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The mass and decay of the s5 member of the 13F,; meson nonet are
investigated in the framework of the Regge phenomenology and the 3Py
model. We propose, based on the results, that the assignment of the ss
member of the 13F; meson nonet will require additional testing in the
future. Our results also provide information for future studies of the 13F}
meson nonet.
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1. Introduction

In the 1970s, quantum chromodynamics was developed as a theory to
describe strong interactions. With the discovery of asymptotic freedom in
1973, it was largely accepted since it satisfactorily explained some of the
perplexing experimental results of the time. Nevertheless, there are still
difficulties with the properties of low-energy QCD that require additional
investigation, since the perturbation theory has been shown to be effective
in the high-energy region, but is inapplicable to the low-energy scale. To
investigate the properties of hadrons, such as mass and decay, various phe-
nomenological models that embody the most essential properties of strong
QCD have been constructed. The results derived from the theoretical model
have dual applicability. On the one hand, it may be used to assess the va-
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lidity of the model, and on the other, it can utilize these estimated proper-
ties to map the hadron spectrum. Inspired by this, we investigate the mass
spectrum and decay of 13F, nonet in this work. The investigation of the
13F, nonet began more than 10 years ago. In this work, we believe it is
vital to re-evaluate this issue because experimental data is continually up-
dated throughout time. In Table 1, we contrast PDG data from 2002, 2012,
and 2022 editions. From Table 1, a4(1970), f4(2050), and K} (2045) are
well established as members of the 13F; meson nonet, despite the fact that
the mass of a4(1970) has decreased by approximately 50 MeV in 20 years.
The a4(2225) was listed as “further states” and reported in pp — 7%, 379,
701" [4], and 7~p — nnr° [5]. Compared to other states, the s3 member of
13F; has not been clearly established yet. In previous years, the f;(2220)
has been thoroughly investigated as a candidate for ss member. However,
considering that its width is only 23 MeV, it is too small for traditional
mesons. Over the years, people have also made other speculations, such as

Table 1. Masses and decay widths of J¢ = 4%+ meson states (in units of MeV).
TThe states listed as “further states” in the PDG [1].

PDG State Mass Width
2022 [1]  a4(1970) 1967 + 16 334713
£4(2050) 2018 4+ 11 237 £ 18
K;(2045) 204818 199137
T

£2(2300)T 2320 + 60 250 + 80
X(2000)" 1998 +3+5 <15
as(2255)F 223745 291 + 12
2012 [2]  4(2040) 19961 255728
£4(2050) 2018 + 11 237 + 18
K;(2045) 2045 +9 198 + 30
fr(2220)t 2231.1+35 2378
£2(2300)T 2320 + 60 250 + 80
X(2000)" 1998 +3+5 <15
2002 [3] a4(2040) 2011 +13 360 + 40
£2(2050) 2025 + 8 194 +13
K;(2045) 2045 +8 198 + 30

fr(2200)t  2231.1+35 2378
£1(2300)F 2332+ 15 260 + 57



Mass and Decay of the s5 Member of the 13F, Meson Nonet 7-A1.3

the Higgs boson [6], bound state of colored scalars |7], four quark state [8, 9],
AA bound state [10], hybrid or glueball state [11, 12]. The f4(2300) also has
JPC = 4%+ quantum number, although it is omitted from the summary
table in the PDG [1]. The f4(2300) was first discovered in Ref. [13] and
subsequently observed in the pp — K~ K™ [13], na%70 [14], 77 [15, 16], and
7~ p — KVTK~ [17] reactions. There are some theoretical studies on the
properties of the observed f4(2300) state. In Ref. [18], Masjuan et al. show
that f4(2300) may be a s5 member of 13Fy. The paper by Pang et al. shows
that f4(2300) may be the first radial state of f4(2050) [19]. In a word, the
understanding of the s5 member of the 13F,; meson nonet is still unclear. In
this work, considering the present research situation, we will systematically
analyze the mass and decays of s member of the 13F; meson nonet.

This paper is organized as follows. In Section 2, a brief summary of the
Regge phenomenology and the 3Py model will be presented. The numerical
results of the 13F; meson nonet are shown in Section 3, while the results are
described in Section 4.

2. Theoretical models
2.1. Regge phenomenology

In this section, we will review the Regge phenomenology theory. In the
1960s, the Regge theory was developed, which connects the high-energy be-
havior of the scattering amplitude with singularities in the complex angular
momentum plane of the partial wave amplitudes [20]. According to the
Regge theory, mesons have poles that shift in the plane of complex angular
momentum as a function of their energy. The Regge trajectories of hadrons
are often shown on the (J, M?) plane, and these plots are known as the
Chew—Frautschi plots (where J and M are the total spins and masses of the
hadrons, respectively) [21]. Recent years have seen a resurgence in interest
in the Regge theory due to the fact that it may be applied to the prediction
of meson masses as well as the determination of the quantum numbers of
newly detected states in experiments [18, 22-25]. In the past two decades,
the quasilinear Regge trajectory was used for studying hadron spectra and
resulted in reasonable description of the hadron spectroscopy [23, 26-28|.

Based on the assumption that the hadrons with identical J©¢ quan-
tum numbers obey the quasi-linear form of Regge trajectories, one has the
following relations:

J = ans(0) + a;mMrzmv (1)
J = ans(0) + O‘;ﬁMggv (2)
J = as(0) + 0‘;§M32§7 (3)

The o’ and « are the slope and intercept of the Regge trajectory, respectively.
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In this work, the intercept and slope can be expressed as

anﬁ(o) + Oésg(O) = 2an§(0) s (4)
1 1 2
o + ? = al (5)

nn 8S ns

The intercept relation was derived from the dual-resonance model [29],
and is satisfied in two-dimensional QCD [30], the dual-analytic model [31],
and the quark bremsstrahlung model [32]. The slope relation (5) was ob-
tained in the framework of topological expansion and the gg-string picture
of hadrons [33].

From relations (1)—(5), one has

Mr%n ;ln + MS25 SS = 2M73/5 ns (6)

Taking into account the fact that it is assumed that the partners’ tra-

jectories would always have parallel slopes [22, 28], that is to say,

nn (13P2) = Oé;m (13F4)
ans (1PP2) = a5 (13Fy) . (7)
ol (18P = ol (13F))

The following relations, which are connected to meson multiplets with
the same Regge slopes, can be obtained by eliminating the slopes of the
equations:

2
4Mnn(13P2)

2 2
_Ms§(13P2)Mnﬁ(13F4)

M1’2L'r_l(13F4)
MS2§(13F4)
M’I?/FL(13F4) _M§§(13F4)) _M27(13F4) (Mzﬁ(13pg) _MS2§(13P2)>

2 2 2 2 ’
Mns(13P2)Mss(13F4) Mss(13P2)Mns(13F4)

2
4Mns(13P2)

2
Mn’ﬁ(13P2)

MZ§(13P2) (

2
Mn§(13F4)

where M7, M,s, and M,z denote the mass corresponding to the meson
nonet member.

2.2. 3Py model

The 3Py model, also known as the quark-pair creation (QPC) model,
was first proposed by Micu, and developed in the 1970s by LeYaouanc et al.
[34-37]. To this day, the model has been widely used to calculate the decay
amplitude and decay branch ratios of hadrons, and has achieved very good
results [38-45]. In this model, the A — BC decay process occurs when the
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quark—antiquark pair produces a state suitable for quark rearrangement in
the vacuum. The transition operator T of the A — BC decay in the 3P
model is denoted by

T = -3y (Iml—m| 00>/d3p3d3p453 (P3 +P4)
m

m [ P3 — P
o (PP et o] () i ) 9

where p; and p, are the momentum of the created quark (antiquark). The
dimensionless parameter y represents the strength of the quark—antiquark
pair created from the vacuum. Xl o gb , and w84 are spin, flavor, and
color wave functions of the created quark antiquark pair, respectively. The
partial wave amplitude M%%(P) for the decay A — B + C may be written
as [46]

MIS(P) = Y (LMLSMg | JaMy,) {(JpMzJoMy,. | SMs)
Mjg v, My
MgMy,
X/dQYEMLMMJAMJBMJc(P)_ (10)

With the transition operator T, the helicity amplitude M*7aMisMic (P)
can be written as

(BC|T|A) = 6% (Py — Pg — Po) MMiaMigMic (P, (11)

The detailed analysis process can be referred to in Refs. [47, 48].
In Refs. [41], Ackleh et al. developed a diagrammatic momentum space
formulation of the 2Py model to evaluate the partial width I'4_pc

PEREe
I =2r— (M 12
A—BC ™ MA %S; LS ) ( )

where P is the decay momentum, E'p and E¢ are the energies of mesons B
and C, in the rest frame of A,

P = [(M,% — (Mg —|—MC)2> (le (M — MC>2)}1/2

2M 4 ’
By — M3 — ME + M3
2M 4 ’
M3 + MZ — M3
Ep = :

2M 4
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My, Mp, and M¢ are the masses of mesons A, B, and C. Mg are pro-

portional to an overall Gaussian in % times a channel-dependent polynomial

€rs(f)

_ Yy P _p2 12ﬁ2
Mg = 71_1/4751/2§LS (B) € / .

In this work, we take = 0.4 GeV and v = 0.4 as input, which is used in
Refs. [40, 41].

3. Numerical results

As presented in Eq. (8), the masses of nfii, n3, s5 of the 13P, state are
related to the masses of n7, n3, s5 of the 13Fy state, inserting the values
Mynaspyys Mus3py), Mss(3py)s Mun3ry), and M5i35,), and the mass of
the member of 13F} is determined to be 2129 4= 20 MeV. In this work, the
Mynaspyys Musazpyys Mun(i3ry), and Msq3g,) values are taken from PDG,
and the M513p,) is calculated using the average values from Table 2.

Table 2. The mass of s5 member of the 13P, in different theoretical models (in
units of MeV).

[22]  [28] [49] [50] [p1] [52] [53]  Average
Mysp,s) 1544 1546 1530 1529 1539 1513 1550 1536 + 11

Based on the previously determined mass value, we used the 3Py model
to investigate the decays of the 13Fy(s5) state. By inserting the decay poly-
nomials §LS(%) listed in Appendix A, we obtain the decay results from

Eq. (12). The results are shown in Table 3.

Table 3. Strong decay properties of the 13Fy(s3) state (in units of MeV). The
initial-state mass is set to be 2129 + 20 MeV, and the masses of all the final states
are taken from PDG.

Decay mode Present work Decay mode Present work

13Fy(s5) > KK 259 £ 2.5 | 13Fy(s5) — KK(1460) 0

13Fy(s5) - KK* 179 £ 2.5 13Fy(s8) — nn’ 2.1+ 04
13Fy(s8) - K*K* 37.6 £ 4.2 13Fy(s8) — 'y’ 0

13Fy(s3) — KK;(1270) 11 £ 2.2 13Fy(s8) — nf1(1420) 0.2 + 0.01
13Fy(s8) — KK;(1400) 0.6 0.2 | 13Fy(s5) — nf2(1525) 0

13F,(s5) — KK3(1430) 1.6 £ 0.6 | 13Fy(s3) — nn(1475) 0

13Fy(s5) —» KK*(1414) 0.2 £0.05 |13Fy(s3) — ¢¢ 2.7+ 15
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4. Conclusion

According to Introduction, it is important to study the mass spectrum
and decay of mesons using phenomenological models. In the present work,
we investigated the mass spectrum and decay of the ss member of the
13F; meson nonet. In the framework of Regge phenomenology, the mass
of the s member is determined to be 2129 + 20 MeV, which is consistent
with prediction with the covariant oscillator quark model [54], while it is
about 100 MeV smaller than the prediction with relativized quark model
[49, 51]. In the new edition of PDG, the f4(2300) has a definite quantum
numbers 47T although it is omitted from the summary table [1]. The au-
thors of Ref. [18] suggest that this state may be the s5 member of the 13F}
meson nonet. In our work, considering the fact that mass is about 200 MeV
smaller than the measured mass of f4(2300), our analysis does not support
this assignment. Apart from the mass spectrum, the decay was analyzed
using the Py model, and results indicate that KK and K*K* are the two
primary decay modes. Due to limited understanding of the s§ member of the
13 F; meson nonet, we hope that these analyses can provide some meaningful
guidance in understanding the 13F; meson nonet.

Appendix A

The polynomial §LS(%) for the 13F; meson nonet decay in 3Py model

Decay model érs (%)
13Fy(s8) - KK E40(3 Fy—1804150) = 429 x 1071 Gy
13Fy(s5) - KK* €413 Fy180+25,) = —1.43 x 1071 3Gy
—4.87 x 1071 5Dy
1°Fy(s5) = K*K* ELS(3F,—35,435,) = 3.61 x 102 G,
—7.14 x 1071 °Gy

13F,(s5) — KK, (1 ~1.98 x 107! 3Fy
4(s5) — 1(1270) | £rsEr—1pit1s, —1.40 x 107! Hy

3 S .
1 F4(SS) — KK1(1400) 5L5(3F4H3p1+150 5 65 % 10-3 3H4
8.53 x 1072 5Fy

3 = *
1 F4(SS) — KK2 (1430) gLS(3F4—>3P2+ISO 9 38 x 10_2 5H4

)={
{ 5.11 x 102 3E,
):
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(continued)
Decay mode érns (%)

13Fy(s3) — KK*(1414) §41(3Fy1504285;) = —2.13 X 1072 3G,
13F4(S§) — KK(1460) 540(3F4~>150+2150) =1.90x 1072 LGy
13F4(S§) —nm 640(3F4~>150+150) =3.79 x 1071 1G4
].3F4(S§) —ny 540(3F4—>150+15'0) =1.63 x 107! en
13F4(S§) —n'n 540(3F4*>150+SO) =255 x 1072 LGy
. 4.31 x 1072 3F,

3 R —
1°Fy(s5) — nf1(1420) ELS(BFu—1S043Py) = { 197 % 10-3 SH,
1.54 x 1072 SFy

3 R —
1P Fy(s5) — nf2(1525) ELS(BFi—»1S043P;) = { L34 x 10-4 51,
13F4(S§) — 7777(1475) §40(3F4—>150+21So) =4.69 x 1073 1G4
—1.60 x 10! 5Dy
13Fy(s8) — ¢o ELS(3Fs—38,435)) = 2.78 x 1073 e
—5.51x 1073 5G4
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