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Using a sample of ð2712� 14Þ × 106 ψð3686Þ events collected with the BESIII detector, we perform

partial wave analyses of the decays ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η. The branching fractions of

ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η are determined to be ð133.9� 11.2� 2.3Þ × 10−6 or ð183.7�
13.7� 3.2Þ × 10−6 and ð61.5� 6.5� 1.1Þ × 10−6 or ð84.4� 6.9� 1.4Þ × 10−6, respectively, where the

two solutions are caused by an ambiguous phase angle between resonant and continuum processes. Several

well-established N� states are observed in the pπ0 and pη systems, and the corresponding branching

fractions are measured. The ratio of decay widths ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined to be

0.99� 0.05� 0.19.
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I. INTRODUCTION

The nature of the lowest lying JP ¼ 1=2− nucleon
resonance Nð1535Þ is not well understood as of yet.
According to the conventional constituent quark model,
the mass of the first orbital angular momentum excitation
state, Nð1535Þ, should always be below that of the first
radial excitation state, Nð1440Þ [1], also known as the
Roper resonance. However, the experimental results indi-
cate that Nð1535Þ has a mass higher than that of Nð1440Þ
by around 100 MeV, which has been a puzzle for several
decades. Meanwhile, the measured partial width of
Nð1535Þ → Nη is much larger than expectation. An esti-
mation based on flavor symmetry predicts a ratio of
ΓNð1535Þ→Nη

Γ
Nð1535Þ→Nπ0

¼ 0.17 [2]. However, results from various multi-

channel partial wave analyses (PWAs) in fixed-target
experiments listed by the Particle Data Group (PDG) [3]
suggest an average value of 1.00� 0.40, which deviates
from the prediction by 2σ but suffers from poor precision.
Several theoretical studies have attempted to pin down

the nature of Nð1535Þ, explaining its mass puzzle and
strong coupling to the η meson [1]. Some investigations
[4–6] suggest that Nð1535Þ is a dynamically generated
quasibound state in the KΛ and KΣ channels, thus
containing a sizable ss̄ admixture. In some other inves-
tigations [7–9], Nð1535Þ is assumed to have a penta-quark
uudss̄ component. For these two scenarios, the assumption

of five-quark contribution gives a natural explanation for
the larger mass and enhanced coupling to Nη of Nð1535Þ.
Additionally, a study [10] based on lattice QCD suggests a
scenario where a three-quark core is dominating.

Experimentally, the decays of ψð3686Þ → pp̄π0 and
ψð3686Þ→pp̄η have previously been studied by the CLEO

and BESIII Collaborations. With 2.45 × 107 ψð3686Þ
events, the CLEO collaboration reported evidence for

several excited N� states in the pπ0 system in ψð3686Þ →
pp̄π0 and in the pη system in ψð3686Þ → pp̄η decays [11].

Later, using 1.06 × 108 ψð3686Þ events collected in 2009,

BESIII reported on PWAs of ψð3686Þ → pp̄π0 [12] and

ψð3686Þ→ pp̄η [13]. A ratio of decay widths
ΓNð1535Þ→Nη

Γ
Nð1535Þ→Nπ0

¼
0.70� 0.09þ0.52

−0.32 was obtained with large systematic uncer-

tainty, and no conclusion can be drawn from this meas-
urement. An improved measurement of this ratio is
expected to strongly constrain the parameter space of the
Nð1535Þ, and hence to draw a firm conclusion on its
deviation from flavor symmetry and pin down its nature.

The BESIII experiment has collected ð2712� 14Þ ×
106 ψð3686Þ events, which provides an excellent oppor-
tunity to explore the nature of Nð1535Þ. In this article,

we present PWAs of the decays ψð3686Þ → pp̄π0 and
ψð3686Þ→ pp̄η based on the full ψð3686Þ sample.

II. DETECTOR AND DATA SAMPLES

The BESIII detector [14] records symmetric eþe−

collisions provided by the BEPCII storage ring [15] in

the center-of-mass energy (
ffiffiffi

s
p

) range from 2.0 to 4.95 GeV,

with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved at
ffiffiffi

s
p ¼ 3.77 GeV. BESIII has collected large data samples
in this energy region [16–18]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
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consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight (TOF) system,
and a CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identification modules interleaved with steel.
The charged-particle momentum resolution at 1 GeV=c is
0.5%, and the specific energy loss (dE=dx) resolution is 6%
for electrons from Bhabha scattering. The EMC measures
photon energies with a resolution of 2.5% (5%) at 1 GeV in
the barrel (end cap) region. The time resolution in the TOF
barrel region is 68 ps, while that in the end cap region was
110 ps. The end cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps [19]. The data sample taken in
2021, about 83% of the total data set used in this paper,
benefits from this upgrade.
Monte Carlo (MC) simulated data samples produced

with a Geant4-based [20] software package, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR)
in the eþe− annihilations with the generator KKMC [21].
The “inclusive” MC sample includes the production of the
ψð3686Þ resonance, the ISR production of J=ψ , and
the continuum processes incorporated in KKMC [21]. All
particle decays are modeled with EvtGen [22] using branch-
ing fractions either taken from the PDG [3], when available,
or otherwise estimated with LUNDCHARM [23]. To take into
account the efficiency and luminosity difference between
various rounds of data taking, both the exclusive and
inclusive MC samples are simulated in different rounds
separately and then mixed together according to corre-
sponding integrated luminosity.

III. EVENT SELECTION AND

BACKGROUND STUDY

Candidates for ψð3686Þ→ pp̄π0; π0 → γγ and
ψð3686Þ→ pp̄η; η → γγ are required to have two charged
tracks with opposite charge and at least two photon
candidates. The charged tracks are required to satisfy
jVzj < 10 cm, Vr < 1 cm, and j cos θj < 0.93. Here, jVzj
and Vr are the distances of the point of closest approach to
the interaction point of the reconstructed track in the z
direction and the transverse (x-y) plane, respectively, and θ

is the polar angle of charged track defined with respect to
the z axis. The z axis is defined as the symmetry axis of the
MDC. Photon candidates are reconstructed from isolated
clusters in the EMC. Their energies are required to be
greater than 25 MeV in the barrel (j cos θj < 0.8) and
50 MeV in the end cap (0.86 < j cos θj < 0.92) regions.
Clusters caused by electronic noise or beam backgrounds

are suppressed by requiring the cluster time to be within
[0, 700] ns after the event start time. To suppress fake
photons produced by hadronic interactions in the EMC and
secondary photons from bremsstrahlung, clusters within a
cone of 20° around the extrapolated position in the EMC of
any charged track are rejected.
To suppress the combinatorial background and improve

the resolution, a five-constraint (5C) kinematic fit for
the ψð3686Þ→ pp̄γγ hypothesis is performed, where in
addition to overall energy-momentum conservation, the
invariant mass of the two photons is constrained to the

known mass of π0 or η. The combination with the minimum

χ2
5C is kept for further analysis. The χ2

5C of the kinematic

fit is required to be smaller than 30. The background
from J=ψ → pp̄ is suppressed by rejecting events with
jMpp̄ − 3.097j < 0.050 GeV, where Mpp̄ is the pp̄ invari-

ant mass.

A total of 190,729 candidates for ψð3686Þ → pp̄π0 and
31,441 candidates for ψð3686Þ → pp̄η satisfy the above
selection criteria. Dalitz plots are shown in Fig. 1, in which
several excited N� states and pp̄ structures can be seen.
Studies of the ψð3686Þ inclusive MC sample indicate

that the total background fraction B
SþB

from ψð3686Þ
decays is 6.4% for ψð3686Þ → pp̄π0, dominated by

ψð3686Þ→ pp̄γFSR and K=π misidentified as protons.
For ψð3686Þ → pp̄η, the background fraction is 9.5%,
and the dominant background contributions are from

ψð3686Þ→ γχcJ with χcJ → pp̄π0; pp̄γFSR, where γFSR

is the final state radiation photon.
To estimate the contribution from the continuum proc-

esses eþe− → pp̄π0 and eþe− → pp̄η, exactly the same
selection criteria as above are applied to a data sample

at
ffiffiffi

s
p ¼ 3.773 GeV with an integrated luminosity of

L ¼ 2.93 fb−1. No evidence of ψð3770Þ → pp̄π0 is
observed [24] with current statistics; therefore, this data
sample is assumed to be dominated by the continuum
process.
The interference between ψð3686Þ resonance and con-

tinuum process is studied by using the ψð3686Þ scan data

samples collected from
ffiffiffi

s
p ¼ 3.670 to 3.710 GeV with a

total integrated luminosity L ¼ 417.7 pb−1. The charged
tracks of the pp̄η final state are selected with the same
criteria as above, while additional particle identification
(PID) by using TOF and MDC dE=dx information is

imposed to the pp̄π0 final state to suppress peaking
background. A charged track is identified as a proton if
its PID confidence level for the proton hypothesis is larger
than that for the pion and kaon hypotheses. The selection
for photon candidates is kept to be the same as for the
ψð3686Þ data sample. A four-momentum constraint (4C)

kinematic fit is performed, and the corresponding χ2
4C is

required to be less than 30. The veto on the J=ψ → pp̄
background is also applied.
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IV. PARTIAL WAVE ANALYSIS

A. Amplitude

In the PWA, the decay amplitudes for the sequential

decays, via an intermediate states of a neutral mesonM0 or

charged N��,

ψð3686Þ→ M0π0ðηÞ; M0
→ pp̄;

ψð3686Þ→ N�þp̄; N�þ
→ pπ0ðηÞ;

ψð3686Þ→ N̄�−p; N̄�−
→ p̄π0ðηÞ; ð1Þ

are constructed using the relativistic covariant tensor
amplitude formalism [25]. The structure for the baryon-

antibaryon-meson vertices is composed by p
μ
i ; γμ; g

μν; ϵαβρσ

and their products or contractions, where pi are the
momenta of the particles involved. These effective vertices
are deduced from an effective Lagrangian

L ¼ ψ̄1Γψ2A; ð2Þ

where Γ is the effective vertex, and ψ1;2 and A are the

baryon and virtual photon fields, respectively. Here, the
Lorentz indices are omitted. For the strong decays consid-
ered in this work [Eq. (1)], the corresponding interaction
Lagrangian must be C- and P-parity invariant, Lorentz
invariant, and CPT invariant. These constraints lead to the
strong interaction vertices satisfying

Γ ¼ ξACðγ0Γþγ0ÞTC−1 and Γ ¼ η1η2ηAγ0Γ
Pγ0; ð3Þ

where ξA is the C parity of the virtual photon;C ¼ −iγ2γ0 is
the C transformation operator; Γþ is the Hermitian con-
jugation of Γ; ηA and η1;2 are the P parities of meson and

baryons, respectively; Γ
P is the vertex Γ after P-parity

transformation.

The amplitude Aj of a decay via a resonance is

Aj ¼ ϵ�αðp0; mÞūðp1; s1ÞΓ1αμ1μ2…
Γ
μ1μ2…
2

vðp2; s2ÞBWðsÞ;
ð4Þ

where ϵ� is the ψð3686Þ polarization vector; uðp1; s1Þ and
vðp2; s2Þ are the free Dirac spinors for proton and anti-
proton, respectively; Γ1 and Γ2 are the strong interaction

vertices for the resonances with ψð3686Þ and p, p̄ and π0 or
η; BWðsÞ is a Breit-Wigner function.
The decay dynamics of the three lowest lying N� states

are described with the KSU model [26]. The energy-
dependent Breit-Wigner width is parametrized as

Γð
ffiffiffiffi

s0
p

Þ ¼ Γ0 ×
X

i

ri ×
ρið

ffiffiffiffi

s0
p

Þ
ρiðm0Þ

; ð5Þ

where
ffiffiffiffi

s0
p

is the two-body invariant mass of pπ0 or pη,
m0 is the mass of N�, and ri is the branching fraction of
the ith decay channel of N� as summarized in Table I.
For the two-body decay of a resonance into the ith channel
with two stable particles, the phase-space factor is para-
metrized as

ρi ¼
qi
ffiffiffiffi

s0
p × B2

l ðqiRÞ; ð6Þ

TABLE I. Dominant decay channels and corresponding
branching fractions of the three lowest lying N� in unit of
percent [26].

Resonance Nð1440Þ Nð1520Þ Nð1535Þ
Decay Nπ 60� 2 Nπ 59� 2 Nπ 43� 2

Δπ 23� 4 Δπ (S-wave) 21� 2 Nη 43� 2

Nσ 17� 3 Δπ (D-wave) 6� 1 Nρ 14� 2

� � � � � � Nρ 14� 2 � � � � � �
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FIG. 1. Dalitz plots of the selected (a) ψð3686Þ → pp̄π0 and (b) ψð3686Þ → pp̄η candidates from data.
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where qi is the momentum of the two particles in their
center-of-mass frame, Bli

is the Blatt-Weisskopf barrier

penetration factor [27], and li is the orbital angular
momentum of the two particles. The range parameter R
is fixed at 0.73 fm. The first three Blatt-Weisskopf factors
are given as

B2

0
ðxÞ ¼ 1;

B2

1
ðxÞ ¼ x2

1þ x2
;

B2

2
ðxÞ ¼ x4

9þ 3x2 þ x4
; ð7Þ

where x ¼ qiR. For a quasi-two-body decay of a resonance
into the ith channel consisting of a stable particle of massm
and an isobar of mass M, which is assumed to decay into
stable particles with masses m1 and m2, the phase-space
factor is calculated numerically by

ρi ¼
Z

ffiffiffi

s0
p

−m

m1þm2

q
ffiffiffiffi

s0
p × B2

l ðqRÞ × BW0ðMÞ × dM: ð8Þ

Here BW0ðMÞ is the line shape of the isobar, which is
parametrized by a Breit-Wigner function with a constant
width, E791 type [28], and the Gounaris-Sakurai model
[29] for Δ, σ, and ρ, respectively. For the other intermediate
states, the constant width ΓðmÞ ¼ Γ0 is used. In the fit, all
the masses and widths are fixed to the central values shown
in Table II.

B. Fit method

The complex coupling constants of the amplitudes are
determined by an unbinned maximum likelihood fit. The
probability to observe the ith event characterized by ξi, i.e.,
the measured four momenta of the particles in the final
state, is

pðξiÞ ¼
ωðξiÞϵðξiÞ

R

dΦωðξÞϵðξÞ ; ð9Þ

where ωðξiÞ≡ ðdσ
dΦ
Þi is the differential cross section, ϵ is the

detection efficiency, dΦ is the standard element of phase

space for the three-body decays and σ0 ¼
R

dΦωðξÞϵðξÞ is
the observed total cross section. The differential cross
section is

ωðξÞ≡ dσ

dΦ
¼

�

�

�

�

X

j

Aj

�

�

�

�

2

; ð10Þ

where Aj is the amplitude for the jth resonance.

The likelihood for the data sample is taken as

L ¼
Y

N

i¼1

PðξiÞ ¼
Y

N

i¼1

ωðξiÞϵðξiÞ
σ0

: ð11Þ

Technically, the MINUIT package [35] is used to minimize
a negative log-likelihood (NLL) function, S ¼ − lnL,
instead of maximizing L, with

TABLE II. Resonance parameters, quantum numbers, and references of intermediate states involved in the

baseline solutions ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η.

Resonance state Mass (MeV=c2) Width (MeV) IGðJPCÞ Comment

ρð1900Þ 1880� 30 130� 30 1þð1−−Þ Ref. [30]

ρð2000Þ 2078� 6 149� 21 1þð1−−Þ Ref. [31]

ρð2150Þ 2254� 22 109� 76 1þð1−−Þ Ref. [32]

ρð2225Þ 2225� 35 335� 100 1þð2−−Þ Ref. [33]

ϕ3ð1850Þ 1854� 7 87� 28 0−ð3−−Þ PDG [3]
ωð1960Þ 1960� 25 195� 60 0−ð1−−Þ Ref. [34]
ωð2205Þ 2205� 30 350� 90 0−ð1−−Þ Ref. [34]
Nð940Þ 940 0 1

2
ð1
2

þÞ Virtual proton pole

Nð1440Þ 1406� 3 314� 9 1

2
ð1
2

þÞ Optimized with data

Nð1520Þ 1512� 2 121� 3 1

2
ð3
2

−Þ Ref. [26]

Nð1535Þ 1525� 2 147� 5 1

2
ð1
2

−Þ Ref. [26]

Nð1650Þ 1666� 3 133� 7 1

2
ð1
2

−Þ Ref. [26]

Nð1710Þ 1710� 30 140� 60 1

2
ð1
2

þÞ PDG [3]

Nð1720Þ 1720� 30 250� 100 1

2
ð3
2

þÞ PDG [3]

Nð1895Þ 1895� 25 120� 80 1

2
ð1
2

−Þ PDG [3]

Nð2100Þ 2100� 50 260� 60 1

2
ð1
2

þÞ PDG [3]

Nð2300Þ 2300� 116 340� 114 1

2
ð1
2

þÞ PDG [3]

Nð2570Þ 2570� 39 250� 70 1

2
ð5
2

−Þ PDG [3]
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S ¼ − lnL ¼ −
X

N

i

ln

�

ωðξiÞ
σ0

�

−
X

N

i

ln ϵðξiÞ: ð12Þ

In Eq. (12), the second term is independent on the
parameters and has no impact on the determination of
the parameters or on the relative changes in S. In the fit,
− lnL is reduced to

S ¼ −
X

N

i

lnωðξiÞ þ N ln σ0: ð13Þ

The observed total cross section σ0 is evaluated using an
MC sample consisting of Ngen signal events distributed

uniformly in phase space. These events are subjected to the
selection criteria described in Sec. III and yield a sample of
Nacc accepted events. The normalization integral is then
computed as

Z

dΦωðξÞϵðξÞ ¼ σ0 ¼ 1

Ngen

X

Nacc

k

ωðξkÞ: ð14Þ

The background contribution in the fit is estimated using
the inclusive MC sample and is subtracted from the − lnL
function by

S ¼ −ðlnLdata − lnLbkgÞ: ð15Þ

After the parameters are determined in the fit, the signal
yield of a given resonance is estimated by scaling its cross
section ratio rj to the net number of events

Nj ¼ rjðNdata − NbkgÞ; with rj ¼
σ0j
σ0
; ð16Þ

where σ0j ¼
R

dΦωjðξÞϵðξÞ is the observed cross section

for the jth resonance with ωj ¼ jAjj2, Ndata is the number

of observed events in data and Nbkg is the number of

background events.
The statistical uncertainty of the signal yield Ni, δNi, is

estimated according to the uncertainty propagation formula
using the covariance matrix obtained in the fit.

C. Amplitude analysis results of ψð3686Þ→ pp̄π0

A PWA is performed to the selected 190,729 candidate

events for ψð3686Þ → pp̄π0, where the background yield is
determined to be 12,172 with the inclusive MC sample.

The N� states with J < 5

2
and certain existence of N�

→

Nπ from the PDG [3], i.e. Nð1440Þ, Nð1520Þ, Nð1535Þ,
Nð1710Þ, and Nð1720Þ, are considered in the significance
test. Additionally, Nð2100Þ, Nð2300Þ, and Nð2570Þ are
included according to the previous studies on J=ψ →

pn̄π− þ c:c. [36] and ψð3686Þ → pp̄π0 [12]. According
to the framework of soft π meson theory [37], an off shell

process Nð940Þ → pπ0 is included. The significant con-
tribution from the virtual proton pole Nð940Þ is expected
[38] and also observed by several experiment studies
[12,36,39]. Thus, Nð940Þ is also included in the signifi-
cance test. The pp̄ structures are explained with ρð1900Þ
[30], ρð2000Þ [31], ρð2150Þ [32], and ρð2225Þ [33].
The statistical significance of those intermediate states
are estimated by removing one of them from solution at
one time. Based on changes in the log-likelihood and the
number of degrees of freedom, the statistical significance is
calculated. All intermediate states yield significance greater
than 5σ and thus are kept in the baseline solution. Table II
shows the resonance parameters and quantum numbers of
those intermediate states.
Figure 2 shows the projections of PWA fit result on the

two-body invariant mass spectra Mpπ0 , Mp̄π0 , and Mpp̄,

respectively. The fit result gives a good description of
the data sample. The fitted signal yields of N� states at
ffiffiffi

s
p ¼ 3.686 GeV, denoted as Nsig, are summarized in

Table III.
The contribution from the continuum process is studied

by performing the same PWA fit to the data sample at
ffiffiffi

s
p ¼ 3.773 GeV, as shown in Fig. 3. The fitted signal

yields of N� states at
ffiffiffi

s
p ¼ 3.773 GeV, denoted as Ncon,

are also summarized in Table III. Potential contributions

from the isospin violating processes γ� → ðω=ϕÞ�π0 are
tested and found to be insignificant. Considering the
significant contribution of ρ� states from continuum proc-
ess and potential strong interference between ψð3686Þ
resonance and continuum production, only the branching
fractions of N� states are reported. The yield Ncon is further

rescaled to
ffiffiffi

s
p ¼ 3.686 GeV with the factor

fc ¼
L3686 × σ3686Born × ðϵð1þ δÞÞ3686
L3773 × σ3773Born × ðϵð1þ δÞÞ3773 ð17Þ

by considering the integrated luminosity L, Born cross
section σBorn, efficiency ϵ, and ISR correction (1þ δ).

The integrated luminosities at
ffiffiffi

s
p ¼ 3.686 GeV and

ffiffiffi

s
p ¼

3.773 GeV are 4.08 fb−1 and 2.93 fb−1, respectively. The

Born cross sections of eþe− → pp̄π0 are estimated with
Ref. [24]. The efficiency is obtained by generating MC

samples with the PWA fit result at
ffiffiffi

s
p ¼ 3.773 GeV. The

radiative correction factor (1þ δ) is given by CONEXC [40]
based on the Born cross section. The fc is determined
to be 1.564.
The net signal yield is obtained by subtracting the

normalized contribution from the continuum process,
denoted as Nnet, and is calculated with Nnet ¼
Nsig − fc × Ncon. The signal efficiency ϵ for each inter-

mediate state is obtained from a generated corresponding
signal MC sample according to the PWA fit result at
ffiffiffi

s
p ¼ 3.686 GeV. The branching fractions are given by
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B ¼ Nnet

ϵ × Bðπ0 → γγÞ × Nψð3686Þ
; ð18Þ

as summarized in Table III. Compared to the previous study

on ψð3686Þ→ pp̄π0 [12], there are some mild tensions,
which are attributed mainly to differences in the treatment

of continuum backgrounds in the PWA and several newly-
included ρ� and N� states in the baseline solution.

D. Amplitude analysis results of ψð3686Þ → pp̄η

A PWA is performed to the selected 31,441 candi-
date events for ψð3686Þ→ pp̄η, where the background

TABLE III. Numbers used to calculate branching fractions of N� states in ψð3686Þ → pp̄π0. Nsig is the fitted yield from PWA of
ψð3686Þ data sample. Ncon is the fitted yield from PWA of continuum data sample. Nnet is the net signal yield calculated with
Nnet ¼ Nsig − fc × Ncon, where fc is the normalization factor, ϵ is signal efficiency and B is branching fraction. Here, first uncertainties

are statistical and the second are systematic.

Resonance state Nsig Ncon Nnet ϵ (%) B (×10−6)

Nð940Þ 122215� 3266 656� 164 121188� 3276 39.71 113.9� 3.1� 11.9
Nð1440Þ 57118� 1383 953� 147 55627� 1402 38.34 54.2� 1.4� 14.1
Nð1520Þ 8109� 428 870� 81 6749� 446 38.43 6.6� 0.4� 2.0
Nð1535Þ 18894� 778 240� 77 18519� 787 39.61 17.5� 0.7� 3.6
Nð1650Þ 11146� 794 278� 79 10712� 804 43.75 9.1� 0.7� 3.2

Nð1710Þ 5043� 472 369� 100 4466� 497 39.73 4.2� 0.5� 4.0
Nð1720Þ 6983� 523 217� 83 6644� 539 39.93 6.2� 0.5� 2.4
Nð2100Þ 11107� 1033 551� 161 10245� 1063 44.90 8.5� 0.9� 3.8
Nð2300Þ 5633� 566 894� 222 4235� 664 43.75 3.6� 0.6� 3.0
Nð2570Þ 27716� 1041 2349� 187 24043� 1082 46.14 19.5� 0.9� 14.5

(a)

(c)

(b)

FIG. 2. Projections of the PWA fit at
ffiffiffi

s
p ¼ 3.686 GeV on the (a) pp̄, (b) pπ0, and (c) p̄π0 invariant mass distributions. The points with

errors are data, the blue curves are the fit result, the curves in various colors denote different resonant components and the yellow filled
histograms are the simulated background.
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yield is determined to be 2,986 with the inclusive MC
sample.
The N� states with at least fair existence of N�

→ Nη

from the PDG [3], i.e. Nð1535Þ, Nð1650Þ, Nð1710Þ, and
Nð1895Þ, are considered in the significance test. Nð1520Þ
is not included since ΓNη=Γtot is smaller than 1% for this

resonance. The pp̄ structures are explained with several
excited ω and ϕ states. The statistical significance of all N�

states and some of the structures in pp̄, ϕ3ð1850Þ, ωð1960Þ
[34], and ωð2205Þ [34] are greater than 5σ, and hence they
are kept in the baseline solution. The contribution from the
virtual proton poleNð940Þ in the pp̄η final state is expected
to be negligible [37] and also found to be insignificant in
the PWA fit. Table II shows the resonance parameters and
quantum numbers of those intermediate states.
Figure 4 shows the projection of the PWA result on the

two-body invariant mass spectra Mpη, Mp̄η, and Mpp̄.

The distribution of data sample is well described by the
fit result.
The same study as described above in Sec. IV C to

estimate the continuum contribution is performed. The
results are shown in Fig. 5. Based on the Born cross
sections of eþe− → pp̄η taken from Ref. [41], the nor-
malization factor fc is determined to be 1.623 according

to Eq. (17). The parameters Nsig, Ncon, Nnet, and ϵ for

ψð3686Þ→ pp̄η have exactly the same definition as in
Sec. IV C. The branching fractions are given with

B ¼ Nnet

ϵ × Bðη → γγÞ × Nψð3686Þ
; ð19Þ

and summarized in Table IV. For Nð1650Þ and Nð1895Þ,
theNnet values are consistent with zero within two times the
statistical uncertainties; the corresponding branching frac-
tions are not reported. The determined branching fraction
of Nð1535Þ is in good agreement with the previous
measurement [13].

V. OBSERVED CROSS SECTION

The branching fractions of ψð3686Þ→ pp̄π0 and
ψð3686Þ→ pp̄η are determined by fitting the observed
cross sections at nine energy points around the ψð3686Þ
peak, including both the ψð3686Þ data sample and the
ψð3686Þ-scan data sample. Here, the ψð3686Þ data sample
is selected in the same way as that of scan data sample.
The signal yield Nobs at each energy point is determined

by a fit to the mγγ spectrum. The signal shape is described

(a)

(c)

(b)

FIG. 3. Projections of the PWA fit at
ffiffiffi

s
p ¼ 3.773 GeV on the (a) pp̄, (b) pπ0, and (c) p̄π0 invariant mass distributions. The points with

errors are data, the blue curves are the fit result, the curves in various colors denote different resonant components and the yellow filled
histograms are the simulated background.
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with the MC simulated shape convolved with a Gaussian
function to take into account the resolution difference
between data and MC simulation. The background shape
is parametrized as a linear function. As an example, Fig. 6
shows the fit results to the selected candidates of the
ψð3686Þ data sample.
The detection efficiency is determined with the signal

MC samples generated based on the PWA results at
ffiffiffi

s
p ¼

3.686 GeV and 3.773 GeV. The ISR effect is included with
CONEXC, which depends on the Born cross sections as
input. Therefore, several rounds of iteration are performed.
First, the signal MC samples are generated by using the
Born cross sections with continuum process only. Then, the
detection efficiency ϵ is obtained and the observed cross
section σobs is calculated with

σobs ¼
Nobs

Lint × ϵ × Bðπ0ðηÞ→ γγÞ : ð20Þ

Next, a fit is performed to the energy-dependent observed
cross sections with statistical uncertainty only. The detail of
the fit is described in Sec. VII. The fitted line shape of the
cross sections is used as the input to generate signal MC

samples in the next iteration. The process is repeated until
the result is stable. Table V shows the obtained observed
cross sections.

VI. SYSTEMATIC UNCERTAINTIES

A. Uncertainties on observed cross sections

The systematic uncertainties on the observed cross
section measurement include several sources, as summa-
rized in Table VI. They are estimated as described below.
The integrated luminosity is measured using Bhabha

scattering events, with an uncertainty less than 1.0% [42].
The uncertainty related to tracking efficiency of proton is

estimated to be 1.0% using a control sample of J=ψ →
pπ−p̄πþ [43]. The uncertainty due to the PID efficiency is

studied with a control sample of J=ψ → pK−
Λ̄þ c:c: [43],

which is taken to be 1.0% for proton and 2.0% for anti-
proton, respectively. The uncertainty from photon detection
is taken to be 1.0% per photon [44].
The systematic uncertainty due to the J=ψ veto require-

ment is estimated by varying the cut range within [0.044,
0.056] GeV with a step size of 0.002 GeV. The difference
between the average of re-measured branching fractions

(a)

(c)

(b)

FIG. 4. Projections of the PWA fit at
ffiffiffi

s
p ¼ 3.686 GeV on the (a) pp̄, (b) pη, and (c) p̄η invariant mass distributions. The points with

errors are data, the blue curves are the fit result, the curves in various colors denote different resonant components and the yellow filled
histograms are the simulated background.
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with varied cuts and nominal value is taken to be the
uncertainty. The systematic uncertainty associated with the
kinematic fit is estimated by performing corrections on
the track helix parameter in the MC simulation [45].
The difference between the detection efficiencies obtained
with and without the helix parameter correction is taken as
the corresponding systematic uncertainty.
The systematic uncertainty of MC modeling is estimated

with a new signal MC sample, in which all fitted complex
coupling constants, quoted resonance parameters are
smeared with their uncertainties. The difference of the
detection efficiencies obtained with the new and nominal

MC samples is taken as the uncertainty. The systematic
uncertainty from the fit to the mγγ spectrum is taken into

account in two aspects. The uncertainty associated with the
fit range is estimated by varying the fit range by 5MeV. The
uncertainty from the background shape is estimated by
using a second-order polynomial in the fit. For each of
these two effects, the difference between the signal yields
obtained with nominal and alternative fit is taken as the
corresponding systematic uncertainty. Adding these two
items in quadrature, we obtain the combined systematic
uncertainty from these two effects. The systematic uncer-
tainty due to peaking background is estimated by studying

(a)

(c)

(b)

FIG. 5. Projections of the PWA fit at
ffiffiffi

s
p ¼ 3.773 GeV on the (a) pp̄, (b) pη, and (c) p̄η invariant mass distributions. The points with

errors are data, the blue curves are the fit result, the curves in various colors denote different resonant components and the yellow filled
histograms are the simulated background.

TABLE IV. Numbers used to calculate branching fractions of N� states in ψð3686Þ → pp̄η. The definition is
exactly the same as that of Table III. Here, the first uncertainties are statistical and the second are systematic.

Resonance state Nsig Ncon Nnet ϵ (%) B (×10−6)

Nð1535Þ 20411� 460 570� 115 19486� 486 36.17 50.5� 1.3� 7.1
Nð1650Þ 809� 310 388� 88 180� 341 � � � � � �
Nð1710Þ 3351� 273 63� 63 3250� 292 38.81 7.8� 0.7� 3.1
Nð1895Þ 198� 50 71� 32 83� 72 � � � � � �
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inclusive MC sample. The systematic uncertainties due

to the quoted branching fractions of Bðπ0 → γγÞ and
Bðη → γγÞ are < 0.1% and 0.5% [3], respectively.

B. Uncertainties on intermediate resonance

measurements

The systematic uncertainties on the intermediate reso-
nance measurements are divided into two categories. The
first one is non-PWA related, including photon detection,
tracking efficiency of proton, helix parameter, normaliza-
tion factor fc, interference with continuum process,

Bðπ0 → γγ) or Bðη → γγÞ, and the number of ψð3686Þ.
The overlapping uncertainties are estimated in the same
way as in Sec. VI A.
The systematic uncertainty due to the normalization

factor fc is estimated by varying fc within its uncertainty.
The difference between signal yields obtained with nominal
and alternative fc is taken to be the uncertainty. The
systematic uncertainty caused by an unknown phase angle
between the ψð3686Þ resonance and continuum process is
estimated by following Ref. [46]. The ratio of the maxi-
mum impact from the interference term with respect to the

resonance term is defined as

rmax
R ¼ 2

ℏc
AB sinðπ=2Þ; A ¼

ffiffiffiffiffi

σc

B

r

: ð21Þ

Here, σc is the cross section of the continuum process

eþe− → N�p̄þ c:c: → pp̄π0ðηÞ and B is the branching

fraction of ψð3686Þ → N�p̄þ c:c: → pp̄π0ðηÞ. The factor
B ¼ Mψð3686Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12πBðψð3686Þ → eþe−Þ
p

¼ 6.74 GeV is

a constant depending on the ψð3686Þ resonance parame-
ters. To be conservative, rmax

R is taken to be the uncertainty.

The systematic uncertainty on the total number of ψð3686Þ
events is 0.5%.
The PWA related systematic uncertainties include the

used mass and width, energy-dependent width parameters,
the J=ψ veto requirement of jMpp̄ − 3.097j < 0.05 GeV,

hadronic background, and fit bias. The systematic uncer-
tainty due to hadronic background is estimated by rescaling
the background level according to our study on the data
sample. The systematic uncertainty related to extra reso-
nance states is studied by adding N� states with less
experimental confirmation or higher spin, i.e. Nð1675Þ,
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FIG. 6. Fits to the mγγ spectra of the selected candidates of the ψð3686Þ data sample in (a) π0 and (b) η signal zones. The points with
errors are the ψð3686Þ data, the blue solid curves are the fit results, and the red dashed curves are the background contributions.

TABLE V. Measured observed cross sections of eþe− → pp̄π0 and eþe− → pp̄η around the ψð3686Þ peak. Here, L is the integrated
luminosity; Nsig is the number of observed signal event; ϵ is the detection efficiency; The uncertainties are statistical only.

ffiffiffi

s
p

(MeV) L (pb−1) Nπ0

sig ϵπ
0

(%) σπ
0

obs (pb) N
η
sig ϵη (%) σ

η
obs (pb)

3670.16 84.7 294� 18 43.47 8.1� 0.5 55� 8 40.96 4.0� 0.6
3680.14 84.8 257� 17 42.56 7.2� 0.5 41� 7 40.30 3.0� 0.5
3682.75 28.7 122� 12 40.46 10.7� 1.0 25� 6 39.63 5.6� 1.2
3684.22 28.7 431� 21 38.42 39.6� 1.9 96� 12 39.55 21.4� 2.5
3685.26 26.0 984� 33 38.55 99.4� 3.2 173� 15 39.65 42.6� 3.7
3686.10 3877.1 183914� 441 38.51 124.7� 0.3 29920� 205 39.67 49.4� 0.3
3686.50 25.1 1104� 34 38.51 115.5� 3.5 201� 18 39.60 51.3� 4.4

3691.36 69.4 504� 23 40.40 18.2� 0.8 86� 11 39.49 8.0� 1.0
3709.76 70.3 294� 18 38.29 11.1� 0.6 49� 8 36.72 4.8� 0.7
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Nð1680Þ, and Nð1700Þ for ψð3686Þ → pp̄π0 but none for
ψð3686Þ→ pp̄η, into our solution. Although the statistical
significance for each additional resonance is greater than
5σ, the corresponding fit fractions are all less than 3%.
Therefore no additional resonances are included in the fit,
but are accounted as sources of systematic uncertainty. The
states with higher spin or weaker experimental confirma-
tion are not considered in this work. The systematic
uncertainty due to the energy-dependent width parameters
is estimated by varying the branching fractions ri in Table I
within their individual uncertainties. For the above three
sources, the maximum difference of signal yield obtained
with the nominal and alternative fit is taken to be their
uncertainty. The systematic uncertainty caused by the
requirement of jMpp̄ − 3.097j < 0.05 GeV is studied in

the same way as in Sec. VI A. The systematic uncertainty
due to the fixed masses and widths in the nominal fit is
estimated by varying the fixed values according to their
uncertainties, shown in Table II, within the 3σ region, and
repeating the fit. In total, 40 fits are performed with mass
and width variations and the standard deviations of the
measured branching fractions are taken as the associated
systematic uncertainty. The systematic uncertainty due to
fit bias is studied by performing an input/output check.
Toy MC samples are generated according to the PWA fit
result with simulated background events added. The same
PWA fit is performed to each toy MC sample, and the
pull distributions of fitted signal yields are obtained.

Any nonzero mean value of a pull distribution, indicating
a possible fit bias, is taken as its uncertainty.

The systematic uncertainties for ψð3686Þ → pp̄π0 and
ψð3686Þ→ pp̄η are summarized in Tables VII and VIII,
respectively.

VII. FIT TO OBSERVED CROSS SECTIONS

Least square fits are performed to the observed cross

sections of eþe− → pp̄π0 and eþe− → pp̄η to obtain the

branching fractions of ψð3686Þ → pp̄π0 and ψð3686Þ →
pp̄η, respectively.

Here, χ2 is constructed as

χ2 ¼ ðΔσ⃗ÞTV−1Δσ⃗; ð22Þ

where the difference in cross sectionΔσ⃗i ¼ σi − σfiti ðθ⃗Þ and
V is the covariance matrix. σi and σ

fit
i are the measured and

fitted values for cross section at the ith energy point,
respectively. The covariance matrix is constructed as

Vii ¼ σ2sta;i þ σ2sys−corr;i þ σ2sys−uncorr;i þ ðσbeam;i ×
dσobs
d
ffiffi

s
p Þ2 for

diagonal elements and Vij ¼ σsys−corr;i × σsys−corr;j for off-

diagonal elements (i ≠ j). σsys−corr includes the systematic

uncertainties of tracking, PID, and Bðπ0 → γγÞ or
Bðη → γγÞ. σbeam;i ¼ 0.3 MeV is the uncertainty on the

beam energy.
The line shape of observed cross sections σobsðsÞ is con-

structed as follows. The Born cross section is modeled with

TABLE VI. Systematic uncertainties on the measurement of observed cross sections of ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η in unit
of percent.

ψð3686Þ → pp̄π0 3670.16 3680.14 3682.75 3684.22 3685.26 3686.10 3686.50 3691.36 3709.76

Photon detection 2.0
PID of proton 3.0
Tracking 2.0
Luminosity 1.0
Helix parameter 0.8 0.5 0.7 0.5 0.6 0.5 0.5 0.6 0.9
Peaking background 0.3
J=ψ veto 0.2 0.4 0.5 0.3 0.1 <0.1 0.1 0.3 0.1

Bðπ0 → γγ) <0.1

MC modeling 0.4 0.3 0.2 0.2 0.6 0.2 0.3 0.2 0.1
Fit to mγγ 1.1 0.2 0.2 0.7 0.2 0.4 0.4 0.4 0.6

Total 4.5 4.3 4.3 4.4 4.3 4.3 4.3 4.3 4.4

ψð3686Þ → pp̄η 3670.16 3680.14 3682.75 3684.22 3685.26 3686.10 3686.50 3691.36 3709.76

Photon detection 2.0
Tracking 2.0
Luminosity 1.0
Helix parameter 0.6 0.6 0.5 0.5 0.5 0.6 0.4 0.5 0.6
Peaking background 1.9
J=ψ veto 0.2 0.2 0.4 0.8 0.3 < 0.1 0.2 1.1 0.4
Bðη → γγ) 0.5
MC modeling 0.1 0.8 1.1 0.4 0.1 0.3 0.1 0.2 < 0.1
Fit to mγγ 4.4 2.2 4.7 1.4 2.4 0.4 2.4 6.3 17.2

Total 5.7 4.3 6.0 4.0 4.4 3.7 4.3 7.4 17.6
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σBorn ¼ jAcon þ Ares × eiϕj2: ð23Þ

The continuum contributions AconðsÞ ¼ a=sn are fixed to

those in Refs. [24,41] for π0 and η channels, respectively.
The Ares is defined as

AresðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12πΓeeΓtotBf

p

s −M2 þ iMΓtot

: ð24Þ

Here, Γee is the electronic partial width; Γtot is the total

width; Bf is the branching fraction of ψð3686Þ→ pp̄π0 or

ψð3686Þ→ pp̄η; M is the mass of ψð3686Þ. In the fit, Γtot

andM are fixed to the PDG values [3]. The impact from the
ISR effect on the cross section is included by

σ0ðsÞ ¼
Z ffiffi

s
p

Mcut

dm
2m

s
Wðs; xÞσBornðmÞ; ð25Þ

where Wðs; xÞ is the radiative function up to Oðα2Þ [40]
and Mcut is set to be 3.65 GeV. This integration is
performed in the same way as in Ref. [40]. The beam
spread effect is considered by performing a Gaussian
convolution to the cross section with

σobsðsÞ ¼
Z

ds0σ0ðsÞ 1
ffiffiffiffiffiffi

2π
p

SE
exp

�

−ðs − s0Þ2
2S2E

�

; ð26Þ

where the SE is the beam energy spread.

Figure 7 shows the fit results to ψð3686Þ → pp̄π0 and
ψð3686Þ→ pp̄η. The fitted parameters and calculated
branching fractions are summarized in Table IX.

VIII. RATIO OF ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ

The ratio of decay widths ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ does

not depend on whether Nð1535Þp̄þ c:c: is from γ� or
ψð3686Þ. Therefore, the systematic uncertainties from the
interference between ψð3686Þ resonance and continuum
process and normalization factor fc, and some common
terms, including photon detection, tracking, total number of
ψð3686Þ events, and helix parameter, are expected to cancel
in the ratio and are therefore excluded.
The ratio of the partial decay widths between

Nð1535Þ → Nη and Nð1535Þ → Nπ is calculated by

ΓNð1535Þ→Nη

ΓNð1535Þ→Nπ

¼
N

η
sig=ðϵη × Bðη → γγÞÞ

3 × Nπ0

sig=ðϵπ
0

× Bðπ0 → γγÞÞ
; ð27Þ

where the factor 3 includes both pπ0 and nπþ þ c:c:
contributions by assuming isospin conservation. Finally,

TABLE VIII. Relative systematic uncertainties of the branch-
ing fractions for Nð1535Þ and Nð1710Þ in ψð3686Þ → pp̄η
(in percent).

Source Nð1535Þ Nð1710Þ
Photon detection 2.0
Tracking 2.0
Helix parameter 0.7 0.5
Normalization factor fc <0.1 <0.1
Interference with continuum 13.3 6.9
Bðη → γγÞ 0.5
Number of ψð3686Þ 0.5

Quoted mass and width 2.9 39.0
Extra resonance states …

Running width parameters 0.3 <0.1
Hadronic background 0.5 1.2
J=ψ veto 0.7 0.4
Fit bias 0.7 4.8

Total 14.0 40.0

TABLE VII. Relative systematic uncertainties of the branching fractions for intermediate resonance in ψð3686Þ → pp̄π0 (in percent).

Source Nð940Þ Nð1440Þ Nð1520Þ Nð1535Þ Nð1650Þ Nð1710Þ Nð1720Þ Nð2100Þ Nð2300Þ Nð2570Þ
Photon detection 2.0
Tracking 2.0
Helix parameter 0.6 0.7 0.6 0.5 0.5 0.6 0.7 0.5 0.6 0.5
Normalization factor fc <0.1 <0.1 0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.2 0.1
Interference with continuum 5.2 9.1 24.9 8.0 11.9 20.3 12.8 17.4 34.0 23.7

Bðπ0 → γγ) <0.1

Number of ψð3686Þ 0.5

Quoted mass and width 6.6 11.4 16.9 13.3 24.7 47.7 36.1 30.8 66.5 29.7
Extra resonance states 2.4 20.5 4.4 12.6 20.6 77.4 7.2 26.3 30.2 63.9
Energy-dependent width 1.3 5.5 0.7 3.9 1.8 10.2 1.3 1.1 6.2 1.4
Hadronic background 3.8 1.9 0.1 0.9 0.4 3.4 0.5 0.7 7.7 0.6
J=ψ veto 2.9 0.1 0.8 1.4 1.3 3.2 2.5 1.9 7.7 2.5
Fit bias 0.7 1.4 1.2 0.3 2.0 7.6 1.8 8.9 6.2 2.3

Total 10.5 26.0 30.6 20.6 34.6 94.2 39.2 45.1 81.8 74.5
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ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined to be 0.99�
0.05� 0.19, where the first uncertainty is statistical and
the second one is systematic.

IX. SUMMARY

In summary, using a sample of ð2712� 14Þ ×
106 ψð3686Þ events collected with the BESIII detector,

partial wave analyses of the decays ψð3686Þ → pp̄π0 and
ψð3686Þ→ pp̄η are performed. The data can be well
described by considering several well-established N�

states.
Taking into account the interference effects in this

analysis, the improved measurement on branching fractions

of ψð3686Þ→ pp̄π0 and ψð3686Þ → pp̄η are presented.
The deviations from previous BESIII results [12,13]
are attributed mainly to the absence of consideration of
interference effects in the previous measurements.

Combining BðJ=ψ → pp̄π0Þ from the PDG [3], the ratio

of Bðψð3686Þ → pp̄π0Þ=BðJ=ψ → pp̄π0Þ is determined
to be ð11.3� 1.2Þ% and ð15.4� 1.6Þ%, for constructive
and destructive interference, respectively. Combining

BðJ=ψ → pp̄ηÞ from the PDG [3], the ratio of
Bðψð3686Þ → pp̄ηÞ=BðJ=ψ → pp̄ηÞ is determined to be
ð3.1� 0.4Þ% and ð4.2� 0.4Þ%, for constructive and
destructive interferences, respectively. The “12% rule”
[47–49] is significantly violated in the pp̄η final state

but is confirmed in the pp̄π0 final state. The branching
fractions of severalN� intermediate states are determined as
well in this analysis.
The ratio of ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined

to be 0.99� 0.05� 0.19, which is consistent with
ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ ¼ 1.00� 0.40 averaged by the

PDG [3] based on fixed-target experiment results and
previous BESIII publications [12,13], but with much
improved precision. This result confirms the exotic property
of Nð1535Þ in an eþe− collider experiment for the first time
and suggests a strong ss̄ component in Nð1535Þ [2,50].
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FIG. 7. Fit to the observed cross sections of (a) ψð3686Þ → pp̄π0 and (b) ψð3686Þ → pp̄η around the ψð3686Þ peak. Destructive
solutions are shown as examples. The dots with error bars are data, the blue solid lines are the fit results, the cyan dashed lines are the
ψð3686Þ peaks without beam spread effect, and the red dashed lines are the continuum processes.

TABLE IX. Fitted parameters of ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η, and corresponding branching fractions Bf . The first
uncertainties include both statistical and systematic. The second uncertainties of Bf are from Γee ¼ ð2.33� 0.04Þ KeV [3].

ψð3686Þ → pp̄π0 BfΓee (0.1 eV) ϕ ð°Þ ΔE (MeV) Bf ð×10−6Þ
Constructive solution 3.12� 0.26 65.0� 6.7 1.27� 0.09 133.9� 11.2� 2.3
Destructive solution 4.28� 0.32 −68.9� 5.7 1.27� 0.09 183.7� 13.7� 3.2

ψð3686Þ → pp̄η BfΓee (0.1 eV) ϕ ð°Þ ΔE (MeV) Bf ð×10−6Þ
Constructive solution 1.44� 0.15 58.9� 14.1 1.39� 0.14 61.5� 6.5� 1.1
Destructive solution 1.98� 0.16 −63.8� 12.1 1.39� 0.14 84.4� 6.9� 1.4
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