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Inspired by the observation of the pentaquark states P.(4312), P.(4440), and P.(4457) at LHCb,
photoproduction of these three P, states via the interaction yp — J/wp is investigated in an effective
Lagrangian approach. The #-channel Pomeron exchange diffractive process is considered as the main
background for the J/y photoproduction. The numerical results show that the theoretical cross section,
which is calculated by assuming a branching ratio Br[P. — J/wp] ~ 3%, is consistent with the existing
experimental data of the yp — J/ywp process. With such a branching ratio, if experimental precision
reaches 0.1 nb within a bin of 100 MeV for photon energy, two peaks are expected to be obviously
observed in the J/y photoproduction. To observe the two-peak structure from P,(4440) and P,(4457),
higher precision, about 0.1 nb/10 MeV, is required to distinguish two close pentaquarks. If the
physical branching ratio is larger, the requirement of experimental precision will be reduced.
The differential cross sections for reaction yp — J/wp are also present. It is found that the 7-channel
Pomeron exchange provides a sharp increase at extreme forward angles and gives a sizable contribution at
most energy points, while the contributions from the s-channel P_. exchanges play important roles
at threshold energies. The experimental measurement of the yp — J/yp process in the near-threshold
energy region around E,~9.4-10.5 GeV is suggested and is accessible at CEBAF@JLab and

COMPASS.
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I. INTRODUCTION

As of now, many exotic hadrons have been observed and
listed in the Review of Particle Physics (PDG) [1]. However,
the internal structure of these exotic hadrons is still a
confusing problem. The pentaquark is a type of important
exotic hadron. In 2015, LHCb reported their observation of
two pentaquark candidates, P.(4450) and P.(4380) [2].
Very recently, an updated result was reported: three narrow
pentaquark states, P.(4312), P.(4440), and P.(4457), were
observed in the J/y p invariant mass spectrum of the A, —
J/wpK decays [3]. It is interesting to see that the P.(4450)
formerly reported by the LHCb Collaboration [2] splits into
two peaks, P.(4440) and P.(4457), based on more
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accumulated data. The masses and widths of these three
P, states were measured [3]:

P (4312): M =4311.9 £ 0.7758 MeV,
I'=98+2777 MeV,

P} (4440): M = 4440.3 £ 1.37}1 MeV,
I'=20.6+4.9"% MeV,

P/ (4457): M = 4457.3 £ 0.6} MeV,
['=6.442.0"] MeV. (1)

The nature of these three P, states attracts much attention
and has been studied by many theoretical models [4—15].
Among these theoretical investigations, the spin parities of
these P,. states were also predicted. It can be seen that these
three P, states are quite narrow and can be clearly seen in
the J/y p invariant mass spectrum. Moreover, closeness of
the £.D or X D* thresholds to these three structures
suggests that the £.D and X, D* interactions play important
roles in the dynamics of these P, states. Accordingly, one
notices that many of theoretical studies suggested that the
P.(4312) can be assigned as an S-wave £.D bound state
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with spin parity 1/2~ and the P.(4440) and P.(4457) as
S-wave X.D* bound states with spin parities 1/2~ and
3/27, respectively [4,6-8,10,13]. At the hadronic level,
the P, states as molecular states are generated from the
=)D interaction in the one-boson-exchange model in
which pseudoscalar (z, 7), vector (p, @), and scalar o
exchanges are considered [4,7,16,17]. The existence of
such molecular states is also confirmed by the calculation in
the constituent quark model with the meson-exchange
mechanism at the quark level [6,8].

Up to now, these hidden-charm pentaquarks were only
observed in the A, decay at LHCb. Production of the
pentaquarks in other ways is very helpful to obtain the
definite evidence for their nature as genuine states. Before
LHCb’s observation of P.(4450) and P.(4380), the pro-
duction of hidden-charm pentaquark in the pp — ppJ/w
process was proposed in the article in which the hidden-
charm pentaquark was predicted [18]. The photoproduction
of the hidden-charm pentaquark was first suggested to be
applied at Jefferson Laboratory in Ref. [19]. After the
LHCb experiment, more works about the production of the
P.(4450) and P.(4380) appeared [20-23]. In particular, an
experimental proposal to search for the P.(4450) in J/w
photoproduction was put forward to be performed in Hall C
at Jefferson Laboratory [24]. At present, there are already
some experimental data [25-27] for the reaction
yp — J/wp. One notes that there exist large uncertainties
in existing experimental data [25-27] in the near-threshold
energy region where the P, states live. The high-luminosity
detectors at Jefferson Laboratory will produce high-
precision data in future experiments. One can expect these
experiments to provide an opportunity to study the hidden-
charm pentaquarks in photoproduction.

In the new LHCb results, the P.(4450) splits into two
states, P.(4440) and P_.(4457). These two states are quite
narrower than the P_.(4450), which will affect previous
predictions about the photoproduction of the P, states.
Moreover, a new pentaquark P.(4312) was observed.
Hence, it is interesting to restudy the photoproduction of
the pentaquarks based on the new LHCb results [3]. In this
paper, within the framework of an effective Lagrangian
approach, the photoproduction of three P, states via
reaction yp — J/wp is investigated. The r-channel
Pomeron exchange diffractive process is considered as
the main background.

This paper is organized as follows. After the Introduction,
we present the formalism including Lagrangians and ampli-
tudes for the yp — J/wp process in Sec. 1. The numerical
results of the cross section follow in Sec. III. Finally, the
paper ends with a brief summary.

II. FORMALISM

The basic tree-level Feynman diagrams of the reaction
yp — J/yp areillustrated in Fig. 1, in which the pentaquark
P. candidates are produced through s and u channels.
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FIG. 1. Feynman diagrams for the reaction yp — J/wp.

The background contribution is mainly from the #-channel
Pomeron exchange, as depicted in Fig. 1(c). Considering the
off-shell effect of the intermediate P, states, the u-channel
contribution will be neglected in our calculation.

A. Lagrangians for P, photoproduction

At present, the spin-parity quantum numbers of these
P states were not determined experimentally. In this work,
the theoretical predictions of P.(4312) with J© =1/2-,
P.(4440) with J¥ = 1/2~, and P.(4457) with J¥ = 3/2-
are taken in our calculation as suggested in Refs. [4,6-8,
10,13]. For describing the P, photoproduction process,
Lagrangians are needed [23,28-31],

1/2- eh -
Lo, = MNGW@’A”PC +Hec., (2)
Ly = gy Nysy Pt + He., (3)
- ihy - h _
L2 ey 2 N )F, P+ He, (4
NP, ¢ sz (2mN)2 s ¢ ( )
ig3/ ) g
3/2- P.yN 1 2 =
L = iy VP =, S 0N P,
92
sNOw*P,, +H.ec., 5
+ (sz) l/ll/ CU + c ( )
where F,, = 0,A, - 0,A, and N, A, P, and y are the
nucleon, photon, P, state, and J/yw meson fields,
respectively.

Since the momenta of the final states J/wN are fairly
small compared with the nucleon mass, the higher partial
wave terms in Egs. (4) and (5) will be neglected in the
following, calculated as done in Ref. [23].

The value of gp V’N and gp/ 12, » can be determined from the
decay width

2 |py™| MY P ()
P.—yN 16”m%£ P.—yNl >
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where 1 is the Kaillen function with A(x,y,z)=

\/(x —y—2z)? —4yz. The mp_, m,,, and my are the masses
of P., J/w, and the nucleon. M})/ 2_:1/, ~ and M;/ 2_;,,  are the
decay amplitudes.

For the electromagnetic (EM) coupling e/ related to the
yNP, vertex, its value can be obtained from the strong
coupling constant gp ,y Wwithin the vector meson domi-
nance (VMD) mechanism [32-34]. In the frame of the
VMD mechanism, the EM coupling constants ek and eh;

are related to the coupling constants g};{ 5;1\, and gfu/c iN as
eh— gl/z— e sz
— JPyN 2 2
Ly (mP‘. —my)m,

X[ (i, + Ay, % )+ (i =3, (9)

32~ € 2my(my +mp)

1=9 '
PN, o = mm

eh
W

6m2ms: + m% —2m3m3 + m*
« \/ yhp, N NP, P(,.‘ (1 O)

2 2
3mp +my

The Lagrangian depicting the coupling of the meson J /y
with a photon reads as

2

em
LJ/I//}’:_f—WVﬂAﬂ7 (11)

W

where f,, is the J/y decay constant. Thus, one gets the
expression for the J/y — eTe™ decay,

¢ \?alpim P
Fj/w—>e+e-: f— W

where p$™ denotes the 3-momentum of an electron in the
rest frame of the J/y meson. The a = e*/4hc = 1/137 is
the electromagnetic fine structure constant. With the partial
decay width of J/y — ete™ [1],

: (12)

Ty jymete = 5.547 keV, (13)

one gets e/f,, ~0.027.

Finally, one obtains the EM couplings related to the yN P,.
vertices and coupling constants gp ,, from partial decay
widths T'p _,,,y with different J P assignments of the P,
states. The obtained coupling constants are listed in Tables I
and II by assuming that the J/y p channel accounts for 3%
and 10% of total widths of the P, states, respectively.

TABLE I. The values of coupling constants by assuming the
J/wp channel accounts for 3% of total widths of the P, states.
States 9PN eh or eh,
P.(4312) (JP :%*) 0.06 0.0014
P, (4440) (JP = %—) 0.08 0.0018
P.(4457) (JP =37) 0.036 0.0008

B. Pomeron exchange

Since the Pomeron can mediate the long-range interac-
tion between a confined quark and a nucleon [35-38], the
t-channel Pomeron exchange [as described in Fig. 1(c)] is
considered the main background contribution to the
P.(4312) photoproduction process. The Pomeron exchange
is expressed in terms of the quark loop coupling in the
vertices of PNN and yPy. The Pomeron-nucleon coupling
is written as [35-38]

3B(4m3 — 2.81)

Folt) = (@m2 —1)(1 —1/0.7

)2 Yp = F(Z)yp’ (14)

where t = g3 is the exchanged Pomeron momentum

squared. 85 =4 GeV? stands for the coupling constant

between a single Pomeron and a light constituent quark.
For the yPy vertex, we have

26, % i}
Vo oy = T, €
PV (= 0) (24 + iy, — 1) Y

&P, (15)

with
oM = (ky + ko) g = 2K,

where 2 = 0.8 GeV? is the effective coupling constant
between a Pomeron and a charm quark within the J/y
meson [35,39], while py = 1.2 GeV? denotes a cutoff
parameter in the form factor of the Pomeron [35-38].

C. Amplitudes

According to the above Lagrangians, the scattering
amplitude of the reaction yp — J/wp can be written as

—iM = €, (ky)i(p2) A u(pi)ey (ki) (16)

TABLE II. The values of coupling constants by assuming the
J/wp channel accounts for 10% of total widths of the P, states.

States 9PN eh or eh,
P.(4312) (JP =17) 0.11 0.0026
P (4440) (JF = %—) 0.14 0.0032
P.(4457) (JF = %—) 0.07 0.0016
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where u is the Dirac spinor of nucleon, and €}, and e’; are the
polarization vector of J/y meson and photon, respectively.

The reduced amplitudes Ajw for the s channel with each
JP assignment of P, state and the ¢ channel read

eh (4 +mp)

1/2=
Afu(// ) = mgpcl//Nf(q2)7/57/Us

2 . yuklv
—mp_+impT'p,

(17)

5(3/27) — €h1 9gpyN 2 kﬁ o _ | P
Am/ 2mN 2mN F(C] )70’( ZQU 2gu )

(d+mp,)
s—m%c +imp I'p,

Aﬂa?é(k?g#&_k(lsgaﬂ)’ (18)

Fp(1)Gp(s, 1)
(rmy = 1) (215 + my, — 1)

A = 8P u3 TR, (19)

with
B = =G+ 217+ o (P4 = 10P) +
pa a3 3mp, 3m}
(20)
Gp(s.1) = =i(y's)"7", (21)

where 7(t) = 1 + € + 7/t is the Pomeron Regge trajectory,
while the concrete values e = 0.08 and #/ = 0.25 GeV~2
are adopted [35-38]. Moreover, s = (k; + p;)? and ¢ =
(ky — k,)? are the Mandelstam variables.

For the s channel with an intermediate P, state, one
adopts a general form factor to describe the size of hadrons
as [23,40,41]

A4
AN (P - mp)

F(q%) (22)

where g and mp_are the 4-momentum and mass of the
exchanged P, state, respectively. For the heavier hadron
production, the typical cutoff value A = 0.5 GeV will be
taken as used in Refs. [23,30].

III. NUMERICAL RESULTS

With the preparation in the previous section, the cross
section of the reaction yp — J/wp can be calculated. The
differential cross section in the c.m. frame is written as

do 1™ /1 )
- = - ) 23
dcos@ 32rns |k‘13-m-| 42/1:|M‘ (23)

where s = (k; + p;)? and € denotes the angle of the
outgoing J/yw meson relative to photon beam direction
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FIG. 2. Total cross section for the reaction yp — J/ywp by
assuming branching ratio Br[P. — J/wp]~3%. The black
dashed, orange dotted, green dot-dashed, blue dash-double
dotted, and violet solid lines are for the Pomeron exchange,
P.(4312), P.(4440), P.(4457), and total contributions, respec-
tively. The experimental data are from Refs. [25-27].

in the c.m. frame. k™ and k3™ are the 3-momenta of the
initial photon beam and final J/y meson, respectively.

In Fig. 2, we present the total cross section for the
reaction yp — J/wp by assuming a branching ratio
Br[P. = J/wp] ~3% from threshold to 24 GeV of the
photon beam energy. It is found that the line shape of the
total cross section including both P. and Pomeron con-
tributions goes up very rapidly. The experimental data of
the yp — J/yp process seem to be quite consistent with
the total cross section. Moreover, the value of the total cross
section becomes larger and larger with the increase of the
beam energy up to 24 GeV. The monotonically increasing
behavior should be caused by the #-channel Pomeron
exchange. Obviously, the contribution from the Pomeron
diffractive process is responsible for explaining the exper-
imental data points at high energies. The P.(4312) exhibits
itself as an independent peak, while the P.(4440) and
P.(4457) are very close to each other with the masses
observed at LHCb.

To show the results for three pentaquarks more clearly, in
Fig. 3, we give the same results as Fig. 2 but with a reduced
energy range. The peak for the P.(4312) still stands
independently. The P.(4450) and P_.(4457) can be dis-
tinguished in the reduced energy region. The results
suggest that the P.(4312) can be observed within a bin
of 0.1 GeV. For the two higher pentaquarks, P.(4440) and
P.(4457), the mass difference is only about 17 MeV, which
is comparable to the widths of these two pentaquarks.
Hence, if we adopt a large bin, such as 0.1 GeV, the
P.(4440) and P.(4457) will exhibit as one resonance. The
dip in the two-peak structure of these two states will
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FIG. 3. Same as Fig. 2 except that the energy range is reduced.

disappear because the cross section should be averaged in a
bin. To distinguish these two close states, we should choose
several energy points between two peaks of P.(4440) and
P.(4457), which requires a bin at least at an order of
10 MeV based on our calculation. Our results suggest
that the total cross section is of order 1 nb. Hence, by
assuming a branching ratio Br[P.— J/wp]=~3%, to
observe the P.(4312), the experimental precision should
be 1 nb/0.1 GeV. However, to observe the two-peak
structure from the P.(4440) and P_.(4457), higher preci-
sion, 0.1 nb/10 MeV, is required based on our results.
In Fig. 4, we show the obtained total cross section of the
yp = J/wp process as a function of the photon beam
energy, where the result are calculated by assuming
Br[P. — J/yp]~10%. It can be seen that the total

102 [ T T T T T T . .
10"k i
] ) -
0
%\ 107 1A m SLAC76 1
° Wt @ SLAC75
-1 £ !i i E * Cornell 75
10 fﬂfi - - - - Pomeron exchange | 3
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i o P(4457) IT=3/2
,II I| Total
(I B PN S S
8 10 12 14 16 18 20 22 24
E, (GeV)

FIG. 4. Same as Fig. 2 except assuming a branching ratio
Br[P. — J/wp] =~ 10%.

cross section exhibits three peaks near the threshold.
In the near-threshold energy region, the contributions from
the s-channel P.-state exchanges are at least an order of
magnitude higher than the cross section from the back-
ground from the Pomeron exchange, which indicates that
the signal can be clearly distinguished from the back-
ground. Thus, the range E, ~9.4-10.5 GeV should be the
best energy window of searching for these P, states via the
photoinduced process.

The differential cross sections corresponding to branch-
ing ratios Br[P. — J/wp| ~ 3% and 10% are illustrated in
Figs. 5 and 6, respectively. One notices that the differential
cross sections are enhanced in the forward direction
because of the strong Pomeron diffractive contribution in
the 7 channel. In the regions of the P, states, i.e., E, = 9.4,
10.0, and 10.1 GeV, the effects of the P, states are obvious,
which makes the curve of differential cross sections tend to
be flat. The shape of the differential cross section from the
pentaquark is relevant to the orbital angular momentum
between the final and initial particles. Under the assignment
of the spin parties of the pentaquarks in the current work,
the pentaquarks can couple to both the final J/wp and
initial yp in the S wave and the higher partial waves are
neglected because the momentum between the final J/yp
is fairly small. The flatness reflects such assignment of the
spin parities. The nondiffractive effects at off-forward

3 — H = 1
10°F Ey—9,0 GeV 1 EY 94 Gev/w’ﬁ
r 1 P 1
102 / 1 -7 1
1 1 -7 1
10 .-
el | ]
ittt |
o) 2 T T T T T T T T T T
g 107 E=100GeV I E~10.1GeV |
o 10° B A | Eantsttiets et
= 1 O
8 10_2 1F 7 1
= 1 -7 1
,.g 104 1r e 1
r,‘ P o o s e g e e e o 1
10'} 1.0 05 00 05 1.0
107! - - - - Pomeron exchange
4 S P4312)P=1/2"
L S T | S P(4440)J7=1/2"
-5
10 - P (445T)P=3/2"
10—7 H

10 05 00 05 10 Total

cos(0)

FIG. 5. The differential cross section do/dcos® of the yp —
J/wp process as a function of cos @ at beam energies £, = 9.0,
9.4, 10.0, 10.1, and 10.5 GeV. The coupling constants are
extracted by assuming branching ratio Br[P, — J/yp] ~3%.
The black dashed, orange dotted, green dot-dashed, blue dash-
double dotted, and violet solid lines are for the Pomeron
exchange, P.(4312), P.(4440), P.(4457), and total contribu-
tions, respectively.
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FIG. 6. Same as Fig. 4 except by assuming branching ratio
Br[P, - J/wp] ~10%.

angles in the range of near-threshold energies can be
measured by future experiments, which will help us to
clarify the role of P, states in the reaction yp — J/yp.
We will now discuss the polarization observables, which
can provide crucial information on the helicity amplitudes
and spin structure of a process [42]. To define the

0.0t E=9.0 GeV E,=9.4 GeV
02— N
0.4}
06f = — - oo == |
0.0t E=10.0GeV  qr E=10.1 GeV
/\
0.2} 1l
W-0.41
06f~<___ - B | -
02f ' ' ' 110 05 00 05 1.0
E,=10.5 GeV
0.0} 1
/\
02} ]
-0.4¢ 1 |- - - Pomeron exchange
060 <__ - Total

10 05 00 05 10
cos(0)

FIG.7. The photon beam asymmetries X, for the reaction yp —
J/wp of E, =9.0-10.5 GeV. The violet solid curves represent
the total results including the P, states, whereas the black dashed
lines only show the result of Pomeron exchange.

polarization observables, the reaction takes place in the
x-z plane. The photon beam asymmetry %, is defined as

do(e,) — dO’(EH)

%, = do(e,) + da(eH) ’

(24)

where || and L denote the linear polarizations of the photon
along the direction of the x and y axes, respectively. Figure 7
depicts the numerical results of the photon beam asymme-
tries X, for the reaction yp — J/wp at different beam
energies. One notices that the contributions from the P,
states have a greater impact on the polarization observation
%, near the threshold. Thus, the measurement of the beam
asymmetry will help us clarify the roles of these P, states in
the yp — J/yp process.

IV. SUMMARY AND DISCUSSION

Within the frame of the effective Lagrangian approach
and the VMD model, the production of pentaquark
states P.(4312), P.(4440), and P.(4457) via the s channel
in the reaction yp — J/wp is investigated. Moreover,
the t-channel Pomeron exchange is also studied and is
regarded as the background for the photoproduction of
the P. states. The numerical results show that existing
experimental data for the yp — J/wp process are con-
sistent with the present result by assuming the branching
ratio Br[P, — J/yp] ~3%. If the branching ratio of P,
decay to J/wp is small, these pentaquark P, states may
have stronger couplings to other channels, ie., X.D,
>.D*, etc. A precision of 0.1 nb/10 MeV is required to
distinguish the P.(4440) and P_.(4457). The total cross
section of the yp — J/wp process is also calculated by
taking Br[P. — J/wp] =~ 10%. The contribution of these
P, states makes several distinct peaks, which are at least
1 order of magnitude larger than the background cross
section, appear in the cross section at the near-threshold
energy region. Hence, if Br[P. — J/wp]~3% is in line
with the actual situation, it is feasible to search for these
pentaquark P, states via the reaction yp — J/wp with
the precision suggested above, in which the signal can be
clearly distinguished from the background. If the physical
branching ratio is larger, lower precision will be required
in experiment.

The differential cross sections for the reaction yp —
J/w p are also calculated. One notices that the cross section
of the t-channel Pomeron exchange is sensitive to the 6
angle and gives a considerable contribution at forward
angles. The contributions of the P, states are mainly
concentrated near the threshold energy region and make
the differential cross section relatively flat, which is
consistent with our choice of the spin parities of the
pentaquarks. The polarization observable X, is also calcu-
lated, and the results suggest that the P, states have large
effects on this observable.
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To deepen the understanding of these pentaquark P,
states, an experimental study of the P,. states via the photo-
induced process is strongly suggested. The photon beams
can be provided at Jefferson Laboratory [24,43] and
COMPASS [44]. The center-of-mass energy 4.5 GeV
corresponds to a laboratory photon energy of 10.5 GeV,
which is well within the capabilities of the GlueX and
CLASI12 detectors at Jefferson Laboratory [24,43,45]. The
calculations of the current work suggest that it is promising
to do such experiments at existing facilities. The expected
high-precision data at the threshold energy region will not
only be helpful in clarifying the role of the pentaquark
states P.(4312), P.(4440), and P.(4457) in reaction

yp — J/wp but also will help provide important infor-
mation for better understanding the nature of these P,
states.
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