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Low energy kaon-� interaction in an effective chiral model
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We develop a study of the low energy kaon-� interaction taking into account nonlinear chiral invariant
Lagragians. We extend a model proposed to describe the πN interaction to the K� and K� interactions,
considering �, �, and � hyperons and the �(2012) resonance in the intermediate states. We calculate their total
cross sections, phase shifts, angular distributions, and polarizations in the center-of-mass frame of reference,
accordingly to the proposed formalism.

DOI: 10.1103/PhysRevC.102.055205

I. INTRODUCTION

Nowadays, even with the progressive development of QCD
methods, the hyperon interactions at low energies is a subject
that is still not properly understood. At the experimental level
few data are available, as for example the HyperCP ones [1,2],
but we are very far from a scenario similar to the one of the
pion-nucleon or nucleon-nucleon interactions, which counts
with a large amount of accurate experimental data. At the
theoretical level, because it is not straightforward to describe
these interactions with QCD, an interesting strategy is to study
them with effective Lagrangians that take into account the
available proprieties of the considered particles, as it has been
done in Refs. [3–6], because this procedure has provided
very good results in the study of low energy pion-nucleon
interactions.

Low energy hyperon physics is very important in many
physical systems of interest. In the study of the hypernuclei
structure [7–10], for example, the nucleon-hyperon interac-
tion is a fundamental ingredient, and this interaction depends
on meson exchanges, so the pion-hyperon (πY ), kaon-nucleon
(KN), and kaon-hyperon (KY ) interactions are essential sub-
processes of the nucleon-hyperon (NY ) potential.

In the study of hyperon stars [11–14], the same problem
occurs, because the understanding of the NY interactions (and
even of the hyperon-hyperon ones) is essential in order to
determine a reliable equation of state and then the observables
that may be obtained, such as the mass or the radius of the
considered star.

In high energy physics these interactions are also very
important. When analyzing a Large Hadron Collider process,
for example, a large amount of particles is produced in each
collision, and after this production these particles may in-
teract. When considering a hydrodynamical picture [15,16],
the relative energy of such particles is low, and then the low
energy meson-baryon and baryon-baryon interactions become
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important and have effects in the final experimental results.
Hyperon polarization has been studied in this way [15,16]
and the obtained results were consistent with the experimental
data. Consequently, it is a mechanism that must be consid-
ered in addition to other medium properties, such as vorticity
[17,18].

As we can see, this kind of study is motivated for many
reasons. In Refs. [19–21], low energy πY interactions have
been studied, and in Refs. [22,23], the K�, K�, K�, and
K� interactions have been studied. Therefore, in order to
provide a general picture of hyperon interactions, this pa-
per is devoted to the study of the K� and K� interactions.
With this purpose we follow the same procedure that has
been shown in these papers, by considering a model that
describes successfully the πN interactions [3–6], based on
chiral effective nonlinear Lagrangians, which take into ac-
count baryons, baryonic resonances, with spins 1/2 and 3/2,
and mesons. The scattering amplitudes in terms of the possible
isospin states are calculated, and then the phase shifts, cross
sections, and polarizations may be determined. Because no
experimental data are available for the reactions considered in
this paper, this kind of comparison with our results will not be
possible.

This paper has the following content. In Sec. II we review
the basic formalism to be considered, and in Sec. III the
scattering amplitudes are calculated and the results are shown.
In Sec. IV the conclusions are presented.

II. THE METHOD

In order to study K� and K� interactions, and observing
the fact that no experimental data are available, a reasonable
strategy is to make an analogy with the πN interaction, which
is very well studied [3–6], for which many models and a large
amount of experimental data are available. In fact, this proce-
dure has been followed aiming to understand other hyperon
systems [19–23] and even �b interactions [24]. Here we use
an effective chiral model based on these works, extending it
to the kaon-� case.
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The chiral Lagrangians of Ref. [3], to describe the Nπ

interaction with spin-1/2 and spin-3/2 baryons, are given by

LπNN = g

2m
(Nγμγ5�τN ) · ∂μ �φ, (1)

LπN� = g�{�μ
[gμν − (Z + 1/2)γμγν] �MN} · ∂ν �φ, (2)

where N , �, and �φ are the nucleon, Delta, and pion fields
with masses m, m�, and mπ , respectively; �M and �τ are isospin
matrices; and Z is a parameter representing the possibility of
the off-shell-� having spin 1/2. The parameters g and g� are
coupling constants that depend on the interacting particles.
These Lagrangians are adapted to each process of interest.

The Feynman amplitudes will have the general form

T I
K� = u( �p′)

[
AI + 1

2 (/k + /k′)BI
]
u( �p), (3)

where the subscript (K�) represents the initial particles, a
spin-0 kaon, and a spin-1/2 � hyperon (or K� for the
antikaon-� interaction); u( �p) is the spinor relative to the
initial � with momentum �p; and k (k′) is the K incoming (out-
going) meson four-momentum. The superscript I represents
the isospin channel of the process.

Through the relation (3) and comparing with the appro-
priate Feynman diagrams, we can calculate the AI and BI

amplitudes for each total isospin channel I for the K� and
K� scattering.

The scattering matrix for a given isospin state may be
written as

MI
K� = T I

K�

8π
√

s
= f I (k, x) + gI (k, x)i�σ · n̂, (4)

which may be decomposed into the spin-nonflip and spin-flip
amplitudes, f I (k, x) and gI (k, x), and then expanded in terms
of partial-wave amplitudes:

f I (k, x) =
∞∑

l=0

[
(l + 1)aI

l+(k) + laI
l−(k)

]
Pl (x), (5)

gI (k, x) =
∞∑

l=1

[
aI

l−(k) − aI
l+(k)

]
P(1)

l (x). (6)

Here k = |�k| and x = cos θ , where θ is the scattering angle,
are defined in the center-of-mass frame (c.m.).

Defining new amplitudes as functions of AI and BI for each
isospin I as

f I
1 (k, θ ) = (E + m)

8π
√

s
[AI + (

√
s − m)BI ], (7)

f I
2 (k, θ ) = (E − m)

8π
√

s
[−AI + (

√
s + m)BI ], (8)

and considering the Legendre polynomial’s orthogonality re-
lations in the partial-wave decomposition, we have that

aI
l± = 1

2

∫ 1

−1

[
Pl (x) f I

1 (k, x) + Pl±1(x) f I
2 (k, x)

]
dx. (9)

In the expressions above, considering that E is the � energy
and k0 is the meson energy, we may write

√
s in terms of the

c.m. variables in a usual way (see the Appendix for details).

TABLE I. Intermediate baryons.

Baryon Jπ I Mass

� 1/2+ 0 1116 MeV
� 1/2+ 1/2 1190 MeV
� 3/2+ 0 1672 MeV
�(2012) 3/2+ 0 2012 MeV

As we are interested in the scattering at low energies, just
three terms, the S, P1, and P3 waves, are considered in this
work and it may be verified numerically that this procedure
provides a good approximation (obviously, with the formalism
presented in this section it is possible to do the calculations for
any value of l).

Observables

As the partial-wave amplitudes are real, the unitarity of the
S matrix [19,20] is violated. This problem may be overcome
by the unitarization of the amplitudes with

aU
l± = al±

1 − i|�k|al±
. (10)

This procedure is followed for all the al± defined above and
then the observables may be calculated.

For each isospin channel of Eqs. (5) and (6), the differential
cross section is defined in the c.m. system as

dσ

d�
= | f |2 + |g|2, (11)

and integrating this expression over the solid angle we obtain
the total cross section

σT = 4π
∑

l

[
(l + 1)|aU

l+|2 + l|aU
l−|2]. (12)

The polarization of the final � is defined by

�P = −2
Im( f ∗g)

| f |2 + |g|2 n̂, (13)

where n̂ is a unitary vector normal to the scattering plane, and
finally, the phase shifts are given by

δl± = tan−1(|�k|al±). (14)

The observables are calculated according to these expres-
sions for the reactions of interest in the next section.

III. INTERACTIONS AND RESULTS

This section is devoted to the study of the K� and K�

interactions. One can observe that both interactions have the
same intermediate states, but in different (s and u) channels,
as can be seen in Figs. 2 and 7.

The intermediary states for these interactions are the
baryons �, �, �, and �(2012), the properties of which are
shown in Table I, where Jπ is the spin with parity and I is the
total isospin. The �(2012) accordingly with Ref. [25] has no
established spin yet, so we considered the spin 3/2+ following
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the work [26]. We also take into account a parametrized σ -
meson exchange.

The interactions that appear in the diagrams shown in
Figs. 2 and 7 are determined by adapting the Lagrangians (1)
and (2) that are relative to the πN interaction, to describe the
K� interaction with a � hyperon coupling,

L�K� = g�K�

2m�

(�γμγ5�)∂μφ, (15)

with a � coupling,

L�K� = g�K�

2m�

( �� · �τγμγ5�)∂μφ, (16)

and with a coupling with the spin-3/2 �,

L�K� = g�K�{�μ
[gμν − (Z + 1/2)γμγν]�}∂νφ. (17)

For the K� case we change the kaon meson fields (φ) as
follows: φ → φ′, where φ′ represents the K field.

A. Isospin states

In order to study the possible reactions for the K� scat-
tering we consider the isospin formalism. The � hyperon has
isospin 1/2, with �0 and �− states, and the K meson has also
isospin 1/2, with states K+ and K0 (K has also isospin 1/2).
By combining two particles of isospin 1/2 we may produce
states with isospin I = 0 or I = 1. So, in order to calculate
the observables of interest we decompose the scattering am-
plitudes into isospin states considering projection operators.
A generic projection operator of an operator O into a state i
with an eigenvalue ωi, Pi, is given by

Pi =
∏
j �=i

O − ω j

ωi − ω j
. (18)

For the K� interactions the isospin operator is represented by

�I = �τ1

2
+ �τ2

2
, (19)

where �τ1 and �τ2 are given in terms of the Pauli matrices where
the subscripts 1 and 2 are relative to the particles 1 and 2.
Squaring Eq. (19) we have

(�I )2 =
( �τ1

2

)2

+ �τ1 · �τ2

2
+

( �τ2

2

)2

, (20)

and then we may obtain ω0 = −3 and ω1 = 1 for isospins I =
0 and I = 1, respectively. Then the projection operator (18)
for isospin I = 0 becomes

P0 = 1 − �τ1 · �τ2

4
, (21)

and for isospin I = 1 we have

P1 = 3 + �τ1 · �τ2

4
. (22)

Writing the Feynman amplitudes decomposed into the isospin
states I = 0 and I = 1 we have

T = T0P0 + T1P1, (23)

and using Eqs. (21) and (22), we have

T = T0 + 3T1

4
+ T1 − T0

4
�τ1 · �τ2. (24)

Now defining

Tδ = T0 + 3T1

4
, Tτ = T1 − T0

4
, (25)

where

Tδ = u( �p′)
[

Aδ + /k + /k′

2
Bδ

]
u( �p), (26)

Tτ = u( �p′)
[

Aτ + /k + /k′

2
Bτ

]
u( �p), (27)

the scattering amplitude has the structure

T = u( �p′)
[

Aδ + /k + /k′

2
Bδ +

(
Aτ + /k + /k′

2
Bτ

)
�τ1 · �τ2

]
u( �p),

(28)
so we achieve that

T0 = u( �p′)
[

Aδ − 3Aτ + /k + /k′

2
(Bδ − 3Bτ )

]
u( �p), (29)

T1 = u( �p′)
[

Aδ + Aτ + /k + /k′

2
(Bδ + Bτ )

]
u( �p). (30)

Finally we may write the AI and BI amplitudes in terms of
the expressions defined above:

A0 = Aδ − 3Aτ , B0 = Bδ − 3Bτ , (31)

A1 = Aδ + Aτ , B1 = Bδ + Bτ , (32)

where the δ and τ amplitudes are determined in the diagrams
to be considered.

B. Coupling constants

In this subsection we define the coupling constant for each
interaction of interest.

To determine the coupling constants with the � and �

baryons of Eqs. (15) and (16), we consider the octet SU(3)
symmetry in quark space. In Refs. [27,28], we find the rela-
tions for the �K� and �K� coupling constants, which are
respectively

g�K� = f√
3

(1 − 4α), (33)

g�K� = f , (34)

where we use the constant defined as f = gπNN = 13.4 [29],
and then the relation gπ�� = 2 f (1 − α)/

√
3. Taking gπ�� =

11.7 [30], we calculate the parameter α = 0.244, which is in
accord with Ref. [28].

For the coupling constant of Eq. (17) with the spin-3/2 �

member of the decuplet symmetry, we use the Goldberger-
Treiman relation [31] that relates a pseudoscalar meson, with
an octet and a decuplet baryon (P8B8B10) as done in [32]

gP8B8B10 = M8 + M10√
2 f8

CA
5 (0), (35)
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FIG. 1. Fitting of the �(2012) coupling constant by the compar-
ison of the Breit-Wigner and δp3 results.

where M8 and M10 are the � and � masses, respectively,
f8 = 113 MeV is the decay constant of the kaon, and CA

5 (0) =
1.612 ± 0.007 was calculated in Ref. [33] for the �K� case
in the symmetry breaking, which as shown in Ref. [32] is in
accord with the experimental constraints. In accordance with
the Lagrangian (17) we adjust the dimensional unit of the
coupling constant by the convention g�K� = gP8B8B10

2m�
.

The coupling constant with the �(2012) resonance is cal-
culated with the aid of the relativistic Breit-Wigner expression
(see the Appendix, Sec. 2), the resonance phase shift is fitted
with the relation (A13) by adjusting the coupling constant, as
it is shown in Fig. 1, in the same way it has been done in
Refs. [19,22].

The final results of the coupling constants to be considered
in this work are shown in Table II.

C. The K� interaction

Now we turn our attention to the calculation of the scat-
tering amplitudes and the corresponding observables. The
diagrams considered in the study of the K� interaction are
shown in Fig. 2.

According to the Feynman rules, the Lagrangian (15) for
the spin-1/2 � coupling [Fig. 2(a)], and the projection rela-
tions (31) and (32), we find that

A0
� = A�

δ , A�
τ = 0, (36)

B0
� = B�

δ , B�
τ = 0, (37)

TABLE II. Coupling constants for the K� and K� interactions.

g�K� 0.2
g�K� 13.4
g�K� 8.3 GeV−1

g�K�(2012) 1.8 GeV−1

FIG. 2. Diagrams of the K� interaction.

with the amplitudes given by

A0
� = g2

�K�

4m2
�

(m� + m�)

(
s − m2

�

s − m2
�

)
, (38)

B0
� = −g2

�K�

4m2
�

[
2m�(m� + m�) + s − m2

�

s − m2
�

]
, (39)

where m� and m� are the � and � hyperon masses.
In the same fashion, for a � (spin-1/2) pole in the s channel

[Fig. 2(b)], the amplitudes for the isospin I = 0 state are

A0
� = −3A�

τ , A�
δ = 0, (40)

B0
� = −3B�

τ , B�
δ = 0, (41)

where

A0
� = −3g2

�K�

4m2
�

(m� + m�)

(
s − m2

�

s − m2
�

)
, (42)

B0
� = 3g2

�K�

4m2
�

[
2m�(m� + m� ) + s − m2

�

s − m2
�

]
. (43)

For the isospin I = 1 channel we have

A1
� = A�

τ , A�
δ = 0, (44)

B1
� = B�

τ , B�
δ = 0, (45)

with the amplitudes

A1
� = g2

�K�

4m2
�

(m� + m�)

(
s − m2

�

s − m2
�

)
, (46)

B1
� = −g2

�K�

4m2
�

[
2m�(m� + m� ) + s − m2

�

s − m2
�

]
. (47)

For the diagram with a spin-3/2 � hyperon in the inter-
mediate state [Fig. 2(c)] we use the Lagrangian (17) and the
relations (31) for the I = 0 channel, and then

A0
� = A�

δ , A�
τ = 0, (48)

B0
� = B�

δ , B�
τ = 0, (49)
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which results in the amplitudes

A� = g2
�K�

6

[
2Â′ + 3(m� + m�)t

m2
� − u

+ c0 + cz
(
u − m2

�

)]
,

(50)

B� = g2
�K�

6

[
−2B̂′ + 3t

m2
� − u

+ d0 + dz
(
u − m2

�

)]
, (51)

where we have

Â′ = 3(m� + m�)(q�)2 + (m� − m�)(E� + m�)2, (52)

B̂′ = 3(q�)2 − (E� + m�)2, (53)

and

c0 = − (m� + m�)

m2
�

(
2m2

� + m�m� − m2
� + 2m2

K

)
, (54)

cz = 4

m2
�

[(m� + m�)Z + (2m� + m�)Z2], (55)

d0 = 8

m2
�

[(
m2

� + m�m� − m2
K

)
Z

+ (
2m�m� + m2

�

)
Z2

] + (m� + m�)2

m2
�

, (56)

dz = 4Z2

m2
�

, (57)

where t , q�, and E� are defined in the Appendix, and mK and
m� are the kaon and the � masses, respectively. The g�K�

coupling constant is given in Table II. The �(2012) resonance
is considered and the same procedure may be followed.

For the scalar σ -meson exchange represented in Fig. 2(d),
we used a parametrization of the amplitude in the same way it
was done in Refs. [19,20],

Aσ = a + bt, (58)

Bσ = 0, (59)

with a = 1, 05m−1
π and b = −0, 8m−3

π , where mπ is the pion
mass. Some discussions about this term may be found in
Refs. [21,34–37].

With the knowledge of the scattering amplitudes for the
diagrams of Fig. 2 and their projections into isospin states,
we can compute the amplitudes for the elastic and charge
exchange reactions, which for the K� interactions are labeled
as R1, R2, and R3:

R1 ≡ 〈K+�0|T |K+�0〉 = 〈K0�−|T |K0�−〉 = T1, (60)

R2 ≡ 〈K+�−|T |K+�−〉 = 〈K0�0|T |K0�0〉 = 1
2 (T1 + T0),

(61)

TABLE III. Parameters for the K� and K� interactions.

mπ 140 MeV
mK 496 MeV
m� 1320 MeV
Z −0.5

FIG. 3. The K� total cross section.

R3 ≡ 〈K0�0|T |K+�−〉 = 〈K+�−|T |K0�0〉 = 1
2 (T1 − T0).

(62)

Finally, considering the parameters shown in Tables I, II,
and III, the amplitudes A and B for each diagram (Fig. 2)
may be calculated, and then applying the relations (5)–(8) and
(10)–(14), we may compute the resulting observables.

In Fig. 3 the total cross sections for the reactions R1, R2,
and R3 are shown, and in Fig. 4 we display the phase shifts

FIG. 4. Phase shifts for the S, P1, and P3 partial-wave amplitudes
in the K� interaction.
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FIG. 5. Differential cross sections for the K� scattering.

for the partial waves S, P1, and P3 in the isospin channels 0
and 1 as functions of the momentum k, in the center-of-mass
system. The angular distributions are shown in Figs. 5, and in
Fig. 6 the polarizations are shown, with a momentum gap of
10 MeV, as functions of k = |�k| and x = cos θ considering the
S, P1, and P3 waves.

D. The K� interaction

In this subsection we study the K� scattering with the
same procedure that has been adopted before. Basically, when
considering the quark composition of the system one observes
that is possible to make the change K → K that corresponds
to the change s → u in the � and � diagrams and u → s in
the � one, as it may be seen in Fig. 7. So, for a � particle in

FIG. 6. K� polarization.

the u channel [Fig. 7(b)], we have

A0
� = g2

�K�

4m2
�

(m� + m�)

(
u − m2

�

u − m2
�

)
, (63)

B0
� = g2

�K�

4m2
�

[
2m�(m� + m�) + u − m2

�

u − m2
�

]
. (64)

For a � hyperon in the intermediate state, as show in Fig. 7(c),
in the isospin 0 channel we have

A0
� = −3g2

�K�

4m2
�

(m� + m�)

(
u − m2

�

u − m2
�

)
, (65)

B0
� = −3g2

�K�

4m2
�

[
2m�(m� + m� ) + u − m2

�

u − m2
�

]
, (66)
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FIG. 7. The K� scattering diagrams.

and for the isospin 1 channel the amplitudes are

A1
� = g2

�K�

4m2
�

(m� + m�)

(
u − m2

�

u − m2
�

)
, (67)

B1
� = g2

�K�

4m2
�

[
2m�(m� + m� ) + u − m2

�

u − m2
�

]
. (68)

Now, considering the � (spin 3/2) in the intermediate state
shown in Fig. 7(a), we have

A� = g2
�K�

6

[
2Â + 3(m� + m�)t

m2
� − s

+ a0

]
, (69)

B� = g2
�K�

6

[
2B̂ + 3t

m2
� − s

− b0

]
, (70)

with

Â = 3(m� + m�)(q�)2 + (m� − m�)(E� + m�)2, (71)

B̂ = 3(q�)2 − (E� + m�)2, (72)

and

a0 = − (m� + m�)

m2
�

(
2m2

� + m�m� − m2
� + 2m2

K̄

)

+ 4

m2
�

[(m� + m�)Z + (2m� + m�)Z2]
[
s − m2

�

]
, (73)

b0 = 8

m2
�

[(
m2

� + m�m� − m2
K̄

)
Z + (

2m�m� + m2
�

)
Z2]

+ (m� + m�)2

m2
�

+ 4Z2

m2
�

[
s − m2

�

]
. (74)

To evaluate the �(2012) contribution, the same procedure is
adopted.

For Fig. 7(d), the σ -meson exchange, we use the same
parametrization shown in the last subsection.

FIG. 8. Total cross section for the K� interaction.

The reactions studied for the K� interaction are labeled as
U1, U2, and U3:

U1 ≡ 〈K0
�0|T |K0

�0〉 = 〈K−�−|T |K−�−〉 = T1, (75)

U2 ≡ 〈K0
�−|T |K0

�−〉 = 〈K−�0|T |K−�0〉 = 1
2 (T1 + T0),

(76)

U3 ≡ 〈K−�0|T |K0
�−〉 = 〈K0

�−|T |K−�0〉 = 1
2 (T1 − T0).

(77)

FIG. 9. Phase shifts for the partial-wave amplitudes S, P1, and P3

in the K� scattering.
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FIG. 10. Differential cross sections for the U1, U2, and U3

reactions.

The observables for the K� scattering may be calculated
in the same way it was done in the last section, as functions
of the K momentum k = |�k| and the scattering angle θ in
the c.m. system. These results are shown in Figs. 8, 9, 10,
and 11 for the total cross sections, phase shifts, differential
cross sections, and polarizations, respectively. We considered
mK = mK .

IV. CONCLUSIONS

In this work we have studied the K� and K� interactions.
We have considered the effective Lagrangians shown in the

FIG. 11. Polarization in the U1, U2, and U3 reactions.

preceding sections and calculated the amplitudes at the tree
level. The phase shifts have been calculated and then the
total cross sections, angular distributions, and polarizations,
in an approximation that takes into account the S and P waves
(l = 0 and l = 1). The higher values of l , at the considered
energies, provide only small corrections and for this reason
have been neglected for the sake of the simplicity of the
model. However, it is very simple to include these waves with
the formalism presented in this paper and no new expression
is needed.

As we can see in Figs. 6 and 11, the polarizations may be
large for some conditions. So, if one considers this effect as
a final-state interaction in the study of the hyperon produc-
tion in high energy collisions, some polarization may remain
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FIG. 12. Two kaons exchanged in the N� interaction.

when the average polarization of the process is calculated.
In Refs. [15,16] only the pion-hyperon interaction has been
considered and so an interesting study is to investigate this
kind of process. This effect shall be calculated in a future
work.

As it has been pointed out before, there are no experimental
data for the reactions considered in this paper, so it is not pos-
sible to confirm the precision of our results. Although, some
comments can be made about this question. When the model
for the pion-hyperon interaction was proposed in Ref. [19],
no experimental data were available, but our prediction for
the π� phase shifts, δP − δS = 4.3◦, at the � mass, based
on the same model were confirmed a few years later in the
HyperCP experiment [1,2] where the value δP − δS = (4.6 ±
1.4 ± 1.2)◦ was obtained. We may also compare our results
obtained in Ref. [22] for the K� and K� interactions with the
ones presented in [38] by the ANL-Osaka Collaboration for
the π p and γ p collisions that produce K� and K�. Observing
the results, it is possible to identify a very similar behavior of
the cross sections that shows that these results are consistent.

If one considers hypernuclei or hyperon stars, the N�

interaction is a fundamental element. In the formulation of
the interaction, if an accurate result is needed, processes of the
types shown in Fig. 12 for the K� interactions may provide
important contributions to the potential. We must emphasize
that, even considering all these systems where the K� and
K� interactions play important roles, this study provides
important information about the proprieties of the strong in-
teractions, and we think that this fact justifies the exploration
of this subject and indicates the need for future experimental
results.
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APPENDIX

1. Kinematics relations

Considering a process where p and p′ are the initial and
final hyperon four-momenta, and k and k′ are the initial and fi-
nal meson four-momenta, the Mandelstam variables are given
by

s = (p + k)2 = (p′ + k′)2 = m2 + m2
K + 2Ek0 − 2�k · �p,

(A1)

u = (p′ − k)2 = (p − k′)2 = m2 + m2
K − 2Ek0 − 2�k′ · �p,

(A2)

t = (p − p′)2 = (k − k′)2 = 2|�k|2x − 2|�k|2 . (A3)

In the center-of-mass frame, the energies are defined as

k0 = k′
0 =

√
|�k|2 + m2

K , (A4)

E = E ′ =
√

|�k|2 + m2, (A5)

and the total momentum is null:

�p + �k = �p′ + �k′ = 0. (A6)

We also define the variable

x = cos θ, (A7)

where θ is the scattering angle. Other variables of interest are

νr = m2
r − m2 − k · k′

2m
, (A8)

ν = s − u

4m
= 2Ek0 + |�k|2 + |�k|2x

2m
, (A9)

k · k′ = m2
K + |�k|2 − |�k|2x = k2

0 − |�k|2x, (A10)

where m, mr , and mK are the hyperon mass, the resonance
mass, and the kaon mass, respectively.

For the energy and the three-momentum of the intermedi-
ary particles we also have the following relations:

(EB∗ ± m�) = (mB∗ ± m�)2 − m2
K

2mB∗
, (A11)

(qB∗ )2 = |�qB∗ |2 = E2
B∗ − m2

� = (EB∗ + m�)(EB∗ − m�),

(A12)

where EB∗ and �qB∗ are the energy and the momentum of
the intermediate baryon B∗ in the center-of-mass frame,
respectively.

2. Breit-Wigner expression

The relativistic Breit-Wigner expression is determined in
terms of experimental quantities:

δl± = tan−1

⎡
⎣ �

( |�k|
|�k0|

)2J+1

2(mr − √
s)

⎤
⎦, (A13)

where � is the width branch, |�k0| is the momentum at the peak
of the resonance in the center-of-mass system, mr is its mass,
and J is the total angular momentum (spin) of the resonance.
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