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Production of high-orbital kaon excited states in the K~ p reaction
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In this work, a systematic investigation of the production of high-orbital-excitation kaons in K~ p
reactions is carried out within an effective Lagrangian model. The relevant t-channel processes are
constructed, and the model is calibrated using a single adjustable parameter determined from existing
experimental data. With this parameter, the measured production cross sections for the K3(1780),
K,(1820), K,(1770), and K} (2045) states are successfully reproduced. Employing the same framework,
the production cross sections for other high-orbital kaons are predicted. The results indicate that these
states possess sizable cross sections and exhibit characteristically forward-peaked angular distributions,
which is a typical feature of -channel exchange, highlighting their great potential for observation in future

experiments.
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I. INTRODUCTION

Although numerous new hadronic states have been
observed in collider experiments over the past two decades
[1-6], it is important to recognize that meson-beam experi-
ments have played a crucial role in establishing the main
spectrum of light hadrons as listed in the Review of Particle
Physics [7]. In recent years, combined with these observed
new hadronic states, there have also been numerous
phenomenological studies of how to produce them in
meson beam experiments [8§—11]. At present, the impor-
tance of meson beam experiments in the study of hadron
spectroscopy should not be neglected; rather, it should be
especially emphasized [12].

Generally, a meson beam is chosen as either a pion beam
or a kaon beam. Pion-nucleon reactions can produce light
mesons without strange quarks, while kaon-nucleon reac-
tions can be applied mainly to produce light mesons with
strange quarks. As indicated in the title of this work,
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excited-kaon production in kaon-nucleon reactions is the
focus of our study.

The kaon family, a crucial subset of light hadrons
distinguished by the presence of a strange quark, exhibits
properties markedly different from those of light nonstrange
mesons. For decades, meson-beam experiments have served
as a primary tool for their study, yielding a wealth of
experimental data. Examining the known kaon states, we
find that low-lying kaons were discovered many decades
ago. However, data for high-lying states are much more
limited. A clear trend emerges from the experimental data
on the resonance parameters—masses and widths—of these
kaons: as the orbital quantum number increases, fewer
experimental data are available. Consequently, the spectro-
scopic picture of the kaon family remains incomplete and
requires further refinement.

Despite this incomplete picture, the recent discovery of
two new kaon resonances, K%(2120) and K4(2210) (high-
lighted in red in Fig. 1), by the COmmon Muon Proton
Apparatus for Structure and Spectroscopy (COMPASS)
Collaboration in 2025 via Kp scattering [13], has further
enriched the spectrum. The newly observed K%(2120) and
K,4(2210) belong to the 1F and 1G states, respectively.
Other well-established high-orbital kaons, such as the 1D
states K3(1780), K,(1820), K,(1770), and the 1F state
K;;(2045), have also been observed in meson-beam experi-
ments, providing clear measurements of their production
cross sections [14—18]. On the theoretical front, significant
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FIG. 1. A collection of high-orbital kaons. Two newly observed
kaons, K%(2120) and K,4(2210), are marked in red, as reported by
the COMPASS Collaboration in 2025 [13]. Four states marked
with daggers have corresponding experimental cross-section data
available for K~ p reactions.

progress has been made in modeling the mass spectrum via
potential models and Regge trajectories [19,20], and in
calculating decay properties using frameworks such as the
quark pair creation (QPC) model and effective Lagrangian
methods [21-23]. For clarity, the high-orbital kaon states
considered in this work are summarized in Table I. The table
lists their spin-parity quantum numbers, spectroscopic
assignments, experimental status, and the interpretations
adopted in the present calculation.

Although the present work focuses mainly on high-
orbital kaon multiplets, the excited vector-kaon sector
also deserves attention. The conventional K*(1410) and
K*(1680) states are commonly associated predominantly
with the 23S, and 13D, ¢g configurations, respectively
[24]. In the present calculation, the production of the
orbitally excited K*(1680) is explicitly included as part of
the 1D-wave multiplet.

In addition to these conventional states, the strange
member of the light hybrid nonet may have the same

TABLE I. Summary of the high-orbital kaon states considered
in this work. The labels 1L; and 1L/, denote the two physical
states arising from the mixing of the 1'L; and 13L, configura-
tions.

States JP ntL, Status Assignment
LD  K3(1780) 3~ 13D, Established  gg meson
K,(1770) 2~ 1D, Established
K,(1820) 2- 1D}, Established
K*(1680) 1~ 1°D, Established
1F  K;(2045) 4+ 13F,  Established  ¢g meson
K%(2120) 3" 1F), Candidate
Ki(1F) 3% 1F; Predicted
K;(1980) 2+ 1’F, Candidate
1IG  Kz(2380) 5~ 13Gs Candidate ~ ¢g meson
K,(2210) 4  1G,  Candidate
K,(1G) 47 1G) Predicted
K;(1G) 37 13G; Predicted

observable quantum numbers J© = 1~ and may occur in a
nearby mass region [25]. Its decay pattern is expected to
differ from that of a conventional vector kaon; in particular,
axial-kaon channels such as K,(1270)z and K,(1400)z
may provide useful discriminating observables. Therefore,
future production and decay data in the vector-kaon sector
could test the conventional gg assignments, constrain
possible conventional-hybrid mixing, and provide comple-
mentary constraints on phenomenological production mod-
els. A systematic treatment of this sector, including the
relevant mixing and additional production mechanisms, is
left for future work.

In stark contrast, the production mechanisms of these
high-orbital kaons have received little theoretical attention.
Their production dynamics thus represent a vital and
underexplored area of study. This paper provides a brief
overview of kaon production in meson-beam experiments,
which provides an excellent platform for such investigations
[12]. Future facilities, such as those planned at Japan Proton
Accelerator Research Complex (J-PARC) and the potential
meson-beam installation at High Intensity Heavy-ion
Accelerator Facility (HIAF), underscore the continued
relevance of this approach. Building on these experimental
prospects and on established theoretical spectroscopy, in the
following sections, we calculate the production cross
sections for the discussed high-orbital kaons shown in
Fig. 1. Our calculations are performed using a unified
parameter set, based on the robust experimental data
available for the K3(1780), K,(1820) and K,(1770) states.

The paper is organized as follows: following this
Introduction, we present the effective Lagrangian model
in Sec. II to investigate the production of the high-orbital
kaons in the K~ p reaction. Numerical results and discus-
sion are presented in Sec. III. In Sec. IV, we summarize the
present work.

II. FRAMEWORK FOR STUDYING
HIGH-ORBITAL KAON PRODUCTION
VIA THE K~ p REACTION

In this section, we present the theoretical foundation
required for the subsequent calculations. The Feynman
diagrams considered are shown in Fig. 2. Since the pole
mass of the intermediate nucleon is well below the
production threshold of the final-state kaon and proton,
the contribution from the s-channel is highly suppressed.
Moreover, the u-channel contribution is negligible because
baryon-antibaryon decay modes of these high-orbital-
excitation kaons are either kinematically disfavored or
experimentally insignificant. Therefore, we adopt the effec-
tive Lagrangian model to calculate the corresponding
t-channel amplitude. Since the two-body strong decays of
the kaons in Fig. 1 have already been calculated by theorists,
and their theoretical results are in good agreement with
experimental data [20,23], we consider #-channel Feynman
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FIG. 2. Feynman diagrams for the K~p — K; + N reactions. Panels (a)—~(1) correspond to the production of K%(2380), K}(1G),
K4(2210), K3(1G), K;(2045), K5(2120), K53(1F), K5(1980), K3(1780), K,(1820), K,(1770), and K*(1680), respectively.

diagrams where the exchanged particles originate from
kaon-containing decay channels.

A. 1D-wave states

For the 1D-wave states in Fig. 1, the K3(1780) corre-
sponds to the 1°Ds state. The K3(1780) is established in
the Particle Data Group (PDG) as a strange meson with
1(J?) =1/2(37) [7]. Its resonance parameters are listed
with an average mass and width of 1779 £ 8 MeV and
161 & 17 MeV, respectively. The mass of the K3(1780)
has been measured in numerous production channels over
several decades, beginning with its first observations in the
1970s [26-28]. The PDG average mass is derived from a
series of experiments conducted in reactions such as
K p— K ntn and K*p - K°z%p [26,29]. The domi-
nant hadronic decay of the K3(1780) is Kp with a
branching fraction of (31 £9)%, followed by K*(892)x
((20 £5)%) and K= ((18.8 + 1.0)%) [30]. The branching
ratio for 7K%(1430) is experimentally limited to < 16%
(CL =95%) [30]. Based on the theoretical predictions
compiled in Ref. [23], the hadronic decay properties of the
K’%(1780) are further detailed. The dominant channel is
pK*, which is followed by the ®K* and zK channels.

The states K,(1770) and K,(1820) correspond to mix-
tures' of the 1'D, and 13D, states. These two states share
the same quantum numbers [(JP)=1/2(27). The

'Following Ref. [20], for nL = 1D,1F,1G, the mixing
between the spin-singlet and spin-triplet kaon states is defined
as |[K(nL)) =cosO, |n'L;) +sin@,,|n*L;) and |K'(nL)) =
—sin@,; |n'L;) + cos@,,|n’L,). For the 1D-wave, this conven-

K,(1770) has a measured mass and width of 1773 +
8 MeV and 186 + 14 MeV, respectively. The K,(1820)
is heavier and broader, with a mass of 1819 4 12 MeV and
a width of 264 + 34 MeV [7]. Both states have been
observed in complementary production processes. The
K,(1770) was first established in K~ p scattering experi-
ments, such as K"p - K~wp and K~ p — K 2zp, con-
ducted at facilities such as Large Aperture Superconducting
Solenoid (LASS) [17,31]. Its existence has been confirmed
in modern analyses, notably in the decay BT — J/y @K™
by the LHCb Collaboration [32]. Similarly, the K,(1820)
was also discovered in the LASS experiment through the
K~w channel [17] and has been observed in the same BT —
J/w@pK* decay by LHCD [32]. The K,(1770) primarily
decays to Kz, K*(892)z and K;(1430)7z. The K,(1820),
while sharing these dominant modes, also shows a signifi-
cant branching fraction to K¢, a channel not prominent for
the K,(1770). In Ref. [20],% the strong decay widths of
these two states as a function of the mixing angle are
provided, and it is predicted that their mixing angle tends to
be negative. The largest z-containing decay channels for
both the K,(1770) and K,(1820) mesons are Kp and K.
Our calculated cross sections for these two states at 8,y =
—30° are in good agreement with the experimental data, as
will be shown and discussed in a later section.

tion gives |K(1D)) = |K,(1770)), |K'(1D)) = |K,(1820)). The
same convention is adopted for the 1F and 1G mixed pairs.

’In Ref. [20], the decay channel written as K7 in the discussion
of the K,(1770) decay should read K,x; this appears to be a
typographical error.
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The K*(1680) corresponds to the 1°D; state. The
K*(1680) has an average mass and width of 1718 &
18 MeV and 320 4+ 110 MeV. It was first observed in
the 1970s and 1980s in formation experiments such as
K p = K ztnand K~ p = K°z*7~n conducted with the
LASS spectrometer [29,30]. More recently, it was also
observed in the decay BT — J/w¢K' by the LHCb
Collaboration with a significance of 8.5¢ [32]. Its dominant
decays are to Kz (~39%), Kp (~31%), and K*(892)x
(~30%). The strong decay widths of this state are predicted
in Ref. [20].

To study the four production reactions involving the
1D-wave strange-meson states, we first construct the effec-
tive interaction Lagrangians associated with the upper
vertices in Fig. 2. These vertices describe the couplings
of the produced strange mesons to the incident kaon and the
exchanged light meson. The interaction structures are chosen
to satisfy Lorentz covariance and to be consistent with the
spin-parity quantum numbers of the participating mesons.

Based on the decay properties summarized in Refs.
[20,23], the exchanged mesons retained for the production
of the individual states are selected as follows: for the
K3(1780), both z and p exchanges are included, whereas
the #-exchange contribution is neglected because of its very
small production cross section. For the K,(1820) and
K,(1770), whose important decay modes involve vector
mesons, only p and @ exchanges are considered. The
n-exchange contribution to the K,(1820) production is
again found to be negligible. For the K*(1680), the large
branching fractions into Kz and Kp motivate the consid-
eration of both pseudoscalar- and vector-meson exchange
mechanisms. However, since the p-exchange contribution is
numerically very small, only the z-exchange contribution is
retained in the final results.

For the spin-three state K3(1780), represented by the
rank-three tensor field K3**, the Kz interaction contains
three derivatives, as required by the angular-momentum
structure of the vertex. The corresponding effective
Lagrangian is written as

L1780k = 9K;(1780)KnK§+'Wp [K~(9,0,0,7°)

~°(9,0,0,K7)], (1)

where 9K (1780)Kx denotes the effective coupling constant of
the K3(1780)Kx vertex.

The interaction of the K%(1780) with a kaon and a vector
p meson is constructed with the Levi-Civita tensor. This
form accounts for the parity properties of the K%(1780)Kp
vertex and is given by

Li:(17180)kp = 9K 1780)Kp" 77K ;ﬂmﬁ (9,0p)

x (3°P9,K"). (2)

The physical states K,(1820) and K,(1770) have the
same quantum numbers /(J”) = 1/2(27). Since they are
mixtures of the 13D, and 1'D, configurations, the same
Lorentz structures are adopted for their couplings to Ko
and Kp, while their effective coupling constants are treated
independently.

For the K,(1820) state, the relevant interaction
Lagrangians are
_ +.0p —
L, 182000k = IK,(1820)0k K3 " 0q05K™, (3)
and
L, (18200 = 9K, (1820)pk K3 ’aﬁﬂgaﬁK - (4)

Analogously, the interactions of the K,(1770) state with
the K and pK channels are described by

Lg,(1770)0k = 9K2(1770)w1<K2+’aﬁ(0a0/3K_, (5)

and

L, 1770k = 9K2(1770)pKK;’aﬂﬂgaﬂK_- (6)

For the vector state K*(1680), the K*(1680)Kx inter-
action is described by the conventional derivative coupling
among one vector and two pseudoscalar mesons. The
corresponding Lagrangian reads

£K*(l680)l(7r = gk*(1680)1(;:1'(*0’“(K_aoﬂf+ —770,K”).  (7)

We next specify the interaction Lagrangians at the
lower vertices of Fig. 2, which describe the couplings
of the exchanged light mesons to the nucleons. For the
vector-meson exchanges, both vector and tensor couplings
are included. The corresponding phenomenological
Lagrangians are taken from Refs. [33,34] and are written as

Loxy = ony Ny, @' N + f4’—”NN No,,(0"@" — @ )N, (8)
m
P

and

N SonN = B
L,nv = gonnN7p*N + 4/;71 No,,(d"p" = d"p")N.  (9)

p

For the pseudoscalar-pion exchange, we employ the
standard pseudovector zZNN interaction,

Jann Ny, r’#aN. (10)
m

b/

‘anN =

Here, N denotes the nucleon field, while gyyy and fyyy
represent, respectively, the vector coupling constants for the
vector meson V = p, w. The quantities m,, and m, denote
the proton and pion masses, respectively.
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Combining the upper three-meson vertices with the meson propagators and the lower meson-nucleon vertices, we obtain
the tree-level 7-channel amplitudes for the four production reactions. We define the four-momentum transfer as g =
p1 — P2 = ky — k; and the Mandelstam variable as ¢ = ¢g*>. The momenta k; and p; denote the momenta of the incident
kaon and nucleon, respectively, whereas k, and p, denote those of the produced strange meson and the outgoing nucleon.

The phenomenological function F,(q) accounts for the finite-size effects at the interaction vertices.
For the K3(1780) production through pion exchange, the amplitude is

; fﬂ - a ! ENTY)
leg(nso)nK = gk;(l780)ﬂkﬂu(p2)7a75u(pl )q PR M (ky) (949,49, + kikiki,)Fi(q).
(11)
The corresponding p-exchange amplitude is
. VDG _l(gt; + qﬂq(z/mz) - lf NN a
IMK;(1780)pK:—QK;(1780),;K5”/’ €ﬂ{,ﬂ(k2) —m2 . i(p2) 9pNNY e — 2;1 Gﬁéqé ”(Pl)%hk[fklaXFz(Q)- (12)
14 P
For the K,(1820) production, the w-exchange contribution is given by
. . — ifa) v . —i .9}(41 + C]”qa/mi
IMk, 182000k = 19K, (1820)k 1(P2) <9w1v1v7,¢ - szN 64 )u(p1)€ P (ky)kyp ( p— )Fz((])- (13)
p ®
Likewise, the p-exchange amplitude for the K,(1820) production reads
) . _ if NN B e —i(Ga + 4" G0/ m})
lMK2(1820)/1K = 191(2(1820),;1(’4(172) <gpNNy;¢ #Uwq )M(Pl)e ’ ﬂ(kz)km —m2 . Fi(q). (14)
p 4

The K,(1770) amplitudes have the same Lorentz structures as those of the K, (1820), but involve the coupling constants
associated with the K,(1770) state. The w-exchange amplitude is

IMk,(1770)0k = 19K,(1770)0k 1(P2) <9w1v1v7ﬂ ~om
P

whereas the corresponding p-exchange amplitude is

iprN

iMg, 1770k = 19k,(1770)pk #(P2) (g/)NN},;t o
P

lf wNN

aqu)u<p1>e*~“ﬂ<k2>km

aqu)u<pl>e*’"ﬂ<k2>km

_l(.dfll + qﬂqa/mi) F (q)
t—m2 e

(15)

—i(Ja + ¢"qu/m3)
L2 F.(q).
t—m;,

(16)

Finally, the K*(1680) production is dominated by the pion-exchange mechanism. Its tree-level amplitude is expressed as

fﬂNN

IMg 16807k = —9K*(1680)2K
b

In the above expressions, ¢/ (k,), €**(k,), and €* (k)
denote the polarization tensor or polarization vector of the
produced spin-three, spin-two, and spin-one strange mes-
ons, respectively. These amplitudes constitute the basic
ingredients used below to calculate the total and differential
production cross sections.

B. 1F-wave states

The K;(2045) is assigned as the 13 F, state with I(J) =
1/2(4%) [7]. The K};(2045) is given an average mass and

= l *,Q
w(p2)rursu(p1)a —— 5 € (k2)(qa + k1a)Fi(q).

(17)

T

width of 2048J_r§ MeV and 1991”12; MeV, respectively [7]. It
has been observed in several production channels. The
most precise recent measurement comes from the Beijing
Spectrometer III (BESIII) experiment via J/y — K+t K~ 7°,
reporting a mass of 2090 + 9J_r2191 MeV [35]. Earlier studies
in the 1980s, such as the LASS experiment using the
reaction K~ p — K~ z"n at 11 GeV/c, were crucial for its
initial identification and the determination of its quantum
numbers [36,37]. The K};(2045) predominantly decays into
hadronic final states. The Kz channel has a branching
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fraction of (9.9 + 1.2)%, while the K*(892)zz and pKn
modes have comparable strengths of (9+5)% and
(5.7 +3.2)%, respectively [18,29]. The theoretical decay
pattern of the K};(2045) is calculated in Ref. [23]. The
dominant mode for the K} (2045) is K*p. Other significant
channels include wK*, zK*, Kp, and zK.

The K%(2120) and K3(1F) are mixtures of the 13F3 and
1'F5 states. The COMPASS Collaboration reported the
observation of two new strange mesons in 2025 via the
scattering reaction K~p — K~ z"z~ p [13]. The observed
states are the K%(2120) and K4(2210), with masses and
widths of 2119+ 137} MeV, 270 +£3073) MeV, and
2210 4 4075 MeV, 250 + 70750 MeV, respectively. The
K3(1F) is the partner state of the K%(2120), and has not
been observed experimentally. The mass and strong decays
of the K%(2120) and K;3(1F) are calculated in Ref. [23].
The mass and total decay width for the K5(1F) are
calculated to be 2066 MeV and 248 MeV, respectively
[23]. While for K%(2120), its total decay width is 277 MeV.
The latter is in good agreement with the experimental
width of 270 £ 3075) MeV reported by the COMPASS
Collaboration [13]. The decay of the K5(1F) is dominated
by the Ka, channel. Other significant channels include pK*
and pK;. The K%(2120) decays mainly to #K3%(1780) and
7K. Channels such as pK* and Kp are also present but
with smaller branching fractions.

The K3(1980) state corresponds to the 13F, state. The
PDG lists its average mass and width as 1990J_r568 MeV and

348f358 MeV, respectively [7]. This state has been observed
in multiple production channels. The most recent and
precise measurement comes from the BESIII experiment
via the decay w(2S) - K*K™n, reporting a mass of
2046117467 MeV [38]. An earlier measurement by the
LASS Collaboration, using the reaction K p —
K°z*znn at 11 GeV/c, found a mass of 1973 + 8 &
25 MeV [30]. A signal consistent with the K3(1980) was
also reported by LHCb in an amplitude analysis of B —
J/w@pK™ decays [32], although a later analysis with higher
statistics could not confirm it with significant certainty. The
primary decay modes of the K3(1980) include K, (1270)x,
K>(1770)z, Ka,, Kby, and Kh, as listed in Ref. [20].

To study the four production reactions involving the
1 F-wave strange-meson states, we construct the effective
interaction Lagrangians associated with the upper vertices
in Fig. 2. These vertices describe the couplings of the
produced strange mesons to the incident kaon and
the exchanged light meson. As in the discussion of the
1D-wave states, the interaction structures are chosen to
satisfy Lorentz covariance and to be consistent with the
spin-parity quantum numbers of the participating mesons.
The meson-nucleon interactions at the lower vertices are
the same as those introduced above and are taken from
Refs. [33,34].

Based on the decay properties given in Refs. [20,23], we
examine the possible 7-channel exchange mechanisms for
the individual 1F-wave states and retain the numerically
relevant contributions. For the K}(2045) production, the
pion-exchange mechanism gives the dominant contribu-
tion, while the p-, w-, and b;-exchange contributions are
found to be very small. Therefore, only the = exchange is
retained. For the two spin-three states, the K%(2120) and
K5(1F), the p- and w-exchange mechanisms are included.
The a;-exchange contribution to the K%(2120) production
and the b, -exchange contribution to the K5(1F) production
are numerically negligible. For the K3(1980) production,
although the axial-vector channels such as Ka;, Kb, and
Kh, can have sizable decay fractions, the corresponding
exchange contributions to the production cross section are
strongly suppressed. By contrast, the Kz channel leads to
the dominant production contribution. For completeness,
the K;(1980)Kw and K%(1980)Kp interactions are also
listed below to document the vector-meson exchange
mechanisms examined in the calculation.

For the spin-four state K}(2045), represented by the
rank-four tensor field K;***’, the Kz interaction contains
four derivatives, as required by the angular-momentum
structure of the vertex. The corresponding effective
Lagrangian is written as

EKZ(Z(MS)J[K = gKZ(2045)7rKKZ+7”Up”[K_ (aﬂaua/)aﬂﬂo)
+ 7°(0,,0,0,0,K7)]. (18)

The physical states K%(2120) and K;(1F) are mixtures
of the 13F5 and 1! F5 configurations. Since they have the
same spin-parity quantum numbers, the same Lorentz
structures are adopted for their couplings to the Ko and
Kp channels, while the corresponding effective coupling
constants are treated independently. For the K (2120) state,
the relevant interaction Lagrangians are

Ekg(zlzo)wk = gKg(zlzo)wKK/3+'aﬁywaaﬁayK_, (19)
and
L, 212008 = gKg(2120)/;KK/3+’aﬂypgaﬂ0yK . (20

Analogously, the interactions of the K3(1F) state with
the wK and pK channels are described by

Lk, (1F)wk = gK3(1F)wKK;aﬂywaaﬂayK_v (21)
and
Lk, (1r)pk = 9K3(1F)pKK;‘aﬂyP25ﬂayK_~ (22)

For the spin-two state K3(1980), the interactions
with a kaon and a vector meson are constructed using
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the Le\./i—Civita tensor. The corresponding effective L K5(1980)2K = JK3(1980)2K K;J““ﬁ [[(—(aaaﬂﬂo)
Lagrangians are 0 _
+ 77(0,05K™)]. (25)

_ VAo g+ K —
ﬁKE(]gSO)wK Giasm0jur e Ky (001)0 K™ (23) Combining the upper three-meson vertices with the
exchanged-meson propagators and the lower meson-
and nucleon vertices, we obtain the tree-level z-channel ampli-

tudes for the production of the 1F-wave states. The

_ S — 0\A Aex— definitions ¢ = p, — p, = k, — k; and ¢ = ¢ follow those

L1080k = 9x;1980)pk " K2,10(0003) 050K (24) introduced Zlbove, and the phenomenologicqal form factor
F,(q) is included at each r-channel exchange vertex.

The K%(1980)Kx interaction contains two derivatives For the K;(2045) production through pion exchange, the

and is written as amplitude is

fﬂNN

: : >k (e} 8y i
IME:(2045)2k = 19K (2045)2K €17 (ky)q*iu(pa)yarsu(pr) pa— (9,9.9,95 + kiukiki ki) Fi(q).  (26)
F1

4

For the K%(2120) production, the w-exchange contribution is given by

: _ if —i(¢"s + ¢"qa/m3)
IMg, 212000k = 91(3(2120)0)1(“(1?2) <ngN7M - 2ZNN ayﬂq”>u(p1) at — mza “L Y (ky) kygky, Fi(q).  (27)
P (0]

while the corresponding p-exchange amplitude reads

. - lf v _i(gﬂa + qua/mZ) .
lMKg(zlzo)pK = gKg(zlzo)pK”(Pz) <gpNN7/4 - #NNGWQ >”(P1) f—m2 Poe ﬁy(kZ)klﬂklyFt(Q)' (28)
p 14

The K5(1F) amplitudes have the same Lorentz structures as those of the K%(2120) state, but involve the coupling
constants associated with the K3(1F) state. The w-exchange amplitude is

: . u 2
lfu)NN O_U”qy> M(pl) l(gﬂa +4q qa/ma)) e+abr

iMK3(1F)a)K = 9K3(1F)w1(’2(172) <ga)NN7ﬂ T om PRI (k2)k1ﬂk1yFt(Q)’ (29)

p

whereas the corresponding p-exchange contribution is

_i(gﬂa + qﬂQa/m%)

2
t—m}

. - if *,Q
lMK3(1F)/)K = 9K3(1F),)KM(P2) (%NNU - M%ﬂ") “(Pl) € ﬁy(kZ)klﬁklyFt(q)- (30)

2m,

The vector-meson exchange amplitudes examined for the K3(1980) production are given. The w-exchange
contribution is

; ; VAG [k o lfw _lgf +q§q /mg;
IMEs(1980)wk = ~E9K;(1980)0k € “ena(ka)q ki ok (ps) <9a;NNY§ - 2mNN 055615)”([)1) ( At - mzi )F,(q), (31)
P w

and the p-exchange contribution is
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iMK;(1980)p1< = _igK;(1980)pK€ﬂMU€;a<k2)%/k15k7
if,

_ NN
x it(ps) <9pNN}’§ - 2;1 565‘]6)”<p1)
p

" —i(g5; + q°q,/m3)

2
r—m;,

Fi(q). (32)

The K%(1980) production also retains the domi-
nant pion-exchange contribution. The corresponding
amplitude is

; . fﬂNN %
IM;(1980)2k = ~19K;(1980)K p_— P (ky)(qaqp + kigkip)

t_%ﬁ(pz)msu(pl)q”Ft(Q)- (33)
T

In the above expressions, €7 (k, ), € (k, ), and e (k)
denote the polarization tensors of the produced spin-four,
spin-three, and spin-two strange mesons, respectively.
These amplitudes provide the ingredients required to
evaluate the total and differential cross sections for the

1 F-wave states.

C. 1G-wave states

The K%(2380) is a candidate for the 1°Gs state with
I(JP) = 1/2(57) [7]. Its experimental status remains to be
confirmed. Its reported mass and width are 2382 £ 24 MeV
and 180 &£ 50 MeV, respectively [7]. To date, this state has
only been observed in the LASS analysis of the reaction
K~ p — K n"n [37]. The only experimentally established
two-body decay mode is Kz, with a branching fraction of
(6.1 + 1.2)%, while theoretical calculations predict a rich
decay pattern with numerous allowed open channels, owing
to its relatively high mass and large spin. The two largest
predicted channels are K*a,(1320) and pK’(1430). Other
important modes include pK*, K*f,(1270), wK3, and
Kby [23].

The K, (1G) and K4(2210) are mixtures of the 1G, and
1'G, states. Their masses and strong decay properties were
investigated in Ref. [23]. The decay of K,(2210) is
dominated by the Ka, channel, with a branching fraction
of 22.7% and a partial width of 26.1 MeV. Other notable
channels include pK; and pK*. In contrast, the predicted
mass and total width of the as-yet-unobserved K/,(1G) are
2306 MeV and 161 MeV, respectively. Its important decay
modes include 7K3%(1780), zK};(2045), zK?5, pK*, and pK.

The K3(1G) is assigned as the 1°Gj state and has not yet
been observed experimentally. We studied its mass and
strong decay properties using the modified Godfrey-Isgur
model and the QPC model, and the parameters are given in
Ref. [23]. Its predicted mass and total width are 2305 MeV
and 412.04 MeV, respectively. The dominant decay modes
are expected to be K,(1770)z, K,(1820)z, Kr,, and Kn,.

The K,p, K*p, and Kb; channels also provide sizable
contributions.

To study the production of the four 1G-wave kaon states,
we construct the effective interaction Lagrangians associ-
ated with the upper vertices in Fig. 2. These vertices
describe the couplings of the produced strange mesons
to the incident kaon and the exchanged light meson. As in
the discussions of the 1D- and 1F-wave states, the
interaction structures are chosen to satisfy Lorentz covari-
ance and to be consistent with the spin-parity quantum
numbers of the participating mesons. The meson-nucleon
interactions at the lower vertices are the same as those
introduced above.

Based on the decay properties obtained in Ref. [23], we
examine the possible 7-channel exchange mechanisms and
retain the numerically relevant contributions. It should be
emphasized that a sizable decay branching fraction does not
necessarily imply a dominant production contribution, since
the exchanged-meson propagator, the meson-nucleon cou-
pling, and the momentum structure of the vertex also affect
the production amplitude. For the K%(2380) production, the
pion-exchange mechanism provides the dominant contri-
bution, whereas the p-, -, b;-, and h-exchange contribu-
tions are numerically negligible. Therefore, only the =z
exchange is retained. For the K,(1G) and K4(2210) states,
only the w-exchange mechanism is considered, because the
corresponding p-exchange contributions are strongly sup-
pressed. For the K3(1G) production, although the axial-
vector channels such as Ka,, Kb, and Kh; can have sizable
decay fractions, their exchange contributions to the pro-
duction cross section are small. By contrast, the Kz channel
leads to the dominant production contribution. Therefore,
only the pion-exchange mechanism is retained for the
K3 (1G) state.

For the spin-five state K%(2380), represented by the rank-
five tensor field K;"'ﬂ 7% the Kr interaction contains five
derivatives, as required by the angular-momentum structure
of the vertex. The corresponding effective Lagrangian is

written as

L:(2380)2k = 91(;(2380)”1(1(?'&/3756[]( ~(0,040,050,7°)
— 79(0,040,050,K")). (34)

The physical states K, (1G) and K4(2210) have the same
spin-parity quantum numbers. Since they arise from the
mixing of the 1°G, and 1!G, configurations, the same
Lorentz structure is adopted for their couplings to the Ko
channel, while the corresponding effective coupling con-
stants are treated independently. For the K, (1G) state, the
interaction Lagrangian is
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Lk (16)0k = gK;<1G)mKKﬁ;+'aﬁy6w(xa/}ay55]( —.(35)

Analogously, the K4(2210)Kew interaction is
described by
L = K w,050,0;K~.  (36)
1(2210)wK = 9K, (2210)0k 84 a0p0yOs ik .

For the spin-three state K;(1G), represented by the rank-

three tensor field K ;"’ﬁ 7 the Kr interaction contains three
derivatives. Its effective Lagrangian is written as

Li:16)ak = gKg(lG)nKK;Jr'aﬂy (K~ (0,040,7°)
— 7(0,040,K7))]. (37)

Combining the upper three-meson vertices with the

exchanged-meson propagators and the lower meson—
|

nucleon vertices, we obtain the tree-level z-channel ampli-
tudes for the production of the 1G-wave states. We use the
same momentum convention as above, ¢ = p; — p, =
k2 _kl and 1 = qz.

For the K%(2380) production through pion exchange, the
amplitude is

Sann o3 (k) ! S
mﬂ

4 r—

lMK;(2380)n1< = —Yk:(2380)2K

X (4592959,95 + ki1ockiakipki ky5)
X q"u(ps)yuysu(pr)F(q). (38)

For the K (1G) production, the retained w-exchange
contribution is

. . _ if o
lMK;(lc)wk = —ngg(la)wK”(Pz) (%NNU -2 Guyqy) u(py)

2m17

X

—i "da\ sq
o (o e g b ) (39)

w

The K,(2210) amplitude has the same Lorentz structure, but involves the coupling constant associated with the

K4(2210) state:

. . — lfu NN
lMK4(2210)wK = —19K4(2210)w1<”(1’2) <9wNN}’,4 - ﬁ%ﬂ”) u(py)

p

_i 4 a *,Q
X 5 (d& +qm—z>€ W10 (ky ) ky sy ks Fo(q). (40)

t—m

Finally, the K3(1G) production is dominated by
the pion-exchange mechanism. The corresponding ampli-
tude is

Satn u(p2)yarsu(pi)g”
m, t—m?

X 6*’Myp(k2)(qﬂQDq/J + klﬂklukIP)Ff(CI)‘ (41)

iMk;(lG)nK = 9K;(1G)ak

In the above expressions, ¢**(k,), €’’(k,), and
€"?(k,) denote the polarization tensors of the produced
spin-five, spin-four, and spin-three strange mesons, respec-
tively. The quantities &(p,) and u(p,) are the Dirac spinors
of the outgoing and incoming nucleons. These amplitudes
provide the ingredients required to evaluate the total and
differential cross sections for the 1G-wave states. For
t-channel meson exchange, the form factor is adopted as

2 _ o\ 2
A,—m)
b

N (42)

Fio) = (

w

where m represents the mass of the exchanged particle.
By fitting the available experimental cross-section data
at different energies for the reaction K~ p — K3(1780)p
[14-16], we obtain A, = 1.5 + 0.2 GeV, with ;(2/d.o.f. <
0.4. Employing the same cutoff value for the K~ p —
K,(1820)p and K~ p — K,(1770)p reactions, we find that
the theoretical predictions are in good agreement with the
measurements reported in Refs. [17,18,39].

The Regge trajectory model successfully describes
hadron production at high energies [40,41]. Replacing
the Feynman propagator with a Regge propagator effec-
tively accounts for the exchange of high-spin and high-
mass states in the z-channel, whose contributions become
significant at higher energies. We implement Reggeization
by substituting the f-channel Feynman propagators with
Regge propagators [42], as follows:

1 s\ (1) o
dd , 43
w2 () Mo T s )
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1 ag(r)—1 /
r—m? _)< : > e sin 4
- mpy Sscale [aR(t)] Sln[”aR(t)]

the corresponding Regge trajectories for the exchanged
mesons are

ag(t) = 14 di(t — m3), R=p,0, (45

ay(1) = o (t —m3), (40)

with slopes ), = 0.8 GeV~2, a}, = 0.9 GeV~?, and o, =
0.7 GeV~2 [42].

Within the preceding theoretical framework, the cross
sections for all reactions can be computed. The differential
cross section in the c.m. frame is given by

do 1™ /1 )
= = = , 47
dcosf., 32zs k5™ <2 Z:M/” (47)

where s = (k; + p;)?, and 6., denotes the angle between
the outgoing meson and the incoming K~ beam direction in

the c.m. frame. The three-momenta k5™, and k3™, refer to
the initial K~ beam and the final meson, respectively. The
factor 1/2 averages over the initial nucleon spin states.

III. NUMERICAL RESULTS AND DISCUSSIONS

Using the Lagrangians for the three-meson vertices
introduced in the preceding section, we evaluate all relevant
coupling constants, which are summarized in Table II.
Decay widths used to determine the coupling constants are
listed in Table III. With these couplings and the amplitude
formulas given earlier, we compute the total and differential

TABLE II. Coupling constants used in this work. The listed
three-meson coupling constants are determined by fitting the
decay widths from Refs. [20,23]. The meson-nucleon-nucleon
coupling constants entering the lower vertices of the diagrams in
Fig. 2 are taken from Ref. [33]. Couplings with mass dimensions
are given with explicit units, while those without units are
dimensionless.

9K (1780

3

gK;(1780>/1K = 12.36 GCV73

)
9K, (1820)wK = 5.85 Ik, (1820)pk = 9.70
9K, (1770)0k = 593 9Kk, (1770)0k = 5.79
9K+ (1680)K = 1.76 9K (2045)2K = 3.15 GeV—3
9k, 2120)0k = 3.02 GeV™! Ik @120k = 2.97 GeV™!

gK3(1F)/)K =2.63 GeV_l

Ik 19800k = 1.09 GeV™? K (1980)px = 1.06 GeV™?

2

Ik (1980)2k = 0.24 GeV™!

2

9k:(2380)zx = 1.51 GeV™*
| 1G)wK = 2.13 (}e\]_2 gK4(2210)u)K =2.09 GeV_Z

(
(
(
(
(
Ik, (1F)wk = 2.71 GeV™!
(
(
(
IK:(1G)2k = 0.33 GeV™2

TABLE III. Decay widths used to determine the three-meson
coupling constants in the present work. Experimental widths
(denoted by superscript E) are taken from the PDG [7], while
theoretical widths (denoted by superscript T) are adopted from
Refs. [20,23] when corresponding experimental data are unavail-
able. All widths are given in MeV.

Uk (1780)=zk = 30.3" Tk (1780)=pk = 49.97
Tk, (1820 ok = 46.27 Tk, (1820)px = 138.17
Tk, (1770)»wk = 41.97 Tk, (1770)=px = 126.0T
L (1680) -2k = 79-35 Ug: (2045)=2k = 19.7°
FK; VoK — 6.77 FK;(2120)—>pK =20.67

(

(

(

(

(2120

Tk (1F)—ak = 457 Lk, (1F7)=px = 13.57

Tk (1980) =0k = 3-6" Ts (1950)~pk = 10.67

rK;(l()SO)—mK =0.8" FK;(2380)—>1K =9.0F
( Lk, 2210050k = 1.57
(

Uk (16) -k = 1.047

production cross sections for the 1D-, 1F-, and 1G-wave
states.

A. Analysis of 1D-wave kaon production

As shown in Fig. 3, we first analyze the total cross
section of the K~p — K3(1780)p reaction. In the calcu-
lation, both the #- and p-exchange contributions are
included, as indicated in the figure. It can be seen that
the 7 exchange gives the dominant contribution to the total
cross section, while the p exchange only provides a
relatively small correction. In fitting the experimental total
cross sections, the only adjustable parameter is the cutoff
parameter A, in the form factor. The best description of the
data is obtained with A, = 1.5 GeV, and the theoretical
uncertainty band is generated by varying this value by

70
Total

---- mexchange
60 -
—-— p exchange
¢ Exp.data

50
—~40
a
2
o 30

20

107| .

ol T T

5
Vs (GeV)

FIG. 3. Calculated total production cross section for the
K3(1780) state, along with comparisons to experimental data.
The experimental data are taken from Refs. [14—16]. All error
bands and the solid lines within them correspond to results
obtained with the cutoff parameter set to 1.5 £ 0.2 GeV.
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Total (m+ p)
m exchange
—-— p exchange
¢ Exp.data

103

do/dcos 6 (ub)
=
e

0.90 0.92 0.94 0.96 0.98 1.00
cosBcm

FIG. 4. Calculated differential production cross section for the
K3(1780) state, along with comparisons to experimental data.
The differential cross section is evaluated at a c.m. energy of
4.08 GeV. The experimental data are taken from Ref. [15]. The
error bands and the solid lines within them represent results
obtained with the cutoff parameter set to 1.5 + 0.2 GeV. Since
the available differential cross-section data are concentrated at
small forward angles, our theoretical predictions are also pre-
sented only in this angular region.

40.2 GeV. With this single parameter, the calculated total
cross section can reproduce the available experimental
measurements over the considered energy region, espe-
cially around the energy range, where the data are
concentrated.

For the second experimental point of the total cross
section in Fig. 3, corresponding to the c.m. energy
/s = 4.08 GeV, differential cross-section data are also
available. Based on this experimental information, we
further compare our theoretical result with the measured
angular distribution in Fig. 4. The same cutoff parameter
A, = 1.5+0.2 GeV, fixed from the total cross-section fit,
is used to evaluate the differential cross section.” The
resulting angular distribution agrees well with the exper-
imental data in the forward-angle region. The calculation
also shows a clear forward-peaked behavior, which is a
typical feature of the t-channel exchange process. Such a
simultaneous description of both the total and differential
cross sections supports the reliability of the present
effective Lagrangian model for the K3(1780) production.

For the production of the K, (1770) state, the dependence
of the total cross section on the K,(1770)-K,(1820)
mixing angle is first examined, as shown in Fig. 5.
Since these two physical states arise from the spin mixing
between the 13D, and 1' D, configurations, the correspond-
ing three-meson coupling constants are sensitive to the

3Before closing this section, we want to indicate the theoretical
uncertainties in our predictions. The calculated cross sections
depend not only on the fitted parameters but also on phenom-
enological factors, such as the form factors, coupling constants,
and neglected exchange mechanisms.

Theory band
— A=1.5 GeV

Exp. band
--- Exp. central value

14 (a)

12F K>(1770)

)
=
b 1 1 1 1 1
i
12r | (b)
i K»(1820)
10 i
i
1
1
1
1
1
1
1
1
1
i
1
1 1 1 1 1 1
—-40 -20 0 20 40
Mixing angle 6p
FIG. 5. Total cross sections for the reactions K p —

K,(1770)p and K~ p — K,(1820)p as functions of the
K,(1770)-K,(1820) mixing angle. The vertical dashed line
denotes the mixing angle 0,, = —30° adopted in the numerical
calculations. In panel (a), the red band represents the experimental
value 6[K~p = K, (1770)p] = 8.7 + 1.7 pb at \/s = 4.67 GeV.
In panel (b), the red band represents the experimental value
oK~ p — K,(1820)p] = 6.6 £ 1.6 pb at the same c.m. energy.

mixing angle through the strong decay widths. Previous
studies of their strong decay behaviors suggested that the
mixing angle prefers a negative value [20]. Motivated by
this observation, we calculate the total production cross
section as a function of the mixing angle. For the reaction
K~ p — K,(1770)p, the experimental total cross section at
/s =4.67 GeV is 8.7+ 1.7 pb. The best agreement
between the theoretical prediction and the experimental
value is obtained around 0,, = —30°, as indicated by the
vertical dashed line in Fig. 5(a). This result supports the
negative mixing angle favored by the strong decay analysis
and provides an independent constraint from the production
process.

With the same mixing angle 0,, = —30°, we further
analyze the total production cross section of the K,(1820)
state. The experimental value for K~p — K,(1820)p at
/s = 4.67 GeVis 6.6 &+ 1.6 pb. As shown in Fig. 5(b), the
theoretical prediction obtained at the same mixing angle
also lies within the experimental uncertainty band, indicat-
ing that a unified choice of the mixing angle can simulta-
neously describe the measured total cross sections of both
K,(1770) and K,(1820). This agreement is meaningful
because the two states are described by the same mixing
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K~ p—-K3(1820)p K~ p—-K3(1770)p K~-p-K*(1680)p
70
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D 40x10! _ 4010 sy 107
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FIG. 6. Calculated total and differential production cross sections for the 1 D-wave states [K,(1820), K,(1770), and K*(1680)], along
with comparisons to experimental data. Panels (a)—(c) show the corresponding total cross sections, while panels (d)—(f), (g)-(i), and (j)—
() show the differential cross sections at E., = 3.5, 4.0, and 4.5 GeV, respectively. The experimental data are taken from
Refs. [17,18,39]. In all figures, the error bands and the solid lines within them represent results obtained with the cutoff parameter set to
1.5 £0.2 GeV. Because the differential cross section are concentrated in the small forward-angle region, only the angular range close to
cos 0., = 1 is shown.
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angle, but their production processes depend on different
coupling constants. After fixing the mixing angle, the
corresponding coupling constants are used to calculate
the energy-dependent total cross sections shown in the left
two columns of Fig. 6. In these calculations, both p- and -
exchange contributions are included. The @ exchange gives
the dominant contribution, while the p exchange provides a
smaller correction, and their coherent contribution repro-
duces the available experimental data reasonably well.

The differential cross sections for the K p —
K>(1770) p reaction are displayed in Figs. 6(e), 6(h), and
6(k) at several c.m. energies. The angular distributions are
presented in the forward region, where experimental mea-
surements are available and where the 7-channel exchange
mechanism is expected to be most important. A clear
forward-peaked behavior appears as cos@., approaches
unity, which is a typical feature of meson exchange in the ¢
channel. The total differential distribution is mainly gov-
erned by the w-exchange contribution, while the p-exchange
contribution remains smaller over the considered angular
range. The uncertainty bands caused by the cutoff para-
meter variation show that the forward enhancement remains
almost unchanged within the model uncertainty. Therefore,
the differential behavior of the K,(1770) production further
supports the dominance of the 7-channel mechanism used in
the present calculation.

For the K~ p — K,(1820)p reaction, the differential
cross sections shown in Figs. 6(d), 6(g), and 6(j) exhibit
a pattern similar to that of the K,(1770) state. The
distributions increase rapidly toward the forward-angle
region, again reflecting the characteristic behavior of the
t-channel p- and w-exchange processes. The @ exchange
provides the leading contribution, whereas the p exchange
gives a relatively small but visible correction. Since the
coupling constants used here are determined at the mixing
angle 6,p = —30°, which has already been constrained by
the total cross sections of both the K,(1770) and K,(1820),
the differential predictions in Fig. 6 can be regarded as a
direct consequence of the same mixing-angle scheme. The
simultaneous description of the total and differential cross
sections for these two 1D-wave kaons demonstrates that the
present effective Lagrangian model provides a coherent
picture for their production in the K~ p reaction.

For the production of the K*(1680) state, the calculated
total cross section is shown in Fig. 6(c). In contrast to the
K,(1770) and K,(1820) cases, only the z-exchange con-
tribution is retained in the final result for the K™ p —
K*(1680)p reaction, since the contributions from other
possible exchanged mesons are found to be negligibly
small. With the same cutoff parameter A, =1.54
0.2 GeV used for the other 1D-wave states, the total cross
section rises rapidly from the threshold region, reaches a
sizable maximum at low c.m. energies, and then decreases
gradually with increasing +/s.

The corresponding differential cross sections for the
K~ p — K*(1680)p reaction are displayed in Figs. 6(f),
6(i), and 6(1) at /s = 3.5, 4.0, and 4.5 GeV, respectively. A
pronounced forward enhancement is observed in all three
angular distributions, with the differential cross section
increasing rapidly as cos 6., approaches unity. Compared
with the K,(1770) and K,(1820) cases, the forward-angle
differential cross section of the K*(1680) channel is
relatively large, reflecting its strong coupling to the Kz
mode. The uncertainty bands generated by varying the
cutoff parameter remain moderate and do not change the
forward-peaked structure. Therefore, the combined descrip-
tion of the total and differential cross sections suggests that
the present effective Lagrangian framework gives a con-
sistent account of the K*(1680) production mechanism.

B. Analysis of 1F-wave kaon production

For the K~ p — K;(2045)p reaction, the production is
evaluated through the f-channel z-exchange mechanism.
As shown in the first column of Fig. 7, the calculated total
cross section rises rapidly from the threshold region and
reaches a maximum of about 25.6 pb, after which it
decreases gradually with increasing +/s. The only available
experimental measurement is located at /s = 4.08 GeV,
with 6, = 36.4 £ 12.1 pb [18]. Although the theoretical
curve is lower than the central value of this experimental
point, the predicted value lies close to the lower edge of the
experimental uncertainty band.

The corresponding differential cross sections for K~ p —
K;;(2045) p are calculated at /s = 3.5,4.0, and 4.5 GeV, as
displayed in the lower panels of the first column of Fig. 7.
A pronounced forward-peaked behavior appears at all three
energies, with do/d cos 0, increasing rapidly as cos 6,
approaches unity. At /s = 3.5 GeV, the distribution
already shows a clear forward enhancement and reaches
about 10? pb near the forward end. When the energy
increases to /s =4.0 GeV, the angular distribution
becomes steeper, and the forward differential cross section
is further enhanced. At /s = 4.5 GeV, although the total
cross section has started to decrease, the differential cross
section is more strongly concentrated in the very forward
region and reaches the order of 103 pb as cos 8, — 1.
Therefore, the production of the K7 (2045) is expected to be
most visible in the forward-angle region, which provides a
useful guide for future measurements of this 1 /-wave kaon
state in K~ p scattering experiments [12].

The recently observed K%(2120) state deserves particular
attention, since the available experimental analysis has
established its resonance parameters but has not yet pro-
vided information on its production cross section [13]. The
decay calculation supports its assignment as a 1F-wave
kaon. The predicted total width is consistent with the
experimental result [13]. The present production analysis
therefore provides complementary information that can be
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FIG. 7. Calculated total and differential production cross sections for the 1F-wave states [K}(2045), K%(2120), K;5(1F), and
K7 (1980)]. Panels (a)—(d) show the corresponding total cross sections, while panels (e)—(h), (i)—(1), and (m)—(p) show the differential
cross sections at E,, = 3.5, 4.0, and 4.5 GeV, respectively. The experimental data are taken from Ref. [18]. In all figures, the error bands
and the solid lines within them represent results obtained with the cutoff parameter set to 1.5 £ 0.2 GeV. Because the differential cross

sections are concentrated in the small forward-angle region, only

used to design a dedicated search in the K~ p reaction. As
shown in Fig. 7(b), the total cross section for K~ p —
K%(2120)p rises rapidly above threshold and develops a
broad maximum around /s ~ 4.5 GeV. Within the adopted
cutoff variation, the upper edge of the theoretical band
reaches approximately 1.6 pb, while the central curve is
close to 1.1 pb at the maximum. The decomposition of the
result indicates that the w-exchange contribution determines
the overall magnitude and energy dependence, whereas the
p exchange provides a smaller correction. The differential
distributions in Figs. 7(f), 7(j), and 7(n) reveal an additional
feature. At \/E = 3.5 GeV, the cross section already
increases toward the forward direction and reaches several
pb as cosO., — 1. At /s = 4.0 GeV, the forward yield

the angular range close to cos 8., = 1 is shown.

increases to the order of 10 pb, and at /s = 4.5 GeV it
reaches several tens of pb in the most forward angular
region. Meanwhile, the enhancement away from the
extreme forward region is much less pronounced.
Consequently, a measurement with sufficient acceptance
close to cosf., = 1 would provide a useful and exper-
imentally testable strategy for confirming the K%(2120)
state.

The unobserved K;(1F) state is the spin-mixing partner
of the K%(2120) and can be investigated within the same
experimental setup. The production result in Fig. 7(c)
exhibits an energy dependence similar to that of the
K%(2120). The total cross section reaches a broad maximum
in the same energy region, with the upper edge of
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the theoretical uncertainty band approaching 1.25 pb and
the central prediction remaining around 0.9 pb. As in the
K%(2120) channel, the w exchange gives the leading
contribution, whereas the p-exchange component is sub-
dominant. The differential cross sections displayed in
Figs. 7(g), 7(k), and 7(o) show that the angular distribution
becomes increasingly concentrated near the forward limit as
the c.m. energy is raised from 3.5 to 4.5 GeV. Near
cosO., =1, the predicted differential cross section
increases from several pb at /s = 3.5 GeV to the order
of 10 pb at /s = 4.0 GeV, and then to several tens of pb at
/s = 4.5 GeV. The close similarity between the angular
distributions of the two mixed 1F states implies that the
production angle alone may not be sufficient to separate
them. A complementary analysis of the invariant-mass
spectra and their decay properties would provide a more
discriminating test of the proposed spin-mixing scenario.

For the K~ p — K3(1980) p reaction, the predicted total
cross section is shown in Fig. 7(d). In this calculation, the
w-, p-, and m-exchange mechanisms are all taken into
account, which makes this channel different from several
other 1F-wave states where only one or two exchanged
mesons give sizable contributions. The total cross section
rises rapidly from threshold and reaches its maximum value
around /s ~ 3.8-4.0 GeV, with the central theoretical peak
being about 0.5 pb. After the peak, the cross section
decreases gradually as the c.m. energy increases. The
decomposition of the total result indicates that the -
exchange contribution is the largest one, while the @ and
p exchanges also give visible but smaller contributions. This
feature is especially interesting because, as shown in
Table III, the partial width of the K3(1980) — zK channel
is much smaller than those of the pK and wK channels.
Therefore, the production strength is not determined only by
the decay width; it is also strongly affected by the light pion
propagator, the zNN coupling, and the momentum depend-
ence of the 7-channel amplitude. Compared with the 1D-
wave kaon production shown in Fig. 6, the overall magni-
tude of the 1F-wave kaon production is evidently reduced,
which is consistent with the general tendency that the
production cross section becomes smaller when the orbital
angular momentum of the produced state increases.

The corresponding differential cross sections for K~ p —
K3(1980)p are displayed in Figs. 7(h), 7(1), and 7(p) at
Vs =3.5, 4.0, and 4.5 GeV, respectively. At all three
energies, the angular distributions exhibit a clear forward
enhancement. At /s = 3.5 GeV, the differential cross
section is relatively moderate and reaches only several
pb in the very forward region. When the energy increases to
/s = 4.0 GeV, the angular distribution becomes steeper,
and the forward differential cross section increases to the
order of 10 pb. At /s = 4.5 GeV, although the total cross
section has already started to decrease from its peak region,
the differential distribution is more concentrated near
cos ., = 1, and the forward value remains at the order

of 10 pb. In these three panels, the z-exchange contribution
grows most rapidly toward the forward direction and
dominates the total result, while the w- and p-exchange
contributions remain non-negligible corrections. Thus, the
forward-angle region provides the most favorable kin-
ematic window for searching for the K7 (1980) production
in future K~ p scattering measurements [12].

C. Analysis of 1G-wave kaon production

For the K~ p — K(2380)p reaction, the production
process is dominated by the 7-channel z-exchange mecha-
nism, as shown in Fig. 8(a). The calculated total cross
section increases rapidly from the threshold region and
reaches its maximum value of about 6.5 pb around
/s =~ 4.4 GeV. After the peak, the cross section decreases
gradually with increasing c.m. energy and decreases to
about 2 pb at /s = 7.0 GeV. Among the four 1G-wave
states considered here, the K2(2380) channel gives the
largest total cross section. Nevertheless, compared with the
I1D- and 1F-wave kaon productions discussed above, its
magnitude is still reduced. This behavior supports the
general tendency that the production cross section decreases
as the orbital angular momentum of the produced kaon state
increases, namely the overall hierarchy 0,5 < 01r < 01p.

The corresponding differential cross section for K~ p —
K%(2380)p is displayed in Fig. 8(e), where the results at
Vs = 3.5, 4.0, and 4.5 GeV are shown together. A clear
forward-peaked structure appears at all three energies,
which is the typical feature of the #-channel exchange
process. Near cos 0., = 1, the differential cross section is
only at the order of 10 ub for /s = 3.5 GeV, while it
increases to the order of 10> pb at /s = 4.0 GeV. At
/s = 4.5 GeV, where the total cross section is close to its
peak region, the angular distribution becomes much steeper
and the forward differential cross section can reach several
10? pb. Therefore, although the integrated production rate
of this 1G-wave state is smaller than those of the lower-
orbital kaons, the very forward region still provides a
favorable kinematic window for searching for the
K%(2380) in future K~ p measurements [12].

For the K~ p — K/,(1G)p reaction, the calculated total
cross section is presented in Fig. 8(b). In this channel, only
the w-exchange contribution is retained in the final
calculation, because the other possible exchanged-meson
contributions are found to be strongly suppressed. This is
different from the mixed 1D-wave states K,(1770) and
K,(1820), as well as the mixed 1F-wave states K%(2120)
and K3(1F), where both p- and w-exchange mechanisms
were included. The total cross section of K)j(1G) rises
from threshold and develops a broad maximum around
/5 25.0 GeV. The central value of the peak is approx-
imately 0.32 pb, with a sizable uncertainty band induced
by the cutoff parameter. This magnitude is much smaller
than that of the K%(2380) channel and is also below the
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FIG. 8. Calculated total and differential production cross sections for the 1G-wave strange meson states K3(2380), K} (1G),

K4(2210), and K3(1G) in the K~ p reaction. Panels (a)—(d) show the total cross sections as functions of the c.m. energy +/s, while panels
(e)—(h) present the corresponding differential cross sections do/d cos @, in the forward-angle region. The differential cross sections are
evaluated at E.,, = 3.5, 4.0, and 4.5 GeV. From left to right, the four columns correspond to the production of K%(2380), K,(1G),
K4(2210), and K3(1G), respectively. The shaded bands denote the theoretical uncertainties induced by varying the cutoff parameter
within A, = 1.5 0.2 GeV, while the solid curves represent the central predictions with A, = 1.5 GeV. Because the differential cross
sections are concentrated in the small forward-angle region, only the angular range close to cos ., = 1 is shown.

typical production scale of the 1F-wave mixed states,
reflecting the suppression associated with the higher
orbital excitation.

The differential cross section for K~p — K/, (1G)p is
shown in Fig. 8(f). The angular distributions at /s = 3.5,
4.0, and 4.5 GeV all increase toward the forward direction.
At \/E = 3.5 GeV, the forward differential cross section is
relatively small and is below 1 pb near cos ., = 1. When
the energy is raised to /s = 4.0 GeV, the forward value
increases to several pb. At /s = 4.5 GeV, the distribution
becomes more strongly concentrated near cos 0, = 1, and
the forward differential cross section reaches the order
of 10 pb.

For the newly observed K4(2210) state, the total pro-
duction cross section of the K~ p — K4(2210)p reaction is
shown in Fig. 8(c). Since K4(2210) is a newly reported
strange meson, its production prediction is particularly
important for future confirmation of this state in kaon-beam
experiments [12]. Similar to its mixed partner K,(1G), only
the w-exchange mechanism is included in the calculation,
because the p-exchange and other possible contributions are
numerically very small. The predicted total cross section of
the K4(2210) reaches a broad maximum of about 0.29 pb
around /s ~4.8-5.0 GeV and then decreases slowly as /s
increases. Its production strength is comparable to that
of K(1G).

The corresponding angular distributions for K~ p —
K4(2210)p are displayed in Fig. 8(g). At /s = 3.5 GeV,
the differential cross section is relatively weak over the
whole forward-angle region and reaches about 1 pb near
cos O, = 1. At /s = 4.0 GeV, the forward yield increases
to several pb. When the energy becomes /s = 4.5 GeV,
the angular distribution grows more rapidly as cos@.,
approaches unity, and the forward value reaches the order
of 10 pb. The curves at different energies also show that the
higher-energy distribution is more strongly compressed into
the very forward region.

For the K~ p — Kj}(1G)p reaction, the total cross
section is plotted in Fig. 8(d). The production is evaluated
through the dominant z-exchange mechanism, while the
contributions from other possible exchanged mesons are
neglected because they are much smaller in the numerical
calculation. The total cross section rises quickly from
threshold and reaches a maximum of about 0.46 pb around
Vs ~4.4 GeV. After the peak, the cross section decreases
continuously with increasing energy.

The differential cross section for K~ p — K5(1G)p is
presented in Fig. 8(h). Similar to the other 1G-wave
channels, the angular distributions at /s = 3.5, 4.0, and
4.5 GeV exhibit an evident forward enhancement. At
/s = 3.5 GeV, the forward differential cross section is
only at the level of a few pb. At /s = 4.0 GeV, it increases
to the order of 10 pb near cos @, = 1. At /s = 4.5 GeV,
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the distribution becomes the steepest among the three
energies and the forward value can reach several tens of pb.

It should be noted that, as shown in Figs. 6 and 7, the
available experimental data in this reaction channel and
energy region remain rather limited, mainly due to the
significant experimental challenges involved. Compared
with Figs. 3 and 4, where data are more abundant, the
number of experimental reference points in Figs. 6 and 7 is
considerably smaller. Nevertheless, we argue that these
limited data still carry important value. On the one hand,
precisely because of the scarcity of experimental informa-
tion in this energy regime, our theoretical calculations can
serve as a useful reference and provide predictions for
future meson-beam experiments. On the other hand, our
model is able to reasonably reproduce the main energy-
dependent trends exhibited by these few data points, and
this qualitative agreement lends some support to the
viability of our model framework. Furthermore, this con-
clusion is reinforced by the good agreement between theory
and experiment shown in Figs. 3 and 4 in the better-
constrained energy regions, which together bolsters the
reliability of our overall theoretical description.

IV. SUMMARY

In this work, we have systematically investigated the
production of high-orbital kaon excitations in the K™ p
reaction, with emphasis on the 1D-, 1F-, and 1G-wave
strange-meson states. Within the effective Lagrangian
model, the dominant #-channel exchange mechanisms were
constructed for the relevant production processes. The
exchanged mesons were selected according to the dominant
kaon-containing decay channels of the produced states. In
addition, the finite-size effects at the interaction vertices
were taken into account by introducing a phenomenologi-
cal form factor. The cutoff parameter was determined to be
A, =1.5+0.2 GeV by fitting the available experimental
data for the K~ p — K%(1780)p reaction. With the same
value of A,, the production of other high-orbital kaon states
was further studied without introducing additional free
parameters.

For the 1D-wave kaons, the available experimental data
for the K%(1780), K,(1770), and K,(1820) are used to
constrain and test the present model. The production of the
K*(1680) is then evaluated with the same parameter set,
and its total cross section and angular distributions are

presented as theoretical predictions, since no direct exper-
imental production cross-section data are available in the
considered energy region.

Using the same theoretical framework, we further
predicted the production cross sections of the 1F- and
1G-wave kaon states. The obtained result for the K;(2045)
is compatible with the available experimental information.
Predictions were also made for K%(2120), K;(1F),
K3;(1980), K:(2380), K4(1G), K4(2210), and K3;(1G).
These results provide useful theoretical guidance for the
search for poorly established or still-unobserved high-
orbital kaon states. Although the production strength
generally decreases with increasing orbital excitation,
the predicted cross sections remain sizable. Moreover,
the differential cross sections are mainly concentrated
in the forward-angle region, suggesting that forward-angle
measurements are especially favorable for observing these
excited strange mesons.

Overall, the present study provides a unified description
of high-orbital kaon production in K~ p scattering within
the effective Lagrangian model. The successful reproduc-
tion of existing experimental data and the extension to the
less-explored 1F- and 1G-wave sectors demonstrate the
reliability and predictive power of this framework. These
results not only improve our understanding of the produc-
tion dynamics of excited kaons, but also provide valuable
theoretical references for future kaon-beam experiments at
facilities such as J-PARC and other high-intensity meson-
beam programs.
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