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Abstract

In the NJL quark model, the elements of constructing a Lagrangian for
strange scalar mesons based on the effective four-quark interaction, motivated
by quantum chromodynamics are presented. The meson mass spectrum is
calculated, and numerical estimates of the model parameters are given. The
NJL Lagrangians are used to calculate the main strong decays of scalar
mesons. Theoretical predictions for the production of scalar mesons by the
7 lepton current are obtained.

1 Introduction

The Nambu — Jona-Lasinio (NJL) type quark models based on the chiral symmetry
group U(3) x U(3) are an effective tool for studying the interactions of light mesons
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at low energies (1], 2, B [, [, 6] [7, 8, O 10, 11, 12]. In the quark model, mesons
of scalar, pseudoscalar, vector, and axial-vector types are considered as bound
quark-antiquark states. The model successfully describes the meson mass spectrum
and the processes of their interaction on the low-energy scale. Nevertheless, when
analyzing the scalar meson nonet, difficulties arise in explaining the mass of the
isovector meson ay(980). Additionally, problems are observed in describing the
decay widths f,(980) — 27 and a((980) — 71, where the first width according
to the model turns out to be underestimated, while the second width exceeds the
experimental data [I3], T4]. To overcome these problems, a hypothesis is currently
being introduced regarding the complex nature of the scalar f5(980) and ay(980)
mesons, in which, along with traditional gg structures, kaonic molecular states
or tetraquark configurations play a leading role [I5], 16l [I7]. It is important to
note that the remaining states fy(500) and KJ(800) from scalar nonet and their
excitations are well described in the gg representation, which is critical for ensuring
the chiral symmetry of strong interactions.

Of great interest is the study of both the ground and excited states of scalar
mesons especially the strange resonances Kj§(800) and Kj(1430) in the view
of new experimental data. Recent measurements by the BaBar collaboration,
indicating a significant discrepancy with the PDG data for the decay width of
K}(1430) — K7 emphasize the relevance of theoretical studies of processes in-
volving strange scalar mesons [I8, [19]. In the BaBar study [I8], estimates for the
ratio B(n. — n'K)/B(n. — nK) taking into account the contribution of channels
with the resonance K{(1430) for the first time were obtained and values for the
coupling constants g,k and gk were presented.

In this paper, the main decay channels of the strange scalar meson K(800)
in the ground and first excited states are considered. The matrix elements of
the decays of the meson K{(1430) into the Km, Kn, and K7 channels are
presented. In addition, theoretical estimates will be obtained for the branching
fractions of 7 decays with the production of scalar mesons 7~ — v, K5 (800)~ 7"v;,
T — K3(1430) 7, , 77 — K§(700)" K, and 7 — K} (700) nv, .

2 The effective Lagrangian of the NJL model for
strange scalar mesons and the mass spectrum

One of the aim of the current paper is to confirm the hypothesis of a quark-antiquark
structure of scalar strange mesons. One of the main arguments in favor of this
hypothesis is the correct description of the masses of strange scalar mesons in
the ground and first radially excited states. In addition, this paper the decays of
scalar mesons and the processes of their production by the 7 lepton current will be
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considered. The standard NJL model describes meson nonets and their interactions
in the ground state in good agreement with data [1} 2, 3]. The standard quark NJL
model is based on the effective four-quark interaction. The model describes the
mechanism of spontaneous chiral symmetry breaking. The model was extended by
including the first radially excited states of mesons. The extension was achieved by
introducing a polynomial form factor into the initial effective four-quark interaction
fi(k*) =1+ d;k* , where k is the relative transverse momentum of quarks in a
meson |8, 10, 1], 12]. Let us consider the extended U(3) x U(3) version of the
model where the initial effective four-quark Lagrangian taking into account the 't
Hooft interaction takes the form

L(q,q) =
/ d'z gx)(i — mo)q(z)

1 9 9 o . ‘
by [t 30 S UG i w5 (0) + G ) o)

a=1 b=1
a 9 N
S - -
o [ )Y li8u(@)56i() + i (0)5, ()
a=1 =2
d%ZZ ]Vz jV,z,,u ) +jj:z{u(x)jg,i,,u(x)]7 (1)
a=1 i=1

where Gg and Gy are the four-quark interaction constants for scalar (pseudoscalar)
and vector (axial-vector) types; the definition of the constants CZ can be found in
the work [8]; mg is the matrix of current quarks. jy; with U =5, P,V, A denotes
the scalar, pseudoscalar, vector, and axial-vector quark currents

jg(P),i(l’) = /d4$1d4I2 Cf(l’l)Fg(P),i(x§$1,$2)Q($2>,
j&’(i),i(w) = /d4$1d4$2 Q(II)F\?”(,’Z)J(ZE;x17x2)Q(:L‘2>7 (2)
where Fgp) ,(z;21,22) are the scalar (pseudoscalar) and FV(A) (521, 29) the

vector and axial-vector form factor.
After the bosonization procedure in the one-loop quark approximation, we can
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obtain the following Lagrangian

Lbos(o-) @, ‘/7 A) =

- Zg_: / d' E (€, ot@)abi@) + (G),, ¢i@)eh (@)

s (0@ + )]

-3 [t [ oL (e + 50)) — g (054 + (v
—iTrln {1 5 i - i zgj(a;‘ + o+ VO, + A;."M%%)ffn} : (3)

This Lagrangian describes scalar, pseudoscalar, vector, and axial-vector states.
Now consider the part of the Lagrangian for strange scalar mesons

L(K7) = =g = G52
0

7

e M NN N

a=4 j=1

—iN./Tr1n

where scalar fields are 22:4(0?)2 =2K; ;% = Q(Kg’j)O(KS‘J)O + 2(K5 )T (K 5) -

The free Lagrangian for strange scalar mesons after renormalization has the
form (details of the renormalization procedure for other states can be found in the
review paper |8 [11, 12])

1
£ = S (PP = (P ) K3+ (P2 = (m + m)?) K K

1 *
5 (PP = Onatm)? = M3, ) Ko (5)
1fe

il

is achieved by the 2following redefinition of the meson fields

where ' = This Lagrangian has a non-diagonal form. Diagonalization

0% = c08(0ga — 00 ,)07" — cos(0pa + 00.,) 05",

6" = sin(6,, — Ogya)a%r — sin(0,q + 09 ,)05". (6)

As a result, the free Lagrangian for strange scalar meson fields takes the standard
diagonal form

) 1 o 1 .
LY = S (PP = Mi) Kg? + S (P = My ) Kg?. (7)
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The corresponding mass formulas for the states M (800) and M(1430) have the
form [8]
1

2 _ 2 2
M(KS,KS’) 2(1-T2.) [MKSJ + Mic; o+
0

2
\/ (Mg = M;a) + (2MigaMi o) |+ (mu+ma)s, (8)

where I'g; = I{l/\/ _711]{12 = 0.49. The masses of the non-physical mesons M 1
and MF; o are defined as follows

1 1
2 —_— — —_— —
My = e |:GK5 4 (Lo + [01)]> (9)
1 1 2 2
Mo = E[G_Ifé_4<[{0 +I({1>]7 (10)

where Gg: = 3.88 x 10-%MeV ™2 is the effective four-quark interaction constant [S].
Iy and Iy, are quadratically divergent integrals. There are six main parameters
in extended NJL model: the masses of the constituent quarks m,qy and m,, the
cutoff parameter As, the four quark interaction constants Gg and Gy , and the 't
Hooft constant K . The mass of the constituent quark and the cutoff parameter are
fixed by the decays widths of 7 — uv, and p — 27 . The strange quark mass and
the constants Gg, Gy and K are fixed from the masses of the charged pion, K
meson, p meson, and mesons 7/n’ . The numerical values for model parameters are
m, = 270 MeV, my =420 MeV, A3 =1.03 GeV,G = 3.14 GeV >, Gy =
12 GeV™?, K =6.1 GeV".

As a result, for the masses of scalar mesons Mg (700) and Mg (1430) we obtain
the following values:

Mz (700) = 940 MeV, M (1430) = 1425 MeV. (11)
The currently experimental values for meson mass are M;%p(soo) = 845+ 17MeV

and M%ZEI s30) = 1425 50MeV [19]. At the same time, there are studies that give
relatively higher values M (s00) = 905(+65, —30) MeV [20].

Our results are in qualitative agreement with the experimental data. It is
interesting to note that the obtained theoretical values for the masses show that
strange scalar mesons mainly have a quark-antiquark structure. And here there is
no need to introduce additional tetraquark structures, which would lead to a large
value of the meson masses and a deviation from the experimentally known for the
masses.
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K (1430) v

—— 7(n)

Figure 1: Triangle quark diagram for the decay of scalar meson K with production
of meson pair K7, Kn and Krn/

3 Decays of scalar mesons K(800) and K[(1430)

Two-particle decays of scalar mesons KJ(800) and Kj(1430) with meson pair
K7, Kn and Kn' production are described by the quark diagrams shown in Fig[l]
Calculations performed in the NJL model for the decay K~ (800) — K~ 7° yield
a following decay width [21]

KK 2
- -0 (SmSIH ) vV ER — M
PG = K%)= >3 RSy (12)
0 0

where Fj is the kaon energy in the rest system of K*, the integral over the quark
loop has the form

2 2
Py — g e / ARD-BUD- g0 o (13

@yt ] G =Ry — 2
where A(k%) and B(k?) are the coefficients for different mesons given in Ref. [21].
The resulting decay width with various meson charge distributions in the
final state is T'(K;~ — K 7%+ K% ~) = 430 4+ 64 MeV [2I]. Our results do
not contradict with theoretical decay width I'(Kj(800) — Km) = 401.1 £ 87.1
MeV obtained in [22]. The experimental value for the width of this decay is
I(K§ — K7)eqp = 468 £ 30 MeV [19].
Decays of the radially excited scalar meson K(1430) — Km are described by
a similar width with the meson vertices replaced. The decay amplitudes with
meson pair Kn and K7’ have the form

MK (1430) — K1) = S8m IR0 _ g /om, KiK. (14)
M(KE(1430) — Ki1f') = 8m 1] KOK% — 8v/2m, IReKm (15)

where loop integrals and used parameters can be found in [21].
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Table 1: The comparison of the decay widths and constants with BaBar data [18].

Decay mode Decay widths, MeV [18] Decay constant, GeV? [18]
K;(1430) —» Kr 18.54 + 2.87 16.46 + 1.15 g% =0515 g% = 0.458
K}(1430) — Kn 0.29 £ 0.04 - 9%cn = 0.03 -
K (1430) — Knf/ . - 95y = 0.67 -
vV, v
T — K T — K
W \ w T \
/
K", K"
T — T

Figure 2: Diagrams contributing to the decay 7 — Kjnv, .

The results of the model calculations for the decays of K(800,1430) mesons
are presented in Table

The 7 decay into meson pair K(800)r with scalar meson is described by
quark diagrams in the Fig. [2|

As a result, for the total decay amplitude 7 — K (800)7v, we obtain [23]

M(T = Kg(800)mv,) = 2GFVys Ly [ M + MK1+K1 + Mgy i (ng - pw)y(w)

%

where L, is the lepton current, pr; and p, are the momenta of the scalar
meson and pion. The contribution from the contact diagram is Mg, =1 ﬁgﬁ G -
Diagrams with intermediate axial vector and pseudoscalar mesons in ground and

excited states are given by following amplitude:

MK1+K{W =
CII: Iﬁlng {guvp2f<p2) - p#puf(M?('l(1270)):| BWi, (1270) sin® ()
9w f () = pupo f (M12<1(1400))} BWEk, (1400 COSQ(Q)}
+ jj: Iy [gwﬁf (P?) — pupo f (Milmm)} BWk, 1650) (17)
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MK+K/# = 4msFK IKK i

BWK —|— ’}/K/[H 7l-BVVK/ gwjpl,’ (18)
where f(p?) =1—3(ms+my)?/20?, Y = Fx//Fx = 0.26 [12]; Ck, = 0.90 and
Cgy = 0.42 [12]; p = pk; + pr - The integrals over the quark loop are defined in
. Intermediate mesons are described by Breit-Wigner propogators

1
M3 —p* = 1\/pTy

where masses and widths of mesons are taken from PGD [19].

For the decay 7 — K}(1430)7v, the amplitude has a similar structure with
the replacement of the vertices WK (800)r — WK;(1430)r , K, K{(800)m —
K K}(1430)7 and meson masses M. K;z(800) — Mz (1430) - Next consider the decay
of 7 — K}(800)K 7y, . This decay differs from the decays described above with
presence of channels a;, a}, 7 and 7’ states [23]

BWy = (19)

M(7 = K (T00)Kv,) =

{Q;W(p —6m ) pupu] BW,, 11

alKO

3G VL, {C

al

Ca/ a| KK
-+ ! |:g;w (p2 - 67713) - p,upl/:| BVVa’llll1 0
(GBI 4y I W) g ] (v = p),» (20)

where v = Fo/F 2~ 0.054 [12] and p = pg; + px -
The amplitude of the decay ™ — Kjnv, takes the form
M(T — K3 (700)nv,) =
8G Vs Fi L, [(m KK \fam [KKO"S) BWx

+7Kf< I55m — o, I KKO%) BWK'] (px: +Pn),“ (21)

here we take into account the u,d and s quark parts of the 1 meson.
Branching fractions for decays with strange scalar mesons within the extended
NJL model are [23]

Br(t — K;(800)7mv, )y = 4.75 x 1074, (22)
Br(t — K;(1430)7v, )y, = 1.80 x 107°,

Br(t — K§(800)Kv,)nyr, = 5.00 x 1074,

Br(t — K;(800)nv, )Ny = 3.59 x 1075,

229



Advances in Nuclear Science and Applications Volume 1, No. 4 (2025)

4 Conclusion

In this paper, we present the fundamentals of deriving the Larganjian for strange
scalar mesons and calculate the mass spectrum. Calculations within the NJL
model confirm the quark-antiquark structure of mesons K§(800) and K (1430).
Theoretical estimates obtained within the model for strong meson decays are in
agreement with recent BaBar data [18]. Comparisons of the coupling constants
for strong decays of the radially excited meson Kj(1430) — Km, K;(1430) — Kn
and K((1430) — Kn' are also presented. The calculated partial widths of 7
lepton decays into scalar-pseudoscalar meson pairs are presented in Section [3] The
contribution from axial-vector channels dominates in determining the decay widths.
The states K;(1270), K;(1400), and the excited one K;(1650) act as axial-vector
intermediate mesons in the decays 7= — K(800) 7y, and 7= — K{(1430)" 7'y, .
The decay 7= — KJ(800)~ Kv, occurs with the contribution of channels with
non-strange states a;, a), 7, and 7'. Processes involving strange scalar mesons
have not been well studied experimentally. The measurements of heavy meson
decays indicate the importance of the contributions of intermediate channels with
the K;(1430) state |18, 24], 25 26]. The results of the present work on 7 decays
are a prediction for future experiments on Super ¢ — 7 factories [27].
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