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Abstract
Role of the Λ(1600) is studied in the p p L-K p 0 0 reaction by using the effective Lagrangian
approach near the threshold. We perform a calculation for the total and differential cross sections
by considering the contributions from the Λ(1600) and Λ(1670) intermediate resonances
decaying into ( )p S 13850 0* with ( )S 13850* decaying into p L0 . Additionally, the non-resonance
process from u-channel nucleon pole is also taken into account. With our model parameters, the
current experimental data on the total cross sections of the p p L-K p 0 0 reaction can be well
reproduced. It is shown that we really need the contribution from the Λ(1600) with spin-parity

= +J 1 2P , and that these measurements can be used to determine some of the properties of the
Λ(1600) resonance. Furthermore, we also plot the π0Λ invariant mass distributions which could
be tested by the future experimental measurements.
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1. Introduction

The K̄N scattering has been widely used to study the properties
of the hyperon resonances [1–9], and it is extremely important to
investigate these low excited hyperon states through the proposed
KL beam experiments at Jefferson Lab [10, 11]. By using a chiral
unitary approach [12–15], the meson-baryon interactions
are investigated and it was found that there are two poles in
the neighbourhood of the well established Λ(1405) state,
which is actually a superposition of these two = -J 1 2P

resonances. Recently, within a dynamical coupled-channels
model [16, 17], some hyperon resonance parameters are
extracted through a comprehensive partial-wave analysis of the

¯ p S-K p KN , , πΛ, ηΛ, and XK data up to invariant mass
W=2.1GeV. Among the extracted resonances, a new narrow
Λ* resonance with = +J 3 2P is also predicted in [16, 17]. On
the contrary, Liu and Xie [18–20] analyzed the h L-K p
reaction [21] with an effective Lagrangian approach and implied
a new Λ* resonance with = -J 3 2P . Its mass is about
1670MeV, but its width is much smaller compared to one of the
well established Λ(1690) resonances. Thus, there are still some
ambiguities of the Λ excited states that need to be clarified.

On the experimental side, the Crystal Ball Collaboration
reported measurements with high precision of the

p p L-K p 0 0 reaction at eight incidents of -K momenta
between 514 and 750MeV, corresponding to center of mass
(c.m.) energies from 1569 to 1676MeV [22]. It is shown that
this reaction is dominated by the ( )p S 13850 0* intermediate
state in s-channel, and the contribution of the f0(500) meson
in t-channel to the p p L-K p 0 0 reaction appears to be very
small and can be neglected. Indeed, it is shown that the
contribution of scalar meson f0(500) and f0(980) from the

p p+ -K K 0 0 transition term is negligible [23, 24]. In
addition, the strength of the total cross section of

p p L-K p 0 0 reaction could be well reproduced in terms of
the large coupling of Λ(1520) to ( )pS 1385* , which is a
prediction of the chiral unitary approach [24, 25]. On the
other hand, with the aim of searching for the evidence for the
possible Σ excited state with = -J 1 2P , which was pre-
dicted within the unquenched penta-quark models [26, 27],
the p p L- + -K p reaction was investigated at the energy
region of Λ(1520) resonance peak by using the effective
Lagrangian approach [28], where it is found that there is
evidence for the existence of the new S* state in the

p p L- + -K p reaction.

© 2020 Chinese Physical Society and IOP Publishing Ltd Printed in China and the UK Communications in Theoretical Physics

Commun. Theor. Phys. 72 (2020) 045202 (7pp) https://doi.org/10.1088/1572-9494/ab6913

0253-6102/20/045202+07$33.00 iopscience.org/ctp | ctp.itp.ac.cn1

mailto:xiejujun@impcas.ac.cn
mailto:xiejujun@impcas.ac.cn
mailto:xiejujun@impcas.ac.cn
https://doi.org/10.1088/1572-9494/ab6913
https://crossmark.crossref.org/dialog/?doi=10.1088/1572-9494/ab6913&domain=pdf&date_stamp=2020-03-30
https://crossmark.crossref.org/dialog/?doi=10.1088/1572-9494/ab6913&domain=pdf&date_stamp=2020-03-30


For the p p L-K p 0 0 reaction, the main contribution
is from the L* resonance through the process -K p

( )p p pL  S  L13850 0 0 0* * . This reaction gives us a rather
clean platform to study the isospin-0 L* resonances because
there are no isospin-1 S* resonances that contribute to

( )p S-K p 13850 0* . In the energy region of the current
experimental measurements by the Crystal Ball Collaboration
[22], there are two well established L* resonances that give
significant contributions: the three-star Λ(1600) with

= +J 1 2P and the four-star Λ(1670) with = -J 1 2P . Their
Breit-Wigner masses and widths are [29]:

( )= ~ G = ~L LM 1560 1700, 50 250, 1
1 1
* *

( )= ~ G = ~L LM 1660 1680, 25 50, 2
2 2
* *

all in units of MeV and for which we have used the notation
L1* and L2* to refer to the ( )L 1600 and Λ(1670) resonances,
respectively. It is interesting to notice that both the mass and
width of the Λ(1600) resonance have large uncertainties,
while the ones for Λ(1670) resonance are much more precise.
Furthermore, in the work of [7], the most precise data on the

p S-K p 0 0 reaction were analyzed in the study of
L* resonances, and it is found that the Λ(1600) resonance
is definitely needed. The fitted resonance parameters for
the Λ(1600) are ( ) = LM 1574.7 0.5 MeV1600 and ( )G =L 1600

81.9 1.1 MeV [7]. So, we expect that the
Λ(1600) resonance may also have a significant contribution to
the p p L-K p 0 0 reaction. In fact, the energy dependence of
the total cross section of p p L-K p 0 0 reaction [22] has a
broad shoulder around the energy region of the Λ(1600) state.

In the present work, based on the experimental mea-
surements of the Crystal Ball Collaboration [22], we study the
role of the Λ(1600) and Λ(1670) resonances in the

p p L-K p 0 0 reaction within the effective Lagrangian
method and the resonance model. In addition, the non-
resonance process from the u-channel nucleon pole is also
considered as the background. Since there are large uncer-
tainties for the mass and width of the Λ(1600) resonance, we
will vary them to reproduce the experimental data. While for
the
Λ(1670) resonance, we take the average values for its mass
and width as quoted in the Particle Data Group (PDG) [29].
The total and differential cross sections of the p p L-K p 0 0

reaction are calculated. It is found that the contribution of the

Λ(1600) resonance is significant, and the experimental data
on the total cross sections and angular distributions, around
the reaction energy region of the Λ(1600) state, can be well
reproduced with the model parameters.

The present paper is organized as follows: In section 2,
we discuss the formalism and the main ingredients for our
theoretical calculations; In section 3 we present our numerical
results and conclusions; A short summary is given in the last
section.

2. Formalism and ingredients

The combination of the resonance model and the effective
Lagrangian approach is an important theoretical tool in
describing the various scattering processes in the resonance
production region [30–33]. In this section, we introduce the
theoretical formalism and ingredients to study the

p p L-K p 0 0 reaction by using the effective Lagrangian
approach and resonance model.

2.1. Feynman diagrams and effective interaction Lagrangian
densities

The basic tree-level Feynman diagrams for the p p L-K p 0 0

reaction are shown in figure 1. These include s-channel L*
resonances process (figure 1(a)) and u-channel nucleon pole
diagram (figure 1(b)). For the p L0 production, we consider
only the contribution from ( )S 1385* . The t-channel +K
exchange term via p p+ -K K 0 0 transition is not considered
since its contribution is rather small. Additionally, the t-
channel K* exchange is also neglected since this mechanism
is very suppressed due to the highly off-shell effect of the K*

propagator when the p L0 invariant mass is close to the
( )S 1385* mass.
To evaluate the contributions of those terms shown in

figure 1, the effective Lagrangian densities for relevant
interaction vertexes are needed. Following [34–40], the
Lagrangian densities used in this work are,

¯ ( )¯
¯

¯g g f= -
+

L ¶ +m
m

L
L

L


g

m M
N h.c ., 3KN

KN

N
K1 51

1

1

**
*

*

¯ ( · ) ( ) t p= S ¶ L +p
p

p
m

m
L S

L S
g

m
h.c ., 411

1 * ** *
* *

Figure 1. Feynman diagrams of the p p L-K p 0 0 reaction. The contributions from s-channel Λ(1600) and Λ(1670) resonances and
u-channel nucleon pole are considered. We also show the definition of the kinematical (p1, p2, p3, p4, p5) variables that we use in the present
calculation. In addition, we use = + = -q p p q p p,s u1 2 2 3, and = +Sq p p4 5* .
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¯ ( )¯ ¯ ¯f= L +L L g N h.c ., 5KN KN K22 2
** *

¯ ( · ) ( ) g t p= S ¶ L +p
p

p
m

m
L S

L S
g

m
h.c ., 65 22

2 * ** *
* *

¯ ( · ) ( ) t p= S ¶ L +p
p

p
m

m
LS

LS
g

m
h.c ., 7**

*

¯ ( )¯
¯

¯
¯f= S ¶ +m

m
S

S
g

m
N h.c., 8KN

KN

K
K

**
*

¯ ( · ) ( ) g g t p= - ¶p
p

m
m

g

m
N N

2
, 9NN

NN

N
5

where Sm* is the Rarita-Schwinger field of the ( )S 1385* reso-

nance with spin 3

2
, and

t is a usual isospin-1/2 Pauli matrix
operator.

For the coupling constants in the above Lagrangian
densities for the u-channel process, we take =pg 13.45NN and

¯ = -Sg 3.19NK * which are used in previous works [41–43] for
studying different processes. For the coupling constant

( )pLSg 1385* and ( ) ¯Lg KN1670 , they can be determined from the
experimental observed partial decay widths of ( )S 1385*
pL and ( ) ¯L  KN1670 , respectively.

With the effective interaction Lagrangians described by
equations (3), (5), and (7), the partial decay widths G pS  L*

and ¯GL KN2* can be easily obtained [29]. The coupling con-
stants related to the partial decay widths are written as,

( ) ( )¯
¯ ¯

p
G = -L 

L

L

g
E m

p

M2
, 10KN

KN
N N

KN
2

1

1

1

*
*

*

( ) ( )¯
¯ ¯

p
G = +L 

L

L

g
E m

p

M2
, 11KN

KN
N N

KN
2

2

2

2

*
*

*

( ) ( )
p

G = +p
p p

p
S  L

S L
L L

L

S

g
E m

p

m m12
, 12

2 3

2*
*

*

with

( )
¯

=
+ -L L

L L
E

M m m

M2
, 13N

N K
2 2 2

1 2

1 2

* *

* *

( )¯ = -p E m , 14KN N N
2 2

( )=
+ - p

L
S L

S
E

m m m

m2
, 15

2 2 2
*

*

( )= -pL L Lp E m . 162 2

With the masses, widths and branching ratios of Λ(1670) and
( )S 1385* resonances quoting in PDG [29], the numerical

results for the relevant coupling constants are listed in table 1,
while the other coupling constants needed in this work will be
discussed below.

2.2. Propagators and form factors

To get the scattering amplitude of the p p L-K p 0 0 reaction
corresponding to the Feynman diagrams shown in figure 1,
we also need the propagators for spin 1

2
particles: nucleon,

Λ(1600) and Λ(1670), and ( )S 1385* resonance with spin 3

2
,

( ) ( )=
+

-
G q

q m

q m
i , 17p u

u N

u p
2 2

( ) ( )=
+

- + G
L L

L L

L L L L L L
G q

q M

q M M
i

i
, 18s

s

s
2 21 2

1 2

1 2 1 2 1 2

* *
* *

* * * * * *

( )
( ) ( )

( )=
+

- + G
mn

mn

S S
S S S

S S S S
G q

q m P q

q m im
i , 19

2 2* *
* * *

* * * *

with

( )

( ) ( )

g g

g g

=- + +

+ -

mn mn m n
m n

m n n m

S
S S

S

S
S S

P q g
q q

m

m
q q

1

3

2

3

1

3
, 20

2*
* *

*

*
* *

where qu, qs and Sq * are the momenta of nucleon pole in
u-channel, Λ(1600) or Λ(1670) resonance in s-channel, and

( )S 1385* resonance, respectively.
Finally, we also need to include the off-shell form factors

in the scattering amplitudes. There is no unique theoretical
way to introduce the form factors, hence, we adopt here the
common scheme used in many previous works [42–44],

( )
( )=

L
L + -

= Sf
q M

i s u, , , 21i
i

i i i

4

4 2 2 2
*

⎧
⎨⎪

⎩⎪
( )

= = =
= =
=

pS L

S S

L L

q s q u q M

M m M m
M M

with
, ,

, ,
,,

22
s u

u N

s

2 2 2 2
0

1 2

*

* *

* *

where s and u are the Lorentz-invariant Mandelstam vari-
ables, while p LM 0 is the invariant mass of the p L0 system. In
the present calculation, = + = -q p p q p p,s u1 2 2 3, and

= +Sq p p4 5* are the 4-momenta of intermediate Λ(1600) or

Table 1. Relevant parameters used in the present calculation. The masses, widths and branching ratios of Λ(1670) and ( )S 1385* resonances
are taken from PDG [29], while for the Λ(1600) resonance, these values are determined to the experimental data.

State (JP) Mass Width Decay Branching pg 42

(MeV) (MeV) mode ratio (%)

( )S 1385* (
+3

2
) 1385 37 π Λ 87 0.12

Λ(1670) (
-1

2
) 1670 35 K̄N 25 0.009

( )pS 1385* 22.4 1.07
Λ(1600) (

+1
2

) 1580 150 K̄N 22.5 1.56

( )pS 1385* 6.5 0.05
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Λ(1670) resonance, exchanged nucleon pole in the u-channel,
and the ( )S 1385* resonance decaying into π0Λ, respectively,
while p1, p2, p3, p4, and p5 are the 4-momenta for p-K p, , 0,
π0, and Λ, respectively. Additionally, we will consider the
same cut-off values for the background and resonant terms,
i.e. Λs=Λu. Note that the numerical results are not sensitive
to Λs and LS*.

2.3. Scattering amplitudes

With the effective interaction Lagrangian densities given
above, we can easily construct the invariant scattering
amplitudes for the p p L-K p 0 0 reaction corresponding to
the diagrams shown in figure 1:

( ) ( ) ( ) ( )= L + L +    N . 231 2* *

Each of the above amplitudes can be obtained straight-
forwardly as,

( ) ¯ ( ) ( ) ( ) ( )= mn
mnL S i u p s G i u p s, , , 24p5 2*

where sΛ and sp are the spin polarization variables for the final
Λ and initial proton, respectively. The reduced ( )mnA i can also
be easily obtained:

( ) ( ) ( ) ( )gL = - Lmn m n
L S g p p G q p f fi , 25s s1 1 4 3 5 1 11

* ** *

( ) ( ) ( ) ( )gL = Lmn m n
L S g p p G q f f , 26s s2 2 4 3 5 22

* ** *

( ) ( ) ( )g= -mn m n
S N g p p G q p f fi , 27N u u3 4 1 5 3 *

with

( )
( )

¯
=

+
p p

p

S L L S L

L

g
g g g

m m M
, 28

KN

N
1 2

1 1

1

* * * *

*

( )
¯

= p p

p

S L L S L
g

g g g

m
, 29

KN
2 2

2 2* * * *

( )¯

¯
= p p

p

S L Sg
g g g

m m m2
. 30KN NN

K N
3

* *

Then, the cross section for the p p L-K p 0 0 reaction
can be calculated by [29, 45] 4

( ) ( · )
∣ ∣

( )
( )

s
p

d

=
-

´ å

´ + - - -L

-
L


m

p p m m

p

E

p

E

m p

E
p p p p p

d
1

4

1

2

d

2

d

2

d

31

p

p K

s s5
1 2

2 2 2 ,
2

3
3

3

3
4

4

3
5

5

4
1 2 3 4 5

p

[( · ) ]
∣ ∣ ( )åp

=
-

L

- L


m m

s p p m m

1

2
32

p

p K s s
10 5

1 2
2 2 2

,

2

p

∣ ∣∣ ∣ ( ) 
´ W Wp Lp p Md d d , 333 5 3 50* *

with ( ) ·= + = + +-s p p m m p p2p K1 2
2 2 2

1 2, and

p5
* and

W5* are the three-momentum and solid angle of the out going

Λ in the c.m. frame of the final π0Λ system, while

p3 and Ω3

are the three-momentum and solid angle of the π0 meson in
the c.m. frame of the initial -K p system. Note that we have
already taken into account the factor 1/2 for the identity of
the two pions in the final state.

3. Numerical results and discussions

The theoretical results for the total cross sections for beam
momenta -pK (module of the three momentum


p1) from 0.5 to

0.9 GeV are shown in figure 2, where we have investigated the
role of Λ(1600), Λ(1670) and the u-channel process in
describing the total cross sections. The contributions from
different mechanisms are shown separately. The red dashed,
blue dotted, and green dash-dotted curves stand for contribu-
tions from the Λ(1600), Λ(1670) and u-channel, respectively.
Their total contributions are shown by the solid line. The
theoretical numerical results are obtained with the following
parameters: Λs=600MeV for the Λ(1600) and Λ(1670)
resonances, L = L =S 600 MeVu * , =LM 1580 MeV

1
* ,

G =L1
* 150 MeV, =pL Sg 0.79

1* * and =pL Sg 3.67
2* * .

From figure 2, one can see that we can reproduce the
experimental data of [22] fairly well, and that the Λ(1600)
resonance gives a dominant contribution to the reaction
around =-p 630 MeVK , while the contribution of Λ(1670) is
significant around =-p 750 MeVK . On the other hand, it
is seen clearly that the inclusion of the Λ(1600) resonance is
crucial to achieve a fairly good description of the exper-
imental data. However, we can not describe the enhancement
at the low energy region, where it could be explained by the
tail of the contribution of the Λ(1520) in [24, 25], and it may
also be explained by the possible ( ) pS  L1380* in the s
wave as proposed in [28]. Such calculations are beyond the
scope of the present investigation but we will clarify this issue
in a future study.

Figure 2. Theoretical results of the total cross sections of the
p p L-K p 0 0 reaction. The experimental data are taken from [22].

4 Note that the total squared amplitude for p p L-K p 0 0 reaction is
symmetrized in the momenta p3 and p4 to account for the two π0 in the final
state.
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With the obtained strong coupling constants pL Sg
1* * and

pL Sg
2* *, we have evaluated the Λ(1600) and Λ(1670) reso-

nances to the ( )pS 1385* partial decay width:

( )
p

G = p
p

p
pL L  S

L L S L L

S
S S S

g M

m m
E m p

6
,

2

2
3

1 2

1 2 1 2
* * *

* * * * *

*
* * *

with

( )=
+ - p

S
L L S

L L
E

M m m

M2
, 34

2 2 2
1 2

1 2

*
* * *

* *

( )= -pS S Sp E m , 352 2
* * *

as deduced from the Lagrangians of equations (4) and (6). With
the partial decay widths, we can then obtain the branching
ratios. The numerical predictions for these branching ratios are
also given in table 1. Note that the uncertainties of the coupling
constants and cut off parameters are not studied in this work,
since, including such effects, the scattering amplitudes would
be more complex due to additional model parameters, and we
cannot exactly determine these parameters. Thus, we leave
these investigations to further studies when more precise
experimental measurements become available.

In addition to the total cross sections, we also compute
the angle distributions for p p L-K p 0 0 reaction. The
corresponding theoretically numerical results at =-p 581K ,
629, and 687MeV, where the contribution of the Λ(1600)
resonance is dominant, are shown in figure 3. For comparison,
we also show the experimental data from [22]. It is obvious
that we can reproduce the current experimental data on the
angular distribution of the p p L-K p 0 0 reaction fairly well,
thanks to the contribution of the Λ(1600) resonance.

Finally, in figure 4, we show the theoretical results on the
differential cross section s p Ld dM 0 as a function of the
invariant mass of a pair of p L0 for the values of -K momentum
581, 629 and 687MeV. From these figures, we see that the
shape of the p L0 invariant mass distributions are different as
the beam energy is increasing. We hope that the future
experimental measurements can check our model calculations.

4. Summary

In summary, we have investigated the total and differential
cross sections of the p p L-K p 0 0 reaction within an
effective Lagrangian approach and the resonance model. The
role played by the Λ(1600) and Λ(1670) resonances are stu-
died. It is shown that our model calculations lead to a fair
description of the experimental data on the total cross section
except for the low energy date. The scheme proposed herein
should be supplemented with some other reaction mechan-
isms which could improve the achieved description of the low
energy enhancement. Indeed, as is proposed in [24, 25] the
Λ(1520) plays an important role in the p p L-K p 0 0 reac-
tion with the ( )p S-K p 1385* amplitude obtained from the
chiral unitary approach. However, we have shown here that

Figure 3. Angular differential cross sections for the p p L-K p 0 0

reaction as a function of cos θ with θ the angel between the π0

direction and the beam direction in the overall c.m. system at
=-p 581K (up), 629 (middle), and 687 MeV (down). The exper-

imental data are taken from [22].
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the Λ(1600) and Λ(1670) resonances give dominant con-
tributions, and the consideration of the Λ(1600) resonance is
crucial.

Finally, we would like to stress that, thanks to the
important role played by the resonant contribution of Λ(1600)

resonance in the p p L-K p 0 0 reaction, we can describe
experimental data on the total cross section and angle dis-
tributions. Accurate data for this reaction can be used to
improve our knowledge of some Λ(1600) properties, which
are at present poorly known. This work constitutes a first step
in this direction.
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