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Roles of A resonances in the K~ p — yX reaction
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We investigate the K~ p — yX reaction using an effective Lagrangian approach within an isobar model
framework. The model includes contributions from s-channel hyperon and hyperon resonance, t-channel K
and K*, u-channel proton and A(1232) exchanges, and a phenomenological contact term. Our analysis
focuses on the roles of various A resonances. The results indicate that the A(1600) resonance is crucial for
describing the experimental data at lower energies. At higher energies, the inclusion of either the A(1670)
or the A(1690) resonance significantly improves the agreement with data. However, the current data are
insufficient to distinguish between these two scenarios. We suggest that future measurements at higher
beam energies and the measurement of the X polarization are needed to identify the roles of the A(1670)

and A(1690) resonances.
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I. INTRODUCTION

The study of interactions between kaon beams and
nucleon targets, such as the K~ p reaction, provides an
indispensable tool for exploring the spectrum of hyperon
resonances (Y*) and the intricate dynamics of the strong
force within the strangeness sector. While pion-nucleon
(nN) scattering has historically laid the groundwork for
baryon spectroscopy, initial states with strangeness
(S = —1) offer a unique window into excited hyperons.
Such investigations are crucial for testing the predictions of
SU(3) flavor symmetry and deepening our understanding
of nonperturbative hadronic physics. Despite their impor-
tance, progress in this field has been significantly hampered
by the quality of available experimental data. With the
exception of recent results from the Crystal Ball
Collaboration [1,2], the majority of the world’s K™ p
scattering data were collected several decades ago and,
consequently, suffer from low statistics and large uncer-
tainties. Thus, new high-precision data are urgently needed
to advance our knowledge of hyperon resonances and the
mechanisms governing their production. This data scarcity
is expected to be addressed by planned experiments with
new kaon beams at JLab [3] and J-PARC [4,5].
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In this work, we investigate the K~ p — yX° reaction,
motivated by recent measurements from the Crystal Ball
Collaboration [1]. Historically, kaon-induced radiative reac-
tions were studied experimentally in the 1960s—1980s [6-8],
but the available data were sparse and of limited precision.
This process is related by crossing symmetry to the exten-
sively studied photoproduction channel yp — K*X°, pro-
viding a complementary probe of the underlying reaction
dynamics [9-12]. The yp — KX channel has been the
subject of intense theoretical and experimental investigation
for decades. While early theoretical models [13-16] were
constrained by limited data, the landscape was transformed
by high-precision measurements from the CLAS and LEPS
Collaborations. These data stimulated a new wave of
theoretical analyses employing a variety of frameworks,
including isobar models [17-23], dynamical coupled-chan-
nel approaches [24-27], and the Regge-plus-resonance
formalism [28-30]. Among these, isobar models have
proven particularly effective in describing photoproduction
data. However, different implementations, while often
achieving comparable agreement with experiment, fre-
quently rely on disparate assumptions regarding the under-
lying dynamics. Key differences arise in the choice of
contributing resonances, coupling constants, hadronic form
factors, and schemes for enforcing gauge invariance. These
discrepancies highlight significant model-dependent ambi-
guities in our theoretical understanding. Applying and testing
these models in the crossing channel, K~ p — y°, provides
a powerful consistency check and is helpful for discriminat-
ing between competing theoretical descriptions and ulti-
mately refining our knowledge of the reaction mechanisms.

As mentioned above, the most recent experimental data
for K~p — y2° were published by the Crystal Ball
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Collaboration [1]. Their accompanying analysis employed
a Regge-plus-resonance model that considered only
one hyperon resonance—either A(1600), A(1670), or
A(1690)—at a time, alongside a Reggeized background.
This simplified approach failed to provide a satisfactory
description of the data, suggesting that the interplay
between resonances and the treatment of the nonresonant
background are more complex than assumed. This moti-
vates a comprehensive reexamination of the reaction
dynamics, incorporating more resonances and a robust
treatment of the background.

A central challenge in modeling such reactions is
ensuring gauge invariance, which is often violated when
hadronic form factors are introduced. To address this
fundamental requirement, we employ a well-established
method for restoring gauge invariance [21,31-33], which
has been successfully applied in previous studies of the
photoproduction channels, e.g., yN — KZ. The primary
objective of this study is twofold. First, we develop a more
sophisticated, manifestly gauge-invariant model to assess if
it improves the description of existing data. Second, we
seek to investigate the collective role of multiple hyperon
resonances, specifically probing the combined contribu-
tions of the A(1600) state together with either the A(1670)
or the A(1690). Through this analysis, we aim to elucidate
the importance of resonance interference effects and
develop a more physically complete and consistent picture
of the K~ p — yX° reaction.

This paper is organized as follows. In Sec. II, we present
the theoretical formalism for the reaction K~ p — yZ,
including the method for restoring gauge invariance and
the key components of our model. In Sec. III, we present
and discuss the numerical results. Finally, we conclude with
a summary in Sec. IV.

II. MODEL AND INGREDIENTS

In this work, based on the effective Lagrangian approach
and isobar model, we construct a dynamical model with
background terms including 7-channel K and K* meson
exchanges, u-channel proton and A™ baryon exchanges, and
s-channel A and X hyperon exchanges, as well as contact
interactions. Current knowledge for the electromagnetic
coupling of hyperon resonances is still very limited. Here,
we follow Ref. [1] and incorporate the contributions from the
hyperon resonances A(1600)(1/2%), A(1670)(1/27), and
A(1690)(3/27) in the s channel (see Fig. 1), since these
resonances are predicted to have relatively large radiative
decay branching ratios in the quark model [34,35].

We adopt the interaction Lagrangian densities from
Refs. [21,36,37] to describe the couplings at the relevant
vertices involving hyperons and hyperon resonances:
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FIG. 1. Feynman diagrams for the K~ p — yX reaction with A*
denoting the A(1600), A(1670), or A(1690).
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where R designates the A(1600), A(1670), or A(1690)

resonance and the superscript on Lgy, and Lgyg denotes
the J¥ quantum numbers of the resonance R. The parity
operators I'*) and I'") are defined as ys and 1, respec-
tively. In these Lagrangians, e denotes the elementary
charge, &y = 42Ky 4 15%ky-, where the anomalous mag-
netic moments are ky+ = 1.458 and «ky- = —0.16.
Additionally, xy, = 1.61 is the anomalous magnetic
moment associated with the X% — Ay transition [38].
The coupling constants gayx and gsyx are taken to be
—14 [39,40] and 2.69 [21], respectively. The coupling
constants ggryx can be obtained from the partial decay
widths provided by the Particle Data Group [38]. However,
the couplings for the RXy vertices are not well determined.
Their values will be fit to the experimental data as discussed
in Sec. III.
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For the 7-channel meson exchange contributions, we
consider the exchange of K and K* mesons. The relevant

interaction Lagrangian densities are taken from
Refs. [21,41]:
L,k = ie[K*(0,K~) — K~ (9,K7)]A¥, 9)
Loxx = e 2K guro(9 A )(0,KEK.  (10)

K

S KyNK* +
Lsnk = —GsngZ [(7’” - m"”yau) Ku} N

+H.c., (11)

where K, represents the K* field. For the electromagnetic
coupling g, k-, the coupling gs -+, and the tensor coupling
ksni+ we adopt the values from Refs. [21,42].

For the u-channel diagrams, we consider the exchange of
a proton and a AT baryon. The required interaction
Lagrangians are given as follows:

— K
L,yy = —eN [(yﬂ - ﬁaﬂ%)f\y} N, (12)

N

Lasg = Jazk 2(0#K)A, + He., (13)
My

(1)
ANy x
2MN A;ﬂ/nyFMDN
2
giny

(2My)?

EANy = —le

+e Ays(0,F")N +He., (14)
where «, = 1.793 is the anomalous magnetic moment for
the proton [38]. The coupling constants gasg, ggli,y, and

gf}vy are taken from Ref. [21].

Finally, a contact term is included to ensure the overall
gauge invariance of the amplitude. The corresponding
interaction Lagrangian is defined as

Losng = ieSNK Syiy A KN + Hec. (15)
2M,,

It is well known that introducing form factors can violate
the gauge invariance of the Born-term amplitude [43,44]. In
this work, we follow the procedure from Refs. [21,31—
33,45] to restore gauge invariance and introduce an addi-
tional term of the form

l9sNk el (16)

My, = —
dd 2MN

The auxiliary current C* is given by

fx—F F,-F
CH = —eg- 2px — k)t —e 2p, — k)*,
K t—p%(( K ) pu_p%( V4 )

where F=1-h(1-F,)(1- fx). In principle, 7 is an
arbitrary function of Mandelstam invariants that
approaches unity in the high-energy limit. For simplicity,
it is commonly set to h=1,and we adopt this choice in the
present work.

The propagators for intermediate states with spin J,
denoted as §;, are taken as

SO(‘]) ) 7 (17)

(9" —q'q"/m?)

S (q) = — , 18
1 (q) g —m? (18)
i(f+m)
S =) 19
1/2(q) 42 —m? 1 imD (19)
’ i(4 +m) 1

SM — 7 AV
3/2(‘1) qz—mz—l—imF[ g +37/ 14

1 2
N O Ry —_g'q|, 20
+3m(7q yq)+3m2qq} (20)

where g, m, and I" are the four-momentum, mass, and decay
width of the intermediate particle, respectively.

To take into account the internal structure of hadrons and
off-shell effects, phenomenological form factors are intro-
duced. For baryon and baryon resonance exchanges, we use
the following form factor [21,22]:

) = () @

where ¢ and m are the four-momentum and mass of the
exchanged baryon, respectively, and Ay is the correspond-
ing cutoff parameter. For meson exchanges, we use the
form factor from Refs. [21,22]:

A2 2\ 2
fule) = (4= 22)

where A, is the cutoff parameter for the exchanged meson.
The values of the parameters adopted in this work are
collected in Table I.

Itis worth noting that the cutoff parameters Ay a), Ag(x+)»
and As,) are taken from Ref. [22], which studied yn —
K°%% and yn — K*X~ using an identical effective
Lagrangian approach and the same gauge-invariance pre-
scription. Given the shared interaction vertices (e.g., NK*K,
NA, and XNA), these cutoffs provide a well-motivated
reference for our model.
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TABLE 1. Values of parameters adopted in this work.

Parameters Values Parameters Values

ISNK 2.69 [21,46] g<l) —4.18 [21,46]
ANy

IsNK* —4.26 [21,42] g<2) 4.327 [21,46]
ANy

gyKK* 0.413 [21,42] gAYk 7.89 [21]

GANK —14 [39,40] KynNk* —233 [21,42]

K, 1.793 [38] Ak (k) 0.589 [22]

KsA 1.61 [38] As(n) 1.218 [22]

Aya) 0.984 [22] Ag 1.3 [47]

For t-channel meson exchanges, the magnitude of the
momentum transfer in the crossed reactions is similar,
supporting the use of the same cutoffs. In contrast, for baryon
exchanges in the s and u channels, the kinematical regions
differ between crossed processes, which could, in principle,
lead to different optimal cutoff values. Nevertheless, for

|

(1)
.9z 9RNK
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(kySy
2

2 o (2Mz>
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MY, = L=k, oS Fp,
L+ My Mg + My V0 5151(}’5 R
.€JgRy, 9RNK
M =i yik Hys S Fp,
T My Mg+ My O TS PR

kS )pkrsFr.

gANygAZK oK

simplicity and to minimize the number of free parameters, we
adopt these values in our calculations.

Furthermore, we also fix the cutoff Ay at 1.3 GeV, within
the range suggested in Ref. [47]. We have explicitly
verified that the specific choices of all these fixed cutoff
parameters—within reasonable ranges—do not signifi-
cantly affect the main conclusions of this work.

The general amplitude for the K~ p — yZ reaction can be
written as

M = us MFe,uy, (23)

where u and 5 are the Dirac spinors for the initial proton
and the final X hyperon, respectively, and ¢, denotes the
polarization vector of the outgoing photon. With the
ingredients defined above, the individual scattering ampli-
tudes are obtained as follows:

— k- psSy)pprsFr,

2)

(k /;/S% —k- PNSé;p)YSFA’

(2My)*M

K

- iGll(s(k - Px)e) ks

2My

do 1M ME |k|
dQ 2 322% |px|

(24)
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M= — H .
¢ ! My, r"vsfc
Here, the superscripts 1 and 2 for M}, denote the
3 N
amplitudes corresponding to the Lagrangians L?e/;y.( N and
Ez/zzy @ respectively.

The unpolarized differential cross section for the reaction
K~ p — yX in the center-of-mass (c.m.) frame is given by

where M ; is the total transition amplitude and |k| and [p|
are the magnitudes of the three-momenta of the final
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photon and the initial K~ meson in the c.m. frame,
respectively. The quantity s = (pg+ p,)* is the
Mandelstam variable, representing the square of the total
c.m. energy, with pg and p, being the four-momenta of the
K~ and the proton. The summation runs over the final
photon helicity A and the spin projections of the initial
proton (s,) and final X hyperon (sy). The factor of 1/2
accounts for the average over the two possible spin states of
the unpolarized initial proton.

Furthermore, the X polarization asymmetry Py can be
calculated as

do(1) —do({)
do(1) +do(l)’

where do(1) and do(|) are the differential cross sections
for producing a X hyperon with spin projection +1/2 and
—1/2, respectively. The polarization axis is defined to be
normal to the scattering plane, i.e., along the direction of
Pk x k in the c.m. frame. The denominator do (1) + do(|)
corresponds to the unpolarized differential cross section
given above.

Py = (25)

III. RESULTS AND DISCUSSIONS

In this section, we present and discuss our calculated
results in comparison with the recent experimental data.
The data for the K~ p — yX reaction are taken from
Ref. [1], which reported angular distributions at eight
incident K~ momenta between 514 and 750 MeV. This
corresponds to a total c.m. energy W, spanning the range of
1.588-1.676 GeV. In the energy region under study, a
number of hyperon resonances exist that may play impor-
tant roles. However, as discussed in the preceding section,
due to the limited information on their radiative decays, we
consider only three specific resonances predicted to have
relatively large radiative decay branching ratios in quark
models [34,35]: A(1600), A(1670), and A(1690). Given
that the knowledge of the radiative decays for these A
resonances is still very limited, we treat the products of the
coupling constants, ggs,Jgryk, as free parameters to be
determined by fitting to the experimental data.
Furthermore, we introduce a phase factor(e’?®) for each
resonance amplitude, which is also fitted to the data. For the
background contributions, thanks to extensive studies on
the crossing-related reaction yp — K*X°, we adopt the
coupling constants, form factors, and gauge-invariance
restoration method from previous works on the photo-
production channel. Consequently, there are no free param-
eters in the background terms considered in this work. With
the help of the cernlib package Minuit and the formalisms
presented in the last section, the free parameters are fitted to
the experimental data.

As a first step, following the approach in the exper-
imental analysis of Ref. [1], it is instructive to perform a fit

; ,

—— A(1600) + bgr

180 - === A(1670) + bgr S
------- A(1690) + bgr ]

— . b rd
gr Il"
!¢

G (ub)

FIG. 2. Fitted total cross sections for the K~ p — yX reaction
considering the background and one of the three A resonances:
A(1600) (solid line), A(1670) (dashed line), and A(1690) (dotted
line). The individual contribution of background terms is shown
by the dash-dotted line.

considering only the background terms plus a single A
resonance. Figure 2 shows the best-fit results for the total
cross sections in this single-resonance scenario. By inspect-
ing Fig. 2, a comparison with the analysis of the K™ p — yA
reaction [45] is warranted. Notably, the background con-
tributions in the yX channel are significantly smaller than in
the yA channel. This can be understood by the fact that
most background terms scale with the XNK coupling
constant, and the XNK coupling is substantially weaker
than the ANK coupling.

Although the single-resonance models do not provide a
satisfactory description of the data, the results clearly reveal
the crucial role of the A(1600). Specifically, the data at
lower energies cannot be reproduced without the inclusion
of the A(1600) resonance. Conversely, including only the
A(1600) leads to a poor description of the data at higher
energies. This observation indicates that additional reso-
nance contributions are necessary to improve the descrip-
tion of the data.

To enhance the description of the data, we first consider
model I, which incorporates contributions from the back-
ground terms, the A(1600), and the A(1670). By fitting this
model to the experimental data, we get two equally good
fitting results, each exhibiting different interference patterns.
The resulting fitted parameters are listed in Table II, and the

TABLE II. Fitted parameters for model 1.

Parameters Fit I Fit I
GA(1600)KNIA(1600)Zy 14.872 + 0.850 17.430 + 0.920
PDA(1600) 0.569 + 0.641 —2.875 +£0.495
IA(1670)KNIA(1670)5y —1.203 +£0.123 —1.3725 £ 0.094
DA(1670) —0.540 + 0.704 2.121 £ 0.457
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FIG. 3. Differential cross sections for the K~ p — yX reaction as a function of cos @, in the center-of-mass frame in model I. The solid,

dashed, dotted, and dot-dashed lines represent the full, background, A(1600), and A(1670) contributions, respectively. The shaded

bands correspond to the 1o error regions of the fitting results.

corresponding differential and total cross sections are shown
in Figs. 3 and 5, respectively. In fit I, the interference between
the resonance contribution and the background is construc-
tive, leading to relatively small individual contributions from
the two resonances. Conversely, in fit II, the interference is
destructive, resulting in relatively large individual contribu-
tions from the two resonances.

Both fit I and fit II of model I provide a satisfactory
description of the data, with y?/d.o.f. values of 0.976 and
0.97, respectively. Figures 3 and 5 show the background
contribution (dashed line) to be minor. The A(1600)
(dotted line) dominates across the whole energy range
under study. However, the A(1670) resonance (dash-dotted
line) also exhibits a significant contribution around its mass
peak, as further illustrated in the left panel in Fig. 5.
Furthermore, significant interference effects between the
resonant and background amplitudes are essential for
describing the experimental data. This is evident from
the full result (solid line), which deviates substantially from
the sum of the individual contributions, and is crucial for
achieving good agreement with the measurements.

Alternatively, we also investigate model II, which
incorporates the A(1690) resonance in addition to the

background and the A(1600). Since J” quantum numbers
of the A(1690) are 37, the interaction Lagrangian for the
A(1690)Zy vertex could, in principle, contain two inde-
pendent terms. To reduce the number of free parameters, we
retain only the [Ii/zzyi (o) term. We have verified that using the
Lis

This simplification results in a model with four free
parameters, which are fitted to the experimental data. The
resulting parameters are listed in Table III. Here, we again
obtain two solutions, each exhibiting a distinct interference
pattern. As the differential cross sections in Fig. 4 dem-
onstrate, both solutions of model II also provide a good

term instead does not significantly alter the results.

TABLE III.  Fitted parameters for model II.

Parameters Fit I Fit I
GA(1600)KNIA(1600)Zy 13.830 £ 0.618 16.924 4+ 1.140
PDA(1600) 1.249 £+ 1.536 —3.005 £ 0.555
IA(1690)KNIA(1690)=y 17.612 +3.361 19.484 + 1.230
PDA(1690) 2.065 + 1.646 —2.372 £ 0.465
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Fit I

Fitll

2 4 4
0 px=514MeV/c °

px=560MeV/c

px=514MeV/c px=560MeV/c

do/dQ(ub/sr)

FIG. 4. Differential cross sections for the K~ p — yZ reaction as a function of cos 6, in the center-of-mass frame in model II. The solid,
dashed, dotted, and dot-dashed lines represent the full, background, A(1600), and A(1690) contributions, respectively. The shaded

bands correspond to the 1o error regions of the fitting results.

description of the data, achieving y?/d.o.f. values of 0.998
and 0.978, respectively.

The total cross sections obtained from model I (left panel)
and model II (right panel) are compared in Fig. 5. As shown
in the figure, in all cases the A(1600) resonance (dotted line)
dominates at lower energies, accompanied by significant
interference effects between the resonant and background
contributions. For model II, however, the A(1690) contri-
bution becomes dominant near its mass peak. A primary
distinction between models I and II emerges in the high-
energy trend of the total cross section. This is driven by the
differing contributions of the A(1670) in model I and the
A(1690) in model II. In contrast to model I, where the total
cross section begins to decrease at the highest energies
measured, the cross section predicted by model II continues
to rise gradually, peaking at a higher energy. This behavior is
a direct consequence of the mass difference between the
A(1670) and A(1690). Unfortunately, the current experi-
mental data do not extend to the energy region required to
distinguish between these two scenarios. Therefore, future
measurements of this reaction at higher energies would be
highly valuable for discriminating between the two models.

Furthermore, given that the A(1670) (™) and A(1690)(37)
possess different quantum numbers, the two models are
expected to yield different predictions for the angular dis-
tributions. Since these two resonances contribute mainly at
higher energies, the models provide similar results at lower
energies. However, at px = 750 MeV, the angular distribu-
tions from model II already show clear curvature, which is
indicative of higher partial-wave contributions. This suggests
that more precise angular distribution data at energies around
the A(1690) mass peak could offer further evidence for the
role of this resonance in the reaction.

To further differentiate between the models and their
respective solutions, we calculated the polarization of the
final X. The results, presented in Fig. 6, compare the
predictions of various solutions at two center-of-mass
energies. First, the predictions from model I and model II
show distinct differences at W = 1.69 GeV, an energy where
the A(1690) contribute most significantly. Therefore, mea-
surements of the X polarization at W = 1.69 GeV would be
helpful in identifying the role of the A(1690) in this reaction.
On the other hand, at lower energy (W = 1.6 GeV) the two
models yield similar predictions. This is due to the minor
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Model 1 Model II

Fit]

~
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S0

©

1.55 1.60 1.65 1.70 1.55 1.60 1.65 1.70

W(GeV)

FIG. 5. Total cross sections for the K~ + p — y 4+ X reaction
for model I (left) and model II (right). The shaded bands represent
the 1o error regions of the fitting results, reflecting uncertainties
due to lo parameter variations. The solid, dotted, and dashed
lines denote the contributions of the full model, the A(1600), and
the background terms, respectively. The dash-dotted line shows
the contribution of either A(1670) (in model I) or A(1690) (in
model II). The dash-dot-dotted line illustrates the corresponding
sum of the resonance contributions.

Model I
1 T T

W=1. 600GeV W=1. 600GeV

Model I

T
— Fit]
——— Fitl]

-1 -0.5 0 0.5 1-1 -0.5 0 0.5 1

cosey

FIG. 6. Polarization of X perpendicular to the scattering plane.
The plot compares predictions from model I (left panel) and
model II (right panel). Within each model, the solid and dashed
lines correspond to the results of fit I and fit II, respectively.

roles played by A(1670) and A(1690) at this energy.
Therefore, in both models, the X polarization is primarily
driven by the interference between the A(1600) and

background terms, which produce comparable results. To
distinguish the two solutions within each model, as illus-
trated in Fig. 6, measurements of X polarization at lower
energies are necessary. At these energies, the solutions
exhibit distinct predictions at backward angles. It is also
noteworthy that, for model II, the two solutions provide
almost identical predictions for the X polarization. This can
be understood by considering that, at W = 1.69 GeV, the
A(1600) and A(1690) provide the most significant contri-
butions in model II, and the X polarization arises from the
interference between these two resonances. As shown in
Table 111, the relative phase between these two resonances is
almost identical in both solutions, leading to the observed
similarity in their X polarization predictions. These calcu-
lated results demonstrate that the X polarization is highly
sensitive to the underlying resonance contributions.
Consequently, it could serve as a powerful tool for differ-
entiating between theoretical models in future experiments.

IV. SUMMARY

We have investigated the K~ p — yX° reaction using an
effective Lagrangian approach, considering contributions
from background terms and hyperon resonances. Our
analysis shows that a single-resonance model is insufficient
to describe the data. Consequently, we considered two
alternative models: model I, which includes the A(1600)
and A(1670), and model II, featuring the A(1600) and
A(1690). For each model, we obtain two equally good
fitting solutions. In all cases, we find the A(1600) plays an
essential role at lower energies, while the contribution from
the higher-mass resonance becomes significant at higher
energies. Furthermore, we also find that the interference
between resonance and background amplitudes is crucial to
reproduce the data.

Although both models fit the current data, they yield
distinct predictions for total cross sections at higher
energies and for the X polarization. These observables
are sensitive to the resonance content and, thus, offer a clear
way to experimentally distinguish various theoretical mod-
els in the future.
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