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The recently observed strange pentaquark candidate, P

A

s

(4338)°, is investigated to provide information

about its nature and substructure. To this end, its mass and width through the decay channels P,,’)s(4338)0 -

J/wA and P$s(4338)0 — 5.\ are calculated by applying two- and three-point QCD sum rules,

respectively. The state is considered as a Z,D meson-baryon molecular structure with spin-parity quantum
numbers J¥ = 1=, The obtained mass, m P, (4338 = 4338 + 130 MeV, and width, Upa (43380 = 10.40 &
1.93 MeV, are consistent with the experimental data within the presented uncertainties. This allows us to
assign a E.D molecular structure of J” = 1~ for the P (4338)" state.

DOI: 10.1103/PhysRevD.108.074010

I. INTRODUCTION

Exotic states such as pentaquarks and tetraquarks have
become one of the focus of investigations in particle
physics since the proposal of the quark model [I].
Because their existence was not prohibited either by the
quark model or QCD, they attracted attention from the
beginning and were investigated extensively for a long
time. Finally, expectations eventuated and the announce-
ment of the first observation of such states was made
in 2003 for a tetraquark state, X(3872), by the Belle
Collaboration [2]. Later, the confirmation of this state
came from various collaborations [3-8]. In 2015 a different
member of the exotic states, namely the pentaquark state,
containing five valance quarks was announced to be
observed by the LHCb collaboration [9]. The two states,
P.(4380) and P.(4450), were observed in the J/w + p
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decay channel [9] and later, in 2019, the analyses with a
larger data sample revealed that the previously announced
P.(4450) state split into two states, P.(4440) and
P.(4454), and another pick, P.(4312)", also came into
sight [10]. The reported resonance parameters for these
states were as follows [9,10]: mp (4380+ = 4380 £ 8 &
29 MEV, FPC(4380)+ =205+ 18+ 86 MGV, mPC(4440)+ =
44403 + 13757 MeV, T'p 4440+ = 20.6 £4.975 MeV,
Mp (4457 = 44573 £0.6113 MeV,  Tp sy = 6.4+
20779 MeV, mp 431 =4311.9 £ 07555 MeV, and
Tp, 312 = 9.8 £2.7%)] MeV. In 2021 and 2022 there
occurred two more pentaquark states’ reports that possess
a strange quark. These two states P (4459) [11] and
P.(4337) [12] were reported to have the following
masses and widths: mp_yus0p0 = 4458.8 £2.97 MeV,
Tp aasop = 173 £6.5759 MeV,  and
43371117 MeV, Tp 4337+ = 2913511} MeV.
The experimental observations of these nonconventional
states have increased the theoretical interest in these states
and triggered extensive theoretical investigations over their
identifications and various properties. Their substructures
were still obscure, which has motivated many affords to
explain this point by assigning them either being molecules
or compact states. In Refs. [13-34] the pentaquark states

Mp_(4337)F =
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were investigated by taking their substructure as diquark-
diquark-antiquark or diquark-triquark forms. Owing to
their proximity to the relevant meson baryon threshold
and small widths, the molecular structure has been another
commonly considered structure for the pentaquark states.
With molecular structure assumption, the properties of
these states, such as their mass spectrum and various
interactions, were investigated with the application of
different approaches including the contact-range effective
field theory [35-38], the effective Lagrangian approach
[39-43], the QCD sum rule method [44-53], one-boson
exchange potential model [54,54—65] and quasipotential
Bethe-Salpeter [66—69]. Besides, one can find other works
in Refs. [70-102] and the references therein adopting the
molecular interpretation for pentaquark states. They were
also investigated with the possibility that they were arising
from kinematical effects [103—108]. Though there exist so
many works over them, they were in need of many more to
clarify or support their still uncertain properties. On the
other hand, the possible pentaquark states other than the
observed ones and possessing strange, bottom, or charm
quarks were also quested for with their expectation to be
observed in the future [22,31,48,54,87,109—153].

Among these pentaquark states, the present work
focuses on the one that was observed very recently by
the LHCDb collaboration [154] in the amplitude analyses of
B~ — J/wp decay. The measured mass and width for the
state, which was labeled as Pj(4338)°, were reported as
mpy =433824+0.7+£04 MeV and I'py =7.0+ 12+

1.3 MeV, respectively with the preferred spin-parity quan-
tum numbers J* = %‘. Having a mass and narrow width in
consistency with meson-baryon molecular interpretation
this structural form is adopted in Refs. [85,88]. In Ref. [85],
a coupled-channel calculation was applied considering
molecular states and the results obtained for Z.D inter-
action indicated a wider peak than the observed one in the
experiment. With the constituent quark model formalism
PV’}S (4338)° was suggested to be a baryon-meson molecule
state with (1)J” = (0);~ and mass and width mpy (43350 =
4318.1 MeV and Upa (43380 = 0.07 MeV, respectively [88].
In the Ref. [155], the light cone QCD sum rules method is
implemented to calculate the magnetic moments of the
P}(4338)° and Pj)(4459)" states. The Pj(4338)° state
and the other candidate pentaquark states were investigated
in Ref. [48] using QCD sum rules method and adopting the
molecular structure, and the analyses were in favor of
the P}, (4338)" state having a Z.D molecular structure with
spin-parity and isospin quantum numbers J* = %‘ and
(I,15) = (0,0), respectively. References [118,156-158]
also investigated the P.(4338)° state in association to
the molecular form.

As already mentioned, there exist many studies devoted
to describing the nature of the pentaquark states. These
studies, performed with various approaches covering

different structures for the pentaquark states, gave results
consistent with the experimentally observed parameters.
This fact makes the subject more intriguing and open to
new investigations. Therefore it is necessary to provide
further information to support or check the proposed
alternative structures for a better identification of their
obscure substructure. Moreover, the works over these exotic
states both test our knowledge and provide support for the
improvement of our understanding of the QCD in its
nonperturbative regime. With these motivations, in the
present work, we investigate two dominant strong decays
of the recently observed pentaquark state Pj)(4338) into
J/wA and n.A states, sticking to a meson-baryon molecular
interpretation. To this end, we apply the QCD sum rule
method, which put forward its success with plenty of
predictions consistent with the experimental observations
[159-161]. The interpolating field for the state is chosen in
the Z.D molecular form. For completeness, first, we obtain
the mass of the state and current coupling constant using the
considered interpolating current, which are subsequently to
be used as inputs in strong coupling constant analyses.

The rest of the paper has the following organization. In
Sec. II the QCD sum rule for the mass of the considered
state is presented with the numerical calculation of the
corresponding results for the mass and current coupling
constant. Section III contains the details of the QCD
sum rules to calculate the strong coupling constants for
the P}(4338)% — J/ywA decay and their numerical analy-
ses as well. Section IV presents the similar QCD sum
rule calculation and the analyses for the strong coupling
constants and the width corresponding to the
P}(4338)% > n.A channel. Last section gives a short
discussion and conclusion.

II. QCD SUM RULE FOR THE MASS
OF P$s (4338)" STATE

To better understand the substructure of the pentaquark
states, one way is the comparison of the observed properties
of these particles with the related theoretical findings. One
of the important observables is the mass of these states.
Beside the mass, the current coupling constant is also a very
important input that is needed to calculate the observables
related to the decays of the particles like their width.
The present section gives the details of QCD sum rules
calculations for the mass and current coupling of the
strange pentaquark candidate P{,}s (4338)°. The calculations
start with the following two-point correlation function:

M(g) = i / et (01T (T, (x)T5, (0)}0). (1)

In this equation, 7 is the time ordering operator and Jp_
represents the interpolating current for the Pj(4338)°
pentaquark state, which is denoted as P, in what follows.
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The current to interpolate this state is the Z.D molecular
type with spin-parity J* = 1~

Jp, = €dl Cyssye Cqiysig, (2)
where C represents the charge conjugation operator, sub-
indices a, b, c, d are used to represent the color indices, and
u, d, s, c are the quark fields. To proceed in the calculations,
one follows two separate paths resulting in two correspond-
ing expressions containing the hadronic parameters on
one side and QCD fundamental parameters on the other
side. They are therefore called as the hadronic and QCD
sides, respectively. The physical parameter under quest is
obtained via a match of these two sides by means of a
dispersion relation. Both sides contain various Lorentz
structures and the matching is carried out considering
the same structures obtained in these representations.
The Borel transformation and continuum subtraction
are the final operations applied on both sides to suppress
the contributions of higher states and continuum.

For the computation of the hadronic side, a complete set
of the intermediate states with same quark content and
carrying the same quantum numbers of the considered state
is inserted inside the correlator. Treating the interpolating
currents as annihilation or creation operators, and perform-
ing the integration over four-x the correlator becomes

<0|‘IP“ |Pcs(q7 S)> <Pcs(q’ S) |‘7P(.\. |O>
mp g’

mH(q) = +o )

where the contributions coming from higher states and

continuum are represented by ---, and one particle
|

pentaquark state with momentum ¢ and spin s is repre-
sented by |P.(q, s)). To proceed, we need the following
matrix element:

(Olnp,,|Pes(q: 5)) = Ap, up,, (4, 5), (4)

given in terms of the Dirac spinor up_ (g,s) and current
coupling constant 4p_. Substituting Eq. (4) into Eq. (3) and
applying the summation over spin

ZMP“(‘I’ s)ip, (q,5) =4 +mp_, (5)

N

the result for the hadronic side is achieved as

’11%” (4 +mp)

2

HHad(Q) = ma — qz
P('J'

+ .. (6)

which turns into following final form after the Borel
transformation:

Md(q) =23 e (f+mp )+, (7)

where T11%(4) denotes the Borel transformed form of the
correlator and M? is the Borel mass parameter.

The QCD side of the calculations requires the usage of
the interpolating field explicitly in the correlator, Eq. (1).
This is followed by the possible contractions of the quark
fields via Wick’s theorem, which turns the result into the
one containing quark propagators as

HQCD(C]) = —i/d4xeiqx€abc€a’b/c'{Tr[sfh,(x>75C55aa,(X)C}’S]Tr[sf{d/(XWSS‘CM(—X)}’S]}SEC/(x)' (8)

The light and heavy quark propagators necessary for further calculations have the following explicit forms [162,163]:

. m (qq) .. ¥my(qq) X2 o Xmy
Sg.ap(X) = i04p 22t ab %quz = 8up BTN + i0up 2—8 — Oap 192 (99,0Gq) + by, TSZ{I (g9,6Gq)
ap 24207 ,,\2
. 9,Goy . XX (qq)
S WOu - Oapt] = 0= ©)
and

i : b 095G 60(k +me) + (f+m)og 7 a,GG K+ m
S, — d4k —ik-x ab_ Isab Pap ¢ c)Oq Gy 5. ¢ . 10
carln) = s [ e 20 A B, et} (10)

with G% = G4, GG = GVGY¥;a,b=1,2,3; A = 1,2,...,8; and * = £ where " are the Gell-Mann matrices. The
propagator for u, d, or s quark is represented by the subindex ¢g. The final results for this side are obtained after the Fourier

and Borel transformations as
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P 02) = [ dseTps) + M), (11)

(2mg+my)?

where s is the threshold parameter entering the calcula-
tions after the continuum subtraction application using the
quark hadron duality assumption. p;(s) represents the
spectral densities that are the imaginary parts of the results
obtained as %ImH?CD with i corresponding to either the
result obtained from the coefficient of the Lorentz structure
¢ or I. The results of such calculations contain long
expressions and, to avoid giving overwhelming expressions
in the text, the explicit results of spectral densities will not
be presented here. The quantities that we seek in this
section, namely mass and the current coupling constant
of the pentaquark state, are obtained by the match of
the coefficients of the same Lorentz structures obtained in
both the hadronic and QCD sides. These matches are
represented as

2
my,

3, e =TI (50, M?) (12)

and

m2

"Pes -
A%{_xmp“e_v = H?CD(SO,MZ). (13)

The next step is the analysis of the obtained results, for
which one may apply any of the present structures. To this
end, we choose the I structure. The input parameters
needed in the calculation of the mass and current coupling
constant are given in Table I, which are also used for the
coupling constant calculations to be given in the next
section. In addition to the given input parameters, there are
two auxiliary parameters needed in the analyses: the Borel
parameter M? and the continuum threshold s,. Following
the standard criteria of the QCD sum rule method, their
suitable intervals are fixed. These criteria include a rela-
tively slight variation of the results with the change of these
auxiliary parameters, the dominant contribution of the
focused state compared to the higher states and continuum,
and the convergence of the operator product expansion
(OPE) used in the QCD side’s calculation. Sticking to these
criteria, we establish working regions of these parameters
from the analyses. Seeking a region, for which the higher-
order terms on OPE side contribute less compared to the
lowest ones, and the ground state dominates over the higher
ones, the working interval of the Borel parameter is
determined as

3.0 GeV2 < M? < 4.0 GeV>. (14)

The determination of the continuum threshold interval has a
connection to the energy of the possible excited states of the

TABLE I. Some input parameters used in the analyses of
mass, current coupling constants, and coupling constant of the
P, — J/wA decay.

Parameters Values

m, 1.27 £ 0.02 GeV [164]

my 937! MeV [164]
(gg)(1 GeV) (=0.24 £0.01)> GeV? [165]
(5s) 0.8(gq) [165]

m3 (0.8 +0.1) GeV? [165]
(29,0Gq) m(qq)

(%G (0.012 4 0.004) GeV* [166]
my, (3096.900 + 0.006) MeV [164]
m, (2983.9 + 0.4) MeV [164]
my (1115.683 +0.006) MeV [164]
a (0.013 +£0.02) GeV? [167]
Fiw (481 4+ 36) MeV [168]

fa, (320 + 40) MeV [169]

considered pentaquark state. With this issue in mind, we fix
its interval as

23 GeV? < 59 <25 GeV2. (15)

By using all the inputs as well as the working windows of
the auxiliary parameters, we depict the variation of the mass
with respect to the auxiliary parameters for the considered
structure in Fig. 1. This figure shows the mild dependence
of the mass on the variations of the auxiliary parameters in
their working windows. The residual dependence appear as
the uncertainties in the results.

The resultant values for the mass and the current
coupling constant are

mp = 4338 + 130 MeV  and
Ap, = (7244£0.21) x 10~* GeV®. (16)

The result obtained for the mass has a good consistency
with the observed mass of Pj(4338) state announced as
mps = 4338.2+0.7 £ 0.4 MeV [154].

As is mentioned, the results obtained in this section are
necessary inputs for the next sections, which are devoted
to the strong decays of the considered pentaquark state,
namely PJ,(4338)° — J/wA and P (4338)° — 5 A.

III. QCD SUM RULE TO ANALYZE THE
PB,(4338)° — J /A DECAY

The bare mass investigations of pentaquark states present
in the literature, performed to explain the properties of the
newly observed states, indicated that different assumptions
for the substructures of these states might give consistent
mass predictions with the observed ones. These necessitate
deeper investigations which serve as support for previous
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5-0 T T T T
) .
% Tyt e R EEEL L LR
Q 40 50=25 GeV? ]
E I e S0=24 GeV? 1
350 e S0=23 GeV? ]
3.0 1 1 1 1 ]
3.0 3.2 3.4 3.6 3.8 4.0
M (GeV?)

FIG. 1.
function of s, at different values of threshold parameter M>.

findings. With this motivation, to clarify more the sub-
structure and the quantum numbers of the observed
P}(4338)" state, in this section, we investigate the
PL(4338)° — J/wA decay and calculate its width. To
this end, the main ingredients are the strong coupling
constants entering the low energy amplitude of the
decay. To calculate these coupling constants via the
QCD sum rule method, we use the following three-point
correlation function:

M,(p.q) = i / d*xeP

x / dye? Y (O[T {1 ()71 (0)7% (x)}0).
(17)

with the interpolating currents given in Eq. (2) and

5.0
asp
% e e
O 4.0 —  M?=40GeV?
E I ——— M?=3.5 GeV?
350 e M?=3.0 GeV/?
3.0 [ " " " " 1 " " " " 1 " " " " 1 " " " "
23.0 235 24.0 24.5 25.0
so(GeV?)

Left: variation of the mass as function of M? at different values of threshold parameter s,. Right: variation of the mass as

2

1 . . . .
Jh=—=em Z{z(ulTCAlldm)AIZSn + (MITCAllsm)AZZdn
Ve o
+ (di];CAllsm)Aéul]’
JZ/UI = Z‘,yﬂcl. (18)

In Eq. (18) subindices, [, m, n, are used to represent the
color indices, and u, s, ¢ stand for quark fields, A{ =1,
A? = A} =5, A3 = p, which is a mixing parameter, and C
represents the charge conjugation operator. Similar steps of
the calculation followed in the previous section also apply
here. Calculation of hadronic and QCD sides are followed
by their proper matches considering the coefficients of the
same Lorentz structures from both sides.

For the hadronic side, we insert complete sets of
hadronic states that have the same quantum numbers with
the interpolating fields. Taking the four integral results in

0)

159, g) = <0|JA|A(p’7S’))<0|Jﬁ/‘”|f/w(Q)><J/l//(6i)1\2(p’, SZ’)IP_CS(?S)><Pm(p,S)|7P”
I =4 (mp, = p7)

(m}

with - - - denoting the contribution of the higher states and
continuum; and p, p’, and ¢ being the respective momenta
of the P, A, and J/y states. The required matrix elements
for calculations have the following forms:

(O] = |P.(p,s)) = Ap_up,_(P:5),
<0|JA|A(P/7S/)> = ﬂA”A(P/,S'),
O T /w(@)) = frm e (20)

where ¢, and f, represent the polarization vector and the
decay constant of the J/y state, and Ap and 1, are the
current coupling constants of the P. and A states,
respectively. |P.(p,s)) corresponds to the one-particle

A= p?)(m

T (19)

css

|
pentaquark state with its spinor up_ and u, is the spinor of
A state. The matrix element,(J/w(q)A(p’, s")|P.s(p, s)) is
given in terms of the considered strong coupling constants,
g1 and g5, as

(/w(@)A(p'.s")|Pes(p. 5))

—q° u ,8).
mA+umq 92|75 P(S(P )

(21)
Substituting the matrix elements, Egs. (20) and (21), into

Eq. (19) using the summation over the spins of the spinors
and polarization vector given as

=eMuap(p'.s') | g1y, —
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Z”PN (p.s)
N

the hadronic side is achieved as

m_n
P2

ﬁ}l;lad(p’q) —e¢ ue u?

P (p.s)
S un(p',)an(p. )
s’

2
P A fj/WﬂAﬂPc: my

"2,
+ e Mz e_Mrz

My (my +mp_)(m3,, + O

’”2
s [ Aadp, My ma

(mp + um)(mg/W =+ Q2

+ other structures + - - -

=(F+mp),
= (¢ +my),
!/u/
) [—g1(mp +mp_)* + gzm3/w]ﬂpﬂy5
) (91 (mp +mp_) 4 go(mpy —mp_)|py,ys
(23)

Among the present Lorentz structures the ones used in the analyses are given explicitly, and the remaining ones are

represented by other structures. Here Q> =

—q’. The Borel parameters M2 and M'?, present in the last result, are determined

from the analyses following similar criteria given in the previous section.
As for the QCD side, the insertion of the interpolating currents given in Egs. (2) and (18) inside the correlator in Eq. (17),
and after the possible contractions of quark fields using the Wick’s theorem, the result takes the following form in terms of

the quark propagators:

. . 1
iz/d4xe_’1""/d4 eir'y —
Y Ve

X 7584 (x)y, S (—x)

7 (p.q) =

— ALSSY (y — x)ysCSTPP (y — x) CA S99 (y

Considering the same Lorentz structures given explicitly in
Eq. (23), we obtain the QCD side and represent the lengthy
results shortly as in the following form:

<o

p-q) = pp,ys + I, py,rs + other structures.

(25)

To proceed in the calculations, the light and heavy quark
propagators given in Egs. (9) and (10) are used explicitly
and the four-dimensional Fourier integrals are performed.
The imaginary parts of the obtained results constitute the
spectral densities to be used in the following relation:

2
Lo A S rpwAndp, ma

gabegat'c Z [Tr [Sfb' (v — x)ysCST (y — x)CA’i]AéS‘;d' (y —x)

=

— 2A555% (y — x)ysCSTP? (y — x) CAL 97 (y — x)y5S4" (x)7, S (—x)

—x>y5ssf’l<x>yﬂsf’<—x>}. (24)

pert non—pert /2
i (s q +p; 5, 8,4
= [as [ar e

where p;(s,s'.¢%) = LImIT], and pI*"

PP (s, 5, g%) represent the results of the perturbative
and nonperturbative parts, respectively, with i=1,2,...,12
corresponding to all the Lorentz structures existing in the
results. The analyses in the present work are performed via
resulting matches of the hadronic and QCD sides obtained
from the structures i = 1, 2, which results in two coupled
sum rules equations including both g; and g,:

(s,s',¢*) and

my, (my + mP(,x)(mi/l,, +0?

M A J/w/lAle My MA
(mp +mp_)(m3,, + O

) [91(mp +mp_) + go(mp —

) [~g1(ma +mp,)* + gym3,,] = 1, (27)

mp,,)| =1, (28)
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where the Borel transformations on the variables —p’> and —p? have been performed, and IT; in the results represent the
Borel transformed I1; expressions obtained in the QCD side. Solution of these equations for g; and g, give

. momyy, (my, + Q)[(mp, — mp)T; + 1)

>
‘S
)

Fapphndp, ma(my +m3,, —mp )

’

Q
S}
|
o
5
3
o
5
S

The numerical analyses of the g; and g, given in the
Eq. (29) require the input parameters given in Table I and
some additional auxiliary parameters such as Borel param-
eters M2, M"? and threshold parameters s, and s), and the
mixing parameter f present in the interpolating current of the
A state. The similar standard criteria of the method used for
the mass calculation in the previous section, namely weak
dependence on the auxiliary parameters, pole dominance,
and the convergence of the OPE used on the QCD side, are
applied in the determination of the auxiliary parameters of
this section as well. Taking into account their relations and
considering the possible excited resonances of the consid-
ered states, the threshold parameters are fixed as

23.0 GeV? < sy < 25.0 GeV?2,
1.7 GeV? < 5, < 2.3 GeV?, (30)

in which the interval of s is the same as the one used in
the previous section. At this point, we shall note that the
threshold parameter may be expected to be the same, for
instance, as in Ref. [29], given the close masses of the
particles involved. However, the analyses performed on the
considered state with the given requirements in the previous
section are effective in the final determination of these
parameters. In each distinct study, it becomes necessary to
reassess these requirements. Therefore, in the analyses of the
results, one needs to check these requirements in every
different work from scratch and obtain the a proper interval

-1
g1 (@=25GeV?) _

W3 (GeV?)

(mp,, + mA)("ﬁ/W + Qz)[mf/l,,ﬁl + (mp,, + mp)TL,]

fJ/y/AA/lPNmAmJ/l//(m/z\ + m%/l// - m%’m)

(29)

satisfying the given requirements for identifying these
parameters. Besides, as is seen in Ref. [29], the structures
assigned for these two particles are different. While the
structure in Ref. [29] was a diquark-diquark-antiquark one,
the present work adopts a molecular one. As a result, the
discrepancy in threshold values arising from the analyses can
also be attributed to these inner quark structures assigned
to the considered states. For the Borel parameters, consid-
ering the pole dominance and convergence of the OPE lead
us to the following intervals:

3.0 GeV? < M2 < 4.0 GeV?,
1.5 GeV? < M < 2.5 GeV>. (31)

M? again spans the same interval given in the previous
section. The working interval of the last auxiliary parameter,
p, s determined from a parametric plot of the results given as
a function of cos @ with f = tané in which the relatively
stable regions are considered to fix S intervals. These
analyses give the following intervals:

—1.0<cosf#<-0.5 and 0.5<cosd<1.0. (32)
In all of these intervals for the auxiliary parameters, we
expect weak dependence of the results on these parameters.
To depict this, we provide the graphs of the strong coupling

constant g; as functions of these auxiliary parameters in
Fig. 2 as examples: the criteria are satisfied, dependencies

-1
g1 (P=2.5 GeV?) 2

235
24.0
so(GeV?)

25.0

FIG.2. Left: variation of the coupling constant g; as function of M? and M2 at central values of threshold parameters s, and s{, and at
0% = 2.5 GeV?. Right: variation of the coupling constant g, as function of s, and s; at central values of Borel parameters M? and M"”

and at Q% = 2.5 GeV>.
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TABLE II.  Values of the fit parameters for the fit functions of coupling constants, g;, g», and g and the coupling
constant values at Q> = —mj, and Q% = —m; .

Coupling constant o0 C &) gi(_mg/w)

91 —-1.10£0.13 6.43 —26.13 (=4.71 4 0.52) x 107>
9 15.57 £ 1.86 4.43 -3.81 0.61 £0.07
Coupling constant 90 i €2 g(=m3.)
g 7.71 £0.85 5.98 —6.23 0.11 £0.02

are mild and the uncertainties remain inside the limits
allowed by the method.

The analyses give the results reliable only for some
regions of the Q?, and therefore to get the coupling
constants’ values at Q% = —m? /,y» We need to expand the
analyses to the region of interest using a proper fit function
given as

)2

2
Q
Cc1—%

9:(Q%) = goe "

+cy ( gz
mP” (33)

l" — f(mpcs’ m']/l/” mA)

The fit parameters providing a good overlap with the results
in the reliable region of the QCD sum rule results and the
values of the coupling constants obtained from the fit
functions at Q% = —m% Jy are presented in Table II. The
results contain the errors arising from the uncertainties
inherited from both the input parameters and the determi-
nations of the intervals of the auxiliary parameters.

The strong coupling constants determined from the QCD
sum rules analyses are applied for the width calculation of
the decay P., — J/wA, which is performed via the relation

2(”13/1,, — (mp +mp_)?)

[_

+ 69192m3/v,(’”/\ —mp_)(my +mp,)

2
lozmp

The function f(x,y,z) in the width formula is given as

1
flxy.2) ZZ\/X4+)’4 +z* = 2xy —2xy —2yz.  (35)

The result obtained for the width is

T(P., — J/wA) = (7122 +1.78) MeV  (36)

in a nice agreement with the experiment.

IV. QCD SUM RULE TO ANALYZE THE
PL,(4338)" — 5, A DECAY

This section provides the investigation of another
possible decay channel of the Pj(4338) state, namely
PJ(4338)% — 5.A decay, and the corresponding width for

this channel. For the calculation of the corresponding
|

mg/w(m,\ +mp,_)

(OMA(P', 57)) (01" [n()) (@) AP, )| Pes(p. 8)) (Pes (p. $)[T7]0)

3 (9%’"3/1,,(’"3/1,, +2(my —mp_)?)

+g1(2m3,, + (mpy —mp)?)(my +mp_)?) | (34)

strong coupling constant, the three-point correlation
function is

mnwzﬂ/wa%

x / dhyei?"s (O[T {72 (3) 7 (077 (x)}[0).
(37)

In addition to the interpolating currents, J”s and J*
previously given, the interpolating current of 7, is needed:

Jle = (_317/501. (38)

We follow similar steps with the previous section to calculate
the width of the strong decay under study in this section. The
hadronic side for this decay is obtained via insertion of
complete sets of hadronic states carrying the same quantum
numbers of the applied interpolating currents as

Hd(p, ) =
(m3 —

p)(my —q*)(mp - p?)

+...’

css
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where - - - represent the contribution of the higher states and
continuum. p, p’, and ¢ are the momenta of the P, A
and 7,. states, respectively. Besides the matrix elements given
in Eq. (20), we need the matrix element relevant to the 7, state
in terms of the related decay constant f, , which is given as

2
My

ne(q)) =——-. (40)

0lJ
(0] 2m,

The matrix element, (n.(q)A(p’, s")|P.s(p., s)), defining this
transition is

{ne(@AP", )| Pey(p.s)) = giun(p', s"up (p.s),  (41)

where ¢ is the corresponding strong coupling
constant. Using the summation over the spins of the
|

P., and A states given in the Eq. (22), we get the
hadronic side as

. " gAnAp f, M2
HHad(p’ q) — e_ Y2 e—m AP J "o, ﬁﬁ/
2m(my + Q)

+ other structures + - - -, (42)

where Q> =—¢? and only the Lorentz structure used in the
analyses is presented explicitly, and other structures + - - -
denote the contributions coming from excited states and
the other present structures.

The QCD side is obtained after plugging in the inter-
polating currents present in the Eq. (37) and applying
contractions of quark fields using Wick’s theorem. The
result for this side is obtained as

0 » ! 1 !l A / ! . : U
HQCD(p’ q) _ i2 / d4xe—lp-x / d4yelp -yﬁeabceabc Z [Tr[sl;b (y _ X)J/S(:Sgw (y _ x)CAzl]Alzszd (y _ X)

i=1

X 7584 (x)ysSI (—x) — 2455 (y — x)ysCSTP (y — x) CAL 84 (y — x)y5S¢ (x)y5S! (—x)

— ALSG (v = x)ysCST (3 = x) CALSI (v = x)rs ST (x5S (=) (43)

Following the same steps in the previous section, the result
obtained for this side for the Lorentz structure gy’ is
matched with that of the hadronic side for the same Lorentz
structure to get the coupling constant g as

e e T (44)

where we again perform the Borel transformations on
the variables —p’> and —p?, and IT represents the Borel
transformed IT for the QCD side of the calculation
corresponding to the mentioned Lorentz structure, pp'.

In the analyses of this decay channel, we adopt the input
parameters given in Table I, and the same auxiliary
parameters M2, M, sy, s, and f3 given in the previous
section, which works also well for this channel.

To get the value of coupling constant g at Q> = —m? , we
again need a proper fit function due to the fact that, as in t
he Sec. III, the results are only reliable in some regions of
the Q. For this purpose, we use the same form of the fit
function given in Sec. III with the fit parameters presented
in Table II, providing a good overlap for the obtained
results of the QCD sum rule in the reliable region. Note that
Table II also contains the numerical value of the coupling
constant g at Q% = —m; .

With the obtained coupling constant, the width of the
P., — n.A decay is attained using the following width
formula:

[
) f(um’ ml]/_" mA) [(

I'=g
87tm%”

my+mp)?—m ], (45)

with the function f(x,y,z) given in Sec. III. Finally the
width is obtained for this decay channel as

I(P. - n.A) = (3.18 £0.74) MeV.  (46)

V. DISCUSSION AND CONCLUSION

In a recent report, the LHCb collaboration announced
the observation of a new candidate pentaquark state with
strangeness in J/wA channel. The observed mass and the
width of the state were reported as m = 4338.2 £ 0.7 +
0.4 MeV and I'=7.0£1.24+1.34 MeV, respectively [154],
with preferred spin and parity quantum numbers being
JP = %‘. To elucidate its inner structure and certify its
quantum numbers, further theoretical investigations are
necessary. With this purpose, in the present work, the
P}(4338)" state was assigned a molecular E.D structure
with spin parity J© = %‘ and its decays to J/wA and n.A
states were investigated using the three-point QCD sum rule
approach. For completeness, first, the chosen interpolating
current was applied to calculate the mass and the current
coupling constant of the considered state using the two-point
QCD sum rule method. These quantities are main inputs in
the decay calculations. The obtained mass, mp_ = 4338 +

130 MeV, is in good consistency with the observed one.
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Our prediction for the mass is also consistent with the mass
predictions based on the molecular assumption present in the
literature, such as m = 4327.4 MeV [84], m =4341.0 MeV
[88], m = 4336.34 MeV, m = 4329.11.34 MeV [87], and
m = 4.347007 GeV [48].

As stated, the predicted mass and the current coupling
constant comprise the main input parameters for the width
calculations of the Py, (4338)° — J/yA and P} (4338)" —
n.A channels, which are taken into account as dominant
decay channels of the considered state. To compute the
widths of these channels, we first calculated the relevant
strong coupling constants and subsequently used them
to get the corresponding widths. The resultant widths
are obtained as I'(P. — J/wA) = (7.22 + 1.78) MeV
andT'(P.;, — n.A) = (3.18 £0.74) MeV whose total, I =
['(P., — J/wA)+T(P.; — n.A) = (1040 £ 1.93) MeV,
also agrees with the experimentally observed width within
the presented uncertainties.

Within the existing literature, numerous works have
investigated the decays of observed pentaquark states. In
order to elucidate the internal structures of the observed
pentaquark states, the width calculations of various tran-
sition channels are necessary for either comparing the result
with experimental findings or potentially uncovering new
channels for further investigations. J/wA is the channel
that the observation of P} (4338)° was reported. However,
the width of this particular pentaquark state also receives
contributions from other channel, #,.A, that was considered
in the present study. This is the case for different penta-
quark states. If we consider theoretical studies present in
the literature on the observed pentaquark states, for
instance, with spin-parity quantum numbers J* = %‘, as
in our case, the widths were obtained for their decays using
different form factor sets in Ref. [170] as P.(4312) —
J/wp =0.001 MeV, P.(4312) - n.p=0.01 MeV,
P.(4312) - J/wp = 0.1 MeV, P.(4312) - n.p =
0.4 MeV for P.(4312) state, P.(4440) - J/yp =
0.03 MeV, P.(4440) = n.p = 37* MeV, P (4440) —
J/wp =0.6 MeV, P.(4440) — n.p = 0.07 MeV  for
P_.(4440), and P.(4457) - J/wp = 0.02 MeV,
P.(4457) - n.p = 27* MeV, P.(4457) > J/yp =
0.2 MeV, P.(4457) - n.p =0.02 MeV for P.(4457).

In Ref. [89] the following predictions were obtained:
P.(4312) = J/wp = 0.17:9% MeV, P.(4312) > n.p =
0.085799!% MeV. In Ref. [171] the widths were attained as
P.(4312) - J/wp = 0.32 +£0.08 MeV, P.(4312) -
nep =089 +0.25 MeV,  P.(4440) - J/yp =292+
0.55 MeV, P.(4440) - n.p = 0.15 £ 0.03 MeV,
P.(4457) - J/wp = 0.45 +£0.13 MeV, P.(4457) -
n.p = 0.02 £0.01 MeV. In Ref. [53] the width predictions
were given as P.(4312) - J/wp = 1.67 )2 MeV,
P.(4312) - n.p = 554707 MeV. The widths of same

transitions were obtained in Ref. [90] as P.(4312) —
+0.0197(+0.0309)

J/yp = 0.0448_0016](_0'0287) MeV, P.(4312) - n.p =
0.0892f8_‘8§2912<(f8§567115)> MeV. And also the transitions to

. . . P _ 3—
these final states, for possible spin-parity J© =3~ case,

were also considered in Ref. [170] with the following
findings: P.(4440) — J/wp = 0.02 MeV, P.(4440) —
n.p =8 MeV, P.(4440) - J/yp = 1.8 MeV,
P.(4440) - n.p = 0.008 MeV for P.(4440),
P.(4457) - J/wp = 0.01 MeV, P.(4457) - n.p =
67> MeV, P.(4457) — J/yp = 0.6 MeV, P (4457) —
n.p = 0.003 MeV for P.(4457). As is seen, in some cases,
the widths for the channels involving J/y in the final state
have dominant contributions, while in others, the widths
of channels involving 7, state are large. The width result
obtained for the P}(4338)° — 5,A decay channel in this
work indicated that this channel has a significant contri-
bution to the total width, though it is smaller than that
of P (4338)° - J/wA decay channel that the state
P}(4338)° was observed.

The results obtained for the mass and the total width of
PL(4338)° are consistent with the experimental findings
within the presented uncertainties and favor the Z.D
molecular nature of the P)(4338)° state with quantum

numbers J© = %‘.
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