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Using a sample of 58 million J=c events collected with the BESII detector at the BEPC, more than

100 000 J=c ! p �p�0 events are selected, and a detailed partial wave analysis is performed. The

branching fraction is determined to be BrðJ=c ! p �p�0Þ ¼ ð1:33� 0:02� 0:11Þ � 10�3. A long-sought

missing N�, first observed in J=c ! p �n��, is observed in this decay too, with mass and width of

2040þ3
�4 � 25 MeV=c2 and 230þ8

�8 � 52 MeV=c2, respectively. Its spin-parity favors 3
2
þ. The masses,

widths, and spin parities of other N� states are obtained as well.
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I. INTRODUCTION

Studies of mesons and searches for glueballs, hybrids,
and multiquark states have been active fields of research
since the early days of elementary particle physics.
However, our knowledge of baryon spectroscopy has
been poor due to the complexity of the three quark system
and the large number of states expected.

As pointed out by Nathan Isgur [1] in 2000, nucleons are
the basic building blocks of our world and the simplest
system in which the three colors of QCD neutralize into
colorless objects and the essential non-Abelian character of
QCD is manifest, while baryons are sufficiently complex to
reveal physics hidden from us in the mesons. The under-
standing of the internal quark-gluon structure of baryons is
one of the most important tasks in both particle and nuclear
physics, and the systematic study of baryon spectroscopy,
including production and decay rates, will provide impor-
tant information in understanding the nature of QCD in the
confinement domain.

In recent years, interest in baryon spectroscopy has
revived. For heavy baryons containing a charm or bottom
quark, new exciting results have been obtained since the
experimental evidence for the first charmed baryon �þþ

c

was reported by BNL [2] in 1975 in the reaction ��p !
����þ���þ��. Many charmed baryons have been ob-
served in recent years in CLEO, the two B factories, the
Fermilab photoproduction experiment, FOCUS, and
SELEX [3–7]. Only a few baryons with beauty have
been discovered so far. Earlier results on beauty baryons
were from CERN ISR and LEP [8] experiments, while new
beauty baryons are from CDF and D0 at the Tevatron
[7,9,10]. Most information on light-quark baryons comes
from �N or KN elastic or charge exchange scattering, but
new results are being added from photoproduction and
electroproduction experiments at JLab and the ELSA,
GRAAL, SPRING8, and MAMI experiments, as well as
J=c and c ð2SÞ decays at BES. However, up to now, the
available experimental information is still inadequate and
our knowledge onN� resonances is poor. Even for the well-
established lowest excited states, Nð1440Þ, Nð1535Þ, etc.,
their properties, such as masses, widths, decay branching
fractions, and spin-parity assignments, still have large
experimental uncertainties [11]. Another outstanding prob-
lem is that the quark model predicts a substantial number
of N� states around 2:0 GeV=c2 [12–14], but some of
these, the missing N� states, have not been observed
experimentally.

J=c decays provide a good laboratory for studying not
only excited baryon states, but also excited hyperons, such
as ��, ��, and�� states. All N� decay channels which are
presently under investigation in photoproduction and elec-
troproduction experiments can also be studied in J=c
decays. Furthermore, for J=c ! N �N� and N �N�� de-
cays, the N�ð �N�Þ and N��ð �N��Þ systems are expected
to be dominantly isospin 1=2 because the isospin conserv-

ing three-gluon annihilation of the constituent c-quarks
dominates over the isospin violating decays via intermedi-
ate photon for the baronic final states. This makes the study
of N� resonances from J=c decays less complicated,
compared with �N and �N experiments which have states
that are a mixture of isospin 1=2 and 3=2.
N� production in J=c ! p �p� was studied using a

partial wave analysis (PWA) with 7:8� 106J=c BESI
events [15]. Two N� resonances were observed with
masses and widths ofM ¼ 1530� 10 MeV=c2, � ¼ 95�
25 MeV=c2 and M ¼ 1647� 20 MeV=c2, � ¼
145þ80

�45 MeV=c2, and spin parities favoring JP ¼ 1
2
�. In a

recent analysis of J=c ! p �n�� þ c:c: [16], a missing N�
at around 2:0 GeV=c2 named Nxð2065Þ was observed,
based on 5:8� 107J=c events collected with BESII at
the Beijing electron positron collider (BEPC). The mass
and width for this state are determined to be 2065�
3þ15
�30 MeV=c2 and 175� 12� 40 MeV=c2, respectively,
from a simple Breit-Wigner fit. In this paper, the results
of a partial wave analysis of J=c ! p �p�0 are presented,
based on the same event sample.

II. DETECTOR AND DATA SAMPLES

The upgraded Beijing spectrometer detector is a large
solid-angle magnetic spectrometer which is described in
detail in Ref. [17]. The momenta of charged particles are
determined by a 40-layer cylindrical main drift chamber

(MDC) which has a momentum resolution of �p=p ¼
1:78%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

p
(p in GeV=c). Particle identification is

accomplished by specific ionization (dE=dx) measure-
ments in the drift chamber and time-of-flight (TOF) infor-
mation in a barrel-like array of 48 scintillation counters.
The dE=dx resolution is �dE=dx ¼ 8:0%; the TOF resolu-

tion for Bhabha events is �TOF ¼ 180 ps. A 12-radiation-
length barrel shower counter (BSC) comprised of gas tubes
interleaved with lead sheets is radially outside of the time-
of-flight counters. The BSC measures the energy and di-

rection of photons with resolutions of�E=E ’ 21%=
ffiffiffiffi
E

p
(E

in GeV),�� ¼ 7:9 mrad, and�z ¼ 2:3 cm. Outside of the

solenoidal coil, which provides a 0.4 Tesla magnetic field
over the tracking volume, is an iron flux return that is
instrumented with three double layers of counters that
identify muons of momenta greater than 0:5 GeV=c.
In this analysis, a GEANT3-based Monte Carlo (MC)

program, with detailed consideration of detector perform-
ance is used. The consistency between data and MC has
been carefully checked in many high-purity physics chan-
nels, and the agreement is reasonable. More details on this
comparison can be found in Ref. [18].

III. EVENT SELECTION

The decay J=c ! p �p�0 with �0 ! �� contains two
charged tracks and two photons. The first level of event
selection for J=c ! p �p�0 candidate events requires two
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charged tracks with total charge zero. Each charged track,
reconstructed using MDC information, is required to be
well fitted to a three-dimensional helix, be in the polar
angle region j cos�MDCj< 0:8, and have the point of clos-
est approach of the track to the beam axis to be within
1.5 cm radially and within 15 cm from the center of the
interaction region along the beam line. More than two
photons per candidate event are allowed because of the
possibility of fake photons coming from interactions of the
charged tracks in the detector, from �p annihilation, or from
electronic noise in the shower counter. A neutral cluster is
considered to be a photon candidate when the energy
deposited in the BSC is greater than 50 MeV, the angle
between the nearest charged tracks and the cluster is
greater than 10�, and the angle between the cluster devel-
opment direction in the BSC and the photon emission
direction is less than 23�. Because of the large number of
fake photons from �p annihilation, we further require the
angle between the �p and the nearest neutral cluster be
greater than 20�. Figures 1(a) and 1(b) show the distribu-
tions of the angles ��p and �� �p between the p or �p and the

nearest neutral cluster for J=c ! p �p�0 MC simulation;
most of the fake photons from �p annihilation accumulate at
small angles.

To identify the proton and antiproton, the combined
TOF and dE=dx information is used. For each charged
track in an event, the particle identification (PID) 	2

PIDðiÞ is
determined using

	TOFðiÞ ¼
TOFmeasured � TOFexpectedðiÞ

�TOFðiÞ
	dE=dxðiÞ ¼

dE=dxmeasured � dE=dxexpectedðiÞ
�dE=dxðiÞ

	2
PIDðiÞ ¼ 	2

dE=dxðiÞ þ 	2
TOFðiÞ;

where i corresponds to the particle hypothesis. A charged
track is identified as a proton if 	2

PID for the proton hy-

pothesis is less than those for the � or K hypotheses. For
the channel studied, one charged track must be identified as
a proton and the other as an antiproton. The selected events
are subjected to a 4-C kinematic fit under the J=c !
p �p�� hypothesis. When there are more than two photons
in a candidate event, all combinations are tried, and the
combination with the smallest 4-C fit 	2 is retained.
In order to reduce contamination from back-to-back

decays, such as J=c ! p �p etc., the angle between two
charged tracks, �2 chrg, is required to be less than 175�.
Figures 2(a) and 2(b) show the distributions of P2

t� for

simulated J=c ! p �p�0 and J=c ! �p �p events, respec-
tively. Selected data events are shown in Fig. 2(a). Here,

the variable P2
t� is defined as P2

t� ¼ 4j ~Pmissj2sin2��=2,
where ~Pmiss is the missing momentum in the event deter-
mined using the two charged particles, and �� the angle

between ~Pmiss and the higher energy photon. By requiring
P2
t� > 0:003 GeV2=c2, the background from J=c ! �p �p

is effectively reduced.
The �� invariant mass spectrum after the above selec-

tion criteria is shown in Fig. 3, where �0 and � signals can
be seen clearly. To select J=c ! p �p�0 events, jM�� �
0:135j< 0:03 GeV=c2 is required. Figures 4(a) and 4(b)
show the invariant mass spectra of Mp�0 and M �p�0 , re-

spectively, and clear N� peaks are seen at around
1:5 GeV=c2 and 1:7 GeV=c2. The Dalitz plot of this decay
is shown in Fig. 5, and some N� bands are also evident.
Both the mass spectra and Dalitz plot exhibit an asymmetry
for mp�0 and m �p�0 , which is mainly caused by different

detection efficiencies for the proton and antiproton. The
renormalized Mp�0 and M �p�0 invariant mass spectra after

efficiency corrections are shown as the solid histogram and
crosses, respectively, in Fig. 6, and the agreement is better.
Other possible J=c ! p �p�0 backgrounds are studied

using MC simulation and data. Decay channels that have
similar final states as J=c ! p �p�0 are simulated, and
J=c ! p �p�0�0 is found to be the main background
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FIG. 1. Distributions of (a) ��p and (b) �� �p in J=c ! p �p�0 MC simulation. ��p and �� �p are the angles between the p or �p and the
nearest neutral cluster.
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channel. Surviving J=c ! p �p�0�0 events, passing all
requirements described above, are plotted as black dots
in Fig. 4. The invariant mass distribution of this back-
ground can be described approximately by phase space.
The �0 sideband, defined by 0:2< ðM�� � 0:135Þ<
0:2278 GeV=c2, is used to estimate the background from
non-�0 final states, such as J=c ! �p �p, etc. The circles
in Fig. 4 show the contribution from �0 sideband events. In
the partial wave analysis, described below, two kinds of
background are considered, �0 sideband background and a
noninterfering phase space background to account for the
background from J=c ! p �p�0�0.

IV. PARTIALWAVE ANALYSIS

A partial wave analysis (PWA) is performed to study the
N� states in this decay. The sequential decay process can be
described by J=c ! �pN�ðp �N�Þ, N�ð �N�Þ ! p�0ð �p�0Þ.
The amplitudes are constructed using the relativistic co-
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FIG. 3. The �� invariant mass spectrum of J=c ! p �p��
candidates.
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variant tensor amplitude formalism [19,20], and the maxi-
mum likelihood method is used in the fit.

A. Introduction to PWA

The basic procedure for the partial wave analysis is the
standard maximum likelihood method:

(1) Construct the amplitude Aj for the jth possible

partial wave in J=c ! p �NX, �NX ! �p�0 or J=c !
�pNX, NX ! p�0 as

Aj ¼ Aj
prod-XðBWÞXAdecay-X; (1)

where Aj
prod-X is the amplitude which describes the

production of the intermediate resonance NX, BWX

is the Breit-Wigner propagator ofNX, and Adecay-X is

the decay amplitude of NX. The corresponding term
for the �NX is obtained by charge conjugation with a
negative sign due to negative C-parity of J=c .

(2) The total transition probability, !, for each event is
obtained from the linear combination of these partial
wave amplitudes Aj as ! ¼ j�jcjAjj2, where the cj
parameters are to be determined by fitting the data.

(3) The differential cross section is given by

d�

d�
¼ j�jcjAjj2 þ Fbg; (2)

where Fbg is the background function, which in-

cludes �0 sideband background and noninterfering
phase space background.

(4) Maximize the following likelihood function lnL to
obtain cj parameters, as well as the masses and

widths of the resonances:

lnL ¼ Xn
k¼1

ln
!ð
kÞR

d
!ð
Þ�ð
Þ ; (3)

where 
k is the energy momentum of the final state
of the kth observed event, !ð
Þ is the probability to
generate the combination 
, �ð
Þ is the detection
efficiency for the combination 
. As is usually done,
rather than maximizing L, S ¼ � lnL is
minimized.

For the construction of partial wave amplitudes, we
assume the effective Lagrangian approach [21,22] with
the Rarita-Schwinger formalism [19,23–25]. In this ap-
proach, there are three basic elements for constructing
amplitudes: the spin wave functions for particles, the
propagators, and the effective vertex couplings. The am-
plitude can then be written out by Feynman rules for tree
diagrams.
For example, for J=c ! �NN�ð32þÞ ! �Nð�1; s1Þ�

Nð�2; s2Þ�ð�3Þ, the amplitude can be constructed as

Að3=2Þþ ¼ �uð�2; s2Þ�2�P
��
3=2ðc1g�
 þ c2�1��


þ c3�1��1
Þ�5�ð�1; s1Þc 
; (4)

where uð�2; s2Þ and �ð�1; s1Þ are 1
2 -spinor wave functions

for N and �N, respectively; c 
 is the spin-1 wave function,
i.e., the polarization vector for J=c . The c1, c2, and c3
terms correspond to three possible couplings for the
J=c ! �NN�ð32þÞ vertex. They can be taken as constant

parameters or as smoothly varying vertex form factors. The
spin 3

2
þ propagator P

��
3=2þ for N�ð32þÞ is

P
��
3=2þ ¼ � � pþMN�

M2
N� � p2 þ iMN��N�

�
g�� � 1

3
���� � 2p�p�

3M2
N�

þ p��� � p���

3MN�

�
; (5)

0

200

400

600

1 1.2 1.4 1.6 1.8 2 2.2

M(p(p
–
)π0)

E
ve

n
ts

/(
30

M
eV

/c
2 )

GeV/c2

FIG. 6 (color online). The renormalized invariant mass spectra
of Mp�0 and M �p�0 after correction for detection efficiency,

where the histogram is Mp�0 and the crosses are M �p�0 .

1

2

3

4

5

1 2 3 4 5

M2(p
–
π0)

M
2 (p

π0 )

(GeV/c2)2

(G
eV

/c
2 )2

FIG. 5. Dalitz plot of J=c ! p �p�0 candidates.

PARTIAL WAVE ANALYSIS OF . . . PHYSICAL REVIEW D 80, 052004 (2009)

052004-5



with p ¼ �2 þ �3. Other partial wave amplitudes can be
constructed similarly [19,20].

The possible intermediate resonances are listed in
Table I. Of these states, only a few are (well) established
states, while Nxð1885Þ is one of the missing N� states
predicted by the quark model and not yet experimentally
observed. Nxð2065Þ is also a long-sought missing N�,
which was observed recently by BES [16].

For the lowest lying N� states, Nð1440Þ, Nð1520Þ, and
Nð1535Þ, Breit-Wigner’s with phase space dependent
widths are used:

BW XðsÞ ¼ m�ðsÞ
s�m2 þ im�ðsÞ ; (6)

where s is the invariant mass squared. The phase space
dependent widths can be written as [26]

�Nð1440ÞðsÞ ¼ �Nð1440Þ
�
0:7

B1ðq�NÞ��NðsÞ
B1ðqN�

�NÞ��NðM2
N� Þ

þ 0:3
B1ðq��Þ���ðsÞ

B1ðqN�
��Þ���ðM2

N� Þ
�
; (7)

�Nð1520Þ ¼ �Nð1520Þ
B2ðq�NÞ��NðsÞ

B2ðqN�
�NÞ��NðM2

N� Þ ; (8)

�Nð1535Þ ¼ �Nð1535Þ
�
0:5

��NðsÞ
��NðM2

N� Þ þ 0:5
��NðsÞ

��NðM2
N� Þ

�
; (9)

where BlðqÞ (l ¼ 1; 2) is the standard Blatt-Weisskopf
barrier factor [23,25] for the decay with orbital angular
momentum L and ��NðsÞ, ���ðsÞ, and ��NðsÞ are the

phase space factors for �N, ��, and �N final states,
respectively:

�XYðsÞ ¼ 2qXYðsÞffiffiffi
s

p ; (10)

qXYðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðs� ðMY þMXÞ2Þðs� ðMY �MXÞ2Þ

p
ð2 ffiffiffi

s
p Þ ; (11)

where X is � or �, Y is N or �, and qXYðsÞ is the
momentum of X or Y in the center-of-mass (CMS) system
of XY. For other resonances, constant width Breit-
Wigner’s are used.
As described in Ref. [27], the form factors are intro-

duced to take into account the nuclear structure. We have
tried different form factors, given in Ref. [27], in the
analysis and find that for J ¼ 1

2 resonances, the form factor

preferred in fitting is

FNðs�NÞ ¼ �4
N

�4
N þ ðs�N �m2

N� Þ2 ; (12)

where s�N is the invariant mass squared of N, �, and for
J ¼ 3

2 or
5
2 states, the preferred form factor is

FNðs�NÞ ¼ eð�jsN��m2
N� jÞ=�2

: (13)

Therefore, the above form factors are used in this analysis.
In the log likelihood calculation, �0 sideband back-

ground events are given negative weights; the sideband
events then cancel background in the selected candidate
sample. The J=c ! p �p�0�0 background is described by
a noninterfering phase space term, and the amount of this
background is floated in the fit.

B. PWA results

Well-established states, such as Nð1440Þ, Nð1520Þ,
Nð1535Þ, Nð1650Þ, Nð1675Þ, and Nð1680Þ, are included
in this partial wave analysis. According to the framework
of soft � meson theory [28], the off-shell decay process is
also needed in this decay, and therefore Nð940Þ (M ¼
940 MeV=c2, � ¼ 0:0 MeV=c2) is also included.
Figure 7 shows the Feynman diagram for this process.

1. Resonances in the 1:7 GeV=c2 mass region

In the M ¼ 1:7 GeV=c2 mass region, three resonances
Nð1700Þð32�Þ, Nð1710Þð12þÞ, and Nð1720Þð32þÞ [11] are sup-
posed to decay into p�ð �p�Þ final states. According to the
Particle Data Group (PDG08) [11], only Nð1720Þ is a well-
established state. We now study whether these three states

TABLE I. Resonances considered in the PWA analysis.

Resonance Mass (MeV) Width (MeV) JP C.L.

Nð940Þ 940 0 1
2
þ Off-shell

Nð1440Þ 1440 350 1
2
þ a

Nð1520Þ 1520 125 3
2
� a

Nð1535Þ 1535 150 1
2
� a

Nð1650Þ 1650 150 1
2
� a

Nð1675Þ 1675 145 5
2
� a

Nð1680Þ 1680 130 5
2
þ a

Nð1700Þ 1700 100 3
2
� b

Nð1710Þ 1710 100 1
2
þ b

Nð1720Þ 1720 150 3
2
þ a

Nxð1885Þ 1885 160 3
2
� Missing N�

Nð1900Þ 1900 498 3
2
þ c

Nð2000Þ 2000 300 5
2
þ c

Nxð2065Þ 2065 150 3
2
þ Missing N�

Nð2080Þ 2080 270 3
2
� c

Nð2090Þ 2090 300 1
2
� d

Nð2100Þ 2100 260 1
2
þ d

aExistence is certain, and properties are at least fairly well
explored.
bExistence ranges from very likely to certain, but further con-
firmation is desirable and/or quantum numbers, branching frac-
tions, etc. are not well determined.
cEvidence of existence is only fair.
dEvidence of existence is poor.
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are needed in J=c ! p �p�0. This is investigated for two
cases, first assuming no N� states in the high mass region
(> 1:8 GeV=c2), and second assuming Nxð2065Þ,
Nð2080Þ, and Nð2100Þ states in the high mass region.
With no N� states in the M> 1:8 GeV=c2 mass region,
the PWA shows that the significances of Nð1700Þ and
Nð1720Þ are 3:2� (�S ¼ 11) and 0:8� (�S ¼ 3), and their
fractions are 0.3% and 6%, respectively; only Nð1710Þ is
significant. When Nxð2065Þ, Nð2080Þ, and Nð2100Þ are
included, the Nð1710Þ makes the log likelihood value S
better by 65, which corresponds to a significance much
larger than 5�. However, neither the Nð1700Þ nor the
Nð1720Þ is significant. We conclude that the Nð1710Þ
should be included in the PWA.

2. Nxð2065Þ
The Nxð2065Þ, a long-sought missing N� predicted by

the quark model, was observed in J=c ! p �n�� þ c:c:
[16] with a mass of 2065� 3þ15

�30 MeV=c2 and a width of

175� 12� 40 MeV=c2, determined from a simple Breit-
Wigner fit. We investigate the need for the Nxð2065Þ in
J=c ! p �p�0. Including the Nð1440Þ, Nð1520Þ, Nð1535Þ,
Nð1650Þ, Nð1675Þ, Nð1680Þ, Nð1710Þ and the off-shell
decay in the PWA fit, different Nxð2065Þ spin parities
(JP) and different combinations of high mass resonances
are tried. If there are no other resonances in the high mass
region, the log likelihood value improves by 288, which
corresponds to a significance of greater than 5�, when a
3
2
þNxð2065Þ is added. Thus, the Nxð2065Þ is definitely

needed in this case, and its mass and width are optimized
to be M ¼ 2057þ4

�6 MeV=c2 and � ¼ 220þ11�12 MeV=c2.
The significance and spin parity of Nxð2065Þ is further

checked under the following four hypotheses (A, B, C, and
D) for the high mass resonances. Case A has Nð2080Þ and
Nð2100Þ included, case B Nð2080Þ and Nð2000Þ, case C
Nð2000Þ, Nð2080Þ, and Nð2100Þ, and case D Nð2080Þ,
Nð2090Þ, and Nð2100Þ. The changes of the log likelihood
values (�S), the corresponding significances, and the frac-
tions of Nxð2065Þ are listed in Table II when a 3

2
þNxð2065Þ

is added in the four cases. The log likelihood values
become better by 58 to 126 when Nxð2065Þ is included.
Therefore, Nxð2065Þ is needed in all cases. The differences
of log likelihood values for different Nxð2065Þ JP assign-
ments for the four combinations are listed in Table III. The
assignment of JP ¼ 3

2
þ gives the best log likelihood value

except for the cases where there is large interference. Spin
parity of 3

2
þ is favored for Nxð2065Þ.

3. Other resonances in high mass region

In addition to the observed resonances, Nð2000Þ,
Nð2080Þ, Nð2090Þ and Nð2100Þ, as well as the Nxð2065Þ,
there is another possible missingN� state,Nxð1885Þ, which
is predicted by theory but not yet observed.

a. Nxð1885Þ
In the pð �pÞ�0 invariant mass spectrum, shown in Fig. 4,

no obvious peak is seen near 1:89 GeV=c2. We study
whether this state is needed in the partial wave analysis
for the four cases. The significances are 1:3� (�S ¼ 3:0),
3:2� (�S ¼ 8:8), 3:4� (�S ¼ 9:7), and greater than 5�
(�S ¼ 28:0) in cases A, B, C, and D, respectively, when a
Nxð1885Þ is included. Thus, the statistical significance is
larger than 5� only in case D. In our final fit, Nxð1885Þ is
not included. However, the difference of including and not
including it will be taken as a systematic error.

b. Nð2000Þ, Nð2080Þ, Nð2090Þ, and Nð2100Þ
We next study whether Nð2000Þ, Nð2080Þ, Nð2090Þ, and

Nð2100Þ are all significant in the decay. First, we add
Nð2000Þ, Nð2080Þ, Nð2090Þ, and Nð2100Þ one at a time
with Nð940Þ, Nð1440Þ, Nð1520Þ, Nð1535Þ, Nð1650Þ,
Nð1675Þ, Nð1680Þ, Nð1710Þ, and Nxð2065Þ already in-
cluded. The log likelihood values get better by 28, 137,
69, and 73, respectively, which indicates theNð2080Þ is the
most significant, all the significances are larger than 5�.
Second, we include Nxð2065Þ and Nð2080Þ in the high

J/ψ p
–

p

π0

p
–

J/ψ p

p
–

π0

p

FIG. 7. Feynman diagrams of J=c ! p �p�0 for the off-shell
decay process.

TABLE II. Changes of log likelihood values (�S), the corre-
sponding significances, and the fractions of Nxð2065Þ, when
Nxð2065Þ is added in the four cases.

Case �S Significance Fraction (%)

A 126 � 5� 23

B 158 � 5� 24

C 79 � 5� 16

D 58 � 5� 22

TABLE III. Comparison of log likelihood values for different
JP assignments for Nxð2065Þ.
JP 1

2
þ 1

2
� 3

2
þ 3

2
� 5

2
þ 5

2
�

A 85.8 49.3 0.0 �32:2a �36:9b 34.1

B 5.0 68.5 0.0 54.3 �12:1c 6.3

C 98.1 39.8 0.0 85.6 76.1 14.4

D 44.2 45.2 0.0 25.0 36.2 38.0

a780% interference between Nxð2605Þ and Nð2080Þ.
b529% interference between Nð1680Þ and Nð2000Þ.
c860% interference between Nð1680Þ and Nð2000Þ.
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mass region and add the other three states Nð2000Þ,
Nð2090Þ, and Nð2100Þ, one at a time. The significances
of the Nð2100Þ (�S ¼ 38) and Nð2090Þ (�S ¼ 30) are
much larger than 5�, while Nð2000Þ is 3:9� (�S ¼ 14).
Third, we include Nxð2065Þ, Nð2080Þ, and Nð2100Þ in the
high mass region and test whether Nð2000Þ and Nð2090Þ
are needed again. The significances are larger than 5�
(�S ¼ 23) and 2:7� (�S ¼ 7), respectively, when
Nð2000Þ and Nð2090Þ are included.

Because of the complexity of the high mass N� states
and the limitation of our data, we are not able to draw firm
conclusions on the high mass region. In the final fit, we
include Nxð2065Þ, Nð2080Þ, and Nð2100Þ and take the
differences of with and without Nð2000Þ and Nð2090Þ as
systematic errors.

4. The best results up to now

We summarize the results we have so far:
(1) For the three resonances in the M ¼ 1:7 GeV=c2

mass region (Nð1700Þ, Nð1710Þ, and Nð1720Þ),
only Nð1710Þ is significant.

(2) The Nxð2065Þ is definitely needed in all cases, and
its spin parity favors 3

2
þ.

(3) Nxð1885Þ is not significant and therefore is not in-
cluded in the final fit.

(4) For other resonances in the high mass region,
Nð2080Þ and Nð2100Þ are both needed in all cases
tried, but the other two states Nð2000Þ and Nð2090Þ
are not very significant and so are not included in the
final fit.

Therefore, we consider Nð940Þ, Nð1440Þ, Nð1520Þ,
Nð1535Þ, Nð1650Þ, Nð1675Þ, Nð1680Þ, Nð1710Þ,
Nxð2065Þ, Nð2080Þ, and Nð2100Þ in the fit.
Table IV lists the optimized masses and widths for some

N� resonances; the others are fixed to those from PDG08.
Here, only statistical errors are indicated. The fractions of
these states are also listed.
The Mp�0 and M �p�0 invariant mass spectra and the

angular distributions after the optimization are shown in
Figs. 8(a), 8(b), and 9, respectively. In Figs. 8 and 9, the
crosses are data and the histograms are the PWA fit pro-
jections. The PWA fit reasonably describes the data.

5. Nxð1885Þ significance with optimized N� states
In the analysis above, the Nxð1885Þ was not found to be

significant. Here its significance is redetermined using the
optimized masses and widths for the N�’s, and it is still
only 1:2� (�S ¼ 2:7). Therefore, we have the same con-
clusion: the Nxð1885Þ is not needed.

6. Nð1900Þ
In PDG08 [11], there is an Nð1900Þð32þÞ state near

Nxð2065Þ [11]. Our previous results show that if there is
only one 3

2
þ state in this region, the mass and width are

optimized at M ¼ 2057þ4
�6 MeV=c2 and � ¼

220þ11�12 MeV=c2, which are consistent with those of
Nxð2065Þ. If Nð1900Þ is also included in this analysis, i.e.
there are two 3

2
þ states in this region, we find that the

second 3
2
þ state also has a statistical significance much

larger than 5� (�S ¼ 49). However, the interference be-
tween Nð1900Þ and Nxð2065Þ is about 80%. This analysis

TABLE IV. Optimized masses and widths, as well as fractions.
Errors shown are statistical only.

Resonance Mass (MeV=c2) (Width MeV=c2) JP Fraction (%)

Nð1440Þ 1455þ2�7 316þ5
�6

1
2
þ 16.37

Nð1520Þ 1513þ3
�4 127þ7�8

3
2
� 7.96

Nð1535Þ 1537þ2
�6 135þ8

�8
1
2
� 7.58

Nð1650Þ 1650þ3
�6 145þ5

�10
1
2
� 9.06

Nð1710Þ 1715þ2�2 95þ2�1
1
2
þ 25.33

Nxð2065Þ 2040þ3
�4 230þ8

�8
3
2
þ 23.39
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FIG. 8 (color online). The p�0 and �p�0 invariant mass spectra after optimization of masses and widths. Plot (a) is Mp�0 , and plot
(b) is M �p�0 , where the crosses are data and histograms are fit results.
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does not exclude the possibility that there are two 3
2
þ states

in this region.

7. Search for additional N� and �� resonances
Besides the contributions from the well-established N�

resonances, there could be smaller contributions from other
N� resonances and even �� resonances from isospin vio-
lating virtual photon production.

What might be expected for the isospin violating decay?
For the J=c ! p �p decay, the isospin violating fraction can
be estimated using the PDG J=c leptonic branching frac-
tion and the proton electromagnetic form factor Fpðq2Þ
[29] to be BðJ=c ! �� ! p �pÞ ¼ BðJ=c ! lþl�Þ �
FpðM2

J=c Þ2 ¼ 2:4� 10�5. The total J=c ! p �p branching

fraction is 2:2� 10�3 [11]. This means the fraction of
decays through a virtual photon in the J=c ! �� ! p �p
decay mode is close to 1.1%. For the nonstrange channel,
the ratio of photon couplings to isospin 1 and isospin 0 is
9:1, so the isospin violating part is about 1% for this
channel. For the J=c ! p �p�0 decay, one would expect
a similar isospin violating fraction.
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FIG. 9 (color online). Distributions of (a) the cosine of the sum of the p and �p momenta, (b) cosine of the momentum of the p�0

system in the p �p CMS, (c) cosine of the momentum of the p �p system in the p�0 CMS, and (d) cosine of the momentum of p �p in the
�p�0 CMS. The crosses are data and histograms are the fit results.
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If we add an extra state with different possible spin
parities ðJP ¼ 1

2
�; 32

�; 52
�Þ in the large mass (1:65 GeV=c2

to 1:95 GeV=c2) region with widths from 0:05 GeV=c2 to
0:20 GeV=c2 and reoptimize, we find that no additional
N�’s or ��’s with the statistical significance of greater than
5� are required.

8. Search for �ð2150Þ
A resonance with mass 2149 MeV=c2 and JP ¼ 1� is

listed in PDG08 [11] with the decay �ð2150Þ ! p �p. Here,
we test whether there is evidence for this decay in our
sample. The significance of this resonance is less than 3�
when we vary the width of this state in the fit from 200 to
660 MeV=c2. Therefore, our data do not require this state.
Figure 10 shows the p �p invariant mass spectrum, and there
is no clear structure near 2149 MeV=c2.

V. BRANCHING FRACTION OF J=c ! p �p�0

The branching fraction of J=c ! p �p�0 is obtained by
fitting the �0 signal (see Fig. 3) with a �0 shape obtained
from J=c ! p �p�0 MC simulation and a polynomial
background. The numbers of fitted signal and background
events are 11 166 and 691, respectively. The efficiency of
J=c ! p �p�0 is determined to be 13.77% by MC simula-
tion with all intermediate N� states being included.
Figures 11(a) and 11(b) show the p and �p momentum
distributions, where the histograms are MC simulation of
J=c ! p �p�0 using the JP’s and fractions of N� states
obtained from our partial wave analysis, and the crosses are
data. There is good agreement between data and MC
simulation.

The branching fraction is determined to be

Br ðJ=c ! p �p�0Þ ¼ ð1:33� 0:02ðstatÞÞ � 10�3; (14)

which is higher than that in PDG08 [11] [ð1:09� 0:09Þ �
10�3].

VI. SYSTEMATIC ERRORS

The systematic errors for the masses and widths of N�
states mainly originate from the difference between data
and MC simulation, the influence of the interference be-
tween Nð2100Þ and other states, uncertainty of the back-
ground, the form factors, and the influence of high mass
states, as well as the differences when small components
are included or not.
(1) Two different MDC wire resolution simulation

models are used to estimate the systematic error
from the data/MC difference.

(2) In this analysis, the interference betweenNð2100Þ�
ð12þÞ and the low mass regions states such as

Nð940Þð12þÞ and Nð1440Þð12þÞ can be very large,

even larger than 50%. We fix the fraction of
Nð2100Þ to be less than 10% to reduce the interfer-
ence and then compare its impact on other reso-
nances. The biggest differences for the masses,
widths, and fractions of the other resonances be-
tween fixing the fraction of Nð2100Þ and floating
its fraction are considered as systematic errors.

(3) Two kinds of backgrounds are considered in the
partial wave analysis, �0 sideband and noninterfer-
ing phase space. We increase the number of back-
ground events by 10%, and take the changes of the
optimized masses and widths as systematic errors.

(4) Equations (12) and (13) are the form factors used in
this analysis, where � is 2.0 for N� states with JP ¼
1
2
� and� is 1.2 for those with JP ¼ 3

2
� and 5

2
�. Other

form factors have also been tried, however their log
likelihood values are much worse than those from
the form factors used here. We also vary the �
values from 2.0 and 1.2 to 1.5. The biggest differ-
ences are taken as the form factor systematic errors.

(5) The effect of using different combinations of states
in the high mass region on the masses and widths of
other resonances was investigated above (see
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FIG. 11 (color online). Momentum distributions of p and �p in J=c ! p �p�0, where histograms are J=c ! p �p�0 MC simulation
using the spin parities and fractions of N� states obtained from our partial wave analysis and crosses are data.
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Table II), and the differences also taken as system-
atic errors.

Table V shows the summary of the systematic errors for
the masses and widths, and the total systematic errors are
the sum of each source added in quadrature.

The systematic errors for the branching fraction
BðJ=c ! �0p �pÞ mainly originate from the data/MC dis-
crepancy for the tracking efficiency, photon efficiency,
particle ID efficiency, fitting region used, the background
uncertainty, and the uncertainty in the number of J=c
events.

(1) The systematic error from MDC tracking and the
kinematic fit, 2.18%, is estimated by using different
MDC wire resolution simulation models.

(2) The photon detection efficiency has been studied
using J=c ! �� [30]. The efficiency difference
between data and MC simulation is about 2% for
each photon. So 4% is taken as the systematic error
for two photons in this decay.

(3) A clean J=c ! p �p�þ�� sample is used to study
the error from proton identification. The error from

the proton PID is about 2%. So the total error from
PID is taken as 4% in this decay.

(4) The �0 fitting range is changed from
0:04–0:3 GeV=c2 to 0:04–0:33 GeV=c2, and the dif-
ference, 1.28%, is taken to be the systematic error
from the fitting range. To estimate the uncertainty
from the background shape, we change the back-
ground shape from 3rd order polynomial to other
functions. The biggest change, 1.44%, is taken as
the systematic error.

(5) The total number of J=c events determined from
inclusive four-prong hadrons is ð57:70� 2:72Þ �
106 [31]. The uncertainty is 4.72%.

Table VI lists the different sources of systematic errors
for the branching fraction of J=c ! p �p�0. The total
systematic error is the sum of each error added in
quadrature.

VII. SUMMARY

Based on 11 166 J=c ! p �p�0 candidates from 5:8�
107 BESII J=c events, a partial wave amplitude analysis is
performed. A long-sought missingN�, which was observed
first by BESII in J=c ! p �n�� þ c:c: is also observed in
this decay with mass and width of 2040þ3

�4 � 25 MeV=c2

and 230þ8
�8 � 52 MeV=c2, respectively. The mass and

width obtained here are consistent with those from J=c !
p �n�� þ c:c: within errors. Its spin-parity favors 3

2
þ. The

masses and widths of other N� resonances in the low mass
region are also obtained and listed in Table VII, where the
first errors are statistical and the second are systematic. The
ranges for the fractions ofN� states, and thus the branching
fractions, are given too. From this analysis, we find that the
fractions of each N� state depend largely on the N�’s used
in the high mass region, the form factors, and Breit-Wigner

TABLE VI. Systematic error for the branching fraction
BðJ=c ! �0p �pÞ from different sources.

Systematic error sources Systematic error (%)

Wire resolution 2.18

Photon efficiency 4.00

Particle ID 4.00

Mass spectrum fitting 1.93

Number of J=c events 4.72

Total 7.93

TABLE V. Summary of the systematic errors for masses and widths of N� resonances (MeV=c2).

Nð1440Þ Nð1520Þ Nð1535Þ Nð1650Þ Nð1710Þ Nxð2065Þ
Systematic error �M �� �M �� �M �� �M �� �M �� �M ��

Data/MC comparison 3 14 2 13 2 11 4 12 1 12 1 19

Interference 12 25 2 23 3 22 25 15 15 2 10 20

Background uncertainty 18 51 11 23 6 28 2 8 4 10 5 15

Different form factors 12 25 2 5 8 1 3 5 15 22 20 14

Different combinations in high mass region 35 21 7 12 5 10 5 23 20 35 10 39

Total 43 67 13 37 12 39 26 31 29 44 25 52

TABLE VII. Summary of N� states optimized results.

Resonance (Mass MeV=c2) Width (MeV=c2) JP Fraction (%) Branching fraction (� 10�4)

Nð1440Þ 1455þ2�7 � 43 316þ5
�6 � 67 1

2
þ 9:74–25:93 1:33–3:54

Nð1520Þ 1513þ3
�4 � 13 127þ7�8 � 37 3

2
� 2:38–10:92 0:34–1:54

Nð1535Þ 1537þ2
�6 � 12 135þ8

�8 � 39 1
2
� 6:83–15:58 0:92–2:10

Nð1650Þ 1650þ3
�6 � 26 145þ5

�10 � 31 1
2
� 6:89–27:94 0:91–3:71

Nð1710Þ 1715þ2�2 � 29 95þ2�1 � 44 1
2
þ 4:17–30:10 0:54–3:86

Nxð2065Þ 2040þ3
�4 � 25 230þ8

�8 � 52 3
2
þ 7:11–24:29 0:91–3:11
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parametrizations, as well as the background. We also de-
termine the J=c ! p �p�0 branching fraction to be
BrðJ=c ! p �p�0Þ ¼ ð1:33� 0:02� 0:11Þ � 10�3, where
the efficiency used includes the intermediate N� and �N�
states obtained in our partial wave analysis.
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