates that the JLab
[51] and CLAS12 [52] laboratories can be carried out for
relevant photoproduction experiments.

The variation of scattering length |otg (1680) p| can be effec-
tively observed from the differential cross section. With

Table 1 The relevant parameters for the two gluon exchange model
and pomeron model

Ap A As bo (GeV™2) B (GeV™hH

0.36 £0.04 —0.055+£0.003 0.12£0.03 3.60 £0.04 2.00

—— Two gluon exchange model
- - - -Pomeron model

102

o (nb)

10] 1 1 1
5 10 15 20

W (GeV)

Fig. 3 The total cross sections of ¢ (1680) photoproduction predicted
by the two gluon exchange model (the blue line) and the pomeron model
(the magenta dashed-line)
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W=2.62 GeV
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> 100
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10

100
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0.2 0.7 0.2 0.7
-t (GeV?) -t (GeV?)

—— Two gluon exchange model|
"""" Pomeron model

Fig. 4 The differential cross sections of ¢ (1680) photoproduction as
a function of —¢ at W € [2.62, 3.02] GeV, AW = 0.08 GeV. Here, the
notations are the same as in Fig.3

Eq. (3), the |agp1680)p| as a function of R based on the
differential cross sections predicted by the two models is
shown in Fig. 5. Here, the R interval is chosen to be [0, 0.63].
The average scattering length is calculated as 0.075 = 0.010
fm from the two gluon exchange model and 0.047 fm by
the pomeron model. There exist some distinctions in conse-
quences between the two models. The |ag(1680)p| Obtained
based on the pomeron model is smaller than that based on
the two gluon exchange model, which can be unambiguously
understood from the behaviour of the differential cross sec-
tion in Fig.4. In addition, the slope of the differential cross
section based on the pomeron is relatively large, resulting in
do/dt|;=,, for the pomeron model being less than that for
the two gluon exchange model.

Since the total cross section of ¢ (1680) predicted by the
two models is adjacent at the near-threshold, the o (1680) |
obtained does not differ significantly. As shown in Fig.6,
the |ag(1680)p| based on the two models shows an upward
trend with R, but the |y (1680)p | Obtained from the two gluon
exchange model is more prominent, the average scattering
lengthis 0.084+0.010 fm and 0.071 fm, corresponding to the
two gluon exchange model and the pomeron model, respec-
tively. Now, revisiting the |ag(1680)p| Obtained above, sum-
marized in Table 2. The scattering length |a(1680)p| calcu-
lated based on the total cross section is larger than that derived
by the differential cross section. In addition, the |og(1680) |
calculated by the total and differential cross section of the

0.15 : . |
— Two gluon exchange model
- - - - Pomeron model
~ 0.10 F ]
£
g
] ]
0.00 . . |
0.0 0.2 0.4 0.6

R=[P5|/P,|

Fig. 5 The |ay(1680)p| as function of R based on the differential cross
sections. Here, the notations are the same as in Fig.3

0.15 T T T
—— Two gluon exchange model
- - - - Pomeron model
_0.10
£
g
0.05 F B
0.00 L L L
0.0 0.2 0.4 0.6
R=[P,|/P,|

Fig. 6 The |ag(1680)p| as function of R based on the total cross sec-
tions. Here, the notations are the same as in Fig. 3

two gluon model almost coincide with each other when con-
sidering the error. In contrast, the consequence derived by
the pomeron model are quite different. Moreover, the result
obtained by the two gluon exchange model are generally
higher than those received by the pomeron model. However,
we still require to consider all the results of the two models.
This is because the free parameters of the pomeron model are
small, which will cause small uncertainty factors. Therefore,
considering all the results, the root mean square (RMS) is
calculated as 0.07 = 0.01 fm.

In our further discussion, one finds that the lepton decay
width I' .+ .~ does not affect the value of scattering length of
¢ (1680)-p based on the two gluon exchange model and the
pomeron model. This is because both models contain "+,
and are located on the molecule. According to the relation-
ship between the scattering length and the cross section estab-
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Table 2 Scattering length of ¢ (1680)- p estimated from the differential
cross section do/dt and total cross section o based on the two gluon
exchange model and pomeron data. The RMS is calculated as 0.07 £
0.01 fm

Model lorg (1680) p | (fm)
do/dt o
Two gluon exchange model 0.075 £0.010 0.084 £ 0.010
Pomeron model 0.047 0.071
10°F o [%al
\%(1680),;| §
10"k |\ | 4
—~ (X.pnp
£
S
2 102 5
1073 F lovy, loty 20l E
®
0.0 0.5 1.0 1.5

1/my (GeV™)

Fig. 7 The |ay)| as function of exp (1/my). The |ag1680)p| = 0.07%
0.01 fm of this work is represented by the magenta triangle. The black
diamonds and purple square are from our previous work [53-55], the
burgundy circle is from the work of Igor I. Strakovsky [35,56,57] and
the cyan pentagram is from LEPS laboratory [58]

lished by the VMD model, I',+,- is just in the denominator,
so the I ,+,— cancel each other out in the calculation process.
However, because lepton decay width is a critical factor in
determining the specific size of the cross section of ¢ (1680)
photoproduction based on the two models, it is necessary to
measure [",+.- more accurately in future experiments.

Figure7 shows the scattering lengths of different vec-
tor mesons |ay,| calculated with the VMD model. The
leg(1020)p| = 0.10 £ 0.01 fm (the purple square) is taken
from our previous work [53], which is very adjacent to
the |og(1680) p| With a difference of only 0.03 fm. However,
| (1680)p| deviates from the main line, which is inconsis-
tent with the scattering length of other vector mesons-proton
interactions.

3.2 The prediction for ¢ (1680) production at EICs and
UPCs

The rate of electroproduction is known to be a few percent of
that of photoproduction, the first consideration is to use the
eSTARIlight code [27,28] to simulate e-p collisions at EICs.
Table 3 displays the total cross section at four EICs at the

@ Springer

Table 3 The total cross sections of ep — ep¢(1680) and event rates
in e—p scattering at 0.10 GeV? < Q2 < 1.0 GeV? at eRHIC [22], EicC
[23], JLEIC [24], LHeC [25]

Accelerator eRHIC EicC JLEIC LHeC
Energy e/p (GeV) 18/275 3.5/20 10/100 60/7000
o (nb) 39 12 28 76
Event (B) 0.39 0.12 0.28 0.76

Table 4 The total cross sections of ep — ep¢ (1680) and event rates
in e—p scattering at 1.0 GeV2 < Q2 < 5.0 GeV? at eRHIC [22], EicC
[23], JLEIC [24], LHeC [25]

Accelerator eRHIC EicC JLEIC LHeC
o (nb) 10 3.0 7.0 20
Event (B) 0.10 0.03 0.07 0.20

0.10 GeV? < Q2 < 1.00 GeV?, and Table 4 lists the results
at 1.00 GeV? < Q? < 5.00 GeV?. Obviously, the total cross
section produced by high-energy EICs is larger than that pro-
duced by low-energy EICs, which means that the production
of ¢ (1680) is more likely to be measured from high-energy
facilities. In addition, in low-energy devices such as EicC
[23], there are at least 300 million events, so the production
of ¢ (1680) also has opportunity to be observed at low energy.

Figure 8 shows the rapidity distribution of ep — ep¢ (1680)
in EICs obtained at 0.10 GeV2 < Q2 < 1.00 GeVZ2. And
Fig. 9 illustrates the result at 1.00 GeV> < Q2 < 5.00 GeV>.
As expected, the higher the energy of the electron and proton
beam emitted by the collider, the wider the rapidity distri-
bution. This phenomenon is similar to the predicted change
in the size trend of the total cross-section of ¢ (1680) elec-
troproduction. Further, the eSTARIight code [27,28] is used
to predict the mass distribution of ¢ (1680), as shown in the
Fig. 10. And the variation interval and mass width can be
witnessed. Here, only the result predicted at the EicC [23]
is exhibited because the trends in the mass distribution pro-
duced by the different collider predictions almost overlap.

For a more detailed exploration of observations, we
require a detector with appropriate capabilities in the experi-
mental aspect of the forward region. For example, the pseudo-
rapidity of the final meson is more widely distributed than
its own photoproduction rapidity. And reggeon exchange is
easier to explore EICs with moderate energy. So a high-
energy collider like the LHeC would be difficult to achieve
these goals. Therefore, this should be taken very carefully
for ¢ (1680) and other vector mesons investigations.

For UPCs, the beam energies emitted and the calculation
results are listed in Table 5 and Fig. 11 shows the rapidity
distribution of ¢ (1680) predicted by the STARIlight [26] pro-
gram. For LHC [21] with high energy, the rapidity distribu-
tion is relatively wide. For RHIC [20], the rapidity distribu-
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Fig. 8 The rapidity distribution 45
of ¢ (1680) in EicC (a), eRHIC 4
(b), JLEIC (¢) and LHeC (d) at 35
0.10 GeV? < 0% < 1.00 GeV?

2.5

do/dy (nb)

1.5

0.5

—EicC

do/dy (nb)

(@)

eRHIC

-]

do/dy (nb)
w

—JLEIC

do/dy (nb)

&

(©)

LHeC

| S = N W A 0 &N O ®

p—
<>

Fig. 9 The rapidity distribution
of ¢ (1680) at EICs at
1.00 GeV? < Q% < 5.00 GeV? 1

do/dy (nb)

- ==
- N R

do/dy (nb)
S o
(= -]
T T T T I I T

S 2
SIS

(@)

eRHIC

o7

do/dy (nb)

—JLEIC

5T

©

tion is mostly concentrated in the middle part, and the events
generated are sufficient. Moreover, the cross sections of pro-
duction are enormous, and the rates are over 2 billion. These
phenomena indicate that the ¢(1680) may be detected by
the LHC and RHIC. Investigating p—A scattering in UPCs
can quickly measure accurate data of the cross sections of

LHeC

L A A L L A L L A L L

|o 3

¢ (1680) production. This may deliver a crucial procedure
for further studying the physical properties of ¢ (1680).
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10°

TTTX

T[T I T[T [TT T[T [TITT]

. st N R SR SRRPRTS S
01 1.2 14 16 1.8 2 22 24
Mass

Fig. 10 The mass distribution of ¢ (1680) is simulated at EicC [23] by
using eSTARIight code [27,28]

Table 5 Beam energy, production total cross section o and event for
RHIC [20] and LHC [21]

Accelerator Beam Energy (GeV) o (mb) Event (B)

RHIC
LHC

0.524 mb
3.525 mb

2.358
7.100

p/Au
p/Pb

100/100
7000/2778

0.25

—eRHIC

S
—_ S
0 1%}

do/dy (mb)
o
e

0.05

g

—LHC

e
n

do/dy (mb)
s o e
[ w -

e
=

8 10 12

é\c
L‘
o
=]
[ 5]
N
=)

Fig. 11 The rapidity distribution of ¢ (1680) at eRHIC (top) and LHC
(bottom)

4 Conclusion

In this work, based on the photoproduction of ¢(1020)
[17], we predict the total and differential cross sections of

@ Springer

¢ (1680) photoproduction at the near-threshold by the two
gluon exchange model and the pomeron model. The pre-
dicted cross section size is about 1/5 of ¢(1020). Fur-
ther, under the guidance of VMD model, the RMS of
scattering length of ¢(1680)-p interaction is calculated as
leg (1680)p| = 0.07 & 0.01 fm. This result deviates from the
ay, o« exp (1/my), which is a little bit different than what
we concluded before [53]. Considering that ¢ (1680) is the
first excited state of ¢(1020) and both are s5 state structure,
it is reasonable that the scattering length is close.

Furthermore, we use two existing programs to calculate
the total production cross section, event rates and rapidity
distribution of ¢ (1680) at four EICs and two UPCs. For the
e—p scattering at EICs, the production rates are predicted
to exceed 100 million events per year at different O inter-
vals. At such a production rate, it is possible to observe a
wide range of W2 and Q? electroproduction in an acceptable
detector. Meanwhile, the p—A scattering at UPCs also have
opportunities to detect the production of ¢ (1680). This is an
excellent chance for future research on the properties of this
state.

In order to comprehensively study the physical character-
istics of ¢ (1680), a considerable number of the cross sec-
tional data of yp — ¢ (1680)p are required, and the most
meaningful data is the result near the threshold. Future United
States EIC [22] and the EicC [23] will provide a significant
opportunity to probe these cross sections. In addition, the
GlueX laboratory [51] at Jefferson Lab intends to conduct
photoproduction experiments on a L H target for strangeness
states. At the same time, the CLAS12 detector [52] will also
provide a world-leading facility to explore strangeness states
through e—p scattering experiments. These experiments will
produce abundant data for in-depth study in the future.
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