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Abstract

We present a study of the S = −1 meson-baryon interaction, employing a chiral
SU(3) Lagrangian up to next-to-leading order (NLO) and implementing unita-
rization in coupled channels. The parameters of the model have been fitted to
a large set of experimental scattering data in different two-body channels, to
threshold branching ratios, and to the precise SIDDHARTA value of the energy
shift and width of kaonic hidrogen. In contrast to other groups, we have taken
into consideration the K−p → K+Ξ−,K0Ξ0 reaction data, since we found in
a previous work to be especially sensitive to the NLO parameters of the chiral
Lagrangian. In the present work we also include the Born terms, which usually
have very little effect, and find them to be non-negligible in the K−p → KΞ
channels, correspondingly causing significant modifications to the NLO param-
eters. We furthermore show that the importance of the Born terms becomes
more visible in the isospin projected amplitudes of the K−p → KΞ reactions.
The measurement of processes that filter single isospin components, like the
K0

Lp → K+Ξ0 reaction that could be measured at the proposed secondary K0
L

beam at Jlab, would put valuable constraints on the chiral models describing
the meson-baryon interaction in the S = −1 sector.

Keywords: K̄N interaction, NLO Chiral Lagrangian, Coupled channel
calculations, Ξ production

1. Introduction

It is well known that Quantum Chromodynamics (QCD) is strongly cou-
pled at low energies and, thus, cannot be applied perturbatively to describe
the interaction of hadrons in this regime. An appropriate framework is pro-
vided by effective theories, such as SU(3) Chiral Perturbation Theory (χPT),5

which respects the chiral symmetry of QCD or, more specifically, spontaneous
chiral symmetry-breaking that causes the appearance of the Nambu-Goldstone
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(NG) bosons as light pseudoscalar mesons and the dynamical mass generation of
hadrons [1, 2, 3, 4, 5]. While χPT describes very satisfactorily hadron interac-
tions at low energies, it fails in the vicinity of resonances, which are poles of the10

scattering amplitude, making the use of nonperturbative schemes mandatory.
Unitarized Chiral Perturbation Theory (UχPT), which combines chiral dy-

namics with unitarization techniques in coupled channels, has shown to be a
very powerful tool that permits extending the validity of χPT to higher ener-
gies and to describe the physics around certain resonances, the so called dynam-15

ically generated resonances (see [6] and references therein). A clear example of
the success of UχPT is the description of the Λ(1405) resonance, located only
27 MeV below the K̄N threshold, that emerges from coupled-channel meson-
baryon re-scattering in the S = −1 sector. In fact, the dynamical origin of
the Λ(1405) resonance was already hindered more than 50 years ago [7], an20

idea that was reformulated later in terms of the chiral unitary theory in cou-
pled channels [8], and its success stimulated a lot of activity in the community
[9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. The various developed mod-
els could reproduce the K̄N scattering data very satisfactorily and all these
efforts culminated in establishing the Λ(1405) as a superposition of two poles of25

the scattering amplitude [11, 14, 23] generated dynamically from the unitarized
meson-baryon interaction in coupled channels.

In this paper we present a study of the S = −1 meson-baryon interaction
aiming to providing a well justified set of values for the low-energy constants
of the next-to-leading order (NLO) chiral Lagrangian. To adjust our model pa-30

rameters we will make use of experimental data on elastic and inelastic cross
sections forK−p scattering (K−p → K−p, K̄0n, π±Σ∓, π0Σ0, π0Λ), the thresh-
old branching ratios [24, 25], the precise SIDDHARTA value of the energy shift
and width of kaonic hydrogen [26], and, in contrast to what has commonly been
done, we also employ the data from the reactions K−p → K+Ξ−,K0Ξ0. The35

motivation lies in the fact that the lowest-order (LO) Lagrangian does not con-
tribute directly to these reactions, which are then especially sensitive to the
NLO terms as we have shown in our previous work [27]. The novelty of the
present work is that we also consider the so called Born diagrams, which cause
very little changes in all the studied channels, except the KΞ ones, as we will40

show. And, since these channels influence strongly the determination of the
NLO parameters, their values might be significantly affected by the inclusion of
the Born terms in the model.

We also study the isospin decomposition of theKΞ production cross sections,
and argue that the study of the meson-baryon interaction in S = −1 could highly45

benefit from isospin filtered reactions, such as the K0
Lp → K+Ξ0 process, which

could be measured in the recently proposed secondary K0
L beam at Jlab [28].

We present the predictions that our models, one from the present work and one
from [27], give for this purely I = 1 reaction.
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2. Chiral unitary approach50

2.1. Lagrangian

This section provides a detailed development of the formalism employed for
describing the meson-baryon scattering. We start with the SU(3) chiral effective
Lagrangian which embeds the symmetries and chiral spontaneous symmetry
breaking patterns of Quantum Chromodynamics,55

L(1)
φB = i〈B̄γµ[D

µ, B]〉 −M0〈B̄B〉 − 1

2
D〈B̄γµγ5{uµ, B}〉

−1

2
F 〈B̄γµγ5[u

µ, B]〉 , (1)

where we only present the term responsible for the interactions between mesons
and baryons. Here the symbol 〈. . . 〉 stands for the trace in flavor space, M0

is the common baryon octet mass in the chiral limit, and the constants D, F
denote the axial vector couplings of the baryons to the mesons. More specifically,
this Lagrangian describes the coupling of the pseudoscalar octet (π,K, η) to the60

fundamental baryon octet (N,Λ,Σ,Ξ).
The pseudoscalar meson octet φ is arranged in a matrix valued field

U(φ) = u2(φ) = exp

(√
2i
φ

f

)

, (2)

with

φ =







1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K0

K− K̄0 − 2√
6
η






, (3)

and f being the pseudoscalar decay constant in the chiral limit. The quantity
U enters the Lagrangian in the combination uµ = iu†∂µUu†.

The octet baryon fields are collected in

B =







1√
2
Σ0 + 1√

6
Λ Σ+ p

Σ− − 1√
2
Σ0 + 1√

6
Λ n

Ξ− Ξ0 − 2√
6
Λ






, (4)

and, finally, [Dµ, B] stands for the covariant derivative

[Dµ, B] = ∂µB + [Γµ, B] , (5)

with Γµ = [u†, ∂µu]/2 being the chiral connection.
The relevant contributions to the interaction kernel are diagrammatically65

represented in Fig. 1. The first three contributions appearing int the figure,
namely (i), (ii) and (iii), are calculated using the Lagrangian at lowest order.

The Weinberg-Tomozawa (WT) term corresponds to the diagram (i) in Fig. 1
and, in a non-relativistic limit, it reads:

V WT

ij = −Cij

1

4f2
NiNj

(√
s−Mi −Mj

)

, (6)
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(i) (ii) (iii) (iv)

Figure 1: Feynman diagrams for the meson-baryon interaction: Weinberg-Tomozawa term
(i), direct and crossed Born terms (ii) and (iii), and NLO terms (iv). Dashed (solid) lines
represent the pseudoscalar octet mesons (octet baryons).

where
√
s is the total energy of the meson-baryon system in the center-of-mass

frame. As we see, the WT term depends only on one parameter - the pion decay
constant f , which is well known experimentally, fexp = 92.4 MeV. However70

in UχPT calculations this parameter is usually taken to be larger than the
experimental value, ranging from f = 1.15fexp to f = 1.36fexp [9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22], meaning to be a sort of average over the
decay constants of the mesons involved in the various coupled channels. We will
leave it as a free parameter of our fits.75

The indices (i, j) cover all the initial and final channels, which, in the case
of strangeness S = −1 and charge Q = 0 explored here, amount to ten: K−p,
K̄0n, π0Λ, π0Σ0, π−Σ+, π+Σ−, ηΛ, ηΣ0, K+Ξ− and K0Ξ0. The matrix of
coefficients Cij can be found, for example, in Table VII of Ref. [27]. The

normalization factor N is defined as N =
√

(M + E)/(2M), with M and E80

being, respectively, the mass and energy of the baryon.
We next consider the s-wave projection and the non relativistic assumption

for the the so called Born diagrams. The direct Born term, shown in Fig. 1 (ii),
is given by

V D
ij = −

8
∑

k=1

C
(Born)

īi,k
C

(Born)

j̄j,k

12f2
Ni Nj

(
√
s−Mi)(

√
s−Mk)(

√
s−Mj)

s−M2
k

, (7)

where the k label refers to the intermediate baryon involved in the process. The

coefficients C
(Born)

īi,k
can be found in Ref. [16] and they depend on the axial vector

constants D and F . In the same way, the crossed Born term, shown in Fig. 1
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(iii) , reads

V C
ij =

8
∑

k=1

C
(Born)

j̄k,i
C

(Born)

īk,j

12f2
Ni Nj

×
[√

s+Mk −
(Mi +Mk)(Mj +Mk)

2 (Mi + Ei) (Mj + Ej)
(
√
s−Mk +Mi +Mj)

+
(Mi +Mk)(Mj +Mk)

4qiqj

{√
s+Mk −Mi −Mj

−
s+M2

k −m2
i −m2

j − 2EiEj

2 (Mi + Ei) (Mj + Ej)
(
√
s−Mk +Mi +Mj)

}

× ln
s+M2

k −m2
i −m2

j − 2EiEj − 2qiqj

s+M2
k −m2

i −m2
j − 2EiEj + 2qiqj

]

, (8)

where qi, qj are the center-of-mass (CM) three-momenta in the corresponding85

i, j channels, and mi,mj denote the corresponding meson masses.
At NLO the contributions of LφB to meson-baryon scattering, shown by

diagram (iv) in Fig. 1, are:

L(2)
φB = bD〈B̄{χ+, B}〉+ bF 〈B̄[χ+, B]〉+ b0〈B̄B〉〈χ+〉

+d1〈B̄{uµ, [u
µ, B]}〉+ d2〈B̄[uµ, [u

µ, B]]〉
+d3〈B̄uµ〉〈uµB〉+ d4〈B̄B〉〈uµuµ〉 , (9)

where χ+ = 2B0(u
†Mu† + uMu) breaks chiral symmetry explicitly via the

quark mass matrix M = diag(mu,md,ms) and B0 = −〈0| q̄q |0〉 /f2 relates to90

the order parameter of spontaneously broken chiral symmetry. As we see, there
are 7 parameters at NLO, namely the low energy constants bD, bF , b0 and di
(i = 1, . . . , 4), which will be fitted to experimental data.

From the Lagrangian L(2)
φB one can derive the meson-baryon interaction ker-

nel at NLO:

V NLO

ij =
1

f2
NiNj

[

Dij − 2

(

ωiωj +
q2i q

2
j

3 (Mi + Ei) (Mj + Ej)

)

Lij

]

, (10)

where ωi, ωj are the meson energies involved in the transition amplitude. The
Dij and Lij coefficients depend on the NLO parameters b0, bD, bF , d1, d2, d395

and d4 and are given, for example, in Table VIII of [27].
The final interaction kernel employed in this work is expressed as the sum:

Vij = V WT

ij + V D
ij + V C

ij + V NLO

ij (11)

2.2. Chiral coupled-channels dynamics

It is well known that a perturbative treatment of the scattering amplitude
fails in an energy region which contains resonances. Actually, in this sector of
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S = −1 and Q = 0, the interaction between K̄ mesons and nucleons is domi-100

nated by the presence of the Λ(1405) resonance. Therefore, the correct treat-
ment in this energy region requires the implementation of a non-perturbative
resummation, for which we solve the Bethe-Salpether equation in coupled chan-
nels using the interaction kernel derived from the chiral Lagrangian, Eq. (11).

The Bethe-Salpetter method consists in solving a complex system of integral
equations over the four-momentum of the intermediate meson-baryon system in
the CM fame. Even though this momentum might reach off-shell values, it has
been shown [9, 29, 30] that the off-shell parts of the interaction kernel gives
rise to tadpole-type diagrams, which can be reabsorbed into renormalization of
couplings and masses and could hence be omitted from the calculation. Thus,
the scattering amplitude Tij , which accounts for infinite contributions of the
coupled channels, can be found solving the simple system of algebraic equations:

Tij = Vij + VilGlVlj + VilGlVlkGkVkj + ... ⇒ Tij = Vij + VilGlTlj , (12)

where the subscripts i, j, l, . . . run over all possible channels and the loop func-105

tion Gl stands for the propagator of the meson-baryon state of channel l.
In the presence of the Born terms the above on-shell scheme should be treated

with care since these may lead to conceptual and/or practical difficulties, as
described in Ref. [31]. In particular, the u-channel Born graph, Fig. 1(iii),
introduces unphysical subthreshold cuts, generated by the propagator of the110

intermediate baryon. In principle, it is possible that the subthreshold cuts of
some heavy meson-baryon pair can contribute to physical processes of light
meson-baryon channels. This is an artifact of the on-shell scheme and a simple
way to deal with it, consisting in matching the u-channel Born term to a constant
value below a certain invariant energy, was proposed in Ref. [16]. Fortunately,115

these unphysical cuts are not encountered in the kinematical regions explored
in the present work.

The solution of Eq. (12) can be presented in matrix form as follows:

T = (1− V G)
−1

V, (13)

where the loop function G stands for a diagonal matrix with elements:

Gl = i

∫

d4ql

(2π)
4

2Ml

(P − ql)
2 −M2

l + iǫ

1

q2l −m2
l + iǫ

, (14)

withMl andml being the baryon and meson masses of the lth channel. Applying
the dimensional regularization method to deal with the logarithmic divergence
of the above integral, one finds120

Gl =
2Ml

(4π)2

{

al + ln
M2

l

µ2
+

m2
l −M2

l + s

2s
ln

m2
l

M2
l

+

qcm√
s
ln

[

(s+ 2
√
sqcm)

2 − (M2
l −m2

l )
2

(s− 2
√
sqcm)2 − (M2

l −m2
l )

2

]

}

. (15)
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The loop functions Gl depend, for a given dimensional regularization scale µ
which is taken to be 1 GeV, on the subtraction constants al. These are unknown
parameters that will be fitted to the experimental data. In fact, there are ten
channels in this sector, but isospin symmetry reduces the subtraction constants
to six independent ones.125

According to the normalization we use, the unpolarized total cross-section
in the various meson-baryon scattering channels is given by:

σij =
1

4π

MiMj

s

kj
ki

Sij , (16)

where we have averaged over the initial baryon spin projections and summed
over the final baryon spin projections:

Sij =
1

2

∑

s′,s

|Tij(s
′, s)|2 . (17)

Likewise, the K−p scattering length is obtained from the K−p scattering
amplitude at threshold as:

aK−p = − 1

4π

Mp
√

Mp +MK̄

TK−p→K−p , (18)

with

Ti→j =
1

2

∑

s′,s

Tij(s
′, s) . (19)

The energy shift and width of the ground state of the kaonic hydrogen can
be obtained from the scattering length aK−p [32] by means of the second order
corrected Deser-type formula:

∆E − i
Γ

2
= −2α3µ2

raK−p

[

1 + 2aK−p αµr (1 − lnα)
]

, (20)

where α is the fine-structure constant and µr the reduced mass of the K−p
system.

One can also obtain the following measured ratios of elastic and inelastic
K−p cross sections yields evaluated at threshold:

γ =
Γ(K−p → π+Σ−)

Γ(K−p → π−Σ+)
, (21)

Rn =
Γ(K−p → π0Λ)

Γ(K−p → neutral states)
,

Rc =
Γ(K−p → π+Σ−, π−Σ+)

Γ(K−p → inelastic channels)
.

7



3. Data treatment and fits130

This section is devoted to the discussion of the fitting procedure and the
data treatment. In order to fix the parameters which appear in the different
studied approaches, we consider a large amount of cross section data for K−p
scattering into different final channels [33, 34]. Some points of these data sets
have inconsistencies with the trend of the neighbouring points and have not been135

employed in the fitting procedure 2, leaving us with a total of 161 experimental
points coming from K−p scattering. The eliminated points will be displayed
in red in the figures. In addition, we take into account the recent energy shift
and width of the 1s state of kaonic hydrogen obtained by the SIDDHARTA
Collaboration [26], namely ∆E1s = 283 ± 36 and Γ1s = 541 ± 92, as well as140

the branching ratios defined in Eq. (22) from Ref. [24, 25]. Summarizing, 166
points are included in the fit.

The χ2 per degree of freedom used in this work is given by the expression:

χ2
d.o.f =

∑K
k=1 nk

(

∑K
k=1 nk − p

)

1

K

K
∑

k=1

χ2
k

nk

(22)

with

χ2
k =

nk
∑

i=1

(

ythi,k − yexpi,k

)2

σ2
i,k

.

With this definition we are using the method already adopted in [18, 19, 20, 21],
which consists in assigning an equal weight to each measurement when the total
χ2 is calculated. This is achieved by averaging, over the number of observables145

K, the corresponding χ2 per degree of freedom, which is obtained by dividing
the total contribution of the experiment, χ2

k, by its own number of experimental
points, nk. The number of free fitting parameters is denoted by p . Such a
definition puts all the experiments on the same footing, since the relevance
of those observables which have a small number of experimental points is not150

suppressed in favour of those with a larger set.
Three different fits have been performed in an attempt to learn about the

importance of the different terms of the chiral Lagrangian. The first fit, called
WT+Born(no Ξ), corresponds to a unitarized calculation employing the chiral
Lagrangian at LO, that is, an interaction kernel which incorporates the contribu-155

tion of the WT and the Born terms. This involves the fitting of nine parameters:
the pion decay constant f , the six subtraction constants aK̄N , aπΛ, aπΣ, aηΛ,
aηΣ, and aKΞ, and the axial vector couplings of the baryons to the mesons
D, F . The latter two are constrained to lie within 12.5% of their canonical

2There are only three such points and, therefore, we cannot give systematic criteria to
exclude a point from the fit. We have excluded the points which produced a much higher χ2

than the neighbouring ones. These points were clearly not following the general trend of the
corresponding data and fell completely outside of our error bands.
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value, D = 0.8 and F = 0.46 [35]. For this fit the experimental data from the160

K−p → KΞ cross sections are excluded, as done in most of the works in the field,
and we only take into account 91 points which are compiled in [24, 25, 26, 33].

The second fit, called WT+NLO+Born(no Ξ) is the natural extension of the
previous one, where the NLO terms of the interaction kernel are incorporated,
thus involving seven additional parameters: the NLO low energy constants b0,165

bD, bF , d1, d2, d3 and d4. Similar fits have been performed in [16, 19, 20, 22] to
which we will compare our results.

It was demonstrated in [27] that the K−p → KΞ channels are the most
sensitive to the NLO terms in the chiral Lagrangian, and therefore the Ξ pro-
duction data was essential to constraint the NLO fits. Having this in mind, we170

present results for a third fit, called WT+NLO+Born, which is similar to the
WT+NLO+Born(no Ξ) one, but also employs the KΞ production cross section
data [34] in the χ2

d.o.f minimization. This fit complements those in the study
of [27], by taking into account the Born terms, which were not accounted for
there.175

WT WT+NLO WT+NLO WT+NLO
+Born(no Ξ) +Born(no Ξ) +Born [27]

aK̄N (10−3) −1.45± 1.59 0.16± 0.38 1.77± 2.38 6.55± 0.63
aπΛ (10−3) −12.7± 9.5 31.7± 1.3 55.2± 13.5 54.8± 7.5
aπΣ (10−3) −0.11± 4.32 −2.04± 0.93 2.33± 3.17 −2.29± 1.89
aηΛ (10−3) −1.49± 3.65 76.0± 1.3 8.00± 5.04 −14.2± 12.7
aηΣ (10−3) 1.0± 11.4 −18.3± 1.3 6.5± 20.6 −5.17± 0.07
aKΞ (10−3) 23.1± 85.0 −2.57± 0.14 −9.04± 3.63 27.0± 7.8
f/fπ 1.22± 0.04 1.18± 0.03 1.21± 0.03 1.20± 0.01
b0 (GeV −1) - −0.71± 0.01 −0.70± 0.23 −1.21± 0.01
bD (GeV −1) - 0.47± 0.01 0.31± 0.20 0.05± 0.04
bF (GeV −1) - 0.50± 0.02 0.65± 0.41 0.26± 0.15
d1 (GeV −1) - 0.42± 0.06 0.17± 0.26 −0.11± 0.06
d2 (GeV −1) - 0.20± 0.01 0.17± 0.11 0.65± 0.02
d3 (GeV −1) - 0.22± 0.03 0.37± 0.16 2.85± 0.04
d4 (GeV −1) - −0.21± 0.02 0.01± 0.09 −2.10± 0.02
D 0.70± 0.16 0.90± 0.13 0.90± 0.10 -
F 0.41± 0.06 0.51± 0.08 0.40± 0.08 -

χ2
d.o.f. 0.56 0.41 0.73 0.65

Table 1: Values of the parameters and the corresponding χ2
d.o.f.

, defined as in Eq. (22), for
the different fits described in the text. The value of the pion decay constant is fπ = 92.4 MeV
and the subtraction constants are taken at a regularization scale µ = 1 GeV. The NLO fit
performed in [27] has been included in the last column of the table, denoted here as WT+NLO
to be consistent with the labelling of the other fits. The error bars of the parameters are those
given by the MINUIT minimization procedure.

We have also estimated the error bands for the K−p scattering cross sections
into different final meson-baryon channels for our best fit. We have followed the
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method employed in Ref. [19] for our definition of χ2, Eq. (22), which is pro-
posed in an earlier study [36]. First of all, we calculated the correlated error
bars for our model parameters, by generating new parameter configurations by
randomly varying all the free parameters around their central values through a
Monte Carlo generator, and rejecting those configurations for which the corre-
sponding value of χ2 (total) satisfies

χ2 > χ2
0 + χ2(p, 1σ) , (23)

where χ2
0 corresponds to the minimum found by MINUIT and χ2(p, 1σ) is the

value of a chi-squared distribution with p d.o.f. at a confidence level of one
sigma. In the next step, we generated 16.000 of new parameter configurations
by randomly varying all the free parameters within the obtained correlated error
bars, and the K−p scattering cross sections obtained for these configurations180

determine their corresponding error bands. Similarly, we can also associate
error bars to the threshold observables from the values obtained with these new
configurations.

4. Results and discussion

4.1. Influence of the Born terms185

In a previous work [27], we studied the meson-baryon interaction in the
S = −1, Q = 0 sector, aiming for a better comprehension of the relevance
and the role played by the terms next in hierarchy after the WT one. We
focused on theKΞ production reactions because they do not receive direct lowest
order contributions and the rescattering terms are insufficient to reproduce the190

experimental data properly. It was indeed found that the NLO terms were
crucial to obtain a good reproduction of the K̄N → K+Ξ−,K0Ξ0 cross sections.
Subsequently, we included, only for K̄N → KΞ reactions, high spin and high
mass resonances applying the Rarita-Schwinger method as it was done in [37,
38, 39, 40, 41]. From the eight possible candidates present in this energy range195

[42], and according to the findings of the resonant model of [40], we chose the
Σ(2030) and Σ(2250) resonances as best candidates. A better agreement with
the experimental data was achieved, together with a considerable improvement
of the accuracy and stability of the NLO coefficients.

This work was carried out under the assumption that, at lowest order, the200

contribution of the s and u-channel diagrams involving the coupling of the
meson-baryon channel to an intermediate baryon state, i.e. the Born terms (ii)
and (iii) of Fig. 1, would be very moderate [11]. The idea was also reinforced
by other works, namely [16, 22]. In these articles, among other approaches, the
authors present two models based on chiral Lagrangians which contain WT and205

NLO terms and where the difference between the models was the inclusion or
not of the Born terms. Concretely, ”Model c” and ”Model s” from [22], and
fits ”c” and ”u” from [16]. As a result, one can see that the inclusion of the
Born terms led to rather small changes in the fitting parameters and did not
influence significantly the quality of the fits, although in some cases it helped in210
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producing more natural values of the subtracting constants. A similar behavior
when the Born diagrams are included is observed in [20].

ap(K
−p → K−p) ∆E1s Γ1s

WT+Born(no Ξ) −0.71 + i 0.81 307 572
WT+NLO+Born(no Ξ) −0.66 + i 0.80 284 536
WT+NLO+Born −0.67 + i 0.84 291 558

(+0.17
−0.21) + i (+0.14

−0.17)
+76
−57

+92
−128

Exp. −0.66 + i 0.81 283 541
(±0.07) + i (±0.15) ±36 ±92

Table 2: Threshold observables obtained from the WT+Born(no Ξ), WT+NLO+Born(no
Ξ) and WT+NLO+Born fits explained in the text. The corresponding error bars for the
WT+NLO+Born fit, obtained as described in the text, are also given. Experimental data are
taken from [26].

γ Rn Rc

WT+Born(no Ξ) 2.36 0.191 0.664
WT+NLO+Born(no Ξ) 2.38 0.190 0.664
WT+NLO+Born 2.36 0.191 0.664

+1.19
−0.74

+0.082
−0.075

+0.018
−0.011

Exp. 2.36 0.189 0.664
±0.04 ±0.015 ±0.011

Table 3: Threshold observables obtained from the WT+Born(no Ξ), WT+NLO+Born(no
Ξ) and WT+NLO+Born fits explained in the text. The corresponding error bars for the
WT+NLO+Born fit, obtained as described in the text, are also given. Experimental data are
taken from [24, 25].

We next present the results of our fits when the Born terms are included as
described in the previous section. The model parameters obtained in these fits
and the final χ2

d.o.f are summarized in Table 1. The results for the observables215

are shown in Tables 2, 3 and Figs. 2, 3. As one can see, the overall agreement
with the experimental data is very good. We recall that two of our fits, those
denoted by the ’(no Ξ)’ label, have not included the K+Ξ−,K0Ξ0 data.

Fig. 3 presents our estimation of the error bands of the K−p scattering cross
section into different final channels for our best fit, WT+NLO+Born, that gives220

χ2
0 = 0.73

(

∑K
k=1 nk − p

)

. In our particular case we have
∑K

k=1 nk = 166,

p = 16, χ2(16, 1σ) = 18.07, and thus the rejection condition, Eq. (23), leads to
χ2
d.o.f > 0.85.
From our results, we first note that, comparing the WT+Born(no Ξ) and

WT+NLO+Born(no Ξ) fits, one sees that the inclusion of the NLO terms do225

help improving the agreement with experimental data, as was shown by all the
works that have used the chiral Lagrangian up to NLO. The ’(no Ξ)’ fits give
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Figure 2: Total cross sections for the K−p → K−p, K̄0n, π−Σ+, π+Σ−, π0Σ0,
π0Λ, K0Ξ0, K+Ξ− reactions obtained from the WT+Born(no KΞ) fit (dotted line), the
WT+NLO+Born(no KΞ) fit (dashed line) and the WT+NLO+Born fit (solid line), where
the last case take into account the experimental data of the KΞ channels, see text for more
details. Experimental data are from [33, 34]. The points in red have not been included in the
fitting procedure.

some strength in the K+Ξ−,K0Ξ0 channels, but do not reproduce the observed
structure. Only if the KΞ production data is included into the fit we can get
a reasonable agreement - see WT+NLO+Born results in Tables 1, 2, 3 and230
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Figure 3: Total cross sections for the K−p → K−p, K̄0n, π−Σ+, π+Σ−, π0Σ0, π0Λ, K0Ξ0,
K+Ξ− reactions obtained for the WT+NLO+Born fit (solid line), with our estimation of the
corresponding error bars (yellow area), see text for more details. Experimental data are from
[33, 34]. The points in red have not been included in the fitting procedure.

Fig. 2. We note that in this latter fit the D and F parameters of the Born
contributions reached the edges of their allowed range, but in a way that their
sum stays rather close to its nominal value gA = D + F = 1.26 [35].

The most notable fact of the obtained NLO parameters is that most of them
acquire very different values from what was found in [27], as shown in Table 1,235
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Figure 4: Left column: Total cross sections for the K−p → K0Ξ0,K+Ξ− reactions obtained
from the WT+NLO+Born fit (solid line), and the similar result neglecting the contributions
from the Born terms (dashed line), see text and Fig. 2 for more details. Experimental data
are from [34]. The points in red have not been included in the fitting procedure. Right

column: The same as the left column, but the solid line correspond to WT+Born fit, where
the presented K−p → K0Ξ0, K+Ξ− were not taken into account, see text and Fig. 2 for
more details. The dashed line shows the similar result neglecting the contributions from the
Born terms.

although the only difference of the present model is the inclusion of the Born
terms. The other effects induced by the Born terms are pretty similar to what
was seen in [16, 22, 20]: the goodness of our WT+NLO+Born fit is almost the
same as that of the corresponding fit in [27], and the values of the subtraction
constants are much closer to the ’natural size’ compared to the ones in [27]240

(Table III), in spite of the substantial associated errors. Another remarkable
and expected result is that the inclusion or no inclusion of the KΞ production
data does not affect the NLO parameters of our full model (WT+NLO+Born)
fits as strongly as was observed in [27]. In other words, although the χ2 is a
bit worse when we take into account the Born contributions, these work as an245

important stabilizer for the NLO parameters.
Although a more exhaustive analysis might be needed to fully understand

their behavior, it is clear that the Born terms have a much stronger effect in our
model than we expected, based on the study of other groups. Since the only
significant difference of our model with respect to those of [16, 22, 20] is the250

inclusion of the K̄N → KΞ data, we decided to investigate how important are
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the Born terms in these reactions.
For this purpose, we display in Fig. 4 (left column) our results of theWT+NLO+Born

fit (solid line), together with the results of the same fit but neglecting the con-
tributions from the Born diagrams in Eq. (11) (dashed line). As one can see,255

including or not the Born terms leads to substantial changes in the KΞ pro-
duction cross sections, meaning that these terms contribute at the same order
of the other terms in the Lagrangian with which they can interfere strongly.
The above statement is reconfirmed by the right column in Fig. 4, where we
presented the WT+Born(no Ξ) fit (solid line), together with the results of the260

same fit but neglecting the contributions from the Born diagrams. These graphs
clearly show that the importance of the Born terms for the KΞ production re-
actions is not related to the inclusion of the NLO terms. In other words, for
these particular channels the strength coming from WT term, Born terms and
NLO terms are of the same order, and should all be taken into account.265

The relevance of the Born diagrams of the chiral model in the K̄N →
K+Ξ−,K0Ξ0 cross sections may not come as a surprise if one considers that a
recent work, studying these reactions from a phenomenological resonance model
[41], also finds substantial contributions coming from the exchange of the ground
state 1/2+ hyperons in s- and u-channel exchange configurations.270

4.2. Isospin decomposition

In Fig. 5 we split the contributions to the K−p → K0Ξ0,K+Ξ− cross sec-
tions coming from the different isospin components of the K̄N → KΞ ampli-
tudes, according to:

〈K−p | T | K+Ξ−〉 =
1

2

[

〈K̄N | T I=1 | KΞ〉 − 〈K̄N | T I=0 | KΞ〉
]

(24)

〈K−p | T | K0Ξ0〉 = −1

2

[

〈K̄N | T I=1 | KΞ〉+ 〈K̄N | T I=0 | KΞ〉
]

.(25)

The solid lines show the results obtained with the full amplitudes, while the275

dashed and double-dot dashed correspond to the results employing only the
I = 0 and I = 1 components, respectively. We see that, as a consequence of
the inclusion of the Born terms, the isospin decomposition of the scattering
amplitudes of the present model (thick lines) is distributed in a quite different
way than in the models of [27] (thin lines), where these terms are neglected.280

As one can see, the I = 1 component of our previous NLO∗ model (see more
details in [27]) peaks at 2050 MeV, while the I = 0 component is concentrated
at higher energies reaching its maximum at around 2300 MeV. This is not the
case for the our new fit which takes into account the Born terms. The I = 1
component becomes much more prominent at higher energies and its peak is285

shifted 50 MeV upwards. Conversely, the I = 0 component presents a much
lower strength and is located towards substantially smaller energies, peaking at
around 1900 MeV.

The fact that different models present such different isospin decompositions
points towards the need of identifying reactions that proceed through either I =290
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Figure 5: The total cross sections of the K−p → K0Ξ0 reaction (top figure) and the K−p →

K+Ξ− reaction (bottom figure) for the WT+NLO+Born model (thick lines) and for the
NLO* model from Ref. [27] (thin lines), see text for more details. The solid lines show the
results of the full amplitude, while the dashed and dash-dotted lines denote the I = 0 and
I = 1 contributions respectively. Experimental data are from [34].

0 or I = 1, thereby acting as isospin filters that help constraining the parameters
of the meson-baryon lagrangian better. One example is the scattering into ηΛ
final states, which are of pure isospin 0. The data is already available [43] an
we plan to include it in a future fitting procedure in order to find more reliable
values of the NLO coefficients. In this respect we would also like to mention the295

weak Λb decay into a J/Ψ and a meson-baryon pair, a reaction that filters the
I = 0 component in the final state, as it was shown in [44, 45]. These decays are
presently analyzed by the CDF [46] and LHCb [47, 48, 49] collaborations. In
particular, the Λb → J/Ψ K− p decay has been employed very recently in [49]
to claim the presence of an exotic pentaquark charmonium state in the J/Ψ p300

channel.
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4.3. K0
Lp → K+Ξ0 reaction

It would also be interesting to obtain information on the K̄N → KΞ in-
teracion in I = 1. At the moment, only two data points, obtained from K−

deuteron reactions in bubble chamber experiments [50, 51] are known for this305

component. The recent proposal [28] of creating a secondary K0
L beam at Jlab

offers a great opportunity for measuring the K0
Lp → K+Ξ0 reaction. Since

K0
L = (K0 − K̄0)/

√
2, the former reaction would proceed through the K̄0 com-

ponent of the K0
L, and, thus, would be of pure I = 1 character. Our predictions

for this reaction are shown in Fig. 6 for the WT+NLO+Born model and for310

the NLO* model from Ref. [27], together with the experimental points of the
pure I = 1 K−n → K0Ξ− reaction, which have been divided by 2 to properly
account for the size of the strangeness S = −1 component of the K0

L.
We would like to remind the reader that these two data points have not been

used in our fitting neither in this work nor in Ref. [27]. As one can see, our315

full model prediction does a good job at higher energy, but both predictions
overshoot the lower energy point around 2 GeV by a factor of 2, although it
is worth mentioning that it falls within the error band of the WT+NLO+Born
model. New data from the proposed secondaryK0

L beam at Jlab would certainly
be most welcome to help constraining the theoretical models.320
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Figure 6: Total cross sections of the K0
L
p → K+Ξ0 reactions for the for the WT+NLO+Born

model (full line) and for the NLO* model from Ref. [27] (dashed line), and the experimental
points of the I = 1 K−n → K0Ξ− reaction, taken from [50, 51] and divided by two, see text
for more details. The error band corresponds to that of the WT+NLO+Born model.

5. Conclusions

We have presented a study of the S = −1 meson-baryon interaction, em-
ploying a chiral SU(3) Lagrangian up to NLO and implementing unitarization
in coupled channels. The parameters of the model have been fitted to a large
set of experimental scattering data in different two-body channels, to threshold325
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branching ratios, and to the precise SIDDHARTA value of the energy shift and
width of kaonic hidrogen. In contrast to other works, we have also constrained
our model to also reproduce the K−p → K+Ξ−,K0Ξ0 reactions, and in this
study we reconfirm the finding of Ref. [27] that these channels are especially
sensitive to the NLO parameters of the chiral Lagrangian. Furthermore, we330

have shown that the Born terms, which usually have very little effect, become
non-negligible in the K−p → KΞ channels, and correspondingly might lead to
significant changes of the NLO parameters obtained in the fit.

Most of the data employed in our fits are coming from antikaon proton
scattering and therefore contain contributions from both isospin I = 0 and335

I = 1 components; the only exception is the π0Σ0 channel, which selects I = 0.
However, we have shown that inclusion or non inclusion of the Born terms as
well as inclusion or non inclusion of the high spin resonances, which was studied
in Ref. [27], can seriously modify the isospin decomposition of the K−p → KΞ
reactions. This is why data filtering I = 0 or I = 1 components would be340

extremely valuable to further constrain the parameters of the chiral lagrangian
describing the meson-baryon interaction in the S = −1 sector.

One such opportunity arises from the weak decay of the Λb into states con-
taining a J/Ψ and meson-baryon pairs, measured by the CDF [46] and LHCb
[47, 48, 49] collaborations. A recent theoretical study of Ref. [45] has shown345

that such a reaction filters the final meson-baryon components in I = 0.
On the other hand, measuring the K0

Lp → K+Ξ0 reactions in I = 1 with
a secondary K0

L beam at Jlab [28] would be most welcome as a complement of
the information one can obtain from K−p scattering data. We have presented
our prediction for this reaction based on our current best fit as well as on the350

one from [27].
We consider these results as preliminar, since we suspect that the inclusion

of data coming from the scattering of ηΣ0, ηΛ could be helpful to constrain the
fitting parameters and to improve their precision. It is also posible that the
consideration of the high-spin resonaces in K−p → KΞ channels, as it was done355

in Ref. [27], will lead to modification of the NLO parameters. We hope to
address these questions in forthcoming works.
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