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A candidate triple strange pentaquark state, P, is investigated through its strong decay channel
P sss = QJ/y. To calculate the relevant strong coupling constants, two possible interpolating currents
with spin-parity J* = %‘ are used. Though the chosen currents for the state under consideration have
spin-parity quantum numbers J = %‘, they couple to both the positive and negative parity states
simultaneously and the corresponding decay widths are obtained for both parities. These widths
are obtained as I'(P,,, — J/wQ™) =201.4 + 82.5 MeV for the negative and T'(P,,, — J/yQ~) =
316.4 4+ 107.8 MeV for the positive parity state when the first current is used. For the second current,
we obtain (P, — J/wQ~) = 2525+ 116.7 MeV for the negative and T'(P.., — J/yQ~) =

361.1 +98.4 MeV for the positive parity state. These results may provide insights into future experimental

observations of such candidate states and help to distinguish and fix their properties.
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I. INTRODUCTION

The past few decades have become the era of the
observation of various hadrons which include both the
conventional hadrons with either three-quark or a quark-
antiquark substructures and their excitations as well as
nonconventional exotic states. As a result, nowadays,
investigation of the properties of the exotic states, such
as their substructures and quantum numbers, has become an
attractive research field. Since their first proposal by
Gell-Mann [1], their existence and possible properties
were widely probed out theoretically until their first
observation was announced for X(3872) in 2003 by the
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Belle Collaboration [2]. This observed state was a tetra-
quark state, and later other collaborations such as the
CDF II Collaboration [3,4], the BABAR Collaboration [5],
DO Collaboration [6], LHCb Collaboration [7], and CMS
Collaboration [8] validated this observation.

Another member of the exotic state family is the
pentaquark configuration, for which the first observa-
tion came to light in 2015 in the J/w + p decay channel
by the observation of the LHCb Collaboration [9]. The
observed states were stated to be P.(4380) and P.(4450).
However, in 2019 the updated analyses of the LHCb
Collaboration indicated the splitting of the P.(4450) into
two states, labeled as P.(4440) and P.(4454) [10].
In Ref. [10] a new state, P.(4312), was also announced.
The resonance parameters for these states were reported
as [9,10]:

mp,_ (4330 = 4380 & 8 =29 MeV
Tp, 4380+ = 205 + 18 £ 86 MeV,
Mp_(aaa0)+ = 4440.3 + 1.3} MeV
Tp (4440 = 20.6 £4.975], MeV,
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Mp (4457 = 44573 £0.671] MeV
Tp, (a457)+ = 6.4 £2.017] MeV,
Mp_ (4312 = 4311.9 £0.7558 MeV
Tp 4312+ = 9.8 £2.7577 MeV.

These observations were followed by the report of two
more observations in 2021 and 2022 which are P.,(4459)
[11] and P.(4337) [12], respectively. The P, (4459)
contains a strange quark and was observed in J/wA
invariant mass spectrum, whereas P.(4337) was observed
in both J/wp and J/wp invariant mass spectra with the
following spectral properties [11,12]:

Mp_ (44500 = 4458.8 £2.91} MeV
Tp aasop = 17.3 £6.5730 MeV,
mP”<4337)+ = 4337jzj22 MeV

Tp 4337+ = 29755717 MeV.

By the ripple of excitement brought by these observations,
these hadrons have become one of the focus of intense
theoretical studies. These theoretical studies aimed to
investigate the properties of these states to understand
their natures and substructures. Besides, some of these
works focused on other possible new states to contribute to
experiments by offering new possible states for their future
observations. Via various approaches and different struc-
ture assumptions, the observed states were investigated
thoroughly. In some of these works, to shed light on their
obscure substructure, these pentaquarks were treated as
compact pentaquark states. Diquark-diquark-antiquark or
diquark-triquark forms were adopted in Refs. [13-33].
References [34-38] considered the possibility of their
arising from the kinematical effects. Another common
structure suggested for the pentaquark states is the molecu-
lar form. Based the closeness of their observed masses to
meson baryon thresholds and their small widths, they were
investigated using different theoretical methods adopting
molecular structures. Among these theoretical models
considering molecular interpretations are the one-boson
exchange potential model [39-50], quasipotential Bethe-
Salpeter [51-53], the contact-range effective field theory
[54-57], the effective Lagrangian approach [58-61], and
the QCD sum rule method [62—69]. For more investigation
with the assumption of meson-baryon molecular state, we
refer to the Refs. [70—84]. Though the pentaquark states
were investigated deeply via the different models as
mentioned above, there still exists ambiguity in their
properties, and they need further investigation to be
identified clearly. Such investigations may either provide
insights into the observed states about their properties or
some of them may focus on their decay modes other than

the observation channels. Moreover, some new candidate
states can also be offered from the analyses for differ-
ent possible pentaquarks’ spectroscopic properties or
decay channels. One can find such investigations in
Refs. [58,59,85-100].

As is seen from all these researches, the pentaquark
investigations are among the very hot topics, not only
including the survey of the observed related states but also
of the ones that have the potentials to be observed in future
experiments. Ongoing improvements in both experimental
facilities and techniques make the expectation for the
observations of such new states natural. In this respect,
there occurred many theoretical efforts to offer such new
states to shed light on experimental investigations. With
this motivation, in Refs. [50,101-122] the pentaquark states
involving bottom quark were investigated. Pentaquarks
with full heavy quark content were studied in
Refs. [123-126]. The expectation of new pentaquark states
with quark content other than the first observed states has
been advocated by the observation of new states with the
strange quark, that is, P,.,(4459)° and P,,(4337)*. Inspired
by the observed pentaquark states with and without strange
quark, the observed states with strange quark were ana-
lyzed [29,30,53,58,67,69,76-78,92,94,127-140]. Besides
the observed strange pentaquark states, the possible states
containing double or triple strange quarks were taken into
account in the Refs. [22,31,43,66,134,135,139,141-144] to
provide insights for the future experiments by supplying
information such as their possible spectroscopic properties
or decay mechanisms. This natural expectation of the
forthcoming observations of the new pentaquark states
with possible different substructures has also motivated us
to study the properties of such possible new states. With
this motivation, in Ref [31], we analyzed the possible
double strange pentaquark and calculated the probable
mass and decay width for this state. In this work, we aim to
make a similar analysis for a candidate state of triple
strange pentaquark by investigating the decay width for the
strong P, — Q7 J/y transition by applying the QCD
sum rule method [145—147]. This method has yielded many
successful predictions consistent with the experimental
findings up to now, which puts it among the powerful
nonperturbative approaches. In this method, the main
ingredient is a proper interpolating current, and in this
work, we take into account two of them, which were also
suggested in Ref. [22]. In that work, the masses for the
pentaquark states were predicted with these interpolating
fields, and we apply these mass values as inputs in our
analyses. These currents are in diquark-diquark-antiquark
form with spin-parity quantum numbers J¥ = %‘ and can
couple to both the negative and positive parity states.
Therefore in the analyses, we consider the possible penta-
quark candidate states with both negative and positive
parities that couple to each interpolating current and obtain
their corresponding decay widths.
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The present article contains the following outline: In
Sec. I we give the details of the QCD sum rule calculations
to obtain the QCD sum rules for the coupling constants
entering the decays calculated for both the currents used for
the triple pentaquark state, which will be represented as
P in the text. Section III presents the numerical analyses
for the obtained QCD sum rules. The last section contains
the summary and conclusion.

II. THE STRONG DECAY P, — Q~J/y

In this section, we provide the analyses for the strong
decay of candidate pentaquark state, P.,, — Q7J/y, to
obtain the coupling constants. These coupling constants are
among the main ingredients of the related decay width
calculations. To get the coupling constants via the QCD
sum rule method the three-point correlation function given

below is used:
= i2/d4xe‘ip"‘/d4yeip/'y

X AOIT LI ()" (0)TP«(x)}[0), (1)

H

Hﬂﬂ’ (pv q)

where JPes is the interpolating current for the candidate
P, pentaquark. In this work we consider two different
possible currents with the following forms:

Jp = e”“e’/kelm”s.]TCyasks,TnCy“cnCEZ, (2)

csss

and
|

(OE1Q(p". )OI | fyr(9)) (I Jw(9)Q

1,
Jp :%6’1”6’-’k€”””s]TCyasks,2Cyscnysy"CEZ- 3)

csss

As is seen in Eq. (1), besides the current of the pentaquark
state, one also needs the currents for the Q™ and J/y final
states, which are

S =€ (sTCyusm) 50,

JZ//V/ = Elyﬂ/cl. (4)
In Egs. (2)—(4) the subindices, i, j, k, a, [, m, n, represent the
color indices, and s, ¢ are used to symbolize the correspond-
ing quark fields and C is the charge conjugation operator. The
calculation of the correlation function requires some standard
steps separated into two parts. In the first part, a hadronic
representation of it is obtained, in the other part, a repre-
sentation is attained in terms of QCD degrees of freedom. A
proper match of both parts via a dispersion relation results in
the physical parameters obtained in terms of QCD ones. In
this work, these parameters are the coupling constants, g, g,
and g3 for the transition of pentaquark state with negative
parity and f, f», and f5 for the transition of pentaquark state
with positive parity that are obtained in terms of perturbative
and nonperturbative QCD degrees of freedom as well as
some auxiliary parameters involved.

To calculate the correlator’s hadronic representation in
terms of hadronic degrees of freedom, we insert complete
sets of hadronic states, which have same quantum numbers
with the considered interpolating currents, into the corre-
lation function. After taking the four integrals, we get the
results of this side as

(P ) Pesss (P2 9)) (Posss (P 5) [T 7e+10)

Had _
I (p.q) = (.

= p?)(mj, —q*)(mp

L?\Y )

N o1 (p', S’)><0|JJ/W\J/W(61)><J/W( ) (P, 8| Pesss (P 5)) (Pegss (s 5)1TFe10)
(mg- = p)(mj,, —q*)(m3, = p?)

csss

+o ()

In Eq. (5), to represent negative and positive parity one-particle pentaquark states, we respectively use |P . (p,s)) and
|Pegss(p.s))sandmp, andmp_ are their corresponding masses. Similarly, |~ (p’, s')), (q)),mq-,and m, ,, are the one-
particle states and masses for the Q™ and J/y states, respectively. The matrix elements between vacuum and one-particle states
present in Eq. (5) are defined in terms of the current coupling constants, spinors and masses as

(e P sy (po8)) = Ap, 1 m(p,s>,
(O B (. 5)) = 33, 751, (- 5)

(O 1Q (P, ")) = da-ug- ,4( ),

O/ 171w (@) = Fappmapyen (6)

where e, and f; ,, are polarization vector and decay constantof J /yrand Ap__, A p,..,» and Aq- are current coupling constants of
the negative, positive parity pentaquark states and Q™ state, respectively. The masses mp, andmp_ and the current coupling
constants Ap_ and 4p are calculated in Ref. [22] using the same currents as the present study. We will use them as inputs in
the analyses of the considered strong decays. The spinors for the states are represented as up__, up_ ,and ug- , which satisfy
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ZMPN”(Pv s)ip, (p.s) = (F+mp_ ),

N

S up, (p.s)ip, (pos) = (F+mp_ ),

csss

N

_ 1
> g (P g (P 5) = ~(F + ma) |G — 3 7urs
S!

Puly = Pu¥u
3I’i’lgf

2p,py
3m2._

+

’

3

(7)

The matrix elements, (J/y(q)Q™(p', 5")|Pesss (P, 8)) and (J/y(q)Q7(p', 5')|Pesss (P, 5)) have the following forms in terms

of coupling constants of the interested interactions

(/W (@)Q (P )|Pesss (P 5)) = liqo(p' ') {91 (quf — €udl) + 92(P-£q, — P.qe,) + 93(q.€q40 — 47€,) Yuip_ (p.s)-
/(@)@ (P 5)|Pesss (P2 5)) = lig.a(P's )1 (qaf = €af) + F2(Po£Ga = P-gea) + [3(q-690 — G*€a) Y5t () (8)

where P = (p + p’)/2. Insertion of all these matrix
elements given in Eqs. (6) and (8) into Eq. (5) and using
the Eq. (7) to make the summations over the spinors and
polarization vectors, gives us the final form of the
hadronic side after which double Borel transformations
with respect to p?> and p’* are applied. The Borel trans-
formations supply a suppression over the contributions
coming from higher states and continuum. The result
contains many Lorentz structures, and the coefficients of
|

moo
CSSS

2
me

~ - fJ/ ﬂg-ﬂp.,.,ml/
HHd[d(p’ q) = —¢ 2 e 2 4 csss 4
- (m%/w +0%)

+ 2mj,

CS8S

1
20? r+—
+20) e+ —

1
+ 9 (3mg- —mo-mp_ —mp  +Q0%)P pup, + - (=4gima- — (92 — 293)[2mg- + mg-mp

csss csss

+ 2 (m%)CSS.Y

6

+mg-mp  +2mp  +40%))p,p v 2

+—((m§2-+m9—mp +m120

2

csss csss

+ other structures}

m2

Pesss e ﬂ - /1 D
B e—;—ze—%fl/uf 252 PL-.‘S."ZJ/W F
(mj,, +0°) 13

+

G (4f1(mg- +mp_ ) =2f3(m- + mg-mp__
me-

1
s (4f 1ma- + (f2 = 2f3)2me- — mg-mp,

58S

1
[— 3 (goma-(mgy- — mp_ ) = 2g3mq- 0 + g1 (mg-mp

(—4gi(mg- —mp__ ) + 2g5(m}- — mg-mp

1
+ O pury — = (—4g1(mg- + mp_ )+ go(mg-mp

mey-
———(=2g1mq- + gymy- + 24, mp = Gm}

+ 0% (29, (mg- —mp_ )+ go(—mi- + m%c
(meQ_ (mé— - m%ml ) - 2f3mg— Q2 + fl (_mg— m]")(:‘m + Zm%
+ m%

1
+ 2(m%£“ + QZ)DPMPM’ + 8 (—4f1 (mg_ —mp

[

some of them will be used in the analyses to obtain the
coupling constants. We will take these coefficients, which
belong to the same Lorentz structure, from the hadronic
side and QCD side and equate them. By employing this
procedure, we get some coupled equations to be solved
for the coupling constants. In the below equation, we
represent the correlator for the hadronic side in terms of
these Lorentz structures keeping only the ones we directly
use in our analyses.

2

csss

+mp = 0%

csss csss csss

csss

6
+4my 4207 +2g5(2m}-

csss

- 293 Qz)yg;m’

csss

) + 2.93 Qz))gﬂ//

csss 555§

+ 2Q2))pu7/;4’

csss

- Q%) = fL(3m- + mg-mp__—m3

csss €558 Py

)

+ Qz))ﬂ/pup;,’

csss
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+fa(=mo-mp +4my +20%)+ f3(4mg- —2mg-mp  +4my +80%))p,p),

me-
2

+ fo(=mg- +m3 ) +2f30%))g,, + other structures} -

s

where Q% = —¢?; and M? and M'* are the Borel param-
eters. The “other structures” in Eq. (9) represents the other
present structures that are not used in the analyses, and - - -
is used to indicate the contributions of higher states and
continuum. As is seen from Eq. (9), we have six coupling
constants, to obtain them we need six equations, and
we get these six equations from coefficients of six different
Lorentz structures obtained in both the hadronic and
QCD sides.

As stated, the coupling constants are obtained from the
solutions of the coupled equations that are constructed from
|

1
T (_fzmg27 + fzm%csm + 2f1 (mQ_ + mP(‘Sm) + 2‘f3 QZ)ﬂg/‘ﬂ, ) (<mgz7 - mQ_ mpz‘s:x + m%)mm + QZ) <2f1 <mQ_ + mpz‘x:s)

2
©)

the matching of the coefficients of the same Lorentz
structures calculated in both the hadronic and QCD sides.
Hence, we need to have the results for the QCD side as
well. To this end, we calculate the correlation function,
Eq. (1), in quark-gluon language and in terms of the
fundamental QCD degrees of freedom in deep Euclidean
region. To proceed, the explicit forms of the interpolating
currents given in Egs. (2)—(4) are inserted into the corre-
lation function. Using the Wick’s theorem, we contract all
the quark fields giving the results in terms of the light and
heavy quark propagators. In this step, we find

Hg;E(p,p/, q) =2 / dAxe—irx / d4yeip'-yeklm€i’l’a’€i/j’k’€l’m’n’z{Tr[yuCSZk/' (y _ x)CyﬂSﬁk/(y _ x)}

X S (y — x)y, CST™ (=x)Cy,y CST*" (x)C + S2 (y — x)y*CSTH (y — x)Cy, S™ (y — x)
X 1,CST™ (=x)Cy,y CST™ (x)C + 87 (y = x) €S}V (y = x)Cr, S (v — x)

X 7, CSE"™ (=x)Cyy CSL" (x)CY,
for the first current, given in Eq. (2) and

2
OPE roN Tt
HW/ (p’ P q) -

V3

(10)

dPxe~ P / d4yeip’»y€klm€i’l’a’€i’j’k’el’m'n’2{Tr[yyCSij/ (y _ x) CVﬂSék/ (y _ )C)]

x S (y = x)ys CSI™ (=x)Cy,y CST/™ (x) Cy,ys + S2 (v — x)p*CSTH (y — x)Cy, S (y — x)
X ysCST (—x)Cy,y CST (x)Cy,ys + SI¥ (y — x)r*CSs 7 (y — x)Cy, S (y — x)

X ysCSI™ (=x)Cyy CSE" (x)Cy,ys}

(11)

for the second current, given in Eq. (3). As it is seen from the above equations, to proceed we need to have the explicit forms
of the quark propagators in x-space. We use the following light and heavy quark propagators [148,149]:

. m (ss) .. fmy(Ss) x2 L XPrmy
Ss,ab(x) = léab 22t - 5ab 22 - 5abf + léab 48 - 5ub @ <SgsUGs> + léub 1152 <SQSGGS>
af 242/ c\2
. gSGab . X xgs <SS>
- 1—32772)62 [XCap + Oap] — 164 — e (12)
and
' ) O GX 045K+ m.) + (K+ m,)o,
SC ab(x) _ l . / d4ke_lk.x ab _ 95U ap 0 /3(% m2) (2k - m )O- 7
' (Zﬂ) k —m. 4 (k - mc)
7’ |a,GG K>+ mf
— (= 8, Y 13
L e (1)
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/7 O\___.A’

o\.
y y
—» X —YX + other possible diagrams

FIG. 1.

The Feynman diagrams corresponding to the terms considered in the QCD side of the strong decay calculations. The light and

heavy quarks are represented by the solid and dashed lines, respectively.

where G% = G%'14, and GG = G“ﬁG“” witha, b = 1,2,3
and A =1,2,...,8. Here, " =4 Wlth A being the Gell-
Mann matrices. After using the propagators in Egs. (10)
and (11), we apply the Fourier transformation by perform-
ing the integral over x to transform the results to the
momentum space. In terms of the Feynman diagrams,
the calculations done up to this point are equivalent to the
calculations of the Feynman diagrams shown in Fig. 1
directly in the momentum space. We shall say that our
calculations cover all the possible diagrams up to dimen-
sion six nonperturbative operators, part of which is shown
explicitly in Fig. 1.

The procedures above lead to the following expres-
sion for the QCD side in terms of different Lorentz
structures:

= Ha,lpyy;/ + Ha,zﬁ/l’ﬂp;/ + Ha,Spyp;/
+ Ha,4pﬂp;/ + Ha,Sﬂg/m’ + Ha,()g/m’
+ other structures, (14)

OPE
I (p.q)

with “other structures” representing the contributions of
other possible structures. We select the coefficients of the
explicitly shown structures in this equation in the QCD

side. The subindex ¢ = 1, 2 in HZ",J ’j; is used to indicate the
result for either the first pentaquark current or the second
one. From the calculations we obtain the spectral densities
defined as p,;(s,s.¢*) = 1Im(Il,;), with subindices
i=1,2,...,6 corresponding to the considered Lorentz
structures. These spectral densities are used in the follow-
ing dispersion relation:

ds d,ﬂieftssq)+p“°“"e“(s,s’,612) (15)
—-pH)(s'—p?) ’

where we represent the spectral densities obtained for the

perturbative part with pl (s, s'. ¢*) and for nonperturba-

tive part with p"onpm(s, s', q*), expressions of which are

very lengthy and we do not present them here. The next
step is to apply the Borel transformation with respect
to the variables p?> and p’> and perform the continuum
subtraction supplied by the quark-hadron duality
assumption. These procedures bring two continuum
threshold parameters s, and s;, respectively in the initial
and final state besides the two Borel parameters previously
discussed.

014023-6
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The matches of the coefficients of the given Lorentz structures obtained from both sides provide us with six coupled
equations to be solved for the required strong coupling constants:

1
A 3 (g2mq-(m- —mp

= 2f3mq-Q* + fi(=mg-mp__+2m3

) = 2g3mg-Q* + gy (—mgq-mp

csss

+ 2Q2) - ﬁa,l,

csss

csss

1
—A— (-4 -
6m97 ( gl (mQ mPcs.m csss

1
- B Gy (4f (mg- +mp_

+2(m3

csss

+0%)]) =M.

csss

1 2
- Ag (—4g1mg- — (92 — 2g3) [2mg- + mg-mp

x 2m2- — mo-mp_+ 2(mf~,

1
+2mp +207%) = Bg (famg-(mb- —m?

)+ 2g3(mh- —mg-mp _+m

csss

Pcss.v

CSss - Q2) + gz (3m§27 - mgimP - m%('SSS + Qz))

csss

)= 2f3(mg- +mg-mp_ +my — Q%) = fr(3my- +mg-mp__— m?; +07%)) =M,

58 csss

+ 0%))) —B%(4f1mgf + (f2 = 2f3)

1
—A-— (—4f1 (mQ— + mPC:”) + [ (mg— um: + 4m%)(:”x —+ 2Q2) + 2g3 (Zmé— —+ mgy- mpcm + 2m%cm + 4Q2))

6

1
- Bg (—4f1(mg- —mp )+ fo(=mg-mp__+4m3

csss
csss csss

+2f1(mg-+mp,_ ) +2f30%) =15,

csss

mao- mao-
A TQ (=2g1mq- + gome- +2gimp = gomp  —2g30%) + BTQ (=famg- + fam3

—A=((md- +mg-mp __+ m?

2
1
- B 5 ((mg- —mq- mp + mfo + 0%)(2f 1 (mg- + mp

csss

where
TP mhe do-dp m
A=c¢ i e u? Farw 29 Pews ZJ/W,
(mj/y/ + Q )
m2 2
Pesss Mo~ f ﬂg—/l” m
B—=e¢ 2 ¢ M2 J/w Py W ) (17)

(mi/y/ + QZ)

and I1, ; are the Borel transformed results of the QCD side
corresponding to the results obtained for the first and
second currents. These six coupled equations are solved
for the unknowns, which are the strong coupling form
factors entering the transitions of the negative and positive
parity pentaquarks. The strong coupling form factors at

Q* = -mj, are called the strong coupling constants
defining the strong decay under study. As we previously
mentioned, the results for ﬁa,,- are too long, and therefore

we do not provide their explicit expressions here.

III. NUMERICAL ANALYSES

After extracting the QCD sum rules for the coupling
constants in the previous section, we proceed to analyze
them numerically. They contain various input parameters
such as the masses of the quarks entering the calculations,
quark, gluon and mixed quark-gluon condensates, masses

csss csss

L H200) + fa(dmy = 2mg-mp  +4my, 4 80%)) =Ty,
+ 0%) (291 (mg- —mp_ ) + go(=me- +mp_ ) +29;0%))
) T fa(=my +my ) +2f30%)) =T, (16)

|
of the hadrons, etc. These input parameters are given in
Table I. Among the input parameters, we also need the
masses and current coupling constants for the considered
pentaquark states. These are calculated in Ref. [22] for both
of the currents used in this article. Their values are given for
negative and positive parities as mp_ = 4.68 + 0.13 GeV,
Ap,, =(6.47£1.10)x1073GeV®, mp =4.8940.13GeV,

Ap. = (3.44%0.61) x 1073 GeV® for the first current

TABLE I. Necessary input parameters used in the analyses of
the coupling constants.

Parameters Values

m, 1.27 £0.02 GeV [150]

m 93! MeV [150]
(qq)(1 GeV) (-0.24 4+ 0.01)% GeV? [151]
(5s) 0.8(74) [151]

m3 (0.84£0.1) GeV? [151]
(49,0Gq) m5{aq)

(%G (0.012 £ 0.004) GeV* [152]
my )y (3096.900 + 0.006) MeV [150]
me- (1672.45 + 0.29) MeV [150]
Ao- (0.068 4 0.019) GeV? [153]
fin (481 £ 36) MeV [154]
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and mp, =471£0.11GeV, p = (6.8441.00) x
107 GeV®, mp  =5.40+0.08 GeV, p = (12.17+

1.28) x 10~* GeV® for the second current [22]. Note that
the central values of the masses for the negative parity
pentaquark states for both currents are lower than the total
mass values of the final states, m,, + mq-. Therefore, in
the calculations, considering the errors of these masses,
we take their upper values, which are higher than the
my Iy + meg-.

In addition, there enter four more auxiliary parameters in
the analyses. These are the Borel parameters M? and M",
and the threshold parameters, s, and s;. The continuum
thresholds are selected such that the analyses include both
the resonances under study. To extract the working regions
for these parameters, we follow some standard criteria
required by the QCD sum rules. For the upper limits of
the Borel parameters, the criterion is that contributions
coming from the interested states (the two first resonances)
dominate over the higher states and continuum, and for
their lower limits the convergence of the operator product
expansion (OPE) (the perturbative contribution exceeds
the total nonperturbative contribution and the higher the
dimension of the nonperturbative operator the lower its
contribution) is taken into account. For the pole or two
resonances dominance, we require that,

PC _ Ha l'(So, S6, MZ, M/Z)
IT

, 18
wi(00, 00, M?, M"?) (18)

to be equal or greater than 0.5. This means that the two
resonances under consideration constitute at least 50% of
the total contribution. By this way we fix the upper limits of
the Borel parameters. As for the lower limits of the Borel
parameters, we demand the OPE convergence. We require
that the following parameter that represents the contribu-
tions of the higher two dimensions:

P8 (s, 5, M2, M)

R = ,
Haw,-(so,sf),Mz,M'z)

(19)

be equal or smaller than 0.05, i.e., the nonperturbative
contributions of dimensions five and six constitute max-
imally the 5%, of the total contributions for each current
and selected structure. Furthermore, in the determined
regions, the results are required to be as independent as
possible of these variables. Considering all these criteria,
the working regions for the Borel parameters are deter-
mined as:

5.5 GeV? < M? < 6.5 GeV?,

2.0 GeV? < M <3.0 GeV>. (20)
As for the threshold parameters, they are related to the
energies of the excited states at the initial and final
channels. Considering again the dominance of the two
considered resonances over the higher states and con-
tinuum and the OPE convergence as well as the relatively
weak dependence of the results on continuum thresholds,
the following working windows are obtained:

28 GeV? < 509 < 32 GeV?,

2.8 GeV? < s5)) < 3.4 GeV2. (21)
To see the dependence of the results on the Borel
parameters M?> and M'? as well as the thresholds s, and
so» we plot, as an example, the strong coupling form factor
f1 with respect to the Borel parameters in wide ranges
containing their working intervals (bordered by vertical red
lines) at different fixed values of the continuum thresholds
and at Q? = 7.5 GeV? for the first current of the penta-
quark state in Fig. 2. From this figure, we see that the
dependence of f| on the auxiliary parameters in their
working intervals is weak. The residual dependencies on

8 : 8 :
----- s0=32|GeV?, s = 3.4 GpV2 aeman 5o =32(GeV?, s = 3.4 GRV?
6 =—— s,=30/GeV?, s =3.1 GpV? . 6 =—— s,=30/GeV?, s, =3.1 GpV? 1
< | wauns 0= 28/GeV?, sy = 2.8 GpV? < [ aeans s0=28/GeV?, s = 2.8 GV?
2 4k 1 24l 1
l TN l ;ﬁi'i'l’-:-rn..."
ol ""'5-'-4-'.-_-;--_. S4eaassoo. ] 2l
1) PN RN B 1) I R B
45 50 55 60 65 70 75 10 15 20 25 30 35 4.0
M4 (GeV?) M2(GeV?)

FIG.2. Left: variation of the strong coupling form factor f, obtained from the first current as function of M? at different fixed values of
the continuum thresholds, central value of M’? and at Q> = 7.5 GeV? (the vertical lines are the boundaries of working region for M?.)
Right: the same as the left panel but as a function of M’> at central value of M?>.
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TABLE II.  Parameters for the fit functions of strong coupling constants, g, g, and g3 for P, = Q~J/y decay; and [, f,, and f3
for P, — Q J/y decay obtained from first current used for the pentaquark state. The numerical values of the strong coupling

constants obtained from the fit functions at 0* = —m? 1, are also given.

Decay channel Coupling constant 90(fo) ¢y ¢y gi(fi)(=m3 y)
g1 (GeV™) 1.25 2.46 -0.51 041 £0.16

P = Q J/y g» (GeV~2) —-0.23 4.17 3.05 —0.07 +£0.03
g3 (GeV2) 0.83 3.49 —0.04 0.19+0.14

3 f1(Gevh 0.62 4.98 —1.21 0.07 £0.01

P = Q J/w f2 (GeV™2) —-0.59 4.58 2.86 —0.15 £0.06
f3 (GeV™) 1.48 1.37 4.45 1.75+£0.25

TABLE III.  Parameters for the fit functions of strong coupling constants, g;, g», and g3 for P, ,, — Q~J/y decay; and f, f5, and f3
for P, — Q~J/y decay obtained from the second current used for pentaquark state. The values of strong coupling constants obtained
from the fit functions at Q> = —mj,  are also given.

Decay channel Coupling constant 90(fo) ¢ ¢y g;(fi)(=m3 )
g1 (GeV™) 3.33 -3.11 -25.79 0.15 £ 0.08
Puy = Ty g (GeV-2) 26.39 373 —1.46 4.40 £ 0.59
g3 (GeV~2) —-15.19 3.11 0.46 —491 +1.21
3 f1 (GeV™h 6.67 2.30 —29.71 0.13 +0.07
Poys = QJ )y f5 (GeV~2) 40.75 5.66 —8.89 142 +0.04
f3 (GeV™?) -26.03 5.52 -8.15 —-1.75+£0.39

M? and M" as well as the thresholds s, and s, appear as the

uncertainties in the presented values. a2 +Cz( 2 )2

Using the working windows of the auxiliary parameters Gi(f)(03) = go(fo)e "resss  N'Pesss (22)
and the values of other inputs, the behavior of the
strong form factors with respect to Q% can be discussed. where the fitting parameters are given in Tables II and III
The strong form factors, obtained in the previous  for the first and second pentaquark currents, respectively.
section, give reliable results at positive values of @2 ~ The values of the strong coupling constants are also
however, as previously mentioned, we need their values at presented at Q* = —m3 Iy in the last column of these tables

Qz __ m;/w‘ The strong form factors obtained at this point for both the currents. The errors presented for the values of
are called the strong coupling constants defined the strong ~ the strong coupling constants in Tables II and III are due
decay under study. Hence, we need to extrapolate the to thf: unpertamﬁes 1nher1ted .by the determination of the
working intervals of the auxiliary parameters, the errors of
the input parameters given in Table I as well as the fitting
procedures. For some of the input parameters given in the
Table I, such as the mass and condensate of the strange
quark and gluon condensate, there are also some recent
estimates in the literature [155,156]. In our predictions, we
consider the effects of the usage of such input values as well
and reflect the outcome in our error estimations.

results to the negative values of Q2 using some fit
functions. Different fit functions are candidates for this
purpose, however, we use the one that best fits to the sum
rules predictions at positive values of Q. The uncertain-
ties related to the fitting procedure is reflected in the
presented values, as well. The following fit function
best describes the Q? behavior of our six strong form
factors:
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The final task in this section is to calculate the width of the strong decay channels under consideration. We find the

following decay width formulas:

f(mPCSSS ’ m‘//lll’ mQ*) ((mQ_ + mP('U’Y)Z - m%/l)’/)

F p—
12m3,-

162zm?%

csss

+4g293m3), Im), — Vimgy + 10m-miy  +mp = 2m3), (mgy- + mp,

2 2 _ 2 2 _
X (Tmg- —4mg-mp_ +mp ) =2mj, (mg- —3mg-mp_ +mp

+ mg/y,(3m§2_ + m%,)2 + 8(m}- — mg-m?

csss

+ 5 [mﬁ/l,, — (mq- —mp

csss

for the negative parity pentaquark and

F = f(mpcsxx ’ m‘]/l//’ mg—) ((m97 - mi)esm)z - mg/y/)
16zm3, 12m3,-
+4f, f3m3 ” [m‘} I~ 1mg- + 10m3- m%,m + m;l,m

(4g%m3/y/[m§/y/ + (mé_ - m%’””)z + Zm.%/y/(smé_ - m%’

- Zm.%/y/(mgl_ + m%m“)] + Sf%[mj/y/ - 2m.//y/

)]

)] + Sg% [mj/l// + (mg— - mP('.\s.\')z

)

csss

°SSS

7 )} + g%[mg/y/ - 2m§/l//<3mgl’ + m%’(

csss CSSS.

)?] — 8g1mg- [1293’”3/1,,’”9- (mg-—mp_)

)*(Sm- + dmo-mp_ — mp,..) = 2m3/l,,(m§r +mp, )| (23)

csss

((4f3m3,, [m],, + (me- —m3  )*+2m3, (Smg- —m3 )]

P('m‘s Pc:xs

X (mgz_ + 3m97 mi)”s“ + ml%r:ss> + (m97 + mi)esss>2(7m§2_ + 4m97 mPcsss + m%cm:)] + f% [ms/l// - zmﬁ/l//

x (3mp- + m%m ) +m3,, (3me- + mi >+ 8(m}y — mg-mpm)z] = 8fimq-[12f3m3 ), mg-(mo- + mp

S8 ss

csss csss

+ falmj,, — (mg- +mp

for the positive parity pentaquark states with

1
fley.2) = \/x4 + y* 4+ 2 = 2x%y% — 2xP2% — 2222
(25)

We obtain the numerical values of the corresponding
widths of the considered decay channels as

[(P.gs — J/wQ™) =201.4 £ 825 MeV, (26)
for the negative parity pentaquark, and
(P, = J/wQ™) = 3164+ 107.8 MeV, (27)

for the positive parity pentaquark states when the first
interpolating current is used. And,

[(P.g = J/wQ™) =252.5 £ 116.7 MeV, (28)
for the negative parity pentaquark, and

[(Pyss = J/wQ7) =361.1 £98.4 MeV,  (29)

V2 (5md- —dmg-mp  — m?

2

)

csss

) = 2m3, (mey- +my )| (24)

Prsxs

[
for the positive parity pentaquark states when the second
interpolating current is used.

IV. SUMMARY AND CONCLUSION

The improvements reached in time in both the exper-
imental and analyses techniques have led us to observa-
tions of new particles including the exotic states. The
indications for possible similar future observations
motivates the theoretical studies supplying information
for such experimental investigations. In recent years, a
pentaquark state with a single strange quark, P,(4459)°,
was reported by the LHCb Collaboration [11]. This
observation attained in the J/yA invariant mass distribu-
tion of the 5, — J/wAK™ also indicates the possible
existence of the pentaquark states with double or triple
strange quark content, which may be observed in the near
future. This expectation has motivated us to study the
possible double or triple pentaquark states. We considered
a possible double strange pentaquark state in Ref. [31].
In the present study, we investigated the strong transitions,
Poyss(Pesss) = J/wQ™, for a possible triple strange
pentaquark state with negative (positive) parity within
the framework of the QCD sum rules considering two

. . . . . . P _ 1—
different interpolating currents with spin-parity J= = 5".
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The mass predictions for the considered state were
obtained using the same currents in Ref. [22], and we
used these results in our decay analyses.

The strong decay analyses may supply effective support
besides the mass predictions for fixing the possible quan-
tum numbers of these particles in their future observations.
In some analyses of currently observed pentaquark states,
their decays were also considered to fix the properties of
these particles besides the spectral analyses, since spectral
analyses might not suffice to do that. With this drive, in this
work, we calculated the corresponding strong coupling
constants for the decays, P,y (P.sss) = J/wQ, and using
them we obtained the corresponding decay widths consid-
ering the two mentioned interpolating currents. Though the
currents have negative parity, they can create states both
with the negative and positive parities. And therefore,
we obtained the strong coupling constants ¢; and f;
for negative and positive parity states, respectively,
at Q*=-mj, and using them we calculated their

corresponding decay widths for each current. These decay
widths are obtained for the negative and positive parity
states as ['(P.y, — J/wQ™) =201.4 +82.5 MeV and
(P, — J/wQ™) = 316.4 4+ 107.8 MeV, respectively,
using the first current, as well as ['(P,s — J/wQ7™) =
2525+ 1167 MeV  and T(P.—J/wQ)=361.14+
98.4 MeV, respectively, using the second current.

In the near future, for the possible observation of such
triple strange pentaquark states, the results of this work may
provide valuable information through the comparison of the
obtained results with the experimental observations. These
comparisons may help in decisive fixing of the physical
properties of these states.
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