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Abstract: The yp — 7%p reaction has been investigated by the CBELSA/TAPS collaboration, revealing a narrow
structure in the np invariant mass distributions at a mass of 1700 MeV. In this study, we explore the possibility of
the narrow structure being caused by a decay cascade via an intermediate nucleon resonance decaying to np final
states. The candidates for the intermediate nucleon resonances are N(1700)3/2~ and N(1710)1/2%, with masses near
the observed structure. We considered the ¢-channel p- and w-exchange diagrams, u-channel nucleon-pole exchange
diagram, contact term, and s-channel pole diagrams of the nucleon, A, along with the nucleon resonances when con-
structing the reaction amplitudes, to reproduce the stripped individual contribution of the narrow structure. Our ana-
lysis indicates that the signature strength of the decay cascade yp — 7°N(1700)3/2~ — n%%p is too weak to reach
the experimental curve of the narrow structure due to the small decay branching ratio of N(1700)3/2~ to np. Al-
though the decay cascade yp — 1%N(1710)1/2* — n%p can qualitatively reproduce the experimental curve of the
invariant mass distributions, its cross-section width is much larger than that of the corresponding experimental curve.
Therefore, we conclude that the decay cascade via an intermediate nucleon resonance cannot be the reason for the

narrow structure in the np invariant mass distributions of the yp — 7%np reaction.
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I. INTRODUCTION

The exploration of the structure and spectrum of nuc-
leon resonances (N*'s) and A resonances (A*'s) has been a
focal point in the field of hadron physics. This line of in-
vestigation offers valuable insights into the dynamic
properties of quantum chromodynamics (QCD) in the
nonperturbative energy regime. Our current understand-
ing of nucleon resonances primarily stems from studies
involving nN scattering and z photoproduction reactions.
However, a substantial number of theoretically predicted
nucleon resonances, originating from QCD-inspired phe-
nomenological models [1-3] and QCD-lattice calcula-
tions [4, 5], have eluded experimental identification. This
discrepancy is particularly evident in the center-of-mass
energy (c.m.) 2 GeV region, where the observed nucleon
resonances tend to be broader and more susceptible to
overlapping. The number of theoretically predicted nucle-
on resonances surpasses the number of experimentally
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observed ones, leading to the so-called missing reson-
ance problem [6].

One possible explanation for not detecting the miss-
ing resonances experimentally is their weak couplings to
the 7N channel, making them challenging to observe in
such a reaction channel. Thus, investigating the nN-
weakly-coupled nucleon resonances through other meson
production reactions becomes a viable approach. In re-
cent decades, significant progress has been made in
meson photoproduction, both theoretically and experi-
mentally, providing alternative platforms for nucleon res-
onance studies [7—23]. In this work, we employed the ef-
fective Lagrangian method to explore the potential im-
pact of the decay cascade via intermediate nucleon reson-
ance in the yp — n%p reaction. As a double-meson emis-
sion reaction, the yp— n%p reaction has a higher
threshold energy than most single-meson emission reac-
tions, making it more suitable for investigating high-mass
nucleon resonances in the less-explored energy region.

Received 25 February 2025; Accepted 24 April 2025; Published online 25 April 2025

* Partially supported by the National Natural Science Foundation of China (12305097, 12305137), the Fundamental Research Funds for the Central Universities
(23CX06037A), the Shandong Provincial Natural Science Foundation, China (ZR2024QA096), and the Taishan Scholar Young Talent Program (tsqn202408091)

T E-mail: E-mail: weinengchang@htu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP? and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

083109-1


http://orcid.org/0000-0001-8726-9966
http://orcid.org/0000-0001-8157-1216

Ai-Chao Wang, Neng-Chang Wei

Chin. Phys. C 49, 083109 (2025)

Several experimental and theoretical studies have
been conducted to investigate the yp — n’7p reaction
[24—29] and provide a foundational understanding of its
reaction mechanism. In [24], the yp—na’np and
yp — n°K°Z* reactions were analyzed using a chiral unit-
ary approach. They showed that the contribution from the
A(1700)3/2- resonance, followed by its decay into
A(1232)n, plays a dominant role in the yp — n°yp reac-
tion, establishing the basic mechanism of this process.
The analysis in [25] also emphasized the importance of
the A(1700)3/2- resonance decaying into A(1232)n, as a
key contributor to the reaction. In [26], measurements of
the total and differential cross sections are presented for
the yp — n°np reaction, revealing that in the energy range
E,=0.95-1.4 GeV, the reaction is predominantly driven
by the excitation and sequential decay of the A(1700)3/2~
resonance. In [27], the partial wave structure of the
yp — n°np reaction was analyzed over a total center-of-
mass energy range from threshold up to W=19 GeV.
The analysis indicated that the partial wave with quantum
numbers J* = 3/2 accounts for the largest fraction of the
cross section, predominantly saturated by the
A(1700)3/2- resonance. In [28] a chiral unitary frame-
work was employed to evaluate the polarization observ-
ables I8 and I¢ for the yp — n%yp reaction, further cor-
roborating the significant role of the A(1700)3/2~ reson-
ance. In [29], beam-helicity asymmetry data were repor-
ted for the photoproduction of 7% pairs on carbon, alu-
minum, and lead, demonstrating that the yp — n%np reac-
tion is dominated by the Dj;; partial wave with the
A(1232)n intermediate state. In summary, these studies
consistently agree that the primary mechanism underly-
ing the yp — n%yp reaction is dominated by the contribu-
tion from the A(1700)3/2- resonance, decaying via
A(1700) — A(1232)n. Additionally, several other studies
have contributed to the understanding of the yp — 7'np
reaction [30—34].

Focusing on the present study, in 2017, a narrow
structure was reported in the nN invariant mass distribu-
tion at W ~ 1.678 GeV for the yN — anN reaction, based
on data from the GRAAL facility [35]. The suggested in-
terpretation was that the observed peak structure corres-
ponds to the nucleon resonance N(1685). Subsequently,
in 2021, the CBELSA/TAPS collaboration conducted a
remeasurement of the yp — n%yp reaction [36]. Contrary
to the previous findings, they could not confirm the exist-
ence of a narrow structure in the nN invariant mass distri-
butions at W ~ 1.678 GeV. Instead, they observed a nar-
row structure in the np invariant mass distributions at
W ~ 1.7 GeV, with a width of I' ~ 35 MeV, for incident
photon energies in the range of 1400—1500 MeV and a
cut of M0, <1190 MeV. Furthermore, with increasing in-
cident energy from 1420 to 1540 MeV, the mass struc-
ture shifted from 1700 to 1725 MeV, and the width in-
creased to about 50 MeV. The CBELSA/TAPS collabora-

tion proposed that the most likely explanation for the nar-
row structure is a triangular singularity in the yp — 7%p
reaction. Therefore, we were curious whether there were
other possibilities that could explain the observed struc-
ture.

In this study, our objective was to investigate wheth-
er the observed narrow structure in the invariant mass dis-
tributions of the yp — n%yp reaction can be attributed to a
decay cascade via an intermediate nucleon resonance in-
to the np final states. While the dominant contribution of
the decay cascade via the A(1232) resonance in this reac-
tion is well established, we aimed to elucidate the role of
other potential decay cascades involving nucleon reson-
ances. Considering that the narrow structure is located at
M, = 1700 MeV/c* and isospin conservation restricts the
intermediate resonance to an isospin-1/2 nucleon reson-
ance, we focused on two candidates in close proximity to
this mass: N(1700)3/2~, a three-star nucleon resonance in
the Particle Data Group (PDG) review [37], and
N(1710)1/2*, a four-star nucleon resonance.

The CBELSA/TAPS collaboration has extracted the
individual contributions to the narrow structure from the
yp — n°np reaction [36]. In this study, we aimed to re-
produce this extracted narrow structure signal by employ-
ing the effective Lagrangian method and considering the
decay cascade via possible intermediate resonances. Spe-
cifically, to construct the reaction amplitudes for the de-
cay cascade yp — n°Res.(np) — n’np, we included contri-
butions from the 7-channel p- and w-exchange, s-channel
nucleon () and A pole diagrams, u-channel nucleon (N)
pole exchange, and the contact term. For the decay cas-
cade yp — n°N(1700)3/2 — n%p, contributions from
nucleon resonances N(1440)1/2* and N(1520)3/2~ were
included. Similarly, for the decay cascade yp—
a°N(1710)1/2* — a°np, the contribution from the nucle-
on resonance N(1535)1/2~ was considered. Notably, our
model specifically excludes the dominant background
process yp — A(1232)n — a°np, as this mechanism is not
part of the extracted narrow structure signal.

To focus on the narrow structure, we employed spe-
cific operations for the theoretical framework. Following
the approach in [36], an invariant mass distribution cut of
M0 <1190 MeV was applied to suppress the dominant
decay cascade yp — A(1232)y — nyp, to ensure consist-
ency with the experimental data. Although the contribu-
tion from the A(1700)3/2- resonance, which decays via
A(1700) — A(1232)n, is inherently part of the background,
it was excluded from our theoretical model as it does not
contribute to the narrow structure. Instead, our goal was
to reproduce the individual contribution of the narrow
structure extracted by the CBELSA/TAPS collaboration
[36]. As such, the interference effects between the nar-
row structure and background terms were beyond the
scope of this study. This approach allowed us to investig-
ate whether the decay cascade via an intermediate nucle-
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on resonance, yp — n'Res. — n%np, can explain the ob-
served narrow structure in the np invariant mass distribu-
tions of the yp — n°np reaction. The results were in ac-
cordance with the energy-dependent relationship identi-
fied by the CBELSA/TAPS collaboration.

The current paper is organized as follows. In Sec. II,
we provide an introduction to the framework of our theor-
etical model, encompassing Lagrangians, propagators,
form factors, and reaction amplitudes. In Sec. III, we
present the theoretical results and further discuss them.
Finally, Sec. IV offers a summary and conclusions.

II. FORMALISM

The full reaction amplitude for the decay cascade re-
action yp — n°Res. — n%np can be expressed as follows:

M =i(ps,A,)A M u(ps, Ap), €))

where 1, and A, are the helicities of the incoming pro-
ton and outgoing proton, respectively; u is the Lorentz in-
dex of the incoming photon; and M* is the full amplitude
with outer lines omitted. As observed in Fig. 1, the contri-
butions considered in constructing the reaction amp-
litudes include: i) s-channel N, A, and N* pole diagrams,
ii) t-channel p- and w-exchange diagrams, iii) u-channel
N-pole exchange diagram, and iv) contact term diagram.
In the decay cascade yp — n°N(1700)3/2" — n’np, N*

denotes the nucleon resonances N(1440)1/2* and
N(1520)3/27, one of which, together with z, constitutes
m v Tr
X\-\‘\_\’\-\////
7 / ,n
pw/ 7
1 7
! //
—
N N R N

(¢) u channel

(d) contact term

Fig. 1.
cade yN — nRes.— N reaction. For the case of yp—

Generic structure of the amplitudes for the decay cas-

7°N(1700)3/2~ — n°np reaction, the R represents the intermedi-
ate resonance N(1700)3/27, and N* represents the N(1440)1/2*
and  N(1520)3/2-  resonances. For the case of
yp = 7°N(1710)1/2* — 2%p reaction, the R represents the in-
termediate resonance N(1710)1/2%, and N* represents the
N(1535)1/2~ resonance. Time proceeds from left to right.

the decay mode of N(1700)3/2" as presented in the PDG
review [37]. Similarly, for the decay cascade yp —
a°N(1710)1/2* — n%%p, N* represents the nucleon reson-
ance N(1535)1/2".

In the remainder of this section, we present the effect-
ive Lagrangians, propagators, and phenomenological
form factors used in this work to construct the reaction
amplitudes. Additionally, we outline the final forms of
the reaction amplitudes for all the particle-exchange cases
in the two cascade decay reactions.

A. Effective Lagrangians

The effective Lagrangians utilized in our present
work are provided below. For convenience, we define the
field-strength tensor for the electromagnetic and vector-
meson fields as

F =9"'A”=0"A", V¥ =9"V"=0"V¥, ()
where V represents the p or w vector meson.

1. The effective Lagrangians for the electromagnetic

vertices in the yN — rN(1700)3/2~ — anN

process
£NNy=—eN{(é 2M ) } N, 3)
N
Sy ey
Loy =e ﬁg (024,011, 4)
Loy = e%s"w(a@)(aﬂo)wy, 5)
(1)
LAN)’ 2M A;t’}’v sF'"N
g(2)
e (2AA/1N y)z AyysF"9,N +H.ec., (6)
., Sy
= —ie LRy, F""N
Loy = —eq
g(2)
+ e R F"3,N +He., (7)
QMy)’
Lrngy = —ie gjf/;’" R'ysA,xN +H.c., (8)
. g(l)
Vv, =e ijwNVN o(,A,)N +H.c., 9)
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(1)

- . gNN v
L, = ZMyN#y FN
(2)
+ e SNNY R gy N +Hec., (10)
@My)*

where e is the elementary charge unit; ¢ and R represent
the charge operator and nucleon resonance N(1700)3/2-,
respectively; The anomalous magnetic moments are
defined as &y =«,(1+713)/2+k,(1-73)/2, where «,=
1.793 and k, = —1.913. My stands for the mass of N. The
coupling constants g,,, and g, are determined by calcu-
lating the vector meson radiative decay width

e g%/ﬂy

— 2 (M? - M?), 11
47r24M‘3,M,2r( v M) an

FV—)n'y =

where V stands for the vector meson p or w. Utilizing the
decay width values I'j_.0,~0.070 MeV and T, =
0.72 MeV from the PDG review [37], we obtain
8rpy =0.099 and g, =0.31. The coupling constants for
RNy are determined by the PDG values of N(1700)3/2~ —
Ny helicity amplitudes: Al/z =0.032 GeV~'/? and
Asp =0.034GeV™'?, yielding 8ka, =0.405 and giny =
—0.986. Similarly, ANy couplings are determined by the
PDG values of A(1232)3/2* — Ny helicity amplitudes:
Ajjp=-0.135GeV~""? and A3/2 =-0.255GeV™'/?, leading
to 8w, =—417 and gw,=432. The s-channel
N(1440)1/2* and N(1520)3/2" pole diagrams were con-
sidered due to their coupling with 7N(1700)3/2~ as stated
in the PDG review [37]. The coupling constant of
N(1440)1/2*Ny vertex was taken as gy, =0.505, ob-
tained from the helicity amplitude A,/ = —0.065 GeV~"/2.
The coupling constants of the N(1520)3/2 Ny vertex
were taken as 8w'wy =—4.86 and g\'y, =5.27, derived
from the helicity amplitudes A, =—0.025GeV~'/*
and A3/2 =0.14 GCV_1/2 [37]

It is important to note that in the present work, the
couplings of N*Ny were determined from the helicity
amplitudes using the following relations, with all helicity
amplitudes taken from the PDG review [37].

For a spin-1/2 resonance with parity P = 1, the rela-
tion is given by

1 My
g, =—— A, 12
B=-y e (12)
where
(1

_ 8EN*Nr
13
81 = My (13)

For a spin-3/2 resonance with parity P = +1, the relations
are

1 1 M,
A
_ 1 V2 My
e tn Tty | PMyvAv - Myds], (15)
where
(1) 2)
_ EN*Nr _ EN*Nr
= 16
81 = My’ &2 = My (16)

2. The effective Lagrangians for the electromagnetic
vertices in the yN — aN(1710)1/2% — anN process
The Lagrangians outlined in Egs. (3)—(6) are also re-
quired for constructing the amplitudes in the

yN — 7N(1710)1/2* reaction. The additional Lagrangi-
ans that are required are presented below:

(1)

Ly = ei’”” Ro*(8,A,)N +H.c., (17)
N
. 8RNz 5
-ERNn’y = l€mR'}/5')/ﬂA”7TN+H.C., (18)
g%)lv
1/27 * v
L, =e v yN s (8,A,)N +H.c., (19)

where R represents the nucleon resonance N(1710)1/2*.
Additionally, the s-channel N(1535)1/2” pole diagram
was considered because of its coupling with
xN(1710)1/2*, as stated in the PDG review [37]. The
coupling constants for N(1710)1/2*Ny and
N(1535)1/2‘Ny vertices were estimated as gﬁ%}vy =0.134
and &'y, =0.619 based on their respecctive decay
branching widths T'ya710y1/2+ony = 80%0.04% = 0.032
MeV and FN(1535)1/2+~>N)/ ~150%0.23% = 0.345 MeV.

To reconcile the observed narrow structure width of
approximately 35—50 MeV with the relatively broader
PDG-reported widths of the candidate resonances
N(1700)3/2" and N(1710)1/2*, we assumed a total width
of 80 MeV for both resonances in our analysis. The PDG-
reported total widths, ranging from 100 to 300 MeV for
N(1700)3/2~ and from 80 to 200 MeV for N(1710)1/2%,
were derived from a comprehensive set of photo- and
hadroproduction data. Whether the assumed values in our
study are consistent with the full dataset from which the
PDG widths were determined remains an open question.
It should be emphasized that the observed narrow struc-
ture in the np invariant mass spectrum, with a width of
approximately 35—50 MeV, arises from the interference
effects among the relevant reaction amplitudes rather than
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directly reflecting the intrinsic widths of the contributing
resonances.

The width formula for the nucleon resonance with
spin 1/2 decaying into Ny is denoted as

(1)?

12¢ 62 8NNy 3 (20)
NN T A My )?
which is applicable to both nucleon resonances

N(1710)1/2* and N(1535)1/2".

3. The effective Lagrangians for meson-baryon ver-

texes in the yN — nN(1700)3/2~ — anN process

Line = gA’Z’f 5 (8,7) N+ He., @1
Ly = _gA’ZV” Nys (8,n) R +H.c., (22)
n

(1
Lraz = é;‘Rfﬂ A;J’ (o) R*

(2

+ i8R (6" 7R, +Hee., (23)
Mﬂ
1) 2)
gRNp v 8RNy 5y
= - WON + o,N
Ly oMy Ry’ (2My)? 2R
ghen
2_R,(0,0")N +H.c., 24
M, R, (0,0") (24)

g(l) g(2>
Lryy = =122 R v, N+ 2R /"0,N

2M My "
g<3>
Ko R, (0,w"”)N +H.c., (25)
(2My)
_ 1-
Lynz = —8nnaNs Kl/l M ) } (26)
g g;‘vf”R"y (8,mN" +H.e., 27)

(1)
v = L}Vﬂ R*Y"ys @0 N;
n
g(2)
;‘Vf" R,ys(0d°m)R, +H.c., (28)

s

where the R represents the nucleon resonance
N(1700)3/2". The coupling constants ggy,, grwy, and g;lA),,
can be determined by the branching width of
N(1700)3/2~ decaying to Nx, Nn, and Ar, respectively.
The width formulas are expressed as follows:

812eNP1 K
Teyp = SRVE Ey— My), 29
R—NP 47T 3MRM123( N N) ( )
1k
Tpone = M
Rotn = B M o T M)

g<1>2
X { RA]T(M MA)

X (2152 +2E M, +5M3)

(1) 2)
+2 RAZ"fRA”M (Mg — MA)2EA+ My)

@7
4+ 8ran 8RrAx M2 k4}
M4
(30)

where P represents the pseudoscalar meson 7 or 7. In the
present study, the total decay width of N(1700)3/2-was
assumed to be 80 MeV. Accordingly, the coupling con-
stants for the RNz, RNn, and RAn vertices were estim-
ated as grx = 0.588, gry, = 2.08, and gl = —0.386 based
on the decay branching widths T'z_y, ~80x12% = 9.6
MeV, Trony 280x1.5% = 1.2 MeV, and I'g_ar = 80X
70% = 56 MeV. These branching ratios are referenced
from the PDG review [37]. For simplicity, we omit the
g? and g® terms in the Lagrangians of RAn, RNp, RNw,
and N*Rr couplings due to lack of experimental informa-
tion. Consequently, the energy-dependent width formula
for RNV coupling can be expressed as

TCronv(Vs) = (EN +My)

12 Mg
(1)

iRMN‘z/ [2EN(Ey — My)+ (Mg — My)* +2M;]
(31)

where V represents the vector meson p or w. Addition-
ally, for the decay process R — pN/wN, considering that
the mass of the nucleon resonance N(1700)3/2" lies close
to the pN/wN threshold, the effect of finite decay width
has to be accounted for. Referring to previous studies
[38—40], the final formula for the decay width of RNV is
given by

1 (Mg+2T'g)
l—‘R—>NV= _7/ I“R—)NV( ﬁ)
(

T J (Mg-2rg)?

XO(Vs—My—My)
1
S—MR+1MRFR

The coupling constants ggy, =5.57 and gry, = 4.89
were determined using the formulas above, along with the
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estimated branching widths I'z_,y, =~ 80 x38% = 30.4 MeV
and Ty, = 80%x22% =17.6 MeV. It is important to note
that all the decay branching ratios in this work adopt the
middle values within the suggested intervals by the PDG
review [37]. Following [41], a pure pseudovector coup-
ling (1=0) was assumed for the NNn vertex, with the
coupling constant gyy, = 0.989 adopted from [42], as de-
termined by the SU(3) flavor symmetry. Additionally, the
coupling constants for N(1440)1/2*Rr and
N(1520)3/2"Rn were considered. The coupling constant
g\k, for N(1440)1/2*Rr was assumed to be 7.23 based
on the decay branching width Tgr_n440)1/247 = 80X
7% = 5.6 MeV. Similarly, for N(1520)3/2"Rn, the coup-
ling constant g{!,, was calculated as —0.759, derived
from the decay branching width Tr_nas3s-» = 80
x4% =3.2 MeV. The width formulas are expressed as
follows

1K
[ronaasonoir = 4ﬂ” 3 M2 (En- —My-), (33)
1 k
Tronas20)3/2-2 = 360 MM 2 (Ens —My)
R

8(1)2

N*Rn 2
X Mp+ M,

{ M? (M v

s

X (2E3. —2Ey-My- +5M3,.)

g(l) g(2)
4 QSNRRONRE o p k2 (Mg + Miy-)
M3
e
X (2Eyn— My +2 ]"V/IR”Mzk“}

us

(34)

4. The effective Lagrangians for meson-baryon ver-

texes in the yN — nN(1710)1/2* — anN process

~ [, 1-2 ) }
= —&rnaR A —— N+Hec., 35
= /. 1-2
Lrny = — 8rnyRYs 1/1+MN MRgﬂ n|N+H.c., (36)
g(l)
Lrar = AR;"R(avﬂ')A +Hec., (37)
Lryp=— gRN”RK Y +16)V“}N+H.c. (38)
£ 2My Mg—My —* ’

Lrno =~

v = i .
ErN RK Yu +1a,,) V”}N-i—H.C., (39)
oMy L\ M= M,

- . 1-a
Vi =~k | (4 57—

/)) n} N*+Hc., (40)
where the R denotes the nucleon resonance N(1710)1/2*.
Pure pseudovector-type couplings are employed for the
RNm and RNn vertices. The coupling constants gry;,
grvy, and gh) are determined through the branching
width of N(1710)1/2* decaying into Nn, Nn, and Ax, re-
spectively. The width formulas are expressed as follows:

k

Trovp = ggNPW = My), (41)
gﬁz k> M

FR—)A]T = 6 MZMZ (EA + MA) (42)

where P denotes the pseudoscalar meson 7 or 7. The
coupling constants for RNn, RN7n, and RAxr vertices are
specified as ggy, = 1.47, ggn, =3.81, and ggA),r =0.0973
based on the decay branching widths I'z_,y, ~80%12.5%
=10 MeV, T'rn,; =80x30% = 24 MeV, and T'k_,a, =~ 80
x6% = 4.8 MeV. The reaction energy-dependent width
formula for the RNV coupling is simplified to

K(Ex — My)

Teowv(V5) = ﬁ’*gv AT
R
2

X {<MR M |

(Mg +My)* +2Mj| } , (43)
where V represents the vector meson p or w. Considering
the effect of finite decaying width is essential [38—40],
and the decay width formula remains consistent with Eq.
(32). Consequently, the coupling constants ggy, = 8.47
and ggy, = 4.16 are obtained from the estimated branch-
ing widths Ty, ~80x17% =13.6 MeV and T'g_y, =
80x3% =2.4 MeV, respectively. A pure pseudovector-
type coupling is also applied to the N(1440)1/2*Rn ver-
tex. The coupling constant for the N(1535)1/2"Rn vertex
is set as g\j/z, = 0.864, derived from the decay branching
width FR—)N(1535)1/2‘71 ~80x15% = 12 MeV. The width for-
mula is expressed as

g(l) k
=N —_(Ey+My). (44)

1—‘R—>N 1535)1/2~
(1535)1/2°n 4 MR

B. Propagators

For the s- and u-channel N, the propagator is repres-
ented as
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S12(p) = (45)

pP—My

For the s-channel spin-1/2 resonance N(1440)1/2* and
N(1535)1/2, the propagator is denoted as

i

Siplp)= m,

(46)

where My and T’y represent the mass and width of the res-
onance, respectively.

For the ¢-channel p or w vector meson exchange, the
propagator is denoted as

i(=g" + p'p’IM3)

Si(p) =
1 Z_M‘z/

(47)

For the s-channel A contribution and subsequent decay
process of the nucleon resonance N(1700)3/27, the
propagator for a particle with spin 3/2 is given by

i 1
S = (~ v+ =y ~V) ) 48
32(P) S My T2 \ o+ 3%Y (48)
where
. PuDv
B =—8uw , 49)
H H ]‘412e
- ya Du P
Vu=Y8wu="Yut 5 (50)
H M u M12e

C. Form factors

To parametrize the structure of the hadrons and nor-
malize the behavior of the production amplitude, a form
factor should be attached to each hadronic vertex. Al-
though two hadronic vertices exist in each reaction amp-
litude, only one form factor is introduced here. Follow-
ing [41, 43], for intermediate baryon exchange, the form
factor is expressed as

: Ay Y
Ssw (P)= m , 5D

where p, Mg, and Ap denote the four-momentum, mass,
and cutoff mass of the exchanged baryon B, respectively.
The same cutoff mass is employed for the s- and u-chan-
nel N. The particle mass in the form factor of the contact
term is set to the same value as that of N. For intermedi-
ate meson exchange, the form factor is expressed as

2 a2\ 2
A M>’ (52)

) = (e

where ¢, My, and A, represent the four-momentum,
mass, and cutoff mass for the exchanged meson M, re-
spectively. The same cutoff mass is taken for the #-chan-
nel p and @ exchanges.

D. Reaction amplitudes
With all the Lagrangians, propagators, and form
factors introduced above, the standard amplitudes for the
decay cascade yp — 7°N(1700)3/2~ — n’pp canbe ex-
pressed as

M* =T ,M", (53)

where T, represents the N(1700)3/2~ — np decay. This
part is the same for all individual amplitudes of ¢-,
u-, s-channel, and contact term and expressed as

T, = S8y 532 pi). (54)
my,

and M* represents the remaining parts of the leg-ampu-
tated amplitudes M*, which are represented as follows:

8RNr

My, = ie>==—= YSPVS "2(py)

x {y" + ;ﬂa‘“’pm} fs(pssmy),, (55)
m

N

g NNz

My, = (plg”“ pig™)

1 (2)
% €8RNy + €8RNy
2my 7T @y

X Sl/z(pu)75 /p3f;¢(pmmN)’ (56)

My —lg,:;m /p:8V S W (p)(Pie” - Pig™)

s

Q)] 2)
€8 ANy €8AN
X s 5
{ 2my BT Qi 2 751724 Si(ps;ma),
(57)
(1 (1
Y EN*R8N*N Y
My1aa0) = = eTmNV yspsS ' (po)
X T p1o fs(Dss Mna1440)) (58)
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(1)
. 8N
M%lszo) =i 15%7’58“5 g/z(Ps)(P?g”ﬁ Pﬂgﬂ‘s)

(1) ()

€8N Ny €8N*Ny
oy T Qmy 2P Js(ps;mnasa0)s
(59
M;W - _ ngNPgirp)’ (m/w PraDs lsw(]?z)
mymy
X yp(p &7 — Pig™) fi(pismy), (60)
ML = — 7g§wgm € p1apaaS s ()
mMymy
X yp(p87 = Pig™) fi(prsma), (61)
M = eS0T gy f(poamy) (©2)
where p; = pi+ps, p,= ps—pi1,and p, = pr—p;3.

Similarly, the standard amplitudes for the decay cas-
cade yp — 71°N(1710)1/2* — n°yp can be expressed as

M*(L) = TM(R), (63)

where the L and R in the parentheses denote left and
right, respectively; T represents the N(1710)1/2* — np
decay, which is given by

T =-S5 p.S V(). (64)
m+m

The M*(R) represent the remaining parts of the leg-
amputated amplitudes M*(L), expressed as

My, = _ieﬂV $35'*(po)
m
IKN B
)’”+70'” pig ) fs(ps,my), (65)
Mx(u) = MO’WPMS”Z(PL;)
2my)’
XYs ¢3ﬁ¢(pu,mN), (66)

gmar
M, = :,A PIS I (p)(Pig” - Pig™)

(1) (2)
egRNy

+
2my VT om

)2 YsP | fs(Ps:ma),

(67)

(1) (1)
EN*Re8N*Ny

sz(mR

X ysot” mes(l?s,mzv(1535)), (68)

MZ(1535) I5 N l/Z(Ps

B2
M* =68RNpgnp7 { Yﬁpr _pﬂ S[lg(;(Pz)

L 2m.my Lmg—my
zmxld

PraP3af(pr.my), (69)

_A B2
M* :egRngmuy { Y p; _pﬂ S[I;(;(Pz)

@ 2m,my  Lmg—my
X EWMPlaPMf:(anw), (70)
M= lerf%)/sy’vﬁps,mm (71)
R

The total amplitude M is obtained by summing the in-
dividual amplitudes. Notably, the total amplitude A is not
gauge invariant in its current form because of the form
factors. Specifically, for the yp — 2°N(1710)1/2* — n°yp
process, the pole contributions from s-channel N and u-
channel N break gauge invariance. Similarly, for the yp —
7°N(1700)3/2~ — n%3p process, the s-channel N pole con-
tribution also breaks gauge invariance. In our previous
studies [41, 43], we employed a generalized gauge-invari-
ant term following the approach outlined in [44, 45] to
ensure gauge invariance of the amplitude. However, giv-
en the multiple approximations adopted in the present
work, we focus on maintaining the simplicity of the form-
alism. As a result, instead of incorporating the general-
ized gauge-invariant term, a general contact term is intro-
duced. It should be noted that unlike the generalized
gauge-invariant term, the general contact term does not
preserve the gauge invariance of the amplitude. This lim-
itation is acceptable within the scope of the present study,
given the emphasis on simplicity and practical approxim-
ations.

The theoretical results for differential cross-sections,
total cross-sections, and invariant mass distributions can
be calculated using the formula

;Zl |2dP3dP4dP5
42m3(pr-p2) S 2Ex 2E, 2Ey
><54(P1+P2—P3—P4—P5), (72)

where 1,, 4, and A, are the helicities of the photon, in-
coming proton, and outgoing proton, respectively; pi, p2,
D3, P4, ps are the four-momenta of the photon, incoming
proton, 7, 77, and outgoing proton, respectively.
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1. RESULTS AND DISCUSSION

Following the discovery of the narrow structure in the
nN invariant mass distributions at W ~ 1.68 GeV for the
vyN — 7N reaction at the GRAAL facility [35], the
CBELSA/TAPS collaboration remeasured the yp — n%p
reaction and observed the narrow structure at a different
energy W~ 1.7 GeV [36]. Two contrasting explanations
have been proposed for this narrow structure. The first in-
terpretation [35] suggests that the narrow structure res-
ults from a new isospin 1/2 nucleon resonance, denoted
as N(1685). In contrast, the CBELSA/TAPS collabora-
tion, in their 2021 study [36], argued that the narrow
structure is more likely caused by the triangular singular-
ity in the yp — n%p reaction rather than the decay cas-
cade via an intermediate resonance.

Clarifying the nature of this narrow structure requires
distinguishing between the contribution of the narrow
structure and the dominant background originating from
the yp — A(1232)n — pn®n mechanism, as identified by
the CBELSA/TAPS collaboration [36]. In their analysis,
the narrow structure signal (represented by the red solid
curve in Fig. 7 of [36]) was extracted from the back-
ground dominated by the A(1232) resonance (depicted by
the blue dotted curve in Fig. 7 of [36]). Our present work
focused exclusively on reproducing the extracted narrow
structure contribution rather than the entire M, invariant
mass spectrum. By isolating the narrow structure, we
aimed to provide a quantitative assessment of whether the
observed structure can result from the decay cascade via
an intermediate nucleon resonance. Additionally, we ex-
plored the possible roles of decay cascades involving oth-
er intermediate resonances, beyond the dominant
A(1232).

At the energy where the narrow structure was detec-
ted, approximately W ~ 1.7 GeV, the PDG review [37]
lists two potential nucleon resonances: the evaluated
three-star N(1700)3/2” and four-star N(1710)1/2*. Both
resonances have non-zero decay branching ratios to the
np channel. Specifically, according to the PDG review,
the decay branching ratio to np is estimated to be 1%—2%
for the N(1700)3/2~ and 10%—50% for the N(1710)1/2".
For this study, we adopted the medians of these estim-
ated ranges. The masses of the nucleon resonances
N(1700)3/2~ and N(1710)1/2* were taken as 1700 MeV
and 1710 MeV, respectively. Our model intentionally ex-
cludes contributions from the yp — A(1232)yp — pa’n
mechanism, as these contribute primarily to the back-
ground rather than to the narrow structure of interest.

Regarding the width values, the PDG provides estim-
ated ranges of 100—300 MeV for the N(1700)3/2- and
80—200 MeV for the N(1710)1/2*. However, in our
present work, we opted for a width of 80 MeV for both
nucleon resonances. This choice was motivated by the
observed behavior of the narrow structure in the data

from the CBELSA/TAPS collaboration [36]. As the in-
cident energy increases from 1420 to 1540 MeV, the
width of the observed structure grows from 35 to approx-
imately 50 MeV and then decreases. The chosen value of
80 MeV strikes a balance between the advocated width
values by the PDG and experimental observations, by
considering the potential interference effects between the
individual contribution of the narrow structure and its
background.

To investigate whether the narrow structure in the np
invariant mass distributions can be attributed to the de-
cay cascade via the intermediate nucleon resonance de-
cay into the np final states, we employed an effective
Lagrangian method at the tree-level approximation. Our
study considers all the relevant terms based on decay in-
formation from the PDG review [37]. In addition to the
background terms, including #-channel p and @ ex-
changes, s-channel N and A pole contributions, u#-channel
N exchange, and the contact term, we included the pole
contributions of s-channel nucleon resonances coupled to
the nRes. channel. According to the PDG review, for the
case of yp — a°N(1700)3/2~ — n’np, we considered the
nucleon resonances N(1440)1/2* and N(1520)3/2~ and
for yp — 7°N(1710)1/2* — n°yp, the nucleon resonance
N(1535)1/2" in the s channel.

As detailed in Sec. II, all coupling parameters in our
study were fixed using decay branching ratios or helicity
amplitudes referenced from the PDG review [37], provid-
ing a rigorous foundation for constructing the theoretical
framework. The cutoff masses were treated as fitting
parameters and are summarized in Table 1. Table 1 re-
veals that the same cutoff mass value is used for the #-
channel p and w exchanges and another common cutoff
mass value for the remaining terms.

The theoretical results for the invariant mass distribu-
tions of the yp — n°N(1700)3/2~ — n°np decay cascade
reaction, corresponding to the parameters of Model I lis-
ted in the second column of Table 1, are presented in Fig.
2. The black solid lines represent the theoretical predic-
tions for the narrow structure contribution, whereas the
blue scattered symbols correspond to the experimentally
extracted narrow structure signal, as provided by the
CBELSA/TAPS collaboration [36]. Notably, the experi-
mental data have been processed with a cut of
M,» <1190 MeV to suppress the dominant background
from the decay cascade via the A(1232) resonance, which

Table 1.
cutoff mass of the #-channel p and w exchanges, as well as for

Model parameters. The same value is taken for the

the cutoff mass of the other terms.

Model I Model IT
Apw/MeV 2500 1550
Aothers/MeV 2500 2500
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dominates in the yp — n°yp reaction. Our theoretical cal-
culations also incorporate this cut, ensuring consistency
with the experimental conditions and focusing on repro-
ducing the narrow structure contribution.

As depicted in Fig. 2, the theoretical results fall short
of reaching the order of magnitude of the experimental
data. In other words, the decay cascade via the intermedi-
ate nucleon resonance N(1700)3/2” cannot account for
the narrow structure observed in the np invariant mass
distributions. The primary reason for this discrepancy is
the weak coupling of the nucleon resonance N(1700)3/2~
to the np final states, with a decay branching ratio of
1%—2% as indicated by the PDG review [37]. This leads
to theoretical results with an order of magnitude lower
than that of the data.

The theoretical results for the invariant mass distribu-
tions of the yp — a°N(1710)1/2* — n°yp decay cascade,
corresponding to the parameters of Model II as listed in
the third column of Table 1, are presented in Fig. 3. The
decay cascade via the intermediate nucleon resonance
N(1710)1/2* provides a qualitative description of the
stripped experimental curve, as depicted in Fig. 3.
However, there is room for improvement in the descrip-

tion. The fixed width of the nucleon resonance
N(1710)1/2* is 80 MeV, which surpasses that of the ob-
served structure represented as 35 MeV [36]. The inter-
ference effect between the contribution of the narrow
structure and the background terms introduces impreci-
sion to the stripped contribution of the narrow structure.
Thus, the current descriptive quality of Model II for the
invariant mass distributions, illustrated in Fig. 3, is con-
sidered acceptable.

Nevertheless, as shown in Fig. 4, with increasing in-
cident energy, the cross section of the decay cascade
yp — n1°N(1710)1/2* — n’yp deviates significantly from
the CBELSA/TAPS data of the narrow structure [36].
The observed data exhibit a much smaller cross-section
width, and this substantial deviation cannot be solely at-
tributed to the interference effects between the narrow
structure and its background terms, or the fixed width of
80 MeV. Consequently, we conclude that regardless of
whether the intermediate nucleon resonance is
N(1700)3/2 or N(1710)1/2*, the decay cascade via the
intermediate nucleon resonance cannot account for the
narrow structure observed in the np invariant mass distri-
butions.

4 T T T T T T T T T
— (1350, 1847) (1450, 1897) (1550, 1946)
> al 1 1 i
o 3
9o
5
[ —— 27 1 1 1

g
2 ey
E 1- 1 . , 1 |
o
ST, ! .---"'".'. | oy, I
?.6 1.65 1.7 1.75 1.8 1.65 1.7 1.75 1.8 1.65 1.7 1.75 1.8
Mpn [GeV]

Fig. 2.

(color online) The invariant mass distributions of decay cascade yp — 2°N(1700)3/2~ — n%p as a function of the invariant

mass of np (black solid lines). The blue scattered symbols denote the individual contribution of the narrow structure stripped by the
CBELSA/TAPS collaboration [36]. The left number in parentheses denotes the centroid value of the photon laboratory incident energy
and the right number corresponds to the total center-of-mass energy of the system in MeV.

4 \ \ \ \ \ \ T T T
— (1350, 1847) (1450, 1897) (1550, 1946)
> 3 i 1 B
©
9
ES
3 2r T 1 |
2 ~
\b 1- | a [A 1 |
=]
/‘—\‘ ) e | R S | | |
?.6 1.65 1.7 1.75 1.8 1.65 1.7 1.75 1.8 1.65 1.7 1.75 1.8
Mpn [GeV]

Fig. 3.

(color online) The invariant mass distributions of decay cascade yp — 2°N(1710)1/2* — 2%p as a function of the invariant
mass of np (black solid lines). The notation is the same as in Fig. 2.
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Fig. 4.  (color online) The cross sections of the decay cas-
cade yp — 71°N(1710)1/2* — n%p as a function of the incident
photon energy (black solid line). The blue and red scattered
symbols correspond to the individual contributions of the nar-
row structure extracted by the CBELSA/TAPS collaboration
[36].

IV. SUMMARY AND CONCLUSION

The CBELSA/TAPS collaboration detected a narrow
structure in the np invariant mass distributions of the
yp — n°;p reaction at an incident energy of W ~ 1.7 GeV
[36]. Two distinct explanations have been proposed: the
structure is attributed either to a new isospin-1/2 nucleon
resonance N(1685) [35] or to the triangular singularity
mechanism [36]. Motivated by these interpretations, we
performed a quantitative analysis to assess whether the
observed narrow structure could result from the decay
cascade via an intermediate nucleon resonance in the
yp — n°Res. — n’np process.

Our study considers the effective Lagrangian method
at the tree level, incorporating contributions from nucle-
on resonances N(1700)3/2~ and N(1710)1/2*, which are

listed in the PDG review [37] as potential candidates near
the energy of interest. The theoretical model includes
contributions from s-channel pole diagrams for interme-
diate resonances as well as ¢-channel p and @ exchanges,
s- and u-channel nucleon and A pole contributions, and a
contact term. Specific intermediate resonance decay pro-
cesses, such as N(1440)1/2* and N(1520)3/2- for
yp — 2°N(1700)3/2- — n%p, and N(1535)1/2- for
yp — 71°N(1710)1/2* — #°np, are explicitly included.

Theoretical results show that the contribution of the
decay cascade yp — n°N(1700)3/2~ — n%np is orders of
magnitude smaller than the experimentally extracted nar-
row structure signal [36], making N(1700)3/2~ an un-
likely candidate. For N(1710)1/2*, although a qualitative
description of the invariant mass distribution of the nar-
row structure is obtained, the theoretical cross-section
width is significantly larger than in the experimental res-
ults. Thus, N(1710)1/2* cannot adequately explain the
observed narrow structure either. These findings indicate
that the decay cascade via intermediate nucleon reson-
ances, whether N(1700)3/2~ or N(1710)1/2*, cannot ac-
count for the narrow structure observed in the np invari-
ant mass distributions of the yp — n°np reaction.

In conclusion, the observed narrow structure in np in-
variant mass distributions is unlikely to arise from decay
cascades involving intermediate resonances. Among the
candidates investigated, N(1710)1/2*contributes more
than N(1700)3/2~ but this contribution is insufficient to
explain the narrow structure. This result supports the un-
derstanding that the yp — n%p reaction is predominantly
governed by decay cascades via the A(1232) resonance,
as suggested in previous studies.
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