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Abstract We study the unitarized meson–baryon scattering
amplitude at leading order in the strangeness S = −1 sec-
tor using time-ordered perturbation theory for a manifestly
Lorentz-invariant formulation of chiral effective field theory.
By solving the coupled-channel integral equations with the
full off-shell dependence of the effective potential and apply-
ing subtractive renormalization, we analyze the renormalized
scattering amplitudes and obtain the two-pole structure of
the �(1405) resonance. We also point out the necessity of
including higher-order terms.

1 Introduction

With the breakthrough in the observation of gravitational
waves by the Advanced LIGO and Virgo Collaborations
[1,2], the study of neutron stars enters a new era of multi-
message observations. As the density increases, the strange
degrees of freedom are expected to become active in the inte-
rior of dense objects like e.g. neutron stars. In addition to the
appearance of hyperons, antikaon condensation can soften
the equation of state and modify the bulk properties of neu-
tron stars [3,4]. Besides, bound systems of antikaonic and
multi-antikaonic nuclei have been studied e.g. in Ref. [5].
Those phenomena attract attention to studying the dynamics
of the strong K̄ N interaction. Such investigations are also
essential to deepen our understanding of the SU(3) dynam-
ics in nonperturbative QCD.

The interaction of K̄ N is rather strong as manifested in
the existence of the �(1405) resonance [6] close to the K̄ N
threshold. The �(1405) resonance was first predicted by
Dalitz and Tuan [7,8], and it has been confirmed soon after by
hydrogen bubble chamber experiments in the analysis of the

a e-mail: xiulei.ren@uni-mainz.de (corresponding author)

π� mass spectrum [9,10]. Since its discovery many studies
have been carried out to uncover the nature of the �(1405)

resonance. From the experimental side, a large amount of
K− p data are available such as the total cross sections for the
processes K− p → {K− p, K̄ 0n, π0�0, π+�−, π−�+}
[11–14], the ratios of K− p capture rates [15,16], and the
measurement of the characteristics of kaonic hydrogen con-
straining the K− p S-wave scattering length in the SID-
DHARTA experiment [17]. The �(1405) has been investi-
gated within a variety of theoretical approaches, e.g., the rela-
tivistic quark model [18], QCD sum rules [19], phenomeno-
logical potential models [20–24], the Skyrme model [25],
the Hamiltonian effective field theory [26], and the chiral
unitary approach [27–44]. Detailed discussions can be found
in recent review articles, see, e.g., Refs. [45–48], and in the
review section of PDG [6]. Besides, the �(1405) resonance
has also been studied in lattice QCD simulations [49–51].

Among the above mentioned theoretical methods, the chi-
ral unitary approach that relies on chiral perturbation theory
[52,53] retains a special place as it incorporates important
constraints from the chiral symmetry on the dynamical gen-
eration of �(1405). The most-interesting phenomenon of the
two-pole structure of �(1405), i.e. that two poles are found
on the same Riemann sheet, was first reported in Ref. [29].
The origin of this two-pole structure is attributed to the two
attractive channels (π� and K̄ N ) in the SU(3) basis. Details
of the two-pole structure can be found in the dedicated review
article [54]. Various studies have revealed that the higher pole
(i.e. the one with the larger real part) is slightly below the
threshold of K̄ N with the narrow width of the order of 10
MeV. However, for the lower pole of �(1405), there is about
50 MeV uncertainty in the real and imaginary parts obtained
in different works [37–41], because the current experimental
data are not very sensitive to the lower pole. This raised a
debate on the one-pole versus two-pole structure of �(1405)
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state, see, e.g., Refs. [55–59]. Note that the mentioned studies
finding only a single pole have some deficiencies as detailed
e.g. in Ref. [54]. Notice further that in chiral unitary mod-
els, the scattering amplitudes depend on the momentum cut-
off parameter (�) [28] or subtraction constant(s) [29,35,45]
introduced to deal with the ultraviolet divergences in the uni-
tarization procedure. This results in some model dependence
of the pole position(s) of the �(1405).

Recently we have proposed a renormalizable approach
to study meson–baryon scattering by utilizing time-ordered
perturbation theory for a manifestly Lorentz-invariant for-
mulation of chiral perturbation theory [60]. Effective poten-
tials are defined as the sums of all possible two-particle irre-
ducible time-ordered diagrams, and the integral equations
for the meson–baryon scattering amplitudes are derived in
time-ordered perturbation theory. Renormalized amplitudes
are obtained by applying the subtractive renormalization to
the solutions of the integral equations at leading order (LO),
while higher-order corrections are included perturbatively in
a similar fashion to Refs. [61–63]. As shown in Ref. [60], our
approach can be successfully applied to the pion-nucleon sys-
tem. In the current work, we apply this framework to study
meson–baryon systems with strangeness S = −1 at LO and
investigate the nature of the S-wave �(1405) resonance. This
study should be considered as a first step. In the future, we
plan to extend it to include higher-order corrections and fur-
ther experimental data in order to sharpen our conclusions.

The manuscript is organized as follows. In Sect. 2 we lay
out the formalism to study meson–baryon scattering in SU(3)
unitarized chiral effective field theory based on a renormal-
izable approach. Our results are presented and discussed in
Sect. 3. We end with a summary and outlook in Sect. 4.

2 Theoretical framework

In this section we briefly outline the theoretical framework
of our work, which is the three-flavor extension of the SU(2)
formalism developed in Ref. [60].

2.1 Meson–baryon scattering amplitude

The on-shell amplitude of the elastic meson–baryon scatter-
ing process M1(q1) + B1(p1) → M2(q2) + B2(p2) can be
parameterized as

TMB = ū B2(p2, s2)

[
A + 1

2
(/q1 + /q2)B

]
uB1(p1, s1)

= ū B2(p2, s2)

[
D + i

mB1 + mB2

σμνq2,μq1,νB

]

×uB1(p1, s1), (1)

with σμν = i
2 [γ μ, γ ν], and D = A + B(s − u)/(2(mB1 +

mB2)). The conventional Mandelstam variables are defined
as s = (p1 + q1)

2, t = (p1 − p2)
2, and u = (p1 − q2)

2 with
s + t + u = M2

M1
+ m2

B1
+ M2

M2
+ m2

B2
. The Dirac spinor

u(p, s) of a baryon is normalized according to

uB(p, s) =
√

ωB(p) + m

2m

(
1

σ · p
ωB (p)+m

)
χs, (2)

where χs is a two-component spinor with spin s, and
ωB(p) = √

p2 + m2 is the energy. Following Ref. [60], we
decompose the Dirac spinor as

uB(p) = u0 + [u(p) − u0] ≡
(

1
0

)
χs + uho, (3)

and consider uho as a higher-order contribution. Using the
leading approximation for the Dirac spinor we obtain the
reduced amplitude which reads

TMB = D − q1 · q2

mB1 + mB2

B + (σ · q2)(σ · q1)

mB1 + mB2

B

≡ T c
MB + i σ · (q2 × q1) T

so
MB, (4)

where we have introduced the non-spin-flip amplitude T c
MB

and the spin-flip amplitude T so
MB .

2.2 The leading-order effective Lagrangian and the
meson–baryon interaction potential

Below we present the LO potential of the meson–baryon
interaction in the strangeness S = −1 sector and the cor-
responding scattering equation obtained using time-ordered
perturbation theory within a manifestly Lorentz-invariant
chiral effective Lagrangian. The details of the formalism can
be found in Ref. [60]. To keep the paper self-contained we
provide below the basic ingredients of the three-flavor exten-
sion used here.

One essential feature of our framework is that it incorpo-
rates the fields corresponding to lowest-lying vector mesons
as dynamical degrees of freedom of the effective Lagrangian.
In this formulation, the Weinberg–Tomozawa term in the
effective meson–baryon Lagrangian is saturated by the
vector-meson exchange, which has a better ultraviolet behav-
ior. The LO chiral Lagrangian used in our calculations has
the form 1

LLO = F2
0

4

〈
uμu

μ + χ+
〉 + 〈

B̄
(
iγμ∂μ − m

)
B

〉

+ D/F

2

〈
B̄γμγ5[uμ, B]±

〉

1 The details of the LO Lagrangian are given in Ref. [60]. Notice that
different representations for vector mesons, including the Proca field,
the antisymmetric tensor field, the hidden local symmetry approach,
and the massive Yang–Mills approach, are equivalent, as shown in Ref.
[64], based on earlier work in Refs. [65,66].
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−1

4

〈
VμνV

μν − 2M̊2
V

(
Vμ − i

g
�μ

)(
Vμ − i

g
�μ

)〉

+g
〈
B̄γμ[Vμ, B]〉 , (5)

where 〈. . .〉 denotes the trace in the flavor space, and

uμ = i(u†∂μu − u∂μu
†), u = exp

(
i P/(

√
2F0)

)
,

χ+ = u†χu† + uχ†u, with χ = 2B0M,

�μ = 1

2

(
u†∂μu + u∂μu

†
)

,

Vμν = ∂μVν − ∂νVμ − ig[Vμ, Vν], (6)

with the pion decay constant F0 in the three-flavor chiral
limit, and D and F - the axial-vector couplings. We use the
coupling constant of the vector-field self-interaction g deter-
mined via the KSFR relation [67–70], M̊2

V = 2g2F2
0 . M

denotes the quark-mass matrix and B0 is related to the scalar
quark condensate, m and M̊V stand for the octet baryon and
the vector meson masses in the chiral limit, respectively. The
SU(3) matrices collecting the pseudoscalar mesons, the octet
baryons and the vector mesons are given, respectively, by

P =
⎛
⎜⎝

1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K 0

K− K̄ 0 − 2√
6
η

⎞
⎟⎠ ,

B =
⎛
⎜⎝

1√
2
�0 + 1√

6
� �+ p

�− − 1√
2
�0 + 1√

6
� n


− 
0 − 2√
6
�

⎞
⎟⎠ ,

Vμ =

⎛
⎜⎜⎝

ρ0√
2

+ ω√
2

ρ+ K ∗+

ρ− − ρ0√
2

+ ω√
2

K ∗0

K ∗− K̄ ∗0 φ

⎞
⎟⎟⎠

μ

. (7)

We note that in the limit M̊V → ∞ (keeping the
ratio g/M̊V fixed) one recovers the conventional Weinberg–
Tomozawa term, see e.g. Ref. [64], that, however, requires
regularization.

At leading order, the meson–baryon scattering amplitude
for the process Mi (q1) + Bi (p1) → Mj (q2) + Bj (p2)

is given by the time-ordered diagrams shown in Fig. 1.
Besides the Born and crossed-Born diagrams, there are also
the vector meson exchange contributions that replace the
Weinberg–Tomozawa contact term. Notice that the con-
tributions stemming from the second term in the vec-
tor meson propagator ∝ gμν − qμqν/M2

V are suppressed
compared to the ones of the first term for considered
low-energy processes and need to be taken into account
together with other higher-order corrections. We further
emphasize that possible power-counting-breaking contri-
butions stemming from the decays V → PP [71] in
loop diagrams can be absorbed in vertex corrections [72].

In this LO calculation we employ the scattering ampli-
tudes in the isospin limit using the averaged masses for the
mesons and baryons. The LO potential in the isospin formal-
ism is given by

V (a+b)
Mj B j ,Mi Bi

= − 1

32F2
0

∑
V=K ∗,ρ,ω,φ

CV
Mj B j ,Mi Bi

M̊2
V

ωV (q1 − q2)

× (
ωMi (q1) + ωMj (q2)

)

×
(

1

E − ωBi (p1) − ωV (q1 − q2) − ωMj (q2)

+ 1

E − ωBj (p2) − ωV (q1 − q2) − ωMi (q1)

)
,

V (c)
Mj B j ,Mi Bi

= 1

4F2
0

∑
B=N ,�,�,


CB
Mj B j ,Mi Bi

mB

ωB(P)

× (σ · q2)(σ · q1)

E − ωB(P)
,

V (d)
Mj B j ,Mi Bi

= 1

4F2
0

∑
B=N ,�,�,


C̃ B
Mj B j ,Mi Bi

mB

ωB(K )

× (σ · q1)(σ · q2)

E − ωMi (q1) − ωMj (q2) − ωB(K )
, (8)

where the expressions are summed over all vector mesons
V in the vector-meson-exchange contributions, and over the
internal baryons B in the Born and crossed-Born terms.
Notice that the vector meson mass M̊V in the numerator of
a + b expression is, in principle, fixed by the KSFR rela-
tion. However, in practice, we used the physical masses MV

instead of the chiral limit value. The error due to this approxi-
mation is of higher order. Further, E = √

s is the total energy
of the meson–baryon system, and P = q1 + p1 = q2 + p2,
K = p1 − q2 = p2 − q1. The on-shell energy of a particle

is given by ωX (p) ≡
√
m2

X + p2.
In the S = −1 sector, there are four coupled channels

with isospin I = 0, namely π�, K̄ N , η� and K
. The var-
ious coefficients CV

Mj B j ,Mi Bi
, CB

Mj B j ,Mi Bi
and C̃ B

Mj B j ,Mi Bi
are tabulated in Tables 1, 2 and 3, where the indices i, j
represent the particle channels. Here, we use the phase con-
vention

∣∣π+〉 = −|1, 1〉, ∣∣K−〉 = −|1/2,−1/2〉, ∣∣�+〉 =
−|1, 1〉 and

∣∣
−〉 = −|1/2,−1/2〉 for the isospin states.
We rewrite the LO potential as the central and spin-orbital

parts,

VMj B j ,Mi Bi = V (a+b)
Mj B j ,Mi Bi

+ V (c)
Mj B j ,Mi Bi

+ V (d)
Mj B j ,Mi Bi

≡ Wc
Mj B j ,Mi Bi + i σ · (q2 × q1)W

so
Mj B j ,Mi Bi .

(9)
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(a) (b) (c) (d)

Fig. 1 Time-ordered diagrams contributing to the LO meson–baryon potential. The dashed, solid and double-solid lines correspond to pseudoscalar
mesons, octet baryons and vector mesons, respectively

Table 1 Coefficients
CV
Mj B j ,Mi Bi

of the vector meson
exchange contributions in the
strangeness S = −1 sector with
isospin I = 0

CV π� K̄ N η� K


π� Cρ = −16 CK ∗ = 2
√

6 0 CK ∗ = −2
√

6

K̄ N C {ρ,ω,φ} = {−6,−2,−4} CK ∗ = −6
√

2 0

η� 0 CK ∗ = 6
√

2

K
 C {ρ,ω,φ} = {−6,−2,−4}

Table 2 Coefficients
CB
Mj B j ,Mi Bi

of the Born terms in
the strangeness S = −1 sector
with isospin I = 0

CB π� K̄ N η� K


π� C� = 4D2 C� =
√

8
3 D(D + 3F) C� = 4√

3
D2 C� = −

√
8
3 D(D − 3F)

K̄ N C� = 2
3 (D + 3F)2 C� = 2

√
2

3 D(D + 3F) C� = − 2
3 (D2 − 9F2)

η� C� = 4
3 D

2 C� = − 2
√

2
3 D(D − 3F)

K
 C� = 2
3 (D − 3F)2

It is convenient to calculate the amplitude in the center-
of-mass (CMS) frame with

qμ
1 = (

ωMi ( p), p
)
, pμ

1 = (
ωBi ( p),− p

)
,

qμ
2 = (

ωMj ( p
′), p′) , pμ

2 = (
ωBj ( p

′),− p′) ,
(10)

where the relative momenta p and p′ are introduced. A state
of the meson–baryon system can be represented as a sum of
partial wave states, which are denoted as |L J 〉, where J is
the total angular momentum and L = J ± 1/2 is the orbital
angular momentum. Because of parity conservation in the
strong interactions, the L+ = J−1/2 and the L− = J+1/2
waves are obviously decoupled. The partial wave projection
of the potential in the isospin basis is given by

〈L± J |VMj B j ,Mi Bi |L± J 〉 ≡ V L J
Mj B j ,Mi Bi

= 2π

∫ 1

−1
dz

[
Wc

Mj B j ,Mi Bi PL±(z) + p2Wso
Mj B j ,Mi Bi

×PL±±1(z) − zp2Wso
Mj B j ,Mi Bi PL±(z)

]
, (11)

where z = cos θ , with θ the angle between p and p′, p ≡ | p|
and PL(z) denotes the Legendre polynomial.

2.3 Partial wave integral equations and subtractive
renormalization

In time-ordered perturbation theory one obtains the
coupled-channel integral equation for the T -matrix, which

T V V TG

Fig. 2 Diagrammatic representation of the meson–baryon scattering
equation. The dashed and solid lines denote the pseudoscalar mesons
and the octet baryons, respectively

is visualized in Fig. 2,

TMj B j ,Mi Bi ( p
′, p; E) = VMj B j ,Mi Bi ( p

′, p; E)

+
∑
MB

∫
d3k

(2π)3 VMj B j ,MB( p′, k; E)

×GMB(E) TMB,Mi Bi (k, p; E), (12)

where Mi Bi , Mj B j and MB denote the initial, final and
intermediate particle channels, and the two-body Green func-
tions read

GMB(E) = 1

2 ωMωB

mB

E − ωM − ωB + iε
. (13)

Projecting onto specific partial waves in the |L J 〉 basis, the
integral equation is written as

T L J
Mj B j ,Mi Bi (p

′, p; E) = V L J
Mj B j ,Mi Bi (p

′, p; E)

+
∑
MB

∫
dkk2

(2π)3 V L J
Mj B j ,MB(p′, k; E)

×GMB(E) T L J
MB,Mi Bi (k, p; E), (14)
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Table 3 Coefficients C̃ B
M j B j ,Mi Bi

of the crossed-Born terms in the strangeness S = −1 sector with isospin I = 0

C̃ B π� K̄ N η� K


π� C̃ {�,�} = { 4D2

3 ,−8F2} C̃ N = √
6(F2 − D2) C̃� = − 4√

3
D2 C̃
 = √

6(D2 − F2)

K̄ N 0 C̃ N =
√

2(D2−9F2)
3 C̃ {�,�} = { 9F2−D2

3 , 3(F2 − D2)}
η� C̃� = 4

3 D
2 C̃
 =

√
2

3 (9F2 − D2)

K
 0

where p, p′, k are defined as the magnitudes of the momenta,
p = | p|, p′ = | p′|, k = |k|. Since the LO potential can be
divided into the one-baryon-reducible and irreducible parts,

VMj B j ,Mi Bi = V R
Mj B j ,Mi Bi + V I

Mj B j ,Mi Bi , (15)

with V R = V (c) and V I = V (a+b) + V (d), we can apply
a subtractive renormalization to obtain the finite on-shell T -
matrix. Using a symbolic notation, the meson–baryon inte-
gral equation T = V + VGT can be rewritten as a system
of coupled equations as

T = TI + (1 + TI G) TR (1 + G TI ),

TI = VI + VI G TI ,

TR = VR + VR G (1 + TI G) TR . (16)

In order to obtain the renormalized finite T -matrix, we
replace the meson–baryon propagatorGMB(E) with the sub-
tracted oneGS

MB(E) = GMB(E)−GMB(mB). In close anal-
ogy to the EOMS scheme [73], these subtractions correspond
to the expansion around the threshold and remove the power
counting violating terms from the iterations of the equation.
This scheme corresponds to including the contributions of an
infinite number of meson–baryon counter-terms (details can
be found in Refs. [60,61]). While it is, in principle, possible
to generalize the applied subtractive scheme to arbitrary kine-
matical expansion points instead of considering an expansion
about the threshold, see Ref. [74] for a perturbative example,
the resulting framework is considerably more complicated.
A consistent implementation of such a scheme in our integral
equations goes beyond the scope of this study. A naive sub-
tractive recipe GS

MB(E, μ) = GMB(E) − GMB(mB − μ),
where μ is a parameter characterizing the renormalization
scheme, violates chiral symmetry and cannot be realized by
counter terms of the effective Lagrangian. On the other hand,
as discussed in Ref. [60], the subtractive renormalization
does not affect the dynamics of bound states or resonances.

3 Results and discussion

In the numerical evaluation, the masses of pesudoscalar
mesons are taken as Mπ = 138.0 MeV, MK = 495.6 MeV,
and Mη = 547.9 MeV. For the masses of octet baryons

we use mN = 938.9 MeV, m� = 1115.6 MeV, m� =
1193.1 MeV and m
 = 1318.0 MeV, while for the vector
mesons the values Mρ = 775.3 MeV, MK ∗ = 893.7 MeV,
Mω = 782.7 MeV, and Mφ = 1019.5 MeV [6] are employed.
The axial vector couplings are taken as D = 0.760 and
F = 0.507, with D + F = gA = 1.267. The pseudoscalar
decay constants are fixed as Fπ = 92.07 MeV, FK = 110.1
MeV and Fη ≈ 1.2Fπ according to the PDG average values
[6]. Note that at this order, there is no free parameter (see
also the discussion below). Thus, at this order we have pure
predictions.

To obtain the I = 0 K̄ N scattering T -matrix with
coupled-channel effects taken into account we need to solve
the integral equation, Eq. (14), with the four coupled channels
K̄ N , π�, η�, and K
. Instead of introducing the approxi-
mation of the on-shell factorization (see, e.g., Ref. [45]), we
solve the scattering equation with the full off-shell depen-
dence. As argued in Refs. [39,75,76], this treatment is nec-
essary since the pole positions of resonances can change in
solving the Bethe–Salpeter equation with the full off-shell
dependence of the chiral potential. Then, using the S-wave
projection of the chiral LO potential of Eq. (8), we employ
the subtractive renormalization to obtain the finite S-wave
T -matrix that does not contain contributions increasing with
the cutoff �, i.e. one can take the limit � → ∞.2 It is worth
noticing that our framework does not have the usual obstacle
of the large cutoff-dependence of the T -matrix present in the
traditional chiral unitary approach.

Performing an analytic continuation of the T -matrix into
the complex s-plane, we find the �(1405) resonance with the
two-pole structure in the second Riemann sheet with only
the π� channel open for decay (i.e. (Mπ + m�)2 < s <

(MK̄ + mN )2). The obtained pole positions are denoted as
the “lower” pole and “higher” pole and listed in Table 4.
By varying the meson-decay constant, F0, from the physical
SU(2) value Fπ = 92.07 MeV to its SU(3)-average value
103.4 MeV, we find that the width of the first pole is increas-
ing. The second pole lies close and moves beyond the thresh-
old of K̄ N channel, and its width decreases, when the meson
decay constant increases. Our LO results are consistent with

2 In practice, we prefer to choose finite cutoff values like � = 10 GeV
that are sufficiently large to keep finite-� artifacts negligibly small.
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Table 4 Pole positions zR of
�(1405) in the S = −1 sector
(units are MeV)

Lower pole Higher pole

This work (LO) F0 = Fπ 1337.7 − i 79.1 1430.9 − i 8.0

F0 = 103.4 1348.2 − i 120.2 1436.3 − i 0.7

NLO Refs. [37,38] 1381+18
−6 − i81+19

−8 1424+7
−23 − i26+3

−14

Ref. [40], Fit II 1388+9
−9 − i114+24

−25 1421+3
−2 − i19+8

−5

Ref. [77], sol-2 1330+4
−5 − i56+17

−11 1434+2
−2 − i10+2

−1

Ref. [77], sol-4 1325+15
−15 − i90+12

−18 1429+8
−7 − i12+2

−3

Table 5 The (absolute) values
of the coupling strengths gi
(|gi |) for the two poles of
�(1405) resonance

Lower pole Higher pole
gi |gi | gi |gi |

π� 1.83 + i1.90 2.64 −0.38 + i0.84 0.92

K̄ N −1.59 − i1.47 2.17 2.16 − i0.83 2.31

η� −0.19 − i0.67 0.69 1.59 − i0.36 1.63

K
 0.72 + i0.81 1.08 −0.10 + i0.34 0.35

the ones of the NLO study of Ref. [77], in particular, for what
concerns the results for the lower pole.

It is further interesting to investigate the structure of the
above two poles. Approaching the pole position zR , the on-
shell scattering T -matrix can be approximated by

Ti j � 4π
gi g j

z − zR
, (17)

where gi (g j ) represents the contribution to the coupling
strength of the initial (final) transition channel. In general, the
couplings gi , g j , which can be extracted from the residues
of the T -matrix, are complex-valued numbers. The couplings
obtained for the �(1405) resonance are tabulated in Table 5.
One can see that the lower pole couples predominantly to the
π� channel, while the higher pole couples strongly to the
K̄ N channel. This could explain the large imaginary part of
the lower pole, which is the consequence of the strong π�

coupling. Thus, the different coupling nature to the meson–
baryon channels form the two-pole structure of �(1405).

Furthermore, we present the shape of the �(1405) spec-
trum in Fig. 3, where the calculated invariant mass distri-
bution is compared with the experimental data of π−�+
channel from Ref. [78]. The event distribution is calculated
by taking into account both the π� → π� and K̄ N → π�

channels as described in Ref. [29].
Finally, we note that we have also calculated the K̄ N

scattering lengths for I = 0 and I = 1. The isospin-zero
scattering length turns out to be a0 = −2.50 + i1.37 fm,
which is somewhat outside of the region allowed by combin-
ing the scattering data with the SIDDHARTA kaonic hydro-
gen result, see e.g. Ref. [79]. We expect this issue to be
resolved upon including NLO corrections. Our LO result for
the isovector scattering length a1 = 0.33 + i0.72 fm is, on
the other hand, within the allowed region mapped out from

1340 1360 1380 1400 1420 1440√
s [MeV]

Fig. 3 π� invariant mass spectrum with I = 0 in arbitrary units. The
histogram represents the result of our calculations as explained in the
text. Experimental data for the π−�+ event distribution are taken from
Ref. [78]

scattering and kaonic hydrogen data. Notice that the above
scattering lengths are obtained using the isospin averaged
masses of mesons and baryons. Further corrections to scat-
tering lengths are expected when using the physical values of
meson and baryon masses to incorporate the isospin breaking
effects.

Besides, using the I = 0, 1 amplitudes of K̄ N scattering
obtained in the isospin basis, we estimated the total cross sec-
tion of K− p scattering as shown in Fig. 4. Since the coupled-
channel integral equation is solved in the isospin limit of
meson and baryon masses, the threshold effects of the K̄ 0n
channel are not included. Therefore, we do not present the
K− p → K̄ 0n cross section. For the same reason there is no
cusp due to the opening of the K̄ 0n channel in our results
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Fig. 4 Total cross section of K− p scattering to various channels as the function of incident K− laboratory momentum plab. Experimental data
are taken from Refs. [11,13,14,80–82]

for the cross section of K− p → K− p, π±,0�∓,0, π0�.
One can see that our LO prediction covers well the data of
K− p → π±,0�∓,0 cross section, while it is slightly larger
than the data in the channels of K− p → K− p, π0�. This
also indicates the necessity of performing the NLO studies.

4 Summary and outlook

In this paper we have studied meson–baryon scattering in the
strangeness S = −1 sector to investigate the structure of the
�(1405) resonance using time-ordered perturbation theory
applied to the Lorentz-invariant effective chiral Lagrangian
with the explicit inclusion of low-lying vector mesons. In the
considered framework, the effective potential of the meson–
baryon scattering is defined as a sum of two-particle irre-
ducible time-ordered diagrams. The renormalized S-wave
amplitudes with I = 0 are obtained by taking into account
the full off-shell dependence of the potential in the coupled-
channel integral equations and applying subtractive renor-
malization.

In our leading-order study with no free parameters, we
obtain the two-pole structure of the �(1405) state. The higher
pole at ER = 1431 − i 8 MeV is mainly coupled to the K̄ N
channel, while the lower one located at ER = 1338 − i 79
MeV couples mainly to the π� channel. It is worth noticing
that our results are independent on the momentum cutoff. The
obtained π� invariant mass distribution and the total cross
section of K− p scattering agree well with the experimental
data while the K̄ N isoscalar scattering length is found to
have a somewhat too large (in magnitude) real part.

The existing data and the upcoming experiments focused
on investigating the K̄ N dynamics, such as the lowest-energy
beam of strange hadron production in JLab experiments [83],
the kaonic hydrogen SIDDHARTA experiment [17], the pho-
toproduction data from JLab [84] and the experiments with
kaonic nuclear bound states [85,86] provide a strong moti-
vation to extend our renormalizable framework to next-to-
leading order. Work along these lines is in progress.

Acknowledgements This work was supported in part by BMBF (Grant
No. 05P18PCFP1), by DFG and NSFC through funds provided to the
Sino-German CRC 110 “Symmetries and the Emergence of Structure in
QCD” (NSFC Grant No. 12070131001, Project-ID 196253076 - TRR
110), by Collaborative Research Center “The Low-Energy Frontier of
the Standard Model” (DFG, Project No. 204404729 - SFB 1044), by
the Cluster of Excellence “Precision Physics, Fundamental Interactions,
and Structure of Matter” (PRISMA+, EXC 2118/1) within the German
Excellence Strategy (Project ID 39083149), by the Georgian Shota Rus-
taveli National Science Foundation (Grant No. FR17-354), by Volkswa-
genStiftung (Grant No. 93562), by the CAS President’s International
Fellowship Initiative (PIFI) (Grant No. 2018DM0034) and by the EU
(STRONG2020).

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All the data are
contained in the figure.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended

123



582 Page 8 of 9 Eur. Phys. J. C (2021) 81 :582

use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. B.P. Abbott et al., LIGO Scientific and Virgo. Phys. Rev. Lett. 119,
161101 (2017)

2. B.P. Abbott et al., Phys. Rev. X 9, 011001 (2019)
3. D.B. Kaplan, A.E. Nelson, Phys. Lett. B 175, 57–63 (1986)
4. S. Pal, D. Bandyopadhyay, W. Greiner, Nucl. Phys. A 674, 553–577

(2000)
5. D. Gazda, E. Friedman, A. Gal, J. Mares, Phys. Rev. C 76, 055204

(2007) [Erratum: Phys. Rev. C 77, 019904 (2008)]
6. P.A. Zyla et al. [Particle Data Group], PTEP 2020, 083C01 (2020)
7. R.H. Dalitz, S.F. Tuan, Phys. Rev. Lett. 2, 425–428 (1959)
8. R.H. Dalitz, S.F. Tuan, Ann. Phys. 10, 307–351 (1960)
9. M.H. Alston, L.W. Alvarez, P. Eberhard, M.L. Good, W. Graziano,

H.K. Ticho, S.G. Wojcicki, Phys. Rev. Lett. 6, 698–702 (1961)
10. P.L. Bastien, M. Ferro-Luzzi, A.H. Rosenfeld, Phys. Rev. Lett. 6,

702 (1961)
11. W.E. Humphrey, R.R. Ross, Phys. Rev. 127, 1305–1323 (1962)
12. M.B. Watson, M. Ferro-Luzzi, R.D. Tripp, Phys. Rev. 131, 2248–

2281 (1963)
13. M. Sakitt, T.B. Day, R.G. Glasser, N. Seeman, J.H. Friedman, W.E.

Humphrey, R.R. Ross, Phys. Rev. B 139, 719 (1965)
14. J. Ciborowski, J. Gwizdz, D. Kielczewska, R.J. Nowak, E. Rondio,

J.A. Zakrzewski, M. Goossens, G. Wilquet, N.H. Bedford, D. Evans
et al., J. Phys. G 8, 13–32 (1982)

15. D.N. Tovee, D.H. Davis, J. Simonovic, G. Bohm, J. Klabuhn, F.
Wysotzki, M. Csejthey-Barth, J.H. Wickens, T. Cantwell, C. Ni
Ghogain et al., Nucl. Phys. B 33, 493–504 (1971)

16. R.J. Nowak, J. Armstrong, D.H. Davis, D.J. Miller, D.N. Tovee, D.
Bertrand, M. Goossens, G. Vanhomwegen, G. Wilquet, M. Abdul-
lah et al., Nucl. Phys. B 139, 61–71 (1978)

17. M. Bazzi et al., SIDDHARTA collaboration. Phys. Lett. B 704,
113–117 (2011)

18. J.W. Darewych, R. Koniuk, N. Isgur, Phys. Rev. D 32, 1765 (1985)
19. L.S. Kisslinger, E.M. Henley, Eur. Phys. J. A 47, 8 (2011)
20. P.B. Siegel, W. Weise, Phys. Rev. C 38, 2221–2229 (1988)
21. P.J. Fink Jr., G. He, R.H. Landau, J.W. Schnick, Phys. Rev. C 41,

2720–2725 (1990)
22. A. Cieply, J. Smejkal, Nucl. Phys. A 881, 115–126 (2012)
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