FRONTIERS OF PHYSICS feop | TOPICAL REVIEW

/ Volume 18 / Issue 4 / 44600 / 2023
e e e e e e e e e e -

Photo- and electro-production of narrow exotic states:
From light quarks to charm and up to bottom

Xu Caol:23

1 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3 Research Center for Hadron and CSR Physics, Lanzhou University and Institute of Modern Physics of CAS,
Lanzhou 730000, China
E-mail: caoxu@impcas.ac.cn
Received November 24, 2022; accepted January 24, 2023

© Higher Education Press 2023

ABSTRACT

Accessing a full image of the inner content of hadrons represents a central
endeavour of modern particle physics, with the main scientific motivation
to investigate the strong interaction binding the visible matter. On the one
hand, the structure of known exotic candidates is a fundamental open
issue addressed widely by scientists. On the other hand, looking for new
states of exotic nature is a central component for theoretical and experi-
mental efforts from electron-positron machine and electron accelerator
with fixed target to heavy ion and electron-ion colliders. In this article we
present a succinct short overview of the attempt to search for exotic narrow N* and Z states containing light quarks only or
also charm, and its connotation for bottom regions (the latter two are also known as P, (Z,) and Py, (Z}) states, respectively in
the literature). We address the effort of searching for exotic narrow N* and Z states in light quark sector. We focus on recent
progress in searching for signal of P, and Z, states photoproduction and its implication into the P, and Z;, photoproduction
and their decay properties. We also discuss future perspectives for the field in electron-ion colliders, a good place to disen-
tangle the nature of some of these states and investigate some other enlightening topics including QCD trace anomaly and
quarkonium-nucleon scattering length.
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goal to reach a comprehension of properties of strong
interaction which bind the visible matter.

The mesons with exotic quantum numbers, which are
not allowed by two quark structure, are good candidates
of muti-quark states [3]. The COMPASS collaboration
have performed a full partial wave analysis of multi-
particle final states with the aim of searching for the m;
with quantum numbers 1~F forbidden in quark model [4,
5]. The JPAC Collaboration claimed just recently solid
evidence for the existence of 71(1600) as lightest hybrid
meson after tremendous efforts on pole analysis [6],
while another 7; states with a lower mass of around 1400
MeV was not confirmed. The width of m(1600) was
determined to be very wide, namely around 500 MeV.
Its isoscalar partner candidate, 7;(1855) with a width of
around 200 MeV, was just recently found by BESIII [7,
8]. The isovector partner of another broad exotic candidate
fo(1700) was observed as ag(1700) by BaBar [9] and
ao(1817) by BESIII [10, 11]. Compared to the broad
states, the narrow states in the light quark sector are
much easier to be established as exotica if they are
really in existence. The COMPASS collaboration also
ascribed a narrow resonancelike structure around 1400
MeV coupling to f,(980)7 with an isovector axial-vector
nature, the a;(1420), caused by triangle singularity (TS)
as the origin of a genuine three-body effect [12, 13], in
line with previous theoretical calculations [14, 15].
Several models predicted charged Z, states (or Ty in
naming scheme of LHCb collaboration [16]) consisting of
udss, close to KK* or K*K* threshold [17]. However, the
BESIII Collaboration did not find their signals in the ¢n
spectrum of efe™ — ¢rr [18].

In the baryon sector, the famous ©F with the component
uddus disappeared in the large statistical nK* and pK?}
spectrum [19]. Recently, both constituent quark models
[20, 21] and the models considering the QCD van der
Waals force [22, 23] predicted the hidden-strangeness
pentaquark P, (or P)Y) states with gggss component (g¢:
light quark). The QCD sum rule [24] and unitary
coupled-channel approximation [25] did not exclude the
existence of the ¢p bound state. Attractive ¢p interaction
was favored by correlation function from lattice QCD
calculation [26] and ALICE measurement [27]. The
A} — ¢pr® was shown to be not a good choice for the
search of P, due to the presence of triangle singularities
and the tiny phase space predicted by theory [28]. As a
matter of fact, Belle Collaboration showed no evident
signal of resonance in its ¢p spectrum [29]. Furthermore,
no sharp peak of P, was found in near-threshold total
cross section of yp — ¢p, but a non-monotonic structure,
found in the differential cross section by LEPS Collabo-
ration [30], would imply a very wide (~ 500 MeV) states
N*(2100) [31, 32]. This state, together with N*(1875),
were proposed to be exotic baryons [33]. Alternative
assignment was argued to be N*(1875) and N*(2080)
(labeled as N*(2120) in present version of PDG [34]),

which are close to K¥* and K*¥ thresholds, respectively
[35]. However, these states decay fast to their ground
state — nucleon, so their widths are all bigger than 100
MeV. As a result, it needs further effort to unambiguously
establish them as exotic states. On the other hand, the
narrow states can be hardly incorporated into the tradi-
tional spectrum. For instance, the N* and A* spectrum
[36], consisting of states with excitation of internal
degrees of freedom of nucleon and A, must be wider
than 100 MeV because of their strong coupling to =N,
nN and wmnN, etc. So the existence of narrow nucleon
resonances would serve as excellent evidence of exotica.

A renowned narrow structure at around 1680 MeV
close to K'Y threshold was found by Graal group in 7
photoproduction off neutron [37] and confirmed by many
other experiments [38—42]. It was explained by coupled-
channel effects due to S;;(1650) and P;;(1710) in a K-
matrix approximation coupled-channel model [43, 44],
which was further used to study Compton scattering off
the proton [45]. Alternative interpretations were the
interference in the 1/2= wave — S;;(1535) and S;;(1650)
— in chiral quark model [46] and Bonn—Gatchina analysis
[47, 48], and loop contributions from associated
strangeness threshold openings [49]. The situation would
be clarified if the neutron helicity amplitudes of N* were
better constrained. Much progress has been made
recently in this direction because of the newly released
data of yn reactions [50-52], also yn — K°A/K%0 from
A2 [53], BGOOD [54], and CLAS Collaboration [55],
yn — K+3~ from CLAS Collaboration [56, 57], and
yn — 70 from A2 Collaboration [58], yn — 7~p from
CLAS [59] and PIONS@QMAX-lab [60, 61] and CLAS
Collaboration [62]. So the model analysis of this structure
was expected to be refined soon. The signal of its isospin
partners was claimed to be present in the YN — nrN by
Graal [63], however, it was not confirmed by CBELSA/
TAPS [64] and A2@MAMI groups [65, 66]. Together
with this state, a narrow structure at 1720 MeV close to
wp threshold was also observed in vp — 4p [67], quasifree
yn — nn [38] and high-precision 7p elastic data from
EPECUR Collaboration [68, 69]. Whether these states
correlate with each other is under investigation. A
coupled-channel calculation showed that the narrow
structures in Compton scattering vp — vp are feeble after
considering carefully all the contribution of known N*
and A* [45]. In this paper as an exemplar of the major
obstacles we further demonstrate a full set of beam
polarization of proton Compton scattering up to the
third resonance region in Section 3. Another narrow
resonance near the n'p threshold is possibly existing in
the GRALL data on the beam asymmetry as discussed
by the Bonn—Gatchina approach [70]. Considering the
connection of 5 and 5 mesons to gluon dynamics [71],
the structures near n)p threshold are of renewed inter-
est.

The tension seems to be relieved when one moves to
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heavy quark sector. Since the uplift discovery of the
X1(3872) by the Belle collaboration [72], a rich spectrum
of exotic mesons has brought into an intriguing prospect
of hadron physics. Among them, the charged Z. (or T)
states with narrow width play a special role because of
their probable udcé composition. The Z}(4430) with a
mass of 4478715 MeV and a width of 181 + 31 MeV was
found in the 7+ (25) spectrum of B® — KFr%(25) by
Belle [73, 74] and confirmed in B® — K—xt4(25) [75] and
BY — K—ntJ/¢ [76]. The LHCb group determined its
spin-parity unambiguously to be 17 [77]. Up to now its
other decay modes have been not found. The Z.(3900)
with a mass of 3887.2 + 2.3 MeV and a width of 28.2 +
2.6 MeV was discovered in the J/yn* spectrum by
BESIII [78] and Belle [79] and confirmed by CLEO-c [80].
The BESIII collaboration identified it as an isovector
state with spin parity 1+ [81, 82], and found its decay
channel DD* [83, 84]. At present, Z.(3900) is the lowest
Z. state while Zf(4430) is the highest one, limited,
however, only by the kinematical coverage of the accel-
erator. The properties of other Z, states are less known,
e.g., the spin-parity of most of them are not well determined
[85]. Moreover, LHCb discovered a much narrower
doubly charmed tetraquark candidate T:5(3875) of
isoscalar characteristic near D*+D° threshold, intriguingly
stable with respect to the strong interaction [86, 87].

The narrow exotic baryons in the charm sector,
known as pentaquark states P. (or P)), are predicted
within the framework of the coupled channel unitary
approach with the local hidden gauge formalism [88].
This is confirmed by many models with other prescriptions
[89-91]. The LHCb collaboration {reports} evidently
three narrow states P.(4312), P.(4440) and P.(4457) in
the J/¢p invariant mass spectrum of A) — J/ypK~
decay with the width of 9.8 +2.7737 MeV, 20.6 +4.9757,
MeV, and 6.4 +2.0157 MeV, respectively [92, 93]. They
also announced the observation of another P.(4337) state
with a width of 29 72§ *11 MeV with a lower significance
in B — J/ypp decays [94]. Their component is likely to
be ggqce and their nature is yet under extensive investi-
gation.

Hypernuclei are nuclei within which one or more
nucleons are substituted by hyperons, namely A, ¥ or =,
which carries a new quantum number, not contained
normally inside the nuclei, the strangeness. The concept
of “hyper” can be extended to exotic mesons, predicted
by several framework [95-98] as strange exotic mesons,
where one quark is replaced by a strange quark. Just
recently three T}, states, namely the Z.,(3985) unveiled
in D7 D*0* 4+ Dz~ D%+ distribution by BESIII colaboration
[99, 100] and Z.,(4000,4020) found in Bt — J/¢y¢oK+ by
LHCb group [101], reveal a new dimension to the traditional
family of exotic mesons, beyond the hidden-charm and
hidden-bottom components. In the molecular scenario,
the Z.,(3985) is the ideal candidate of strange partners
of the Z.(3900) and Z.(4020) under SU(3)-flavor symmetry

[102]. From the global fit to the available data, it is
found that present precision is insufficient to disentangle
those exotic mesons to be bound or virtual or resonant
states. The existence of Z.,(4130), the heavy quark spin
symmetry partner of Z.,, plays a key role in distinguishing
various models and deciphering whether Z.,(3985) and
Z.5(4000) are the same state. So it is essential to hunt
for it at running and future facilities. Its clue is weakly
traced in the data of B — J/¢ K~ KT at LHCb [103] and
ete” — KD~ D* + c.c. at BESIII [104]. Surprisingly, it
would be produced under lower center-of-mass (c.m.)
energy of ete” than that of Z., due to the inverted
coupling hierarchy of triangular singularity at electron-
positron annihilation [103]. This prediction would be
confirmed {by increasing the amount of collected events
at BESIII}. Excitingly, the X;1(2900) (or T.s;) in the
D~ K™ channel were clearly observed by LHCb group as
the first charm-strange exotic hadrons with open flavor
and without a heavy quark—antiquark pair [105, 106].
The strange pentaquark states P, (or P)),) in J/¢A spec-
trum, predicted as D™=, molecule and strange partner
of P, [88], were also found at LHCb [107, 108].

Molecules configurations are the most popular scenarios
for understanding the nature of these states because of
the closeness of corresponding open charm channel,
though other explanations are not excluded at all, e.g.,
tetraquark or hadrocharmonium states, see Refs.
[109-117] for review. A complete spectrum for hadronic
molecules seems to be emergent and could be nicely
organized by heavy quark spin and flavor symmetries
[118]. For instance, a isovector axial-vector multiplet in
the charm and bottom sectors is predicted by further
combining SU(3) flavor symmetry for the potential
between heavy mesons [102, 119-124].

In the bottom sector, two charged states 7%, namely
Z,(10610) and Z,(10650) with the component of wudbb,
have been found a decade ago in Y(nS)r (n = 1,2,3) and
hy(mP)r (m = 1,2) spectrum by Belle Collaboration
[125]. A most recent effort in search of the bottomonium
equivalent of the y.;(3872) state decaying into wY(1S)
by Belle II [126] observed no significant signal for masses
between 10.45 and 10.65 GeV. Several isoscalar states of
spin J = 0,1,2 with positive parity were also foreseen by
different models soon after the discovery of Z, [118, 127,
128]. But the strange partners Z,, (or Ty,) and isoscalar
analogues have not been found yet. The double-beauty
states as the bottom partner of T:}(3875) was predicted
by heavy-quark symmetry based on the observation of
=4+ [129, 130]. Under SU(3) flavor symmetry for the
potential between heavy mesons and baryons, the corre-
spondence of P, in the beauty sector, labeled as P, (or
PY) here, are supposed to be surely in existence [129,
131-133]. The analogues in light quark sector, the afore-
mentioned Z, and P, are absent experimentally in this
jigsaw puzzle, with the only exception of A(1405) [134,
135] and D4(2317) [136-141] as a two pole structure of
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the scattering matrix close to the nominal resonant posi-
tion. These facts are challenging our understanding of
the strong interaction at low energy, which anticipates a
moderate violation of SU(3) flavor symmetry.

Much effort has been taken to the study of pion- and
photo-induced reactions for the purpose of searching for
these narrow exotic candidates. However, the motivation
to study these processes is far beyond this. The photo-
production of these states in two body final states, e.g.,
near-threshold J/y and T exclusive photoproduction off
the proton, is an exceptional place to exclude their non-
resonant possibility. Triangle singularity (TS) is often
happened in reactions with three body final states. For
instance, various triangle diagrams for =—p — J/vpr
[142], AY — J/ypK—, and BY — J/ypp [143-145] have
been already extensively explored. Though TS can be
present in reactions with two body final states, for
example the vp — Vp reaction (with V being a vector
meson hereafter), it is very hard to satisfy the on-shell
conditions required by the TS, as discussed in detail in
the literature [146] and a recent review [116]. So from
the very beginning photoproduction and electroproduction
reactions are suggested to disentangle the true resonance
nature of exotic states for the advantage of being free of
the disturbance of kinematical effects [147]. If events are
statistically abundant, we may move one step further to
nail down the quantum numbers of some of those exotic
states with the help of angular distributions and polarized
observables.

Moreover, the photo- and electro-production can make
maximum use of total energy to search for narrow exotic
state of higher mass. Nearly all exotic states are
observed by the electron—positron annihilation and weak
decays of B, A, and their strange partner. Thus the
maximal mass of a charmonium-like or penquark state
produced in this way is limited to be around 5.0 GeV by
the mass difference between the the ground state bottom-
hadrons and K mesons. The utmost mass of states
touched by electron—positron colliders is below 5.0 GeV
as well, bounded by the designed c.m. energies. The
photo- and electro-production are likely to extend
considerably the mass range up to high excitation region,
another way to probe the internal structure of exotic
states. The clean photo- and electro-production are also
complement to prompt production processes at hadron
colliders with huge backgrounds and other
metheods [148-150].

The COMPASS detector, abbreviation of COmmon
Muon Proton Apparatus for Structure and Spectroscopy,
is a fixed-target experiment with muon, pion and proton
beams and polarised proton and deuteron targets at the
Super Proton Synchrotron (SPS) at CERN. By using
the photoproduction with a muon beam, it covers the
range from 7 GeV to 19 GeV in the c.m. energy of the
photon-nucleon system. It has studied not only the
aforesaid light exotic mesons, but also the upper limit of

novel

0 = xe1(3872)p [151] and yp — ZF(3900)n [152]. The
GlueX experiment located in Hall D at Jefferson Lab
(JLab) measured the ~p — J/¢p reaction for the first
time and set model-dependent upper limits on the
branching fractions of P, decay [153]. The Hall C at
JLab proposed to search for the P, with higher precision
by the same reaction [154, 155] and published just
recently the data on differential cross sections [157]. The
proposed electron-ion collider in the US (US-EIC)
[158-160] and China (EicC) [161-163] are potential plat-
forms to resolve the nature of those states. The c.m.
energy of the latter machine is close to that of
COMPASS but with more than one order higher lumi-
nosity.

In this topical review we will first outline the model
framework of the electro- and photo-induced reactions in
Section 2. Afterwards we retrace a hunting for narrow
exotic candidates in the light quark sector in Section 3,
followed by a detailed inspection of the charm sector in
Section 4 and the bottom sector in Section 5, respec-
tively. In particular in last two sections we briefly
summarize to-the-date efforts and give an outlook to the
future precision frontiers of photo- and electro-production
of heavy quarkonium-like states of narrow widths, and
stress their impact on the understanding of mystery in
light quark sector. Several critically relevant topics are
discussed as well with an emphasis of the model depen-
dence. We give a short summary and perspective in
Section 6.

2 Outline of the framework

Since mesons and baryons are observed as asymptotic
QCD effective degrees of freedom by experiment, the
effective models respecting basic symmetries are
constructed on the hadron level to describe exclusive
photoproduction of meson in s-, u- and t-channel. The
amplitudes of tree diagrams in Fig. 1 are easily calculated
by means of effective Lagrangian [164, 165], covariant L-
S scheme [166-168], or in the helicity formalism [169],
whose details have been presented extensively in the
literature. The experimental observables, i.e., the cross
sections and polarization observables, could be easily
calculated by partial-wave techniques [170]. In the light
quark sector the model parameters are under good
control by a simultaneous fit to the amount of data of
available channels. The parameters of resonances from
low to high excitation are extracted with continuous
improvement of accuracy. Herein we briefly outline the
essentials of the framework, in particular the main
feature of technique and reaction kinematics, but leave
the theories and models of hadron structure into other
comprehensive reviews [109-117].

If a resonant baryon or baryon-like state R is long-
lived, the production cross section in s-channel
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Fig. 1 The s, u- and t-channel kernel of vp — Vp with V
being ~, J/v, T or other light mesons or heavy axial-vector
mesons. The red lines label p, ¢, w, J/v, T if VMD model is
implemented. The exotic baryon candidates N*, P. and P,
are potentially produced in s-channel vp — vyp, yp — J/v¥p and
~vp — YTp, respectively, whereas the exotic axial-vector meson
candidates V are likely appearing in ¢-channel.

~vp — R — Vp can be simplified to be a Breit—Wigner line
shape,
2J+1 471
(2s1+1)(2s2+1) k2 4
B(R — vp) B(R — Vp)
(W —M)2+T12/4

OR —

(1)

Here k;, is the magnitude of three momentum of initial
proton in the c.m. frame, W is the c.m. energy of ~p
system, and s;, are the spins of initial photon and
proton, respectively. This works quite well for the P,
and P, because of their very large masses in comparison
of their widths. So a product of branching ratios
B(R— vp)B(R —Vp) can be model independently
extracted from the cross section measurements.

The radiative decay width B(R — vp) is proportional
to the B(R — Vp) via the vector meson dominant (VMD)
assumption that vector mesons dominate the interactions
of hadrons with electromagnetism [133, 171]:

B(R — ~p)
_3T(V —»eten) ki )\ 20
Sl y— Z fr <kom> B(R — Vp).

(2)

Here o is the fine structure constant, 1, is the orbital
excitation between the V and the proton, f; is the fraction
of decay in the relative partial wave, and k,, is the
magnitude of three momentum of final nucleon in the c.
m. frame. Before proceeding further a few remarks shall
be made on VMD, which is introduced as an important
phenomenological concept before the era of quantum
chromodynamics [172]. The model has been validated for
the lightest vector mesons p, w and ¢ as the constitution
of the hadronic components of the physical photon [173,
174], though it is eliminated as a possible description of
deep inelastic scattering [175]. In the light quark regime,
VMD is not a prerequisite for the framework since elec-
tromagnetic helicity amplitudes could be fixed with
controlled uncertainties by plenty of photoproduction
data. Generalization of the VMD model to heavy vector
quarkonium has been proposed to drastically fail [176].

To identify the cases where VMD fails is of its own
importance. A future effort would improve the estimating
the momentum dependent photon-to-quarkonium transi-
tion strength.

The exotic meson candidates V can be produced
through t-channel of yp — Vp and then reconstructed
and analyzed by their subsequent decay. At high energies
they are searched for by diffractive process as mentioned
for the a;- and m-meson. The mechanism for the production
of axial-vector Charmonium states is further detailed
below in Section 4. As the non-resonant background to
the s-channel contributions, the t-dependence contribu-
tions (or angular distributions) can be model-dependently
calculated. The total cross section due to the t-channel
processes is appropriately estimated by

oy = NWOQ) = \fppa+am@ ), (3)

which is suggested by the empirical formula of deeply
virtual meson production (DVMP) +*p — Vp [177]. Here
the units of My and W are in GeV and that of the
photon virtuality @2 in GeVa. The merit of this simple
parameterization is that it is applicable to various
mesons with proper @? dependence. The parameters a
and 3 have been determined by the DVMP data to be
a=0.31£0.02and 8 = 0.13 £ 0.01 [177]. The corresponding
3(Q?% = 0) = 0.89 is confronted with the perturbative QCD
prediction § ~ 1.7 [178], whose difference is not satisfac-
torily explained. The normalization N of ~4p — YTp is
determined by the data at high energies to be 2.62 £ 0.38
fb, where the experimental error of W is not included
[179]. Tts extrapolation to low energies is suggested to be
an upper limit of the production rates [179]. A more
appropriate evaluation for the near-threshold region is to
include the two-body phase space factors for Eq. (3), or
use the formula based upon Pomeron exchange [180]
with the intercept of Regge trajectory close to 1 [181,
182], or alternatively two-gluon and three-gluon
exchange [183]. These schemes are widely applied for
J/v of which the normalization N is well fixed by the
data from near-threshold up to W = 100 GeV [154].

At the low-energies several hidden and open strange
channels, e.g., yN, 7N, 2aN, nN, wN, =N, KA, and K,
are involved and the available data are sufficient for a
more comprehensive analysis. A coupled-channel unitary
Lagrangian model could be constructed with an input of
tree level diagrams Vy, in Fig. 1,

Ty = Vi + ViaGapThs, (4)

as graphically illustrated in Fig. 2. The ¢, f and a(b) are
the initial, final, and intermediate states, respectively.
Besides partial wave analyses on the basis of proper
parameterization of amplitudes [47, 48, 184, 185], several
dynamical frameworks are proposed for the interaction
kernel V7, in order to resolve approximately the coupled-
channel equation [186-191]. Alternatively, another Ky,
kernel could be defined as
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Fig. 2 A diagrammatic representation of g-matrix approx-
imation coupled-channel model. Dashed lines are mesons or
photon, and solid lines are baryons.

Kfi = Vfi + VfaReGabei. (5)

As a practical approach, the K-matrix approximation
assumes that the real part of the propagator G, is
vanishing and the coupled-channel equation is accordingly
reduced to [164, 165]

Ty = Kpi + 1K £oImG o3 Ths (6)

in terms of Ky, = V;, accommodating the reaction mech-
anism of the pion- and photo-induced reactions in the
resonance region [43, 44, 192, 193]. The summation over
intermediate states a(b) is running only over hadronic
states but neglecting the vN so gauge invariance of the
Compton amplitude is easily retained [45, 164]. Thus,
unitarity holds with the merit of technical simplicity and
flexibility but at the cost of analyticity. As a result, all
states are treated as Breit-Wigner resonances as the
same in Eq. (1) and neither of them is dynamically
generated. The framework is readily applicable to high
energies if several channels, e.g., various hidden and
open charm or bottom final states are involved into the
analysis. Especially, the kernel is envisaged to incorporate
the dynamical model of internal structure. However, by
the lack of data, the analysis at present is restricted to
the single channel case with the aim to estimate the
photoproduction rates of various quarkonium and exotic
quarkoniumlike states in the kinematical regime of
running fixed-target machine and future electron-ion
colliders. A few states of particular interest are used as
benchmarks with the help of the limited experimental
information. The reaction dynamics, sensitive to specific
process, are separately discussed in later sections.

With the input of ¢-dependent photoproduction cross
sections, the differential cross section of exclusive meson
electroproduction can be directly calculated under the
one photon approximation [154, 155]:

do’ep%eVp

do Vv
— (1 2\ Y9p—Vp

o (7)

where y is the fractional energy of the incoming electron
transferred to the virtual photon in the target rest frame.
The parameterization of logitudinal-to-transverse ratio
Ry and form factor f(Q?) are widely studied in the literature
[194]. Generally the Ry +1 (m < 0) and f(Q?) (m > 0) are
written as

< n M2 (8)

nM‘Q/—i—QQ) ’

where the parameters can be determined by a global fit
to vector meson electroproduction data. The study of
available ep — eJ/vp data gives valuable information on
the Q2 dependence of heavy quarkonium production [194,
195]. This is widely used by the simulation of JLab-12
[196] and US-EIC [154, 155]. The virtual photon flux is
defined as

Qe Y2 1—x

271 1 —€ 2Q?’ )

T =

where the polarization is e=(1-y—14%?)/(1-y+
1y? 4+ 14%y?) with y=2sMy/Q. For high energies ¢ is
approaching unity, for instance the averaging polarization

<e>~0.99 at HERA. Other variables are

Q° Q°

T= e, _ .
VVQ—MJQ\,—i—Q2 x(s—MIQV)

y = (10)

The kinematical coverage is limited to

Q2+M+M 2_ 02
1>y > S My

S_QQZW ZMV+MN7
to(y, Q) >t > t1(y, Q?),

2,2
TS Q% <ys+ (1—y)M? — (My + My)?,

]

with the definition of
P (Q% + MR (M — My,) = MQ*)AN (M)
0,1 22

(W? +Q* — My, — 2M3)),

1
-3 ()
where + corresponds to 0 and 1, respectively. The
Kéllén triangle function are M?(w,y,2) = 2%+ 4%+ 22—
2oy — 2yz — 22z, AMQ?) =AW?2,-Q?, M%), and A(MZ)=
A(W?2 MZ, M%). As a substitute the ¢-integrated photo-
production cross section can be used [197]:

epmvern= [ [ [AQ T, Q) £(@) 3,0,
(12)

where T'(k,Q?) is flux under equivalent photon approxi-
mation with k& being the photon energy.

3 Exotic candidates in light quark sector

In the light quark sector as probed in the =N and yN
reactions the resonant line shape and non-resonant back-
ground are much more involved than those parameteri-
zations in Egs. (1) and (3). Before attempting to search
for narrow exotic baryon resonances amongst a consider-
able amount of the data, one has to exclude other possi-
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bilities, e.g., interference, threshold openings or triangle
diagrams, in a sophisticated but reliable manner. Afore
introduced coupled-channel model in K-matrix approxi-
mation is well suited for this purpose. It excavates the
known resonances by fitting both isospin I =1/2 and
I=3/2 partial waves to the available data. Other
dynamical approaches respecting analyticity are success-
fully constructed, namely the Jilich-Bonn—Washington
model [198, 199] and the ANL-Osaka model [189, 191].
The former has already extended to study the electro-
production of the 7 and 5 mesons [200, 201] and just
recently KY photoproduction [187]. The latter is also
used to extract A* and ¥* from K~ p reactions [202, 203],
whose result together with Bonn—Gatchina solution
[204-206] are encountering the rather complex structure
of the A(1405) state. Incidentally, conventional wide
resonances are incorporated in all models, though the
spectrum would differ case by case. As also noted,
strong evidence is claimed for new wide resonances near
1900 MeV in yp — KA by the Bonn—Gatchina group [185,
207]. This relieves the famous shortcoming of missing
resonances in the conventional quark model, which
predicted more baryonic states of three-quark than seen
in the 7N and yN scattering. A similar issue reappears
in lattice QCD [208] and Dyson-Schwinger calculations

[209, 210] under the situation of unphysical = mass.
Contrarily, quark-diquark models give rise to too less
states, for instance, failing to accommodate P;3(1900)
and Fy5(2000) states, though remedy would be put
forward.

Besides the narrow structures in several channels of
pseudo-scalar meson as outlined in Section 1, those
signals in Compton scattering off the proton in the reso-
nance region need to be carefully analyzed. As a conse-
quence of smallness of the electromagnetic couplings
constant, the electromagnetic reactions decouple essen-
tially from the hadronic ones in a coupled-channel model.
This is realized for the first time with the help of the
techniques at hand after fixing properly the isospin
I =3/2 amplitude by the K% channel [211]. It results
into a refined extraction of the amplitudes of Compton
scattering off the proton [45]. After a full combined analysis
of pion-and photo-induced reactions, beam polarization
of proton Compton scattering can be fairly described
without free parameters as shown by the solid lines in
Fig. 3. Selected angular bins have been already
published [45]. The leading contribution stems from
P33(1232) and D;3(1520) in first and second resonance
region. As shown by the shaded area, the agreement is
systematically improved if adjusting a bit the helicity

057 157 T 143

135 131

1.8
W (GeV)

Fig. 3 The beam polarization of proton Compton scattering versus c.m. energies W for different angular bins (in unit of
degree as labeled in each figure). Solid lines are the result with the parameters in Ref. [211], and shaded area are the
improved result with adjusting the helicity couplings of D33(1700) and F35(1905) resonances. Dotted lines are the one for
adding $11(1680) and P11(1720). The data in the scattering angles 131°, 143°, and 157° are from GRAAL collaboration [67]

and others are referred to the compilation in Ref. [164].
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couplings of D33(1700) and F35(1905) resonances, which
is predominant in the energy range between 1.6 GeV
and 1.8 GeV.

Therefore the room left to host new states is lower
than 1o if judged by the statistical significance. Still,
two exotic N* states seen closely above the KA and wN
thresholds are added into the analysis as indicated by
the dotted lines in Fig. 3. Their masses are fixed by
comparison to corresponding structures observed in np
channels and 7p elastic differential cross sections. Other
parameters are extracted in Table 1, of which the errors
are mainly driven by the data of the scattering angles
131°, 143°, and 157° from GRAAL collaboration [67].
Their electromagnetic helicity amplitudes in Table 1 are
found to be of moderate magnitude.

Apart from the resonance region, the nucleon Compton
scattering at low energies is a probe of the nucleon's
polarizabilities, a measure of their response to an external
electromagnetic field of moderate magnitude [212]. Simi-
larly a partial-wave analysis of the world data set below
the pion-production threshold is accomplished [213]. The
A(1232) contribution to the scalar and spin polarizabilites
is noticeable, and the D;3(1520) plays a role in the
proton’s magnetic polarizability [214]. The effect of any
other resonances is invisible. As a result, full understanding
of nucleon resonances is established in Compton scattering
from low energies where chiral perturbation theory is
applicable, up to 1.8 GeV in which a coupled-channel
effective Lagrangian model shall be constructed. Our K-
matrix analysis of the resonance region gives insight into
the highly non-trivial structures in Compton scattering,
however, calling for higher precision data. In this classic
case the obstacles and complexities have been demon-
strated which are encountered in the hunting for narrow
exotic states in the light quark sector. In particular, it
reflects the insufficiency of our understanding of the
baryons as relativistic three-quark bound states [215], in
which other effects like diquark correlations [216],
gluonic admixtures and vacuum polarization are also
important.

In a word, after a lot of effort none of the light narrow
exotic states is firmly established. It is foreseen that
once high statistics data will become available in future,
partial wave analyses will be feasible for diffractive
processes at COMPASS and CLAS [217] and annihilation
reactions at BESIII [218] and at PANDA [219]. Other

Table 1 The parameters of two exotic N* added in the
coupled-channel model. The Breit—-Wigner (BW) masses and
total widthes I';,; are given in MeV. The sign of electromagnetic
helicity amplitudes is not determined.

reactions and decays to study them are suggested from
the theoretical perspective [33, 220-223]. A search in the
electroproduction of the nonstrange channels is viable
when more measurements will become available [200,
201, 224]. Whether they are accessible at EicC and US-
EIC needs careful investigation by means of available
tools.

4 Exotic candidates in charm sector

In the heavy quark sector the resonance line shape and
non-resonant background are much simpler because of
the narrow width of the established states. Yet, coupled-
channel analysis is desirable with the aim to understand
the nature of states by exploring their pole structures.
The effort along this direction is made in several cases
like P. [225], x.1(3872) [226-228], Z.(3900) [229] and T
[230, 231]. A complete analysis is postponed in most
situation by the shortage of data, which are usually
available only for the dominant channel. The single
channel framework in Section 2 is straightforwardly
applied to the electroproduction of these states with the
input of photoproduction cross sections if experimentally
available. Otherwise the radiative decay width
B(R — Vp) is required to be theoretically estimated,
however, definitely of big model dependence.

The pentaquark states are unveiled via their decay to
J/v¢ plus proton or hyperon. Even before and also soon
after the discovery of P. it is speculated that P. can be
photoproduced in the s-channel reactions as in Fig. 1
with the photon converted first to J/¢ [147, 171, 232,
233]. The conventional reconstruction route would be
hidden charm channels involving J/¢ or 7. [234].
Considering that they would decay more favorably into
open charm channel, the reaction yp — DA} is investigated
within an effective Lagrangian approach [235] and the
Regge-plus-resonance model [236]. The non-resonant
background can be parameterized as the ¢-channel
diagram with gluon, Pomeron or meson exchange,
respectively, whose angular distributions are different
from those of the pentaquark states. It is naturally
conjectured that the differential cross sections fixed by
the helicity dependence can be used to disentangle the
spin and parity of these resonances [147]. In light of
these studies, the electroproduction of pentaquark states
in electron—proton collision is explored [155, 237, 238|.
Hopefully the signal of pentaquark would be increased
under a proper kinematical cut [237], as examplified by
the results obtained with the lAger Monte Carlo package
[155, 156] in Fig. 4. However the magnitude of the
production cross section is severely dependent on the
VMD assumption and form factors of the interaction
vertices, though the computed total cross sections seems
to be sizeable. Fortunately available data have already
imposed valuable constraint on the properties of P,

N* BW mass Tior Ag (1073 GeV 1/2)
S11(1680) 1681 241 32 + 10
P1(1720) 1726 241 35 + 10
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Fig. 4 Events of ep—eJ/yp in t-W (top) and W-Q?
(bottom) plane under kinematical coverage of EicC. The
signals of P.(4312), P.(4440) and P.(4457) are included in
the simulation.

states [239]. More specifically, the JLab photoproduction
data display no sizable peaks upon the non-resonant ¢-
channel process in the cross section [153, 157, 196]. This
puts an upper bound of photoproduction cross sections
of P. or model-dependent B(P} — J/¢p), which are
proceeding toward a size of several nb or a few percent-
age, respectively. On the other hand, as derived by
LHCD fit fractions, e.g., for P.(4312) and P.,(4338) [93,
108,

B(A) — PYK)B(P — J/up) = 0.96+558 x 107,
B(B~ — Pp)B(PY — J/yA) =1.83+0.33 x 1075,
if using PDG values of B(AY — J/ypK~) and B(B~ —
J/WAp), respectively [34]. So the upper limit on weak

decay B(A? — P K~) (or B(B~ — P%p)) V) implies valuable

lower limits on B(Pt — J/yp) (or B(P% — J/yA)),

U Noted that the decays of B~ — PY.p and Ag — P K~ are related
through an approximate dynamical supersymmetry between the

anti-quark (%) and the diquark (ud) [240].

surprisingly in the same level of 0.5%—0.05% [146]. The
vp — KT P.s(4459) occurring through ¢- and u-channel is
estimated to be of the order of several pb [241], one to
two orders of magnitude lower than that of the P.

The electroproduction at electron-ion colliders will
push forward this precision frontier into the lower
bounds. The cross section is roughly two orders of
magnitude smaller than that of direct photoproduction
for the sake of the electromagnetic coupling in Eq. (9),
but it is compensated by the high luminosity of facility.
Around two million J/¢ exclusive events below W = 20
GeV can be reconstructed under the integrated luminosity
of 50 fb!, one percentage among which at most are
possibly from the P.s decay. Around 90% events are
accumulated in the range of Q2 <1.0 GeV? due to the
Q~2suppression in photon flux, confirmed by the simulation
of eSTARlight generator [242]. In order to measure this
quasi-real region with excellent acceptance and recon-
struction efficiency, the detector will be designed with
solid angle coverage, outstanding hadron identification
in the forward angle and vertex detector for decay topology
[243, 244]. The precision close to the threshold is the key
issue, and a cutting edge design of the interaction region
would unveil how low W (or y) could be achieved. The
kinematically allowed minimum @2 is around 107 GeV2.
The lower energy of the facility leads to more central
production of the midrapidity with a potential sacrifice
of the yield [162, 163], see Fig. 4. The measurements of
the very close-to-threshold region will be restricted by
detection of particles decaying at nearly rest.

After  accounting for the branching ratios
(B(ete™) ~6%) and detection efficiency (30%60%), the
yielded events of J/¢ and higher charmonium in exclusive
photoproduction are adequate for an accurate study
with a sensitivity below 1 pb. Thus, the collider mode
with polarized electron or proton beam will hopefully
disclose spin and parity of P. [245], given that these
states are indeed exists as the genuine ones. Their elec-
tromagnetic transition form factor would effectively
reveal the inner structure through the utilization of the
high Q? events up to 10 GeV2. Furthermore, the statistics
in the open charm channel and 7, channel are believed
to be even more illuminating, hence calling for more
study on the reconstruction efficiency of 5., D° and A by
their weak decays. Semi-inclusive electroproduction is
another alternative to collect more events [246, 247],
especially useful for those states of lower rates, e.g.,
double-charm states T.. [248].

Several exotic meson candidates are established via
their decay to Charmonium (J/¢ or (25)) plus another
light meson V’. It is natural to assume that they can be
photoproduced through t-channel V’/-meson exchange in
Fig. 1 with the photon converted first to Charmonium,
of which the coupling can be calculated by the dilepton
decay width of the Charmonium. Their decays to two
light mesons or radiative decay to a light meson are
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calculated to be not small, however, awaiting experimental
confirmation. For instance either significant signals are
found for Z.(3900)* — wr* by BESHI [249], or
Xe1(3872) = ¢¢ by LHCD [250], or 7+7~ =% by Belle [251].
This fact casts doubt on the applicability of VMD.
Anyway, following closely the information from experi-
mental side, the yp — x.1(3872)p can be proceeded by ¢-
channel vector mesons exchange (e.g., p, w and J/4
etc.) [169]. A similar mechanism is appropriate for
several X states in J/¢¢ spectrum found by LHCb [101,
252]. The ~p — Z+(3900)n and ~yp — ZF(4430)n can be
populated by t-channel Regge exchange [253] or charged
mesons (e.g., nt and af, etc.) [254, 255] in the
phenomenological approaches. The Cross
section of those non-strange states reconstructed by the
established channel is below 0.1 nb, see Fig. Bl in
Appendix B for ZF(3900) detected by the J/yn+ decay.
The vp — ZELA can be produced by ¢-channel K-meson
exchange [119], whose maximal cross section is around
one to two orders of magnitude lower than that of the
Z7(3900) state. The background contribution is mainly
from t-channel Pomeron exchange and thought to be
small in the kinematical region of the signal, usually
around 1 GeV above production threshold. In view of
these photoproduction calculations, the electroproduction
of Z.(4430) is simulated by eSTARlight Monte Carlo
generator [197]. The spread of events within phase space
is analogous to those non-resonant .J/iy production in
Fig. 4 because of the identical ¢-channel nature. Since
the spin-parity of ZF(3900) and x.1(3872) have been
encircled by BESIIT and LHCb, their electroproduction
is in fact of little model dependence with the input of
photoproduction cross sections from COMPASS [161],
see Appendix A for the details. These Z, and Z., states
can be reconstructed by their open charm decay, e.g.,
D D™ +cc. as well. The exclusive cross section of
double-charm states through central diffractive process
in the yp — DTT A} reaction is around 1 pb [256], calling
for higher luminosity of electron-ion colliders. An additional
meson needs to be detected to the expense of a reduction
of the overall efficiency in comparison to search for P,
for instance yp — D*DOA} or 70.J /4p.

The theoretical framework is far from being completed
for photo- and electro-production at high energies. While
the single channel analysis is not unrealistic in Fig. 2, a
more complete approach is proposed to include coupled-
channel effect. Unitary and analyticity are easily main-
tained in the non-relativistic approximation when the
lowest channel is opening. Even in the very close-to-
threshold regime, the coupled-channel effect would be
essential for explaining possible structures [257, 258],
though the separation is at least 110 MeV between
neighboring channels; e.g., the n.p, ¥(2S)p, DA., D*A.,
Dy, and D*¥,. The angular distributions of final meson
and proton are dependent on the assigned spin-parity J*.
The coupled-channel partial wave formalism renders the

maximal

feasibility of discriminating multiplets of different J* as
long as enough statistics are gathered. Besides the criticism
of VMD in general [176], whether photon is transformed
mainly to charmonium or light vector meson is questioned
at high energies [259, 260]. To say the least, the precise
data expected from the future collider would for the first
time discern these mechanism and examine the fidelity
of VMD for heavy vector-mesons. The unambiguous goal
is to scrutinize the model independent lower limits on
B(P+ — J/¢p) and its conformity with electroproduction
wihin VMD. Luckily, these model uncertainties do not
affect much the estimation of electroproduction cross
section which is weakly dependent on @Q? for heavy
quarkonium.

5 Exotic candidates in beauty sector

The study of exotic particles in the charm sector is
entering the high-precision era, however, the pursuit of
those in the bottom regime is just about to begin with
the motivation to derive a complete and unified picture
of all flavors. According to the heavy quark flavor
symmetry, the bottom partners of exotic states in the
charm sector are predicted to safely exist. Up to now no
elementary particle factory is on purpose built for exotic
bottom states. Unlike their charm analogs, bottom
states can hardly be produced through the weak decay
of hadrons consisting of heavier quark, because of the
very rare events of doubly- and triply-bottom hadrons
and lack of the stable top hadrons. Therefore, they can
only be straightforwardly produced in high-energy
electron-hadron and hadron-hadron collisions. Whether
there is a promising potential to observe them at an
electron-ion collider relies on the strength of background-
to-signal ratio, both of which are of big uncertainties.
Usually the yields of the exotic bottom states are one to
two orders lower than those of their counterparts in the
Charm sectors. A pragmatical route is to narrow the
range of electroproduction cross sections down to 10 fb
level by the continuous improvement of accelerator
luminosity and detection efficiency. Knowing better
their charm partners will certainly give impetus to this
multi-flavor hunting contest.

Attempting searches for non-strange hidden bottom
hadron resonances P, and Z;, seem to be the most feasible
if considering the anticipated yields. The nominal energy
of EicC is perfect for near threshold Y production, see
Fig. 5 for a tentative exploration of P, via photoproduction
[179]. The data of yp — Tp above 100 GeV are used to
estimate a safe upper limit of the photoproduction rates
of mnon-resonant t¢-channel component, around 30 pb
below W = 20 GeV. The corresponding electroproduction
cross section is 0.2 pb within the coverage of low-to-
medium energy electron ion colliders, in comparison
with 0.1-0.2 pb if using the Pomeron or two-gluon
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Fig. 5 The cross section of vp — bbX and ~+p — Tp as a
function of v*p energies W. The pale shaded area is the EicC
energy region. The error band is from the uncertainties of
three parameters in Eq. (3) from Favart et al. [177] without
considering those of W and P, [131, 133]. The yp — Tp data
are from LHCb (solid inverse triangle [261]), ZEUS (open
circle [262], solid circle [263]), H1 (open triangle [264]),
CMS(solid square [265]). The vp — bbX data are from EMC
(open star) [266] and H1 (solid star) [267, 268].

exhange [179, 269]. Thus, less than 10000 non-resonant
events below W = 20 GeV will accumulated under the
integrated luminosity of 50 fb !, several percentage out
of which at most are possibly from the P,’s decay. As a
representative the total spin J of P, is chosen as 3/2,
corresponding to the lowest orbital momentum L = 0.
The following discussion is somewhat analogous to the
P, with spin other than J =3/2. The mass Mp, = 11.12
GeV and width I'p, = 61.0 MeV are used as input to the
simulation [131, 133]. Assuming B(P, — Tp) = 10% the
peak production is around 0.3 nb as shown in Fig. 5. For
this most optimistic case hundreds of P, would be
uncovered by EIC with 50 fb ! run period. However, the
grey band in Fig. 5 does not consider the uncertainty of
P, properties, of which B(P, — Y(19)p) is especially big.
The two-body phase space alone would introduce an
extra reduction factor of about five for near-threshold
events. Whether it is attainable is further dependent on
the machine efficiency, around 20%-30% for EicC design
[161, 163]. The reconstruction branching ratio of final T
from its dilepton decay is around 2.5% for both ete~
and ptp~. Because of the larger mass of T, the events of
~*p = Tp is accumulated within bigger range of Q2 than
J /4, see Eq. (8) and the black band in Fig. 5. Collecting
this limited information at hand the exclusive T electro-
production at EicC is simulated by 1Ager generator in
Fig. 6. The detector coverage is partly considered, but
the detector resolution and reconstruction efficiency are
not yet included. The medium energy mode of US-EIC
covers higher W and @? ranges [270].

The yield and distribution of Z, events are similar to

| ep—>epT3.5 GeV x 20 GeV

y=0.3& 0.40 0.46 0.52 0.58 0.64 0.70 0.76 0.82 0.88 0.94 1.0
R I LU

0 20 40 60 80 100 120 140 160 180
0 (GeV?)
Fig. 6 Events of ep—eYp in t-W (top) and W-Q?

(bottom) plane under kinematical coverage of EicC. The
signals of P,(11120) are included in the simulation.

non-resonant v*p — Tp [119]. An additional meson in
vp — B*BA} or n%Tp needs to detected with a reduction
of overall efficiency in comparison to the P,. The Z,
photoproduction rates are further reduced by one order
at least, resembling the order hierarchy of magnitudes
between the P, (or P,) and P., (or P,,). The production
rates of other pentaquark candidates, like A9(5912) and
A9(5920) in the yp — AY(x)B* reactions, is one to two
orders lower than that of P, [271]. As a consequence
higher luminosity is required to investigate the electro-
production of exotic bottom states.

Several techniques would be eventually beneficial to
enlarge the statistical signal of narrow and extremely
heavy particles. The missing-mass spectrum would be
implemented at the expense of momentum resolution.
The use of light ion beam as a substitute for the proton
beam would magnify the coherent production of states.
But incoherence from alteration of nuclear states may so
large that the peak signal is lowered in cross sections
[272-275]. Also inclusive processes would be enhanced
by several times compared to the exclusive ones in
lepton—proton collisions [246, 247]. However, pQCD
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calculations are not so optimistic, predicting much lower
rates [276]. The actual discovery potential of exotica
states in the bottom sector shall be exploited under a
detailed simulation of these techniques.

As previously mentioned it is practicable to search for
those particles by their open bottom decay, whose upper
limit is estimated by the H1 data of vp — bbX:

. 310 4+ 150 £ 60 £ 40 nb,
o(yp = bbX) = {206 +19746 b,

at the average of (W)= 168 GeV (E, =15 TeV) and
(W) = 180 GeV (E, =17.5 TeV), respectively [267, 268].
The corresponding electroproduction cross section is

. 195+£9.3+£3.7+1.8 nb,
o(ep — ebbX) = {14.8 +1.3%% nb.

Those data are consistent with pQCD calculations [277,
278]. An upper limit of photoproduction around 200 nb
is given by EMC at about 20 GeV, corresponding to 1.2
pb for electroproduction [266]. So the ratio of yp — X
to vp — YTp is nearly two orders as shown by the linear
extrapolation (dash-dotted line) in Fig. 5, which is of
the same order gap between ~p — ceX and ~vp — J/¢p
[161, 279]. Provided that all excited open bottom states
finally decay to B™)A,, it is foreseeable that the open
bottom channels are expected to have larger cross
section than that of hidden bottom ones.

Admittedly the extrapolation from the data at high
energies in Fig. 5 is a very rough estimation of the non-
resonant contribution at low-to-medium energies. More
quantitatively, the open bottom decays of P, are calculated
by models [35, 132, 280, 281] and those of Z, are rarely
studied. The ratio of B(P, — B™A,;) to B(P, — Yp)
centers around 1.0 in quark delocalization color screening
model [281], and ranging from 200-1500 in the hadronic
molecules picture [35]. Because the present experiments
imply that B(P, — Yp) is smaller than 5.0%, the latter
one seems to be favored in order to saturate the total
width of P, in the hypothesis of negligible decay to
merely light quarks states. So the photoproduction cross
section is

or o B(P, = vp) B(P, — BMA,),

where the magnitude depends critically on the level of
B(P, — vp), thereby B(P, — Yp) if VMD is retained.
Assuming that the decay channels with only light
quarks states to be negligible, if B(P, — Tp) and
B(P, — myp) are both 5.0%, while B(P, — BA;) and
B(P, — B*A;) are both 47.5%, the peak cross section of
the P, is around 0.1 nb in each hidden bottom channel,
and 4.75 nb in each open bottom channel. If B(P, — Tp)
and B(P, — nyp) is both 1.0%, while B(P, — BA,) and
B(P, — B*A,;) are both 49.0%, the peak cross section of
the P, is around 0.004 nb in each hidden bottom channel,
and 0.196 nb in each open bottom channel. So it is

really optional to detect the signals by the open bottom
decay channels at the cost of reconstruct efficiency,
though polarization measurement is yet unfeasible.

More optimistically, measurements of the bottom
production near threshold, even though some of them
may be of low statistics. would probe a rich of physics
besides exotic bottom spectrum. Several topics are
extremely intriguing and also critically correlated. It is
recognized for a long time that the exclusive near-
threshold photoproduction of heavy quarkonium allows
for the study of the quarkonium-nucleon interaction
dominated by hard gluon exchange. Those gluonic
processes are due to the heavy charm or bottom quarks,
thus providing a unique probe to study the gluon
component in the nucleon at high z. The TOTEM
collaboration at the LHC and the D@ collaboration at
the Tevatron collider at Fermilab have discovered an
elusive C-odd state of three gluons, also known as the
odderon [282]. The photoproduction of C-even quarkonium
ne(v) 18 proposed as an ideal process to probe the existence
of such t-channel exchange of a colorless gluonic
compound. The n, (or 7.) cross section is at the same
level with 1 (or J/¢), while y.),; are around one order
lower in the context of non-relativistic QCD factorization
[283].

On the other hand the photoproduction of C-odd
heavy quarkonium in high energy reactions is proposed
as a way to measure gluonic densities dominated by the
two gluon exchange [284-286]. Approaching to the
threshold region, exclusive production of those heavy
quarkonium in electron—proton scattering may shed light
on the origin of the proton mass via the QCD trace
anomaly [287, 288], though it is controversial in which
way and to what precision. If the QCD factorization and
multipole expansion remain valid in the threshold region,
the threshold data can be interpreted in terms of the
gluonic gravitational form factor (GFF)of the proton
[289]. At large photon virtualities and very large ¢ region
it is possible to extract the gluon p-term in the GFF of
the proton and also probe the trace anomaly effect of
QCD at the subleading level [290]. If holographic gauge/
string duality is considered, the differential cross section
at small ¢ region seems to be a sensitive probe of the
structure of the QCD trace anomaly characterized by b
parameter [291, 292]. However, a perturbative QCD
analysis at large-t found no direct connection between
the near threshold heavy quarkonium photoproduction
and the gluonic GFF [293, 294]. A precise measurement
of t-dependent cross section near threshold would be
definitely illuminating because of the different power
behavior of ¢ predicted by theories [295].

Another enlightening topic relying heavily on VMD is
relating the near threshold behavior to the quarkonium-
nucleon elastic scattering length. It is found that the
kinematic corrections to standard vector dominance
formulas are important long before [296]. Though the
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204 e Tp Strakovsky et al.
E 16
S . o ¢ } 6 Summary and perspective
£
= Il J/)p Strakovsky et al. At an early era of the quark model, mesons are proposed
4 5%5 ]l;eunzcl}f[v s [r— as Bosonic particles constituted by one pair of quark-
01 ® antiquark (¢g), and those of exotic nature are composed
102 2x10° 100 2x10° of two or more pairs of ¢g. Baryons are nominated as
Aclo Fermi particles consisting of three quarks (gqqq), and

Fig. 7 Expected accuracy of Yp scattering length as a
function of the errors of the total cross section of vp — Yp,
confronting the centeral value (black dots) with that from
Strakovsky et al. (red dot) [300]. The J/¢p scattering length
extracted from GlueX data [153] is shown for comparison in
different schemes considering inelastic channel by Du et al.
[258], and implementing VMD by Strakovsky et al. [297] and
Pentchev et al. [299].

extracted scattering length 0.1-1 fm appears to be
reasonable for light vector meson, the feasibility of this
method for heavy quarkonium is never examined. It
results into a provoking order hierarchy of the absolute
value of scattering length ay-, [297-299]:

‘an| < |aJ/¢p| < |a¢P| < |6pr|, (13)

with |ay,| = (0.5140.03) x 1073 fm [300] if total cross
section of vp — Yp is estimated by QCD factorization
[289], and that of ~p — J/¢p is evaluated in a VMD
formalism incorporating dispersion relation [279, 301] or
three gluon-exchange model [183]. However, we found
instead a centeral value |ay,| =13.1 x 107 fm in a soft
dipole Pomeron model [194, 195], whose error depends
on the measured accuracy of cross section simulated in
Fig. 6. This features the magnitudes of scattering
lengths in another sequence:

|avp| ~ lag/ppl < lagp| < lawyl, (14)

fairly holding up given the large uncertainties as shown
in Fig. 7. The rescattering from inelastic D*)A, channel
implies even smaller |a;,,,| [258]. The n.N and J/yN are
both weakly attractive at short distances from quenched
lattice QCD [302], indicating the potential binding of
charmonium with the nucleon and nuclei [279] and
moderate interactions with hadronic matter [303]. A
small positive or negative scattering length indicates a
weakly attractive or repulsive J/¢N interaction if there
is no J/¢N bound state. A 103 fm level of |a,,y,| and
lax,| hints at that the interaction range is smaller than a
typical size of a hadron and the proton is nearly transparent
for heavy quarkonium. For the purpose of quantifying
the violation of VMD, it would be useful to confront
those values with solid theoretical calculation. Based on
this observation a measurement of near threshold

those mentioned as exotic baryons are made up of qgq
plus pairs of ¢g. They are all thought to be genuine
object in nature. From the x.1(3872) and D, (2317)
observed by Belle in 2003 to the Z.(3900) discovered by
BESIIT and Belle in 2013 and up to Z..(3900) established
by BESIII and 7:}(3875) by LHCb in 2021, the candidates
of narrow exotic mesons are emerging as a widely spread
family during the past two decades. The nominees of
narrow exotic baryons discovered by LHCDb, though
fewer, appear as another charming family consisting of
those from P, to P, pentaquarks. However, the beautiful
and ordinary light quark families of exotic character
seem to be sparsely populated in light of plenty of
efforts over the past years.

Photo- and electro-production of those narrow states
will firmly confirm them as real states with lower back-
ground than hadron collisions, though suffering from an
insufficient accuracy of the production rates estimation.
The vector-meson dominance (VMD) hypothesis is
usually employed, remaining an important tool in studies
of production reactions, but never validated in terms of
heavy vector quarkonium. VMD indeed provides a
rather accurate prediction [304] for the two photon
decay width of x(6900) (or Tyy), a broad structure
discovered by LHCb [305] and recently confirmed by
ATLAS and CMS in the J /¢-pair spectrum. It is impossible
to further scrutinize this conjecture due to the failure of
searching for the bottomonium correspondence Ty
decaying to Tutpu~ [306]. Nevertheless it seems worthwhile
getting serious about doubts on the validity of its
predicted momentum dependence [176]. In this respect,
VMD should be scrutinized critically on the quantitative
level by detailed studies of scattering lengths or/and
radiative decay widths. A highlight measurement of
exclusive J/v and YT(1S) near threshold production will
constitute the first clear clarification of those topics
besides searching for multi-quark partners. These
measurements are seemingly feasible at the planned
EicC with the design beam mode of 3.5(¢) x 20(p) GeV
and luminosity of (2—4) x 103 cm ?s . The beam polar-
ization can be reached as high as 80% for electron beam
and 70% for proton beam. The light ions beam is also
accessible, e.g., 3He beam with effective 40 GeV energy.
A low energy mode of US-EIC enables the collision of
5(e) x 41(p) GeV with the same polarization but a
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lower luminosity [270]. It is encouraging to pin down the
quantum numbers of exotic or new hadrons of high
production rates by utilization of polarized beams.
Observation of heavy exotic states of low statistics is
viable through the inclusive final states at those colliders,
ultimately leading to the discovery of true hidden
bottom P, states by distinguishing this benchmark reso-
nance from kinematical enhancements. Especially, the
observed production rates in different channels are
closely related to the nature of the P, e.g., molecular or
tetraquarks or other compact states.

In return, a full understanding of charm and bottom
exotic family will help to resolve the mystery that light
quark hadrons of narrow width are all accommodated
within constituent quark model patterns after taking
into account the coupled-channel effect. The understanding
of the incredible absence of narrow exotic partners in
light quark sector would to large extent improve our
knowledge of the nucleon representing the dominant
parts of the visible universe.
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Appendix A: About the photoproduction
cross sections

The measurement of COMPASS collaboration gave the
upper limits with 90% confidential level at W = 13.7

GeV [151, 152):

a(yp = Xe1(3872)p) x B(xe1(3872) — J/ymnta™)
< 2.9 pb,

o(yN — ZF(3900)N) x B(ZF(3900) — J/¢m ™)
< 52.0 pb,

those of Z1(3900) is in the same order as those of ordinary
charmonium. As a result, the upper limits of electropro-
duction of ZF(3900) is in the same order as those of ordinary
charmonium. Note that we simulate the processes:

o(ep — exe1(3872)p) x B(xc1(3872) — J/vrt7m7),
o(ep — eZ1(3900)n) x B(ZF(3900) — J/yrt),

where x.1(3872) and ZF(3900) are reconstructed by
J/rtr~ and J/yrt decay, respectively. So the values of
B(xc1(3872) — J/ynata~) and B(ZF(3900) — J/¢7T) is not
required to be known as a prerequisite. If assuming a
reasonable upper limit of B(ZF(3900) — J/¥7rt) < 100%,
the calculated cross sections is compatible with above
COMPASS data [254].

Furthermore, for the vp — J/¥p and «p — Tp process
in Fig. 1, the light vector meson in VMD model, e.g.,
V' = p/(we), is possibly important [260]. This uncertainties
in VMD model is also present in above exotic meson
photoproduction in ¢-channel. The f(Q?) depends on a
mass scale M, of light vector meson:

M2 ?
2y _ w
f(Q )_ (Mp%wp‘f'QQ) ’

or other similar form factors [260]. Obviously above
f(Q?) is dependent strongly on Q2. However, to date a
detailed exploration of the validity of VMD model in
heavy quarkonium is not available, so this model uncer-
tainty is not considered here.

It is also noted in the main text that that the electro-
production cross sections is insensitive to the choice of

Table B1 The branching ratios of B— K+ X/Z from Particle Data Group (PDG) [34]. t: B(xa(3872) =
J/ortaT) = (4.1719)%, B(xe1(3872) — J/vy) = (1.17939)%, and B(x.1(3872) — D°D*) = (52.4725:3)% are used [307]. *: Unknown

for Z.(3900). 5: Unknown for Z.(4430).

B*(x1073) B(x1073)

K+J /4 1.010+40.028 KOJ /4 0.87340.032
K'tn, 1.094-0.09 K%, 0.79+0.12
K*xe0 0.149+40.015 K% 0.11140.024

K+ x.1(3872) 0.194-0.061 KO%.1(3872) 0.11+0:051
K*27,(3900) 7% K*27,(3900)F 7t

— et <0.047 — J/yrT <0.0009
K*7,(4430) 728 K*7,(4430)F 78

— J/prt <0.015 — J/yrT 0.0054 150519
— (28)rt <0.047 — ((28)rF 0.06070-939

44600-14

Xu Cao, Front. Phys. 18(4), 44600 (2023)



TOPICAL REVIEW

FRONTIERS OF PHYSICS f P

10[]
o COMPASS

/1

’
.

B(Z,(3900)— J/p 1) o (yN— Z,(3900)N) (nb)
S

4 8 12 16 20
W (GeV)

Fig. B1 The upper limit (solid curve) and lower limit
(dashed curve) of cross section of ~4p— ZF(3900)n. The
parameterization includes t-channel exchange with form
factor in two-body phase space [254]. The data is the upper
limit from COMPASS Collaboration [152].

f(Q?), because the photon flux I' oc Q=2 determines that
most of the events spread out below Q2 < 1.0 GeV?2. The
model precision is adequate for simulation at this stage.

Appendix B: About the branching ratios of
B— K+ X/Z decay

The branching ratios of B — K+ X/Z from Particle
Data Group (PDG) [34] are summarized in Table B1.
Note that it usually lists the product of

B(B— K+ X/Z) x B(X/Z — final states).

To know B(B — K + X/Z), it needs B(X/Z — final states).
The absolute decay branching ratios of y.;(3872) are just
recently measured by Babar group [308] and
consistent with a full analysis [307]. The deduced
B(B — K + x.1(3872)) is smaller than B(B — K + J/v)
and B(B — K +n.) by a factor of 5-10, and in the same
level of B(B — K + x0), see Table 2. The absolute decay
branching ratios of Z}(3900) and Z}(4430) is not fixed so
far. If their branching ratios of n.rtn~, J/ynt and
¥(28)nt are smaller than 10%, then B(B — K + Z.) is
only smaller than B(B — K+ J/v), B(B — K +n.) and
B(B — K + xc0) by a factor of around ten. In the simula-
tion, it is reasonable to assume very roughly a factor of
100 reduction of cross section of exotic mesons in
comparison of conventional charmonium states, based on
the experience from B-meson decay, see dashed curve in
Fig. B1.
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