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and the possible evidence of Z*(1~) states
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In this study, the impact of triangle singularity is investigated in the isospin breaking process

J/w — AAx. The triangle singularity is found to play a significant role in the process, resulting in the

creation of a resonancelike structure around 1.4 GeV in the Az(Az) invariant mass spectrum. To amplify

the impact of this triangle singularity, the presence of two X* (%‘) states around 1.4 GeV and 1.6 GeV is

essential, yet these states have not been definitively identified in the current baryon spectrum. We
recommend that experiments, particularly the Beijing Spectrometer and the future Super Tau-Charm

Factory, investigate the process J/y — AAx to offer direct evidence for our predicted triangle singularity

1—

and additional evidence regarding the X(57) states.

2
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I. INTRODUCTION

The current Beijing Spectrometer (BESIII) experiment
has accumulated a wealth of data, and future Super Tau-
Charm Factory (STCF) experiments are expected to have
higher luminosity. This makes the experiment in the
tau-charm energy region a crucial location for studying
nonperturbative QCD through precise measurements of
specific QCD processes [1,2]. Even more intricate struc-
tures could be unveiled if a sufficient number of events are
available in the future. For example, the existence of a
triangle singularity (TS) is one of the most fascinating
topics [3], representing a unique feature of final state
interaction when a particular kinematic configuration called
Coleman-Norton theorem takes effect. Although proposed
by L. D. Landau in 1959 [4], the concept of triangle
singularity may hold significant importance in elucidating
various anomalies [3,5-54] (a comprehensive review can
be found in Ref. [55]). However, as highlighted by
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Refs. [48,49,56], the concept of triangle singularity itself
has not been definitively examined.

Based on previous studies, three main factors make it
challenging to examine triangle singularities in experi-
ments: interference with threshold cusps, mixing with
resonances, and the lack of precise predictions due to
unknown vertices [13,48]. Therefore, in response to these
challenges and with a focus on BESII and STCEF,
Refs. [48,49,51,54] have proposed several processes in
which the predicted pure effects of triangle singularities
could potentially be examined in the future.

Upon reviewing previous works [48,49], we have
identified two inherent weaknesses, stemming from the
discussions on the background generated by the tree
diagrams. One issue is the potential omission of several
tree diagrams, leading to inaccuracies in estimating the
background. In this scenario, the significance of the
triangle singularity is not entirely clear. The other concern
is that the signal of the triangle singularity is significantly
smaller than the contribution from the background chan-
nel. This implies that the signal of the triangle singularity
can only have an observable effect when it interferes with
the background channel. Therefore, in previous calcula-
tions, it was always essential to treat an interference angle
between the background and TS signal as a free parameter,
making it impossible to determine accurately. Therefore,
as emphasized in our previous works [48,49], we assumed
the phase angle to be zero. This implies that for certain
specific phase angles, the effect of the triangle singularity
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may be significantly suppressed, making it still unob-
servable in experiments.

Therefore, we need to develop improved processes to
assist experiments in detecting the signals of triangle
singularities. Inspired by the concept introduced in pre-
vious studies [5-8], where the triangle singularity effect
plays a crucial role in the isospin breaking process
n(1405/1475) — nf((980) — 3, this study focuses on
the J/w — AAx process. The inner triangle loop in this
process involves X*(£*), £(X), and 7, and we have chosen
this specific process for the following reasons:

Within the triangle loop, the triangle singularity and
isospin breaking effect occur simultaneously. Given that
the isospins of J /y, A(A), and r are 0, 0, and 1, respectively,
the isospin is not conserved in this process. Clearly, if this
process occurs through strong interactions obeying the
isospin conservation, the outcome should be zero.
Nevertheless, due to the mass discrepancies among X(*)
particles with varying charges [57], the )<z loops with
different charge states will not cancel each other out. More
significantly, the triangle singularities will also occur in these
loops. Consequently, the locations of the triangle singularities
will be distinct from each other as a result of the mass
variations of ), as illustrated in Fig. 2 below. Therefore,
this isospin breaking process may exhibit a resonancelike
structure around 1.4 GeV in the Az(Ax) invariant mass
spectrum, as shown in Fig. 2. This scenario bears a striking
resemblance to the J/y — yn(1405/1475) — ynzrm process
via the K*KK triangle loop.

The contribution of background will be suppressed due
to isospin breaking. Given that the J/y — AAx process
involves isospin breaking, the tree diagrams associated
with this process are expected to be suppressed.
Consequently, the background of this process will be
significantly reduced compared to conventional scenarios.
This reduction in background enhances the prominence of
the triangle singularity effect. As a result, the interference
effects may be less significant, and the phase angle is less
likely to introduce uncertainty when observing the tri-
angle singularity signal.

A large number of J |y events have been accumulated in
BESIII and are anticipated in future STCF experiments. In
comparison to the y(2S) selection used in our previous
studies [48,49], the J/y is the most prevalent charmonium
worldwide. As of now, BESIII has accumulated over 10°
J/w events [1], and in the future STCF the number of J /y
events is expected to be even greater, given that the
luminosity of STCF is approximately 10> times higher
than that of BESIII [2]. Therefore, the present and
upcoming experimental settings offer an excellent platform
for conducting more accurate measurements in J/y phys-
ics. This suggests that the observation of the triangle
singularity in the J/w — AAx process is more likely to
occur in the future.

Moreover, the properties of the resonances participating in
the triangle loop are also crucial in augmenting the signifi-
cance of the triangle singularity. For instance, when the
triangle singularity occurs, the relative momentum between
particles is not very high, leading to a significant suppression
of high partial wave interactions. So the triangle singularity
becomes a valuable probe for testing the existence of a
resonance that can decay into the final state in an S-wave
configuration. Thus, in the J/y — AAx process, it provides
a nice place to examine the existence of the X* particles with
masses around 1.4 GeV and J¥ = %‘, which decays into Az
in S-wave. Fortunately, based on previous studies, there is a
potential candidate: the X(1381) [58-60], suggested by a
multiquark model, which could play a significant role in this
process. The clear contribution of the triangle singularity in
this process could support its existence.

The remainder of this paper is structured as follows: In
Sec. II, a brief introduction to the model will be provided.
Section III will present the numerical results and the
corresponding discussions. Finally, a summary will be
provided in Sec. IV.

II. MODEL SETUP

The mechanisms involving the one triangle loop of
the J/w — AAx process are illustrated in Fig. 1, where
Figs. 1(a) and 1(b) are actually conjugate to each other. In
this mechanism, the J/y decays initially into X*)(£*) and
2(%), followed by the decay of X*)(Z*) into Az(Ax),
while the £(X) remains unchanged. Finally, 7 catches (%)
and rescatters into Az(Arx) via an excited £ (X*). Therefore,
when a triangle singularity occurs, all the particles forming
the triangle loop are on their mass shells, resulting in a peak
in the Az(Ax) invariant mass spectrum.

Similar to our previous studies [48,49], we utilize the
effective Lagrangian method to conduct the entire calculation.
This approach allows us to express the general form of the
amplitude that characterizes the loop diagram in Fig. 1 as

Loop __ / d*q  V3F(ps+ ps—q.ms, As)
M =1 7 2 2,
(27)* (p3 + pa — q)° — mz + imsT'y
ViF(pr+q,mg, As:)  VoF(q,my, Ay)
(p2+ q)* = mk + img:Ts- ¢* —m2 + im, T,
V4 F(p3 + pa.mze, As-) (1)
(p3 + pa)? = mi. + img Ty

(@) ) (b) ’ _
3 2 A(p2) st 2 A(p3)
) e I7b@s) .
n- — n=
BN w0 Alps) N " A(p2)
$F P ¥ X
Vs V3
7°(ps) 7°(ps)
FIG. 1. The decay mechanisms of J/y — AAz°® process via

triangle loops, where (a) and (b) are just conjugate to each other.
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where V; are the interactions of each Vertex as given in Fig. 1.
For the interactions between J/y and *)Z(), the relevant
effective Lagrangians are [61-67]

EWPIIPII = _gl//P”P“PII}’ﬂV/”Pn + H.c., (2)
Lys,py = ~Gys, by PrivsrySi +He,  (3)
Lyp,p, = _gy/DBP”PnW,,D'fg + H.c., (4)

Ly, ==iG9yp,p, P77 (9, =y, )Pl +He., ()
with Py, S;1, D3, P35 being the fields of excited baryons
with quantum numbers J” = 1/2%, 1/27, 3/27, and 3/2*
respectively. For the interactions between baryons and pion,
the effective Lagrangians are [68]

Lap. p,, = —Yap, P, P117s7,7- 7P +He.,, (6)
Lep,s,, = =9apys, P17 281 +Hee., (7)
Lep, Dy = =9zp,0is P117s7"7 - 0,0,7DY; + Hee., (8)
Lp, p, = Gap, P17 0,mPY5 +H.c. 9)

In Eq. (1), a form factor F(q,m,A) :W is
introduced to describe the structure effects of interaction
vertices and off-shell effects of internal particles.
Furthermore, it can also avoid the ultraviolet divergence
that appears in our calculation. As emphasized in our
previous work, when triangle singularity happens, all the
particles that compose the triangle loop are on-shell,
leading to F(q,m,A) = 1. This indicates that the form
factor will not affect the height of the peak caused by the
triangle singularity very much [48,49]. Furthermore, the
form factor F(g,m,A) includes a free parameter A,
representing the momentum cutoff and commonly para-
metrized as A = m + aAqcp. In our following calculation,
we take Agcp = 0.22 GeV. Since a affects little on the
behavior of M, it will still be taken as 1 [48].

The Dalitz plots and invariant mass spectra we need can
be obtained by

|MLoop|2
dr =Y o dm3ydm}, (10)
96(2x)3 J Ty
or
MLoop|2
dl = 296 dm3,dm?,, (11)
J/(//

where ) denotes the summations over spins of initial and
final particles, and the invariant masses are defined as

m3y = (pa+p3)?, miy = (pa+ps)*, myy=(ps+pa)* [571.

ITII. NUMERICAL RESULTS AND DISCUSSIONS

A. Triangle singularity effect caused by difference
charge configurations in the isospin breaking
process J/y — AAx

With the preparations given in Sec. III, we proceed to
present the numerical calculations and corresponding dis-
cussions. In Fig. 1, the charge configuration with primary
decay process where J /y is decaying into two neutral X(*)°
particles is not included. This is because under this situation
the isospin factor of V5 vertex, i.e., the interaction between
>0 and X%79, is zero, due to the Clebsch-Gorden coef-
ficient of isospin factor (1,0; ,0) = 0. Thus, the
neutral channel will have no contribution to the process.
For a single loop diagram in Fig. 1, after multiplying the
isospin factors of all the vertices V;(i = 1, ...,4), the signs
of the amplitudes of the two kinds of charge configurations
in the triangle loop are opposite. Therefore, if the Z(*)
particles have no mass differences in charges, the contri-
butions of these two charge configurations will cancel each
other and make the total amplitude of the process still be
zero. However, if we take into account the practical masses
differences of charge states [57], we will find some changes
on the line shapes in Az(Az) invariant mass spectrum, as
shown in Fig. 2.

In Fig. 2, for instance, we choose Fig. 1(b) to illustrate
the line shapes of the m,, invariant mass spectrum. Here,
% and T*0 are assigned as £*(1670)* and Z*(1381)°,

s

1.0 N
o e (=,+,-) loop
()
P —— (+,—,+) loop
0.8 P, ... Difference
'
- 1 —_
3 ' 3 0.03
e 08 f % 0.02
[\
] s
2 04 ! g 001
° 0.00 bacmizimim? o mimmimimipicias
1.251.301.351.401.451.501.551.60
0.2 My (GeV)
0.0 = - = e e h e s s s s e

1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60
Mar (Gev)

FIG. 2. The m,, invariant mass spectra of the J/y — AAx
through Fig. 1(b), where (4, F, %), i.e., black solid line and red
dashed line, denotes that the triangle loop is composed by
S*t¥F 7%, The enlarged subfigure with green dot-dashed line
denotes the total contribution of these two kinds of charge
configurations, which represents the difference between them.
It should be noticed here that in this figure the maximum of the
value has been normalized to 1.0, and ¥ = £*(1670)%,
0 — ¥*(1381)°.

034018-3



HUANG, MA, WU, PING, HE, and HUANG

PHYS. REV. D 110, 034018 (2024)

respectively, with all coupling constants set to 1. In
review of particle physics (RPP) [57], the masses of X~
and X7 are 1197.449 MeV and 1189.37 MeV, respectively,
and the mass of X*(1670) is just around 1662 MeV [57].
After applying Coleman-Norton theorem, the positions of
triangle singularities are given as 1.40909 GeV and
1.40073 GeV for the different kinds of charge intermediate
states, respectively. From Fig. 2, it can be observed that the
line shapes of the black solid line and the red dashed line
exhibit slight differences in the following two aspects: The
central value of the peak in the black solid line is slightly
larger than that in the red dashed line due to variations in
the positions of the triangle singularities, and the height of
the black solid line is slightly lower than that of the red
dashed line, attributed to differences in the phase spaces.
Crucially, the nonzero total contribution of the green dot-
dashed line arises from the mass distinction of ¥ in these
two charge configurations. Consequently, a resonancelike
structure emerges around 1.4 GeV in the Az invariant mass
spectrum, with a width of approximately 20 MeV.

B. Discussions on the Dalitz plots
with different 0 selections

In Fig. 2, we only take into account the contribution of
Fig. 1(b). Given that Fig. 1(a) is simply the conjugate of
Fig. 1(b), it is conceivable that the line shapes of the Az
invariant mass spectrum will be identical if we solely
consider the contribution from Fig. 1(a). To account for all
the contributions, we should sum the amplitudes of these
two diagrams coherently, and the interference effects
between them are necessary. In Fig. 3, we give the
Dalitz plots in addition to their projections on the invariant
masses, where the two terms in Fig. 1 are included. In
Fig. 1, the T**(ZF) is set as £*(1670)* (£*(1670)*), and
the £*0(£0) is set as X*(1381)°(Z*(1381)°).

From Fig. 3, it is evident that the triangle singularity
effects occurring in this process will result in two
intersecting bands in both the Az — Az and AA — Ax
Dalitz plots. Therefore, as a result of this intersection, the
peak in the Az invariant mass spectrum will be signifi-
cantly enhanced, increasing the likelihood of observing
this peak in experiments. In the bottom-left subfigure,
a minor cusp emerges around 1.33 GeV, coinciding with
the location of the Xz threshold. A sudden decrease
around 1.82 GeV is also observed, attributed to the
limitation of phase space.

In the bottom-right panel of Fig. 3, when only Fig. 1(b)
is taken into account, a flat plateau will be observed in the
AA invariant mass spectrum from 2.6 GeV to 2.9 GeV.
Conversely, as a result of the intersection of the two bands,
a small peak will emerge on the plateau, located around
2.85 GeV.

Although Fig. 3 has shown the basic phenomenon of our
predicted triangle singularity, the currently missing status

mp, . (GeV)

1.0
0.8
0.6
0.4
0.2
0.0

dr/dm (a. u.)

13141516 1.7 1.8 1.9
my - (GeV)

23 24 25 26 2.7 28 29
my 7 (GeV)

FIG. 3. The Dalitz plots in addition to their projections on Az
and AA invariant masses of J/w — AAx process, where both
the two terms presented in Fig. 1 are considered. The Z**(£**) is
set as X*(1670)*(£*(1670)*), while the *0(£*0) is set as
=*(1381)°(Z*(1381)°). For the four subfigures, the top-left is
the Dalitz plot of Az — Az invariant mass spectra, the top-right is
the Dalitz plot of AA — Ax invariant mass spectra, the bottom-left
is the distribution of dI'/dmj,, and the bottom-right is the
distribution of dI'/dm 3. It should be noticed here that both the
maximum values of the distributions in the bottom row have been
normalized to 1.0.

of ¥*(1381) indicates that choosing different £*(£) to
study the phenomena must be necessary. Thus, in Fig. 4,
X*(1381) is changed to the well established X*(1385) and
contents similar to Fig. 3 are presented.

As shown in Fig. 4, when £*0(£*) changes from
T(1381)°(£*(1381)°) to x*(1385)°(Z*(1385)"), the
line shapes change a lot. From the plots in the first
row, the bands in the Dalitz plots are no longer uniform,
indicating a typical P-wave contribution. From the
bottom row, it can also be observed that both the Az
and AA invariant mass spectra are significantly sup-
pressed. The changes can be attributed to the J© quantum
number of the exchanged X*°(£%). If the quantum
number of X*(1381) is J¥ = (})7, the interactions
between X*(1381) and Xz, as well as Az, are both
in S-wave. For the X*(1385), the quantum number is
JP = (3)", indicating that both interactions with Zr
and Az transition to P-wave. The interactions in higher
partial waves may diminish the impact of triangle
singularities and threshold cusps, a conclusion that has
been previously explored and presented in Refs. [3,69].

To validate this hypothesis, it would be intriguing to
examine an alternative configuration, where X*0(Z*0)
corresponds to £*(1381)%(£*(1381)?), and Z**(£**) cor-
responds to £*(1620)*(Z*(1620)F). At this point, given
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FIG. 4. Similar contents as given in Fig. 3, where £**(£*%) in
Fig. 1 is still £*(1670)*(£*(1670)*) and the T*°(Z*0) has
changed from £*(1381)°(£*(1381)°) to =*(1385)°(£*(1385)").
In the above row, the figures are just Dalitz plots, the same as
Fig. 3. While in the bottom row, “ratio on dI"/dm” means that the
figure draws the relative magnitude of the invariant mass spectra
between the X*(1670)*X*(1385)°(Z*(1670)*Z*(1385)%) case
and the £*(1670)*=*(1381)°(Z*(1670)*£*(1381)°) case.

that the J* values of £*(1670) and £*(1620) are (3)~ and
(3)7, respectively, the interactions between X**(£**) and

Az*(Az*) transition from D-wave to S-wave. These
modifications are reflected in the results depicted in Fig. 5.

O\
o

13 14 15 1.6 1.7 1.8 1.9 23 242526 27 2.8 2.9
mjy . (GeV) my ; (GeV)

mp . (GeV)
— =Y —_ - - - =9
w R O N ® ©

ratio on dI'/dm

© =2 =2 N
o 0 © u o

FIG. 5. Similar contents as given in Fig. 3, where **(Z**) in
Fig. 1 is changed to *(1620)*(Z*(1620)*) and the *°(£*0) is
still *(1381)%(£*(1381)?). In the above row, the figures are just
Dalitz plots, the same as in Fig. 3. In the bottom row, “ratio on
dl'/dm” means that the figure draws the relative magnitude of
the invariant mass spectra between the X*(1620)*Z*(1381)°
(£*(1620)*5%(1381)%) case and the X*(1670)*%*(1381)
(£%(1670)*£*(1381)°) case.

Upon comparing the panels in Figs. 3 and 5, it
becomes evident that when the interactions between
T (2%) and AzT(Az*) transition from D-wave to
S-wave, the peak height is significantly enhanced.
Furthermore, two distinct bands also emerge, precisely
positioned at the thresholds of Xz and 7, respectively.
This means that the cusp effect at this time is enhanced a
lot. Furthermore, from the invariant mass spectra in the
bottom row, it can be seen that when the partial wave of
interaction is reduced, the triangle singularity effects are
enhanced a lot, with a factor of around 2.0. Thus, we
may also get the conclusion that higher partial wave will
suppress the effect of triangle singularity in addition
with the cusp effect.

C. Analysis on the background and the significance
of triangle singularity effect

If the triangle singularity effects mentioned in the
previous subsection can be detected in experiments, dis-
cussions on the background are absolutely essential.
Similar to our previous works [48,49], the background
contributions are depicted as shown in Fig. 6.

We illustrate the two possible mechanisms for this
isospin process at the tree level in Fig. 6. Clearly, in the
background, either the interaction between J/y and AZ*°
or the interaction between A* and Az violates the isospin
conservation law of strong interactions. Therefore, these
strength of interactions must be similar as that of the
electroweak type. According to Ref. [70], typically the
relative strengths of the strong, electromagnetic, and weak
forces are approximately 1, 1072, and 1077, respectively.
Hence, it is reasonable to assume that either the interaction
between J/y and AZ* or the interaction between A* and
Ar occurs through electromagnetic process at the quark
level. Upon consulting RPP [57], we observe that
the branching ratios for the J/y — 2*(1385) X% and
J/w — £*(1385)°A processes are (3.1 & 0.5) x 10™* and
< 4.1 x 107°, respectively. In other words, the ratio
between them is, at most, 100. Therefore, the inference
regarding the type of interactions at the J /wAZ* and A*Ax
vertices is justified.

The aim of this study is to investigate whether the
triangle singularity effect remains observable after account-
ing for the background. The key focus area is the invariant
mass of Az(Ax) around 1.4 GeV. Near this region, there are

(@ (b)
J/%(p1) I/ (1)

20 (A%)

m°(ps) m°(ps)

FIG. 6. The background of J/y — AAz° process considered in
this work, where (a) and (b) are just conjugate to each other.

034018-5



HUANG, MA, WU, PING, HE, and HUANG

PHYS. REV. D 110, 034018 (2024)

two well established resonances A(1405) and X*(1385) for
the diagrams shown in Fig. 6. However, apart from the
J/w — 2*(1385)°A process, the J/y — A(1405)A and
A(1405) — Az processes have not been observed [57].
This implies that the background originating from A(1405)
cannot be calculated with high precision. Fortunately, the
branching ratio of J/y — AZ~z" have been measured by
previous experiments as (8.3 £0.7) x 10™* [57]. If we
assume that this process is dominated by A(1405), the
coupling constant g;/,a(1405)a can then be extracted.
Taking into account the isospin breaking effect of approx-
imately 1%, we can calculate the contribution of A(1405)
to J/y — AAz°.

Since the J/w — ATzt process primarily occurs
through A(1405), the triangle singularity effect remains
prominent when factoring in the background contribution
around 1.4 GeV in the Az(Ax) invariant mass spectrum.
This suggests that detecting it in future experiments holds
promise.

Regarding the loop diagram, experimental data on
the branching ratios of the J/y — Z*(1670)L and
J/w — 2*(1620)X processes are currently unavailable,
and as a result, the corresponding coupling constants
cannot be accurately estimated. When comparing the
J/y = 2*(1385)%, J/w — = (1670)X and J/w —
¥*(1620)E processes, it is observed that the J/y —
¥*(1385)% process takes place in the S-wave, whereas
the others occur in the P-wave. The branching ratio of the
J/w — 2*(1620/1670)% process may be slightly lower
than that of J/y — Z*(1385)Z. Taking into account that
the phase space of the J/y — X*(1385)% process is
slightly larger, this will also result in a slightly lower
branching ratio for the J/y — X*(1620/1670)Z processes.
Considering these two points, we assume that the
branching ratio of the J/y — X*(1385)Z process is
approximately five times greater than that of the J/y —

. S . Br(J/y—x(1620/1670)S
>*(1620/1670)% processes, i.e., r<é:(u;/w—>(2*(l3/85)i)) ) — L

As for the interactions between X*(1381) and Az/Zx, we
assume that they are similar to those of £*(1385) in order to
extract the coupling constants.

All the coupling constants mentioned in this study can be
compiled in Tables I and II. Table I consists of the coupling
constants extracted from existing experimental data, while
Table II comprises the coupling constants derived from
estimated branching ratios.

With the these coupling constants, the significance of
triangle singularity related to the background can be
estimated. In Fig. 7, as an example, we display the Az
invariant mass spectrum, which includes the contributions
of both the background and the loop diagram with the
*(1670)=*(1381)(£*(1670)Z*(1381)) configuration. In
the background, we include both the contributions from
A(1405) and X*(1385) as intermediate states.

TABLE I. The coupling constants extracted from RPP [57].

Value

(2.74£0.2) x 10~ GeV-!
<3.101 x 1075 GeV-~!

Couplings Branching ratio

(3.1+0.5)x107*
<4.1x10°°

97 )y2(1385)
97 )yw=(1385)A

95(1385)Ax (87.0£1.5)% 9.034 +0.081 GeV~!
95(1385)x (11.7+1.5)% 6.830 4 0.432 GeV~!
95(1620)Ax (9.0 +3.0)% 0.273 +0.045
95(1620)5x (17 +5)% 0.392 +0.052
95(1670)Ax (10£5)% 3.713 £0.765 GeV~2
95(1670)5x (45+15)% 10.299 4+ 1.600 GeV 2
IA(1405)2x ~100% ~1.569

(83+£0.7)x 107 (1.335+0.021) x 1073

97 /wA(1405)A

TABLE II. The estimated coupling constants calculated by the
estimated branching ratios.

Coupling constant Branching ratio Value

YA (1405)Ax ~1% ~0.131
97/wE(1670)2 ~6.2 x107° ~7.129 x 1073
91 /y=(1620)L ~6.2 x 1073 ~1.475 x 1073
95(1381)Ax ~85% ~2.585
9x(1381)%n ~15% ~0.815

As shown in Fig. 7, around 1.4 GeV, the peak position of
the triangle singularity is nearly identical, though slightly
higher, than the background attributed to A(1405). It is
clear that the contribution from the background is sup-
pressed, likely due to the background originating from an
isospin breaking process. However, the contribution from
the loop diagram is almost the same as that of the tree
diagram. After integrating the Az invariant mass spectrum,

o — Loop (Z*(1670),2*(1381))
8x10 Mo Background from X *(1385)
:' -.-.- Background from A(1405)

FIG.7. The Az invariant mass spectrum of the background and
loop diagram. Here, the black solid line is the contribution of the
loop diagram, where we set Z**(Z*+) as £*(1670)* (Z*(1670)*)
and T0(£0) as =*(1381)°(Z*(1381)%). The red and green
dashed lines are the contributions of the background, where
the intermediate states are £*(1385) and A(1405), respectively.
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we have determined the branching ratios for the loop,
and the X(1385) and the A(1405) background components,
to be approximately 6.76 x 107, 1.18 x 107, and
9.27 x 107, respectively. This indicates that the contribu-
tions of the triangle singularity and background are
comparable. Although the position of the triangle singu-
larity coincides with that of the A(1405), it is evident
from Fig. 7 that their line shapes differ. This results in the
triangle singularity effect being much sharper than the
resonance structure.

After estimating the backgrounds, the significance of the
triangle singularity is determined using the variable

(dr/ dm/_\ﬂ)TS
(dr‘/dm/_\ﬂ)background ’

ratio(my,) = (12)

which represents the relative magnitude between the
triangle singularity and background in the Az invariant
mass spectrum. This ratio excludes the interference con-
tamination from the loop diagrams and the background,
and it circumvents the phase angle issue as discussed
in Refs. [48,49], as mentioned in the introduction. If the
triangle singularity effect can still be identified from this
ratio, its detection in experiments is assured.

Using the ratio determined from Eq. (12), one can plot
the distributions in [Z**, £*0] = [£*(1670)*, £*(1381)"],
[Z*(1670)*,2*(1385)°], and [Z*(1620)*,X*(1381)]
cases. The results are presented in Figs. 8—10, respectively.

Figures 8-10 display the relative contribution from the
triangle singularity for all [Z**, £*0] cases. It is evident that
a peak around 1.4 GeV emerges in the Az invariant
mass spectrum, despite the significant differences in line
shapes. The narrow peaks are a result of the widths of the
triangle singularity and the peak in the background being
20 MeV and 60 MeV, respectively. This indicates that the
triangle singularity effect is significant compared to the

0.7

0.6

0.5
04
®
=0.3

0.2

0.1

0.0

1.3 14 15 16 17 18 1.9
my . (GeV)

FIG. 8. The relative contribution between triangle singularity
effect and background on the Az invariant mass spectrum, where the
2 (Z4) and *9(Z+0) in Fig. 1 are setas £*(1670)* (£*(1670)*)
and X*(1381)°(£*(1381)"), respectively.

0.030

0.025

0.020

0.015

ratio

0.010

0.005

0.000

1.3 14 15 16 17 18 19
my . (GeV)

FIG. 9. The relative contribution between triangle singularity
effect and background on the Ax invariant mass spectrum, where
the =**(£**) and V() in Fig. 1 are set as T*(1670)*
(£#(1670)*) and Z*(1385)°(£*(1385)"), respectively.

background, and the signal peak of triangle singularity is
much sharper than the resonance structure. Especially for
the X*(1620)*(£*(1620)*) and X*(1381)°(£*(1381)%)
cases, the contribution of the triangle singularity at the
peak is approximately four times larger than that of the
resonance, as illustrated in Fig. 10.

In Fig. 11, we illustrate the peak structure from the loop
and background, with the triangle singularity peak domi-
nating in the region around 1.4 GeV. The ratio of each
background is much smaller than that of the loop diagrams,
and the branching ratios of the loop diagrams and all the
backgrounds to J/y are estimated to be approximately
1.56 x 1073 and 2.4 x 1073, respectively. It has been
observed that there is a significant contribution from the
long tails to the tree diagrams. This phenomenon suggests
that if both X*(1620) and £*(1381) indeed exist, the peak
around 1.4 GeV in the Az invariant mass spectrum may be
predominantly influenced by the triangle singularity effect.

ratio
N

|93

1.3 1.4 1.5 1.6 1.7 1.8 1.9
m/-\ - (GeV)

FIG. 10. The relative contribution between triangle singularity
effect and background on Az invariant mass spectrum, where
the T (£**) and =*9(£0) in Fig. 1 are set as T*(1620)*
(£%(1620)*) and £*(1381)°(£*(1381)), respectively.
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6x1078
— Loop (2*(1620),27(1381))
5108t ) Background from Z*(1385)
-.-.- Background from A(1405)
4x1078
3
<
5 3x1078
5
2x1078
1x1078
0 Nkl L L L
1.6 1.7 1.8 1.9
my . (GeV)
FIG. 11. The Az invariant mass spectrum of the background

and loop diagram. Here, the black solid line means the con-
tribution of background as in Fig. 6, where the intermediate states
include A(1405) and X*(1385). While for the contribution of
loop diagram, we set T (Z*%) as 2*(1620)*(£*(1620)*) and
0(£0) as £*(1381)°(£*(1381)°).

D. The possible existence of missing (1)

In the above calculations, we have included two X*(17)
states in the singularity calculation. One is the not-well-
established X*(1620), the other is the still missing
>*(1381). From Figs. 8-10, it is evident that both of their
effects on the final results are substantial. For X*(1381),
the triangle singularity effect attributed to it is more
significant than that caused by X*(1385). This can be
observed by comparing the line shapes in Figs. 8 and 9.
This is the outcome of the interactions of £*(1381) and
¥*(1385) with Xz/Ax transitioning from S-wave to P-
wave, respectively. Consequently, the triangle singularity
effect will be greatly suppressed for the P-wave case,
indicating that the influence of the triangle singularity
generated via *(1385) has almost no impact on the width
of the entire peak.

Regarding X*(1620)—its presence directly results in the
triangle singularity when X*C is considered to be £*(1381).
The X*(1670)Ax interaction occurs in D-wave, while that
of X*(1620)Ar takes place in S-wave. If one replaces
>*(1670) with £*(1620), it will significantly enhance the
triangle singularity. Therefore, the loop diagram will have
the most significant impact on the J/y — AAz° process
around 1.4 GeV in the Az(Az) invariant mass spectrum.

In conclusion, if future experiments can confirm the
predictions of this study, it will not only validate the
concept of triangle singularity but also provide a secondary
investigation into the existence of the two £*(37) states
around 1.4 GeV and 1.6 GeV.

IV. SUMMARY

While the concept of triangle singularity was introduced
in 1959 [4], a definitive investigation on it is still lacking

to this day. To address this issue, our previous studies
have suggested certain processes in which pure triangle
singularities could potentially be observed in future
experiments [48,49].

In our previous studies, we observed that the strength of
the triangle singularity is influenced by its interference with
the background, which is attributed to the limited impact of
the triangle singularity. However, the interference phase
angle is completely undetermined, which could hinder the
observation of the triangle singularity effect in the experi-
ment. To address these issues, we suggest a new process,
J/w — AA#°, where the mass discrepancy between X(*)
particles of varying charges will induce a triangle singularity
with a width of approximately 20 MeV. This approach
effectively resolves the resolution problem. In particular, this
process involves isospin breaking, resulting in a significant
suppression of the background. As illustrated in Figs. 8-10,
the triangle singularity can disregard the phase angle. This
implies that the observation of the triangle singularity effect
can be more pronounced in practice. Given the substantial
number of J/y events collected at BESIII and the antici-
pated future STCE, the predictions made in this study are
more likely to be confirmed.

In addition to confirming the presence of the triangle
singularity, the findings of this study also suggest the
existence of a X*(37) state near 1.4 GeV, specifically the
>*(1381) as previously predicted in Refs. [58-60]. When
compared to X*(1385), the interaction between X*(1381)
and Az/Xr takes place in the S-wave, greatly amplifying
the significance of the triangle singularity, as illustrated in
Figs. 8-10. For the not-well-established X*(1620), replac-
ing £*(1670) with this particle will make the triangle
singularity effect more pronounced, especially cooperating
with 2*(1381).

Thus, we encourage future experiments perform a
detailed analysis on the Az(Az) invariant mass spectrum
of J/y — AAx® process, especially around 1.4 GeV. We
recommend that experimentalist and theorists conduct
further research on the £*(3~) spectrum, as this will greatly
aid in the verification of triangle singularities.

ACKNOWLEDGMENTS

Qi Huang wants to thank Jia-lun Ping and Rui Chen for
very useful discussions. Qi Huang also wants to thank Wei
Zhuang for useful technical support. This work is supported
by the National Natural Science Foundation of China under
Grants No. 12175239, No. 12221005, No. 12175244, and
No. 11675080, and by National Key Research and
Development Program of China under Contract
No. 2020YFA0406400. Q.H. is also supported by the
Start-up Funds of Nanjing Normal University under Grant
No. 184080H201B20. J. J. W is also supported by Chinese
Academy of Sciences under Grant No. YSBR-101, and by
Xiaomi Foundation / Xiaomi Young Talents Program.

034018-8



ROLE OF THE TRIANGLE SINGULARITY IN THE ISOSPIN ...

PHYS. REV. D 110, 034018 (2024)

[1] M. Ablikim et al. (BESIII Collaboration), Future physics
programme of BESIII, Chin. Phys. C 44, 040001 (2020).

[2] M. Achasov, X.C. Ai, R. Aliberti, L. P. An, Q. An, X.Z.
Bai, Y. Bai, O. Bakina, A. Barnyakov, V. Blinov et al.,
STCF conceptual design report (Volume 1): Physics &
detector, Front. Phys. (Beijing) 19, 14701 (2024).

[3] C. W. Shen, H.J. Jing, F. K. Guo, and J.J. Wu, Exploring
possible triangle singularities in the Z; — K~J/wA decay,
Symmetry 12, 1611 (2020).

[4] L.D. Landau, On analytic properties of vertex parts in
quantum field theory, Nucl. Phys. 13, 181 (1960).

[5]1 J.J. Wu, X. H. Liu, Q. Zhao, and B. S. Zou, The puzzle of
anomalously large isospin violations in 7(1405/1475) —
3z, Phys. Rev. Lett. 108, 081803 (2012).

[6] F. Aceti, W. H. Liang, E. Oset, J. J. Wu, and B. S. Zou, Isospin
breaking and f((980)-a¢(980) mixing in the 7(1405) —
79£,(980) reaction, Phys. Rev. D 86, 114007 (2012).

[7]1 X.G. Wu, J.J. Wu, Q. Zhao, and B. S. Zou, Understanding
the property of 17(1405/1475) in the J/y radiative decay,
Phys. Rev. D 87, 014023 (2013).

[8] N.N. Achasov, A. A. Kozhevnikov, and G. N. Shestakov,
Isospin breaking decay 7(1405) — f,(980)z° — 37, Phys.
Rev. D 92, 036003 (2015).

[9] M. C. Du and Q. Zhao, Internal particle width effects on the
triangle singularity mechanism in the study of the 7(1405)
and 77(1475) puzzle, Phys. Rev. D 100, 036005 (2019).

[10] M. Mikhasenko, B. Ketzer, and A. Sarantsev, Nature of the
a,(1420), Phys. Rev. D 91, 094015 (2015).

[11] Q. Wang, C. Hanhart, and Q. Zhao, Decoding the riddle
of ¥Y(4260) and Z.(3900), Phys. Rev. Lett. 111, 132003
(2013).

[12] Q. Wang, C. Hanhart, and Q. Zhao, Systematic study of the
singularity mechanism in heavy quarkonium decays, Phys.
Lett. B 725, 106 (2013).

[13] X. H. Liu, M. Oka, and Q. Zhao, Searching for observable
effects induced by anomalous triangle singularities, Phys.
Lett. B 753, 297 (2016).

[14] X.H. Liu, Q. Wang, and Q. Zhao, Understanding the newly
observed heavy pentaquark candidates, Phys. Lett. B 757,
231 (2016).

[15] F. K. Guo, U. G. Meifliner, W. Wang, and Z. Yang, How to
reveal the exotic nature of the P,(4450), Phys. Rev. D 92,
071502 (2015).

[16] A.P. Szczepaniak, Triangle singularities and XYZ quarko-
nium peaks, Phys. Lett. B 747, 410 (2015).

[17] E. K. Guo, U. G. Meifner, J. Nieves, and Z. Yang, Remarks
on the P, structures and triangle singularities, Eur. Phys. J.
A 52, 318 (2016).

[18] M. Bayar, F. Aceti, F. K. Guo, and E. Oset, A discussion
on triangle singularities in the A, — J/wK p reaction,
Phys. Rev. D 94, 074039 (2016).

[19] E. Wang, J. J. Xie, W. H. Liang, F. K. Guo, and E. Oset, Role
of a triangle singularity in the yp — KA (1405) reaction,
Phys. Rev. C 95, 015205 (2017).

[20] A. Pilloni, C. Fernandez-Ramirez, A. Jackura, V. Mathieu,
M. Mikhasenko, J. Nys, and A.P. Szczepaniak (JPAC
Collaboration), Amplitude analysis and the nature of the
Z.(3900), Phys. Lett. B 772, 200 (2017).

[21] J.J. Xie, L. S. Geng, and E. Oset, f,(1810) as a triangle
singularity, Phys. Rev. D 95, 034004 (2017).

[22] A.P. Szczepaniak, Dalitz plot distributions in presence of
triangle singularities, Phys. Lett. B 757, 61 (2016).

[23] L. Roca and E. Oset, Role of a triangle singularity in the 7A
decay of the N(1700)(3/27), Phys. Rev. C 95, 065211
(2017).

[24] V.R. Debastiani, S. Sakai, and E. Oset, Role of a triangle
singularity in the zN(1535) contribution to yp — pa’y,
Phys. Rev. C 96, 025201 (2017).

[25] D. Samart, W. h. Liang, and E. Oset, Triangle mechanisms
in the build up and decay of the N*(1875), Phys. Rev. C 96,
035202 (2017).

[26] S. Sakai, E. Oset, and A. Ramos, Triangle singularities in
B~ - K n~D/jand B~ — K-z~ D]}, Eur. Phys. J. A 54, 10
(2018).

[27] R. Pavao, S. Sakai, and E. Oset, Triangle singularities in
B~ — D*z7 2% and B~ — D**z~z* 7z, Eur. Phys. J. C 77,
599 (2017).

[28] J.J. Xie and F. K. Guo, Triangular singularity and a possible
¢p resonance in the AY — 7% p decay, Phys. Lett. B 774,
108 (2017).

[29] M. Bayar, R. Pavao, S. Sakai, and E. Oset, Role of
the triangle singularity in A(1405) production in the z~p —
K°zX and pp — pK*zX processes, Phys. Rev. C 97,
035203 (2018).

[30] W.H. Liang, S. Sakai, J.J. Xie, and E. Oset, Triangle
singularity ~enhancing isospin violation in BY —
J/wr’f;(980), Chin. Phys. C 42, 044101 (2018).

[31] E. Osetand L. Roca, Triangle singularity int — f(1285)zv,
decay, Phys. Lett. B 782, 332 (2018).

[32] L.R. Dai, R. Pavao, S. Sakai, and E. Oset, Anomalous
enhancement of the isospin-violating A(1405) production
by a triangle singularity in A, — 77 z°z°%°, Phys. Rev. D
97, 116004 (2018).

[33] L.R. Dai, Q.X. Yu, and E. Oset, Triangle singularity in
= = v [5(980) (ap(980)) decays, Phys. Rev. D 99,
016021 (2019).

[34] X.H. Liu, M.J. Yan, H.W. Ke, G. Li, and J.J. Xie,
Triangle singularity as the origin of X,(2900) and
X(2900) observed in BT — D*D K", arXiV:2008
.07190.

[35] E. K. Guo, Novel method for precisely measuring the
X(3872) mass, Phys. Rev. Lett. 122, 202002 (2019).

[36] W.H. Liang, H. X. Chen, E. Oset, and E. Wang, Triangle
singularity in the J/yw — K™K~ f((980)(ay(980)) decays,
Eur. Phys. J. C 79, 411 (2019).

[37] S.X. Nakamura, Triangle singularities in B® — y. K~ z*+
relevant to Z;(4050) and Z,(4250), Phys. Rev. D 100,
011504 (2019).

[38] X.H. Liu, G. Li, J. J. Xie, and Q. Zhao, Visible narrow cusp
structure in A7 — pK~ " enhanced by triangle singularity,
Phys. Rev. D 100, 054006 (2019).

[39] H.J. Jing, S. Sakai, F. K. Guo, and B.S. Zou, Triangle
singularities in J/yr — na%p and 7°2%p, Phys. Rev. D 100,
114010 (2019).

[40] E. Braaten, L. P. He, and K. Ingles, Triangle singularity in
the production of X(3872) and a photon in eTe™ annihi-
lation, Phys. Rev. D 100, 031501 (2019).

[41] S. Sakai, E. Oset, and F. K. Guo, Triangle singularity in the
B~ — K~7°X(3872) reaction and sensitivity to the X (3872)
mass, Phys. Rev. D 101, 054030 (2020).

034018-9


https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1007/s11467-023-1333-z
https://doi.org/10.3390/sym12101611
https://doi.org/10.1016/0029-5582(59)90154-3
https://doi.org/10.1103/PhysRevLett.108.081803
https://doi.org/10.1103/PhysRevD.86.114007
https://doi.org/10.1103/PhysRevD.87.014023
https://doi.org/10.1103/PhysRevD.92.036003
https://doi.org/10.1103/PhysRevD.92.036003
https://doi.org/10.1103/PhysRevD.100.036005
https://doi.org/10.1103/PhysRevD.91.094015
https://doi.org/10.1103/PhysRevLett.111.132003
https://doi.org/10.1103/PhysRevLett.111.132003
https://doi.org/10.1016/j.physletb.2013.06.049
https://doi.org/10.1016/j.physletb.2013.06.049
https://doi.org/10.1016/j.physletb.2015.12.027
https://doi.org/10.1016/j.physletb.2015.12.027
https://doi.org/10.1016/j.physletb.2016.03.089
https://doi.org/10.1016/j.physletb.2016.03.089
https://doi.org/10.1103/PhysRevD.92.071502
https://doi.org/10.1103/PhysRevD.92.071502
https://doi.org/10.1016/j.physletb.2015.06.029
https://doi.org/10.1140/epja/i2016-16318-4
https://doi.org/10.1140/epja/i2016-16318-4
https://doi.org/10.1103/PhysRevD.94.074039
https://doi.org/10.1103/PhysRevC.95.015205
https://doi.org/10.1016/j.physletb.2017.06.030
https://doi.org/10.1103/PhysRevD.95.034004
https://doi.org/10.1016/j.physletb.2016.03.064
https://doi.org/10.1103/PhysRevC.95.065211
https://doi.org/10.1103/PhysRevC.95.065211
https://doi.org/10.1103/PhysRevC.96.025201
https://doi.org/10.1103/PhysRevC.96.035202
https://doi.org/10.1103/PhysRevC.96.035202
https://doi.org/10.1140/epja/i2018-12450-5
https://doi.org/10.1140/epja/i2018-12450-5
https://doi.org/10.1140/epjc/s10052-017-5169-y
https://doi.org/10.1140/epjc/s10052-017-5169-y
https://doi.org/10.1016/j.physletb.2017.09.060
https://doi.org/10.1016/j.physletb.2017.09.060
https://doi.org/10.1103/PhysRevC.97.035203
https://doi.org/10.1103/PhysRevC.97.035203
https://doi.org/10.1088/1674-1137/42/4/044101
https://doi.org/10.1016/j.physletb.2018.05.056
https://doi.org/10.1103/PhysRevD.97.116004
https://doi.org/10.1103/PhysRevD.97.116004
https://doi.org/10.1103/PhysRevD.99.016021
https://doi.org/10.1103/PhysRevD.99.016021
https://arXiv.org/abs/arXiV:2008.07190
https://arXiv.org/abs/arXiV:2008.07190
https://doi.org/10.1103/PhysRevLett.122.202002
https://doi.org/10.1140/epjc/s10052-019-6928-8
https://doi.org/10.1103/PhysRevD.100.011504
https://doi.org/10.1103/PhysRevD.100.011504
https://doi.org/10.1103/PhysRevD.100.054006
https://doi.org/10.1103/PhysRevD.100.114010
https://doi.org/10.1103/PhysRevD.100.114010
https://doi.org/10.1103/PhysRevD.100.031501
https://doi.org/10.1103/PhysRevD.101.054030

HUANG, MA, WU, PING, HE, and HUANG

PHYS. REV. D 110, 034018 (2024)

[42] S. Sakai, Role of the triangle mechanism in the A, —
A 7™ f((980) reaction, Phys. Rev. D 101, 074041 (2020).

[43] R. Molina and E. Oset, Triangle singularity in B~ —
K~X(3872); X — 2’2"z~ and the X(3872) mass, Eur.
Phys. J. C 80, 451 (2020).

[44] E. Braaten, L. P. He, K. Ingles, and J. Jiang, Charm-meson
triangle singularity in e*e~ annihilation into D**D° 4y,
Phys. Rev. D 101, 096020 (2020).

[45] M. G. Alexeev et al. (COMPASS Collaboration), A triangle
singularity as the origin of the a,(1420), Phys. Rev. Lett.
127, 082501 (2021).

[46] P.G. Ortega and E. Ruiz Arriola, On the precise measure-
ment of the X(3872) mass and its counting rate, arXiV:
2007.11608.

[47] N.N. Achasov and G.N. Shestakov, Decay X(3872) —
2zta~ and S-wave D°D° — ztz~ scattering length,
Phys. Rev. D 99, 116023 (2019).

[48] Q. Huang, C. W. Shen, and J.J. Wu, Detecting the pure
triangle singularity effect through the w(2S) — ppn/ppr°
process, Phys. Rev. D 103, 016014 (2021).

[49] Q. Huang and J. J. Wu, Proposal to detect a moving triangle
singularity in w(2S) - #*x~ K"K~ process, Phys. Rev. D
104, 116003 (2021).

[50] X. Luo, D. He, Y. Xie, and H. Sun, Triangle mechanism in
the decay process J/y — K~K"a,(1260), Phys. Rev. D
104, 074016 (2021).

[51] K. Wang, S.F. Chen, and B.C. Liu, Studying triangle
singularity through spin observables, Phys. Rev. D 106,
094032 (2022).

[52] J. Lu, X. Luo, M. Song, and G. Li, Triangle mechanism in
the B — J/wK"f,(980)/ay(980) decay process, Chin.
Phys. C 47, 073103 (2023).

[53] D. He, Y. Xie, and H. Sun, Role of triangle singularity in the
decay process D° — 7777 ,(890), fo — n+x~, Phys. Rev.
D 107, 094040 (2023).

[54] K. Wang, R. Li, and B. C. Liu, Triangle singularity in the
J/w — ypA decay, Phys. Rev. D 108, 094027 (2023).

[55] F. K. Guo, X.H. Liu, and S. Sakai, Threshold cusps and
triangle singularities in hadronic reactions, Prog. Part. Nucl.
Phys. 112, 103757 (2020).

[56] G.D. Alexeev et al. (COMPASS Collaboration), Triangle
singularity as the origin of the a,(1420), Phys. Rev. Lett.
127, 082501 (2021).

[57] R.L. Workman et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2022, 083C01
(2022).

[58] A. Zhang, Y.R. Liu, P.Z. Huang, W. Z. Deng, X. L. Chen,
and S.L. Zhu, J” =1/2" pentaquarks in Jaffe and
Wilczek’s diquark model, High Energy Phys. Nucl. Phys.
29, 250 (2005).

[59] J.J. Wu, S. Dulat, and B. S. Zou, Evidence for a new Xx
resonance with J® = 1/27 inthe old dataof K~p — Azt z~
reaction, Phys. Rev. D 80, 017503 (2009).

[60] J.J. Wu, S. Dulat, and B. S. Zou, Further evidence for the X«
resonance with J© = 1/2~ around 1380-MeV, Phys. Rev. C
81, 045210 (2010).

[61] K. Tsushima, A. Sibirtsev, and A. W. Thomas, Resonance
model study of strangeness production in p p collisions,
Phys. Lett. B 390, 29 (1997).

[62] K. Tsushima, A. Sibirtsev, A. W. Thomas, and G. Q. Li,
Resonance model study of kaon production in baryon
baryon reactions for heavy ion collisions, Phys. Rev. C
59, 369 (1999); 61, 029903(E) (2000).

[63] B.S. Zou and F. Hussain, Covariant L-S scheme for the
effective N*NM couplings, Phys. Rev. C 67, 015204
(2003).

[64] Z. Ouyang, J.]J. Xie, B.S. Zou, and H. S. Xu, Theoretical
study on pp — pnx' reaction at medium energies, Int. J.
Mod. Phys. E 18, 281 (2009).

[65] J.J. Wu, Z. Ouyang, and B. S. Zou, Proposal for studying
N* resonances with pp — pnz™ reaction, Phys. Rev. C 80,
045211 (2009).

[66] X. Cao, B.S. Zou, and H. S. Xu, Phenomenological analysis
of the double pion production in nucleon-nucleon collisions
up to 2.2 GeV, Phys. Rev. C 81, 065201 (2010).

[67] X. Cao, B.S. Zou, and H. S. Xu, Phenomenological study
on the pN — NNzrz reactions, Nucl. Phys. A861, 23
(2011).

[68] H. Xu, J.J. Xie, and X. Liu, Implication of the observed
ete” — ppr° for studying the pp — w(3770)z° process,
Eur. Phys. J. C 76, 192 (2016).

[69] E.S. Swanson, Z, and Z, exotic states as coupled channel
cusps, Phys. Rev. D 91, 034009 (2015).

[70] D.H. Perkins, Particle Astrophysics, 2nd ed. (Oxford
Academic, Oxford, 2003), 10.1093/0s0/9780199545452
.001.0001.

034018-10


https://doi.org/10.1103/PhysRevD.101.074041
https://doi.org/10.1140/epjc/s10052-020-8014-7
https://doi.org/10.1140/epjc/s10052-020-8014-7
https://doi.org/10.1103/PhysRevD.101.096020
https://doi.org/10.1103/PhysRevLett.127.082501
https://doi.org/10.1103/PhysRevLett.127.082501
https://arXiv.org/abs/arXiV:2007.11608
https://arXiv.org/abs/arXiV:2007.11608
https://doi.org/10.1103/PhysRevD.99.116023
https://doi.org/10.1103/PhysRevD.103.016014
https://doi.org/10.1103/PhysRevD.104.116003
https://doi.org/10.1103/PhysRevD.104.116003
https://doi.org/10.1103/PhysRevD.104.074016
https://doi.org/10.1103/PhysRevD.104.074016
https://doi.org/10.1103/PhysRevD.106.094032
https://doi.org/10.1103/PhysRevD.106.094032
https://doi.org/10.1088/1674-1137/accf6d
https://doi.org/10.1088/1674-1137/accf6d
https://doi.org/10.1103/PhysRevD.107.094040
https://doi.org/10.1103/PhysRevD.107.094040
https://doi.org/10.1103/PhysRevD.108.094027
https://doi.org/10.1016/j.ppnp.2020.103757
https://doi.org/10.1016/j.ppnp.2020.103757
https://doi.org/10.1103/PhysRevLett.127.082501
https://doi.org/10.1103/PhysRevLett.127.082501
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.80.017503
https://doi.org/10.1103/PhysRevC.81.045210
https://doi.org/10.1103/PhysRevC.81.045210
https://doi.org/10.1016/S0370-2693(96)01391-3
https://doi.org/10.1103/PhysRevC.59.369
https://doi.org/10.1103/PhysRevC.59.369
https://doi.org/10.1103/PhysRevC.61.029903
https://doi.org/10.1103/PhysRevC.67.015204
https://doi.org/10.1103/PhysRevC.67.015204
https://doi.org/10.1142/S0218301309012306
https://doi.org/10.1142/S0218301309012306
https://doi.org/10.1103/PhysRevC.80.045211
https://doi.org/10.1103/PhysRevC.80.045211
https://doi.org/10.1103/PhysRevC.81.065201
https://doi.org/10.1016/j.nuclphysa.2011.05.094
https://doi.org/10.1016/j.nuclphysa.2011.05.094
https://doi.org/10.1140/epjc/s10052-016-4054-4
https://doi.org/10.1103/PhysRevD.91.034009
https://doi.org/10.1093/oso/9780199545452.001.0001
https://doi.org/10.1093/oso/9780199545452.001.0001

