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The next generation of electron-hadron facilities has the potential for significantly improving our
understanding of exotic hadrons. The XYZ states have not been seen in photon-induced reactions so far.
Their observation in such processes would provide an independent confirmation of their existence and offer
new insights into their internal structure. Based on the known experimental data and the well-established
quarkonium and Regge phenomenology, we give estimates for the exclusive cross sections of several XYZ
states. For energies near threshold we expect cross sections of few nanobarns for the Z.(3900)" and
upwards of tens of nanobarns for the X(3872), which are well within reach of new facilities.
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I. INTRODUCTION

Since 2003, a plethora of new resonance candidates,
commonly referred to as the XYZ, appeared in the heavy
quarkonium spectrum. Their properties do not fit the
expectations for heavy QQ bound states as predicted by
the conventional phenomenology. An exotic composition is
most likely required [1]. Having a comprehensive descrip-
tion of these states will improve our understanding of the
nonperturbative features of Quantum Chromodynamics.
The majority of these has been observed in specific
production channels, most notably in heavy hadron decays
and direct production in ete” collisions. Exploring
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alternative production mechanisms would provide comple-
mentary information, that can further shed light on their
nature. In particular, photoproduction at high energies is
not affected by 3-body dynamics which complicates the
determination of the resonant nature of several XYZ [2].

Photons are efficient probes of the internal structure
of hadrons, and their collisions with hadron targets result in
a copious production of meson and baryon resonances.
Searches for XY Z in existing experiments, i.e., COMPASS
[3] or the Jefferson Lab [4-6], have produced limited
results so far. However the situation can change signifi-
cantly if higher luminosity is reached in the appropriate
energy range.

The next generation of lepton-hadron facilities includes,
for example, the Electron-Ion Collider (EIC) [7] that is
projected to have the center-of-mass energy per electron-
nucleon collision in the range from 20 to 140 GeV, and a
peak luminosity of 1.2 x 10** cm™?s~! in the middle of
this range. The ion beam can cover a large number of
species, from proton to uranium. Both the electron and ion
beam can be polarized. An Electron-Ion Collider in China
(EicC) has also been proposed [8].

Published by the American Physical Society
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In this paper, we aim at providing estimates for exclusive
photoproduction cross sections of XYZ states in a wide
kinematic range, from near threshold to that expected to be
covered by the EIC. While cross sections of exclusive
reactions are expected to be smaller than the inclusive
ones, the constrained kinematics makes the identification of
the signal less ambiguous and can determine precisely the
production mechanism. The analysis of semi-inclusive
processes will be the subject of a forthcoming work [9].
Since the many XYZ states have been seen with a varying
degree of significance, we present numerical estimates for
the few that are considered more robust, i.e., seen in more
than one channel with high significance. The possible
extensions to other states are commented in the text. To
make our predictions as agnostic as possible to the nature
of the XYZ, we rely on their measured branching fractions
and infer other properties from well-established quarko-
nium phenomenology. A brief description of each state,
together with the motivation for why a specific decay
channel is chosen, is given at the beginning of each section.
The details of the formalism are discussed in Sec. II. In
Sec. III we present the production of the charged Z states.
Section IV is devoted to the X(3872) and compared to the
|
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given in [10]. Because of the orthogonality of the Wigner-d
matrices,
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we can use either one to compute the cross sections.
Specifically, the s-channel amplitude can be written as
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FIG. 1. Photoproduction of a quarkoniumlike meson, Q via an
exchange £ in the r-channel.

production of the ordinary y.;(1P). Electroproduction of
X (3872) through Primakoff effect is discussed in Sec. V.
Speculations about the newly seen di-J/y resonance are in
Sec. VI. Predictions for the vector Y states, specifically of
the Y (4260), and the comparison with the y(2S5) are given
in Sec. VII. Possible detection of exclusive processes with
hidden charm pentaquarks is discussed in Sec. VIII. In
Sec. IX we present our conclusions and comment on the
significance of the cross sections by estimating the yields
expected at a hypothetical fixed-target photoproduction
experiment.

II. FORMALISM

We consider the process yN — QN’, with Q a heavy
quarkonium or quarkoniumlike meson. At the energies of
interest, the process is dominated by photon fragmentation,
as represented in Fig. 1. The amplitude 7', (s, ) depends
on the standard Mandelstam variables, s being the total
center-of-mass energy squared and ¢ the momentum trans-
ferred squared, with 4; and y; denoting the helicities of
particle i in the s- or #- channel frame, respectively.

Crossing symmetry relates the s-channel amplitude
yN — QN’ to that of the ¢-channel NN — Qy:
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where j is the spin of the exchanged particle £, and P is its
propagator. More complicated exchanges are discussed
later. We assume vector-meson dominance (VMD) to
estimate the coupling between the incoming photon and
the intermediate vector quarkonia V =J/y or Y(nS)
which Q couples to. The decay constant f, is related to
the V electronic width by T'(V — e*e™) = 4z’ % /3my,.
Masses, widths, and decay constants of the vectors of
interest are reported in Table I.

The top vertex 7 is related to the partial decay width

1 ﬂl/z(ng,m%,,m%)

r(Q - Ve
(C= VO =377 T l6am}
X Y T e (ke 2e)), (4)
Aghvis

with  A(a,b,c) = a® + b* + ¢* = 2ab — 2ac —2bc  the
usual Killén function, Jo the spin of the produced
quarkonium, m; the mass of particle i, and e(k,A¢) the
polarization tensor of particle £. The bottom vertex B
describes the interaction N€ — N’, and is discussed in the
following sections.

We expect a model with fixed-spin exchange to be valid
from threshold to moderate values of s. However, it can be
shown that the 7-channel amplitude in (1) behaves as
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TABLE I. Input parameters for VMD (yV) couplings in Eq. (3).

Vv my (MeV) I'y (keV) BV = ete™) (%) fv (MeV)
J/w 3096.900 £ 0.006 929+2.8 5.971 £0.032 277.5+42
T(1S) 9460.30 £+ 0.26 54.02 £ 1.25 238 £0.11 233.45£6.03
T(25) 10023.26 £+ 0.31 31.98 £2.63 1.91 £0.16 165.63 +9.72
T(39) 103552 £0.5 20.32 +1.85 2.18 £0.20 143.1 £9.7

J
dﬂ}, —HNHO—Hy (9’)
t—m%

; (5)

(Hopy | T HN) o

where cos 0, is the #-channel scattering angle, and depends
linearly on s. At high energies, this expression grows as s/,
which exceeds the unitarity bound. The reason for this is
that the amplitude in (3) with fixed-spin exchange is not
|
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éﬁ,t,z/(svt) _ (l—cgs(i,)m—ﬂ \/2(]—0559,)|M+;¢ \/2, p(t) and C](Z‘)
the incoming and outgoing 3-momenta in the 7-channel
frame, M = max{|u|, |¢/'|}, N = min{|u|, |/}, and 7=
(=)’ the signature factor [11,12]. The hadronic scale s,
is set to 1 GeV2 The Regge trajectory satisfies
a(t =m}) = j, and o = %a(r = m%), and the normaliza-
tion is such that at the pole ¢t = m% the right-hand side
becomes (s/s9)/™/(t — m%), which coincides with the
leading s power of the left-hand side.

From this discussion, it follows that at low energies the

fixed-spin exchange amplitude contains the full behavior in
s, and is more reliable than the Regge one, which is
practical only for the leading power. Conversely, at high
energies where the leading s power dominates, the fixed-
spin amplitude becomes unphysical, while the Regge one

TABLE II.

analytic in angular momentum. Assuming that the large-s
behavior is dominated by a Regge pole rather than a fixed
pole, we obtain the amplitude with the standard form of the
Regge propagator. This can be interpreted as originating
from the resummation of the leading powers of s/ in the
t-channel amplitude, which originate from the exchange of
a tower of particles with increasing spin,

—dT(j - a(r)) [H#_mm} (i) a(t)_M, (6)

So

I
has the correct behavior. For this reason, we will show
results based on the fixed-spin amplitudes in the region
close to threshold, and the predictions from the Regge
amplitudes at asymptotic energies.

Since the systematic uncertainties related to our predic-
tions are much larger than the uncertainties of the couplings
the models depend upon, we do not perform the usual error
propagation, and just consider the qualitative behavior and
the order of magnitude of these simple estimates. For this
reason, we will not add error bands to our curves.

1L Z,(3900)*, Z,(10610)*, AND Z,(10650)*

We start from the production of charged Z states. We
focus on the narrow ones seen in e"e” collisions that
lie close to the open flavor thresholds: the hidden
charm Z.(3900)" and hidden bottom Z,(10610)* and
Z),(10650)*. They all have sizeable branching fractions to
Vzt, with V =J/w, Y(nS) [13], which makes them

Parameters used for Z production. Couplings are calculated with central values of branching fractions.

The radiative coupling is calculated via g,7, = >y efygvz./my.

zZ mz (MeV) ', (MeV) 1% B(Z — Vr) (%) Gvze Gyzn (x1072)
Z.(3900)* 3888.4 +2.5 28.3+25 Iy 10.5+3.5 1.91 5.17
Z,(10610)* 10607.2 + 2.0 18.4+2.4 (15) 0.54+012 0.49 5.8

(29) 3.6%’% 3.30

(35) 21598 9.22
Z,,(10650)* 106522+ 1.5 11.5+22 (15) 0.17+998 0.21 2.9

(29) 1.4:3;; 1.47

(35) 1.6191 4.8
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Integrated cross sections for the three Z states considered. Left panel: predictions for fixed-spin exchange, which we expect to

be valid up to approximately 10 GeV above each threshold. Right panel: predictions for Regge exchange, valid at high energies.

relatively easy to detect. We do not consider the narrow
Z.'(4020), which decays mostly into %.(1P)z" and
D**D** and is therefore more difficult to reconstruct.
These four states have the same quantum numbers J7¢ =
17= [14,15]," and the absolute branching fractions can be
calculated by assuming that the several observed decay
modes saturate the total width. Obviously, reaching the Zg)
requires higher energy and an optimal setup for the

Z.(3900)" and Z,(;> may not be the same. The same
amplitudes can in principle be extended to the broad Z
states seen in B decays. However, their branching ratio to
V™ is unknown, and their broad width would make the
separation from the background more challenging.
Predictions for some of them have already been given in
[16], while the Z.(3900)" was studied previously in [17]
on the basis of outdated estimates for the branching ratios.

The Zg) have recently been studied in [18].

The production of these Z states proceeds primarily
through a charged pion exchange. A minimal parametriza-
tion of the top vertex in Eq. (3), consistent with gauge
invariance is given by

Tus, =22 (. 00)6q Al ) = k). ()

The coupling gy, is calculated from the partial decay
width T'(Z — V) using Eq. (4). For the Z.(3900)" we
assume that the width is saturated by the three decay modes

'As customary, by C we mean the charge conjugation quantum
number of the neutral isospin partner.

J/wr*, (DD*)*, and n.p*. A similar assumption was
made in [14] for the Zﬁ;), the width being saturated by the
Y(nS) (n=1,2,3), h,(mP) (m =1,2), and (B®B*)*
modes. The couplings are summarized in Table II. For the
bottom zNN vertex we take™:

By, = V2gnnB)(p' Ay )ysu(p., y). (8)

with g2/ (47) ~ 13.81 + 0.12 [19]. Away from the pole,
the residue f(7) is unconstrained in Regge theory and
accounts for the suppression at large ¢ visible in data.
We use () = exp(7/A2), with /' =t — t(cos 0, = 1), and
A, = 0.9 GeV [20] (monopole form factors were used in
[17]). For the Reggeized amplitude of Eq. (6), we use the
pion trajectory [21]:
a,(1) = d(t—m2) with o, =0.7 GeV=2. (9)
The results for the fixed-spin and Regge amplitudes are
shown in Fig. 2. Note that the fixed-spin results are
expected to be valid up to approximately 10 GeV above
threshold. In particular, the range of validity of Z.(3900)*

and Zg) are different.

IV. X(3872) AND y,,(1P)

The X(3872) is by far the best known exotic meson
candidate. It has been observed in several different

’An explicit factor of v/2 is considered for the charged pion
exchange.
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TABLEIII. Parameters used for X(3872) and y.; (1P) production. Couplings are calculated with central values of
branching fractions.
X my (MeV) 'y (MeV) & B(X = yE) (%) gyxe (x1072)
xe1(1P) 3510.67 £0.05 0.84 +£0.04 P (2.16 £0.17) x 107* 0.92
® (6.8+0.8) x 1073 0.52
b (2.4 +£0.5) x 107 0.42
J/w 343+ 1.0 1.0 x 10°
B(X = J/y€&) (%) 9yxe gyxe (x1072)
X(3872) 3871.69 £ 0.17 1.19 +0.19 p 4,1:1:19 0.13 3.6
® 44133 0.30 8.2

decay modes and production mechanisms [13]. The Breit-
Wigner mass and width have recently been measured to be
My = 3872.62 £ 0.08 MeV and I'y = 1.19 £ 0.19 MeV,
although significant deviations of the line shape are
expected because of the proximity to the D°D*° threshold
22]]. Quantum numbers have been measured to be 17
[23]. The most exotic feature of the X is the strength of
isospin violation, which is manifested in the decays B(X —
J/ww)/B(X - J/wn"rn~) = 1.1 £ 0.4 [13]. The inclusive
measurement of BT — KTX(3872)(— anything) [24]
allows for the estimation of the absolute branching frac-
tions, and thus of the couplings of X(3872) to its decay
products [25].

Since X (3872) has sizeable branching fractions to J/yp
and J/ww, light vector exchanges will provide the main
production mechanism. The state can be detected in the
J/wp®(— ntx~) final state, which is relatively easy to
reconstruct. Similarly to Eq. (7), the top vertex is para-
metrized by:

Tﬁgﬂx = nggeauaﬁ[gaﬂe*p(q/ﬂ/?'X)qagﬁ(q’lg)]’ (10)

with the coupling g, x¢ obtained from the partial decay
width I'(X — J/w&) with £ = p, w using Eq. (4). Since the
mass of the X is below the nominal J/y w threshold, and
almost exactly at the J/wp one, we need to take into
account the £ widths to extract meaningful couplings.
Details are left to the Appendix A. The resulting values for
the couplings are summarized in Table III (cf. the extrac-
tions in [26]). The bottom vertex is described by the
standard interaction:

g

= O 23) (9eun” + o o ()
(1)

The numerical values of the vector and tensor couplings

g(g/I)VN are tabulated in Table IV. For the w and the p they are
extracted from nucleon-nucleon potential models [27]. The
¢ coupling is then estimated with the help of SU(3)

considerations as done in [28]. These values are compatible

Bl‘

Ay

with the ones used in Regge fits [12,21]. The J/y coupling
is obtained from the J/y — pp decay width using:

(AnAyIT|Ay) = gywnia(p. An)r*v(p' A).  (12)
assuming vanishing tensor coupling. The resulting cou-
pling is so small that the contribution of the J/y is hardly
relevant, despite the large top coupling.

We use f(t) =exp(f/A}) with A, =14 GeV and
A, =1.2 GeV [20]. For ¢ and J/y, we set the form
factor f5(7) = 1. For the Reggeized amplitude, p and w have
degenerate trajectories,
ay(t) =1+aj,(t—m2) with a}, =09 GeV2. (13)

For comparison with the exotic X(3872), we also
consider the photoproduction of the ordinary axial char-
monium, y.;(1P). The radiative decay branching fractions
for y.; — y& are available for £ = p, @, ¢, y, so that the
coupling in the top vertex can be readily calculated without
assuming VMD, i.e., by setting ef,/my — 1 in Eq. (3),
and replacing g, xg = g,,¢ in Eq. (10).

In the Reggeized amplitude, the ¢ and J/y trajectories
are subleading to the p and w ones, the intercept a(0) being

roughly V' times twice the heavy quark mass, and can be
safely neglected at high energies. The results for the fixed-
spin and Regge amplitudes are shown in Fig. 3. It is worth
noting the mismatching strengths of the amplitudes in the
two regimes. The fixed-spin one describes correctly the size
of the cross section at threshold. However, the saturation

TABLE IV. Couplings of the bottom vertex for the vector
exchanges considered in Eq. (11). Light vectors couplings are
taken from [27,28], while the J/y coupling is calculated from the
J/w — pp branching ratio.

& mg (MeV) 9eNN Jenn
p 775.26 +0.25 2.4 14.6
w 782.65 +0.12 16 0
¢ 1019.461 + 0.016 —-6.2 2.1
J )y 3096.900 + 0.006 1.6 x 1073 0
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Integrated cross sections for the axial y.;(1P) and X(3872). Left panel: predictions for fixed-spin exchange, valid at low

energies. Right panel: predictions for Regge exchange, valid at high energies.

FIG. 4. Electroproduction of X(3872) via Primakoff effect. The
exchanged photon is quasireal.

observed is unphysical and entirely due to the fixed-spin
approximation. The physical amplitude is expected to
start decreasing faster and match the Regge prediction
at W,, ~20 GeV.

V. PRODUCTION OF X(3872) VIA
PRIMAKOFF EFFECT

Another possible mechanism to produce the X(3872)
at the EIC is in two-photon collisions through the
Primakoff effect. Because of the Landau-Yang theorem
[29], the X(3872) cannot couple to two real photons.
Nevertheless one can define

X = lim —FX 2 14
144 020 Q2 (Q ) ( )
that defines the coupling of X to a real and a virtual

photon. A recent measurement by Belle gives indeed
¥ x B(X(3872) — J/wntn™) = 55133 £0.7 eV [30].

At the EIC, one can consider the photon emitted by the
electron beam, scattering onto the photon emitted by the
nuclear beam, as represented in Fig. 4

H 9x 7}’ £PO o

T = " +(q', Ax)
x [gak,q7€,(q. 2))q: = €:(q. 4,)q,]
+ £4(q. 4,)q, K [gok. — dik,]]. (15)

The virtuality of the exchanged photon is suppressed for
—t> R72 ~ O(107?) GeV?, R being the nuclear radius, so
that the exchanged photon is quasireal, and we need to
consider finite virtualities of the incoming photon. We use
the standard notation Q> = —¢°.
Using Belle’s reduced width and the estimate for the
absolute branching ratios in [25], we get gy, ~ 3.2 X 1073,
From this top vertex, we can define the matrix element
squared of the quasielastic process y*A — X(3872)A,
where A indicates a nucleus of atomic number Z [31]:
- &2
D 1|1, AP = 213 W (16)

gAY

where the factor e? is factored out from the bottom vertex,
and =2 comes from the exchanged photon propagator. The
nuclear tensor W), is dominated by the electric field of the
nucleus,

1 1.\ Z216m%F3(1)
W, ~16 —k —k, | A0
" ”("“z ) (p% ) 4 (43— 1)

Z2 16miF3(t

4 (4m3 (4m2 = 1)2° (17)

— l6zp,p,—
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TABLE V. Atomic numbers, masses, and Fermi model param-
eters for three example nuclei, from [32].

A 4 my (GeV) R (GeV™h) a (GeV™h)
Zn 30 65.12 22.34 2.95
12481 50 115.39 27.56 273
28y 92 221.70 34.48 3.07

where we drop the components proportional to k, since we
keep 7%" explicitly transverse, and we give the nuclear
14

charge distribution in the Fermi model by

in |k||% x| - R\]!
Fo(t):'[;/d%mn'”)d[l—l—exp('x‘a)] . (18)

K| Ix]

with k| = [(4m3 — 1)(=1)]'/?/(2m,), and the normaliza-
tion pg = Z/ [ &x[1 + exp(mT_R)]_l. The parameters R, a,
and Z for various nuclei can be found in [32], and we quote
in Table V a few examples. Details on the top tensor 7+¥
and the calculation of the cross sections are in Appendix B.

Although the coupling in Eq. (15) is small, the cross
section is enhanced by the atomic number of the nuclear
beam; thus we expect this production mechanism to be
viable for high Z beams. The coupling gy, in principle
depends on QZ?. At large virtualities, one should match
the expectations from perturbative QCD (in analogy to the
pion transition form factor), and the coupling can no longer
be approximated as a constant. For Q% < 1 GeV?, we
believe that this approximation is safely under control.

| ijc‘

14 Q*=0.5GeV>, W =2GeV

_
<

._
o
o

._
o
&

PELTEETR

do/dt (y* A — X A) [nb GeV?]
>

_
o
b

ol T A T

0.08 0.1

0.04 0.06
-t [GeV?]

FIG. 5.

Predictions for sample ion species are shown in Fig. 5, for
Q? = 0.5 GeV?, for an average photon nucleon energy
W,y = W,4/A =2 GeV, A being the mass number of the
nucleus.

VI. X(6900)

Recently the LHCb collaboration reported the observa-
tion of a narrow X (6900) in the di-J/y mass spectrum [33].
This structure is consistent with a cccc state with mass
my = 6886 +22 MeV and width I'y = 168 + 102 MeV.
We provide an estimate of the exclusive photoproduction
cross section near threshold, assuming a vector meson
exchange, in analogy to the y.(1P) in Sec. IV.

The spin-parity assignment of the X(6900) is still
unknown, we will assume JF¢ = 01 (cf. [34]). This leads
to the top vertex:

T4 = T (k- q)e' (. Ay) ~ (elg.4y) - B (19)

We use Eq. (4) to place an upper bound on the coupling,
by assuming the total width to be saturated by the di-J/y
final state. The central value I'y = 168 MeV leads to
Ixyy ~ 3.2. However, the bottom vertex remains the same
as Eq. (11), meaning the amplitude is limited by the tiny
J/w — pp decay width. Moreover, the heavy mass of the
exchange further suppresses the cross section, yielding
o = O(107° nb) even for a 100% branching ratio.
However, if the X(6900) has a sizeable branching
fraction, i.e., 21%, to a final state involving light mesons,
such as the J/y w, observation in photoproduction could be

: | T T T 1
| e
B Q>=0.5GeV? 7

70,

— 7
! N 124$nn E
E 238 E
‘g 7 a
= 0! _ E
< - :
i 7 |
T 10_2 3 ..........-..............................E
: B —— ]
$ S 2R R ]
E: S I B A A ]
’ ; g ......................................... %
107 ]

—_
o
w
A~
W

Cross sections for Primakoff production of X(3872) off various nuclei. Solid and dashed curves correspond to longitudinal and

transverse incoming photons, respectively. Left panel: differential cross sections for W,y =2 GeV. Right panel: integrated cross

sections.

114010-7



M. ALBALADEJO et al.

PHYS. REV. D 102, 114010 (2020)

10 —— X(6900) with BR(X — yo)=1%

<
RS L
2k -
> 2 3
T - .
Y - u
é - u
o}

107" E

—2 | 1 1 1 | 1 1 1 | 1 1 1 | 1
10 8 10 12 14
W,, [GeV]

FIG. 6. The production of the X(6900) based on w exchange,
assuming B[X(6900) — yw] ~ 1%. The J/w exchange is neg-
ligible even for large B[X(6900) — yy].

possible. Even though these decays are suppressed by the
Okubo-Zweig-lizuka (OZI) rule, they can be estimated
by comparing to the yw(3770) —» J/wn and ¢y decay
modes [13],

B(X - yw)
B(X — yy)

_PS(X > yo) 2y = dn) (1-4)%

PS(X — yy) ¢*(y" — yn)

(20)

with the same notation as Sec. VII. A prediction for the
cross section assuming a nominal B(X — J/yw) = 1% is
shown in Fig. 6.

VIL Y(4260) AND y/(25)

The Y(4260) is one of the several J'¢ = 17~ super-
numerary states seen in direct e"e” production. The
detailed study of the J/wztz~ line shape by BESIII
suggests a lighter and narrower state than the previous
estimates [35], which seems to be compatible with the
signals seen in yw(2S)ztn~, hatn~, y.ow, J/yny, and
aD*D [36]. The PDG average of mass and width is
My =4220+ 15 MeV, T'y =44+9 MeV. The main
motivation for an exotic assignment is that a fit to the
inclusive ete™ data provides three ordinary y states that
fulfill quark model predictions, and do not seem compatible
with any of the Y states [37].

Since the Y(4260) has been seen in e ' e~ collisions only,
it is only possible to measure the branching ratios times its
electronic width T'Y,, which is presently unknown. An
upper limit based on the inclusive data in [37] gives

TABLE VI. Summary of numerical values of relevant Pomeron
exchange parameters from fits to high-energy (“HE”) and low-
energy (“LE”) J/w photoproduction data.

A, a o (GeV~2) by (GeV~2)
HE [43] 0.16 1.15 0.11 1.01
LE [44] 0.38 0.94 0.36 0.12

I'Y, <580 eV at 90% C.L. [38]. A recent global analysis
suggests I’V ~ O(10%) — O(10%) eV [39].

At high energies, vector meson photoproduction is well
described by Pomeron exchange, which is expected to be
related to the spectrum of glueballs [40]. At threshold, a
model that realizes the Pomeron as an explicit 2- or 3-gluon
exchange was given in [41] (an alternative description via
low-energy open charm exchanges is found in [42]). Given
the uncertainties brought by this relation, we consider the
two effective Pomeron models for J/y photoproduction
used in [43,44] to interpolate the high and low energy
regions. The former model was fitted to the high energy
data from HERA (hereafter “HE”, W, , 2 20 GeV [45]).
The latter was fitted to the lower energy data from SLAC
and the newest from GlueX (hereafter “LE”, W, , <7 GeV
[5,46]). This model has a t-dependence somewhat different
from that of HE when extrapolated to lower energies. The
cross sections for the ¥ (4260) and y/(2S) are obtained by
replacing the J/w couplings, mass and width by those of
the Y(4260) and the y(2S). This is further detailed below.

The HE model has a helicity-conserving amplitude [43],

(Ay Ay | TTB2, 2y) = F(s,1)6) 1,601, (21)

while the LE model is based on the vector Pomeron model
[44,47],

F(s,t
(| TP 2y = 0520

[@(p", )7, (P, An)]

xe;(q', Ay)[e"(q.4,)q" — € (q.4,)q"].
(22)

The function F(s,7) is the same for both models, and
contains the dynamical s, ¢ dependence of the Pomeron:

—_ alt
F(s,f) = ieA, (ﬂ> Y g (23)
S0

where A, is the product of the top and bottom couplings for
J/y photoproduction, sy, is an effective threshold fitted
from data for HE, and fixed to the J/w p threshold for LE.
The slope b, further suppresses the amplitude at large
values of ¢. The trajectory is the standard a(7) = ay + &'t
The scale is s, = 1 GeV? as customary. The parameters b,
ay, and o are assumed to be intrinsic to the Pomeron and do
not depend on the vector particle produced. Values for all
parameters are shown in Table VI.
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TABLE VII.
described in the text.

Parameters for Y production. The branching ratio of B(Y(4260) — wzr) is obtained by fitting to HERA data in [51], as

Y my (MeV) Ty (MeV) B(Y - 799) (%) B(Y > wgg) (%)  B(Y »yrr) (%) Ry
J/y 3096.900 + 0.006 0.0929 4+ 0.0028 8.8+ 1.1 cee e 1.0
w(2S) 3686.10 £ 0.06 0.294 4+ 0.008 1.03 +0.29 61.4+0.6 34.68 + 0.30 0.55
Y(4260) 4220 £ 15 44 49 cee cee 1 0.84

For the Y (4260) and w(2S), we set sy, to the physical Y p
threshold. If one considers the Pomeron as an approximate
2-gluon exchange, the relative strength R, = A,//A,, of
the w(2S) and J/w couplings is given by the ratio of
couplings to a photon and two gluons,

7' = r99)

R = Fw —r99)

" (24)

The couplings ¢* can be computed from the known partial
widths BI' divided by the corresponding 3-body phase
space (PS),

6myB(Y — ygg)l'y

PS(Y — ygg) (25)

(Y = rg9) =

The energy dependence of the underlying matrix element is
neglected. Using the branching ratios B(J/w — ygg) and
B(w(2S) — ygg) extracted by CLEO [48] we obtain
R, = 0.55, which is comparable with the ratio of J/y
and y/(2S) quasielastic photoproduction cross sections in
(491, /o, /0, ~ 0.39.

For the Y(4260), such radiative decays have not been
seen. However, we resort to the arguments of [50], which

15 I T T T
L JPAC i
L —Jly ,
— y(25) |
| — Y260
—g 10— —
B . i
N
T | ,
Q.‘ - .
X
5 S5
0 1
4

W,, [GeV]

assume that the matrix element of a vector Y — J/ynx
factorizes into a hard Y — J/wgg process, calculable with
QCD multipole expansion, and a hadronization process
gg — nw, which is universal and does not depend on the
particular Y state. Using VMD one can further relate the
Y — J/wgg process to Y — ygg. If the energy dependence
of the matrix elements is neglected, one gets:

Ry — efy \/gz(Y —yrr) ¢*(y' — wgg) (26)

- my, \| Py = v99) P - wan)

with g(Y — war) ~ 120 X \/B(Y — warx). The analysis
of diffractive photoproduction at HERA shows the
£Y¢~mta~ invariant mass, where the strong signal of
the w(2S) appears on top of a small background that could
be due to a ¥(4260) [51]. In Appendix C we puta 95% C.L.
upper limit on the ratio of the Y (4260) and y(2S5) signals,
Riygra = 6.5%. We can thus impose

Ry\? B(y' — yan)
<RV/> - RHERA B(Y N l//ﬂ:ﬂ') ’ (27)

and obtain B(Y - wztn")=1% and Ry = 0.84.
Incidentally, this branching ratio leads to a leptonic width
'Y, ~150-1350 eV, depending on the specific solution

B —Jly J :

— y(2S
80 Wy(2S) |
—— Y(4260)

o(yp = Yp) [nb]

W,, [GeV]

FIG. 7. Cross sections for ¥Y(4260) photoproduction compared to the J/y and w(2S) at low (left) and high (right) energies.
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extracted in [35]. We remind that a large Ry would suggest
a larger affinity to gluons than ordinary charmonia, as
expected for a heavy gluonic hybrid [54]. We show the
tabulated values for all couplings in Table VII.

The resulting cross sections for the J/w, w(2S), and
Y (4260) are plotted for the low and high-energy regions in
Fig. 7. Both w(2S) and Y (4260) can be measured in a clean
J/wntz~ final state, with branching ratios 34.68 + 0.30%
and 1% (in our estimate), respectively. The y(2S) can also
be reconstructed in a lepton pair, with branching
ratio B(y(2S) —» ete™) = (7.93 £0.17) x 1073.

VIII. P. REGGEONS IN BACKWARD J/y
PHOTOPRODUCTION

Photoproduction of hidden charm pentaquarks has
extensively been discussed in [43,44,55]. These studies
consider the direct production of pentaquark resonances in
the s-channel, which requires W, , ~ mp_~ 4.5 GeV. Such
low energies will hardly be explored at the EIC. One could
consider the associated production of pentaquarks with
other pions. However, reliable predictions can be made for
soft pions only (see e.g., [56]), which do not contribute
significantly to the total energy.

Alternatively, one can search for the presence of P,
trajectories in backward J/y photoproduction, as shown in
Fig. 8. In the backward region (small u and large 7), the
contribution of Pomeron exchange in the 7-channel, which
represents the main background in [43,44,55], becomes
negligible with respect to u-channel exchanges. These are
populated by P, resonances, as well as ordinary N*)
trajectories. If the latter were to be negligible, a signal
of J/y in the backward region will be unambiguously due
to the existence of pentaquarks. Here, we provide a rough
estimate of the relative size between the two. Up to
kinematic factors, the main differences are the couplings
to the photon and J/y, and the different trajectories. The
couplings of N*) can be simply taken as the ones of proton
exchange. As shown in Table III, the coupling of J/y to the
proton O(1073) and the coupling to the photon is given by
the electric charge e. VMD relates the electromagnetic
transition P, — yp to P, — J/yp. The only input needed
is the branching ratio B(P. — J/wp). In [44] we found
upper limits for the branching fraction of roughly 1-5%,
depending on the P, quantum numbers. Using a branching
fraction of 1%, and the typical width of the pentaquark

The PDG reports I'Y, x B(Y — yrtz™) =924 1.0 eV for
the Y(4260) [13], averaging the BABAR and CLEO extractions
based on a single resonance fit [52,53]. The most recent BESIII
analysis, which resolves a composite structure of the peak, reports
eight different couplings, depending on the relative phases of the
Y(4220) and Y(4320) [35]. Half of the solutions are roughly
compatible with the old estimate, while the other half prefer
smaller values ~2 eV.

v (
U
P, N®)
N N’

FIG. 8. The photoproduction of J/w at backward angles
is populated by Reggeons having the P, quantum numbers, as
well as ordinary N* trajectories. Unfortunately, the latter domi-
nate, making the extraction of pentaquarks from this reaction
impossible.

signals found so far of the order of 10 MeV [57], we obtain
for the product of couplings values O(1073) x e.

This is the same order of magnitude as the product of
couplings for the proton exchange. At high energies
however, Reggeization will suppress the P, exchange
due to its larger mass and therefore smaller intercept for
the trajectory. We conclude that searches of hidden-charm
pentaquarks in this way are hindered by a large N
background. The photoproduction of hidden-bottom pen-
taquarks, were they to exist, could still be possible, and has
been discussed in [58].

IX. CONCLUSIONS

In this paper we provide estimates for photoproduction
rates of various charmonia and exotic charmoniumlike
states in the kinematic regimes relevant to future electron-
hadron colliders. We focus on a few states as benchmarks
based on the availability of experimental information, e.g.,
decay widths. However, the formalism presented here is
readily applicable to other XYZ states when more mea-
surements will become available.

In the low-energy regime, with W, close to threshold,
fixed-spin particle exchanges are expected to provide a
realistic representation of the amplitude. As such, we give
estimates for exclusive charged Z.(3900)", Z,(10610),
and Z;(10650)" production via pion exchange, as well
as X(3872) and y.(1P) production via vector meson
exchange. For energies near threshold we expect cross
sections of the order of a few nanobarns for the Z.(3900)"
and upwards of tens of nanobarns for the X(3872). We
remark on the possibility of exploring the recently observed
X(6900) in photoproduction. Production mechanisms
involving possible OZI-suppressed couplings to light
vector mesons yield to cross sections of a fraction of a
nanobarn.

At high energies, the correct behavior is captured by
(continuous spin) Regge exchange. Based on standard
Regge phenomenology, we extend our results for Z,,

ZZ'), and X(3872) production to center-of-mass energies
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TABLE VIIL

Estimates of yields for one year of data taking under the conditions described in the text. The

branching ratios B(Q — "¢ nx) are given by Y, B(Q — Vnzx) x B(V — £7¢~). Comparison with existing
datasets are also given. The efficiency is assumed to be 1%. Higher efficiencies are certainly possible, e.g., 50% for
the Z.(3900)" at BESIIL. The results for the X(6900) must be rescaled by the yet unknown B[X(6900) — wy].

w,, (GeV) o (nb) B(Q — ¢¢ nx) (x 1073) Counts Comparison
X(3872) 6 33.1 53 877 ~90 [60]
Z.(3900)* 15.9 12.5 994 ~1300 [15]
Z,(10610)* 15 2.8 2.6 36 ~750 [61]
Z),(10650) " 0.66 2.1 7 ~200 [61]

B(J/y — £1¢7) (x1073)
X(6900) 12 1.9 14 133 ~800 [33]
where the EIC is expected to reach peak luminosity. For the ACKNOWLEDGMENTS

vector meson states, we build upon existing models to
provide estimates of diffractive Y (4260) and w/(2S) pro-
duction. Unlike production of XZ, diffractive production
increases as a function of energy, making high-energy
colliders such as the EIC a preferable laboratory for the
spectroscopy of the Y states. We further discuss the
feasibility of indirect detection of P, states in backward
J/w photoproduction. However, we find that the contri-
bution of P, states is hindered by the ordinary N
exchanges.

To further motivate the XYZ spectroscopy program at
high-energy electron-hadron facilities, it is important to
translate the cross section predictions into expected yields.
A detailed study, e.g., for the EIC, would require details
of the detector geometry. Nevertheless, one can have a
rough idea of the number of events, by considering a
hypothetical setup based on the existing GlueX detector
[59] but higher energies. Specifically, assuming photon
beam of the order of EM" =20 GeV, an intensity of
108 y/s, and a typical hydrogen target, one could reach
a luminosity of ~500 pb~! for a year of data taking. For the
yield estimates, one needs to multiply the cross section by
the appropriate branching ratios B(XYZ— J/ynx) ~ 5%
and by B(J/y = £7¢7) = 12%. Even with a low 1%
detector efficiency, assuming ¢ = 10 nb, we estimate 300
events per year. The expectations for the individual XYZ
are given in Table VIII, together with the comparison with
the existing datasets by BESIII. While production of Y
states benefits from higher energies, lower W,, <7 GeV
are much more efficient in producing X and Z states.

We conclude that electro- and photoproduction facilities
can complement the existing experiments that produce
XYZ. In fact, such facilities will give the opportunity to
study XYZ in exclusive reactions that provide valuable
information about production mechanisms different from
the reactions where the XYZ have been seen so far. This
will further shed light on the nature of several of these
exotic candidates.

The code implementation to reproduce all results pre-
sented here can be accessed on the JPAC website [62].
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APPENDIX A: X(3872) TO J/yo
AND J/yp COUPLINGS

We evaluate here the couplings of X(3872) — J/yw& with
&€ = p, w. Experimentally, these are accessible through the
decays X(3872) — J/wa*n~ andJ/ywn" n~ 7", respectively.
We write the differential decay widths for these processes as:

di(X - J/ynz) 1 w
dw? (W —m2)? + m2l2
X T[X = J/yE(A)T[EW?) — ),

(A1)

with n = 2, 3, wis the invariant mass of the nz system, i.e., of
the virtual vector £ The first width is given by:
M2 (m%, m2, w?)

TIX = J/wEW?)] = T

487ZM§(
X [y Ael TP, (A2)
Ixhyie
where:
<’11/I’15|T|/1X> = _igylxggaﬂyuea(pX’ /IX)
X €P(py. Ay )€ (pe, Ae)ply.  (A3)

For p — 27, we consider the standard amplitude (see
e.g., Ref. [63]) dependent on the vector coupling constant
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FIG. 9. Differential decay width for the process X(3872) —

J/wnz. Our result in Eq. (Al) is given by the blue solid line,
whereas the experimental data from Belle [64] and ATLAS [65]
are shown with red circles and green squares, respectively.

gy = 0.086 and the pion decay constant f, = 93 MeV,
which leads to the p width,

1 /w2 —am2)3/2
rlp(r) = 20 = oo (4 ) LR

The shape of the differential decay width of the process X —
J/wrr is completely fixed by Egs. (Al) and (A4), and is
independent of the value of the global coupling. In Fig. 9 we
show the invariant 7z mass spectrum, which is completely
dominated by the p, and agrees fairly well with the exper-
imental data from Belle [64] and ATLAS [65] (better agree-
ment can be reached by giving more freedom to the p line
shape, or including p- mixing [26,66]). The coupling g, x,, is
extracted from the integrated width:

(A4)

(mx-m,? dT(X — J
T(X — J/yan) = / y2 LE = Jfynm),
4m? dw

(A5)

As experimental input, we consider the branching ratio
B[X = J/yan] = 4.17])% [25] and the total width Ty =
1.19 £ 0.19 MeV, the average of the recent LHCb measure-
ments [22].

For the ®w — 37 decay, while more sophisticated
approaches exist [67], we take here the simple vertex:

<3”‘T|/1(u> = i9w3ﬂ€pmﬂ€”(Panﬂw)Pinng (A6)
which results in the width:
11 ¢ (w=m.)? dw'?
C(w(W?) = 31) = ——55—5 2"
(W) = 37) = 5530w 72/ W
x (W'? —4m )3/2/13/2(w w2, m2),
(A7)

with w' the invariant mass of a dipion subsystem. The
coupling g,3, 1s adjusted to reproduce the experimental
w — 3z width, T'(w — 37) =B(w — 3x)I",, where
B(w — 37z) =89.3+0.6% and I', =8.49 +0.08 MeV
[13]. The integrated width is given by:

(mx—=m,)? dI'(X — J/w3
F(X—)J/l//3ﬂ):/ X WZ(_)—z/Wﬂ-).
9m? dw

T

(A8)

The coupling g,x, is obtained from Eq. (A8) and the
branching ratio B(X — J/ww) = 4.4773% [25],

['(X — J/w3n)

BX = J/yw) = B(w — 3m)Ty

(A9)

The resulting values for the couplings are reported in
Table III.

APPENDIX B: AMPLITUDES FOR
PRIMAKOFF EFFECT

The calculations simplify in the nucleus rest frame,
where

cos Oy i n sin 9X>
TV TR

E E
e(q' . Ax =0) = (& —XsinQX,O,—XcosQX), (B1)
my

my my

with p, = VU + Q% Ex = \/p% + m%. The variables
Px, Ox, v are related to the invariants Q?, x, and ¢ by
Q2
- 2mAxA
VE +Amavt + 4m3 (V2 — m%)
Px = >
ny
t —m% 2 +2FE
cos Oy = my + Q"+ X (B2)
2pxp,

In this frame, the nuclear tensor in Eq. (17) reduces to the
timelike component only, Woy = 64Z>mS F3(t)/(4m3 —1)>.
The cross sections read
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daL.T N agg(yy*AL,TWOO <B3) with
dt  8mumyp,r*(2mav — Q%) 5 a 0> 1-x4 1
g(xA7 Q ) S) = 5 2\2 3 )
o . 2n(s—m3)* x3 l—e
where the virtual photon flux is given in the Hand 2 02
convention [68], and I—y- (s—AW
€ = B ey e
4 - y+ 2 + <_A 232
_ my 00 (s—m3)
.AT = ) 5 Tﬂ 2
Ixry A=* ’ 0

Y :xA(s—mi)’ (B7)

0
= cost =X -
- o8 2 (PxPy(Py + Px) + vEx(py = px) where by s we mean the energy squared in the center-of-

2 5 .40x mass of the electron-nucleus collision.
= 2pxpy cosOx)” + sin® = (Exv(px + p,)
APPENDIX C: EXTRACTING THE

2
Pr Y(4260)-OVER-y(2S) SIGNAL RATIOS

2
2my

x sin®0y (V(E% + p%) — 2Expxp, cosfy)?,  (B4)

+ pxp,(Px — p,) — 2pxp; cos x)* +

We consider the data on diffractive production of y(2.5)
at HERA, in a kinematic similar to the one covered by the
, EIC [51]. We consider the invariant mass spectrum of

My 00 2002 £Y¢~mtam. The dataset includes also events where the
AL =5"To = pxExQ"sin" Oy, (BS) proton dissociates into a jet of invariant mass <22%W,,
and is left mostly undetected in the beamline. We assume
with 7% =Y, T* T34, As customary, the electro- that the. mass spectrum depends nei.ther on the other

’ ‘ ! kinematical variables, nor on the specific class of events
(whether elastic or dissociative).

Data show clearly a y(2S) peak, together with some

= G(x4. 02, 5) <@ + eﬁ) , (B6)  noise that might be interpreted as a hint of a ¥(4260) state.

Xyr*

production cross section is given by [69]

do(eA — eXA)

dtdQ*dx, dt dt The y/(2S) is modeled as a Crystal Ball function,
120 —
- ¢ HERA data
oo - —— Model
Y A W YT Y Background only
g 50 :_ JPAC
S -
E 60 —
(]C) I
0 40 :—
o
O N 1
T b
2ol SRR N SE A PR AR SRR SRR SORRN

3.5 4 4.5 5
m(e*e‘,y*y‘)n*n- [GeV]

FIG. 10. Fit to the HERA data from [51]. The blue curve shows the model discussed in the text. The dashed red line is the constant

background. The y(2S) peak is shifted to a value 21 MeV lighter than the nominal mass; the same shift is applied to my. A hint of
Y(4260), compatible with zero would appear at ~4.2 GeV.
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fy(mymy . o,a,n)

]l/ b
(m_ml/// )2
exp (— 5 for m > m,, — ac

m 9

2 2 m-—m )\ —n
e‘“/2(1—“——ﬂ) for m < m, — ao
n on 74

(C1)

while the Y(4260) is modeled by the convolution of a
Gaussian and a nonrelativistic Breit-Wigner,

s I 2
fY(m;mY’FYaG) °</ exp <—%>

—0o0

where the parameter o related to the experimental resolution
is kept the same for the two curves. The two curves are added
incoherently, together with a possible constant background.
We perform a maximum likelihood fitin the m € [3;5] GeV
energy range, shown also in Fig. 10. The fit returns a value of
m,, that is 21 MeV lighter than the nominal y(25) mass, so
we fix my to the nominal value shifted by the same amount,
4220 — 21 MeV. The width is fixed to the nominal value as
well, I'y =44 MeV. The fit shows no evidence for a
Y(4260) signal, the ratio between the two signals being
compatible with zero. A Bayesian upper limit returns a ratio
between the Y (4260) and the y/(2S) signals of
95% C.L.

RHERA <6.5% at (C3)
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