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Recently the observation of a new pentaquark state, the hidden-charmed strange P.,(4459)°, was
reported by the LHCb Collaboration. The spin-parity quantum numbers of this state were not determined as
a result of insufficient statistics. To shed light on its quantum numbers, we investigate its decay,
P.(4459)° — J/wA, the mode that this state has been observed, within the QCD sum rule framework.
We obtain the width of this decay assigning the spin-parity quantum numbers of the P.,(4459)" state

P _ 1-
as J' =3

and its substructure as diquark-diquark-antiquark. To this end, we first calculate the strong

coupling constants defining the considered decay and then use them in the width calculations. The obtained

width is consistent with the experimental observation, confirming the quantum numbers J* = %‘ and

compact pentaquark nature for the P, (4459) state.

DOI: 10.1103/PhysRevD.103.094033

I. INTRODUCTION

In the past two decades, starting with the observation of the
X(3872) [1], we witnessed the observations of many exotic
hadrons candidates for tetraquarks [2] and pentaquarks
[3-5]. The first observation of pentaquark states was
announced in 2015 by the LHCb Collaboration [3], and
two pentaquark states in J/y p invariant mass spectrum of
the Ag — J/wpK~ decays were reported with the following
resonance parameters [3]: mp (4380)+ =4380+£8+29MeV,
Up (4380)r =205+ 18 £86 MeV and mp (4450 =4449.8+
1.7+2.5MeV, I'p 4450+ = 39 £5 £ 19 MeV. The LHCb
Collaboration supported this observation later in 2016 with a
full amplitude analysis for A — J/ypr~ decays [4]. In
2019, anew pentaquark resonance, P..(4312)*, was reported
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by the LHCb Collaboration with the following mass
and width [5]: mp 4310y = 4311.9 £0.725% MeV and
Tp 312 = 9.8 £2.7537 MeV.  Together with the
P.(4312)" state, the LHCb also announced the split of
the peak corresponding to P.(4450)~ into two peaks, which
have the following masses and widths: mp (4440) =
4440.3 £ 1.3%}7 MeV, T'p (4410 = 20.6 £4.97%], MeV
and  mp (as7) = 44573 £0.6117 MeV,  Tp (s =
6.4 +2.077 MeV [5]. These observations and the advances
in experimental facilities and techniques indicate the pos-
sibility to observe more exotic states in the future.

On the other hand, there are still uncertainties in the
substructures and quantum numbers of these observed
pentaquark states. On that matter, there are different pro-
posals and theoretical works about these resonances in the
literature analyzing their parameters and giving consistent
predictions with their observed properties. It is obvious that
deeper investigations are required, not only to differentiate
these proposals, but also to help better identify the nature of
these states. Understanding the inner structures and proper-
ties of these exotic states may also support their future
investigations. Besides, they may provide improvements
in understanding the dynamics of the quantum chromody-
namics (QCD) in its nonperturbative domain. With their
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nonconventional quark substructures that are different from
the conventional baryons composed of three quarks/anti-
quarks or mesons composed of a quark and an antiquark, they
provide an attractive ground for the understanding of the
nonperturbative nature of strong interactions. Although the
investigations of such exotic states were extended before
their observations, with their observations the pentaquarks
have become a hot topic in all of these respects. With these
motivations and the excitement brought by their observa-
tions, their various properties were investigated widely with
different approaches to shed light on their nonspecific
substructures and quantum numbers. Based on their close
masses to the meson-baryon threshold, they were assigned as
meson-baryon molecular states in Refs. [6—-14]. They were
interpreted with diquark-diquark-antiquark [15-28] and
diquark-triquark [27,29] models. To investigate their proper-
ties, in Ref. [30] a variant of the D4-D8 model, and in
Ref. [31] the topological soliton model, were used. They
were also explained as kinematical effects [32—-36]. Besides
the observed ones, the possible other candidate pentaquark
states were also considered in the literature with different
quark contents [37-51].

Recently, in a talk, implications of LHCb measurements,
future prospects, and the evidence for a pentaquark,
including a strange quark in its quark content, were first
announced by the LHCb Collaboration [52], and later it
was reported in Ref. [53]. The P, (4459)° was observed in
E, — J/wK~A decays with the following measured mass
and width [53]:

M =44588+£2.91] MeV, T =17.3+£6.5"%) MeV,

(1)

with statistical significance exceeding 3¢, and there is no
determination for its spin parity quantum numbers, yet. With
a mass just below the .D* threshold, the P.,(4459)° was
interpreted as a D*X, hadronic molecular state in Ref. [54].
The analyses were conducted using QCD sum rule method,
and the results supported its possibility to be a DX,
molecular state with either J* = 1~ or J¥ = 3-, giving mass
values consistent with the experimentally reported one [54].
The molecular explanation for the P, (4459)° was also
discussed in Ref. [55] using effective field formalism, and the
masses were predicted considering the D*E, molecular
picture for J” =1 and J =3 as 4469 MeV and 4453-
4463 MeV, respectively. With these results the spin of the
P,,(4459)° state was suggested to possibly be J =3. In
Ref. [56] the molecular interpretation was taken into account
using the one-boson-exchange model, and P,(4459)° was
interpreted as a coupled Z.D*/E:D/Z.D*/Z:D* bound
state thathas /(J*) = 0(37). InRef. [57] amass analysis was
made via the QCD sum rule approach for a pentaquark state
containing strange quark with an interpolating current in the
scalar-diquark-scalar-diquark-antiquark form. Based on the

mass value obtained for the state as M = 4.47 £0.11 MeV,
which was consistent with the experimentally observed
one, P, (4459)° was assigned to have the quantum
numbers J© =1~

As is seen, the quantum numbers for the P, (4459)" state
were not determined by the experiment, and from different
studies there are different assumptions for its quantum
numbers and substructure, indicating the necessity for
further investigations of the properties of this state.
Inspired by this, we investigate the P, (4459)° state
through its strong decay via QCD sum rule method
[58—60]. This method has a wide range of applications
in the literature, which resulted in successful predictions
consistent with the experimental observations. To analyze
the pentaquark states within the QCD sum rule approach, a
proper choice of the interpolating current is necessary. So
far it has been observed that in various QCD sum rules
analyses for observed pentaquark states, the different
choices of the interpolating fields, either in the molecular
form or in the diquark-diquark antiquark form, were
applied. These analyses have resulted in mass predictions
that are consistent with the experimental observations. In
Refs. [25,61], it was pointed out that the hadronic dressing
mechanism, which also works for X, Y, and Z states [62],
may compromise the interpretation of these states as a
molecule or diquark-diquark-antiquark state considering
the result of the QCD sum rules. This may be attributed to
the possibility that the pentaquark states may have both the
diquark-diquark-antiquark and meson-baryon type Fock
components. The pentaquark states may have the typical
size of the conventional baryon with a diquark-diquark-
antiquark type kernel, and the strong couplings to the
meson-baryon pairs may cause spending a considerable
part of their life time as meson-baryon molecules. The local
interpolating current in the diquark-diquark-antiquark form
can be formed from a special superposition of the meson-
baryon type interpolating currents, and the opposite is also
possible, that is, a meson baryon current can also be written
as a special superposition of diquark-diquark-antiquark
type currents that carries the net effect (see, for instance,
Ref. [28]). To interpolate the pentaquark state, one can
choose either diquark-diquark-antiquark or molecular type
currents. Any current type with the same quark structure
and quantum numbers of the pentaquark’s Fock states may
couple to the pentaquark. The main component of the Fock
states may give the substructure of the pentaquark. For more
details, we refer to the Refs. [25,61-64]. Therefore, besides
mass predictions, the investigations of their decay mecha-
nisms, using different choices for interpolating currents, may
help to distinguish their substructure with comparisons of the
results to experimental results. In this work, to provide the
width, we first calculate the strong coupling constants
defining the decay P, (4459)" — J/wA using the three-
point QCD sum rule approach with an interpolating current
in the scalar-diquark-scalar-diquark-antiquark form of
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JP = %‘. Then, the obtained results for the strong coupling
constants are used to determine the corresponding width
value. We compare the obtained result with the experimental
observation to shed light on the quantum numbers and quark
substructure of the considered state.

The organization of the paper is as follows: in the next
section we give the details of the QCD sum rule calcu-
lations for the strong coupling constants defining the
P_,(4459)° — J/wA decay. The numerical analyses of
the obtained sum rules, as well as the width of the
considered decay, are also presented in Sec. II. The

last section is devoted to a summary and comparison
of the obtained result for the width to that of the
experiment.

II. THE STRONG DECAY P, (4459)" - J/yA

In this section the details of the calculations for the
strong coupling constants, the width of the strong decay
P.,(4459)° = J/wA, and their numerical analyses are
given. The correlation function required for the calculations
has the following form:

M(p.q) = / dhxeirs / e (O[T {n ()l (07 (x)}0). 2)

where the 77, 4, and ’/¥ are the interpolating currents of the considered states, which have the same quantum numbers
with these states, and 7 is used to represent the time ordering operator. The interpolating currents are given as follows:

nles = eilaeijkelm"ujTCysdks£Cy5chE£,
2

1 . . . . . .
A= ¢lmn 2(ul' CAid,,)ALs, + (ul CAis,)ALd, + (dLCA!s,,)Alu,],
n /6 ;[(1 1) A (u; CAYs,)AY ( 15m) A5 U]
J/y

Ma'"™ = Cliyucy, (3)

where the subindices a, i, j, k, [, m, n represent the color indices, u, d, s, ¢ are the quark fields, and C is the charge
conjugation operator; A} = I, A = Al = y5, and A3 = f is arbitrary parameter to be determined from the analyses. The
above correlation function is calculated in two representations, which are called hadronic and QCD representations. The
QCD sum rules for the physical quantities are obtained from the matches of the coefficients of the same Lorentz structures
attained on both sides.

In the hadronic representation of the correlation function, the interpolating currents are treated as operators creating or
annihilating the hadronic states. To proceed in the calculation of this side, complete sets of related hadronic states that have
the same quantum numbers with the given interpolating currents are inserted inside the correlator. After taking four
integrals, the results turn into

0)

M, g) = (O AP ") Ol [ /w (@) (/v (@)A (D' 8") [Pos(p. 5)) (Pes (P 5) I L. (4)
g (m} = p?)(m3,, — ¢*)(mp_ - p?)

where - - - is used to represent the contributions of the higher states and the continuum, the p, p’, and ¢ are the momenta of

the P, A, and J/y states, respectively. The matrix elements in this result are defined in terms of the masses and current

coupling constants, and they have the following forms:

(Oln"|Pey(p.5)) = Ap up, (P, 5),
O AP, ") = 2aua (P, s"),
<0"7/i/w|*]/l//(q)> = fJ/l//mJ/y/g/u (5)

where ¢, is the polarization vector, and f, is the decay constant of the J/y state, 1p_ and A, are the current coupling
constants of the P, and A states, up and u, are the corresponding spinors, respectively. Note that |P . (p, s)) is used to
represent the one-particle pentaquark state with negative parity. The matrix element (J/y(q)A(p’, s')|P.s(p, s)) is given in
terms of the coupling constants g; and g, as

io

ﬁ q°g> |vsup,_ (p.s). (6)

Iw(@)A(p'. s )|Pes(p.s)) = €™ un(p'.s") | g1y, —
AT mp

cs
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In the next step, the matrix elements given in Egs. (5) and (6) are placed in Eq. (4), and the following summations over spins
of spinors and polarization vectors are applied,

ZMP“. (p.s)ip (p.s) = (pF+mp_),

S un(p.in(ps') = (7 + my).

s

qa9
Eat) = —Gup + “ﬂ. (7)

mJ/x//

And finally, after the Borel transformation, which is applied to suppress the contributions coming from higher states and
continuums, the result of the physical side is obtained as

m 2

(p.q) = e i Lippade.ma
m.//l/l(m/\ + mP(.x)(mg/y/ + Q2
" e_%e_;_’iz JapyAndp My ma
(my + mpcj)(mg/w + 0

+ other structures + - - -, (8)

) [=g1(mp + mP”)2 + gzmg/,,,] Prurs

m

) (91 (mp +mp_) 4 go(mp —mp_)] Pr,7s

where M? and M"? are the Borel parameters to be determined from the analyses, imposing some necessary criteria, and
Q? = —q?. The result contains more Lorentz structures than the ones given explicitly in Eq. (8). However, in the last
equation, we present only the ones that are used directly in the analyses, and the others, and the contribution of the excited
states and continuum, are represented as other structures + - - -

The second representation of the correlation function, the QCD side, is obtained using the interpolating currents
explicitly in the correlation function. To this end, the possible contractions between the quark fields are attained using
Wick’s theorem, which renders the result to the one given in terms of heavy and light quark propagators as follows:

H/S)CD(p,pl, q) — 2 / d4xe—ip~x/d4yeip’-yeklm€i’l’a’€i’j’k’ I'm’ ’\/_Z{ 2TI' 7/SCS Tkj' (y x)CAlslk (y )C)]
i=1

x ALST (y = x)ysCSIM™ (=x) Cy, CST" (x)C + ALST¥ (v = x)y5CSi (v — x) CALS!™ (y — x)
X ysCSTM™ (—x) Cy, CST" (x)C + ALSY (v — x)y CSI¥ (y — x)CALS™™ (y — x)y5C
x ST’ (—x)Cy,CSTa"(x)C}, )

where S4%(x) = %, (x) and §4”(x) are the light and heavy quark propagators with the following explicit expressions:

. - m {aq) .m x?
th<x) = 12”2x4 6ab 4r 2q b} 5ab 12 - quX 5ab 192 <QQ> - l—f

lgsG g
and
i . 5 gG Cous(f+m) 4+ (K + m.)og a,GG K>+ m.j
Se(x) = dhemikr] b 957ab Oap %t BapMe g (1
70 = Gy / ¢ {k— m 4 (= m2)? TR )P Gy g (D

The same Lorentz structures obtained in the hadronic side are also present in this side, and the ones used in our analyses are
Pp,ys and py,ys, whose contributions are represented in the below equation explicitly, and the contributions of the others
are represented with the last term stated as other structures:

2P (p.q) = I1, #p,ys + I, py,ys + other structures. (12)
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To obtain the coefficients II; of these Lorentz structures, we use the propagators explicitly in Eq. (9) and transform the
results into momentum space. After computation of the four integrals the spectral densities, p; are obtained from the
imaginary part of the results, p;(s, s, ¢*) = 1Im[I1,]. These spectral densities are used in the following dispersion relation:

P (s, s, q )+ pi " P (5,5, qP)
/ds/d/ - p*)(s' = p?) ’ 13)

giving us the final results of the QCD representation of the correlation function. In the last equation i = 1,2,...,12,
PP (s, s, q%), and pl™" P (s, 5", ¢%) represent the perturbative and nonperturbative parts of the spectral densities,
respectively. The results of the spectral densities that are used in the analyses (i = 1, 2) are as follows:

1- x
= / / 1024f” (1+5ﬂ)msxy( O%xy + s'yy' + m2y?)?*O[L(s.s', Q. x.)].

o= [Lax [T { — \m (B = 1){@d) + (55)(1 + 56) + (B — 1)) Jxy(Qxy + 5'xr' + miy?)]
(=5 (=)
3686461y "y (9216/67%%4™)

1 2 - - - I N2
T sever [mg((6 = 1){dd) + (55)(1 + 5p) + (f = 1><uu>)xy}}®[L(s, s’ 0% x.y)l, (14)

(1 +58)m.x*y* + (1 + 58)m,xy[9x> +9(y — 1)> + x(19y — 18)]

and

P = / /-x 2048\/_7; 2038 et (L SPmem(Qxy  mig® 4 (2 (y = )y +2(2y = 1))’
O[L(s,s", 0 x,y)],
1- x
phonvert _ / dx/ {512\/.77 2 m((55) (1 +58) = 2(8 = 1){@u) ) (20°xy + s'xx') = 2m,((5s) (1 + 5p)
1) (@) (szy+s)()( + my?) = 2(f = 1)(dd) (m g (2Q°xy + s'z') + mey (Qxy + sz

.G
<(1” >

147456/ 67y * 5"

+ my'?))] + (1+58)m [m.xyy (4x* = 3xy + 4y*) — 8my(2x* — X*y — xy* + 2y%)]

(=)

36864f 6yt

_WW[ZMY(GS)(] +58) = 3(8 — 1) (au))xy + 3m. ((5s)(1 + 58) + (B — 1){uu))y”

+3(8 = 1)(dd)(=2myxy + my*)] +

(1 +58)[—=(Q* + s — s")x%yy + 2m.my?(9x> + 9(y — 1)> + x(17y — 18))]

1 D0TN2 L [e\2 L [m2
W(l +58)g;({dd)” + (5s5)* + (au)*)xy
: [(B—1)(5s) (au) + (dd)((f = 1)(5s) + (au) + 5ﬂ<ﬁu>)]xy}@[L(S, s, 0% x.y)], (15)

+ -
48 \/6 2 )0{/4
where

x=x+y-1),
7 =x+y),

-Q*xy—s'(x+y—1)(x+y) —mz(x+y)*
(x+y)? ’ (16)

L(s.s', 0% x,y) =

with @]...] being the unit-step function.
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Completing the calculations of both representations, we
match the results considering the coefficients of the same
Lorentz structures. This step gives two results, both

|

containing ¢; and g,. Solving these two coupled expres-
sions together, we obtain the sum rules giving the consid-
ered coupling constants g; and g, analytically as

m%'m' ﬁ m]/y/(mg/y/ + Qz)[(um - mA)ﬁl + 1:[2]

gy = e m? en”

2

Fiphndp, ma(my +m3,, —mp )

"pee " (Mp + mA)(mf/y, + Qz)[mi/l,,ﬁl + (mp_ + mp)I)]

’

gy = e m? en”

where IT; is the Borel transformed form of the I1; function.
As is seen from the results for computations of these
coupling constants, we are in need of some input param-
eters. These parameters are collected in Table I. In the
calculations, the masses of light # and d quarks are taken as
zero. Besides the given parameters in Table I, there are five
additional parameters, which are the threshold parameters,
so and s{,, Borel parameters, M? and M"?, and the mixing
parameter 3, which is coming from the interpolating current
of the A baryon. These parameters are determined from the
analyses of the results imposing the standard criteria of
the method, such as weak dependence of the results on the
auxiliary parameters, pole dominance, and convergence of
operator product expansion (OPE). Considering these
conditions, the threshold parameters are fixed as follows:

21.0 GeV? < s < 23.0 GeV2,
1.7 GeV? < 5, < 2.3 GeV2. (18)

The upper limits of Borel parameters are determined by
imposing the condition of pole dominance for the selected
working regions of continuum thresholds. To this end, we
consider the following ratio using the continuum subtracted
and Borel transformed invariant amplitude IT, (s, s,
M?, M", 3) obtained from the QCD side:

TABLE I. Some input parameters entering the calculations.
Parameters Values

mg 931! MeV [2]

m, (1.27 £0.02) GeV [2]
mp,. (4.47 £0.11) GeV [57]
my, (3096.900 + 0.006) MeV [2]
my (1115.683 +0.006) MeV [2]
Ap,, (1.86 £0.31) x 107 GeV® [57]
N (0.013 +£0.02) GeV? [65]
fipw (481 £ 36) MeV [66]
(qq) (=0.24 + 0.01)* GeV? [67]
(ss) 0.8(g9) [67]

m3 (0.8 £ 0.1) GeV? [67]
(@9,0Gq) m(qq)

($2G?) 47%(0.012 £ 0.004) GeV*[68]

Fapghndp, mamp, (m% +m3, —m3 ) ’

(17)

PC _ Hi(SO’ SE),Mz,M/z,/})
I1;(c0, 00, M>, M, B)’

(19)

where PC denotes the pole contribution, and i stands for
the selected structures. To fix the upper limit of the Borel
parameters, we impose this ratio to be larger or at least
equal to 20%, which is typical in the analyses of the exotic
states. For the calculations of their lower limits, the
convergence of the series of OPE is considered: the
dominance of the perturbative part over the nonperturbative
ones and “the higher the dimension of the nonperturbative
operator, the lower its contribution.” To extract the lower
limit using this criteria, we fix the ratio of the higher
dimensional term, that is, the term having dimension six in
the QCD side, to the whole result as follows:

% (s, s, M?, M, B)
Hi(s09 S6, MZ, Mlz,ﬂ)

R(M?, M") = (20)

and keep this ratio as R(M2. . M'%. ) = 0.02 to certify the
convergence of the OPE. With these conditions, the Borel

parameters are fixed as

5.0 GeV2 < M? < 7.0 GeV?,
1.4 GeV? < M” < 2.6 GeV2. (21)

As the final parameter, we determine the working intervals
of f from the analyses by considering a parametric plot of
the results as functions of cos 6, where = tan 8. We select
the regions that show the least variations with respect to the
changes in cos @, which read

—1<cosf<—-05 and 05<cosd<1. (22)

Our analyses show that the physical quantities show weak
dependence on the auxiliary parameters in the above
windows for sy and s, M2, M, and cos6. To depict
the dependence of the results of coupling constants on the
auxiliary parameters, we plot Figs. 1 and 2 for g, and g, at
Q2 = 0. From these figures and the numerical values, we
see a good stability of the results with respect to the Borel
parameters in their working window. However, the results
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£1(0*=0)

.OM,Z (GeVZ)

FIG. 1. Left: variation of the strong coupling constant g; (Q? = 0) as a function of threshold parameters s, and s}, at the central values
of the Borel parameters M> and M’? and the parameter . Right: variation of the strong coupling constant g, (Q? = 0) as a function of
Borel parameters M? and M" at the central values of the threshold parameters s, and s}, and the parameter /3.

« (GeV?)

FIG. 2. Left: variation of the strong coupling constant g,(Q* = 0) as a function of threshold parameters s, and s;, at the central values
of the Borel parameters M> and M’? and the parameter . Right: variation of the strong coupling constant g,(Q? = 0) as a function of
Borel parameters M? and M’ at the central values of the threshold parameters s, and s{, and the parameter f.

show some weak dependencies on the continuum thresh-
olds in their working intervals, which remain inside the
limits allowed by the method. The variations, with respect
to the auxiliary parameters, appear as the main sources of
the uncertainties in the numerical results.

Using the given input parameters in Table I and the
determined windows for auxiliary parameters, we calculate
the strong coupling constants for the considered decay
channel. The following fit functions represent the Q2
behavior of the strong coupling form factors:

2 2
cofrei g

g/(Q%) = goe " P (23)

with gy, ¢;, and ¢, being the fit parameters that take the
values given in Table II. We, then, use the fit functions to
determine the coupling constants at Q% = —mj, as

g1 =2.63+031 and ¢, =5254+0.63, (24)
where the errors are due to the uncertainties present in the
input parameters entering the calculation and in the
determinations of the auxiliary parameters, as well.

Having determined the strong coupling constants, the
next task is to compute the corresponding width for
P., = J/wA decay channel in terms of the strong coupling
constants and other related parameters. The standard
calculations lead to the width formula as

TABLE II. Parameters of the fit functions for coupling con-
stants g; and g,.

Coupling constant 90 cy [
g1 422 £0.51 1.54 1.16
9D 10.54 £1.26 1.54 1.16
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flmp my,,my) { 2(’"3/1,, — (ma +mp_)?)
I'= o - - 2m2, (m2, +2(my —mp )2
16ﬂ'm%)” m%/w(m/\ _|_ mP”)Z (g2 ]/1//( J/]// ( A PCS) )
+ 6glgzm3/w(m,\ —mp_)(mp +mp )+ g%(Zm%NI + (mp —mp )?)(mp +mp_)?) |, (25)
where
1
flx,y.2) = 5 \/x“ +y* 2t = 2x2y? — 2x272 — 2y 72, (26)
x

Using the values of the strong coupling constants, we
compute the width for the considered channel to be

T(P,, — J/wA) = (1587 £3.11) MeV.  (27)

III. SUMMARY AND CONCLUSION

The recently observed pentaquark state, the hidden-
charmed strange P,,(4459)°, added a new member to
the pentaquark family. Its experimentally observed mass
and width were reported as M = 4458.8 +2.97}] MeV
and ' =173 £ 6.5’_“58;9 MeV, respectively [53]. However,
its quantum numbers J” could not be determined as a result
of insufficient statistics in the experiment [53]. Using the
QCD sum rule method, the P,,(4459)" state was studied
both in the molecular form, assigning its quantum numbers
as JP = %‘ or %_ [54], and in the diquark-diquark-antiquark
form with quantum numbers 5~ [57]. Its mass was obtained
in these studies and compared to experimental data to shed
light on its nature. Both of these interpretations resulted in
mass predictions consistent with the experimental data
creating a need for further investigations of this state, for
instance, its width.

In this study, we investigated the strong P., — J/wA
decay and obtained the strong coupling constants repre-
senting the amplitude of this decay using the QCD sum rule
method. To this end, we adopted an interpolating current in
the diquark-diquark-antiquark form for the substructure of
this particle. In the analysis, we considered the quantum
numbers of the P.(4459)° state as J© = ;™. The obtained

strong coupling constants were used in the determination
of the corresponding width, which is obtained as
[(P., —» J/wA) = (1587 +3.11) MeV. Compared to
the experimental value, the obtained width is in good
consistency with experimental data, which favors the quan-

tum numbers J© = %‘ and the compact pentaquark nature of

diquark-diquark-antiquark form for the P, (4459)° state.
In Ref. [61] also, the authors have considered the molecu-
lar interpretations for this state and concluded that it is either
DE!. with J¥ =1~ and I =0 or DE} with J* =3~ and
I =0. In Ref. [69] the P_.;(4459) state was interpreted as
E.D* with J* = 3~ without excluding the possibility of its

being a two-pole structure E.D* states with J¥ = 1=

JP = %‘. Another molecular interpretation was given in
Ref. [70] in which its two-body strong decay behaviors
supported its being a £.D* state with I(J7) = 0(37).

All of the above mentioned investigations indicate that
the quantum numbers and nature of the P, (4459) state are
still ambiguous and need clarification, not only from further
theoretical studies of its various properties, but also from
future experiments. Comparison of the theoretical results
on various parameters of this state with future experimental
data will shed light on the nature, quark-gluon organization,
and quantum numbers of this state.
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