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The effect of decay cascade via an intermediate resonance
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Abstract: The yp — 7%p reaction has been investigated by the CBELSA/TAPS Collaboration, revealing a nar-
row structure in the 7p invariant mass distributions at a mass of 1700 MeV. In this study, we explore the possibility
that the narrow structure is 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 consider the f-channel p- and w-exchange diagrams, the u-channel nucleon-pole ex-
change diagram, the contact term, and the s-channel pole diagrams of nucleon, A, and 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 could not be the reason lead-

ing to the narrow structure in the 7p invariant mass distributions of the yp — 7n%p reaction.
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I. INTRODUCTION

The exploration of structure and spectrum of nucleon
resonances (N*'s) and A resonances (A*'s) has been a fo-
cal 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-
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on resonances surpasses the count of experimentally ob-
served ones, giving rise to the so-called missing reson-
ance problem [6].

One possible explanation for the lack of experimental
detection of missing resonances is their weak couplings
to the 7N channel, making them challenging to observe in
such reaction channel. Investigating the nN-weakly-
coupled nucleon resonances through other meson produc-
tion reactions becomes a viable approach. In recent dec-
ades, significant progress has been made in meson photo-
productions, both theoretically and experimentally,
providing alternative platforms for nucleon resonance
studies [7—23]. In this work, we employ the Effective
Lagrangian method to explore the potential impact of the
decay cascade via intermediate nucleon resonance con-
tents in the yp — n%yp reaction. As a double-meson emis-
sion reaction, the yp— n%p reaction has a higher
threshold energy than most single-meson emission reac-
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tions, making it more suitable for investigating high-mass
nucleon resonances in the less-explored energy region.

Several experimental and theoretical studies have
been conducted to investigate the yp — n%pp reaction
[24—29], providing a foundational understanding of its re-
action mechanism. In Ref. [24], the yp — n%p and
yp — n°K°Z* reactions were analyzed using a chiral unit-
ary approach. It was shown 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°np reac-
tion, establishing the basic mechanism of this process.
The analysis in Ref. [25] also emphasized the importance
of the A(1700)3/2~ resonance, decaying into A(1232)7, as
a key contributor to the reaction. Ref. [26] presented
measurements of total and differential cross sections for
the yp — a°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 Ref. [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=1.9 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. Ref. [28] employed a chiral unit-
ary framework to evaluate polarization observables IS
and I¢ for the yp — n%yp reaction, further corroborating
the significant role of the A(1700)3/2~ resonance. Ref.
[29] reported beam-helicity asymmetry data for the pho-
toproduction of 7%y pairs on carbon, aluminum, and lead,
demonstrating that the yp — n%yp reaction is dominated
by the D;; partial wave with the A(1232)n intermediate
state. In summary, these studies consistently agree that
the primary mechanism underlying the yp — n%3p reac-
tion is dominated by the contribution 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 — n%p
reaction [30—34].

Focusing on the present study, a narrow structure was
reported in 2017 in the yN invariant mass distribution at
W ~ 1.678 GeV for the yN — npN reaction, based on data
from the GRAAL facility [35]. The suggested interpreta-
tion was that the observed peak structure corresponds to
the nucleon resonance N(1685). Subsequently, in 2021,
the CBELSA/TAPS Collaboration conducted a remeas-
urement of the yp — n%p reaction [36]. Contrary to the
previous findings, they could not confirm the existence of
a narrow structure in the 7N invariant mass distributions
at W ~ 1.678 GeV. Instead, they observed a narrow struc-
ture in the zp invariant mass distributions at W ~ 1.7
GeV, with a width of T ~ 35 MeV, for incident photon
energies in the range of 1400-1500 MeV and a cut of
My, <1190 MeV. Furthermore, with increasing incident
energy from 1420 MeV to 1540 MeV, the structure shif-

ted in mass from 1700 MeV to 1725 MeV, and the width
increased to about 50 MeV. The CBELSA/TAPS Collab-
oration proposed that the most likely explanation for the
narrow structure is a triangular singularity in the
vp — n’np reaction. Nevertheless, we are curious wheth-
er there are other possibilities that could explain the ob-
served structure.

In this study, our objective is to investigate whether
the observed narrow structure in the invariant mass distri-
butions of the yp — n%p reaction can be attributed to a
decay cascade via an intermediate nucleon resonance de-
caying into np final states. While the dominant contribu-
tion of the decay cascade via the A(1232) resonance in
this reaction is well established, we aim to elucidate the
role of other potential decay cascades involving nucleon
resonances. Considering that the narrow structure is loc-
ated at ‘M, = 1700 MeV/c* and isospin conservation re-
stricts the intermediate resonance to be an isospin-1/2
nucleon resonance, we focus on two candidates in close
proximity to this mass: N(1700)3/2", a three-star nucleon
resonance in the Particle Data Group review (PDG) [37],
and N(1710)1/2*, a four-star nucleon resonance.

The CBELSA/TAPS Collaboration has extracted the
individual contribution of the narrow structure from the
yp — n°np reaction [36]. In this study, we aim to repro-
duce this extracted narrow structure signal by employing
the effective Lagrangian method and considering the de-
cay cascade via possible intermediate resonances. Spe-
cifically, to construct the reaction amplitudes for the de-
cay cascade yp — n'Res.(np) — n°np, we include contri-
butions from #-channel p- and w-exchange, s-channel
nucleon (V) 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°np, contributions from
nucleon resonances N(1440)1/2* and N(1520)3/2" are in-
cluded.  Similarly, for the decay  cascade
yp — a°N(1710)1/2* — a°pp, the contribution from the
nucleon resonance N(1535)1/2" is considered. It is im-
portant to note that our model specifically excludes the
dominant background process yp — A(1232)n — n°np, as
this mechanism is not part of the extracted narrow struc-
ture signal.

To focus on the narrow structure, we employ specific
operations for the theoretical framework. Following the
approach in Ref. [36], an invariant mass distribution cut
of M, <1190 MeV is applied to suppress the dominant
decay cascade yp — A(1232)n — n°np, ensuring consist-
ency with the experimental data. While the contribution
from the A(1700)3/2 resonance, which decays via
A(1700) — A(1232)n, is inherently part of the background,
it is excluded from our theoretical model as it does not
contribute to the narrow structure. Instead, our goal is to
reproduce the individual contribution of the narrow struc-
ture extracted by the CBELSA/TAPS Collaboration [36].
As such, the interference effects between the narrow
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Generic structure of the amplitudes for the decay cas-
the of
yp — 7°N(1700)3/2~ — 2%p reaction, the R symbol represents
the intermediate resonance N(1700)3/27, and the N* repres-
ents the N(1440)1/2* and N(1520)3/2~ resonances. For the case
of yp — n®N(1710)1/2* — z°yp reaction, the R symbol repres-
ents the intermediate resonance N(1710)1/2*, and the N* rep-

yN — nRes. —» nqpN  reaction. For case

resents the N(1535)1/2 resonance. Time proceeds from left to
right

structure and the background terms are beyond the scope
of this study. This approach allows us to investigate
whether the decay cascade via an intermediate nucleon
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, with the results in ac-
cordance with the energy-dependent relationship identi-
fied by the CBELSA/TAPS Collaboration.

The current paper is organized as follows. In Sec. 11,
we provide an introduction to the framework of our theor-
etical model, encompassing the Lagrangians, propagators,
form factors, and the reaction amplitudes. In Sec. III, we
show the theoretical results and make a further discus-
sion. Finally, Sec. IV offers a summary and conclusions.

II. FORMALISM

The full reaction amplitude for the decay cascade re-
action yp — n°Res. — nnp can be expressed in the fol-
lowing form:

M= E(Ps’ﬂp')A#M“M(Pz:/lp), (l)
where 4, 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. The contributions considered in
constructing the reaction amplitudes include: i) s-channel
N, A, and N* pole diagrams, ii) ¢-channel p- and w-ex-
change diagrams, iii) u-channel N-pole exchange dia-

gram, and iv) contact term diagram. In the decay cascade
yp — a°N(1700)3/2~ — a°pp, N* denotes the nucleon res-
onances N(1440)1/2* and N(1520)3/2~, one of which, to-
gether with 7, constitutes 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* repres-
ents the nucleon resonance 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 field and the
vector-meson field as

FF" =g'A” = 0"AF, VW =09V =-0"VH, 2

where V represents the p or w vector meson.

1. The effective Lagrangians for electromagnetic ver-

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

_ R
Lyny =—eN {(A AZ O—#Vav) Au} N, 3)
N

Loy = e%yy £ (DAL ) (0 47)Py s 4)
Loy = e%e‘w(aﬁy)(aﬂ‘))wy, )

(1)

Lany = 2M A#%, sF'"N

g(2)
+e (ZAA;V)Z AysF"8,N +H.c., (6)

gﬁelfv

= LRy, F*"N

-ERN)/ 2M

g(2)
+e (ZEW) R,F"™3,N +H.c., 7)

N
LRNn}/ = je SRV 75A N +H. C., (8)
. g(l)

Vv, =e ﬁjyzv o"(d,A,)N +H.c., 9)
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(1)

- . 8N*Ny = v
_1:13\,/*21\,7, = —ie ZM;NH)/VF/‘ N
g
+ NN FP9,N + Hee., (10)
(2My)

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 = k,(1 +73)/2 + k,(1 —73)/2, with the anom-
alous magnetic moments «, = 1.793 and «, =—-1.913. My
stands for the mass of N. The coupling constant g,,, and
8wy are determined by caculating the vector meson radi-
ative decay width

e Gumy

- ovry M2_M23
4n24M3M§( v =M

(11)

FV—)ny =

where V' stands for the vector meson p or w. Utilizing the
decay width values TIj_0,~0.070 MeV and T, =
0.72 MeV from the PDG review [37], we obtain
8roy =0.099 and g, =0.31. The coupling constants for
RNy are determined by PDG values of N(1700)3/2~ —
Ny helicity amplitudes: A;, =0.032GeV™"* and
Asp =0.034 GeV™2, yielding ghv, =0.405 and ghv, =
—0.986. Similarly, ANy couplings are determined by
PDG values of A(1232)3/2* — Ny helicity amplitudes:
Aip=-0.135GeV™""? and A;), = —0.255 GeV "2, leading
to gy =—417 and gw, =432 The s-channel
N(1440)1/2* and N(1520)3/2- pole diagrams are 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 is taken as 8.y, =0.505, ob-
tained from the helicity amplitude A,/ = —0.065 GeV~'/2.
The coupling constant of N(1520)3/2” Ny vertex is taken
as &yly, = —4.86 and g\ly, =5.27, derived from the heli-
city amplitudes A;,=-0.025GeV™"? and A;,=
0.14 GeV™"* [37].

It is important to note that in the present work, the
couplings of N*Ny are determined from the helicity amp-
litudes 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
81570 Tty v (12)
where
)

_ EN*Nr
= oN'Ar 13
& M, (13)

For a spin-3/2 resonance with parity P = 1, the rela-

tions are
21 = %ﬁ kﬁz}v\/ [‘/§A1/2 iA3/2] (My- ¥ My), (14)
8= _l/d\fw kAA//[II,V\, [ V3My-A1jp — MyAsps) (15)
where

&= fﬁ;fv 5= (553132' (16)

2. The effective Lagrangians for electromagnetic ver-

texesin the yN — ntN(1710)1/2* — anN process

The Lagrangians outlined in Eq. (3-6) are also needed
for constructing the amplitudes in the
yN — xN(1710)1/2* reaction, and we refrain from repeat-
ing them here. Additionally, the other required Lagrangi-
ans are presented below

(1)

L, = eS8 R (3, A )N + Hee., (17)
2My
. 8RNr 5
Lrnmy = lemRysy"A,,ﬂN +H.c., (18)
S g
Ly, = e Nryso(3,A,)N +Hee., (19)
2My

where R represents the nucleon resonance N(1710)1/2*.
Additionally, the s-channel N(1535)1/2~ pole diagram is
considered due to their coupling with 7N(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 are estim-
ated as gy, = 0.134 and gi'y, = 0.619 based on their de-
cay branching widths Iy710)1/2+>ny = 80%0.04%=0.032
MeV and rN(1535)1/2+4>N'y ~ 150x0.23%=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 assume 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%,
are derived from a comprehensive set of photo- and had-
roproduction 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
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approximately 35-50 MeV, arises from the interference
effects among the relevant reaction amplitudes rather than
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

2 L,
1_,1/21r _e€ gN*Ny 3

N*->Ny — E (ZMN)Z 5

(20)

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~ — nnN process

Lrnz = gl};vnR”)/s (5},71) N+H.c., (21)
Lrwy = —%Nys (6,m) R* +H.c., (22)
n
M
-CRAN = ]I‘;Arr Auya (6(1”) RH
g
+i ]\RdAZ A, (80" m)R, +H.c., (23)
g, 8,
— _ PR 5 VN+ P R VaVN
Lo = = pg RN gy
(3)
8rNp 5
+ R, (0,0")N+Hc., (24)
QMy)* "
8w gk
w:_. wR V(U/WN'F w Ra)#vavN
Ly lZMN Y (ZMN)2 u
3)
8RNw 5
R,(0,0"”)N+H.c., (25)
My "
_ 1-2
T = " /rN |:(/1+7 ) :|N, 26
Lyn gnnalNys | | i My pn (26)
R
N = LR"R”%(B#H)N* +H.c., (27)
3/2° 85\}213 5
NeRn = T;R’l Y*¥s5 (Bam) N,
g
+1 2’4’;” R,ys (8"0“m)R,+H.c., (28)

s

where the symbol R represents the nucleon resonance

N(1700)3/2". The coupling constants ggyx, grny and ggiﬂ

can be determined by the branching width of

N(1700)3/2~ decaying to Nz, Nn and Anr, respectively.
The width formulas are denoted as follows

k3
4m 3 MxM3

812eNP 1

(Ey = My), (29)

Ironp =

1 k
Thrr=———S(Er+M
R—A 367TMRM§( A )
g<1)2
x{A’;—A;(MR—MAV

X (2E} +2ExMy +5M3)

1 @

+ 2%1\@1&(% — M)QEx+My)
@7

8RAx 34214
+2V;MRk }

(30)

where P represents the pseudoscalar meson z or 7. Given
the assumption in the present article that the total decay
width of N(1700)3/2- is 80 MeV, the coupling constants
for the RNn, RNn, and RAr vertices are estimated as
Zrne = 0.588, gryy = 2.08, and gi\ = —0.386 based on the
decay branching widths Ty, ~80%x12%=9.6 MeV,
Trowy = 80x1.5%=1.2 MeV, and T'p_a, = 80Xx70%=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 RAzr, RNp, RNw, and N*Rx
couplings due to the lack of experimental information.
Consequently, the energy-dependent width formula for
RNV coupling can be expressed as

1 k
Cronv(Vs) = T2n Mo
R

(1
8RNV

4M3,

(En + My)

X

[ZEN(EN — My)+ (Mg — My)* + 2M\2/} )
€2))

where V represents the vector meson p or w. Addition-
ally, for the decay process R — pN/wN, considering the
mass of the nucleon resonance N(1700)3/2” lying close
to the pN/wN threshold, it is necessary to account for the
effect of finite decay width. Referring to previous studies
[38, 39, 40], the final formula for the decay width of
RNV is given by

1 (Mg+2Tg)?
Troyy = —= / ey ( \/E)
(

T J (Mg—2Tg)?
XO(Vs—My—My)

{ 1
X Im

— -l 32
s—M,3+iMRrR} g (32)
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The coupling constants ggy, =5.57 and ggy, = 4.89
are determined using the formulas above, along with the
estimated branching widths T'g_,y, ~ 80x38%=30.4 MeV
and Tr_y, ~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 Ref. [41], a pure pseudovector
coupling (1 =0) is assumed for the NNz vertex, with the
coupling constant gyy, =0.989 adopted from Ref. [42],
determined by the SU(3) flavor symmetry. Additionally,
the coupling constants for N(1440)1/2*Rx  and
N(1520)3/2"Rn are considered. The coupling constant
gSERn for N(1440)1/2*Rn is taken as 7.23, leading from
the decay branching width T'r_n(i440)1/2+7 = 80X 7%=5.6
MeV. Similarly, for N(1520)3/2"Rr, the coupling con-
stant g\, is calculated as —0.759, derived from the de-
cay branching width T'z_ns3s)2-» = 80x4%=3.2 MeV.
The width formulas are denoted as follows

(1y? 3
gN*Rnl k

47 3 MRMg

(Ey- — My-), (33)

Trona440)1/242 =
I P

36m MgM3. NN
(1

g *Rm
x{ 2 (Me+ My

<)

Tronas203/2-2 =

X (2Ey. —2Ey-My- +5My.)
gﬁvl»?Rngﬁ«)Rn 2

+ ZT;MRk (Mg + My-)

ggzjen 214

X (2Ey: —MN*)+27;MRk }

(34)

4. The effective Lagrangians for meson-baryon ver-

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

x = —8rnzR i ) }N Hec., 35
Lrn SRNrIVY5 Kl +MN+MR b )r|N+Hc (35)
LRN” = —gRN,]R’yS |:(lﬂ+ m ,6) T]:| N+H.C., (36)
g
Lpax = ;IA"R((?"N)AV+H.C., (37)
Ly, = — S8 o K LA ) V"} N+H.c., (38)
P 2My Mg—-My "

Yu0°

gRNwR {(
Mp— My

Lrno =~ 2My

+ iaﬂ) V”} N+He, (39

_ _ 1-1
1/2 1 .
ke = = 8N kR KUH My — M,

/3) n} N*+Hc.,  (40)
where the symbol R denotes the nucleon resonance
N(1710)1/2*. Pure pseudovector-type couplings are em-
ployed for the RN7 and RNn vertices. The coupling con-
stants grwz, grwy, and ggA)n are determined through the
branching width of N(1710)1/2* decaying into Nn, Nn,
and Ar, respectively. The width formulas are expressed
as follows

gzzeNP k
Iroyp= —(Ey —My), 41
R—-NP o MR( N N) 41)
ay 13
8rar k" Mg
Lroar = Ex+M,), 42
R—A o M},Mi( A A) (42)

where P denotes the pseudoscalar meson 7 or 5. The
coupling constants for RNw, RNn, and RAx vertices are
specified as ggy. = 1.47, ggn, =3.81, and ggA)” =0.0973
based on the decay branching widths Tx_y, =~ 80x
12.5%=10 MeV, Ty, =80%x30%=24 MeV, and
Tronr = 80x6%=4.8 MeV. The reaction energy-depend-

ent width formula for the RNV coupling is simplified to

(1)?
Siwy k(Ey = My)

K NV(\/E) 16 MRM2
N
X{iz [(M +M )2+2M2]} (43)
(MR_MN)2 R N v ’

where V represents the vector meson p or w. It is essen-
tial to consider the effect of finite decaying width [38, 39,
40], and the decay width formula remains consistent with
Eq. (32). Consequently, the coupling constants
grnp = 8.47 and ggy,, = 4.16 are obtained from the estim-
ated branching widths I'z_y, = 80x17%=13.6 MeV and
Tronve = 80%x3%=2.4 MeV. A pure pseudovector-type
coupling is also applied to the N(1440)1/2*Rn vertex. The
coupling constant for the N(1535)1/2Rn vertex is set as
g\ k. =0.864, derived from the decay branching width
I"R_,N(1535)1/2-,, ~ 80x15%=12 MeV. The width formula is
expressed as

e K 44
Tronasssijox =i M. (En +My). (44)
R

B. Propagators

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

i
p—My’

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

i

S 1/2(17) = m,

(46)

where My and T’y represent the mass and width of reson-
ance, respectively.

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

i(—g" + p"p" IMy)

Si(p) =
p*=Mj

(47)

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

i 1
Sap= (). @
32(P) b Myt a2 \ o+ 3 0¥ (4%)
where
~ PuDv
= —"8uwt s (49)
H H M]%
- Y Pu b
Vu =Y 8=Vt — (50)

M3

C. Form Factors

To parametrize the structure of the hadrons and nor-
malize the behavior of the production amplitude, a form
factor needs to be attached to each hadronic vertex. Al-
though two hadronic vertices exist in each reaction amp-
litude, only one form factor of the following type is intro-
duced here. Following Refs. [41, 43], for intermediate ba-
ryon exchange, the form factor is taken as

A

2
_ ], 51
Az+<p2—M§>2> oy

fw (P?) = (

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

AZ _M2 2
M) , (52)

fi(&) = (
! ( ) A%/I _ q2
where ¢, My, and A, represent the four-momentum, the
mass, and the cutoff mass for the exchanged meson M,
respectively. The same cutoff mass is taken for the #
channel 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°7p canbe de-
noted as

M =T,M", (53)
where T, represents the N(1700)3/2~ — np decaying part.
This part is the same for all individual amplitudes of #-,
u-, s-channel, and contact term cases, and it is specific-
ally represented as

8
T, = r’;N” YsPiS 3 (pr).

n

(54

And M* represents the remaining parts of the leg-
amputated amplitudes M*, which are represented as fol-
lows

Srve
B yspyS 2 (py)
ey

iK
X {'}’“ + 27]\]0-”0[)1(1} Js(pssmw)s
my

o _
My, = ie

(55)

.NNr

Vo Ha o uv
lisz(plg pig")

2
+ €8RNy
Qmy

xS 1/2(pu)75 /’P3ﬁ4(pmmN),

wo
MN(u) - -

(56)

v _.8 V3
My =it pigS i (p)(pig” - g
[0)) 2)
eg eg
|: ANy ANVZ,yszﬂ} fs(ps’mA)’

2my V5T )
(57)

85\})R 85\})1\/
v _ "RnSN*Ny 1/2
MN(1440) =-e ——Y5P3S / (ps)

2m my

X 0 pra fs(Pss Mn440))5 (58)
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g(l) 3/2 g%)R 85\})N
M%]szo) =i 1’375811’5 / (Ps)(Plg”ﬁ Pﬁgﬂé) Mﬁ(1535) W 1) Sl/z(l’s
N(mg
(1) 2)
€8N Ny €8N"Ny X Ys0 Do fs(Dss Mns3s))s (68)
oy T Qmy 2P Js(ps;mnasa0)s
(59) 8RNp&. —Yﬁ z
MY = pﬂm{ pr :|Sl
p=¢ 2m.my Lmg—my 4 po(P)
My = = SRS oy s (p) X €1 paufi(pimy) (69)
mymy
X vp(py g™ = Pl fi(pismy), (60) o N 7
RNw
Mﬁze 2 i { : _pf:| S/lfé(pt)
8RN, gﬂ'wy A6 el N
o _ w e
My = e e € 1S 5o (p) X €0 p 1 paaf( i), (70)
X vp(pi8™ = Pl g™ fi(pimo), (61)
M= ie Sy f(pamy). (71)
gRNn P+ m
M = e= =" Ysfi(ps.my), (62)

where p, = pi+pa, p;=ps—pi,and p, = py—ps.
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 are simplified for

left and right, respectively; T represents the
N(1710)1/2* — np decaying part, which is given by
_ gRNq 1/2
T'=—i————ys psS " (pr)- (64)

mg+my

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

MZ(A‘) = —ie Sk 7 p S]/ (ps)
m
lK
<)’# + 7N041'Bp1/3) fs(psmy), (65)
Mx(u) = MO’WPMS”Z(PL;)
2my)’
XYs 1)3fu(pu’mN)’ (66)
M} = ngAﬂPE”S S (p(Pg’ - phigt)
0] (2)
egRNy
+ s R
2y YBYs 2m )27’5]72/3 Js(ps,ma),
(67)

The total amplitude M is obtained by summing the in-
dividual amplitudes. It should be noted that due to the in-
troduction of the form factors, the total amplitude M is
not gauge invariant in its current form. Specifically, for
the yp — n°N(1710)1/2* — n°np process, the s-channel N
pole contribution and the u-channel N pole contribution
breaks gauge invariance. Similarly, for the
yp — n°N(1700)3/2 — n’yp process, the s-channel N
pole contribution also breaks gauge invariance. In our
previous studies [41, 43], we employed a generalized
gauge-invariant term following the approach outlined in
Refs. [44, 45]to ensure gauge invariance of the amp-
litude. However, given the multiple approximations adop-
ted in the present work, we focus on maintaining the sim-
plicity of the formalism. As a result, instead of incorpor-
ating the generalized gauge-invariant term, a general con-
tact term has been introduced. It should be noted that, un-
like the generalized gauge-invariant term, the general
contact term does not preserve the gauge invariance of
the amplitude. This limitation is deemed acceptable with-
in the scope of the present study, given the emphasis on
simplicity and practical approximations.

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

1 Z' |2dp3dp4dp5
" 4 (pr - p) 2E, 2E,

Aydp Ay

X 8*(p1+p2— P3— pa—ps), (72)

where 4,, 4, and 4, are the helicities of the photon, in-
coming proton and outgoing proton, respectively; pi, pa,
D3, P4, ps are the four-momenta of the photon, incoming
proton, z, 77, and outgoing proton, respectively.
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III. 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. In the first
interpretation [35], it is suggested that the narrow struc-
ture results from a new isospin 1/2 nucleon resonance,
denoted as N(1685). In contrast, the CBELSA/TAPS Col-
laboration, in their 2021 study [36], argued that the nar-
row structure is more likely caused by the triangular sin-
gularity in the yp — n%p reaction rather than the decay
cascade via an intermediate resonance.

To clarify the nature of this narrow structure, it is es-
sential to distinguish between the contribution of the nar-
row structure and the dominant background originating
from the yp — A(1232)np — pa’n mechanism, as identi-
fied by the CBELSA/TAPS Collaboration [36]. In their
analysis, the narrow structure signal (represented by the
red solid curve in Fig. 7 of Ref. [36]) was extracted from
the background dominated by the A(1232) resonance (de-
picted by the blue dotted curve in Fig. 7 of Ref. [36]).
Our present work focuses exclusively on reproducing the
extracted narrow structure contribution, rather than the
entire M, invariant mass spectrum. By isolating the nar-
row structure, we aim to provide a quantitative assess-
ment of whether the observed structure could result from
the decay cascade via an intermediate nucleon resonance.
Additionally, we explore the possible roles of decay cas-
cades involving other 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 the four-star N(1710)1/2*.
Both resonances have 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 take the medians of these estimated ranges.
The masses of the nucleon resonances N(1700)3/2~ and
N(1710)1/2* are taken as 1700 MeV and 1710 MeV, re-
spectively. Our model intentionally excludes contribu-
tions from the yp — A(1232)p — pn’p mechanism, as
these contribute primarily to the background rather than
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 opt for a width of 80 MeV for both nucleon res-
onances. This choice is motivated by the observed beha-
vior of the narrow structure in the CBELSA/TAPS Col-

laboration's data [36]. As the incident energy increases
from 1420 MeV to 1540 MeV, the width of the observed
structure grows from 35 MeV to about 50 MeV and then
decreases. The chosen value of 80 MeV aims to strike a
balance between the advocated width values by the PDG
and the experimental observations, taking into considera-
tion the potential interference effects between the indi-
vidual contribution of the narrow structure and its back-
ground.

To investigate whether the narrow structure in the np
invariant mass distributions can be attributed to the de-
cay cascade via intermediate nucleon resonance decaying
into np final states, we employ an effective Lagrangian
method at the tree-level approximation. Our study con-
siders all relevant terms based on decay information from
the PDG review [37]. In addition to the background
terms, including #-channel p and @ exchanges, s-channel
N and A pole contributions, u-channel N exchange, and
the contact term, we include the pole contributions of s-
channel nucleon resonances coupled to the 7Res. channel.
According to the PDG review, for the case of
yp — n°N(1700)3/2- — n°np, we consider the nucleon
resonances N(1440)1/2* and N(1520)3/2" in the s chan-
nel. For the case of yp — n°N(1710)1/2* — n°np, we con-
sider the nucleon resonance N(1535)1/2" in the s channel.

As detailed in Sec. II, all coupling parameters in our
study are 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 are treated as fitting para-
meters and are summarized in Table 1. Table 1 reveals
that we use the same cutoff mass value 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, while the blue
scattered symbols correspond to the experimentally ex-
tracted narrow structure signal, as provided by the
CBELSA/TAPS Collaboration [36]. It is important to
note that the experimental data have been processed with
a cut of M0 <1190 MeV to suppress the dominant back-
ground from the decay cascade via the A(1232) reson-

Table 1.
cutoff mass of the 7~channel p and @ exchanges, and the same

Model parameters. The same value is taken for the

value is taken for the cutoff mass of the other terms

Model I Model IT
Apw [MeV] 2500 1550
Aothers [MGV] 2500 2500
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ance, which dominates in the yp — n%p reaction. Our
theoretical calculations also incorporate this cut, ensur-
ing consistency with the experimental conditions and fo-
cusing on reproducing 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 np final states, with a decay branching ratio of 1-2% as
indicated by the PDG review [37]. This results in the the-
oretical results having 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. Fig-
ure 3 demonstrates that the decay cascade via the inter-
mediate nucleon resonance N(1710)1/2* provides a qual-
itative description of the stripped experimental curve.
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 its 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, as illustrated in Fig. 3, is
considered 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 deviate 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
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o
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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 numbers in parentheses denote the centroid value of the photon laboratory incident energy
(left number) and the corresponding total center-of-mass energy of the system (right number), in MeV.
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| -."1 ceee
1.7 1.75 1.8 1.75 1.8

GeV]

1.65 1.7

mass of np (black solid lines). The notations are the same as in Fig. 2.

-10



The effect of decay cascade via an intermediate resonance in the yp — 2°;p reaction

Chin. Phys. C 49, (2025)

0.2 T T | T T | T T
Model II

0.15

0.1

o [ub]

0.05

' E, [GeV] .

Fig. 4.
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].

(color online) The cross sections of the decay cas-

IV. SUMMARY AND CONCLUSION

The CBELSA/TAPS Collaboration detected a narrow
structure in the np invariant mass distributions in. 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 tree level, incorporating contributions from nucleon
resonances N(1700)3/2~ and N(1710)1/2*, which are lis-

ted 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 —a°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 1S~ achieved, the theoretical cross-section
width is significantly larger than the experimental results.
Thus,” N(1710)1/2* cannot adequately explain the ob-
served 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 the np
invariant mass distributions is unlikely to arise from de-
cay cascades involving intermediate resonances. Among
the candidates investigated, N(1710)1/2* contributes
more than N(1700)3/2” but remains insufficient to ex-
plain the narrow structure. This result supports the under-
standing that the yp — a°pp reaction is predominantly
governed by decay cascades via the A(1232) resonance,
as suggested in previous studies.
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