arXiv:2404.12146v1 [hep-ph] 18 Apr 2024

STRONG DECAYS OF THE P,.(4338) AND ITS HIGH ISOSPIN COUSIN VIA THE
QCD suM RULES

Xiu-Wu Wang, Zhi-Gang Wang]
Department of Physics, North China Electric Power University, Baoding 071003, P. R. China

Abstract

In the present work, the strong decays of the newly observed P.s(4338) as well as its high
isospin cousin P.s(4460) are studied via the QCD sum rules. According to conservation of
isospin, spin and parity, the hadronic coupling constants in four decay channels are obtained,
then the partial decay widths are obtained. The total width of the P.s(4338) coincides with
the experimental data nicely, while the predictions for the P.;(4460) can be testified in the
future experiment, and shed light on the nature of the P.s(4338).
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1 Introduction

Recent years, several P. and P, exotic states, such as the P.(4312), P.(4380), P.(4440), P.(4457),
P.(4337), P.s(4459) and P.;(4338), were observed by the LHCb collaboration [T}, 2, [3, [ 5], they
are the hidden-charm pentaquark (molecule) candidates with or without strangeness. Except for

the P.(4337), the P, and P., exotic states lie near the thresholds of the EE*)D(*) and 2.D®) pairs,
respectively, it is natural to consider them as the meson-baryon molecules. In the present study,
we will focus on the exotic P.s(4338), its measured Breit-Wigner mass and width are 4338.2 &

0.7+ 0.4MeV and 7.0 £1.2 &+ 1.3 MeV, respectively, and the preferred spin-parity is JP = %_ [5].
In Ref.[6], the P.4(4338) is considered as the Z.D molecule via the effective field theory. In
Ref.[7], the mass and width of the P.;(4338) are studied by assigning it as the meson-baryon

molecule with the IJF = O%_ based on the constituent quark model, and detailed partial decay

widths of its strong decays are obtained. In Ref.[S], the P.s(4338) is interpreted as the Z.D molec-

ular state with the J* = %_ via the quasipotential Bethe-Salpeter equation, and new structures

are predicted. In Ref.[9], the mass and decays of the P,;(4338) are studied with the QCD sum rules

by considering it as the Z.D molecule with the spin-parity J* = %7 . For some other interesting

works focusing on the P,.;(4338), one can consult Refs.[10, 0T}, [12] 13, 14} 15l 016, 07, I8, 19, 20,
21, 22, 23, 24]. Along with the popular acceptance of the meson-baryon molecule assignment for
the P.s(4338), debates do exist about its nature, for example, in Refs.[25] 20], the P.5(4338) is
assigned as the compact pentaquark state.

For our research work on the P.;(4338), we considered it have the definite isospin, spin and
parity IJ¥ = 01" and identified it as the Z.D hadronic molecule via the QCD sum rules [11],
moreover, our results showed that there maybe exist a high isospin cousin P.(4460), which is
assigned as the Z.D resonant state. In Refs.[27, 28], we distinguish the isospin, spin and parity,
study the mass spectrum of the hidden-charm pentaquark molecular states without strangeness and
with strangeness in a systematic way, and make possible assignments of the existing pentaquark
candidates and predict many new exotic states. If those predicted states could be observed in the
future experiment, it would testify our interpretation about the nature of the P,.s(4338), etc. In
Ref.[29], we study the strong decays of the pentaquark molecule candidate P.(4312) and its higher
isospin cousin P,(4330) with the QCD sum rules to examine their nature. Now we study the strong
decays of the P.5(4338) and P.;(4460) in detail to provide some useful information for the future
high energy experiment.
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This paper is arranged as follows, the QCD sum rules for the strong decays are derived in Section
2, the QCD sum rules for the A and ¥ baryons are studied in Section 3, numerical calculations
and discussions are presented in Section 4, and Section 5 is reserved for the conclusions.

2 QCD sum rules for the strong decays of the P.;(4338) and
P.(4460)

In Ref.[I1], the quantum numbers IJF of the exotic pentaquark states with strangeness Pe,(4338)

and P.(4460) are assigned as 03 and 14, respectively, the currents Jp(z) and Jp/ () are applied
to interpolate P.4(4338) and P.;(4460), respectively,

1 . ; ; N
Jp(z) = \/55”'“[ T (2)Cvs8’ ()" (z)e(x)insd(x) — dT () Cryss? ()" (2)e(@)ivsulz)] |
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where i = —1, 4, j, k are the color indices, the C represents the charge conjugation matrix. We

consider conservation of the IJ” in the strong decays, and study the typical decay channels,

Pes(4338) = me+ A,
P..(4338) — J/i+A,
P.,(4460) — 7.+ %,
P.s(4460) — J/Y+ 3, (2)

where the I.J¥ of the 1., J/v, A and ¥ are 00—, 01, O%Jr and 1%+, respectively. The interpolating
currents of these mesons and baryons are written as,

Jn.(x) = &()ivse(z),
Jippu(®) = e(@)yuc(z),
Ja(z) = \/g GF [T (2)Cras? (2)157*d" () — d'T (2)Cras? (2)157 uF (2)] |
Je(x) = T (2)Crad (2)7* 55" (x) . (3)

Now the three-point correlation functions for those decay channels can be written as,
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where the T is the time-order operator. At the hadronic sides, a complete set of intermediate
hadron states which have the same quantum numbers IJ¥ as the corresponding currents are
inserted [30L 31 [32], those correlation functions are shown as follows after the contributions of the
ground states being isolated,
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where the gya, gns, 97/9A,v> 97/9A,T> 97/9s,v and g/¢s, 7 are the hadronic coupling constants, the
Ap, Ap/, Ap and Ay are the pole residues of the pentaquark molecular states P.5(4338), P.s(4460), A
and ¥, respectively, the f,,_ and f;/, are the decay constants of the mesons 7. and .J/1, respectively,
moreover, those constants satisfy the following definitions,

O[7p(0)|Pp(p")) = ApUp(p),
O[Tp (0)[Pp:(p)) = ApUp(¥'),
(0[Ja(0)|A(g)) = AaUa(q),
(0J=(0)[2(q)) = AsUs(q),
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where the |Pp), |Pp), |A), |X), |7.) and |J/1)) represent the ground states P.s(4338), P.s(4460),
A, X, ne and J/1, respectively, the Up, Ups, U and Us. are the Dirac spinors, the ¢, stands for
the polarization vector of the .J/1 meson, it satisfies the formula > e e’ = —gua + 225=.

It is reasonable to suppose that the hadronic sides g (p, ¢) and QCD sides Ilgcp(p, q) of the
correlation functions should match with each other [29] 33] [34],

Trllu(p,q)-T] = Trlllgen(p,q) - 17, (14)

where the I' is any matrix in the Dirac spinor space. In the present study, the I' are chosen as 0,
and v, for both the IIp(p, ¢) and IIp/ (p, ¢), when setting I' = 0, the tensor structure is chosen as
Pudy — qupv, as for I' = =, the structure g, is picked out. For the correlation functions IIp ,(p, q)
and IIp/ ,(p, q), the I' are selected as 75 7 and +ys, the chosen tensor structures are g,p - z and g,,,



respectively. For clarity, the chosen tensor structures are expressed as,
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(15)

At the QCD sides, all the quark fields are contracted via the Wick theorem, and then the
operator product expansions are performed, for the analytical calculation of the quark fields, the
integrals of the light and heavy quarks are solved in the coordinate space and momentum space,
respectively [33] [34]. Since the relation p’ = p+ q holds for all the two-body decay channels
considered in the present study, the p'? is set as ép?, where the £ is a constant relied on the particular

decay channel [29], taking the decay channel P,s(4338) — 7.+ A for example, £ = m" > +1. Followed

by the rigorous quark-hadron duality below the continuum thresholds [35] [36] 37 38 39], double
Borel transformations are applied, then the QCD sum rules for the hadronic coupling constants

are derived as,
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the 77 and Ts are the Borel parameters, the pz(s,u) are spectral densities at the QCD sides derived
from the corresponding correlation functions Iz (p'2, p2, ¢?), the subscript Z stands for a,b, - - -, h,
the C'z are the unknown parameters determined by choosing flat Borel platforms for the related
hadronic coupling constants in the numerical calculations.



3 QCD sum rules for the A and X baryons

We write down the two-point correlation functions for the baryons A and X,
Mp/s(q) = i/d4y€iq"y<0|T {Jn/=W)Jass(0)}0). (24)

A complete set of baryon states with the same quantum numbers as the currents Ju/x(y) are
inserted into the correlation functions, and only considering the contributions from the ground
states, the correlation functions at the hadronic sides are acquired as,

d—+ma/s
Ha/sq) = )‘A/Zi_/q"""a
A/D

= H}\/E(q )4+ HA/E(q2) +ee (25)

The structures ¢ and 1 are chosen, therefore the four QCD sum rules are determined as,

2 0
mA/E SA/m U
/\i/zexp <_—T2 ) = /0 p}\/Z,QCD(u) exp (_ﬁ) du ,
2 0
My /s SA/® U
mA/E/\i/Eexp (—T—£> = /O p?\/E,QCD(u) exp (_ﬁ) du, (26)

where the 59\ /5, Tepresent the threshold parameters of the A and 3 baryons, respectively, the
911\/2 QCD( u) and pIO\/E_QCD (u) are the spectral densities derived from the components H}\/E((f)
and I1Q /E( q?), respectively. Their detailed analytic expressions are,
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Based on the analytical expressions of the spectral densities and Eq.(286), it is straightforward to
obtain the analytical expressions of the masses of the A and X baryons,

s 1/0 “
9 _% o /E pA//E,QCD(u)eXp (_ﬁ) du
Az = si/z 1/0 ’ (31)
Jo pA/Z,QCD(u)eXp (_%) du

where 7 = %

4 Numerical results and discussions

For the traditional QCD sum rules, the vacuum condensates are input parameters in the numerical
calculations, their standard values are determined to be (gg) = —(0.24+0.01 GeV)3, (ss) = (0.8 +
0.1)(qq), (@9s0Gq) = m3(qq), (39;0Gs) = m3(3s), m3 = (0.8 £0.1) GeV?, (2GG) = (0.33 GeV)*
at the energy scale u = 1 GeV [30, [31], 32, 40], the M S masses m.(m.) = (1.275 £ 0.025) GeV and
ms(p =2 GeV) = 0.095+0.005 GeV are taken from the Particle Data Group [41], the energy-scale
dependence of the input parameters are shown as,

@ = (@) (1GeV) [%} i
(55)(1) = (55)(1GeV) {%EBV)} Tty |
(@gsoCa)(n) = (Gg:0Ga)(1GeV) %SM)V)] o
(59.0Gs)(u) = (59.0Gs) (1GeV) %ﬁim il
as () = % [ _ z_%k’%f n b3 (log”t — lgég;_ 1)+ bobz} | )
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where t = 1og—A2QCD, bo = 55 b1 STz s b2 583 and Agcep = 213 MeV,

296 MeV, 339 MeV for the flavors ny = 5,4, 3, respectively [41], [42], for the strong decays studied
in the present work, ny = 4, for the QCD sum rules of the A and ¥ baryons, ny = 3. The energy
scales u are set as % for the decay channels P.5(4338) — n. + A and P.s(4460) — n. + X,
p = 222 for the decay channels Pey(4338) — J/1p + A and P.;(4460) — J/1 + %, and the energy
scale is set as u = 1 GeV for the QCD sum rules of the A and ¥ baryons.

For the mass of the P.;(4338), we use the experimental result mp = 4.338 GeV [5], and for
the mass of the P.4(4460), we follow the conclusion of Ref.[IT], and set it as mp, = 4.460 GeV.
From the Particle Data Group [4I], the masses of the mesons and baryons are chosen as m,,, =
2.984GeV, my/y = 3.097GeV, mpy = 1.116 GeV and myx = 1.189 GeV, respectively. For the
pole residues of the P.4(4338) and P.4(4460), we use the numerical results in Ref.[11], that is,

Ap = 1.43 x 1073 GeV® and Apr = 1.37 x 1072 GeV®. As for the threshold parameters ,/s%c and

sOJ/w, they are chosen as /59 = 3.50 GeV and , /sg/w = 3.60 GeV [33]. Moreover, the decay

constants f;/, = 0.418 GeV and f;, = 0.387 GeV from the QCD sum rules combined with lattice
QCD [43].

For the QCD sum rules of the A and ¥ baryons, the masses and pole residues of the baryon
states are phenomenologically solved via mp /5 = %(mfl\/E + mR/E) and \p /5 = %()‘11&/2 + )\9\/2),

where the m[lx//oE and )\}\//OZ are the masses and pole residues derived from the spectral densities

pjlx//OE)QCD (u), respectively. The diagrams ma —72 and Ay —T? are shown in the Fig.1, based on the

numerical calculations by setting the threshold parameter \/g = 1.59 GeV, the Borel window of
the A baryon ranges from 772, = 1.10 GeV? to T ., = 1.50 GeV? with the pole contribution being
(43 — 62)%, moreover, the extracted mass from the Borel window is 1.118 GeV, which coincides
very well with the data my = 1.116 GeV from the Particle Data Group [4I], thus the value of
the extracted pole residue is determined as Ay = 2.87 x 1072 GeV?3. The diagrams mys — T2 and
As — T2 are shown in the Fig.2, for the ¥ baryon, \/g = 1.68 GeV, the Borel window ranges from
T2, =1.15GeV? to T2, = 1.55GeV?, the pole contribution in the Borel window is (41 — 61)%,
and the extracted mass from the center of the Borel window is 1.188 GeV, which also coincides
well with the data my = 1.189 GeV from the Particle Data Group [41], thus the pole residue of
the X baryon is determined as Az = 2.17 x 1072 GeV3.

For the spectral densities pz, Z = a,b,- - -, h, they all contain two Borel parameters T3 and
T2, namely, pz = pz(TZ,T3), obviously, the hadronic coupling constants also rely on T2 and 7%,
that is, g = g(T?,T%). For the QCD sum rules, the error bounds due to the Borel parameters
should be tiny, thus, flat Borel platform should be obtained to extract the physical quantities,
then, it is straightforward to simply set T2 = T3 = T?2. Via trivial and error, the Borel platforms
of each hadronic coupling constants are obtained by setting the free parameters Cz, they are
determined as, C;, = 5.95 x 1076 GeV?, C) = 3.86 x 107°GeV'?, Cj/ypr = 1.80 x 107> GeV'',
Cyrpny = 2.50 x 107°GeV'!, C. = —1.23 x 107°GeV? + 4.92 x 107772 GeV’, Oy = —7.52 x
1072 GeV'0+3.01x 107772 GeV®, C /s = —2.87x107° GeV' ' +1.18x 10~ "T2 GeV®, C; s v =
—3.67 x 107°GeV'' —2.93 x 107372 GeV”.

In order to estimate the error bounds, the approximations 6;\_; = Rp - ‘;AA—AA = 5;_22

Xps
3fg/w
fre
not considered, under such considerations, the g — T graphs are shown in the Figs.3-6, and their

= (Sff# are applied [34] [44] [45], moreover, the error bounds due to the parameters C are
Ne



numerical results are extracted as,
Gyra = 0184750088 T2 =55-6.5GeV?,
gpap = 018170621, T2 =55—6.5GeV?,
grpar = 013510012, T?=5.5-6.5GeV?,
9rpny = 037150107, T2 =6.0 - 7.0GeV?,
Gyze = 05771009 T2 =55—6.5GeV?,
Gz, p = 057710106 T2 = 6.0 - 7.0 GeV?,
gyper =1.01270312 0 T2 =6.0 - 7.0GeV?,
grppsy = 012970800 T2 =6.0—T7.0GeV?. (33)

Based on the hadronic coupling constants, we obtain the corresponding partial decay widths di-

rectly,

[%(P.s(4338) — n.A) = 0.957329MeV,

Ib(P.s(4338) = n.A) = 0.927035 MeV,

[(P.s(4338) — J/yA) = 5.217859MeV,

I'°(P.,(4460) — 1.%) 11.04138T MeV

[ (P.s(4460) — 1.X) = 11.0417305 MeV,

[(P.s(4460) — J/y%) = 14767331 MeV (34)

where the I'*/? are due to the hadronic coupling constants 9nh,a/b, respectively, the re/f are due

to the hadronic coupling constants g,s /s, respectively. Taking the average value %(1"“ +I'?) for
the decay channel P.;(4338) — n.A, the width of the P.4(4338) is then 6.15MeV, it is in good
agreement with experimental data [5], moreover, the ratio of the partial decay widths,

I'(P.5(4338) — n.A)
['(P.s(4338) — J/¢A)
As for the P.s(4460), which is the high isospin cousin of the P.s(4338), we also take the average
value 3(I'® +T/) for the decay channel P.,(4460) — n.%, the width of this resonance state is then
25.80 MeV, the ratio of its partial decay widths,
I'(P,(4460) — 1.5
[(P.,(4460) — J/¥X)

0.18. (35)

0.48.. (36)

5 Conclusions

In the present work, the hadronic coupling constants in the two-body strong decays of the P.;(4338)
and P,;(4460) are studied via the QCD sum rules. The numerical results show that the theoretical
calculations are in good agreement with the experimental data for the width of the P.;(4338), the
ratio of the partial decay widths is waiting for more experimental data to testify, it will in return
judge our interpretation of the physical nature of the exotic pentaquark candidate P,.s(4338). The
hadronic decays for the predicted state P,.s(4460) are also obtained, which would present additional
information for the possible observation of this state in the future experiment.
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Figure 1: The numerical results of the mass (Left) and pole residue (Right) of the A baryon.
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Figure 2: The numerical results of the mass (Left) and pole residue (Right) of the ¥ baryon.
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Figure 3: The gya,o — T? (Left) and gya — 7% (Right) curves, where the region among the two
short vertical lines of each graph represents the Borel platforms.
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two short vertical lines of each graph represents the Borel platforms.
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