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In the present work we estimate the orbital contribution to the photoproduction of the ground state
pentaquarks, described as compact @@@&&̄ configurations with �% = 3/2− in the framework of
the harmonic oscillator quark model. The photocouplings %2 (DD322̄) → ? + W are found to be
highly suppressed due to the large value of the photon momentum.
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1. Introduction

In 2015, for the first time. LHCb observed two signals in the �/k ? channel of the Λ0
1
→

�/k ?  − decay, consistent with a charmonium-pentaquark state with minimal quark content DD322̄
[1, 2]. The measured masses of these resonances were 4380±8 ± 29 MeV and 4449.8±1.7 ±
2.5 MeV, and the pentaquarks were denoted as %2 (4380) and %2 (4450), respectively. The preferred
assignments �% were suggested with opposite parity, and with one state having spin 3/2, while the
other 5/2. More recently, in 2019 with more data and statistics the LHCb collaboration discovered
a new narrow pentaquark state %2 (4312)+ with a mass of 4311.9 ± 0.7+6.8−0.6 MeV [3]. In addition,
it was found that the pentaquark signal %2 (4450)+ consists of two narrow peaks %2 (4440)+ with a
mass of 4440.3 ± 1.3+4.1−4.7 MeV and %2 (4457)+ with 4457.3 ± 0.6+4.1−1.7 MeV. Currently, there are still
many interpretations trying to provide an explanation for all these detected signals [4–10].

Apart from many theoretical studies to interpret and comprehend the nature of the pentaquark
signals, there are experimental efforts to try to confirm them in other production channels. One of
the ways to confirm the nature of the pentaquark signal is to photoproduce the states %2 using an
electromagnetic probe: ?(DD3) + W → %2 (DD322̄). The GlueX experiment located in Hall D at
Jefferson Lab has had, as one of its main purposes, the search and confirmation of the announced
pentaquark states by LHCb, through electron scattering experiments based on �/k photoproduction
[11–15]. In 2019, The GlueX Collaboration published the first results of the collected data, where
in the conclusions of their analysis they did not see evidence, to date, for the pentaquark signals by
this mechanism [16]. Since in none of those experiments the quantum numbers of these resonances
were determined, their understanding and interpretation remains an open problem.

In this contribution, we treat the pentaquark states as compact five-quark configurations, as
for example in Refs. [17–22]. In a previous study of pentaquark states in the constituent quark
model we discussed a complete classification of the ground state pentaquarks [22]. However, no
distinction was made between light and heavy quarks. The aim of this contribution is to present the
first results of a harmonic oscillator quark model analysis of pentaquarks in which we do distinguish
between light and heavy quarks and, moreover, make an explicit calculation of the photocouplings
which are relevant for photoproduction experiments.

2. Pentaquark wave function

In order to construct the pentaquark wave functions for ground states, we implement two
conditions: for the first one, the pentaquark wave function should be antisymmetric under any
permutation of the three light quarks, and for the second one, as all physical states, it should
be a color singlet. The permutation symmetry is labeled by �1, �2 and � for the symmetric,
antisymmetric and mixed symmetry representations, respectively.

In this contribution, we discuss the ground-state pentaquark configurations with �% = 3/2−.
Since the orbital part of pentaquark wave function with !% = 0+ is symmetric (�1), the color-spin-
flavor part has to be antisymmetric (�2)

k =

[
ko
�1
× kcsf

�2

]
�2
, (1)
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Figure 1: Electromagnetic decay of pentaquark %2 into a baryon � and a photon, %2 → � + W.

Due to the symmetry properties of the color part, the spin-flavor part is either symmetric (�1) or
mixed symmetric (�) under the permutation of the three light quarks

kcsf
�2

=

[
kc
�2
× ksf

�1

]
�2
,

kcsf
�2

=
[
kc
� × k

sf
�

]
�2
. (2)

3. Photocouplings of hidden-charm pentaquarks

In this section we study the photocouplings for ground state pentaquarks. The Hamiltonian for
electromagnetic couplings is given by [23]

� = 4

∫
33G�̂` (®G)�` (®G) (3)

where �` is the electromagnetic field and �` is the quark current

�̂` (®G) =
∑
@

@̄(®G)4@W`@(®G). (4)

The prime interest of this work is calculate the photocouplings for pentaquarks, in particular an
electromagnetic decay process between the pentaquark (configuration @@@22̄) and the proton (@@@),
hence the relevant term for this decay process %2 → ? +W is the annihilation of a 22̄ pair, see Fig. 1.
The three light quarks @@@ are spectators and the photo-coupling is to the quark-antiquark pair 22̄.

The radiative decay widths for pentaquark states can be calculated from the helicity amplitudes
as [24–26]

Γ(%2 → � + W) = 2cd
2

2� + 1

∑
a>0
|�a (:) |2 , (5)

where d is the phase-space factor and : is the photon momentum. The helicity amplitude for this
process is defined as the transition matrix element between the pentaquark and proton

�a (:) = 〈�, 1/2, a − 1; W |� | %2 , 3/2, a〉
=

4

(2c) 3
2 2
√
:0
〈k2B 5
�

, 1
2 , a − 1|42f− |k2B 5%2

, 3
2 , a〉� (:). (6)
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The helicity amplitude factorizes into a product of a color-spin-flavor matrix element and a form
factor, � (:), representing the orbital matrix element. The color-spin-flavor matrix part gives a
non-vanishing contribution only for the first pentaquark wave function of Eq. (2) with

k =
1
√

2
k>�1

k2�2
(q�d

j�d
+ q�_

j�_
). (7)

4. Harmonic oscillator quark model

The form factor, � (:), can be evaluated analytically in the harmonic oscillator quark model

� =
?2

1 + ?
2
2 + ?

2
3

2<
+
?2

4 + ?
2
5

2<′
+ 1

2
�

5∑
8< 9

( ®A8 − ®A 9)2, (8)

with one mass for the light quarks, < = <D/3 , and another for the heavy quarks, <′ = <2 . It is
convenient to make a change of variables to the center-of-mass coordinate, ®', the relative Jacobi
coordinates for the light quarks, ®d and ®_, and the heavy quarks, ®[, and a relative coordinate between
the light and heavy quarks, ®Z ,

®d =
1
√

2
( ®A1 − ®A2)

®_ =
1
√

6
( ®A1 + ®A2 − 2 ®A3)

®[ =
1
√

2
( ®A4 − ®A5)

®Z =

√
6
5

[
1
3
( ®A1 + ®A2 + ®A3) −

1
2
( ®A4 + ®A5)

]
®' =

<( ®A1 + ®A2 + ®A3) + <′( ®A4 + ®A5)
3< + 2<′

. (9)

In the new coordinates the Hamiltonian separates into the center-of-mass motion and four indepen-
dent harmonic oscillators in d, _, [ and Z

� =
%2

2"
+
?d

2

2<d
+ ?_

2

2<_
+
?[

2

2<[
+
?Z

2

2<Z
+ 5

2
� (d2 + _2 + [2 + Z2), (10)

with

" = 3< + 2<′, <d = <_ = <, <[ = <
′, <Z =

5<<′

3< + 2<′
. (11)

The corresponding harmonic oscillator constants and frequencies are given by

U2
` =

√
5�<`, l` =

√
5�/`, ` = {d, _, [, Z }. (12)

The oscillator constant for the pentaquark is related to the charge radius by

〈A2
ch〉%2 =

1
U2
d

(
1 + 1

5

(
50

3 + 20

) 3
2
)
. (13)
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Figure 2: Orbital contribution to the pentaquark photocouplings in the harmonic oscillator quark model
calculated with Eq. (14). The left panel shows the result as a function of the pentaquark charge radius A
for a fixed value of the photon momentum : = 2.12 GeV, and the right panel as a function of the photon
momentum for a fixed value of the charge radius A = 1 fm.

where 0 represents the ratio of the heavy and light quark masses 0 = <′/<. In the rest frame of the
pentaquark, the orbital contribution to the photoproduction of the pentaquark can be derived as

�6B (:) =

(√
5(20 + 3)

3

) 3
4
(

2UdV
U2
d + V2

)3

4
− 5

12U2
d

√
20+3

50 :2

, (14)

where V is fitted to the proton charge radius, V = 1/Ach(?) and Ud is related to pentaquark charge
radius A according to Eq. (13). Since the charge radius of the pentaquark is not known, the results
are shown in Fig. 2 as a function of A . The photon momentum of : = 2.12 GeV corresponds to a
pentaquark with mass <%2 = 4.450 GeV. The orbital matrix element is found to be very small, with
the exception of a pentaquark charge radius around 0.2 − 0.3 fm. The right-hand panel of Fig. 2
shows the dependence on the photon momentum for a fixed value of the pentaquark charge radius
of 1 fm.

5. Summary and conclusions

In this contribution we discussed the photocouplings of ground-state @@@&&̄ pentaquarks in
the harmonic oscillator quark model in which we distinguish between light and heavy quarks. As
a consequence of the large photon momentum (: = 2.12 GeV), the photocouplings are strongly
suppressed by the orbital contribution. A similar result is obtained for excited-state pentaquark
configurations [27]. These results may help to explain why the signals obtained by the LHCb
collaboration have not been observed in experiments with electromagnetic probes. On the other
hand, the fact that the pentaquarks have not been observed experimentally in photoproduction
experiments does not exclude that the signals observed by LHCb correspond to compact pentaquark
states.
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