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Abstract: We present an analysis of the newly observed pentaquark P.(4312)* to shed light on its quantum num-

bers. To do that, the QCD sum rules approach is used. The measured mass of this particle is close to the Z}*D~

threshold and has a small width, which supports the possibility of its being a molecular state. We consider an inter-

polating current in a molecular form and analyze both the positive and negative parity states with spin-1/2. We also

consider the bottom counterpart of the state with similar molecular form. Our mass result for the charm pentaquark

state supports that the quantum numbers of the observed state are consistent with J* = 1/27.
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I. INTRODUCTION

Hadrons with non-conventional structures have been
a subject of interest for many years. Since quantum chro-
modynamics (QCD) does not rule out their existence,
they have been investigated extensively both theoretic-
ally and experimentally. Though their roots extend from
before the proposal of QCD, the first experimental evid-
ence for such states came in 2003 with the observation of
the X(3872) [1]. This observation has placed the exotic
hadrons and their identification at the focus of interest.
Since then, many exotic state candidates have been ob-
served [1-10] and listed in the Review of Particle Physics
(PDG) [11]. On the other hand, their internal structures
are still not certain, and there are many studies devoted to
the identification of their substructure. It seems that we
will possibly witness more such exotic states in the fu-
ture. Therefore, it is important to understand the nature
and substructure of such observed states, as well as to
provide information for possible future observations by
offering candidate states.

The pentaquarks are among these exotic states. Their
existence was controversial before 2015. In 2015 the LH-
Cb collaboration investigated the A, — J/ypK process
and reported the observation of two candidates for

pentaquark states, namely P.(4380)* and P.(4450)* [12],
in the J/yp invariant mass distribution. After the obser-
vation of P.(4380)* and P.(4450)", different approaches
were considered to clarify their inner structures and
quantum numbers. They were interpreted as diquark-
diquark-antiquark or diquark-triquark states [13-22] and
meson baryon molecules [23-28]. The observed peaks
were discussed in Refs. [29-32] considering the possibil-
ity of their being kinematical effects corresponding to the
triangle singularity. There were also investigations on the
properties of other candidate pentaquark states with dif-
ferent quark contents, such as strange hidden charm
pentaquark states [33-40], hidden bottom pentaquark
states [41-44], and single or triple charmed pentaquark
states [45].

In the LHCb collaboration's recent analysis, conduc-
ted by revisiting the A) — J/ypK~ process with more ac-
cumulated data, the peak corresponding to the P.(4450)*
state was observed to split into two peaks. Besides these
two structures, labeled P.(4440)" and P.(4457)*, a new
pentaquark state, P.(4312)*, was also reported. The
masses and widths for the observed resonances were re-
ported as [46]:
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mp, 312y =4311.9£0.758 MeV

Tp 312y =9.8+2.773 1 MeV,

Mp, (aaa0y =4440.3 +1.3%41 MeV

Tp.(aaa0) =20.6£4.9*%] MeV,

mp 4457 =4457.3 £0.6" 71 MeV

T, 4457y =6.4+2.073 MeV. (1)

This improvement has re-focused attention on these
states. Complicated interactions between the participat-
ing quarks makes it difficult to differentiate their internal
structures. Although there are various possible interpreta-
tions of their substructure, their closeness to the meson
baryon threshold and small widths favor a molecular in-
terpretation. Considering these, the previously reported
state P.(4450)" was investigated, taking into account the
Xc1p molecule [25], D*E., D*E! molecule [23, 24, 26, 27,
47], or admixture of DX and D*A. [28] or D*E, and
A+(2595)D molecule [48, 49]. However, the recently re-
leased result, with analyses of more accumulated data, in-
dicates that the peak corresponding to this state contains
two separate peaks. Therefore, the suggested spin of 5/2
may differ, and these states may have molecular forms
with smaller spins. Inspired by this, following the new
announcement of their observation by LHCb [46], the
newly observed states, P.(4440)*, P.(4457)* and
P.(4312)*, have been investigated via different methods.
Based on their narrow widths and the proximity of their
masses to the D*X., DX, and DX, thresholds, they have
been considered in various recent studies using the mo-
lecular interpretation. Among the studies that consider the
possibility of molecular substructure is the one-boson-ex-
change model [50, 51]. In Ref. [50] the P.(4312)",
P.(440)*, and P.(4457)* were interpreted as loosely
bound states: £.D with J¥ =1/2" for P.(4312)*, and
.D* for P.(4440)* and P.(4457)* with J* =1/2" and
3/27, respectively. The molecular interpretation was also
considered in the heavy hadron chiral perturbation theory
[52]. With the quark delocalization current screening
model [53], pentaquark systems with quark content uudds
were considered in the molecular interpretation. The
QCD sum rules method was also used with the molecular
pentaquark structure in Refs. [54-56]. Reference [54] in-
terpreted the P.(4312)" as a X*D~ bound state with
JP=1/27, and the P.(4440)* and P.(4457)* as XiD°
with JP=1/27, **D~ and ;D" with JF=3/2", or
2D with JP =5/27. The P.(4312)* state was con-
sidered in Ref. [55] as X.D, and its mass range was found
to be 4.07~4.97 GeV. In Ref. [56], considering the
pentaquark state as molecular led to the assignment of
DX, with JP =1/2" for the P.(4312)*, and D*I. with
JP=3/27 or D*T; with JP =5/2" for P.(4440/4457)".
Using the quasipotential Bethe-Salpeter equation ap-

proach [57], the two structures, P.(4440)* and P.(4457)*,
were assigned as £.D* state with J = 1/2~ and 3/27, and
the P.(4312)" was assigned as the £.D bound state with
JP =1/27. The spin-parity quantum numbers were pre-
dicted as JP=1/2", JP=3/2" and JP=1/2" for
P.(4312)*, P.(4440)* and P.(4457)*, respectively, in the
quark delocalization color screening model [58]. Another
molecular picture gave their quantum numbers as
JP=1/2", JP=1/2= and JF=3/2" for P.(4312)*,
P.(4440)* and P.(4457)*, respectively [59]. They were
also considered within the hadrocharmonium scenario
[60], in which the P.(4440)* and P.(4457)" were inter-
preted as almost degenerate states with respective spin
parities J© =1/2" and J” =3/2", while the P.(4312)*
was interpreted as J© = 1/2*. In their identification, the
diquark-diquark-antiquark framework was applied with
different approaches [61-64]. In Ref. [61] the spins were
stated as J¥ =1/2" for P.(4312)*, JP=1/2-, JP =3/2
or JP=5/2" for P.(4440)* and J* =1/2" or J* =3/2"
for the P.(4457)" state through the predicted masses us-
ing the QCD sum rules method. Reference [62] con-
sidered the spin-parity quantum numbers of the
P.(4312)*, P.(4440)" and P.(4457)* states as J* =1/2",
JP=1/27 and JP =3/2", respectively. The suggested
spin-parity quantum numbers in Refs. [63, 64] are
JP=3/2-, JP=3/2* and JP=5/2* for P.(4312)*,
P.(4440)* and P.(4457)*, respectively. These states were
also investigated through their production and decay
mechanisms, see for instance Refs. [65-70].

On the other hand, one cannot set aside the possible
existence of b-partner states with quark substructures in
which the charmed quark is replaced by the bottom one.
Historically, observations of states with charmed quarks
have generally been followed by the identification of
their bottom counterparts. Therefore, the expectation of a
similar possibility for pentaquarks is quite natural. With
this expectation, experimental searches have also been
conducted for these. For instance, the LHCb collabora-
tion has searched for pentaquark states with a single bot-
tom quark [71]. This also indicates that similar investiga-
tions may take place for hidden bottom pentaquarks in the
future. This prospect has also attracted theoretical
searches, and various features of pentaquarks with bot-
tom quarks have been investigated [41-44, 72-74] to shed
light on experimental searches. Pursuing this aim, the
possible hidden bottom pentaquark states with J” = 1/2%,
3/2*, and 5/2* have been investigated within a chiral
quark model [75]. In Ref. [76] a unitary coupled-channel
model was used to study BA, — BE, interactions, and the
pole positions were predicted for hidden bottom
pentaquark states with different spin-parities. In Refs.
[77, 78] the masses and decay widths for hidden charm
and hidden bottom pentaquarks with different spin parit-
ies were predicted within the quark delocalization color
screening model. The resonance mass range of the X,B
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state was predicted as 11077.2 ~ 11079.8 MeV [77] and it
was obtained as 11070 MeV in Ref. [78].

As can be seen, for the pentaquark states, identifying
their structures and quantum numbers are among the
main issues. Despite many studies, there is no conclusive
consensus on their substructure. Therefore, it is import-
ant to investigate their structure deeply through different
approaches. These studies are also helpful to check and
better understand the results of different works. In this
work, we analyze the recently observed pentaquark state
P.(4312)* by investigating its mass via the QCD sum
rules approach [79-81]. Additionally, we consider the
bottom counterpart of this state. The QCD sum rules
method has been widely used in the literature to gain in-
formation about the properties of hadrons, giving suc-
cessful predictions quite consistent with the experimental
ones. To this end, we apply interpolating currents for
these states in the molecular form, and we consider both
the negative and positive parity cases with spin-1/2
quantum numbers. The predictions obtained for the
masses are compared with the experimental observations
to conjecture the possible spin-parity quantum numbers
of the P.(4312)* state. We also obtain the current coup-
ling constants, which can be adopted as inputs in search-
ing the decay properties of the states considered. After
the observation of P.(4380)" and P.(4450)* [12], in Ref.
[28] these states were considered in a similar manner. Us-
ing molecular interpolating currents for the P.(4380)* and
P.(4450)* states with spin-parity quantum numbers
JP =3/2* and J* = 5/2*, respectively, they were invest-
igated via the QCD sum rules method. The assigned pos-
sible spin-parity quantum numbers for the P.(4450)*
state, J© =5/2*, with mass m =4.44+0.15 GeV, is still
consistent with the P.(4440)" state after the report of the
separation of P.(4450)* into two peaks.

The article has the following structure. Section II con-
tains the details of the QCD sum rules calculation for the
aforementioned spectroscopic parameters. Section III
gives the numerical analyses of the QCD sum rules res-
ults obtained analytically in the previous section. The last
section includes a summary and a comparison of the ob-
tained results with experimental and other theoretical pre-
dictions.

II. QCD SUM RULES CALCULATIONS

To obtain the mass and current coupling constant of
the state of interest via the QCD sum rules method, the
calculation starts with the following two-point correla-
tion function:

M(g) =i f A O (T O)0), @

where 7~ denotes the time ordering operator. In the cor-

relation function, J(x) represents the interpolating field
for the state, and it is formed considering the valence
quark content and quantum numbers of the state using
quark fields. The related interpolating current in this ana-
lysis has the following form:

J = [l Cyup)y*yscel[Eaysdal, 3)

with u, d, and ¢ being the respective quark fields, a, b and
¢ subindices the color indices, and C the charge conjuga-
tion matrix. For the analyses of the bottom counterpart of
the P, pentaquark state, one can use the same interpolat-
ing current J given for the P. pentaquark state in Eq. (3)
by replacing the ¢ quark fields with b quark fields.

To calculate the correlation function, there are two
approaches. In the first approach, it is calculated in terms
of hadronic degrees of freedom. The result from this ap-
proach emerges in terms of hadronic parameters such as
mass and current coupling constant. Therefore, this ap-
proach is called the hadronic side or physical side of the
calculation. The second approach in the calculation is the
computation of the correlator in terms of the QCD de-
grees of freedom, which gives the result in terms of QCD
degrees of freedom, such as quark-gluon condensates,
quark masses, and QCD coupling constant. Therefore,
this approach is called the QCD or theoretical side. The
QCD sum rules giving the physical quantities are ob-
tained by matching both sides of the calculations via a
dispersion relation. To improve this match, suppressing
the contributions of higher states and the continuum, a
Borel transformation is applied to both sides. The results
from both sides contain various Lorentz structures and
the matching is performed considering the coefficient of
the same Lorentz structure for both sides.

To calculate the physical side, one treats the interpol-
ating current as the operator annihilating or creating the
hadron, and inserts a complete set of the hadronic states
in between the interpolating currents. The interpolating
current couples both the negative and positive parity
states. This application results in the following form of
the correlator after the computation of the integral over
four-x,

1+ 1+
OW1Pew)(q.5) : 5 HPew)(q:8) = 5 1/10)

2

() = ;
my—q

1 1~ -
O1Pcy(q, ) : 3 WPew)(q,$) : 3 [/10)
+ + PRPars .

P
“4)

m? —q?

where --- represents the contribution of higher states and
the continuum. The matrix elements in the last results are
represented in terms of the current coupling constants, A,
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and Dirac spinor, u(q, s), with spin s as

+

1
O1Pcry(q, ) : 3 Y = Ayysu(g, ),

-
(OlJ1Pcy(q, ) : 3 )y = A_u(q,s). Q)

The |P.4)(g,s): 1/2*) represents the one-particle P, (Pp)
state with positive parity and mass m.., |Pyp)(g,s): 1/27)
represents the state with opposite parity and mass m-_,
and A,, A_ are their corresponding current coupling con-
stants. When Eq. (5) is used in Eq. (4) and the summa-
tion over spins is applied using

D (4. )i(q.5) = ¢ +m, ©)

s
the hadronic side becomes

204 2
Big-my) 2rm)

HHad — 7
(@) " = (7

This result turns into
() = e (—my) + 2e 7 (f+m)+-,  (8)

after the Borel transformation. The IT%(¢) represents the
Borel-transformed form of the correlation function, with
M? being the Borel parameter. The result emerges with
two Lorentz structures, namely ¢ and /. In the analyses,
the coefficients of these structures for both hadronic and
QCD sides are considered, and matching the coefficients
of the same structures from both sides leads to the QCD
sum rules for the considered physical quantities. There-
fore the next step is the calculation of the coefficients of
these structures from the QCD side.

The QCD side is computed using the interpolating
current explicitly inside the correlation function, Eq. (2).
The quark fields are contracted via Wick's theorem and
this application renders the result into the one given in
terms of heavy and light quark propagators as

P (g) =i f d*xe €gpe e |~ THS () 7, CS 1P (0)Cy,]
+ Tl ()" 7, CS L7 (x)C, ]|
XTrysS a(0)™ ysS & (=0 1yuysS Sy (Y5 Ve
©)

The propagators represented as S, and S.4) are light
and heavy quark propagators with the following explicit
forms:

. b my qq)
a = 5a ~ 5 1 _6a 5 5 Oab—~—
Seab) Zab 53 ~Oab3n 5 ~0a
. meq@q} ¥
iy s (GeoG
T b192<qgs0' Q

o Xdmy
+100p ——(q2s0Gq)

1152
af 2 4o2/5 02
. &G, .o X Xgs{qq)
_ 1—327r2x2 [XO'aﬁ + O'aﬁ.xf] — l(sab —7776 R (10)
and
i ik Sab
S — d4k ik-x a
0.ab(X) 0P f e {—]{_mQ

_ 85Gay TapH+mo) + (H+mo)Tap

2 _102)\2
4 > =m3)
n? a,GG K*+mg k
+?< p >6iij(k2—m2Q)4+“. s (11)

where ¢ is used for u and d quarks and Q represents ¢ or b
quarks, G2 = G4, and GG = GG with a, b=1,23.
A

A .
Here A=1,2,---,8 and tA=7 where 14 is the Gell-

Mann matrices. The propagators are used in Eq. (9) expli-
citly and then Fourier and Borel transformations are ap-
plied. These steps result in

So

1.0 = [ dse™ 3 pi(s) + T, (M%), (12)

2my+2m,+m,)?

where p;(s) is the spectral density obtained from the ima-
ginary part of the result as p(s) = }TImH?CD and sub-in-
dex i represents either of the Lorentz structures, ¢ and 1.
Since p;(s) and I;(M?) are lengthy functions, we will not
present their explicit forms here to avoid overwhelming
mathematical representations, and concentrate on the res-
ults obtained from their analyses, which will be presen-
ted in the next section. In Eq. (12), sy is the threshold
parameter that arises after the application of the con-
tinuum subtraction using the quark-hadron duality as-
sumption, and M? is the Borel parameter. Matching the
coefficients of the same Lorentz structures from the had-
ronic and QCD sides leads us to the following relations:

Lo W + eI =119 (50, M?), (13)
and

2
m m
2

~Bmee” W+ 2m_e” 7 =T10P(so, M%), (14)

In the calculations, we take into account both the positive
and negative parity states. To obtain the related sum
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rules, Eqs. (13) and (14) and their derivatives with re-

1 .
spect to (_W) are considered, and these four coupled

equations are solved for the four unknown quantities,
namely, m,, m_, A, and A_. These last results are used
for analyzing either the P, or P, pentaquarks.

Here, we should note that a similar current is used in
Refs. [54, 82] to extract the masses of P. states. In the
present study, unlike these works, we simultaneously in-
clude both the negative and positive parity states that
couple to the selected interpolating current, as we men-
tioned previously. We extract the spectroscopic proper-
ties of both parities by simultaneous solving the sum rules
obtained above. The obtained mass results are then com-
pared to the experimental value to fix the quantum num-
bers of the observed state, P.(4312). In the present study,
we also extract the values of the current couplings for
both parities, which may be used as main inputs in invest-
igation of the electromagnetic, weak or strong decays of
these states. We also obtain the parameters of b-partner
states that may help experimental groups in searching for
Py, states. In what follows we shall explain the numerical
analyses of the results obtained from the QCD sum rules
calculations.

III. NUMERICAL ANALYSES

In this section the results obtained in Section II are
applied to obtain the numerical values of the spectral
properties of the candidate P.(4312) and its opposite par-
ity state. We also present the analyses for the bottom
counterparts of these states. The analytic results contain
some input parameters and auxiliary parameters. Some of
the input parameters used in the calculations are gathered
in Table 1.

In addition to these input parameters, we need two
auxiliary parameters in the analyses. These are the Borel
parameter, M?, and the threshold parameter, so. These
two parameters are determined by considering the ana-
lyses of the sum rules, imposing some standard criteria.
These criteria include the mild dependence of the results
on these auxiliary parameters, the dominance of the con-
tributions of the states in question to the higher states and
continuum, and convergence of the operator product ex-
pansion (OPE). The working intervals of the auxiliary
parameters are those for which these criteria are satisfied.
To deduce M?, the contribution of higher ordered terms
on the QCD side should be sufficiently small, and the
contribution of the lower states should dominate that of
the higher states. To determine the lower limit of M?, we
take into account the region where the contribution of the
higher dimensional term in the OPE is less than ~ 1%.
For the upper limit of M?, we consider the ratio of the
pole term to the total as PC, that is:

Table 1. Some input parameters used in the analyses.
Parameters Values
me 1.27+0.02 GeV [11]
e 4.18*003 GeV [11]
Mu 2.16*032 MeV [11]
nd 4677048 MeV [11]
(qg)(1 GeV) (-0.24 £0.01)> GeV? [83]
m? (0.8+0.1)GeV? [83]

A
<;°Gz> (0.012£0.004) GeV* [84]

2P (s0, M?)

PCM?) = ",
19 (c0, M2)

(15)

and in our analysis, we require this ratio to be larger than
~27%. Sticking to these criteria, we fix the interval for
the Borel parameters as

5.5GeV? < M? <6.5GeV?, (16)

for P, states and

11.5 GeV? < M? < 13.5 GeV?, (17)

for P, states. For the determination of the threshold para-
meter, we consider the relatively weak dependence of the
results on this parameter. Accordingly, its working inter-
vals for the analyses are set as

20.5 GeV? < s < 22.5 GeV? (18)

for P, states and
132.0 GeV? < 59 < 136.0 GeV? (19)

for P, states.

Having determined the auxiliary parameters, the
masses and the current coupling constants can be determ-
ined using their intervals and the input parameters given
in Table 1. The obtained results are as follows:

m_ =4322 + 342 MeV,
A- =(0.24 £0.09) x 1072 GeV?, (20)

m, =4776+380 MeV,
A; =(0.38+0.12)x 107 Ge V>, 1)

for the pentaquark states containing charm quarks, and

m_ =11087+73 MeV,
A-=(0.11+0.03)x 107> GeV>, (22)
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m, =11105+78 MeV,
A, =(0.18£0.05) x 1072 GeV?, (23)

for the pentaquark states containing bottom quarks.

The results contain the errors arising from the uncer-
tainty carried by the determinations of the auxiliary para-
meters and other input parameters used in the analyses.
The order of magnitude of errors in the h-channel is con-
siderably smaller than the charmed case, and the results
in the b-channel are more stable with respect to the
changes in auxiliary parameters. Our results for the para-
meters of both the parities in both the ¢ and b channels
may be checked via different approaches.

IV. DISCUSSION AND CONCLUSIONS

The recent report of the LHCDb collaboration for the
pentaquark states included a new pentaquark state
P.(4312)* and a split in the peak of the previously ob-
served P.(4450)", which are named P.(4440)" and
P.(4457)*. There are different interpretations of their sub-
structure and quantum numbers, which need to be elucid-
ated with further investigations. Among the different
probable options, one possible structure favors their hav-
ing a molecular form. With this motivation, this work is
devoted to the analysis of the P.(4312)" through the QCD
sum rules method and predictions for its spectroscopic
parameters. To this end, an interpolating current was
chosen in the £}*D~ molecular form with negative parity,
and the opposite parity state was also studied.

The ambiguity in their quantum numbers and sub-
structures put these pentaquark states at the focus of in-
terest. Therefore these states are investigated via alternat-
ive models. Table 2 presents predictions for the masses

and possible J* quantum numbers obtained by some of
these models, as well as the experimental observations.
This table also contains our result from this study for
P.(4312)*, and our results for its possible bottom coun-
terpart.

The central value of our mass prediction,
m_ =4322+342, obtained for the negative parity spin-1/2
state, is consistent with the experimental result for
P.(4312)* and the predictions of different theoretical
studies for this particle, which suggests the possible spin-
parity of this particle being J = 1/27. Our mass predic-
tion for the opposite parity state with the same spin is
m, =4776+380 MeV. However, this mass value is high-
er than the reported masses of the P.(4312)* and the oth-
er observed pentaquark states.

As is seen from Table 2, we also considered the bot-
tom counterpart of the P.(4312) state with a molecular
form =/ B°, labeled P, in the table. The mass predictions
for the negative and positive parity cases are presented as
m_-=11087+73 MeV and m, = 11105+ 78 MeV, respect-
ively. The prediction for the negative parity case is com-
pared with the other predictions available in the literature,
and it is seen to be consistent with their results within the
errors.

In Ref. [28], we considered the P.(4380)* and
P.(4450)* states in the molecular form with J¥ =3/2*
and JP = 5/2*, respectively, and made mass calculations
for both the positive and negative parity cases. The ob-
tained results are shown in Table 3 for comparison with
the results of the cases with J© =1/2*. In the calcula-
tions made in Ref. [28], we considered a molecular cur-
rent for P.(4380)" and a mixed interpolating current in
the molecular form, which is an admixture of DX} and
D*A. for P.(4450)*. In light of the new experimental re-
port indicating the split in the peak of P.(4450)* state,

Table 2. Mass and possible quantum numbers predicted for the P.(4312)* resonance and its bottom partner from different studies.

Resonance JP This study (MeV) [54] (GeV) [58,77] MeV)  [64] (MeV)  [59] (MeV) [61] (GeV) Experiment (MeV)
1727 43224342 4334017 4306.7 ~ 4311.3 4306.4  4.31+0.11 4.34+0.14
P.(4312) m 1/2F 4776380 4311.9+0.7708
3/2° 4240
Resonance JP This study (MeV) [77] MeV) [78] MeV) [75] MeV)
. 127 11087+73  11077.2 ~ 11079.8 11070 11072 - 11074
) m
’ 12* 11105+78

Table 3. Mass predictions for hidden-charm pentaquark states with different quantum numbers, from this study and Ref. [28].

This study 28]
State
P P P
JP 1/2 1/2* 3/2° 3/2* 5/2 5/2*
Mass(MeV) 4322 +342 4776 +380 4300+ 100 4240 + 160 4200+ 150 4440 + 150
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our final remark for the state P.(4450)* in our previous
work in Ref. [28] still supports one of these new states,
the state P.(4440), to possibly have spin-parity quantum
numbers J¥ =5/2%. As is seen from Table 3, compared
with the experimental value, the mass of the state with
JP =5/2% is consistent with the experimental result,
mp a0y =4440.3£13*1 MeV [46], and supports the
molecular structure for this state.

The investigations of pentaquark states support differ-
ent possibilities for their substructures, leaving their
structures still ambiguous. Therefore, to determine their
substructure, we need further theoretical and experiment-
al investigations. The results obtained for the masses and
current coupling constants of both the negative and posit-
ive parity hidden-charmed/hidden-bottom states in the
present study may supply inputs for these further invest-
igations.
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