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We have investigated the A7 — nztz° decay process using the chiral unitary approach, by considering
that the nucleon resonance N(1535) could be dynamically generated through S-wave pseudoscalar meson-
octet baryon interactions. In the invariant mass distributions of z°n and 77 n, we observe a distinct peak

structure associated with the resonance states N(1535)? and N(1535)", respectively. Our results suggest
that the Af — na* 2 process can be utilized to probe the properties of the nucleon N(1535). Therefore, we
encourage more precise experimental measurements of this process in the future.

DOI: 10.1103/g51p-dh31

I. INTRODUCTION

The low-lying excited baryons have aroused much
attention since their being discovered, but the problem of
their internal structure still needs more theoretical and high-
statistic experimental studies to be determined. In particular,
understanding the nature of the low-excited baryons with
quantum number J” = 1/27 is one of the most challenging
topics. For example, in the standard quark model [1],
N(1535) as the first orbital excitation of the nucleon with
negative parity should have lower energy than the first radial
excitation N(1440) with positive parity, but the experimen-
tal result is contrary [2], which is also known as the “mass
inversion puzzle”. This implies that N(1535) may have a
complex internal structure, and there has been a lot of
studies [3—7] that have attempted to solve the problem with
the description of the nature of N(1535) by some extensions
to the conventional quark model.

Much research [8—12] has shown that the coupling
strength of N(1535) to nN and KA is significant, and it
has also been shown that N(1535) is coupled strongly to
' N by studying the yp — pn/ [13] and pp — ppy’ [14]
reactions, and large coupling of N(1535) to ¢N by
studying the n~p — n¢p, pp — ppop, and pn — d¢
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reactions [15-17], which indicate that there is a large s5
component in the N(1535) resonance state.

Thus, Refs. [18-20] have suggested that N(1535) can be
interpreted as a mixture of some pentaquark configuration
and three quark components of uud, which would be a
natural explanation for the heavier mass of N(1535) than
N(1440) and the large couplings to the strangeness channel.

Many studies also suggest that the structure of N(1535)
can be interpreted as a molecular picture. In Refs. [21,22],
the chiral unitary approach was first employed to describe
N(1535) as the bound state of KA and KX. Other studies
[23-25] have also supported N (1535) as a molecular picture
in the coupled channels. Recently, it has also been studied to
explain the molecular nature of N(1535) by measuring the
correlation functions [26] or the scattering length and
effective range of the KX, KA, and np channels [27]. In
Refs. [28-30], it was proposed, using Hamiltonian effective
field theory, that N(1535) could be a three quark core
dressed by meson-baryon scattering contributions.

Moreover, N(1535) could also be dynamically generated
via S-wave pseudoscalar meson-octet baryon interactions
within the chiral unitary approach and is predicted to be
strongly coupled to the zN, nN, KA, and KX channels. In
the J¥ = 1/2 sector, the physical picture stays unchanged
when considering pseudoscalar meson-baryon mixing with
vector meson-baryon states [31] and is in a good agreement
with most experimental values. In addition, there is much
research that has obtained the mass and width of N(1535)
from the position of the pole on the second Riemann sheet
using the above method that are in agreement with the
experimental results [31-36].

Recently, numerous studies on the multibody nonleptonic
weak decays of charmed baryons have proven to be an
exceptional platform for investigating hadron resonances
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[10,37-43], as these processes exhibit a large phase space
and involve complex final state interactions. Until now, the
nature of the N(1535) resonance remains undetermined, so
it is necessary to continue the exploration of it [44,45].
Thus, in this work, we study the charm baryon of the
A} — natn® decay process based on the chiral unitary
approach, which can dynamically generate the N(1535)
resonance by considering the S-wave pseudoscalar meson-
octet baryon interactions. Then, we obtain the invariant
mass distributions of 7%z and z*n, and the appearance of
peaks linked to N(1535) is evident from the results.

This paper is organized as follows. First, in Sec. II,
we present the theoretical formalism of the process
A} = natz®. Then, in Sec. III, we discuss numerical
results and discussions. Finally, we provide a brief sum-
mary in Sec. IV.

II. FORMALISM

In this section, we present the theoretical formalism for
the process Al — nx*z’. We have considered N(1535)
produced by the dynamics of the meson-baryon interaction,
as in [10,46-49]. In this work, for the Al — 7" (MB) —
ztnn process, we consider the W+ external emission as
shown in Fig. 1, and for the Af - 7°(MB) — 2%zt n
process, we consider the W internal emission, as illustrated
in Fig. 2. For Fig. 1, the initial state Al of the ¢ quark
first weakly decays into a d quark and a W* boson.
Subsequently, W* boson weakly decays to the ud quark
pair. The ud quark pair is then hadronized to 7+, while the
remaining quark cluster dud and the quark pair gqg = uu +
dd + 5s produced in the vacuum with quantum numbers
JP€ = 0** hadronize into meson-baryon(MB) pairs. For
Fig. 2, after the initial state A of ¢ quark weakly decays to
a d quark and a W' boson, the W boson then weakly
decays to ud quark pair. The dd quark pair is then
hadronized to z°, while the remaining uud quark cluster
and a gg quark pair produced in the vacuum are then
hadronized to meson-baryon pairs. These two processes can
be expressed as follows:

d +
w < T
c > > d
wu+ dd+75s
A : M
u u B
d d
FIG. 1. Quark level diagram for the process AJ —

atd(iu + dd + 5s)ud via the W+ external emission.

c d 0
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u
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¢ ( wu+dd+ss M
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FIG. 2. Quark level diagram for the process A} —

7%u(iiu + dd + 5s)ud via the W internal emission.
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1 _ _
= —ddu(uit + dd + s5)(ud — du
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= %ﬂou(uﬁ + dd + 55)(ud — du), (2)

where we use the baryon flavor wave function A} =
%c(ud — du). Based on the SU(3) flavor symmetry, we

connect the two degrees of freedom of quarks and hadrons
using the meson matrix M and the baryon matrix B. The
specific forms of the M and B matrices [47,50,51] are as
follows:

M= |da dd ds
si sd s3
N A + +
\/54— 2—1— Z T K
_ - o2 0
— P 7 %—l—\/g K . (3)
- K0 _n . Veor
K K ﬂ—i— 3
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. u(ds —sd) u(su—us) u(ud—du)
B= 7z d(ds —sd) d(su—us) d(ud— du)
s(ds —sd)  s(su—us) s(ud—du)
2, A
ate  EFoo
— - 2 A
= by _ﬁ + 76 n s (4)
=- =0 —2A
- - NG

where we have employed the n—# mixing as in
Refs. [52,53]. The hadronization processes can be expressed
using the meson matrix M and baryon matrix B,

AF(1) = %;ﬁd(ua + dd + 55)(ud — du)
=t ZMZiBB
A 1 1 2
= (I} + zlanh = s ) = KON ).
(5)
AF(2) = Lzrou(uit +dd + s5)(ud — du)

V2
:HOZMUBB

1 2
= (Jalan) +J5la) + ) = ZIKA) ).
V3 f V6
(6)
and because of the large mass of 7/, the ’n and 5’ p channels
are not taken into account. Considering the isospin multip-

lets N = (p,n)and 7 = (—zt, 2% 77), we can then express
the physical states in Eqgs. (5) and (6) as isospin states,

1 1 2 1

5 1,§>——\/:|ﬂN>I=%+\/:|ﬂN>1=§

1
|7%n) = ,2,0——> \/7| NI2+\/77TN =

|7~ p)=|1.5

1 1 1 1 2 3
0,\_ AN /L =L < =3
|[7°p) = 5 O,2> \/;|7rN> z+\/;|7rN) 3,
1 1 2 | 1
|7tn)=—|1 1,—§>——\/;|7IN>1=7—\/;|7TN>1=%. (7)

With N(1535) with the isospin quantum number of / = 3,
we only consider contributions from the [ = % region. In the
isospin basis, Egs. (5) and (6) are written as

o <_\ﬁ|ﬂN> + % ) - % IKA>>’

AR (\f W) + i) - KN

<

7T+
M 70
_|_
Al
B

n

FIG. 3. Diagrams for the process A} — 7" 7. (a) Tree level
diagram and (b) final z°n rescattering.
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AC \:\ 7T
n
(a)
7T0
M m
AL
B
n
(b)

FIG. 4. Diagrams for the process A} — 777%. (a) Tree level
diagram and (b) 7z n rescattering.
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The meson-baryon final state interactions dynamically generate the N(1535) resonance, and the amplitude of the process

A} — nt72% for the contributions of Figs. 3 and 4 is

TMB
2
\/EGKA( )tKA—mN(Mn:On):| ’
3 3
TMB =V |: \/;_ \/;GRN(
2

6

where the color factor C represents the relative weight of
the external W emission mechanism in Fig. 1 compared to
internal W™ emission in Fig. 2, and the parameter V,
represents the strength of the weak interaction vertex in
Figs. 3 and 4, which we treat as a constant in the present
study.

In Eq. (9), G, stands for the meson-baryon loop
function [32]

[ d*q 2M, 1
G[<S):l 1 2 ) 3 o
(2m)* (P—q)* —M; +ieq* —mj + ic

where M; and m; denote the masses of the baryon and
meson in the /th channel, respectively, and P and ¢ are the
four-momentum of this meson-baryon system and the
meson in the center of mass system, respectively. As for
the loop function G; in Eq. (10), the integral exhibits
logarithmic divergence. Typically, we may adopt either the
three-momentum cutoff method or dimensional regulariza-
tion scheme [32,54]. In this work, we employ the three-
momentum cutoff method to obtain the following analytic
expression for loop function G;:

(10)

G(s) M, arcta S+A+arcta s—4
) = o | arctan n
167%s ol ol
1+4
- [(s +A) ln4( +Mll)qmax
1+ 2
+(S—A)1H( + 2)Qmax:|}’ (11)
m;
with
o= \/I=(s = (M, + m)P)(s — (M —m)D)]. (12)
A=M?—m3, (13)
M? m?
A=1+=5 =1+ (14)
: T T

1
ﬂ+n)tﬂN—>7fN(Mﬂ'+n)+ 7§ Gr/N (Mﬂ
fGKA< n)tKA—>JrN(M7r+n>i| ;

=C [ n' Iu 0 )lzN—n n n 22 'n
N N—aN M \/gG IM 71N N M

+n)tr/N—m'N(]u;z*n)

©)

|

To dynamically generate N(1535) resonance, we take
the cutoff parameter ¢, = 1150 MeV, consistent with
Refs. [46,49]. For /s > m; + m,, the pole of the possible
bound state is searched in the second Riemann sheet, where
we employ G/ [46]

4|
dny/s’

where g is the momentum of the meson in the center of mass
frame. Since the 7#N-channel threshold is far away from the
considered energy region of N(1535) that we are mainly
focused on, in this case, as done in Refs. [55,56], we take
only the imaginary part of the loop function, which has a
simple analytic form within the second part in Eq. (15).

The two-body scattering amplitude fyp_,y of the
coupled channel in Eq. (9) is calculated by solving the
Bethe-Salpeter equation through the method of chiral
unitary approach,

G"(Vs) = G(Vs) +1i

Im(|g[) > 0. (15)

=[1-VG)! (16)

We have included four coupled channels in our calculation:
zN, nN, KA, and KX. The V is transition potential, which
is expressed as in Refs. [57,58],

(05— M~ M)\/E+M\/E+M7

(17)

Vij z]4ff
J

where M;; and E;; represent the mass and energy
of the baryon in the i(j)th channel, respectively, and

= (s+M?—m?)/2\/s. The coefficient C,;, which
reﬂects SU(3) flavor symmetry, is listed in Table 1. The
decay constant f;;) for the meson in the i(j)th channel is

fe=93MeV,  fx=122f,  f,=13f, (18)

014045-4



THEORETICAL STUDY OF THE N(1535) IN THE PROCESS ...

PHYS. REV. D 112, 014045 (2025)

TABLE 1. The S-wave meson-baryon scattering coefficients
[46,59].
N nN KA KS
N 2 0 3/2 -1/2
nN 0 -3/2 -3/2
KA 0 0
KX 2
Furthermore, in order to differentiate between the

molecular and genuine baryon scenarios, we have also
investigated the Breit-Wigner amplitude of the N(1535)°
resonance contribution using the effective Lagrangian
approach. The Breit-Wigner decay amplitude is shown
in Fig. 5. The decay amplitude of A} — 7" N(1535)°
consists of two kinds of structures [10],

M = iu(q)(A + Bys)u(p). (19)

where p, py, g, p,, and p; denote the momentum of
AL, 7w, N(1535)%, 2% and n, respectively. Due to the lack
of understanding of the properties of the N(1535) reso-
nance, we are currently unable to determine the coefficients
A and B for the charmed baryons into meson and baryon
states, and therefore, we adopt A = B in this study. We use
the effective Lagrangian commonly used in Refs. [60,61]
for the zNN(1535) vertex,

£V153)

N

= igun-N7 - iN* + H.c. (20)

where N, N* represent the fileds of n and N(1535)
resonance, respectively.

The invariant decay amplitude of the A} —
7TN(1535)° - 7272% decay is
= 4 + Mns3s)
T = igznn-u(p3) ;
- M12v<1535) + iM 15350 N (1535 (4%)
x (A + Bys)u(p), (21)

where My 1535y and Ty(;s35)(¢*) are the mass and total
decay width of N(1535), respectively. For the N(1535)
resonance, we implement the momentum dependent width
[y(1535)- Since zN and nN are the main decay channels of

7T+ 7]'0

Aj > »> n
N(1535)°

FIG. 5. Diagram
atN(1535)° — 2 2%.

representing  the  process Al —

N(1535), we also use the following form as used in
Refs. [10,62,63]:

Cyi535)(4%) = Uneoan(4%) + Tyeogn(7) +To, - (22)

where we label N(1535) as N*, and T'y-_,y(¢?) and
FN*_,HN(qZ) are the following forms, respectively:

392* |j; ﬂ|_+'n72 +m =
FN*—»r:N(qz) = ilﬂNﬂ = \/qun . |pNﬂ|’
2 ]| Pyl +mE+m
9NN, |pN11| n n
FN*—»r]N(qz) = . (23)

Ar \/? |pN11|'

In this work, we take g3 y,/47 = 0.037, gy.y, /47 = 0.28,
and I'j = 19.5 MeV as used in Ref. [10].

With the theoretical formalism presented above, the total
decay amplitude for the process of A7 — nx*z° can be
expressed as

71> = T2 (1) + TYE(2) . (24)

We can calculate the double differential width according to
the following equation [12]:

T AMM,
dMm?, -~ (21)332M s

e =T (25)

ztn

For a given value of M ,, the range of M5 is constrained by
the following condition:

MIZ“;‘X:\/E2+E* - (yE2-mi- B2 —m3) ,
Mggn—\/E*JrE - <\/E2 m2+\/E*2 m3) (26)

where E} and E7 are the energies of particles 2 and 3 in the
M, rest frame, which are written as

o M= 3
2 2M |, ’
M§+ M3, —m3

E; = M, , (27)

where m;, m,, and my are the masses of involved particles
1,2, and 3, respectively.

Here, we need to note that the effective range of the chiral
unitary approach is limited for calculating the differential
mass distributions. In order to make our predictions more
reliable, following Refs. [64,65], we similarly multiply the
Gt term of scattering amplitude in the high energy region by
a smooth factor that decreases as the invariant mass M;,,
increases,
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Gt(Mipy) = Gi(My )M,
In this work, we adopt M, = 1650 MeV, and the value of

a we discuss in Sec. III.

for My, > M. (28)

III. RESULTS AND DISCUSSIONS

In this section, we present our numerical results based on
the theoretical framework established in Sec. II. Our model
contains three free parameters: C, V,, and a. We use the
global normalization factor V,, = 1 to present the results of
arbitrary normalization since it does not affect the shape of
the final state invariant mass distribution. The color factor C,
which represents the relative weight of the external W+
emission mechanism compared to internal W emission, is
taken to be C =2, and we discuss its dependence for the
results later. The a in the smooth factor added in the high
energy region in Eq. (28) is set to @ = 0.0037 MeV~!, and
the dependence of the results on it is also discussed below.

First, as shown in Figs. 6 and 7, we show the results
of the invariant mass distribution for 7%z and z*n with
M., = 1650 MeV, respectively. The green dashed line
labeled N(1535)° and the blue dotted line N(1535)*
correspond to the final state interactions for z%n in Fig. 3
and 7" n in Fig. 4, respectively. The curve labeled “Total”
shows the total contribution result of Eq. 24. It is clear from
Figs. 6 and 7 that there is a significant peak around
1500 MeV in both the z°2 and #*n invariant mass
distributions, which is associated with the N(1535)° and
N7 (1535) resonance states, respectively. The peak around
1500 MeV is close to the position of the N(1535) pole in the
PDG [2](1510 MeV).

Then, we tested the dependence of our results on the
parameter a in smooth factor of Eq. (28). As in Ref. [64], we
have calculated the invariant mass distributions by taking
a = 0.0037 MeV~!,0.0054 MeV~!, and 0.0077 MeV~!,

X 4
4.0} 1|o T T T T

T
—— Total

--- N(1535)°
3.5F —.— N(1535)* ]

TTTT

3.0}

TTTTT

2.5

TTTTT

2.0

dr/dMpe,

T

1.5
1.0

T

0.5

0.0t

1100 1200 1300 1400

Mpon(MeV)

1500 1600

FIG. 6. The % invariant mass distribution of the process
A} = 777% decay.

X 4
3,04%50 : : : :

T
—— Total

--=- N(1535)°
—-— N(1535)* |

dr/dMy+
-
(6]

1.0

0.5

0.0 L

) 1100 1200 1300 1400 1500 1600
My +n(MeV)

FIG. 7. The n"n invariant mass distribution of the process
AF — 7t 7%n decay.

X 4
40,1 10 T T T T T
3 —— a=0.0037
3.5F el
3.0F |
<2.5F
& N
< 20F
= F
T 1.5F
1.0F
0.5F
0 0: 1 L 1 L 1 L 1 L 1 L 1
Y71100 1200 1300 1400 1500 1600
Mpon(MeV)
4
3,030 : : . . -
—— a=0.0037
--- a=0.0054
2 5 --- a=0.0077 ]
2.0

dr/dMy+,
=
w

1.0

0.5

00 1 L 1 L 1 L 1 L 1 L 1

"7 1100 1200 1300 1400 1500 1600
Mp+n(MeV)

FIG.8. The M, and M+, distributions with different a values
in the smooth factor. The red line and brown dashed and blue
dashed curves are obtained with a = 0.0037, 0.0054, and
0.0077 MeV~!, respectively.
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FIG.9. The M, and M -, distributions for the process A —
at7% for different values of color factor C.

and the results are shown in Fig. 8. From the invariant mass
distributions of M ,0,, and M .+, in Fig. 8, we can see that the
value of a has only minor effect on the results and does not
change the position of the peaks.

Furthermore, in Fig. 9, we compare the invariant mass
distributions of M 0, and M .+, under different color factor
values of C = 1.5, 2, 2.5, 3. The result indicates that
although variations in the C value affect the strength of the
N(1535)% and N(1535)" signals, the shape of signals are
still evident.

In Fig. 10, we show the z°n invariant mass distribution,
where the green dashed and purple dash-dotted curves
represent the results obtained in Models I and II, respec-
tively. Model L is the N(1535) is dynamically generated via
the meson baryon interaction as shown in Fig. 3. Model Il is
the Breit-Wigner amplitude of N(1535) resonance, and the
coefficients A and B are normalized to the peak of Model L.
From the results of Model I and Model II shown in Fig. 10,
we see that these two different descriptions of N(1535)°
resonance give different line shapes for the invariant z%n

1x10*
2.00 T

1.75
1.50

<1.25

=

£ 1.00

=

D 0.75
0.50
0.25

LU B B B B S B B S B B S B B S B B N B
—

A P L 1

1 L L 1
1200 1300 1400 1500 1600
Mpo,(MeV)

271 L
0.00 1100

FIG. 10. The My, distributions for the process Al — z*z%n.
The green dashed and purple dash-dotted curves represent the
results obtained in Models I and II, respectively.

mass distributions. For the N(1535), the amplitude square
obtained with the chiral unitary approach does not behave
like an usual Breit-Wigner resonance, where the resonant
shape of Model II is broader than the result of Model L
Future experimental measurements are expected to test our
predictions and clarify this issue.

IV. SUMMARY

The nonleptonic weak decays of charmed baryons
serve as a important platform for investigating low-lying
excited baryons and also contributes to our understanding
of the properties of light baryons with quantum numbers
JP =1/2". In this work, we examine the A} — nztz°
process within the chiral unitary approach, where the
intermediate N(1535) resonance is dynamically generated
through S-wave interactions between pseudoscalar mesons
and baryons by taking into account the zN, nN, KA, and
KX channels in the I = 1/2 sector.

Based on our calculations, a clear peak can be seen
around 1500 MeV in the invariant mass distributions of z°n
and ztn, which could be related to the N(1535)° and
N(1535)" resonances, respectively. Additionally, due to
the limitations of the energy range used in the chiral unitary
approach, we progressively suppress the loop functions and
amplitudes for M, above 1650 MeV. We also discussed
the uncertainties in the results by varying the parameter a in
the smooth factors. We observe that different o values have
a minor effect on the invariant mass distribution, and the
peaks associated with the N(1535) resonance are still
visible. Finally, we also discussed the impact of different
color factor C values, which implies that the signal of
N(1535) is clearly observable in the invariant mass dis-
tribution. Further experimental measurements are needed to
verify the properties of the N(1535) resonance predicted by
our model.
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