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Abstract Recently BESIII collaboration discovered a char-
ged strange hidden-charm state Z.;(3985) in the D D*0 4
D~ DY spectrum. A higher Z_._ state coupling to D~ D*"is
expected by SU(3)-flavor symmetry, and their bottom part-
ners are anticipated by heavy quark flavor symmetry. Here we
study the photoproduction of these exotic states and investi-
gate carefully the background from Pomeron exchange. Our
results indicate that the maximal photoproduction cross sec-
tion of strange partner is around 1-2 orders of magnitude
smaller than that of the corresponding non-strange states.
The possibility of searching for them in future electron-ion
colliders (EIC) is briefly discussed.

1 Introduction

Exotic hadron candidates challenge our understanding of
the strong interaction and hence shed light on the underly-
ing mechanism constrained by Quantum Chromodynamics
(QCD) [1-9]. The states in the charm and bottom region
are arranged into the well organized patterns in the spec-
troscopy, constrained by a high degree heavy quark spin and
flavor symmetry (HQSS and HQFS). These patterns apply
successfully and evidently to the pentaquark P. in light of
the latest LHCb data [10]. The scattering potential involving
only short-range operators constrained by heavy quark spin
symmetry can manifest the first example of full and complete
HQSS multiplet of baryon-like P. [11-13]. The one-pion
exchange as well as the long range interaction would also
play an important role [13,14]. The strange hidden-charm
pentaquark P.; was investigated by several theoretical meth-
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ods [15-21]. Until recently its first evidence was announced
by the LHCb Collaboration in the J /v A invariant mass dis-
tribution [22].

In the meson-like sector, the Z.(3900) with a width
of 28.3 + 2.5 MeV [23], and Z.(4020) with a width of
1345 MeV [23], locating just above D D* and D* D* thresh-
old respectively, are widely considered as the most evident
twin molecules with hidden charm under HQSS [6,24-27].
The Z,(10610) and Z;,(10650) are their close analogs in bot-
tom sector under HQFS [26]. Very recently BESIII collabo-
ration [28] released the evidence of a strange hidden-charm
state, nominated as Z.;(3985)* with a mass of 3982.55:2 +
2.1MeV and a narrow width of 12.873-3 & 3.0MeV in the
D; D™ + D*~ D spectrum of ete™ — KT(D;D* +
D~ DY at \/s = 4.681 GeV. It locates around 9.5 £
3.7MeV above D; D* + D¥~ D threshold [23], close to
that for Z.(3900) and Z.(4020), reflecting the strong con-
straint from SU(3) flavour symmetry [29]. This would be
the first exotic candidate in strange hidden-charm sector,
followed immediately by several theoretical studies [29—
34]. Especially, its HQSS partner, Z.., is predicted in Ref.
[29,30]. Together with the very recent X((2900)/X1(2900)
with quark content csud by LHCb [35,36], the discovery
of Z:5(3985) state extends the study of exotic hadrons to
strange sector. They would constitute the first full HQSS
multiplet of charmonium-like states together with the non-
strange hidden-charm states [12,18,24-26,37—44], as shown
in Fig. 1. The locations of the states in bottom sector are
closer to the corresponding thresholds than those in charm
sector, since the binding energy is roughly inversely propor-
tional to quark mass. As the strange partner of Z.(3900),
the assignment of its quantum numbers is expected to be
1JP)y=1/20a%).

A particular feature in the strange sector is that the one-
pion exchange is forbidden by parity and isospin in the
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D; D**/D* DY interaction. Other mesons, e.g. n, o, ¢
and w, are allowed but the effective interaction range is less
than 0.5 fm, much shorter than 7 -exchange [45,46]. Whether
the induced strength by these heavier meson is enough to bind
the D; D*°/ D~ D¥ system is questioned because of the OZI
suppression [47,48]. Considering that the bound between
two strange heavy mesons is much tighter than that for non-
strange case, the underlying scenario would be dominant by
short range contact interaction as discussed in Ref. [49]. Thus
the mechanism for its formation needs further investigation.
The J /¥ K decay channel of Z.; was thought to be important
in the earlier studies, e.g. QCD sum rule [50,51], initial K-
meson emission mechanism [52] and the hadrocharmonium
picture [53]. A rich spectrum of Z.; and Zj, coupled to the
hidden channels was also predicted in the compact tetraquark
[54]. However, null results in ete™ — KTK~J /v chan-
nel from Belle [55,56] and BESIII [57] indicate a relatively
small J /¢ K partial decay width, calling for higher statistics
in future Bellell and BESIII experiments.

The photoproduction of some exotic states, e.g. Z.(4430)
and pentaquarks P, ;, have attracted a lot of theoretical atten-
tion [58-70], due to the possible impact of kinematic effect
on the resonance structure [71,72]. Particularly, though the
triangle diagrams could be present in photoproduction, it is
hardly possible to satisfy the on-shell condition of the trian-
gle singularity [73], thus they are expected to be negligible.
If the experiments are motivated to find their photoproduc-
tion, the kinematic explanation, e.g. kinematic reflection or
triangular singularity, will be definitely excluded and these
structures are surely real states. On the other hand, the discov-
ery potential in photoproduction is also very essential. For
example, the exotic Y (3940) [74], X(3915) [75], Z.(3900)
[76], and Z.(4200) [77] through photoproduction were dis-
cussed theoretically. Experimental efforts were also devoted
to the photoproduction of P, [78] by GlueX collaboration,
Z+(3900) [79] and X(3872) [80] by COMPASS collabo-
ration. In this paper, we study the Zf,;)/bs photoproduction
through yp — AZE,;) /bs Processes, with their subsequent
decaying into hidden-charm/hidden-bottom channels.

2 Formalism and results

The yp — A Zf;) /bs reactions can be proceeded by one-kaon

exchange as shown in Fig. 2, where Zg;) Ibs then decay into
vector quarkonium and kaon, e.g. J/¥ K or YK [51,52,54].

In the vector meson dominant (VMD) model [81,82], the
coupling of a vector meson V with mass My to photon y is
written as

eM?
S §))

Ly, =—
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Fig. 1 The axial-vector heavy quark meson Z spectroscopy in the

SU(3)-flavor symmetry and HQFS. The Zi /)“, and Zg/)bs are non-
strange/strange hidden-charm and hidden-bottom states, respectively.
The masses in the brackets of the states labeled in interrogation mark
are from theoretical expectations [29], while the others are experimental

ones
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Fig. 2 The Zf,;)/bs photoproduction in the process of a yp — AZSS)
andbyp — AZ [(7?, respectively

where fy is the decay constant of the vector meson, deter-
mined by the dilepton decay width 'y _, .+,

€ |:3FV~>£’+E_ :| 12
fv

My 2
with o = e%/(4m) = 1/137 being the fine-structure con-
stant. We obtain fj/w = 11.16, fT(lS) = 39.69, fy(zs) =
60.46, and fy@3s) = 72.23 with the My and I'y_, ,+,~ from
the Particle Data Group (PDG) [23]. While the effective
Lagrangian for the coupling of N K A is taken from Ref. [83]
as

Lnka = —ignk ANYysKA +h.c., 3)

with the coupling constant gyxp = 14.0 [84].

As discussed in Sect. 1, the S-wave Dy D*0 + D~ D?
molecular state [29,30,32,34] and compact tetraquark [32,
33] are the most popular explanations for Z, both of which
expect the spin-parity J ¥ = 17 In the following formula, we
use Z and V to denote ZE;) Jbs and vector quarkonium, respec-

tively. Then the effective Lagrangian of the ZV K coupling



Eur. Phys. J. C (2021) 81:184

Page30f9 184

ST S S
VK K M
P A p//
(@) )

Fig. 3 The diagrams of yp — V K A reaction. a The Z((.;? photopro-

duction in yp — J /¥ K A reaction with ZE;) decaying to J /¥ K chan-
nels. b, ¢ Background contribution through Pomeron exchange. Similar

T
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diagrams for yp — YT K A can be obtained by substituting Y for J /¢
and Zés) for Zéx)

Table 1 The parameters of Zf.;),

! ; Z states Mass Mz (MeV) Width 'z (MeV) V M channel B(Z — VM) gzvM
Z;S) and Z,E) used in our
. g Zes 3985.0 13.0 J/WK 1.0f 3248
calculation. Note that Z ;S) are f5
below Y (35)K mass threshold. Zes 4130.0 13.0 J/YyK 1.0f 2.6VB
The parameters of Z,i) and Zis YK 1.0 3.8JB
) +
B(Z,” — V) a‘re adopted 10697.0 10.0 T(2S)K 1.0° 10.4+/B
from PDG [23]. ': Because / i
there are no measurements on L TASHK 1.0 36VB
the branching fractions of Z.} 10745.0 10.0 T2SK 1.0t 9.1v/B
and Z,(,/Y) decaying to V K, their Zp TS 0.54% 0.49
couplings gzy  are computed 10607.2 18.4 TS 3.6% 3.3
with the full width of the
corresponding states, e.g. TES)7 2.1% 93
B(Z — VK) = 1.0with V z, Y1) 0.17% 0.21
being the vector heavy 10652.2 115 T2S)r 1.4% 15
quarkonium
T3S 1.6% 4.9
is [69] are in fact o(yp — AZ)/B(Z — VK) and o(yp —
AVK)/B(Z — VK). We introduce a form factor F; to
Lovg = S2YE guyy (3,P-Z, —0,P - Z 4 -
ZVK = S ( pl Ly — oI u) . (4)  cut off the contributions of large four-momenta from the off-

Note that above effective Lagrangian depends on the quan-
tum number rather than the internal components of Z.s. The
information on the internal structure is coded in the coupling
gzvk and can be inputted from different models of ZE;) Ibs*
On the other hand, the measured cross sections can be used to
determine gzy s by comparing with our results. Eventually
this is helpful for giving the information on the internal struc-
ture. For this purpose, the dimensionless coupling constant
gzvk can be related to the corresponding decay width

2
r(Z— VK) = (w>
Mz

y.

167‘[M%
x [2(MZEC,,1 — M3+ M%Efm] G

where p., and E., are the three-vector momentum and
energy of the K-meson in the Z rest frame, respectively.
The masses, widths and the coupling strengths of Z) are
summarized in Table 1, where the branching ratios of ng) bs
are assumed to be 1.0. So the final calculated cross sections

shell Z resonance,

4
AZ
AL + (g5 — M3)?

Fs(Az, Mz) = (6)

Here the cutoff is set to be the mass of the intermediate vector
meson, e€.g. Az = My@us) or My(s) [85]. An alternative
form factor is usually used in literature,

A2 — M?
Fz(Az, Mz) = —4—F£, @)
A7 —qz

which will not change the near-threshold results in charm
sector much because we concentrate on the energies where
ng) is nearly on-shell. While for ng) — T(2S)K vertex,
this form factor encounters a non-physical pole [83], which
shall be avoided. Thus the form factor in Eq. (6) is a more
reasonable choice. A monopole form factor is introduced to
suppress the contributions from high exchanged momenta of
the off-shell #-channel propagator,

@ Springer
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Ar = mi ®)
A2 -t

Fi(Ay,my) =

where A, is the corresponding cutoff parameter.
With the above prescription, we obtain the differential
cross section of yp — Z.s/Zps A in Fig. 2 as

do 1 1 gzvk e \°
di  64ms [koy | 4 \EVKA
L (ma — MN)? — 1) (M% —1)?
(m% —1)?
x FX(Ag,mg)FH(Az, mk), )

where ¢ is the square of the four-momentum transfer from
initial proton to final A-baryon, s is the c.m. energy square
and |k | = (s — mjzv)/2\/§ is the photon energy in the c.m.
frame. For the cut-off values, we use Ax = 0.7 GeV and
Az = My. Athigh energies an alternative Regge propagator
from K-meson Regge trajectory would be substituted for the
usual meson propagator [86]. This has been adopted in the
photoproduction of Z.(4430) [70] and Z.(4200) [77]. Since
we concentrate on the threshold region, the choice of ordinary
meson propagator in above equation is favored.

The amplitude of yp — V K A in Fig. 3 reads generally
as

Tji = eyuey, (M7 +Mp), (10)

where €, and ey, are the polarization vector of initial pho-
ton y and final vector quarkonium V, respectively. Here-
after we take yp — J/¢¥ KA as an example. The ampli-
tude of yp — ATYK can be directly obtained with the
replacement of intermediate strange states and final vector
quarkonium by those in bottom sector. The transition tensor

of yp — ng)A — J/¢¥ KA in Fig. 3ais
2
. 87VK e _
MY = —ignia ( ) — i (pysup(p)
Mz Jv
x((p'=p)-q8" —(p' = p)Pg™)
x (pv - pxg™ — Py rk)
1 —gup + Pzapzs/ M}
X 2 2aﬂ 2 a, ﬁ Z]:[(AKsmK)
t—my p; —M5;+iMzI'z
x Fi(Az,mg)Fs(Az, Mz), (1D

where ¢, p, p/, pv, pxk and pz = py + pk are the
momentum of photon, proton, A, J/¢¥, K-meson and ZL(-;),
respectively. Because zé;’ and Z,g/s) states are narrow, the
cross sections in Fig. 3a can be approximately estimated by
o(yp = ZE NB(Zes — /U K).

The Pomeron contribution is the main background in the
search of ng) / ng) signal. This diffractive process with a
Pomeron trajectory Gp (s, t') = —i(a's)€+*"" could be pro-
ceeded by final and initial emission of K-meson, as depicted

@ Springer

respectively in Fig. 3b, c¢. The parameters of Pomeron tra-
jectory are well known, e.g. € = 0.08 and o’ = 0.25 GeV 2
[86,87]. The y V'P vertex can be described by gauge invariant
coupling 28,V (t') Tyuer» [88,89] with

T/J,O(v — (q _|_ kv)agp.v _ 2quO(/L, (12)

4/L%

V(') = ,
(M} —t)Qud + M3 — 1)

(13)

here g = 1.2GeV and ﬂf = 0.8 GeV? for charmonium,
and ﬂg = 0.1 GeV? for bottomonium. The Pomeron-nucleon
interaction in Fig. 3b can be written in a manner of vector
coupling 380 f (t')y,, where By = 2GeV is the coupling
constant between Pomeron and the constituent quark within
nucleon. The f(¢') is the parameterized nucleon electromag-
netic form factor (EFF) [87]

2
4My — 2.8t

Fy = @M2 — 1)1 —1//0.7)2

(14)

with the squared energy transfer 1’ = (py — ¢)? in unit of
GeV?2. This prescription is widely used in J /v photoproduc-
tion and describes well the data in a wide range of energies
[90,91]. Then the amplitude in Fig. 3b is calculated as

Mp" = 6BoBegnin f() VW) Gp(s.t) THV iin(p) vs
/

Py EMN (o) Fo(A. M), (15)

Py — My
where p/,, and M are the four momentum and mass of inter-
mediate proton, respectively. The form factor F (An, My)
in the form of Eq. (8) takes into account the off-shell effect of
nucleon with A y being the cut-off parameter. Other nucleon
excited states N* with strong coupling to K A would also
contribute to this diagram. We neglect them for the moment
because of the unknown coupling strength of Pomeron-N*
interaction. The Pomeron-A interaction is expected to be
similar to that of Pomeron-nucleon. However, both its cou-
pling strength By and the A EFF [92] are poorly known.
Hence here we neglect the contribution in Fig. 3c. As a mat-
ter of fact, the initial emission of K-meson is kinematically
unfavored and is expected to be small, similar to the initial
emission of w-meson in the study of various Z, photopro-
duction [69,76,77].

We can evaluate the cross sections and distributions of
final particles in three-body phase space using the amplitudes
in Eq. (10). In order to compare with the results in the bottom
sector, we also present the results of yp — nZl(;), which
has been estimated by JPAC [93]. The formalism is quite
analogous to above one with the exception of isospin factors,
which can be easily found in references [69,76]. The relevant
parameters of Zg) are adopted from PDG [23] and listed in
Table 1.
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Fig. 4 The differential a and total b cross sections of the yp — AZQ .
The black solid and dashed lines correspond to results of Z., and Z_.,,

respectively. In plot b the yp — AZ gs) are also shown for comparison
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with considering Y (3S5) only in the VMD model. It shall be noted that
B(Z;S — J/Y¥K) are set to be 1.0 while realistic .’S(Z;7 — Y) have
been included as shown in Table 1

Fig. 5 The differential (top) 1576 Gov @) 1700y )
and total (bottom) cross sections i 10°} —Zx(1S)n 2, >Y(1S)K o ‘“% 10°F —Z,>Y(1S)x Z, SY(ISK
! [} a7y P ” e 7 T - 2 " -
ofyp > n ,Zl(z) and % 107 ézéfgz;“ Z, ~>Y@S)K % ol 2:; Zz;n 7, —Y(SK
yp — AZ[(”), respectively. The o g
black solid, dashed and dotted 3 107 ) 1
lines correspond to results of & 3 ﬂ/::::/_/_,_/_,_,_,_::::-' g
yp — nZ; with taking into 5 107 B
account Y(1S), YT(25), and I 104l 8
T (3S) in the VMD model,

respectively. The red solid and -4 0 0
dashed lines are results of
yp — AZgS) with taking into
account Y'(1S5), and Y (2S5) in — -
the VMD model, respectively. It 10% (c) 10° i::;:;:;z ﬁ:ﬁ:;i:ﬁ (d)
shall be noted that ; o Z,-7(@8)r
B(Z;S) — TK) are set to be 1.0 g 107 2 107
but realistic B(Z[(;> — YTm) < 5 ?
have been included as shown in \NT, 107 %
Table 1 S %
107°F {/—zvas) 7, SYASK
[ ---zves) ---- 2, -7ESK
qoeblozoreee el T
10 15 20 25 30 35 40 10 15 20 25 30 35 40
s (GeV) Vs (GeV)

3 Numerical results and discussion

We show the cross sections of yp — AZgS) in Fig. 4.
As explained in Sect. 2, we plot the o/B(Z — J/¥K)
because of the unknown B(Z — J/v¥ K). The differential
cross sections in Fig. 4a are featured by a typical behavior
of t-channel meson exchange, decreasing rapidly with larger
[t]. So the Zﬁ? are produced in the forward beam direction.
This is also applicable to ZL(.,) /Z l(,/) /Z 1()2 states, since they are
driven by the similar production mechanism. The magnitude
of ng) production cross sections are two orders of magnitude
smaller than those of the zé’) states [75,76], as can be seen
from Fig. 4b. Here we need to point out that for Z[(;) states,
since the coupling constants gz, v, are calculated with the
measured branching fractions, the cross section distributions
in Figs. 4b and 5 do not divide by B(Z, — Ym). Because
of the close masses, the maximal production cross sections

of Z.s and Z,, are nearly the same and both locate around
7.0 GeV.
We exhibit in Fig. 5 the differential and total cross sections

ofyp - B Z}(;/)bs, with B = n and A. The contributions of
YT (1S), Y(2S) and T (3S) in the VMD model are separately
indicated due to the unknown interference phase between
them. It is seen that Y (3S) in VMD vertex is dominant in

yp — AZL), while Y(25) is larger than Y(15) in yp —
nZl(;). Thus it is reasonable to neglect other bottomonium
in VMD for an order-of-magnitude estimation at present. In
Fig. 4b, we compare the total cross sections of yp — AZZ()/)
with only T (3S) in VMD vertex to that of yp — AZSS).
It seems that they are in the same level if taking B (ZL(./S) —
J/¥K) = 1.0. Take care that B(Z\) — T(3S)7) ~ 2%
has been included in these plots. Therefore the actual cross
sections of yp — AZSS) would be 1-2 orders of magnitude

@ Springer
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Fig. 6 a The total cross section 15F
of yp — AJ/y K reaction with

the contributions of ZSQ and
Pomeron exchange. b The total
cross section of yp — ATK
reactlon with the contributions
of Z b ) and Pomeron exchange.
Note that the vertical axis of b is
in logarithmic scale

5 10 15

Vs (GeV)

smaller than that of yp — AZ,(;) by considering 1% <
B(Z O J/¥ K) < 10% in various models [29,32,34].

The photoproduction of different Zé; states with various
Y (nS) states in the VMD vertex shall be coherently added
together when detecting them through yp — AJ/Y¥ K reac-
tion. The same is true for Z! be photoproductlon in yp —
AT K. This is not considered by previous study of Z. pho-
toproduction in yp — pJ /¥ [69,70,74,76,77] mainly
because of the unknown relative phases of various ampli-
tudes. To further proceed we have to assume that these rela-
tive phases are zero and various contributions are construc-
tively interfering. In Fig. 6, we show the cross sections of
yp — AJ/YK and yp — AYK under these assump-
tions. As stated in Sect. 2, the o (yp — Zg;)A — J/YKA)
and o(yp — Zg: A — TKA) are excellently approxi-
mated by o (yp — ZSAN)B(Zes — J/¥K) and o (yp —
zZ, ¢ )A)B (Zps — YK), respectively. The background from
Pomeron in yp — AJ/Y¥K in Fig. 3b is small if the cut-
off parameters are inhabited from yp — pJ/y¥m [76]. We
choose appropriate cut-off in the form factor for Pomeron
contributioninyp — AY K, considering thato (yp — pY)
is below 0.1 nb when /s is under 100 GeV [68]. It can be
concluded that the signal channel is prominent in compar-
ison with the background estimated by Pomeron exchange,
however, well below 1 nb and out of reach of the current lumi-
nosity design (2—4) x 103*cm~2s~! of Electron-Ion Collider
in China (EicC) [94]. If the luminosity of EicC increases at
least one order of magnitude, these strange states would be
hopefully detected in photoproduction reaction by combin-
ing with proper construct technique [58,59]. For the proposed
Electron-Ion Collider in US (US-EIC) with the luminosity of
103* cm™2s~! or higher [95], it would be possible to observe
these states. It shall be further mentioned that the signal of
exotic states would be also faded away inthe yp — AJ/Y K
(or yp — ATYK) if the destructive interfere of twin states
ng) (or Z gs)) is present.

In Fig. 7a, c, we present the Dalitz plot and J/¥ K
invariant mass spectrum of the yp — AJ/¥ K reaction at
/s = 8.0GeV. It is hopeful to separate the Z., and Z_; in
this channel if enough events are accumulated. In Fig. 7b,

@ Springer
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Fig. 7 The Dalitz plots (top) and invariant mass spectra (bottom) of
thea,cyp — AJ/YK at /s = 8.0GeV and (b,d) yp — AYTK at
Vs = 16.76 GeV

d, we show the Dalitz plot and T K invariant mass spectrum
of yp — AYK reaction at 16.76 GeV, which is the opti-
mal energy of the proposed EicC [94]. It can be seen that it
is very challenging to distinguish the very narrow Z;; and
Z; . because the invariant mass M?r x covers wide kinematic
range, so a very fine resolution is required.

4 Summary and conclusion

Stimulated by the newly observed charged strange hidden-
charm state Z.;(3985) and the charm-strange states
X0/ X1(2900), a full axial-vector heavy quark Z spec-
troscopy is believed to be emerging. In this work we investi-
gate the photoproduction of ng) and ZI(;S) under the mecha-
nism of VMD and 7-channel meson exchange since the HQSS
has spoken that exotica come with pairs. The Z,(;) photopro-
duction is also presented for comparison. The signal of reso-
nances would be obvious or obscure depending on construc-
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tive or destructive interference of the twin states. If they are
constructively enhanced, the cross sections of strange state
are around 1-2 orders of magnitude smaller than that of cor-
responding non-strange state, as shown by our calculation.

Numerically, photoproduction cross sections of Zg;) and Z ,(;3
are below 1 nb and 0.1 nb, respectively. The electroproduc-
tion cross sections of these states would be further reduced
by two orders of magnitude due to the electromagnetic cou-
pling. The Dalitz plots and invariant mass spectra indicate
that a fine resolution of J/¢¥ K in yp — AJ/¢¥ K and TK
in yp — AY K would be prerequisite to identify these nar-
row states experimentally. As a result, it is very challenging
to search for them at EicC but possible at US-EIC due to a
higher luminosity.

Our estimations give a natural order hierarchy for the pho-
toproduction of strange and non-strange states in charm and
bottom sector, as already found in the light quark sector, e.g.
pp collisions [83,96] and yp reactions [97]. Then we can
expect that the cross section of X¢/X1(2900) photoproduc-
tion is very tiny, e.g. through yp — Xo/1 Ajl?o.

Before taking seriously these results, it is worth point-
ing out that several sources of model uncertainty shall be
kept in mind. First, the mentioned destructive interference
of nearby twin states would reduce the cross sections. Sec-
ond, the VMD model is not careful inspected in the heavy
quark sector, as noticed by the previous studies [60,66,68].
Third, the cut-off in form factor is not well scaled because
of the unavailable data. Thus the search for heavy exotic
states through photoproduction would help to examine these
aspects on one hand, and gain more insights on the nature of
exotic states on the other hand.
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