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Abstract: The photoproduction of the bottomonium-like states Z,(10610) and Z,(10650) via yp scattering is stud-
ied within an effective Lagrangian approach and the vector-meson-dominance model. The Regge model is em-
ployed to calculate the photoproduction of Z;, states via the #-channel with & exchange. The numerical results show
that the values of the total cross-sections of Z;(10610) and Z,(10650) can reach 0.09 nb and 0.02 nb, respectively,
near the center-of-mass energy of 22 GeV. Experimental measurements and studies of the photoproduction of Z,
states near the energy region around W =~ 22 GeV are suggested. Moreover, with the help of eSTARlight and STAR-
light programs, we have obtained the cross-sections and numbers of events for Z;,(10610) production in electron-ion
collisions (EIC) and ultraperipheral collisions (UPCs). The results show that a considerable number of Z,(10610)
events can be produced in the relevant experiments on EICs and UPCs. We have also calculated the rates and kin-
ematic distributions for yp — Zpn in ep and pA collisions via EICs and UPCs. The results will provide an import-
ant reference for the RHIC, LHC, EIC-US, LHeC, and FCC experiments in searching for bottomonium-like Z;,
states.
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have been discovered are mostly concentrated in the
charm energy region, and the exotic states discovered in
the bottom quark energy region are still very limited [1-

I. INTRODUCTION

In recent decades, with the continuous progress of

high energy physics experiments, more and more exotic
hadron states have been discovered [1-3]. The study of
the production and properties of exotic hadron states is
not only important for the improvement and develop-
ment of the hadron spectrum and hadron classification,
but is also of great significance for an in-depth under-
standing of non-perturbative quantum chromodynamics
(QCD). The candidate particles of the exotic states that

3]. In 2011, two bottomonium-like states, Z,(10610) and
Z,(10650), were observed by the Belle Collaboration [4],
and a series of subsequent experiments also discovered
these two states from different decay channels [4-7].
Since the quantum numbers and decay properties of
7Z,(10610) and Z,(10650) are very similar [1], for con-
venience Z,(10610) and Z,(10650) will be abbreviated as
7, in the following. These two states are considered to be
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different from traditional hadron states and are likely to
contain at least four quarks [2,3].

Observations of the Z, states have inspired extensive
studies on the underlying properties, including interpreta-
tions as tetraquark states [8-11] and hadronic molecules
[12-17]. More discussions can be found in Refs. [2,18].
In Ref. [3], the authors pointed out that since these two
states were discovered through the decay reaction of bot-
tomonium, the contribution of triangular singularities dur-
ing the reaction cannot be neglected, which means that
one cannot yet determine whether these two states are
genuine particles. At present, investigating Z, is still an
interesting research topic.

Besides the analysis of the mass spectrum and the de-
cay behavior, studying the production of Z, by different
mechanisms is very helpful to obtain definite evidence
for their nature as genuine states. The meson photopro-
duction process has been proposed to be an effective way
to search for exotic states [19-27]. We take notice of the
Zp — T(nS)n* decay modes, which indicate that there ex-
ists a strong coupling between Z, and Y(nS)n*. Since
T(nS) is a vector meson, we suppose that we can pro-
duce the Z, states through meson photoproduction. In the
current work, the photoproduction of Z, is studied within
the framework of the effective Lagrangian approach and
the vector-meson-dominance (VMD) model [28-30]. The
calculations provide crucial information on a suitable pro-
cess and the best energy window for searching for the Z,
states in related photoproduction experiments.

In hadron-hadron collisions, when the impact para-
meter between the two nuclei is larger than the sum of the
radii of the two nuclei, the direct strong interaction
between the nuclei is suppressed since the strong interac-
tion is short range. However, the electromagnetic interac-
tion cannot be neglected, since it is a long-range interac-
tion. These collisions are called ultraperipheral collisions
(UPCs) [31,32]. In UPCs, the photon is almost a real
photon when the mass number of an atomic nucleus is
larger than 16. Hence, UPCs are a good platform to study
photoproduction with small photon virtuality.

Electron-ion colliders (EICs) are an important future
platform to investigate nucleon structure. In an EIC, the
electron scatters off a nucleon or nucleus via a virtual
photon. Then, vector mesons and exotic states can be pro-
duced. Thus, the photoproduction of exotic states can be
studied at EICs in the future. There are several proposed
EIC plans, including the EicC, EIC-US, LHeC and FCC
[33-36]. In EICs, the photon emitted from the electron
beam has large virtuality. This is different from the
photon in UPCs. Hence, EICs can be applied to investig-
ate the photoproduction in a large Q® region.

STARIlight and eSTARIight are two important Monte
Carlo packages to simulate the photoproduction of vector
mesons and exotic states in UPCs and EICs [37-39]. The
cross-sections of vector mesons and exotic states pro-

duced in photon-proton scattering are needed in the simu-
lation process. Information about the four-momenta of fi-
nal states is produced in the simulation processes. The
total cross-sections of vector mesons or exotic states in
UPCs and EICs are also calculated in STARIight and eS-
TARIlight. In this work, the total cross-sections of Z, at
UPCs and the proposed EICs will be performed, using the
STARIight and eSTARIight packages. The rapidity and
transverse momentum distributions of Z, will be presen-
ted. These distributions will be useful for the detector
systems in future experiments.

This paper is organized as follows. We present the
formalism for the production of Z, in Section II. The nu-
merical results for the Z, production follow in Section III.
Finally, the paper ends with a summary.

II. FORMALISM

A. Z, photoproduction in the yp — Z,n reaction

In this work, the production of the hidden-bottom
Z,(10610) and Z,(10650) states via the yp — Z,n reaction
is studied with an effective Lagrangian approach. In the
PDG book [1], one finds that Z,(10610) or Z,(10650) can
decay to a bottomonium plus 7 meson with a branching
ratio of a few percent. Since Z, states are not directly
coupled to photons, the VMD model can be used to cal-
culate the photoproduction of Z, states through the ¢
channel with = exchange. The Feynman diagram of the
vp — Zpn reaction via ¢ channel 7 exchange is depicted in
Fig. 1. It is noted from Fig. 1 that we only consider the
coupling of T(1s,2s,3s) and photons. Also, although Z,
can also decay to h,(1p,2p)r, since the parity of the A,
state is opposite to that of the photon, the direct coupling
of h; to the photon can be neglected.

]i‘l k?
ol T(1s,2s,3s) — - =7
ot
b1 P2
N — PR —

p n
Fig. 1.  (color online) Feynman diagram for the reaction
yp — Zpn.

1. Lagrangians for the Zj production

In the PDG [1], the spin-parity quantum numbers of
7Z,(10610) and Z,(10650) are both 1%, and thus the Lag-
rangian densities for the vertices of Z,Yn and 7NN are
written as [19,40],

87, Tn
My,

LZ,,TN = (6’1 TvﬁﬂnZhv - 6”TV6VJTZ;,#), (1)
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Loyy = —ig , Nys?- 7N, Q)

where Z,, Y, n and N denote the fields of Z,(10610)/
Z,(10650), Y, pion and nucleon meson, respectively.
Here, g* /4m =12.96 is adopted [41].

The coupling constant gz v, can be derived from the
corresponding decay width,

r _(gz,,'rfr)z ™|
Z,-Yn Mz, 247 M%]
(M2 _m2 _m2)2
X %m@}, , 3)
with
AI/Z(MZ m2 m2)
Sc.m. A S
7" = (4)

2My, ’

Ex = \IB5™ P +mz, ®)

where A1 is the Killen function with A(x,y,z)=
V(x—y—z)?—4yz, and Mz, my, and m, are the masses of
Zp, T, and the pion meson, respectively. The partial de-
cay widths and coupling constants for Z, — Y are listed
in Table 1.

The coupling of Z, to the photon can be derived us-
ing the VMD mechanism [28-30]. In the VMD mechan-
ism, a real photon can fluctuate into a virtual vector
meson, which subsequently scatters off the target proton.

The Lagrangian for the coupling of the meson Y with
a photon reads as [24,25]

2
emT

Loy = ——LT, A%, (6)
T

where fy is the T decay constant. Thus one gets the ex-
pression for the ¥ — e*e™ decay width,

2 8a|p—)c.m.|3
e e
Iysere = (f_:r) 375 (7)

T

where pS™ denotes the three-momentum of an electron
in the rest frame of the Y meson. « = ¢2/4x = 1/137 is the

electromagnetic fine structure constant. With the partial
decay width of Y(1s,2s5,35) > e*e” [1], one gets
e/f'r(ls) =~ 0008, e/f'r(zs) ~0.005 and e/f‘r(3s) ~(0.004.

2. Reggeized t channel

Since the energy corresponding to the yp — Z,n reac-
tion is above 10 GeV, the Reggeized treatment will be ap-
plied to the ¢ channel process. Usually, one just needs to
replace the Feynman propagator with the Regge propag-
ator as

1 ax(0) T g
t—m2 -~ Sscale I[1 + ax(0)] sin[rax ()]’ ®

where the scale factor sy 1S fixed at 1 GeV. In addition,
the Regge trajectory of a,(¢) is written as [40]

a(t) = 0.7(t —m2). )

It can be seen that no free parameters have been added
after introducing the Regge model.

3. Amplitude

Based on the Lagrangians above, the scattering amp-
litude for the reaction yp — Zpn can be constructed as

~iMyposz,n = € (k2)i(p2) Ayu(p1)ey k), (10)

where u is the Dirac spinor of the nucleon, and ¢z, and ¢,
are the polarization vectors of the Z, meson and photon,
respectively.

The reduced amplitude A,, for t-channel Z, photo-
production reads

gZhT” e
Mz, fr

Ay =~ i( V2gwn )75 [k1 - (k2 — k1)gpy

1
= kiulka = kD)) 5= Fann (@)Fz0x(q7). - (1)
q= —mxz

For the ¢t-channel meson exchanges [19,20,23,40], the
general form factor #;(¢?) consisting of F7,r = (m2. —m2)/
(m2.—q2) and Fryy = (A? —m2)/(A? - %) is taken into ac-
count. Here, ¢, and m, are the 4-momentum and mass of
the 7 meson, respectively. The cutoff A, will be taken as
0.7 GeV, which is the same as that in Ref. [19,21-23].

Table 1. The values of coupling constants gz, by taking the corresponding decay width of I'z,_,yr in the PDG book [1]. The unit of
width is MeV.
state Iz, —vas)n 82, v(18)w Iz, —v@s)n 82,728 Iz, —r@s)n 87,738
Z,(10610) 0.099 0.487 0.662 3.299 0.386 9.292
Z,(10650) 0.019 0.206 0.161 1.468 0.184 4916
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With the preparation in the previous sections, the dif-
ferential cross section in the center of mass (c.m.) frame
is written as

dor 1 ’?f"“" 1 s
= — . 12
dcosd 32xms ]glcm| 4;|M| (12)

Here, s = (k; + p1)?, and 6 denotes the angle of the outgo-
ing Z, meson relative to the vy beam direction in the c.m.
frame. sz'm' and l?zc'm' are the three-momenta of the initial
photon beam and final Z, meson, respectively.

B. Z, production in EIC and UPCs

In the electron-proton scattering, the cross-section of
7y 1s given by [38,39]

2 dN*(k, 0%)

dkdQ? Ty pozn(W,0%), (13)

o(ep — eZpn) = fdde

where k is the momentum of the photon emitted from the
electron in the target rest frame, W is the c.m. energy of
the photon and proton system, and Q7 is the virtuality of
the photon. The photon flux reads as [42]

2
szn

d*N(k, 0%) a kK (
_ _x 1— )
dkdQ?

= — - 14
kQ? Ee+2E§ ] (14)

The @ dependence of oy —,7,,(W, Q%) is factorized as

2

Ty paZ,n(W Q )= O'ypﬁZ/n(W Q = 0)( (15)

‘o)

where My is the mass of the vector meson. Since there is
no parameter for the Z, state, we apply the same n from
J/y as Ref. [38]. This assumption has very little impact
on the projection for Z, because we consider
0 < 0% < 1GeV?, which gives quasi-real events [43].

The cross-section of an exotic charged particle in
UPCs is computed in integrating the photon flux and
photon-proton cross-section. The photon flux represents
the number as a function of momentum of the photon
emitted from a nucleus. In p-A UPCs, the cross-section of
pA — nAZ, reads [37]

dN, (k)

0'(pA - AZbI’l) = fdk O—'yp—>Z,,n(W)» (16)

where k is the momentum of the real photon emitted from
the nucleus, and W is the c.m. energy of the photon and
proton system. The photon flux of the photon emitted
from the nucleus is given as [44]

dNy (k) _ 27%«
dk

(XK0<X)K1(X>—X—[K2<X) K20, (17)

where X = bnink/yr, and byin = R4 + R, is the sum of the
radii of the proton and nucleus. y, = +/s/2m, is the
Lorentz boost factor. Ky(x) and K;(x) are modified Bessel
functions. Z denotes the charge number of the nucleus.
Adopting the cross-sections of Z, in the photon-pro-
ton interaction, we can obtain the Z, cross-sections in e-p
scattering in EIC and p-A UPCs. With the help of the eS-
TARIlight and STARIight packages, we can simulate the
Z,, production processes and get the four-momenta of the
final states. Then, we will further obtain Z, in rapidity
distributions and transverse momentum distributions,

where the rapidity is defined as y = %ln[(E +p)/(E-pl.

III. NUMERICAL RESULTS

A. Photoproduction of Z,

In Fig. 2 we present the total cross-sections for the re-
action yp — Zyn, from threshold to 50 GeV of the c.m.
energy. One finds that the total cross-section of the
vp — Zp(10610)n scattering process reaches a maximum
at the center-of-mass energy W ~ 22 GeV, which is about
0.09 nb. Also, when the cutoff parameter is changed from
05 to 09 GeV, the total cross-section of
vp — Z,(10610)n at W=~22 GeV is approximately
between 0.06 and 0.12 nb.

B. Z;, production in EIC and UPCs

Photoproduction measurement is an important test of
the structure of exotic states. Since the energy span of

0.16—— ———— :
0.141
0.12}

__0.10r .

g008-

& 0.06
0.04r
0.02}
0.00+

1015 20 25 30 35 40 45 50
W (GeV)

(color online) Total cross-section for the yp — Z,n re-

——7,(10610)] |
- - -7,(10650)| |

Fig. 2.
action via pionic Regge trajectory exchange. The solid red and
dashed blue lines are for Z,(10610) and Z,(10650) respectively.
The value of cutoff A, is taken as 0.7+0.2 GeV. The bands
stand for the error bar of the cutoff A,.
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EIC and UPC facilities is large, it is advantageous to find
the exotic states in the bottom quark energy region. Based
on the previous Z, photoproduction results, with the help
of the eSTARIight and STARIlight programs, we have ob-
tained the cross-sections and numbers of events for
Zp(10610) production in EICs and UPCs. As presented in
Table 2, the results were calculated based on several dif-
ferent accelerators. The cross-sections of Z,(10610) in
UPCs are larger than in EICs, since the photon flux of the
nucleus is larger than the electron beam. However, the
number of Z,(10610) events in EICs is larger than that in
UPCs, especially the FCC.

It can be seen from Table 2 that the differences
between the total cross-sections in EICs are small, since
the cross-section of EICs is not very sensitive to the colli-
sion energy. However, the cross-section of Z, in EICs de-
pends heavily on the value of the cross-section of Z, pho-
toproduction. It can be seen from Fig. 2 that if the c.m.
energy is too small, the photoproduced cross-sections of
Z, will also be small, which indirectly leads to small
cross-sections of Z, in EICs. For the EicC [33], the
present designation of collision energies is 5 GeV vs 20

Table 2.

GeV, so the c.m energy is about 16.7 GeV. Thus, the
cross-sections of Z,(10610) in EicC will be very small.
Table 3 shows the cross-sections of Z, in EicC and the
numbers of events when the beam energy is up to 10 GeV
vs 100 GeV. These results will provide theoretical refer-
ences for future experimental measurements and up-
grades.

For Z,(10610) production in EIC and UPC processes,
we also present the rapidity distributions of Z,(10610) in
e-p and p-A processes, as shown in Fig. 3. These two dis-
tributions are relatively wide, which is related to the pro-
duction mechanism of Z, through the f-channel with
pionic Regge trajectory exchange [23]. This indicates that
the distribution shape of the rapidity and transverse mo-
mentum reflects the shape of the cross-section in Fig. 2.
From the left-hand graph in Fig. 3, it can be seen that
photoproduction at the EIC-US is near mid-rapidity and it
is easy to identify in the detector system. From the right-
hand graph of Fig. 3, we can also conclude that it is easi-
er to observe Z,(10610) in p-Au UPCs than in p-Pb
UPCs, since the Z,(10610) will be produced near mid-
rapidity.

Cross-sections and numbers of events for Z,(10610) in e-p scattering and p-A UPCs. The integrated luminosities are the

same as Ref. [42]. Luminosity of 15x103* cm=2 s~! was assumed for 107 s of running for the FCC [36].

e-p EIC-US e-p LHeC

e-p FCC p-Au RHIC p-Pb LHC

Beam energy, GeV

Integrated luminosity 10 fb~! 10 fb~!
Z,(10610) Cross sections 6.2 pb 8.5pb
Expected statistics, 10° events 0.062 0.085

18 (e) vs. 275 (p) 60 (e) vs. 7x 10% (p) 60 (e) vs. 50x 10% (p)

100 (p) vs. 100 (Au)  7x 10° (p) vs. 2.778 x 10° (Pb)

150 fb! 4.5 pb~! 2 pb7!
9.8 pb 2.0 nb 30 nb
1.5 0.0090 0.060

Table 3.
which is the current design value of the EicC [33].

Cross-sections and numbers of events for Z,(10610) in e-p collisions. Here, the integrated luminosity is taken as 10 fb~!,

Beam energy

5(e) vs. 20 (p)

5 (e) vs. 30 (p)

10 (e) vs. 50 (p) 10 (e) vs. 100 (p)

Z,(10610) cross sections 0.52 pb 1.3 pb 3.4 pb 4.4 pb
Expected statistics, 10° events 52 13 34 44
10° . . 102
— Z(10610)in e-p @ EIC-US —— 7,(10610) in p-Au @ RHIC
---- Z,(10610) in e-p @ LHeC o
-=- Z,(10610) in e-p @ FCC ---- 7,(10610) in p-Pb @ LHC
~ 10 _10f
el e}
& £
> >
3 3
3 i 5
1F it 1
S T T DT A T P TP T TP T T —1
0 00" %6 55 4 3 2 00 1072

y

Fig. 3.
Au and p-Pb UPCs at RHIC and LHC.

(color online) Rapidity distributions of Z,(10610) in (left) e-p at EIC-US, LHeC and FCC with 0 < 0% < 1GeV? and (right) p-
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In addition, the transverse momentum distributions in
e-p scattering and p-4 UPCs are shown in Fig. 4. These
results can be used as predictions for experiments. We
notice that the three transverse momenta of the EICs are
close to each other, since the total cross-sections are close
to each other. These distributions can be employed to
identify the exotic states. In p-4 UPCs, the difference
between the two distributions is large because the total
cross-section in p-Pb is larger than the cross-section in p-
Au. It can be found that the largest value of transverse
momentum is about 0.2 - 0.4 GeV in both EICs and
UPCs.

We also give the t-distribution for Z,(10610) produc-
tion in e-p and p-4 UPCs in Fig. 5. The ¢-distributions are
close to each other in the three EICs and are different in
the two UPCs. These conclusions are the same as for the
transverse momentum distributions. Due to the adoption
of the Regge propagator, it can be seen from Fig. 5 that
the shape of the curves of the differential cross-sections
of the ¢-distribution is relatively steep. This will be an im-
portant theoretical basis for us to clarify the role and con-
tribution of the Regge propagator through EIC or UPC
experiments.

IV. DISCUSSION AND SUMMARY
In this work, based on effective field theory and the

2
10 — 7,(10610) in e-p @ EIC-US
---- 7,(10610) in e-p @ LHeC
—mi- Z,(10610) in e-p @ FCC
S
()
Q
35
X
=
T
©
el
107! 1 1 1 1 1 i 1
0 02 04 06 038 1 12 14 16

p,(GeV)

Fig. 4.
and p-Au and p-Pb UPCs at RHIC and LHC

10 - -
—— Z7,(10610) in e-p @ EIC-US

---- 7,(10610) in e-p @ LHeC
-- Z,(10610) in e-p @ FCC

do/d|t| (pb/GeV?)
=

1 1 1 1 1 1 1 1 Ll
0 01 02 03 04 05 06 07 08 09 1
-t(GeVz)

Fig. 5.

VMD mechanism, the photoproduction of the two bot-
tomonium-like Z,(10610) and Z,(10650) states has been
investigated for the first time. The numerical results show
that the total cross-sections of the yp — Z,n reaction
reach a maximum at the center-of-mass energy W ~22
GeV, which indicates that the center-of-mass energy 22
GeV is the best energy window for searching for the Z,
states via yp scattering. Hence, an experimental study of
the bottomonium-like states Z, via the yp reaction is sug-
gested.

With the help of the eSTARIlight and STARIight
packages, the cross-sections and numbers of events for
Z5(10610) production in EICs and UPCs have been
presented. As shown in Table 2, EIC experiments may
collect more events due to their larger luminosity.
Moreover, we have also simulated the rapidity and trans-
verse momentum distributions of Z,(10610) in e-p scat-
tering and p-4 UPC processes. These results will provide
an important basis for estimating the production and
studying the properties of Z, in the RHIC, LHC, EIC-US,
LHeC, and FCC in the future.

Since Reggeons are composed mostly of quarks, us-
ing Reggeons to prove the distributions of sea quarks and
anti-quarks in nuclei may be a feasible method [39]. In
this work, the photoproduction of Z, is calculated by in-
troducing the Regge exchange model. Thus, the numeric-
al results will be beneficial for experimental studies of the

10%
— Z,(10610) in p-Au @ RHIC

---- 7,(10610) in p-Pb @ LHC

10F

do/dp_(nb/GeV)

1071 1 1 1 1 1 1 il 1 1
0 02 04 06 08 1 12 14 16 18 2
pT(GeV)

(color online) Transverse momentum distributions of Z,(10610) in (left) e-p at EIC-US, LHeC and FCC with 0 < 0 < 1 GeV?

10°
— Z,(10610) in p-Au @ RHIC

---- 7,(10610) in p-Pb @ LHC

do/d|t] (nb/GeV?)
s 2,
T T

—1 1 1 1 1
1070702704 0.6 08 1

H(GeV?)

(color online) ¢-distributions for Z,(10610) production in (left) e-p and p-A scattering.
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Reggeon model. Also, the cross-sections of ¢ distribu-
tions of Z, in different scattering processes have been ob-

tained, which will provide an important theoretical refer-
ence for clarifying the role and contribution of Reggeons.
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