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The excitations of nucleon resonances with hidden charm, N}, in yp reactions are investigated by

using the predictions from the available meson-baryon (MB) coupled-channel models of N¥, with MB =
pN, N, J/y N, DA, D*A., DX, D*%., DX?. For the yp — J/v p process, we first apply the model of
Donnachie and Landshoff to calculate the Pomeron-exchange amplitudes with the parameters determined from
fitting the available total cross section data up to invariant mass W = 300 GeV. We then add the resonant
yp — N — J/¥ p amplitudes to examine the effects of N, excitations on the cross sections of yp — J/¥ p
in the near threshold energy region covered by the recent experiments at Jefferson Lab. The N, — M B transition
matrix elements are determined from the partial decay widths predicted by the considered meson-baryon
coupled-channel models of N%. The yp — N} transition amplitudes are calculated from the vector meson
dominance (VMD) model as yp — Vp — N with V = p, w, J/¢. The total y p — J/ p amplitudes then
depend on an off-shell form factor, parametrized as Fy(g*) = A} /[A} + (¢* — m2)*], which is needed to

account for the g* dependence of the photon-vector meson coupling constant % of the VMD model. It was
found that, with Ay = 0.55 GeV, the predicted total cross sections are within the range of the data in the energy
region near the J/y production threshold. We then demonstrate that the N, can be most easily identified in the
differential cross sections at large angles where the contribution from Pomeron exchange becomes negligible.
With the same VMD model and the same coupled-channel models of N}, we also calculate the resonant
amplitudes for the y p — Vp — N% — D°AF(D*®A}) processes. By adding the nonresonant amplitudes due to
the exchange of D** (D°), we then predict the cross sections of y p — D°AF(D** A}") for additional experimental

tests of the available meson-baryon coupled-channel models of N;.
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I. INTRODUCTION

It is well recognized that the interaction between a nucleon
(N) and a cc system of a charm quark (c) and an anticharm
quark (¢) is mainly due to gluon-exchange mechanisms. All
of the earlier investigations [1-8] indicated that the cc-N
interaction is attractive. This implies the possible existence
of nuclear systems with hidden charm, as investigated in
Refs. [8-10]. For the baryon number B = 1 system, it was
proposed [11] in 2010 that there exist excited nucleons with
cc components in the mass range of 4.0-5.0 GeV within
a meson-baryon coupled-channel model. Such baryons with
hidden charm were subsequently also predicted [12—18] as
molecular states made of anticharmed mesons and charmed
baryons (such as DX ("), Alternatively, they are described
as compact pentaquark states made of colored quark clus-
ters [19] or a mixture of the two configurations [20]. The
masses from these earlier predictions are qualitatively con-
sistent with the mass (m) and width (I") of two pentaquark
states (P.) identified from analyzing the J/v-p invariant mass
distributions of the A} — KJ/v p decays measured by the
LHCb Collaboration [21,22] in 2015. Their results are listed
in the left part of Table I.

The resonance peaks in the J/y-p invariant mass distri-
butions from the LHCb measurement [21] motivated a lot of
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theoretical efforts [24—68]. Roughly speaking, there are three
different interpretations of these peaks:

(1) They are due to the excitations of meson-baryon
molecular systems which could be made of (1) an-
ticharm mesons and charm baryons [24-46], (2)
baryons and charmonium [47,48], (3) the mix-
ture [49,50] of (1) and (2).

(2) They could be multiquark states within the conven-
tional constituent quark model [51,52,54] or cluster
states pictured as a diquark-diquark-antiquark sys-
tem [55-58] or a diquark-triquark system [59].

(3) P.(4450) may not be a resonance state because it is
close to the Triangle Singularity (TS) [60-62] and the
observed narrow peak is purely due to the kinematic
effect, although for some quantum numbers of the P,
state preferred in Ref. [21], such as 3/27 or 5/2%, the
TS cannot explain the peak as shown in Ref. [63].

With the the new results from the LHCb Collabora-
tion [23], these theoretical interpretations can be better tested.
By analyzing the data, which are about a factor of 9 larger than
what they analyzed in 2015, the LHCb Collaboration obtained
three clean peaks which are interpreted as the excitations of
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TABLE I. The masses [m (MeV)] and total widths [I" (MeV)] of P, reported in Refs. [21-23].

2015 2019
P.(4312) 4311.9+£0.775% 9.8£2.7137
P.(4380) 4380 +8 £ 29 205+ 18 £ 86
P,.(4450) 44498+ 1.7+2.5 39+5+19 P.(4440) 4440.3 £ 13751 20.6 £4.9M87
P.(4457) 44573 £0.6171 6.4£2.07,

three pentaquark states, as listed in the right part of Table I.
Comparing with their results of 2015, the main features of
these new data are (1) P.(4312) could be a new pentaquark
state near the ¥.D threshold; (2) P.(4440) and P.(4457) are
two narrow states which could not be resolved in the 2015
determination of P.(4450); and (3) P.(4380), with about 200
MeV width according to the 2015 analysis, could be a very
broad state, and is not given mass and width in this analysis.
It is important to note that these three narrow states are all
just below the corresponding anticharmed meson-charmed
baryon threshold, and hence the simplest interpretation is that
they are made of meson-baryon components, as suggested in
Refs. [69-82].

The nucleon resonances with hidden charm, called N}
from now on in this paper, can also be investigated by using
the electromagnetic production of J/¢ from the nucleon,
such as e + p — ¢ +J/¥ + p studied in Refs. [11,12].
The prediction of yp — N}; — J/y¥ p cross section within
the coupled-channel model of Ref. [12] was then made in
Ref. [83] by using the vector meson dominance (VMD)
model to generate vector (V) mesons, p, w, and J/vy, from
photons. A few more predictions of yp — N}, — J/v p had
been made [84—90] within the meson-baryon coupled-channel
model since 2015. The differences among these works are
in their choices of N} model, vector mesons included in
the VMD, and the background amplitudes which could be
calculated from Pomeron exchange or two-gluon and three-
gluon exchange models.

In parallel to these theoretical efforts, an experi-
ment [91,92] [JLab(E12-16-007)] on yp — J/Y¥ p near
threshold at the Thomas Jefferson National Accelerator Facil-
ity (JLab) was approved in 2016, and the data from this effort
will soon become available. A separate effort at JLab using the
GlueX detector [93] recently published [94] their measured
total cross sections of yp — J/¢ p. The main purpose of
this work is to provide information for examining whether
the N predicted by the available meson-baryon coupled-
channel models can be observed in the data from these two
experiments.

To proceed, it is necessary to first recognize that P, states
reported by the LHCb Collaboration are from the measure-
ments of the J/v-p invariant mass distribution of the A, —
K +J/¥ + p decay. Thus the information one can use to
test the available N} models consists of the total widths
and masses of the reported P, states. The spins and parities
of these states cannot be determined since a partial-wave
analysis of A, — K + J/¥ + p decays requires detailed an-
gular distribution data, not just the invariant mass distribu-
tions. Accordingly, one cannot determine the partial decay

width for each possible meson-baryon channel of N} —
J/¥ N, pN,wN,DA.,D*A., DX, D*%, .... Here we also
mention that two of the resonance peaks reported by the
LHCb Collaboration are near the threshold of the D™X,
channel and thus the identification of resonances in this region
must account for the cusp effect in a analysis constrained
by three-body unitarity. The importance of three-body uni-
tarity in analyzing the three-body decays of heavy mesons
was demonstrated [95] recently, but is not considered in the
analysis by the LHCb Collaboration. Therefore, no attempt
will be made here to revise the considered meson-baryon
models to reproduce the resonance peaks of the LHCb data.
Instead, we will only consider the available models which
have predicted N with masses within the range of the LHCb
data. Furthermore, there is no new theoretical prediction of the
partial decay widths, which are needed in our investigations,
for the N} states after the new LHCb results published in
2019. Thus, in the current work, we will only employ the
theoretical models based on the old LHCb data published in
2015. By using the spins, parities, and partial decay widths
from those models, we can then use the VMD to predict the
amplitudes of yp — N}, — J/v¥ p. Here we notice that the
VMD coupling constant g, v = e m, | fy for the y — V tran-
sitions for V = p, w, J/{ are conventionally determined from
the decay widths of V — y — e*e™ with ¢*> = mi of the
intermediate y. In the situation of yp — Vp — N, we have
q2 =0, i.e., the intermediate vector is far off mass shell, and
thus the VMD parameter g, v must be modified to account
for this ¢g> dependence. Ideally, this g> dependence should be
calculated from a QCD model as done in Ref. [96]. Here we
will treat it as a phenomenological part of our calculation by
introducing an off-shell form factor Fy = A} /[A} + (¢* —
m‘z, )2] with Ay determined by the available total cross section
data, as will be explained in Sec. III. We also make sure
that the parametrization of VMD is gauge invariant when the
off-shell form factor is included.

To predict the cross sections of yp — J/¥ p, it is nec-
essary to include the nonresonant amplitudes due to the
gluon-exchange mechanisms. In this work, we use the model
of Donnachie and Landshoff [7] within which the gluon-
exchange mechanism is phenomenologically parametrized as
Pomeron exchange within the Regge phenomenology of high
energy reactions. By fitting the total cross section data up to
very high energy W = 300 GeV, the Pomeron parameters are
well determined and can be used to define the nonresonant
amplitudes in the near-threshold region of our interest in this
paper. Our approach is therefore different from the approaches
using the models of two-gluon and three-gluon exchange of
Refs. [97], as will be discussed later.
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For additional studies of N} excitations, we also explored
other meson photoproduction processes which do not have
Pomeron-exchange mechanisms. We found that experiments
on yp— D°AF(D**AT) could be useful. With the same
VMD model and the same coupled-channel models of N,
we calculated the resonant amplitudes for the yp — Vp —
N* — D°AF(D*A}) processes. By adding the nonresonant
amplitudes due to the exchange of D*? (D), we then predicted
the cross sections of yp — D°AT(D*A}F) for additional
experimental tests of the available meson-baryon coupled-
channel models of N%.

The paper is organized as follows. In Sec. II, we give for-
mulas for calculating the cross sections of y p — J/¥ p, and
we present formulas for calculating the Pomeron-exchange
amplitude and the yp — N, — J/v p resonant amplitudes.
In Sec. 111, we present our results for y p — J/y p. The results
for yp — D°A., DA, are given in Sec. IV. The discussion
and summary will be given in the last section.

II. CROSS SECTION FORMULA FOR VECTOR MESON
PHOTOPRODUCTION REACTION ON THE NUCLEON

We consider the photoproduction of a meson-baryon (M B)
system: y(gq) + p(p) = M(q’) + B(p'). In the center-of-mass
system, the four-momenta of these particles can be defined as

q = (k, k),

q = (En(K), k),

p = (Ex(k), =k),

P = (Ep(k), =K,

P=qg+q =p+p =W0,
where k (k') is the length of three-momenta k (K), Ey(k) =
\/W is the energy of a particle with mass m,, and W

is the invariant mass of the system. For a given W and angle

(2) between k and k', all of the above kinematic variables
are determined by W = k + Ex(k) = Ep (k') + Ep(k’). The
differential cross section can then be written as

do Qn)*
dQ k2
1 P2V 7
X7 2 D WK A mI TV lka,mo) P, (1)

Ay Ay mg,my

pyn (k) pyp (k")

where 1}, (A,) is the helicity of the meson M (photon y),
mg(m,) is the z component of the spin of initial proton p (final
baryon B). The phase space factors in Eq. (1) are

k*Ex (k)
pon(k) = ===,
K Ey(K"Ey (K
pup(k) = —M(V; L )

The reaction amplitude is written as

(K W)y, | T (W), my)

. 1 mympg
(21 )3V 4kEn(K)Ey (K)Ep(K')
X [ (@ P05 D] 3)

Gv(CIa )\')/)

(a)

AVAVAVEV I wwm.:f»va sy
0 ! O i O '
(b)

FIG. 1. Gluon-exchange mechanism of yN — J/¢ + N.

where €,(q, A,) is the polarization vector of photon, and
j,‘\’h,m;,mx(q, p,q,p') is a Lorentz covariant current matrix
element. For the vector meson photoproduction yp — J/¢ p
(M =J/Y¥ and B = N) process, the current matrix element
can be written as

J)‘\) ml’&.,mx(q7 p, q/’ P/)

S
= ip(p' mO)er (g, Xy IM* (g, p. g’ Pup(p,ms),  (4)

where u,(p, my) is the spinor of the baryon a [with the
normalization i, (p, mg)u(p, my) = 8, w1 and €,(q, A} /)
is the polarization vector of J/v. The current matrix element
must satisfy the gauge invariance condition j"q, = 0.

In this work, we assume that the J/vy photoproduction
amplitudes M**(q, p, ¢’, p') of Eq. (4) can be written as

M (q, p.q, p) = Mp'(q.p. 4. P)+ My:(q.p.q. P).
&)

where M3"(q, p, ¢, p') is the Pomeron-exchange amplitude
of Donnachie and Landshoff, and M4 (q, p,q, p') is the
yN — N} — J/¢ N amplitude. In the following, we will
describe the calculations of these two amplitudes.

A. Pomeron-exchange mechanism

It is well recognized that the photoproduction of J/v from
the nucleon is mainly due to a gluon-exchange mechanism,
such as the leading two-gluon exchange mechanism illustrated
in Fig. 1(a). It is also known that Pomeron exchange is
an essential element in Regge phenomenology. Within the
model of Donnachie and Landshoff (DL) [7], it is assumed
that the Pomeron (PP) can be identified with gluons and
the Pomeron-exchange mechanism can be parametrized in
terms of Pomeron-quark coupling constant 8, and appropriate
form factors at the PJ/¢y — J/ and PN — N vertices.
The DL model is illustrated in Fig. 1(b). Following a study
of nonperturbative two-gluon exchanges [98], they further
adopted the Pomeron-photon analogy that the Pomeron can
be treated as a C = +1 isoscalar photon to parametrize the
quark-Pomeron vertex. Thus the PN — N vertex can be
expressed in term of the isoscalar electromagnetic form factor
of the nucleon. Following Ref. [99], the Pomeron-exchange
amplitude in Eq. (5) is written as

M (q.p. 4. P) =Gp(s. )T (q.p. 4. P)  (6)
with

T8 (. p. 4. P)

. eM\2/ v L.,V
= llzf—vﬁquv(l)ﬂu/dﬂ(l)Mg“ 4"y, (D)
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FIG. 2. Total cross sections of photoproduction of J/y on the
proton target. The solid curve is from the DL model of Pomeron
exchange. The dotted (dash-dotted) curves are from the two-gluon
exchange (two-gluon + three-gluon exchange) model. The experi-
mental data can be found in Ref. [9], except the blue open squares
are from Ref. [93].

where B, (B./4) defines the coupling of the Pomeron with the
quark gy (u or d) in the vector meson V (nucleon N). Here we
have introduced the form factor for the Pomeron-vector meson

vertex as
2@%

F(t)= , 8

v M\%—t<2M3+M‘%—t ®

where t = (p — p/)>. By using the Pomeron-photon analogy
mentioned above, the form factor for the Pomeron-nucleon
vertex is defined by the isoscalar electromagnetic form factor
of the nucleon as

aM} — 2.8t
(4M3 — 1) (1 —1/0.71)2

R(t) = (€))

Here ¢ is in units of GeV? and My is the proton mass. Note
that the factor efif in Eq. (7) implies a relation between the
DL model and the VMD.

The crucial ingredient of the Regge phenomenology is
the propagator Gp for the Pomeron in Eq. (6). It is of the
following form:

s ap(t)—1 i
Gp — <_> exp {——[apa) - 1]}, (10)
S0 2

where s = (¢ + p)* = W2, ap(t) = ap + ajpt. By fitting the
data of p°, w, and ¢ photo-production [99], the parameters
of the model have been determined: o = 1.1 GeV?, Buja =
2.07 GeV™!, By =1.6 GeV™!, ap = 1.08, and &} = 1 /59 =
0.25 GeV~2. In our previous paper [9], we found that, with
the same ,ua, Buja, and o, the J/y photoproduction data
can be fitted by setting B. = 0.84 GeV~! and choosing a
larger ap = 1.25. In the left side of Fig. 2, the results (black
solid curves) from the constructed Pomeron-exchange model
are compared with all of the the total cross section data
of yp— J/v¥ p up to invariant mass W = 300 GeV. Here
we note that the two-gluon (dotted curves) and three-gluon
(dot-dashed curves) exchange models, with the parameters
given in Refs. [97], cannot describe the data above about W =
10 GeV. The new data from the JLab GlueX Collaboration are
considerably larger in magnitude than the previous data, as

P —

:

15} | .

)
<
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0.5} ﬁ y
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40 42 44 46 48 50 52 54
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FIG. 3. The total cross section of y p — J/¥ + p via Pomeron
exchange with the center-of-mass energy W in the near-threshold
energy region. The experimental data are from Refs. [100-102].

can be seen more clearly in the right side of Fig. 2. While these
data can be better described by the two-gluon + three-gluon
exchange model, as also shown by the GlueX Collaboration,
they need further confirmation from separate experiments at
JLab. Thus our study of N} starts with Fig. 3 in which the
data before 2018 are compared with the results calculated by
using the Pomeron-exchange model.

B. Excitation of V}; resonances

We focus on the NY predicted by the meson-baryon
coupled-channel models with the parameters constrained by
the SU(4) symmetry and the fit to the meson-baryon reaction
data. Alternatively, N can be predicted by constituent quark
models or nonperturbative QCD models. These are, however,
not considered in this work.

In Table II, we list the predictions from most, if not
all, of the coupled-channel models of N} in the literature.
The relative importance of the predicted N} in determining
yp — J/¥ p can be estimated by using a well known relation
between the total cross section oV at resonance energy W =
Mp and the partial decay widths I+ j/y , of Nz — J/v p,

Tye.yp of N — yp, and the total width [y,

2J + 1dx veapy pUnzyp

4oar [T
where J is the spin of N%;, and g is defined by the resonance
mass by Mg = VM3 + g% + qr. We note here that, except for
the model by Lin et al. [45], the decay width I'yx ,, to the
y p channel is not predicted by the models listed in Table II.
Thus the only way we can use these models is to use the
VMD model to describe the excitation of N as the y N —
V N — N} mechanism with V = p, wJ/¥, as illustrated in
Fig. 4.

In Table II, we also see that the predicted N; mainly decay
into channels associated with the D meson and charmed X,
baryons, specified as the main channel (MC) in the table.
However, the available energy at JLab is not high enough to
investigate the yp — DX, process. Instead the experiment

O_([Ot)(W — MR) —

Y
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TABLE II. The mass [m (MeV)], total width [I" (MeV)], partial-decay widths to y p [T}, (keV)], and the partial dacay widths [I"y;5 (MeV)]
for MB = J/¥ N, pN, N, DA, and D* A predicted by the available theoretical models are listed. MC denotes the main coupled channel
predicted by the model of each reference given in the last column. The results for Nos. 19 and 20 are from the experimental data. The masses
in Nos. 9, 10, 13, and 18 used in Ref. [42] are from the experimental data. All other listed masses are from the theoretical models.

No. JP m r Typn T,y Ty Tpa. Tha T, MC Ref.
1 1= 4262 35.6 10.3 0.01 DX, [17]
2 4308 7.1 12 0.02 1.4 12)>) [103]
3 4412 473 19.2 32 10.4 Dz, [11,12]
4 4410 589 525 0.8 0.7 DS, [17]
5 4460 6.2 3.9 1.0 03 DS, [103]
6 4481 57.8 143 1.02 0.3 Drxr [17]
7 = 4334 38.8 38.0 0.8 o) [17]
8 4375 2.4 1.5 0.9 o) [103]
9 4380 144.3 3.8 1.4 5.3 1.2 1313 0.7 o) [42]
10 4380 69.9 16.6 0.15 0.6 17.0 35.3 D*x, [42]
11 4412 473 19.2 32 10.4 Dz, [11,12]
12 4417 8.2 46 3.1 D'z, [17]
13 4450 139.8 16.3 0.14 0.5 414 72.3 Dz, [42]
14 4450 21.7 0.03 1.4 6.8 Dz, [48]
15 4450 16.2 11 0.6 42 WN [48]
16 4453 1.8 15 03 12)o% [103]
17 4481 34.7 32.8 1.2 Dy [17]
18 N 4450 46.4 4.0 0.3 0.3 18.8 20.5 1.13 s, [42]
19 N 438073, 205%18 Expt. [21,22]
20 445022 3933, Expt. [21,22]

on the process yp — DA. may be possible. Thus we will
also consider the y p — DA, reaction, which does not have
a Pomeron-exchange mechanism. This can be studied using
the models which also provide partial decay widths of N}, —
DA., as also shown in Table II.

To proceed, we recall that the VMD is defined by the
following Lagrangian:

2
LVMDcx)==f§§iAﬂ(x>¢5(x), (12)

where my is the mass of the vector meson V, and A,, and ¢5

are the field operators for the photon and vector meson, re-

spectively. The width of V — e*e™ can then be calculated by
1, 4rm

FV—)e*e = 30[ my f‘% (13)

By using the data of I'y_, .+.-, the decay constants of Eq. (12)

can be determined: f, =5.33, f, =152, f, =13.4, and

7 Jy
p, @, J/y
p > L s p
NcE

FIG. 4. The diagram for yp — N.; — J/¥ p with the VMD by
p, w, and J /¢ coupled with y.

f1/y = 11.2. For our later discussions, we here note that
these coupling constants are determined at the photon
four-momentum ¢* =mj,. Thus, in order to use the
Lagrangian (12) in other processes with real photon ¢> = 0,
a model must be used to account for the off-shell effects on
these coupling constants. In our calculations, we thus will set

5 LR (14)
A % v
Fy(m3) =1. (15)

Ideally Fy(g?) should be calculated from the quark-loop
mechanism V — gg — y(¢*) within a nonperturbative QCD
model. Here, we will determine it phenomenologically, as
will be specified later.

With VMD, the yN — N}; amplitude can be calculated
from yN — VympN — NJ;, where Vymp = p, @, J/v, and
VWmpN — N is calculated from the considered meson-
baryon coupled-channel models of NY. The full amplitude
yN — N}, — VN can then calculated by using N — VN
generated from the same coupled-channel models of N%. In
the following subsections, we will give formulas for calcu-
lating these amplitudes. With the calculated 'y« ,, and the

predicted widths T'y= /4, and I‘I(\}f__‘) listed in Table II, we then

can use Eq. (11) to estimate the predicted o for each model
and then select only the cases where the estimated oV are
close to the available data to make predictions.
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TABLE III. Coupling constants g,;y and g,y are determined from fitting the partial decay widths listed in Table II. The number shown in
the first column indicates that the results for the model are from using the widths given for the same number specified in Table II. T, , are the
partial decay widths calculated from g,; within VMD, as explained in the text. Thus the resulting values of I, , for models No. 9 and No. 18
are different from the values obtained in Ref. [42] which used a different mechanism, as explained in the text. o " is the total cross section of
yp — J/¥ p calculated from using Eq. (20) by choosing Ay = 0.55 GeV for the off-shell form factor £y (¢?).

82v 8uv 8uv 8uv
No. JP m Ciot J/vp J/¥p op wp r,, (kev) oY (nb) MC Ref.
1 %7 4262 35.6 0.39 0.32 3.9 x 107° 1.9 x 1074 DX, [17]
2 4308 7.1 0.13 0.11 45 %107 5.9 x 10~° DX, [103]
3 4412 47.3 0.46 0.38 0.078 0.14 1.14 5.4 D*%, [11,12]
4 4410 58.9 0.75 0.62 1.5 x 107* 1.3 x 1073 D*%, [17]
5 4460 6.2 0.20 0.16 1.1 x 1073 6.2 x 1074 D*%. [103]
6 4481 57.8 0.37 0.31 3.8 x107° 8.8 x 1073 D*Ef [17]
7 T 3 388 119 0.98 13107  37x1073 Dx? [17]
8 4375 24 023 0.19 46x 1076  14x10°3 Dx’ [103]
9 4380 144.3 0.36 0.30 0.090 0.17 0.53 0.11 Dz, [42]
10 4380 69.9 0.75 0.62 0.039 0.059 0.060 0.23 D%, [11,12]
11 4412 47.3 0.79 0.65 0.14 0.24 1.1 10.8 Dz, [17]
12 4417 8.2 0.39 0.32 1.4 x 107 1.0 x 1073 Dz, [42]
13 4450 139.8 0.71 0.58 0.028 0.053 0.054 0.048 Dz, [42]
14 4450 21.7 0.030 0.025 8.4 x 1078 5.8 x 10~ Dz, [48]
15 4450 16.2 0.58 0.48 3.1 x107° 1.4 x 1073 N [48]
16 4453 1.8 0.21 0.18 42 %107 22 x 1073 DZ:‘ [103]
17 4481 34.7 0.98 0.81 8.8 x 1073 2.6 x 1073 D*E:‘ [17]
18 %Jr 4450 46.4 0.35 0.27 0.016 0.016 8.3 x 1072 0.25 D*%, [42]

1. The N}; — NV transition amplitudes

Following the formulation of Refs. [104,105], the N*.(J*, P) — N(pn) + V (py ) transitions for spin-parity J© = %7, %7, and

%+ can be written as
3r“
My 17wy (B3 pv pr) = v (pr)YsPuttn-(P)e; (pv)[glvg" f1v< g’&)} (16)
3P 1,
My 3 wy (Pspv pn) = ity (pn)un- n(P)eS (pv )| g3v 8" — fav ST Eg]“\,
+h3V6uvwﬁNVs(?"g§+f/ag“ﬂ)uw*ﬂ€$v< > gN* (17
gsv G fov (STFF 1 ;
M. 35y (P pv ) = By (py i o (Y (py)| =™ 7 = o — @ BT
my 3 7 3
hsy _ B . B wp sn (PP 1, e o A
+m_NGW”N”S(V“gsagaﬂ+nguﬂguﬂ+raguﬁgsﬂ)uN’fEV"< o = g @R ) ) P,
(18)

(

where the partial decay width I'y» vy listed in Table II to determine

W g PPy (19 the parameter g,;v by the following formula:
PN S =8 T Ty 17
2
v v Cyeinvy = ——— | Mnx , 22
7’ = r“g’;]*, y = )///,g‘N*, (20) N:NV 87Tm12v*, \ NENV (22)
B, =P, /W. 21

where |p| is on-shell momentum of the final state vector in the

The terms with coupling constants f>;y and hy;y are the
contributions from higher partial waves. For simplicity, we
neglect these terms and set fo;y = hyyy = 0. We thus can use

rest frame of N%.
The determined g,;v for V = J/y are listed in the fifth
column of Table III.
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2. The N}, — Ny transition amplitudes

As illustrated in Fig. 4, we assume that the N; — Ny
transition amplitudes can be calculated by the y — V tran-
sition defined by the VMD Lagrangian (12), the propagator
of V, and the VN — N} amplitudes defined in Eqs. (16)—
(21). Since we can determine the parameters by using only
one value of FNEE . predicted by a N} model, we need to

J

ie
qu —m2+le mp

MN*(%i)%Np—)N]/(P;q pPpN)

with

MV(P;q=PpPN)=ﬁN*(P)V5)7uMN(PN)[81pg —f1p< =

make a simplification. Here we also need to make sure that
the simplified amplitudes are gauge invariant. We find that
this can be accomplished by setting #,;y = 0, like what we
have chosen in determining I'y= — NV, but we need to keep
the f>yy term and set g;y = f2 v = &yv. For example, the
amplitude of N *(%_) — Np — Ny with the simplification
h2 Jjv = 0is

2

M"(P;p, )€, (q) (23)

3FF 1

5@”2’)]@ v Q). (24)

Obviously this amplitude will be gauge invariant if M"q, = 0. However, it is straightforward to show that M"q, ~ (g1, —
fip) # 0. Therefore a simple way to have a gauge invariant amplitude is to set go;v = foyv = &2yv. This is part of the
phenomenology and needs to be improved in the future. For our present limited and exploratory purpose, this simplification

is sufficient.

By using Eqgs. (16)—(18) and setting g2;y = foyv = 82sv and hy;y = 0, we can then use Eq. (22) to determine g,y by using
the partial decay withs listed in Table II. The resulting 2,y are listed in the columns 6-8 of Table III. Including the off-shell
form factor Fy (¢%) according to Eq. (14), we then get the following expressions for the N} — VN — yN transition amplitudes:

ie  —myZy 3P 1
My.1- Pigpy) = —— V8V Puttn- (P)| €5, 8" = 5 —— + 58 | Fr (@) |, 25
N (AN Ny (P3a PN) 7 o +irvmvuzv(pzv)ysmuzv( )[eyv<g“ 3R 2g7v> v(g®) (25)
ie  —migsy 3 FHFY
M, - P; =———Y°7 P ex g™ — = "R 26
N*(3 )—)NV—)N}/( qu) fV _m‘z/ +irvmqu(pN)uN /L( )[ny( ) ~2 + g'x:) V(q )} ( )

. 2~
ie —mygsy/my

MN*(%+)—>NV—>NV(P;qu) = fV _m‘z/ +lFV

where py = ¢ is used to evaluate 7 and gy. according to
Egs. (19) and (20). For the off-shell form factors, we assume

Ay

Fy(q) = .
A -m)

(28)

Here we should emphasize that the above phenomenologi-
cal form for the off-shell form factor is very unsatisfactory.
One can see that, for a small value of Ay ~ m, ~ m,, the
contribution from J/W to Fy(q*> = 0) is strongly suppressed.
The J/W contribution becomes significant only for large
Ay ~ myy. This feature is rather uncertain because it has
no relation to the internal structure of the considered three
vector mesons. Because of this limitation, Fy(¢*) resulting
from our fit to the very specific total cross section data of
yp — J/WV p can only be used with caution to apply VMD
to investigate other photoproduction processes. Clearly our
naive phenomenological approach needs to be investigated
in the near future by using a QCD model. For example,
one can try to relate the off-shell form factor Fy(g”) to
the QCD model calculations of the quark loop y* — g —
V by extending the approach developed in Refs. [96,106].
This, however, is nontrivial and is beyond the scope of
this work.

e 5 VY 1 0 gk
uN<pN>uNW(P>eyaFv<q> P s S @R ) )

3
27

With the determined gy listed in Table III and a given
choice of the cutoff Ay, we can use the N* - NV — Ny
amplitudes given in Egs. (25)—(27) to calculate the decay
width of N* — Ny within VMD:

2
1

8t mN*

29

Cy:sny = E My Ny Ny

The cutoff Ay is a parameter of the model. In Table III
we list the calculated I'y-_y, for each model by setting
Ay = 0.55 GeV (the dependence on the value of Ay will
be discussed in the next section). By using the partial decay
widths listed in Tables II and III we can use Eq. (11) to
estimate the total cross section o™V of yp — J/v p at the
resonance positions, as also given in the ninth column of
Table I11.

3. The amplitude of yp — N — J[/¥ p

The amplitude yp — N — J/y p is shown in Fig. 4.
By using the definition of vertexes of N* — NV as shown
Egs. (16)—(18) and N* — NV — Ny as shown Egs. (25)-
(27), we can write the amplitude MY\ (q, p, ¢, p'), which is
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defined in Eq. (4):

+ p+my: ie  —myZiy 3FPF 1
MMU7 , ’/, N — ~ o g cC FO— 14 ~ pv _ =~ +_~]i,
Nl 4. p.q.pP) V:J/pr.wglj/wysyag (q)Wz—m,z\,;—i-iFN;mN;; v( )fv - vs7p\8" 55 zg,‘i,
(30)
3
(g +p+ mN*—)P;,s (r+q) ie —m? B3y 3 v 1
M (g, p.q P = o Fr(0)— Y22 (g — = +-3"). @1
@ pd ) V:J/ij,p’wgwg s i G A S&e ). 6D
5
+p+mye)Pls s (P + Q) ie —mjgsy/m
MY (q.p.g.p) = Z gSJ/Wg,m;ﬁ (4 ?; 2(5) apap Fo(0)¢ ngsx'// N
N*(3) VeIlv po my w —mNZ}_ + lFN;mN;; fV —ny, + ilCymy
sy SERF 1, SR
x(g”“ P s T T + Y f“)>, (32)

3 5
where Ps(p) and P2, . (p) are the Lorentz structure functions of propagators of 3/2 and 5/2 particles, respectively. Their

formulas are [105]

PLD) = —gup 4 ovre 4 2P L ) (33)
ap\P) = —8ap 3Vuyv 3 mjz\l* 3y YuPv — VWPu)s

PRPel (o) = (@l +alay) - e -

III. PREDICTIONS FOR yp — J/V¥ p

In this section, we will first use the available total cross
section data to fix the cutoff parameter Ay of the off-shell
form factor Eq. (28) of the yp — N} amplitude. We then
make predictions for using differential cross sections for
identifying the N; from future experimental data.

A. Total cross section

From Fig. 3, we see that the available data for yp —
J/¥ pin the near-threshold region are below about 0.8 nb and
have some structure which may be due to the experimental
uncertainties, but may be due to the N excitations. In this
section we will make predictions for investigating the extent
to which these available data can accommodate the N exci-
tations predicted by the models listed in Tables I and II. In
particular, we are interested in the predictions of Ref. [42],
since this is the only model which predicts the partial decay
width to the y p channel for the 3~ (4380) and 3 (4450) states.
The triangular mechanism they used for yN — N}(4380) is
similar to our model based on VMD, but for N.(4450) they
are different by one magnitude order.

Our first step is to determine the cutoff parameter Ay of the
off-shell form factor Eq. (28). To compare with the results of

Ref. [42], we perform calculations including only %7(4380)

and %+(4450) using the parameters (No. 9 and No. 18 of
Ref. [42]) listed in Table III. We find that the calculated total
cross sections can be close to the available data shown in
Fig. 3 if we choose the cutoff in the range of 500 < Ay < 650
MeV. In Fig. 5(a), we see that the choice Ay = 550 MeV
gives results within the uncertainties of the available data.

LRl + 7P e + 7Pl + PP E).

(34)

(

The structure of the solid curve at W ~ 4.35 GeV is due
to the interference between the Pomeron-exchange ampli-
tude (dotted curve) and the resonant amplitude (long dashed
curve). Furthermore, we also see that the resonant amplitude
is dominated by the §+(4450) state, as shown in Fig. 5(b).
With the same cutoff Ay = 550 MeV, we then calculate
Cyeyn for all states, as listed in Table III. With the widths
given in Table III, we then estimate the total cross sections of
yp — N} — J/v¥ p by using Eq. (11) for all models. We can
see in the last column of Table III that, except for the %7 (4380)

and %+(4450) states of Ref. [42], all of the estimated total
cross sections are either too large or too small compared

12 [ T T T T
1.0 F /
S o0s8} / -
£t )
0.6 | p E
't AgP
0.4 : ]
L 1’ A
0.2} -,Z" \ 2
0.0 [ el Sk,
40 42 44 46 48 5.0 40 42 44 46 48 50
(@ W (Gev) (b) W (Gev)

FIG. 5. The total cross sections of yp — J/¥ p plotted vs the
invariant mass of yp. (a) The red dotted and blue dashed curves
are the contributions from the Pomeron exchange and N with
JP =3/27 and 5/2% with Ay = 550 MeV, respectively. The black
solid line is for the coherent summation of all the above three
contributions. (b) The red dotted and blue dashed curves are the
contributions of N; with J” = 3/27 and 5 /2% with Ay = 550 MeV,
respectively. The solid black line is the coherent summation of two
N*cc and it is the same as the blue dashed curve in panel (a) here.
The experimental data are from Refs. [100,101].
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TABLE IV. Fitting the partial decay widths of the states included
in our predictions. I',, are partial decay widths calculated from gy
within VMD, as explained in the text. o is the total cross section
of yp — J/y p calculated from using Eq. (20) by choosing Ay =
0.55 GeV for the off-shell form factor Fy (¢?).

No. J'' m T Uiy, Tpy (kev) o (nb) Ref.

9 37 4380 1443 38 0.3 0.11  This work
4380 1443 38 070 0.15 [42]
18 3% 4450 464 40  0.083 0.25  This work
450 464 40 113 3.4 [42]

with the value 0.5 nb of the available data shown in
Fig. 5.

In Table IV, we compare our results for I, , and oV of
yp — N} — J/v¥ p with those of Ref. [42]. Here we see that

our result for the %+(4450) state is much smaller than theirs.
The differences between this work and Ref. [42] are from
using rather different mechanisms to evaluate yN — NJ. It
is therefore useful to examine how our predictions depend
on the parameters of our model based on VMD. We first
examine the contribution from each of the intermediate vector
mesons, illustrated in Fig. 4, to the calculated total cross
sections of yp — N — J/¥ p. Our results from including

the J = %_(4380) and %+(4450) states in the calculation are
shown in Fig. 6. Clearly the intermediate p gives the largest
contribution, and J/v is negligible. This can be understood
from the employed off-shell form factor (28) which depends
on the mass of the intermediate vector meson. This is also the
reason why the cross sections predicted by the models without
pp channel listed in Table III are extremely small.

B. Differential cross sections

In Fig. 5, we see that the feature of N excitation in the
total cross section is not so pronounced because it interferes
with the background from the Pomeron-exchange amplitude,
which is very large in all energy regions. To extract the
peak of N, we need to find other observables which are

0.15

o2} P, (8/2) | 032 P, (5/2+)-
g 0.09 | 024} -
© 006} ] otef _
003} 008 | .
0.00 R LA .

44 46 48 50
(b) W(GeV)

el : 0.00
40 42 44 46 48 50 40 42
(a)

FIG. 6. The cross sections of yp — N}, — J/v p plotted for
different J¥ of N vs the invariant mass of y p. The orange dashed,
blue dotted, and red dashed-dotted lines are the contributions purely
from the VMD by p, w, and J/¢ coupled with y, respectively. The
black solid lines are for the coherent summation of p, w, and J/¥
contributions.

do/dQ (nb)

10 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180
0 (deg)

FIG. 7. The differential cross sections of y p — J/¢ p plotted vs
the angle of the outgoing J/y at invariant mass of y p W = 4.45 GeV.
The red dotted, blue dashed lines are the contributions purely from
the Pomeron and N7, with Ay = 0.55 GeV, respectively. The black
solid line is for the coherent summation of all contributions.

not dominated by the Pomeron exchange. It is noticed that
the Pomeron exchange is strongly suppressed with large ¢
in Eq. (10). In other words, the Pomeron exchange mainly
contributes to the cross sections at forward angles. This is
illustrated in Fig. 7. It is then clear that the resonance peaks
will be easier to observe at large angles. This is illustrated
in Fig. 8. At 60°, the shoulder due to N};(4380) shows up
more clearly. However, the magnitudes of the differential
cross sections decrease rather rapidly with angles. Thus the
measurement around 30° may be optimal in examining the
role of N%.

IV. PREDICTION ON yp — DA}, D*°A}

It is important to note that the Pomeron-exchange ampli-
tude is still dominant in determining the J/y production in
the considered low energy region. Therefore it is interesting
to test the VMD model of yN — N using other reactions
which do not have the Pomeron-exchange mechanism and in
the low energy region accessible to experiments measuring
J/v¥ production at JLab. With the N models No. 6, No. 9,
and No. 18 selected from Table II and listed in Table V, the
reaction yp — D*9AF, DA can be used for this purpose.
In addition to calculating the yp — N% — D*AF DOA}
amplitude, we also need to consider the meson-exchange
mechanisms due to the D** — D%y process. We thus need
to calculate the amplitudes of the two mechanisms shown in
Fig. 9.

TABLE V. Partial decay widths use to calculate the coupling of

&n+—ba, and gyx_,prp -

No. J* m T5a,  8v+oba.  TUbea, 8wropea, Refl
%7 4481 1.02 0.40 0.3 0.043 [17]
%_ 4380 1.2 1.29 131.3 1.90 [42]
18 57 4450 188 1339 205 218 [42]
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15 [ T T T T T T T T T T 0'05 T T T T T T T T T
12 i r S0 ] 0.04 i 6,00 ]
€ ol - - 0.03F i
a L I 1
© 6t - 4 002} | J
© | E I ] 4
° 3t : { 001} ‘ .
L ] I 1 L ALY ]

0 PR RPUR R | 0.00 e s Y 0.00 =l / Lo I
42 45 48 51 54 42 45 48 51 54 42 45 48 51 54
(a) (b) () W (GeV)

FIG. 8. The differential cross sections of y p — J/y p plotted vs the invariant mass of y p at three fixed angles of outgoing J/vr. The red
dotted and blue dashed lines are the contributions purely from the Pomeron exchange and N with Ay = 0.55 GeV, respectively. The black

solid line is for the coherent summation of all contributions.

A. meson-exchange amplitude

The meson-exchange amplitudes shown in Fig. 9(b) can
be calculated by using D*Dy, pD** A}, and pD° A7 vertices
defined as follows:

gD*ODoy

UV
MD*D)/ = «/WEI ﬂPy u€y vPpr o €pt v, (35)
DrMp
Mnpar = gnpax s ysun, (36)
_ = i
Mnpear = gNDA+ AT Vi€p-Un, (37)

J

where the coupling gpwpo, = 1.07 is calculated from the
partial decay width of D** — D%y which is estimated from
the measured ratio of widths I'pw_ po, /I'peo_, poyo, with
I'po_,poyo obtained from the data of ['pw_,p+ 0 by using
isospin. By using SU(4) symmetry [107], the coupling con-
stants in Eqgs. (36) and (37) can be determined: gypa+ =

_%ggBBP and gnpsar = —+/3ggpy, where ggpp = 0.989 and
gppy = 3.25. Then the amplitude jp.,, ., (g, p, q,p), de-
fined in Eq. (3), for yp — DA due to D** exchange can
be written as

j;)*mg,mx(q7 ps q/7 p/) =

Similarly, the D°-exchange amplitude for yp — D*°A T is

8D*Dy §ND* A} chvah qudyiin+(p', my)yguy(p, my)

/
Nz @ —qF —m, Fo:(q' = @) 38)
8D DyENDA; yvap dndu€Dr plin; (P, m)ysup(p,my)
€ Fo(d — ). (39)

j;)mé,ml;(qv p; q/s P/) =

~/Mp=Mp

(¢ —q)?* —m},.

B. N;-excitation amplitudes

The formulas for calculating the resonant amplitude yN — N* — ATD* are the same as Egs. (30)—(32) except that the
coupling constants gy 5,y for J = 1/2,3/2,5/2 are replaced by gy, p,, for each J listed in Table V.
For the yN — N — A}D, we define N*. AT D vertices as follows:

MN*(%i)Aj'D =81 ﬁA:’“N*v (40)
83 _ mwoo v
MN*(ii)ATD = —5 UA}V5VuUN*v Py Ppo 41
2 )8 my,
85 _ Mmoo oA
MN*(;WD = 3 UA:VSYulNe i P Pp P (42)

D

where pj is the four-momentum of D meson. The coupling can be calculated from the partial decay widths listed in No. 6, No.
9, and No. 18 of Table V. We then get g; = 0.40, g3 = 1.29, and g5 = 13.39.

_0 ,_*0
D’ (D) y

(a)

/\/VW\/WWVE - (DO)

p >

(b)

FIG. 9. Diagrams (a) for y p — N, — D*(D**)A} with the VMD using p, », and J/y coupled with y, and (b) for yp — D°(D**)A[ by

exchanging D°(D*°).
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With the above equations and y p — N given in Table III, we can calculate the amplitude for yp — N — DA and
obtain the corresponding current matrix element jy. ., ,, (¢, p, q', P') [defined in Eq. (3)] as

v 'y in: (P m)(g + p+ my )up(p. me) ie  —myZ (g 3FF 1 g,
- s Dsq,p) = - F0)————— —— 43",
Ies s @ P2 D) V:J/Xw:pwgl T y—— VO T T
43)
3
v @, p.q,pP) = Z ﬁﬁz\r(p/,m;)Vsq’(q+p+mN;6)Pofﬂ(p+q)up(p’ my)
N yml,mg 1 v % w2 _mlzvi, +iF1\§?gmNjg
. . v
le my g3v 3 7PF 1.
X/aF O_+ pv _ 4= li, m
1 V( )fv —m‘z, —{—iFVmV 2 2 2g/]sv ( )
5
J @prd. )= Y 85 T (0 s (4 P ) Pup (0 D)y i sy
G V=J/1/fpwm% Wz_mlz\’t"_iFN;}mN} Y v —m\2/+iFva

Ly SFRF L
x(g”“ M-z + (g

3 7 3

C. Predictions of total cross sections

The predicted total cross sections of yp — N —
D°(D*%)A} are shown in Fig. 10. All calculations are done
with cutoff Ay =550 MeV, as determined in the previ-
ous sections for J/i production. We first find that the
meson-exchange contributions (pink dotted ) to the pre-
dicted total cross section of yp — NX — DY(D**)A} are

very weak. The contribution from NC*E(%_) (blue dashed) is

larger than that of NC*E(%_) (orange dashed-dotted). Clearly,
if the predicted cross section given in Fig. 10 can be mea-
sured, it will provide an additional test of the prediction
of the N;“C-_(%_) state. Hopefully such measurements can
be made in the near future as an additional test of our
prediction on J/i¢ production, presented in the previous
section.

5.0 4.4 4.6 4.8 5.0
W (GeV)

FIG. 10. The total cross sections of yp — DA (a) and yp —
D* A} (b) plotted vs the invariant mass of y p. The pink dotted, blue
dashed, and orange dotted-dashed lines are the contributions purely
from the N* Nc*a( s+ and the background with Ay = 0.55 GeV,

37y 3
respectively. The black solid thick lines are the coherent summations
of all contributions with background Ay = 0.55 GeV.

+ 30 4 gjﬁf’f”)) , (45)

(
V. SUMMARY

By using the predictions from the available meson-baryon
coupled-channel models, we have investigated the excitations
of nucleon resonances with hidden charm, N}, in y p reac-
tions. For the yp — J/y p process, the Pomeron-exchange
model of Donnachie and Landshoff, with the parameters
determined from fitting the available total cross section data
up to W =300 GeV, is used to calculate the nonresonant
amplitudes. The resonant y p — N2 — J/v p amplitudes are
calculated by using (1) the partial decay widths predicted
by the considered meson-baryon coupled-channel models to
evaluate the N; — M B transition matrix elements, and (2) the
vector meson dominance (VMD) model to evaluate y p — N
as yp— Vp— N with V = p, o, J/. The predictions
from adding these two amplitudes then depend on an off-
shell form factor Fy (¢%) = A*/ [Aé + (¢ — mé )], which is
needed to account for the ¢ dependence of the VMD model.
We find that with Ay = 0.55 GeV the predicted total cross
sections of y p — J/y p are within the range of the available
data in the energy region near the J/¢ production threshold.
We then demonstrate that the N; can be most easily identified
in the differential cross sections at large angles where the
contribution from Pomeron exchange becomes negligible.

With the same VMD model and the same coupled-channel
model of N, we then predict the cross sections of yp —
DOAj(D*OAj'). We suggest that experiments on these reac-
tions can be more effective to study N} since their nonreso-
nant amplitudes, due to the exchange of D** (D), are found
to be very weak.

The most unsatisfactory aspect of this work is the phe-
nomenological determination of the off-shell form factor
Fy(g?). It is determined by only using the data of total cross
sections of yp — J/v¥ p near the threshold, shown in Fig. 3.
While our predictions could be used as a first step to determine
whether the N} predicted by the available meson-baryon
coupled-channel models can be found in the new data from
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JLab, it is necessary to develop a more fundamental approach
to also predict Fy(g?) from QCD models. Obviously, such
an improvement is necessary for using the g> dependence of
the J/yr electroproduction cross section data to investigate
nucleon resonances with hidden charm.
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