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We adopt a novel formalism for the low-energy analysis of the γp → KþπΣ photoproduction reaction,
outlined recently in [P. C. Bruns, arXiv:2012.11298.], to calculate the πΣ invariant mass distributions in the
Λð1405Þ resonance region. The approach adheres to constraints arising from unitarity, gauge invariance,
and chiral perturbation theory, and is used without adjusting any model parameters. It is found that
the meson-baryon rescattering in the final state has a major impact on the magnitude and structure of the
generated spectra that are compared with the experimental data from the CLAS Collaboration. We
demonstrate a large sensitivity of the theoretical predictions to the choice of the coupled-channel πΣ − K̄N
model amplitudes which should enable one to constrain the parameter space of these models.
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I. INTRODUCTION

Unraveling the general patterns and the nature of indi-
vidual (excited) states in the hadron spectrum is essential to
test our understanding of the strong interaction. Within that,
only few other states have such a long-lasting history as the
enigmatic Λð1405Þ resonance, becoming a benchmark for
our understanding of the SU(3) hadron dynamics. Starting
with its theoretical prediction [1] and later experimental
verification [2], until the most recent debates on the
existence of the second broad pole, it emerged as a fruitful
research area sparking many theoretical and experimental
developments. For a deeper recap of the character and
history of Λð1405Þ, established to be an IðJPÞ ¼ 0ð1=2−Þ
resonance in the strangeness S ¼ −1 sector, we refer the
reader to the recent dedicated reviews [3,4]. More general
reviews of our present understanding of excited hadrons can
be found in Refs. [5,6].
Broader impact of the research related to the antikaon-

nucleon systems includes the following: (1) Application to
theΛb → J=ψΛð1405Þ decay [7] and similar processes with
the final-state interaction dominated by the nonperturbative
meson-baryon dynamics [8]; (2) investigation of and search
for K̄ nuclei (K̄NN, K̄KN, K̄NNN, etc.), being part of large
experimental programs at DAΦNE [9,10], Saclay [11–13]
or at J-PARC [14,15] to name just a few; (3) the exploration
of the in-medium properties of antikaons and strange
nuclear matter [16–18]. One natural application is also

represented by studies of the equation of state of neutron
stars in relation to the strangeness; see the comprehensive
review [19] on many aspects related to strangeness in
nuclear physics.
The state-of-the-art theoretical approaches to the univer-

sal parameters of the subthreshold Λð1405Þ resonance
include various forms of coupled-channel models imple-
menting S-matrix unitarity, while also adding constraints
from chiral symmetry of QCD to various degrees.
Parameters of such models are typically fixed by fitting
K−p reactions and threshold data, and the chirally moti-
vated coupled-channel dynamics generates two poles in the
complex energy plane [20–23]. The theoretical predictions
[24–28] tend to agree on the position of the narrow pole
located around 1425 MeV, coupling strongly to the K̄N
channel and mostly interpreted as a meson-baryon molecu-
lar state. The position of the second pole is not determined
so well, but seems to lie at lower energies and deeper in the
complex energy-plane. This so-called double-pole structure
of Λð1405Þ is what makes this state particularly curious,
while we know now that such a structure is common to
many other states in the hadron spectrum [6,29].
One particular complication in accessing the parameters

of bothΛð1405Þ states directly lies in the fact that there is no
Σ target to perform πΣ scattering experiments. This hurdle
can be overcome by analyzing processes with πΣ appearing
in the final state. This is the case, e.g., for the two-meson
photoproduction reaction γp → KþπΣ in which the Kþ
meson takes away momentum, enabling a scan in the
invariant mass of the πΣ system down to its production
threshold. Such determined line shape of the πΣ system
covers the relevant energy and, in principle, allows one to
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extract the parameters of the S ¼ −1 meson-baryon system
more directly. The corresponding experiment was per-
formed by the CLAS Collaboration several years ago,
taking very precise, high-resolution data [30–32]. These
data have already made a significant impact on the field; see
Refs. [26,33–39], where various photoproduction models
have been tested and the generated πΣ mass distributions
compared with the data. Our work aims to contribute to
these efforts by implementing a recently proposed formal-
ism [40] for the γp → KþπΣ transition and discussing the
sensitivity of the calculated cross sections to ambiguities
inherent in extending the πΣ − K̄N coupled-channel models
to energies below the K̄N threshold. In the future, this
should allow us to reduce the model dependence and shrink
the parameter space at the same time.
At this point, it might be appropriate to mention other

contemporary and ongoing experimental studies aiming at
shedding more light on this enigmatic part of the hadron
spectrum. First of all, the πΣ mass spectra were also
measured in other reactions, some of them compatible with
the CLAS data [41,42] and some others not [43].
Completely new experimental data on the isoscalar π0Σ0

photoproduction should also be reported soon by the
GlueX Collaboration [44]. Other efforts aim at determin-
ing the isovector part of the K̄N interaction via precise
measurements of the kaonic hydrogen and kaonic deu-
terium characteristics [45–47] or by studying the related
K0

Lp → KþΞ0 reaction [48]. Finally, exciting new pros-
pects in exploring strangeness in the hadron spectrum may
open with the PANDA experiment [49,50].
The article is organized as follows: In Sec. II we

introduce the formalism adopted to study the KþπΣ
photoproduction on proton targets. In Sec. III we discuss
the predictions1 made using this formalism, and compare

the resulting πΣ mass distributions with the CLAS data.
Finally, in Sec. IV we conclude by summarizing our
findings and provide an outlook for future directions.

II. FORMALISM

We consider the two-meson photoproduction reaction
γðkÞpðpNÞ → KðqKÞπðqπÞΣðpΣÞ, where the symbol in
brackets denotes the four-momentum of the indicated
particle. For a process with five external particles, we
can form five independent Mandelstam variables, which we
choose here as

s ¼ ðpN þ kÞ2 ¼ ðqK þ qπ þ pΣÞ2;
M2

πΣ ¼ ðqπ þ pΣÞ2; tΣ ¼ ðpΣ − pNÞ2;
uΣ ¼ ðpΣ − kÞ2; tK ¼ ðqK − kÞ2: ð2:1Þ

The two-meson photoproduction amplitude can be
decomposed as

Mμ¼ γμM1þpμ
NM2þpμ

ΣM3þqμKM4

þ=kðγμM5þpμ
NM6þpμ

ΣM7þqμKM8Þ
þ=qKðγμM9þpμ

NM10þpμ
ΣM11þqμKM12Þ

þ=qK=kðγμM13þpμ
NM14þpμ

ΣM15þqμKM16Þ; ð2:2Þ

where we have suppressed structures ∼kμ that do not
contribute to the photoproduction cross section. The struc-
tures M can be obtained diagrammatically as it is shown
explicitly in Appendix C of Ref. [40]. At the leading order
(LO), there are 20 tree level diagrams contributing to these
structures as depicted in Fig. 1. These can be arranged in
three classes: (WT) graphs with one Weinberg-Tomozawa
contact term with a photon attached to one of five pos-
sible places; (B1/B2) Born graphs with the pion/kaon
emitted before the kaon/pion, respectively, including seven
possible photon coupling possibilities; (AN) graphs with a

(a) (b) (c)

FIG. 1. Three classes of tree graphs for the two-meson photoproduction amplitude. Directed lines: baryons, dashed lines: pseudoscalar
mesons, crossed circles: possible photon insertions. Working at order OðeÞ, the first figure (a) represents five graphs, each with the
photon attached to a different crossed vertex. The same notation system applies to figures (b) and (c) giving altogether rise to
5þ ð2 × 7Þ þ 1 ¼ 20 tree graphs.

1One might be inclined to speak of retrodictions, but we prefer
the more common word predictions used here when specific
model simulations are confronted with already existing data.
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three-meson-photon vertex from the anomalous Wess-
Zumino-Witten Lagrangian [51,52]. Thus, 5þð2×7Þþ1¼
20 tree diagrams comprise our photoproduction kernel. We
also remark that the latter class of graphs yields contributions
of subleading chiral order in the low-energy power counting,
but we include it here as a test of higher-order contributions,
without introducing new adjustable parameters.
Our notation for kinematics is such that Lorentz-non-

invariant quantities (like angles and three-momenta) are
marked with a ð�Þ if they are evaluated in the πΣ c.m. frame
(where p⃗�

Σ þ q⃗�π ¼ 0⃗), and otherwise refer to the overall

c.m. frame where p⃗N þ k⃗ ¼ 0⃗. For example, we have

jq⃗Kj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;M2

πΣ;M
2
KÞ

p
2

ffiffiffi
s

p ; ð2:3Þ

jp⃗�
Σj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðM2

πΣ; m
2
Σ;M

2
πÞ

p
2MπΣ

; ð2:4Þ

employing λðx; y; zÞ ≔ x2 þ y2 þ z2 − 2xy − 2xz − 2yz.
In the coupled-channel formalism of unitarized ChPT,

one constructs meson-baryon partial-wave scattering
amplitudes fc

0;c
l� ðMπΣÞ, which aim to describe the scattering

from channel c to channel c0 (here, c; c0 ¼ πΣ; K̄N; ηΛ;…)
for total angular momentum l� 1

2
and orbital angular

momentum l ¼ 0; 1; 2;…. These amplitudes are designed
in such a way to be consistent with ChPT up to a fixed order
of the low-energy expansion [in practice, usually on tree
level, i.e.,OðpÞ orOðp2Þ]. At the same time, they fulfill the
requirement of coupled-channel unitarity,

Imðfl�Þ ¼ ðfl�Þ†ðjp⃗�jÞðfl�Þ; ð2:5Þ

above the lowest reaction threshold. Here, fl� denotes a
complex-valued matrix in the space of the considered
meson-baryon channels c, c0, with entries fc

0;c
l� ðMπΣÞ, while

ðjp⃗�jÞ is a diagonal matrix in this space, the entries of which
are given by the moduli of the three-momenta (for each
channel c) in the meson-baryon c.m. frame [see Eq. (2.4)]
above the threshold of channel c and zero below it.
It is our aim to implement the scattering amplitudes f0þ

in the photoproduction formalism in such a way, that it
describes the final-state s-wave interaction of the S ¼ −1
meson-baryon pair ðMBÞ produced in the γp → KþMB
reaction as illustrated in Fig. 2. Clearly, we have to find the
combinations of (partial-wave projections of) the structure
functions Mi¼1;…;16 which project on the l ¼ 0 state of
this meson-baryon pair. In fact, one can construct projected
photoproduction amplitudes Ai¼1;…;4

0þ ðs;M2
πΣ; tKÞ from the

Mi which have simple unitarity relations with the pertinent
s-wave scattering amplitudes,

ImðAi
0þÞ ¼ ðf0þÞ†ðjp⃗�jÞðAi

0þÞ; i ¼ 1;…; 4: ð2:6Þ

Note that there are four amplitudes for the production of a
state with πΣ being in an s-wave, corresponding to the four
invariant amplitudes for the photoproduction process
γp → KþΛ�; see Ref. [40] for more details. The projections
Ai

0þ can be found, e.g., by applying the Cutkosky rules [53]
to theMB loop in Fig. 2, and studying the consequences of
unitarity for the various invariant structures in Mμ. More
specifically, we consider the coupled-channel unitarity
constraint ImMμ ¼ T †GCutMμ, where GCut is obtained
from the MB loop function by replacing the propagators
according to

ðp2 −m2 þ iϵÞ−1 → −2πiΘðp0Þδðp2 −m2Þ; ð2:7Þ

where Θð·Þ denotes the Heaviside step function and δð·Þ the
Dirac delta function. Note that, due to this replacement,
only on-shell amplitudes Mμ and T enter the expression
for ImMμ.Mμ comprises 16 invariant amplitudes as given
in Eq. (2.2), while there are two structures in T and GCut.
The coefficients of the operator structures can be matched
on both sides of the coupled-channel unitarity constraint.
This yields a system of equations which can, after some
lengthy algebra, be brought into a partial-wave projected
form like in Eq. (2.6), making use of the well-known
partial-wave expansion of the MB on-shell scattering
amplitude T [54]. Equivalently, one can employ the
methods used in Ref. [55–57] to extract the multipole
amplitudes for single-meson photoproduction (we have
verified explicitly that both methods also agree for the case
of single-meson photoproduction).
Explicit expressions for the Ai

0þ are provided in the
Appendix. This analysis is somewhat simplified, employing
an approximation which is motivated by the observations
made in Sec. 4 of Ref. [40]. In that, confining ourselves to a
low-energy analysis in the Λð1405Þ energy region, it is
reasonable to neglect higher partial waves ∼Yl>0;mðθ�Σ;ϕ�

ΣÞ

FIG. 2. Representation of the final-state interaction of the
S ¼ −1 meson-baryon pair MB. M is the amplitude for γp →
KþMB without final-state interaction, and T is the S ¼ −1
meson-baryon scattering amplitude, which can be decomposed
into partial waves fl� [54].
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in the decomposition of the Mi into spherical harmonics,
and express the projections solely through

M̄iðs;M2
πΣ; tKÞ ≔

Z
dΩ�

Σ
4π

Miðs;M2
πΣ; tK; tΣ; uΣÞ: ð2:8Þ

The s-wave resonance pole terms in the photoproduction
amplitude are not affected by this approximation. We also
note that this approximation can be used for any c.m. energyffiffiffi
s

p
, as long as MπΣ stays sufficiently close to the MB

threshold region. Therefore, kinematics involving high-
energy kaons can, in principle, be treated within the
framework of this section. Of course, the ChPT tree graphs

might not be sufficient for this purpose, and the elementary
photoproduction amplitude would have to be amended.
Neglecting contributions due to the πΣ states with l > 0,

the double-differential cross section for the γp → KþπΣ
reaction can be expressed through the Ai

0þ amplitudes as
follows:

d2σ
dΩKdMπΣ

¼ jq⃗Kjjp⃗�
Σj

ð4πÞ4sjk⃗j
jAj2; ð2:9Þ

where we introduced

4jAj2 ¼ ð1 − zKÞjA1
0þ þA2

0þj2 þ ð1þ zKÞjA1
0þ −A2

0þj2

þ ð1 − zKÞ
����A1

0þ þA2
0þ þ 2jq⃗Kjð1þ zKÞ

M2
K − tK

ðð ffiffiffi
s

p þmNÞA3
0þ þ ð ffiffiffi

s
p

−mNÞA4
0þÞ

����
2

þ ð1þ zKÞ
����A1

0þ −A2
0þ −

2jq⃗Kjð1 − zKÞ
M2

K − tK
ðð ffiffiffi

s
p þmNÞA3

0þ − ð ffiffiffi
s

p
−mNÞA4

0þÞ
����
2

;

with zK ≡ cos θK , θK being the angle between q⃗K and k⃗ in
the overall c.m. frame.
Returning to the partial-wave unitarity statement in

Eq. (2.6), the proposed coupled-channel formalism is now
easily explained. We have to construct an elementary photo-
production amplitude, e.g., from the tree graphs discussed
above, computing the according projected amplitudes

AiðtreeÞ
0þ , as detailed. Since we treat the outgoing Kþ effec-

tively as a spectator particle in our unitarization procedure,
as was also done in previous studies [26,33–35,58,59],
the final-state interaction in our model is restricted to the
S ¼ −1meson-baryon subspace, which is the relevant sector
for the formation of the Λð1405Þ. Therefore, unitarized
amplitudes for γp → KþMB will be taken as the coupled-
channel vector

ðAi
0þÞ ¼ ðAiðtreeÞ

0þ Þ þ ðf0þÞð8πMπΣGðMπΣÞÞðAiðtreeÞ
0þ Þ:

ð2:10Þ

Here, GðMπΣÞ is a diagonal channel-space matrix, with
entries given by suitably regularized loop integrals

iGc¼MBðMπΣÞ

¼
Z
reg

d4l
ð2πÞ4

1

ððpΣ þ qπ − lÞ2 −m2
B þ iϵÞðl2 −M2

M þ iϵÞ :

ð2:11Þ

TheMB ¼ πΣ entries of the vectorAi
0þ can then be inserted

in formula (2.9) to obtain the required s-wave cross sections.
Using the fact that

8πMπΣImGMBðMπΣÞ ¼ jp⃗�
BjΘðMπΣ −mB −MMÞ; ð2:12Þ

together with Eq. (2.5), it is straightforward to show that the
ansatz (2.10) solves the unitarity requirement (2.6).
In the actual calculations presented in the next section we

will use f0þ amplitudes generated by two different
approaches to MB coupled-channel interactions. Both of
them derive the interaction kernel from the MB chiral
Lagrangian taken up to the NLO order, but differ (among
other details) in the methods adopted to regularize the loop
function G. In order to stay consistent with the construction
of the amplitudes, we will use in each case the appropriate
regulation procedure that is employed in the respective
model. Thus, in the case of the Bonn models presented in
Refs. [26,60], we take the dimensionally regularized inte-
gral G ¼ −IMB (see Appendix B of [40]), while in the case
of the Prague model [28], we take the loop integral of
Eq. (8) in [61], divided by 8πMπΣg2jb, to conform with
Eq. (2.12). Requiring that both versions of the loop function
G agree at the threshold energy MMB ¼ mB þMM yields a
matching relation between the regulator scale α used in
Refs. [28,61] and the mass scale μ adopted in Refs. [26,60]:

πα¼! mBþMM−mB log

�
m2

B

μ2

�
−MM log

�
M2

M

μ2

�
: ð2:13Þ

For a natural scale of μ ≈ 1 GeV used in dimensional
regularization this somewhat ad-hoc matching procedure
provides απΣ ≈ 460 MeV and αK̄N ≈ 715 MeV, both val-
ues obtained via Eq. (2.13) at the respective channel
thresholds.
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After ensuring two-body unitarity in the final state we
turn to another aspect, the gauge invariance of the photo-
production amplitude. Could there be a conflict between
Eqs. (2.9) and (2.10) and gauge invariance? The answer is
not trivial. Even a gauge-invariant tree-level amplitude
Mμ

ðtreeÞ does not necessarily generate a gauge-invariant

unitarized amplitude when it is just plugged into a loop
integral to couple it to the final-state interaction, since it
will usually depend on the loop momentum that is
integrated over. We refer here to the discussions in
[62–65]; see also Refs. [66,67]. In our present framework,
the issue is resolved as follows. Given the functions
Ai

0þðs;M2
πΣ; tKÞ, we can find a set of invariant amplitudes

MC
i (provided in the Appendix) which form a gauge-

invariant amplitude by construction, and yield the same
projections Ai

0þ. The s-wave cross section calculated
directly from this gauge-invariant amplitude exactly
equals the one in Eq. (2.9). The difference between the
invariant amplitudes, thus, resides in the higher meson-
baryon partial waves. This strategy works for every gauge-

invariant set of AiðtreeÞ
0þ in (2.10), which allows for some

flexibility in the construction of models for these func-
tions. For example, we could add higher-order contact
terms to the ChPT tree graphs. All these models will yield
cross sections that are in accord with s-wave coupled-
channel unitarity, gauge invariance, and the chiral low-
energy theorems [40] (as long as the model used for the
f0þ does not spoil the proper low-energy behavior) at the
same time.

III. COMPARISON WITH DATA

We use the formalism described in the previous section
to calculate the πΣ mass distributions observed in the
CLAS experiment [30] for the photoproduction reactions
on a proton target.
First, we look at the relevance of various contributions to

the s-wave amplitude of the photoproduction process. In
Fig. 3 we present the results obtained for the mass spectra at
W ¼ ffiffiffi

s
p ¼ 2.0 GeV when only the tree-level graphs con-

tribute to the amplitude, and demonstrate the additional
impact of including the MB rescattering in the final state.
For the latter, we have adopted only the recent version of
the K̄N Prague model [28] to generate the rescattering
amplitudes f0þ required in Eq. (2.10), but will present
results including more models below. We observe that
when only the WT tree graph is considered (dotted red lines
in the figure), without the rescattering second term of
Eq. (2.10), the πΣ cross sections are either exactly zero (for
πþΣ−),2 quite negligible (for π0Σ0), or remain very small
(for π−Σþ). The addition of Born and anomalous terms

leads to larger cross sections (shown by dot-dashed blue
lines in the figure). However, only in the π−Σþ channel
does the predicted mass distribution compare in magnitude
with the one observed in the CLAS experiment [30]. It
should be noted that all three πΣ mass distributions
generated with photoproduction amplitudes constructed
from tree-level graphs are very flat. The peak structure
appears only when the MB rescattering is taken into
account in the final state, as the dashed red (for only
WT graph) and continuous blue lines (for all graphs) show.
In general, the inclusion of the Born terms moves the peak
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1,0

1,5
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M
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+ Σ− ) 
 [
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]

FIG. 3. The calculated πΣmass distributions are compared with
experimental data taken from [30]. The lines demonstrate the
contributions from WT and other (BTþ AN) graphs, and the
impact of the MB rescattering in the final state.

2This result is caused by a structure of the WT graph in this
case.
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structure to lower energies. We have also checked that the
contribution of the anomalous graphs is relatively small.
For this reason, we do not show their impact on the spectra
separately to avoid overcrowding the figures with too many
lines. We also conclude that at least at the c.m. energy
W ¼ 2.0 GeV the description of the π0Σ0 and πþΣ− cross
sections is quite reasonable. Although we cannot say the
same about the π−Σþ mass spectrum, one should bear in
mind that our theoretical predictions are provided without
any adjustment of theMB rescattering amplitudes that have
a major impact on the calculated spectra but are generated
by a model fitted to a completely different sector of
experimental data and for much higher energies from the
K̄N threshold up.
It is also well known that the chirally motivated K̄N

models provide very different predictions for the energies

below the K̄N threshold as well as in the isovector sector
[23]. Thus, we felt it necessary to check the sensitivity of the
calculated πΣ mass spectra to variations of the MB rescat-
tering amplitudes. In Fig. 4 we show our results obtained at
two sample energies, W ¼ 2.0 (left figures) and 2.4 GeV
(right figures), employing four different K̄N models that
provide the final-state rescattering amplitudes f0þ required
in Eq. (2.10). Besides the already mentioned Prague
amplitudes [28], used to calculate the spectra shown in
Fig. 3 and tagged as P model here, we also show results
obtained with three versions of the Bonn model amplitudes:
B2, B4 [26], and BW [60]. For W ¼ 2.0 GeV, the con-
tinuous blue lines generated by the P model are exactly the
same as those shown in Fig. 3.
The first impression one gets from Fig. 4 is that, taking

aside the π0Σ0 and πþΣ− results at W ¼ 2.0 GeV, the
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FIG. 4. Comparison of πΣ mass distributions calculated at two c.m. energies, W ¼ 2.0 and 2.4 GeV, while employing MB
amplitudes generated by four different coupled-channel models tagged as P [28], B2, B4 [26], and BW [60]. The experimental data
are taken from [30].
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theoretical predictions provide much higher cross sections
than those observed experimentally. We remark that sim-
ilarly large cross sections of dσ=dMπΣ ≈ 5–10 μb=GeV at
the peak mass were predicted in the early Refs. [58,59] as
well. As we will illustrate below, however, there is a hope
that the magnitude of the πΣ mass spectra can be reduced
by tuning the rescattering contribution to the photopro-
duction amplitude. We also note that our formalism is based
on LO ChPTwhich is expected to work much better at low
energies. Specifically, a kaon momentum of jq⃗KjðW ¼
2 GeV;MπΣ ¼ 1.35 GeVÞ ≈ 350 MeV is still reasonable
for three-flavor ChPT. However, at W ¼ 2.4 GeV the kaon
momentum is much larger, jq⃗Kj ≈ 717 MeV, probably
too large for the LO ChPT photokernel. Therefore, the
worse description of the observed mass distributions at
W ¼ 2.4 GeV can be anticipated.

It is interesting to note the close proximity of the
theoretical predictions made with the P and BW model
amplitudes. Despite the fact that the Prague and Bonn
approaches to πΣ − K̄N coupled-channel interactions do
differ significantly in several aspects, including the sets of
experimental data their model parameters were fitted to, the
P and BW models generate quite similar πΣ photoproduc-
tion mass spectra up to about 1400 MeV. This can be
understood by comparing the respective rescattering ampli-
tudes which we demonstrate in Fig. 5. There, one can see
that both models generate very similar MB amplitudes for
energies up to the K̄N threshold.
The other two Bonn models, B2 and B4, were in fact

used in fits that included the πΣ photoproduction data from
the CLAS experiment [26]. However, in those fits a
simplified phenomenological approach was adopted to
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FIG. 5. The real (left) and imaginary (right) parts of s-wave scattering amplitudes for reactions π0Σ0 → π0Σ0, K−p → π0Σ0, and
K−p → K−p. The amplitudes were generated by four different K̄N coupled-channel models specified in the text. The P model
amplitude of the inelastic K−p → π0Σ0 process is shown with an opposite sign for an easier comparison with the other models.
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model the photoproduction part (see also Ref. [34]) of the
process in terms of makeshift energy-dependent constants
used to multiply the amplitudes responsible for the MB
rescattering in the final state. When compared with our
present formulation of the photoproduction amplitude
given in Eq. (2.10) the B2 and B4 models correspond to
setting the tree graphs in the first term on the rhs to zero and
(at the same time) replacing them by energy-dependent
constants in the second term. It is obvious that such an ad-
hoc treatment cannot reflect fully the complexity of the
photoproduction process and the resulting MB amplitudes
may not be quite reliable. However, the B2 and B4
amplitudes still describe the data well for K−p reactions
and represent a good option to test the model dependence of
our theoretical predictions. Looking at Fig. 4 it seems that
the available K̄N models are flexible enough to generate a
peak in the πΣ mass spectra at varied energies, and at least
in the π−Σþ channel provide even two peaks in case the
data would support such option. The BW model predicts
two peaks also in the π0Σ0 mass spectra, the one at higher
mass quite close to the K̄N threshold where the chirally
motivated approaches predict a resonance interpreted as a
K−p molecular state.

Coming back to the πΣ mass spectra, we recall that
generating the peak structures is only possible by including
the MB rescattering in the final state as shown in Fig. 3.
Algebraically, this is represented by the second term in
Eq. (2.10) and one may consider modifications of either the
rescattering amplitude or of the loop function that connects it
to the tree-level photoproduction graphs. The first option
would require a completely new fit to the experimental data
including both the K−p reactions data (at threshold and
higher energies) as well as the πΣ mass spectra discussed
here. The complexity of such fits goes well beyond the scope
of our current work, but we wish to illustrate how the
magnitude of the photoproduction cross sections can be
tuned by modifying the loop function GðMπΣÞ that enters
Eq. (2.10). This is demonstrated in Fig. 6 where we present
the results obtained with different choices of the regulari-
zation scales—the inverse range α for the P model and the
mass scale μ in the case of the BWmodel. For simplicity, the
same scaleα orμ is used for all tenMB channels. The original
mass spectra generated by the P and BWmodels (employing
different regularization scales in different channels, match-
ing those used to generate the rescattering amplitudes) are
presented in the figure for comparison as well.
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FIG. 6. A demonstration of the impact caused by modifying the regularization scales adopted in the loop functions connecting the
tree-level photoproduction graphs with the meson-baryon rescattering amplitudes. The top (bottom) figures present the π0Σ0 mass
spectra generated with the modified P model (BW model); the results obtained with the unmodified loop functions are shown for
comparison as well.
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The calculated spectra shown in Fig. 6 illustrate that
lower values of the regularization scales α or μ lead to
smaller cross sections. It seems that for α ≈ 400 MeV or for
μ ≈ 1.0 GeV the magnitude of the generated πΣ distribu-
tions is comparable to the one found in the CLAS experi-
ment. Of course, the peak position and structure of the
generated mass spectra require additional modifications
that are driven by the energy dependence of the adopted
f0þ amplitudes. As already stated, there is a room for such
an adjustment since different MB coupled-channel models
provide varied energy dependence of the amplitudes in
between the πΣ and K̄N thresholds.
At this point, one could consider the possibility of altering

only the first MB loop function that appears in Eq. (2.10)
while keeping unchanged the rescattering amplitudes and
the loop functions used in coupled-channel approaches that
generate them. Since the vertices connecting the photo-
production tree graphs with the MB rescattering part have a
different structure than the MB → M0B0 vertices, one can
consider altering the first, e.g., by imposing additional form
factors on them, while keeping the latter intact. Thus, the
adopted modifications of the first loop functions that we
used to tune the magnitude of the πΣ cross sections can
effectively relate to modifications of theM vertex in Fig. 2.
We note that a good reproduction of the CLAS data
presented in Ref. [68] required a combined impact of
modifications of the first MB loop functions, the addition
of phenomenological contact terms contributing to the M
vertex as well as the addition of form factors applied to it.
Finally, we find it necessary to mention that the discussed

CLAS data manifest variations between the mass distribu-
tions observed for the different πΣ charge states. As it was
already noted in [32] this indicates the existence of a
substantial isovector strength in the JP ¼ 1=2− sector at
energies overlapping with the Λð1405Þ resonance. In
principle, such I ¼ 1 contributions to the πΣ mass spectra
can be related to dynamically generated Σ� resonances
reported in some πΣ − K̄N coupled-channel models; see,
e.g., [20,23,69]. Quite recently, it was also shown that the
CLAS data can be reproduced with a model that includes
baryon interactions with vector mesons in the final state and
advocates the existence of a not yet established Σð1400Þ
resonance [70]. Unfortunately, the isovector part of the MB
interaction is not well determined in the current models, so
its impact on the photoproduction mass spectra should be
considered carefully and in context of a particular photo-
production model. At any case, the dσ=MπΣ data provide
additional constraints on the MB coupled-channel
approaches and this applies to their I ¼ 1 sector too.

IV. SUMMARY AND CONCLUSION

In this article, we have outlined a methodology to
incorporate the meson-baryon final-state interaction into
the two-meson photoproduction amplitude through partial-
wave amplitudes fl� constructed within the framework of

unitarized ChPT. This formalism can be used to implement
coupled-channel unitarity, low-energy theorems from
ChPT and gauge invariance in the description of the
photoproduction process. Our results obtained with two
versions of modern K̄N models, adopted to generate the
MB amplitudes, demonstrate the crucial role played by the
final-state interaction in the πΣ photoproduction process.
When the MB rescattering is omitted, only the considered
tree graphs contribute to the photoproduction amplitude,
and the generated cross sections are rather small and flat.
The peak structure observed in the mass spectra reported by
the CLAS Collaboration and related to a formation of the
Λð1405Þ resonance appears only when theMB rescattering
in the final state is accounted for in our formalism.
Our results show that the formalism is capable

of reproducing the experimental data at c.m. energies
W ≈ 2.0 GeV where the pertinent kaon momenta are
relatively small, complying with the limitations of three-
flavor ChPT. The situation is worse at higher energies
where our predictions provide too large cross sections
when compared with the CLAS data. However, we would
like to emphasize once again that these predictions are
made without introducing any adjustment to the πΣ − K̄N
coupled-channel models that were fitted to describe the
data on K−p reactions, at a completely different sector of
kinematics and energies. We have also refrained from
introducing any additional mechanisms in the tree-level
photoproduction graphs that would go beyond the standard
ChPT approach, nor applied any ad-hoc energy-dependent
factors to moderate the generated mass spectra. In this
sense our current predictions are completely parameter
free. A much better agreement with the experimental data
can be achieved by a combination of including the πΣ
photoproduction data in the fits of the K̄N models and
maybe by applying an additional form factor to the M
vertex depicted in Fig. 2. Moreover, we have shown that
adopting different K̄N models for the f0þ amplitudes leads
to a varied structure of the computed πΣmass distributions
that can accommodate spectra with either one or two
peaks. As the line shapes of the charged πΣ final states
reflect an interference of the isoscalar and isovector
contributions, including the dσ=MπΣ data in fits of the
K̄N coupled-channel models should also help to determine
the not-so-well established I ¼ 1 part of the MB inter-
action. At the same time the magnitude of the calculated
cross sections can be tuned by modifying the firstMB loop
function or the M vertex.
Of course, it is also natural to ask about a role played by

other kinds of final-state interaction inherent in the
process, as, e.g., the pion-kaon interaction, irreducible
three-body interactions, or even triangle-graph mecha-
nisms as studied in Ref. [36]. In this respect we note that
effects due to an enhanced final-state interaction in the
other channels have already been subtracted in the CLAS
data with which we compare our predictions [30]. There, it
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was also reported that these effects have only a moderate
impact on the πΣ invariant mass spectra. Thus, it seems
that a direct application of the approach proposed here is a
reasonable strategy. In the future, one should also make
efforts for a more complete description of the photo-
production process, along the lines explained so far.
This would enable us to compare our predictions with a
more complete subset of the provided data, as, e.g., the
kaon angular distributions, which are presumably sensitive
to final-state interaction in sectors not considered in
this work.
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APPENDIX: PROJECTION ON πΣ PARTIAL WAVES

Here we provide explicit expressions for the s-wave projections of the photoproduction amplitude forMB ¼ πΣ, but it is
obvious that analogous expressions for the other meson-baryon channels can be found by simple replacements of the
appropriate masses. As a first step, we define the combinations

C10þ ¼ M0
1 þ ð ffiffiffi

s
p þmNÞM0

5 þ ð ffiffiffi
s

p
−MπΣÞðM0

9 þ ð ffiffiffi
s

p þmNÞM0
13Þ; ðA1Þ

C20þ ¼ M0
1 − ð ffiffiffi

s
p

−mNÞM0
5 − ð ffiffiffi

s
p þMπΣÞðM0

9 − ð ffiffiffi
s

p
−mNÞM0

13Þ; ðA2Þ

C30þ ¼ M0
1 þ ð ffiffiffi

s
p

−MπΣÞM0
9 þ

1

2
ð ffiffiffi

s
p þmNÞðM0

2 þ ð ffiffiffi
s

p
−mNÞM0

6 þ ð ffiffiffi
s

p
−MπΣÞðM0

10 þ ð ffiffiffi
s

p
−mNÞM0

14ÞÞ; ðA3Þ

C40þ ¼ M0
1 − ð ffiffiffi

s
p þMπΣÞM0

9 −
1

2
ð ffiffiffi

s
p

−mNÞðM0
2 − ð ffiffiffi

s
p þmNÞM0

6 − ð ffiffiffi
s

p þMπΣÞðM0
10 − ð ffiffiffi

s
p þmNÞM0

14ÞÞ; ðA4Þ

employing the following abbreviations:

M0
1 ≔ M̄1 −

1

3
ðE�

Σ −mΣÞM̄3; M0
5 ≔ M̄5 þ

1

3
ðE�

Σ −mΣÞM̄7; ðA5Þ

M0
9 ≔ M̄9 þ

1

3
ðE�

Σ −mΣÞM̄11; M0
13 ≔ M̄13 −

1

3
ðE�

Σ −mΣÞM̄15; ðA6Þ

M0
2 ≔ M̄2 þ

1

3MπΣ
ð4E�

Σ −mΣÞM̄3; M0
6 ≔ M̄6 þ

1

3MπΣ
ð4E�

Σ −mΣÞM̄7; ðA7Þ

M0
10 ≔ M̄10 þ

1

3MπΣ
ð4E�

Σ −mΣÞM̄11; M0
14 ≔ M̄14 þ

1

3MπΣ
ð4E�

Σ −mΣÞM̄15: ðA8Þ

See Eq. (2.2) for the definition of the Mi, and Eq. (2.8) for the definition of the M̄i. We point out that the structure
functions M4;8;12;16 are always eliminated via the gauge-invariance constraints

ðs −m2
NÞM2 ¼! ðuΣ −m2

ΣÞM3 þ ðtK −M2
KÞM4;

2M1 þ ðs −m2
NÞM6 ¼! ðuΣ −m2

ΣÞM7 þ ðtK −M2
KÞM8;

ðs −m2
NÞM10 ¼! ðuΣ −m2

ΣÞM11 þ ðtK −M2
KÞM12;

2M9 þ ðs −m2
NÞM14 ¼! ðuΣ −m2

ΣÞM15 þ ðtK −M2
KÞM16: ðA9Þ

In the simple case of structure functions Mi independent of tΣ, uΣ, vanishing for i ¼ 3, 7, 11, 15, we have M0
i ¼ Mi. In

fact, we can easily construct a gauge-invariant amplitude Mμ of such a simplified form, which yields a set of prescribed
Ci0þðs;M2

πΣ; tKÞ,
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MC
1 ¼

1

4
ffiffiffi
s

p
MπΣ

ðð ffiffiffi
s

p þMπΣÞð
ffiffiffi
s

p
−mNÞC10þ − ð ffiffiffi

s
p

−MπΣÞð
ffiffiffi
s

p þmNÞC20þÞ; ðA10Þ

MC
2 ¼

1

2
ffiffiffi
s

p
MπΣ

ðð ffiffiffi
s

p þMπΣÞC30þ þ ð ffiffiffi
s

p
−MπΣÞC40þÞ; ðA11Þ

MC
3 ¼ 0; ðA12Þ

MC
5 ¼

1

4
ffiffiffi
s

p
MπΣ

ðð ffiffiffi
s

p þMπΣÞC10þ þ ð ffiffiffi
s

p
−MπΣÞC20þÞ; ðA13Þ

MC
6 ¼

1

2
ffiffiffi
s

p
MπΣ

� ffiffiffi
s

p þMπΣffiffiffi
s

p þmN
ðC30þ − C10þÞ þ

ffiffiffi
s

p
−MπΣffiffiffi
s

p
−mN

ðC20þ − C40þÞ
�
; ðA14Þ

MC
7 ¼ 0; ðA15Þ

MC
9 ¼ −

1

4
ffiffiffi
s

p
MπΣ

ðð ffiffiffi
s

p
−mNÞC10þ þ ð ffiffiffi

s
p þmNÞC20þÞ; ðA16Þ

MC
10 ¼

1

2
ffiffiffi
s

p
MπΣ

ðC40þ − C30þÞ; ðA17Þ

MC
11 ¼ 0; ðA18Þ

MC
13 ¼

1

4
ffiffiffi
s

p
MπΣ

ðC20þ − C10þÞ; ðA19Þ

MC
14 ¼

1

2
ffiffiffi
s

p
MπΣ

�
C10þ − C30þffiffiffi
s

p þmN
þ C20þ − C40þffiffiffi

s
p

−mN

�
; ðA20Þ

MC
15 ¼ 0; ðA21Þ

with MC
4;8;12;16 accordingly fixed from the gauge-invariance constraints. Finally, we define

A1
0þ ≔

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�
Σ þmΣ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EπΣ þMπΣ

p
ðC10þÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EN −mN

p
=

ffiffiffiffiffiffiffiffiffiffiffi
2MπΣ

p
;

A2
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�
Σ þmΣ
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p
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2MπΣ

p
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A3
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E�
Σ þmΣ
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EπΣ þMπΣ

p
ðC30þÞ
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EN −mN

p
=

ffiffiffiffiffiffiffiffiffiffiffi
2MπΣ

p
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E�
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2MπΣ

p
;

where EπΣ is the c.m. energy of the πΣ pair, EπΣ ¼ ffiffiffi
s

p
− EK ¼ ðsþM2

πΣ −M2
KÞ=ð2

ffiffiffi
s

p Þ. We also note that jq⃗Kj ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
πΣ −M2

πΣ

p
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