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Newly observed x(2600) and the highly excited states of the K family
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We conducted a study using the modified Godfrey-Isgur quark model and quark pair creation model to
investigate the spectrum and two-body strong decays of the newly discovered x(2600) resonance by the
LHCb collaboration. Our analysis revealed that this resonance can be assigned as the fourth radial
excitation within the 0" light strange meson family. Furthermore, we predicted additional radial excitations
in this meson family and systematically discussed their spectra, decay behaviors, and branching ratios.
These results provide critical guidance for future to identify their signatures in experiments.
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I. INTRODUCTION

Recently, the LHCb Collaboration reported the discov-
ery of a new resonance «(2600) [or named K§(2600) in the
further states of Particle Data Group (PDG) [1]] in the
B* - (KYKn)K" decay channel, with a statistical signifi-
cance of 26.60, by analyzing the invariant mass spectrum of
Kz. The new resonance has a mass of 2662 £ 59 £+
201 MeV (the natural unit system is adopted in this work,
where the speed of light ¢ = 1, and all mass units in the
following text are expressed in MeV) and a width of
480 £ 47 £ 72 MeV, respectively [2]. This discovery
intrigued us to investigate whether the x(2600) could
belong to the J* = 0T K mesons family.

P-wave K mesons have three J numbers under the
coupling of spin and orbital angular momentum,
2L, =1P,, 3Py, and 3P,. Li et al. discussed a new
structure X(2085) in J¥ = 17 K meson family, and inves-
tigated the other members of this meson family [3]. In our
previous work, we studied the K35 meson family, especially
the K3(1980) [4]. For the low-lying excited states of 0"
light strange meson family, K{(1430) is the ground state,
and K;(1950) can be its first excited state [5,6]. For the
lowest scalar k(700), it is widely believed that it may be an
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exotic state [7—12]. Wang et al. identify that K{5(2130) can
be assigned as the second excited state of 0" light strange
meson family [13]. In Ref. [13], the predicted mass and
width of the K{(4P) state are 2404 and 180 MeV, respec-
tively, whereas its mass was 2424 MeV in our previous
work [6]. It is obvious that x(2600) could not be K{(4P)
state. The internal structure of this state, as well as the
nature of the highly excited states of the 0 light strange
meson family, becomes an interesting issue.

Regge trajectories are an efficient method for investigat-
ing the spectrum of meson families [14,15]. The following
relation holds for the masses and radial quantum numbers
of mesons within the same meson family

M? =M%+ (n— 1), (1.1)
where M, denotes the mass of the ground state, n represents
the radial quantum number of the corresponding meson
with the mass M, and y? is the trajectory slope. For the K o
family, we adopt p> = 1.287 GeV? as depicted in Fig. 1.

By analyzing the Regge trajectory, the results demonstrate
that K§5(1430), K;5(1950), and K;(2130) are the 1P, 2P, and
3P states, respectively. The newly observed state, x(2600)
can be a good candidate for the fourth radially excited state of
K{(1430). The Kj(4P) is still misty. The mass of K{(4P)
given by the modified Godfrey-Isgur (MGI) model is
consistent with the value from the Regge trajectory and
the mass of K§(6P) provided by the MGI model is slightly
smaller than that given by the Regge trajectory.

Both mass spectral analysis and two-body strong decay
calculations provide effective approaches to probe the
internal structure of mesons. Via the simple mass analysis,
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FIG. 1. The Regge trajectories for the K, family. Here, open

circles represent theoretical values (obtained with the modified
Godfrey-Isgur model), and filled geometries indicate experimen-
tal measurements [1]. The radial quantum number, denoted by n,
corresponds to the meson in question.

we find that x(2600) can be arranged as the fourth radially
excited state of K{;(1430). This preliminary conclusion needs
to be substantiated with more quantitative analysis. We will
study the mass spectra of the 0" light strange meson family
using the MGI model. In 1985, Godfrey and Isgur proposed
the Godfrey-Isgur (GI) quark model for describing relativ-
istic meson spectra with great success, exactly for low-lying
mesons [16], and for excited states, the screened potential
must be taken into account for coupled-channel effects [17—
24]. We also study the two-body strong decays of the 0" light
strange meson family through the quark pair creation model
(QPC model, also known as 3P, model) which was initially
formulated by Micu [25] and is widely applied to the Okubo-
Zweig-lizuka (OZI)-allowed two-body strong decays of
mesons in Refs. [4,6,20-24,26-46].

The paper is organized as follows: In Sec. II, we briefly
review the Regge trajectory, the MGI model, and the 3P,
model. In Sec. III, the obtained masses of the K family are
presented and compared with available experimental data and
other results from different models. Then, we systematically
study the OZI-allowed two-body strong decay behaviors of
the newly observed x(2600) and predicted states Kj(4P) and
K{(6P). Finally, a conclusion is given in Sec. IV.

II. MODELS EMPLOYED IN THIS WORK

In this work, we employ two models, the MGI model and
the QPC model, which will be introduced in this section.
Taking the process K;(2P) — K*¢ as an example, the
parameter dependence in the QPC model will be analyzed.

A. The modified GI model

In 1985, Godfrey and Isgur proposed the GI quark model
for describing relativistic meson spectra with great success,
especially for low-lying mesons [16]. To describe the
excited states well, the screened potential term has been
introduced [17-24]. Then, Song et al. proposed the MGI

model [47] based on the GI model. And it has achieved
great success in calculating light meson spectroscopy [20—
24]. In the MGI model, the Hamiltonian reads

H:Z(m%JFP%)I/ZJFVeff’

1

(2.1)

where m; denotes the mass of the quark or antiquark. The
masses adopted here are m; = 0.377 GeV and m, 4 =
0.162 GeV, which are smaller than those in the GI
model [m; = 0.419 GeV, m, = 0.22 GeV] [16], and

Ve includes short-range 7* ® Yy one-gluon-exchange
interaction and 1 ® 1 linear confinement interaction
between ¢ and g, which is given by

Veff — GIZ + Vcom + Vtens + Vso(v) + 512(r> + Vso(s)7
(2.2)

where Gy, Veon, ytens yso(v), 5’12(;’), and V) are the
Coulomb potential term, the contact potential term, the
tensor potential term, the vector spin-orbit potential term,
the screened confinement potential term and the scalar
spin-orbit interaction term, respectively.

The spin-independent potential terms of the nonrelativ-
istic potential read

G(r) = —;% [iﬂ A We‘xzdx} (2.3)

where o, = (0.25,0.15,0.2) and y;, = (1/2 GeV,
V10/2 GeV,/1000/2 GeV) for k = 1, 2, 3 [16], and

b(l —e™*)

S(r) = p

+c, (2.4)

where p = 0.0779 GeV is the screening parameter given
by our previous work [48] and listed in Table 1. This
parameter characterizes the strength of the color screening
effect, which is absent in the GI model and also represents
an improvement of the MGI model over the GI model [16].
The color screening effect leads to a significant suppression
of highly excited states’ masses compared to the GI model
[16]. And b is the confining parameter, while ¢ is the
vacuum constant. As shown in Table I, since the quark
masses adopted in the MGI model of this work are all
smaller than those in the GI model, the energy density b of
the interquark string must be increased to fit the mass
spectrum, and the vacuum constant is also raised accord-
ingly. Here b = 0.222 GeV? and ¢ = —0.228 GeV, which
are taken from Ref. [48].

The effective potential VI considers relativistic effects,
particularly in meson systems, which are embedded in two
ways. First, a smearing function for a meson ¢g is
introduced, which has the form
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TABLE I. The value of y in the QPC model and the parameters
of the MGI model, which are all taken from Ref. [48]. The
parameter y characterizes the strength of quark-pair creation in
the QPC model. m, (4 and m; are the masses of the u(d) and s
quarks (or antiquarks), u is the screening parameter, b is the
confining parameter, while ¢ is the vacuum constant. ¢, is a
universal parameter in Eq. (2.6), and s is a parameter related to
heavy quarkonium masses. €., €;, €5(v), and €y,(5) represent the

relativistic corrections to the potential terms Veon, ytens yso(v),
and V*°0), respectively.

Parameter Value Parameter Value
y 10.16 oy (GeV) 1.791
my gy (GeV) 0.162 s 0.711
m, (GeV) 0.377 u (GeV) 0.0779
b (GeV?) 0.222 ¢ (GeV) -0.228
€. -0.137 E50(v) 0.0550
€50(s) 0.366 € 0.493
(v 0) = Ty e (25)
(r—r') = e i s .
Pij 22
with

1 1 dm.m; 4 2m;m; \ 2
2 _ 2oy 2 T ) 26
7= % |:2+2<(mi+mj)2> }jLs <mi+mj) (2.6)

where 67 = 1.791 GeV is a universal parameter in
Eq. (2.6), and s = 0.711 is a parameter related to heavy
quarkonium masses. Both the above two parameter values
shown in Table I are taken from Ref. [48]. The Coulomb

term Gy, (r) is defined as

~ 4a
Gij(”) = /d31'/ﬂij(r -1)G(r) = Z _?:erf(fkijr),
k
(2.7)
where the values of 7;;; read
1
Tkij = : T (28)
a1y
ij k

The potential S;,(r) can be expressed as

S1a(r) = / B pia(r—1)S()

2 2 wrdro?
— ﬁ r + e£5_2+ﬂrw L }H% e—dex _l
ur 20 V7 Jo 2

2 u=2re
ey (L L N |
20 \/7_1' 0 2

Second, due to relativistic effects, the general potential
should depend on the mass of the interacting quarks.
Momentum-dependent factors, which are unity in the
nonrelativistic limit, are applied as

- - p> \ V2 . p? \ /2
Glz(}’) d G12 = (1 +E1E2> Glz(r) (1 +E1E2> .

(2.9)

The semirelativistic corrections of the spin-dependent
terms are written as

~. - m,mpg\ 1/2+€i . m,mpg\ 1/2+€;
Vﬁ:ﬁ(r ) - Vg = - Viz/}(’" ) —= L )
E.Ep E Ep

(2.10)

where szﬁ(r) denote the contact term, the tensor term, the
vector and the scalar spin-orbit terms, and €; = €, €;, €5(v)
and ey (s) impacts the potentials yeont - ytens - 7so(v) - and
Vi) respectively [22]. These relativistic correction
parameters are larger than their counterparts in the GI
model, which may also lead to more significant differences
in the wave functions for meson masses involving spin-spin
and spin-orbit couplings. They have the following forms

- 28,8, —,
yeont — "2 V2G5, 2.11
VG 211)
~tens 3S1 -rSz-r/rz—Sl ‘Sz 02 10 Sy
VER =~ 55~ )0ns
3mym;, or- ror
(2.12)
o) — S,-L laéﬁ(\/) S, L laé;;(v)
2m% r or 2m% r or
+8i+8:) L 1061 (2.13)
mm, r Or '
aso(s) aso(s)
ooy — S L1087 S L1dSy - o,y

B 2m? r or 2m3 r or

The Hamiltonian matrix in Eq. (2.1) is diagonalized
using the simple harmonic oscillator (SHO) base, whose
functional form is given by

V/E?AC/}L (p) = Rillilo(p’ﬂ)YLML (Qp)’ (215)
with
—1) (=D (L » L
R?zlgo(p’ﬂ> = ( >ﬁ3/2< ) NnLe o (_>
2
L+1/2( P
LEt (ﬁ) (2.16)
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TABLE II.  The mass spectra of n’P, states. The unit of mass is MeV.
n>»+L, State This work GI [16] Ebert [49] Expt. [1]
13P, K§5(1430) 1284 1233 1362 1425 £ 50 [1]
23P, K§(1950) 1829 1890 1791 1957 £ 14 [1]
33P, K{(2130) 2185 2356 2160 2128 £31 +£9 [50]
43P, K;(4P) 2451 2749 .
53P, K;(5P) 2659 3092 2662 + 59 £ 201 [2]
6°P, K;(6P) 2832 3404
! functions, then in principle, the solution of the potential
N, = (2.17)  model should be independent of the oscillator parameter /3.

C(n+L+1/2)

where Y, () is a spherical harmonic function,

Lﬁfll/ 2(x) is the associated Laguerre polynomial and
I'(n+ L+ 1/2) is the gamma function. Then the mass
spectra of 0" light strange meson family can be obtained,
which are listed in Table II. The spatial wave function of the

mesons can be expressed as

Mmax

Ru(p) =) C.,RO(p.p). (2.18)
n=1

Then the SHO wave function depends only on a single
parameter: the harmonic oscillator scale f. If a wave
function is expanded in a complete set of SHO basis

TABLE III.

However, in practical calculations, the number of basis
functions used in the expansion is limited, which necessitates
choosing an appropriate value for the parameter . An
effective method for selecting the parameter f is to choose
the value that minimizes the eigenvalue E,;, i.e., (a(fﬂ”% =0,
& E,, '
o>

In this work, we set ny, = 21. For the mesons
K§(2P)(K(1950)), Kj(4P), K§(5P)(x(2600)), and
K§(6P), the corresponding f values take 0.475, 0.328,
0.301, and 0.258 GeV, respectively. The S values for the
other mesons mentioned in this work are listed in Table III
and the expansion coefficients C, of K{(2P), K;(4P),
K§(5P), Ki(6P), K*, and ¢ are listed in Table IV.

We give the model dependence of the radial wave
functions’ shapes of Kj(4P), K;(5P), and K{(6P)

> (), where i denotes different light mesons.

The f values in Eq. (2.18), the masses of the missing states, as well as some flavor mixing angles or spin mixing angles for

each state of the light mesons mentioned in this work. The particles w, p, 1/, ¢, by, hy, b}, ag, ay, ay, f1, K*, K1, K|, and K} correspond
to the mesons w(783), p(770), 1'(958), ¢(1020), b,(1235), h,(1170), h,(1380), ay(1450), a,(1260), a,(1320), f,(1285), K*(892),
K, (1270), K,(1400), and K;(1430), respectively. (4S), K| (2P), K| (3P), z(4S), and so on, represent the states that exist theoretically
but have not yet been observed experimentally in Table VI, and their masses are calculated via the MGI model. f(Component)
represents the  value of the component of the meson. For example, [646(ni * cos(—39.3°)), 781(s5  sin(—39.3°))] represents the
flavor wave function of #, which is (n7 * cos(=39.3°)) + (55 * sin(—=39.3°)), the S value of the spatial wave function of nn
((uit + dd)/+/2) component is 646 MeV, and the f3 value of the spatial wave function of s5 component is 781 MeV. The units of mass
and g are MeV.

State(Mass) p  State(Mass) f (Component) State(Mass) p State(Mass) £ (Component)

K* 373 n [51] 646(nn * cos(—39.3°%)) K;(1430) 556 7 [51] 646(—nii * sin(—39.3°))
781(s5 * sin(—=39.3°)) 781(s5 * cos(—39.3°%))

K;5(2130) 407 #/(1475) [52]1  507(—ni * sin(=39.3°)) ay 541 n(48)(2119) 420(nn)
580(s5 * cos(—39.3°))

ay(1740) 475 K,(1770) [6] 458(1'D, cos(—39°)) p3(1690) 279 K’,(1820) [6] 458(—1'D,sin(-39°))
427(13D, sin(=39°)) 427(13D; cos(=39°))

z 646 K [53] 566(1' P, cos(—34°)) 7(1300) 507 K (2P)(1916) 434(2!' P, cos(—42°))
537(13P, sin(=34°)) 447(23 P, sin(—42°))

7(1800) 484 K,(3P)(2260) 410(3'P; cos(—42°)) 7(4S)(2119) 363 K, (4P)(2517) 336(4!P, cos(—43°))
382(33P, sin(—42°)) 328(43 P, sin(—43°))

K 632 K [53] 566(—1'P, sin(—34°)) K(1460) 524 K} (2P)(1760) 434(=2'P, sin(—42°))
537(13P; cos(—34°)) 447(23P, cos(—42°))

K(35)(1917) 476 K{(3P)(2111)  410(=3'P,sin(—42°))  K(4S)(2261) 380 K| (4P)(2388) 336(—4'P, sin(—43°))

382(33P, cos(—42°)) 328(43P; cos(—43°))

(Table continued)

036017-4



NEWLY OBSERVED «(2600) AND THE HIGHLY ...

PHYS. REV. D 112, 036017 (2025)

TABLE III. (Continued)

K(55)(2517) 343 K|(5P)(2608)  306(—5'P, sin(— 44°)) 7,(1880) [49] 336 K,(2D)(2165) 365(2'D, cos(— 44°))
295(53P1 cos(—4 )) 373(23D2 sin(—44°))
75(3D)(2273) 317 K,(2D)(2074)  365(=2'D, sin(—44°)) p,(1D)(1644) 411  K},(3D)(2355) 339(=3'D, sin(— 44°))
373(23D, cos(—44°)) 338(3%D, cos(—44°))
p2(2D)(2001) 343 K,(4D)(2580)  293(4!D, cos(— 45°)) P 303 K3(1F)(2028)) 368(1'F cos(—44°))
290(4°D, sin(—45°)) 410(13F; sin(— 44°))
K3(1980) 395 K3(3F)(2545))  292(1'F3cos(—45°))  a3(2030) [49] 311 K% (2F)(2312)) 320(—2!F5 sin(—44°))
301(13F5 sin(—45°)) 316(23F; cos(— 44°))
p(1450) [41] 477 K4(3F)(2545))  292(=3'F, sin(—45°%)) K 344 K,(1G)(2274) 315(4'D, cos(—45°))
301(33F; cos(—45°)) 337(43D, sin(—45°))
a 475 hy [54] S71(nii % cos(4.4°))  a,(1640) [55] 416 K [54] 571 (ni * -sin(4.4°))
631(—s5 * sin(4.4°)) 631(s5 * cos(4.4°))
a,(3P)(2065) 364 h,(1595) [48]  404(nfi * cos(4.4%)) b, 71 hy(1965) [48]  398(ni x cos(4.4%)
482(—s3 * sin(4.4°)) 445(—s5 * sin(4.4°))
bi(2P)(1699) 404 hy(2215) [48]  313(mi+ cos(4.4%)) by (1960) [55] 398 ® 303 (ni)
368(—s5 * sin(4.4°))
b,(2240) [55] 313 £4(2050) [49] 311 (i) a 293 £1 1561 475(nit + cos(—15.8%))
588(s5 * sin(—15.8°))
a3(2275) [49]1 254 £} [56] 475(—nii # sin(=15°))  p(1700) [41] 484  £,(2P) (1717) 395(nii)
588 (5 * cos(—15°))
K*(1680) 487 f,(2P)(1739) 470(s%) K*(38) 379 f,(3P) (2065) 364(ni)
K*(1410) 480 f,(2P) (1739) 373(ni) a>(1700) [57] 395 b 488(s%)

obtained with the MGI model (MGI wave function) and the
GI model (GI wave function) [16] in Fig. 2. The choice of
potential model significantly affects the radial spatial wave
functions (such as the positions of nodes and the maximum

values).

In Fig. 3, we show the f dependence of MGI wave
function of K{(2P) and SHO wave function. We can

conclude that the S value (in the range of 0.25-
0.6 GeV) has very little influence on the shape of MGI
wave function as shown in Fig. 3(a). The wave func-
tions of K* and ¢ have no node as the ground states.
However, it can be seen from Fig. 3(b) that for the SHO
wave function of K{j(2P), the node positions are sensitive

to the value of f.

TABLE IV. The values of C,, (n = 1 ~ 21) to reproduce the numerical radial wave functions (obtained with the
MGI model) of K{(2P),K;(4P), K;(5P), K{(6P) and the final channel K*¢ in Figs. 2—4.

c,  Kp) K;(4P) K;(5P) K;(6P) K 4
C 0.222449 —0.0555655 0.0140115 —0.00276401 0.972251 0.98974
C, 0.75125 —0.28638 —-0.119631 —0.0653887 0.157035 —0.00561464
Gy —0.353308 0.228128 —-0.360601 0.0791252 0.150245 0.135653
C, 0.388185 0.614452 0.337153 0.502814 0.0582049 0.0117256
Cs —0.20643 —-0.211652 0.402642 —0.156157 0.0492352 0.0379793
Cs 0.193626 0.486748 —0.121086 —0.323823 0.026903 0.00892844
C; —-0.107969 —0.195027 0.47625 0.107893 0.0216017 0.0144072
Cy 0.0999782 0.303553 —0.205859 —-0.476104 0.0142003 0.00574549
Cy —0.0568647 —0.124537 0.36619 0.172665 0.0110234 0.006496
Co 0.0538771 0.180566 —0.168788 —0.397328 0.0081847 0.00364168
Ch —0.0307483 —0.0719283 0.251402 0.146651 0.0061147 0.00323952
Cy 0.0302112 0.107503 —-0.117035 —0.286246 0.00503853 0.00235587
Cis —0.0170692 —0.039884 0.166517 0.102934 0.00352374 0.00168728
Cus 0.0174768 0.0647301 —0.0759667 —0.194213 0.00329114 0.00158749
Cis —0.00960039 —0.0210649 0.10914 0.0648543 0.0020084 0.000850251
Cis 0.0102464 0.0391984 —0.0474513 —0.126728 0.00230035 0.00114293
Cy; —0.00529678 —0.00998488 0.0709918 0.0361078 0.00102572 0.000338474
Cis 0.00590122 0.0231947 —0.0281582 —0.0782416 0.00175917 0.000906316
Cio —0.00265197 —0.00304648 0.0448996 0.0147282 0.000307947 —0.0000173967
Cy 0.00305022 0.0121834 —-0.0143011 —0.0413795 0.00147647 0.000784372
Cy —0.000700966 0.00224554 0.0247396 —0.00338177 —0.000177699 —0.00022083
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(@)

Ko™ (4P) (B=0.328 GeV)
Ko™ (5P) (B=0.301 GeV)
“““““““““““““ Ko*(6P) (B=0.258 GeV)

MGI wavefunction

Ko"(4P) (B=0.477 GeV)
Ko*(5P) (B=0.448 GeV)
“““““““““““““ Ky*(6P) (B=0.411 GeV)

GI wavefunction

0 0.5 1 1.5 2
p(GeV)

FIG. 2. The model dependence of the radial wave functions’
shapes of K;(4P), K;(5P), and K{;(6P) derived from (a) the GI
potential model (GI wave function); and (b) the MGI potential
model (MGI wave function). “Re” and “Im” denote the real part
and the imaginary part of the wave functions, respectively.

In the QPC model, the decay width has a strong
dependence on the shape of the wave function, because
of the node effect [59]. We will discuss this point in the next
subsection.

The mass and the spatial wave function of the meson
can be obtained by diagonalizing Hamiltonian matrix in
Eq. (2.1) and applied to the calculation of the strong decay
processes.

B. The QPC model

The QPC model (or 3P, model) was initially pro-
posed by Micu [25] and further developed by the Orsay
group [60-64]. This model is widely applied to calculate
the OZI-allowed two-body strong decays of mesons
[4,6,20-24,26-46]. The T operator describes a quark-
antiquark pair (denoted by indices 3 and 4) creation from
vacuum, which reads JP¢ = 0. For the process
A — B+ C, T can be written as

T= —3}’Z<1mQ 1 —m|00) / dp3dp,&° (p3 + P4)

P; — P +
< in (B3 22 ) 051 ),

(2.19)

B=0.25 GeV (Ko*(2P))
B=0.5 GeV (Ko"(2P))
““““““““““““ B=0.57 GeV (Ko (2P))
..... - B=0.6 GeV (Ko"(2P))
— — — p=0.373 GeV (K*)
———— p=0.488 GeV (¢)

Re[Ra(P)+IM[Ra (P)] (GeV*?)

B=0.25 GeV (Ko*(2P))

B=0.35 GeV (K;"(2P))
““““““““““““ =0.4 GeV (Ky"(2P))
----- - B=0.6 GeV (Ky"(2P))
= = = p=0.461GeV (K*)
— = == [=0.503 GeV (¢)

S

Re[Ru(P)I+Im[Ra (P)] (GeV*?)

SHO wavefunction

0 0.5 1 15 2
p(GeV)

FIG. 3. (a) The p dependence of the radial wave functions’
shapes of K{;(2P), and the radial wave functions’ shapes of K*
and ¢ derived from the MGI model (MGI wave function); (b) The
p dependence of the radial wave functions’ shapes of Kj(2P), and
the radial wave functions’ shapes of K* and ¢) from the SHO wave
function directly. The f values for the SHO wave functions of K*
and ¢, referred to as effect f, are calculated based on the MGI
wave functions [58]. “Re” and “Im” denote the real part and the
imaginary part of the wave functions, respectively.

where the parameter y in QPC model depicts the strength of
qq creation from the vacuum. In this work, we adopt the
value y = 10.16 [48]. The decay width is proportional
to y>, whereas the branching ratio typically shows no
dependence on this parameter. V7' (p) = p'Y"(6,.¢,) is
the solid harmonics. y, ¢, and @ denote the spin, flavor, and
color wave functions respectively. p; and p, denote the
three-momenta of the quark pair created in vacuum.
Subindices i and j are the color index of the gg pair.
The amplitude M™7uM15Mic has the form
(BC|T|A) = & (Pg + Po) MMiaMigMic (2.20)
where Py and P¢ are the three-momenta of the meson B
and the meson C in the rest frame of the meson A, M,
(with X = A, B, C) denotes the magnetic quantum number

of the corresponding meson. Finally, the general form of
the decay width can be expressed as

n|P
L DI

A JL

r (2.21)
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18.6F ' ' ' _' o
S (a) T ol (b) — SHO
o 184F  ae-a- MGI JPtae
=} P N S - MGl
S 182 L 30f
ﬁ 18.0 g
L 200 N\ e
S 178 g
G 10F
ST
= /
17.4¢ ¢ X X X 1 O, X - X X X X 5
1.0 1.5 2.0 2.5 3.0 250 300 350 400 450 500 550 600
mg/my B MeV)

FIG. 4.

(a) The m,/m ratio dependence of the decay width of K§j(2P) — K*¢ obtained with the MGI wave function. (b) Decay width

of K;(2P) — K*¢ as a function of the harmonic oscillator scale . The solid line and the dashed line represent the widths depending on
the S values when we take the SHO wave function and the MGI wave function, respectively, as taken from Fig. 3.

where m, is the mass of the initial state A, J = Jg + J¢, L
is the relative orbital angular momentum between the
meson B and the meson C, and P = Pg. The two decay
amplitudes can be related by the Jacob-Wick formula [65]

VAr(2L + 1)

20, +1

MIL(P) > (L0 My, [ TaM,y,)

M M,
X (JgM 3 JeMy T oM Y MM iaMisMic,
(2.22)
in which
MM MM
=7 m<LAMLASAMSA|JAMJA>

My, Mg, My

MgpML g
X(LgM; SgMg, |TgM; )(LcMy ScMs |JcM, )
(

x (Im1 = m|00) (rktyy, x82us, Veius, i)

x (5 dL |25V I(Pmy my, m3)
+ (=) St (g2t | ) (=P g, my )]
(2.23)
with
I(P’ mpy, my, m3)
= [ @kl UR K+ VR (k = P)Y(K),
(2.24)
here

ms ms

_77
m2—|—m3

_71
m1—|—m3

my and m, are the masses of the quark and the antiquark
in meson A, respectively. For the K meson, we take

my = 0.377 GeV, m, = 0.162 GeV. m; denotes the mass
of the quark (or the antiquark) created from the vacuum,
and is set to 0.162 GeV for uii or dd, and 0.377 GeV for s5.
To investigate the quark mass effect on decays, we calculate
the decay width of K{;(2P) — K*¢ as a function of the ratio
mg/mgy as shown in Fig. 4(a) and find that the decay width
is not sensitive to this mass ratio in the range of 1-3.

When we calculate the strong decays of the K family
using QPC model in this work, the spatial wave functions
of mesons are obtained using the MGI model (MGI wave
function), as introduced in the previous subsection.

As previously discussed, the SHO wave function is
characterized by a single scale parameter, . According to
Ref. [59], the node structure of the radial wave function can
influence the strong decay width of the process A — BC,
known as the node effect. Specifically, the spatial wave
function R,;(p) for the n-th radial excitation contains
(n — 1) nodes. In Fig. 4(b), we give the line shape of the
decay width of K;(2P) — K*¢ depending on the f values.
When the SHO wave function is adopted, the decay width
exhibits strong f dependence, which is consistent with the
conclusions in Ref. [59], as shown in Fig. 4(b). In contrast,
when the MGI wave function is used, the width shows
virtually no f sensitivity. When employing different poten-
tial models (such as the GI model) to derive wave functions,
decay widths will also vary even with identical values for
other parameters (such as quark masses and y).

Among the final states, the mixing scheme for natural
states (L = J) of strange mesons can be expressed as

[K(n'Ly))

<|K(HL)>> - ( >(|K<n3LL>>>’

[K'(nL))

(2.25)
where 6,; is known as the mixing angle between the
K(n'L;) and K(nL,) states. In this work, the masses of
K(nL) and K'(nL), the mixing angle 6,; for the missing
states are also calculated via the MGI model [23] and listed
in Table III.

cosf,,  sinf,

—sinf,; cosf,;
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The flavor wave functions of the isoscalar mesons may

have the mixing form
(X) ( cos ¢, sin¢x>(|nﬁ>)
X' )  \=sing, cos¢, |s5) )
where X and X’ are two isoscalar mesons (such as 7 and ),
¢, is the mixing angle in the quark flavor scheme, and the
flavor nit = (uii + dd)/~/2. We also list the flavor mixing

information of the isoscalar mesons appearing in this paper
in Table III.

(2.26)

II1. MASS SPECTRA AND TWO-BODY
STRONG DECAY OF THE HIGHLY
EXCITED STATES OF K; FAMILY

In this section, we discuss the mass spectra and two-body
strong decay information of the highly excited states of 0
strange meson family. We start with the mass spectra.

A. Mass spectra analysis

We employ the MGI model to calculate the mass spectra
of 0" light strange meson family. The parameters of the
MGI model listed in Table I are obtained by fitting the
experimental masses of light mesons in our previous work
[48]. These parameters are universal and can also be used in
the study of masses of other light mesons. Reference [49]
calculated the mass spectra of the light mesons within the
framework of the relativistic quark model based on the
quasipotential approach. This quasipotential model has a
similar string tension to the GI model. Experimental values
and theoretical results from the GI model, the MGI model
(this work) and Ref. [49] are shown in Table II

According to Table II, for the 13 P, state, our theoretical
value of the mass (1284 MeV) remains ~140 MeV below
experimental value (1425 + 50) MeV. The GI model [16]
predicts 1233 MeV (~192 MeV deficit), Ebert’s result of
1362 MeV is still ~60 MeV lower [49]. We will now focus
on discussing the spectra of the highly excited states.
Our predictions of 3*P, (2185 MeV) overlap with exper-
imental error bars of K;(2130) (2128 440 MeV), the GI
model shows ~230 MeV deviation, and Ebert’s result of
2160 MeV is also consistent with the experimental value.
This result shows that introducing the color screening effect
into the GI model can significantly improve the predictive
power for the high-excited-state meson spectrum.

For the K{;(4P) state, our theoretical mass of 2451 MeV
is 300 MeV lower than the value given by the GI model. We
predict that Kj(5P) has a mass of 2658 MeV, which is in
excellent agreement with the experimental central value.

We also calculate the mass of K{;(6P) to be 2832 MeV,
approaching the mass range of charmed mesons.

Through the analysis of the mass spectrum, we conclude
that the newly observed x(2600) meson in experiments is a
good candidate for the K{;(5P) state. Subsequently, we will

TABLE V. The decay information of K(1430). The unit of the
width is MeV.

Channel Width BR Expt. [1]
Kn 252 0.955 0.93+0.1
nk 11.1 0.042 0.0861 0937
Total width 264 270 + 80

further validate this conclusion by investigating its decay
width and predicting the two-body strong decay properties
of Kj(4P) and K{(6P).

B. Strong decay analysis

In this section, we discuss the two-body strong decay of
the highly excited states in the Kj family. At first, we test
our model with the ground state K;. We obtain two decay
channels of K{;(1430), Kz and #K as shown in Table V, in
which the decay channels with branching radios (BR) less
than 0.2% are omitted.

The K=z channel accounts for 95.5% of total width
Tk, = 252 MeV), consistent with experimental branching

ratio 0.93 £ 0.1. The predicted branching ratio of L S

l—‘Tmz«]
4.2% 1s roughly consistent with the experimental value

0.08670957. The calculated total width Ty = 264 MeV
shows excellent agreement with the experimental data
270 4+ 80 MeV. These results show that the QPC model
can work well for K{(1430), and we expect it to also be
suitable for the highly excited states of the K family.

Table VI provides the two-body strong decay informa-
tion for the excited kaonic states: K{;(4P), x(2600)(5P),
and K{(6P). These decays are crucial to understanding the
resonance structures.

Reference [13] also calculated the two-body strong
decays of K; meson family using the QPC model. In their
approach, the wave functions were derived from the GI
potential model, with the parameter y fixed at 0.52. In
contrast, the value of y used in our work differs by a factor

of v/96x [66], which leads to different results for the two-
body strong decays of K;(4P). And the different y value
would cause our overall results to be 1.3 times larger than
those in Ref. [13].

The primary decay channel of K{(4P) is Kz, with a
width of about 49 MeV, contributing 10.4% to the total
width, which is much larger than the one obtained by
Ref. [13]. Other significant decay modes include 7K (4S5)
and Kz, which contribute 8.15% and 6.11%, respectively.
K will be an ideal final channel to search for the K{|(4P)
state. K*(1410)p and zK,(2P) also have larger contribu-
tions to the total width about 5.7%. K*(1410)p has a width
of about 33 MeV in Ref. [13]. Other decay channels with
branching ratios less than 5% can be found in Table VI. In
the QPC model, the processes K (4P) — K*(1410)w and
K{(4P) — K*(1410)p share the same initial state K{(4P)
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NEWLY OBSERVED «(2600) AND THE HIGHLY ... PHYS. REV. D 112, 036017 (2025)

TABLE VI. The two-body strong decay information of Kjj(4P) TABLE VI. (Continued)
state, k(2600) (5P) state, and K{;(6P) state. The unit of the width

is MeV. Channels with branching ratios less than 0.2% are x(2600)(5P)
omitted. Channel Width BR
K;(4P) Kz 324 0.0751
K*(1410)p 27.6 0.0639
Channel Width BR 7K, (2P) 20.1 0.0466
Kn 49.4 0.104 Kb, (1960) 185 0.0428
7K (4S) 38.7 0.0815 Kn 17.1 0.0395
Kr 29.1 0.0611 =K, (3P) 14.7 0.0341
K*(1410)p 27.3 0.0575 7K(5S) 14.5 0.0335
7K, (2P) 27.1 0.057 7K,(2D) 14.1 0.0327
Kz(1300) 20.8 0.0438 Ka,(1640) 13.7 0.0318
7K (3S) 19.3 0.0406 Kz(1300) 13.1 0.0304
Ka,(1640) 19.1 0.0402 7K (4S) 13.1 0.0302
7K (1460) 17.4 0.0367 ”Kf1460) 11.5 0.0265
K*p 16 0.0338 zK' (4P) 11 0.0254
Ka, 145 0.0304 K*a,(1640) 10.9 0.0254
7K, (2D) 13.6 0.0286 7K(35) 9.85 0.0228
K (3P) 13.3 0.0281  Km(1880) 9.84 0.0228
K,(1880) 13.2 0.0277 wK*(1410) 8.66 0.0201
7K' (3P) 11.4 0.0239 Kz(1800) 8.46 0.0196
Kb, (2P) 103 0.0217 Ka, 7.74 0.0179
hy (1595)K 10.3 0.0216 7K;3(1F) 7.24 0.0168
K*p(1450) 9.55 0.0201 Kb, (2P) 6.89 0.016
K*a 9.18 0.0193 Ka3(2030) 6.77 0.0157
K(1800) 8.77 0.0185 h(1595)K 6.31 0.0146
Kb, 8.37 0.0176 K*p 6.1 0.0141
wKk*(1410) 8.24 0.0173 Kby 6.08 0.0141
7K3(1F) 6.02 0.0127 Ka, 5.25 0.0122
K'p 5.41 0.0114 7K’(2F) 4.89 0.0113
wK* 5.05 0.0106 K*p(1450) 4.44 0.0103
K*f} 491 0.0103 7K' (3P) 4.35 0.0101
h K 432 0.0091 hi(1965)K 433 0.01
7K} (2D) 4.11 0.00864 ”K:2(3D) 4.29 0.00993
Kf,(2P) 3.35 0.00704  PK’(2P) 3.91 0.00905
nK(1460) 3.33 0.00701  K*(1680)p 3.65 0.00844
Kp,(1D) 3.26 0.00686  Kim 3.56 0.00824
7K' (2P) 3.04 0.00639 K /bl 3.49 0.00808
w(1420)K* 3.01 0.00634 K 2.92 0.00676
n(1475)K 2.95 000621 K'fi 291 0.00674
f1(1420)K 2.79 0.00587 1K (1460) 2.82 0.00652
K* f(1500) 2.32 0.00488  Kf1(2P) 2.76 0.00638
nk, 2.26 0.00476  Kia 2.52 0.00584
pK;(1430) 2.16 0.00454  Kp»(1D) 2.1 0.00487
nk 1.94 0.00408 K 2.08 0.00482
oK 1.82 0.00383  Ki7(1300) 2.06 0.00476
f1K 1.77 0.00373  @K* 1.91 0.00442
K*a, 1.74 000367  "K(3S) 1.88 0.00435
n'K 1.21 0.00256  Kf3(2050) 1.73 0.00401
Kw,(1D) 1.09 000229 K'a 1.6 0.0037
K¢ 1.06 000224  Kai(3P) 1.55 0.00358
n' K (1460) 1.02 0.00215 K'ao 1.54 0.00357
. f1(1420)K 1.54 0.00356
K*(1410)¢ 1.44 0.00333
Total width 475 1 e 142 0.00329

(Table continued) (Table continued)
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TABLE V1. (Continued)

TABLE VI. (Continued)

7(1295)K, 1.42 0.00328
nkK 1.38 0.00319
n(1475)K 1.37 0.00317
PK; 1.33 0.00307
oK', (2P) 1.26 0.00291
Kp,(2D) 1.17 0.00271
7K' (2P) 1.14 0.00263
pK(1430) 1.13 0.00261
wK*(1680) 1.11 0.00257
Kp 1.02 0.00235
1K 1.01 0.00234
oK', 0.996 0.00231
o(1420)K* 0.982 0.00228
K*p,(1D) 0.956 0.00221
pK,(1770) 0.93 0.00215
Total width 432 1
K;(6P))
Channel Width BR
K*(1410)p 21.6 0.0568
Kz 20.8 0.0548
7K, (2P) 14.6 0.0384
Kb, 219?0) 13.7 0.036
K, (3P 11.8 0.0312
7K, (2D) 11.6 0.0305
Kn 10.8 0.0283
7K (5S) 9.69 0.0255
Ka;(2030) 9.68 0.0255
7K' (5P) 8.95 0.0236
Kr(1300) 8.87 0.0233
7K, (4D) 8.63 0.0227
7K (1460) 8.16 0.0215
Kalgl&)t()) 8.13 0.0214
7K, (4P 7.63 0.0201
7K (4S) 7.39 0.0194
Kr(1800) 7.31 0.0193
K*a,(1640) 7.29 0.0192
7K’ (2F) 7.25 0.0191
®wK*(1410) 6.87 0.0181
7K5(1F) 6.4 0.0169
Kr,(1880) 6.2 0.0163
7K (3S) 5.89 0.0155
Kb, 5.64 0.0148
7K' (4P) 53 0.0139
K*(l(4l()))a1 4.76 0.0125
Kb, (2P 4.67 0.0123
hy(1595)K 4.32 0.0114
Ka, 4.18 0.011
7K’ (3P) 2.19 0.00577
K h; 2.17 0.00572
nK(3S) 2.16 0.00569
K*f1(2P) 2.09 0.00549
K*p(1450) 2.08 0.00548
nK(1460) 2 0.00526
K*p,(1D) 1.89 0.00498

(Table continued)

pK*(3S) 1.87 0.00493
hy(2215)K 1.76 0.00464
Kf,(2P) 1.68 0.00441
Kb, 1.66 0.00436
K*f, 1.65 0.00434
K*ay(1740) 1.62 0.00427
Kb, (2240) 1.62 0.00427
b, K(1460) 1.61 0.00423
Kp 1.58 0.00416
7(1300) K (1460) 1.52 0.004
K*a, 1.46 0.00384
K a, 1.44 0.00379
pK (2P) 1.42 0.00375
Kp>(2D) 1.42 0.00374
7K4(1G) 127 0.00334
pK, (2P) 1.22 0.00322
Km,(3D) 12 0.00317
pK,(1770) 1.15 0.00303
wK*(1680) 1.12 0.00296
nK, 1.08 0.00285
K*a, 1.08 0.00285
hK 1.08 0.00285
Kn(45) 1.04 0.00274
K*(1410)f, 1.02 0.0027
Kp>(1D) 1.02 0.00269
Kf,(3P) 0.939 0.00247
K*f,(2P) 0.938 0.00247
£1(1420)K 0.934 0.00246
Kip 0.927 0.00244
K*p(1700) 0.894 0.00235
pK;, 0.887 0.00233
wK* 0.885 0.00233
7K} (2D) 0.87 0.00229
nk 0.832 0.00219
n(1475)K 0.799 0.0021
K*p5(1690) 0.797 0.0021
pK(1980) 0.788 0.00207
Total width 380 1

and the K*(1410) final-state component. The wave func-
tions of @ and p are the same except for the flavor wave
functions. Combining the relationship m, ~m,, their
decay outcomes depend on the overlap of the flavor matrix

*(

. . T
elements. Finally, we can roughly obtain lfﬂ ~ 3. In our

K*(1410)0
. Trraon . Ty, }
calculation, =% ~ 3.31. Another relation, 7= ~ 3.17, is
K*(l4|0)(u K*o

also consistent with 3. Other decay channels can be found
in Table VI. Due to differences in both the model parameter
y and the choice of wave functions, our calculated total
width of 475 MeV for the K;j(4P) state is about 2 times
larger than that reported in Ref. [13] when they take
M ap) = 2450 MeV. In addition to the different choices
of y and wave functions, we have also considered the higher

excited final states which have not yet been found in
experiment (such as zK(3S) and zK(4S).
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For x(2600)(5P), the largest decay channel is also K,
accounting for 7.5% of the total width. K*(1410)p is
comparably significant (6.39%). This state also exhibits
considerable decay fractions into higher excitations, such
as 7K (2P) and Kb;(1960), each contributing larger than
4%. The Kr channel constitutes a major decay mode of the
k(2600)(5P) state, consistent with its experimental obser-
vation in the same channel. 7K, (3P), 7K (5S), nK,(2D),
Ka,(1640), and 7K (4S), all have a significant contribution
to the total width of x(2600)(5P), with branching ratios
being all about 3%. Other decay channels of x(2600)(5P)
with branching ratios less than 3% can be found in
Table VI. The important thing is the total decay width
of x(2600)(5P) overlaps with the experimental value
480 £ 47 £ 72 MeV. This result supports our classifica-
tion of x(2600) as the K{(5P) resonance.

K{(6P) configuration demonstrates remarkable parallels
to K(5P), with the primary eight decay channels showing
negligible divergence. The most important decay modes
include K*(1410)p (5.7%) and Kz (5.5%). nK,(2P),
Kb{(1960), zK(3P), and nK,(2D) are its larger decay
channels with branching ratios of 3.1% to 3.8%. As in
K{(5P), the Kz channel constitutes a major decay mode of
this K (6P) state. Experiments can search for this state
through the Kz final channel. This state exhibits a more
evenly distributed decay pattern, with multiple channels
contributing between 2% and 4%. Other decay channels of
K{(6P) with more details are listed in Table VI. We find
that the total width of K{(6P) is 380 MeV.

IV. CONCLUSION

In this work, we have systematically studied the mass
spectra and the OZlI-allowed two-body strong decay
behaviors of the newly observed x(2600), along with the
higher excited kaonic states, K(4P) and Kj(6P).

The newly observed state x(2600) is a good candidate
for the K{(5P) state. The findings are supported not only
by the Regge trajectory and the MGI model results, but also
through an analysis of the QPC model. The total and
branching decay widths allow for the identification of
k(2600) as the K{j(5P) state. Its two most important decay
channels are K,z and K*(1410)p.

The masses of Kj(4P) and K(6P) states are predicted
to be about 2450 and 2830 MeV, respectively. The total
widths for the Kj(4P) state and K(6P) state are about 475
and 380 MeV, respectively. The Kz channel is an ideal final
channel for searching these two K states. Kz and 7K (4S)
are two of the most important decay channels of the K{(4P)
state, with branching ratios of 10.4% and 8.2% respec-
tively. The branching ratio of Kz channel is about 6% for
the Kj(4P) state. The K*(1410)p and Kz channels are two
main final states of the K(;(6P) state, and they have
branching ratios larger than 5%.

We look forward to future experimental studies, which
will play a crucial role in searching for the higher excited
states of kaons.
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