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Abstract. This work contains a study of the meson-baryon interaction in the S = −1
sector by means of a chiral S U(3) Lagrangian up to next-to-leading order (NLO) and im-
plementing unitarization in coupled channels. In order to get more reliable values of the
parameters which are present in the model, we performed several fits which take a large
set of experimental scattering data in different two-body channels, threshold branching
ratios, and the precise SIDDHARTA values of the energy shift and width of kaonic hidro-
gen into consideration. In previous studies, we had shown that the K−p → KΞ reactions
are especially sensitive to the next to Weinberg-Tomozawa (WT) corrections in the hi-
erarchy. In addition, we pointed out the need to employ processes which are described
by pure isospin amplitudes as a tool to discern which models are more realistic among
those which give small values for the χ2 in the fits. Following the former suggestion,
we present results which include data from K−p → ηΛ, ηΣ reactions which have pure
isospin I = 0 and I = 1 component respectively. Finally, to check the goodness of the
new obtained parametrization of the model, we present a prediction for another process
that filters the I = 1 isospin component: the pure I = 1 K−L p → K+Ξ0 reaction which
could be measured at the proposed secondary K0

L beam at Jlab.

1 Introduction

Chiral Perturbation Theory (ChPT) is an effective theory which has proved to be appropriate to de-
scribe the interaction of hadrons at low energies where Quantum Chromodynamics (QCD) fails in
describing the strong interaction by means of a perturbative treatment. As it is well known, in ChPT,
the dynamics is described by arranging an S U(3) Effective Lagrangian as an expansion on the powers
of the external momenta of the Nambu-Goldstone bosons over a typical scale (ΛChPT ≈ 1 GeV). This
Effective Lagrangian has to be invariant under the same symmetries as QCD, among them, the invari-
ance under chiral symmetry plays key role [1–3]. Being more specific, the spontaneous breaking of
the chiral symmetry gives rise to the corresponding Goldstone bosons which are identified with the
pseudoscalar mesons in this theoretical framework.

Although the strong constraints imposed by chiral-symmetry-breaking allow one to take into con-
sideration processes which are restricted to the energy limit given by ΛChPT , Effective Chiral theories
have drawbacks when a resonance appears in the region of interest because it is associated to a pole in
the scattering amplitude which cannot be reproduced by means of a perturbative expansion. One can
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then resort to nonperturbative schemes, which allow one to get around this difficulty while maintaining
the predictive power of the theory.

Unitarized Chiral Perturbation Theory (UChPT), which combines chiral dynamics with unitariza-
tion techniques in coupled channels, has been shown to be a very powerful tool to describe the hadron
interaction including the dynamical generation of bound-states and resonances (see [4] and references
therein). This scheme is based on two guiding principles: the inherited symmetries from QCD, par-
ticularly (spontaneously broken) chiral symmetry, and general properties of the scattering amplitude
such as unitarity and analiticity. Besides the mentioned advantages, UChPT permits an extension of
the validity of ChPT to higher energies.

The effectiveness of UChPT can be ilustrated by the description of theΛ(1405) resonance which is
located 27 MeV below the K̄N threshold. In [5], the dynamical generation ofΛ(1405) was formulated,
for the first time, in terms of the unitarized chiral meson-baryon interaction in coupled channels almost
40 years after its dynamical origin was pointed out [6]. A lot of activity was awaken by this success
in the comunity, which analyzed the effects of including a complete basis of meson-baryon channels,
differences in the regularization of the equations, s- and u-channel Born terms in the Lagrangian,
next-to-leading (NLO) contributions, etc . . . [7–16].

The rising number of more precise measurements such as the energy shift and width of the 1s state
in kaonic hydrogen by the SIDDHARTA collaboration [17] at DAΦNE have renewed the interest in
this topic in these last few years. As a response to this emerging experimental activity, the theoretical
models have been revisited [18–21].

In this context, and taking into account the descriptive power of the UChPT approach, the S = −1
sector offers us a good chance to extract information about those parameters of the model which are
not well constrained. One should bear in mind that these parameters are not fixed by the symmetries
on which the theory is based, but the values come from fitting procedures to the experimental data.

From the studies of the meson-baryon interaction in s-wave approximation [8–16, 18–21], it can
be concluded that the significant term that allows one to get a good agreement with the experimental
data is the Weinberg-Tomozawa (WT) one, which is of order O(p2), and the addition of other terms
such as the direct and crossed Born terms (O(p2)) as well as the NLO terms (O(p4)) only play a fine-
tuning role. The corresponding diagrams are represented in figure 1. At this point, it is important to
highlight that the fits carried out to develop these models were accommodated to the two-body cross
sections of K̄N scattering into πΣ, K̄N, πΛ states, and also ηΛ in the particular case of [19].

(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).

Until [22], the reproduction of KΞ production cross section had not been studied employing chiral
models. The work of [22] focused on the K−p → KΞ reactions because the WT term has a zero
direct contribution to the scattering amplitude for these reactions and the strength coming from the
rescattering terms due to the coupled channels is not sufficient to reproduce the experimental scattering
data as it is shown therein. This fact confers an interesting role to the K−p → KΞ reaction as a
privileged framework in the S = −1 sector to get information about the next terms in the hierachy
beyond the WT one, namely the direct and cross Born terms and the NLO term. From a leading order
calculation, the authors of [9] pointed out that the contribution of the s and u Born diagrams are almost

    
 

DOI: 10.1051/, 05003 (2017) 713705003137EPJ Web of Conferences epjconf/201
XIIth  Quark Confinement & the Hadron Spectrum

2



negligible at energies around 1.3 GeV while their magnitude increases with energy reaching ≈ 20%
of the dominant WT contribution. Despite the previous analysis, one finds that the contribution of the
cross and direct Born terms is very moderate for studies which were based on lagrangians extended
to NLO [15, 18, 21]. Assuming this and for simplicity, the Born contributions were disregarded
in our study of [22] leaving the NLO term as the significant one in order to reach good agreement
between the theoretical predictions and the experimental data in the KΞ channels. We fitted our
model to the branching ratios at K−p threshold [24, 25], the precise SIDDHARTA values of the shift
and width of the 1s state of the kaonic hydrogen [17] and the cross-sections for the different two body
channels (πΣ, πΛ, K̄N,KΞ) [26, 27]. After comparing different fitting procedures, the sensitivity of the
K−p→ KΞ reactions to the NLO term of the chiral Lagrangian was demonstrated and, therefore, more
reliable values of the low energy constants were obtained. Moreover, in order to study the accuracy
and stability of our parameters, we included high spin and high mass resonances applying the Rarita-
Schwinger method [28–30]. Based on the phenomenological study of [30], we chose as candidates the
Σ(2030) and Σ(2250) resonances and we achieved very good agreement with the experimental data.
Finally, as we had expected, we got a more precise and trustable determination of the corresponding
NLO parameters. This last result could be explained because the inclusion of these resonant terms
simulate the contributions of higher angular momenta of the other channels, via rescattering, in the
energy regim above the KΞ threshold and, consequently, the parameters of the model get relaxed
avoiding a possible overestimation of their values.

The natural next stage of our work was to determine whether the assumption of non significant
contribution of the Born diagrams in the interaction kernel is still realistic once the KΞ channels are
included in the fits. Our study of [31], merely employing a chiral model which takes into account the
Born terms, revealed the particular importance of these diagrams in the KΞ channels which translated
into significant modifications of the NLO parameters. Contrary to expectations, the resulting effects
of the inclusion of new relevant terms did not improve the reproduction of the experimental data,
since we got very similar values of the χ2 in comparison with the ones coming from the models in
[22]. The relevance of the Born terms becomes more visible in the isospin projected amplitudes of
the K−p → KΞ reaction which differ substantially from what was found for the models that ignored
the Born terms, see figure 5 in [31]. This fact points towards the idea that processes that filter a
single isospin component are essential requirement to get much more reliable values for the NLO
coefficients.

For instance, the weak decay of the Λb into J/ψKΞ and J/ψηΛ states was studied in [32]. These
processes involve an elementary weak transition at the quark level which proceeds via the creation
of a J/ψ meson and excited sud system with I = 0 that hadronizes into a final meson-baryon pair
in I = 0 state. Thus, an experimental determination of these decays would contribute to a better
understanding of the chiral dynamics at higher energies. The insights of this study are summarized
in the contribution to the same proceedings by V.K. Magas [33]. In a complementary manner to
the Λb decay, the obtention of experimental data from a pure I = 1 K̄N → KΞ reaction could supply
significant information. The recent proposal [34] of creating a secondary K0

L beam at Jlab offers a great
opportunity for measuring the K0

L p→ K+Ξ0 reaction. We include a prediction for this reaction in the
present work. Nevertheless the inclusion of the experimental data from K−p → ηΛ, ηΣ0 reactions in
the fitting procedure is the most natural filtering process that might be provided. These two reactions
are very useful to discriminate possible ambiguities in the isospin distributions since they are pure
I = 0 and I = 1 processes, respectively. The motivation of the present study is to implement these
isospin filtering scattering processes into our set of experimental data in order to obtain more trustable
and reliable values of the NLO coefficients, hence improving over our previous models of the S = −1
interaction.
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2 Chiral unitary approach

The S U(3) chiral effective Lagrangian at NLO for describing the meson-baryon interaction is,

Le f f
ϕB = L

(1)
ϕB +L

(2)
ϕB (1)

being L(1)
ϕB and L(2)

ϕB the most general forms of the contribution at leading order and the contribu-
tion at next-to-leading order of the meson-baryon interaction Lagrangian, respectively, and which are
expressed as follows

L(1)
ϕB = i⟨B̄γµ[Dµ, B]⟩ − M0⟨B̄B⟩ − 1

2
D⟨B̄γµγ5{uµ, B}⟩ −

1
2

F⟨B̄γµγ5[uµ, B]⟩ , (2)

L(2)
ϕB = bD⟨B̄{χ+, B}⟩ + bF⟨B̄[χ+, B]⟩ + b0⟨B̄B⟩⟨χ+⟩ + d1⟨B̄{uµ, [uµ, B]}⟩ + d2⟨B̄[uµ, [uµ, B]]⟩

+d3⟨B̄uµ⟩⟨uµB⟩ + d4⟨B̄B⟩⟨uµuµ⟩ . (3)

In both equations, the symbol ⟨. . . ⟩ stands for the trace in flavor space and U(ϕ) = u2(ϕ) =
exp
(√

2i ϕf
)
, with ϕ the unitary 3 × 3 matrix for the pseudoscalar meson octet (π,K, η), which enters

the Lagrangian in the combination uµ = iu†∂µUu†. Thus, the parameter f corresponds to the pseu-
doscalar decay constant in the chiral limit. The unitary 3 × 3 B matrix collects the octet baryon fields
(N,Λ,Σ,Ξ). In eq. (2), 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. Furthermore, [Dµ, B] = ∂µB + [Γµ, B]
stands for the covariant derivative with Γµ = [u†, ∂µu]/2 being the chiral connection. In addition, in
eq. (3), we find χ+ = 2B0(u†Mu† + uMu) which breaks chiral symmetry explicitly via the quark
mass matrixM = diag(mu,md,ms) and B0 = − ⟨0| q̄q |0⟩ / f 2 which relates to 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.

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

VWT
i j = −Ci j

1
4 f 2NiN j

(√
s − Mi − M j

)
, (4)

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 experi-
mentally, fπ = 92.4 MeV. However in UχPT calculations this parameter is usually taken to be larger
than the experimental value, ranging from f = 1.15 fπ to f = 1.36 fπ [7–16, 18–21], 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.

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 Ci j can be found in table VII of [22]. The normalization factor
Ni is defined as Ni =

√
(Mi + Ei)/(2Mi), with Mi and Ei being, respectively, the mass and energy of

the baryon of the i − th channel.
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 figure 1 (ii), is given by

VD
i j = −

8∑
k=1

C(Born)
īi,k

C(Born)
j̄ j,k

12 f 2 NiN j
(
√

s − Mi)(
√

s − Mk)(
√

s − M j)

s − M2
k

, (5)
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where the k label refers to the intermediate baryon involved in the process. The coefficients C(Born)
īi,k

can be found in [15] and they depend on the axial vector constants D and F. In the same way, the
crossed Born term, shown in figure 1 (iii) , reads

VC
i j =

8∑
k=1

C(Born)
j̄k,i

C(Born)
īk, j

12 f 2 NiN j ×
[√

s + Mk −
(Mi + Mk)(M j + Mk)

2 (Mi + Ei)
(
M j + E j

) (√s − Mk + Mi + M j)

+
(Mi + Mk)(M j + Mk)

4qiq j

{√
s + Mk − Mi − M j −

s + M2
k − m2

i − m2
j − 2EiE j

2 (Mi + Ei)
(
M j + E j

) (
√

s − Mk + Mi + M j)
}

× ln
s + M2

k − m2
i − m2

j − 2EiE j − 2qiq j

s + M2
k − m2

i − m2
j − 2EiE j + 2qiq j

]
, (6)

where qi, q j are the center-of-mass (CM) three-momenta in the corresponding i, j channels, and mi,m j

denote the corresponding meson masses.
From the Lagrangian L(2)

ϕB one can derive the meson-baryon interaction kernel at NLO:

VNLO
i j =

1
f 2NiN j

Di j − 2

ωiω j +
q2

i q2
j

3 (Mi + Ei)
(
M j + E j

)  Li j

 , (7)

where ωi, ω j are the meson energies involved in the transition amplitude. The Di j and Li j coefficients
depend on the NLO parameters b0, bD, bF , d1, d2, d3 and d4 and are given in table VIII of [22].

The final interaction kernel employed in this work is expressed as the sum:

Vi j = VWT
i j + VD

i j + VC
i j + VNLO

i j (8)

In the introduction, it has been mentioned that the presence of resonances makes ChPT inapplica-
ble because we can not reproduce the proper pole structure of the amplitude by means of a perturbative
expansion. In particular, the K̄N interaction is strong enough to produce theΛ(1405) as a quasi-bound.
We can adress then a non-perturbative resummation by solving the Bethe-Salpeter equation in cou-
pled channels using the interaction kernel derived from the chiral Lagrangian, i. e. eq. (8). This
unitarization technique can be carried out by converting a complex system of integral equations into
a coupled-channel algebraic equation system after using an on shell factorization [8, 35]. Finally, the
matrix form for the scattering amplitude reads:

Ti j = (1 − VilGl)−1Vl j, (9)

where Vi j is the interaction kernel (eq. (8)), for a given starting i-channel and an outgoing j-channel,
and Gl is the loop function, which needs to be regularized. We use dimensional regularization, which
gives:

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

 } (10)

where Ml and ml are the baryon and meson masses of the ”l” channel, µ is the dimensional regulariza-
tion scale, and al are the so called subtraction constants, which are used as free parameters and fitted
to the data.
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WT+NLO WT+NLO+Born WT+NLO+Born
called NLO in [22] [31] η chan

aK̄N (10−3) 6.55 ± 0.63 1.77 ± 2.38 1.27 ± 0.12
aπΛ (10−3) 54.8 ± 7.5 55.2 ± 13.5 −6.1 ± 12.9
aπΣ (10−3) −2.29 ± 1.89 2.33 ± 3.17 0.68 ± 1.43
aηΛ (10−3) −14.2 ± 12.7 8.00 ± 5.04 −0.67 ± 1.06
aηΣ (10−3) −5.17 ± 0.07 6.5 ± 20.6 8.00 ± 3.26
aKΞ (10−3) 27.0 ± 7.8 −9.04 ± 3.63 −2.51 ± 0.99
f / fπ 1.20 ± 0.01 1.21 ± 0.03 1.20 ± 0.03
b0 (GeV−1) −1.21 ± 0.01 −0.70 ± 0.23 0.13 ± 0.04
bD (GeV−1) 0.05 ± 0.04 0.31 ± 0.20 0.12 ± 0.01
bF (GeV−1) 0.26 ± 0.15 0.65 ± 0.41 0.21 ± 0.02
d1 (GeV−1) −0.11 ± 0.06 0.17 ± 0.26 0.15 ± 0.03
d2 (GeV−1) 0.65 ± 0.02 0.17 ± 0.11 0.13 ± 0.03
d3 (GeV−1) 2.85 ± 0.04 0.37 ± 0.16 0.30 ± 0.02
d4 (GeV−1) −2.10 ± 0.02 0.01 ± 0.09 0.25 ± 0.03
D - 0.90 ± 0.10 0.70 ± 0.16
F - 0.40 ± 0.08 0.51 ± 0.11

χ2
d.o.f. 0.65 0.73 1.14*

3 Results and discussion

Contrary to what was assumed in [22], it was shown in [31] that the Born terms play a comparable
role to that played by the NLO contribution in the K−p→ KΞ reactions. In spite of this result, similar
goodness in reproducing the experimental data was reached by two models whose interaction kernels
take into account the WT and the NLO terms, but they differ in the inclusion or not of the Born terms
(see the corresponding values of χ2

d.o.f. in table 3). Both models were fitted to the same experimental
data [17, 24–27]. From the first two columns of table 3, one can appreciate the difference between the
fitting parameters of the two models. As it was seen in [15, 18, 21], when the Born terms are included
in the interaction kernel, one can obtain more ’natural sized’ subtraction constants, despite the large
associated errors. Actually, we are not able to gain anything in terms of accuracy and stability of the
parameters of the model nor any improvement in the χ2

d.o.f. can be seen, even after including the Born
terms for which we have the certainty of their need to reproduce the KΞ channels properly.

A better understandig of the physics embeded in each of these two parametrizations emerges
when splitting the K−p → KΞ cross-section into the isospin basis (I = 0 and I = 1 components).
This fact is ilustrated in figure 5 of [31] where it is shown that the I = 0 components of these two
models are in opposition with each other while the distribution of the I = 1 components is almost
coincident, although the strenght corresponding to WT+NLO+Born [31] is a little bit enhanced in
the whole range. Such differences in the isospin components point towards the need of identifying
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Table 1. Values of the parameters and the corresponding χ2
d.o.f., defined in eq. (26) of [22], for the different fits

described in the text. The subtraction constants are taken at a regularization scale µ = 1 GeV. The error bars of
the parameters are those given by the MINUIT minimization procedure.
* The higher value of the χ2

d.o.f. could mislead the reader, but one should keep in mind that 58
additional experimental points from the η channels had been included in the fitting procedure.
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Figure 2. Total cross sections of the K−p → ηΛ, ηΣ0,K0Ξ0,K+Ξ− reactions obtained from the NLO fit (dashed
line), the WT+NLO+Born fit (dot-dashed line) and the WT+NLO+Born η chan fit (solid line), see the text for
more details. Experimental data are from [27, 36].

reactions that proceed through either I = 0 or I = 1, thereby acting as isospin selectors from which one
can extract valuable information to better constrain the parameters of the meson-baryon lagrangian.
Actually, since we study the meson-baryon interaction in the S = −1 sector, the most natural filtering
processes are the K−p → ηΛ, ηΣ0 reactions, which are of pure isospin 0 and 1 respectively. We
therefore include the corresponding data [36] in a new fitting procedure in order to find more reliable
values of the NLO coefficients and the rest of the parameters such as subtraction constants. The new
fit consists of an interaction kernel which takes into account the WT, the Born and NLO terms and
considers a larger amount of scattering data, which covers all the elastic and inelastic processes of
the sector [26, 27, 36] and the threshold observables cited previously [17, 24, 25]. The parameters
of this fit, which is called WT+NLO+Born η chan, are displayed in the third column of table 3.
From them, one can appreciate the homogeneity and accuracy achieved by the NLO coefficients.
Another remarkable result is the obtention of natural sized values for all the subtraction constants.
This leads us to believe that the inclusion of more experimental data from isospin filtering processes
could favour the obtention of more reliable values for the low energy constants. Even though the
models of table 3 can not be compared directly in terms of χ2

d.o.f., the improvement of the agreement
between experimental scattering data and the theoretical results is reflected in figure 2. In this figure,
we only represent those cross sections for which appreciable changes from this new fit are seen.
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Non significant differences between the models are observed for the K−p → πΣ,KN, πΛ reactions.
From figure 2, we see that the cross sections of the η channels can only be properly reproduced with
the new fit performed (WT+NLO+Born η chan), especially the Λ(1670) resonant structure seen in
K−p → ηΛ. Concerning the KΞ channels, the three models give a similar good reproduction for the
K−p→ K+Ξ− cross section, but the old models (WT+NLO and WT+NLO+Born) clearly offer better
agreement with the experiment than the new one for the K−p→ K0Ξ0 cross section. In this last case,
the inclusion of resonant terms by the same mechanism as [22] could be very helpful to accommodate
the theoretical cross section to the experimental data. The Λ(1890) might be a good candidate since
is located at this energy region and is an isospin 0 resonance.
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Figure 3. The total cross section data of the K−p → K0Ξ0 reaction is represented in the top pannels, where the
left figure corresponds to the NLO model and the right one corresponds to the WT+NLO+Born η chan model.
The same distribution for the bottom pannels where the K−p → K+Ξ− cross section data are represented. The
figure shows the complete results by means of solid lines, the results where only isospin I = 1 component (dashed
lines) or I = 0 one (dot-dashed line) have been retained. Experimental data are taken from [27].

As a sample of the predictive power of the new model (WT+NLO+Born η chan), we show in
figure 4 the prediction for the K−n → K0Ξ− reaction, which is a pure I = 1 process and which is
scheduled to be mesured at Jlab [34]. To compare different models, we also include in the figure what
is obtained by employing the WT+NLO+Born and NLO models, together with the experimental
points, which have been divided by 2 to properly account for the size of the strangeness S = −1
component of the K0

L. None of these two data points have been used in any fitting procedure. From
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Figure 4. Total cross sections of the K0
L p → K+Ξ0 reactions for the for the WT+NLO+Born model (dot-dashed

line) from [31], for the NLO model (dashed line) from [22] and for the the WT+NLO+Born η chan (solid line).
The experimental points of the I = 1 K−n → K0Ξ− reaction, taken from [37] and divided by two, see [31] for
more details.

figure 4, we can see that as the model accounts for more contributions in its interaction kernel and
more data is included in the fit, especially data from isospin filtering processes, the predicted results
get closer to the two available experimental points. Given these results, having more data from the
proposed secondary K0

L beam at Jlab would be very helpful for constraining the theoretical models.
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